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CAPTURING SMALL SCALES IN ELLIPTIC PROBLEMS USING A
RESIDUAL-FREE BUBBLES FINITE ELEMENT METHOD*

GIANCARLO SANGALLIT

Abstract. In this work we study the residual-free bubbles (RFB) finite element method for solv-
ing second order elliptic equations with rapidly varying coefficients. The RFB technique is closely
related to both the multiscale finite element method (MsFEM) introduced by Hou, Wu, and Cai
[Math. Comp., 68 (1999), pp. 913-943] and the upscaling procedures which are very common in the
engineering literature for solving this kind of partial differential equation. We also introduce a vari-
ation of the RFB method, based on macrobubbles and referred to as the residual-free macrobubbles
(RFMB) method, which gives more accurate numerical solutions. In the case of periodic coefficients
we are able to prove a priori error estimates for the methods. Eventually, we test the numerical
methods on model problems.
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1. Introduction. This paper is devoted to the numerical treatment of second
order elliptic boundary value problems with highly oscillatory coefficients. Our model
problem is

(1.1) Lyu=f in Q
u=0 on 09,

where the differential operator is £() := V- (a- V()), u is the solution defined on the
convex polygonal domain Q € R? with unitary diameter, a = {a;;} are the coefficients
of the differential operator, and f € L?() is the source term. Classical numerical
methods such as the plain Galerkin finite element method are very effective only if
the mesh is fine enough compared to the scale of a. When a is highly oscillatory,
standard methods may require a too much refined mesh in order to achieve a satis-
factory approximation of u. This may occur actually in practical applications, as the
simulation of flow in a porous media, governed by Darcy’s law: typically a, which
represents the permeability, has some small scale properties that we do not want to
solve on a very fine mesh, but we have to somehow take into account those small
scale details in order to deal with coarser meshes. Therefore in the last two decades
many remedies have been proposed, particularly in the engineering literature, under
the common name of upscaling procedures (see [12] for a review).

In this paper we discuss the advantages of using the residual-free bubbles (RFB)
approach for solving problem (1.1), especially for rapidly varying a. We consider
the effect of the enrichment of the usual finite element space by means of bubbles
(functions whose support stays within the elements) or macrobubbles (whose support
stays inside macroelements). We shall analyze the pros and cons of those approaches,
and for the case of periodic a we will be able to prove a priori error estimates.
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The RFB method has been first proposed by Brezzi and Russo in [9] for advection-
diffusion problems; it is based on previous ideas (see [1, 4]) and has been further
analyzed in [5, 6, 7, 14, 18]. Its validity in a more general framework has been
advocated by Brezzi and Marini in the recent work [8].

As shown in [8] and in the following section, the RFB method when applied to
(1.1) has a close relation to the multiscale finite element method (MsFEM) proposed
by Hou, Wu, and Cai in [15], where they also develop a theoretical analysis which is
a mathematical justification of the upscaling approach (we notice for the interested
reader that the MSFEM has been very effectively improved in the recent work [11] by
means of the so-called oversampling technique, whose analogous in the RFB frame-
work is not investigated in the present paper). Our analysis (in section 4) could be
considered, as well, as a mathematical justification of the upscaling from a different
point of view; further we shall see that using macrobubbles makes the method more
accurate.

The outline of the paper is as follows: in section 2 we present the notation, the
RFB method, and we discuss its relation to the MsFEM and to upscaling procedures;
in section 3 we extend the formulation to allow macrobubbles; section 4 is devoted
to the theoretical analysis of the proposed numerical methods, while in section 5
we discuss the numerical implementation of the methods and confirm, by means of
numerical testing, the effectiveness of this methodology.

2. The RFB formulation. Given a regular subset w (possibly one-dimensional)
of 2, we follow the usual notation for denoting Lebesgue spaces L (w), endowed with
the norm || - |[z»(w), and Sobolev spaces H*®(w) = W?2%(w), with norm || - | 75 (w)
and seminorms | - |ps(.), where s € R (see [16] for details). Hg(w) is the space
of H'(w) functions with null trace on the boundary dw, equipped with the norm
I -y = |- l#1(w)- The standard notation (,) is used for the pairing between
spaces in duality.

In what follows, C' and C; denote generic constants whose value, possibly different
at any occurrence, can depend only on the explicitly indicated quantities. We also
adopt the notational convention

a~f <= a<(Cif and [ < Csha.

We introduce the bilinear form a : Hi () x H} () — R, defined as
a(w,v) == / Vw(x)" - a(x) - Vo(x) dx.
Q

We assume in the paper that a is symmetric, uniformly bounded, and positive definite:

(2.1) lallz~ < C1,

(2.2) €l =1=¢"ax) &> C2>0;
thanks to the Poincaré inequality a(-, ) is coercive on Hg (£2):
(2:3) a(v,v) > Cllvllfn g Vv € Hy (),
where C' > 0. Therefore the variational formulation of (1.1) is

Find u € Hj(Q) such that
(2.4)

a(u,v) = (f,v) Vv € HY ().
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As usual in the finite element framework, we assume to have a partition 7 of the
domain €2 into elements T', either triangles or quadrilaterals. Let 7; be admissible
(i.e., nonoverlapping elements, their union reproduces the domain, etc.), shape regular
(i.e., the elements verify a minimum angle condition), and quasi-uniform, where the
maximum diameter of elements is h < 1.

Let Vp denote the usual space of continuous piecewise linear (for triangular ele-
ments) or bilinear (for quadrilateral elements) finite element functions. The case of
higher order elements could be considered as well. The plain Galerkin finite element
method for (1.1) is based on (2.4), taking Vp instead of HE(Q); its accuracy is very
poor when the mesh-size h is larger than the smallest scale of a, which is actually the
case we want to deal with.

We now introduce the bubbles space

(2.5) Vg = {v € H&(Q) such that vgr =0 VT € ’Th}
and the augmented space
(2.6) Vi =Vp ®Vg.

At the abstract level, the RFB method reads

2.7) a(up,v) = (f,v) Yv € V.

{ Find uy, € V3, such that

The method was first proposed by Brezzi and Russo (in [9]) for advection-diffusion
problems. In that context the degrees of freedom of Vg were statically condensed by
hand, because of the particular structure of that differential operator. This is not the
case here: actually we need to compute numerically the degrees of freedom of Vg by
introducing sufficiently fine subgrids within each element T' € 7j; we postpone the
details of the choice of such subgrids until section 4.

In the next sections we shall show the advantages and disadvantages of using the
RFB methodology for solving (1.1). We discuss now the structure of the algorithm
one can derive from (2.7). The crucial point is that we can separate the bubbles
degrees of freedom (inside the elements) from the degrees of freedom on the element
interfaces OT'. Doing that, we decouple (2.7) into local problems (inside the elements,
i.e., on the subgrids mentioned before) and a single global problem on the coarse
grid 7;,. We present, following [8], two different decoupling of (2.7): in the first case
the global problem corresponds to a usual FEM for a modified differential operator
(see section 2.1), while in the second case we end up with a FEM with special shape
functions.

In the rest of the present section we restrict ourselves to piecewise constants
source terms f, and we denote by F = {f} the set of all the admissible (piecewise
constant) source terms. One could also consider (with minor modification) any finite
dimensional set F'.

2.1. RFB method as an upscaling procedure. Upscaling procedures mod-
ify the differential operator, usually by changing a into a*, in such a way that the
numerical solution by a plain Galerkin scheme (or other kinds of standard numerical
methods) on the coarse grid (i.e., 7) is close to a filtered solution. The upscaled a*
takes into accounts the effect of the small scales which are not contained into the finite
element space Vp. The construction of a* is performed by solving local problems at
the scale of the element size on a fine grid.
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We are going to show here that a direct solution for the polynomial degrees of
freedom of (2.7) leads to an upscaling procedure; in other words, the RFB method
could be seen as a justification from a different point of view of the upscaling approach.

We consider here triangular elements. By (2.6), we can decompose up = up +up
in a unique way, and analogously we can split the system of equations (2.7) into

(2.8) a(up,v) + a(up,v) = (f,v) Vo € Vp,
(2.9) alup,v) + a(up,v) = (f,v) Yv e Vp.

We recognize that the first equation (2.8) gives the polynomial (coarse scale) approxi-
mation up, once the effect of up, which is a(upg, v), is known. Indeed we can follow the
general procedure of [8, equations (3.20)—(3.23)]: after solving (2.9) for up, with up
and f as data, and substituting back in (2.8), we end up with an upscaled formulation
for up, as stated in the next proposition.

PROPOSITION 2.1. The up, given by (2.8)—(2.9), verifies

(2.10) a*(up,v) = (f*,v) Vv e Vp,
where
(2.11) a*(w,v) = / Vuw(x)' - a*(x) - Vu(x) dx,
Q
the coefficients a* = {a;;} are given by
. 1 Ix; (%)
(2.12) ajjir = m/T (aij(x) + zk:aik(x) D, dx VT €Ty,
the source term is given by
(2.13) -y nr(x)t - a(x) - Vyxo(x))v(x)dx Vv e Vp,
TET;, ‘9T

and, eventually, x; € Vp are in each element T € Ty, the solutions of the local problems
(2.14) =V (a-Vxo(x)) =1,

aaij (X) .

(2.15) V-V (x) = 30 S

i
Proof. We focus attention on a typical element T" € 7} and, in what follows,

each function, operator, and form is restricted to T; with an abuse of notation, the
restriction to T' will not be indicated. Recall that both f and %”T’_’ are assumed to be
J

constant (on T'). From (2.9) we get
Lup(x) = [ — Lup(x)

_f_~_§:(r“)czzj (“)uP

Ox; Ox;

using this and (2.14)-(2.15), we obtain
Ou
up(x) = fxo(x) + Z Px

whence

a(up,v) = fa(xo,v) +Za a(xj,v) = I+ I1.
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We recognize that —I gives the contribution of the bubble elimination (on T') on the

right-hand side of (2.8), while IT gives the contribution on the left-hand side of (2.8).
Therefore (using integration by parts and (2.14))

<f*’U> = <f7 > fa’(Xov

=f(/ dx—/Vv ) - Vxo(x )dx)

=—f (nT(x)t ~a(x) - VXO(X)) v(x) dx
aT
and analogously (still using integration by parts and (2.15))

a*(up,v) = a(up,v) + 11
dup Ov
Z 8$P o1 / ‘j(x) dx
i %
BuP 8)(] ) Ov
81‘J /Z @i Oz, 6331 dx
- Bup Ov ) .
- Z oz ; 83:1/ (a” +Zalk (‘3xk )dx,

this proves (2.10)—(2.13). d

2.2. RFB method as a multiscale method. In the present subsection we still
restrict ourselves to piecewise constant source terms f € F. Then we introduce the
subspace of bubbles Vp C Vg (where dim(Vp) = dim(F')) containing local solutions
for source terms in F:

(2.16) Ve :={w e Vg :a(w,v) = (¢,v),v € F Vv € Vg}.

In our case, the construction of a basis {¢;} for V is just a matter of solving L¢; = 1 in
each element T; € 7. We also introduce the space V; C V}, of locally £-homogeneous
functions, which means

(2.17) Ve i={w eV, :a(w,v) =0%Yv € Vg}.

We have dim(V;) = dim(Vp), and again the construction of a basis for V. is based
on solving local problems: one needs to modify a basis for Vp in the interior of the
elements; moreover, V, and Vg are orthogonal w.r.t. a(-,-). We can merge the two
bases in a basis for V@V, which is a finite dimensional coarse space (dim(V; ®Vr) =
dim(Vz) + dim(VF)). Note that the RFB solution u;, belongs to V: @V, and we can
restate (2.7) as

(2.18) alup,v) = (f,v) Yo e Ve @ Vp.

{ Find up € Vi @ Vp such that

Therefore we can look at the RFB method as a Galerkin formulation on a coarse grid,

with special shape functions, the shape being determined by solving local problems.
As discussed in [8], (2.18) is similar to the MSFEM. If compared to (2.18), the

MsFEM formulation is just the restriction of that formulation to the sole space Vp:
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in other words, the numerical approximation given by the MsFEM, here denoted by
upmsFEM, belongs to V- and verifies

(219) a(uMspEM,v) = <f,1)> Yv e Vp.

The two methods, i.e., RFB and MsFEM, are actually very closely related. Indeed,
due to the orthogonality between V; and Vp, uyspea coincides with u;, on the
boundaries 9T of the elements T € 7j,; see [8, Theorem 1] for more details.

3. The formulation with macrobubbles. As we shall see in following sec-
tions, the RFB method is not completely satisfactory, because it is affected by the so
called resonance error, which means that it has a poor accuracy when the character-
istic scale of a is comparable to the mesh-size h. This behavior is typical of upscaling
procedures too (see [12]).

For that reason we propose an improvement of the RFB method, based on macro-
bubbles instead of bubbles; we shall refer to this improvement as the residual-free
macrobubbles (RFMB) method. This is an extension of the macrobubbles approach
proposed by Russo and Franca for the Stokes problem in [13]. The macrodomains
K are either triangles or quadrilaterals of a macropartition 7y of §; for the sake of
simplicity, we shall consider K to be either triangles or quadrilaterals. We assume
Ty to be shape regular and quasi-uniform, and the maximum diameter of K € 7y is
denoted by H, where h < H < 1. We also assume 7}, to be a refinement of 7z, which
means that any element T' € 7}, is included in a single macroelement K € Tp.

The space of macrobubbles Vi, is

(3.1) Vi = {v € H}(Q) such that vox =0 VK € Ty };
the enriched space Vi, p,, simply denoted by V in what follows, is
(3.2) Va =Vun:=Vp + Vus,

and the RFMB method reads

{ Find ug € Vg such that

(3:3) a(ug,v) = (f,v) Yo € V.

Upscaling methodologies which deal with patches of elements have been introduced
by many authors (see the review [12]).

In order to implement (3.3) by a computer algorithm we can follow, with suitable
modifications, the two ways drawn in sections 2.1-2.2. Everything is clearer in the
domain decomposition framework.

We consider first the approach of section 2.1. Now, unlike in (2.6), the sum in
(3.2) is not direct, in the sense that Vp N Viyp # 0. Therefore one possibility is to
replace the splitting (2.8)—(2.9) with the classical Schwarz alternating algorithm on
the overlapping spaces Vp and Viyp (see, e.g., [3, 10]): from u}; € Vi, we compute
the next iterate u;" € Vi by

Find wysg € Varp such that

(34) a’(wMB + u?[av) = <f7 U) Vo € VMB;
Set unH+1/2 ‘= wupB + U

Find wp € Vp such that

(3.5) a(wp + uzﬂ/Q,v) = (f,v) Yov € Vp;

+1 . n+1/2
Set uyy  =wp+uy .
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PROPOSITION 3.1. The error reduction of (3.4)—(3.5) verifies

n+1
lwr = vl
lwrr — w |l
uniformly w.r.t. H, h, and, since (2.1)~(2.2), uniformly w.r.t. a.

Proof. We can split any wy € Vpy into wp + wyrp, where wp € Vp, wyp €
Vup, and ||wp|lgr + ||lwmsllgr < C|lwg||gr. For example, take wp = wy on any
macroelement boundary 0K, and extend wp inside K following Lemma 4.2, whence
(also using Lemma 4.1)

lwplH ) = Z lwp|H gy < C Z [wp %20k
KeTy KeTy

2
(3.6) <C Y lwnlipsex)
KeTy
<C Z lwi 3 k) = Clwn i)
KeTy

The error reduction estimates follows from (3.6) thanks to [10, Theorem
15. O

More sophisticated iterative procedures (e.g., by means of the conjugate gradient
acceleration) may be used instead of (3.4)—(3.5) as well (we refer to [10, section 2]).

The second way for dealing with the RFMB formulation (3.3) is related to the
idea of condensing the degrees of freedom related to the macrobubbles; this is, with
minor modifications, the idea of section 2.2. Indeed one can introduce the counter-
part of Vi and Vg, with Vjsp in place of Vg in (2.16) and (2.17), and obtain a coarse
formulation which is the counterpart of (2.18) (see [8] for details). This can also be
viewed as a nonoverlapping domain decomposition approach: we decompose (3.3) into
the Steklov—Poincaré problem on the interface | JOK and the problem on the interior
of the macroelements K. When the macroelements K are much larger than the el-
ements T, then the actual construction of Vg could be not competitive; indeed the
Steklov—Poincaré problem is not solved directly in a domain decomposition formula-
tion, whereas it is treated by an iterative procedure, after suitable preconditioning
(see [10] for details).

4. Error estimates. This section is devoted to a priori error analysis of the
RFMB method (3.3); the theory also covers the RFB method (2.7), which is the case
TH = 771

First, we state some lemmas. Recall that w denotes a generic regular subset of
the domain (2, either one-dimensional or two-dimensional. We set L?(w) € L?(w) and
H'(w) € H'(w) (endowed with the norms || - | 22(w) and | - g1 (., respectively) as the
subspaces of zero mean value functions. We denote by ﬁw~the mean value of v on w,
while the operator IT,v denotes the L?(w)-projection onto L?(w), i.e., Il,v := v—1II,v.

We recall that Sobolev spaces of fractional order may be obtained by interpolation
between integer order Sobolev spaces; in particular, H/?(w) = (L?(w), H'(w))(1/2,2),
following the usual notation for the real interpolation method (see [19]). We also
introduce H'/2(w) = (L*(w), ﬁl(W))(l/gg). Thanks to [19, section 1.17.1, Theorem 2],
H'Y2(w) = HY2(w) N L?(w), with norms equivalence Hv||Hl/2(u) >~ ||vllg1/2(0)- Then
the norm ||| g1/, on H'Y2(w) can be extended as a seminorm | Va2 to HY?(w)

just setting |v]g1/2(,) = ||HWU||H1/2(w)7 vielding [|v]| 1720y = [[vllL2(w) + V] g1/200)-
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The following lemma is just a minor variation of the well-known result for traces
of H' functions.
LEMMA 4.1. Let w be an open subset of Q0 with Lipschitz boundary Ow; therefore

(41) |U|H1/2(6w) < C|U|H1(w) Yv € Hl(w);
conversely, we can extend any v € HY?(0w) to v € H' (w) such that
(4.2) |'U|H1(w) < C|U‘H1/2(3w)~

Further, if w is a shape regular (triangular or quadrilateral) element, the constant C in
(4.1 and (4.2) does not depend on the diameter of w(i.e., it depends on the minimum
angle).

Proof. Consider first v € H'(w); the classical result, applied to I, is

Mool 172000y < CllLV| H1 (w);

therefore (4.1) follows from our definition of | - |z /2(0w) (since o I,v = ﬁawv) and
from ||TI,v|| 2wy < Clo| g1 (w)- -
Given v € H'/?(dw), let w be the harmonic lifting of I, v, which verifies

(4.3) [wll () < ClMowol| 12 o0y

therefore v = w + g, v is the extension inside w we are looking for, and (4.2) follows
easily from (4.3) and

vl ) = Wl w) < l[wllm -

Finally, the uniformity of the constant C' in (4.1)—(4.2) for shape regular elements
follows easily from a scaling argument. ]

A similar result holds true for finite element discrete functions; in particular, we
have the following lemma.

LEMMA 4.2. Consider a partition T of w. Let T be a shape regular, admissible,
and quasi-uniform partition of mesh-size hr. Let Vr(w) C HY(w) be a standard finite
element space related to T, and let Vo (0w) C HY/?(0w) be the space of restrictions
to Ow of functions belonging to Vr(w). Given v € Var(w), we can extend it to a
v € Vr(w) such that (4.2) holds true. The constant C' therein is independent on hr
and, when w is a shape regular triangle or quadrilateral, on its diameter.

Proof. Take v € Va7 (w); let w € H*(w) be the harmonic lifting of v € Var(w),
which verifies

(4.4) [wll e ) < C(0)[Mowvll 127 (o)

for 0 < o < 1/2, thanks to the convexity of w. Recall the fractional order inverse
inequality

(4.5) Mo vl 17240 (90) < Chz [ Mowvl| g1/2 (90

which is obtained by interpolation on the classical inverse inequalities. We also need
the nodal interpolant w; € Vr(w) of w, which satisfies the error estimate

(4.6) [w —wrllg1@w) < Clo)hTl|wl grtew),
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where now 0 < o < 1/2. Fixing, for example, o = 1/4, using (4.6), (4.4), and then
(4.5), we get

(4.7) [w —wrllaw) < CllMawvll g1/2(a0);

using again (4.4), this time for o = 0, we end with
(4.8) lwrll 1wy < CllMowv|l /2 (ouw)-

We can therefore extend v as wy + Ilg,v and (4.2) follows from (4.8); the uniformity
w.r.t. the diameter of w is proven by usual scaling arguments. 0

Using previous lemmas, we can now derive error estimates for the RFMB method,;
the main idea of the analysis is stated in the next proposition.

PROPOSITION 4.3. The numerical solution ug of the RFMB method (3.3) verifies

(4.9) llu— uHHHl(Q) = mf Z u— U|H1/2(aK)
KeTy

Proof. Recall (2.3), so the classical argument gives
2 . 2
[lu— UH||H1(Q) = UleanHHU - U||H1(Q)-
As a consequence of Lemma 4.1, for any v € Vi we have

(4.10) |U*U|H1(Q Z \U*U|H1(K) =>C Z lu— U‘H1/2(3K)’
KeTy KeTy

and for any v € Vp there is a suitable w € Vj;p yielding

(4.11)  Ju—(v+w) |H1(Q Z lu—(v+w |H1 )§C Z |u—v\?{1/2(3]{);
KeTy KeTy

eventually, taking the infimum w.r.t. v in both (4.10) and (4.11) and using the Poincaré
inequality, we obtain

vlenvf ||U—U||H1(sz)— 1nf Z lu — U|H1/2(3K) o
KETH

According to Proposition 4.3, the accuracy of the RFMB method depends on
how well we can approximate the exact solution u by piecewise polynomials on the
skeleton (Jg o, OK.

In the classical framework the best approximation error for u—the right-hand
side of (4.9), in our particular case—is evaluated thanks to higher order regularity
assumptions on u. But, in our case, ||ul|+ (o) depends on the small scales of a for any
s > 1. Standard Sobolev spaces are therefore nonadequate here; a deeper investigation
on the structure of u is out of the aim of this paper.

Therefore, following [15], we restrict the theoretical analysis to periodic coeffi-
cients:

@i (X) = a5:(x) == a;5(x/¢e),
(4.12) where y — «;;(y) are smooth

and 1-periodic w.r.t. 1 and xs.
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When ¢ is large compared to h, the classical analysis for the plain Galerkin
method, which extends straightforwardly to the RFMB method, gives a satisfactory
error estimate.

THEOREM 4.4. Assuming (4.12), the numerical solution up of the RFMB method
(3.3) wverifies

(413) H’LL7’U,H||H1(Q) < Ch€71||fHL2(Q).

Proof. Under our assumptions we have HZ?-regularity for u, and in particular
lul 2y < Ce | fll2(o) (see [15, (4.4)]); therefore, by means of usual estimates for
the nodal interpolant approximation, we get (4.13). |

The most interesting case is when ¢ is smaller than or comparable to the mesh-
size. Because of (4.12), we acquire knowledge on the structure of u by means of
the homogenization theory. In particular, from [17] we get the following first order
approximation:

(414) ||7.L7’U,0 76(7.1,1 79)”]_[1(9) S C€"LLO‘H2(Q),

where ug, uy, and 0 represent the homogenized solution, the first order correction, and
the boundary correction, respectively. The homogenized solution uy does not depend
on ¢ (while u; and 6 do) and is given by

—V-(a*-Vug) = in Q,
(4.15) (8" Vuo) = J in
ug =0 on 012,

where the constant homogenized coefficients a* = {a;‘j} are given by

axj
al; = a;j( ik dy
! /[0,1]2 ( ! Z g, )

and y; are the zero mean value periodic (on [0, 1]?) solutions of the equations

O (y
—Vy (a-Vyx;(y Z ajy

1

It is worth noting the close relation between the a* defined here and its numeri-
cal counterpart (see section 2.1) related to the upscaling effect of the RFB method.
Eventually we have

(4.16) Zx( )(31;0 (),

while 6 is the solution of

(4.17)

—V-(a-V8) =0 inQ,
6 = u; on ION.

Our main result is stated in the next theorem.
THEOREM 4.5. Assuming (4.12), the numerical solution ug of the RFMB method
(3.3) werifies

(4.18) lu—um||lm) < C(h+e+e® +2HY2 4 cH7Y)| f|l 12
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Proof. Using (4.9) and the first order approximation (4.14) we can split the error
into four terms:

I =l € 3 u=uo = (1 = Olipony

KeTy
+C Z |U0—U{)|?ﬁ11/2(aK)
KeTy
(4.19) +C Z |€U1|§{1/2(3K)
KeTy
+C Z |59|%11/2(6K)
KeTy
=I+1T+1I1+1V,

where u} denotes the nodal interpolant for ug. One key point of the proof is that in
IIT the function eu; (which takes into account the oscillations of u) is evaluated on
the skeleton | JOK. For the other terms (i.e., I, I1, and IV) we shall come back to
norms on the whole ) by means of (4.1), instead. Therefore, using also (4.14), we get

1< C’\u — Uy — 5(u1 - (9)@[1(9) < 052|U0|%{2(Q)7
while the usual properties of the nodal interpolant yield
11 < C‘UQ - Uéﬁ{l(g) < Ch2|’UJ0|%12(Q).

The estimates for II1 and IV require a preliminary result. Denote by K the ref-
erence macroelement (either the reference square [0,1]? or the reference triangle
{(Z1,82)|0 < &1 < 1,0 < &2 < 1,&1 + &2 < 1}) and by ¢ and @ two generic smooth
functions on K. From

(4.20) @0 2oy < M@l poe o) 10l 220k
(4.21) o2 oy < Cllly o o 19 o
we obtain by interpolation and using the properties of traces
1/2 1/2 .
» 1172 0y < CURNY2 o 1912 o [0l 2
. < Clll2 o 113 o 101
= L>=(8K) wieo (o)1 " IHY(R)

From there and using the usual scale argument we get the estimate for v and w defined
on a generic K € Ty (recall H < 1):
lwol g1z 01y < C(lwllze=(ox)

1/2 1/2 _
(4.23) + H1/2”wHL/°°(6K ||Vw||L/oo aK)) 1||’U||Hl(K)
. < C(H Mwl|| g~ (o)

+ H_1/2||1UH1L/£(8K ||VU’||1/2 aK))HU”Hl(K
We use now (4.23) for uy = x(-/¢) - Vug (as defined in (4.16), where x = (x1,x2)):
il 2oy < CHTHIX(/9) | (o)
(4.24) + H (/)12 (050 I VXL o0 I Vol 2
<CH'+ 5_1/2H_1/2)||U0||H2(K)7
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where in the last step we also used ||x(-/¢)||z= < C and [[Vx(-/e)||L= (oK) < Ce™?,

as x € C' ([0,1]). This gives
ITT < C(eH™ + 2 H™?)Juo |32 (-

Because of (4.17), 6 verifies H9||%{1(Q) < CHulHip/z(aQ); reasoning as before we

also obtain Hul”?{lﬂ(aa) <C(1+ 5_1)Hu0||%{2(9) and we end up with

Iv=cC Z |€9|?{1/2(3K) < C||€9||%,1(Q) <Cle+ 52)”“0”%{?(9)-
KeTy

Recalling [[uol| g2 () < C||f]lz2(q), which follows from the elliptic regularity prop-
erty of (4.15), we get (4.18). O

The final error estimate for €, H, and h varying is obtained by taking (4.13) and
(4.18) together. Notice that when ¢ > h?/3H'/3 (4.13) is sharper; for ¢ < h2/3H'/3
(4.18) is sharper, and, in this case, (4.18) simplifies to |[u — un||g1() < C(h +
e 2H=12)||f||l12; so in general we have

(4.25) = wp| gy < Cmin{he™ b+ eV2H 2} £ 2

Our theoretical analysis shows that the RFB method (which corresponds to 7y = 7T3)
is affected by the resonance error: for € ~ h = H there is a loss of accuracy. RFMB
behaves a little bit better, since the right-hand side of (4.25) is (at most) of order
(h/H)'/3 uniformly w.r.t. ¢ (for what we have seen above, the largest min{he~', h +
e/2H=1/2} in (4.25) is for e ~ h?/3H'/3). The situation is even better if the domain
Q is, for example, a square, and the source term f is more regular, as stated below.

THEOREM 4.6. Assume (4.12); if C1H® < h < C3H, any internal angle of Q is
smaller than /(s + 1), and f € H*® for some s > 1/2, then the numerical solution
ugr of the RFMB method (3.3) verifies

(4.26) lu — wr|| gy < ChY2HTY2,

Proof. We consider here the case h < ¢ < (hH)'/2, because otherwise (4.26) just
follows from (4.25). We reason as in the proof of Theorem 4.5 and split the error as

o~ ey <€ 3 =0 =t~ Ol o

KeTy

+C Z |uo — Uéﬁ{lm(a;{)

KeTy
(4.27) +C Z le(ur — u{)@p/?(ax)

KeTy

+C Z |€9|?{1/2(8K)
KeTy

=I+I1I+1I1+1V;

the only difference between (4.19) and (4.27) is in term I11, which here contains u!,

the nodal interpolant of u; on |JOK. The classical result states |u; — u{\Hl/z(aK) <
Ch'/?|uy |1 (aK); actually [uy| g1 sk can be estimated as in the proof of Theorem 4.5:
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from (4.21), since on the reference macroelement |8l 5y < 19l gise (i), using
scaling arguments, we obtain

H'Y2|lwol| g1 ox) < COH Mwllzooor) + VW oo 010 ) 10| 110 (1)
when applied to u; = x(-/€) - Vug, the last inequality gives
|l ory < CHT2 + e " H™Y2) ug | o+ x0):
therefore

117 < C Z h(€2H73 +H71)||U0||§{2+5(K)
KeTy
< ChH ™ uol[32+- 0

< ChH M| £l e (s

(4.28)

in the last step we used |uo| g2+:) < C||fllzs@) (see [2]). By our condition on h
and €, we also have

I+11+1V < ChH | flr20),

and (4.26) is proved. O

5. Numerical tests. In order to implement a computer algorithm for the formu-
lation proposed in sections 2 and 3 we first need to introduce a fine-scale discretization
of the spaces Vg or Vjsp. For those purposes consider a third admissible, shape reg-
ular, and quasi-uniform partition 7,: of mesh-size h¥ (h* < h); we assume Ty to be a
subpartition of the previous ones 7;, and 7z. Define the space V¥ of functions which
are continuous and piecewise linear (or bilinear) on 7,4, and the spaces Vg = VpNV*
and VY, 5 == Varg N V¥ accordingly, define Vi = VH(T5, Tpe) = Vp @ Vi = VN VE
and VfI = VI?I(TH,’Z}“’TM) =Vp + VJ{j/IB = Vy N V! Using the spaces Vé and V]&B
in place of Vg and V), p, respectively, we have from sections 2 and 3 fully discrete
formulations and we can derive in the usual way the numerical algorithms. In what
follows we analyze the new error term due to the fine-scale discretizations of bubble
spaces. Let us denote by uf € V* the plain Galerkin approximation of u on the fine
mesh 7y,

a(ut,v) = (f0)  WoeVh

and denote by ugq the numerical approximation given by the fully discrete RFMB
scheme, i.e.,

a(ugq,v) = (f,v) Yo € V1§1~

We can prove that

(5.1) luf — UﬁHH%n(Q) ~ Uien‘fp Z juf — U@Im(ax)'

KeTy
Indeed (5.1) is analogous to (4.9) when we take the space V*# instead of H}(€): one
can reason as in Proposition 4.3, using now Lemma 4.2. Therefore we have, using the



14 GIANCARLO SANGALLI

triangle inequality and (4.1),

o =l = 5 D, 1o = vlinrson

KeTy
<C ( D U —ulfpapp + inf Y u— ”|§11/2<8K>>
KeTy P KeTy

<C (Iuﬁ —ulfi() + inf > |“'”§11/2(8K)>
PKETH

and, eventually, we have for the fully discrete method the error estimate

[luw — uuHHip(Q) < Cy|uf — u|§{1(9) + szienép Z lu — U\fql/z(m{) =I+11.
KeTy

We have decoupled the numerical error into the term I, due to the approximation of
local problems (depending on h*) and the term 11, due to the method itself (depending
on h and H). Note that I is the numerical error for the plain Galerkin approximation
on the global fine mesh 7;:. In case of periodic coefficients (assumption (4.12)), IT
has been analyzed in section 4; the new term [ verifies I < hﬁ€71||f”L2(Q), thanks to
the classical argument. This also tell us what accuracy is needed when solving local
problems: taking, for example, h < min{h,ch + 53/2H_1/2}, then the fully discrete
method verifies the analogous of estimates (4.25).

In what follows, we test the methods on different model problems on the unit

square € := [0,1]2. In all the cases we take isotropic and diagonal a (i.e., a;; = ago
and a13 = ag; = 0). In the first case we have periodic coefficients
9 . ™1 ) 11
o= D () (2) 2
(5.2) ail = ago 5 sin 6 cos 8 + 5

and the wavelength ¢ is 0.05; the coeflicients take values between 1 and 10 (see the
contour plot in Figure 1). We construct a uniform fine mesh 7;; of 512 x 512 x 2 =
524288 triangles and 263169 vertexes; the mesh is fine enough to compute accurately
the plain Galerkin approximation u# of the exact solution for the model problem; the
u? is plotted in Figure 2. We test the RFB method on a uniform coarse grid 7;, of 2 x2°
quadrilateral elements for ¢ = 2,3,4,...,7. For what concerns the RFMB method, we
also introduce a uniform grid 7y of quadrilaterals, and we take each macroelement
K € Ty containing 2 x 2 = 4 elements (referred to as RFM By) or 4 x4 = 16 elements
(referred to as RFM Bjg). The H! relative error (when compared to uf) is shown
in Figure 3. We also plot the errors for the plain Galerkin method and the MsFEM
on the same coarse meshes 7;,. We recall that we are considering here the MsFEM
without the oversampling technique for its similarity to the RFB method.

For the second test we still have the coeflicients of (5.2), but now we let € vary
from 1/2 up to 1/128, and we compute the numerical errors of the methods on a fixed
mesh 7}, of 16 x 16 quadrilateral elements. The relative errors are plotted in Figure 4.

Then we consider nonperiodic coefficients that are given by the expression

4
(5.3) an =azx =1+ o),

i=1
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where ¢(v;) := (30 — 25v;) (cos(lO7r7i2))27 1 := sin(wéy), v2 = (003(77(52))2, vy =
(cos(2m683))°, 4 := sin(2w6,), and &; = 6;(x) := 271/2||x — v4||, with v;,i = 1,...,4,
being the four vertexes of (. Here the smallest length scale is of order 1072, while
the ratio between the maximum and the minimum is 102 (see the plot of a;; = ags in
Figure 5). The fine grid approximation is plotted in Figure 6. We test the numerical
methods on the same grids proposed above (i.e., 7j, of 2 x 2¢ quadrilateral elements
for i = 2,3,4,...,7); the numerical errors are plotted in Figure 7.
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FIG. 7. Relative H'-error for nonperiodic coefficients.

Let us discuss first the numerical results for the case of periodic coefficients pre-
sented in Figure 3. We clearly see that the plain Galerkin method gives the worst
accuracy on all the meshes: the error starts decreasing with the expected first order
rate only when the mesh-size is smaller than the scale €. For the other methods, we
also see the first order error decreasing for small h, but the actual error is smaller,
in particular for larger h. All those methods suffer some resonance error, as we see
that the maximum error is reached when h ~ 0.05, which is indeed the length scale
of the coefficient oscillations. We see that RFB and MsFEM give almost the same
accuracy when h is small, while on the coarser meshes RFB is more accurate. The
RFMB method gives the same qualitative behavior of RFB, but the actual numerical
error is smaller. From the practical point of view, if we are using the RFB approach
on a coarse mesh and we want to increase the accuracy without using a very small £,
we can use larger macrobubbles.

Figure 4 confirms the better behavior of the RFB and RFMB approaches, com-
pared to the plain Galerkin approach, especially for small .

The same behavior of the methods is seen in the nonperiodic coefficients test
(Figure 7), even though now the resonance error is less located because the coefficients
and the solution itself contain many length scales. As before, we can reach a better
accuracy on coarse grids enlarging the bubbles.

6. Conclusion and extensions. In this paper we considered the RFB method
applied to problem (1.1). We also proposed an extension of the method (i.e., RFMB)
based on macrobubbles (which live inside many elements). Following [15], we de-
veloped the theoretical analysis assuming periodic coefficients. Both the theoretical
analysis and the numerical tests confirmed the validity of the methods.

The methods proposed and analyzed in the paper decouple the global problems
into local problems on fine grids and a global problem on a coarse grid. In principle,
this has two advantages compared to the plain Galerkin method (on a whole fine
grid): it easily allows either for a parallel implementation or for upscaling procedures;
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those aspects have not been discussed in the paper and deserve further investigations.
In particular we have seen that larger macrobubbles (for RFMB) give more accu-
racy, though at the price of having larger local problems to solve. A following paper
(in preparation) will investigate more convenient numerical algorithms based on this
technique, also discussing the benefits in terms of CPU time.

In the paper we considered the macroelements K € 7y to be either triangles or
quadrangles; this assumption can be relaxed with minor modifications in the analysis:
we just need Lemmas 4.1 and 4.2 for the macroelements, and indeed general polygons
satisfying suitable shape regularity conditions are allowed as well.
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