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Abstract

This paper is concerned with a multiscale finite element method for numerically solving
second order scalar elliptic boundary value problems with highly oscillating coefficients. In
the spirit of previous other works, our method is based on the coupling of a coarse global
mesh and of a fine local mesh, the latter one being used for computing independently an
adapted finite element basis for the coarse mesh. The main new idea is the introduction
of a composition rule, or change of variables, for the construction of this finite element
basis. In particular, this allows for a simple treatment of high order finite element methods.
We provide optimal error estimates in the case of periodically oscillating coefficients. We
illustrate our method on various examples.

1 Introduction

The goal of this paper is to build a multiscale finite element for performing numerical homog-
enization. The word multiscale is understood here in the practical sense that two different
meshes will be used: a fine mesh for computing locally and independently (i.e. allowing for an
easy parallelization) a finite element basis, and a coarse mesh for computing globally and at
low cost the solution of an elliptic partial differential equation. By numerical homogenization
we mean that we compute, not only the mean field solution of a highly heterogeneous problem,
but also the local fluctuations which may be important in many applications. Recently there
has been many contributions on multiscale numerical methods, including [3], [6], [8], [9], [10],
[11], [12], [13], [14]. Our work is in the spirit of that of Hou and Wu [11].

Our model problem is a scalar elliptic partial differential equation which arises in many
applications such as diffusion in porous media, or composite materials. Let €2 be a bounded



open set of R™ and f € L?(Q) (or, more generally, f € H~'(Q)). For simplicity, we consider
Dirichlet boundary conditions. Our model problem is to find u. € Hg(Q) solution of

—div{A® gradu®} = f inQ
(1)
u® = 0 onodf)
where A® = (afj)?,j:l is a non-necessarily symmetric matrix of coefficients which all belong to
L*>*(Q). We assume that A° is uniformly bounded and coercive. The notation £ > 0 stands for
some small scale in the problem (but there could well be several scales, so € is just a convenient
notation for all the small scales of variation of A¢). Solving numerically (1) is a difficult task
if the scale ¢ is small. Indeed, a good approximation is obtained with classical finite element
methods (or any other methods) only if the mesh size h is smaller than the finest scale, i.e.
h < €. As is well known, this is not satisfactory since CPU time as well as memory storage
grow polynomially with ~~! and soon become prohibitively too large.
There is one way out of this difficulty in the special case of periodic heterogeneities or
oscillations of the tensor A°. In the periodic case, € is the period, and A® is defined by

A(z) = A <f) ,

£

where y — A(y) is a Y-periodic function where Y = (0,1)" is the unit cube. It is a classical
result of homogenization theory (see e.g. [5]) that, for small e, u® is approximated by

u (@) ~ +ezxz( ) 5= (@) ¢

and
Vuf(x) =~ Vu* (z) + Z yXi) (g) g—i(:n), (3)

where x; is the solution of the so-called cell problem

—div, {A(y) (ei + grad,, Xz)} = 0 inY,
(4)
y — Xi(y) 0 Y — periodic.

The numerical resolution of (1) is often replaced by the simpler one of the homogenized problem

—div{A*gradu*} = f inQ

(5)
u* = 0 onodf.

where A* is a constant homogenized tensor given by the explicit formula A*e; =
Iy A(y) (ei + grad, Xi) dy. The approximation of u® by u* can be improved by adding the
first order corrector term euy. This additional contribution may not be so important in (2) but
is crucial in (3) since it is of the same order of magnitude than Vu*. Note in passing that (2)
and (3) can also be improved by adding a so-called boundary layer term since u* + eu; does
not satisfy the Dirichlet boundary condition on 0f) (see e.g. [4]).

In the non-periodic case, although there still exist an homogenized problem and approx-
imation formula similar to (2), (3), the homogenized matrix A* is unfortunately unknown a
priori. Therefore, one can not replace the numerical resolution of the original problem (1) by
that of the homogenized problem (5). Instead, many multiscale numerical methods have been



recently devised in order to solve directly (1) but at a price (in terms of CPU time and memory
storage) comparable to that of solving (5). Typically, a multiscale finite element method uses
a coarse mesh of size h > ¢ and an adapted finite element basis which incorporates the small
scale features of the oscillating tensor A¢. The finite element basis is pre-computed locally on
each cell of the coarse mesh (and in parallel for computational efficiency) by solving a local
version of (1). The number of degrees of freedom is thus not larger than for a classical finite
element method on the coarse mesh.

Let us describe the main idea behind our new multiscale finite element method. Although
it is designed for non-periodic homogenization problem, for the sake of simplicity we first present
it in the context of periodic homogenization. A key idea is to remark that (2) looks like a first
order Taylor expansion, namely it implies

() ~ <x +oex (g)) (6)

where x = (x1,-.-,Xn). Building on (6), we introduce a coarse mesh of size h > ¢ and a
classical conforming finite element basis @?)l, and we define an oscillating finite element basis
through the same composition rule

5" (z) = @F (:r + ex (g))

Our method amounts to apply a standard Galerkin procedure to the variational formulation
of (1) with this oscillating finite element basis. The advantages of our method are at least
twofold. First, it is very easy to implement high order methods since the computation of
the oscillating functions x (%) is independent of the order of the coarse mesh finite element

basis (@f‘)l. Second, the convergence analysis is somehow simpler since, roughly speaking, it

amounts to apply the change of variables x — x + ex (%) to standard convergence result on
the coarse mesh

The content of the paper is as follows. In section 2, we recall some basic facts of ho-
mogenization theory and we give a precise statement about (6) in the general (non-periodic)
case. Section 3 is devoted to a precise definition of our multiscale finite element method. Its
convergence is then studied in section 4. Finally, in section 5 some numerical results are given.

2 Some results in homogenization theory

2.1 H-convergence and oscillating test functions

Let us recall some results of the H-convergence theory (for details see e.g. [15], [2]). Let M,,
be the linear space of square real matrices of order n and define, for given positive constants
a > 0 and 8 > 0, the subspace of M, made of matrices which are coercive as well as their
inverses

Mag = {M € My; MEE > ale?, MTEE > Bgl?, Ve € R}

A sequence of matrices A° € L>(2; M, ) is said to H-converge, when € goes to zero, to a
homogenized matrix A* € L>(Q; M, g) if, for any right hand side f € H~1(£2), the sequence
of solutions u® of (1) satisfies

u® — u* weakly in H}(Q2) (¢ — 0),
Afgradu® — A*grad u* weakly in L2(Q)" (¢ — 0),

where u* denotes the solution of the homogenized equation (5). This definition makes sense
because of the following sequential compactness property [15].



THEOREM 2.1 Let (A®).~o be a sequence of matrices in L>(2; Mg g). There exists a sub-

sequence, still denoted by €, and a homogenized matriz A* € L*(Q; My g) such that A* H-
converges to A*.

Except in periodic case, this abstract result does not give an explicit formula for the limit A*.
Actually, the homogenized tensor A* is defined as a limit in the distributional sense, namely

A% (z) grad w; — A%e; in Z'(Q;R™)

where (e;)i=1,, denotes the canonical basis of R", and (@) are the so-called oscillating

test functions which satisfy

i=1n

@ — x; weakly in H'(Q) (¢ — 0), (7)

and

g5 = —div{A°grad w5} — g; = —div{A%e;} strongly in H~'(Q) (¢ — 0). (8)

The existence of such oscillating test functions is the key point in the proof of Theorem 2.1 but
they are neither explicit (they depend on A*) nor unique (they are unique up to the addition
of a sequence converging strongly to zero in H!(f2)). For our purpose, we define them as the
solutions of the following boundary value problems (j = 1,...,n)

—div{A® grad @5} = -—div{A"e;} inQ
(9)
w; = on 0S).

These oscillating test functions are also useful for obtaining a corrector result.
THEOREM 2.2 Let (A®).>0 be a sequence H-converging to A* in L>(2; My 3). Then,

ou*
8.73i

grad u® = ZV@ZE + e, (10)
i=1

where the remainder 1. converges strongly to zero in L*(Q;R™). Furthermore, if u* € WH>°(Q),
then r. converges strongly in L*(Q;R™).

REMARK 2.3 In the context of Theorem 2.2 it is clear that, if the homogenized solution is
smoother, say u € W%°(Q), then

uE:u*—FZ(@f(a:)—xz)g—Z + 7l (11)

where the remainder v’ converges strongly to zero in H (). In the sequel, we denote by
e ows
w1 - |(5]) 1)
8.1’1' .
i,J=1,n

PrOOF: The proof of (10) is classical (see e.g. [2]). The last statement of Theorem 2.2 is
simpler to prove, so we briefly explain how to proceed. Using the coercivity of A€ we are done
if we can show that

the so-called corrector matrizx.



lim [ A®° (grad u® — [Wegrad u*) : (grad u® — [W¢]grad u*) dx = 0. (13)
Q

e—0

Developing the scalar product in the integral (13), we obtain the following terms

/ [Wg]tAg [WE] grad u* - grad v* doz  + / A® grad u® - grad u® dx
Q Q

- / A® grad u® - [W¢] grad u* da - / A® [W*] grad u* - grad u® da.
Q Q

To pass to the limit in the first term we use the facts (see Lemma 1.3.38 [2]) that [We]tA°[W¢]
converges to A* in .@,(Q; M), and that, thanks to Meyers theorem which implies a uniform
LP(Q) bound (with p > 2) for [I//[\/E], this convergence holds true weakly in L'(Q;.#,). Thus,
since u* € W1°°(€), we have

/ [We]t A5 [W*] grad u* - grad u* dz — / A*grad u* - grad u* da.
Q Q

The second term is easy

/ Af grad u® - grad u® dx = / futdr — / futdr = / A¥grad u* - grad u* dz.
Q Q Q Q

Applying the “div-curl” compensated compactness result [15] to the third term and using the
regularity assumptions as well as Meyers theorem, we get the desired result

/ A% grad u® - [W*] grad u* dz — / A*grad u* - grad u* dx.
Q Q

The fourth term is treated in the same way and their combination gives zero. ]

2.2 A remark on the corrector result

The right hand side of formula (11) looks like the first order Taylor expansion of u* at the point
we(z) = (0i(x),...,w5(x)). It indicates that u®(x) may well be approximated by u* o w°(z).
This remark is at the basis of the new form of the corrector result (Theorem 2.2) that we now

propose.

THEOREM 2.4 Let (A®).>0 be a sequence H-converging to A* in L®(;Myg). For f €
H=YQ), let u® be the solution of (1) and u* be that of (5). Let w5 be the family of oscillating
test functions defined in (9). Assume that u* € W2>(Q) and @° is uniformly bounded in
LQ)™ for any 2 < g < 400. Then

ut = urow" + 7, (14)

where the remainder term 7 converges strongly to zero in HE ().

REMARK 2.5 In space dimension n = 2, since H(Q) C L%(Q) for any 2 < ¢ < +o0, there
is no additional assumption on w® in Theorem 2.4. If w® is not uniformly bounded in any
LA(Q)™, it is at least bounded in L* ()" with 2* = 2n/(n — 2) and we can still obtain the
strong convergence to zero of 7= in Wh/(»=1)(Q).

REMARK 2.6 The approximation of the principal part of the solution u®, i.e. u* o w®, may
serve as a substitute for the approzimation of the solution of problem (1). This idea is at the
root of the new multiscale finite element method described in this work.



PROOF: Tt is not clear that w®(2) C Q (see remark 2.10), so formula (14) makes sense if u*
is first extended by zero outside €. Since u* is a Lipschitz function, u* o @ belongs to H' ().
Furthermore, since @°(z) = x a.e. on 99, the function u* o @° belongs to HJ(£2). We have

[u® — u* o @ || 1 (q) = llgrad u® — grad (u® o @°)||r2(q)n
< lgrad u® — [W¢] grad u*|| L2 + I[W?] (grad u* — (grad u*) o @°) 2@y (15)

The first term in the right hand side of (15) goes to zero because of Theorem 2.2. The second
term is bounded by

I79] (gradu — (grad w) o @) | aaye < W N io(aunen) lgrad u* — (grad u*) o @]l e
with 1/p+1/p’ = 1/2. A Taylor expansion with integral rest yields

(grad u*) ow® = grad u* + /01 VV u*(z + t(w(x) — x)).(0 (x) — x) dt

and thus, we obtain

l(grad w’) o @° — grad | gy < Il lwzeqoy | & — @l gugnyn-

By Meyers theorem there exists p > 2 such that ||[W¢]]| Lp(Q:M,,) is uniformly bounded. By
assumption (w®—z) is bounded in any L9(2; R™)™, 2 < g < 400, and since it converges strongly
to zero in L2(Q;R™)™, it also converges strongly in L? (; R™)". All together this implies that
the second term in the right hand side of (15) goes to zero. [ |

There is a converse statement of Theorem 2.4.

THEOREM 2.7 Let (A®)c~0 be a sequence H-converging to A* in L>®(Q;M,pg). For f €
H=Y(Q), let u® be the solution of (1) and @ be the family of oscillating test functions defined
in (9). If there exists a function u € HH(Q) N WH*(Q) such that

[|u® — uo@EHHé(Q) — 0 when ¢ — 0,
then w = u*, the solution of the homogenized problem (5).

PROOF: By assumption, u® admits the following representation formula, similar to (14),

u® = uow® + 7, (16)
where 7 converges strongly to zero in H{ (). Let us consider the variational formulation of
(1)

a®(u®,v) = /QAEgrad u® -gradvdr = /Qf vdr , Yo € Hi(Q). (17)
Substituting (16) into (17) gives
/QAE[WE] (grad u) o w* - grad v dz + /QAEgrad 7 - gradvdr = /Qf vdz, Yv € Hi(Q).

By assumption the second integral goes to zero, while the first one converges to [, A*Vu -
Vv dz. Indeed, by H-convergence, A® [I//I\/E] converges weakly to A* in L?(2;.#,,) and, by the
Lebesgue dominated convergence theorem, (grad u)o @ converges strongly to gradw in L2(Q)™.
Thus, passing to the limit we obtain that w is a solution of the variational formulation of the
homogenized problem (5), i.e. u = u*. [



2.3 An approximate variational formulation

The representation formula (14) for u. suggests an approximation of the variational formulation
(17). Indeed, it is equivalent to

as(u*oaf,v):/fvdx—af(?f,v),weﬂé(ﬂ), (18)
Q

where the last term goes to zero. Dropping it and choosing an adequate subspace of H &(Q)
should yield a good approximation of (17). A first possible choice of subspace is

{vF € Hy(Q); 3v e HY(Q)NW2(Q), v° = vodr },

but it is unfortunately not closed in H{ (£2), so it can not be a Hilbert space. Another possibility,
which requires the additional regularity @¢ € W1H>°(Q;R"), is

V€:{UEEH&(Q);HUEHé(Q),UE:’UO@E}, (19)

which is a closed subspace of H}(f2) since @w® € W1h°°(€;R") implies that v o @° belongs
to HE(Q) as soon as v does. We defined the approximate variational formulation as: find
u € HE(Q) such that

a*(uow*,vow®) = /fvo@Eda:, Yo € H(Q). (20)
Q

By the Lax-Milgram theorem (20) admits a unique solution u o w® in V<. In the following, we
will call w the substituting homogenized solution. Remark that, u actually depends on ¢ but it
oscillates less compared to u..

LEMMA 2.8 Assume @w° € WL (Q;R"). Let u be the unique solution of (20) and u* be the
solution of the homogenized problem (5). Then

||(u—u*)o@5||Hé(Q) — 0 whene — 0.

REMARK 2.9 Of course, combining Lemma 2.8 and our corrector result Theorem 2.4, we
deduce that u o W° is a good approximation of the solution u. of the original problem (1)

||u5—uo@€||Hé(Q) — 0 when e — 0.

PROOF: Subtracting (20) from (18) with the same test function (v o @°) € V C H}(Q) we

obtain

a((u—u")ow®, vow®) = a*(7°, vouw).

Taking v = v — u*, using coercivity and continuity of the bilinear form show that
~ -1
all(u—u) 0@ llyyy < A 1730y

which goes to zero as e does. [ |

2.4 Change of variables

A reasonable question to ask is whether the mapping z — w®(z) from Q into R™ is a change
of variables, i.e. is one-to-one into 2. We do not know if it is true in general. Nevertheless we
have the following partial results.

LEMMA 2.10 Assume @° € W1°(Q)*. Then, the mapping W° is onto in the sense that
@ (Q) D Q.



PROOF: Since @w° = zondQ and W1 () ¢ C%(Q) then, from topological degree theory [16],

deg(w*,Q,y) = deg(id,Q,y) Vy & 0N
where id denotes the canonical injection from €2 into R™. On the other hand,

lify € Q
deg(id,Q,y) =
0ify ¢ Q.

thus, for y € Q, deg(w®,2,y) # 0 and from topological degree property, we deduce that there
exists an x € {2 such that y = w°(z). |

The question of injectivity is much more delicate. Let us simply recall the following result
of [1].
THEOREM 2.11 Assume Q@ C R2 is a bounded simply connected open set, whose boundary
082 is a convex closed curve. Assume further that A®(x) is symmetric and that A* does not
depend on x. Then, the mapping W° is a homeomorphism from ) into itself.

REMARK 2.12 The homogenized matriz A* is constant, for example, in the case of periodic
homogenization, i.e. A*(x) = A(Z).

REMARK 2.13 In the case of small amplitude homogenization, one can prove that the mapping
w® is a homeomorphism. Indeed, by a perturbation argument, if A%(x) is close to a constant

matriz Ag, then we(x) is close to x and thus is one-to-one.

3 Definition of the multiscale finite element method

3.1 Approximation of the oscillating test functions

The idea of our multiscale finite element method is to solve the approximate variational formu-
lation (20) instead of the true one (17). This requires the computation of the oscillating test
functions which are not explicit since, in view of their definition (9), they depend on A* which
is unknown. Therefore, we need to introduce an adequate approximation procedure.

We introduce a coarse mesh of €2 which, for simplicity, is assumed to be polyhedral. This coarse
mesh is a conformal triangulation 7}, such that

Q= (JK (21)
KeT,

where the elements K satisfy diam(K) < h. In practice the mesh size h is larger than the
space scale of oscillations ¢, i.e. h > e. For each K € 7}, let us define @f’K (i=1,...,n) as the
solution of

—div{4c grad o™} = —div{4% gradz;} inK,
(22)

~e, K
w, = X on 0K,

where A% is a local approximation of A* in K. The simplest approximation is to take A%
constant in K : in such a case its precise value is irrelevant since the right hand side of (22)
cancels out. This will be our choice in the numerical examples of this paper. Nevertheless, it
is possible to take A} (z) as some varying local average of A°.

Collecting together these local approximations we define @f’h € HY(Q) by @f’h = @f’K
for each K € T;,, and we set 0" = (@‘i’h, e ,@fb’h) € HY(Q;R™).



A numerical approximation of the local oscillating test functions defined in (22) is com-
puted by using a classical conforming finite element in each K € 7j. For each coarse mesh cell
K we introduce a local fine mesh Thf/{ where h/ denotes the size of this fine mesh. Of course, we
have h/ < h, but, since we want to resolve the oscillations of the tensor A®, we also have h’ < ¢.
Typically we use Py Lagrange finite elements for solving the local boundary value problems
(22). Since, from one cell K to the other, these problems are independent this may be done in
parallel. This procedure is very similar to that introduced in [11].

The hats used in our notation refer to exact solutions of boundary value problems : thus,
@° refers to the “true” oscillating test function and @*" refers to the collection over 7}, of all
solutions of (22). We shall drop the hat notation when we refer to the corresponding numerical
approximations: thus wf’K is the P,/ finite element approximation of @f’K, and w;"", w*" are
defined as above with the hat notation.

REMARK 3.1 The domain of definition of the local oscillating test functions zﬁf’K is exactly
the cell K. However, one can possibly define it on a larger domain (even if only its restriction
to K is used). For instance, in order to prevent boundary layer effects we can devise a so-called
oversampling method in the spirit of [11] by solving (22) in a domain Q which is slightly larger
than K. In the context of [11] this yields to a non-conforming finite element method which is
analyzed in [9]. In our framework, the oversampling method is still a conforming finite element
method (see Remark 3.4).

REMARK 3.2 In many applications, like composite materials, the coefficient matriz A® is dis-
continuous and thus the oscillating test function @*" does not have a second derivative. In such
a case, as is well known, using higher order finite elements does not improve the convergence
rate, so we content ourselves in using Py finite elements for computing ws".

3.2 A multiscale finite element method

Let V,, C H(Q) be a finite dimensional subspace (dim V}, = N},) corresponding to a conforming
finite element method defined on the coarse mesh (22). Typically we use P, Lagrange finite

elements. Let (<I>lh)l LN denote a finite element basis of V. In order to compute a numerical
=d,0.54Vh
approximation uy, of the substituting homogenized solution u, we introduce an oscillating (or

multiscale) finite element basis defined by

5" (x) = S ow(x), (I=1,...,Np). (23)

We therefore obtain a conformal finite element method associated to the coarse mesh 7j, and we

denote by V;© C H{ () the space spanned by the functions (@?’h)l LN Roughly speaking,
=d5-54Vp

V¢ is the space “Vj, o w”.

JFrom the approximate variational formulation (20), we deduce a numerical approximation:
find up, o w" € Vi such that

af (up, o wh, vy o wh) = /f vp ow™ dx | Yo, ow™" € V. (24)
Q

We use Lagrange finite elements and consequently the degrees of freedom are the values at the
nodes nJK (j = 1,...,Ng) of the elements K € 7;. For such an element K, let d=K be the

associated local basis which is made of N polynomials pZ-K e [P, satisfying piK (nJK ) = 0ij.
The local oscillating finite element basis is

" (2) = pl 0w K (a) (25)



and, since w®® (z) = 2 on OK, it still satisfies

On the other hand, for each K € 7y,
(un o w™ )|k (z) = [@2F (2)] {up }
where [0 (2)] = [057, ..., @‘ng[;] and {uf} is the column vector composed of values of uy, at

the nodes of K.

REMARK 3.3 In the case of piecewise linear finite elements Py we recover the multiscale finite
element method previously introduced by T. Hou and X.-H. Wu [11]. Indeed, when the basis
functions pZK belong to Py, by linearity the oscillating basis functions can be written

n K
o (@) = pF(a) + Y (wi™ (@) — ) ?ﬁj, (). (26)
=1 !

A simple calculus shows that

opl
8xj

div{ A grad 7} = Y div{Acgrad ij}
j=1

m K
and, if we choose A%, constant in the definition (22), we obtain

—div{A® grad @f’K} =0 inK
(27)
K = p, on 0K

2

which is precisely the definition of the finite element basis in the multiscale method of T. Hou
and X.-H. Wu [11].

REMARK 3.4 As explained in Remark 3.1 we can devise an oversampling method in the spirit
of [11], [9]. If the local oscillating test functions wf’K are computed from (22) in a domain
Q which is larger than K, the composition with <I>lh 1s still going to define a conforming finite
element basis. However, the support of q)le’h may now be different from that of <I)lh and its nodal
values are also different.

4 Convergence proof in the periodic case

Although for its practical implementation our multiscale numerical method does not make
any assumption on the possible type of heterogeneities or oscillations of the tensor A€, it is
convenient to analyze its convergence in the context of periodically oscillating coefficients. In
this section, we assume that A®(x) = A(E) where A(y) is a periodic, uniformly coercive and

bounded, matrix in the unit cube Y = (0,1)™. As is usual practice in the numerical analysis
of finite element methods, we assume that the tensor A(y) is smooth in order to use classical
result from this field. However, from the point of view of homogenization theory, it is enough
to assume that A(y) is piecewise smooth, possibly discontinuous through smooth interfaces,
since this implies that the solutions of the cell problem (4) and those of (22) (which defines the
oscillating test functions) belong to W1 which is just enough for our analysis.

Recall that we use a PP, Lagrange finite element method (k > 1) on the coarse mesh of
size h, and, locally on each cell K of the coarse mesh, a [P}, Lagrange finite element method
on a fine mesh of size b’ to compute the oscillating test functions. We always assume that

0<h <e<h<l.

10



THEOREM 4.1 Let u® be the exact solution of (1) and uj = uy, ow®" be the numerical solution
of (24). Assume that uv* € WHFL(Q) and x; € Wh(Y). There exists a constant C
independent of € and h such that

£ AN
o = iy < 0<h’“+ =+ (%) ) (28)

REMARK 4.2 Using an oversampling method as explained in Remarks 3.1 and 3.4 would im-
prove slightly estimate (28) by replacing the \/e/h term in its right hand side (which is due to
boundary layer effects) with /h. However, the resonance effect (i.e. the fact that method does
not converge if h =~ ¢) does not disappear.

PrOOF: (From Céa’s lemma [7] applied to (24), there exists a constant C' independent of &
and h such that

[u* = wpllmp) < € vgigfv; [u® = Vil (o) (29)

Ny,
Define II;, as the Vj-interpolation operator: IIj, v(z) = Zv(nl)@lh(a:) where n; denotes the
=1
nodes associated to the P finite element method. In the same way II; denotes the V-
Np
interpolation operator: Il v(z) = Zv(nl)@lg’h(a:). It satisfies 115 v = (II; v) o wSh.
=1
In (29) we choose v = IIju* where u* is the exact solution of the homogenized problem (5).
This yields
[ = willgi) < Cllv® — Hu"l|l g ) (30)

Introducing the rescaled solution of the cell problem (4)

(@) = o +ex (1), (31)
we bound the right hand side of (30)
VU = V(IGu) 2@ < € ([VeE = V(U 0 @) | 20y

+ IVE(w" = Thu®) o w20
(32)
+ V{0 (@° — @" )| 120y

+ V{0 (@5 — w )} 2y ).

The upper bound (32), which gives the order of convergence of our multiscale finite element
method, is made of four terms. The first one is related to a corrector result in periodic ho-
mogenization. The second one is linked to an interpolation result for the coarse mesh Py finite
element method. The third one is related to an homogenization result for the local oscillating
test functions. Finally the fourth term is concerned with an error estimate for the P, finite
element method used to compute the local oscillating test functions.

The first term in the right hand side of (32) is bounded thanks to Lemma 4.4. The second
term is

IV {V (6" = Tpu™)} o @[l p2yr < Hd+[Vyx]llzoe(v) [{V (0" = Tpu™)} o w2y (33)

To estimate the right hand side of (33) we perform a Taylor expansion with integral rest

{V(u* — Iu")ow® = V(u* — pu')(x) + 8/01 VV(u* — pu*) (a:—kstx(g)) X <§> dt
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and thus (33) is bounded by
ld+ (¥, ey (o' = Moty + ella® — Tz @yl 2

< Hd + [Vyx]l oo (v [[u" lwrr1,00 (02) (hk + 5hk_1||X||L2(Y))

by standard interpolation results for Lagrange P; finite elements [7]. Remark that the above
Taylor expansion is valid only if the interpolate IIpu* admits a second derivative, which is true
if the finite element order is k£ > 2. For k = 1 the argument must be slightly changed, but,
since in such a case our method coincides with that in [11], [12], we do not give unnecessary
details.
The third term in the right hand side of (32) is

IV (@° = @>"){V (@)} o (@ — @) 2 < l|uwieoo) V(@ — @) 2@ (34)
To estimate the right hand side of (34) we write

IV (@° — @°") iz = Y V(@ — @ )H%Q(K)”
KeT,

and we use Lemma 4.3 for each cell K: actually, @*" converges to x in H'(K) weakly as ¢
goes to 0 (for fixed h), so w® is exactly the sum of the homogenized limit and of the corrector
term. Since K is of size h, its surface |0K]| is of order h™~! and the total number of cells K is
of order h™". Thus, we obtain

IV (@" —@*") |z < C

> ™

Finally the fourth term in the right hand side of (32) is
IV (@5 —w™"){V [ yu*)}o (05" —w™")| 2@)n < [[u*[lwoe (@I V(@5 =) || L2()n- (35)

In the right hand side of (35) we have the difference between an exact cell solution @*" and
its numerical approximation w®". By standard interpolation results for Lagrange P} finite
elements [7] (valid if the tensor A(y) is smooth enough), we thus obtain

V(@ 0 By = 3 IV = 0 ey < OOV S [0 B e
KeTy, KeT,

Then, assuming again that A(y) is smooth enough, the oscillating test function is also smooth
and satisfies

~eh —K

|'LU6 ‘Hk/"'l(K) S CE ‘K’

Collecting together all four terms, (32) yields

NI
IV — V(ITu")| 2y < C <\/E+ (" +eh™ 1) + \/%+ (%) ) :
which implies (28). ]

We now recall a classical corrector result in periodic homogenization [5] where the depen-
dence on the size of the domain is made explicit (for a proof, see [11]). Let w be a smooth
bounded open set, f € L?(w) and g € H'(w). Define the original problem

—div{A® gradv*} = f inw,
v* = g onodw,
and its homogenized limit
{ —div{A* gradv*} = [ inw,

v* = ¢ onodw.
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LEMMA 4.3 There exists a constant C, which is independent of €, w and the data f,g, such

that
o - vt - szxz( Jom@| < VRl e

H(w)

The next lemma is a quantitative version of Theorem 2.4 in the periodic case. Remark
however that it involves the solution of the cell problem instead of the oscillating test function
w® defined by (9).

LEMMA 4.4 Let @w° be defined by (31). Assume that u* € W2>®(Q) and x; € WHL(Y).
Then, there exists a constant C, independent of €, such that

[u® — w0 @ g < CVE.

Proor: We have
[Vus =V (u ow)|pzqn < [Vu = [VO] V|
+ V@] (Vu' = (Vu®) ow®)[[r2q)n

Since [Vw®(x)] = Id + [Vyx] (£), the first term in the right hand side of (36) is bounded by
\/€ by a classical corrector result (see Lemma 4.3). The second term is bounded by

[1d + [VyxlllLoe vy IV u* = (Vu®) o wf||p2q)

A Taylor expansion with integral rest yields

1
(Vu*)ow® = Vu* + s/ VvV u* (a:—kstx(g)) -X(E) dt
0

3

(36)

and thus, we obtain
[(Vu®)ow” — Vus|lp2qn
which gives the desired result. [

< ellu*fwzeo @)l X 220

5 Numerical results

In this section, we experimentally study the convergence and the accuracy of our multiscale
method through numerical computations. For the sake of comparison we first implemented the
method of T. Hou and X.-H. Wu [11], based on the direct numerical computation of the base
functions defined in (27). We checked that our multiscale method in the P; case, which is the-
oretically equivalent to the method of T. Hou and X.-H. Wu, does indeed coincide numerically
although the implementations are quite different. The main novelty is the implementation of
our [Py multiscale method (denoted by Po-MSFEM). As can be expected from the error estimate
(28), its numerical results give a better approximation than the P; method.

We first conduct numerical experiments in the periodic setting with a smooth scalar
conductivity tensor (taken from [11])

A (z) = a(x/e) Id

where
a(x/e) = 1/(2 + Psin(2nzx; /e))(2 + Psin(2nx2/e)).

In this formula, P is used as a contrast parameter (P = 1.8 for the numerical results presented
here). The right hand side of the Dirichlet boundary value problem is f = —1. All computations
are performed on the unit square domain €2 which is uniformly meshed by triangular finite
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elements (the coarse mesh of size h). Each triangle in this coarse mesh is again meshed by
triangular finite elements (the local fine mesh of size h’ << h). To make comparisons, we
computed a reference solution (hopefully converged) on a very fine mesh of 10% degrees of
freedom, with a classical [P;-finite element method (denoted by P1-FEM). We also compared
our solution to the approximate one given by the first two terms of the two-scale asymptotic
expansion. The homogenized conductivity is given by A* = 1/2(4 — P?)'/2,

Secondly, since the main interest of numerical homogenization is to compute approximate
solutions in a non-periodic setting, we consider an heterogeneous composite material made of
a pseudo random distribution of spherical inclusions in a background matrix. In such a case,
there is of course no reference solution.

Let us recall once more that we are interested in the case h > ¢ since the opposite case
h < € is covered by the classical finite element method in a much better way.

5.1 Periodic setting

Comparison with the two-scale asymptotic expansion A first obvious comparison is
made between the two-scale asymptotic expansion and the Po-multiscale finite element approx-
imation. This latter solution is computed on a coarse mesh with h = 2% 10! and a fine mesh
h' = 4 % 1073, The asymptotic expansion (denoted by P;-FEM AE) is built from P finite
element approximations of the homogenized solution and of the oscillating functions (see (2)).
These latter ones are computed on the unit cell Y = (0, 1)? with periodic boundary conditions
(see (3)). Figure 1 shows as expected a good approximation.

—— PLFEM AE -0.025 |- —— PLFEM AE
P2-MSFEM [ P2-MSFEM

-0.03 |

-0.085 |-

-0.05

004

-0.045 |

-0.1

-0.055 |-

-0.06

Figure 1: Cross-sections at y = 0.5 of the rebuilt solution from asymptotic expansion and
multiscale approximation (left) with a close-up (right) : ¢ = 1072 , h = 1/5 and b’ = h/500.

Resonance effects and optimal mesh scale As we saw in the previous section, the theo-
retical bound of the speed of convergence of the method takes the form, for k =2, ¥’ = 1 and
W =2 (with M = 500 in our experiments)

€ h
“(h) = h? \ﬁ —
g°(h) e
Although ¢°(h) is only an upper bound of the true error, it indicates that there exists an
optimal ~*(e) mesh size (which depends on k too) such that the numerical error, or at least g°,

is minimum. If we assume that M is very large, the order of this optimal value is

h*(e) ~ /7. (37)
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According to [11] the resonance effect is the occurrence of large errors when the grid size
h and the heterogeneities scale € are close. This effect is also predicted by the above formula
and is inherent to the multiscale framework used to compute the oscillating functions : the
decomposition of the initial boundary value problems into independent smaller boundary value
problems set on the coarse mesh element is somehow arbitrary.

The theoretical bound of the order of convergence, ¢g¢(h), is not small when the discretiza-
tion step h is close to e (which is supposed to be very small). Therefore it is not a good idea to
take h too small. Rather, in view of (37), the optimal discretization step h*(e) is larger than
€. This is indeed confirmed by our numerical experiments shown on figure 2 where one can
see that the behavior of the true numerical error (right) is close to that of the upper bound
g°(h) (left). Tt clearly indicates that there exists an optimal mesh size h* (larger than €) which
minimizes the numerical error.

R O A S S B BT pr
1 EPS=10-2 E r [—EPs=8102
Elo EPS=210-2 E | [~—EPS=410-2
| --- EPs=410-2 ] % EPS=210-2
F |--—- EPS=8.10-2 ] 0.15 |- {—o EPs=10-2
L T | -
0.8 i \ — < T b [
= F \ A A ~._ - g : J
Z o6 B - . » \\ ]
o b o\" g ol e
: - o) \\\
04f 2 «\\\\‘\x\‘/ /
; ] '%S‘&g ‘\*’/4/ ]
02F ] 0.05
0 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
h h

Figure 2: Predicted (left) and computed (right) error estimate as a function of A for different
values of ¢.

Convergence toward the homogenized solution We fix the ratio M = h/h’ (equal to
500) large enough so that M > ¢~!. Then, for different values of € and for the optimal mesh
size h*(g) we compute the Po-MSFEM approximation of u®. One can check on figure 3 that
this numerical approximation of u® clearly converges toward the homogenized solution.

T T T T T T T T 006 T T
O [——epss102 - [ [ —— EPs=8.10-2
B[ EPS=4.10-2 A o [REE EPS=4.10-2
"\ - - - EPS=2.10-2 ] -0.07 || --- EPS=210-2
--—- EPS=10-2 A [ |--—- EPS=102
—— f7 E v
L -0.08 | &
[ g
-0.05 r \\‘ \\
L -0.09 S
[ NS
F \“x
-0.1F N
-0.1 -0.11F NS
I E AN
-0.12F St
0 05 1 0.1 0.2 0.3 0.4
X X

Figure 3: Convergence toward the homogenized solution for experimental h* with ¢ = 8.1072,
4.1072,2.1072, 10~2: cross-section at y = 0.5 (left), and close-up (right).
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Effects of the boundary conditions for the oscillating functions Imposing Dirichlet
boundary conditions for the oscillating functions on each element K is a convenient, albeit
arbitrary, choice. As a matter of fact it is one of the main problems of the method. Since the
oscillating function w*"(x) is equal to the identity z on all boundary nodes on 0K, see (22),
it can not oscillate on theses boundaries. Therefore our multiscale method cannot mimic the
oscillating properties of the true solution locally on the boundaries of the coarse mesh cells K.
This effect is easily seen when we consider cross-sections of the solution along the sides of the
elements of the coarse mesh (see figure 4).

- Cross sections along the side of the elements}ﬁ?
-0.046 ; rrrrrr PLFEM | E
0 P2-MSFEM F
P1-FEM reference
<-0.048
o
I>I:
g s % -0.05
| o) E
> -0.052
0.1 ;
-0.054 ¢
L. n n n n n n n n n n n n n n
5 o5 1 0.09 0.095 0.1 0.105

Figure 4: Cross-section (left) and close-up (right) at y = 0.4 of the reference and multiscale
solutions: ¢ = 1072, h* = 1/5.

On the other hand, the oscillating behavior of the solution is well captured inside the coarse
mesh elements where the oscillations of the oscillating function w®" (z) are fully developed. The
cross-sections of figure 5 show a very good approximation of the solution.

0 T T T
-0.08 j -
o
L0085 ]
& 005 © [
T =} i
¥ < -009F J
g ) r
o3
=) L
01 =0.095 .
OLE e 1
0 o5 1 018 019 02 021 022 023 024
X X

Figure 5: Cross section (left) and close-up (right) at y = 0.5 of the reference and multiscale
solutions: ¢ = 1072, h* = 1/5.

Very often in the literature, comparisons are made only on the value of the unknown € and
not on the values of its partial derivatives. In the periodic setting, the asymptotic expansion
(2) shows that this comparison is too naive and simple because the corrector term is of order €
which is precisely small. A good comparison just implies that the homogenized solution is well
captured. On the other hand, the gradient asymptotic expansion (3) shows that the corrector
term is of order 1 for the partial derivatives. Thus, a good comparison of the gradient implies
that, not only the homogenized solution is well captured, but also the local fluctuations due
to the corrector term. It is therefore very important, in the periodic setting at least, to make
precise comparisons for the gradient field gradu® or the flux A°gradu®. This is done on figures 6
and 7 where we see a remarkably good agreement, except at those nodes located at the coarse
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cell boundaries. As already explained, this last effect is due to the applied affine boundary
conditions for the oscillating functions w®". Indeed, the overshoots and undershoots on figures
6 and 7 take place precisely at the interface between two coarse mesh elements.

DUeps/Dx(x,y=0.5)
DUeps/Dx(x,y=0.5)

Figure 6: Cross-section (left) and close-up (right) of the partial derivative OU¢/dz at y = 0.5 of
the reference and multiscale solutions: ¢ = 1072, h* = 1/5. Here, H stands for the homogenized
solution.

02 - 4

DUeps/Dy(x,y=0.5)
#

o1l ]
o2f E

03 =

Figure 7: Cross-section of the partial derivative dU¢/0y at y = 0.5 of the reference and
multiscale solutions: ¢ = 1072, h* = 1/5.

5.2 Two-phase composite material

Our multiscale finite element method is not designed for periodic homogenization but rather
for general numerical homogenization when no explicit asymptotic expansion of the solution
is known. As a model problem we consider the study of the conductivity properties (or anti-
plane elasticity properties) of a two-phase composite material made of spherical inclusions
in a background matrix. Both phases are isotropic with a high conductivity a¢(x) = 100
in the inclusions and a lower one a®(z) = 1 in the matrix. The inclusions are randomly
distributed in the computational domain Q = (0,1)2. On purpose we choose a large number
of 10% inclusions so that a direct computation is out of reach with a standard finite element
method. This numerical experiment corresponds to a minimum distance between two inclusions
of e = 8 %+ 107* and a particle diameter of /2.

The right hand side of the elliptic boundary value problem is equal to zero and the solution
satisfies mixed boundary conditions :

e Dirichlet ones on the sides denoted by I'g (u. = 0 on lower side and u = 1 on the upper
one),
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@

Figure 8: (a) The coarse mesh of Q = (0,1)2, (b) Close-up on the inclusions: h = 1/33 and
K = h/500.

e Homogeneous Neumann ones take place on the left and right sides denoted by I'y
(a*grad u® -n = 0 where n is the normal unit vector to 0Q).

Figure 8 shows the approximated Po-MSFEM solution u° into a coarse element. It varies
almost linearly as the homogenized solution. As noticed before, a much more interesting
numerical result is the profile of the flux field a®grad u®.

Figure 9: (a) The coarse mesh, (b) Flux density i.e. ||a® grad u®||g2 in an element of the coarse
mesh and (c) a close-up.

As already explained, the affine boundary conditions for the oscillating functions breaks
their necessary oscillating character on the coarse cell boundaries. This generates localized
large errors for the gradient at those boundaries (see figures 6 and 7). In the present case, since
the conductivity jumps between the two phases, the errors are unacceptably large. Therefore,
in order to circumvent this difficulty, we implemented another kind of boundary conditions
which gives a better approximation. Following an idea of [11] we solve 1-d elliptic problems on
each line line segment of 0K and these 1-d solutions are used as boundary conditions for the
oscillating functions w®". The boundary conditions for those 1-d problems are of Dirichlet type:
the nodal values at the corners of K must be equal to z. In numerical practice, we approximate
the value of the oscillating functions on each side of 0K by piecewise linear functions. The
inclusions which intersect the sides of this element generate a partition composed of segments.
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If s denotes the curvilinear coordinate on the coarse element boundary, on each segment we take
wf’K = ps + qon 0K where p and ¢ are constants. At the ends of two contiguous segments, we
write the conditions of continuity of the functions and of the tangential derivatives (i.e. along
the boundary of the element). This last condition is true only if the normal unit vector to 0K
coincide with the unit vector supported by the side of the element.

05

AL
T »W‘ W A vvbu
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e
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—

DU_eps/Dx(x=0.5,y)

-1

0.49 0.495 05 0.505 051 0515 049 0.495 05 0.505 051 0515
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Figure 10: Close-up of the cross-sections of the partial derivatives QU /0z(x = 0.5,y) and
oU¢ /0y(x = 0.5, y) of the multiscale solution : ¢ = 8 x 1074 h* = 1/33.

This modification of the boundary conditions for the oscillating functions w®” greatly
improves the precision of the multiscale finite element method at the interface betweens two
coarse mesh cells. For example, figure 9 displays the norm of the flux vector. At a very small
scale, one can clearly see the diffusion channels between close inclusions. This proves that our
method is able to reproduce the fine details of the local fluctuations.
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