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Abstract

In this thesis we develop a posteriori error estimation techniques and
adaptive algorithms for finite element approximations of second order prob-
lems in three different applications. The adaptive algorithms are used for
automatic tuning of critical parameters in the finite element method.

First we consider the boundary penalty method for weakly imposing
Dirichlet boundary conditions. We prove error estiamtes in the L? and
energy norms and use these to relate the penalty parameter to the mesh
parameter.

Second we study the Galerkin least-squares method for minimizing pol-
lution when solving the Helmholtz equation. We show how existing methods
derived for structured grids needs to be modified to work on unstructured
grids. Again the analysis is based on a posteriori error estimates.

Finally, we develop a framework for a posteriori error estimation in mul-
tiscale problems. We present a method for solving decoupled localized fine
scale problems on patches and an a posteriori error estimate that relates the
coarse scale mesh size, the fine scale mesh size, and the patch size.

Keywords: finite element method, Galerkin, duality, a posteriori er-
ror estimation, adaptivity, Poisson equation, boundary penalty method,
Helmholtz equation, pollution, variational multiscale method
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This thesis consists of the following papers:

Paper I: A Posteriori Error Analysis of the Boundary Penalty Method,
Finite Element Center Preprint 2004-09. (Submitted)

The Boundary Penalty Method enforces Dirichlet boundary conditions weakly
by a penalty parameter. We derive a posteriori error estimates in the L?(Q)-
norm and energy semi-norm for this method and we propose an adaptive
strategy to choose the penalty parameter ¢ and the mesh parameter h by
equidistributing the error between the terms in the energy semi-norm esti-
mate. Finally, we consider three numerical examples where we successfully
use the adaptive algorithm to solve the Poisson equation with both smooth
and non-smooth boundary data.

Paper II: A Posteriori Error Analysis of Stabilized Finite Element Ap-
prozimations of the Helmholtz Equation on Unstructured Grids, Finite Ele-
ment Center Preprint 2004-10. (Submitted)

In this paper we study the Galerkin least-squares method for minimizing
pollution when solving Helmholtz equation. We especially consider how
stochastic perturbations on a structured mesh affects the optimal choice of
the method parameter 7. The analysis is based on an error representation
formula derived by a posteriori error estimates using duality. The primary
goal with this work is not to present a brand new method for this problem
but to show how existing methods derived for structured meshes can be
modified to work on unstructured grids. We conclude that a parameter op-
timized for a structured mesh needs to be increased by a term proportional
to the variance of the perturbation to be unbiased on a perturbated grid.
We present numerical examples in one and two dimensions to confirm our
theoretical results.

Paper III: Adaptive Variational Multiscale Method Based on A Posteri-
ori Error Estimates, Finite Element Center Preprint 2004-11. (Submitted)
The variational multiscale method (VMM) provides a general framework for
construction of multiscale finite element methods. In this paper we propose
a method for parallel solution of the fine scale problem based on localized
Dirichlet problems which are solved numerically. Next we present a posteri-
ori error estimates for VMM which relates the error in linear functionals and
the energy norm to the discretization errors, resolution and size of patches in
the localized problems, in the fine scale approximation. Based on the a pos-
teriori error estimates we propose an adaptive VMM with automatic tuning
of the critical parameters. We study elliptic second order partial differential
equations with highly oscillating coefficients or localized singularities.
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A Posteriori Error Analysis of the
Boundary Penalty Method

Kenneth Eriksson? Mats G. Larson! and Axel Malqvist!

April 7, 2004

Abstract

The Boundary Penalty Method enforces Dirichlet boundary con-
ditions weakly by a penalty parameter. We derive a posteriori error
estimates in the L?(Q)-norm and energy semi-norm for this method
and we propose an adaptive strategy to choose the penalty parameter
€ and the mesh parameter h by equidistributing the error between the
terms in the energy semi-norm estimate. Finally, we consider three nu-
merical examples where we successfully use the adaptive algorithm to
solve the Poisson equation with both smooth and non-smooth bound-
ary data.

1 Introduction

The Boundary Penalty Method. The Boundary Penalty Method (BPM)
has been known and used for more than thirty years. The basic idea is to
impose Dirichlet boundary conditions weakly by using Robin type bound-
ary condition with a penalty parameter e. We consider the following model
problem: find u such that

{ —Au=f in Q, (1.1)

u=g onl,

where Q is a polygonal domain in R%, d = 1,2 or 3, with boundary T.
Further f € H-1(Q) and g € HY/2(I") are given data, see [1] for definitions
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of these spaces. The finite element formulation using BPM [3, 4] now reads:
find U € V such that

(VU, Vo) + (e U, v)r = (f,v) + (e 1g,0)pr forallveV, (1.2)

where (-,-) is the L%(Q) scalar product, (-,-)r is the L?(I") scalar product,
and V C H'(Q) is the space of continuous piecewise polynomials of degree
p with respect to a given triangulation K = {K} of Q into elements K of
diameter hg. We define the mesh function (mesh parameter) h(x) such that
h(z) = hx when 2 € K. We assume that the mesh is locally quasi-uniform.

We immediately note that this method is not consistent since u does
not solve equation (1.2). Multiplying equation (1.1) with a test function
and integrating over the domain using Green’s formula gives the following
identity for the exact solution wu,

(Vu, Vo) — (Opu,v)r = (f,v) for all v e HY(Q), (1.3)

where Opu = n - Vu is the normal derivative of u. However, there is a
more complicated method for weakly imposing Dirichlet boundary condi-
tions called Nitsche’s method [15, 12] which is consistent. The idea in this
method is to include the term (9,U,v)r that appears in equation (1.3) in
equation (1.2) together with a compensating term that makes the method
symmetric.

Both BPM and Nitsche’s method have been used for problems with in-
terior sub-domain interfaces. One of the first papers on the interior penalty
method is Babuska [2] from 1970. In a recent paper [14] this method has
been used for gluing together non-matching grids.

There are various reasons for studying the BPM. One is that it allows
Dirichlet (e small), Neumann (e large), and Robin (e as a function on I')
boundary conditions in the same framework. It is also very easy to imple-
ment and it has for these reasons been used in many finite element codes
over the years. Another reason for studying this method is that it serves as
a simpler compliment to Nitsche’s method e.g. when solving problems on
non-matching grids. As mentioned before Lazarov et.al. [14] chooses this
method in their work on non-matching grids.

Previous Work. One of the first works on this subject is Babuska [3] from
1973. His results was then improved and extended among others by Barrett
and Elliott [4] during the eighties. Their work are all in an a priori setting
and has inspired us to do an a posteriori error analysis of this method. Some
important results from these papers are that for piecewise linears ¢ = h in
the boundary penalty formulation, equation (1.2), yields an optimal H*(Q)
error estimate but this choice leads to a suboptimal L?(Q) error estimate.



As mentioned earlier BPM is not a consistent method i.e. (1.2) will not
hold if U is replaced by u. For higher order polynomials this will force the
penalty parameter € be proportional to a higher power of h. The reason
why € ~ h is desired is that this choice will not affect the condition number
of the stiffness matrix. High condition number leads to slow convergence
for iterative solvers. For higher order base functions Nitsche’s method is
optimal for € ~ h.

As far as we know this is the first a posteriori paper on the boundary
penalty method. However, there are several related papers on a posteriori
error estimates for discontinuous Galerkin and non-conforming finite element
methods [8, 5, 12].

New Contributions. The aim of this paper is to derive an a posteriori
error estimate in terms of the mesh parameter h and the penalty parameter e,
and based on these results construct an adaptive algorithm to solve problem
(1.2) efficiently.

Our main results are the following bounds of the energy and L?(£2) norm
of the error e = u — U:

Vel < € (IRR@U)I + llg = Ullij,r) - (1.4)
lell < C (IR*RW) + llg = Ull-1/2r) , (1.5)

where ||-||s,r is the H*(I") norm, R(U) is a computable bound of the residual,
f+ AU € HYQ), on ©, and C denotes throughout this paper various
constants independent of h and e.

To design an adaptive algorithm from the energy semi-norm estimates
we need to see explicitly how the a posteriori quantity ||g — Ul| /o r depends
on e. We introduce P as the L?(T") projection onto the restriction of V on
I" and get,

IPg = Ullyjor < Ce [ IPO)1jor+ >, IRO)k |- (1.6)
OKNI'#D

Combining equation (1.4) and equation (1.6) yields the final error esti-
mate that will be used for the adaptive algorithm,

Vel < € (IRR@)II + llg — Pgll1j2,r) (1.7)

+Ce [ 1POU)lhyer + D IRU)lIx
OKNI'#(D

Obviously there exists an upper bound on € in equation (1.2) for which
the approximation gets to poor. We can capture this bound by considering



the error estimate in equation (1.7). We also need to impose a lower bound
on ¢ for at least two reasons: the condition number of the stiffness matrix
grows when e decreases, and we may get undesired oscillations in the solution
when solving problems with rough boundary data (see Example 3 in section
4). The conclusion of this discussion is that e needs to be small enough to
balance the two terms in equation (1.7) but not smaller.

We also present an estimate of the term |[Pg — U|[_1/or in the L2()-
norm bound, see equation (1.5), and by using this estimate we get the fol-
lowing bound of the L?(Q)-norm of the error,

lel| < C (I(h* + eh+ )RWU)|| + lg — Pgll—1/o,r + €lg — Pyllijor) (1.8)
+ €C (IP(0,U)[|—1/2r + €| P(3.U) |1 j2,r) -

Here we see that € ~ h is not enough to get an optimal order error estimate
since the estimate contains the term || P(0,U)||—1/2,r-

In this work we consider piecewise linear approximations since in this
case have an optimal a priori estimate in the energy semi-norm. We are not
interested in tracking the constants in the error estimates.

Outline. In Section 2, we present the a posteriori error analysis for control
in energy semi-norm and L?(2)-norm. In Section 3 we use the error esti-
mates to derive an adaptive algorithm for choosing the penalty parameter.
In Section 4 we present three numerical examples, and finally we present a
small summary in Section 5.

2 A Posteriori Error Estimates

2.1 The Error Representation Formula

Subtracting (1.2) from (1.3) yields the error equation
(Ve, Vo) + (e te,v)r = (Opu,v)r forallve V. (2.1)
Green’s formula gives,
(f + AU, v) + (Ope + € e, v)r = (Opu,v)r forallv eV, (2.2)

where the first scalar product is defined in the following way,

oU
(f+AU,v)—;/K(f+AU)vdx—;/a v ds. (2.3)

K\T OnK

4



We also need to take weighted L?(£2) norms of f + AU. We define our
domain residual according to [10] as a piecewise constant function,

_ 1 -1
R(U)—!f+AU|+2gll<a\}§hK|[8nU]| on K € K, (2.4)

where [-] is the difference in the function value over the edge. We note that
|(f + AU,v)| < ||R°R(U)||||h~*v]|| for s € R. Next we introduce a dual
problem: find ¢ such that

—NA¢p =1 inQQ,
{ ¢=0 onl, (2:5)

where ¢ € H~1(Q). Multiplying (2.5) by the error e and using Green’s
formula yields,

(€7¢) = <e7 _A(b) = (vea v¢) - (67 8n¢)f‘ - (f + AU) ¢> - (g - U7 8n¢)1“
(2.6)
It follows from equation (2.2) that (f + AU,v) = 0 for v € V such that
v=0onTI. We then get (f + AU, 7m¢) = 0, where 7¢ is the Scott-Zhang
interpolant of ¢, see [6]. Together this gives,

[(e.) = (f + AU ¢ — 76) — (g — U,0n0)r | (2.7)

2.2 The Error Estimates

We start this section by proving estimates of the error in energy and L?(Q)
norm.

Theorem 2.1 It holds

Vel < € (IRR@)II +1lg = Ull1/2r) (2.8)

If we assume that there exists a constant C' such that ||¢|2 < C||A¢| we
also have

lell < € (IR*RW)II + llg = Ull-1/2,r) (2.9)

Proof. For the energy semi-norm estimate we start from equation (2.7) and
let ¢ = —Ae,

(6, _Ae) = (f + AU, ¢ — 7T¢) - (.g -U, an¢)F (2'10)



We have (e, —/Ae) = ||Ve||? — (e, 0pe)r and together with equation (2.10)
this gives

IVel? = (f + AU, ¢ — m¢) — (e, 0nd)r + (e, One)r (2.11)
< C (IRRO)IVI + llell 2,0 10n8ll-1 /2, + llelljz,r0nell-1/2,r) -
(2.12)
We recall the trace inequality,
ol -1jpr <€ Y (ol + RV -vlk), (2.13)
OKNI#£)D
where || - || is the L?(K) norm where K refers to elements in the mesh, see

([11], Theorem 2.2) and apply this result twice with v = V¢ and v = Ve on
equation (2.12) to get,

1 1
IVell* < SCERRWIIF + S1VEI* + llelli o > (IVellx + [AR(U) | )
OKNI'#(D
+lellar Y, UIVellx + [RRU)|K)- (2.14)
OKNI#)D
Next we use the following observation,
IVol* = (=Ae, ¢) = (Ve, Vo) < [[Ve[|V4], (2.15)

ie. |[Vo| < |[Ve| to get,
1
IVel* < ClIRR@)I + SlIVel* + 2llell1jzr (IVell + [IRRD)I)  (2.16)
3
< 0 (IRB@)I? + el o) + 21Vel™ (27)

Subtracting 3/4||Ve||? on both sides proves the first part of the theorem.
For the L?(£2) estimate we use v = e/||e|| in (2.7) to get,

lell = (e;4) = (f + AU, ¢ = 7¢) = (9 = U, 0n)r. (2.18)

Now we use the assumption that there exists a constant C' such that [|¢[|2 <
C||A¢|| and use the trace inequality [|0n¢|l1/2 < C[¢l2 to get

lell < ClIR* Rz + Cllg = Ull-1/2,rll¢ll2 (2.19)
< C (IR + g = Ull-1/2r) - (2.20)
m



In Theorem 2.1 we get bounds with the e dependence hidden. To be able
to construct an adaptive algorithm we wish to know how ||g — U||1/2 and
lg — Ull=1/2,r depends on e. We use the triangle inequality

lg = Ullsr < llg = Pyllsy + [|Pg = Ullsr, (2.21)

for s = 1/2 and s = —1/2. The first part is independent of € and the second
part can be estimated. We start with ||g — Ul /2,r-

Theorem 2.2 It holds

IPg = Ulljor < Ce [ IPOW)l1jor + >, IRO)k (2:22)
OKNI'#D

where Pg is the L*(T') projection of g onto the restriction of V on the bound-
ary.

Proof. We let z = P(ed,U) € V and start by using the triangle inequality,
1Pg —Ullijor < llzllij2r + 1Pg—U — zll1/2,0 (2.23)
< el|P@nU)l1j2r + ClIB 2 (Pg—U = 2)|r,  (2.24)

where we use an inverse estimate [6] in the second inequality. Next we need
to estimate ||h~Y/2(Pg — U — 2)||r.
From the error equation (2.2) we have,

—e(f+AU,v) = (g—U—-ed,U,v)r = (Pg—U—2z,v)r forallve V. (2.25)

We let w € V be equal to zero on interior nodes, w = P(h~'(Pg — U — 2))
on I'; and choose v = w in equation (2.25) to get,

|h=?(Pg —U = 2)|} = (Pg = U — z,w)r (2.26)
= (Pg—U —edpU,w)r (2.27)
= —¢(f + AU, w). (2.28)

The right hand side in equation (2.26) can now be estimated in the following
way,

(f+avw)<C Y IIRO)x | llw] (2.29)
OKNT'#(

<C| > ROk | IV (Pg—U = 2)|lp.  (2.30)
OKNI'#D



We need to take a closer look at the second inequality. Let K be a triangle

at the boundary and E the corresponding boundary edge of this triangle.
1/2
7

ChKHgoy 2wHJQE, by equivalent norms in finite dimensional spaces, and scal-
ing. The assumption of local quasi-uniform mesh gives an estimate of ||wl|

in the following way,

2
2= W 2 w? (2.
] —A(Z@;apz ) SC;/Q@Z <oy ¥ /chl (2.31)

i |KNC|#0
1/2
<03 N ChglleiPwld < S CIn w3 = CpPw)E, (232)
7 E E

For w as above and the finite element base functions ; we have ||, “w||% <

which means that ||w|| < C|h~Y?(Pg — U — z)||r. Combining equation
(2.26) and equation (2.29) gives

Ih=1?(Pg—U = 2)[lr < Ce Y |RU)|x- (2.33)
OKNT'#(

Together equation (2.33) and equation (2.23) now gives,

1Pg = Ullyjor < lzllyjor +Ce > IRU)| k. (2.34)
OKNI#)

which proves the theorem. O

Finally we close this section by finishing the L2(£2)-norm estimate in the
same way as we did with the energy norm estimate. From Theorem 2.1 we
see that we need to estimate [|g — U||_1 /2 r in terms of the mesh parameter
h and e.

Theorem 2.3 It holds,

1Pg = Ull-1/or < €C (IP@uU)ll-1/2r + [Vell + [IRRO)) | (2.35)

Proof. We start in the same way as in the proof of Theorem 2.2. We let
z = P(ed,U) € V and use the triangle inequality,

1Pg—Ull—1/2r < 2ll-1/20 +[1Pg = U — 2| _1 /21 (2.36)
< €[|P(OnU)|-1/2r + 1Pg—U = 2| —1/2r- (2.37)



We study the second term equation (2.37). By definition we have,
(Pg -U - Z, w)F

[Pg—U —z|_1j2r = sup (2.38)
weH(Q) [[wl1,0
Pg—U—zw—
= sup (Pg 2w = Qur (2.39)
weH(Q) [[wl1,0
Pg—-U —
+ sup ( g Z, Qw)F
weH1(Q) [wll,e
=T +11, (2.40)

where @ is the L?()-projection onto the finite element space V. We start
with the first term I,

Ih(Pg = U = 2)lljarlls(w = Qu)|1jor

I < sup (2.41)
weH(Q) [[wll1,0
Lw - Qu
< h(Pg—U = Doy sup 1EL G (2.2
weH(Q) [[wll1,0
< C|h(Pg—U = 2)[l1/2r (2.43)
< C||h*(Pg —U - 2)|Ir, (2.44)

where the last step is done by an inverse inequality [6]. By a similar argument
as in the proof of Theorem 2.2, with the function w equal to P(h(Pg—U —z))
on I' instead we get,

Ih'72(Pg — U — 2)[r < Ce||hRU)|, (2.45)

ie.

(Pg—U—Z,w—Q’U))[‘
sup
weH(Q) w10

From equation (2.25) we have —¢(f + AU, Qw) = (Pg — U — z,Qw)r.
We use this result to estimate the second term I as follows,

< Ce||hR(U)]. (2.46)

IT = —¢ (+ AU Qu) (2.47)
werl(@)  llwllie
— e s T26QW (2.48)
wert@) lwlie
— e sup (Ve, VQuw) — (One, Qu)r (2.49)
weH (Q) w10
Vv w
<el| Vel sup IVQul| + Onell_1/2r  sup Qwlhyr ) (2.50)
weri(@) vl weri(@) wllie



From [7, 9] we know that |Qu|1o < C|w|i,q for locally quasi-uniform

meshes. Together with the estimate, ||Quwl|1/2r < C||Qwl|1,0, and equation
(2.50) this gives,

(Pg—U—Z,Q’LU)F
sup
weH(Q) w1,

< eC (IIVel + llonell -1 /o) - (2.51)

Equation (2.13) can now be used again with v = e. We get,

(Pg—U—Z,QU))I‘

sup < eC (||Ve| + [|RR(U)]) - (2.52)

weH(Q) [[wll1,0
Combining equation (2.37), (2.38), (2.41), and (2.52) finally proves the The-
orem. 5

Combining the estimate (2.9) of Theorem 2.1, Theorem 2.3, and the en-
ergy semi-norm estimate in Theorem 2.1 we finally end up with the following
L?(Q)-norm estimate,

lel| < C ([(h* + eh+ €)RU)|| + llg — Pgll—1/2r + €llg — Pglli/2r)
(2.53)
+ €C (IP(0.U)|-1/2,r + el P(3nU) |1 j2,r) -

Remark 2.1 In the final L?(Q)-norm estimate, equation (2.53), we see that
for sufficiently smooth boundary data, g, letting ¢ ~ h would give an optimal
order error for all terms but the eC||P(0,U)||_1/2,r term. So if d,u # 0 we
need to let € ~ h? to get optimal order convergence.

3 Adaptive Strategies

We design an adaptive strategy for the energy semi-norm estimate starting
from (2.8) in Theorem 2.1. Combining this result with equation (2.21) and
Theorem 2.2 gives the following equation:

Vel < € (IRR@)II + llg — Pyll1j2,r) (3.1)

+Ce [ [1POU)hyer + Y, ROk
OKNI'#D
We introduce the notation,
r1 = [|hRU)|| + lg = Pgll1/2,r,
(3.2)
ra = e (IP@U) 12 + X o | RO )

10



Adaptive Algorithm. The aim is to choose € such that r; and r5 becomes
equally large.

e Let ¢g = h.

e Solve equation (1.2) for U.

e Calculate 1 and ry according to equation (3.2).

e Determine if h-adaptivity is necessary from the size of r.
o Let e = 60:—;.

If a mesh refinement (with new mesh parameter hy,) was needed in step
4 we replace r1 with [[hpew R(U)|| + lg — Pgll1/2,r in step 5. This procedure
can then be done iteratively going from step 5 to step 2.

Remark 3.1 From experience and numerical tests for example in [13] we
know that the first term in r; is in general over estimated due to the in-
equalities used to derive it. This is not the case with the other terms and
this fact could be a reason to decrease € even further. So even though in
practice we want to use € < egry/ry as large as possible it can we wise to
choose € a bit under the bound.

Remark 3.2 We can also use other norms for the adaptive strategy. One
reason to choose the energy semi-norm is that € ~ h since r; ~ h and ro ~ €.
If we instead consider the L?(€2) norm we would get ¢ ~ h? to achieve opti-
mal order. These results agree with earlier a priori results [6].

Remark 3.3 The main reason for not choosing € too small is that the con-
dition number of the stiffness matrix will be very large which leads to slow
convergence for iterative solvers. The choice € ~ h is optimal since in this
case the condition number of the matrix will not increase dramatically while
for € ~ h? it will. The other reason will be illustrated in Example 3 below.

4 Numerical Examples

We present three numerical examples to verify the theoretical results of the
error analysis.

11
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10 10 10 10
1/e

Figure 1: Error in energy semi-norm for different h and e.

Example 1. In the first example §2 is the unit square and g = 0 on the
boundary. The load f is chosen such that the exact solution wu(z,y) =
z(1—z)y(1—y). The aim is to use our adaptive strategy to choose € in such
a way that the error from the penalty method is of the same order as the
discretization error. Since the exact solution is known we first present a plot,
Figure 1, with the energy semi-norm of the error calculated for different A
(we use quasi-uniform meshes) and e. We see clearly for each h how the
error eventually converges to the discretization error and we get no further
improvement by decreasing e.

The adaptive strategy is designed to find the biggest ¢ for which we
achieve discretization error by considering the error estimators r; and rs.
Figure 2 shows the values of the error estimators for a fix value of h = 0.025.
We see that the discretization part of the error r; is fairly constant and
that the e dependent part 7o is proportional to e. It is clear that the two
terms 71 and r9 captures the essence of the behavior of the error in the
energy semi-norm. The adaptive strategy would in this situation suggest
that € = €gry/ry. As seen when comparing the figures we get a slight over
estimate of € arising from the fact that ry is over estimated.

To sum up this example we analyze the h-dependence of € in our method.
In this particular example € = eory /ry for different €q in the range 107! to
10~7. As seen from the small clusters in Figure 3 we get very similar results
on ¢ for different €5. We also recognize that e is proportional to h.

12
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Figure 3: The penalty parameter ¢ chosen according to adaptive strategy
for different €y and h.
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Example 2.
one part of the boundary. We let ¢ = 0 on three parts of the unit square and
on the fourth part we let g be saw shaped as seen in Figure 4. The peaks
and valleys are chosen so that they do not coincide with the mesh. Using a
constant € would in this example not be the best approach since we need a
very small € just on a part of the boundary where the normal derivative of
the solution is large. Motivated by the results in Theorem 2.2 we use two
different values of ¢, €1 on the simple part and €5 on the complicated part.
In Figure 5 we see the result of using our algorithm with €y = h as a starting
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Figure 4: Solution to the second test problem

Next we turn our attention to a situation where g € V on

guess for different h. The penalty parameter is chosen as

gives a lower value of € but is simpler to compute.
algorithm suggests us to choose a much higher € on the simple part of the
domain. We also see that both €; and ey are proportional to h just with

_ Dl _hEO]
T llg = Ulhyzr,”

€

where |T';| is the length of the boundary segment I';. If the function g allows
it can be convenient to replace ||g — Ul||1/2r by ||g — Ull1,r in practice. This
It is clear that the

different constants.

Example 3. Finally we study an interesting effect that can arise from
choosing € to small. From the earlier a priori work [3, 4] it is clear that
this can lead to problems. This effect can not be seen explicitly from the
a posteriori error estimates but it can be taken care of using the proposed

adaptive strategy.

14
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Figure 5: The boundary error ||e||r and ¢; calculated for different values of
h.

We let g be close to discontinuous, zero on one part of the boundary and
one on the other with a very steep sloop that connects the parts, see Figure
6. Further we let f = 1. We solve the problem by iterating the adaptive
algorithm starting from ¢ = h = 1/40 and find an optimal € = 1/151, see
Figure 6 (right). Then we solve the same problem using a ten times smaller
e = 1/1510 (left). We see clearly that a too small choice of e for this problem
leads to oscillations in the solution. If € is decreased further the effect is even
stronger.

The reason for this behavior is that equation (1.2) will force U ~ Pg
if € is very small and it is known that the L? projection P has oscillating
behavior for discontinuous data. This example together with the size of the
condition number motivates using the adaptive procedure when choosing e.

5 Conclusion

We have derived two a posteriori error estimates and designed an adaptive
strategy for choosing the penalty parameter ¢ in BPM for one of these.
We present numerical examples that confirms our theoretical results and
we conclude that by this strategy we achieve optimal order convergence for
piecewise linears which agrees with earlier a priori work.

15



Figure 6: 10 times the optimal € to the left and optimal € to the right.
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A Posteriori Error Analysis of Stabilized
Finite Element Approximations of the

Helmholtz Equation on Unstructured
Grids
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Abstract

In this paper we study the Galerkin least-squares method for mini-
mizing pollution when solving Helmholtz equation. We especially con-
sider how stochastic perturbations on a structured mesh affects the
optimal choice of the method parameter 7. The analysis is based on
an error representation formula derived by a posteriori error estimates
using duality. The primary goal with this work is not to present a
brand new method for this problem but to show how existing methods
derived for structured meshes can be modified to work on unstructured
grids. We conclude that a parameter optimized for a structured mesh
needs to be increased by a term proportional to the variance of the per-
turbation to be unbiased on a perturbated grid. We present numerical
examples in one and two dimensions to confirm our theoretical results.

1 Introduction

It is well known that the standard Galerkin finite element method suffers
from a substantial loss of accuracy when solving the Helmholtz equation for
higher wave numbers. The problem is basically that the waves propagate to
slow when using the standard Galerkin method. The solution is to increase
the numerical wave number.

*Corresponding author, Associate Professor, Department of Mathematics, Chalmers
University of Technology, Géteborg, mgl@math.chalmers.se.

fGraduate Research Assistant, Department of Mathematics, Chalmers University of
Technology, Goteborg, axel@math.chalmers.se.



Previous work. The choice of numerical wave number have been solved
by dispersion analysis in one and two dimension. In one dimension it is
actually possible to achieve nodal exactness by the Galerkin Least-Squares
(GLS) method, see [6, 9, 5], or the Generalized Finite Element Method
(GFEM), see [2], and in two dimensions these methods gives significant
improvement compared to the standard Galerkin method. The expression
”pollution” is often used to describe this phenomenon and it was first stated
in [2]. A draw back of using these methods to determine the numerical wave
number in higher dimensions is that they are designed to be optimal for one
certain direction on a structured grid.

Recent work on variational multiscale methods and subgrid modelling
[8, 7] has given an understanding of the origin of GLS. It also represents an
alternative to the dispersion analysis that works independent of the structure
of the mesh. In a paper dealing with edge elements for electro-magnetic mod-
elling [10] an improvement in accuracy when solving the vector Helmholtz
equation was discovered on unstructured grids. This effect can also be seen
in numerical studies for example in [5]. These results encouraged us to
further investigate this area.

New contributions. Our goal with this paper is to understand how meth-
ods for minimizing pollution on structured grids needs to be modified to suit
unstructured grids. To create the unstructured grid we start with a struc-
tured grid and add perturbations to the nodes from a given distribution. We
need a method for computing an optimal method parameter 7 on a given
mesh. We achieve this by deriving an error representation formula using
a posteriori error estimation techniques iteratively and choosing 7 so this
error functional equals zero. This method is independent of the structure
of the mesh and converges to an optimal 7 in the sense that a given linear
functional of the error is zero for this choice of 7.

We then study a family of meshes with stochastic perturbations d;, in
each interior node ¢, and calculate the expected value of 7, E[r]. In one
dimension we get the following result:

E[r] = Ch*k*(1 + 6Var(s;)), (1.1)

where C < 0 is a constant that can be calibrated by a standard method on
a structured grid e.g. see [5]. This means that the numerical wave number
kj, modifies in the following way, ki = k*(1 — 7k?). From equation (1.1) we
see clearly that the average of 7 calculated on perturbated girds will not be
equal to 7 calculated on the structural grid. However we also see that for
small perturbations, 7 from the structural calculation is a good estimate.
The challenge is to extend this analysis to two dimensions where it is much
harder to find an optimal 7.



In two dimensions we again derive an optimal 7 independent of the struc-
ture of the mesh by using an error representation formula based on an a
posteriori error estimate. The procedure needs to be done in an iterative
fashion. A typical linear functional of the error we study could be an integral
over the error over an outflow boundary. Again we recognize a modification
of 7 proportional to the variance of the perturbation. For a plane wave in
two dimensions numerical calculations shows improved results compared to
a plane wave in one dimension. We argue that this effect arises from the
fact that the variance of on integral of the error on the outflow boundary
is smaller than the variance of the error measured in one point. This could
explain the effect in [10].

Of course there are numerous advantages of using randomized unstruc-
tured meshes instead of structured ones. When it comes to wave propagation
on of the most important are that a randomized mesh is isotropic i.e. ”looks
the same” in all directions. This means that if we can find an optimal 7
for one direction it will work well for waves propagating in an arbitrary
direction.

Outline In §2 we present a one dimensional model problem, derive an
a posteriori error estimate and state a formula for choosing the method
parameter 7. We then study how this choice of 7 depends on the structure
of the mesh. In §3 we present numerical results for this problem and in §4
we turn our attention to a two dimensional model problem. Again we derive
an a posteriori error estimate from which we can calculate the parameter 7.
In §5 we present numerical results for two test examples and finally in §6 we
draw some conclusions of this work.

2 One Dimensional Model Problem

We consider the following one dimensional model problem: find u such that

—u" —k*u=0 1inQ,
u'(0) = ik, (2.1)
u'(m) =ik u(rm),

where Q = [0, 7r]. This setting makes the wave propagate freely from left to
right with analytic solution u(x) = e™*®
tion reads: find u € H'(Q) such that

. The corresponding weak formula-

(u',v") — k% (u,v) — ik u(m)v(n)* = —ikv(0)*, for allve HY(Q), (2.2)

where (-,-) is the ordinary L?(Q) scalar product and v(z)* is the complex
conjugate of v(z).



2.1 The Galerkin Least-Squares Method

The GLS stabilization, see [6], of the weak form reads: find u € H(2) such
that

(W', v —=k? (u,v)+(1 Lu, Lv)g—ik u(r)v(r)* = —ikv(0)*, for all v € H(Q),

(2.3)
where 7 is a complex number, L = —aa—;g — k2, and  is the union of element
interiors. This method can now be discretized and we can introduce p =
1 — 7k? as the new parameter. If we for the sake of simplicity only consider
the space V' of piecewise linear base functions we get: find U € V such that

(U’ W) = k*p (U,v) — ik U(r)v(n)* = —ikv(0)*, forallveV. (2.4)

Here we see that the stabilization is done basically by changing the wave
number in the Galerkin method, see [6]. Next we present an a posteriori
error analysis for the piecewise linear case.

2.2 Error Representation Formula

We would like to choose p in order to minimize a given linear functional of
the error e = u — U i.e. (e,v), where 1 is a given function in H (). We
begin the a posteriori analysis by presenting the dual problem: find ¢ such

that
—¢" —k*¢=1¢ inQ,
¢'(0) = 0, (2.5)
¢ (m) = —ik d(m)

We proceed with the following calculation,

(e,9) = (e, —¢" — K ¢) (
= (¢,¢) = (K e,0) — [ed"]5 (
=—(U",¢") + (KU, ¢) + [u ¢*]5 — ik e(m)o(r)* (
= (U",¢ —mp) + (K*U,¢ — mp) — (U',m0) (

+ (KU, w¢) + ik U(m)p(n)* — ik $(0)*

= (U",¢ —m¢) + (KU, ¢ — w¢) + (1 k'U, 79) (2.10)
= (K*U, ¢ — o) + (1 k*U, 7). (2.11)
This calculation suggests that 7 = —% or in terms of p,
U, 9)
p=1-—71k?= 2.12
(U,70) 212




would make (e, ) small.

Remark 2.1 We also note that if there exists a 7 such that (e,¢) = 0 it
(*? U,p—m¢) (U.¢)

can always be written on the form 7 = — UAU=g) O p= UEDE

Remark 2.2 In practice ¢ will not be known so we have to calculate it
numerically. Since we need to subtract the interpolant we use higher order
elements for the dual problem. However this is a computationally expensive
way of getting high accuracy and should primarily be used if error control
is essential.

It is possible to proceed iteratively starting with pg = 1 solving equation
(2.4) for U,, and choosing,

Pl = Un, ) forn=0,1,.... (2.13)

(Una 7T¢)
In section 3 we present numerical results that shows fast convergence for
this particular algorithm for nodal error control. We are going to use the
iterative algorithm described in equation (2.13) to calculate optimal values
of p on perturbated grids. In this way we can study how an optimal p
depends on the size of the perturbation §.

2.3 Unstructured Mesh

We introduce a new parameter 0 < § < 1 which is a measure of how un-
structured the mesh is. We divide [0, 7] into n subintervals in the following
way,

rg = 0
r, = 40, fori=1,...,n-1,
T, = T,

where §; € U([—g—z, g—m), see Figure 1. From this definition we note that the
interval length h; = x; — x;_1 the perturbated mesh is equal to h+9; — d;_1.
With this notation we need to define g = 6, = 0. We are interested in
how the expected value and the variance of the error (e, ) depends on 9,
h = m/n, and k. We now see p as a stochastic parameter p and use equation

(2.11) to get,

(e,9) = k*(U, ¢ — m¢) — k*(p — 1)(U, m¢). (2.14)

Our aim is to find p = E[p| such that F[(e, )] = 0 for a given 6. We start
with the following Lemma.



Figure 1: One dimensional unstructured mesh with n =19 and § = 0.4.

Lemma 2.1 Let z € C*([0,h]) such that z(0) = z(h) =0, o =1 — %, and
o1 = 7. Then we have,

2 oh

h o h2

Jo pozdr = _E o Jo
2 n 2.1

& Jo vop1z dr — =3 fo pop1z" dx.

foh p1zdr = —

Jy
Js

Proof. We start with foh p;zdx for ¢ = 0,1 and integrate by part. We
use the fact that (—hyg) =1, (he1)’ = 1 and that the boundary term will
vanish since z(0) = z(h) = 0 to get,

h h

flg pozdr = %fo hgpgz’ dz, (2.16)
przde = =L [ 22 da.

0 2J1 Y1

Next we proceed with the first equation in (2.16) and use that (he1) =1
and integrate by parts,

h h h h
/ 57 da = —h/ o1 (932)) do = 2/ pop17 dx —h/ P17 de.
0 0 0 0

(2.17)
Since o + ¢1 =1 on [0, h] we have,
h h
0= /0 (o + ¢1)%7 dox = /o (2 + 2001 + p?)7' dz, (2.18)
inserted in equation (2.17) this yields
h 1 h h h
/ cp%z'dm:——/ cp%z/dx——/ a2 d. (2.19)
0 2.Jo 2Jo
A similar calculation gives
h 1 h h h
/ 012 dr = ——/ a2 do — —/ wop:? dx. (2.20)
0 2.Jo 2Jo
Together equation (2.19) and equation (2.20) now gives
h 2 2n (h 2w h rh 2 11
Jo 82 dw = =% [ pf12" d — 3 [ poptz" da, (2.21)

h h h
Jo o1 do =% [ 312" da + 2 [ popis” da.

6



Finally we combine equation (2.16) and (2.21) to prove the Lemma. 0

We initially need to study how the first term i equation (2.14) depends
on the stochastic parameters {8;}7~/!

(U, —7¢) = Z/ —n¢)d (2.22)

On each element [z;_1,2;] we assume ¢ € C?([z;_1,2;]) and apply Lemma
2.1 with z = ¢ — o, Yo = @i_1, Y1 = w;, and h = h; to get,

(U, —m¢) = Z/ —m¢)d (2.23)
- Z Uit / ,1 i (6~ 79)(z)da (224

—i—ZU / 0i(¢ — 7o) () dx

i—1

R e
=B @ Uy a2
i=1 i1

S |
= Z hfﬁ / gqs”goi,lgoi (U(z) + Ui—1 + U;) dz.  (2.26)
i=1 P Tt

We introduce the following notation,

B k‘2 xT; 1
zi({0; gj)::_%i 6¢"¢v¢¢¢@“$)+1%71+l%)d$- (2.27)

Ti1
With this notation equation (2.14) and equation (2.23) now gives

Z Rz — (p—1 /7r KUr dx. (2.28)

0

We now make the following simplification. We replace z; in equation
(2.28) with z; which is z; calculated on a structured grid i.e.

k‘2 ih 1 _ _ _
Z; = —— —gb”@z‘,l@i (U(-’E) + Uifl + Uz) d:l?, (229)
h Ji-1)n 6

where ; are the base functions on the structured grid and U is the solution
on the structured grid. This means that z; are not stochastic variables.



We also introduce w = [ k*7¢(2)U(x)dz, where @ in the Scott-Zhang
interpolant, see [3], onto the structured grid, i.e w is not stochastic.

If hk is small these approximations can be motivated by linearization in
terms of § but the most important argument is the good agreement we get
with numerical experiments, see section 3. We define an approximation to
(e,v) in the following way,

n
ey = ¥z —(h— ), (2.30)
i=1
and we choose p such that e, = 0 i.e.
A 1 Q5
p=1+— Z hiz;. (2.31)
i=1
Since we want to find one parameter p that suits many meshes with a given

6 we study the expected value of p. To do this we need to do the following
observation,

1 n
Elpl =1+ —_E 3z 2.32
=14 LE | 0s] 2
PR
=1+ ;E[hi]zz (2.33)
1 n
=1+ E ;E[(h +0; — 52‘_1)3]21' (2.34)

1 n
=1 — E3 2 . A_,_2 . 315,
+ - E [h? + 3h*(0; — 6;—1) + 3h(0; — 6i—1)" + (6; — di—1)"]Z

=1

(2.35)

=1+ % Zn: (h3 + 3h2E[(5i — 5@'—1]) Zi (2.36)
=1

ST BRELG: — 6]+ B~ 61 2
=1

=1+ % i (h3 + 3hE[((52 — 5@'—1)2]) Z; (2.37)
=1

=14+ % Zn: (h3 + 6hVar((5i)) Zi (2.38)
=1

=1+ % (h* + 6Var(s;)) , (2.39)



where we use that {§;}7"' are independent, E[5;] = 0, and E[6?] = E[6? ,] =
Var(d;). We neglect the boundary effect due to the fact that dy and d,, are
not stochastic. If we let z = >""" | hz; we have

p= Elp] = 1+ — (h* + 6Var(5))) (2.40)

Remark 2.3 For the uniform distribution Var(d;) = % ie.

p=1+ %hQ (1 + E) (2.41)

Remark 2.4 Given § we can find p by using one for the standard methods
[5, 2] for structured meshes and then add the contribution suggested in equa-
tion (2.41). For example if we want nodal exactness in the right endpoint
x = m we can use the formula from [5] for nodal exactness on structured
mesh to find z/w.

Given a formula (2.41) to find p we would like to estimate the error (e, 1))
in terms of h, k, and 6. We start by estimating the variance of e,.

Proposition 2.1 It holds

3 3 1 -
Var(ey) = hS <552 + 154 + 2—856) >z (2.42)

Proof. We start from equation (2.30) with p chosen according to equation



(2.32). We note that Efe,] = 0 so Var(ey) = E[é?p],

Var(ey) = Ele})] (2.43)
n 2
= FE ( hiz — (p — 1)u—;> (2.44)
i=1
: n 27] [ n ]
= E ( h§2i> —2F > h¥z| El(p— w] + E[(p — Dw]?
i=1 Li=1 i
] ] (2.45)
n 2 ' n T n n 2
- F ( h§2i> —2E Z hzl| E Z zl| +E Z h?zi]
=1 Li=1 - i=1 i=1
] ] (2.46)
—F ( h z) —E> h?zi] (2.47)
| i=1 i =1
= > (B[W) - E[R)?) 22 (2.48)
i=1

We need to calculate the expected value of different powers of §;. We have
E[6?"' =0 and
on 52nh2n

E[5;"] = n g (2.49)

for all n € N. We use these result and h; = h + §; — §;_1 to get,

n

Var(ey) = > _ (E[hf] - E[1}]?) 2 (2.50)
=1

:i}ﬁ L4252 4ot g0 1 52— Lgt) 22 (2.51)

g 2 28 4 : ’

= 3 3 1
6 2 4 6\ =2

_ hd i il . 2.52
;h (25 + 49 —1—285)2@, (2.52)
which proves the proposition. 0

We need to estimate the sum in equation (2.42) in terms of h and k. For
Y € H1(Q) independent of h and k we have |¢| < C/k for some constant
C' and thereby |¢”| < Ck. The magnitude of the numeric solution U is

10



independent of k so from equation (2.27) we get |z;] < Ck3. This yields

n

n
kG
22 6
Zzi < ZCk <C-—-. (2.53)
i=1 =1

We are not interested in tracking the constants in the following theory, only

the h, k, and § dependence. If we neglect the 64 and §® terms in Proposition
2.1 and use it together with equation (2.53) we get

Var(e,) < Ch°k56%. (2.54)
Since Eé,] = 0 we can use the Chebyshev inequality to get a bound of |y,

Var (e
P(ley] > 0 < ) (2.55)
By choosing € = DSh®/2k® we get P (ley| > D5h5/2k:3) < % hence with D
large we can make this quantity arbitrarily small i.e. there exists C' inde-

pendent of §, i, and k such that

P(ley| < CoRP2E?) > 1 — ¢ (2.56)

for each € > 0.

3 Numerical Results in One Dimension

We study pointwise error control. This is done by choosing 1 as the Dirac
delta measure in a chosen node. We can actually find an analytic formula
for the dual solution in this case,

tk(r—z)
———cos(kx) — %sm(k(:z: — 2 g>2ys (3.1)

where z indicates a point mass in x = z. We note that ¢, (z) € C?([z;_1,2])
for i =1,...,n. We proceed with a numerical simulation to verify that the
iterative algorithm described in equation (2.13) converges and gives an opti-
mal value of p. Figure 2 shows rapid convergence for the iterative algorithm
towards machine precision. Here 9 is chosen as the dirac measure in z = 7
ie. P =6dr.

In Figure 3 we illustrate how well equation (2.41), where z/w is cal-
culated on a structured mesh, compares to numerical experiments of the
iterative a posteriori method, equation (2.13). For each ¢, 5000 meshes
have been evaluated, by iteration until convergence, and the stars are the
mean value of these. The dashed line is the theoretical value of equation

11



Convergence for GLS-solution on random mesh in 1D
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Figure 2: The error |u(mw) — U(m)| verses number of iterations

(2.41). We see quite a good agreement between numerics and theory. Re-
member that the theoretical value is based on approximations. The variance
is proportional to the square of § which agree with the theoretical result in
equation (2.41).

By changing h and k separately while holding § = 0.1 we also get an
idea of how the variance of p depends on these variables, see Figure 4.
In this particular case we get Var(p) ~ h7-3k6 or Var ((e,1)) ~ h73k81,
since Var((e, 1)) ~ k*(U,7¢)?Var(p) ~ k*Var(p), which is even better than
Var (e4)) < Ch°kS that we got from theory, see equation (2.54).

Another interesting measure of the error is the mean value i.e. 1 = 1.
Letting v = 1 in (2.4) gives us, (U, 1) = ﬁ(l — U(m)). We have u = e’** so
(u,1) = 7i(lfg(7r)) which makes

(e,1) = —kipe(ﬁ) + (p; Y

(u,1). (3.2)
Since p is close to one this calculation shows that the nodal error in 7 is

very closely related to the mean of the error and coincides if k = 2n, n € N,
since (u,1) = 0 in that case.

4 Two Dimensional Model Problem

In two dimensions we consider a plane wave with wave number

k = k(cos(0), sin(0)) (4.1)

12
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propagating on a unit square, see Figure 5. We use a model problem from
[5] with inhomogeneous Robin boundary conditions chosen such that the
solution u is equal to e®®: find u € H'() such that

— — k2= i
{ Au—k*u=0 in Q, (4.2)

—Opu = —tk(u—g) onT,

where € is a polygonal domain in R%, d = 2,3 with boundary T".

4.1 The Galerkin Least-Squares Method

The corresponding discretized GLS method reads: find U € V. C H(Q)
such that

(VU,Vv) = k* (U, v) + (1 LU, Lv)g — ik(U,v)r = —ik(g,v)r, forallv eV,

(4.3)
where (-,-)r is the L?(T) scalar product, L = —A — k? and V is the finite
element space of piecewise polynomials of degree p. Again we want to find
a criteria for choosing 7 that minimizes a given linear functional of the
error. We proceed as in the one dimensional case starting with the error
representation formula.

4.2 Error Representation Formula

The corresponding dual problem reads: find ¢ such that

NG k2H =t inQ
{ O = ik(¢p—yr) onT, (44)

where g € H™'(Q) and ¢ € HY?(I), see [1] for a definition of these
spaces. To the right in Figure 5 we have the dual solution calculated for v
as a point mass in (0.5,0.5). In this setting we consider two types of linear
functionals of the error at the same time, namely (e, 1) and (e,vr)p. The

a posteriori analysis gives,
(B,QIZ)Q) - ik(6, @ZJF)F = (vea VQb) - (k2€a ) + (6,ik¢)[‘ (45)
= (Onu, O)r = (VU, V@) + (KU, 9) + (e,ik d)r (4.6

= (ik(U — g),¢)r — (VU,V¢ — 7¢) + (KU, ¢ — 7¢)
(4.7)

- (VU7 qub) + (k2 U, 7T¢)

= (AU 4 KU, ¢ — 1¢) — (0,U — ik(U — g), ¢ — m¢)r
(4.8)
+ (TLU, Lmo)g,

14



Figure 5: Real part of the solution to the primal problem with § = 7/4 and
to the dual problem with 1o = 05 5

where the first scalar product in the last row is defined in the following way,

(AU, v) Z/AUvdz—Z/

n
Kek Kek VORI “IVK

vds, for all v € H' (),

(4.9)
where K refers to elements in the mesh with boundary 0K and K = {K} is
the set of elements in the mesh. We get the following error representation
formula,

(e;9a) —ik(e,¢r)r = (—LU, ¢ — 79) (4.10)
+ (=0,U +ik(U — g), ¢ — 7)r + (TLU, L) 4.

We derive a method for choosing 7 by letting (4.10) be equal to zero,

T (LU, L7d)g (1

We define (RQ, v) = (AU + k?U,v), for all v € HY(Q), and (Rp,v)r =
(0,U +ik(U — g),v)r, for all v € HY(T'), as domain and boundary residual.

Again we end up with a strategy for choosing 7. As in the one-dimensional
case this approach is independent of the structure of the mesh. We consider
plane waves sent in different angles over the unit square. The one dimen-
sional analysis suggests that there exists a parameter that gives us a good
approximation if § as a function of 8 is close to constant. This is the case on
a totally unstructured mesh but can never be the case for a structured mesh.
This implies that we only need to optimize for one angle 6 by the method
described in equation (4.11) to get a good approximation for all angles. The
reason for this is that a totally unstructured is much more isotropic than a
structured mesh (if the domain is large enough).
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Figure 6: Delaunay triangulations with various §.

5 Numerical Results in Two Dimensions

We study problems on two different geometries.

Example 1. First we study a plane wave on the unit square. We use the
same setting as in [5] i.e. Robin type boundary conditions that approxi-
mately makes the wave propagate freely over the boundaries. Since we are
interested in calculating a correction for unstructured meshes and also how
this correction compares to earlier work on structured grids we start with
a regular mesh constructed by the Delaunay algorithm on a two dimen-
sional lattice. Then we add small perturbations to the interior nodes and
proceed with another Delaunay triangulation, see Figure 6. We introduce a
parameter § in analogy with the one dimensional case that measure how un-
structured the mesh is. Now the perturbation of the interior nodes are done
both in x and y direction so § has two entries (d;,dy). Below 6, = §, = ¢
if nothing else is mentioned. On these meshes we calculate an optimal p for
error control on the outflow boundary I', when the wave propagates in the
a-direction i.e. @ = 0. This means that I', = {(z,y) : =1, 0 <y <1}
In equation (4.10) this is achieved by letting o = 0 and ¥r = I, to get ¢
and then using equation (4.11). To get small error i.e. find the optimal p
we repeat this process iteratively in analogy with equation (2.13) until the
error is about one millionth of the Galerkin error.

In Figure 7 we see how p depends on J. It is slowly increasing for small §
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Figure 7: p optimized for error control with g = 0 and ¢r = I, on various
unstructured meshes.

except a jump between § = 0 and é = 0.05 depending on the big structural
change in the grid. For § = 0 we have a regular mesh and for § = 0.05 we
get an approximate union jack shape. For bigger § we see that p increases
in the same way as in the the one dimensional case. The dashed lines are
from a classic GLS-method optimized for the regular mesh, § = 0 in Figure
6, and the standard Galerkin method, p = 1. In this example k& = 20.

The similarities with the one dimensional result does not come as a sur-
prise. Since the dual solution is independent of y in this particular example
we can use equation (4.11) to proceed with the following heuristic calcula-
tion,

—7(LU, L7¢)q = (Ra,¢ — 7¢) + (Rr, ¢ — m¢)r (5.1)

:/01 /01R9(¢_w¢)dydx (5.2)

+ / Rr(¢ — w¢p) dx
{z€[0,1], y=0}

- / Rr(¢ — m¢) dx
{z€[0,1], y=1}

1 1 1
~ [@=r0) [ Radyas [ c@yo-rorar 63)

_ /0 D(@)(6 — 76) da. (5.4)
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Figure 8: Var(p) (left) and Var (ik(e, Ir,)r) (right) dependence of k& when
0 = 0.3 and kh is hold constant.

Using the one dimensional result in equation (2.41) and that (LU, Lm¢)g
should not depend heavily on § we get that 7 ~ h%2+CVar(d,) ~ h?(1+Cd2).
The additional assumption we need to do in this case is that also w¢ is almost
constant in the y direction.

We note one difference that actually suggests better results in the two
dimensional case when the error is integrated over the outflow boundary.
Instead of having essentially e = [ R¢ dx, where R is the residual, we get in
two dimensions e = [([ Rdy)¢dz i.e. an integral over the residual in the
y-direction. This would decrees the variance of the error and therefore also
the error bound by the Chebyshev inequality in equation (2.54).

Numerical results confirms this. We let § and hk be constant and k to
be free. The variance of ik(e, I, )r is computed for 100 different meshes in
Figure 8. As seen to the left in Figure 8 Var(p) ~ (hk)®k~2 for some o. With
a similar calculation as in the one dimensional case we get Var (ik(e, I, )r) =
k* (U, 7¢)?Var(p) and since (U, 7¢) ~ 1 we get Var ((e, I, )r) ~ k*Var(p) ~
(hk)®. We see this in the right plot in Figure 8 where we plot Var (ik(e,r, )r)
verses k while holding hk constant. To determine o we perform another test
where we vary h while holding k constant. The result is presented in Figure
9. We see that « is approximately equal to 10 i.e. as we suspected we gain
one h compared to the one dimensional case,

Var ((e, I, )r) ~ (hk)1°, (5.5)

and from the Chebyshev inequality we get from these numerical tests

P(|(e, Ir,)r| < C(hk)*) > 1 —¢ (5.6)

18
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Figure 9: Var (ik(e, Ir,)r) verses h with constant k = 4 and ¢ = 0.3.

for € > 0 i.e. we have no pollution effect for error control in this specific
norm on meshes with constant §.

The variance of the error can also measure the angle depends in the
method. With this result we would not expect worse angle dependence
when k increases and hk is hold constant which is a very nice result.

Example 2. Finally we consider a bit more complicated problem where
we simulate waves travelling through a slit of width €, and thickness €,. The
domain is a rectangle of length 7/2 and hight 7/4 with two e, wide walls
in the middle only leaving a gap of €, between them. The wave number is
set to 20 so we expect five full waves in the centre of the domain y = 7/8.
The real part of the solution of the primal and dual are presented in Figure
10 and Figure 11. The dual solution is calculated for nodal error control
in (x,y) = (7/2,7/8). The wave plane propagates towards the slit and
creates approximately a point source at the slit. We get the characteristic
circular waves as when rocks falls into the sea continuously in one point. The
amplitude decreases as the wave propagates away from the slit in the same
way as the dual solution decays from the point mass in (z,y) = (7/2,7/8).

6 Conclusion

We have discussed how and when standard methods for solving the pollution
problem on structured grids needs to be modified to suit unstructured grids.
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Figure 10: Real part of the solution using our method to determine 7.
€z = 0.03 and ¢, = 0.1.

Figure 11: Real part of the dual solution for error control in (z,y) =

(m/2,7/8).
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The analysis is based on a posteriori error estimates of model problems in
one and two dimensions. We present numerical simulations that confirms
our theoretical results on both one and two dimensions.
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Adaptive Variational Multiscale Methods
Based on A Posteriori Error Estimation
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Abstract

The variational multiscale method (VMM) provides a general frame-
work for construction of multiscale finite element methods. In this pa-
per we propose a method for parallel solution of the fine scale problem
based on localized Dirichlet problems which are solved numerically.
Next we present a posteriori error estimates for VMM which relates
the error in linear functionals and the energy norm to the discretiza-
tion errors, resolution and size of patches in the localized problems, in
the fine scale approximation. Based on the a posteriori error estimates
we propose an adaptive VMM with automatic tuning of the critical
parameters. We primary study elliptic second order partial differential
equations with highly oscillating coefficients or localized singularities.

1 Introduction

Many problems in science and engineering involve models of physical systems
on many scales. For instance, models of materials with microstructure such
as composites and flow in porous media. In such problems it is in general
not feasible to seek for a numerical solution which resolves all scales. Instead
we may seek to develop algorithms based on a suitable combination a global
problem capturing the main features of the solution and localized problems
which resolves the fine scales. Since the fine scale problems are localized the
computation on the fine scales is parallel in nature.

*Corresponding author, Associate Professor, Department of Mathematics, Chalmers
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fGraduate Research Assistant, Department of Mathematics, Chalmers University of
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Previous work. The Variational Multiscale Method (VMM) is a general
framework for derivation of basic multiscale method in a variational context,
see Hughes [8] and [10]. The basic idea is to decompose the solution into
fine and coarse scale contributions, solve the fine scale equation in terms of
the residual of the coarse scale solution, 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 scales. In practice it is necessary to approxi-
mate the fine scale equation to make the method realistic. In several works
various ways of analytical modeling are investigated often based on bubbles
or element Green’s functions, see Oberai and Pinsky, [11] and Arbogast [1].
In [7] Hou and Wu present a different approach. Here the fine scale equa-
tions are solved numerically on a finer mesh. The fine scale equations are
solved inside coarse elements and are thus totally decoupled.

New contributions. In this work we present a simple technique for nu-
merical approximation of the fine scale equation in the variational multiscale
method. The basic idea is to split the fine scale residual into localized con-
tributions using a partition of unity and solving corresponding decoupled
localized problems on patches with homogeneous Dirichlet boundary condi-
tions. The fine scale solution is approximated by the sum Uy = ), Uy; of
the solutions Uy ; to the localized problems. The accuracy of Uy depends on
the fine scale mesh size h and the size of the patches. We note that the fine
scale computation is naturally parallel.

To optimize performance we seek to construct an adaptive algorithm for
automatic control of the coarse mesh size H, the fine mesh size h, and the
size of patches. Our algorithm is based on the following a posteriori estimate
of the error e = u — U, — Uy in the energy norm for the Poisson equation
with variable coefficients a:

1
el < O3S IHRW - et (L.1)
1
+ O (IVERUs )l + IRzl ) T2l

ieF
where

(=2(Ur.), vf)ow, = (f+V-aVUe, 007 )w, —a(Uyi, vf )uy, for all vy € ViH(w;),

(1.2)
C refers to nodes where no local problems have been solved, F to nodes where
local problems are solved, U, is the coarse scale solution, U = U.+Uy, R(U)
is a computable bound of the residual f 4+ V -aVU, R;(Uy;) is a bound of



the fine scale residual p;(f +V -aVU.) +V -aVUy;, £(Uy;) is related to the
normal derivative of the fine scale solution Uy; and measures the effect of
restriction to patches. If no fine scale equations are solved we obtain the first
term in the estimate; the first part of the second sum measures the effect of
restriction to patches; and finally the second part measures the influence of
the fine scale mesh parameter h.

In addition to the energy norm error estimate we also derive error repre-
sentation formulas for errors in linear functionals of the computed solution
using duality techniques. The framework is fairly general and may be ex-
tended to other types of multiscale methods, for instance, based on localized
Neumann problems.

Outline. In Section 2 we introduce the model problem and the variational
multiscale formulation of this problem we also discuss the split of the coarse
and fine scale spaces. In Section 3 we present a posteriori estimates of
the error leading to Section 4 where we present an adaptive algorithm. In
section Section 5 we present numerical results and finally Section 6 consists
of concluding remarks and suggestions on future work.

2 The Variational Multiscale Method

2.1 Model Problem

We study the Poisson equation with a highly oscillating coefficient a and
homogeneous Dirichlet boundary conditions: find u € H} () such that

—V.-aVu=f in, (2.1)

where € is a polygonal domain in R¢, d = 1,2, or 3 with boundary T,
f e HY(Q), and a € L>®(Q) such that a(x) > ag > 0 for all z € . The
variational form of (2.1) reads: find u € V = H}(2) such that

a(u,v) = (f,v) forallveV, (2.2)

with the bilinear form

a(u,v) = (aVu, Vv) (2.3)

for all u,v € V.

2.2 The Variational Multiscale Method

We employ the variational multiscale scale formulation, proposed by Hughes
see [8, 10] for an overview, and introduce a coarse and a fine scale in the



problem. We choose two spaces V. C V and Vy C V such that
V=V.0V;. (2.4)

Then we may pose (2.2) in the following way: find u. € V. and uy € V¢ such

that
a(te,ve) + a(ur,ve) = (f,ve) for all v, € Ve,

a(ue,vy) +alup,vg) = (f,vg) for all vy € Vy. (2:5)
Introducing the residual R : V — V' defined by
(R(v),w) = (f,w) —a(v,w) for all w eV, (2.6)

the fine scale equation takes the form: find uy € Vy such that

(f,vr) —alug,vp) = (R(ue),vg) for all vy € Vy. (2.7)

Thus the fine scale solution is driven by the residual of the coarse scale
solution. Denoting the solution us to (2.7) by uy = TR(u.) we get the
modified coarse scale problem

a(ue,ve) + a(TR(ue),ve) = (f,ve) for all v, € V.. (2.8)

Here the second term on the left hand side accounts for the effects of fine
scales on the coarse scales.

2.3 A VMM Based on Localized Dirichlet Problems

We introduce a partition £ = {K} of the domain Q into shape regular
elements K of diameter Hx and we let N be the set of nodes. Further we
let V. be the space of continuous piecewise polynomials of degree p defined
on K.

We shall now construct an algorithm which approximates the fine scale
equation by a set of decoupled localized problems. We begin by writing

Up =) icn Uy Where
a(ugq,vg) = (@iR(uc),vg) for all vy € Vy, (2.9)

and {y; }ien is the set of Lagrange basis functions in V.. Note that {®; }ienr
is a partition of unity with support on the elements sharing the node i. We
call the set of elements with one corner in node 7 a mesh star in node ¢ and
denote it Si. Thus functions u 1, correspond to the fine scale effects created
by the localized residuals ¢; R(u.). Introducing this expansion of wy in the
right hand side of the fine scale equation (2.5) and get: find u. € V. and
up = icnr Uy € Vy such that

a(uc,ve) + a(ug,ve) = (f,ve) for all v € Ve,

a(ugi,vp) = (piR(ue),vs) for all vy € Vs and i € N. (2.10)

4



We use this fact to construct a finite element method for solving (2.10)
approximately in two steps.

e For each coarse node we define a patch w; such that supp(p;) C w; C Q.
We denote the boundary of w; by dw;.

e On these patches we define piecewise polynomial spaces Vj}(wi) with
respect to a fine mesh with mesh function h = h(z) defined as a
piecewise constant function on the fine mesh. Functions in Vj}(wi) are
equal to zero on dw;.

The resulting method reads: find U, € V. and Uy = Z? Uy where Uy ; €
Vj} (w;) such that

a(Ue,ve) + a(Ug,ve) = (f,ve) for all v, € V, 2.11)
a(Ugi,vs) = (@i R(U.),vg) for all vy € V]’}(wi) and i € N. (2
Since the functions in the local finite element spaces V]]}(wi) are equal to zero
on dw;, Uy and therefore U will be continuous.

Remark 2.1 For problems with multiscale phenomena on a part of the do-
main it is not necessary to solve local problems for all coarse nodes. We let
C C N refer to nodes where no local problems are solved and F C N refer
to nodes where local problems are solved. Obviously C UF = N. We let
Ur; =0 for i eC.

Remark 2.2 The choice of the subdomains w; is crucial for the method. We

introduce a notation for extended stars of many layers of coarse elements

recursively in the following way. The extended mesh star S} = U, cg: S
L-1

for L > 1. We refer to L as layers, see Figure 1.

2.4 Subspaces

The choice of the fine scale space Vy can be done in different ways. In a
paper by Aksoylu and Holst [4] three suggestions are made.

Hierarchical basis method. The first and perhaps easiest approach is
tolet Vi = {v € V:v(x;) =0,j = N}, where {z;}icn are the coarse mesh
nodes. When Vy is discritized by the standard piecewise polynomials on the
fine mesh this means that the fine scale base functions will have support on
fine scale stars.
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Figure 1: Two (left) and one (right) layer stars.

BPX preconditioner. The second approach is to let Vy be L?(Q) or-
thogonal to V.. In this case we will have global support for the fine scale
base functions but for the discretized space we have rapid decay outside fine
mesh stars.

Wavelet modified hierarchical basis method. The third choice is a
mix of the other two. The fine scale space V; is defined as an approximate
L?(€2) orthogonal version of the Hierarchical basis method. We let Q%v € V,
be an approximate solution (a small number of Jacobi iterations) to

(Q%v,w) = (v,w), forall w e V.. (2.12)

and define the Wavelet modified hierarchical basis function associated with
the hierarchical basis function ¢ p to be,

ewnp = (I — Qg)eus, (2.13)

see Figure 2.
For an extended description of these methods see [3, 4, 2]. In this paper
we focus on the WHB method.

3 A Posteriori Error Estimates

3.1 The Dual Problem

To derive a posteriori error estimates of the error in a given linear functional
(e,9) with e = u — U and ¢ € H~Y(Q) a given weight. We introduce the
following dual problem: find ¢ € V such that

a(v,¢) = (v,9) for all v e V. (3.1)



Figure 2: HB-function and WHB-function with two Jacobi iterations.

In the VMM setting this yields: find ¢. € V. and ¢y € V; such that

a(ve, ¢c) + alve, o) = (ve,v), for all v, €V,
a(ve, ¢r) + alve, ¢c) = (vpp), for all vy € V.

3.2 Error Representation Formula

We now derive an error representation formula involving both the coarse
scale error e, = u.—U, and the fine scale error ey = Zz‘e/\f efi = Zie/\f(uf,i_
Uy,i) that arises from using our finite element method (2.11).

We use the dual problem (3.2) to derive an a posteriori error estimate
for a linear functional of the error e = e, + ey. If we subtract the coarse
part of equation (2.11) from the coarse part of equation (2.10) we get the
Galerkin orthogonality,

a(ec,ve) +alef,v.) =0 for all v, € V.. (3.3)
The same argument on the fine scale equation gives for i € F,
alers,ve) = (f, pivy) — alec, pivy), for all vy € V}L(wi). (3.4)
We are now ready to state the an error representation formula.

Theorem 3.1 If ¢ € H-1(Q) then,

(e.9) = Y (@iRW). )+ Y ((@iR(WUe). &5 — v i), = alUss0f = 1))
ieC i€F (3.5)
for all U’}ﬂ- € le}(wi) andi € F.

Proof. Starting from the definition of the dual problem and letting v = e =



u—U.— Uy we get

(e;1) = ale, 9) (3.6)
= ale, py) (3.7)
=a(u—Ue, ¢5) — a(Uy, ¢5) (3.8)
= (R(Uc), ¢r) — a(Uy, é5) (3.9)
= (R(Ue), é5) = Y aUyi, ) (3.10)

ieF

:Z( R(Ue), 67) (3.11)
eC
+ 3 (@R, 65) — a(Uy, 67)- (3.12)
ieF

Since equation (2.11) holds we can subtract functions v?ﬂ- € le}(wi) where
i € F from equation (3.12). We end up with

(67 w) = Z( ¢f +Z SDZ ¢f vf z) (Uf,i’ ¢f_v?,i)a (313)
ieC ieF
which proves the theorem. 0

For example we can choose v}‘ = mp¢, where w0 is the Scott-Zhang

interpolant of ¢ ¢ onto V]]} (wi).

Remark 3.1 In practice the dual problem has to be solved numerically and
the solution has to be in a finer space then the primal solution. To achieve
this we can increase the number of layers when solving the dual problem.

3.3 Energy Norm Estimate

Next we introduce a notation for a bound of the residual. Let R(U) be a
bound of the residual defined in the following way, see [6]:

1 _
R(U) = |f +V-aVU| + 3 max hit|[ad, U]l on K € K, (3.14)

where K is the set of elements in the mesh and [-] is the difference in
function value over the current interior edge. We note that |(R(U),v)| <
|R*R(U)|||[|h*v|| for s € R. We define R;(Uy;) in the same way as R(U)
on the local mesh but with U replaced by Uy; and f replaced by ¢;R(U.).

We also define a new space on the patches. Let th((ﬁi) be the space

of piecewise polynomials of degree p on w;. This space is identic to th (w;)
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with the difference that th (w;) is not necessarily zero on the boundary dw;.
This means that th(wi) C th (Wi).

We now state the following estimate for the error in the energy norm,
lella = a(e, e)'/2.

Theorem 3.2 It holds,

1
lella < C Y IHRWU | ==l 22 i)
P va

+C Y (IVHS (U)o, + IFRU )l ) | fHL ()
1€EF

(3.15)

where

(=S(Uf4),v8)ow, = (0iR(U), vf ), — a(Ufi,vf)wy,  for all vp € Vi (w;).
(3.16)

Proof. We start with similar arguments as in the proof of Theorem 3.1.
We use the error equation (3.3) with v, as the Scott-Zhang interpolant 7.e
onto the coarse space V., see [5], to get,

lell? =

- (R(UC) e —mee) —a(Uy,e — mee)

= Z 901 c 7706)

+ Z eiR(U.),e —mee) —a(Uys;, e — mee)

(3.17)
(3.18)
=a(u—U.,e—mee)—a(Us,e—mce) (3.19)
(3.20)
(3.21)

= Z piR c ﬂ'ce) (3.22)
+Z (eiR(U.), mgi(e —mee)) —a(Uysi, myi(e — mee))
+Z (piR(U.), e — mee — g i(e — mee))

— Z a(Uyi,e — mee — myi(e — mee))

=T+ +1II (3.23)



where 7, is the Scott-Zhang interpolant onto Vy(w;). We start by esti-
mating the first term of equation (3.23), I. From interpolation theory [5] we
have,

Z(‘PiR(U e — mce) Z loi R(Ue) ||, |l€ — meellw, (3.24)
ieC 1€C
< OY NHRWU | Vel (3.25)
ieC
Next we turn our attention to the second term of equation (3.23), II. We in-

troduce X(Uy,;) which the piecewise polynomial defined on dw; that uniquely
solves,

(=2(Ur,), v5)ow = (R(Ue), @iV ), — a(Uf,i,vf)u,,  for all vy € ViH(w;).

(3.26)
With this definition we get the following estimate for the second term,
M= (~%(Uys), mpile = mee))ow, (3.27)
1€F
<D IVHEU) low | \/—sz( — mc€)||ow; - (3.28)
1eF

We use the the following trace inequality from [5],

1
Irsie = meelh, < C (gliate = mellE, + HIagste - mollE, ).
(3.29)
Next we use that the Scott-Zhang interpolant is both L? and H' stable from
[5] to get,

1
Irsite = mee)l, < C (g7l = mell, + HIVEe —me)lZ,) (330

< CH|| Vel (3.31)
We conclude
< CY IVHS(Up) ol Vel (3.32)
ieF

We now take on the third term in equation (3.23), > ;c (@i R(Uc), e — mee —
nrile —mee)) —a(Usi, e — mee — mpi(e — mee)),

1< C Y AR (Usi) e IV (e = mee) e (3.33)
1eF

< O Y MR (Ugi) Vel lw- (3.34)
eF
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We need to do the following simple observation,
1
IVell, < H%HLO‘J(M)H\/ave”M’ (3.35)

by Holder’s inequality. We go back to equation (3.17) and use the estimates
of the three terms together with equation (3.35)

lell? <> (piR(Ue), e — mee) (3.36)
i€C
+Z (eiR(U.), mgi(e —mee)) —a(Uygi, myi(e — mee))
ieF
—|—Z (piR(U.),e —mee — (e — mee))
ieF
— Z a(Uy,i,e — mee — myi(e — mee))
ieF
<CY HR(U:)||wi Ve, (3.37)
1€C
+C Y IVHEU ) llow: Ve,
ieF
+C Y IhRi(Ugi)lwilIVell,
ieF
1
<C <Z HHR(UC)||M||75HL00(M)> lefla (3.38)
ieC
1
0 (S VALl limc ) el

+C <Z\|h73 UfZ)szH\/—HLOO(wZ)) lella
i€F

Finally we get

lella < € NHRUE) [l | ==l 0w @) (3.39)
1eC \/—
+C Y (IVHSWz) o, + IMRUz) ) | fuL ()
1€EF
which proves the theorem. O
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Remark 3.2 We need to motivate the definition of X(Uy,;):

(=2(Ur.), vf)ow, = (@i R(U), vp)w, — (aVUyi, Vg, for all vy € V(@)

(3.40)
in equation (3.16). The function ¥(Uy;) is a piecewise polynomial defined
on the boundary of patch w;. Remember that

((piR(Uc),Uf)wi — (aVUfﬂ-, V’Uf)wi =0, forall vy € th(cﬁi), (3.41)

This means that have the same number of unknowns and equations and in
practice calculating ¥(Uy,;) will come down to solving a linear system with a
mass matrix defined on the boundary of the patch. There is a close connec-
tion between X(Uy;) and n-aVU;y, in fact £(Uy;) is the L?(dw;) projection
of n-aVUy;. This is further discussed in [9].

3.4 Application to A Posteriori Error Estimates for the Stan-
dard Galerkin Method

We use the variational mutiscale method on a dual problem to estimate the
error of the standard Galerkin solution on the coarse mesh: find U € V.
such that

a(U,v) = (f,v), forallvel,. (3.42)

The corresponding discrete variational multiscale method for the dual reads:
find ®. € V. and &5 = 3, @y where ®f; € V(w;) such that

a(ve, ®c) + alve, f) = (ve, )  for all v, €V,

a(ve, @ri) = (pivs,¥) — alpvy, @) for all vy € V}‘(wi). (3.43)

Since we have a(u,v) = (f,v) for all v € V. we can subtract equation
(3.42) from this equation to get the Galerkin orthogonality,

a(u—U,v) =0, forallvel.,. (3.44)

We formulate an error representation formula for the standard Galerkin
method in the following proposition.

Proposition 3.1 It holds

(u—U, ) =Y (RWU),®p;) + (RU), d5 — ). (3.45)
1eEN
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Proof. Together equation (3.44) and equation (3.2) gives

(u—U ) = a(u, ¢c + ¢¢) — a(U, ¢c + ¢) (3.46)

= (f,0c+¢5) — a(U, ¢ + &5) (3.47)

= (R(U), ¢¢) (3.48)

Finally we add and subtract the ®; term. 0

If we can get a bound of ¢y — @ in terms of the fine mesh parameter h
and the size of the subdomains w;, the computable terms (R(U), ® ;) will
serve as local error estimators that points out elements where the fine scale
influence is significant. This is done in the following theorem

Theorem 3.3 It holds,

1
(R(U),¢5 — @f)| < Col[HRU)|| Y H\/ﬁz(q)f,i)nawiH%HLw(wi) (3.49)
iEN
1
+ Co HRU)( Y IWRi(® 1. e | —= | e 1)
1EN \/5
where
(S(Pgi),vf)ow; = a(Ppi,0f)w; — (Y + V- aV e, 0p ), for all vy € V),
(3.50)

and R;(®y,;) is defined in analogy with with the earlier definition for R;(Uy,;).

Proof. We start with the rest term of equation (3.45),

(R(U), ¢ — @p)| = |ale, @5 — Of)| (3.51)
< lefla lof — @¢lla (3.52)
< llellall¢ = (Pc+ @) lla- (3.53)

From standard a posteriori theory we know that |le||, < C,||HR(U)||, for

some constant C,; depending on a, and from Theorem 3.2 with f = ¢, u = ¢,
Ue=®;, U =04, C=0, and Us; = @, we have,

1
16 = (@c+@p)lla < C Y IVHE(@p0)l0wi ==l Lo ) (3.54)
, Va
ieN
1
+C PR (P fi)llw: ==l Lo (w;)>
z‘EeN” (@70l ”\/EHL (@)

with 3(® ;) defined as in equation (3.50). The theorem follows immediately
by combining equation (3.53) and equation (3.54). 0
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4 Adaptive Algorithm

We use the energy norm estimate in Theorem 3.2 to construct an adaptive
algorithm. We remember the result,

1
el < O3 IRl 7zl (4.1
1
+ O3 (VAR llows + IR U)o ) 7=l 0
1eF

These contributions to the error can easily be understood. The first term is
the standard a posteriori estimate for a Galerkin solution on the coarse mesh
i.e. this is what we get if we do not solve any local problems. The first part
of the second sum represents the error arising from the fact that we solve the
local problems on patches w; instead of the whole domain. Remember that
¥(Uy,) is closely related to the normal derivative of the fine scale solution
on the boundary of the patches. Finally, the second part of the second sum
represents the fine scale resolution. The two contributions to the second sum
clearly points out the parameters of interest when using our method. The
first one is the patch size, increasing patch size will decrease ||V HY;|as,,
the second one is the fine scale mesh size h.
From equation (4.1) we now state the following adaptive algorithm:

Adaptive Algorithm.

e Start with no nodes in F.
e Calculate a solution U on the coarse mesh.
e Calculate the residuals for each coarse node, R; = [|[HR(U¢)||w,-

e Calculate the contributions from the first term of the local problems,

Si = |[VHE | o,

e Calculate the contributions from the second term of the local problems,
Wi = [[hRi(Ugi)lw,-

e For large values in R; add i to F, for large values in S; or W; either
increase the number of layers or decrease the fine scale mesh size h for
local problem i. Return to 2 or stop if the desired tolerance is reached.

5 Numerical Examples

We solve two dimensional model problems with linear base functions defined
on a uniform triangular mesh.
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Figure 3: Unit square with a slit between (0.5,0.5) and (1,0.5).

Example 1. In the first example we let a = 1, f = 1, and  be the unit
square with a slit, see Figure 5. The solution w is forced to be zero on the
boundary including the slit. We solve the problem by using the adaptive
algorithm above with a refinement level of 10 % each iteration. Figure 5
shown the adaptive choice of refinement level k, where h = H - 27, and
number of layers L for the local problems after one and two iterations. We
plot the difference between our solution and a reference solution in Figure
5. We see that the Galerkin solution has a large error in the singularity and
that we can take care of this singularity by solving local problems chosen in
an adaptive fashion.

Example 2. In this example we use a simple geometry, the unit square,
but we let the coefficient a oscillate rapidly according to Figure 5. We cal-
culate a reference solution on the fine space and compare it to the standard
Galerkin on the coarse mesh with and without solving local problems. We
see that standard Galerkin on a coarse mesh performs badly for this prob-
lem, Figure 5. Solving local problems using one layer stars give the solution
the correct magnitude and if we use two layers we see that the fine scale fea-
tures of the solution starts to fall into place. In this example no adaptivity
was used. Local problems was solved for all coarse nodes.

6 Conclusions and Future Work

We have presented a method for parallel solution of the fine scale equations
in the variational multiscale method based on solution of localized Dirichlet
problems on patches and developed an a posteriori error analysis for the
method. Based on the estimates we design a basic adaptive algorithm for
automatic tuning of the critical parameters: resolution and size of patches
in the fine scale problems. It is also possible to decide wether a fine scale
computation is necessary or not and thus the proposed scheme may be com-

15



1 T T T 1 o
x oxox o
09} s
X x o
osf X o ©
07t 07k
x x ) ) )
06 06l
x x ) ) )
05t x x 05t o o o
x x ) ) )
04r 0.4
x x ) ) )
03t xoox 03 o o
x o
02f 02
01f 01
x o
0 0.1 02 03 04 05 04 05
1 T T T T 1¢ o
x x o o
0.9 0.9
X x o
o} © osp ©
07t 07f
o o o o o
06 061
o x o o o
05 o x 05 o o o
o o x o o o
0.4 0.4
o o o o o o
03f ° ©° 03k o o o
) x o o
02t 02k
)
01 01f
x o )
. . . . . 5
0 01 02 03 05 01 05 06 1

Figure 4: Refinement level, h = H - 27 and number of layers L for each
coarse node. The upper pictures are after one iteration in the adaptive
algorithm and the lower pictures are after two iterations.
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Figure 5: The error in the Galerkin solution (left), after one step in the
adaptive algorithm (middle), and after two steps (right).

Figure 6: The coefficient is discontinuous with the values a = 1 on the white
squares and a = 0.05 on the lattice.
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Truth-mesh solution. Galerkin solution.
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Figure 7: Reference solution (upper left), standard Galerkin on coarse mesh
(upper right), solution with local problems using one layer stars (lower left),
and finally local problems using two layer stars (lower right).
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bined with a standard adaptive algorithm on the coarse scales. The method
is thus very general in nature and may be applied to any problem where
adaptivity is needed.

In this paper we have focused on two scales in two spatial dimensions.

A natural extension would be to solve three dimensional problems with
multiple scales. It is also natural to extend this theory to other equations

modeling for instance flow and materials.
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