A PRIORI ERROR ANALYSIS OF A MULTISCALE METHOD

AXEL MALQVIST

ABSTRACT. We derive an a priori error estimate and thereby prove convergence for the
multiscale method presented by Larson and Malqvist in [13, 14]. The proof strongly relies
on the local behavior of the elliptic differential operator on fine scales. The methodology
can be extended and applied to other multiscale methods such as the multiscale finite
element method [8]. We use iterative techniques to track down the decay rate of the
fine scale basis functions for arbitrary positive bounded diffusion coefficient. The decay
rate is the key result which leads to an a priori bound of the error in the multiscale
approximation. We present five numerical test cases in order to illustrate the theoretical
results of the paper.

1. INTRODUCTION

Various multiscale methods have been developed during the last two decades. Typical
applications include e.g. porous media flow and mechanics of heterogeneous materials. A
common feature for these applications is that they are very computationally expensive and
often impossible to solve within an acceptable tolerance using standard one mesh methods.
Multiscale methods, using local fine scale information in order to improve a coarse scale
approximation, has turned out to be a very promising tool for tackling these difficulties.

1.1. Previous work. In [8] Hou and Wu present the multiscale finite element method,
for solving elliptic partial differential equations with rapidly oscillating coefficients. The
method is based on ideas from homogenization theory. Decoupled localized fine scale
problems are solved on coarse elements, using a finer local subgrid, in order to modify
the coarse scale basis functions. The coarse scale equations are then solved using the
modified basis functions where the fine scale features are taken into account. To reduce the
effect from the boundary conditions that are forced on the local problems, a method using
larger subdomains, called over-sampling, has been introduced, see e.g. [6] and references
therein. Error analysis for the multiscale finite element method is based on results from
homogenization theory and is therefore restricted to very special cases, such as periodic
coefficients, see e.g. [9].

The variational multiscale method (VMS) is an alternative approach which serves as a
general framework for constructing multiscale methods, see [10, 11]. The idea is to de-
compose the solution into fine and coarse scale contributions, solve the fine scale equations
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driven by the coarse scale residual, and finally eliminate the fine scale solution from the
coarse scale equation. This procedure leads to a modified coarse scale equation where the
modification accounts for the effect of fine scale behavior on the coarse scale. In several
works various ways of analytical modeling have been investigated often based on bubbles or
element Green’s functions, see e.g. Arbogast [2] and Hughes [10]. Again the error analysis
has concerned very special cases such as periodic coefficients.

The adaptive variational multiscale method (AVMS) was introduced by Larson and
Malgvist in [13, 14]. The development was inspired by the solution of local problems on
stars used in [18] to derive a posteriori error estimates and drive adaptivity. In AVMS the
local problems are instead used to improve the solution. The fine scale equations are decou-
pled and solved numerically on subdomains that may be larger than the single mesh stars
used in [18]. In [14] an a posteriori error estimate is presented, where the error is bounded
in terms of coarse scale mesh size, fine scale mesh size, and size of the local subdomains.
Based on this estimate an adaptive algorithm is constructed which automatically tunes the
critical method parameters in order to meet the prescribed tolerance. This adaptive tuning
of method parameters, which is the origin of the name AVMS, gives the method a very
crucial advantage over competing methods. AVMS has been further developed in several
directions: to convection diffusion problems [15], parabolic problems [20], and a mixed
formulation of the Poisson equation [16]. Only a posteriori error estimates are presented
in these papers.

A common advantage of the mentioned multiscale methods compared to more classical
iterative methods for solving elliptic problems is that the multiscale methods often provide
a modified coarse basis. Since the real applications are typically time dependent, often
with small variations in the multiscale coefficient between different time steps, these basis
functions can be computed once and then reused throughout the entire computation. Two
phase flow simulation is a typical example of this when an elliptic equation is coupled to a
hyperbolic equation and where the diffusion coefficient only varies at the front of the fluid
as it travels through the domain. See [21] for more information about this model.

1.2. New contributions. The error analysis has so far, for the most part, been restricted
to periodic coefficients while the multiscale methods have been applied to problems with
non-periodic heterogeneities. The main exception is [14] but there only a posteriori error
estimates are presented which unfortunately can not guarantee convergence of the method
since the residuals present in the estimate are not easy to bound in terms of data.

In this paper we present an a priori error estimate for AVMS which also serve as a
framework for error estimation of related methods such as the variational multiscale method
and the multiscale finite element method. A key feature of AVMS is that we allow the
support of the local subgrid solutions to grow in order to improve the convergence. This
freedom is crucial when constructing a convergent multiscale method that can handle
arbitrary diffusion coefficients. An error bound is presented in terms of the coaese scale
mesh, the fine scale mesh size, and the size of the local subgrid domains. For simplicity we
assume the same refinement and subgrid problem size for all local problems. It is indicated
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how this can be generalized to also cover different resolutions and subgrid problem sizes in
Remark 6.3. Numerical results for five different diffusion coefficients are provided.

1.3. Outline. In Section 2 we present some notations and preliminary results. In Section
3 we present the model problem and in Section 4 we present three different multiscale
methods. In Section 5 we study approximation of the local basis functions of AVMS and in
Section 6 we present the a priori error estimate, which is the main result of the paper. In
Section 7 we present numerical examples and in Section 8 we draw conclusion and discuss
future work.

2. PRELIMINARIES

In this section we introduce notations frequently used in the paper. We also present
some preliminary results.

2.1. Functions spaces. Let € R? where d = 2,3, be a computational domain with
polygonal boundary 9Q. We let || || 2(q) be the L*(2) norm of functions defined on Q. We
further let || - || .= (q) denote the L>°-norm on €2, i.e. the essential supremum of the absolute
value of the function over the domain Q. We let H'(2) denote the standard Sobolev space
of functions in L?(2) that has gradients in L*(Q)¢. We let D?v = (szzl % 2)1/2 and
H?*(Q) = {v e HY(Q) : |D?v||12() < 00}. We further let V = Hj(Q2) denotes the space
of functions in H'() with vanishing trace on the boundary 9. See [1] for an extensive
discussion on these function spaces. We are going to use a special notation for the energy
scalar product and norm

(2.1) (v,w):/aVv-dex and o] = (v, )2, Vo, we V.
Q

2.2. Discrete function spaces. Next we define meshes and discrete function spaces. We
let 7y be a shape regular (with parameter v bounding the diameter of the elements divided
by the diameter of the largest inscribed ball, uniformly from above) coarse partition of
Q into a finite number of simplectic or quadrilateral elements 7, i.e., Q = (J, 7. We
generate 71,75, ...,7;,... by refining the initial partition 7; using either red-green or red
local refinement strategies in d = 2 or d = 3 spatial dimensions. We let Ay be the set of
interior nodes in the partition 7, and furthermore let A; be the set of interior nodes in
partition 7;. We also let M; = N;\No, j = 1,..., the mesh parameter h;, be the diameter
of 7 € 7;, and h; = max.¢z, hj ., for all integers j > 0. Further, we let V; be the (bi)linear
continuous finite element functions defined on the mesh 7; equipped with zero boundary
values. The successively refined finite element spaces, of continuous piecewise (bi)linear
functions, will form the following nested sequence, Vo CVy C --- C V; C--- C V = H}(Q).
We let m; : VN C(Q) — V, be the nodal interpolant and introduce the slice spaces
W; = {v € V; : myv = 0} of functions in V; but with no component in Vy, i.e. V; = Vo@W,.
We let C(2) denote the space of continuous functions on 2. We note that the degrees of
freedom in W; are located at the nodes in M.
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2.3. Matrices and vectors. Let v € R" be a given vector. We let [v| = (3.7 1)2)1/2 be

i=1 "1

the Euclidian norm of v. Given a matrix M € R™"™ we let Apin(M) = min, “Z%U and
Amax (M) = max, o ”Z% v where v” denotes the transpose of v, and
Amax (M
() = Jmel)
)\min(M)
be the condition number of the matrix M. For a symmetric positive definite matrix A
we also introduce the | - |4-norm as, [v|4 = (vTAv)Y/2 for all v € R". We note that

Amin(A) [0 < |05 < Anax(A) 0]
In this paper we also use the conjugated gradient method in the analysis. We present
the standard convergence result below.

Lemma 2.1. Given a symmetric positive definite matriv A € R™™" and a vector b € R"
the conjugated gradient iterates x* fulfill,
VE(A) =1

2.2 x— x|y < 28|z — 204,  where p = Y—X——,
for a given initial quess 2° € R".
Proof. See e.g. Theorem 10.2.6 in [7]. O

Finally we present a bound for /1(121) for a certain matrix A that will be used in this
paper. Let {x;}iem, be a hierarchical basis for the space W; and let A be the matrix with
entries A; ; = (x, Xx;), for all i, 7 € M. Then,

h 2
C, <log h—o) , ford=2,
(2.3) K(A) < hJ ,
C, (h—o) . ford=3,
J

where C, depends on a. See e.g. Theorem 5.8 in [17].

3. MODEL PROBLEM

We consider the Poisson equation with homogeneous Dirichlet boundary conditions,
—V-aVu=f, inQ,
u=0, on 0,

where the diffusion coefficient ¢ has multiscale features and fulfills 0 < ay < a € L>*(Q) for
some ap € R. The right hand side f € L*(Q2). We introduce a linear functional [ : V — R,

(3.1)

(3.2) l(v) = / fvdx, forallveV.
Q

The weak form of equation (3.1) reads: find u € V such that,
(3.3) (u,v) =1(v), forallve.
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In this paper we aim at computing an approximation of the finite element solution on
the reference mesh 7;. We therefore refer to u; € V; which solves,

(3.4) (uy,v) =1(v), forallveVy,

as the reference solution. The orthogonality between the error u — u; and the space V; in
the (-, ) scalar product reduces the problem of estimating the error in the finite element
solution to approximation theory for the finite element. By subtracting equation (3.3) from
(3.4) and using the Cauchy-Schwarz inequality we get the following identity,

(3.5) lle = sl = min flu — o]

Remark 3.1 If u € H*(Q) N H} () we have the following a priori error bound, see e.g. [4],

(3.6) e = sl < min lu = vl < Cahsl| Dl 2.

However, when the coefficient a varies rapidly C, o will depend on the inverse of the scale
on which a varies. This means that we will have to resolve the fine scale features in a with
the mesh in order to get a reliable solution, see e.g. equation (4.6) in [9].

4. MULTISCALE METHODS

We aim at computing an approximation in a coarse subspace of V; (with n = dim(Nj)
degrees of freedom) to the reference solution u; defined in equation (3.4). We decompose
the space V; into a coarse and a fine part using the nodal interpolant my, we let V; =
Vo @ Wy, where W; = {v € V; : mpv = 0}. In order to separate the scales we introduce an
operator 1y : Vo — W; in the following way, for any vy € V), let

(4.1) (vo + Tyvg,w) =0, for all w € Wjy.

This means that we have access to a basis vy + Tjvg of functions that are orthogonal to the
space Wy in the (-, -) scalar product. We now split u; in two parts, u; = (ug+71yuo) +uy s,
where ug = mouy, Tyug is defined by equation (4.1), and w; ; = (1 — 79 — Tymp)u,;. We note
that u; ; € W; solves,

(4.2) (u g, w) = l(w), forall we W,.

By plugging in ug + Tyuo and wu; ; in equation (3.4) we get the following equation, find
ug € Vp such that,

(4.3) (up + Tyug,v) = 1(v) — (uy,v), forallve V.

Starting from equation (4.3) we can choose v and approximate T, and v, ; in different
ways to derive different multiscale methods.
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4.1. The variational multiscale method. Here we let v = vy € V), and keep u; ; in the
right hand side of equation (4.3),

(4.4) (uo + Ty™ug, vo) = l(vo) — (w7, vo), for all vy € Vy,
(4.5) (vo + T ™ vg,v) = 0, for all v € Wy,
(4.6) (w7, v) = Il(v), forallveW.

The approximation sign & indicates that this is computed approximately. Typically the
fine scale equations (4.5-4.6) are decoupled over each coarse element and approximations
to Ty and wu; ; are derived using analytical techniques, see e.g. [10]. Note that the bilinear
form (ug + Ty™ug, v) is non-symmetric unlike the original problem. The approximate
solution is given by uy™ = ug + 1) up + w7 ~ u,.

4.2. The multiscale finite element method. In the multiscale finite element method
v = v + Tyuvg, with vy € Vp, and the identity (u; s, vo + Tyve) = 0 is used to drop the
second part of the right hand side in equation (4.3), see e.g. [8],

(4.7) (ug + T}“femuo, vy + T}nfemv@ = l(vo + T}nfemvg), for all vy € V,
(4.8) (vo + TF*™ vy, v) = 0, for all v € Wy.

The fine scale equations (4.8) are decoupled and solved numerically either on one coarse
element or on a larger domain surrounding a coarse element (over-sampling) and then
restricted back to the coarse element. We note that the bilinear form is symmetric just like
the original problem. In this approach the approximation is u%e™ = g + TPy, ~ u;

and an approximation to u; ; is never computed.

4.3. The proposed method. In [13, 14] AVMS was first presented. This approach can
be viewed as a combination of these two prior formulations combined with an adaptive
algorithm that automatically decides how accurate the local subgrid problems need to be
solved to meet an overall tolerance of the global error. This adaptive algorithm is based
on an a posteriori error estimate. For practical reasons we refer to the approximation of
T; and w; y as T and uj; rather than the more natural 79" and u"/™. We have,

(4.9) (ug + THug, vo + Thve) = 1(vo + THvg) — (uﬁJ, vo + Thup), for all vy € Vo,
(4.10) (vo + Thvg,v) = 0, for all v € Wy,
(4.11) (uf j,v) = 1(v), forall v e Wy,

Here we have picked v = vy + THvg, where v, € V, to get a symmetric formulation and
we have included the right hand side term <uf 75V0 + Thvg). Here the approximation is,
uly = up + Thug + uf ; = uy. In the next section we will explain exactly how T and uj ;
are computed.

Remark 4.1 We note that (u; s, vo + Tyv9) = 0 which indicates that this term might be
skipped also in the approximate formulations. However, the approximations of 7'; do not
have full orthogonality and it appears from the error analysis in Section 6 that this term
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FIGURE 1. A 2-ring (left) and a 1-ring (right) of coarse elements on a struc-
tured triangular grid. Here Q = [0,1] x [0,1], J = 2, and hy = v/2/12.

is needed to prove convergence.

Remark 4.2 We note that the term u; ; is not included in the approximation for the
multiscale finite element method as it is described in [8]. This only makes sense if the fine
scale part of f is small since

(4.12) lwsll = sup (u,g,v)= sup / fvdx = sup / fQovdx
Q Q

vEW|lv]|=1 vEW :||v||=1 veV:|v||=1
(4.13) = sup / Qo,y fvdz := || Qo fllv,
veV:|lv||l=1JQ

where Qo 7 : L*(Q) — Wjy is the L?-projection onto W; and || - ||y~ defined in equation
(4.13) is a norm in the dual space V*. Since u; — ug — Tyuy = u;; we can not expect a
small error even with the exact 7T'; unless o s f has a small V* norm.

5. APPROXIMATION OF FINE SCALE SOLUTIONS

Equations (4.1) and (4.2) need to be solved approximately. The first step is to localize
the computations by using the partition of unity made out of coarse basis functions,

(51) <¢z + Tngi,w> = 0, for all w € WJ,

and all i € Ny, where Vy = span({¢; }ien;, ). Equation (5.1) is then solved approximately on
a k-ring w¥ (see Figure 1) of coarse elements surrounding node x; (for which ¢;(x;) = 1),
using homogeneous Dirichlet boundary conditions. We let,

(5.2) W, (wf) = {v € Wy : supp(v) C wi'},
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and define approximations T5¢; € Wy(wf) € Wy and u); = Y,z uf 55, where uf;; €

Wi (wF) € Wy, that fulfills,
(5.3) (i + Thps,w) =0, for all w € W(wF),
(5.4) (uf 15,0) =U(g), for all v € Wy(wl).

Note that the problems are totally decoupled. For an arbitrary vy = >, No vhpi € Vo we
define, Tjvo = > ;e n, V6T T -

5.1. The proposed method formulated using projections. We now have two modi-
fied sets of basis functions, defined by equations (5.1) and (5.3), with the same dimension
as the coarse space V. We introduce the following notations for these spaces,

(5.5) Vo.s = span({¢; + Tdibiens ),

(5.6) Vs = span({g; + Tj¢; bien),

and formulate the reference solution and the multiscale approximation as projections, Py :
V — Vo and Pj : V — Vj; in the following way. Note that (uf + Tjuf,v) = I(v) —
(ufJ,v) = (uy — uf‘h,v}, where uf + Thuk = ub — ufj € V(’f’J s0 uf + Thuf = Pk (ub — ufj),
ie.,

(5.7) (Pyuy,v) = (uy,v), forallveVyy,
(5.8) (Ph(uy — ufﬁ,),@ = (uy — uﬁJ, v), forallve V(])"J.

We note that the orthogonality between the space V, ; and the function wu; ; makes the
formulation of the reference projection P; different from its approximation. We also note
that, u; = Pyu; + v,y and that the computable approximation of u; is given by,

(5.9) u? = Pf(uj — ufj) + uﬁj.

The function Pj(u; — uj ;) is clearly computable since uy ; and {¢; + T¢;}i-, are com-
putable and, (Pj(u; —uj ;),v) = l(v) — (uj ;,v) for all v € V} ;. Existence and uniqueness
follows from the Lax-Milgram Lemma since V(’{ ;7 C V; and the bilinear form clearly is
coercive and bounded by assumption.

6. A PRIORI ERROR ANALYSIS

In this section we prove an a priori error bound for the proposed method, i.e. we bound
uy — u® in terms of hg, J, k, and computable constants. This bound can then easily be
combined with a classical a priori bound for the error u — uy, see equation (3.6), in order
to get a final bound of the true error u — u”%. Before we present the proof in two technical
Lemma’s and a main Theorem followed by a Corollary we present a short summary of the

main argument:

(1) In Lemma 6.1 we control the decay of T;¢; away form the support of ¢;. The main
idea is the following. The right hand side of the local problems has support in a
coarse 1-ring. If we use an iterative methods like the conjugated gradient algorithm
and furthermore use an hierarchical split of WW; when we compute approximations



A PRIORI ERROR ANALYSIS OF A MULTISCALE METHOD 9

to T;¢; we note that the support of the approximation after 2k iterations will be
a k-ring of coarse elements and the error in the approximation will be bounded
by 2p%, where p is small because of the hierarchical basis. Note that the the
conjugated gradient method is used strictly as an analytical tool and is not used in
the numerical method. The procedure described gives a bound of T;¢; outside the
k-ring and thereby control over the decay.

(2) Furthermore in Lemma 6.1 we bound the error in ||T¢; — T%¢;|| by bounding this
quantity in terms of the values of T;¢; outside the k-ring. We also bound the error
in JJug,s; — uf ;|| using the same argument as above.

(3) In Lemma 6.2 and Theorem 6.1 we bound the error |Ju; — u”|| by viewing the two
solutions as projections onto different subspaces, with perturbed basis functions.
The error in the perturbed basis is given by item 2.

(4) Finally in Corollary 6.1 we simply combine equation (3.6) and Theorem 6.1 to get
a bound of [Ju — u*|.

Lemma 6.1. Let {x; }rem, be a hierarchical basis for W and A be the matriz with entries
A = (X, x5) for all j,k € M. It holds

(6.1) 1756 = T7 il < 4r(A)2 "™ | T4,
. 4CPF/€(A)1/2p2m
(6.2) e, 5 = il ll < 72 1f¢ill L2,
Qg
where p = AVALIC e - 1,2,..., and Cpr is a Poincare-Friedrich constant further dis-

k(A)+17
cussed in Remark 6.1.

Proof. Let M j(w) = {k € M : supp(xx) C w} for an arbitrary w € Q and let M j(w; \
wy) = My(wi) \ My(wsq) for arbitrary sets wy C wy C Q. We let Ty¢p; = ZkeMJ O X k-
We further introduce vectors (of length dim(M)) o and «, corresponding to coefficients
{orta, and {ou}aq, () for an arbitrary set w, i.e. we add zeros to the entries in the vector
that are outside the set M ;(w).

We use the conjugated gradient method to approximate «, let &' be the [:th iterate with
initial guess & = 0, matrix A and right hand side by = —(¢;, xx). By convergence analysis
from Lemma 2.1 we have after m iterations,

(6.3) o — @™ 4 <2 Ve -1
\/ k(A +1

Since the right hand side b, has support on a coarse 1-ring surrounding node 7 and the
hierarchical basis {xx} only can spread information within w]" in 2m iterations, we conclude

ZkeMJ(Q\w;ﬂ) a7 xr = 0. We have,

64)  Joawn= 3 Jaf= 3 Ja—af<la—at
keM s (Q\wi™) EEM ;(Q\w™)

lalz = 2p"]al;.
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In the | - |4 norm we get, [ag\um|% < k(A)|a — am|% < 4K(A)p4m\a|?4.

Furthermore we let T ¢; = ;. v, o' Xk, With corresponding dim(M ;) vector o™ (with
zeros in M ;(Q) \ M (w]™)). We note that,
(6.5) tum — @™} =~ m Al — a™) < Jagyon] glan —a™| 4,
since the function corresponding to a,m — o™ is in W;(w™) and the definition of the
multiscale basis functions (5.1,5.3) gives w” A(a—a™) = 0 for all vectors with corresponding
function in the same space ) ;c ¢, wixi € Wy(wi"), (where w = [wy, wy, ... ]).

We get |a, —a™[% < 45(121)/)4”1\04]124 and therefore,
(6.6) o — ™5 = lawm — @™ + agm |4 < Jawn — ™4+ lagiun| 4 < 46(A4)V2 ™" |al4
or,
(6.7) ITs6: — T7¢ill = lo — @™ 4 < 4k(A) 2™ | Tl

The first result of the Lemma is thereby proven. For the second result we note that the
exact same argument also applies for u; j; = ZkeMJ Brxr with by = fQ foixedr. We
conclude, using similar notation as above, that

(6.8) et = iyl < 1Bom = 6714 + B | 4 < 46(A)2 0" sl

Finally, we have [lu;|> = [, féiude < \C/%Hf(biHLz(Q)H|ul7i7J|H, using the Poincare-
Friedrich inequality and that a is bounded from below. The second part of the Lemma

now follows immediately. O

Lemma 6.2. Given the references solution uy defined in equation (3.4), the projections

Py and P% defined in equations (5.7-5.8), and the hierarchical matriz A defined in the
statement of Lemma 6.1, it holds,

(6.9) | Pyuy — P Pyug| < AC0,0 (max ho )i (A) 2w | oo () 07,
T 0
\ k(A1

where k =1,2,... and p = — .
Kk(A)+1

Proof. Let Pruy = Y .oz vi(@s + Tydi) € Vo and w = 37, vi( Ty — Tid:) € V-
Since P} is a projection (in the (-, -) scalar product) we have that ||(1 — P¥)Pyul < |Jw]|,
and furthermore,

(6.10) ol < > oilPITs6: = Tyl
€Ny
(6.11) < 16max |v;*a(A)p™ Y ITsei]
0 ieNp
(6.12) < 16max [v;'k(A)p™ 3 _ ol
ieNg

inv,a

(6.13) < 16 max [v;*(A) L, o (max ho )™,
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where we have used that >, [|¢:l]* < C2, , max.eq, by 2 for a constant Cinyq further

mv,a

discussed in Remark 6.1. We note that max;en, [vi| = [[Tous||ze) < ||us||Le(@) since
{v; }ien,, are nodal values of u; (in coarse nodes). We conclude,
(6.14) 125w = Py Pyull < [lwll < 4Chya(max hg 1)r(A) 2 [lus | oo™

O

We are ready to present the main theorem.

Theorem 6.1. Let uy be the reference solution defined in equation (5.4) and let u% =

Pi(uy —uj ;) — uf; defined in equation (5.9). Then,

2v32dCpp
Vao

(6.15)  Jlus —ufll < <4Cmv,a(§1€%§h&i)llwllm(m T ||f||L2(Q)> r(A)' 2%,

where p = ~ ) Vel
\/ A)+1
Proof. We have uf = Pj(uy — uf ;) — uf; and,
(6.16) fluy — PE(us — ub ) — bl < WPy — PGy — uf )l + gy — w1l < 1+ exr

For ej; we apply Lemma 6.1 in the following calculation,

(6.17) et < ) s — ug 7
i€No
16C2pk(A)p**
(6.18) < Z L 1 il 220
: Qo
i€No
16C2pk(A)p**
(6.19) < PF@ Z HfH%Q(SHPP(@'))
0 iENo
16 - 2dC2k(A)p**
(6.20) < ZE Hf||%2(sz)

where 2d can be replaced with (d+ 1) for simplectic elements (2d is sharp for quadrilateral
elements), since each element in 7y gets counted (d + 1) and 2d times respectively.

We consider ey and use that I = (I — P¥) + P% and that ||P¥v| < ||v|, for all v € Vj, to
get:

(6:21)  |Pyu— Pf(us —ui )| < (I = Py)Prugll + | Py Prug — Pj(us —ug )|
(6.22) < W = PY)Prugll + 1Py — g+ wsll + fugs — uf|
(6.23) < (I = P§)Pyusll +0 + em,

where we use the same definition of ey as above. Again we can apply equation (6.20) and for
the first term || (1 — P%¥) Pyuy|| we apply Lemma 6.2. The theorem follows immediately. [J
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Corollary 6.1. Let u be the reference solution defined in equation (3.3), such that u €
Hy () N H?*(Q), and let uf = Pj(uy —uf ;) — uf; defined in equation (5.9). Then,

(6.24) Jlu — ull < ConhsllD*ull 20

2\/ 32dCpp

(6.25) + <4Cmv,a(1géa% ho)llws|l ) + N

——— I/l ) KA,
Vr(A)-1

el and Cyq 1s a constant depending on a and (2.

where k =1,2,... and p =

Proof. Follows immediately by combining equation (3.6) and Theorem 6.1. U

Both in Theorem 6.1 and Corollary 6.1 we note that the error increases as J increases
or hy decreases with constant J. This means that more layers of coarse elements in the
k-rings, i.e. a higher k, will be needed as the mesh gets refined. This should be compared
with iterative methods where more iterative are typically needed for a refined mesh. When
J gets to large it can be a good idea to instead introduce an intermediate lever between
the coarse and the fine scale. The basic idea is then to solve each of the subgrid problems
using the same multiscale method.

Remark 6.1 There are two constants in Theorem 6.1, Ciy,y o and Cpp. The first constant is
the result of the bound Y,y [|¢:]|* < CZ, , max ez, by 2. We note that the left hand side

is directly computable on a given coarse mesh. Furthermore, by direct computation we
have, C7,, , < 2dv* [, adz, where 2d can be replaced by d+1 for simplectical elements, (2d
is sharp for quadrilateral elements) and « is the bound in condition of the shape regularity
of the mesh.

The second constant comes from the Poincare-Freidrich type inequality ||u; s,
CPF

o) <
|||ul 2ill- The constant depends on the domain €2 and can be bounded by the diam-

eter of € on the convex domains considered in the numerical examples section. One
could make this bound sharper by instead using an interpolation bound for |lu; s;|/z2(0) =
| (1—=m0)ur, 74| 2(0)- This would lead to an extra hy and also dependence of hg/h ;. For exam—
ple in two spatial dlmensmns we would get [|ug il r2(q) < Cintholog(ho/hs)?ag™2|lus 5]
for some interpolation constant Cly,, see equation (5.4) in [17].

Remark 6.2 The final estimates in Theorem 6.1 and Corollary 6.1 includes a max norm
of uy. For an appropriate triangulation (delaunay) and right hand side (bounded) it
can be shown that this quantity stays bounded (independent of the mesh size) in two
spatial dimensions. It can in some cases also be achieved in three spatial dimensions.
However, for simplectic elements it is much more complicated than in the two dimen-
sional case. Tetrahedrons need to have acute angles for the stiffness matrix to be an
M-matrix which gives the desired max-norm bound, see e.g. [12] and references therein.
The worst case scenario is that we only have the discrete Sobolev inequality ||u ]| z(q) <
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Ca(h )| Vus 2y < Calhy)ag*Jusll, where Ca(hy) ~ |log(hs)[Y/* in two spatial dimen-
sions and Cy(hy) ~ h;l/ ? in three spatial dimensions, see [3].

Remark 6.3 One can easily consider different sizes of the subdomains w! in the individual
local problems. Different sizes can be handled directly since the final error bound presented
in Theorem 6.1 is based on bounds for the individual basis functions 1;¢; — TL’,“QSZ-. The
only difference in the final error estimate would be that the minimal k£ have to be used in
the bound in Theorem 6.1 and Corollary 6.1.

As for the refinement levels we would have to use an interpolation estimate since ||7¢; —
TFill < N Tyi — Tisll + I Tj¢s — T) ¢ill where only the second term in the right hand side
can be handled by Lemma 6.1. We have excluded this generalization in order to make the
paper easier to follow.

7. NUMERICAL EXAMPLES

In the numerical examples we will let Q = [0,1] x [0,1] and use continuous piecewise
bilinear basis functions on a quadrilateral grid in two spatial dimensions. We let 7, be a
coarse mesh of 30 x 30 rectangles. As described in the preliminaries section we let 77, ...,7;
be successive uniform refinements of 7j.

Unless otherwise stated, we let

(71) f = Xwini — Xwprod,

where Y, is the characteristic function for the set w C Q, and W™ = {(z,y) : 0 < z,y <
1/60}, wPrd = {(x,y) : 1 — 1/60 < x,y < 1}. This right hand side models an injecting
and a producing well in an oil reservoir. This particular example has been chosen since
porous media flow is a typical application for multiscale methods. We consider five different
diffusion coefficients, see Figure 2 and the definition below,

[ ai(z,y) =
as(x,y) = 1 + 0.5 - sin(8x)sin(8y),
(7.2) as(z,y) = 0.1 + 0.9 * rand, (m y)ET for allTE’Tl,
as(r,y) = agsums(i, j), fOl" 120 ;<o < 1207 S <y< 1207
\ as(z,y) = aspr(i, j), for 5 <o < 2 <y< L

where rand refers to realizations of a MATLAB function (one realization for each element
in 77), agsuis is a 120 x 120 matrix realization generated using GSLIB algorithms [5] and
finally aspg is also a 120 x 120 matrix with entries from part of the the top layer in the
tenth SPE comparative solution project (60 x 120 entries are used i.e. pairs of neighboring
elements in the y-direction share the same value), see http://www.spe.org/web/csp/.
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F1GURE 2. The diffusion coefficients a; used in this paper, i = 2,3,4,5. We
skip a; = 1 and plot ay (left) and as (right) above and the logarithm of a4
(left) and as (right) below. We also give the ratio between the maximum
and the minimum value in each case.

7.1. Convergence of the localized sub-grid solutions. We first consider the conver-
gence of the local subgrid problems as k (layers in the k-rings) increases. We fix J = 3
and k from one to five. For a = a5 we plot a zoom of T4 ¢,35 in Figure 3, which is located
in the center of the computational domain. Next we plot the relative error in energy norm
of modified basis function number 435, i.e. ||T3¢35 — T dazs | /|| T3dass]] in Figure 4 (left).
We also compute the corresponding errors for the same problem using the conjugated gra-
dient method with 2k iterations, which is used in the proof of Lemma 6.1 and corresponds
to a spread of k layers of coarse elements due to the hierarchical basis used. The result
can be found in Figure 4 (right). We note that the error in the modified basis functions
(T3¢;—T¥ ;) is not at all sensitive to the coefficient a; while the conjugated gradient version
depends directly on the condition number, and therefore on a;. It is especially clear for a4
and as. When comparing the error in the modified basis functions using J =2,3to J =1
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FIGURE 3. We see clearly that the function T3%@435 is in the space W; since
it is equal to zero on the coarse nodes Ny. We also note a very rapid decay
in magnitude away form the support of the basis function ¢43s.

Relative error in energy norm
Relative error in energy norm

FIGURE 4. To the left we see convergence in (relative) energy norm of the
error in the local basis function ||T3¢435 — T¥ ¢uss|| /|| TsPass|. To the right we
instead compared the exact basis function T3¢435 with 2k iterations of the
conjugated gradient method (which gives an approximation with the same
support as To¢yzs).

it seems that the convergence rate p depends on (clog(hg/hy) —1)/(clog(hg/hy) 4+ 1)) for
some number ¢ ~ 1, i.e. it depends on J but not on a. This positive effect can not be seen
in the error analysis.

Since the bound in the estimate uses that the error in the modified basis functions can be
bounded by a constant times the error in the conjugated gradient approximation it is clear
that the bound will overestimate the error when the condition number is large. We also
demonstrate this in Table 1, where we study the error reduction rate p? for the five different
diffusion coefficients and for J = 1,2, 3. Note that for p?> = 0.63 five layers is needed to get
p** < 0.1. The corresponding number for ten layers is 0.79. It is clear that the dependency
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aq (05} as ay as
0.1717 ] 0.3699 | 0.2430 | 0.7146 | 0.9963
0.5008 | 0.6645 | 0.5814 | 0.9024 | 0.9985
0.7402 | 0.8359 | 0.7887 | 0.9610 | 0.9994

for the five different diffusions and three different resolutions.

S| S|~
Il
wo| b =

[

TABLE 1. We compute p

Relative error in energy norm

F1GURE 5. We vary k from one to five and plot the relative error in energy
norm for the global solution. We have chosen Q@ = [0,1] x [0,1] and a
30 x 30 element rectangular grid as coarse mesh with a reference mesh that
is uniformly refined three times, i.e. J = 3.

of the condition number is exaggerated in the bound (which was clear already in Figure 4)
and that the analysis only gives a sensible estimate for the first three cases. On the other
hand one can not expect a priori bounds to give very sharp constants. An example is the
constant C, o in Corollary 6.1 which typically overestimates the discretization error by a
large factor. In this case for a fix hy and J we have proven that ||T;¢; — T%¢;|| < Cp?* and
the numerics confirms this, even though 0 < p < 1 gets far to close to one for cases a4 and
as.

7.2. Convergence of global multiscale solution. We are ready to study the conver-
gence of the global multiscale solution to the reference solution in the five cases we consider.
We still let © = [0, 1] x [0, 1] and use a uniform rectangular grid of 30 x 30 elements in 7,
and a and f given by equations (7.2) and (7.1). We fix J = 3 and vary the number of layers
k form one to five. We plot the relative error in energy norm in Figure 5. We see that the
very clear exponential decay is inherited from the modified multiscale basis functions to
the global multiscale solution. Note that all errors are compared with the corresponding
reference solution. So even though the error for the more complicated coefficients (a4 and
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Relative error in energy norm

100

1/h,

FIGURE 6. We let hg vary between 1/6 and 1/96 and let J = 2 and k = 3.
We plot the relative error in energy norm.

as) appears to be small one must take into account that the reference solutions u; have
a larger error compared to the exact solution u for these cases. However, the method is
designed to approximate the reference solution so this is the relevant error to study.

We have now studied the dependency of k for a given hy and J. We note that we have
an explicit hy dependency in the bound presented in Theorem 6.1. In our final example we
focus on this. We let f = 1 since we want to study a range of meshes and we need the right
hand side to be easy to resolve. We pick J =2, k = 3, and let hy := 3—121 fori=1,...,5.
We plot the relative error in energy norm in Figure 6. We see that the error increases when
ho decreases and that the rate is smaller than the one presented in the bound. It is not

clear if the bound is sharp in the dependency of hy.

8. CONCLUSIONS AND FUTURE WORK

The main result of this paper is the proof of an a priori error bound for the adaptive
variational multiscale method presented in [13, 14]. The bound reveals that for a fixed
coarse and reference mesh we have exponential decay of the global error in terms of the
size of the local sub grid problems. This crucial result has been experimentally verified
on several occasions, see e.g. [13, 14, 15, 16], but never before proven. The technique
used in the proof is to bound the error in the modified basis functions by using a method
where a hierarchical basis is combined with the conjugated gradient method. The bound
of the error in the basis functions is then used to bound the global error. The experiments
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presented in the paper is in agreement with the analysis in terms of the dependency of the
crucial parameters, coarse mesh, reference mesh, and size of the local subgrid problems.
The bound gives a clear over estimate of the error but this is typical for a priori error
bounds of finite element methods.

However, it is also clear from the numerical experiments that the bound fails to give
a good measure of the error for diffusion coeflicients with high ratio maxa/mina. This
limitation has to do with the conjugated gradient approach used in the proof. In order to
resolve this issue a more careful error analysis need to be done. On suggestion would be
to use a wavelet basis instead of the hierarchical basis to reduce the error reduction rate
in each iteration. We might also consider other numerical schemes instead of the conju-
gated gradient method to be able to prove a quicker convergence. For three dimensional
problems we expect to get the same kind of convergence for fixed hy and J but we might
get slower convergence when J increases considering equation (2.3). A natural next step
would be to prove convergence for the adaptive algorithm, governing the local resolution
J and subdomain size k, presented in [14].
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