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Abstract

This paper concerns the cell-boundary error present in multiscale algorithms for elliptic
homogenization problems. Typical multiscale methods have two essential components: a
macro and a micro model. The micro model is used to upscale parameter values which are
missing in the macro model. To solve the micro model, boundary conditions are required
on the boundary of the microscopic domain. Imposing a naive boundary condition leads
to O(g/n) error in the computation, where € is the size of the microscopic variations in
the media and 7 is the size of the micro-domain. The removal of this error in modern
multiscale algorithms still remains an important open problem. In this paper, we present
a time-dependent approach which is general in terms of dimension. We provide a theorem
which shows that we have arbitrarily high order convergence rates in terms of £/n in the
periodic setting. Additionally, we present numerical evidence showing that the method
improves the O(e/n) error to O(e) in general non-periodic media.
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1. Introduction

In the present paper, we are interested in developing a multiscale method for the
numerical homogenization of multiscale elliptic PDEs in divergence form:

—V . (A%(z)Vus(x)) = f(x) in Q, (1)
uf(x) =0 on 0Q,

where (2 is an open bounded set in R? with |Q| = O(1), ¢ < 1 and A® is a symmetric,
uniformly elliptic and bounded, matrix function in R4*¢ such that for every ¢ € R?

al()? < sup ¢TA%(x)¢ < ealC (2)
xe

*Corresponding author
Email addresses: doghonay.arjmand@it.uu.se (Doghonay Arjmand), olofr@kth.se (Olof
Runborg)

Preprint submitted to Elsevier February 4, 2016



The multiscale method does not assume any knowledge about the exact form of
A¢(x). However, for the sake of comparison with known analytical results, the numerical
examples and theoretical claims in this paper are given mainly in two settings: (a) for
periodic media where A%(x) = A(x/¢) and A is a periodic matrix function in the d-
dimensional unit cube Y := (0,1]¢, and (b) for locally-periodic media where A%(x) =
A(z,z/e) and A(z,-) is Y-periodic and A;; € C°°(Q x Y). The smoothness assumptions
are only to simplify the analysis and the method performs equally well under weaker
assumptions, e.g. 0% A;; € C(Q; L>°(Y)) at least for all k < 2.

The term numerical homogenization is used to mean approximating the homogenized
solutions of multiscale PDEs without resolving the small scales over the entire domain.
Equation models, for instance, steady heat conduction in heterogeneous media, where
¢ stands for the length-scale of the microscopic variations in the media. A direct numerical
simulation of leads to O(e~%) degrees of freedom which can not be handled even
by the best available computers if € is very small. The aim of homogenization is to
describe the macroscopic behaviour of the heterogeneous system . The idea behind
homogenization theory is to mix the heterogeneities of the media infinitely to obtain a
homogeneous system which is no more dependent on . Traditional numerical techniques
will then be amenable for solving the resulting homogenized system.

From a mathematical point of view, the homogenization of equation , for purely
periodic or a more realistic locally periodic coefficients is well-known, see e.g. [Il 2 [3].
In the periodic setting, as € — 0, the solution to tends to the homogenized solution
u(x) which satisfies

-V (iz(zuo:mg) :O{I(m)aﬂ.in Q, )

Here the effective conductivity A° is a constant matrix given by

d
Ay = /Y (Aij(yHZAmVkaj(y)) dy, (4)

k=1

where the cell solutions x = {x;}¢, are Y-periodic functions that solve the following
periodic problems:

-V (Ay)Vxi(y)) =V -A(y)e; in Y, (5)
xi(y) is Y-periodic, [, xi(s) ds =0,

where {e;}¢_, are the canonical basis vectors in R?. The above formula is valid for
periodic and, with a slight modification, for locally-periodic media. In more general
settings, on the other hand, finding the limiting behaviour of is difficult and often
impossible through existing theory of homogenization.

Numerical homogenization is indispensible in cases when homogenization theory is
not adequate for finding the effective parameters of the media. From a numerical homog-
enization point of view, the focus is to develop computationally cheap methods which
are potentially applicable to general settings, where the coefficient A®(x) is allowed to
have more general oscillations/variations in fast and slow scales. Keeping the generality
of the main physical model in mind, it is important then to develop a method which
does not assume any knowledge about the form of the coefficient A%(x), and at the same
time performs optimally when applied to periodic and locally-periodic media.



1.1. The heterogeneous multiscale methods

E and Engquist [4], proposed the Heterogeneous Multiscale Methods (HMM) frame-
work as a general methodology for capturing the global /average behaviour of multiscale
and possibly multi-physics problems. HMM is often very useful when we have a full
description of the microscopic model. The idea is to avoid resolving the small scale
details all over the domain, at the expense of targeting only an average behaviour of
the system. Multiscale PDEs such as is whithin the application areas of HMM. In
a typical HMM-based multiscale method, one starts by assuming a macroscopic model
with some unknown data. The macroscopic model is discretized through standard finite
difference (FD) or finite element methods (FEM) on a coarse mesh. Therefore, one needs
the missing data on discrete points of the macro grid. These unknown data have local
origin, which in turn is extracted from microscopic simulations performed over boxes of
size n = O(e), where € represents the size of the small scale in the problem. Already
here, we see that HMM exploits the scale separation featured in the main problem .
In other words, since € < 1, we can set n = O(g) and therefore the computational cost of
the micro simulations will not increase by decreasing . It is important to note that the
microscopic simulations should be consistent with the current macroscopic data. This is
achieved by restricting the microscopic simulations by the coarse-scale information. The
overall computational cost of this HMM-based algorithm will then be NC),;cro, where N
is the number of macro grid points and C),cro is the cost of performing a single micro
simulation, which can be made essentially independent of ¢ by using high order meth-
ods, cf [5]. For other approaches to decrease the computational burden in linear and
quasi-linear elliptic multiscale PDEs see e.g. [0} [7, [§].

Now assume that = (0,1)%. The macro model for a standard HMM-type algorithm
for problem is

-V - F(x,VU) = f(x) in

Macro Problem: U =0 on 69, (6)

Here U represents the solution of the macro problem and the flux F = (F!, F? ..., Fd)
is an unknown parameter which will be extracted from micro simulations. A simple finite
difference discretization (in two dimensions) of the macro problem @ on the grid

{xi; = (iH,jH), i,j=0,...,N, NH=1}

yields

F'y —-F', F? ,—F% |

i+3, i—3, J+5 =%

Macro Solver: — ( +2JH 2d 4 LIts i / 2) = fij, (7)
where H stands for the macro stepsize. Next, to compute the unknown F;j /5 ;, one
solves over micro boxes §2;1 /o ; of size n = O(e), centered at ;; 1/ ;. Furthermore,
the coarse scale solutions U; ; are used as boundary data for the micro problem, which
reads

=V - (A%(x)Vws(x)) =0 in Q9

Micro Problem: w(x) = a(x),  on iy,

(®)

Here 4(x) = II1 (Up,)(x) where II; is a linear interpolation operator which, in two
dimensions, interpolates few nearest coarse scale solutions {U,,;}, with m =¢,i+ 1 and



{=3—1,7,7+ 1. The last step of the HMM algorithm is to average the microscopic
flux F¢ := A*Vw®" over the micro domain. This can be done much more accurately
if one uses a weighted average of F'°. Hence we introduce the kernel space KP'¢ which
consists of kernels K, compactly supported in [—1/2,1/2], with K(4*1) € BV(R), and p

vanishing moments:
1, =0.
/ K(z)x"dx = "
R 0, 1<r<p.

Here K(9+1) stands for the (¢+ 1)th weak derivative and BV (R) is the space of functions
of bounded variations. Note that, a constant kernel X =1 in [-1/2,1/2] has ¢ = —1.

1
We use the scaling K, (z) = fK(E) to shrink the compact support of the kernel to the
interval [—n/2,7n/2], and we compute the HMM flux F' as follows
Upscaling: F' = / Ky(x —xip 1 ;) A% (2) Vs (x) de. (9)
Qiy1/2,5

In d dimensions, the kernel K, is defined as
Ky(x) == Ky(x1) - Ky (2a).
The HMM flux Fj;/, ; approximates the homogenized flux F defined as
F = A'Va, (10)

where @ is given in . For an analysis of the FEM version of the HMM for elliptic
problems we refer the reader to [9], see also [10] for a fully discrete analysis.

To explain the role of linear initial data for the micro model , suppose @ = x; and
let w™" = 4+ v=7, then —V - A°Vo®" = V - A%€;. Note the similarity between this
equation and (5)). From (9) we get F7 = f971+1/2,.7' Ky(x —xip12) (45 + eJTAEVvE’") dx

which approximates the homogenized flux F where A° is given in .

1.2. Errors in the HMM micro problem
In this part, we discuss the sources of the HMM error in the periodic case, defined as

)

&WM:V—F

where F and F' are given in @[) and respectively. We divide the HMM error into
three parts:

e Discretization error when solving the micro problem and approximating the
integral @D numerically.

e Averaging/filtering error introduced by the averaging kernel in @[) This error
originates from the difference between the exact integral @[) and the average of the
integrand in the limit when /7 — 0.

e A first order (in £/n) error due to boundary conditions, in the micro problem, which
are O(g) away from the exact value. We will focus on the cell-boundary error in
section



The first two sources of errors can be made as small as we like by using high-order
solvers for the micro model, a high order quadrature rule, and by using averaging oper-
ators with high ¢, p. However the error due to the boundary will eventually dominate
all other errors. In the last decade, the removal or reduction of the cell boundary error
has been the subject of active research. The performance of simple Dirichlet, Neuman
and periodic boundary conditions were tested numerically in [IT]. The numerical results
presented in [II] showed that the convergence rate for these type of classical bound-
ary conditions is O(e/n) and that in most cases a simple periodic boundary condition
performs better than others with a smaller prefactor. Another approach, based on over-
sampling, for removing only the first-order cell boundary error was proposed in [12].
These approaches used the same elliptic problem as the micro scale model but they im-
proved only the prefactor in the first order error. In [I3], an L? projection of the solution
u® of into a finite dimensional space incorporating the coarse features of u® was con-
sidered. The authors showed linear convergence rate, in terms of the coarse mesh size
H, for the difference between the exact u® and the projected solution. The projected
solution, however, is O(e) away from the homogenized solution, see [14].

Another class of techniques for boundary error reduction is based on modifying the
micro problem such that the new micro solutions are less influenced by the boundary
error. The filtering technique from [I5] is within this class. The filter is used already
in the definition of the micro problem as well as in a complementary integral boundary
condition involving the gradient of the micro problem. To be more precise the authors
considered the equation

| (K 5 (ATVST 4 0) (@) =0 i 0,
Micro Problem: T][Q K (2)Vw (2) de = Vi, n (11)

where A € R” is the vector of Lagrange multipliers for the integral constraint in
(11), and €2, represents the micro domain. Although this method performed optimally
in one-dimension, in higher dimensions (even in the periodic setting) the approach led
to only second order convergence rate in ¢/n. A different approach was proposed in
[16]. This technique used a zero order regularization term in the definition of the micro
problem. The motivation behind this strategy is that for the modified micro problem
the decay of the corresponding Green’s function for the elliptic problem is exponentially
fast. Hence the effect of boundary data on the interior solution reduces substantially.
Mathematically speaking, the micro problem is given by

Micro Problem: 0, .w®"(x) — V- (A%(x)Vw*"(x)) =0 in ), (12)

together with a suitable boundary condition (in practice any well-posed boundary
condition). With an appropriate choice of the parameter 6, . depending on 7 and e,
one can obtain fourth order convergence O((¢/n)*) in the periodic setting even in higher
dimensions. Recently, it was shown that the O((g/n)*) error can be further improved
(in periodic media) using extrapolation, see [I7]. However, to achieve this, the micro
problem must be solved over larger and larger domains. Another strategy which
eliminates the boundary error in the framework of multiscale finite element methods
(MsFEM) is proposed in [I§].

In the present work, we introduce a strategy based on the HMM which, in periodic
media, improves the convergence rate up to O((¢/n)?+?2) for arbitrary ¢ > 0, upon using



a kernel K € KP4, Unlike [I7] the computational cost remains the same for all g. We
present also numerical evidence which show that in general non-periodic media the error
becomes O(e* + (¢/n)972) if p > 1. Here k can be equal to k = 1 or k = 2 depending on
the dimension. The O(e) term is not harmful as this is a typical error tolerance we are
interested in. The reason is that the homogenized solution solving is already O(e)
away from the exact solution u® solving . The strategy described here can be easily
used in the framework of MSFEM, see e.g. [19, 20, 21].

1.3. Contents

This paper is organized as follows. In section [2| we motivate the cell-boundary error
by considering a micro problem with Dirichlet boundary conditions. Section [3|is devoted
to the study of micro problems involving integral conditions in one and two dimensions.
The main part of the paper is section [f] where we introduce our strategy to reduce the
boundary error. Finally, we conclude our paper with numerical examples supporting our
theoretical results.

2. Boundary and averaging errors

In this section, we consider a micro problem with Dirichlet boundary conditions as a
representative of classical boundary conditions such as Neuman and periodic BCs. We
ignore the discretization error and divide the HMM error into two parts: boundary and
averaging errors. In particular, we will show that although the averaging error can be
made arbitrarily small, the overall error is dominated by the boundary error. To fix
ideas, consider the micro problem in d dimensions, where A°(xz) = A(z/e) and A
is Y-periodic. The boundary data is again given by the linear macroscopic function
i(x) = s-x, where s := Vi € R? is the slope vector. Moreover, we assume that the

micro problem is posed on the micro domain €2, := [-n/2,7/2]¢ so that
-V (A(z/e)Vw®"(x)) =0, inQ, (13)
wo(x) = a(x), on IQ,.
Next we define the infinite domain solution w®° as
w®(x) = a(x) + ex(zx/e) - Va(a), (14)

where x = {Xxm}%_, are the solutions of the cell problem (5). The infinite domain
solution w*°° can be interpreted as the limit as n — oo of w®" for a fixed . By ,
we have

-V (A(z/e)Vw®>>) =0, inQ,.
Let 657 := w®" — w** . The term %7 is nonzero because of the mismatch due to the
difference at the boundary of the micro problem. The HMM error can now be split as

’F—F

= ‘/ K, (z)A(z/e)Vw*" (z) de — A°Vi
Qﬂ

< +

/ K, (x)A(x/e)VE=" dx
Q,

/ K, (x)A(z/e)Vw™>(z) de — A°Va|.
Q,

Boundary error Averaging error
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Figure 1: HMM discretization and solutions. Bottom: The physical domain 2. Top: zoom of solutions
in micro box. The circles are the macro discretization points and the rectangular boxes are the micro
domains. The homogenized solution is O(e) away from the infinite domain solution on the boundary of
the microscopic domain.

In the remainder of this section we will show that if K € KP:?:

e\
() )"
n
This motivates that the boundary error dominates the HMM error and, in contrast to
the averaging error, one can not remove this error by taking a kernel with higher ¢, i.e.,
better regularity properties. Moreover, in order for the HMM flux to approximate the
homogenized flux accurately, the micro solution w®" must be very close to the infinite
domain solution w®>°. We remark also that although the results will be proved for the

Dirichlet case, the final claims hold true also for the Neuman and periodic BCs. In the
rest of this section we treat the boundary and the averaging errors separately.

‘ / K,(x)A(z/e)VE° dz A(zx/e)Vw™ dx — A°Va

2.1. Boundary error

In this section, we state a theorem which shows that the boundary error is of first order
in £/n which can not be improved even for smooth coefficients A € C*°(Y"). To simplify
the analysis, we assume that x; € W1°°(Y) which would then require more regularity
on the coefficient A. For this, it is sufficient to assume A € W*(Y) with k > d (see
[22], condition 15.1). See also Remark [1| for additional comments on regularity.

Theorem 1. Suppose that A € WH*(Y) for k > d so that x; € WH(Y). Let 05" :=
we — ws where w=" is the solution of and let w®> be given as in with
i(x) =s-x. Then

1/2
13 N
vamh%m>fc<n) IVelaza, )



and if K € KP4, with ¢ > 0,

/ K, (x)A(x/e)VO*" dx <C’ ||OO, (16)

where |s|oc = max; |s;| and C is independent of €, but may depend on A and K.

Proof. The inequality is stated in [9] (estimate 3.9) but detailed ideas which
cover more general domains (not only rectangular) can be found e.g. in [Il 2] under the
assumption that y; € W1 (Y). To prove we first write 6" = 22:1 0;"s¢, where
;" solves
=V (A(z/e)VO,(x)) =0, inQ,,
07" (x) = ¢5(x), on 09y,
with ¢5(z) = —ex(z/€). Since AVO="(x) € R? for all x € Q,), it suffices to show that
holds componentwise. For this let ¢ (x) = @,,, and denote the canonical basis vector
in the mth direction by e,,. Then we can write the mth component of the error as

(17)

E,:=en- / K, (x)A(x/e)VO"" dax = ZSg/ Ky(x)en, - A(x/e)VO," de =

M=

s@/ Ky (x)Vip(x) - A(x/e)VO," dx
Q,

L

= Sg (/ Ky(x2)V (¢ — ¢5,) - A(xz/e)VO," da —I—/ K, (x)V5, (z) - A(z/e)VO;" dw)
1 Q,

1

a |l

~

d
- (Z st / OV @) Ala/2)Y (6= 67 dw) - / (@) V() Ale /)0 da.

(=1
In the last step we used and the fact that by ,

V- (A(z/e)V (d7,(2) = b(x))) = 0, in Q.

Hence,

[Em| <C <|S|<>o max |07V Kyl 2(0,) IV (¥ = 65 [ 2 () + 100V Knll2(0,) VO

22(0,)

)
)

<C (|S|oo max 105"V Ky |l oo ) IV (¥ = 65,) [l o @,y n® + 105, VI | e (,) IV | L2 (0,0

For the kernel we have ||[VK,||1=q,) < Cn~*"!, and by the maximum principle

sup [07| < sup |6, = sup |¢7] < sup 971 < Cellxell=(,)-
zEQ

reQ, €00y, €00y,

Also note that by the assumption x,, € W1H*°(Y), we have ||V (v — ¢5,) [z, < C.
This gives us

13 19
Bl < C (nd+1nd|s|oo n Wwef’”nmnmd/z)

€ € e _
< (ol + V00 "2



Finally by ,
IVO="| L2 (,) < CVen™"s|o

This finishes the proof. [J

Remark 1. In fact it is sufficient to assume that x; € WH2(Y)NL*®(Y) for an alterna-
tive proof of the Theorem To see this first note that |V (¥ — é5,) | 2(a,) < Can®? and

95, VK. HLZ(QU) < Cen? In?+1 can be achieved directly if xm € WH2(Y). Moreover, the
fact that our micro-domains are rectangular together with the condition x,, € WH%(Y)
are sufficient to carry out a similar proof as in [2] to show that . ) holds. Note that the
condition x; € L>(Y) is needed only after the mazimum principle is applied.

To show that the inequality is sharp, we consider the problem in one dimension.
The solution 6% can be explicitely written as

x

0= (z) = Cy A7 (z/e)dz + Co,
-n/2
where ; ;
Cl<€) 1XE72€)_X( ) , and Cy = —esy <72£)
f n/2 (¢/e)d¢ c
Therefore

SV d — _ (€ X(25)_X( 27]5)
/ o) A 0.0 ) = C = (n> T P

()R o)

where we used the fact that, in one dimension, the homogenized coefficient A° is given

by
o= 1 A )y

Remark 2. For the periodic BCs where w®" — sx is n-periodic, we obtain the same Cy
as the Dirichlet case. Moreover, for the Neuman boundary condition

—1

-1

n/2
Al L)o,ue(xd) = s ( [ , A1<</e)d<> :

Ch=s (/1/; Al(g/g)dg> h —A°| =0 <;> .

To ensure uniqueness of the solutions to the periodic and Neuman problems, one needs

the condition
n/2
/ w®" dr = sx.
-n/2

we have
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We note here that the inequality is sharp in higher dimensions as well; see the
numerical results in [I1]. As we see in the analysis above, the first order error O (¢/n)
in the flux approximation, originates from the O(e) difference between w®" and w® >
on the boundary of the micro domain. To approximate the homogenized flux with high
accuracy one needs to impose a boundary condition which ideally matches the value of
the infinite domain solution w*"” on the boundary of the micro box. Standard numerical
homogenization recipes assume that the boundary condition for the local micro problem
is restricted by the global macro data. However, as depicted in Figure[T] on the boundary
of the local problem, the macro solution is O(g) away from w**°. This mismatch on the
boundary propagates into the interior of the domain and degrades the overall convergence
rate.

2.2. Averaging error
For the averaging error we first prove an averaging lemma.

Lemma 1. Let f be a 1 periodic bounded function such that f € L*([0,1]) and let
K € KP4, Then, with f = fo z)dz and € < n, we have

n/2 € q+2
‘/ Ft/e)dt — Fl < Clf | () . (18)
n/2 n

Moreover, assume that f(t,s) is 1 pem’odic in s, and that OF f € C([-n/2,n/2); L>=([0,1]))
for k=0,...,7. Then, we have, with f(t) fo ft,2)dz ande <n <1,

(E)q+2+ " >
P n p=r
SCCf K

q+2
(%) +nPtl p <o

where the constant C does not depend on €, n, f or s but may depend on K,p,q,r.

(19)
n/2

n/2
| / F(t,t/2)dt — F(0)

Proof. The estimate is proved in [23] with a continuous f since all the derivatives
were treated in classical sense. The same proof applies to f € L if the derivatives are

€
seen in the weak sense, see Figure To prove (|19)), set & = —, then
n

/ Kot [ KO f et = [ @)t

-n/2 —1/2
1/2 1/2 77 1/2
O Z - / K@U 0t/ + T [ K@rop (o t/a)di
~1/2 J: —1/2
=1+11+1I1I.
For the term I we use and get
1= F(O)] < Clf| ™.
To bound the term II, first we note that by Lemma 2.3 in [23]
i e Q2 1<j<p

7 Ko £(0,t/a)dt = K, (O] £(0,t/e)dt < CC; {

~1/2 —n/2 92l 47§ > p.
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Since n < 1, this will give then that

o t? p=>r,

I} < €y { P2 pgptt op <

Finally, for the last term we have

r 1/2
1z =T [ K@) 0) £(Got/a)dt

r!

< C.Cpy’

O
By we have

/ K, (x)A(z/e)Vw" (x) d:c—/ K, (z) (A(z/e) + A(x/e)Dyx(x/c)) dxV,

where (DyXx); ; = 0y,X;, and since A(y) + A(y)Dx(y) for all y € Y is 1-periodic in all

directions we can apply Lemma [l and use the relation to conclude that

|/ K, (z)A(z/e)Vw*>®(z) de — A'Vi

‘(/ K,y(x)A(xz/e) (I + Dyx(z/e)) dw—/ A(y) (I + Dyx(y)) dy) Vi

a+2
co(2)" wil.
n

This analysis shows that the averaging error can be made arbitrarily small by using
averaging operators with higher gq.

Remark 3. In Figure[d, we illustrate the sharp rate of convergence from Lemma[]] for
a discontinuous periodic function depicted in the left.

p=5q=4,6=00279=04 =001

Figure 2: (Left) A K € K>* is applied to an e-periodic function A%. (Right) The sharp convergence
rate, O((e/n)212), from Lemma [1]is observed by fixing e = 0.01 and increasing 7.
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3. Micro problems with integral constraints

In the previous section, we saw that classical boundary conditions such as Dirichlet
lead to a first order error O (¢/n) in the flux approximation. In this section we study
the possibility of enforcing nonclassical conditions to the PDE. In particular, we present
a micro problem with an integral condition, which, in one dimension, captures the ho-
mogenized flux to arbitrarily high orders in /1. However, it leads to certain difficulties
in higher dimensions, which we explain for the two dimensional case.

3.1. One dimension

The main idea of this one dimensional approach is to force the average of the derivative
0,w*" to equal to the derivative of the macroscopic state. For the micro domain 2, =
[—1/2,m/2], the micro problem reads

—0y (A%(2)0,w*") =0, in Q,

New Micro Problem: [ K (2)0we(z) do = 8,(0), (20)

Q,

where 4 = sz is the given macroscopic state. To simplify the analysis, we assume that
the media is locally periodic, i.e., A%(z) = A(z,x/¢) and we will show that

Fo= /Q K, (2)A(2)0,uf ()dz = F + O ((;)W + nP“) :

where F is the HMM flux and F is the one-dimensional version of the homogenised flux

defined in .

Remark 4. We note here that the integral condition in is not sufficient to guar-
antee uniqueness. Therefore, the micro problem needs to be provided with another
complementary condition. For example, one can set

/ K(z)w*"(x)dx = 0. (21)
Q,

With this additional requirement, one can easily show that the equation becomes a
well-posed problem.

Now to prove our claim we note from that
A® (2)0,w " (z) = C.

Then using the first integral condition in problem and the Lemma [1| we obtain

A 1 1 e\ *?
Ol = / K, (2)0,w*"(x) do = C/ K,,(w); dz =C (AU +0 (() + 77p+1)> .
Q, Q, n

Therefore C = A%9,4 + O ((5/77)q+2 + nP“) =F+0 ((E/n)q+2 + 77”“)7 and

q+2
F:/ K, (x)A%(2)0,w*" dz = C = F + O ((;) +np+1> )
Q"I
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Figure 3: Error between HMM flux and the homogenized flux for periodic (left) and non-periodic (right)
media. The one dimensional problem is solved over a box of size n = 0.25. The periodic and
locally-periodic coefficients are chosen to be Af(x) = ecos(2m2/e+0.2) " and A€(z) = 1.1 + sin(2rx) +
ecos(2mz/e+0.2) regpectively.

By Lemma [1} in purely-periodic media the term nP*! in the error vanishes. Hence

R
0] () if A is periodic,
(22)

This shows that one can obtain arbitrarily high order of convergence upon using the
integral condition in , and that, at least in one dimension, one does not need to
use a filter in the definition of the micro problem as was the case in [15], cf. (11)). The
numerical results in Figure |3| agrees well with the expected convergence rates .

3.2. Generalization to higher dimensions

A natural way to extend the previous idea to higher dimensions is to impose the
condition

/Q Kn(xl)Kn(xg)VwE’"(xl,zg)d:r = VfL(0,0) (23)

to the PDE
-V (A%(x)Vuw®(x)) =0, inQ,. (24)

However, the condition is not sufficient for the well-posedness of the micro problem
even if we add the condition (21). The system becomes underdetermined unless we
impose additional conditions to the PDE . In [15], the authors picked the solution
leading to minimum energy, cf. . Through this strategy, they were able to obtain
O((g/n)?) convergence rates for periodic problems. Here we want to think of other ways
of generalizing the one dimensional approach above. We discuss two potential ways of
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Q

Figure 4: Two microscopic domains, where {2, represents the micro domains, and €2 indicates the region
where the integral condition is imposed. Left: Radial averaging. The micro solution is averaged over
each radius in the circle. Right: Circular averaging. The solution is averaged over small circles near the
boundary.

imposing integral conditions. The first idea is the circular averaging shown in the right
plot of Figure [d] where we restrict the averages of the solution over some circles in each
radial direction to equal to the homogenized solution. The second approach is the radial
averaging, depicted in the left plot of Figure[d] where the average of the solution in each
radial direction is forced to equal to the homogenized solution. For both of the approaches
we face the following important questions: (1) Will the PDE together with the integral
conditions lead to a well-posed system or not? (2) Will the flux of the micro problem
average to the homogenized flux as ¢ — 07 Through some simplifying assumptions we
will motivate that the first averaging approach (averaging over balls in a circular domain)
suffers from a well-posedness problem and the second approach (averaging over curves),
though well-posed, suffer from a convergence problem.

3.2.1. Clircular averaging

Without loss of generality we assume that the micro box €, C R? is a ball of radius
ro +1 centered at the origin, i.e., Q, = B(0,ro+n), where ry > 7. We consider again the
linear macroscopic state 4(x) = s - x. Let §(6) = (cos(f),sin(f)). We force the averages
of the microscopic solution w®" to equal to @ over smalls balls y centered at r¢5(0),
and defined as Qg := B(ro5(0),n) = {x € R?| |z —ro3(0)| < n}, as depicted in Figure
Then the microscopic problem reads

—V - (AVwi! (2))=0, in Q,:= B(0,r¢ +n),

cire

. . . N ) n
Micro Problem (circular): fQQ iy (@ — rod(0)wii" () dz = a(rod(8)), 0<6 < 2m,

where K is a mollifier, compactly supported in the unit ball, ex. K (z) = e~ /1~=121") To
study the well-posedness of the above problem we look at the simpler constant coefficient
problem and consider only constant averaging kernels. The simplifid equation is:

Aw=0, in |z]<rog+n,

ﬁ Jo w d = @(r05(6)). (26)
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Since u is harmonic, the mean value formula for harmonic functions tells us that

!
Q0] Ja,

In the interior B(0,rg), the solution w will, thus, solve a simple Laplace equation with
smooth Dirichlet boundary conditions @(x) = s - . The existence and uniqueness of w
follows from the integral representation of the solution and the maximum principle for
elliptic PDEs respectively. Furthermore, the stability of the solution follows by standard
estimates for elliptic PDEs

u(ro$(0)) w dx = (ros(0)).

| w a1 (B0 < CrO.ro) | & |51 (BOr)) - (27)

Therefore the solution w is well-posed in the interior of the domain B(0,ry). However,
note that in the averaging takes place in the ball €2y which uses the solution also
outside B(0,rg); more precisely, inside the boundary layer B(0,79+1n) \ B(0, 7). In this
respect, it is important to know the behavior of the solution in this boundary layer. To
answer this question we consider the Laplace operator in polar coordinates and write

720w + 10pw + Opow = 0.

Now if

(o)
i(rod (0)) =Y gre™,
k=0
then by separation of variables we have

fe%e) k
o T i
wlr) =S () e,
k=0 0

This shows that the response to a small perturbation in the data @ = ee?*? will be

k
w(r,0) = <:O> e,

Hence for r > ry, i.e., outside the domain B(0, ), the solution blows up as k — oo.

Since the flux is only computed using the solution in the interior, the procedure
still works for the constant coefficient case. However, the situation with the oscillatory
problem is trickier. In this case, the solution w:}", is not harmonic and therefore the
mean value formula does not hold. Hence, the growth of the solution in the boundary
layer might propagate into the interior domain. What is relevant for us is to check if this
propagation influences the convergence as e — 0 of w(}. to 4 in the interior of B(0,r().
Figure [5] illustrates the difference between the oscillatory solution and the homogenized
solution over discs with different radii. In this simulation we pose the micro problem
over the unit circle. We fix the support n = 0.2 of the averaging kernel so that ro = 0.8,
and look at the max norm error between w_;" and @ for different e. The results clearly
show that all the points in B(0, 1) are influenced by the blow up close to the boundary.
Therefore, there is no r < ro such that

wo! (k) — a(x) ase — 0, x € B(0,r).

circ
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lué —u,,_|atdiscs of radius r=1/2,1/4,1/8,1/16, 1 = 0.2
circular Hom
10
r=(01/16]
r=(01/8]
, r=(0 1/4]
100 ¢ r=(0 1/2] 3

-1

eSS,
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e i ﬁ%“
107°F A
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Figure 5: The maximum norm difference beween wi;ﬂ .(x) and the homogenized solution @& = z +y inside

discs of different radii » = 1/2,1/4,1/8,1/16 is shown. This plot shows that there is no convergence (as

e —0) of w;fc(m) to 4 even in the interior of the domain. The error becomes more pronounced as we

take smaller £. In this simulation we have used 30 points per €.

3.2.2. Radial averaging

The main idea behind radial averaging is to equate the average of the microscopic
solution in the radial directions with the macroscopic data. We define the domain 2, =
B(0,17) C R? and we again assume linear macroscopic data i(x) = s - z, and introduce
the micro problem:

. .. —V- (ASVwi;ZMQZ(m) )=0, in
Micro Problem (Racial: o (¢ — yu(cs(@) dc = acgs@),

To study the well-posedness of this problem, we consider the constant coefficient problem

as above,
—Aw = 0.

Furthermore, to simplify the analysis we assume that n = 1 and K = 1 in [-1/2,1/2].
The integral condition in is then

/01 w((8(0))dC = g(0),  where g(0) =1 <;§ (9)> .

Since the solution w is a harmonic function, it can be expressed as the real part of a
complex analytic function J such that J(z1 +izs) = w(xy, 22) + iv(x1, z2). We express
J in terms of a power series

J(z) = Z Jp2*.
k=0
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Then, with z;(0) = cos() + isin(f), we have

B 1 B [e'e] ) 1 B [e'e] jk
g(0) = &e/o J(s21(0))ds = %;Jk/o (sz1(0))*kds = %I; . 121(9)’“.

Now let G(z) be the analytic function defined by the Taylor’s coefficients G = Ji./(k-+1).
This implies that J = 0,(2G) and therefore, J can be identified uniquely through G.
Then we can rewrite the last equation as

9(0) = RG(21(9)) = RG(e”). (29)
Now using G(z1 + ix2) = h(x1,z2) + iu(xy, z2) we get

i ("5 = a0) = o).

On the other hand, since h(x1,z2) is harmonic it satisfies the Laplace equation with
boundary data given by @

—Ah=0, in Q
h(3(0)) =4(f#) on |x|=1.

The well-posedness of the above problem is a classical matter, and the solution h enjoys
the same stability estimate as before in . The above problem is well-posed and
therefore has a unique solution h. Finally, using Cauchy Rieman equations 0,,h =
Oz, U, Oy, h = —0y, u, we can express w in terms of h as follows

w=RJ = RI. (2:G(2)) = RG + R (20,G(2))

1 )
=h+R <(gc1 +ix) (2 (O, h + Opyu) + % (O, h — 8z1u))>
=h+ 210, h + 220, h.

The well-posedness of w follows readily from that of h. However, we note that an H'
regularity for h implies an L? regularity for w. This is mainly due to the integral condition
in which requires less regularity for the solution.

Now let us consider the oscillatory micro-problem . By the previous analysis,
we have good enough evidence for the well-posedness of the above problem for a fixed .
However, remember that our eventual concern is if the HMM flux F' = (KA*Vw;". ) (0)
converges to the homogenized flux F = A%, as ¢ — 0 7 To have an idea about this,
we perform a numerical simulation with = 1, and K € K2, and we plot the difference
between the homogenized flux and the HMM fluxes as we refine the small parameter €.
Figure [0] depicts the error between the HMM flux and the homogenized flux for varying
€. This result does not show convergence, as € — 0, for the HMM flux.

To explain this failure we resort to [24] in which the authors proved that, in general,
integrals of locally-periodic functions over surfaces I' in R? may not have a unique limit.
Indeed, they found that the unique limit depends on the orientation of the normal vectors
on the surface. To be more precise, let I be a C! surface in R which is not necessarily
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Error in flux, x direction Error in flux, y direction
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Figure 6: Difference between the HMM and homogenized fluxes in both spatial directions is shown. A
kernel from K12 is used in this simulation. Rest of the data are the same as in Figure

bounded, and f¢(x) = f(x,x/e) where f(x,y) is Y-periodic in y, and let f(x,y) be
integrable in the x-variable over I'. Then, in general, the integral

Ilf] = / f2(x) do

does not have a unique limit as ¢ — 0. Here o, stands for the surface measure. The
unique limit exists if the surface I' has an irrational normal almost everywhere on T,
where irrationality of a vector is defined as:

Definition 1. Let n be a vector in R?, then
e n is rational direction if there exists a real number o such that om € Z2.
e n is irrational direction if it is not rational.

This explains the link between our flux convergence failure and the theory of integrals
of oscillatory functions. In our setting, we are forcing the averages of the solution along
every radius. Remember that we want the micro solution to be as close to the infinite
solution w*>° as possible. For this reason, suppose that w?", , is very close to w®>
such that we average w*> (instead of w2, ) in radial directions. Since the averaging
takes place for every 0 < 6 < 27, there will always be a rational direction #* such that

n

. £,00 Al N* ~ QA * )
Jim [0t =(G5(0%))dc # @ (25(07) -
This implies that w2, = should deviate from w*> due to the integral condition

/ (s ac = (La07)) .

Another problem is related to the convergence rate. In principle, for almost all the
directions we do have convergence. However, the convergence rate will be very slow in
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n=1,p=1,qg=-1 M =1,p=1, g=-1

0.6

0.4

0.2

-0.2

-0.4

-0.6

0dgp T
o.2 )
Q
0204

y X

Figure 7: The oscillatory problem , with A%(z) = (1.5 + sin(27z1 /¢)) (1.5 + sin(27z2 /€)), € = 0.08,
n =1, K € Kb~1 and data 4(x) = 1 + x2, is solved over the unit circle. The plot on the left shows
the solutions over the unit circle B(0, 1), and the plot on the right shows the solution in B(0, %)

certain directions. This is due to the fact that certain directions will be close to rational
directions and then see far less oscillations than the rest of the directions.

To test our theoretical arguments we perform a numerical simulation showing the
solution of the micro problem. In Figure [7] we use = 1, and a constant kernel with
(p,q) = (1,—1), and we give a plot of the solution over the entire domain {2 = B(0, 1) and
the interior domain B(0, %) As we see in the left plot, the solution at certain directions
tends to have an O(1) deviation from the average. On the other hand, we do not see this
O(1) deviation in the interior B(0, 3). This good behavior in the interior does not seem
to save the convergence of the flux as already depicted in Figure [} Hence, restricting
the oscillatory solution over surfaces in R? does not seem to be a good idea to capture
homogenized parameters.

4. A time dependent approach

The main idea in this paper is to use a time-dependent hyperbolic PDE as our micro-
model. Because of the finite speed of propagation, the boundary conditions will then not
affect the solution in the interior sufficiently far from the boundary. We pose a second-
order multi-scale wave equation on I, x €, »,, where I, := [0,7/2] and 7/2 is the final
time for the micro simulations, and Q) z, = [~Ly, + o, L, + o]¢ is the spatial domain.
We assume that L, = 2 + Z+/|A%|s such that the boundary data does not affect the
solution in the region I, x [-n/2,71/2]%. Moreover, as in the previous sections we assume
a linear macroscopic data denoted by 4 = s - x. The micro problem is then modified
to

. o Opw(t,x) — V- (A%(x)Vw " (t,x)) =0 in  Ir X Qy g,
New Micro Problem: wEN(0, ) = a(x)  Duw (0, @) = O,

(30)
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The equation is equipped with periodic boundary conditions, i.e., w®" — 4 is periodic on
the cell Q,, 5,. We define the averaging operator in time and space as follows:

54

Ko+ f) (@) = /_ /Q Ko i — 0K, (& — ) f (I, #)da di. (31)

3+t

Then HMM computes the flux by
Upscaling: F(x) = (Krp, * A*Vw®") (0, o). (32)
The goal is that the HMM flux F'(xo) should approximate the homogenized flux
F(x0) = A%(20) Vi = A (x0) Vi (33)

Note that the upscaling step requires information about the gradient Vw=" for
t < 0. However, since d;w*"(0,x) = 0 we have the symmetry w®"(¢t,x) = w*"(—t, x).

Remark 5. In the method, we always assume that T = n. In practice, the choice T =
n = O(e) gives qualitatively satisfactory macroscopic solutions and the theory is not
restricted by this assumption.

The intuition behind this strategy is based on the following facts:

e In [25], the micro model is naturally used to approximate the coefficient of the
homogenized wave equation

Byl (t, ) — V - (Avu()(t, sc)) = f(z), telo,T], (34)

However, for short time scales ' = O(1), the effective wave equation possesses
the same homogenized coefficient A as that of homogenized elliptic problem ,
see e.g. [I1 3.

e The solutions of hyperbolic PDEs propagate with finite speed. Thus, the error due
to the boundary will not affect the interior solution if the microscopic domain is
large enough.

e In the periodic setting, the time average of the wave equation matches the
infinite domain solution w®>° defined in Section 2l

It should be noted that higher accuracy is achieved by choosing smoother kernels with
more vanishing moments. In purely periodic media, the following theorem was proved,
in [25], for multiscale wave propagation.

Theorem 2. (Theorem 3.1 in [25]) Let F(xq) be given by ([33). and F(z) be defined by
with K € KP7 where w®"(t,x) solves the micro problem with the initial data
@ =s-x exactly, and suppose A®(x) = A(x/c), where A € (C (V)™ is a Y -periodic
matrix function satisfying , and T=mn withe <n <1. Then

|P(20) — F(wo)| < C (;)m EI

where |s| = maxi<;<aq|s;|, and C is a constant independent of € and 7.
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Remark 6. The proof of the Theorem |4 is based on an L? eigenfunction expansion of
the local solution, see [25] Theorem 3.1. The smoothness requirement in Theorem@ 18
only to simplify the analysis and the same result will be true also for less reqular A. See
Figure[8 where an example of a discontinuous layered media is given. The coefficient A®
does not satisfy the smoothness assumption of Theorem[ but the method still enjoys the
precise O((e/n)7+2) convergence rate for a kernel K € KP4 with p =5 and q = 4.

A%(x),e =0.01,7=0.1 =0.1,p=5,q=4
0.05 ) i 05 n=0Lp=541

e ——
0.04 » . —— |Frane — Frowmls,
— § 10°r | — [P — Fuoul. .
0.03 0.45 = SRy o
— ¢ == Olle/n™) 22
0.02 5 —-
I — ~
0.01 04 E -7
— g 10 -
0 ©
S — < .
-0.01 0.35 = -
— E
-0.02 u:_ 10
-0.03 0.3 §
-0.04 w
I —
-0.05 0.25 100
-0.05 0 0.05 102 - 10

Figure 8: (Left) An e-periodic discontinuous layered media, with e = 0.01, on a two-dimensional domain
2, with n = 0.1 is depicted. (Right) The sharp convergence rate, O((¢/n)912), from Theorem [2] is
observed by fixing 7 = n = 0.1 and decreasing €. In this simulation, the micro problem is solved
with the initial data @ = s- @ where s = (1,1). The HMM flux F is compared to the exact homogenised

flux F = A°Va, where A% = diag(1/3,3/8), and hence F' = (1/3,3/8).

Although the above theorem was proved in the context of multi-scale wave propa-
gation where the original multi-scale PDE was a second-order wave equation, we can
use the same theorem in the setting of multi-scale elliptic problems due to the fact that
effective equations for both problems have excatly the same homogenized coefficient A,
[1LB]. This, in turn, implies that our time-dependent approach performs optimally in the
periodic setting. By optimality we mean that the decay rate of the error O((¢/n)?+?) in
the HMM approximation can be made as small as we like by choosing high enough gq.

In locally-periodic media, the situation is slightly different. For locally-periodic co-
efficients, preliminary theoretical results and numerical evidence in [26] 27] suggest an
error of the type

Ennmy = O(e + (¢/n)"?)

for a kernel K € KP9 with p > 1 and 7 = n =~ ¢'=# for 0 < 8 < 1/7. It is worth
mentioning that a certain degree of regularity such as 9¥A € C(Q; L>(Y)), at least for
k < 2, is needed for this result to be true. Moreover, the error will be optimised for the
following choice for the parameters 7, 7, p, ¢:

1. 7=n=0("P), with0 <8< 1/7
2.p>1
1

which will then yield Egarar < Cp qc.
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Note that the computational cost of solving the micro problem decreases with decreas-
ing 8. Moreover, arbitrarily small values for § are obtained by using kernels K € KP4
with better regularity properties, i.e., large q. Note that ¢ can be chosen arbitrarily high
with no influence on the computational cost of solving the micro problem .

Remark 7. If p = 1, then we get an additional O(n**1) error in the locally-periodic
media. This error is due to the local averaging of the slow variations in the media and
can be removed if p > 1, see Figure[10}

4.1. Computational cost in the periodic setting

As in the case of elliptic micro problems, the computational cost of solving the micro
problem is still independent of the small scale parameter € since the computational
box (in time and space) is in practice of size O(e). In Table [I} we compare the com-
putational cost for reaching a fixed tolerance TOL of the wave equation to the cost of
solving an elliptic problem as the micro problem. Note that in this comparison table, we
assume that the cost of solving a linear system is proportional to the number of degrees
of freedom which is valid, for example, if one uses multigrid solvers. In the periodic
setting, if we use the wave equation as the micro problem we have O((g/n)?+?2) error for
an arbitrarily large ¢ . On the other hand, if we use an elliptic equation as in we
can obtain O((e/n)¥) with k = 4 at best. Table [1| shows that for a fixed tolerance TOL,
the computational cost of using the wave equation is less than the computational
cost of solving the elliptic PDE if

1+1/d<(q+2)/k.

Micro problem  Comp. cost Error Cost for a fixed tolerance TOL
Elliptic (n/e)* (e/n)F TOL—4/*
Wave Equation (7)/5)dJr1 (5/77)‘7+2 TOL-(d+1)/(a+2)

Table 1: Elliptic micro problem vs the wave equation approach

To make the comparison more fair, we must also emphasize that the zero-order re-
guralisation approach has been analysed rigorously for periodic coefficients, for a
subclass of almost periodic functions and also for the subclass of random coefficients
which satisfy a spectral gap estimate, under a mild assumption of L™ for A, see [17].
Moreover, from practical point of view it is much easier to solve as it is a simple el-
liptic PDE. The mathematical analysis of the HMM described here, however, is available
for C*° coefficients in periodic media but holds true also for less regular coefficients, see
the proof of Theorem 3.1 in [25] and Remark @ Moreover, the locally-periodic theory of
the HMM is based on the findings in [26] 27] and will be reported later as an extension of
the present work. What appears to be crucial from the locally-periodic analysis is that
the HMM requires at least a certain degree of smoothness in the slow variable to give
the desired rates.
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5. Numerical results
In this section, we provide evidence that

e The time dependent approach gives O((¢/n)?+?) convergence rate in the periodic
setting, where g can be chosen arbitrarily large.

o If p> 1, we get Ok + (%)q+2) convergence rates in locally-periodic media, where
k=2ford=1and k =1 for d > 2. If p= 1, an additional O(nP*!) error appears.

e For quasi-periodic problems, where the coefficient function oscillates with a rational
and an irrational wavelength at the same time, the approach gives high order
convergence rates similar to the periodic case.

First we will present results showing the convergence of the HMM flux to the homog-
enized flux. We then provide examples showing that the full HMM solution captures the
homogenized solution. In all the examples, we will solve the micro problem on the
micro domain I, X €, 5., where I := (0,7/2] and €, », = [-Ly + xo, L, + xo]. We
always choose 7 = n and L, = 7 + 7+/|A%|«. The values of € and 7 will be specified in
each example separately.

5.1. Convergence of flux in one dimension

The periodic case: We start with three periodic examples in one dimension. The
periodic coefficients are given by

A5 (x) = 1.1 +sin(2mx/e), A(x) = ecosra/et1)

1

A5(z) = 1.1 +sin(27z /e + 1)% + %cos(ch/s +1.1) (35)
The error in the flux for the simulations of the above periodic coefficients are given in
Figure [0] In order to test the convergence rate we use a fixed micro cell-size n = 0.01,
and we let ¢ — 0. For different p,q pairs, the simulations illustrate the O((g/n)972)
convergence rate. All of the results agree with the statement of the Theorem[2] Note that,
in these simulations, the homogenized coefficients are computed by a simple trapezoidal
rule with an accuracy of 107!4, and we have used the initial data @ = z.

The locally-periodic case: Here we consider the problem with the following
locally-periodic coefficient:

1
Af(z) =11+ 3 (sin(2wx 4 0.1) + sin(27x /e + 2))
and show the convergence of flux. Figure [10| shows the O(g% + (¢/n)?*2) error in the
flux approximation. Note that the constant error which appears when p = 1 is due to

O(nP*1) averaging error. As depicted in the figure, this error vanishes as we take p > 1.

5.2. Convergence of flux in two dimensions

The periodic case: We consider the problem in two dimensions with the linear
initial data @ = 1 + x5. The coefficient matrix is chosen to be

Af(x) =(1.1+ %sin(%rml/s))(l.l + %sin(chg/s))L
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where I is (2 x 2) identity matrix. The homogenized coefficient and homogenized fluxes
are explicitly given by

A0 = (1.1 112 — 0.25) I, F=(F'F?, F'=F2= (1.1 112 — 0.25) .

Figure [I1] shows the convergence of HMM fluxes, in xy and w5 directions, toward the
homogenized flux for two different (p, ¢) pairings. The results are in a perfect agreement
with Theorem 21
The locally-periodic case: We consider the problem in two dimensions with the
coefficient matrix

A®(x) = (1.5 + sin(27xy [e) + sin(2mxs) cos(2may fe)) 1.

In this case the homogenized matrix becomes diagonal. We compute the diagonal ele-
ments at o = 0 using the cell problem with an accuracy of 10~7

AY,(0) = 1.1180025,  A9,(0) = 1.5000000.

The difference between the homogenized flux and the HMM flux in z; and x5 directions
are shown in Figure We clearly observe that the O((g/n)972) averaging error is
asymptotically dominated by the O(g) error. We emphasize again that in one dimensional
locally-periodic setting we obtained O(¢?) instead, see Figure

5.8. Full HMM Solution

Suppose that Q = (0, 1)d and that we approximate the solution of the elliptic PDE
with HMM where the hyperbolic equation is used as the micro-model. Let us
denote the HMM solution by {U?}Y | where N is the number of macro grid points. We
are interested in measuring the error between the HMM solution {U?}Y ;| and the discrete
homogenized solution 4y, (z;) which approximates the solution of

—V - (A%z)Vul(z)) = f(®) in Q,
u(x)=0 on N

In Figure we show the solution of the HMM for the elliptic problem in one dimen-
sion for a locally-periodic coefficient. In Figure we see the solution of HMM in two
dimensions with the following coefficient

A% (x) = (1.1+ %(sin(Qﬂzl/a) +sin(z1)))(1.1 4+ %(Sin(2ﬂ'$2/€) + sin(z2)))1.

In these figures, we provide the direct (only in the one dimensional case) and the ho-
mogenized solutions. Observe that the HMM approximates the average quantities very
well and that both the HMM and homogenized solutions stay close to the exact solution
according to the classical theory of homogenisation.

Finally, to test the convergence for a quasi-periodic media we consider the coefficient

A¢ (J?) — 1/4esin(27rrm/5)+sin(27rx/s)’

where r = v/2. With this choice, the problem becomes non-periodic. However to be able
to compute the exact homogenized coefficient, we use an approximation » = 1.41. This
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choice makes the problem non-periodic on the micro level and periodic on the macro
level for € = 0.01. The reference homogenized coefficient is computed by

1 100 1 . ) -1
AO — 00 / <4esm(27rrm)+sm(27rx)> dx
0

We are then able to compare the full HMM solution with the discrete homogenized
solution. The right plot in Figure [15| shows again the desired rate of convergence for this
"non-periodic” problem. In the left plot of this figure, we depict the convergence rate

for a periodic case as well. All these examples illustrate the O ((5/ n)q+2> convergence

rate for the full solution as well.

6. Concluding remarks

The accuracy of typical multiscale methods is limited by the O(e) error made on the
boundary of the micro domain. Without any special treatment, this error leads to an
O(g/n) error for the difference between the HMM and the homogenized solutions. In
this paper, we have proposed a strategy to reduce this resonance error for elliptic ho-
mogenization problems. Our approach uses the wave equation as the micro model. Since
waves propagate with finite speed, the O(g) error on the boundary of the microscopic do-
main does not influence the interior solution if the micro domain is sufficiently large. In
periodic media, the approach reduces the resonance error to O((e/n)?+?) for arbitrarily
large values of ¢ upon using a kernel K € KP'? and without increasing the computational
cost. In more general media, however, although the method does not suffer from the
boundary error, it introduces an error of the order O(e) which is a bias that appears due
to using wave equations as our micro-problem. Since n = O(g), our method results in
a substantial decrease in the upscaling error by replacing the O(e/n) resonance error by
an error of the order O(g). Hence, when compared to the exact solution, the method
becomes as accurate as homogenization which is also O(e) away from the exact solution.
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Periodic problem withn = 0.01

Figure 9: Error between HMM flux and the homogenized flux for periodic examples with coefficients
{A5, A5, A5} (from top to bottom) in (35). We observe O((e/n)?+?) for different values of (p, q).
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. Locally—periodic problem with n = 0.01
10° ¢
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Figure 10: A locally-periodic wave problem with initial data 4 = =z and A®(z) = 1.1 +
0.5 (sin(27x + 0.1) + sin(27z /e + 2)) is solved. We observe O(e? + (¢/1)912) error, when p > 1, for
the difference between the homogenized and the HMM flux. The constant error when p = 1 is due to

the averaging error O(nP*1) which disappears as we take larger p.
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Figure 11: 2D periodic wave problem with initial data @(x) = z1 + x2, and the coefficient A®(x) =
(1.1 + 0.5sin(27z1/€))(1.1 4 0.5sin(27wx2/¢))I is solved. The HMM flux is computed using a K34
smoothing kernel. The figure shows the convergence of the HMM flux to the homogenized flux in z;
(left plot) and z2 (right plot) directions.
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Figure 12: The convergence of 2D HMM flux in x1 (left) and z2 (right) directions with initial data
4 = x1 + x2. The coefficient A®(x) = (1.5 + sin(2wx1/e) + sin(2mz1) cos(2mxy/e))] is used in the
simulation. The HMM flux is computed using a K> smoothing kernel. This figure shows the O(¢)

asymptotic convergence rate in two dimensional locally-periodic setting.

HMM, DNS (with €=0.02) and homogenized solutions
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Figure 13: 1D locally periodic wave problem the coefficient A%(x) = 1.1 4 0.5(sin(27x) + sin(27wz/e)) is
solved with HMM. The parameters in the HMM are H = 1/10, £ = 0.02, n = 0.2. In addition, 20 points
per wavelength is used in the micro solver. The HMM solution is in a good agreement with the DNS

and the homogenized solutions.
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2D locally periodic HMM solution 2D locally periodic homogenized solution
0.2 : 0.2
0.15 0.15
0.1 0.1
0.05 0.05
0 0

Figure 14: 2D locally periodic wave problem with the coefficient A¢(x) = (1.1 4+ 0.5(sin(27z1/e) +
sin(z1)))(1.1 + 0.5(sin(27z2/e) + sin(x2)))I is solved. The parameters in the HMM are H = 1/20,
€ =0.02, n = 0.1. The HMM solution agrees well with the homogenized solution (top plot).

A’(x) = 1.1 +sin(2 & x/g) ) Af(x) = 1/4 exp(sin2 T r X/ €) +sin(2 T x / €))

| UHMM - UHom |
IUHMM - UHoml

Figure 15: Convergence of the full HMM solution to the homogenized solution in one dimension. We
observe O((e/n)912) convergence rate for both the periodic problem (the left plot) and the non-periodic
problem (the right plot).
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