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Abstract

We develop a new sparse spectral method, in which the Fast Fourier Transform (FFT) is
replaced by RA/SFA (Randomized Algorithm of Sparse Fourier Analysis); this is a sublinear
randomized algorithm that takes time O (B log N) to recover a B-term Fourier representation
for a signal of length IV, where we assume B < N. To illustrate its potential, we consider the
parabolic homogenization problem with a characteristic fine scale size €. For fixed tolerance
the sparse method has a computational cost of O(|loge|) per time step, whereas standard
methods cost at least O(s~%). We present a theoretical analysis as well as numerical results;
they show the advantage of the new method in speed over the traditional spectral methods
when ¢ is very small. We also show some ways to extend the methods to hyperbolic and
elliptic problems.

1 Introduction

Multiscale modeling and computation have attracted a huge amount of attention in recent years,
with the interest stemming mainly from multiscale problems in applied fields like materials sci-
ence, chemistry, complex fluids and biology. Multiscale problem involves phenomena taking place
on vastly different time and/or spatial scales. The influence of the small scales are important for
the large scale behaviour but they are very expensive to simulate directly with numerical methods.
For many practical problems, traditional computational methods are prohibitively expensive.

The goal of multiscale methods is to find an efficient way to incorporate the fine scales’ effect
in the numerical solution of the coarse dynamics. One way to do this is to analytically derive
“effective” equations, which model the fine scale effects. This is done for instance in averaging [2],
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homogenization [4], and boundary-layer analysis [22]. These techniques are very useful when they
are applicable. For general problems, however, there is typically no simple way to derive closed
effective models. Another approach is taken by a new class of numerical methods, which model the
fine scale effect numerically; in a sense they replace the manual derivation of effective equations
by direct numerical simulation of the fine scale equations in small domains over short time. Some
early examples of this type of methods are the Car-Parrinello method in quantum chemistry [8],
the Kinetic-Hydrodynamic Models of complex fluids [5] and the Quasi-Continuum method in
solid mechanics [29]. Recently a more comprehensive view of these approaches has been taken
and put in frameworks which more systematically exploit this idea. The “equation free”” methods
of Kevrekidis et al. [30, 23] and the heterogeneous multiscale method [11, 12] are examples of
this. An overview listing more multiscale approaches is given in [10].

In this paper we will study the use of sublinear Fourier algorithms in the context of multiscale
problems. This is a recently developed type of discrete Fourier transform methods with a time
complexity significantly smaller than O(N) for an N-length signal, in particular much faster than
the standard fast Fourier transform (FFT); in the sublinear methods, not all modes are computed,
however. We focus here on the RA/SFA (Randomized Algorithm of Sparse Fourier Analysis)
algorithm, [15, 33, 16, 34]. RA/SFA computes a (near-)optimal B-term Fourier representation R
in time and space poly(B, |logd|,log N,log M, 1/a), such that ||S—R||2 < (1+a)||S—=P5(S)||3,
with success probability at least 1 —d, where M is related to the machine precision of the computer,
and Pp(.5) is the optimal B-term Fourier representation of S (obtained by retaining only the B
frequency modes of S that have the largest amplitudes). The algorithm contains some random
elements (which do not depend on the signal); the approach guarantees that the error of estimation
is of order «||S||3 with probability exceeding 1 — . The empirical experiments in [33, 34] presents
a practical (and improved) implementation of the algorithm, showing that it is of interest, i.e. it
outperforms the FFT for reasonably large N. It convincingly beats the FFT when the number of
grid points N is reasonably large. For an eight-mode signal (B = 8), the crossover point lies at
N =~ 70,000 in one dimension, and at N ~ 900 for data on a NV x N grid in two dimensions.
When B = 64, RA/SFA surpasses the FFT, in one dimension, at 3 x 107.

Our study will focus on a model multiscale problem in the form of the parabolic PDE

Oyu — Oya®(t, x)0pu = 0, u(0,2) = f(x), (1)

with periodic boundary conditions, = € [0, 27) and a®(¢, x + 27) = a°(t, ). The coefficient a° is
bounded and uniformly positive,

0 < Amin S aa(t’ Zl?) S Amax Vtv x, (2)

where a,;, and @,y are the minimum and maximum values of a® respectively. It is also assumed to
have a fine scale structure of characteristic length proportional to €, or more precisely 0%a® ~ 77,
The typical example will be coefficients of the type a° = a(x,z/¢) or a° = a(z/e) where a
is periodic in all arguments and 1/¢ € N. The solutions in this case have a smooth profile on
which rapid oscillations are superimposed; their period is proportional to €. This problem has been
widely studied in the context of multiscale problems; indeed, the solution’s behavior when ¢ — 0



is well understood through homogenization theory [4]. Numerically, the difficulty is related to the
smallness of ¢; direct methods must resolve the e-scale to be accurate and for a fixed tolerance the
computational cost is at least O(¢~¢) in d dimensions. A number of methods have been proposed
and tested for this problem, such as finite elements methods with special multiscale basis functions,
[3, 18, 19, 20, 26] heterogeneous multiscale methods [1, 9, 27], equation free methods [28] and
wavelet based numerical homogenization [7, 6, 13].

In this paper we use a spectral method based on RA/SFA to solve (1). The main difference
from earlier methods is that a randomized sampling algorithm is used to identify an optimal repre-
sentation of the full solution; other methods either computes the representation explicitly or only
keep a representation of the coarse scales.

The classical spectral method [17, 32] approximates the solution with the N lowest Fourier
modes and computes the spatial derivatives by the FFT and the inverse FFT at each time step.
This gives a high accuracy compared to conventional difference methods. However, to capture the
micro-structure of length ¢, the smallest length scale in the representation of the solution must be
at least of the same order, and we must take NV ~ 1/¢ (see Corollary 3.3). It follows that for a fixed
tolerance, the computational cost of the spectral method would be O(e~%| log ¢|) per time step in d
dimensions. Hence, it is still very expensive to seek the solution of problem (1) when ¢ < 1.

A simple example will explain our motivation to replace FFT in the spectral method by RA/SFA.
We consider (1) with coefficient a*(x) = [1 + 0.5sin(2)]™", ¢ = 1/32 and initial data f(x) =
1+ 0.5 cos(z). We first solve it using a traditional spectral method and N = 512. The bottom left
subfigure in Figure 1 shows a snapshot of the solution at ¢ = 3.2. The top left subfigure shows the
strength of the Fourier modes of the solution as a function of time; the gray scale level indicates
their absolute value (in log scale) from ¢ = 0 (top) to ¢ = 3.2 (bottom). It is clear that not only
the diffusion coefficient a® and the initial condition f, but also the full the solution u are well ap-
proximated by a sparse Fourier representation. We then make a second experiment, where these
functions are instead represented by only the 17 largest modes; the identity of these modes may
change over time. In each time step we approximate the time derivative using RA/SFA. Details
are given in Section 2.2. The corresponding results are shown in the top right and bottom left sub-
figures. At the scale of the plot, the results coincide. The precise difference between the RA/SFA
solution and the FFT solution is shown in the bottom right subfigure in log scale.

For this test we are thus able to get a very good solution with B < 1/ modes if they are chosen
as the largest modes of the solution. The numerical results are qualitatively the same when we take
a® = a(x,x/e), and we also observe that the number of modes needed for a certain tolerance does
not seem to increase when ¢ becomes smaller. These numerical results stimulate us to explore the
sparse spectral method further. With just B < /N modes in the representation of the solution the
time complexity of the sparse spectral method is only poly(B, |loge|, 1/, | logd|) per time step,
or to find a near-optimal B-term Fourier representation of the initial condition f and the coefficient
function a°. For small ¢ it thus outperforms the traditional spectral method in cost per time step if
B depends only mildly on ¢.

In this paper we study periodic problems with distinct scale separation of the type (1). We
perform numerical experiments and analysis of a simplified setting. The results show that it is
indeed possible to solve these problems at a computational cost that is essentially independent
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Figure 1: Comparison of a numerical solution to (1) with the traditional and sparse spectral method:
size of Fourier modes for ¢ € [0, 3.2] (top), solution at ¢ = 3.2 (bottom left) and approximation
error at t = 3.2 (bottom right).



of the small scale parameter, for fixed accuracy. We hope that these results will carry over to
more complex problems where the Fourier modes of the solution cluster around a limited number
of frequencies, including problems with time-dependent coefficients and nonlinear terms. More
elaborate schemes will undoubtedly be needed for these problems though.

This paper is organized as follows. In Section 2, we discuss the standard spectral method for
(1) and introduce a new sparse spectral method based on the RA/SFA algorithm. In Section 3, we
analyze the approach in the simplified setting of fixed projections and show that the computational
cost to achieve a given tolerance is much lower for the sparse spectral method. Next, in Section 4,
we give some numerical results for the error analysis. Finally, we show some ways to extend the
methods to elliptic and hyperbolic problems in Section 5.

2 Sparse Spectral Methods

In this section we discuss spectral methods for the parabolic PDE
Owu — 0pa”(z)0,u = 0, u(0,x) = f(x). (3)

We will compare a standard spectral method with a new sparse spectral method.

We discretize time uniformly with time step At and denote ¢,, = nAt. We let U"(x) be the
approximation of the exact solution at ¢ = ¢,, so that U"(z) ~ u(t,, x). This approximate solution
will be band-limited with respect to z, uniformly in ¢; as a result, we can restrict ourselves to a
uniform spatial grid {x;} in x, with N = J /e points along each dimension and spacing Az = ¢/.J
for some constant /. We also denote the 1-dimensional sphere (i.e. [0, 27|, periodized) by S.

We frequently consider L? functions on S and for such a function f(z) we generically denote

its Fourier coefficients by fk,
fla) =" fre™.
k

The norm || - ||,, will denote the H™ Sobolev norm, and without subscript, the norm || - || always
means the L? norm.

2.1 Standard spectral method

There are many versions of spectral schemes for (3). We take a very simple representative. The
spatial approximation will be made with the low frequency projection

(Puf)@) = > fue™,  fla) =) fre™ @
k

|k|<N/2

Hence, Py constructs a Fourier representation by simply taking the N Fourier modes with the
lowest frequencies. This gives a very high (“spectral”) accuracy in space. We combine the
low-frequency projection with a forward Euler discretization in time to get our standard spectral
scheme:

U™t = Py [U" + At0,a°0,U"], U’ = Pyf, & = Pya°.
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The solution can be represented by /N Fourier modes. By using the fast Fourier transform, spatial
derivatives, the projection Py and the multiplication a°0,U,, can all be computed in O(N log N)
time. As we shall see below in Corollary 3.3, one typically needs to take N ~ ~! to maintain
fixed accuracy when ¢ — 0.

2.2 Sparse spectral method

In this case we replace the projection Py by a RA(SFA based projection. Put simply, we will
project on the largest modes instead of the lowest modes as in the standard spectral method. This
implies that the set of the significant modes may vary in each time step, which is attractive in the
sense that the approximation adapts to the solution. If the functions f, a® and the solution u° can
be well represented by a few judicially chosen modes, the sparse method will have a small local
truncation error. Since the scheme is also stable (see Section 2.3), we expect a convergent method.
We are, however, not able to conclude this rigorously, as the scheme is nonlinear and difficult to
analyse, but a simplified analysis is given in Section 3.

We introduce the projection operator P g, which finds the best B-term Fourier representation
R(z) for some fixed B. In precise notation a linear projection operator P is constructed from an
L? function f and is subsequently applied to a, possibly different, function g, as follows:

(Pp(f)9)(z) = R(z) = Y gr,e™,

where ky, ..., kg are the B largest modes of f,
{ki, .. kgt = Mp(f) = argmax2|fk|2. )
ACL ke
#A=B

The operator P is then defined as P(f) := P(f)f.

Remark Note that P is indeed a projection since M z(P5(f)f) = Mp(f) and therefore P o
Ps(f) = Pe(Pr(f)f)f = Py(f). The operator Py is however not linear: the number B,
of modes is fixed, but not the identity of the modes, so that Pg(f + g) # Pg(f) + Pg(g) in
general. (For a fixed f the operator P (f) is clearly linear though.) Moreover, if B is kept fixed,
multiplication and addition operations may lead to undesirable growth of errors. For example, let
B = 2. Suppose f = ¢3+ 0.9¢; and g = ¢; + 0.8¢4. Then Py(f) = f and Py(g) = g. However,
Po(f+9) = ¢1+ @3 # Pa(f) +Pa(g) and the relative error || f +g—Po(f+9)||/|| f + 9| = 0.42
is quite large.

The sparse scheme then reads
U™t =Py (Py[U" + Atd,a°0,U")), U’ =Py(Pxf), @ =Pp(Pya). (6)

In each step the solution is represented by B < N modes, whose identity may change over time.
We assume that we have /NV-term approximations of a® and f. By applying RA/SFA to these N-
term approximations we can then obtain (near-optimal) B-term Fourier representations. In other
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words, RA/SFA can be used to approximate the P z(Py - ) projection operator. The complexity
for this is O(Blog N). In subsequent steps U™ and a° are both supported on a maximum of B
modes. Consequently, U™ + Atd,a*d,U™ is supported on a maximum of B + B2 modes. Applying
P 5 to such a short signal is easier and the RA/SFA algorithm is not necessary: in every time step,
we compute the coefficients of the B + B? modes by simple convolution, we sort them, and retain
only the largest B; this can be done in O(B?log B) time. Hence, the complexity is O(Blog N)
for the initial data and O(B?log B) for every subsequent time step.

Alternatively, if the samples of a° are given, then these values can be used whenever we need
to estimate, e.g., samples of a°(x)d,U"(x), without explicitly decomposing a°(x) into its most
important modes. In this case we can use RA/SFA in each time step. Since U"(x) is supported
on at most B modes the sampling cost is O(B), and we get a O(B?log N) cost in each time step.
This more expensive strategy may be necessary when a® is time-dependent.

Remark We may get good approximation of a* with much fewer modes than needed for the U™.
In this case, we could introduce two numbers, B, and By, giving the number of modes we retain
for a® and U™, respectively. Then the first method would require O (B, By log By ) cost for all time
steps after the first (assuming B, < By), the second method O(B?] log N).

Remark The sparse scheme may be seen as an adaptive Galerkin method, where the approxima-
tion subspace is spanned by a set of Fourier modes that can change in every time step. RA/SFA
provides the adaptation algorithm, driving the method to use subspaces corresponding to the largest
Fourier modes of the solution.

One can also improve the projection and use a projection which also takes into account the size
of the time-derivative of the solution. Let Qg be defined as

.
Qs(Ng = ame™, (k... kp) = Mp(f)UMp(0,a°0, f),
/=1

with M p defined in (5). Then we set Q(f) := Qg (f)f. Hence, when v solves (1), then Qz(v)
projects v on the largest modes of v and v;. By replacing P g with Qg in the adaptive scheme we
get the improved sparse spectral scheme

Un+1 = QB (PN [Un + AtaxdaaxUn]) 9 UO = QB(PNf) (7)

The complexity for this scheme is similar to the one above.

2.3 Stability

The numerical stability of the sparse scheme can be studied as follows. For any function u(x) one
can easily derive that, as long as a® > 0,

1
(U, 0,0 0pu) = —(Ug, a°Uz) = —(—a Uy, a°Uuy) < —

[l %,
a max
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and
. N2 . N?
IPndul® = > Kaf <= 3 = || Pul .

|k|<N/2 |k|<N/2

All the spectral schemes discussed above can be written on the form
gt = prtwrtt Wt = U 4 At9,a°0,U",  PyP" = P

The standard spectral scheme uses simply P" = Py, while the sparse scheme has P" = Pp(PyW™)
or P" = Qp(PyW™). Clearly, Py P™ = P"™ implies PyU™ = U™. Therefore, as long as a° keeps
the positivity imposed on the exact a®, we will have

HUn—i—1||2 — ||Pn+1Wn+1||2 S HWn—i—1||2
= ||[U"|]? 4+ 2A{U™, 0,a°0,U™) + (At)?||0,a°U"||*

1 NAtY?
et R ) WL X
2 N2At
= [|U™|? = At||ac9,U™||? ( - )

This shows that all the spectral schemes are stable as long as the CFL condition

8

2~
amax

At <

Y

holds and the approximated coefficient stays positive, a°(z) > 0 for all x.

Remark As we see this puts a severe constraint on the time step also for the sparse spectral
scheme. In fact, the time step must be taken proportional to N ~2 which, as we will see below,
amounts to At ~ £2 if we shall maintain a fixed accuracy when ¢ — 0. In this paper, however, we
are not concerned with the trade-off between complexity and accuracy in the time-stepping, just in
the spatial approximation.

In principle there are ways to deal with the small scale also in the time-stepping. Implicit
schemes will alleviate the stability constraint but in general we will still need to take At ~ ¢ to
maintain accuracy since u; ~ e~1. When af varies slowly in time one can, however, do better.
Then it is not necessary to update the projection in every time step and one can consider schemes
of the following type: Initial data is approximated as

U°=Qs(f), Q"=Qs(f)
For n > 0, we compute recursively
O™ — Q"0a% (ty, x)0xv"™ = 0, v"(0,2) = U™ (z), (8)

and

Ut =Qp("(At,1), QM =Qp"(At, ).



This is accurate if we take At ~ 1/]a$|, which is assumed independent of . Moreover, since
QW/UTL — Un’
1d

__n_2:nn:_nnenn<
thHU (tv )H <U 7Ut> <Q Uman U:p> —07

and therefore
U2 < (o™ (A, )P = [Jo™(0, )] P = [|U™] .

Thus, the scheme is unconditionally stable and we can take At as large as we like. As for com-
plexity, (8) can in principle be solved exactly at e-independent cost. It reduces to a linear ODE for
the B modes in )", with a B x B system matrix. One could also potentially use adaptive implicit
ODE-methods or projective integration techniques to solve (8) at a cost independent of . We will,
however, not pursue these possibilities in the present paper.

Remark The RA/SFA algorithm only gives an approximation of P z(Py - ) and is only reliable
with some fixed probability. This introduces additional errors in the computations, in particular if
RA/SFA is used in every time step. The approximation error € can be set in the algorithm, and also
the success probability 1 — §. The latter will cause O(1) errors in the approximation on average
d/At times when RA/SFA is called every time step. We will not analyse these errors in detail, but
note that if the scheme we use is stable their effect should be limited if we take e.g. €, ~ At
With some adaptation of RA/SFA to the present case one could probably use larger ¢, d.

3 Analysis for Fixed Projections

Numerical tests indicate that our sparse spectral scheme very quickly settles on a projection which
does not change much when a° is time-independent. (See e.g Figure 1.) As a first step it therefore
makes sense to study the case when we have a fixed (time-independent) projection, but not neces-
sarily just a low-frequency projection. In this section we shall study this case. Since the projection
is fixed we can consider semi-discrete schemes where time is continuous. More precisely, we shall
be interested in approximating (1) by spectral schemes of the form

Oy — PO,a®(t, x)0,v = 0, v(0,2) = vo(z), Puvy = vy, )

where P is a time-independent projection of L?(S) to a finite-dimensional subspace, and as before,
0 < amin < @°(t,2) < amax. The typical situation below is that P is a projection on a certain
set of Fourier modes. If P projects on all modes smaller than a number /V, this is the classical
(semidiscrete) spectral scheme.

3.1 General error analysis

Let us first state a general theorem on the approximation quality of v(z) in (9) compared to the
solution u(z) of (1). The statement is similar to Céa’s Lemma in finite element analysis, in the
sense that they both relate the approximation error of the exact solution in the chosen subspace to
the error in the numerical solution.



Theorem 3.1. Suppose P is a time-independent, linear and orthogonal projection operator on
L3(S). Let e = u — v be the difference between the spectral and the exact solution u of (I1). Let
0 = u — Pu be the approximation error of the exact solution. Then

¢ ¢
lle(t, )[I? +/ llex (s, )[|*ds < ¢ |[Pf —wol|* + ¢l |o(t, )| + C’/ 102 (s, -)|[* ds.
0 0
The constants only depend on i, and ay,.x, not on derivatives of a°.

Proof. Divide e into two parts
e=90+mn, 0=u— Pu, n=Pu-—uv,

and set 7y(x) := n(0, x). From the equation for u, (see (1)) and v (see (9)), which differ only by
the presence of P in (9), we get

on — Po,a®0,n = 0y Pu — Oyv — P0,a°0, Pu + P0,a"0,v
= PO — P0,a*0,(u — ) = P0,a"0,0. (10)

where we also used that P and 0, commute. Let us define the weighted (time-dependent) norm

21
me:A w(w)ac (t, )da.

Since 19 = P f —vy = Pny we will clearly have Pn(t, x) = n(t, ) forall ¢ > 0. Using integration
by parts we then get

d t
(MW+Awme=%mm+mmz

dt
2(n, PO,a*d,m) + 2(n, P0,a°0,0) + ||na||2
2(1, 020" 0ym) + 2(1, 0,0°0,8) + || .||
= — (N, @° M) — 2(1, a°6z)
< =12l + 2[|nella - 162]]a < 116z][2-

Consequently,
t t
mm+/ummmsmW+/w@Mw
0 0

and therefore,

t t
|MF+/H%M@§HWP+WW+2/H%M®-
0 0

The final result follows form the equivalence of the || - ||, norm and the usual L? norm,

1 1
—Jullq < [lul[* < —][ull5.
max min

10



Remark This theorem tells us that if we can find a projection that is good for the exact solution and
its derivative, then the corresponding spectral scheme will also give a good approximation of the
solution and the derivative. More precisely, if P approximates u well in H! then v approximates
w well in H! for ¢t > 0. This means we have a point-wise correct solution. We note also that it
is not enough for P to approximate u well in just L?. (An example is to take the homogenization
problem with a°(x) = a(z/e) where a(y) is 1-periodic. If a projection on the lowest, say 7' /4,
modes is used the L? error of the solution goes to zero as ¢ — 0 but the spectral approximation
does not converge to the exact solution.)

Of course, the big problem here is how to find that good projection, preferably on a very low-
dimensional subspace. This motivates using RA/SFA for finding the right frequencies.

Remark We have not assumed that PO, = 0, P. This means that, so far, the analysis holds also
for e.g. wavelet projections and not just Fourier projections.

3.2 Standard spectral scheme

In this case we have P = P, the projection on the lowest N modes, and we take vy = Py f. We
can then use the following result on spectral accuracy: for any v € H,,,

1
[lu = Pyull < 721105 ull. (11)
For the solution u° to (1) we thus have
1 1
1Py — ]| < ol [1Pwus - wsll < 1ol (12)

We next use a theorem estimating u° in terms of initial data f.
Let us first define the set £ as all functions v(¢, z, £) which are infinitely differentiable in ¢, x
and for which there are constants C),, independent of ¢, such that

107 0%| < Cpee™?, Vp,q,e > 0.
A typical member of £ would be v(¢, x,¢) := a(z, z/c) where a(z,y) € C*.

Remark The variables x, ¢ and ¢ play very different roles; for this reason, we shall, with a slight
abuse of notation, write v (¢, z) instead of v(t,z,¢) for v € £. Typically, we would consider
a sequence ¢, of values for ¢, with ¢,,———= 0, and be interested in the asymptotic behavior,

for m — oo, of the sequence of functions v™(¢,x) := v(t,x,&,,), or, with our new notation,
v™(t, x) == v (t, x).

We then have

Theorem 3.2. Suppose that a°(t, ) € € and that uf is the solution to (1) with initial data f € HM.
Then forall 1 < p < M andt > 0 there are constants C(p, T) independent of ¢, such that

C(p,t)

gp—1

1077 < Al sl < (A1 (13)

11



— i i i i i -
-3/ -2/ -1/e 0 1/e 2/e 3/e

Figure 2: The R projection. Solid rectangles have width 20 and correspond to the pass region in
frequency space.

The proof is given in Appendix A. Together with (12) we get

C’l(m, t)

CZ(mv t)
ngm—l ?

P g _ € <
|| NU U||_ (EN)m

[|Pyuy — ugf| < (14)

when f € H™*!. Since § = u° — Pyuf in Theorem 3.1, we furthermore obtain

12 1 t
P+ /||ex s < St /og<m,s>cstM
0

— N2m€2m 2 €2mN2m (EN)Zm’

if vg = Py f. We have thus proved
Corollary 3.3. Suppose f € H™ ! If P = Py and vy = Px f in (9), then

M+ [ lleatslids < TRl e=u-w.

Thus for ¢ > 0 fixed, the L?-error is of the order O(1/(Ne)™), and for a fixed tolerance, we
need to take "a fixed number of modes per wavelength": N ~ ¢! = .J. Note that for any 7" > 0
this estimate is equivalent to an L?( H') estimate, and thus controls the error point-wise at least for
almostall 0 <t < T

3.3 Error analysis and complexity for a sparse spectral scheme

It is clear from Figure 1 that in practice the significant modes cluster around multiples of 1 /¢ in the
homogenization problems where a° is either on the form a(z/¢) or a(x, x/c). We will here show
that it is in fact also enough to track only these modes to still maintain an accurate solution. We
thus consider the fixed projection R; Py where

ZZW ellnti)e n=1/ceN.

|7]1<b LeZ

The projection is on modes in a b-wide band around multiples of 1/e, see Figure 2. Clearly R;
commutes both with Py and 0, so that Py R; = R; Py and 0, R; = R;0,.
We then study the semi-discrete scheme

0w — Ry PnOya®(z)0,v = 0, v(0,2) = Ry Py f(x). (15)

We look at two kinds of coefficients: a°(z) = a(x/e) and a®(x) = a(x,z/e). As we will see,
for these cases, even the fixed projection [?; will allow us to remove the e-dependence for the
complexity at fixed accuracy. In terms of accuracy the adaptive sparse scheme should in principle
be able to do at least as well.

12



3.3.1 The case when a° = a(z/¢)

We consider a° = a(x/¢) in (15) where ¢ = 1/n for some n € N. For this case, we note that R;
also commutes with multiplication by a(x/¢). In fact, we have

Proposition 3.4. Ifv € L*(S) and 1/¢ € N then Riv(z/c) = v(z/e)R; on L*(S).

Proof. Letn = 1/¢ and suppose u(x) € L?(S) has the Fourier coefficients . Then, after writing
¢ =p+ ng where —n/2 < p < n/2, we get

U(x/&)u(x):ZA iknz Z Zuiﬁ'i' 6Z(p+nq Z Z Uk“p-}- ez(p+n(q+k))

kEZ Ip|<n/2 q€Z |p|<n/2 k,qEZ

Therefore,

i(p+n(g+k)) iknz i(p+ng)x
Ju(z/e)u E E Vg Uptng E Uge Uptng€

|p|<b k,q€Z keZ Ip|<b ¢€Z
which shows that R{v(z/e)u(z) = v(x/e) Rju(z). O
Since (15) implies that R;v = v, we get from Proposition 3.4,
0 = Oy — Py0Oya(x/e)0, Ryv = Oyw — PyOra(x/€)0,v v(0,2) = Ry Py f(x),

and it is clear that we are in fact doing the same approximation as for a standard spectral scheme;
the only difference is in the approximation of initial data. Supposing f € H™*! we then have

(P~ RFII < 1P — fif < D1l

by (11). Therefore, we get

et + [ et s < €0 [k + s |-

in a way similar to the proof of Corollary 3.3 in the previous section.

We can now compute the complexity of the traditional spectral method and our sparse spectral
scheme, for a pre-assigned error tolerance 7. If we take b ~ (N &t)mi+1 =J #H, then the error
estimate is proportional to (¢ N)~™ = J~™, for both methods. To achieve an error with tolerance
7, we must thus have J = O(T‘% ). In the traditional spectral method, we need

O(NlogN) =0 (g log(J/s)) =0 (5_17_i log(f—:_lf_i))

computations per time step to achieve this tolerance. The sparse scheme uses B = 20Ne = 2bJ =
2m—+1
o(J 1 ) modes. As derived in Section 2.2 the complexity in the first step is

2m+1

O(Blog N) = O (f&"ff log N) o) <T—m<m+1> log N) <0 (T—% 1og(g—17—%)> .

13



For subsequent time steps the complexity is

O(B%log B) = O (J“Jl‘ff log J) <0 <T—% log T—l) .

Thus if we fix 7, we have the complexity O(¢~!|loge|) per time step for the standard spectral
scheme, whereas our sparse scheme requires O(1) computations for all but the first time step to
achieve the same result. The cost of the first step is O(|loge|). We can conclude that the cost for
the sparse spectral scheme is essentially independent of €.

3.3.2 The case when a° = a(z, z/¢)

For this case we invoke a well-known expansion from homogenization theory, and write the solu-
tion to (1) as

ut(t,x) = ug(t, x) +euy(t, x, v/e) + e2ug(t, w2 /e) + - -+ "u,(t,x,x/e) + T T(t, ), (16)

where 7' € £. (See e.g. Theorem 5.1 and Remark 5.2 in [4].) The functions uo(t, ), ui(t, z,y),

.., up(t,z,y) can be assumed to be uniformly smooth and are periodic in both the z- and y-
arguments. By the general error analysis it is enough to show that || Pu® — u®|| and || PuS — u|| are
small for our projection Py ;. We need the following proposition, which shows that the Fourier
coefficients of a smooth multiscale function w(x) = v(z, nx) satisfy W,4n, = Uy, to very good
accuracy, and that therefore [7;w converges rapidly to w when b increases.

Proposition 3.5. Suppose v(z,y) is 2m-periodic in both x and y and v € H™(S?) with m > 2.
Let w(z) = v(x,nz) for some n € N and denote the Fourier coefficients of v(x,y) and w(x) by
Upe and Wy, respectively. Let my and mo be two non-negative integers satisfying

mi+me<m, mp>2, mo<m-—1.

Then
C C’ c"
Wy — Upg| < , wy| < , Rw—w|| < —,
R e el R ) o ) e R
(17)
where
e=1/n, k=p+qn, pq€Z, —-n/2<p<n/2.
The constants only depend on m and on ||v||,,.
Proof. Since w(x) is real, || = |w_g| so we need only to consider k£ > 0 and in particular only

q > 0. Moreover,
o “ iW(k+nl)x __ “ ikx
v(x,ne) = g E Dpge’FTOT — E E Uk—ne,e€
) kot

so that

Wy = 5 Vk—ne,0-

14

14



We next define the two sums S; and S5 as

(@ = Bpgl <D |Opnie—arel = D [Bpnte—arel + Y [0p-nie—g)el = S1+ s,

l#q t#q g
[€] <X [e]>X

where A = k/2n. To estimate these sums, we use the fact that for any f(v,y) € H ™(S?) we can
bound its Fourier coefficients fi, by

[ 1]m

Fl<C
ul < O m ey

mi +me < m, (18)

where C' is a constant independent of f, k, ¢, m1, ms. Applied to S; we get with m; = m and
ma = 0,

C, 2\ C’
S, < m <C, < m ,
= Zq: (1+ |k —nt)m™ — (1+k/2)™ = n(1+ k)m-1
[£]<A

since here |k — nl| > k — n|f| > k —n\ = k/2. Moreover, ¢ > 1 since ¢ = 0 is incompatible
with the restrictions |[{| < A = (p/n + ¢)/2 and ¢ # (. Therefore ¢ — 1/2 > (¢ + 1)/4 and

m—1
5 < C . C .

=l pt g S a(n(g— D) T wr (g 1

To estimate S5 we use (18) again,

C C 1
Sy < <
2 = #Zq (1+ |k —nl))™ (14 [£))mz = (14 X)m #Zq (1+ |k — nt|)™
[€[>A

C 1 4m 1
= < .
(14 X)me #ZO (1+|p—mnL])m™ = nm(l4 A)m2 #ZO (1) +1/2)m™

Here we used the fact that when |¢| > 1 we have as before |p — nl| > n(|¢| —1/2) > n(|¢|+1)/4.
Next, noting that the series converges for m; > 2 and that also 1 + A > 1/2 + ¢, we get

Sy < ¢ < ¢
S (1A T o (14 q)me

(20)

By combining (19) and (20) we get the first inequality in (17) since m; < m and my < m — 1.
Then after applying (18) to v(z, y) we have

Wl . C
P V) E T (e

|7«z’k| < |2A’pq| + |wk - @pq| <

and the second inequality in (17) follows upon noting that n > 1 + |p|.

15



Finally, we use this last estimate with m; = m — 1 and my = 1 to get

n/2 n/2
Hlew_wHZI Z Z‘wp+WI|2 Z Z +|p| 2m 2 1+‘Q|>
|p|=b+1 q€Z p=b+1 q€Z
B "f e /°° dr  Cl(2m—3)
o b+1 —l—p 2m 2= ") (14 x)Pm2 (14 b)2m=3"~
This shows the remaining inequality in (17). U

Let us now show that the projections are accurate when applied to (16).

Corollary 3.6. Suppose u® has the expansion (16) up to r terms and that 1/¢ is an integer. If the
functions u®, ug, uy, . ..,u, € H™ withm > 3 then

1 € el
s T oy +et } ; 1)

1 n 1
pm—>5/2 (N€>m

Py Reu — || < Clm) [

||PyRyus, —ul]| < C'(m) { + 5’} ) (22)

Proof. We have

€
[Py Ryu® — w*|| < [|Pyu® —u'|| + [| Py (Ryu® — w’)|| < C(t)w + || Ryu” — 7],
by (14). For the R; term we first note that since u; € H™ we get from (11) and Proposition 3.5
|| |m Chy .
|| Ryuo — uol| < [|Pyuo — uol| < o ||Rl€)u]_ujH§Wv j>0.

Hence, by (16)
£, € € - ) 5 r 1 r
85 =l < A = il + 06" < € (ks + 4.

This shows (21).
Next, we differentiate (16) to get
Ot (t, ) = wo(t, z) + cwy(t, v, x/e) + -+ w,(t, 2, 2/e) + O(e),

where w; := 0,u; + Jyu; 1. As before, this gives us

[Py Ryuz, — g || < || Pyug, — ug|| + [ Ryug — ug]] < N + > |IRjw; — wyl| + O(e").
=0
But since w;(z) € H™!, we have
C

pm—5/2
showing (22). O

|| Ryw; — w;|| <

16



We conclude from (21, 22) and Theorem 3.1 that, under the assumptions of Corollary 3.6,

1 1

t
et M+ [ llexts. Mids < CO) | + T <7 (3)

For b = (Neg)™/(m=25) — jm/(m=25) "the error bound is thus proportional to .J =™ + 7. We
assume that we are in the asymptotic regime where " is much smaller than the tolerance 7. Then, if
we write 7 = (a4 1)e” with a > 1, this implies that we need J ™ be proportional to ae” = a7
or J of order O(7~'/™) as in Section 3.3.1. The standard spectral scheme still needs O(N log N) =
O(£log2) = O(e7'77 /™ log(e~'77/™)) operations. Here B = 2b.J = O(J#m=25)/(m=25)) and
the complexity is

O (B’logN) =0 <J% log N) <0 (7_ﬁ log(g—lT—l/m)>

for the sparse spectral method. (The logarithmic contribution can again be omitted after the first
time step.) We note thus that we have a similar complexity for this case as when a® = a(x/¢). In
particular the sparse scheme with fixed tolerance has a cost of O(|loge|) in the first time step and
O(1) in later time steps.

4 Numerical Experiments

In this section, we investigate the performance of the sparse spectral method in a few numerical
experiments. In [33, 34], the advantage in speed of RA/SFA over the FFTW, for processing sparse
signals of large size, has already been extensively documented; we shall not repeat this here. We
concentrate on the accuracy issues of the approximation solution obtained by the sparse spectral
method.

We compute approximate solutions to

uy = 0za°(x)0,u, u(0,z) = f(z), z € 0,27), (24)

for various a°(x). We compare the numerical solutions with a solution obtained from the standard
spectral method with a high resolution (/V large) applied to (24).

4.1 Testcase 1: a° = a(x/¢)

We begin with experiments for solving the PDE with coefficient function a® that is only dependent

on x/c. We use
3

@) =3 +3sin(Z)’

f(x) = exp(— cos(z)),
as coefficient function and initial data. The solution is computed using (6) with a° and U approx-

imated by RA/SFA. For subsequent steps, direct computation of 32 modes plus sorting is used to
evaluate the Pp(Py - ) projection, as discussed in Section 2.2. For the initial RA/SFA step, we

17



set the failure probability (remember that RA/SFA is a randomized algorithm!) = 0.05, and the
accuracy required for the truncated approximation is set at &« = 10~%. The problem is solved with
e = 1/64, N = 512 and B = 15 modes. Figure 3 provides a comparison at time t = 3 of the
sparse spectral method with the exact solution in time domain. The solutions and its derivatives
are very close and their difference can be distinguished only by magnifying the graph. In Figure 4
a corresponding plot for the frequency domain is given. It shows that the sparse spectral solution
accurately captures the largest 15 Fourier modes of the true solution.

Exact solution and sparse approximate solution (time domain) Derivatives of exact solution and sparse approximate solution (time domain)

—true solution

-+~ sparse solutior| - 44r —true solution
-*- sparse solutiol

43.51

431

42r

5| L L L L L L L L L L L L L L L L
0 1 2 3 4 5 6 7 421 422 423 424 425 426 427 428 429 43

Figure 3: Solution to Testcase 1 in time domain. Left: approximate and true solution; they coin-
cide and it is hard to distinguish them. Right: the magnified comparison of the derivative of the
approximate solution and the true solution. Since the two solutions are again very close, we have
to zoom in to see their difference.

4.2 Testcase 2: a° = a(x,z/¢)

In this case we use a more complicated coefficient function that also depends on x, namely

oz 1)e) = 1 <0.6 + 0.2 cos(z)

0P| 5 0.7 (2) > : f(z) = exp(— cos(z)). (25)
The coefficient a(z, x/¢) is plotted in Figure 7. We use the same method as in Testcase 1 to com-
pute the solution, again with ¢ = 1/64 and N = 512 but this time we need slightly more modes,
B = 30, to accurately capture the solution. Comparisons of the computed and true solutions at
t = 3 in time and frequency domain is given in in Figure 5 and 6. The same general conclusions
as in Testcase 1 holds. A good point-wise approximation of the true solution is obtained.

4.3 Testcase 3: a° = a(x,z/e)

In this testcase we use the same coefficient and initial data as in Testcase 2, see (25). We use,
however, the improved sparse scheme in (7) rather than the one in (6).

18



Fourier modes of exact solution and sparse solution (frequency domain)

10° ‘ ‘ : ‘ ‘
®
0
10 4
® ® ®
@ ®
107° + + i
10710*. . . . B
N ',;‘
el N . . BPPTE- T
) v ’ O true solution
- small true solution
2 + sparse solution
1 B L L L L L
0 0 100 200 300 400 500 600

Figure 4: Solution to Testcase 1 in the frequency domain. The Fourier modes of the approximate
solution are the largest 15 among all the N = 512 modes; their amplitudes for the 15 largest modes
are almost the same as those of the traditional spectral solution.

Exact solution and sparse approximate solution (time domain) Derivatives of exact solution and sparse approximate solution (time domain)
T T T T T 1 T T T T

T T T

—true solution —true solution

-+~ sparse solutio 0.9r ol - #- sparse solutior| -|
I

Figure 5: Solution to Testcase 2 in time domain. Left: approximate and true solution. Right:
absolute value of the derivatives of the true and the approximate solution.
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Fourier modes of exact solution and sparse solution (frequency domain)
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Figure 6: Solution to Testcase 2 in frequency domain. The 30 largest Fourier modes of the true
solution agrees well with the modes of the approximate solution. Since a*(x) is more complicated,
the number of the significant modes in this example is larger than in Testcase 1.

a(x,x/e)
1.5
1 L
0.5r
O0 1 2 3 4 5 6

Figure 7: The coefficient a° = a(z, x/¢).
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Solution

Figure 8: Here we used 22 modes for the sparse scheme and the low mode scheme.

We do not approximate a°, i.e. a® = a° but we assume samples of a° are available so that
samples of a®0,U"(x) can be fed directly into the algorithm for computing Qp(Py - ). For
simplicity, we do not use RA/SFA to approximate Qpz(Py - ), but instead compute it exactly,
by simply using standard FFT plus sorting. This way we avoid the extra approximation errors
introduced by RA/SFA; the code is of course asymptotically slower, but we are mainly interested
in studying the accuracy not the speed.

The solution is computed with B = 11 and N = 512. Since QQp in general projects on 2B
modes, we compare with a solution using the lowest 22 modes, i.e. the standard spectral scheme
with N = 22. In Figure 8 the sparse solution at t = 5 is plotted when we used ¢ = 1/64. It agrees
very well with the exact solution, while the corresponding solution with the 22 lowest modes, is
completely wrong. The corresponding results for the derivative of the solution is given in Figure 9.
Convergence diagrams in B for the solution and its derivative are shown in Figure 10. The error
and convergence rate is essentially independent of €. Since we have set up the problem such that
the O(1/b™~%5) term dominates in (23) this result is as predicted for the fixed projection scheme.

4.4 Testcase4: a° = a(t,z,x/¢)

Here we use a modified version of the improved scheme (7) to allow for time-dependent coeffi-
cients. It reads

Un+1 = QB (PN [Un + AtamaiamUn]) ) UO = QB(PNf)7 CLZ = ae(tTw )

We compute Qp exactly, as in Testcase 3. we use B = 11 (corresponding to roughly 22 modes)
and N = 512. The coefficient is

2 — o) +31fii(r)18(é()f)$) +(1—a(t) [1.3 +0.5sin (“(?x)]
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Derivative Derivative
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Figure 9: The derivative converges point-wise. Right figure is a zoom of the left figure.
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Figure 10: Convergence in B for solution and derivative.
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where
a(t) = cos?(2rt), w(t) = % — 10(1 — sin(67t)).

The two dominant frequencies, w(t) and w(t)/4, hence change slowly, with the smaller of them
appearing and disappearing as time progresses. In the computations we use ¢ = 1/64. The sparse
and exact solutions, their derivatives and a® are plotted in Figure 11 at three different times. The
sparse solution cannot be distinguished from the exact solution in the plots. In Figure 12 we show
which modes that the sparse scheme picks out. Modes appear and disappear roughly according
to the changes of w(¢). They can appear far from modes in previous time steps which would be
difficult for a standard adaptive scheme.

Solution Derivative a(t,x)
25 2 °
5 1 1.5
1.5 0 1
1 -1 0.5
05 5 .
0 2 4 6 0 2 4 6 0 2 4 6

2.5
1.5

1.5
0.5

0.5

2
25
» 15
15 1
1 05
05 5 .
0 2 4 6 0 2 4 6 0 2 4 6

Figure 11: Solution ¢, derivative d,u° and coefficient ¢ at times ¢t = 0.25,¢ = 0.5 and t = 0.85
(from top to bottom). There is no discernible difference between sparse numerical solution and
exact solution.
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Figure 12: Frequencies picked out by the sparse spectral scheme for the case with time-dependent
coefficients. Significant modes are indicated by dots.
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5 Extensions to Elliptic and Hyperbolic Problems

We consider here briefly some possible ways of extending the methods described above also to
elliptic and hyperbolic problems. We also show some numerical results for these extensions.

5.1 Elliptic Problems

In the elliptic case we would like to solve the model problem
— 0za°(x)0pu = f. (26)

We assume periodic boundary conditions and therefore also impose that the mean value of f is
zero, to have a well-posed problem. To solve this we propose to first apply the improved sparse
parabolic scheme to,

Owu — 0pa”(z)0,u = f, u(0,z) = f. (27)

We make just a few steps,n =1,..., M,
U™ = Qp(Py[U" + Atd,a0,U™ + Atf]), U° = Q(Pxf),

with the same computational strategy as in Testcases 3 and 4 above. Then we define the projection

M — Qp(UM) and use it to solve the elliptic problem

~QY0,0(2)0,Q" v = QM .

This is thus a Galerkin approximation of (26) with a particular approximation subspace chosen
to correspond to the largest modes in the solution to (27). Since the projection quickly settles
on a fixed set of modes for the parabolic case, when a° is time-independent, we thus assume the
projection obtained in this way agrees well with the corresponding projection after long time, i.e.
the steady, elliptic, case. Once the Q™ projection is found, the problem reduces to a linear system
of equations with at most 25 unknowns that can be solved at an c-independent cost. We note that
for the elliptic case, Céa’s lemma,

[lu =l < e]|Q"u — ul|x

is a direct analogue of Theorem 3.1 in the parabolic case, and the analysis for fixed projections
would be similar.

We show numerical results when a° is as given in (25) and f(z) = exp(— cos(x)) — ¢ where
¢ is chosen so that f has zero mean. In Figure 13 we show results when ¢ = 1/128 for B = 5,9
and N = 1536. This corresponds to 9 and 17 modes respectively. We took M = B steps in
the parabolic scheme. When only using 17 modes the solution is very close to the exact solution,
while the solution when Q* projects on the lowest 17 modes is very bad. Convergence in B for the
solution and its derivative is shown in Figure 14. As in the parabolic case the error and convergence
rate are essentially independent of ¢.
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Figure 13: Solution for the elliptic case with 9 and 17 modes (left) and zoom of the solution’s
derivative (right).
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Figure 14: Convergence in B for solution and derivative.
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5.2 Hyperbolic Problems

Here we consider the simple hyperbolic model equation
up + af(z)u, = 0, u(0,z) = f(z),

with periodic boundary conditions. This problem is more sensitive than the parabolic and elliptic
problems. We can, however, still solve the problem with a sparse method but we need to use a
different time stepping strategy, where the projection is changed more seldom to avoid inducing
instabilities. We define a new projection with the same philosophy as we defined Q 5: that it should
project on the largest modes of both v and u;. In the this case we get

B/
Qu(fg = awe™, (k... kp) = Mp(f)UMp(a“0,f),
=1

with M g defined in (5). We then construct the following Leap frog scheme:
U™t = Q" (Py[U" — 2Ata®0,U™), U%x) = Qf,
where the projection Q" is updated every M -th time step,

0" — Q%(U™), n=kM, k€ Z,
o, otherwise.

In the numerical computations we use a® and f as given in (25). Figure 15 shows results at ¢t = 5
when ¢ = 1/128, B = 35 (circa 50-60 modes!), At = 0.0002, M = 500 and N = 2048.
The sparse solution agrees well with the exact solution. In contrast, a solution computed with
the standard spectral scheme using a comparable number of modes (the lowest 70 modes) has the
wrong speed of propagation and it is far from correct. Convergence in B for the solution and
its derivative is shown in Figure 16. The error and rate of convergence for the solution itself are
still practically independent of . Unlike in the parabolic and elliptic cases, however, there is no
convergence for the derivative. This is another manifestation of the more sensitive nature of the
hyperbolic case.

6 Conclusions
We provide a new sparse spectral method. Its speed is significantly faster than the traditional
spectral method in solving some multiscale PDE problem, while retaining good accuracy.
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I'There is more overlap between the largest modes of u and u; in the hyperbolic case than in the parabolic case.
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Figure 15: Solution for the hyperbolic case with B = 35 or circa 50-60 modes.
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Figure 16: Convergence in B for solution and derivative.

28



References

[1] A. ABDULLE AND W. E, Finite difference heterogeneous multiscale method for homoge-
nization problems. J. Comput. Phys., 191:18-39, 2003.

[2] V. ARNOLD, Mathematical Methods in Classical Mechanics, Springer-Verlag, Berlin, New
York, 1978.

[3] I. BABUSKA, G. CALOZ, AND J. E. OSBORN, Special finite element methods for a class of
second order elliptic problems with rough coefficients. SIAM J. Numer. Anal., 31(4):945-981,
1994.

[4] A. BENSOUSSAN, J. LIONS AND G. PAPANICOLAOU, Asymptotic Analysis for Periodic
Structures, North-Holland Publishing Company, 1978.

[5] R. B. BIRD, C. F. CURTISS, R. C. ARMSTRONG, AND O. HASSAGER, Dynamics of Poly-
meric Liquids, vol. 2: Kinetic Theory, Wiley, New York, 1987.

[6] G. BEYLKIN, M. E. BREWSTER, AND A. C. GILBERT, A multiresolution strategy for

numerical homogenization of nonlinear ODEs. Appl. Comput. Harmon. Anal., 5:450-486,
1998.

[7] G. BEYLKIN AND M. BREWSTER, A multiresolution strategy for numerical homogeniza-
tion. Appl. Comput. Harmon. Anal., 2:327-349, 1995.

[8] R. CAR AND M. PARRINELLO, Unified approach for molecular dynamics and density-
functional theory, Phys. Rev. Lett. 55 (1985), 2471-2474.

[9] S. CHEN, W. E AND C.-W. SHU, The heterogeneous multiscale method based on the discon-

tinuous Galerkin method for hyperbolic and parabolic problems. SIAM Multiscale Modeling
and Simulation, 3: 871-894 2005.

[10] W. E AND B. ENGQUIST, Multiscale Modeling and Computation, Notices of the AMS, 50(9),
1062-1070 (2003).

[11] W. E AND B. ENGQUIST, The heterogeneous multiscale methods, Comm. Math. Sci. 1
(2003), 87-133.

[12] W. E, B. ENGQUIST AND Z. HUANG, Heterogeneous multiscale method: A general method-
ology for multiscale modeling. Phys. Rev. B, 67, 092101-1, 2003.

[13] B. ENGQUIST AND O. RUNBORG, Wavelet-based numerical homogenization with appli-
cations. In T. J. Barth, T. F. Chan, and R. Haimes, editors, Multiscale and Multiresolution
Methods: Theory and Applications, volume 20 of Lecture Notes in Computational Science
and Engineering, pages 97—-148. Springer-Verlag, 2001.

29



[14] M. FRIGO AND S. JOHNSON, The design and implementation of FFTW3, Proceedings of
the IEEE 93 (2), 216-231 (2005), Invited paper in Special Issue on Program Generation,
Optimization, and Platform Adaption.

[15] A. C. GILBERT, S. GUHA, P. INDYK, S. MUTHUKRISHNAN, M. STRAUSS, Near-Optimal
Sparse Fourier Representations via Sampling, STOC, 2002.

[16] A.C. GILBERT, S. MUTHUKRISHNAN AND M. STRAUSS, Improved Time Bounds for Near-
Optimal Sparse Fourier Representation, to appear.

[17] D. GOTTLIEB AND S.A. ORSZAG, Numerical Analysis of Spectral Methods: Theory and
Applications, SIAM, 1977

[18] T. Y. Hou AND X.-H. WU, A multiscale finite element method for elliptic problems in
composite materials and porous media. J. Comput. Phys., 134(1):169-189, 1997.

[19] T. Y. Hou, X.-H. WU, AND Z. CAlI, Convergence of a multiscale finite element method for
elliptic problems with rapidly oscillating coefficients. Math. Comp., 68(227):913-943, 1999.

[20] T.J. R. HUGHES, G. R. FElJOO, L. MAZZEI1, AND J.-B. QUiICY, The variational multiscale
method — a paradigm for computational mechanics. Comput. Methods Appl. Mech. Engrg.,
166:3-24, 1998.

[21] M.H. KALOS AND P. A. WHITLOCK, Monte Carlo methods, John Wiley & Sons, 1986

[22] J. KEVORKIAN AND J.D. COLE, Multiple Scale and Singular Perturbation Methods,
Springer, New York, 1996.

[23] I. G. KEVREKIDIS, C. W. GEAR, J. M. HYMAN, P. G. KEVREKIDIS, O. RUNBORG AND
C. THEODOROPOULOS, Equation-free, coarse-grained multiscale computation: enabling mi-

croscopic simulators to perform system-level analysis. Comm. Math. Sci. 1 (4), 715-762,
2003.

[24] Y. MANSOUR, Randomized interpolation and approximation of sparse polynomials, SIAM
Journal on Computing 24:2 (1995).

[25] Y. MANSOUR AND S. SAHAR, Implementation issues in the Fourier Transform algo-
rithm, Neural Information Processing Systems, 260-265,(1995). [Machine Learning Journal
40(1):5-33 (2000).]

[26] A.-M. MATACHE AND C. SCHWAB, Homogenization via p-FEM for problems with mi-
crostructure. Appl. Numer. Math., 33:43-59, 2000.

[27] P. MING AND P. ZHANG, Analysis of the heterogeneous multiscale method for parabolic
homogenization problems. Math. Comp. To appear. 2006.

30



[28] G. SAMAEY, D. ROOSE, AND I.G. KEVREKIDIS, The gap-tooth scheme for homogenization
problems. SIAM Multiscale Modeling and Simulation, 4:278-306, 2005.

[29] E. B. TADMOR, M. ORTIZ, AND R. PHILLIPS, Quasicontinuum analysis of defects in crys-
tals, Phil. Mag. A, 73 (1996), 1529-1563.

[30] C. THEODOROPOULOS, Y.-H. QIAN, AND I.G. KEVREKIDIS, ’Coarse’ stability and bi-
furcation analysis using time-steppers: A recation-diffusion example, Proc. Nat. Acad. Sci.

USA, 97 (18) (2000), 9840-9843.
[31] N. TREFETHEN, Spectral Methods in Matlab, SIAM, Philadelphia, 2000.

[32] R. VoIGT, D. GOTTLIEB AND M. HUSSAINI, Spectral Methods for Partial Differential
Equations, Proc. of a Symposium, August 16-18, 1928, SIAM Press (1984).

[33] J. Zou, A.C. GILBERT, M. STRAUSS AND I. DAUBECHIES, Theoretical and Experimental

Analysis of a Randomized Algorithm for Sparse Fourier Transform Analysis, J. Comput.
Phys., 211:572-595, 2006.

[34] J. Zou, Sublinear Algorithms for the Fourier Transform of Signals with very few Fourier
Modes: Theory, Implementations and Applications, Ph.D. dissertation, Princeton University,
Princeton, 2005.

A Proofs

A.1 Utility results

In the proofs we will denote the binomial coefficients by c;y,

To prove the theorem we first need a couple of lemmas, starting with one about the set £ defined
in Section 3.2.

Lemma A.1. The set £ is closed under addition and multiplication,
u v e =  ut +ut,utt €€,
and invariant under the operation of 0.,

wel = edutef.
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Proof. The addition part is obvious. If u°, v® € £ then the product satisfies

p q
etoneer], = (55 cpen@ote) @0t <30S ettt < ce,

§=0 k=0 o =0 k=0
where d;, are some constants. Moreover, if u° € £, then

|07 020, u°| o, = 070 | < Chee™ ™', q=0,...,m—1
Hence, c0,u® € £. O

Lemma A.2. Suppose that a°(t,z) € € and that u* € H* ' is a solution to (1) with p > 1. Then

2p+q
q,E — J—2p—q 7 € € _ (AE\P
apa s Z € rquar ’ TJ'JM] € 87 T2p+apq = (a ) : (28)
7j=1

Proof. We show this by induction. For p = 1 and ¢ = 0 we have u; = aju; + a*u;, and by
Lemma A.1
10 =¢€a, €&, T310=0a" €E.

Suppose the claim holds up to p = n when ¢ = 0. After temporarily dropping the last two indices
for legibility (15, o — 75) we get

2n 2n
1 9 ) 9 . i1
ot =3 ol = Y 0 [(9rS) s + 1500 a0,

Jj=1 Jj=1
2n Jj+1
_ ) ' i+1—k k41
= E gh=" (@rj)@iue—i-rig cjr1,6(0 a®)oy uf
j—l k=0
2n+1

_E gj —2n 07’ a]u + E E Cj-‘rlk:E] 2n a(a]—i—l k a)@k—l—l €
k=0 j= max(lk 1)
2n+2

= E gl=n 07’ Y us + E E ck+1y]~_15k_2”7’2(0£+2_ja8)8iu8

Jj=1 k=max(1,j—2)

Thus,
2n+2
n+1 Jj—2n— 2 j
0y E £ 7% 41,0054,
where
2n
e 2 e e k+2—j ¢
Tin+1,0 = € (atrj,n,O) + E Ck-i‘l,j—lrk,n,O(gaﬂC) a
k=max(1,5—2)
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with the convention that 75,, = 0 for j < 1 and j > 2p. It follows from Lemma A.1 that
75 i1 € €. Moreover, 15, o, 11 o = Cont1,2n1175p 000" = (a°)" " since ¢, , = 1. We have thus
proved (28) for g = 0.

When g > 0 we differentiate (28),

2p
q,E — J—2p 4 J5_§:§:]2p an i+L, €
wﬁxu —ZE 8 ]p08 € qu ijO)ag: u
j=1 j=1 ¢=0
2p+q min(q,j—1)

E E : Jj—0—2p —L, & J ., E
- € Cq :r: rj—Z,p,O)a:cu

which agrees with (28) when we identify

3 _
Tipa = § : Cflf ‘Ea J £,p,0°

By Lemma A.1 these functions all belong to £. Finally, since 75 , ; = 0 when j > 2p,

q

T§p+q,p,q = Z Cqe(€02)" T2p+q tp,0 = Cq, qr2pp o= (a)?
(=0

and we have shown (28) for all ¢ > 0. O

Lemma A.3. Suppose a®(t, z) € £ satisfies (2) and

up = (aug )y + W, vy = (a°0)ge + W, t>0.

Then
[u(t, )] < [[u(0,)[|+C(?) S‘Ejt”w( I (29)
lote. 1< €0 (1.1 + sup 196,911 (30)

Proof. For u(t,x) we get

SO ul” = () = (s, a°us) — (e, W)

< —min | ug||* + [fua] | W] <

min

/ W (s, )| Pds,

Consequently,

[Tt I < [[u(0, )" +
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from which (29) follows. Furthermore,

1 1 1

50w, a%v) = S (v, o) + (a*v, v) = 5 {v, afv) — (a*0)[1* = ((a*0).,, W ()
€ o 1

< il ey 1 JIiIP,
By Gronwall’s Lemma,
1 . C(t !
ol? < ——{v, %) < SO (||v<o,->||2+/ ||W<s,->||2ds).

min min 0

This shows (30).

O

Lemma A.4. Suppose that a®(t,z) € £ and that u® is the solution to (1) with initial data f €
H?M*Y Thenforall1 <n < M andt > 0 there are constants C(n, t) independent of ¢, such that

2n—1
107w (8, )] < Cln,t) [ 72| fllon + sup > 77 H[u(t, )] ]
0<s<t =1

2n
107 uz(t, )| < C(n, ) (5_2n||f||2n+1 + sup ij_znlmiua(tw)H) :
0<s<t 4
Proof. We define W (x) as

atn—i-l e _ atnaxasaxus _ chjax(azl—jae)ﬁgaxue =: 8xa€axa?u€ + axW(ZE)

=0
Then by Lemma A.3,
07w (£, )| < [167u(0,)|| + C(t) sup [[W(s,-)]].
0<s<t
For W (¢, x) we have by Lemma A.2 with ¢ = 1,
n—1 . ' n—1 ' 27+1
Wi(t,x) = Z ;i (07 af)0lus, = Z Cni (07 a%) Z ef—zj—lrzjvlaﬁua.
=0 =0 =1
Hence, since a°, 7 ;, € &,
n—12j+1 2n—1
Wt <CY Y e ot )| < C Y e |apu(t, )|
j=0 (=1 =1

Lemma A.2 with ¢ = 0 also shows us that

2n

Jj—2n, . J
Z € Tj,n,Oﬁxf

j=1

167 u(0, )| = < C(n)e" (| fl]2n-
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(32)

(33)

(34)

(35)



Together with (34) and (35) this shows (31). For (32), we differentiate (33) with respect to ,

OPUE = 0,,a° O UE, + O W,

xT

and by Lemma A.3,
lopas(e. 1 < 00 (1100, 11+ s, W25 )1). 36

Letting s7 ; := ¢y (8f_ja€)7’2j71 € &, we get from Lemma A.2 with ¢ = 1,

n—12j+1 n—12j+1 n—1 2j+2

Wat,w) =0,y > 5700t = " e 2 (e, Our+ Y > eI s o’

j=0 /(=1 j=0 ¢=1 Jj=0 /(=2

Hence, since s ; € £,

,_.
+

2n
[[Walt, - Z Z TN (8, )] < C Y e P[0kl (8 ). (37)
/=1

j=0 ¢=1

Lemma A.2 with ¢ = 1 also shows us that

2n+1
|07 ( ij S 008 f || < Cn)e™ | Iz
Together with (36) and (37) this shows (32). O

A.2 Proof of Theorem 3.2

We now proceed to show Theorem 3.2 by induction. The right inequality in (13) and the case p = 1
follows directly from Lemma A.3 with W = 0. Suppose that the statement is true up to an odd
number, p = 2n — 1 < M. By Lemma A.2 with ¢ = 0,

2n—1
oju = Zaj s 0du = (%) 02" + Z e/t 00,
7j=1
where |15, o[oc < C. Therefore, using Lemma A.4
2n—1
102mull < ()™ ||0Full +C ) &7 |0ul|
j=1
2n—1 2n—1
< Cnt) | [ fllzn+ sup D |Oul(t, )] | +C Y &[0l
0<s<t 4 o
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and by the induction hypothesis we get ||02"u|| < Ce'™2"|| f||2,. On the other hand, if it is true up
to an even number, p = 2n < M, then we get from Lemma A.2 with ¢ = 1,

2n+1 2n
1) _ j—2n—1, ¢ 7., e\n 92n+1, e j—2n—1,_.¢ J
0 u, = g € 75 na0nu = (a%)" 0" uf + E € 75 na 00,

j=1 7j=1

where as before |15, ||o < C and by Lemma A 4,

2n
102" | < (a°) ™[0 ug]| + C Y &>l

=1

2n 2n
< C(n,t) <€_2"||f||2n+1 +sup S0, ->||) + O ogl|
Ogsgtjzl

j=1

From the induction hypothesis we conclude that ||0?" " u|| < Ce™2"|| f||2n+1, Which shows the
theorem.
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