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UNCERTAINTY QUANTIFICATION FOR PDES WITH
ANISOTROPIC RANDOM DIFFUSION

HELMUT HARBRECHT, MICHAEL PETERS, AND MARC SCHMIDLIN

ABSTRACT. In this article, we consider elliptic diffusion problems with an
anisotropic random diffusion coefficient. We model the notable direction in
terms of a random vector field and derive regularity results for the solution’s
dependence on the random parameter. It turns out that the decay of the
vector field’s Karhunen-Loéve expansion entirely determines this regularity.
The obtained results allow for sophisticated quadrature methods, such as the
quasi-Monte Carlo method or the anisotropic sparse grid quadrature, in order
to approximate quantities of interest, like the solution’s mean or the variance.
Numerical examples in three spatial dimensions are provided to supplement
the presented theory.

1. INTRODUCTION

Many phenomena in science and engineering are modelled as boundary value
problems for an unknown function. Because, in general, the computation of an
exact solution of such a boundary value problem is infeasible, it is necessary to
use numerical schemes that yield approximations of the solution. When using nu-
merical methods, such as finite elements or finite differences, the behaviour of these
numerical simulations is generally well understood for input data, such as boundary
values or coefficients, that are given exactly. However, for many applications, the
input data are not known exactly and can be thought of being subject to uncer-
tainty, for example when they are based on measurements. This then implies that
the solution of the boundary value problem is also subject to uncertainty.

Specifically, let us consider the second order diffusion problem where uncertainty
regarding the diffusion coefficient A has been accounted for by considering it as a
random matrix field over a given probability space (2, F,P), ie.

—divk(A(w) Vxu(w)) = f in D,
for almost every w € Q: u(w)=0 onp,
<A(w) Vx u(w),n> =g only,

on a domain D given a mixed boundary condition, where the function f describes
the known source and the function g the conormal derivative at the Neumann
boundary.

We note that the numerical treatment of isotropic random diffusion coefficients,
ie. A(w) = a(w)I, has already been considered, for example, in [3, 4, 6, 8, 18].
However, since the simulations in applications may require anisotropic diffusion, we
subsequently consider anisotropic random diffusion coefficients that fit the following
description: The anisotropic random diffusion coefficient has, at every point in D,
a notable direction regarding diffusion; that is a direction perpendicular to which
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diffusion is isotropic with a global strength a and in which the strength of diffusion
may be considerably different and also may vary in space. We can represent this
notable direction with its spatially varying directional strength as a random vector
field V.

One interpretation for random diffusion coefficients of this type is to consider
diffusion in a medium that is comprised of thin fibres. The direction of these fibres
is then described by the direction of V and the strength of diffusion in a fibre is
given by ||V||,. The diffusion from a fibre to a neighbouring fibre is the diffusion
that is perpendicular to V and is thus considered to have strength a.

The application we have in mind here amounts from cardiac electrophysiology:
The electrical activation of the human heart has been an active area of research
during the last decades. It has been known for a long time that the heart exhibits a
fibrous structure. By now, it is well-understood that these fibres play a major role
for both, the electrical and the mechanical properties of the heart muscle. More pre-
cisely, the fibres have a very complex but also well-organized structure, exhibiting
key features that can be identified in all healthy subjects, such as a helical distri-
bution with opposite orientations, from the endocardium to the epicardium, see eg.
[19, 20], in particular, for visualisations of the cardiac fiber structure. However, the
exact fibre dislocations vary between different individuals and may also change over
time within a single individual due to pathologies, such as infarctions. Then, the
fibre structure is perturbed with the introduction of high variability areas in the
presence of scars. This uncertainty in the fibre direction is modeled via the vector
field V. In this particular application, the ratio between ||V||2 and a is typically of
the order ten to one, see eg. [9, 20].

Moreover, random diffusion coefficients of this type may also be used to model
the diffusion in a laminar medium, ie. a medium comprised of stacked thin layers,
by choosing the direction of V as the normals on the layers. Then, we have that in
a layer the diffusion is isotropic with the strength a and in between layers, that is
in the direction given by V, the diffusion strength is given by || V]|,.

The sections hereafter are organised as follows: Section 2 introduces some basic
definitions and notation followed by the model problem, which also includes the
formula that expresses A in terms of V and a. Then, in Section 3, we reformulate
the model problem into a stochastically parametric and spatially weak formula-
tion, by using the Karhunen-Loeve expansion of the diffusion describing field V
to arrive at a stochastically parametrised form of the diffusion coefficient A. This
also enables us to conclude the well-posedness of the model problem. Section 4 is
dedicated to the regularity of the solution of the model problem with respect to the
random parameter from the Karhunen-Loeve expansion of the diffusion describing
field V. Numerical examples are then provided in Section 5 as validation. Lastly,
our conclusions are given in Section 6.

2. PROBLEM FORMULATION

2.1. Notation and precursory remarks. For a given Banach space X and a
complete measure space M with measure u the space LE(M;X) for 1 < p <
oo denotes the Bochner space, see [15], which contains all equivalence classes of
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strongly measurable functions v: M — X with finite norm

[ [ @I du(z)} Ve

esssup|[o(2) [ - p = oo

H’U”Lﬁ(M;X) =

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,,_ o vn(m) = v(m). Note that, for finite measures p, we also have the
usual inclusion LF,(M; X) D L{(M;X) for 1 <p < g < co.

When X is a separable Hilbert space and M is a separable measure space, the
Bochner space Li(M; X) is also a separable Hilbert space with the inner product

() anm 1= | (). 0(@) i)
and is isomorphic to the tensor product space Li(/\/l) ® X, see [16].

Subsequently, we will always equip R? with the norm |||, induced by the canon-
ical inner product (-,-) and R with the norm |||, induced by the Frobenius
inner product (-,-)p. Then, for v,w € R? the Cauchy-Schwartz inequality gives
us

[viw| = |[(v,w)| < |[v],]lw|l, and the special case v'v = (v,v)= ||V||§,

and we also have, by straightforward computation, that [[vw || = ||v||5||w]|5.

2.2. The model problem. Let (92, F,P) be a separable, complete probability
space. We consider the following second order diffusion problem with a random
diffusion coefficient

—dive(A(w) Vxu(w)) = f in D,
(1) for almost every w € Q: u(w)=0 onTIp,
<A(w) Vi u(w), n> =g only,

where D C R? is a Lipschitz domain with d > 1 and 9D = T'pUT y is a disjoint de-
composition of the boundary. The function f € H! (D) describes the known source
and g € H~/2(I'y) the known conormal derivative at the Neumann boundary. The
random matrix field A € Lg° (Q; L™ (D;Rdx”l)) is the stochastically and spatially
varying diffusion coefficient, which satisfies the uniform ellipticity condition
(2)

Amin < eiseirl)lf Amin (A(x,w)) < ess sgp Amax (A(x7w)) < amax P-almost surely

S

for some constants 0 < amin < Amax < 00 and is almost surely symmetric almost
everywhere. Without loss of generality, we assume api, < 1 and apmayx > 1.

To be able to capture the two situations arising from the fact that we might
have a pure Neumann boundary value problem, we introduce the solution space
V' dependent upon the boundary-measure of I'p: If I'p has non-zero boundary-
measure, then we define

V:=H}, (D):={veH'(D):v(x)=0forallxeI'p}.
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If I'p has zero boundary-measure, ie. if we have a pure Neumann boundary value
problem, then we set
. 1 . 1 . _
V= H, (D) = {U eH (D) : (U71)L2(D) = 0}

and also require that f and g fulfil the compatibility condition

| fooax=~ [ oG0ds

In both cases, the norm equivalence theorem of Sobolev, see [2], implies for all
v € V and some constant 0 < ¢y < 1 that

evllvl oy < el = 19l o gy < 2l
We will consider anisotropic diffusion coefficients that are of the form
V(x,w)VT(x,w)
VT(x,w)V(x,w)’

where a € R is a given value and V € Lg° (Q; L>(D; ]Rd)) is a random vector field.
Furthermore, we require that they satisfy by < a < bpax and

(3) A(x,w) :=al + (HV(X,w)H2 - a)

(4) bmin < eisei[r)lfHV(x,c;.))H2 < es;f:gp”V(x,m)H2 < bmax [P-almost surely

for some constants 0 < bpin < bmax < 00. Without loss of generality, we assume
bmin <1 and bmax > 1.

We note that the field A accounts for a medium that has homogeneous diffusion
strength a perpendicular to V and has diffusion strength HV(X, w) H , in the direction
of V. The randomness of the specific direction and length of V therefore quantifies
the uncertainty of this notable direction and its diffusion strength.

Lemma 2.1. A diffusion coefficient of form (3) is well-formed and indeed also
satisfies the uniform ellipticity condition (2) with by and byax.

Proof. For almost every w € 2 and almost every x € D we have that A(x,w) is
well-formed, because of
VT(x,w)V(x,w) = [V(x,w)[3 > b >0,

= Ymin

and clearly symmetric. Furthermore, we can choose us,...,uy € R¢ that are
perpendicular to V(x,w) and are linearly independent; then, we know that, for all
1=2,...,d,

A(x,w)u; =au; and  A(x,w)V(x,w) = ||V(x, w)||2V(x, w).
This means that, for almost every w € 2 and almost every x € D,
Amin (A(x, w)) = min{a, HV(X,UJ)H2} > buin,
)\max(A(x, w)) = max{a7 ||V(x,w)||2} < bmax-
Therefore, A satisfies the uniform ellipticity condition (2) with by and bpax. O

Thus, we will set amin = bmin and apax ‘= bmax and, from here on, solely use
Gmin and Gmax-
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3. PROBLEM REFORMULATION

3.1. Karhunen-Loéve expansion. To make the random field, and hence also
the diffusion coefficient, feasible for numerical computations, we separate the spa-
tial variable x and the stochastic parameter w by considering the Karhunen-Loeve
expansion of V. The mean field E[V]: Q@ — R? and the matrix-valued covariance
field Cov[V]: D x D — R%*? are given by

]E[V](x):/QV(x,w)d]P’(w)
and
Cov[V](x, x) /Q Vo (3, 0) VT (¢, w) dP(w),

respectively, where
Vo(x,w) := V(x,w) — E[V](x).

Let {\k, ¥} denote the eigenpairs corresponding to the Hilbert-Schmidt oper-
ator C that is induced from the kernel Cov[V](x,x’), ie.

(Cu)(x) ::/D(COV[V](X,X’)U(X')dX'.

Then, the Karhunen Loéve expansion of V is given by
(5) V(x,w) = E[V](x) + > VAt (x)Yi(w),
k=1

where the uncorrelated and centered random variables {Y;}, are given according
to

1
Yi(w) := ﬁ/DVg(x,w)¢k(x) dx.

We note that the convergence of (5) is in the L2 (€2; L?(D; R?))-norm. However, we
have the following lemma.

Lemma 3.1. We have img(C) C L>(D;R®). This implies that 1, € L>(D;R?)
and, as a consequence, also Yi(w) € Lg°(Q).

Proof. For almost every x € D, we know that Cov[V](x, ) € L=(D;R¥*4), where
we clearly have

|Cov[V](x,-) HLOO(D;]RdXd) < [|Cov[V] HLOO(D;LOO(D;RdXd))'

Thus, we can calculate for almost every x € D that
leweoll, < [ [[Cov Vi ux), dx
< [ lCovtVIie) | Jux)] ax
<N CMVI e (s e (i ayy VPl oy

and conclude that [[Cull e p.pay < HCOV[V]HLDC(D;LOQ(D;]Rdxd»V IDl[all 22 p;gay-
O
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Now, by parametrisation of the Y as yx and replacing the /A, with o}, we may
assume, without loss of generality, that yg € [—1,1], when considering the vector
field V in the parametrised form

(6) V(x,y) = E[V](x) + > oxtpy.(x)us,
k=1
where y = (yg)ren € O := [-1, 1}N. Consequently, we can also view A(x,y) and

u(x,y) as being parametrised by y and restate (1) as
—divk(A(y) Vxu(y)) = f in D,
(7) for almost every y € [I: u(y)=0 onTp,
(A(y) Vxu(y),n) =g onTy.

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

Assumption 3.2. The random variables (Yy)ren are independent and uniformly
distributed on [—\/g, \/g], ie. o = V3. Moreover, the sequence v = (’Yk)keNo’
given by

Ve = Ho—k/lpk”Loo(D;]Rd):
is at least in £1(Ng), where we have defined 1, := E[V] and og := 1.
Lemma 3.3. The representation (6) also converges in Lg° (€% L>(D;R?)).

Proof. We define
M
VM(x,y) = E[V](x) + ) orthr(x)ys-
k=1

Since Lg’ (0; L>(D; R?)) is complete, it suffices to show that (V) is a Cauchy
sequence in Lf,;i (I:I; L (D; ]Rd)). Let M < M’ be two indices, then we have

M’
VM VM| = TRy
H HLP“’(D’L (DHED) k:%Jrl e LS (Lo (D;R4))
M/
< Z Hak"/’k”Loo(D;Rd)Hyk‘HLf;o(D;R)
k=M+1 Y
M’ e
< Z Ve < Z V-
k=M+1 k=M+1
Thus, since v € ¢(Np), we know that HVM/ — VMHLOO (O (DRd)) M, M c0 0
2 (0 ;
and so (VM) is a Cauchy sequence in Lg; (O L°°(Dy; R%)). O

3.2. Spatially weak formulation. Since we want to pursue a finite element ap-
proach in space to approximate the solution of (7), we will need the spatially weak
form thereof.

Given almost any y € O, we have

—dive (A(x,y) Vxu(x,y)) = f(x) forallxe D.
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After multiplication with a test function v € V' and integration over D, we arrive
at

f/ divx(A(x,y)Vxu(x,y))v(x)dx=/ f(x)v(x) dx.
D D

Now, Green’s identity implies
— / divk (A(x,y) Vx u(x,y))v(x) dx = / (A(x,y) Vxu(x,y), Vx v(x)) dx
D D

— /6D<A(x, ¥) Vx u(x,y),n(x))v(x) ds,

which, because of v|r, =0 and <A(y) Vx u(y),n> = g on 'y, simplifies to
— / divk (A(x,y) Vx u(x,y))v(x) dx = / (A(x,y) Vxu(x,y), Vx v(x)) dx
D D

- / g(x)v(x) ds.
I'n

We define B: O — (V x V — R), where B[y] is a continuous symmetric bilinear
form for almost any y € [, by

Bly](u, v) == /D (A(x,¥) Vx u(x), Vx v(x)) dx

and £: V — R a continuous linear form by
L(v) ::/ f(x)v(x) dx+/ g(x)v(x)ds.
D I'n

Then, this leads us to the spatially weak formulation

Find w: OO — V such that
® { Bly](u(y),v) = £(v) for almost every y € Jand all v € V.
We conclude the following well known stability estimate.

Lemma 3.4. For almost every 'y € O, there is a unique solution u(y) € V of (8),
which fulfils

amax

)| 11y < m(ufnf],lm +lgli-1r20a) )

4. PARAMETRIC REGULARITY

4.1. Parametric regularity of the diffusion coefficient. In the following, we
will use the notation

H|’SH| = H’SHLr‘fo (O;L>(D;R)) = esssup ess sup‘s(x, Y)’7
y yeld xeD
|vad = ||VHL]P?;([:|;L°O(D;R‘1)) = ebyb;[ljlp eSSESBpHV(X7 Y)Hga
M| gy g == HM”L;O (O;Lo (D;Rdxdy) = €SSSUP €8s SHPHM(X> Y)HF
y yeld xeD

fors € L2 (0; L=(D;R)), v € L2 (05 L= (D;R?)) and M € L2 (0; L(D; R**Y)).
We will further make extensive use of the following straightforward result.
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Lemma 4.1. Given v,w € Lfrij (D;L“(D;Rd)), we have

IvTwll < Ivllaliwlly and [IvTv]l = livii;

as well as

ol geq < IV laliwlly  and - [[vT]l = IVIE-

Mlaxa <

In this section, we assume that the vector field V is given by a finite rank
Karhunen-Loéve expansion, ie.

M
V(x,y) = 9o(x) + Y onthy.(x)ys-
k=1

If necessary this can be attained by appropriate truncation:

Lemma 4.2. The condition (4) is satisfied by any truncation of the Karhunen-
Loéve expansion with a large enough M.

Proof. Recall the definition

VY (x,y) = E[VI(x) + Y outh(x)ys-

Clearly, for any M we have that

M M
IVl = BV 3 o] = o+ Y own
k=1 k=1

d

M M o0
<lwolly + D Mlontpryelly < 3w < 3w < o0,
k=1 k=0 k=0

since v € £1(Np). Then, because of

M oo
V¥l = [EVI+ S osin] =[v- S
k=1 d k=M+1 d
oo oo
> VI | Y o] 2 amn— > e
k=M+1 d k=M+1

for any M that fulfils ZZQ: M1 Ve < Gmin, We can find constants with which VM

satisfies the condition (4). Since vy € ¢'(Np) implies that Y ;7 )/ 7 M=,

we see that Y77 /0 Yk < amin is fulfilled for sufficiently large M. O

We shall now provide regularity estimates for the different terms in (3).

Lemma 4.3. Let B be defined as B(x,y) := V(x,y)VT(x,y). Then, we have for
all a € N} that

105Bl q < 243

(a1
dxd — max’y :

Proof. More verbosely, B is given by

B(x,y) = (%(x) " ﬁfj akwx)yk) (%(x) + iok;m(x)yk)T,
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from which we can derive the first order derivatives, yielding

0, B(x,y) = oith,() (%(x) Y aM(x)yk)
(9) v
+ (9060 + X o )T )

and from those also the second order derivatives. They are given by

T T
(10) 0y; 0y, B(x,y) = 0itp;(x)0j9 (x) + 054 (x)0i%p; (%)
Since the second order derivatives with respect to y are constant, all higher order
derivatives with respect to y vanish.

We obviously have ||B||;.q; = H|V|Hfl < d2,.. From (9) we can now derive the
bound

S 27iamax
d

14 Bllaa < 2llowbill,

M
o + Z kY Yk
k=1

and (10) leads us to H|8Uj8yiBH|d><d < 2|HJ¢1/)1-‘”d|HJj¢j|Hd < 27,;7;. Therefore, we

have

Y™, if e =0,
20maxY®, if |a| =1,
2%, if |a| = 2,
0, if |a| > 2,

195B 4 <

and are finished since amax > 1. O

Lemma 4.4. Let us define C(x,y) := V1 (x,y)V(x,y), D(x,y) := (C’(x,y))_1
and E(x,y) := \/O(x,y). Then, we know for all o € N} that

L/ oaz N\ 22\
15011 < o g (e ) v and 1B < eanan (7 ) ™

Proof. The function C' can be expressed as

Clx,y) = (%(x) ¥ }iammyk)T(%(x) +§jlomk<x>yk),

which, by derivation, gives the following expressions for the first order derivatives,

M
9, C(x,y) = o867 (x) (¢o<x> 'y okwko«)yk)
(11) k=1

; <wo<x> + i akwk(x)yk)To—iwi(x»

Computing the second order derivatives then yields

(12) 0,,05,C(x,) = 0ip] (x)0;3;(%) + 079 (x)0ip;(x)

and all higher order derivatives with respect to y are zero, since the second order
derivatives with respect to y are already constant.
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We use (4) to arrive at a2, < [|C|| = |HV\Hd < a2, which also yields
1
2 and Amin S H'ElH S Amax-
amax min

Using (11) yields the bound

H\ay7,0{|} < 2|H0i

S 27iamax
d

and, from (12), we can derive the bound H|8yj Ble‘H < 2|Hgi¢i‘||dmai¢j|”d < 2745
Thus, we know that

llo7:Cll < 2afaxy.

Because D = v o C with v(z) = 27! and E = wo C with w(z) = /z are
composite functions, we employ the Faa di Bruno formula, see [7], to compute their
derivatives. The r-th derivative of v is given by

d’!‘

7 (=) rle™ 7" = (=1)"rlo(z)
1:7‘

v(z)

and the r-th derivative of w is given by

ddxrw(x) =z T = crw(z)v(z)",

where ¢, := [[/_ 01(% i). For n = |a| we thus arrive at

1 n (a ny))k'
13 aeDGy) =3 (1) D0yt Z H—

r=1 Pa,r) j=1

and

n (8ﬁ C(x, y))kj

(14) 8;E(X, y) = ZCTE(X7 y)D(X7 Y)r Z H —7
r=1 P(a,r) j=1

where P(a, r) is a subset of integer partitions of a multiindex a into r non-vanishing
multiindices, given by

P(a,r) = {((klaﬁl)7'~-7(kn75n)) € (NO X N(])W) / :ijlgj = aazki =T,
andthereexists1gsgn:kj:Oandﬁjzoforalllgjgn—s,

kj>Oforalln—s+1Sjgnand0<,8n_s+1<...,@n}.

The relation B < B for multiindices 3,3 € N} means that either |3| < |3| or,
when |3| = ||, there exists 0 < k < m such that 8, = 8,...,8, = B} and

/
Bri1 < Bt
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Taking the norm of (13) and (14) leads us to

n

S
lognl < S moi S e[\ e OH\

r=1 P(a,r) Jj=1
n r+1
1 2amax7
() X el
r=1 min P(a,r)

n 1 r+1 ,
=~ Zr! (aT) (202,0x) Z al H e

P(a,r) j=1 J

and

3
logEll < S leIENPIT Y @ IIW CW

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

<Z‘C7|a1nax< )T Z 'H max’Y )kj

InlIl P(a 7,
u 1
=~° Z\CT.|amax <aT> o) Z H 718
r=1 min Plar)  j=1

Since we know from [7] that

> @ H k(B B = S

P(a,r) j=1

.7

11

where S, , denotes the Stirling numbers of the second kind, see [1], and that |c,| <

r!, we can obtain

(84 @ max " 1 2amax ‘a‘ CX '
o5l = =3 < (M) " S,

a’?

mlll mm min min

and

2

., \ o
maaEm < Amax™Y Z?"'( a ) Sn,r S amax(2;lmax> * Zr'sn [

min

Because >, 715, equals the n-th ordered Bell number, we can bound it, see [5],

by

= n!
1S, < —"
ZT = (lOg 2)71

r=1
This implies the assertion.

By combining the previous two lemmata, we derive the following result.

Lemma 4.5. We define F by

V(x,y)V'(xy)

Fo0Y) = ey Vixy)
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Then, we have for all « € N} that

6&2 2(12 =1
(o7 | max max (a7
105 Fl < s (2 )

Proof. We can equivalently state F as F(x,y) = D(x,y)B(x,y). Then, by applying
the Leibniz rule, we arrive at

“F(x,y) = « 5 X, ‘343 X, .
OFF(x.y) g(ﬁ)(a Dix.y)) (05 Blx.y))

Taking the norm and using the bounds from Lemma 4.3 and Lemma 4.4 leads us
to

106700 = 3 (§ ) 106011051,

Bla
o 1 2(12 18]
< ! max ﬁ2 2 a—p08
B L;a (5) ‘5‘ ar2nin (afnin lOg 2) T e
242, ( 242, )“ <a>
S max max ’-Ya |ﬂ | ! .
a?nin ar2nin 1Og 2 Z ﬂ

BLla
Lastly, the combinatorial identity
a a
a > (3)-(5)
B<a J
|Bl=j
yields the bound
| x| lo|
@ . o ale' 1
> (G)ar=2n3 (5) =X (') = any g <sian
B<a j=0 pB<a j=0 J k=0
|Bl=j
d

Gathering all the regularity estimates for the different terms in (3) gives us the
regularity of the diffusion matrix A.

Theorem 4.6. The derivatives of the diffusion matriz A defined in (3) satisfy
105°A e < ]+ D) S (2 )

for all o« € N} with || > 1.

Proof. We can state A as A(x,y) = al + E(x,y)F(x,y) — aF(x,y), which, with

the Leibniz rule, yields

0y A(x,y) = Z (a) (65E(x7 y)) (8;’_ﬁF(x, y)) —adyF(x,y).

BLa s
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Then, by taking the norm and inserting the bounds from Lemmata 4.4 and 4.5, we
arrive at

(o3 o o — O
105 All s < 3 (5 ) IEEINOS Pl g+ ama 05T

BLa

o 2@2 Iﬁ‘
< Mg [ ———22ax B
-5 (o ()

B<a min

2 2 lee—B|
NI W L
Amin Aimin IOg 2

2 2 le|
| 6a‘max 2amax fe
+ |a|-amaX27 2 loe? vy
Qmin Amin og

6a2 242 lexl o
< max max o | _ |
S Omax 612 (ag 10g2) Y E (IB) ‘ﬂ‘ ‘(X ﬁ‘

min min

2 2 |ex|
6amax 2amax (o2 |

+ Umax —5 2 loo? ¥ e
Qnin Qmin 0og

Finally, the combinatorial identity (15) yields, see eg. [12],

> () 8t = it =l 10

B
|
If we now define the modified sequence p = (pg)ken, as
4a2,, 6a2
= X and also  ca = (2amax) —a22X,
H a’?nin lOg 2,Yk A ( e ) 3nin

we can summarize the results attained so far by?

1657 Al g < ledltcan.
4.2. Parametric regularity of the solution. The above regularity estimate car-
ries over to the solution with slightly different constants.

Theorem 4.7. For almost every y € O, the derivatives of the solution u(y) of (8)
satisfy

|a]+1
O [e% amax
|08u) 12 ) < lexlia ( 2, max{ch,nfu;,_l(D)+|\g\|Hﬂ/2(rN>}> -

minCy/

Proof. By differentiation of the variational formulation (8) with respect to y we
arrive, for arbitrary v € V, at

(a;x (A(y) Vxu(y)), Vx U) L2(DiRd) 0

Applying the Leibniz rule on the left-hand side yields

(Z (g) 03 P A(y)0) Viuly), Vx v) —0.

b L2(D;R4)

INote that the additional factor of 2 in u; removes the factor || + 1 from the factorial
expression, since we know that 2/l > |a + 1.
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Then, by rearranging and using the linearity of the gradient, we find
/ <A(y) Vx 0gu(y), Vx v> dx = — Z (a) / <6§,"_5A(y) Vx afu(y), Vx v> dx.
D b B) Jp

We now choose v = 8‘3‘u(y) and employ the coercivity as well as the bound from
Theorem 4.6. This results in

amin 08U 32y < = D (a) /D <a;c—ﬁA(y) Vi 0Fu(y), Vx a;u(y)>dx

B<a B
AN )
< Z (ﬁ) llog 5AH|dXdH3§’U(y)HH1(D)Hay u(y)HHl(D)
B<a
a o )
< 3 (§) 1= Bltean 2102 1054 s
B<a

from which we derive

050 lrcoy = 5 3 (5 )1~ B2 0803 s

B<a
where a
Cci= &émaX{ZCA, Hf”f[—l(p) =+ ||9HH—1/2(FN)}-
GminCyy

We note that, by definition of ¢, we have ¢ > 2 and furthermore, because of
Lemma 3.4, we also have that Hu(y)” (D) < ¢, which means that the assertion is

true for |a| = 0.
Thus, we can use an induction over |a to prove the hypothesis

||3}0’tu(y)”Hl(D) < |a|!,u,°‘c\a\+1

for || > 0. Let the assertions hold for all a, which satisfy |a| < n — 1 for some
n > 1. Then, we know for all a with || = n that

CRPISESS Dl (4 (R T LA o

B<a
<Cuey (g) o — B BlclBI
B<a
n—1
=y Y (g) o — YA
7=0 B<

1Bl=j
Making use of the combinatorial identity (15) yields

n—1
o5l o < 1= X (1) o = e
j=0

n—1 al

= Sladpe Y ¢ < Salipe= Clafp e,
j=0

< -
c—172(c—-1)
Now, since ¢ > 2, we have ¢ < 2(¢ — 1) and hence also

H@;"u(y)HHl(D) < |aflp&ele+t,
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This completes the proof. O

4.3. Numerical quadrature in the parameter. Because of the regularity es-
timates shown before, we can refer to [13, Lemma 7], which is a straightforward
consequence from the results in [21], for the convergence rate of the quasi-Monte
Carlo method (QMC) based on the Halton-points. Therefore, under the assump-
tions made there, we can conclude that, for any ¢ > 0, there is a constant Cs such

that

1 N

- = < CsN° 1.
Ni:l B ’

H*(D)

HEM u(,)

A similar result also accounts for the variance V[u], see eg. [14].

For the sparse grid quadrature (SG), assume that v, < ck™" for some constants
¢, > 0. Then, the anisotropic sparse Gauss-Legendre quadrature on level g with
N(q) points satisfies the error estimate

I E[u] — Aw(g, M)ull gz (py < CN(q) /228 |l 001 )

with a constant C' > 0, see [10]. Herein, we have wy, := log ('y% 1+ 1/72), see
eg. [4], and
Aw(g, M) = Z cw(0)Qq  with ey (@) := Z (—1)l8l,
acYy(q,M) Be{0,1}M
(atB8,w)<q

where Q. denotes the tensor product Gauss-Legendre quadrature operator of de-
gree [a/2].2 The set Yi, (g, M) is given according to
Yol(g, M) = {oz e Né” cq—|wlh < A{a,w) < q}.

With similiar arguments as in [14], the convergence result again carries over to V{u].

5. NUMERICAL RESULTS

We will now consider two examples of the model problem (1) with a diffusion co-
efficient of form (3) using the unit cube D := (0,1)? as the domain of computations.
In both examples, we set the global strength a to a := 0.12 and, for convenience,
segment the boundary dD into three disjoint parts:

I‘0 = {1} X (Ov 1) X (071)a
I'y :== {0} x (0,1) x (0,1) and
Fg = 0D \ (FO U Fl)

Moreover, we choose the description of V to be defined by E[V](x) := [1I 0 0] T

and

1|2 1 0 0
" =X, :
Cov[V](x,x') := 0.01 exp 50 0 9s2(x,x’) 0 ,
0 0 9s3(x,x")
where
s5j(x,x) =16 - 2;(1 — x;) - 2 (1 — 2).

2Note that the quadrature operator Aw (g, M) rather refers to the sparse grid combination
technique than the actual sparse grid quadrature operator.
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The effect of the function s; is to suppress the covariance along the normal direction
on the boundary I';. Some samples of the normalized vector field V/||V]|2 used
for our examples, which are computed on the level 3 discretisation, are shown in
Figure 7 as stream traces. By their definition, the stream traces are tracing our
notable diffusion direction.

The numerical implementation is performed with aid of the problem-solving envi-
ronment DOLFIN [17], which is a part of the FEniCS Project [17]. The Karhunen-
Loeve expansion of the vector field V is computed by the pivoted Cholesky de-
composition, see [11, 12] for the details. For the finite element discretization, we
employ a sequence of triangulations 7;, subsequently we will call the index [ the
level, yielded by successive uniform refinement, ie. cutting each tetrahedron into
8 tetrahedra. Level 0 consists of 6 - 23 = 48 tetrahedra. Then, we use element-
wise constant functions and the truncated pivoted Cholesky decomposition for the
Karhunen-Loéve expansion approximation and continuous element-wise linear func-
tions in space. The truncation criterion for the pivoted Cholesky decomposition is
that the relative trace error is smaller than 10~ -47!; see Table 1 for the resulting
parameter dimensions M. Since the exact solutions of the examples are unknown,
the errors will have to be estimated. Therefore, in this section, we will estimate
the errors for the levels 0 to 5 by substituting the exact solution with the approxi-
mate solution computed on the level 6 triangulation 7g using the quasi-Monte Carlo
quadrature based on Halton points with 10% samples.

For every level, we also define the number of samples used by the different
quadrature methods. For the quasi-Monte Carlo method based on Halton points,
we choose

N = [21/0-9) 1]

with 0 := 0.2; see Table 1 for the resulting values of N;. For the sparse grid
quadrature, we set q; = 20 + 2. Based on these choices, we expect to see an
asymptotic rate of convergence of 27! in the H'-norm for the mean and in the W11-
norm for the variance; see again Table 1 for the resulting values of NS¢ := N(q;).
As a validation for the reference solution, we consider here also the convergence of
a Monte Carlo quadrature, using NMC := 4! samples on the level I, with respect
to this reference. Note that to obtain an approximation for the mean square error,
we average five realisations of the Monte Carlo (MC) estimator.

l 0o 1 2 3 4

NMC 10 24 57 135 320 762
Np© 1 7 29 87 265 909
NME 1 4 16 64 256 1024

M 16 24 28 34 44 53

TABLE 1. The number of samples for the first six levels and the
respective parameter dimensions.

ot

5.1. Example. In the first example, we set the source to f(x) = 1 and consider
homogeneous Dirichlet data, ie. we set I'p =g Uy UT'y and I'y = 0.
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Visualisations of the reference solution’s mean and variance are shown in Fig-
ure 1. Note that, to enable a view of the inside, all data with coordinates [z1, z2, 73]
such that xo + x3 > 1 are clipped.

Mean Variance

To 0.5

o @

5.1072

FIGURE 1. Mean and variance of the solution.

Figures 2 and 3 show the estimated errors of the solution’s mean on the left
hand side and of the solution’s variance on the right hand side, each versus the
discretisation level for the different quadrature methods. As expected, each of the
quadrature methods achieves the predicted rate of convergence, however QMC and
SG provide slightly better errors in case of the variance.

E N E Eo s X 41073
[ [ r < &
5 + {1 @ F 1
e} par} . N
~ - - — - -
[} [} [ B
e e
O 107! | = [} B a
) [ . )
g [ —&— QmC . g || —-e—qmc 1 10-4
el [ —B-SG 1 = H—B-SG §
& | —— MC 1 & H —— MC 1
- - - slope 2t [| - - - slope 2t B
—2 T T | I T |
10 0 2 4 0 2 4
Level [ Level [
FIGURE 2. H'-error in Ficure 3. Whl-error

the mean. in the variance.
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5.2. Example. The data in this example are given as follows. We remove the
source, ie. f(x) =0, and consider
1, x € Iy,
'y =TouUl'y with X) 1=
N 0 ! g( ) {—1, X € ]._‘17
and I'p :=Ts.
The respective visualisations of the reference solution’s mean and variance are
depicted in Figure 4.

Mean Variance

Ty 0.5

o

FIGURE 4. Mean and variance of the solution.

Figures 5 and 6 exhibit the estimated errors of the solution’s mean on the left
hand side and of the solution’s variance on the right hand side, each versus the
discretisation level for the different quadrature methods. Again, each of the quad-
rature methods achieves the predicted rate of convergence. As in the previous
example QMC and SG provide slightly better errors in case of the variance.

6. CONCLUSION

In this article, we have introduced the diffusion coefficient (3) that may be used
to model anisotropic diffusion that has a notable direction of diffusion with an
associated strength, which both are considered to be subject to uncertainty; this
is encoded by the vector field V. While this type of diffusion coefficient does not
model all possible anisotropic diffusion coefficients, it can be used to model both
diffusion in media that consist of thin fibres or thin sheets, given that either the
diffusion between the fibres or in the sheets is isotropic with a global strength that
is not subject to uncertainty.

We derived, based on the decay of the Karhunen-Loeve expansion of V, re-
lated decay rates for the solution’s derivatives; given a sufficiently fast decaying
Karhunen-Loéve expansion, this regularity then provides dimension independent
convergence when considering the quasi-Monte Carlo quadrature to approximate
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— : oS N : = STRNN - 107t
o ~ o . < .|
= AN = = ]
T 100 S 4 3 I ]
i) F 1 = r 1
(<5} N n| (<5}
b= I 1 B )
2 || —©— QMC | g —©— QMC
3 - sG 3 | - sG 1072
g 107 ——MC =S [ —o— MC ]
E - - - slope 2! E [|--- slope 2t i
T T | T T |
0 2 4 0 2 4
Level [ Level [
FIGURE 5. H'-error in FiGUuRE 6. Whl-error
the mean. in the variance.

quantities of interest that require the integration of the solution with respect to the
random parameter. Furthermore, it also allows the use of other quadrature meth-
ods like the anisotropic sparse grid quadrature which has been considered in the
numerical experiments. The numerical results corroborate the theoretical findings.

Lastly, note that the model for the diffusion coefficient may, for example, be
generalised to

V(x,w)VT(x,w)
VT(x,w)V(x,w)’

without effecting regularity. With this type of diffusion coefficient, the diffusion ac-
counted for between the fibres or in the sheets is still isotropic, but can be spatially
varying and also subject to uncertainty. We especially note that for two spatial
dimensions this generalisation already models all types of random anisotropic dif-
fusion coefficients.

A(x,w) = a(x,w)I + (HV(X, w)H2 — a(x, w))
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