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Abstract

In this work we introduce and analyse a heterogeneous multiscale finite element method
(HMM) for monotone elliptic operators with rapid oscillations. The concept of HMM was
initially introduced by E and Engquist [E, Engquist, The heterogeneous multiscale methods,
Commun. Math. Sci., 1(1):87-132, 2003]. We first present a macroscopic limit problem for
the oscillating non-linear equations and then prove the convergence of the HMM approxima-
tions to the solution of the macroscopic limit equation. On the basis of this identification,
we derive an a-posteriori error estimate with duality techniques. The general applicability of
the method and its corresponding error estimate is demonstrated in numerical experiments.
In particular we state and examine two strategies for adaptive mesh refinement based on
the error estimate.

1 Introduction

This paper is devoted to a heterogeneous multiscale finite element method for solving nonlinear
elliptic problems with fast oscillations, i.e. we are looking for the solution u¢ of the following
type of equations:

-V - A (z,Vu) = f in Q, (1)
u® =0 on 0N.

Here, A¢(x,-) is a monotone function, whereas A¢(+,£) contains a fast, microscopic behaviour.
The parameter e is a (possibly abstract) characterization of the multiscale nature of A¢. In
periodic settings it typically represents the period length of one microscopic oscillation, i.e. we
have A(z,-) = A(z, £ — | Z],-) for suitable A.

Such equations have a wide range of applications especially in hydrology and industrial en-
gineering. However, solving the problems accurately typically results in a tremendous computa-
tional demand, since the microstructure has to be resolved completely. In a lot of scenarios it is
impossible to approach this issue with standard methods such as pure finite elements. Therefore,
the usage of alternative strategies is indispensable. There is a large field of methods which are
specifically designed for solving multiscale problems.

A well known analytical approach is homogenization of the original equation. Here, we let €
tend to zero to identify a coarse-scale limit problem which is cheap to solve. This procedure is
primarily restricted to periodic and stochastic settings, even though there are exceptions. The
treatment of nonlinear elliptic problems is for instance presented in contributions of Allaire [8]
and Wall et al [46, 34, 35].

A first example for a suitable numerical method is the Multiscale Finite Element Method
(MSFEM) developed by Hou and Wu [27]. Here, local fine scale problems are solved in order
to construct a set of multiscale basis functions which contain information about the small scale
behaviour. A global variational formulation couples these basis functions so that we obtain an
accurate approximation of the original problem. This powerful method can be also applied to
heterogeneous structures. Concerning linear elliptic equations we refer to [27] and [28]. Nonlinear
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problems are treated by Efendiev, Hou and Ginting [19] and two phase flow in porous media by
Efendiev and Hou [18]. A multiscale finite element method for elliptic interface problems with
high contrast coefficients, i.e. where the computational domain contains inclusion which are
highly permeable in comparison to the rest of the domain or the case vice versa, is presented in
[11]. A perfect overview on the topic of MSFEM can be found in the book of Efendiev and Hou
[20].

The two-scale finite element method developed by Schwab and Matache [36, 37, 44] is based
on a discretization of the so-called two-scale homogenized equation (see for instance [8]). Using
sparse grids as suggested by Hoang and Schwab [26], the computational demand can be reduced
significantly. Formally, this method is restricted to the periodic setting even though extensions
are possible.

In [10] Arbogast et al. introduce a multiscale mortar mixed finite element discretizations for
elliptic problems. Here, 2 is subdivided into coarse subdomains, on which the original problem
is posed. These subdomains are discretized on a very fine grid scale and are stringed together
by a low degree-of-freedom mortar space.

Another approach, basing on the works of Hughes et al. [29, 30], is the adaptive variational
multiscale method which involves a splitting of the solution into coarse and fine-scale contribu-
tions. Here, the fine-scale equations are solved in dependency of the residual of the coarse-scale
solution. Adaptive algorithms are constructed on the basis of a corresponding a-posteriori error
estimate. In [31, 32], Larson and Malqgvist treat diffusion dominated elliptic problems and in [33]
they treat stationary advection-diffusion problems. A general framework for adaptive multiscale
methods for elliptic problems was suggested by Nolen, Papanicolaou and Pironneau [39].

Under the assumption that a regularized problem is available, Goal-Oriented adaptive strate-
gies are suggested by Oden and Vemaganti [41, 45]. Here, those grid cells are determined where
the error between the exact solution and a regularized approximation is still too large. In theses
cells, fine scale problems are solved for a local correction of the old approximation.

In this contribution we discuss the concept of heterogeneous multiscale finite element methods
(HMM). It was originally introduced by E and Engquist in 2003 [14, 15, 16]. The idea is to
perform detailed fine-scale computations in a certain number of small cells around quadrature
points. An average of these results is passed to a coarse grid discretization of the original problem
to obtain effective macroscopic properties.

Linear elliptic problems were treated in contributions of E, Ming and Zhang [17], Abdulle
and Schwab [7], Ohlberger [42] and Henning and Ohlberger [24]. A combination of HMM and
Netwon method for solving nonlinear elliptic problems was presented in [22]. Heterogeneous
multiscale methods for parabolic equations are stated by Abdulle and E [4], Ming and Zhang
[38] and Henning and Ohlberger [25]. A combination of a HMM and an Orthogonal Runge-
Kutta Chebyshev (ROCK) method is suggested by Abdulle [2] for solving advection-diffusion
problems. A HMM realization with near optimal computational complexity is given by Abdulle
and Engquist [5]. A good overview on the whole topic can be found in [1].

Among others, convergence results concerning HMM in the periodic setting were achieved by
E et al. [14, 17], Abdulle [2, 3], Ohlberger [42] and Henning and Ohlberger [24, 25].

A-posteriori error estimates for the heterogeneous multiscale method for elliptic problems in
the periodic setting can be found in [42] (in the energy norm) and in [24] (in the L?-norm). A
general a-posteriori estimate in dependency of the homogenized matrix is given by Abdulle and
Nonnenmacher [6]. An a-posteriori result obtained by Larson and Malqvist [33] for the variational
multiscale method for convection-diffusion problems can be also transferred to the framework of
heterogeneous multiscale methods. Error estimation for a HMM for advection-diffusion problems
with large expected drift was derived in [23].

However, a missing piece on this field is still the achievement of an a-posteriori error es-



timate, completely independent of any assumptions on the microstructure of A¢. The goal of
this contribution is to close this gap. Here, we start with formulating a HMM for nonlinear
elliptic problems. On the basis of this formulation, we identify the limit u® of a sequence of
HMM approximations and state a corresponding homogenized problem that is fulfilled by u°.
Now we can split the error ||ugarar — uf||p2(q) into |lugarar — u¢l|r2() and [[u® — uf||12(q). In
this work, we only estimate ||ugarn — u°|L2() and assume that the remaining modeling error
remains small. However, in the linear setting, estimates for |[u® — u€||2(q) are already at hand
(see [47, 40, 41, 45] ) and could be transferred to the nonlinear setting. Since this is a work on
its own, we shall ignore that part in this paper.

Outline: In Section 2 we introduce the heterogeneous multiscale finite element method for
monotone operators. In particular, this method can be used to efficiently determine the homog-
enized solution of a nonlinear elliptic multiscale problem with e-periodic coefficients (see [22]
for comparison). In Section 3 we state a regularized equation of (1) and prove that a sequence
of HMM approximations converges to the solution of this problem. In Section 4 we state an
a-posteriori estimate for the error between HMM approximation and regularized solution. The
estimate is proved in Section 5. The method and its estimate are numerically validated in Section
6. Here, we also introduce two algorithms for an adaptive mesh refinement of the coarse grid.

2 The non-linear elliptic problem and a corresponding HMM

2.1 Problem and analytical setting

In the following we are concerned with solving the subsequent nonlinear elliptic multiscale prob-
lem: find u¢ € H'(Q) with

/Ae (z, Vuc) - V&(x) dz:/f(x)fl)(x) der V& e H'Y(Q). (2)
Q Q

Here, Q C R? denotes a polygonal bounded domain with dimension d < 3. To ensure existence
and uniqueness of u¢ € H'({2) we need some additional assumptions on A€ € (L>° (2 x Rd))d:

Assumption 2.1 (Continuity and monotonicity of A€). Let | - | denote the Euclidean norm on
R?. We assume that there exist two constants 0 < a < 8 < oo such that uniformly Vo € Q:

(A(z,&) — A2, &), & — &) > alé — &%,
|A“(x,&1) — A%(x,62)] < Bl& — &2f and
A(z,0) = 0.

To formulate the HMM, we need several definitions. By Y = (—%, %)d we denote the 0-
centered unit cube. Scaling Y with x € Ry and shifting it by z € R%, we use the notation
x+ kY = {z + ry| y € Y}. We define the space of Y-periodic H!-functions with zero average
by

H'HHI(Y)

H}(Y):={¢ € CO(Y)| ¢ is Y-periodic and ][ v(y) dy =0}
Y

By |- |gr(q) we denote the semi-norm on H*(Q2) and by || - || g+ (o) we denote the full norm (k €



N>1). Moreover we introduce the following (semi-)norms on the Bochner-space L2(Q2, H*(Y)):

1
3 k

D120,k (v)) = (/Q ‘I’(x»')ﬁp@(y)) and |9 20,1 (vy) = O 1®|r2(0, 1 (v))-
1=0

In order to create a suitable discrete setting where we can formulate the multiscale method in, we
require additional definitions. By 7y we denote a regular simplicial partition of Q2 with elements
T. x7 is the barycenter of T' € Ty and

D(7y () :={E|E=TiNTy # 0, codim(E) =1 and T1,T» € Ty}

the set of edges without the boundary edges. Analogously we introduce 7}, a regular, periodic
partition of Y. T'(7j) is the corresponding set of edges (including the edges on 9Y) and yx
the barycenter of K € 7;,. For k € Ry and T' € 7y we use the notation Y7, = z7 + kY.
The mapping zf : Y — Yy, is given by 24.(y) := zr + ky. The local mesh sizes Hy and hg
are defined by Hy :=diam(T"), T € Ty and hg :=diam(K), K € 7;. Analogously we denote
Hp :=diam(T UT), where E =T NT € I'(Ty) and hp, :=diam(K U K).

The subset Q5TH of Q is called the representative part of ). It is defined by

0, = |J Yrs (3)
TET

and includes only the regions, where fine-scale behaviour is relevant for the HMM-computations
(i.e. we only perform computations in Q7. ). Microscopic oscillations in Q\Q7. are not captured
by the multiscale method, even though extrapolation may be applied. With regard to the
representative part of §2, it is sufficient to restrict the dicretized diffusion operator on Q‘STH:

Definition 2.2 (Discrete elliptic operator). Assuming sufficient regularity for this formulation,
we define the (piecewise constant) discretized monotone elliptic operator by:

A5 QF xRT - RY and for T€ Ty, K€T,, £€R?:
Az('vf)m;(}() = Ae(x%(yK),f)
The discrete space of HMM approximations is given by
Vi = {®n e H(QNCQ) |®y, € PHT) VT € Ty}
and the solution spaces for the local reconstructions by
Wi(Y) = {¢n€ HI(Y)NC(Y) | ¢nx € PY(K) VK € Tp}; and
Wi(Yrs) = {én € H' (Yr,s) N C'(Yrs)| (¢noat) € Wa(Y)})

Definition 2.3 (Reconstruction operator).
For § > 0 and Y7 5 C T, we introduce the local reconstruction operator

Rr:Vyg - Vg + Wh(YT’g).

For &y € Vg, the corresponding reconstruction Rp(®y) € @y + Wy, (Yr,s) is defined as the
solution of

g A5, (2, Ve R (Pp)(z)) - Vo gpp(z) dz =0 Vor € Wi (Yr5). (4)



Note that Rp is well defined, since the so-called cell problems (4), always have a unique
solution. For instance, if we define an operator B : H(Y7,5) x H*(Y75) — R for b € (L (Y7,5))¢
by

Blvn, 6n) ;:/ AS (8, 2,b(2) + Vo on(2)) - Vo on () da

Yrs

Then B is still strongly monotone (due to the properties of A5) and therefore coercive in the
sense of limj,, |- Bunvn) _ o The problem “find v, € H'(Yr5) with B(vs, ¢p) = 0 for all

onl
én € HY (Y7 5)’, therefore has an unique solution.

2.2 The heterogeneous multiscale finite element method for monotone
operators

Before stating the method, we want to sketch the idea. We note that the subsequent procedure
(for deriving one realization of the HMM) is equal to the approach in the setting of the Variational
Multiscale Method (VMM, cf. [32]). Let us assume that we have a separation of coarse- and
fine-scale part: u¢ ~ u%¢ + eu/"¢, If we suppose the same for our test functions (i.e. ® =
peoarse 1 pfin€) e obtain with regard to (2):

/ A€ (.7vucoa'r'se + 6ufine) _v((bcoarse + qufme) ~ / f((bcoarse + Ed)fine).
Q Q
Choosing ¢/ = 0 we have
/ A€ ( Yy coarse + eufine) LY peoarse o / fq)coarse (5)
Q Q
and with ®°°*"%¢ = ( we get
/ A€ (.’vucoarse + 6ufine) . v6¢fine ~ 6/ f¢fine ~ 0. (6)
Q Q

Discretizing (5) and (6) and restricting the computations on representative cells 2 gyqq+0Y yields
the basic concept of HMM. Not that Ve@/™¢ does not become small, due to the possibly large
gradient behaving like %

In the following we introduce two slightly different versions of a heterogeneous multiscale finite
element method for monotone elliptic problems. We start with the canonical formulation of the
method, as initially suggested by E and Engquist [14] for linear elliptic equations. For distinction
we refer to TFR in this case, which abbreviates test function reconstruction.

Definition 2.4 (TFR - Heterogeneouse Multiscale Method for monotone operators).
We define the TFR-HMM approximation u; j, of u¢ by: uf; ), € Vi solves

(f.®u)r2@) = AR(uin,®u) Yoy € Vy, (7)
with
A5 (W, @) =Y T f A5, (2, Vi Rr(u3y ) (@) - Vo Rr(@p) () da. (8)
TETH YT,e



Here, Rr denotes the local reconstruction operator, as it has been defined in (4). For the
parameter ¢ we furthermore assume 6 > € and Yr s C T for all T' € Ty. An expedient choice
for the periodic case (i.e. the diffusion operator has a periodic structure) could be é = ¢, for the
non-periodic case § = me,m € N-1..

Remark 1. For every § > €, the TFR-HM method produces a unique solution u}z n € Vg. This
is a direct effect of the monotonicity property of A¢. In the case that A€ is linear in the second
variable with (A (x,-)); = (A§(z,-)); for 1 <4, j < d, (8) results in a symmetric linear system of
equations, which is cheap to solve.

At the expense of these obvious advantages, the method incorporates a small inaccuracy: the
reconstruction of the test function (TFR). The "VMM way’ of deriving the multiscale method
results in a test function without reconstruction. However, if ¢ = § this additional contribution

JCYT&A; (-, Vs RT(quh)> Vi (Rr(®pg) —Pg) is equal to zero, due to the properties of Rr. In this

situation it is reasonable to replace @5 by Ry (P ). In the general case with § > €, we at least
expect the contribution to remain small. But, assuming that A€ has a relatively heterogeneous
structure on each representative cell Y7 ., summation over these small inaccuracies may end up
in a perceptible failure. Beside this, the big disadvantage of the method (in the nonlinear setting)
is that it is typically far more expensive then the subsequent HMM without TFR.

With regard to Remark 1 it is reasonable to formulate a second version of the multiscale
method, which does not make use of test function reconstruction:

Definition 2.5 (Heterogeneous Multiscale Method for monotone operators).
We define the HMM approximation ug 5 of u® by: ug,, € Vg solves

(f,®u)r2) = An(upn, ®u) Voy € Vg, 9)
with
An(urr g @) = 3 IT] ][ AS (2, Y, Re(ugp)(2)) - Vo @ () da. (10)
TeTy YT=‘

Again, Rt denotes the local reconstruction operator. For § and € we make the same assumptions
as in Definition 2.4. For details on how to solve (9), we refer to the HMM-Netwon Scheme in
[22].

It may happen that we are in a setting where it is hard or even impossible to identify a unique
parmater € in our original problem. Nevertheless, (10) requires a selection. In this situation e
should be chosen such that the behaviour of A€ in Y7 . is fairly representative for its behaviour
in YT75.

Note that the method also makes sense for H < e. Then it can be interpreted as a domain
decomposition scheme with oversampling.

Remark 2. The advantage of the multiscale method in Definition 2.5 is apparent. We expect
it to be a little more accurate and far cheaper than the TFR-HMM (since we do not have
to solve reconstruction problems for the test functions). On the other hand, the big issue of
the alternative method (in comparison to the TFR-HMM) is that we cannot easily guarantee
existence and uniqueness of a solution of equation (9), unless we set § = € (but then we skip
oversampling and the methods are identical). However, if we are in a reasonable scenario, TFR-
HMM and HMM are close together and we will therefore never have a problem with uniqueness
and existence. In the next section, we discuss this problem a little further and in Section 6 we
make corresponding numerical experiments.



Remark 3. To summarize our claim, we can say that we strongly suggest the usage of the TFR-
HMM in the linear setting and the usage of the HMM in the nonlinear setting. Furthermore,
if uIS_I’h denotes the TFR-HMM solution of (7) and wg ;, the HMM solution of (9) and if 6 =€

then we have u% n = Um,p. Since this work is dedicated to the treatment of nonlinear elliptic
problems, we primarily focus on analyzing the HMM without test-function reconstruction.

3 The HMM limit problem

In Subsection 3.1, we introduce a J-e-homogenized problem. Furthermore, we state our first main
result, which says that the solution of this problem is the limit of our HMM-approximations.
The proof is given in Subsection 3.2.

3.1 Model assumption and limit problem

In this subsection we are concerned with analyzing the HMM stated in Definition 2.5 with regard
to an analytical limit problem for H and A tending to zero. On the basis of a model assumption
we state a condition which guarantees the existence of the HMM approximation wg j which was
given by (9). Before we are prepared to present our results, we need several definitions. If X5y
denotes the characteristic function of Y, we introduce the following scaled cut-off function:

€,0 o 6d
w(y) = X5y (11)

Denoting Bs(Q) := {zx € R 3z € Q: |z — Z| < §}, we suppose that A¢ keeps its properties if
we replace Q by Bs(2). Then the two-scale separated diffusion A° : Q x Y x R* — R? is given
by

A (2,y,€) == A%(z + 6y,¢)

and the image Q(&) of correction operator @ : R — L2(Q, f{ﬁl (Y)) by

/Y A% (25,6 + Y, QE)(@,) - ¢y) dy =0 Yo € HI(Y). (12)

Note that Q is well defined due to the properties of A%?.
Definition 3.1 (The J-e-homogenized operator). In the following we call A° : Q x R? — R? the
d-e-homogenized operator, with

A%(z,€) = / W () A (2, . € + Y, Q(E) ) dy. (13)
Y

The essential model assumption in this section is the strong monotonicity of A°. Note that
this is always the case in reasonable applications with physical background. In particular if 6 = ¢
the monotonicity is inherited from A°€.

Assumption 3.2 (Model assumption 1). We suppose that the §-e-homogenized operator A° is
strongly monotone with & > 0, i.e.:

(A%(z, &) — A%(2,&)) - (G — &) > alés — &I* V&,& eRY, Vo e Q. (14)



Conclusion 3.3. With the preceding assumptions and defining
A(®,0) := / Az, VO (x)) - VIU(z)da, (15)
Q

we have a unique solution u¢ € H(€2) of
A, ®) = (f,®)2(q) YO € H'(Q). (16)

In the following we want to show that ug j converges to u® under the given assumptions. In
the definition of the reconstruction operator Ry we suppose that Yr s C T'. Before we can have
a look at a limit process for the HMM, we therefore have to extend Ry to the case xp +90Y ¢ T.
Now, let @ € V. Since V®@p is a constant on Yr 5 if Yy 5 C T, there are two possibilities for
interpreting the reconstruction Ry for small H: 1. we still use Definition 2.3 even though V&g
is no more a constant on 7" or 2. we replace ®p in (4) by the linear extension of (®f ) to the
whole domain 2. Both is equally possible. However, we focus on the second alternative since it
is closer to the ideas of homogenization and scale separation. Therefore, we define the following
extended reconstruction operator.

Definition 3.4 (Extended reconstruction operator).
For § > 0, we define the image Ry (®y) under Ry : Vg — Vg + Wy, (Yr5) by

. A; (1‘, Ve RT(q)H)(LU)) -V, th(l‘) dr =0 V(bh c Wh(YT’5)7 (17)

where Ry (®p) € Ep(®g)+Wy(Yrs) and Ep : PY(T) — PY(Q) is the canonic extension operator.

In the following we use the above definition of Ry without mentioning and we can state the
first main result:

Theorem 3.5 (HMM limit problem). Suppose that (model) Assumption 3.2 holds true and that
h is sufficiently small, then there exists a solution ug, ), of the HMM problem (9) for any given
triangulation Ty of Q. If u€ denotes the solution of the §-e-homogenized problem, we also have

lim lim flugrp, — ol o) = 0.

3.2 Proof of the convergence result

In this section we are concerned with proving Theorem 3.5. Furthermore, we specify the meaning
of sufficiently small h as mentioned in this theorem. For simplification, we postulate two nested
families of triangulations (77, ),y of Q and (7p, ),y of Y with H; :=max{diam(T")|T" € T, } — 0
for i — oo and analogously for h;.

On the basis of the extended reconstruction operator, we start with reformulating the recon-
struction problems (or cell problems) by splitting Rr in macroscopic and microscopic contribu-
tions:

Lemma 3.6 (Discrete correction operator). We define the image Qp (&) of the discrete correction
operator Qp, : RY — L2(Q, W, (Y)) by

/Y A5, (2,6 + Yy Qu(©) () - Vyon(y) dy =0, by € Wi (Y). (18)



Here, A;fh is a discretization of AS° given by:

A;;?h<xay7 Nrxx =AY (wr,yK,-) for T x K € Ty x T, (19)

With the definitions above, the subsequent equation holds true:

(VO (1)) (&, v) ey = =

5 (RT<¢)H) — ET((I)H)) oxT( ) fOT Py e Vy.

In particular, we get for all Vg, &y € Vi:
WV, Py) = / / A;,éh (,y, Vo U (z) + VyQn(Va Ui (x))(z,y)) - Vo Pu(x)dy dz
(20)

where Ay, is given by (10). In the same way we also have

() = [ [ w05 0.V Vn(0) + 5, QT @) ) (21)
(Vo By (2) + Yy Qu(Vy By (2)) ) dy
for A3 given by (8).
Proof. For &y € Vi we define

1

5 (Rr(®p) — Er(®y)) o 25 (y).

We verify Qr(VPr () = Qn(®r) to prove the results. First we note that the following holds
for every z € T

On(Pu) (T, y)rxy =

Vy Qn(®w)(2,y) = % (6V% Ry (Ppr) — 6V B(®)) 0 27 (1) (22)

= (Vi Rr(®n)) 0 27 (y) — Vi @ar(ar).

By (17) we therefore obtain for all én € Wi, (Yrs):
0= / A5 (5, V% Ry (®12)(2)) - Vi ()
Yr,s
- / AS (5(1), Vo Re(®11) 0 25(1) - Vo (2 (0) dy
= / Ay (2,9, Ve O (27) + Yy Qu(Prr) (2,)) - Vi o1 (25 (y)) dy.

Defining ¢p(x,-) € Wa(Y) by ¢n(z,y) = $on(z,25(y)) vields Qn(VOr() = Qu(®w). To
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derive the equation for Af we can use (22) to proceed similarly:

]é AS (2, Y, Re(Upr) (2)) - Vi R (@) (2) da

,€

- L / X () A (2, Y, Ry (W) () - Vs R (@31 () dv
Yr,s

= T | o @) 4 (). Vo) + 5, Q4 (Vi) ar)
(Ve ®u(xr)+ VY, Qn(®w)(zr,y)) dy

- /Y oy WA, (@r,y, Ve Uit (27) + Yy Qn(¥ i) (w1, y)
(Ve @u(2r) + Yy Qn(®p) (27, y)) dy

Since the quadrature formula is exact for piecewise constant functions (on T € 7y ), we get the
result by summation:

d
(5) At om) = [ [ xav @), 0.0V ¥a () + ¥, Qi) .1)
(Ve @ (2) + Vy Qn(Pr)(2,y)) dy da.
For Aj;, we proceed in analogy. O

For the sake of shortening, we introduce Q(®)(x,y) := Q(V, ®(z))(x,y) for ® € H*(Q) and
On(®r)(z,y) = Qn(Ve @u(x))(z,y) for gy € Vi. From now on we primarily use Q instead of
Q. For simplification and since it yields no further difficulties, we also replace A;’[s by A%Y in
our HMM formulation in Definition 2.5. The next lemma is an alternative formulation of the
d-e-homogenized equation.

Lemma 3.7 (Generalized two-scale equation). Let Assumption 3.2 be fulfilled. If u® denotes the
solution of (16) and if we define uf := Q(u), then the tuple (u¢,u’) € H'(Q) x LQ(Q,H;(Y))
s the unique solution of the generalized two-scale equation:

/Q/Y A (a:,y, Ve u(z) + 'V, uf(x,y)) (we"‘s(y)fob(x) + V, ¢(z, y)) dy dx
= /Qf(x)fb(x) dx Y(®,9) € Hl(Q) X LQ(Q,fIﬁl(Y)). (23)

The result is obvious and there is nothing to prove. Now, we require two further lemmata to
prove the main result. The first one describes the continuity of the operators @@ and Qp:

Lemma 3.8. The following inequality holds almost everywhere in x and for all &,& € R9:

Q) ) - Q)@ mon < (5 -1) la - &l (24)

The same result holds true for Qn, h € {h;|i € N}.
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Proof.
algy — &+ Y, (Q(&) — Q&) (2, )72 vy
< /YAE"S(%%& + V, Q(&)(z,y)) - (&1 — &2) + Vy(Q(&1) — Q(&2)) (z,y)) dy

—LA“@%@+%Q@WMM%@rfﬁ+%@@ﬂ*@&»@wn@
::Aﬁmw%&+%mmWMW@*&My

- [ A+ Y, Q) @) - (6 — ) dy
< BV (61— &2) + V, (Q(&1) — Q(62)) (z,)[2(v) €1 — &2l
This yields:
|61 — & + Q&) (x, ) — Q&) (@, ) |F vy
= &6 - &+ Y% Q&) - Q&) ()72
< g\& — &)?
O

Now, we define X, which is a nonlinear subspace of L2(Q7ﬁﬁl (Y)) required for the main
proof.

Definition 3.9. For

2
KG) = a (Lot o)

we define the nonlinear space X, by:
X. = {¢ € L2 H(Y))| ¢(z,) = Q(VOu(2))(x,-), ®u € Vir, |Prrllmi(o) = K(2)}

The next lemma helps us to give a criterion on the size of h so that we can guarantee a HMM
solution.

Lemma 3.10. For all z > 0, there exists ig € N, such that:
Vi > g, Vo € X, Ign, € L*(Q, Wi, (Y)) : |v = ¢nlr2.m(vy) < 2 (25)

Proof. First we note that we do not need the specific structure of K(z) for this proof. K(z)
could be replaced by an arbitrary positive constant.
Since we have a nested family of triangulations 7,, the negation of (25) reads

Vie NJu; € X, : Vop, € L2(Q,Whi (Y)): v — ¢hi|L2(Q,H1(Y)) > z. (26)

Since v; € V. there exist ®% € Vg with Q(®Y) = v; and || ®Y||p10) = K(2). So ()
is a bounded sequence in a finite dimensional Hilbert space. We therefore have a strong H'!
limit of ®%; (up to a subsequence). It is denoted by ®x. On the other hand, @ is a contin-
uous operator due to (24), which implies v; = Q(®%) — Q(®y) strongly in L*(Q, H(Y)).
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Since U;enL?(Q, W, (Y)) is dense in L*(Q, H'(Y)), we can find ip € N and a sequence ¢y, €
L2(Q, Wy, (Y)) with [Q(®y) — én, |20, (v)) < 5 for all i > dp. All together with sufficiently
large ig:

+-=2z.

z
2
This is a contradiction to (26). O

[NCR IR\

[Vig = bhs, [L2(@u1 (v)) < Vip — Q@) L2,m1(v)) + Q(PH) — dny L2, m1 (v)) <

Remark 4. Analogously to the preceding proof we can alternatively show that for all C' > 0
and for all ¢y > 0 there exists ig € N such that for all ¢ > ig and for all

ve{pe LA(QH (V)| ¢, ) = Q(Ven(2))(z,"), Pu € Vi, |®ulm o) < C}
there exists ¢p,, € L*(Q, Wp, (Y)) such that [v — ¢, 120,51 (v)) < €o-

Now, we are prepared to prove the convergence result for the HMM. By means of the space
X,, we can detail Theorem 3.5:

Theorem 3.11. Suppose that Assumption 3.2 holds true. For given z > 0, we can choose ig

such that for all i > ig:

sup

inf v — Oy, 1 < z. 27
ok (%em(Q’Whi(Y” (lv = ¢n |2, (Y)))> < (27)

With this condition, there exists a HMM approximation uy, pn, for all j € N and for all i > 1.
Moreover, we have:

lim hm e n — ul| 1) = 0.

j—o00i—

Proof. (27) is a direct consequence of Lemma 3.10. In the first part of this proof, we fix H €
{H;|j € N} and h € {h;]i € N}. We define N := dim(Vy). Let {@g),...,‘bg\[)} denote the
Lagrange base of Vg, i.e. fbgc) € Vg with @g) (xs) = ks, where x5 denotes the s’th inner node
of the triangulation 7z. With this, we introduce a norm on RY by:

N
Elv = 11> &% 1110y
s=1

Now, we define

N N
gh() = /z /Y w () A <x,y,zgsm5?<x>+vygh(zfs<1>5?><x,y>>m@&?@)dydaz
s=1

s=1
- [ f@e@) d.
Q

We want to show: there exists £ € RV, such that ¢! (€) =0 for all 1 <1 < N. g is continuous
due to the continuity of Qj. Using &y := Ei\le §S®S), we can define

Zgh 6 = [ [ w04 (0 Vo) + ¥, Q@) 1) - Vi () 0) dy d

- / f(@)® () de
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to get

Gu(§) = (An — A)(@p, Py) + A(Pn, Pu) — (f, Pr))r2(0) (28)
> (An— A)( @, Pu) +alély, — If 2@ lElve-

For (A, — A)(®p, Py) we use the Cea-Lemma for monotone operators which reads

1Q(®m)(,-) = Qn(®a) (@, )1 (v) < D i 1Q(®w)(2;) = nlar(v), (29)

QpreWL(Y)

to obtain:

(Ap — A)( @y, Pp)

A)
/Q/Yw675(y) (A“‘S (7,9, Ve @ (v) + V, Qn(®r) (7, y))

—Ae"S (,y, Vo Pr(z) +V, Q(@H)(a:,y))) Vo Py () dy dx
< 5|§|VH 1Q(®x) — dnlr2,m (v))-

agn eLZ(Q W (v))
If we restrict ourselves to £ with |¢]y,, = K(z), we can use Lemma 3.10 to obtain that there
exists ig € N (ig independent of &) so that for all i > ig:

2 2
(An, = A)(@p, Pp) < %ZWVH = B*ZK( )-

Combining this with (28) we get for all i > i and for all £ € RY with [£]y,, = K(2):
_ B
Gh,(§) > aK(z)* — EZK( z) = | fllr2 K (2) = 0.
With Gp, (&) > 0, we can use a simple conclusion from the Brouwer fixed point theorem to
obtain, that we have a solution £ € RY of the problem g}, (£') = 0 for all 1 <1 < N and with
I€¥v,; < K(2) (see Chapter 1, Lemma 2.26 in [43] for comparison). Our HMM approximation is
therefore given by um p, = Zivzl f_;q)g;)

It remains to identify the limit of the HMM approximations. First, we have that (ug p,)i>,
is a bounded sequence in Vy (bounded by (K(z))). Due to the finite dimension of Vy, we have
that there exists ug € Vg so that umg p, 2wy strongly in H 1((2) (convergence of subsequences
can be replaced by convergence of the whole sequence due to the characterization of the limit
problem which always yields a unique solution). With (24), (29) and Remark 4 (with C' = K(z))
we furthermore obtain:

|Qn, (urn;) — Qum)|L2(0,m1(v))

< b | én, — Quna)
Oz¢>h cL? (Q Wh

2

ﬂ 2
(@.HY (V) T (ag = 1) |umgp, —unlgro — 0.

Due to the strong convergence of upy 5, to uy and the strong convergence of Qy, (ug ;) to Q(um)
we obtain that uy solves

/Q A%, Yy upt (2)) - Y By () dac = /Q F(@)u(z) do

for all ®5 € V. Since A° is strongly monotone, we can use the Cea-Lemma to get strong
convergence of ug in H'(Q) to u® (we have uniqueness of the limit, due to uniqueness in the
limit problem). This ends the proof. O
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3.3 Justification in the periodic setting

In the preceding subsections we showed that the HMM is capable of approximating u¢ (given by
(16)) up to a desired accuracy. However, we did not yet comment on the relation between u¢
and the exact solution u¢. For a better understanding, we exemplify the justification of equation
(23) in the periodic setting. General comments shall be discussed later.

Let us assume, that 6 = € and that A°(z,&) = A(%,§), where A(-,§) is a Y-periodic function.

In this situation, it is well known, that the solution (u°,u') € HY(Q) x LQ(Q,fIﬁl(Y)) of the so
called two-scale homogenized equation fulfills:

/ﬂ /Y Ay Vo' (@) + V0 (0.9) (: 0(a) + V(o) dyde = | f@)@(@)de (30)

for all (®,¢) € H*(Q) x L3(Q, ﬁﬁl (Y)) and moreover
€ 0 1 )
[ — (u tu ("E)) i) — 0 for € — 0.
See for instance [8], [46] and [35] for details. Now, let us define

a°(x) == u’(z) and @’ (z,y) == u'(z,y + %)7
then we immediately have:
/Qf(x)q)(x) = /Q /YA (1 Ve (@) + G (@) - (@) + Yy é(o,y — ©)) dyda
- /Q /Y A (y + f Vou'(z) + Vyu' (,y + f)) (Ve ®(z) + Y, ¢(z,y)) dydx
= /gz/YAE (z + ey, Vyu(z) + Vil (z,y)) - (Ve ®(z) + Y, ¢z, y)) dy da.

Due to uniqueness of the solution of problem (23), we obtain @° = u¢ and @/ = u/. This yields
the relation V, u/(z,0) =V, (u'(z, £)) and the estimate

||ue _ (Uc + Guf(70)) ||H1(Q) = ||’Ll,6 — (UO + Euf('7 6)) ||H1(Q) — 0.

In particular, we have by standard homogenization theory and by using the results from the
preceding sections:

N _ _ 0 _
Jim lim [ —uppllrz) = u® = w2 ) = [ = u’llr29) = O(e).
This implies that the HMM is justified in the periodic setting.

In the non-periodic setting we may also assume that u(z) ~ u’(z)+eu' (2, £), where u” describes
the coarse-scale part and u! the fine-scale part. Using this ansatz, inserting it in (2) and applying
local averaging over representative cells z+ €Y yields a formulation, which is very similar to (23).
The fact that we cannot assume that ! is periodic in the second variable requires an oversampling
technique to erase the wrong (periodic) boundary condition for the micro-scale contribution. This
is why the cut-off function w®® (see (11)) is an essential part of the generalized two-scale equation
above.
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Alternatively, we see by the following reformulation

/Q F(@)®(z) do

= //A55 x,y, Veu(z )+Vu (, y)) ( (y)VId)(J:)) dy dx

/Q / A (2 + 0y, Veus(z) + Vyu! (2,9)) - V, ®(2) dy da

~/Q]£+6Y A° (?/7 Ve ul(z) + V, (§uf(x7 Y ; m))) -V, B(x) dy dr,

that we expect u¢ + duf(-,0) to approximate u¢ in H*(2).
With these considerations, we should demand:

lu¢ — (u€ + 6! (-,0)) |10y = O(52), (31)

so that the usage of the HMM is justified in a certain scenario. Here, (u®,uf) € HY(Q) x
L?(Q, ﬁﬁl (Y)) is the solution of equation (23). To keep the framework as simple as possible, we
weaken this condition and introduce a second model assumption. This assumption simply stands
for the HMM 1is applicable to our problem:

Assumption 3.12 (Model assumption 2). We assume that problem (16) has a unique solution
denoted by u¢. Then we presume that u® approximates u€ in L?(Q) up to e-accuracy:

]l (@) = O(e). (32)

Note that we might as well say that the approximation of u¢ is up to d-accuracy since J is an
integral multiple of e.

Note that (32) is a reasonable definition for applicability of the HMM. If this error remains
large in a certain scenario, then the HMM produces wrong approximations. In several ap-
plications, the situation is very comfortable. For instance, if we are dealing with periodic or
homogeneous stochastic structures, the useability of the HMM (i.e. (32)) can be proved a-priori.
In this spirit, Assumption 3.12 is a condition which summarizes all these possible settings. There
are several possibilities to check if it is fulfilled. In the next subsection we comment on general
frameworks.

3.4 General considerations on the applicability of the HMM

It is obvious that the question about the relation between u¢ and u€ is directly connected to
the question about the applicability of the HMM. If (32) is somehow fulfilled, the method can
be used. If it is not fulfilled, the HMM is inappropriate. There is a large variety of scenarios
in which the HMM is used, without even having a clear guarantee that it is applicable. Beside
restrictions on a periodic or stochastic setting, there are no analytical results answering this
question, but there are several numerical experiments which demonstrate a very general usabil-
ity of the multiscale method in case of scale separation. Therefore, it seems to be sufficient to
presume applicability of the HMM and to analyze the method with regard to the limit problem.
However, for the sake of completeness we want to present some ideas which help to answer the
question about applicability. Carrying out these ideas in detail is a long work on its own, which
is why we keep this section short.
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In the following we refer to |[u® — u®||12(q) as the modeling error. A powerful approach for
verifying Assumption 3.12 is presented in the works of Oden et al. [47, 40, 41, 45] for the linear
setting. Here, the sole assumption is the availability of some kind of homogenized equation,
independently of how it has been derived. A-posteriori error estimates are given to evaluate the
size of the modeling error, indicating the quality of the homogenized problem. The error can
be evaluated in the L2-norm, in the energy-norm or in so called ’quantities of interest’ which
regard the physical background. Since we derived a homogenized equation (16) which correlates
with the HMM, the whole theory is applicable to our issue once it is transferred to the nonlinear
setting. Furthermore, it can be even used to improve the HMM using the Goal-Oriented Adaptive
Local Solution Algorithm (see [41]) which allows local enhancements of the HMM approximation
in those regions where it is not sufficiently accurate. A combination of GOALS and HMM yields
good approximations even if Assumption 3.12 is not fulfilled.

Another approach is presented in the following. The access to the nonlinear setting is straight
forward and it emphasizes an interesting feature of the solution:

Let us assume that we have A° € (H"*°(Bs(Q) x Rd))d and therefore H?-regularity for u¢.
The goal is to achieve a computable indicator, which gives us a strong hint on whether we can
apply the multiscale method or not. In particular, the indicator ought to signal if Assumption
3.12 can be fulfilled.

Let uc°%ms¢ + §ufi"® denote an approximation of u¢ which consists of a coarse- and a fine-
scale contribution. If we want to estimate the error ||u® — u®*"*¢||12(q), we might use standard
a-posteriori theory to obtain the following estimate:

e — o oy < 2| f 4+ divAS(, T (0005 + 60T )y (33)
(07
-‘réCTTCRdHAGHHl,oo(Q)||ufme||L2(39) + 6||ufine||L2(Q).

Here, Cp denotes the Poincaré constant, Cr a regularity constant and Crp, the constant in
the trace theorem. The first term on the right hand side of (33) is to check the fulfillment of
the differential equation (|| f -+ divA(-, V (u*¢ + §uf"¢))||12(q) small), the second term is to
check the fulfillment of the boundary condition up to d-accuracy (8[| A€ g1 (o) lluf™| 1250
small) and the last term is to check, whether we have a real scale separation, i.e. u®*"*¢ is only
the coarse scale contribution and a good L2-approximation of u¢ (size of §||u/"¢||;2(q) remains
negligible).

Unfortunately we cannot use such a result in real applications, since u and in particular
ufe are typically not explicitly available. If we want to compute both parts accurately enough
(for instance by solving a two-scale equation such as (23)), we are in a highly complex situation.
We must resolve the micro-structure in the whole computational domain to use this (extremely
expensive) result as a very accurate reference for (u¢°?"*¢ /™€), But then, we do not need the
multiscale method anymore and any further consideration is redundant.

A second problem becomes apparent, if we consider the periodic setting again (i.e. A°(z) =
A(z,%)). Let us presume sufficient regularity. If (u,u') denotes the solution of the two-scale
homogenized equation (30), then we have

coarse

||’U/€ — (UO + 6’11,1(', E)) HHl(Q) — 0
but we typically do not have

1+ divA“( 7 (u” + ew(, )l o) — 0.
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The right hand side in (33) does not become small if we only use u/""¢ = v!(-,2). In particular
a second corrector u? € L?(Q, flﬁl (Y)) is required to get the desired property, i.e.:

1+ div A T+ ! (- 2) 02, 5)) oy — 0.
Here, u? is the unique solution of
/YA(% y)Vyu?(z,y) - Vy ¥ (y) dy (34)
= [ dive (A ) (%) + ¥t ) 0l dy = [ AV o) - V000 dy

for all ¢ € lf]ul (Y). See for instance ([13], chapter 7, 128-137) for comparison. In this spirit, uf™¢
should be equal to u'(-, 2) + eu?(-, ) in (33).

If we want to derive an indicator to check for Assumption 3.12, all the considerations above
must be carried over to the discrete setting. First of all we need to restrict our fine-scale evaluation
to a number of representative cells (just like in the HMM setting). There, we obtain localized
a-posteriori error estimates for every cell. These estimates are similar to (33) but they contain a
non-computable boundary contribution which can be ignored in an indicator. In order to check
the fulfillment of the differential equation, we need to perform additional computations that
account for the missing part in our corrector function. With other words: we must solve further
cell problems similar to (34) in order to obtain the image Q2 (u°) of a second correction operator
Q5 under u¢. Then we can compute the size of

- — X7

15 + At (1 + 60 o, =) + P a(u)or. ) .

Depending on the technique that we use to derive the corresponding discrete estimate, we might
deal with gradient jumps or additional reconstructions. There are other factors, like the size of
the cells Y7, that should be considered when speaking about the applicability of the HMM.
Furthermore, to make sure that the complete fine-scale behaviour is captured by this strategy, it
might become necessary to create a covering of {2 by the union of the cells Y7 . Then the HMM
can be interpreted as a domain decomposition method with oversampling, which is typically still
cheaper then solving the whole fine-scale problem.

However, since there is nothing done so far on this field, a detailed analysis of this part
exceeds the scope of this work and will be subject of future research. From now on, we assume
the a-priori knowledge that the HMM is applicable in our scenario and that we can therefore
solely focus on a comparison with the limit problem.

4 The a-posteriori error estimates

In this section we want to state an a-posteriori error estimate for the heterogeneous multiscale
finite element method introduced in Definition 2.5. For completeness, we also state an estimate
for the TFR-HMM given by Definition 2.4, even though we point out that it does not make sense
to use this method in the nonlinear setting. It is too expensive since it involves determining the
reconstructions Ry (®;) for any base function ®,;. These are |7y| nonlinear problems to solve.
Furthermore, we expect it to be a little less accurate.
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Therefore, our focus is on the L?-error between HMM approximation ug; and exact so-
lution u¢. For the whole section, we presume that the applicability of HMM in the sense of
Assumption 3.12 is verified (for instance by the strategies described in Section 3.4). Beside the
general assumptions stated in Section 2 we suppose that we have sufficiently regular data, i.e.

Ac e (H Leo(Bs () x Rd))d. With these presumptions, the a-posteriori error estimate stated in
Theorem 4.5 is reliable without further restrictions.

All the required notations are given in Subsection 4.1. The main results are stated in Sub-
section 4.2 and the corresponding proofs can be found in Subsection 5.

4.1 Notations

For lucidity we introduce the subsequent definitions and notations.
In the following u g, denotes the solution of the HMM given by equation (9) and u% 5 denotes

the solution of the TFR-HMM given by (7). The discrete scale-separated diffusion operator A;fh
is given by (19). Furthermore, we define the restriction of the triangulation 7;, of Y on $Y by:

T = {K € To|K C gy}. (35)

For simplification, we assume that 7;;’5, on its own, is a regular, periodic triangulation of £V
The corresponding set of all edges, the set of inner edges and the set of outer edges are denoted
by:

[(T,7°) := {Ey € I(T},)| By C <Y},

1)
DT o= {By € D(T)| By € SV} and

Ty 0) =TT O\T ().
When using outer normals and gradient jumps, we make use of the subsequent definition:

Definition 4.1 (Outer normals and jumps). For any bounded domain M, we denote the outer
normal function by na; : 9M — R?. For two domains M; and My, with T' := M; N M, and for
a function g € (L>(M))* with g, € (CO(Mi))d, i = 1,2, we define the jump [g]r : T — R of g
over I' by

[gh“(w) = ‘ lim g($m1) LI (LL') + lim g(xmz) . an(‘T)|ﬂ

mi—00 Mo —00
where x,,, is a sequence in M;, with z,,, — 2.
In order to use jumps over pairwise opposite edges of I'°“*(7;%), we also need to introduce
the set I'(7,f)/ ~uy:
Definition 4.2 (Equivalence relation on sets of edges). For i € {1,...,d}, m € {1,2} we define
the mapping g;" : R? — R¢ by
Zj for j € {1,...,d}\{i},
(-1)ms for j=i.

9 (T, ey ) = {

The set of all these mappings plus identity is given by G := {¢/"|1 <i < d; m = 1,2} U {id}.
Now, let © € Ry and 7, be a regular, periodic triangulation of kY. We define the following
equivalence relation ~.y on the set of edges I'(7,%). For E, E € I'(7,), we say

E ~. E <= 3gc G with g(E) = E.
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With this definition, we naturally extend the definition of jumps over elements of I'(7,%)/ ~,y
(see Figure 4.1).

mi

N
N

_<ITII

Figure 1: InT'(7,7)/ ~yy, pairwise opposite boundary edges are identified with the same element.
Due to this identification, jumps over such an edge can be used analogously to Definition 4.1.

The following operators are required for a suitable a-posteriori error estimate for the TFR-
HMM. They are not required for the case without test function reconstruction.

Definition 4.3. Let V() denote the space of piecewise constant functions on {2 with regard
to 7y. For x € T € Ty, we define the non-linear operator 9y : Vg — V3(€Q, Wir(5Y)) by:
On(®r)(wr, ) € Wi(5Y) solves

/f 4, (27,9 W ®rr(or) + ¥, O (@) (w7, 9) ) - Gy om(y) dy =0, (36)
5
for all ¢y, € Wh(gY) and all &y € V. Furthermore, we introduce associated localized versions
KL :PYT)/R — Wy(5Y) by
K7 (®n) = Qn(®n) (w1, )
and Ki : PHT)/R — V,(5Y) by
Ky (®w) = Qn(®m) (2, ')|§Y,

where Qr(V®r () = Qn(Py) is given by (18).
For any (non-linear) operator G : P*(T)/R — H'(£Y'), we define a corresponding induced
norm by:
IG(@1) — G(®2) 112,
V&, — V,|

1Gllon = sup{

Oy, Dy € PYT), O # @z}.

Now, we are prepared to state the local error indicators, which contribute to the later a-posteriori
estimates.

Definition 4.4 (Local error indicators). For @y € Vi, the local approzimation error indicators
are defined by

et (®p) = H/ w (y) (Ams - Af{é) (4, Ve ®u(2r) + Yy Qu(®m)(21,y)) dyl|72(7) and
Y

i) = | [ (A= 45°) (. Ve B (or) + ¥, Qul@n) ) dilfr
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The local residual error indicators are given by

g (@) = H | /Y[Uf’g(y)x‘li’5 (24, Ve @ + Yy Qn(@m) (-, ))]E dyllZs() and
ﬁ;‘es(q)H) = Z h?}E‘y H[A;(S (- Va®pg + Vy Qh(q)H))]EYH%Q(TxEY)'
Ey el (Tn)/~y

For the case that we use the TFR-HMM, we also need local error indicators for test function
reconstruction:

N (@) = 3 ITA5? (o, Ve @ + Yy Qu (@) By 132 (1 10 -
By €D(T %)/~ ey

_ ” (;d €,0
N (@w) = 1Ky = K llop 1= [45° (- Ve @or + Vy Qn(@a)) by | 72(rx iy y and
€
Ey €D(T,5%)inn
i (@n) = 1K =K llop > || AE P Ve 4 Yy Qn(®r) ey T2y )

By €D(T;5%)out

In the next subsection we state our main result concerning the a-posteriori error estimates.

4.2 The estimates

Using the notations that we introduced in the preceding subsection, we now present two a-
posteriori error estimates for the L?-difference between HMM approximation (uy , or ufl p) and
exact solution u°. Under the given assumptions, these estimates are reliable. The proof of the
subsequent theorem is given in Section 5.

Theorem 4.5 (A-posteriori error estimate). Let the local error indicators be given by Definition
4.4. Under the assumptions mentioned at the beginning of this section we get the following
a-posteriori error estimate for the L?-error between HMM approzimation ug p and u:

1
2

%
lurn —ulz2@) < C(Z H;L"||f||2L2(T)> (Z ngF (win) + 07 (UH,}L)> (37)

TeT TeT

Nl

+O Z nges(quh) ( Z ,r)res Upp >

Eel'(Tw) TeTy

For the solution u%h of the HMM with test function reconstruction we get:

1 1

2 2
lugrp — vl < C ( > H%”fl%?(T)) +C ( > 0P (ug ) + 077 (u S,h)) (38)

TeTy TeTy

el 3w, +o(z n;es<uz,h>)

Eel(Tw) TeTy

e i) s i) o £

TeT TeETu TeTy

[N
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By C we denote constants not depending on €,0, H and h. For further specifications, one might
follow the proofs in Subsection 5. If we replace ||up n —ul|r2(q) by [[umn —ul|L2() on the left
hand side of (37) (and anlogously for uf}’h in (38)), we obtain an additional O(d)-term on the
right hand side in both estimates.

Note that (38) is only stated for the sake of completeness. The TFR-HHM is far more
expensive than the HMM and the corresponding estimated error is far larger, even if the real
errors |[up,n — ul|L2(q) and ||u}9{h —u||L2(q) are of identical size.

In Section 3.3 we saw that the sequence of HMM approximations converges to the homog-
enized solution v’ if we are in a periodic seeting, i.e. if A¢(z, &) = A(x, 2,6) and A(z,-,§)
Y-periodic. This implies that we can use (37) to efficiently determine the solution of a nonlinear
elliptic homogenization problem. In such a scenario u¢ is the homogenized solution u° and (37)
is directly applicable.

If we are in a more general setting, the remaining model error ||u® —u¢||z2(q) =0(d) could be
replaced by a reliable indicator if we use for instance the strategies presented in [47, 40, 41, 45].

Remark 5 (Error contributions). For the heterogeneous multiscale method (9), we can see,
that the a-posteriori error estimate (37) consits of two components: one part to estimate the
approximation error and one part to estimate the residual error. If we use a sufficiently accurate
approximation of the coefficient function A€, the order of convergence of the HMM can be guessed
by observing the indicators nj® and 77°. Due to the fact that gradient jumps typically yield
convergence of order O(H %), we deduce that we can expect a quadratic order of convergence for
this method (in H and h). Indeed, proceeding similar to the proofs in Subsection 5, we could
derive an a-priori error estimate which formally confirms this. Such a-priori error estimates were
carried out in [24] for the linear case following similar ideas.

For the heterogeneous multiscale method with test function reconstruction (7), the a-posteriori
error estimate (38) consits of three components. Besides the contributions of approximation and
residual error, we also get indicators which account for a possible inaccuracy, produced by the
TFR. It is obvious that the size of the a-posteriori bound for ||uf] n — U2 () strongly depends
on niFR pIFR and 4TFR. Tt may remain large, although the rest becomes small. Even if As-
sumption 3.12 is fulfilled, we cannot guess the order of convergence for the TFR-HMM. More
precisely, in order to guarantee that the additional contribution made by test function recon-
struction becomes small, Qh(u% ») (7, ) needs to hit an almost periodic boundary condition on
$Y. If this is not the case, there is formally no reason for assuming that the method is accurate
and as a result of this, that nZFR and 77FR remain negligible. Identifying the limit problem of
the TFR-HMM would improve the situation only cursorily.

In order to use estimate (38), we need to compute operator norms ||K} — KF |0, which occur

in 7LFR and 7-FR. In the following remark, we comment on these computations:

Remark 6. In practical applications we are never concerned with computing an error estimator
for the TFR-HMM. The following statements therefore just refer to the treatment of || KX —KF |0,
in numerical experiments.

Let By denote the Lagrange base of P'(T')/R, then we define for G : P(T)/R — H'(£Y)
the quantity | - [|5, by

||G<<I>)‘;zp<;y>>é )

Vo

IG5, = ( >

PeBr
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In the linear setting, we can easily control ||K} — K7 '||o, by using || - |5, (which defines a norm
in this situation). We observe that the following estimates hold true

1G@) 31 ey | 2 1
1G5, = ( Z T‘Qé < |Br|?[|Gllop

deBr

and

IG(W1) = G(Yo)llmr(5v)
G — )
|| HOP Sup{ ‘V\I/]_ _ V\II2|

Uy, Uy € PYT), T # \1/2}

> |W|vq>| - 1}

deBr

deBr

1 * agp
<|BT|2G||opsup{a<1>| ’ | Z V<I>I2—1}

deBr

2
Since ‘ZcbeBT @—‘%‘Vfb‘ is a non-constant polynomial of second order in RIB7!, there is only a
finite number of intersection with the straight line p(o) = 1. Therefore we have that the term
sup {|oz¢>| ‘ DIFy. %V@P = 1} is bounded. Due to these observations, we can compute

KL — KF |5, instead of IKE — KT |lop, since they increase with the same rate, independent of
meshsizes. Moreover, KT (®) is already available for ® € By

In the non-linear setting, we do not have the second estimate. Nevertheless, there are three
possibilities to overcome the problems that occur with || KX —K%||o,. First of all, we might use the
same strategy as in the linear setting, even though it is not reliable. Since ||G|[5,, < [Br| z |Gllop,
we know that if |G||o, increases, then so will [|G||5,,. But it does not work vice versa. In order

to be accurate we can use a direct, very expensive computation of ||} — K '||o, by formulating a
corresponding maximization problem in RIB7!. The best way however, seems to be in completely
ignoring this term and setting it equal to zero. This is consequent, if we consider that the
essential information about the TFR-error, is already incorporated in the gradient jumps of u}q{ h
TFR (48 PEFR (y 3

over pairwise opposite edges of Fout(Ta) In this case, n tuh), since

TFR(

ugy ,) dominates 7

IKE — KT lop is merely a speed up for 7 tuh) getting small (see Lemma 3.8 to verify that

IKE — KT |lop is bounded). In nTFR(u% ), we only have a summation over a small number of

boundary edges. This suggests that nTFR(u% ») on its own, is already a perfect indicator for the

size of the TFR-error.

5 Proof of the a-posteriori error estimates

In this section we use the notations introduced in Section 4.1. Furthermore, we suppose that
the assumptions stated at the beginning of Section 4 hold true. Exemplarily, all the subsequent
proofs are only carried out for the TFR-HMM approximation ulsq ;, since this case contains all
the essential ideas.

We start with formulating a dual problem to the d-e-homogenized problem (23). This is used
for deriving an error identity for [|u%; , — u®||L2(q), which can be estimated in a straight forward
way.
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To state a linearized dual problem of the J-e-homogenized problem, we first need to introduce
the mean value linearization of A%%:

Definition 5.1. For ; : @ x Y — R% i = 1,2, we define the entries of the mean-value lineariza-

tion A9 (1, o) of A% by:

1
(G ) w) = [ 00 @.0.06 (@) + (1= 0)alan) .

65

Here, af-’a denotes the ith component of the operator A% and &zj‘s((h (2) denotes the (i, j)-entry
of the matrix A%%((y,G).

Due to the following lemma, A%°((;,(z) is an elliptic matrix with coercivity constant a.

Lemma 5.2. Let (X, || -||) denote a reflexive Banach space with dual space X' and let
B : X — X' denote a non-linear operator with Frechet derivative B’ : X — L(X,X'). If A is
strongly monotone, i.e.

(B(v1) — B(v2))(v1 — v2) > aljvy — va||® Yoi,v2 € X and a >0,
then we have
B/(w)(v)(v) > allv]]* Yu,v € X,

Proof. We have

s—0 S
= liH(l) %(B(u + sv) — B(u))(u + sv — u)
s—0 8

. 1 2 2
> lim —al|sv]]* = alfo]/®.

Now, we introduce the mean value linearized correction operator Q((1, (2):

Definition 5.3. For ; : @ x Y — R? i = 1,2 we define the operator
Q(Clv CQ) : Rd - L2(97 f{ﬁl(Y))7
where Q(C1,(2)(€) is defined (see (12) for comparison) as the solution of:

/Y A (G Q)@ ) (E+ Yy QG Q) (@) - Vydy) dy =0 Vo € Hi(Y).  (40)

Note that Q((1,(s) is well defined because of the coercivity of A%%(¢y,(2).
For formulating the dual problem we choose ({1, (2) = (Vyu¢+ V,u/l, V, quh +V, Qh(uflﬁ)):
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Definition 5.4. Let u¢ € H'(Q) denote the solution of the d-e-homogenized problem (16) and
let ufl » € Vi denote the TFR-HMM approximation given by (7). We define the entries of the

matrix A¢? by:

a? = al (Vous + ¥, Q(u), Vi, + Y, Qn(ufy 1)),

where f_lgf is given by Definition 5.1. Analogously we define Q by
Q@) = Q(Vau’ + V, Q(uf), Vetify , + Vy Qn(ufy ) (V)

where ® € H 1(Q) and Q is given by equation (40). The entries of the corresponding linearized
§-e-homogenized matrix A° are therefore defined (see (13) for comparison) by:

il (z) = /Y w (y) A0 (z, y) (ez‘JrVyQ(@i)(z»y)) -ej dy.

Remark 7. Observe that the mean-value linearization A%% fulfills the equation
A (@, y, Vou' (@) + V, Q(u) (,)) — A (2, y, Ve ufy y (2) + ¥, Qn(ufy ) (2, y))
= A, y)(Veu' (@) + V, Qu)(@,y) — Vaufyp(x) — Vy Qn(ujyp) (z,9)),

since

( A% (2, y) (Vo ul(2) + Y, Q(ul) (2, y) — Viudy ,(x) — ¥, Qn(uiy ) (a, y)))

1 d
B /0 Zagja:.’é(x,y, G(Vw uc(aj) +Vy, Q(u°)(a:,y)) + (1 - 9)(vz u}q{,h(x) +V, Qh(“%,h)(xay)))
(896_7‘ uc(x) + ayj Q(uc)(x, y) - 8I_7u}$:1,h(x) - ayj Qh(u%,h)(xa y)) do
= [ e 0%, )+ ¥, Q) )+ (1 = O) (Ve )+, @) ) .

Now we are prepared to state the final dual problem:
Definition 5.5 (Dual Problem). The solution 2¢ € H'() of the linearized dual problem is
defined through
/ AY(2)V, ®(z) - V, 2¢(x) da = / (u%h —uf)(z)®(z) dz VO € H(Q). (41)
Q Q

Just like for the d-e-homogenized operator A° (given by (13)) coercivity of the corresponding
dual operator A is only clear for § = e. For the general case we can simplify the situation and
legitimately presume the following in analogy to Assumption 3.2:

Assumption 5.6 (Model assumption 3). We suppose that the linearized d-e-homogenized matrix
A is coercive with & > 0, i.e.:

A'(2)¢-€ > al¢)? VeEeR?, VreqQ. (42)

From now on, we presume that this assumption holds true.
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Remark 8. Standard estimates for linear elliptic problems and the regularity estimate from the
Friedrichs Theorem (cf. [9], Appendix 10) for convex domains yield that there exist constants
Cy¢ independent of H and h with:

|2 i) < C’fHu]th —ul[z2(q), where 0 <i<2. (43)
Note that we have the required regularity due to the Lipschitz-continuity of A€(-,£).
Lemma 5.7. For z¢ € H'(2), there exists 2/ € L*(Q, lf]ul (Y)) with:

/Y A (2, y)Vy 8ly) - (W (y) Ve (@) + V2l (2,9)) dy =0 Vo € HY(Y). (44)
Due to the continuous dependency of zf on 2¢ we obtain
2 pemiyy < C{Hu%h —ul|r2(q), where 0 <1 <2 (45)
and Cif independent of H and h.

This lemma follows immediately from (41) and the definition of A°.
Now, we are ready for the proof of our a-posteriori main result, i.e. Theorem 4.5.

Proof of Theorem 4.5. Let Ly : C°(Q) — Vg and Ly, : CO(Y) — V,/(Y) N CY(Y) denote La-
grange interpolation operators (eg. [12], Section 2). Since 7}, is a periodic partition of Y, period-
icity is preserved by the interpolation operator. Therefore, £, : L?(€, CY(Y)) — L*(Q, Wi(Y))
is well defined by:

Cn(@)(@,y) == Lalo /ch (y)dy for ¢ € L2(Q,CO(Y)).

Ly (2°) € Vg (Q) and Ly, (27) € L2(Q, W, (Y)) are suitable test functions in (18) and (21) respec-
tively. Using the definitions of 2¢, zf and u/ := Q(u®) we obtain the following error identity:

s
||uH,}L - UCH%?(Q)

_ / @)V, (uf) , — ) (x) - Vi 2°(x) dar
= / / y) A (z,y) (Vx(ufz,h —uf)(z) + VyQ(“z,h _UC)(ﬂf»y)) -V, 2°(x) dy dx
= / / y) A (,y) (Vz(u%h —u®)(z) + V, Quzy ), —uf)(z, y)) -V 2(x) dy da

+ /Y A9 (2, )9, (Qn (s ) — Q) 2, ) - (W (y) Vs 2°(2) + 9, 2 () dy d
Now, we rearrange the terms on the right hand side and use (44) with ¢ = Q(u}; , —u°) to obtain
s — w122
= A ) (V=) @) + Vil @) — QN ) - (07 ()Y 2 (0) dy
+ [ [ A V@)~ QN ) - ¥, (o29) dy o
—/Q/Yfle"s(%y) (VyQ(ui,h—uc)(ﬂc,y)) -V 2l (2, y) dy da.
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With this equation, with (40) and with the definition of Q we get:
”u%,h - UC”QL?(Q)

= /Q/YAe,ts(Cﬂ;y) (Vz(U%h—uc)(x) + Vy(gh(u%,h) _ Q(uc))(x,y)) . (we,é(y)vz Zc(:c)) dy d

[ A ) (Tl =) @) + B Q) = QN w.) - ¥, (a3 dy
In the next step, we use Remark T7:
Hu%,h - UCH%%Q)
= - /Q/)/Ae"s(x,y) (Vzuc(x)JrVyuf(m,y)) . (we"s(y)vzzc(:v)+Vyzf(x,y)) dy dx

[ [ A ) (Ve @) +9, Quun).9) - (0720 V()4 5,2 () dy
Using (23) and artificially inserting A;"S yields:
HUJSLI,h - Uc||2L2(Q)
= —/ f(@)2%(x) dx
Q
+/Q/y((‘46’5—f12’5)(%% '))(unfﬂh(z)+Vth(U§1,h)(Iyy)) (W (y)Ve2t(x)) dy da
(40 = A5 ) (T o)+ Qi) 9) - 9,2 (o) dy

+// A;’é (x,y,Vmuiyh(x)+Vth(uiyh)(z,y)) . (wﬁ"s(y)vmzc(a:)JrVyzf(x,y)) dy dz.
QJy

To conclude the identity we require (21) and the definition of “f{,h (Galerkin orthogonality).

Furthermore, we add and subtract terms depending on Qp:
||U%,h - uc||2L2(Q)
- /Q F(@) (£a (=) (@) - 25(2)) de
=1
+/Q/Y (490 = A5°) (2,9, Vo (@) + ¥, Qu (i) (2.9)) - (' (1) Va2 () dy de
=11,
+ /Q/Y (AS"S —A;’é) (;my, un}q{’h(x) —l—Vth(u%’h)(a:,y)) -V, zf(x,y) dy dz
=11,
A oo V@) + 9, @) ) 00V~ L)) o) dy o

=111
b [ A5 o Ve 0+ % Quu ) @) - (% (7 = £a(21) (02)) dyds
QJY

=IV
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— [ @A (o Do)+ 9, 0n ) 0 9) - ¥, On (L () dy d
=V
[ [ )AL (o Vo) + ¥, Qa2 ) - ¥, (@ = Q) (£ (7)) dy
=:VI

With the properties of the Lagrange interpolation and with estimate (43) we get:

1
2
1< > I fllza 1£a () (@) = 2l z2(r) < Cry < > H%Lf”%?(T)) 12 12 (0)

TeTy TeTy
%
s
C1 < Z H%”f”%ﬁ(T)) HUH,h - UCHB(Q)-
TeT

For II; we obtain:

/Q /Y (A7~ 45) (2,0, Vi () + ¥y @0y ) ,9)) - (w0 () Vo2 (a)) dy

1
2

(Zn J st (4 A;*‘*)(-,y,vxu%,hwwvyQmi,h)(w,y))dyniz(T)) 21,
TeT

where [2¢| 1) can be controlled by the error ||u%h — ul|12(q). Il2 is traded in the same way.
For III, we have:

/ / A (00 e )+ By Qa0 ) ,0) - () Vel — L1 ()0 dy o

/8 04 o Do)+ 9 Qa5 o) (@) 7 = L (=) ) ()

TeTy

<> / A5 (9. Vo + ¥y Qulufn) (s oo 1 — L) | 2cm)
EEI‘(T)

1
2

<Oy | D (g - Crl2flm e
EcT(Tw)

<Oyl D0 mE(uin) | llug, — vl ).
EEF(TH)

Here, Cr denotes the maximum number of edges per simplex T € 7. Similarly we treat IV:

2

€,0
Iv<co E E hy 1AL (- Vet + Vi Qn(ulr p)) ey |72 (riyy | 12712 m20v))-
T€Ty Ey €l (Ty)/~y

In order to estimate V, we can proceed like in Lemma 3.8 to obtain:

19h (L (2|2 (sv)) < ClILu () 1) < Cll2llm@) < Cllugr, — vl 2@



With this inequality, we get the remaining estimate for V in a straightforward way.
For simplification, we now abbreviate:

5
gn(z,y) = :dAh’é (2,9, Vo uly ,(x) + Vi, Qn(uiy ) (2, y))

This yields the following for VI:
/ / gH,h(fL',y) Vy(@h_gh)(cH(zc)) dydil?
QJsy

= Z Z /TXBK (gan(@,y) - nx W) (On — Qn) (L (%)) (x,y) do(y) dx

TeTn KeT,t°

= Z Z // (9.0, )] By (¥)(Oh — Q1) (La (29))(x,y) do(y) da

A TJE
TeT Eyer‘(']":v5)znn Y

+ Z Z /T/EY (gH,h(xuy) 'n§Y(y)) (Qh—Qh)(EH(zC))(x,y) do(y) dz

TeTy EyEF(T}f’S)OW

<> > / gen (2, ) ey 1222y 1 (Qn — Q) (Lo (29) (@, )| L2 £y ) da

TeTy Eyer‘(’z":vé)inn

Y / g () gy Lz | (9n — Q) (Lar (59)) (@, 2y de

TeTy EyEF(T}f’S)OW

<Crr Yy > /”[QH,h(xv')]Ey||L2(Ey)||(Qh—Qh)(‘cH(ZC))(xv')”Hl(wEY)dx

TeTy Eyel"(’]'h‘v‘s)inn
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w0 Y Y [ lomate) nv (@ - QEuGN @ s, niv, do

TeTy EyEF('ThE"S)O”t

<Crv Y / ( > lama@, ey emy + Y ||gH,h<z,'>-ngy%2(Ey>>

T€Tn By €r(T,0%)inn By el (T50)out

( Y I(9n =)L), M (o,

Ey €D(T;2%)inn

Nl

+ Y ||(QhQh)(ﬁHw))(x,~>||21(wamgy>) dz

By €D(T,5%)out

TeTy

<Cr. 3. / ( Yo Mamn@ ey lemy + Y lgmn(@,) - neyliaim,,

Ey €0(T;5%)inn By €I (T;5%)out
C (= Q)(Lr N, Y5y, ) deo
Since

109n — Q) (Lt () @z, M vy

1
2

1

)2
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= (KT = KT) Ca Dl vy < IKE = KL llopl Ve £a (2°)]

we get:

/ / G (@39) - Yy (O — Ou) (L (=) dy da
ey

(NI

< o™ / KL —Klllop [ S0 gmn(@ ey ey, | do
TeTy T EYEp(r]’Jﬁ)z‘nn
2
ARy / KT =KTllop | S llgma(@,) - nevlZamy, | do
TeTy T EYGF(T;@)UM

Ol Ll L @), vin |2 a1 (@)
Putting the estimates together, we obtain the final estimate (38). O

Remark 9. In the case that we only have L°°—regularity for A€, the Lagrange interpolation
operator in the preceding proof of Theorem 4.5 must be substituted by the Clément interpolation
operator. Then, we only have linear order of convergence (in H and h), different constants but
the indicators remain the same with the exception that we must substitute H7 by H#, H3, by
HE and h%y by hEy.

Remark 10. Due to Lemma 3.8 we are able to substitute the Qy (ug ;) parts in the a-posteriori
estimate by terms only depending on wg ;. This simplifies the computation of the indicators,
but it corrupts the estimate extremely.

6 Numerical experiments

In this section we are concerned with testing various realizations of the heterogeneous multiscale
finite element method for a nonlinear elliptic model problem in which the diffusion operator
contains fast, non-periodic oscillations. We apply the HMM to solve this problem efficiently.
The elliptic problem reads as follows:

Model Problem. Find u € H'(Q) with

Lo if gy <L
-V A(z,Vu(z)) = {110 61862 — 10
u = 0 on 0N.

Here, the domain Q C [0,1] x [0,1.2] is illustrated in Figure 2 and the (rapidly oscillating)
nonlinear diffusion operator A is given by

Az, &) := c(x1, 22) < 2 i igg > 7
where
44 g—gsin(407r\/w)sin(90ﬂx§) if 79 <0.3
c(zy, mg) 1= 4 (3 — K2y (1 + %sin(élOWM)sin(QOﬂx%)) if 0.3 <2 <0.6 (46)
1+ 2sin(40m/[221)sin(90723) if x5 > 0.6.
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Figure 2: In the left figure we can see the computational domain 2, as well as a corresponding
initial triangulation (the coarsest macro grid). v ~ 116.57° is the smallest angle of a re-entrant
corner. In the right figure we display the diffusion coefficient ¢ (given by (46)) which rapidly
takes values between 0.1 and 7.6.

On the left hand side of Figure 2, we can see a plot of ¢ on (2. Note that we do not have full
H?2-regularity for the solution of this problem because 2 is not a convex domain.

This model problem involves a heterogeneous microstructure which makes it impossible to
apply standard homogenization techniques. The wavelengths of the oscillations are decreasing
the closer they come to the axis x = 0 and they are increasing the closer they come to the axises
xz =1 and y = 0. Furthermore, there is an additional macroscopic contribution. This implies
that € is only an abstract parameter which does not explicitly occur in our model problem.

In the subsequent realizations of the HMM e occurs only as the size of the cells Y7 . over
which we average the reconstructions. Here, various reasonable choices for € are possible. In the
following, increasing e does not mean that we change the model problem, it simply means that
we change the realization of the HMM.

We also want to note that the microstructure in the problem above is still quite coarse in
comparison to real applications. We did not use a finer structure since we need a highly accurate
reference for the exact solution u. Due to the heterogeneity, we had to perform an extremely
expensive, fine-scale FEM computation which led to a nonlinear algebraic system of equations
with almost 8 million unknowns. In the following we just refer to u as the exact solution. It is
plotted in Figure 3.

The model problem above and the corresponding results below can be seen as an example for
a large set of other tests that we carried out and which all led to similar outcomes. For further
numerical experiments and details on the implementation of the method, we refer to [22].

6.1 HMM approximations for different values of ¢ and §

In this first subsection we are concerned with various realizations of the HMM. We compare
TFR-HMM and HMM, the method with oversampling and the method without oversampling



31

Figure 3: In this figure we can see the exact solution, determined by means of a highly expensive
fine-scale computation (left: continuous plot, right: plot of isolines). The color shading is from
blue (0.0) to red (0.06). We can still see a very slight micro-structural behavior.

and we have a look at the results for different values of € and 4.

From now on, the global error indicators &(ug ) and & (u%h) are defined according to the
right hand sides in (37) and (38) respectively where the formal O(d)-dependency is ignored. The
error function ef'" is given by e := ugj, —u. For m € N, we also define the experimental
order of convergence (EOC) of [|ef"| 12y in H by

log ( le™ ™| 2 gy )
”eH’h”L?(Q)

log(m)

EOC (marmn)— (0 (€7 | L2 (@) = (47)

Analogously we define the EOC with respect to the estimated error &(ug ). In the following
we just refer to FOC if it is clear from the context what we mean.

Now, we start to discuss our results. The HMM errors for different values of H, h, € and ¢ are
given in Table 1. In the left hand side we fix the macro-grid with a resolution of H = 273, The
micro-structure is resolved by means of combinations of A and §. Note that the effective local
resolution is equal to § - h. We see that it seems to be better to choose § not to large, but using
small values of h instead. This claim is emphasized by the results stated in the right list of Table
1, where we also decrease H. Concerning the balance between error size and computational
complexity, the best results are obtained for choosing ¢ = 0.05 and § = 0.1. This is a bit
surprising since the cells become so small in this scenario, that there exists a subregion of (2
where the size of a cell falls below the wavelength of an oscillation. However, Table 1 suggests
that it is more reasonable to choose a small § and to solve the cell problems accurately. Then
we expect good approximations and we save computational demand.

In Table 2 we quantify the convergence behaviour. If we only compare the first three results,
we see an average experimental order of convergence of 1.8. This is essentially what we expected,



L H [ h [ e [0 ]l @]
27312767 0.15 [ 0.3 | 0.00227901
2731275700501 000166077
273 127710.15 | 0.3 | 0.00129459
27312771 0.1 [ 0.2 0.00102948
273 [ 2781 0.15 | 0.3 | 0.000970714

L H [ h [ e |90 [ |
3227|015 | 0.3 | 0.00521319
57 (275 | 01 | 0.2 | 000471942
57 [27° | 0.15 | 0.3 | 0.00407923
279 [ 275 [ 0.05 | 0.1 | 000166077
577 [ 275 [ 0.15 | 0.3 | 0.000970714
2~T [ 275 [ 0.05 | 0.1 | 0.000433359
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Table 1: Left tabular: HMM error for a fixed macro grid and increasing resolution of the micro-
structure. Right tabular: HMM error for various combinations of H, h, € and 6.

since we do not have H?2-regularity for the solution. More precisely, one can show [21] that the

order of convergence is (1 4+ 1), where r =

360—+
180

and ~ denotes the smallest angle of a re-

entrant corner. In our model problem we have v =~ 116.57°, which yields a theoretical order

of convergence of approximately 1.74. For more details on this topic we refer to the book of

Grisvard [21].

After the first three results, the EOC is breaking down and we obtain EOC (3-1,2-6)_(2-5,2-7))
1.008. This is due to the fact that the HMM is reaching maximal accuracy. The exact solution
still contains very small oscillations which can be observed in Figure 3. These oscillations cannot
be captured by the HMM since the method only converges to a homogenized solution u¢. The
remaining error [|u — u°||z2(q) is around 0.0002. We can not fall below is value. Nevertheless,
we can see by Figure 4 that this accuracy is completely sufficient and that we have a very good
matching of the corresponding isolines. Qualitatively, we obtain a perfect approximation by the

HMM.
LH [ h [ e [0 ]l ]
2=2127%70.05 0.1 0.00503086
27312721 0.05|0.1] 0.00066077
2741 275710.05 0.1 | 0.000433359
2751276 710.05 | 0.1 | 0.000301772
275 12-710.05 | 0.1 | 0.000215419

Table 2: In this table we can see a list-
ing of L?-errors between the exact solu-
tion and HMM approximations for de-
creasing macro- and micro-mesh sizes.
In (H,h), we observe an average or-
der of convergence of 1.8 but up to
a limit accuracy which cannot be ex-
ceeded. This is due to the fact that the
small remaining oscillations of u can
not be captured by the locally averaged
up,p. See also Figure 4 for compari-
son.

Figure 4: Comparison of the isolines
of the exact solution (black) and the
isolines of the HMM approximation for
(H,h) = (275,277) (colored).
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[ H T h [ e 16 [ 1™ [ lefralze | &umn) | @i, |
27670.15 | 0.3 [ 0.00407923 | 0.00405277 | 0.0559879 | 0.43562
2-71°0.15 | 0.3 | 0.00321042 | 0.00320094 | 0.0547529 | 0.363264
2761°0.15 | 0.3 | 0.00227901 | 0.00227938 | 0.0162236 | 0.408395
2-710.15 | 0.3 | 0.00129459 | 0.00131995 | 0.0143636 | 0.331023
92 4
2 5
2 [§

0.05 | 0.1 | 0.00501086 0.00502993 0.0607383 | 0.298974
0.05 | 0.1 | 0.00166077 | 0.00167581 0.0164696 | 0.222514
0.05 | 0.1 | 0.000433359 | 0.000430596 | 0.00442216 | 0.179064

Table 3: In this table we list a number of HMM errors and corresponding TFR-HMM error
for the same values of H,h,e and 6. We observe that these two methods yield almost identical
approximations for u.

In Table 3 we compare the approximations obtained by HMM and TFR-HMM. Before dis-
cussing the results, we want to point out that the TFR-HMM was significantly slower than the
HMM. For the same values of H, h,d and e, the TFR-HMM needs up to twice of the CPU time
of the HMM. Moreover, we need to save far more information, namely the reconstructions of the
base functions. If we purely compare the quality of the approximations, we observe that there is
virtually no difference between up ;, and u¥, ,. The errors are basically the same. This is what
we expect if we consider that the contribution of TFR should be close to zero. For completeness,
Table 3 also contains a listing of the corresponding estimated errors. For the HMM, the behaviour
of the estimated error is very nice. Its convergence is similar to the convergence of the error itself
and we can say that the quotient between &(up ;) and ||ef"|| 2(q) is of order 10. Applications
of this error estimator are given in Section 6.2. If we have a look at the estimated error for the
TFR-HMM, we see that it is decreasing, but only very slowly. It is clearly dominated by the
contributions of 7L'R, which makes it an improper indicator for a tolerance in adaptive mesh
refinement algorithms. Even though HMM and HMM-TFR seem to produce similar results, we
can summarize that there is no reason for using a TFR-HMM in a nonlinear setting.

In Table 4, we state the results of the HMM with and without oversampling. Two results
are comparable if the macro grid was identical and if d1hy = doho (i.e. if they have the same
resolution of the micro structure). A little surprisingly we observe that approximations produced
by the HMM with oversampling are only slightly better than the results of the HMM without
oversampling. A comparison of the isolines in Figure 5 displays that a difference is hardly
perceptible. However, the reasons for this seems to lie in the periodic boundary condition for
the cell problems. Even though it is a wrong boundary condition, it is very flexible and can
easily adapt to the situation. If we use for instance a Dirichlet boundary condition for the cell
problems, the impact will be far larger due to strong boundary layer effects. In this case, the
lack of oversampling will highly corrupt the approximation.
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[ H | b [ umn —ullez) | vaes — ull2@ |
2=2 [ 94 0.00503086 0.00517765
2-3 275 0.00166077 0.00177228
=11 96 0.000433359 0.000472636
275 | 277 0.000215419 0.00022142

Table 4: In this table, ug n denotes the HMM
approximation for e = 0.05 and 6 = 0.1, whereas
vH 2 denotes a corresponding HMM approzima-
tion without oversampling, i.e. ¢ =6 = 0.05. In
the table above we compare the quality of both
approrimations. Note, that we need a resolution
of 2h for the HMM without oversampling to get
a fair comparison. In the table we only refer to
h as the resolution Y for the HMM with over- lines of the HMM approzimations
sampling. We observe that we gain only small with and without oversampling for
advantages from using oversampling. H =2 (almost identical).

Figure 5: Comparison of the iso-

6.2 Adaptive strategies

In this section we want use the a-posteriori error estimate stated in Theorem 4.5 to construct
two algorithms for an adaptive mesh refinement. For this purpose, we define the local error
indicators by:

Er(um,n) (48)

1
2

a —Qa 1 res —Tes
= U+ ) 4 ) X () ) ) |

EeT(Tw)
ECT
the average indicator £*¥ by
1
g‘w(’UJH,h) = ﬁTHT; fT(uH,h) (49)
H
and the maximum £™**(ug p) of the indicators by
" (upp) = max &r(ump)- (50)

In this section, |-] denotes the floor function, which determines the largest previous integer of a
real number.

Given a certain error tolerance TOL, the goal is to quickly determine a corresponding HMM
solution so that we fall below TOL. As far as possible, uniform refinements of the grid shall be
avoided to prevent unnecessarily expensive computations. Regions where local refinements are
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Algorithm 1: adaptiveRefine( TOL, Ty, Tp, )

while {(upg ) > TOL do
Compute ug p with 7y and 7.
Compute &(ugp).
if {(ug,p) < TOL then
break.
end
foreach T € Ty do
compute {7 (um,n)
end
Compute % (upg.p)-
foreach T € Ty do
if fT(tuh) Z fav(uHJL) then
mark T for one refinement.
else
do nothing.
end
end
Refine grid.
end

required are determined by means of the local error indicators {r(ugr,p) above. We present the
results of two adaptive algorithms.

The first algorithm describes an equal distribution strategy. Here, we solve the HMM for a
certain macro grid, where the micro grid remains fixed (¢ = 0.05, § = 0.1, h = 279). This is a
reasonable decision with regard to the results from the preceding subsection. After we have ug 4,
we determine the corresponding estimated error. If it is less equal than a certain tolerance the
algorithm aborts. If it is greater than TOL we determine all elements of 7y on which the local
indicator is larger than the indicator average. These elements are marked for one refinement.
After refining the grid, we start again with the algorithm. In Algorithm 1, this strategy is
described in detail. Here, TOL denotes the given error tolerance. The local error indicators are
defined by &r(um ) and the average indicator by % (um p).

The results of a HMM using Algorithm 1 are given on the left hand side of Table 5. We
observe a significant reduction of the error in every cycle of the algorithm till we reach a very
high final accuracy. However, we also see that the computation of the HMM approximation is
initialized seven times before we find a suitable, adaptively refined grid for our final computation.
Since we want to determine the final grid as fast as possible, we suggest a second algorithm for
improving the strategy. It is based upon the idea that we start with a very coarse macro grid
(H = 271) to perform a very cheap initial computation. Then we calculate &(ug ). Since we
expect the indicator to show a quadratic order of convergence, we can use the definition of the
EOC to guess the size of H that is required to fall below a desired tolerance. Heuristically, H
with

[

e (S5 o

would be good candidate so that f(uﬁ,h) < TOL. Formally, this is only a strategy to determine
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Algorithm 2: adaptiveRefine2( TOL, Ty, 75 )

Compute ug,p, with 7y and 7. Compute &(ug ).
if £&(um,p) < TOL then

break.
end

Compute m := |3 gglg(glf)J

foreach T € Ty do
mark T for m refinements.
end
Refine grid.
while &(ug ) > TOL do
Compute ug p with 7y and 7.
Compute &(ugp).
if £(up,p) < TOL then
break.
end
foreach T € Ty do
compute {7 (um,n)
end
Compute £ (ug.p)-
foreach T € Ty do
if gT(UH,h) Z fav(uH’h) then

if &r(ump) > gmm(uH‘h’);E{w(uH’h) then
mark T for two refinements.
else
mark T for one refinement.
end
end
end
Refine grid.
end

a required number of uniform refinement steps, but we can also use it for an adaptive algorithm:
here we go half the way to TOL with a uniform refinement (first step), then we have a sufficiently
fine macro-grid to apply adaptive mesh refinement (remaining steps till the algorithm aborts).
In all these subsequent steps, we subdivide the grid into three regions, which are distinguished
according to no refinement, one refinement and two refinements. Details are given in Algorithm
2.

By Table 5 we see that the number of cycles can be halved by using Algorithm 2 instead
of Algorithm 1. Indeed, Algorithm 2 also needs only half of the CPU time of Algorithm 1.
Nevertheless, we have to admit that the first algorithm reaches a higher accuracy if we set
TOL = 0.005. Both algorithms seem to work out fine. In Figure 6 we depict a highly refined
grid, produced by the second adaptive algorithm where the input was a very small error tolerance.
This grid is given exemplarily for the behaviour of the refinement procedure, which specifically
takes place around the corners at the top of the domain 2 where we are dealing with large
gradients.
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’ Cycle of Algo. \ e |20 \ E(um,p) ‘
1 0.00862357 | 0.244032
2 0.00614412 | 0.149392 | [ Cycle of Algo. [ [[e" 2 [ E(umn) |
3 0.00263085 | 0.0494256 1 0.00862357 | 0.244032
1 0.00175792 | 0.0267087 2 0.000898418 | 0.0120081
5 0.000908581 | 0.0143526 3 0.000642008 | 0.00717823
6 0.000682865 | 0.0105973 4 0.000449121 | 0.00476699
7 0.000394762 | 0.00525074
8 0.000278383 | 0.00397427

Table 5: The HMM-computations in both tables refer to a micro-grid size of h =275 and a cell
size of 6 = 2e = 0.1. The (coarse) initial macro-grid triangulation is illustrated in Figure 2. The
tolerance for the estimated error is set to TOL = 0.005. In left table we can see the results of
Algorithm 1 which requires 8 cycles. In the right table we can see the results of Algorithm 2 which
only requires 4 cycles (where first cycle involves the initial uniform refinement). Comparing the
CPU times, we observed that Algorithm 2 was twice as fast as Algorithm 1.

7 Conclusion

In this work we introduced a heterogeneous multiscale finite element method for monotone elliptic
operators. In order to derive a corresponding general a-posteriori error estimate, we identified
the analytical limit problem of the HMM. On the basis of this identification, the estimate was
achieved by means of an error identity deduced from a suitable dual problem. The applicability
of the method and associated a-posteriori error estimate was verified in numerical experiments
in a heterogeneous setting. We observed a nice convergence behaviour for the L2-error, as well as
for the estimated L2-error. Decomposing the global error indicator into local contributions, we
were able to formulate adaptive algorithms. The usability of the algorithms was demonstrated
in additional numerical computations.
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