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ABSTRACT. This paper addresses a multi-scale finite element method for sec-
ond order linear elliptic equations with rough coefficients, which is based on
the compactness of the solution operator, and does not depend on any scale-
separation or periodicity assumption of the coefficient. We consider a special
type of basis functions, the multi-scale basis, which are harmonic on each
element and show that they have optimal approximation property for fixed
local boundary conditions. To build the optimal local boundary conditions, we
introduce a set of interpolation basis functions, and reduce our problem to ap-
proximating the interpolation residual of the solution space on each edge of the
coarse mesh. And this is achieved through the singular value decompositions
of some local oversampling operators. Rigorous error control can be obtained
through thresholding in constructing the basis functions. The optimal interpo-
lation basis functions are also identified and they can be constructed by solving
some local least square problems. Numerical results for several problems with
rough coefficients and high contrast inclusions are presented to demonstrate
the capacity of our method in identifying and exploiting the compact structure
of the local solution space to achieve computational savings.

1. Introduction. Many problems of practical importance in science and engineer-
ing have multi-scale feature: composite materials and flows in porous media are
typical examples of such kind. In some cases the quantities of interest (Qol) are
only related to the large-scale properties of the solutions, but since the fine-scale
features of the model can have significant impact on the large-scale properties of
the solutions, one needs to use a very fine mesh to resolve the small-scale varia-
tions of the problem to get faithful numerical results. The computational cost can
be prohibitive. For these so-called multi-scale problems, it is desirable to develop
upscaling methods that allow us to efficiently incorporate the small-scale features
of the problem into the large-scale properties of the solutions.
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In this work, we use the following second order linear elliptic equation with
homogeneous Dirichlet boundary condition to illustrate our upscaling methodology,

—div(a(z)Vu(z)) = f(z), =z € D,
{umaD ) L

where D is a convex polygon domain in R? with d = 2,3. We assume that the
equation is uniformly elliptic, i.e., there exist Api, > 0 and Apax > 0 such that

a(x) S [Aminv)\max} (12)

We do not assume any regularity of the coefficient a(x) € L>°(D), which may have
multiple spatial scales, thus the above equation (1.1) can be used to model diffusion
process in strongly heterogeneous media. We also assume that in (1.1) the forcing
function f(x) € L?(D), not just in H-*(D). The existence of solution to (1.1),
u(z) € H} (D) follows from the Lax-Milgram theorem, and we have

cllfllz-1py < Nw@)ap oy < Cllflz-1(p)- (1.3)

Classical finite element methods use piecewise linear (polynomial) functions to ap-
proximate the solution space, and the convergence of these methods generally de-
pends on the following approximation property and regularity result

|u(z) — Ju(z)| gy (py < CH|lu(@)||g2(p), |lw(@)m2D) < Cllf(@)|lL2(D),  (1.4)

where Ju is the piecewise polynomial interpolation of u(x), and H is the underlying
mesh size. Thus O(H) accuracy can be obtained if mesh of size O(H) is employed
in the discretization. Classical finite element methods may fail for these multi-scale
problems, since for rough a(z), ||u(z)| g2 cannot be bounded by | f(z)|/z2(py in
(1.4). It is actually shown in [8] that the polynomial finite elements can perform
arbitrarily badly in this setting. In practice, one needs a much finer mesh to get
O(H) accuracy, thus (1.1) can serve as a typical example of multi-scale problem.
One strategy to numerically solve the multi-scale problem (1.1) is using problem-
dependent basis (instead of polynomials) that incorporates properties of the coeffi-
cient a(x) to approximate the solution space. One first constructs basis functions

¢1(z), d2(2), ... pn(z) € HY(D), (1.5)
that may depend on the elliptic operator in (1.1) and find the numerical solution
#(x) € Vir(z) = span{¢1(2), ¢2(), ... dn(2)} € Hy(D), (1.6)
using the Galerkin projection. Namely, we find ug(z) € Vi, such that
alug(z),v(x)) = (f(z),v(z)), forall v(z)e Vy, (1.7)

where
a(u(x),v(x)):/DVu(x)ta(x)Vv(x)dac, (f(a:),v(m))z/Df(x)v(x)dx. (1.8)

The numerical solution satisfies the following optimal property

Ju(e) ~un(@)lp = o fu(z) - v(a)|e. (19)

where the energy norm is equivalent to the H} (D) norm, and defined as

u() 1% = alu( / V() a(z)Vu(z)ds. (1.10)
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In this work we will employ the above strategy to numerically solve (1.1). Note
that to obtain the numerical solution uy () from the Galerkin projection (1.7), one
needs to solve a linear system of size n x n. Thus to make the computational cost
small, we want the number of the basis functions used in (1.5) to be small. Besides,
we want the basis functions in (1.5) to have compact support such that the stiffness
matrix formed in (1.7) is sparse thus easy to compute and invert.

We propose an effective method to construct basis functions (1.5) with optimal
local approximation property. Our method is based on the compactness of the
solution operator to (1.1) restricted on local regions of the domain. To be specific,
we introduce the following operator

T, . f(z) = ui(z) =u(x)|p,, (1.11)

where D; is a local subset of D with size O(H), and H is chosen according to the
desired order of accuracy. The compactness of the operator T; will be demonstrated
numerically in section 2. On each local region of the domain, D;, we decompose the
local solution u;(z) to two orthogonal parts with respect to the energy norm (1.8):
an a(z)-harmonic part, and a local bubble part. We show that the bubble part of
the solution is small and its compact structure can be easily identified by inverting
the elliptic equation (1.1) locally on each region D;. We consider approximating the
solution space using a special type of basis functions that are a(z)-harmonic on each
D;, and call basis functions of such type multi-scale basis. Due to the smallness of
the bubble part of the solution, we demonstrate that multi-scale basis functions are
optimal in approximating the solution space for fixed local boundary conditions on
0D; if only O(H) accuracy in the energy norm is desired.

The a(x)-harmonic part of the solution only depends on the restriction of the
solution on the boundary of the local regions D;, and we seek to identify the compact
structure of the trace of the solution space on dD;. Using a primary set of multi-
scale interpolation basis functions (nodal multi-scale basis) , ¢;(x), we can reduce
our problem to approximating the interpolation residual of the solution on each
edge e of the coarse mesh, which we denote by T, f(z). We then introduce a local
oversampling operator Ppg that maps the solution on an oversampling domain W to
the interpolation residual T, f (z), and decompose T, using Pps and a global solution
operator. We employ the compactness of the oversampling operator to construct
the edge multi-scale basis for each edge e through singular value decomposition.
The optimal choice of the nodal multi-scale basis functions ;(x) is identified as the
solution to some local least square problems, which makes the singular values of Ppg
have the fastest decay. Since the resulting basis functions (1.5) are a(z)-orthogonal
to the bubble part of the solution space, we can add the bubble part back to our
numerical solution by simply solving some local cell problems (independently from
the Galerkin projection).

Our multiscale method consists of two stages: in the offline stage we identify the
local compact structure of the solution space, and build multi-scale basis functions
and the corresponding stiffness matrix; in the online stage, for any given forcing
function f(z) € L?(D), we solve the equation (1.1) efficiently using the multi-
scale basis functions constructed offline with a very low computation cost. Our
method can achieve significant computational savings in the multi-query setting
where equation (1.1) needs to be solved for multiple times with different forcing.

Several numerical examples with rough coefficients and high-contrast channels
are presented. Our method achieves high accuracy and significant computational
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savings for these problems in the online stage. In this work we demonstrate our
methodology through the second-order scalar elliptic equation, but it can be easily
generalized to other linear elliptic problems such as the elasticity equations.

Below we review some related works in the literature. The classical homogeniza-
tion theories, including the periodic homogenization [9, 33, 46, 15, 2, 1], and the
H, G, I'-convergence theories [41, 17, 16, 50, 49, 40, 24], consider the convergence
of a sequence of operators parameterized by € as ¢ — 0. In the Multi-scale Finite
Element Method (MsFEM) [28, 29, 22, 11, 30, 21, 18, 19, 13, 20, 12], nodal basis
functions that incorporate properties of the elliptic operator (1.5) are constructed
by solving local elliptic boundary value problems. Convergence analysis of MsFEM
in the periodic setting was given in [29, 22, 11]. An oversampling technique to re-
duce the resonance error introduced due to the artificial local boundary conditions
in the basis functions was proposed in [29]. The MsFEM framework motivated a lot
of interesting works and was further developed in [3, 31, 32, 35, 39]. In [38, 7, 4], the
generalized finite element method was proposed, which provides a general frame-
work to combine local approximation spaces together using a partition of unity
formulation. In [6, 5], the local basis functions for this framework were constructed
by solving some local spectral problems. In [36, 25, 47], the solution space is divided
into two orthogonal parts, the coarse multi-scale space and the fine scale space. The
coarse multi-scale space can approximate the solution space to (1.1) up to O(H)
accuracy in the energy norm. A set of basis functions were first identified as the
solutions of some global elliptic problems, and then shown to decay exponentially
fast. Thus their construction can be localized to regions of size O(H log(1/H)) to
retain the O(H) approximation accuracy. Harmonic coordinates were introduced
in [34], and employed for (quasi) one-dimensional elliptic problems in [7, 4]. In
[44], the authors proved that the solutions to (1.1) gain an order of regularity with
respect to the Harmonic coordinates and proposed upscaling methods based on this
property. The polyharmonic spline functions were introduced in [45], where they
were identified as solutions of some global optimization problems and shown to have
super-localization property. These basis functions were later interpreted as condi-
tional expectations in the Bayesian inference setting [42]. This novel point of view
was further developed in [43], and a multi-resolution decomposition of the solution
space was obtained based on a hierarchical information game formulation.

The remaining part of this paper is organized as follows. In section 2, we demon-
strate the compactness of the solution operator restricted to local regions of the
domain. In section 3, we decompose the solutions on each local region to different
parts corresponding to the trace of the solution on the edges of the coarse mesh,
and identify their compact structures separately. In section 4, numerical results are
presented to demonstrate the capacity of our method in identifying and exploiting
the compactness of the solution space to achieve computational savings. Concluding
remarks are made in section 5.

2. Compactness of the solution space restricted to local regions of the
domain. The existence of a finite number of basis functions (1.5) that can approx-
imate the solution space to (1.1) up to any accuracy is implied by the compactness
of the solution operator, T, which maps from the forcing function f(z) € L?(D) to
the corresponding solution u(z) € H}(D).

T: f(z)e€ L*(D)— u(x) € HY(D). (2.1)
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The compactness of T' was analyzed in [37, 10], and employed for elliptic equations
with random input data recently in [26, 27] for stochastic model reduction.
To be specific, the solution operator T' can be decomposed as

T =L "2 (pyssu-1(D) (2.2)

where L™ maps f(z) € H~ (D) to the solution u(z) € Hj(D), and I2(py_g-1(p)
is the embedding operator from L?(D) to H~1(D). From (1.3), we can see that L~!
is continuous and indeed a homomorphism, and the compactness of Ir2(py_,g-1(p)
is well known based on the Sobolev space theory [23]. Thus the compactness of T
follows from the decomposition (2.2). To quantify the approximability of T' by a
finite-rank operator, we consider its Kolmogorov-n width [48].

Definition 2.1 (Kolmogorov n-width). For a compact linear operator 7" that maps
between two Hilbert spaces, we define its Kolmogorov n-width as

where T,, runs over all rank-n linear operators.

Due to the fact that L~! is a homomorphism, one can easily see that the
Kolmogorov-n width of T (mapping from L?(D) to H}(D)) is only different from
that of Ir2(py_g-1(p) by a constant factor ,

cdn(Ir2(py—m-1(p)) < dn(T) < Cdn(I12(D)H-1(D)): (2.4)

where C' and ¢ depend on Apin, Amax (1.2) and D.
The Kolmogorov-n width of the embedding operator is well-known [37, 10],

dn(Ip2(pysmz(py) =n~V4HC+0(1), n— oc. (2.5)

From (2.4) (2.5) and (2.3), we obtain that there exist n basis functions, (1.5), with
the following approximation property to the solution space of (1.1),

sup inf | Y cii() — u(@)|| gy py < O (2.6)
If@lp2py=1 ¢ =1

The approximation property (2.6) is optimal, and does not depend on the regularity
of the coeflicient a(z). For practical applications in multi-scale problems, we want
the basis functions ¢;(z) to have local support such that the corresponding stiffness
matrix in (1.7) is sparse and easy to invert. However, the basis functions in (2.6)
whose existence is implied by (2.4) and (2.5) may be nonlocal.

Since our objective is to find basis functions (1.5) with local support, we consider
a local region of the domain, D; with diameter O(H), and a slightly larger local
domain that contains D;, W, which we call the oversampling region. We consider
the restriction of the solutions to (1.1) on W,

uw (z) = u(@)|w. (2.7)
The local solution uw (z) can be decomposed to two parts,
uw () = uyy (2) + uiy (), (2.8)

where
—div(a(z)Vuly(z)) =0, z €W,
ujy (z) = uw(z), x €W,
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and

{—div(a(x)Vu%V(x)) =f(z), zeW, (2.10)

u (x) =0, x€dW.

We call the first part ujy, (z) the local a(z)-harmonic part, and the second part
u%,v(x) the local bubble part. The two parts are orthogonal with respect to the
local inner product, aw (-, ),

aw (uyy (z), udy (x)) = / Vuiy (2)ta(z)Vudy (x)dz = 0. (2.11)
w
The local bubble part u?, () is small in the sense that

ey (@) 2wy < CHF @)y (2.12)

which can be obtained from (1.3) and a scaling argument. Inequality (2.12) implies
that if we only want to obtain O(H) accuracy in our numerical solution, we can
simply neglect the local bubble part.

Then we consider a local solution operator T; that maps f(x) to the local a(x)-
harmonic part, ul, (z) restricted on D;,

T;: f(x) € L*(D) — uyy (v)|p, € H'(Dy), (2.13)

and we want to construct local basis functions on D; that can approximate the
range of T;. To demonstrate the compactness of T, we choose a set of orthonormal
basis in the domain and range of T; to discretize T; as a matrix, and compute the
decay of its singular values. We consider the following choice of coefficient in (1.1),
which has multiple fine spatial scales and is illustrated in Figure 1a,

afz) = 1 <1.1 + sin(27z/€1)

1.1 +sin(27y/ez) . 1.1+ cos(2mz/e3)
1.1 + sin(27y/e€1) + 1.1+ cos(2mz/e2) 1.1+ sin(2my/e3)
1.1+ sin(27y/es) = 1.1+ cos(2mz/e5)
1.1+ cos(2mz/eq) 1.1 +sin(2my/es)

_ 1 _ 1 _ 1 _ 1 _ 1
where €1 = =, €2 = {3, €3 = 715, €4 = 37, €5 = g5~

We choose D = [0,1] x [0,1], the oversampling region W = [14H,17H]| x
[14H,17H], and the local region D; = [15H,16H] x [15H,16H]|, where H = 1/32.
The decay of the singular values of the local solution operator (2.13) is plotted in
Figure 1b. Then we compute the singular values for the local solution operator
(2.13) to the Poisson equation in the same setting, the decay of which is plotted
in Figure 1lc. We can see that the singular values of the local solution operator
decay very fast, and this fast decay does not deteriorate due to the roughness of
the coefficient.

The fast decay of singular values of T; implies that we can use a very small
number of local basis functions (the first several left singular vectors of T;) to get
very good local approximation property. However, we cannot afford to construct
T; explicitly since it is a solution operator and its construction involves solving the
equation (1.1) many times globally. It is known that for a low-rank operator, the
main action of T; can be captured in its image on some random vectors. This fact,
to some degree, explains the success of some global upscaling methods [18, 14, 44]
that use the linear combination of a small number of sampled global solutions to
approximate the local solution space.

We will not pursue this perspective in this work. Instead, we introduce a lo-
cal oversampling operator and construct optimal local multi-scale basis functions

6

+ sin(42?y?) + 1) . (2.14)
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(A) The rough coefficient. (B) Rough coefficient (1.1). (c) Poisson equation.

FIGURE 1. The fast decay of the singular values of the local solu-
tion operator (2.13), for rough coefficient (1.1) and possion equa-
tion.

employing the compactness of the oversampling operator through singular value
decomposition. The resulting method does not involve any global solver of the
equation (1.1). We will give the details of this method in the next section.

3. Identifying the compact structure using oversampling. In this section,
we identify the compact structure of the local solution space through oversampling.
In our numerical examples, the domain D is chosen to be [0,1] x [0,1], and we
discretize D using a coarse square mesh of size H, which should be chosen according
to the desired order of accuracy. With this discretization, we have

D=u¥,D,, (3.1)

where D; have disjoint interiors. Underlying this coarse mesh, we use a triangle fine
mesh of size O(h), which is a refinement of the coarse mesh. The fine mesh size h
should be chosen such that it can resolve the small scale variation of the multi-scale
coefficient in (1.1). In our method we solve the equation (1.1) on the coarse mesh,
and the basis functions that we use are constructed and saved using linear basis
functions on the fine mesh. The two level discretization is illustrated in Figure 2.

Two Level Mesh

H

FIGURE 2

3.1. The multi-scale basis. We first introduce a special class of problem-depend-
ent basis functions (1.5), which we call the multi-scale basis. These basis functions
generalize the basis employed in MSFEM [28], but are not necessarily nodal.
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Definition 3.1 (Multi-Scale basis). For a discretization of D (3.1), we consider
basis functions

¢1(2), 2(), ... dn(x) € HY (D). (3.2)
If they are a(x)-harmonic on each element of the coarse discretization, D;,
—div(a(z)Ve;(z)) =0, =z € Dj, (3.3)

then we call them multi-scale basis functions.

Clearly, multi-scale basis functions are determined by their traces on the bound-
ary of coarse elements 9D; since they are a(z)-harmonic in each D;. We denote

r=ul,0D;. (3.4)
The following proposition implies that if the desired accuracy is O(H), multi-scale

basis functions are optimal for fixed local boundary conditions on I' (3.4).

Proposition 1. Consider a set of basis functions ¢;(z) € H(D),i = 1,2,...m,
and a set of multi-scale basis functions ¢;(x) € HY(D),i = 1,2...,n on a coarse
mesh of size H, as shown in Figure 2. Denote the corresponding Galerkin numerical
solution (1.7) to (1.1) using ¥;(z),i = 1,...m as u¥(x), and the Galerkin solution
using ¢;(x),i=1,...n as ud®(z). If

span{¢1(2)[r, ..., ¢n(z)|r} = span{y1 (@)|r, . .., Ym(z)|r}. (3.5)
Then we have
u(z) — ugf® (@)% < [lu(z) — v (@)% + Cl flI72p) H. (3.6)

Namely, if only O(H) accuracy in the energy norm is desired, the multi-scale basis
can perform as well as other set of basis functions, given that the local boundary
conditions of the basis functions are the same.

To prove the above proposition, we first decompose the solution u(z) to (1.1) to
two parts. On each coarse mesh element D;, we consider

wi(2) = u(@) |, (3.7)
and decompose it to an a(z)-harmonic part and a local bubble part, as in (2.8),
ui(z) = u}(z) +ui(x), x € Dy, (3.8)

where u}(z) is the local a(z)-harmonic part, and u?(z) is the local bubble part.
Combining these local decompositions from all coarse elements D; together we get,

u(@) =u'(2) +v?(z), u'(e)= Z@(éﬂ% u?(w) = ZU?(@- (3.9)

One can see that the two parts u!(x), u?(x) are orthogonal with respect to the a(-, -)
inner product (1.8),

a(ut(z),u?(z)) = 0. (3.10)
Moreover, the combination of the local bubble parts is small according to (2.12).
Specifically, we have

lu*(@)lle < CHI|fllz2(p)- (3.11)

Next we prove the proposition 1.
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Proof. Denote the numerical solution using ¥;(z) (i =1,...m) as

Y() =) di()
i=1
then, there exist ¢; (i = 1,...n) such that u}* = >""" | ¢;¢i(x), and
uf*(@)|r = u¥ (@)|r. (3.12)

Then we consider

i (@) = u(@)|[ = v (@) + ' (2) — ulp (@) |- (3.13)

Since u¥*(x) € H}(D) is a(z)-harmonic on each coarse element D;, we have

a(u?(x), Z/ VuZ( 2)Vuy (z)dx

= Z / z)div(a(z)Vup (z))de = 0. (3.14)

[l

Thus u?(z) is a-orthogonal to u!(z) — u*(z), and according to (3.11) we have
luz) = uf (@) = u? (@)% + v’ (2) — ufi (@)
< |lu' (@) — ufp* (@)% + Clf L2y H?. (3.15)

Then we consider u.(x) = u(x) — u¥(r), and decompose it to two parts as we did
for u(z) in (3.9),

ue(r) = ue(r) +ul(z),  alug(z),ui(x)) = 0. (3.16)
Consequently, we have
[u(a) —u? (@) = lue (@)l + (@) > llue ()] (3.17)

According to (3.12), we have
ul(z) = u'(z) — uP (), (3.18)

since they are equal on T and a(z)-harmonic on each D;.
Finally based on (3.15), (3.17), and the optimal property (1.9), we have

[u(@) —ugf* (@)% < Ju(z) —uf® (@)|F < lu@) —u? (@) |5 +C|| fllj2p)H?. (3.19)
This completes the proof. O

As we have shown in (3.11), the bubble part of the solution u?(x) is small and
of O(H) in the energy norm, thus can be neglected if the desired accuracy in the
numerical solution is O(H). In our method, we use multi-scale basis functions in
(1.5) to approximate the solution space. The multi-scale basis functions are locally
a(z)-harmonic functions, and are a(z)-orthogonal to the bubble part of solution.
Due to this a(x)-orthogonality and the Galerkin projection formulation in (1.7),
multi-scale basis functions only approximate the a(z)-harmonic part of the solution
and will not bring in additional errors in the bubble part. Thus we can recover the
bubble part of solution u?(x) independently by solving some local bubble problems
(2.10). By adding u?(x) back to u}f®(x), we can get numerical solution that is free
of error in the bubble part. This is one of the advantages of using multi-scale basis

n (1.5).
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To construct local multi-scale basis functions, we introduce a set of nodal multi-
scale basis and decompose the interpolation residual of the a(x)-harmonic part of the
solution u!(x) to different parts corresponding to different edges of the coarse mesh,
and approximate them separately. This will be detailed in the next subsection.

3.2. Decomposition of the a(z)-harmonic part of the solution. To identify
the compact structure of the a(x)-harmonic part of the solution, we first introduce
a set of primary interpolation multi-scale basis 1;(x),i = 1,...n associated with
the coarse mesh node points x1, o, ... x,, which we call nodal multi-scale basis,

Yi(z;) = 0i5;  —div(a(z)Vi(x)) =0, =z € D;. (3.20)

We also require that ;(x) is supported on the four coarse elements around ;.
For example, we can simply choose the multi-scale basis v;(z) to be linear on the
boundaries of coarse elements. We will discuss about the optimal choice of these
nodal multi-scale basis functions in subsection 3.4.

For f(z) € L%*(D), and the spatial dimension d = 2,3, we have that u(z) is
Hélder continuous on D [23], so we can consider the interpolation of u!(z), namely
the a(x)-harmonic part of the solution, using the nodal multi-scale basis functions
;(x), and get the residual,

() =ul(z) =Y ulz;)ei(). (3.21)
i
For a coarse mesh element D;, we denote its four nodes points as x;,, Ti,, Zi,
and x;,, then we get the restriction of the residual (3.21) on D;,

’U(‘r)|D1 = uzl (ZC) - U(le)qun (‘r) _u<xl2)¢12 (LC) - U(xm)i/% (‘T) - U@u)ﬁ’u ({,C) (322)

Oversampling Region W

Q f

T T

| |

| |

oo P | D, |

| |

, D s ! !
,,,,,,,, iy __

LI [ ! !

:Target edge e :

| |

| Dd |

| |

| |
(A) A coarse element. (B) Oversampling region.

FIGURE 3. Decomposition of the interpolation residual.

Since the residual v(z)|p, vanishes on the node points z;;,j = 1,2,3,4, we can
decompose the trace of v(z) on dD; to four parts, corresponding to the four edges
of D;, e}, €2, €2, e}, respectively,

v(@)]op, = v(@)]er +v(@)]e2 +v(@)]ez + v(2)]ea
= Vel (.13) + Ve2 (.13) + Ued (l‘) + Vet (l‘) (323)

This decomposition is illustrated in Figure 3a. Each part in the above decomposition
(3.23) belongs to H'/2(0D;) since they vanish on the node points, and we can extend
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them to D; to get four a(x)-harmonic components of v(x). We still denote them as
Vet (@), ve2 (2), ve3 (@), ves () and get

0(2)|p; = ver () + ve2 (%) + vez (2) + ves (2). (3.24)

Combining these local decompositions together, we have
v(@) =Y ve(x), (3.25)
e

where ve(z) is the a(x)-harmonic extension of the interpolation error on the edge e
to its two neighbor elements. In (3.25), we are actually dividing the interpolation
error v(z) in the a(z)-harmonic part of solution to different parts corresponding to
errors on different edges e. This is possible since v(z) vanishes on the node points,
thanks to the interpolation operation using the nodal multi-scale basis v;(z) (3.21).

We seek to construct edge multi-scale basis functions on each edge e that approx-
imate ve(x), and combine them with the nodal multi-scale basis (3.20) to get the
whole trial space. We introduce the following operator for the edge e with endpoints
z;, and x;,, which maps f(x) € L?(D) to the interpolation residual,

T.: f(x) € L*(D) = ve(x) = ulx) —u(wi, )iy (2) —uli )iz () € H'?(e). (3.26)

The left singular vectors of T, form the optimal edge multi-scale basis functions.
However, T, is a global operator and its construction involves solving the equation
(1.1) globally. In the next section, we decompose T, as a global solution operator
and a local oversampling operator, and construct edge multi-scale basis functions
that approximate the range of T, through the oversampling operator.

3.3. The oversampling operator. To identify the compact structure of the so-
lution space restricted on the edge e, we put it in an oversampling region that we
denote by W. In our numerical examples, we use the square mesh of size H for the
coarse discretization, and the oversampling region W is chosen as the union of the
six elements around the edge e. It is illustrated in Figure 3b. Our method is also
applicable to other types of discretizations like triangular mesh.

We remark that the idea of identifying the local structure of the solution space
by putting it in a larger region, namely oversampling, was first proposed in [29]
to reduce the resonance error due to artificial local boundary conditions of the
multi-scale basis, and this strategy was later employed in [3, 6, 13].

We denote Ty as the operator that maps f(z) € L?(D) to the oversampling
solution uw () = wu(z)|w, and Tw_. as the operator that maps uy (z) to the
solution restricted on the edge e:

Tw: f(z) = uw (@) =uw@)|w, Twoe: uw(@) = ue(x) = uw(z)le. (3.27)

We also introduce the interpolation residual operator using (3.20), P,

Pe o u(w)]e = ul@)le — wl@i, )i, (2) — ul@i, )i, (2). (3.28)
With the above definitions, the operator T, (3.26) can be decomposed as
T. = P.TwITw. (3.29)

We call the operator P, Ty —,. in the above decomposition (3.29) the oversampling
operator, which maps the solution on W, uy () to the interpolation residual,

Pos = PTwse : uw (x) = ve(x) = uw () — uw (i, )i, () — uw (@i, )i, (),
(3.30)
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where z;, and x;, are the two endpoints of e, and 1;,(x) are the nodal multi-scale
basis functions (3.20).

We employ the compactness of the oversampling operator (3.30) to construct
basis functions in H'/?(e) that vanish at z;, and z;,, and approximate the range
of (3.26). To be specific, we use the first several left singular vectors of Ppg as the
edge multi-scale basis functions associated with e. We first introduce appropriate
inner products for the domain and range space of Pog.

On the edge e, the image of T,, v.(x) € H'/?(e) and vanishes on the two end-
points. We consider its a(x)-harmonic extension to the upper and lower coarse
elements respectively, as shown in Figure 3b, and denote them as v¥(z) and vZ(z).
Then we define

1 1
Hve(gc)Hip/z(e) =- (Vo)a(z)Volde + = (Vod)la(z)Volde. (3.31)
2 Jp, 2 Jp,

In the domain of the operator P.Tyw_., namely, uw (x), we define its inner
product as

luw ()%, = /W V(uy) a(@) Vuyy + (uy,)*de + /W[diV(a(x)Vuw)]Q, (3.32)

where ujy (z) is the local a(z) harmonic part of the solution uy,. And we denote
Vi as the Hilbert space of functions on W, which have bounded norm (3.32).

With the above inner products, we compute the singular value decomposition of
the oversampling operator Pps. To discretize the domain of Ppg, uw (z), we con-
sider its two parts, the a(x)-harmonic part, and the bubble part. The a(z)-harmonic
part only depends on the trace of uy (z) on 9W, and we discretize H'/2(0W) using
all the fine mesh piecewise linear functions. If W intersects with 0D, then we
will only use fine mesh basis functions that vanish on dD. The bubble part of the
solution u?,(x) only depends on fi(z) = f(x)|w, and we discretize f(x) using
piecewise constant functions on the coarse mesh, which can justified by assuming
certain regularity of f(x).

With the above discretization of uw (x), we truncate the singular values of Ppg
to O(H) and select the corresponding left singular vectors as the boundary basis
functions. We denote them as

vl(z),.. vk (x) € HY*(e), (3.33)

€ €

which vanish on the two endpoints of e. According to the oversampling operator in
(3.29), and our truncation criteria, we have the following approximation property

inf [[u(z)le — u(zi,)di, () — uli,)diy (2 Zczve D) 120y < CHllugy ()l

(3.34)
Then we extend these boundary basis functions to the two neighbourhood coarse
elements D,, and Dy as a(x)-harmonic functions to get the edge multi-scale basis,
by solving
—di V¢k(z)) = 0,2 € Dy, Dq,
e (@)|e = ve (x).

Finally, we combine the edge multi-scale basis functions for each edge e,

P(x), i=1,2.. ke, (3.36)
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with the nodal multi-scale basis functions ;(x) (3.20), and get the trial space,
Vi = span{¢;(z), i=1,...n}. (3.37)
We have the following error estimate using the trial space (3.37).

Proposition 2. Using the trial space consisting of the nodal multi-scale basis func-
tions (3.20) and the edge multi-scale basis functions (3.35), we obtain numerical
solution to (1.1) using the Galerkin projection (1.7). Then we have the following
convergence property,

lu(z) = uif®(@)l|le < CH||f ()] z=. (3.38)

Remark 1. Using a simple Aubin-Nitsche duality argument and the convergence
result in the energy norm (3.38), we can get the onvergence in L2

Ju(z) — uf (@) r2(py < CH?||f ()| 2. (3.39)

The proof of the convergence result (3.38) follows directly from the decomposition
of the solution operator (3.29) and the truncation in the singular value decomposi-
tion of the oversampling operator.

Proof. We choose ¢! as the ones in (3.34), and denote

n ke
uPs(z) = Z u(@)i(z) + ) Z i (z) € Vy. (3.40)

ms

We consider ||uf}®*(z) — u(x)||g. Since the basis functions in (3.37) are multi-scale
basis, namely, they are a(x)-harmonic on each D;, we have

lupr® =l = lufr® —ur = u2l|B < llupp® (@) —wa (@)% + CH? | fll72p), (3:41)

where u; () and ug(z) are the a(x)-harmonic part and bubble parts of the solution.
Then we decompose ||[uf*(x) — uq(x)||% to different parts on D;. For each part,
according to the approximation property (3.34), and the definition (3.31), we have

[ @) - @) a@) V(g @) - @) < 03 Huw(@)v - (342
D; w

The sum over W corresponds to the oversampling regions for edges of D;. There
are four of them for each D;. Summing up (3.42) for all the coarse elements of D,
we have

Iy (@) — w (@) | < COLH?(|u@) I + lu(@) |2y + [1f(@)ll220)),  (3-43)

where C] depends on the size the oversampling region W.
Substituting (3.43) into (3.41), and using (1.3) we have

[u(z) —ug® (@)l < CH|f(@)]L2(D)- (3.44)
Then using the optimal approximation property (1.9), we finish the proof. O

To make the number of multi-scale basis functions in (1.5) small, we want the
singular values of Pog = P.Tw _,. decay fast. Ppog can be decomposed to two parts:
the first part acts on the a(z)-harmonic part of uy (z), and we denote it as Ppg;
the second part acts on the bubble that only depends on fy (), and we denote it as
Pgs. For the first part, similar analysis has been done in [6] in a slightly different
setting, and the method there also applies to our problem. We have the following
result.
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Proposition 3. Denote the singular values of Phg that acts on a(x)-harmonic
functions on W as oy, then for our choice of the oversampling domain, we have the
following upper bound on the decay of oy: for any € > 0, there exist C' such that

o < Cexp{—k/(@HD=e} (3.45)
where d is the dimension of the domain D.

The second part P3¢ is small according to (2.12), and the decay rate of its
singular values can be obtained from (2.5) using a simple scaling argument.

Remark 2. In our definition of (3.32), we take into account the fact that f(z) €
L?(D). If we choose || - ||v4, as the HY(W) norm, then Pps will not be well-defined
due to the lack of continuity of uy (z) for d > 2.

Remark 3. We will numerically investigate how does the decay of the singular
values of Pés depend on the size of the oversampling domain in section 4.1. We
will see that for larger oversampling region, the singular values of P3¢ will be
smaller. However, in our error estimate from (3.42) to (3.43), we sum up the errors
on different coarse meshes, and since the oversampling regions for different edges
have overlapping, the constant C; in (3.43) will not be 1. For larger oversampling
region, C7 will be larger, and the error estimates deteriorates. Thus there exists a
trade-off in choosing the oversampling size.

We will see in our numerical results section that the singular values of Ppg decay
very fast, and a very small number of edge basis functions can achieve high local
approximation accuracy.

As we have shown previously, the basis functions we obtain are multi-scale basis
functions, thus are a(z)-orthogonal to the bubble part of the solution space. This
gives us the flexibility to add the bubble parts back to the numerical solutions at
local regions where higher accuracy is desired by simply solving some local bubble
problems (2.10). In our truncation of the singular values of the local compact
operator P.Tyw ., we choose the threshold to be O(H), since O(H) accuracy is
required in (3.38). If we need higher accuracy than H, for example, O(e) with
h < e < H, then we can truncate the singular values of P, Ty _,. by €. By doing so,
the resulting multi-scale basis functions are able to approximate the a(z)-harmonic
part of the solution space up to O(e) accuracy. Then by adding back the bubble
part of the solution u%(z) to the numerical solution u$*(x),

ug (x) = udlS (z) + ug(x), (3.46)
we can get O(e) accuracy in our final numerical solutions,

lu(@) = un (@)l 3oy < Cellf(@)llz2py.  u(@) — un(@)|r2py < CE|f(@)]L2(p)-

(3.47)
Namely, our upscaling strategy allows us to get very high accuracy that is permitted
by the fine mesh discretization.

3.4. Optimal nodal interpolation basis functions. In constructing the multi-
scale basis functions in the previous section, we need to choose a set of nodal basis
functions (3.20) first, which allows us to reduce the problem to approximating the
solution space restricted on each edge e, (3.29). The choice of these nodal basis
functions will affect the oversampling operator Pos = P.Tw _s.. In this subsection,
we identify the optimal nodal basis functions by solving local under-determined
least square problems.
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The oversampling operator for edge e, Pog, depends on the nodal multi-scale
basis functions ;, () and ;,(x) associated with the two endpoints of e, and we
seek optimal nodal multi-scale basis functions t;, () and ¢;,(z), such that the
singular values of Ppg have the fastest decay.

We consider the following optimization problem

mi(g 19, () [lvsy (;_ni(n) [%i, (®)[lviy,  subject to (3.48a)
—div(a(z) Vi, () € L2(W), 2 € W, by, (25,) = G- (3.48Db)

where the norm || - ||y, is defined in (3.32). We use the solution to (3.48), ¥, ()]
and v, (z)]. as boundary conditions to construct the nodal multi-scale basis. The
resulting nodal basis functions are optimal and we have the following theorem.

Theorem 3.2. The optimization problem (3.48) has unique solutions. Let ¢} (z),
®;,(x) be the solution to (3.48), and ¢;, (x) and ¢y, (x) be two other nodal multi-scale
basis functions. Denote the corresponding oversampling operators using these nodal
basis functions as (3.30) as Phg and Pog, andleto},i=1,2,... ando;,i =1,2,...
be their singular values in descending order. Then we have

o; <o (3.49)

Namely, using the nodal multi-scale basis obtained from (3.48), the singular values
of the oversampling operator (3.30) have the fastest decay.

The proof of Theorem 3.2 is given in the appendix.

Note that in the minimization problem (3.48), the two nodal basis functions can
be constructed independently by solving under-determined least square problems.
Going over the oversample regions for each edge of the coarse mesh, we can construct
the optimal nodal multi-scale basis functions (3.20) on all the boundaries of local
regions. Then we extend them locally to a(z)-harmonic functions by solving some
local boundary value problems as in (3.35) to get the nodal basis (3.20).

We will see in our numerical results section that, in some cases, the optimal
nodal multi-scale basis functions (3.48) are enough to obtain good approximation
property to the solution space of (1.1). Namely, there is no need to construct the
edge multi-scale basis functions (3.35) and add them to the trial space.

3.5. Implementation of the whole method. The proposed multi-scale finite
element method consists of two stages, the offline stage and the online stage. In
the offline stage, we identify the compact structure of the solution space. In the
online stage, for a given forcing function, we compute the numerical solution using
the offline basis functions. The offline stage involves the following procedures.

1. Build the oversampling operator for each edge e of the coarse mesh.

On each oversampling region W, we build the local a(z)-harmonic extension
operator, which maps the boundary condition which belongs to H'/ 2(0W) to
a(z)-harmonic functions on W. This step requires solving a series of boundary
value problems on W. Then we discretize the local forcing function using
piecewise constant functions on the coarse mesh. The above discretizations
correspond to the two parts of Viy (3.32), which is the domain of Ppgs. With
this we construct the optimal nodal multi-scale basis by solving (3.48), and
build the oversampling operator (3.3).

2. Compute the edge multi-scale basis using the oversampling operator.
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Using the inner products (3.32) and (3.31) in the oversampling operator to
compute its singular value decomposition. We truncate the singular values to
€, and save the corresponding left singular vectors, which are basis functions of
H'2(e), v}(x),v?(x),...v" (x). Then we extend these boundary basis func-
tions to the two neighborhood coarse elements of e by solving local boundary
value problems (3.35). Combining the nodal multi-scale basis functions with

the edge multi-scale basis functions, we get the trial space

Vi = span{¢ (), d2(x), ... dn(x)}. (3.50)

3. Compute the stiffness matrix.
We save the multi-scale basis in (3.50), and compute the stiffness matrix,

M(i, j) = a(¢i(z), ¢;(x)). (3.51)
The online stage involves the following procedures.

1. Compute the load vector.
For a given forcing function f(z) € L?(D), we compute the corresponding
load vector

b(i) = /D () f(z)dz, i=1,...n. (3.52)

2. Compute the online numerical solution.
Using load vector (3.52) and stiffness matrix (3.51), we solve linear system

Mec=b, (3.53)

and get the online numerical solution on the fine mesh
upt¥(z) = cidi(x). (3.54)
i=1

Recall that the edge multi-scale basis functions vanish on the coarse grid
node points. So if we only want the coarse-mesh solution, we can simply select
the coefficients in ¢ corresponding to the nodal multi-scale basis functions
(3.20).

3. Recover the bubble part of the solution.

Solve the local boundary value problem (2.10) on each coarse mesh element
D;, and get u?(x). Combining the local bubbles together and adding them to
the Galerkin solution (3.54), we get

N
ug (x) = ul S (z) + Z uz(z). (3.55)

i=1
If O(H) accuracy is required in the numerical solution, this step is unnecessary
since the bubble part does not impact the large scale properties of the solution.

Note that in the offline stage, we need to solve a series of boundary value problems
for each edge of the coarse mesh to construct the oversampling operator (3.30),
and then compute its singular value decomposition, which is relatively expensive.
However, the constructions of edge multi-scale basis functions on different edges
are independent, thus the offline stage can be implemented on a parallel machine
to accelerate the computation. In the online stage, the main computational cost
comes from solving the linear system (3.53). Our numerical results in the next
section suggest that a very small number of multi-scale basis functions are enough
to obtain the coarse mesh accuracy, O(H), thus the linear system (3.53) is small and
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sparse. This implies that the online computation in our method is efficient, and our
method can bring in significant computational savings in the multi-query setting,
where the equation (1.1) needs to be solved for multiple times using different forcing
functions.

4. Numerical results. In this section, we present numerical examples that have
multiple-scale features and high-contrast channels to demonstrate the capacity of
our method in identifying and exploiting the compact structure of the local solution
space to achieve computational savings in the online stage. We discretize the domain
of the problems D = [0, 1] x [0, 1] using a two-level mesh as shown in Figure 2. The
coarse mesh is of size H = 1/32, and the fine mesh is of size h = 1/1024.

4.1. An example with multiple spatial scales. The first example we consider
is one that has multiple spatial scales. The coefficient is given by (2.14), and it is
visualized in Figure la. For each edge of the coarse mesh, we compute the singular
value decomposition of the oversampling operator, and truncate the singular values
at ¢ = H, which guarantees O(H) accuracy in the online numerical solution. After
the offline stage, multi-scale basis functions (1.5) are constructed, and the average
number of edge multi-scale basis functions associated with each edge is

ke = Lcke
© #(e)
We see that k. is very small. Actually only 1 or 2 edge multi-scale basis functions
are constructed for each edge of the coarse mesh, in addition to the nodal multi-
scale basis functions. And this implies the efficiency of our method in the online
stage since the resulting stiffness matrix is small and sparse.

To measure the error in our online numerical solution, we need to choose a
reference solution. Since the multi-scale basis functions are constructed and saved
on the fine mesh of size h, we will use the piecewise linear finite element solution
on the fine mesh as the reference.

In the online stage, we choose the forcing function f(z,y) to be

flxe,y) =1, (x,y) € D. (4.2)

Recall that the basis functions that we use are a(x)-harmonic in each D;, and
we can add back the bubble part of the solution by simply solving some local cell
problems. Our online numerical solution u¥%(z), and the error u(z) — u}“(z) are
plotted in Figure 4. We can see that our method achieves high accuracy and the
numerical error in the online numerical solution is very small.

We measure the error of the numerical solution in the energy norm and L? norm.
We denote the numerical solution as u}!“(z), and the corrected solution using the
bubble as ug (x) (3.55). We compute

[u(@) — uif* (@)

1.00. (4.1)

_ @) —un(@)le

EMS = , Fp = , 4.3a
5 @)l @) (4.32)
T 0 e o 1 R 10 P
2 s = .
L ||U(9C)HL2(D) ||U(9C)HL2(D)

The results are listed in Table 1. We can see that by adding the bubble part of
solution back to the numerical solution, the error in L? norm and energy norm
are both reduced by about one half. This implies the numerical error in the a(x)-
harmonic part of the solution is about the same as that in the bubble part. Since
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(A) The fine mesh solution. (B) Error in our online numerical solution.

FIGURE 4. Online numerical solutions.

Energy Norm | L? Norm Coarse-space Dimension
ullS () 416 x 1072 [ 1.73x 1073 2945

ufl () 2.67 x 1072 [ 8.75 x 10~% | 2945 + 1024 local solvers
Interpolation basis | 7.57 x 1072 [ 5.95 x 1073 961

TABLE 1. u}9(z) denotes the online numerical solution (3.54);
ug(z) = ulS(x) + u?(x) denotes the corrected numerical solu-
tion (3.55); ‘Interpolation basis’ denotes the numerical solution ob-
tained using only the nodal multi-scale basis (3.20) in the trial
space.

the latter is of order O(H) in the energy norm and of order O(H?) in the L? norm,
this result confirms our error estimates (3.38) and (3.39).

Then we consider only using the optimal nodal multi-scale basis functions
Y;(x),i = 1,... N in the trial space (3.50), namely, we do not use the edge multi-
scale basis functions. The error in the corresponding numerical solution is also listed
in Table 1. We can see that the relative error in L? is also small, which means the
numerical solution can capture the large-scale property of the solution. However,
the errors in the energy norm and L? norm are both significantly larger than that
in (3.54), which implies the necessity of enriching the trial space using the edge
multi-scale basis functions when higher accuracy is required.

To further demonstrate the convergence rate in (3.38) and (3.39), we consider a
sequence of coarse meshes with H = 27% k = 3,4,5,6,7. For each H, we compute
the error in the online numerical solution, and the decay of the numerical error with
respect to H is plotted in Figure 5.

A simple linear regression reveals that

log EMS ~ —0.97log N+1.59x1071,  log EM% ~ —1.94log N+2.93x1071. (4.4)

which agree with the error estimates (3.38) and (3.39).

To demonstrate that our method can achieve higher accuracy than O(H), we
consider truncating the singular values of the oversampling operator (3.30) using
different ¢, ranging from H to h, and adding the bubble part of the solution back to
our numerical solution. The numerical errors in ug(z) (3.55) decay with €, and it is
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(A) Energy norm. (B) L? norm.

FIGURE 5. Convergence of the online numerical solution with
N = 1/H. The line labeled ‘Error’ corresponds to the multi-scale
numerical solution u}“(z) (3.54). The line label ‘corrected’ cor-
responds to the numerical solution corrected by the bubble part,
up(z) = ul¥(z) + u?(x) (3.55). The slope of the lines in the left
plot is approximately —0.97, while the slope of the lines in the right
is approximately —1.94

plotted in Figure 6. We can see that the error in energy norm decays linearly with
¢, and the error in L? norm decays quadratically with e, which agrees with (3.47).
We comment that the numerical error is measured using the fine mesh solution as
the reference, so for € close to h, the error in our numerical solution is actually
dominated by the fine mesh discretization error.

FIGURE 6. Numerical errors in energy norm and L? norm of the
numerical solution (3.54) for different e. The line labeled Eg corre-
sponds to the error in the energy norm, while the line labeled E;/f
corresponds to the square root of the error in L? norm. We can see
that the energy norm of the error decays linearly with €, and the

L? norm of the error decays quadratically with e.

Then we numerically investigate how does the size of oversampling domain W
affect the decay of the singular values of the oversampling operator Ppg. We only
consider the first part of Pog, namely, P}¢ which maps the a(z)-harmonic part of
the solution u‘l,[, (z) to the interpolation residual, since the singular values of P(% g
is well-known according to (2.5). We consider a vertical edge e of the coarse mesh
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which lies in the center of the domain D, and let [ be the distance between 0W and
e. The choice of W based on [ is illustrated in Figure 7a. For different choices of [,
the decay of the singular values of Ppg is shown in Figure 7b. We can see that the
singular values of P} ¢ decay exponentially fast, and for larger oversampling domain
W, the singular values of Pp¢ is smaller. However, as we argued in Remark 3, for
larger W, the constant C' in the error estimates (3.38), (3.39) will be larger, and
there is a tradeoff in choosing the oversampling size {. We simply choose [ = H in
our numerical results.

B

Oversampling Target
—»
Domain W Edge e

'
'
‘
'

v

(B) Decay of the singular value of
(A) The oversampling region.  Pjg.

4.2. An example without scale-separation. In this subsection, we consider an
example where the coefficient a(z) has no scale-separation,

a(x,y) = |a| + 0.5. (4.5)

The values of @ on the node points of an intermediate mesh of size %8 are inde-
pendent standard Gaussian random variables. And a(z,y) is piecewise linear on
the same mesh. For a typical realization of a, the coefficient a(z,y) is rough and
has no clear scale-separation. One realization of the coefficient (4.5) is illustrated

in Figure 8.

FIGURE 8. The rough coefficient a(z) without scale-separation.

We discretize the spatial domain D using a two-level mesh as shown in Figure 2,
and then solve the optimization problem (3.48) and build the oversampling opera-
tor (3.30) on the fine mesh. We truncate the singular value decomposition of the
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Energy Norm | L? Norm Coarse-space Dimension
ulM¥(z) | 4.44 x 1072 | 1.98 x 1073 2945

ug(z) | 317 x 1072 [ 1.18 x 10~3 | 2945 + 1024 local solvers
TABLE 2. Errors in the online numerical solution u}°(x) (3.54),
and the numerical solution corrected by the local bubble parts,
up (z) = uM(z) + u?(x) (3.55).

oversampling operator to e = H. After the offline stage, the average number of edge
multi-scale basis functions associated with each edge of the coarse mesh, (4.1), is
k. ~ 1.00. The smallness of k. reflects the compactness of the local solution space.

In the online stage, we choose the forcing function f(z) to be same as (4.2), and
measure the error of the online numerical solution using the fine mesh solution as
reference. The numerical solutions are plotted in Figure 9. We can see that the
errors in the online numerical solutions are small. We measure the error (4.3) in the
energy norm and the L? norm. The results are summarized in Table 2. Again we
see that our method achieves very high accuracy in the online stage, which reflects
that the good performance of our method does not depend on the scale-separation
of the coefficient.
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(A) The fine mesh solution. (B) Error in the numerical solution u} ().

FIGURE 9. Online numerical solutions.

4.3. An example with high-contrast channels. In this subsection, we consider
an example with high-contrast channels. The high contrast in the coefficient violates
our uniform ellipticity assumption (1.2), and brings in additional difficulty. The
coefficient that we consider here is the one with multiple scales (2.14) added with
some high conductivity patches and channels. log;,a(z) is plotted in Figure 10,
which has very strong heterogeneity.

We discretize the problem in the spatial direction as the previous two examples,
and build the oversampling operator for each edge e of the coarse mesh. We truncate
the singular value decomposition of the oversampling operators to ¢ = H. The
average number of edge multi-scale basis functions associated with each edge is
ke = 0.89 (4.1). Namely, on average, we use less than one edge multi-scale basis
function for each edge of the coarse mesh, which reflects the compactness of the
solution space on local regions of the domain for this problem with high contrast
channels. In the online stage, we choose the forcing function to be (4.2). The
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FIGURE 10. logyya(z). The coefficient with high-contrast channels.

Energy Norm | L? Norm | Coarse-space Dimension
ul¥(z) | 3.67 x 1072 | 1.64 x 1073 2727

ug(x) | 2.02x 1072 [6.13 x 10~% | 2727 + 1024 local solvers
TABLE 3. Errors in the numerical solution u}/°(x) (3.54), and the

corrected numerical solution ug () = ul(z) + u?(x) (3.55).

numerical errors are plotted in Figure 11. We can see that our numerical solutions
have high accuracy and can capture the large-scale properties of the solution.

x10°
1 = v 5 L 25

(A) The fine mesh solution. (B) Error in the numerical solution u} (z).

FIGURE 11. Online numerical solutions.

The numerical errors of the solutions (4.3) are listed in Table 3. Again, we see
that we obtain high accuracy for our online numerical solution.

5. Concluding remarks. In this paper, a novel multi-scale finite element method
is proposed, which is based on the compactness of the solution space restricted on
local regions of the domain, and does not depend on any scale-separation or period-
icity assumption of the coefficient. We introduced a special type of basis functions,
namely, the multi-scale basis, which are harmonic on each coarse element, and
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showed that multi-scale basis is optimal in approximating the solution for fixed lo-
cal boundary conditions. By introducing a primary set of nodal multi-scale basis
functions, we reduce our problem to approximating the interpolation residual of
solution space on each edge of the coarse mesh. Then we construct edge multi-scale
basis functions for each edge of the coarse mesh separately employing an oversam-
pling operator which is local and compact. The optimal nodal multi-scale basis
is also identified as the solution of some under-determined least square problems.
Numerical results suggest that our method can achieve high efficiency and accu-
racy for the challenging problems without scale-separation, or having high-contrast
inclusions.

Appendix: Proof of Theorem 3.2. Recall that the restriction operator Py .
(3.27) maps u(z)|w to HY?(e) N C(e),

P e : uw(z) = ue(z) € HY2(e) N C(e). (5.1)

We introduced in (3.32) the following inner product on the domain of Ty ., which
is denoted by Vi,

luw (@)1, = aluyy (@), uiy (2)) + lluw (@) [72w) + [div(a(@) Vaw @)[1Z2w)-

(5.2)
We consider P; and P,, which are the bounded linear functionals that map
uw () € Viy to its values on x;, and x;, respectively,

P :ouw(x) = uw(zy), P uw(x) = uw(ziy). (5.3)

The two operators P; and P are linearly independent, thus there exist ¢;, (x), ¢, (z)
€ Vi, s.t.

PJ(¢$% (.23)) = Ojk; jak: 172 (54)
We denote the intersection of the kernels of P; and P> as VV?N which is a closed

subspace of Vir. And we denote the projection of ¢;, () and ¥, (z) to the orthog-
onal complement of Vi},, (Vi3,)+, by ¢} (¢) and ¢}, (), namely,

iy () = U5, (2), i, (2) =07, (2) € Vi, 5, (2), 95, (2) L Vg, (5.5)

where the orthogonality is in the sense of (5.2). Then due to the definition of Vi,
we have
Ui (@) = Ojiy 0, (@)%, = 197 (@13, + 103, (@) =97 (@)%, 4,k =1,2. (5.6)
Using (5.6), we can prove that the optimization problem (3.48) has unique solutions
7 (x) and ¥ (z).

Next we prove property (3.49). We choose v} (z)|. and 7, (z)|. as the interpo-
lation basis in (3.3), and get the oversampling operator Ppg. For any other two
interpolation basis functions, ¥;, (z) and ;,(x), we denote the corresponding over-
sampling operator as Pog. Denote the singular values of P3¢ and Pog as o}, and
oy, respectively, and we will prove that o} < o,. We achieve this by showing that
P}g and Pog are equal on the subspace V{3, while Pp,¢ vanishes on the orthogonal
complement of V{},.

We use the following characterization of singular values,

O = Sup i?eka ||POSU($)||H1/2(6)~ (57)

u(x
VECYW (@)l =1

where V}, runs over k-dimensional subspace of Vi .



4474 THOMAS Y. HOU AND PENGFEI LIU

For any u(x) € Vi, we consider its projection to Vi, and (V;)*, and denote
them as uq(x), uz(x) respectively,

u(z) = uy(z) + ua(x). (5.8)

Then according to the definition of Vv(%/ and our choice of the interpolation basis,
we have

Pos(ur(x)) = Pwoe(ur(2)),  Pogus(r) =0 (5.9)
Then according to (5.9), we get
Of = s LAk, IPosu(@) [z e

W lu(@) llyy,, =1

= s il [Puse(@)ga. (510)
VeV Ju(@)llvgy =1

where Vj, runs over k-dimensional subspace of V{3,. In the first equality, we have used
Pjgus(x) = 0, while in the second equality we have used Pjquq(z) = Pw_e(u1()).
And for oy, we have

o > sup inf  [|[Posu() g1/2(e)
ViV Hu’(‘i;"ﬁi:vk:1
= s B e, (10
VECVI (@) llvgy =1

where Vj, runs over k-dimensional subspace of VVQ,. The inequality is due to that
we restrict V to be a subspace of VV?, Cc V.
Using (5.10) and (5.11), we finish the proof of Theorem 3.2.

REFERENCES

[1] G. Allaire, Homogenization and two-scale convergence, SIAM Journal on Mathematical Anal-
ysis, 23 (1992), 1482-1518.

(2] G. Allaire, Shape optimization by the homogenization method, vol. 146, Springer Science &
Business Media, 2012.

[3] G. Allaire and R. Brizzi, A multiscale finite element method for numerical homogenization,
Multiscale Modeling & Simulation, 4 (2005), 790-812.

[4] 1. Babuska, G. Caloz and J. Osborn, Special finite element methods for a class of second order

elliptic problems with rough coefficients, STAM Journal on Numerical Analysis, 31 (1994),

945-981.

I. Babuska, X. Huang and R. Lipton, Machine computation using the exponentially convergent

multiscale spectral generalized finite element method, ESAIM: Mathematical Modelling and

Numerical Analysis, 48 (2014), 493-515.

I. Babuska and R. Lipton, Optimal local approximation spaces for generalized finite element

methods with application to multiscale problems, Multiscale Modeling € Simulation, 9 (2011),

373-406.

I. Babuska and J. Osborn, Generalized finite element methods: Their performance and their

relation to mixed methods, SIAM Journal on Numerical Analysis, 20 (1983), 510-536.

[8] I. Babuska and J. Osborn, Can a finite element method perform arbitrarily badly?, Mathe-
matics of Computation of the American Mathematical Society, 69 (2000), 443-462.

[9] A. Bensoussan, J. Lions and G. Papanicolaou, Asymptotic Analysis for Periodic Structures,
vol. 374, American Mathematical Soc., 2011.

[10] L. Berlyand and H. Owhadi, Flux norm approach to finite dimensional homogenization ap-
proximations with non-separated scales and high contrast, Archive for rational mechanics
and analysis, 198 (2010), 677-721.

[11] Z. Chen and T. Y. Hou, A mixed multiscale finite element method for elliptic problems with
oscillating coefficients, Mathematics of Computation, 72 (2003), 541-576.

5

6

7


http://www.ams.org/mathscinet-getitem?mr=MR1185639&return=pdf
http://dx.doi.org/10.1137/0523084
http://www.ams.org/mathscinet-getitem?mr=MR1859696&return=pdf
http://dx.doi.org/10.1007/978-1-4684-9286-6
http://www.ams.org/mathscinet-getitem?mr=MR2203941&return=pdf
http://dx.doi.org/10.1137/040611239
http://www.ams.org/mathscinet-getitem?mr=MR1286212&return=pdf
http://dx.doi.org/10.1137/0731051
http://dx.doi.org/10.1137/0731051
http://www.ams.org/mathscinet-getitem?mr=MR3177855&return=pdf
http://dx.doi.org/10.1051/m2an/2013117
http://dx.doi.org/10.1051/m2an/2013117
http://www.ams.org/mathscinet-getitem?mr=MR2801210&return=pdf
http://dx.doi.org/10.1137/100791051
http://dx.doi.org/10.1137/100791051
http://www.ams.org/mathscinet-getitem?mr=MR701094&return=pdf
http://dx.doi.org/10.1137/0720034
http://dx.doi.org/10.1137/0720034
http://www.ams.org/mathscinet-getitem?mr=MR1648351&return=pdf
http://dx.doi.org/10.1090/S0025-5718-99-01085-6
http://www.ams.org/mathscinet-getitem?mr=MR2721592&return=pdf
http://dx.doi.org/10.1007/s00205-010-0302-1
http://dx.doi.org/10.1007/s00205-010-0302-1
http://www.ams.org/mathscinet-getitem?mr=MR1954956&return=pdf
http://dx.doi.org/10.1090/S0025-5718-02-01441-2
http://dx.doi.org/10.1090/S0025-5718-02-01441-2

(12]
(13]
14]

[15]
[16]

(17)
(18]
(19]
20]

(21]

(22]
(23]
24]
[25]
[26]

27]

(28]

29]

30]

(31]
(32]
(33]

[34]
(35]

(36]
(37)
(38]

(39]

OPTIMAL BASIS FOR MSFEM 4475

C. Chu, I. Graham and T. Y. Hou, A new multiscale finite element method for high-contrast
elliptic interface problems, Mathematics of Computation, 79 (2010), 1915-1955.

J. Chu, Y. Efendiev, V. Ginting and T. Y. Hou, Flow based oversampling technique for
multiscale finite element methods, Advances in Water Resources, 31 (2008), 599-608.

M. Ci, T. Y. Hou and Z. Shi, A multiscale model reduction method for partial differential
equations, ESAIM-Mathematical Modelling and Numerical Analysis, 48 (2014), 449-474.

D. Cioranescu and P. Donato, Introduction to homogenization.

E. De Giorgi, New problems in «-convergence and g-convergence, Free boundary problems, 2
(1980), 183-194.

E. De Giorgi, Sulla convergenza di alcune successioni d’integrali del tipo dell’area, Ennio De
Giorgi, 414.

Y. Efendiev, V. Ginting, T. Y. Hou and R. Ewing, Accurate multiscale finite element methods
for two-phase flow simulations, Journal of Computational Physics, 220 (2006), 155-174.

Y. Efendiev and T. Y. Hou, Multiscale finite element methods for porous media flows and
their applications, Applied Numerical Mathematics, 57 (2007), 577-596.

Y. Efendiev and T. Y. Hou, Multiscale Finite Element Methods: Theory and Applications,
vol. 4, Springer Science & Business Media, 2009.

Y. Efendiev, T. Y. Hou and V. Ginting, Multiscale finite element methods for nonlinear
problems and their applications, Communications in Mathematical Sciences, 2 (2004), 553—
589.

Y. Efendiev, T. Y. Hou and X. Wu, Convergence of a nonconforming multiscale finite element
method, STAM Journal on Numerical Analysis, 37 (2000), 888-910.

D. Gilbarg and N. Trudinger, Elliptic Partial Differential Equations of Second Order, vol.
224, Springer Science & Business Media, 2001.

A. Gloria, An analytical framework for the numerical homogenization of monotone elliptic
operators and quasiconvex energies, Multiscale Modeling € Simulation, 5 (2006), 996-1043.
P. Henning and D. Peterseim, Oversampling for the multiscale finite element method, Multi-
scale Modeling & Simulation, 11 (2013), 1149-1175.

T. Y. Hou and P. Liu, A heterogeneous stochastic fem framework for elliptic pdes, Journal
of Computational Physics, 281 (2015), 942-969.

T.Y. Hou, P. Liu and Z. Zhang, A model reduction method for elliptic pdes with random input
using the heterogeneous stochastic fem framework, Bulletin of the Institute of Mathematics,
11 (2016), 179-216.

T. Y. Hou and X. Wu, A multiscale finite element method for elliptic problems in composite
materials and porous media, Journal of computational physics, 134 (1997), 169-189.

T. Y. Hou, X. Wu and Z. Cai, Convergence of a multiscale finite element method for elliptic
problems with rapidly oscillating coefficients, Mathematics of Computation of the American
Mathematical Society, 68 (1999), 913-943.

T.Y. Hou, X. Wu and Y. Zhang, Removing the cell resonance error in the multiscale finite el-
ement method via a petrov-galerkin formulation, Communications in Mathematical Sciences,
2 (2004), 185-205.

P. Jenny, S. Lee and H. Tchelepi, Multi-scale finite-volume method for elliptic problems in
subsurface flow simulation, Journal of Computational Physics, 187 (2003), 47-67.

P. Jenny, S. Lee and H. Tchelepi, Adaptive multiscale finite-volume method for multiphase
flow and transport in porous media, Multiscale Modeling & Simulation, 3 (2005), 50—-64.

V. Jikov, S. Kozlov and O. Oleinik, Homogenization of Differential Operators and Integral
Functionals, Springer Science & Business Media, 2012.

S. Kozlov, Averaging of random operators, Matematicheskii Sbornik, 151 (1979), 188-202.
I. Lunati and P. Jenny, Multiscale finite-volume method for compressible multiphase flow in
porous media, Journal of Computational Physics, 216 (2006), 616-636.

A. Malqvist and D. Peterseim, Localization of elliptic multiscale problems, Mathematics of
Computation, 83 (2014), 2583-2603.

J. Melenk, On n-widths for elliptic problems, Journal of mathematical analysis and applica-
tions, 247 (2000), 272-289.

J. Melenk and I. Babuska, The partition of unity finite element method: Basic theory and
applications, Computer methods in applied mechanics and engineering, 139 (1996), 289-314.
R. Millward, A New Adaptive Multiscale Finite Element Method with Applications to High
Contrast Interface Problems, PhD thesis, University of Bath, 2011.


http://www.ams.org/mathscinet-getitem?mr=MR2684351&return=pdf
http://dx.doi.org/10.1090/S0025-5718-2010-02372-5
http://dx.doi.org/10.1090/S0025-5718-2010-02372-5
http://dx.doi.org/10.1016/j.advwatres.2007.11.005
http://dx.doi.org/10.1016/j.advwatres.2007.11.005
http://www.ams.org/mathscinet-getitem?mr=MR3177853&return=pdf
http://dx.doi.org/10.1051/m2an/2013115
http://dx.doi.org/10.1051/m2an/2013115
http://www.ams.org/mathscinet-getitem?mr=MR630747&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2281625&return=pdf
http://dx.doi.org/10.1016/j.jcp.2006.05.015
http://dx.doi.org/10.1016/j.jcp.2006.05.015
http://www.ams.org/mathscinet-getitem?mr=MR2322432&return=pdf
http://dx.doi.org/10.1016/j.apnum.2006.07.009
http://dx.doi.org/10.1016/j.apnum.2006.07.009
http://www.ams.org/mathscinet-getitem?mr=MR2477579&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2119929&return=pdf
http://dx.doi.org/10.4310/CMS.2004.v2.n4.a2
http://dx.doi.org/10.4310/CMS.2004.v2.n4.a2
http://www.ams.org/mathscinet-getitem?mr=MR1740386&return=pdf
http://dx.doi.org/10.1137/S0036142997330329
http://dx.doi.org/10.1137/S0036142997330329
http://www.ams.org/mathscinet-getitem?mr=MR1814364&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2272308&return=pdf
http://dx.doi.org/10.1137/060649112
http://dx.doi.org/10.1137/060649112
http://www.ams.org/mathscinet-getitem?mr=MR3123820&return=pdf
http://dx.doi.org/10.1137/120900332
http://www.ams.org/mathscinet-getitem?mr=MR3282003&return=pdf
http://dx.doi.org/10.1016/j.jcp.2014.10.020
http://www.ams.org/mathscinet-getitem?mr=MR1455261&return=pdf
http://dx.doi.org/10.1006/jcph.1997.5682
http://dx.doi.org/10.1006/jcph.1997.5682
http://www.ams.org/mathscinet-getitem?mr=MR1642758&return=pdf
http://dx.doi.org/10.1090/S0025-5718-99-01077-7
http://dx.doi.org/10.1090/S0025-5718-99-01077-7
http://www.ams.org/mathscinet-getitem?mr=MR2119937&return=pdf
http://dx.doi.org/10.4310/CMS.2004.v2.n2.a3
http://dx.doi.org/10.4310/CMS.2004.v2.n2.a3
http://dx.doi.org/10.1016/S0021-9991(03)00075-5
http://dx.doi.org/10.1016/S0021-9991(03)00075-5
http://www.ams.org/mathscinet-getitem?mr=MR2123109&return=pdf
http://dx.doi.org/10.1137/030600795
http://dx.doi.org/10.1137/030600795
http://www.ams.org/mathscinet-getitem?mr=MR1329546&return=pdf
http://dx.doi.org/10.1007/978-3-642-84659-5
http://dx.doi.org/10.1007/978-3-642-84659-5
http://www.ams.org/mathscinet-getitem?mr=MR542557&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2235386&return=pdf
http://dx.doi.org/10.1016/j.jcp.2006.01.001
http://dx.doi.org/10.1016/j.jcp.2006.01.001
http://www.ams.org/mathscinet-getitem?mr=MR3246801&return=pdf
http://dx.doi.org/10.1090/S0025-5718-2014-02868-8
http://www.ams.org/mathscinet-getitem?mr=MR1766938&return=pdf
http://dx.doi.org/10.1006/jmaa.2000.6862
http://www.ams.org/mathscinet-getitem?mr=MR1426012&return=pdf
http://dx.doi.org/10.1016/S0045-7825(96)01087-0
http://dx.doi.org/10.1016/S0045-7825(96)01087-0

4476 THOMAS Y. HOU AND PENGFEI LIU

[40] F. Murat, Compacité par compensation, Annali della Scuola Normale Superiore di Pisa-
Classe di Scienze, 5 (1978), 489-507.

[41] F. Murat and L. Tartar, H-convergence, Springer, 1997.

[42] H. Owhadi, Bayesian numerical homogenization, Multiscale Modeling & Simulation, 13
(2015), 812-828.

[43] H. Owhadi, Mult-grid with rough coefficients and multiresolution operator decomposition
from hierarchical information games, arXiv preprint arXiv:1503.03467.

[44] H. Owhadi and L. Zhang, Metric-based upscaling, Communications on Pure and Applied
Mathematics, 60 (2007), 675-723.

[45] H. Owhadi, L. Zhang and L. Berlyand, Polyharmonic homogenization, rough polyharmonic
splines and sparse super-localization, ESAIM: Mathematical Modelling and Numerical Anal-
ysis, 48 (2014), 517-552.

[46] N. Panasenko and N. Bakhvalov, Homogenization: Averaging processes in periodic media:
Mathematical problems in the mechanics of composite materials, 1989.

[47] D. Peterseim, Variational multiscale stabilization and the exponential decay of fine-scale cor-
rectors, arXiv:1505.07611.

[48] A. Pinkus, n-Width in Approzimation Theory, Springer, 1985.

[49] S. Spagnolo, Sulla convergenza di soluzioni di equazioni paraboliche ed ellittiche, Annali della
Scuola Normale Superiore di Pisa-Classe di Scienze, 22 (1968), 571-597.

[50] S. Spagnolo, Convergence in energy for elliptic operators, Numerical Solutions of Partial
Differential Equations III, Acad. Press, New York.

Received June 2015; revised October 2015.

E-mail address: hou@cms.caltech.edu
E-mail address: plliu@caltech.edu


http://www.ams.org/mathscinet-getitem?mr=MR506997&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1493039&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR3369060&return=pdf
http://dx.doi.org/10.1137/140974596
http://www.ams.org/mathscinet-getitem?mr=MR2292954&return=pdf
http://dx.doi.org/10.1002/cpa.20163
http://www.ams.org/mathscinet-getitem?mr=MR3177856&return=pdf
http://dx.doi.org/10.1051/m2an/2013118
http://dx.doi.org/10.1051/m2an/2013118
http://www.ams.org/mathscinet-getitem?mr=MR1112788&return=pdf
http://dx.doi.org/10.1007/978-94-009-2247-1
http://dx.doi.org/10.1007/978-94-009-2247-1
http://arxiv.org/pdf/1505.07611
http://www.ams.org/mathscinet-getitem?mr=MR774404&return=pdf
http://dx.doi.org/10.1007/978-3-642-69894-1
http://www.ams.org/mathscinet-getitem?mr=MR0240443&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR0477444&return=pdf
mailto:hou@cms.caltech.edu
mailto:plliu@caltech.edu

	1. Introduction
	2. Compactness of the solution space restricted to local regions of the domain
	3. Identifying the compact structure using oversampling
	3.1. The multi-scale basis
	3.2. Decomposition of the a(x)-harmonic part of the solution
	3.3. The oversampling operator
	3.4. Optimal nodal interpolation basis functions
	3.5. Implementation of the whole method

	4. Numerical results
	4.1. An example with multiple spatial scales
	4.2. An example without scale-separation
	4.3. An example with high-contrast channels

	5. Concluding remarks
	Appendix: Proof of Theorem 3.2
	REFERENCES

