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MULTILEVEL QUADRATURE
FOR ELLIPTIC PROBLEMS ON RANDOM DOMAINS
BY THE COUPLING OF FEM AND BEM

HELMUT HARBRECHT AND MARC SCHMIDLIN

ABSTRACT. Elliptic boundary value problems which are posed on a random do-
main can be mapped to a fixed, nominal domain. The randomness is thus trans-
ferred to the diffusion matrix and the loading. This domain mapping method is
quite efficient for theory and practice, since only a single domain discretization is
needed. Nonetheless, it is not useful for applying multilevel accelerated methods
to efficiently deal with the random parameter. This issues from the fact that the
domain discretization needs to be fine enough in order to avoid indefinite diffusion
matrices. To overcome this obstruction, we are going to couple the finite element
method with the boundary element method. In this article, we verify the required
regularity with respect to the random perturbation field, derive the coupling for-

mulation, and show by numerical results that the approach is feasible.

1. INTRODUCTION

Many practical problems in science and engineering lead to elliptic boundary value
problems for an unknown function. Their numerical treatment by e.g. finite dif-
ference or finite element methods is in general well understood provided that the
input parameters are given exactly. This, however, is often not the case in practical

applications.

If a statistical description of the input data is available, one can mathematically de-
scribe data and solutions as random fields and aim at the computation of correspond-
ing deterministic statistics of the unknown random solution. The present article is
dedicated to the treatment of uncertainties in the description of the computational
domain. Applications are, besides traditional engineering, for example uncertain do-
mains which are derived from inverse methods such as tomography. In recent years,
this situation has become of growing interest, see e.g. [6, 7, 20, 22, 25, 27, 28] and
the references therein.
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In this article, we are going to focus on the so-called domain mapping method
which has been introduced in [28] and rigorously analyzed in [7, 20], where analytic
dependency of the solution on the random domain with regard to the energy norm
has been verified. The key idea of the method is to map the boundary value problem

(1.1) —Axulw] = fin Dw], u[w] =0 on dD[w],
which is posed on a random domain
Dw] == V[w](D) c R?

onto a fixed, nominal domain D C R?. Thus, the randomness is transferred to the
diffusion matrix and the loading of the boundary value problem

(1.2) — divy (A[w] Vy tw]) = flw]in D, dfw] =0 on dD.
Herein, it holds

(1.3) Alw] = (Jw]"Iw)) " det I[w]

and

(1.4) flw] == (f o V[w]) det J[w],

where J[w| denotes the Jacobian of the field Viw]: D — D[w]

(1.5) Jw](x) := Dx V[w](x).

and 4[w] is connected to u[w] by fw] := (u[w] o V[w]).

In practical applications, it turns out that the discretization of the boundary value
problem (1.2) needs to be very fine in order to ensure definiteness of the diffusion
matrix field Afw] for almost all w € Q. This fact unfortunately rules out multi-
level acceleration techniques such as the multilevel Monte Carlo method, see [1, 8],
or general multilevel quadrature methods, see [19], for efficiently dealing with the

random parameter w.

Having in mind that the quantity of interest

(1.6) Qol(u) = /Q]-'(u[w]) dP[w]

is generally sought on a deterministic subdomain B C D where the field V[w] coin-
cides with the identity almost surely, we propose to couple finite element methods
with boundary element methods for the spatial approximation. We thus apply fi-
nite elements on the subdomain B C D and treat the rest of the domain by a
boundary element method. Hence, also large domain deformations can be handled
on coarse discretizations. We present the resulting coupling formulation and then
discuss the efficient solution by multilevel quadrature methods. Especially, we verify
the required regularity with respect to the random perturbation field.
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The rest of this article is organized as follows. Section 2 is dedicated to the math-
ematical formulation of the problem under consideration. The problem’s regularity
is studied in Section 3. Here, we provide estimates in stronger spatial norms which
are needed for multilevel accelerated quadrature methods. The coupling of finite el-
ements and boundary elements is the topic of Section 4. The multilevel quadrature
method for the solution of the random boundary value problem is then introduced
in Section 5. Numerical experiments are carried out in Section 6. Finally, we state
concluding remarks in Section 7.

2. NOTATION AND MODEL PROBLEM

In the following, in order to avoid the repeated use of generic but unspecified con-
stants, by C' < D we mean that C' can be bounded by a multiple of D, independently
of parameters which C' and D may depend on. Obviously, C' 2 D is defined as D < C'
and C < DasC S Dand C 2 D.

For a given Banach space X and a complete measure space M with measure p the
space Lﬁ(/\/l; X) for 1 < p < oo denotes the Bochner space, see [24], which contains
all equivalence classes of strongly measurable functions v: M — X with finite norm

[ olane] " v

HUHLP(M X)) T
esssupHv
zeEM

] P =00.

A function v: M — X is strongly measurable if there exists a sequence of countably-
valued measurable functions v,: M — X, such that for almost every m € M we
have lim,,_,, v,(m) = v(m). Note that, for finite measures p, we also have the usual
inclusion L (M; X) D LI (M; X) for 1 <p < ¢ < oo.

Subsequently, we will always equip R? with the norm ||-||, induced by the canonical
inner product (-,-) and R™ with the induced norm ||-||,.

Let X, &},..., X, and YV be Banach spaces, then we denote the Banach space of
bounded, hnear maps from X to Y as B(X;)); furthermore, we recursively define

B(Xy,...,X;Y) = B(X; B(Xs, ... ,Xr;y))
and the special case
BAX;Y) =Y and BHX;D) = B(X B(X;)).

For T € B(&y,...,&,;Y) and v; € &; we use the notation Tvy - - - v, :=T(vy,...,v,) €
Y. Lastly, note that for the natural numbers N denotes them including 0 and N*
excluding 0.
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Let x € N* and d € N*; D C R? denote the reference domain with boundary 0D
that is of class C®! — when x = 1 then we also consider the case where D is a
bounded and convex domain with Lipschitz continuous boundary — and (€2, F,P)
be a separable, complete probability space with o-field F C 2% and probability
measure P. Furthermore, let

V € Ly (@ ¢ (D;RY))

be the random domain mapping. Moreover, we require that, for P-almost any w,
Vw]: D = D[w] is a C'-diffeomorphism that fulfils the uniformity condition

HV[w HV[w C

-1
Ner oy e @) =
for a C' € (0,00) independent of w. Finally, we require that the we have a hold-all

domain D that satisfies ®|w] C D for P-almost any w € 2 and consider f € C¥(D).

Note that while we restrict ourselves to the Poisson equation here to simplify the
analysis, the extension of the regularity result to an operator divy A Vy, with an
A € C¥(D;R*™%) and A fulfilling an ellipticity condition is straightforward.

Now, since for P-almost any w € Q we have a C'-diffeomorphism from D — D[w]
we can use the one-to-one correspondence to pull back the model problem onto the
reference domain D instead of considering it on the actual domain realisations ®|w].
According to the chain rule, we then have for v € C'(D[w]) that

(Vxv) o Viw] = (Jw]) " Va(vo Viw]).

Now, with (1.3) and (1.4) this leads us to the following formulation of our model
problem (1.2) on the reference domain, cf. [20]:

Find @ € Ly°(; Hy (D)) such that

(21) [ (Al Vilel (), Vi 060 dx = [ flu i) dx
for P-almost every w €  and all & € Hy(D).

Note, especially, that by the uniformity condition we have that
2.2 o < essinfessinf o, (J|w](x)) < esssup esssup opax (J|w|(x)) <&
22) o< essinfessinf o (I[00) < esssupesssup ([ (0)

for some constants 0 < ¢ <7 < co. Without loss of generality, we assume o < 1 < 7.

From here on, we assume that the spatial variable x and the stochastic parameter
w of the random field have been separated by the Karhunen-Loeve expansion of V
coming from the mean field E[V] and the covariance Cov[V] yielding a parametrised

expansion

(2.3) VIyl(x) = E[VI(x) + > owth(x)u,
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where y = (yg)gen+ € O 1= [—1, 1]N* is a sequence of uncorrelated random variables,
see e.g. [20]; we denote the pushforward measure of P onto O as Py. Thus, we then

also view all randomness as being parametrised by y, i.e. w, 2 and P are replaced
by y, [ and Py,.

We now impose some common assumptions, which make the Karhunen-Loeve ex-
pansion computationally feasible.

Assumption 2.1. (1) The random variables (yi)gen+ are independent and iden-
tically distributed. Moreover, they are uniformly distributed on [—17 1].
(2) We assume that the by, are elements of W*+t1°°(D; R?) and that the sequence

Y = (V)gen: given by
Ve = ’|0—k¢kHWN+1,oo(D;Rd)7

is at least in (*(N), where we have defined ¥y := E[V] and oq := 1. Further-
more, we define

Cy = maX{||7‘|£1(N), 1}.

For the following regularity estimates, we assume that the vector field V is given by
a finite rank Karhunen-Loeve expansion, i.e.

Viy](x) = ootbo(x) + Y _ oxthr(X)ys,

where [0 := [—1, 1]M. We note that the regularity estimates however will not depend

on the rank M. If necessary, a finite rank can be attained by appropriate truncation.

3. REGULARITY

3.1. Precursory remarks. In this subsection, we introduce some norms, lemmata
and corollaries from [21], which will then be used in the following subsections to
discuss the regularity of the diffusion coefficient and the solution.

For the Sobolev—Bochner spaces W"P(D;X) with n € N and 1 < p < o0, we
introduce the norms given by

1
105,01 = I0llwnogmiy = aHagU’|p,D;X’
la|<n

for v € W™P(D; X') where X is a Banach space with norm ||-||, and where we make
use of the shorthand

1y, e = -l o sy
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We also introduce the shorthand notations

HHHp,D;X = ||‘||LI<;;(D;LP(D;X)) and |H'H|n,p,D;X = ||'||L;;(IZI;W%;>(D;X))
We may omit the specification of the Banach space X, for example when X is the
space R, R? or R%x4.
The following lemma, corollary and theorem are now from [21]:
Lemma 3.1. Letn e N*, 1 <p < o0. Forv € W”’P(D;Rd) we have that divy v €
Wi=tP(D;R) with
HdiVXVHn717p7D S 77dHVH77,p7D

and Dy v € W=bP(D; R¥*) wwith

ID< v, 1 < nl[vl,, p-

For v € WmP(D) we have that Vv € W1 1P(D;R?)

[V« Uanl,p,D < nd”UHn,p,D'

Corollary 3.2. Let n,€ N, 1 < py,...,p, < oo, v € NY X ... X and ) be
Banach spaces and

MeB(X,..., X)), 0%v; € L (0;W(D; X))
for all e < v with ¢ = (py' + -+ +p; 1)t > 1. Then, we have
0y (Mvy---v,) € Ly, (O; W™P(D; )
with

H‘@;‘(le a 'V’")|Hn7q7D;)}

81 . .
My X (" ) T
I T le

Bi++Br=ax

‘n,pj,D;Xj'

foralla <v.

Theorem 3.3. Letn €N, 1 <p<oo, v e NM X and Y be Banach spaces,
v: O — W"(D; X),

X C X be open with imgnimg,v C X, W: X — Y be n + |v|-times Fréchet
differentiable and, for o <wv and 0 <t <n+ |v|,

02 v € L (O;W™=(D; X)),  D'Wov e L (0; LP(D; B (X; ).

Then, we have

03 (W ov) e L (O; WP (D; Y))
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with
[Wov|

n
1
n,p,D;Y < Z EH‘DT Wo VH‘p,D;B"(X;;)}) |HVH|;,00,D;X
r=0

and, for a # 0,

o] 7
1 1
105 (W o)l 0= a1 Y 5 (32 D W ol iy V)
r=0

s=1
s 1 ’
Z H /@ ‘Hag] V’Hn,oo,D;X'

P(a,s)j=1""7

3.2. Parametric regularity of the diffusion coefficient. We now provide regu-
larity estimates for the different terms that make up the diffusion coefficient and the
right hand side, based on the decay of the expansion of V as per Assumption 2.1.

Lemma 3.4. We have for all o € NM that
10§ V1,000 < kvy®  and |07 || < k3v®,

K,00,D —

where kv := ¢y and ky := (k + 1)dc,

Proof. By definition we have that J[y|] = Dx V[y| and so it follows that

M M
Vy] =000 + > _ oty and  Jy] = 09 Dxtho+ Y 0% D it

k=1 k=1

From this we can derive that first order derivatives are given by
ayi V[y] = 0'7;1,[)@' and 8%. J[y] = 0; Dx ’Q[Jl
and all higher derivatives vanish.

Thus, we obviously have

M
|HV|H,‘€+1,OO,D S ||O-017b0||n+1,oo,D + ZHOk’lpan—i—l,oo,D S C'Y
k=1
and
M
H’JH|H7OO7D S HO-U Dx woum,oo,D + ZHUk Dx T:kan,oo,D
k=1
M
< (k+ 1)dHUO¢OHK+1,oo,D + Z(” + 1)d’|ak¢k”ﬂ+1,oo,D < (K + 1)dey
k=1
as well as

H‘ayl an—i-l,oo,D S ||O_iwi‘|n+1,oo,D S Vi
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and

may:"]w < HUZD Qp@“nooD ('K”'—’— 1>d||0-1¢l“,%+100D (K;—i_ 1>deZ

K,00,D —
Clearly, this implies the assertion. O
Lemma 3.5. Let us define

Cly](x) = (J[y](x))

Then, we have for all a« € N that

-1

and bly](x) := det(J[y](x)).

102 Cll,op < lelhces!y™  and |00, o p < le|thpcl™ e,
where
k+1/2k3\" 2k; 4 2k;
ko = B = ki, = Dd'a*(2k5)" d = .
C T < o ) 9 Cc O'lOgQ’ b (H+ ) g ( J) an Cp 10g2

Proof. We can consider that Cly](x) = v(J[y](x)), where v(X) = X~'. Clearly, the
t-th Fréchet derivative of v is given by

D!'v(X)H, - - nHy X! H (X)) = (-1 x)[[H

o€S; j=1 ocS; Jj=

—_

Thus, for X with ¢ < 0yin(X), we have

t!
Ht+1 S gt—H’

1D v < tv(

HBt(Rdxd Rdxd)
which using Theorem 3.3 leads to the result for a = 0:

1 ! ~ Ky _ A1 k\"
OIS SERINEUR S

r=0 r=0 —

Using Theorem 3.3 for a # 0 yields

- +
)|, <er> H(S A ) I ke
P(a,s) j= 1
|| 9s
car > Zi(X28) S 104,
s=1 — r= 0_ P(ay,s) j= 1

e () () T

s=1 P(a,s) j=1

o et L (2ks\" (2 ol !
=77 o o (log 2)lel”
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where we have used that (T:ss,) < 2% and the bound

x|

el
a'ZZHBI (log 2)lal’

s=1 P a s) j=1
which follows from [2], see [21]. Clearly, these two bounds imply the assertion for C.
The situation for bly](x) = det(J[y](x)) is mainly analogously. However, the ¢-th

Fréchet derivative of det is given by

Didet(X)H, - Hy = Y det(Xpi, sy, fim);

1<y, i1 <d
p-w. inequal

here Xy, m,),...[i,, 1, denotes the matrix X whose i;-th column is replaced by the
ip-th column of the matrix H;, for all k¥ from 1 to ¢t. Now, since we can bound a
determinant by the product of the norms of its columns, i.e.

det ([z1 - zd])\sﬁuzmz,
j=1

and since we know that

et =l a],

it follows that, for X with 0y, (X) < 7,

Izslle = |||z - 2]

|D* det(X < dX||¢ < di7? < tld'7.

HBf(]RdXd R) =

The rest of the arguments yielding the assertion for b are the same as before for

C. O

Lemma 3.6. Define
glyl(x) == f(VIyl(x)).
Then, we have for all o« € N that

105 9ll o-1.p < lexl ke,

/D] -~ sk
ky =k ka(Zcfkv) 'oand ¢, = g2

Proof. As f € C¥(D) we know that

where

HthHooDBt(Rdxd R) = <t kfcf



10 HELMUT HARBRECHT AND MARC SCHMIDLIN

for some constants cy, by > 1 and all ¢ € N. This leads to the estimate

D70Vl oy = esssupl[D' 0V

HQ ,D;Bt(RIX4;R)

(Rxd;R)
t —
< eSSSUPHD fHZ,Q[y];Bt(RdXd;]R) a?
< csssup D" 1]y vy VOB
< HthHoo,D;Bt(RdXd;R) \ |D‘g*d
< t!\/ |D‘Q_dk,’fC§c.
From here on the proof is analogous to the one for Lemma 3.5.
Lemma 3.7. Define
Bly(x) := Cly](x)Cly](x)".
Then, we have for all a« € N™ that
105 Bl 000 < kg 'y,
where
kB = k‘é and CB ‘= 20(}.
Proof. By applying Corollary 3.2 we arrive at
105(CCT o < 3 (5105 €05l
B<a
<y ( )wukcc'g'v% — BllkeS Py P
B<La
= keed vy ( )wma - Al

B<ax
The following identity with its obvious bound, see [21],

3 (‘g)m “BBY = (o + 1)! < 2],

BLa

lead to the assertion.

Lemma 3.8. We have for all o € NM that

105 Al < laltkacty™ and (105 Fll, 1o < ety

K,00,D

where
kA = kIBk’b7 CA = QmaX{CB,Cb}, kf = k,’gk}b and Cf = 2max{cg, Cb}.

Proof. The arguments are analogous to the ones for Lemma 3.7.
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3.3. Parametric regularity of the solution. For this subsection, we require an
elliptic regularity result, which we state as an assumption:

Assumption 3.9. Let R, be a Banach space with norm ||-|| 5 such that, for all
A € W(D; R NR,
that fulfil (2.2), we have that the problem of solving

<A Vx U, Ve ’U> L2(D:RY) = (hv U)L2 (D)

for any h € H*"Y(D) has a unique solution u € H} (D), which also lies in H*(D),
with
HUHHH,Q,D < Cn,er(Da HAHRH)HhHmLQ,Dv

where C ., only depends on D and continuously on [|All .

Such an elliptic regularity estimate for example is known for k = 1, when the domain
is convex and bounded and R, = C%'(D;R?%*9), see [14, Propositions 3.2.1.2 and
3.1.3.1]. The elliptic regularity estimate is also known to hold for k > 1 and d = 2,
when the domain’s boundary is smooth and R,, = W*>(D; R%*9) see [5].

We assume from here on that A also lies in LI?D‘;(D;RH). This assumption then
directly implies the following result.

Lemma 3.10. The unique solution i € L (O Hol(D)) of (2.1) fulfilst € Lg (D; H"‘H(D)),
with
Il 12,0 < Crerllflli-1.2,0:

where
Crer = max Crer(D,s).

Oss<[|AllLge @ime)
Y

~

Moreover, this higher spatial regularity also carries over to the derivates J5 .

Theorem 3.11. For almost every'y € O, the derivatives of the solution u of (2.1)
satisfy

o~
165 @

k+1,2,D S |a" ma’X{Qa 3Cerf€2d2kA, 3Cerkf}

(max{2, 3CeT/<a2d2k;A, 3C€ka} max{cf, CA}) la|’y°‘.

Proof. By differentiation of the variational formulation (2.1) with respect to y we
arrive, for arbitrary v € H} (D), at

(95(AVa), Vi) — (05 1.9) .

L2(D;Rd)
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Applying the Leibniz rule on the left-hand side yields

o ~ A
aa—ﬁAaﬁvxa,vx@) = (0% f,0 .
(Z (B) Y Y L2(D;R4) ( v I )LQ(D;R)

Bla

Then, by rearranging and using the linearity of the gradient, we find

~ (8] ~
AV, 0%,V = I PAV,LIP 0, Vs v)
( y )LQ(D;Rd) <ﬁ§x (B) y Y LQ(D;Rd)

o f ) .
+ ( y [0 L2(D;R)

Using Green’s identity, we can then write

(A V.05, Vio)

L2(D;R9)
o : a—0B A ~ a £
= (Z </3) dlvx(ay ﬁAaneu)—Fay f,v) )
L2(D;R)
Thus, we arrive at

o]0 < Cr

k+1,2,D —

(84 « o — ~
<c. ([ f|HK7172’D+Z ( B) v, (02 A v, 02.4) D>
(84 « o —
<Ce’r’ H‘a K 12D+Z(/8> a BAV 86 n2D>
B<a =
< (151, 1ot 3 (3) olT i)
B<a

< Cor | la|thyd®ly 4+ ( )|a — B2k 2Py |98

B<a

n+1,2,D>

from which we derive

v < a4 25 (5 ) B P Bl

,3<a

165

where
k1= max{2,3C., K2k, , 3Cerk; }
and
ci= max{cf, CA}
We note that, by definition of k, we have
Lemma 3.10, we also have that MQH}

and furthermore, because of

k > 2
wr12p = Cerk; < k, which means that the
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assertion is true for |a| = 0. Thus, we can use an induction over |a to prove the
hypothesis

< |laly*k(ke)l

o -
Hay Ul et12,p =

for |a] > 0.

Let the assertions hold for all e, which satisfy |a| < n — 1 for some n > 1. Then,

we know for all a with || = n that

k al o k 18 a— a— ~
k+1,2,D < §|a|!c‘ ‘7 + 3 Z (13) o — B“C‘ 6‘7 ﬂm@?u”\w,w

B<a

o
o5

k k «
By dalaa P _ gl la-Bla-B|3(18 18]
< 3|a|!c g > <ﬂ)la Bl Py 7P| 8|1y k(kc)

B<a

k k = a
B hdalaa B o al _
< gledle®y® + 5y%e k‘E 2 <ﬁ>|a BllBY.
=
=j

Making use of the combinatorial identity

5 ()l i1l = lal
B<a
18|=3

see [21], yields

n—1 n—1
. . ke
kY K> (g)m —BIBI = laltk Y K = |aflk— < |of 12k,
=0

7=0 B<a
|B|=3

as k > 2 implies that 2(k — 1) > k. Finally, we arrive at

k k
o2 lafily 4 Sydelaliariel < Jaflk(ke) @y

<
k+1,2 —

which completes the proof. O

4. THE cOUPLING OF FEM AND BEM

4.1. Newton potential. For sake of simplicity in representation, we shall restrict

ourselves the deterministic boundary value problem
(4.1) —Au=finD, u=0onl:=0D,

i.e., the domain D is assumed to be fixed. Of course, when applying a sampling
method for (1.1), the underlying domains are always different. Finite element meth-
ods suffer then from generating a suitable triangulation for each new domain. Hence,
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we shall reformulate the boundary value problem as two coupled problems involv-
ing only boundary integral equations on the free boundary. In order to resolve the
inhomogeneity in (4.1), we introduce a Newton potential Ny which satisfies

(4.2) —~AN;=f inD.

Here, D is a sufficiently large domain containing ®[w] almost surely.

The Newton potential is supposed to be explicitly known like in our numerical
example (see Section 6) or computed with sufficiently high accuracy. Especially,
since the domain D can be chosen fairly simple, one can apply finite elements based
on tensor products of higher order spline functions (in [~ R, R]?) or dual reciprocity
methods. Notice that the Newton potential has to be computed only once in advance.

By making the ansatz
(4.3) u = Nf +u

and setting § := g — Ny, we arrive at the problem of seeking a harmonic function @
which solves the following Dirichlet problem for the Laplacian

(4.4) Au=0inD, u=gonl.

Now, we are able to apply the coupling of finite elements and boundary elements.

4.2. Reformulation as a coupled problem. For the subdomain B C D, we set
Y := 0B, see Figure 1 for an illustration. The normal vectors n at [' and X are
assumed to point into D \ B. We shall split (4.4) in two coupled boundary value
problems in accordance with

Au=0 in B,
Aa=0 in D\ B,
(4.5) lim a(z) = lim a(z) for all x € X,
zeB zED\B
lim @(z) = lim %(z) for all x € ¥,
z—X On Z—X
zeB zED\B
uU=g on I'.

In order to derive suitable boundary integral equations for the problem in D \ B,
we define the single layer operator Vg, the double layer operator Koy and its
adjoint K}, and the hypersingular operator Wey with respect to the boundaries
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FIGURE 1.
=

0D and ¥ = 9B.

@,V € {T', 2} by

Vaso)(x) = [ Glx2)ola) dow,
(Kono)x) = [ o ota)do,
(Cawo)x) = | 5= Gl a)u(a) do,
o)) = s [ 20z,

/

The domain D, the subdomain B, and the boundaries

xe W,

15

Here, G(x,z) denotes the fundamental solution of the Laplacian which is given by

G(x,z) =

_%log”X_ZH: d= 27
! d=3.

4r||x—z||’

By introducing the variables ox, := (0u/0n)|s and or := (0u/0n)|r, the coupled
system (4.5) yields the following nonlocal boundary value problem: Find (4, oy, or)

such that

(4.6)

5 5 1
—Wsst — Wrsg + (5

2

Au=0
Au=0

* *

1 - -
<— - ’CEE)U — Krxg + Vsxos + Vrsor =0

N 1 _
—Ksra + (— — Krr)g] + Vsros, + Vrror =0

2

in B,
on Q\ B,

on X,
on X,

on I'.

This system is the so-called two integral formulation, which is equivalent to our
original model problem (4.4), see for example [9, 16].



16 HELMUT HARBRECHT AND MARC SCHMIDLIN
4.3. Variational formulation. We next introduce the product space H := H'(B) x
H=Y2(%) x H™Y2(I'), equipped by the product norm

(v, 0, 00) |3, = l[0llZ ) + llosll-17205) + llorl 172y

Further, let a : H x H — R, be the bilinear form defined by

a((v,o5,0r), (W, As, Ar)) = /B<Vv,Vw> dx

(4.7) + | [As], [1/2 = Ksx 125 Vrs | |ox
Ar —Ksr Vsir Vrr ar

L2(X)x L2(X) x L2(T)
For sake of simplicity in representation, we omitted the trace operator in expressions
like (w, Wssv)2(s) ete.

Introducing the linear functional F': H — R,

w ~Wrs,
F(w, s, Ar) = (f, w)LQ(B) + As |, Krs g )

Ar Krr —1/2 L2(2)x L2(Z)x L2(T)

the variational formulation is given by: Seek (@, oy, or) € H such that
(48) a((ﬁ, UE7UF)7(w7AEJ)\F)) - F(wa)\Ea)\F>

for all (w,As, Ar) € H. In accordance with [12], the variational formulation (4.8)
admits a unique solution (4, ox,or) € H for all F € H', provided that D has a
conformal radius which is smaller than one if d = 2.

4.4. Galerkin discretization. Since the variational formulation is stable without
further restrictions, the discretization is along the lines of [17]. We first introduce
a uniform triangulation of B which in turn induces a uniform triangulation of X.
Moreover, we introduce a uniform triangulation of the free boundary I', which we
suppose to have the same mesh size as the triangulation of the domain B. For the
FEM part, we consider continuous, piecewise linear ansatz functions {gpkB ke AP }
with respect to the given domain mesh. For the BEM part, we employ piecewise
constant ansatz functions {¢f : k € V®} on the respective triangulations of the
boundaries ® € {¥,T'}.

For sake of simplicity in representation, we set ¢F = pP|s for all k € AP Note that
most of these functions vanish except for those with nonzero trace which coincide
with continuous, piecewise linear ansatz functions on X. Finally, we shall introduce
the set of continuous, piecewise linear ansatz functions on the triangulation of T',
which we denote by {pL : k € AT}, where | A" | ~ |VT].
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Then, introducing the system matrices

A= [(VQOI?’ QOkB)LQ(B)j| ekt

(49) Bg= {%(s@?ﬁ,wﬁk)m(@)}

Woy = [(W@\pgof/, @g)m(qf)hk,,

Koy = |:(]C<I>\IIQOE’7 ng)lﬁ(‘l’)}

ook k'
Go = [(gofl, go;%k)y(@)]kkﬂ Vou = [(VCD\W,O?, 90}1{/4;>L2(\I/)}kk,a

where again ®, ¥ € {¥,T'}, and the data vector

_ = 1

g= [(g,sok)mm]k,
we obtain the following linear system of equations
(4.10) By — Ksx Vs Vrs| |os| = Krs Gr'g.
—Ksr Vsr Vrr or Krr — Br

We mention that Gp'g corresponds to the L?(I')-orthogonal projection of the given
Dirichlet data g € H'/ 2(T") onto the space of the continuous, piecewise linear ansatz
functions on I'. That way, we can also apply fast boundary element techniques to
the boundary integral operators on the right hand side of the system (4.10) of linear
equations.

The present discretization yields the following error estimate, see [12].

Proposition 4.1. Let h denote the mesh size of the triangulations of B and T,
respectively. We denote the solution of (4.8) by (@, 0x,0r) and the Galerkin solution

by (@n, os h, 01,1, Tespectively. Then, we have the error estimate

(@, o5, o1) = (U, o5, UF,h)||H1(B)><H*1/2(E)><H*1/2(I‘)
S h(H(fL, 05, UF)”H?(B)xH1/2(2)xH1/2(F)

uniformly in h.

4.5. Multilevel based solution of the coupling formulation. We shall en-
counter some issues on the efficient multilevel based solution of the system (4.10) of
linear equations. The complexity is governed by the BEM part since the boundary
element matrices are densely populated. Following [17, 18], we apply wavelet matrix
compression to reduce this complexity such that the over-all complexity is governed
by the FEM part. On the other hand, according to [18, 23], the Bramble-Pasciak-CG
(see [3]) provides an efficient and robust iterative solver for the above saddle point
system. Combining a nested iteration with the BPX preconditioner (see [4]) for the
FEM part and a wavelet preconditioning (see [10, 26]) for the BEM part, we derive
an asymptotical optimal solver for the above system, see [18] for the details. We
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refer the reader to [18] for the details of the implementation of a similar coupling
formulation.

5. MULTILEVEL QUADRATURE METHOD

The crucial idea of the multilevel quadrature to compute the quantity of interest
(1.6) is to combine an appropriate sequence of quadrature rules for the stochastic
variable with the multilevel discretization in the spatial variable. To that end, we
first parametrize the quantity of interest by using (2.3) over the cube O = [—1, 1]
and compute

(5.1)  Qol(u) = /D]-"(u(-)) dPy ~ > Qi (f(Ug(-)) - f(uH(-))),

where u,_; := 0. Herein, for the spatial approximation, we shall use the multilevel
representation from Subsection 4.5 to compute the Galerkin solution u, € H'(B)
on level ¢ that corresponds to the step size hy = 27¢. For the approximation in the
stochastic variable y, we shall thus provide a sequence of quadrature formulae {Q,}

[ vexy)a,

Ny
Qv = sz,w(', €€,i)-
i=1
For our purposes, we assume that the number of points N, of the quadrature formula

for the integral

of the form

Q) is chosen such that the corresponding accuracy is
(5.2) gg=2"*% (=0,1,...,L.

Since the multilevel quadrature can be interpreted as a sparse-grid approximation,
cf. [19], it is known that mixed regularity results of the integrand have to be provided
as derived in Section 3, compare [11, 13, 19] for example. Since the mapping u :
00 — H*T(B) is analytic, we can especially apply the quasi-Monte Carlo method,
the Gaussian quadrature, or the sparse grid quadrature, see e.g. [13]. Especially, in
case of H%regularity (v = 1) and F = u|p, i.e., Qol(u) = E(u|p), we obtain then
the error estimate
L
E(w) = 3 Que(u() — ues())
(=0

(5.3) = O(hy).

HY(B)

Notice that the computational complexity of the multilevel quadrature (5.1) is con-
siderably reduced compared to a standard single-level quadrature method which has
the same accuracy, see e.g. [1, 8, 19].
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FiGURE 2. Four samples of the random domain with finite element
triangulation of B on refinement level 2.

Remark 5.1. By choosing the accuracy of the quadrature in accordance with £, =
4=% for £ =0,1,..., L instead of (5.2), the application of the Aubin-Nitsche trick in
Proposition 4.1 implies the L?-error estimate

(5.4) = O(h}).

L*(B)

E(u) — EL: QL ¢ <Ue(') - W—l(‘))
=0

6. NUMERICAL RESULTS

In our numerical example, we consider the reference domain D to be the ellipse with
semi-axis 0.6 and 0.4. We represent its boundary by v, : [0,27) — 9D in polar
coordinates and perturb this parametrization in accordance with

YW, @) = et (@) + € Z {y-lw] sin(kep) + ye[w] cos(ky) }

where y;, € (—0.5,0.5) for all k = —5,—4,...,5 and € = 0.05. The random parame-
trization y[w| induces the random domain D[w|. The fixed subset B C D is given
as the ball of radius 0.2, centered in the origin. For an illustration of four random
draws, see Figure 2.
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level finite elements boundary elements

1 37 32
2 129 64
3 481 128
4 1857 256
5 7297 512
6 28929 1024
7 115201 2048
8 459777 4096

TABLE 1. Number of the degrees of freedom of the finite element
method and the boundary element method.

On the random domain D[w], let the Poisson equation
—Aujw] =11in Dfw], u[w] =0 on 0D[w]

be given. A suitable Newton potential is analytically given by Ny = — (2% + 23) /4.
We consider the L?-tracking type functional

Qol(u) :EB/BWM —ﬂ|2dx}

as quantity of interest, where @ is a given function. The coarse triangulation of B,
based on Zldmal’s curved finite elements [29], consists of 14 curved triangles on the
coarse grid, which are then uniformly refined to get the triangulation on the finer
grids. The 14 triangles correspond to eight piecewise linear and constant boundary
elements each on the boundary 0B. At the boundary 9D, we likewise consider eight
piecewise linear and constant boundary elements each on level 0. When applying
uniform refinement, we arrive at the numbers of degrees of freedom in the finite and

boundary element spaces found in Table 1.

In order to compute the quantity of interest, we will employ the quasi-Monte Carlo
method based on the Halton sequence, see [15] for example. Since the exact solution
is unknown, we compute first the quantity of interest on the spatial discretization
level 8 by using 10 000 Halton points. Next, we compute the solution by the multilevel
quasi-Monte Carlo method. Namely, for the multilevel quasi-Monte Carlo method
on level L, we apply N, = 27N, and N, = 4/=¢N; Halton points, respectively, on
the coarser levels 0 < ¢ < L, where we choose Nj, = 10, 25, 50 fine grid samples.

As it is seen in Figure 3, we always observe the same linear and quadratic con-
vergence rate, respectively, but with different constants involved. Notice that linear
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FIGURE 3. Absolute error of the output functional for different num-
bers of fine grid samples when increasing the number of quadrarture
point linearly (left) and quadratically (right) per level.

convergence is in accordance with (5.3) while quadratic convergence is in accordance
with (5.4).

7. CONCLUSION

We provided regularity estimates of the solution to elliptic problems on random
domains which allow for the application of multilevel quadrature methods. In order
to avoid mesh degeneration on coarse grids, we couple finite elements with boundary
elements. It has been shown by numerical experiments that this approach is indeed
able to exploit the additional regularity we have in the underlying problem without

causing numerical problems on too coarse grids.
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