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Abstract

Elliptic homogenization problems in a domain Q C R? with n 4 1 separated
scales are reduced to elliptic one-scale problems in dimension (n+1)d. These
one-scale problems are discretized by a sparse tensor product finite element
method (FEM). We prove that this sparse FEM has accuracy, work and
memory requirement comparable to standard FEM for single scale problems
in ) while it gives numerical approximations of the correct homogenized
limit as well as of all first order correctors, throughout the physical domain
with performance independent of the physical problem’s scale parameters.
Numerical examples for model diffusion problems with two and three scales
confirm our results.
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1 Introduction

The numerical solution of problems with multiple scales has attracted increasing
attention in recent years. Roughly speaking, we are dealing with problems
where significant physical phenomena occur on length scales which differ by
several orders of magnitude so that their complete resolution within a single
numerical simulation is either impossible or extremely costly: if in a physical
domain Q C R? of unit diameter the fine scale of the solution has length e, its
resolution by e.g. a Finite Element Method (FEM) with uniform mesh requires
N > O(E_d) degrees of freedom.

Most approaches to obtain computationally tractable models for such prob-
lems are based on scale separation: the ratio between fine and coarse scales
tends to zero asymptotically. Classical homogenization uses scale separation for
a-priori scale elimination, i.e. the analytical elimination of fine scales from the
mathematical model [7, 6]. This involves the derivation of the fine scales’ effect
on the macroscopic, coarse scales of the solution and the analytic derivation of
an ‘effective’ or ‘upscaled’ homogenized model equation prior to numerical solu-
tion. Numerous mathematical tools to achieve this have been developed, start-
ing with the classical two-scale asymptotic expansion technique [5, 7, 6, 16, 24]
for linear elliptic problems in divergence form to weak and Gamma conver-
gence techniques for fully nonlinear variational problems with multiple scales
(see [17, 11, 16] and the references there). The homogenized limiting problem
on the coarse scale can be solved numerically by standard methods. Numeri-
cal solutions of homogenized models do not allow directly to extract fine scale
information on the physical solution. This is only possible if additional ‘correc-
tor’ problems which are again of multiscale type are solved numerically. Their
numerical solution requires full resolution of the fine scales and is as complex
as the direct solution of the original problem.

One approach to avoid analytical homogenization is the direct FEM simu-
lation of the multiscale problem with a coarse mesh and to numerically probe
the fine scales of the data only in the set up of the element stiffness matrices.
If scales are separated and only solution behaviour on coarse scales is of inter-
est, this is achieved by the so-called Hierarchical Multiscale Methods proposed
recently in [12]. For elliptic homogenization problems, these methods use a dis-
cretization with N << O(e~¢) “macro” degrees of freedom, say, on the coarse
scale. “Probing” the fine scales in the FEM amounts to the numerical solution
of one elliptic “cell” problem for each macro degree of freedom. This is done
again by a suitable FE discretization of these cell problems. Sufficiently accu-
rate numerical “micro” (i.e. cell) solves then require again work algebraic in N
per cell. This gives an overall superlinear (in N) complexity of this approach.

If scale resolution is required, one can incorporate the solution’s fine scale
behaviour into the trial spaces of a coarse scale FEM, as proposed for example
in [14]. Here, problem adapted shape functions which incorporate the solution’s
fine scale behaviour must be precomputed. This allows for parallelization, but
still has complexity equal to that of a full scale resolution computation. An
error analysis is available for example in [14] for periodic two-scale problems —
its extension to diffusion problems with multiple scales remains yet to be done.

In the present paper, we propose and analyze an approach to the numerical
solution of elliptic multiple scale problems that is of log-linear complexity in N,
the number of degrees of freedom in the discretization with respect to the “slow”
variable and which converges robustly in H!(2), i.e. the rate of convergence
is independent of . It is based on sparse FE discretization of an “unfolded”,
high-dimensional limit problem derived e.g. in [1, 2] or, more recently, in [9]. As
above, derivation of this limiting problem requires scale separation in the phys-
ical problem. Contrary to analytical homogenization, however, this approach,



proposed first in [20], does not require the a-priori determination coefficients for
the homogenized macroscopic problem. Like the homogenized limiting problem,
the high-dimensional limit of [1, 2] is independent of the scale parameters, and
gives the correct homogenized solution. Moreover, this limit problem provides,
to leading order, the physical solution’s oscillations in {2 on all scales. Due to
the ellipticity of the limit problem, its FE solution is, in principle, straightfor-
ward, except for its high dimension: if the physical problem in Q C R? has
n + 1 length scales, the limit problem is elliptic and independent of the scale
parameters, but posed on a tensorized domain in R("*D?  Therefore, it can in
principle be solved robustly with a tensor product FEM in R(™*t14: in practice,
however, this is unrealistic due to the high complexity of FEM in dimension
> 3.

As we show, this can be avoided by the use of so-called sparse tensor products
of FE-spaces also known in approximation theory as hyperbolic cross approxima-
tions. Such spaces were introduced into the FEM, after earlier work in numerical
integration [23] and approximation theory [25], by Zenger in [26].

Apart from a new approach to the numerical solution of elliptic multiscale
problems in divergence form, solving the high-dimensional limit problem nu-
merically is sometimes the only possible approach. For example, in the double
porosity problem considered in [4], a simple effective equation in R? cannot be
deduced and the limit problem must be formulated in R®. This limit problem
was numerically solved by T. Arbogast in [3]. There, equations depending on x
and y in R? and the time variable ¢ are solved first as equations for y by fixing
the macro variable z € R® and then as equations for x. The high cost of this
approach was handled in [3] by massively parallel solution techniques, since, like
in the hierarchical multiscale methods, for each macroscropic degree of freedom,
a microscopic solution must be computed.

Using here sparse tensor products of standard FE spaces in each variable
gives, to leading order, a description of the solution’s fine scales: interpreting
e.g. a 2-scale solution u(z,z/e) as a map from the slow variable z € ) into the
microscopic, or fast, variable y = x/e € Y, sparse tensor product Finite Ele-
ments resolve the z and y dependence of u(x,y) throughout Q x Y and acount
for all scale interactions. As is well known from the approximation theory of
sparse tensor product spaces, this strategy is only successful if u(z, y) is, as map
Q =Y from the slow into the fast scale, sufficiently smooth (see also [18]). We
show here (for scale-separated problems with any finite number of scales) that
for the high-dimensional one-scale problems arising in homogenization, this reg-
ularity holds. A wavelet based preconditioner then implies numerical solvability
in (memory and CPU) complexity comparable to that of fast elliptic one-scale
solvers in R? and independent of the scale parameters (wavelet preconditioning
could be replaced by use of a hierarchical basis and a multilevel preconditioner
as e.g. in [15]).

We consider here only linear, scalar elliptic problems in divergence form
and assume full elliptic regularity; the idea of a numerically sparse full scale
resolution, however, is applicable to elliptic systems, problems with corners (see
[21] for sparse tensor product spaces of FEM with mesh refinement) — this shall
be dealt with elsewhere.

Throughout the paper, we employ standard notations: by H*(Q2) we denote
the space of generalized functions on €2 whose derivatives of orders from 0 to
k belong to L%(Q); H;;E (Y) denotes the subspace of functions in HF _(R%) that

loc
are periodic with respect to the unit cell Y, and C%E (Y) denotes the space of
Y -periodic C! functions.

The outline of the paper is as follows. In the next Section we state the elliptic
multiscale problem and we introduce the high dimensional limit equation, based

on notations and results on multiscale convergence from Allaire and Briane



[2]. In Section 3, we define the hierarchic FE spaces in Subsection 3.1 and
introduce the tensor product FEM in Subsection 3.2. We prove that sparse
tensor product FEM can achieve convergence rates comparable to that of the full
tensor product FEM with a number IV of degrees of freedom that equals that of a
one-scale FEM in R?, under the assumption of a certain multiscale regularity. In
Section 4 we prove that this multiscale regularity (which is necessary to obtain
optimal convergence rates with the reduced number of degrees of freedom of
the sparse FEM) typically holds for the multiscale limit equations, under mild
smoothness assumptions on the coefficients and on the domain. In Section 5,
we address the implementation of the sparse FEM. Due to the structure of
the basis, the stiffness matrix of the sparse FEM is rather densely populated
and its explicit formation and storage would require O(N?) memory. We show
how to generate this matrix in a factored form that requires essentially! O(NV)
memory and that allows to realize a matrix-vector multiplication in essentially
O(N) operations. Accordingly, the linear systems for the high dimensional limit
problem are solved iteratively, e.g. by cg or GMRES; we present a preconditioner
that gives uniformly bounded condition numbers and a solution algorithm for
the multidimensional problem of log-linear complexity. In Section 6 we report
simple numerical experiments confirming our theory.

2 Homogenization problem

We formulate the elliptic homogenization problem with n + 1 scales and state
the limiting problem as well as an error estimate between the solution of the
limiting problem and the solution of the physical problem.

2.1 Problem formulation
Let © c R? be a bounded domain and let
Az, y1,- .-, yn) € L(Q, C(R"d))dXd

be a matrix function depending on n 4 1 variables taking values in the space
RIXd: A is assumed periodic with respect to y; with period Y = [0,1]¢ for

sym>?
eachi =1,...,n (a different cell Y; on each scale would not cause any

difficulties). We assume that A is bounded and uniformly positive definite, i.e
there is a constant v > 0 such that for all £ € R?

Y€? < €T A, g1, e yn)E < ATHEP, (1)

forallz € Qandy; € Y,i=1,...,n. For a scale parameter € > 0 we consider
the Dirichlet problem

—divA*Vu® = f inQ, u°=0on 0, (2)

with f € L2(2). The d x d matrix A% is assumed to depend on ¢ with multiple
scales in the following sense: there are n positive functions €1,..., &, of ¢ that
converge to 0 when € — 0 and are scale separated in the sense that

lim 5i+1/5i =0 (3)
e—0

foralli=1,...,n—1 and for all x € Q

AE(x):A(x,i,...,i).

€1 En

IThroughout, “essentially” means up to powers of log N or of logh which will be made
precise in the proofs



When n =1 we have the classical two-scale homogenization problem

—divA <x, g) Vu® = f, (4)

which is dealt with thoroughly in the book by Bensoussan, Lions and Papani-
colaou [7]. The purpose of homogenization is to study the limit of u® when &
converges to 0 and to get an asymptotic expansion of u® with respect to €. The
original procedure presented in [7] is to perform a formal multiscale (two-scale
for the problem (4)) asymptotic expansion and then to justify the convergence
using the energy method due to L. Tartar [24]. This method has been widely
used for many homogenization problems involving two scales but for multiple
scales it can only solve a very narrow class of problems and becomes very compli-
cated (see [2] for details). The two steps, performing the asymptotic expansion
and using the energy method, can be incorporated into one single and quite ele-
gant method of two-scale convergence (for two-scale problems) originally due to
Nguetseng [19] and developed further by Allaire [1] and generalized to multiscale
convergence by Allaire and Briane [2]. The multidimensional limiting equation
derived in [2] contains, to leading order, complete information on the physical
solution’s oscillations on all length scales. We remark that recently Cioranescu
et al. [9] introduced the notion of unfolding homogenization that can also be
used to deduce the limiting equation and corrector results.

We review next some known results on this limiting equation for which we
develop below an efficient FEM.

2.2 High-dimensional Limit Problem

A key ingredient of homogenization of elliptic problems with multiple scales is
the notion of multiscale convergence. We present the definition here, based on
Allaire and Briane [2]. To this end, by Y1,...,Y,, we denote n unit cells for
the n fast scales, and by Cx (Y7 x ... x Y,) the space of continuous functions
&(y1,...,Yn), which are Y}, periodic with respect to yx for k = 1,...,n. For
simplicity of notation only, we assume here Y; =Y = (0,1)%, j = 1,....n.

Definition 2.1 (/2] Definition 2.3) A sequence {u¢}. C L*(Q) (n + 1)—scale
converges to uo(T,y1,...,yn) € L2(QAx Yy x ... Y,) if

lim usd)(x,i,...,—)dx =
e—0

Q €1 En
/ / / uo(xvyla"'7yn)¢(x7y17"'7yn)dxdyl-'-dyn7
QJY: Y,

for any function ¢ € L?(Q,Cx(Y1 X ... x Yy,)).
The relevance of this definition lies in the following compactness result.

Theorem 2.1 (/2] Theorem 2.5) Under the assumption (3) of scale separation,
from each bounded sequence in L*()) we can extract a subsequence which (n +
1)—scale converges, as € — 0, to a function ug € L*(Q x Y1 x ... X Yy).

For the variational formulation of the n + 1-scale limit, we define the space
V= {(¢a {¢z}) : ¢ € HOI(Q)7¢1 € LQ(Qxyl X XY;—lquléé(le)/R)?Z =1, an}
endowed with the norm

1@ AD DIl = 1Vl 2() + D I Vyitill L2(@xvix..xvi) (5)
i=1

for (¢, ¢1,...,¢;) € V. Then for the problem (2) we have the following result.



Theorem 2.2 The solution u® of the problem (2) converges weakly to a function
w in H}(Q) and the gradient Vu® (n+ 1)—scale converges to the limit

n
+ Zvyiuk(xvylv e 7yi)a

where (u,u1,...,u,) is the unique solution in the space V of the variational
pmblem

u, {ui}; &, {:})
//Y / <vzu+§vyiui>.<vz¢+évyi@)dmdw...dyg@)

:LﬁMrW¢WMGV

The bilinear form B is continuous and coercive in V: there are c1,co > 0
independent of € such that

V(o {di}) € Vi B, {di}; 6, {d:}) > eilll(@, {: DI, (7)
V(u, {ui}), (v,{vi}) € Vo Blu, {ui}; v, {vi}) < eall[(w, {us)I[[-[[[ (v, {wi P[] (8)
For a proof, we refer to ([2] Theorem 2.11, equation (2.9)).

Remark 2.1 The limit problem (6) is independent of the scale parameter e,
and formulated in terms of the coefficient A of the physical problem (2). We
can also deduce a limiting equation for u(x) only and express u; in terms of u
and of the solutions of appropriate cell problems. This will be done in Section 4
ahead. For example, for a two-scale problem, n = 1 and equation (6) becomes

//Amwww+wmywm+wmmmﬁjij (9)
QJY Q

for all ¢ € Hj(Q) and ¢1 € L*(Q, Hy(Y)/R). This limit problem is derived in
(1.

Next we mention a corrector result to illustrate how u® can be approximated
in the physical domain €2 in terms of ug, u1, ..., Up.
Theorem 2.3 (/2] Theorem 2.14) Assume that the solution (u,us,...,un) of
problem (6) is sufficiently smooth, say u € C*(Q) and u; € C*(Q, CL (Y1 x
Y:)) for alli=1,...,n. Then, ase — 0,

X
+Z€1u1< ,...,Ei)]ao

strongly in H*(S2).

Remark 2.2 If the data A,Q, f are smooth then the functions u, u; are all
smooth. We can also pass to the limit for certain classes of nonsmooth matrices
A. This leads to lower regularity of u; but nevertheless a corrector can always
be found using the ‘inverse unfolding operator’ due to Cioranescu et al. [9].
Details about which matrices A are “admissible” may be found in [2] and [9].

3 Finite Element Discretization

We present FE discretizations of the limit problem (6). Since this problem is
elliptic and posed in the product domain Q2x Y7 X...xY,,, it is natural to discretize
(6) with tensor product finite elements. We treat the full tensor product and
the sparse tensor product space separately to highlight their differences. Error
estimates follow then straightforwardly from approximation properties of FE
spaces in 2 and in the unit cells Yj.



3.1 Hierarchic FE spaces

For the construction of the sparse tensor product FE spaces in Q2 x Y] x ... x Y,
we require hierarchic sequences of FE spaces in the component domains. We
sketch exemplarily two constructions of such subspace sequences. Consider a
sequence {V'}£° of subspaces of H!(2) and a sequence {V#}j’io of subspaces
of H}(Y) such that V! ¢ V*1 and V. € V! for all 1 = 0,1,.... Assuming
that €2 is a bounded Lipschitz polyhedron with plane sides, we divide ) into
simplices (triangles in dimension d = 2 and tetrahedra in dimension d = 3). For
each [ each element of V! restricted to each of these simplices is a polynomial.
Similarly Y is divided to simplices; and each element of V# restricted to each
of these simplices is a polynomial. We consider the following cases:

Example 3.1 (h-FEM) Let {T'}7°, be a nested sequence of regular simplices
of Q: Q is divided into a regular family 7° = {7} of simplices; then we define
T recursively by dividing each simplex in 7'~! into 4 congruent triangles for
d = 2 and 8 congruent tedrahedra for d = 3. The nested sequence {’7;;}?20 of
regular simplices distributed periodically in Y is defined similarly. For p > 1
a polynomial degree, and [ > 0 a refinement level, we define the finite element

spaces
Vi={uec H(Q): u|lx € P,(K) VK € T'},

Vi ={ue Hy(Y): ulx € Pp(K) VK € T}},
Vi={ue H} Q) :ulx € Pp(K) VK € T}

where P, (K') denotes the set of polynomials of total degree at most p in K.
For these spaces, we recall the approximation properties. Let h; = O(27%)
denote the meshwidth. Then, for all ¢ > 0 we have (e.g. [8])

o flu— ol (@) < ehy™ " ull s ). (10)
nf = vl 2y < e full e o), (11)
for all u € H**1(Q) and
inf [|u— vl vy < AP ul e vy, (12)
UEV#
inf [lu— vl 2y < e O e ). (13)
EV#

for all u € H;Zrl(Y). Here, ¢ = c(t, p).

Example 3.2 (p-FEM) Let ? and Y be divided into simplices 7 and a set
of periodically distributed simplices 7Ty, respectively. Let p = 1,2,... be the
polynomial degree. We define

VP ={uec H (Q): u|lx € P,(K) VK € T},
Vﬁ Z{UEH#(Y): ulg € Pp(K) VK € Ty},

Ve ={u€ Hy(Q): ulx € Pp(K) VK € T}.

Then we also have similar approximation properties as in (10), (11), (12) and
(13).



3.2 Tensor product FEM

To approximate w;(x,y1,...,y;) we need FE subspaces of L?(Q x Y7 x ... X
Yio1, Hy(Y;)). Since

LXQx Yy x ... x Y, Hy(V;) 2 LX(Q) @ L*(Y1) ® ... ® L*(Yi—1)o x Hy(Y;),

a natural choice of a FE space is the tensor product FE space

Vi ={(uh {uF}) u* e VFul e VEi=1,...,n} (14)
where
VE=vieVie..eVy. (15)
—_———
i times

To investigate the convergence rate of the tensor product FE spaces V. we
quantify the solution’s regularity. To describe it, we introduce the space H!
of functions w = w(z,y1,...,y;) € L2(Q x Y1 x ... x Y;_1, H'T}(Y;)) that are
periodic in y; for j = 1,...,i such that w € L*(Y; x ... x Y;, H'(Q2)) and
w € L*(Q x 14 Y;, HY(Yy)) for all k = 1,...,i — 1. We equip H! with the
norm

i—1

||7~UHH§ = ||7~UHL2(Y1x...x)@,Hﬂ((z))+||wHL2(QxYIx,,,in,l,HHt(Yi))'i‘Z 1wl 22 (@x11,0Y; 2t (v2)) -
k=1

Lemma 3.1 If w € H! then

inf [lw—vl|L2xyix..x Vi1, H (V) < Ch;nm(t’p)HwHw.-
veVik i

Proof We first define the following orthogonal projections in the norm of H(Y),
L2(Y) and L?(2) respectively

Pyl HL(Y) — Vi,
PR LA(Y) — Vi,

PO L2(Q) — VL

For simplicity of notation, in the following inequalities we denote by L? the
space L?(Q x Y1 x ... x Y;_1, H'(Y;)). We then have

inf [l —vlp; < llw—id® Pullss +[lid® Phw —id@ PP © Pl +
UG 6 k3 k3 k3

+

lid® PP ®...0 P @ Plw— P9 PR ®...0 Plwl:

ch"™ O[]l gy0

IN

due to the approximation properties (10) - (13) and to the boundedness of the
projection operators.[]

The finite element approximation of (u,{u;}) reads: find (u*, {ul}) € V&
such that

B(u®, {ul}; 6%, (o)) = /Q fotde v(oF, {6F}) € VE. (16)

By (7), (8), it satisfies the quasi optimal error estimate

w—u®, {u; —ulr <c inf u— ol {u; — of . 17
[11( { DI @L,{vg})ew'”( { elll (17)

We have immediately from Lemma 3.1



Proposition 3.1 If u € H?(Q) and u; € H} fori = 1,..,n, then with the full
tensor product finite element spaces in Example 1

(= b, {us — PP < chL(|u|Hz<m 0y ||ui|ﬂg) 1)

i=1

Remark 3.1 If the solution has regularity u € H**1(Q2) and u; € H! for t > 0,

11w = u"{u = uf || < ehp™ P (|“|Ht+1<m> 2 ||ui||H€)‘ (19)

i=1

Remark 3.2 For all p > 1 holds Ny, = dimV% = O(h; "V,

3.3 Sparse tensor product FEM

The full tensor product FE space is natural for the numerical solution of the lim-
iting problem (6). However, since its number of degrees of freedom is O(hz("+1)d)
its use is prohibitive in practice, especially in dimension d = 3 and for more than
two scales. In this section we develop the sparse FEM, and prove that its con-
vergence rate is essentially the same as that of the full tensor product FEM but
its number of degrees of freedom is essentially that of a one scale problem in
R<,
To do so, we define the following increment, or “detail” spaces

)

_ 1—1)0 _
Wl = (on _ pl 1)0)Vl7 qu;) _ (Pf#? . P; ) )V;éu W# _ (P” _ pt 1)1)V#;

Then

V=@ V= @ wp- @ Wi

0<i<l 0<i<l 0<i<l

The full tensor product space V;¥ defined in (15) can then be written as

Vi= @ wrew’e.. ew; oW

K2
0<jp <L
k=0,1,..., i

and the corresponding sparse tensor product FE spaces are defined by
Vi= P wrewle..ewi M ewi
0<jo+...+5i<L
The sparse FE space for the approximation of (6) is then given by
VE = {(a" {af}) - a" e Vi, 4 e ViF). (20)
Using V¥, we approximate the solution (u, {u;}) of the problem (6) by: find
(af, {aF}) € VE such that
Blak, {alyi 6 (68) = [ o8 (e (68 € VP (21)
Q
By (8), we have here the quasi optimal error estimate

Il(w—a" {ui—afPlll<e infllw—¢" fu =t DI, (22)
(o8 {of })eVE

where c is independent of £ and of L.
To derive an error estimate for V¥ in terms of hr, we need suitable approx-
imation results. To state them, we denote for a positive integer ¢ by H! the



space of functions w(x,y1,...,y;) that are Y-periodic in y; for j = 1,...,7 and
that are such that for all & = (ag,..., ;) with 0 < a; <tforj=0,...,i—1
and 0 < o; < t+1 holds 91* /(9% 0%y, ...0%y;) € L2(QAx Y1 x...xY;). We
equip H! with the norm

olel
||7~UH7Q§ - OS<;St+1 ”30‘018”‘13/1...30"~'yinL2(QXY1X”'Xn).

0<a;<t (0<j<i-1)
The definition for non integer ¢ is as usual by interpolation.

Lemma 3.2 Ifw € H! then

inf fw— vz < e(L+ 17RO w|ly,
’UG‘/iL 7 7

where we denote, as in Lemma 3.1, by L? the space L*(QxY1x...xY;_1, H (Y;)).

Proof We define the sparse interpolant w” of w by

’UA]L _ Z (Pjo_Pj0—1)®(P%;10_P:,(%j171)0)®.-.®(P%ZZ—1O_Pgi—1*1)0)®(P#1_

0<jo+...+74: <L

where P~1 = P;g&_l)o = P;g&_l)l = 0. Then we have

R . . il ji—1)1
o=, = I X (PP -Prhe. e Pyt - P
Jot...+ji>L+1
< S PR - PR Y. e (PR - PP w2,

Jo+...+ji=L+1
< ¢ Z (hjofl'"hji71)2min(t’p)||w”§:[§
Jo+...+ji=L+1
< C4imin(t,P) Z 2_2(j0+m+ji)min(t’p)||w||2At
. HE
JotHji>L+1 ;
< L+ 1)i2_2Lmin(t7p)||w”§:ﬁ_
i

Note that h; = c27!; we set h_; = 1. The last inequality is proved as follows:

Z 9—2(jo+..+j4s) min(t,p) _ Z 9—2(jo+--+ji—1) min(¢,p) Z

Jjo+...+ji>L+1 Jos-sJi—12>0 Ji Z2max(L+1—

Pgiil)l)w,

o—2ji min(t,p)

(Go+---+3i—1),0)

- ST g me(( itk minten)

1 — 2—2min(¢,p)
JoyesJi—120

1 — min
= T Z 9—2(L+1) min(t,p) |
jo+...+ji—1<L+1

1 . . .

9—2(jo+-.-+ji—1) min(¢,p)
_ 9—2min(t,p) Z

1-2 Jot...+ji—1>2L+1

- (L+ 1)1’2—2(L+1)min(t,p) 1 Z

— 1 — 2—2min(¢,p) + 1 — 2—2min(¢,p)
jo+...+ji—1>L+1

(L + 1)i2—2(L+1) min(t,p) (L+ 1)1'—12—2(L+1) min(t,p)

— 1 — 2—2min(¢,p) (1 922 min(t,p))? +
1 —2(jo+...+ji—2) min(¢,p)
(1 —9-2 min(t,p))? Z 2

jo+..+ji—2>L+1

<ci(L+ 1)i272(L+1)min(t,p).

9—2(jo+--+ji—1) min(¢,p)



where the constant ¢ may depend on ¢ but does not depend on L. [J
From this we have the following estimate for the error.

Proposition 3.2 If the solution (u, {u;}) of the problem (6) satisfiesu € H*(Q)
and u; € H} fori=1,...,n then

1w =%, {u; — af DIl < e(L +1)"2he (IIUHH%Q) + ||ui|ﬁ%> '

=1

Remark 3.3 If u, {u;} possess higher regularity i.e. u € H**(Q) and u; € 7:[5

then we will have hrL“in(t’p ) in place of hy in the previous estimate.

Remark 3.4 The number of degrees of freedom of the spaces V! and V# are
O(h{) = O(2') so the numbers of degrees of freedom of W, Wif and W# are
O(2'1). The number of combinations (jo, ..., j;) such that jo + ...+ j; < L is
O(L"). From this we deduce that the number of degrees of freedom of the sparse
FE space VE is O(2L") = O(h; % loghr|™) which equals, up to logarithmic
terms, the number of degrees of freedom for the one-scale problem when n = 0.

3.4 Convergence in physical variables for two scales

We estimate the error between the solution u€ of the physical problem (2) in
terms of the FE approximations of the limit problem (6). We base this on an
explicit error estimate between u® and the correctors for the two scale case (i.e.
n = 1). To this end, we recall

Proposition 3.3 Assume that A(x,y) € C=(Q,C¥(Y))%<e and that the ho-

sym

mogenized solution u(z) belongs to H?(Q). Then
x
[|u® = (u(z) + euq (x, E))”Hl(ﬂ) < Cel/2. (23)
The constant C' is independent of € but depends on u and u;.

Remark 3.5 This two-scale result is well known. Most of the existing literature
([7, 16]) presents error estimates for the case where A depends only on y. Section
1.4 of [16] presents a concise proof under the assumption that the coefficients
are smooth, the homogenized solution v is in C?(f2) and the correctors wy, are
in W1°°(Y') (this will be shown in the next section). The error estimate for the
case where A also depends on x can be shown simply by following this proof
line by line. We need A to depend on z in a smooth manner. A close look
at the proof of [16] shows that once the coefficients are assumed to be smooth,
it is enough to consider u € H?(Q) as in Chapter 1 of [7]; this holds as long
as f € L?(Q2) and Q is a convex polyhedron. However for Theorems 3.1 and
3.2 we will need sufficient smoothness of the function u(x) so we will assume
f to be smooth. The smoothness conditions imposed in this section can be
reduced (with a consequence that the estimates we obtain may be weaker) but
for simplicity we do not present this here. The order of convergence in L?(Q) is
O(e).

An error estimate like (23) for more than two scales is still to be established;
since this is not the main focus of this paper, we confine ourselves in this section
to the two scale case.

The norms of the FE solutions u and 4% can be unbounded in C%1 (2, W1°(Y))
when the mesh size h;, — 0, so an estimate of the form (23) in terms of these
functions is not possible in general. We therefore “postprocess” the FE approx-
imation of w; using the “folding” operator U introduced in [9].
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Definition 3.1 For ® € L'(Q x Y) we define

e — z z
u (@)(w)—/y@(e[e} +€z,{€}>dz

where [x/e] denotes the “integer” part of x/e with respect to Y and where
{z/e} :=x/e — [x/e].
We have the following properties of ¢ from [9]:
Lemma 3.3 For ® € L}(Q xY),

/L{E(@)(z)d:r:/ O(x,y)dxdy.

Q QxY

Proof Let I be a subset of Z¢ such that Q C |J
function ® by 0 outside €2. Then

N CERTRE)E o i IR L

:st/ / <I>(€m+sz,y)dzdy:/ O(x,y)dzdy. O
v Jy Qxy

mel

mer€(m +Y) and extend the

Lemma 3.4 If ® € C'(Q,C4(Y)) then there is C(®) such that
/ |D(x, g) — U (®)(x)]?dr < Ce®  holds for 0<e<1.
Q

Proof Since ® € C1(Q,Cx(Y)) we have for all z € Q and z € Y

ofe2) -o(e[z] =) <

where C' depends on ®. Then

][ (0 5 =0 (e[Z] 22 2))aspar < 2.

We can now prove an estimate between the physical solution u and the “folded”
FE solution of the multidimensional limit problem.

Theorem 3.1 Assume that A(z,y) and f are smooth and Q is a convex poly-
hedron. With the full tensor product of the FE spaces in Example 1 with degree
p =1, we have the asymptotic error estimate

[Vous(z) — [Vou (2) + U (Vyul) (2)] |20 < (V2 + hy). (24)

Proof Since A and f are smooth and Q is convex, u(z) and u(z,y) are
smooth (see the next section). From Lemma 3.4 and (23) we have

1V.00% () — V() — U () (@) |2y < e/
For all the function ® € L?(Q x Y) we have
(U (@)(2))* <U(2°) ().
From Lemma 3.3 we have then
4= (Vyur) (@) = U (Vyui) (@) | 2 () < 1Vyua (e, y) = Vur (2,9)] 2@xy) < chi.

The result then follows. [J
One main result of the paper is that for the sparse FE space we have a
completely analogous error estimate:

11



Theorem 3.2 Assume that A and [ are smooth and that the homogenized so-
lution u(x) belongs to H*(Y). Then with the sparse tensor product FE space
from Example 1 it holds

IVous(2) — [Vat (@) + U (Vyir)(@)] l2) < e(e'/? + LY?hg).  (25)

The proof is analogous to that of Theorem 3.1 if we use that the solution (u, {u;})
has H2(Q), H}-regularity. Sufficient conditions for this will be given in the next
section.

Remark 3.6 Theorem 3.2 was stated only for elements of degree p = 1. Under
suitably strong regularity assumptions for the limiting problem (6), e.g. u €
HPTY(Q), we get for p > 1 the asymptotic error bound

19,5 () — [Va () + US(Vy00)@)] 22y < ol + LV/2RE).

Remark 3.7 The proofs of Theorems 3.1 and 3.2 are based on the asymptotic
regularity (23) of the exact solution; use of (23) is the source of the term £'/2 in
the error bounds (24) and (25). With a more refined two-scale regularity theory
which is not based on formal asymptotics (as e.g. in [18] for A = A(y)), this
term can likely be avoided.

3.5 Convergence in physical variables for multiple scales

For problems with more than two scales, an error estimate in the form (23)
appears not to be available so we can not obtain an error bound which is explicit
in € like (24) or (25). However we can construct a numerical corrector for the
case where €;/e;41 is an integer for all i = 1,...,n—1 and establish convergence
in H'(Q). Generalizing the notation of [9], we define:

Definition 3.2 The “unfolding” TF: L' () — L'(Q x Yy x ... xY,) of a
function ¢ at the scales €1, ...,&, is defined as

T (@) (@91, Yn) = ¢(61 [;} +52[ U } +...+sn[ﬂ} +€nyn)

1 £2/e1 En/En—1
where ¢ is extended by zero outside ).

It is easy to see that

sta= [ [ )] T dpde o)
Q Qe1 y152/51 Y:fiin—l Y,

where Q¢ is the 2e; neighbourhood of Q and Yf”l/ai is the 2¢;41/2; neigh-
bourhood of Y;. As in [9], one can show that, as e — 0, for the solution u® of
the multiscale problem (2) with the scale separation (3), it holds

T (Vu') = Vou+ Vyur +...+ Vy u, inL2(QxY;x...xY,). (27)

We next define the operator U which “folds” a function ® of several separated
scales.

Definition 3.3 Assume (3). For ® € L*(Q x Y1 x ... x Y,,) define

@) = [ [ o(a[ 2] an Z[E{E] ¢ Ra, (22
Y, Y, €1 €1 leg leg €1 En—1L €p
T
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With the folding operator U we can state a multiscale analog to (23) which
shows that the functions w1, ..., u, in (27) describe, to leading order, oscillations
of the sequence {uc} as it approaches its weak limit u(z).

Lemma 3.5 For the multiscale problem (2) with scale separation (3) holds
gi_% Vu® — U (Vaou + Vi ur + ..o+ Vo un)l 220y = 0.

Proof Consider

// / TEANTE(Vau') = (Vau+ Vyur + ...+ Vy, up)).
Y1
(T<( V u) = (Vou+ Vyur + ... 4+ Vy, upn))dy, . .. dyidz.

Using (2), (6), (26) and (27) it is easy to see that this expression converges to 0
when £ — 0 so the convergence (27) is indeed strong. A similar argument as in
the proof of Lemma 3.3 shows that for all functions ® € L'(Q2 x Y3 x ... x Y,,)

holds
/ug(@)(:c)dx://Yl.../ By, . dyrda.

Furthermore, for all functions ® € L?(Q x Y7 x . Y,) we have

/|Uf;(<1> |2dac</1/{‘E (®?)( // / ®2dy,, . .. dy,du.
Q Y1

From this we deduce, as ¢ — 0, that

U5, (T2 (Vu©)) = Up (Vo + Vyur + .o+ Vy, un)l 20
S ||7;€(Vzu€) — (Vzu + ...+ vyn’un)”LZ(QXlemen) — 0.

The conclusion follows as UZ (T,5(®)) = @ for all functions ®(x). O

Remark 3.8 When the solution (u,u1,...,u,) is smooth, this result can be
inferred from the corrector result in Theorem 2.3.

From these facts, we have the following convergence result for the “folded”
tensor product finite element solutions. As the corrector result Lemma 3.5 does
not give a rate in €, we abandon also the FE convergence rates in the next results.
They hold without any additional regularity assumptions on the solutions of the
limiting problem (6).

Theorem 3.3 For the multiscale problem (2), with the full tensor product FE
approzimation in Example 1 of the limit problem (6), we have

l{% IVou (z) = U (Vou® + Vi up + ...+ Vy, uy )z =0. (28)

L—oo

Proof As the FE spaces are dense in V, we find from (17)
[US (Vo ...+ Vy,un) —US(Vour + .. 4+ Vy ul)| 20
<I(Vau+ .o+ Vy un) — (Veul + .+ V, ub)]|| = 0(1) as L — oo,

so from Lemma 3.5 we get the conclusion. [

Since VAL/ "] C VnL, the sequence of sparse tensor product FE spaces is, as
L — o0, also dense in V. Hence, the same argument as before establishes also

Theorem 3.4 For the multiscale problem (2), with the sparse tensor product
FE approzimation of the high dimensional limit problem (6), we have

lim [|Vous (@) = Uy (Vo + Vi, af + .+ Vi, i) 2@ = 0. (29)

L— o0
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4 Multiscale Regularity

From Proposition 3.2 and Theorem 3.2 we see that it is possible to approximate
the solution of the high dimensional limit problem (6) at an essentially optimal
convergence rate, provided that the functions u; exhibit joint regularity in each
fast variable y, i.e. u; € 7:Lf . In this section we show that this regularity for
(u, {u;}) typically holds under mild regularity conditions on the coefficients A.

Theorem 4.1 Assume that A(x,y1,.-.,yn) € COH(Q, ngl(Yl, . ngl(Yn) )
i.e A is Lipschitz with respect to each x,y1,...,Yn, and is symmetric. Assume
Q has a smooth boundary and f = f(z) € L*(Q). Then the solution (u,{u;}) of
the limit problem (6) satisfies u € H*(Q2) and u; € 7:111 foreachi=1,... n.

Proof From (6) we have that

" = w (@+8u1+ +8un_1)
KA P OY(n—1)1

(the repeated index [ indicates summation from 1 to d) where w,; € L*(Q x
Y1 X ... xY,_q, H;E(Yn)) is the solution of the variational problem

/ / .. / Ale; + Vy, wn1).Vy, dndedy: .. .dy, =0
oy, Y,

for ¢, € D(Qx Yy x...xY,) where ¢ is the [ unit vector in RZ. Substituting
this form of u,, back into (6) we have

n—1

/ / .. / AT+ Vy, wn)(Vau + Z Vi tk). Vo,  dn_1dzdyr ... dyn—1 =0
QJv; Yy, =
where w,, denotes the vector (wp1,...,wsq) and I is the unit matrix. Then
(6u N Ouy I OUp—_a )
Up—1 = W(p_ —_— 4=
! (=D Bz Oy OY(n—2)1

where w(,,_1y; € L2 x Y] X ... X Yy, o, H%E(Yn,l)) is the solution of the vari-
ational problem

/ / e / Anfl(el + vynflw(n—l)l)'vyn—ld)nfldajdyl cee dynfl =0,
QJY; Yn_1
where

Ap_q = / A(I 4V, wy)dyn :/ AT 4+ Vy, wp).(I +Vy, wn)dyn.
Y, Yn

n

With A, = A, this formula allows to define recursively A; for all i and we have

Ui = W; <%+ + aui*l >
’ K oxy ay(ifl)l

where wy € L*(Q x Y1 x ... x Y;_1, Hy (Y;)) is the solution of the problem

QJY Y

for all ¢; € D(Q x Y7 x ... xY;). The matrix A; is defined as

Ai(, Y15, yi) :/y A1 (I + Vy, wigr)-(I 4V, wigr)dyi - (31)
i1
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for i < n. Finally the effective diffusivity is
Ao(x) = / Al(I + Vylwl)(l + Vylwl)dyl
Y1

and we have the following “effective” problem for w:

/QAO(x)VmU.Vz¢=/Qf¢a

for all ¢ € D(Q2). The functions u; are then determined by
U :wi.(I—l—Vyiflwi_l)...(I—i—Vylwl)Vmu. (32)

Since the matrix Ay is Lipschitz with respect to z and the domain €2 is con-
vex, u € H?(Q). Furthermore since A; are Lipschitz with respect to =, y1, . .., ¥,
wy € COH(Q, C’ggl(Yl, ..o, HZ(Y7)...)) (see Gilbarg and Trudinger [13]). From

32) we have u; € HiO
(32) i

Remark 4.1 If the coefficient A is smooth, we solve the cell problems (30) as
parametric equation for y; in R? for many points in (z,y1,...,yi—1) € R, The
sparse FE scheme developed in the previous section is applicable to solve these
cell problems with reduced complexity.

Remark 4.2 If the coeffient A is in C*~1! with respect to each variable z, 1, . ..
and f € H'=1(Q) then u € H"1(Q) and u; € H! fori=1,...,n.

5 Implementation

The sparse tensor product FE discretization (21) of the limit problem (6) leads
to solving a linear system R
Sck =cf, (33)

where the stiffness matrix S has dimension

NL .= idf
=0

with df = dimVyF = O(h7%) and dF = dimV;> = O(hy?|log hr|*).

Due to the large support of the basis functions in the sparse tensor product
space, the matrix S is non sparse. Storing it requires memory which grows
superlinearly in the number of degrees of freedom. In order to build a solution
algorithm of log-linear complexity, we solve (33) iteratively and avoid forming
the matrix explicitly. Rather, we form the matrix out of blocks corresponding to
one-scale problems which can be written in terms of tensor products of smaller,
banded matrices. We will show that this is possible in memory and work that
grows essentially linear in the number of degrees of freedom for the one-scale
problem, df.

To simplify the exposition, we consider the case where each entry of the
matrix $ is a finite sum of terms of the form ag(z)ai(y1) . . . an(yn). Specifically,
we work with the case where A is isotropic and of the form

A=ao(x)ar1(y1) ... an(yn)l, (34)

where [ is the d x d identity matrix. Assumption (34) is used below in factoring
the stiffness matrix S to derive a linear complexity matrix vector multiplication.
If the matrix A is smooth, but not of product form, it can be approximated by
sums of products (34) and our matrix vector multiplication algorithm as well as
our complexity estimates can still be applied.
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Remark 5.1 If A is anisotropic then it is necessary to deal with each single
entry of A separately and to add up the resulting matrices S. The result for a
single entry of A is achieved when the matrix I in (34) is not the identity matrix
but has only one entry as 1 and others are zero. This can be done by a similar
procedure as the one we are going to present below. We note that if A is of the
form (34) the cell problem (30) reduces to a problem in R? without parameters
but if A is more complicated, e.g

A= (ao(z)ar(y1) - - an(yn) + bo(z)b1(y1) - - - bnlyn))L,

this is no longer the case.

To simplify the presentation, we assume in (34)
/ a;(y)dy=1 for i=1,...,n.
Y

5.1 Multilevel FE space and preconditioning

It is most convenient to use the wavelet preconditioning procedures to establish
bases for W, WQ and W# We make the

Assumption 5.1 i) For each j € No? there is a set of indices I' € No? and a
family of functions % € HY (), k € I’ such that {¢'* : |j|o <1} is a basis for
V. There are two constants 0 < c¢; < ¢y such that if 1 = megyke” wjkcjk €

V! then
12 < 2 < 2
cr Y el < NelFa@ <2 Y lewl”
l5100 < liloo <1
keIl keld

it) For each j € No? there is a set of indices Ig c No® and a family of
functions wéi € Hy(Y), k € Ij such that {1/13; dleo < 1} is a basis for
the linear space Vqé. There are two constants 0 < c3 < ¢4 such that if ¥ =

Jk 1
lelxﬁl,kelg 7/}0#Cjk €V then

s Y el <Ilapy <es Y leinl

[iloo <1 liloo <1
J J
kEIU kGIO

iii) For each j € No? there is a set of indices If C No? and a family of

functions w{:ﬁ € Hy(Y)/R, k € I such that {w{i D dloo < U} ds a base for
the linear space V#/R. There are two constants 0 < c5 < c¢g such that if

ik
Y= lelocSlJCEIj Cjkq/’{# € V#/R then

Cs Z leji? < ¥l 3y m < co Z [T

liloo <1 liloo <1
ker] kerd

We give some examples of hierarchical Finite Element wavelet bases in one
dimension that we will use later. For analogous multivariate constructions we
refer to [10].

Example 5.1 i) Consider the case = (0, 1). The hierarchical base for L?((0, 1))
can be taken as follows. At level 0, we choose three continuous, piecewise linear
functions in (0,1): ¥° takes values (1,0) at (0,1/2) and 0 in (1/2,1), % is
the hat function ¢ taking values 0,1,0 at 0,1/2,0 and % takes values (0,1) at
(1/2,1) and 0 in (0,1/2). For other level j, we consider the piecewise linear func-
tion ¢ taking values (0,-1,2,-1,0) at (0,1/2,1,3/2,2) and 0 outside (0,2), the left
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boundary piecewise linear function ' taking value (-2,2,-1,0) at (0,1/2,1,3/2)
and the right boundary piecewise linear function w8t taking value (0,-1,2,-
2) at (1/2,1,3/2,2). We choose the index set I/ = {1,2,...,27}, the function
il (x) = 279/2ef(27), the functions ¥I*(z) = 279/2(29x — k + 3/2) for
E=2,...,27 —1 and 7% = "2y — 27 + 2). These functions satisfy
Assumption 1i)

ii) For Y = (0,1), the base can be taken as the one defined in i) above
excluding the piecewise linear function ¥°! and 42 and also at other levels
we consider the left boundary functions taking values (0,2,-1,0) at (0,1/2,1,3/2)
and the right boundary function taking values (0,-1,2,0) at (1/2,1,3/2,2) (note
that the functions are now defined within an additive constant). We can also
consider the piecewise linear hat function ¢ in R taking values 0,1,0 at 0,1/2,0
and vanishing outside (0,1). The set of indices I/ = {1,2,...,27}. The wavelet
functions ¢/ () = 279/2¢(29x — i + 1) satisfy Assumption 5.1, iii).

From the norm equivalences in Assumption 1 it is obvious that the quantity
(3= 2)'/? defines an equivalent norm in L*(Q2), L*(Y) and H'(Y)/R in V',
Vqé and Vqé /R respectively. From the coercivity (7) and the continuity (8) of
the form B and the norm equivalences in Assumption 1 we have immediately a
result on multilevel preconditioning:

Proposition 5.1 The condition number of the stiffness matrix S for the sparse
grid discretization of the one-scale limit problem has uniformly bounded condi-
tion number as L — oo.

In these multilevel bases, the increment spaces can be explicitly represented

as

W= Span{y’* : [jlo =1},

W = Span{y « il = 1},

W4 =Span{u}, : |jleo =1}.
For i > 1, let j be an (i + 1) x d index matrix of rows Jos .-+, Ji and k be an
(i + 1) x d index matrix of rows ko, ...,k; where ky € I’° and k, € I}" for

v=1,...;i—1and k; € Ifl Denoting by 1k = wjokowg;fl . {%’ZZ we can
write

U = Span{y . 3" ()] < L)
v=0

where j(v) denotes the v** row of the (i + 1) x d matrix j.
The algebraic excess (or detail space) of VI is then defined as

Wh=Span{v?: Y |iW)e =L} = @ Wi
v=0

LENi+L |I|=L

where
Wy = Span{e?* : |j(v)| = 1,}.
We denote by \II%, \Ifig, \Ifi;, UL the column vectors containing the bases of Wf,
ij , W# and Vi, respectively.
To obtain a log-linear complexity solution algorithm, we make the following
assumptions.

Assumption 5.2 There exists a number p > 0 such that
i) For all k € I’ and j' € N%, the set supp()7*) ﬁsupp(i/)j,k,) has nonempty
interior for at most pd.ngl max(1, 2j;_jq) values of k'.
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i) For all k € 17, the set supp(¢7*) Nsupp(vf) where {F} is the basis of
Vi has nonempty interior for at most p? 2o0<|57|<L I1¢_, max(1, 2Ja=Ja) yalues
of K.

iii) For allk € I} and j' € N%, the set supp(wéi)ﬁsupp( 6; ) has nonempty
interior for at most pd.ngl max(1, 2j<,17jq) values of k.

i) For allk € Ig and j' € N, the set supp( g;)ﬁsupp(d){;,) has nonempty
interior for at most pd.ngl max(1, 2j;_jq) values of k'.

v) For all k € Ig and j' € N%, the set supp( {;)ﬂsupp( {;;Z/) has nonempty

interior for at most pd.ngl max(1, 29a=Ja) yalues of k'.

The assumptions i), iii), iv) and v) hold for the wavelet basis given in the
examples above and also for similar wavelet constructions in polygons [10]. As-
sumption ii) holds when for example we assume a wavelet hierarchical basis for
Hy ().

5.2 Matrix-vector multiplication

To achieve a complexity that is essentially linear in d&, the stiffness matrix S
is never formed explicitly and hence, iterative solution methods are needed for
the solution of the linear system (33). In our approach, S will be generated in
factored form and only certain building blocks of the matrix S will be computed
and stored.

To this end, we define certain block matrices: we denote by A° the stiffness
matrix with respect to ag(z) and the basis ¥ of ViL; by Af,l, (i=1,...,n) the
stiffness matrix describing the interaction between W# and W;;l with respect to
a’(y), by My, the mass matrix with respect to ag(z) describing the interaction
between W' and W', by M}, (i=1,...,n) the mass matrix describing the in-
teraction between WJ#O and W#O with respect to a’(y), and by B{* (i = 1,...,n,
a=1,...,d) the row matrix defined by

dy,

B = [ a2

where Wl is the v function in the base of Wi. We further require C}

(t=1,...,n— 1), the row matrix defined by
(i = [ o) ¥,
Y
where W40

4, 1s the v function in the base of Wif; and DY (o =1,...,d) the

matrix defined by
R
(D) = [ aola) G20 (a)ds
) Q 6xa

where U, is the u'" function in the base of V¥ and ¥ is the v*® function in
the base of Wt: Dfﬁ‘/ (i=1,...,n—1, a=1,...,d) is the matrix defined by

. ovll

1o H
Di)uw = | ai #
(DEio)n /Qa ) Wa

where WY is the u™ function in the base of V' and WLO s the v function

in the base of WJ;O.
From assumption 5.2, it it simple to see that

nuz(My) < p(min(l, 1) 4 1)* 2 mex®0)
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so the memory needed to store all matrices M lOJ, for 0 < 1,I’ < L is bounded by

L
Z (min(l,l') + 1)d—12dmax(l,l/) 5 (L + 1)d—12dL.
1,I'=0
Similar results are readily seen to hold also for the other matrices, so that
the total memory needed to store the matrices A, B, C, D and M grows as
O(Ld—leL).

We proceed to derive the matrix vector multiplication algorithm. To this
end, we express the bilinear form B(-,-) on VI x VI in terms of the wavelet
basis. .,

To this end, we write 4% = z,,-UF, aF = 2t UL L = g, WL, §L = 2508
where [ € NBH and [’ € Ng“ and |1, | | < L. Then the bilinear form for the
limit problem (6) has the matrix representation

B(@" {af};0,{0}}) =
(Aaco—i—z 3 ZDW@(JZ R Bix )

i=1 0<|l|<L a=1

> > <Z<D?‘“>T®(012>T®<Bzgamu0+

i/=10<|l/|<L \a=1
i'—1 i'—1
S5 S @, @i @ () @+
= 10§\L|§La 1v=0 v=i+1
i'—1
Z ®Mzz ®Al'l —Lz +
0<|I|<L v=0
i'—1
> Y Y @i @i @ @) o
i=1'4+10<|l|<L a=1v=0 v=i'+1

We see that S is formed from tensor products of the ‘elementary’ matrices A,
B, C, D and M defined above.

The algorithm for applying S to a vector with the optimal number of floating
point operations is based on [21] and [22].

Step 1: Vector multiplication Dlooa o cy ®B“’
Let R;; be the row matrix Cll1 R...Q Blw‘ The number of nonzero entries of
this matrix is bounded by

(I, + 1) (1 + 1)d2dht+l) < (7] 4 1)iddt=lo),

Let Id, i, be the identity matrix whose dimension is dimWl. The multiplication
is performed as D?OO‘ (Idy,1, @ Rij)z], which requires a number of floating point
operations bounded by nnz(Dlooa) +nnz(1d; ;, @ Rij). From Assumption 5.2, we
get

L
nnz( D Z min(l, 1) + 1)471.2dmaxtol) < (|7 4 1)4-1 [29E,
1=0

We also have dimWl ~ Iy + 1)‘12@(0). Thus the floating point operations
needed to perform this step over all 4 and [ is bounded by

n L n
Z Z Z(l + 1)(i+1)d2ld + (l + 1)d712LdL < Z L(i+1)d+i2Ld < L(n+1)d+n2Ld
=1 1=0 |l|=1 i=1
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(note that the number of vectors [ € Ni™* such that |I| = [ is at most O(I%)).
. . . o ’L'/*l v i’a
Step 2: Multiplication (D?/U TR 1( l/ )’ ®(Bl/ ) 2y
This multiplication is performed as ((Ri;)" @ Idy ) ( ul,) Z,0- Similarly as

above, the number of floating point operations needed to perform this step over
all i/, I’ is bounded by L(n+1)d+ngld
Step 3: Matrix vector multiplication

i—1 i'—1
Q@ My, Q1) & (€)' QB i
v=0 v=i+1

1<i<i—-landa=1,...,d). Weregardl, =0forv=i+1,...,7. From
[22] Lemma 5.8, there is a permutation o of (0,...,4") such that

Weasi Yt 3 Ly <me L Y0
v=q+1

Let Ty y g = ®g:1 U,(,l',q) where

Idg ; , ve{o(0),...,0(qg—1)

b
argo ) @R v=ca=i
vl d) = (C;(Q))T, i<v=o(q) <i

(B;',_//a)T, v=o(q) =1
Idywly, ve{o(g+1),...,0()}

where Idgo = 1, Iy, is the identity matrix of size dimWh, Id; ; is the identity

matrix of size dimW" if 0 < v < i and of size dimW3 ' if v = i; Idy y is defined
similarly (we replace ¢ by ¢’ in the definition). Then

i—1 i —1

i \ T T o T L ]
QM Qi) Q) (€)' QB iy = T - Ty
v=0 v=i+1

The order of multiplication is essential here to get the following estimate on the
number of floating points operations needed. We have
1 .
mz(Tyyg) S 2 (L + D (min(l g, L) + D! I o1y +1)°
Qd(Eﬁ;i Ly tmax(l], )l (g +Za a1 tow))

S (max(|f 1) + 1)1 tmesLD,

~

here we used that dimW*, dimW and dimW}! ~ (I+1)2%. Thus this matrix
vector multiplication needs at most

Znnz Tirg) S (max(|l], []) + 1)+ Dgdmax( LD

floating point operations. The amount of memory needed to store these matrices
is bounded by < L4"+1)24L  The number of ﬂoating point operations needed
to perform this step over all I, I/, |I| =, |I'| = ', i and i’ is bounded by

i ST 3T (max(li], |1]) + 140D g max(LLLD

/=1 =0 |1/|=]" i<i’ |l|=l
V=0 '= =

L
S Y MM (max(l, 1) 4+ 1) N 2dmexE) g pntdin gL,
LI'=1
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2 .
./, Simi-

Step 4: We perform the multiplication ®V 0 Ml’f ®Al, L
larly: we find an appropriate permutatlon of (0,1,. ,i’ ) and we write this
multiplication in the form 717 ;/ 1 ... T v 4. x to get the same estimate as in Step
3 for the number of required ﬂoatmg‘ pomt operatlons

Step 5: We perform the multiplication ®V o My ®Dl/ 1, QR w1 O ® By, z
similarly as in step 3: we find a permutatlon o of (0, 1, e ) for the sets of in-
dices (Iy,-..,L;) and (I, ..., L/, 0,...,0) (i — i’ zeros). Then we have the same
estimate as in Step 3 for the number of floating point operations needed.

The matrix-vector multiplication is summarized in the following
Algorithm
Store A%, A}, MYy, Mjy, Bi* (i=1,...,n,a=1,...,d),

Ci(i=1,...,n—1), DY, Die (all sparse), (aq,(@)1,+1,+..+1,<L)-
initialize (Sx)o = A%z, '
fori=1,...,n, forl: > 1, <L

d L /4 &

Step 1: QO = Za:l DLOOQ‘(IdLoLo ®RU)£;, (SJ])O = (Sl’)o + QO
end, end
fori’=1,...,n, forl: > 70l:j <L

initialize (Sz)%, =0

l/ A~ l/ ~ l/ l/

Step 2: y, = Z o Ry QTdy )(D?, )Tz, (Sz); = (S2); + Y5

Step 3: fori=1,...,7/ -1, forl: ZV:OQ <L

d
U _ T T i (8o = (§2) v
v =Y Tva. Twoa, (Se), = (Sz), +4,

end, end

1 d : A 14 A 4 v

Step 4: v, =3 0 Ty Typwzy, (Sz)y = (Sz) +yi
Step5: fori:i'—f—l,...,n,forl: ZZ:_

d

l v % '

= Z Ty -Typia;, (Sz)i = (Sz)s +
o

end, end

end, end

We use the conjugate gradient (cg) method to solve the linear problem (33).
Due to the boundedness of the condition number of the matrix S , the number
of cg-steps required to compute the solution up to a prescribed accuracy is
bounded. The number of degrees of freedom equals Nz, = O(2¢XL™). Analogous
resoning applies also to Finite Elements of polynomial degree p > 1. Thus we
have shown

Theorem 5.1 Assumingu € HPT'(Q) andu; € H?, the multidimensional limit
problem (6) is numerically solvable by sparse tensor product Finite Elements of
degree p with relative accuracy O(N, ~p/d (log N)™(/2+1/d)Y in the norm |||.|||
defined in (5) at a cost of at most O(NL(log Np) DY foating point opera-
tions with at most O(Np(log Np)* D=7 words of memory.

Remark 5.2 So far, we performed the convergence and complexity analysis of
the sparse FEM for the numerical solution of the high dimensional limit problem
only under the strong regularity hypothesis that « € H**'(Q) and that u; € H?.
It is well-known, however, that for problems in polygonal domains the solution u
of the limiting problem may not even belong to H2()), due to corner singlarities.
We emphasize that in such cases our convergence analysis is still valid, if the
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quasiuniform mesh in the FE space in Q is replaced by a mesh with suitable
refinement toward the solution’s singular supports. Since we constructed the
members V;L of the sparse tensor product space (20) from full component FE
spaces with hierarchical basis, any type of mesh refinement in these component
FE spaces is admissible in order to resolve solution singularities while preserving
our error and complexity estimates; the regularity spaces ﬂf have to be replaced
by weighted spaces, however. See [21] for sparse grid convergence estimates for
component FE spaces with mesh refinement, in the case n = 1.

6 Numerical results

In this section, we illustrate the theoretical results presented above with numer-
ical experiments.

6.1 Two scale problem

We start with a simple one dimensional two scale problem where A(x,y) =
ao(z)ai(y), ao(x) = 1+ z and a1(y) = (2/3)(1 + cos?2my), f = —1 in the
domain © = (0,1). The multiscale problem (2) becomes

d 2 x . duf
—(Z(1 1 2(2r=
(G4 a)(1+cos’(2m ) —

The two scale limiting equation (9) has the exact (homogenized) solution

y=1 in Q, uf(0) = uf(1) = 0.

3 log(1+z)

u(z) = 2\/§(z log 2

)’

and the scale interaction term
1 1

N~ tan 2wy
1+x)log2’ 27

V2

(note that fixing x, ui(x,y) is determined within an additive constant).

In the sparse FEM, we use the hierarchical base in example 3i) for L?(£2) and
the hat function base in 3iii) for H}(Y)/R. The number of degrees of freedom
for the sparse FEM is (L + 3)25+1 — 2.

In Figure 1, we plot the energy error versus the mesh size h for the full tensor
product FE and the sparse tensor product.

We see that the full and sparse tensor product FE - errors, i.e. |[||(u —
uf'P uy —ufP)|||? and |||(u — aFF,uy — af'F)|||?, are roughly the same for the
same mesh size, which illustrates our result that the scale interaction functions
wi(x,y1, ..., y;) have sufficient regularity so as to allow a sparse approximation
without reducing the convergence rate, in terms of the meshwidth.

In Figure 2, we compare the energy error with the number of degrees of
freedom N. It is clear that the same energy error is obtained with a much
smaller number of degrees of freedom in the sparse tensor product FE case as
compared to the full tensor product case. We also see that the energy error for
the sparse tensor product FEM decreases of order O(N~2(log N)3) where N is
the number of degrees of freedom.

3 -1
ul(x’y): 2\/5(1_( an ( )—y+0),

6.2 Three scale problem

Next we consider in € = (0,1) the three scale problem

4 I
%(5(1 +0)(1+ cos?(2n )1 + COSQ(%E%))‘Z;

)=11in Q,
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Figure 1: The energy error versus the mesh size h
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Figure 2: The energy error versus the number of degrees of freedom
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Figure 3: The energy error versus the number of degrees of freedom for three
scales

The three scale limiting problem (6) has the exact homogenized solution

g(z  log(1 +z)

u(z) = );

8 log 2
and the scale interaction terms
9 1 1 ¢, tan 27wy
=21 = — (= 1222 20d0y C
Ul(.’L‘,y1) 8( (1+x)10g2)(27r an ( \/5 ) Y1+ 1)a
1 1 tan 2mys V2

9
u(x,y1,y2) = - (1— )—y2+C5)

-1

8 (1+z)1og2)(§tan ( V2
In Figure 3 the energy error is plotted versus the number of degrees of free-
dom. The predicted convergence behaviour of O(N~2(log N)%) is not visible
here since, in the range of N used for the computation, the logarithmic terms
in the convergence estimate still dominate the error. From our asymptotic con-
vergence analysis, we expect this effect to be even more pronounced for more
than three scales.

1+ cos? 2wy,
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