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A FAST DETERMINISTIC METHOD FOR
STOCHASTIC ELLIPTIC INTERFACE PROBLEMS
BASED ON LOW-RANK APPROXIMATION

HELMUT HARBRECHT AND JINGZHI LI

ABSTRACT. In this work, we propose a fast deterministic numerical
method to solve stochastic elliptic interface problems with random inter-
faces. Shape calculus is first employed to derive the shape-type Taylor
expansion in the framework of the asymptotic perturbation approach.
Given a priori known mean field and two-point correlation function of
random interface variations, we can quantify the mean field and vari-
ance of random solutions in terms of certain orders of the perturbation
magnitude by solving a deterministic elliptic interface problem and its
tensorized counterpart with respect to the reference interface. Error es-
timates are derived for interface-resolved finite element approximation
in both physical and stochastic dimensions. In particular, a fast finite
difference scheme is proposed to compute the two-point correlation func-
tion of random solutions using the low-rank approximation based on the
pivoted Cholesky decomposition. Numerical experiments are presented
to demonstrate the advantages of the proposed method.

1. INTRODUCTION

Assorted models in science and engineering give rise to partial differential
equations (PDE), which can be solved with high accuracy by numerical meth-
ods if the data given are known exactly. Nevertheless, the input data are
seldom, if not at all, known exactly. As a consequence, accurate numerical
solutions are of limited use in the presence of randomness. Thus the re-
search on numerical methods of stochastic PDE with random input data has
recently attracted increasingly more interest.

Broadly speaking, there are two general categories of approaches to solve
stochastic PDE.

(A) Monte Carlo methods (MC) (see [25, 31| and the references therein):
This is the most general methodology to treat randomness by sampling nu-
merous draws of the random input data according to some a priori known
or empirical distribution, where each draw entails the computation of a de-
terministic PDE, and then forming the sample statistics like the mean and
variance based on these sample solutions. By interpreting the realizations
as draws of distinct random variables of independently identical distribution
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(i.i.d.) with respect to the original one, one may show the convergent rate of
the MC methods is inversely proportionate to the square root of the num-
ber of samples. Dimension-independence allows the MC method well- suited
for general purposes. Nevertheless, to guarantee a certain accuracy, a huge
number of PDEs have to be solved to obtain the ensemble average, which
could require formidable computing resources in the naive way. Recently, an
efficient multilevel MC method is proposed to solve the elliptic PDE with
stochastic coefficient with optimal computational complexity [5].

(B) Deterministic approaches: if statistical description of the random input
data is specified, one can mathematically characterize the uncertainty in
the input data and recast the original stochastic PDE into a deterministic
one, thus obtaining the deterministic statistics of the unknown random field.
There are generally two subclasses in this case.

(B.1) Perturbation methods (|23, 24|): The pivotal idea of the perturbation
approach to stochastic PDEs involves expanding all the random fields at hand
about the expectation of the random input data via Taylor series expansion
with a given small perturbation magnitude € and retaining terms up to high
order, mostly second or third order. Then all such expansions are substituted
into the original problem. Equating terms of equal orders in the asymptotic
expansions of related fields, one can arrive at the corresponding zeroth-, first-
and second-order subproblems, etc.

(B.2) Stochastic Galerkin methods (|2, 3, 4, 9, 10, 13, 14, 29, 32, 33, 36|):
The rationale behind is to express, through decomposition of physical and
stochastic variables (e.g. Karhunen-Loéve expansion), the random field as
the tensor product of functions in the physical domain and random variables
in the stochastic one. Then one may adopt, respectively, finite element
spaces in the physical approximation and wavelets or chaos polynomials in
the stochastic approximation. Efficient solvers can be achieved by combining
with sparse grid techniques to circumvent the curse of dimensionality.

In the past decade, more intensive research focuses on PDEs with stochastic
loadings or coefficients as input data. Recently, uncertainty of computational
domains arouses more interest in modeling of randomness of domains as
stochastic input parameter, see, e.g., |7, 17, 20, 37| and the references therein.
For instance, it is inevitable that the shape of objects in industrial production
does not exactly comply with the engineering design. In this paper, we are
first concerned with modeling of the interface randomness in the equilibrium
state of the physical process with composite materials governed by elliptic
PDEs, which can be termed as stochastic elliptic interface problems (SEIP).

Elliptic interface problems (EIP) arise frequently in scientific computing and
industrial applications, e.g., when the concerned physical process involves
two or more materials or media of different properties, such as the conduc-
tivity of steel and bronze in heat diffusion. It is well known that the solutions
of elliptic interface problems have high regularity on each individual mate-
rial region but low regularity globally due to the discontinuity of material
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coefficients across the interface. Many numerical methods such as finite dif-
ference, finite element and finite volume have been developed in the past few
decades for elliptic interface problems. We refer to the monograph [28] and
the references therein for more details about the background and the state
of the art.

In this work, we would like to further pursue in this direction, namely in-
vestigating elliptic boundary value problems with random interfaces. It is of
immerse interest in the computational simulation in nano-physics, biology
and chemistry, where one uses unsharp interfaces like rough cross sections,
cell membranes and molecular surfaces for instance. Due to the uncertainty
of interfaces, the solution of the elliptic system itself becomes a random field.
Alternatively, the problem may well be reformulated as follows: Given sta-
tistics of the random interface perturbation, how to compute deterministic
statistics of interest for random solutions of SEIPs?

It is common sense that knowledge of complete statistics of the input ran-
dom field is rarely a priori known in practice. Therefore, we impose two
additional assumptions for models in the current work, as in [20], (i) that
the perturbation magnitude of random interfaces around the mean interface
is relatively small and (i) that the mean field and two-point correlation of
the random interface variations are known empirically or from elsewhere. It
is emphasized that the underlying stochastic process needs not to be known
explicitly under small perturbation assumption.

The second goal in the present paper aims at efficient and fast computa-
tion of the approximate mean and two-point correlation function of random
solutions of SEIPs. It is worth remarking that the Monte Carlo approach
employs a great number of sample interfaces to solve deterministic EIPs
with each sample interface, which is a demanding job, not to mention the
work about remeshing for each sample interface to avoid the sub-optimal
convergence [27].

The main techniques here are as follows: It is first revealed of the Fréchet
differentiability of the solution of EIPs with respect to the interface varia-
tions. Then, we develop the shape-Taylor expansion of random solutions via
shape calculus (see, e.g., [11, 30, 35] and the references therein). With the
shape gradient developed here, we set up a deterministic EIP and its ten-
sorized version for the mean and two-point correlation function of random
solutions, respectively. Instead of using sparse tensor finite element spaces
as in [16, 20], we make use of a low-rank approximation of the two-point cor-
relation of random solutions based on that of random interfaces in light of
the linearity of mapping from random interfaces to random solutions, which
leads to a fast finite difference implementation combined with the pivoted
Cholesky decomposition.

The main contribution of this work is three-folded: First we study a SEIP
model and characterize the shape-Taylor expansion of its random solution via
shape calculus. Second, a deterministic EIP and its tensorized counterpart
are formulated for the mean and two-point correlation function of random
solutions, respectively, with respect to a fixed reference interface. Rigorous
error estimates are derived accordingly in terms of both the perturbation
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magnitude and mesh size. Last, a finite difference implementation for the fast
computation of the two-point correlation function of random solutions using
the low-rank approximation based on the pivoted Cholesky decomposition.

The rest of the paper is organized as follows. In Section 2, we formulate the
mathematical description of the randomness of stochastic interfaces. In Sec-
tion 3, we derive the shape gradient of solutions to EIPs via shape calculus
[11, 30, 35]. In Section 4, we derive a deterministic elliptic interface prob-
lem and its tensorized counterpart for the mean and two-point correlation
of random solutions, respectively. In Section 5, error estimates for the fully
discrete approximation of the mean field and two-point correlation functions
are derived in both stochastic and physical dimensions. A fast algorithm
based on the low-rank approximation via the pivoted Cholesky decomposi-
tion is proposed as an efficient alternative to compute the two-point corre-
lation function of random solutions. In Section 6, numerical experiments
are shown to compare our proposed deterministic implementation with the
Monte Carlo method to demonstrate promising advantages.

2. MATHEMATICAL FORMULATION

2.1. Model Problem. Consider the following EIP arising from the heat
conduction model in physics:

(2.1) —V - (a(x,w)Vu(x,w)) = f(x) inD™(w)U DT (w),
(2.2) [u(x,w)] =0 onI'(w),
ou
(2.3) [a(x,w)a—n(x,w) =0 onI'(w),
(2.4) u(x,w) =0 ondD,

where the domain D C RY d = 2,3, is assumed to be a fixed simply-
connected bounded convex one with Lipschitz boundary, which is occupied
by two random subdomains of different materials, resp. D~ (w) and DT (w),
where D™ (w) € D, D¥(w) := D\ D~ (w). These two subdomains are sepa-
rated by the random interface I'(w) := 0D~ (w) (see Fig. 1), which is assumed
to be at least C%!-smooth. Here (2.2) and (2.3) are the jump conditions

which the solution u(x,w) has to meet on the random interface I'(w), f(x) is

FIGURE 1. Domain sketch with stochastic interface.
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a deterministic source term satisfying f € C°°(D), and n(x,w) denotes the
unit normal vector to the interface I'(w) pointing to the interior of D (w).

For any arbitrarily fixed realization w of a continuous function wu(-,w) we
denote by v~ (-,w) (resp. u'(-,w)) its restriction onto D~ (w) (resp. DT (w)).
Throughout the paper, the jump [u(-, w)] is always understood to be u™ (-, w)—
ut(-,w) on I'(w) in the sense of trace for each sample w. The random coeffi-
cient field a(x,w), due to the uncertainty of the interface I'(w), is assumed
to be a piecewise smooth function, namely

a(x,w) = B(x) + Xp-()V(x) inD,
with smooth deterministic functions 3(x) and ~(x). The function xp- (., is
the characteristic function of the random subdomain D~ (w), i.e., it is 1 if
x € D™ (w) and 0 otherwise. Moreover, we denote o™ (x,w) (resp. o™ (x,w))
the restriction of a(x,w) onto D~ (w) (resp. D' (w)). Hence, the flux jump
satisfies

u u” ut
[a(w)g—n(u))] = a_aa—n(w) - a+%—n(w) on I'(w).

2.2. Stochastic Interfaces. To address the randomness of interfaces, it is
of first priority to model the stochastic interfaces in a mathematical way.

Fix any fixed interface I' € C*! ¢ C?!, which is a closed and orientable
manifold of co-dimension one separating two fixed subdomains D~ and DT.
For a given smooth, nontangential interface variation V € C*!(I', R?) with
[Vlc2a(r ey < 1 there exists some sufficiently small constant g9 > 0 such
that the perturbed interface can be defined for any 0 < € < ¢y by

I.:={x+eV(x) : xecT}eco?

Moreover, I'. uniquely defines the deterministic subdomains D and thus

D} := D\ DZ. For ease of exposition, in the rest of the paper, we will
restrict ourselves to normal variations [11, 30]. More precisely, letting n(x)
be the unit normal vector along I pointing into D, we can fully characterize
the interface variation by its normal component

V(x) = r(x)n(x),
where
ked ={ve C*(T,R) : Ivllczarry <1},
and thus
I, = {x+er(x)n(x) : xeI'}.
Note that normal variations require I' € C%! in order to ensure that the
normal satisfies n € C%(T",R%).

To account for the randomness of stochastic interfaces, it is equivalent to
mathematically describe the random field

(2.5) k(x,w) : T'xQ—R.
The stochastic interfaces I'(w) can be rigorously characterized by a complete
probability space (€2, 3, P) where Q is the set of all admissible interfaces from

sample draws, namely realizations w — k(-,w) € o, ¥ is the Borel o-algebra
of o/, and P : ¥ — [0,1] is a probability measure on the measurable space
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(©,3). For probability space on Banach spaces see [6, 26] and references and
therein.

Instead of grasping full knowledge of the random solutions, we are more
interested in certain statistics of the random field v : D x Q — R, which
satisfies the PDE (2.1)—-(2.4) P-a.s. in Q.

2.3. Mean and two-point correlation. For a P-measureable mapping
k(x,w) : © — & and the associated normal interface variation in the nor-
mal direction x(x,w)n(x), throughout the rest of the work, we assume that
k(x,w) has a finite second moment with respect to P, which belongs to the
Bochner space L%(Q2, C*}(T,R)).

Given a random interface field k € L%(Q, C%1(T',R)) and some perturbation
magnitude € with 0 < e < gq, the random interface can be parametrized by

o . I xQ—R%
T xw) e x +en(x,win(x).

A realization of the subdomains D¥(w) is thus separated by the interface

I.(w) ={P(x,w) : x€T}, we

Due to k € L*(Q2, C*Y(T, R)), the first two statistical moments of the random
interface variation k(x,w) are pointwise finite. They are defined as follows:
the mean

Eq(x) := /Q/{(x,w) dP(w) = E(k(x,w)), x€T,
the covariance
Covar,(x,y) := /Q (k(x,w) — Ex(x)) (k(y,w) — Ex(y)) dP(w), x,y €T,

and the two-point correlation function

Cork(x,y) := /Q/i(x,w)/i(y,w) dP(w) = E(k(x,w)k(y,w)), x,yeTl.

Here by E we denote the expectation or ensemble average with respect to the
probability measure P.

In particular, we see that
E(T:(w)) := {E(®c(x,w)), x € I'} = {x + cE.(x)n(x), x € T'}.

Without loss of generality, we may assume that the interface random field
k(x,w) is centered, namely

(2.6) E,(x) = 0.

Otherwise, we may readjust the reference interface such that (2.6) holds.
Therefore, E(I's(w)) =I' and

Covary(x,y) = Cors(x,y).
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Furthermore, once E,(x) and Cory(x,y) are given, it holds

Corg,_(x,y) : = E(®.(x,w) P (y,w))
=x-y+ 52C0r,.€(x, y)n(x) -n(y),

which means that the two-point correlation function of random interfaces
can be modeled by that of the random normal variation x(x,w).

3. SHAPE CALCULUS

In this section, we return to the deterministic world to develop the shape-
Taylor expansion of solutions to EIPs with respect to the reference interface
I' € 3! via shape calculus. To that end, we derive the shape gradient based
on the velocity method (cf. also [21, 22, 30, 35]).

Now consider a deterministic EIP with respect to the reference interface I':

(3.1) -~V -(aVu)=f inD-uUD",
(3.2) [ul=0 onT,

(3.3) [Oég—iﬂ =0 onl,

(3.4) u=0 ondD,

and a deterministic perturbed PDE with the perturbed interface I'.

(3.5) ~V-(aVu.)=f inD- UDZ,
[us] =0 onT,,
Ous |
(3.7) [a an} =0 only,
(3.8) ue =0 ondD,

where the perturbed interface I'z := {x + ex(x)n(x), x € I'}, D_ is the in-

terior part of I'. and DI := D\ D2, and the normal variation k(x) € <.
Moreover, we denote by u_ (resp. ul) its restriction on D (resp. D_ ).

The first order shape derivative for the elliptic interface problem is defined
formally by the pointwise limit

du(x) := du(x)[k] = glir(l] M, xe (D" nD7)u(D*nDY),

and can be characterized by the following lemma.

Lemma 1. Under the smoothness assumptions on the interface I', normal
variation k and small perturbation magnitude as before, the shape derivative
du := du[k], which is written as du™ and du™ restricted onto D~ and DT,



8 HELMUT HARBRECHT AND JINGZHI LI

respectively, satisfies the following EIP with nonhomogeneous jump condi-
tions:

(3.9) —V - (aVdu) =0 inD~UDT,
ou

(3.10) [du] = —k [8_n] onT,

(3.11) [a%} = Vr - (k[a]Vru) onl,

(3.12) du =0 ondD,

where V1, Vr - denote, respectively, the surface gradient and surface diver-
gence operators which are defined by Vrv := Vv — (Vv - n)n for a scalar
function v, and Vp -v:=V -v —(Vvn)-n for a vector field v.

Proof. The plan of the proof is as follows: We take the difference of the
respective variational forms of the reference problem (3.1)-(3.4) and of the
perturbed one (3.5)—(3.8), take the limit by letting ¢ — 0 and deduce the
PDE (3.9)-(3.12) of the shape gradient from this limiting variational form.

The variational formulations of the original PDE (3.1)—(3.4) and of the per-
turbed one (3.5)—(3.8) read as follows: Seek u, u. € H}(D) such that

(3.13) / a~Vu~ -Vodx + / atVut - Vodr = / fodx
- D+ D
and
(3.14) / o Vu .- Vodx + / aVu'. - Vodx = / fodx
D Df D

for all v € H}(D).

Subtracting (3.13) from (3.14), dividing by € on both sides and taking the
limit by letting € tend to zero, we obtain, (see [35, Chap. 2| and [30, Chap.
4] for details), the variational form for the shape gradient du:

/ o~ Vdu~ - Vudx + / atVduT - Vodx
(3.15) b~ br

—I—/ k(a~Vu~ —atVu™) - Vudx = 0.
r

Testing (3.15) by ¢ € C§°(D¥), we arrive at the PDE in (3.9).

The flux jump condition (3.11) follows by first testing (3.15) with smooth
functions ¢ € C*°(R?) on T" and employing the flux jump condition (3.3) on
I". Then it yields

_odu~ 4 odut

o n — o n ZVF'((()(_—()(+)I{VF’LL)

by using the tangential Green formula (cf. [11]) on the surface of co-dimension
one, namely

/fo-vd8+/fvr'vds:0,
r r

where f is a surface scalar function and v is a surface tangential vector field.
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Let ¢ € C*°(R%), then from the jump condition (3.6),

/ (uz —uf)yds=0.
Ie

Pulling back from I's to I" and taking the derivative with respect to € on
both sides of this equality and evaluating it at ¢ = 0, we obtain, by the same
argument |11, Eq. (4.16)], that

/ (du_ — du+) P ds
r

:_/ﬁ[a((“__uﬂw +(d - 1M (u —ut) ol ds
T on

ou
= —/FHJ [8—11} P ds,

where H is the mean curvature of the interface I', and we have used the jump
condition (3.2) in the second equality to simplify the formula. Then the first
jump condition (3.10) follows from arbitrariness of ¢, which completes the
proof. O

Remark. It is worth noting that the shape gradient du is in general not in
H{ (D) since it may be discontinuous along the interface T

With the shape gradient at hand, we can develop a deterministic shape-type
Taylor expansion as follows:

(3.16) us(x) = u(x) + edulk](x) + O(?), x € D\ U, (),

where the constant hidden in the Landau symbol depends on the function u
and the distance to the interface, and this expansion only holds away from
the gg-tube region

U, (T) :={y =x+teon(x), t € [0,1], x € T'}.

4. STATISTICS OF RANDOM SOLUTIONS

In this section, we study statistics of random solutions to SEIPs in terms
of that of random interfaces through the perturbation method. The main
tdea behind the perturbation approach to the stochastic PDE is the matched
asymptotic principle, which involves expanding all the random fields under
concern about the expectation of the random interface via Taylor series ex-
pansion with a given small perturbation magnitude € and retaining terms up
to high order, mostly second or third order. For a sufficiently small g5 > 0,
we can develop a random version shape-type Taylor expansion of random so-
lutions to (2.1)—(2.4) with resort to the shape gradient, which is formulated
in the following lemma.

Lemma 2. Under the small perturbation assumption and smoothness condi-
tions on admissible interface variations and given data, the random solution
to (2.1)—(2.4) admits the following shape-type Taylor expansion:

(4.1) u(x,w) = T(x) 4 edulk(x,w)](x,w) + O(?),
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forx @ K € D\ Ug(I'), P-a.s. w € , where W is the deterministic solution
to the elliptic problem with the fized reference interface T' and du(x,w) is the
associated shape gradient, namely the solution of the EIP (3.9)—(3.12) with
k(x) being replaced by k(x,w) and D* by D*(w).

Proof. Taylor expansion in (4.1) is the stochastic analog of (3.16). Thus, the
assertion follows by repeating the argument in the proof of Lemma 1 in Sec-
tion 3 for any fixed realization of the normal interface variation k(x,w)n(x)
associated with the sample w. O

Now we can approximate the deterministic statistics of random solutions to
(2.1)—(2.4) with the help of (4.1). More precisely, the mean field and variance
of random solutions can be approximated by their deterministic surrogates
with respect the reference interface in terms of certain approximation orders
of the perturbation magnitude.

The following theorem addresses the semi-discrete approximation to the
mean field in the stochastic dimension.

Theorem 3. The expectation E,(x) of random solutions to (2.1)~(2.4) can
be approximated by solving the deterministic PDE (3.1)—(3.4) with respect to
the reference interface I', up to the second order in terms of the perturbation
magnitude. More precisely,

Eu(x) =7(x) + O(e?), x€ K €D\ U,(I),

where W is the deterministic solution to the EIP (3.1)—(3.4) with the reference
interface I.

Proof. Using the shape-Taylor expansion, we obtain
E,(x) = T(x) + cE (duls(x, w)](x,w)) + O(e?).
By the linearity of the expectation operator E, taking the expectation on
both sides of the stochastic version of the PDE (3.9)—(3.12) of the shape
gradient du(x,w), and taking account of the fact that E,(x) = 0, we have
E (du[s(x,w)](x,w)) = 0,

from which, the desired claim follows. Thus the proof is done. O

The second theorem studies the approximation of the variance of random
solutions.

Theorem 4. The variance Var,(x) of random solutions to (2.1)—(2.4) can be
approzimated by solving the deterministic tensor product PDE (4.5)—(4.14)
as follows with respect to the reference interface I', up to the third order in
terms of the perturbation magnitude. More precisely,

(4.2) Var, (x) = e*Varg,(x) + O(¢3), x€ K € D\ U, (),

where

Varg,(x) = Var(du[/{(x,w)](x,w)):Cor(du[m](x),du[/{](y))|y:x

= Corau(%,¥)|,_y

and Corq,(x,y) is the solution to (4.5)—(4.14).
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Proof. Observe the following variance identity
(4.3) Var(a + bX + ¢Y) = b*Var(X) + 2bcCovar(X,Y) 4 ¢*Var(Y),
where X and Y are two random variables with finite second moments.

As a result for random variables with finite variance, the following inequality
holds via the Cauchy-Schwarz inequality:

(4.4) Covar(X,Y) < y/Var(X) - Var(Y) .

Combining (4.3) and (4.4) with the shape-Taylor expansion (4.1), we have

Var, (x) = e2Var(du[k(x,w)](x,w)) + O(e*) + /Var(du[s(x, w)] (x,w)) O(e?)
= &?Var(du[r(x,w)](x,w)) + O(?).

Hence the proof is completed. O

We can approximate Var, (x) by deterministically solving the tensor product
PDE of Corg,(x,y) on the tensor domain D x D C R??. Denote by []
the tensor-product of the jump operator which is given for any two-point
correlation function w(x,y) by

[[w(x, y)ﬂ = D*hsrfﬁr w(X7 y) — lim w(X7 y)

D~ 3>x—T

D~ >y—T Dt>y—T
— lim wx,y)+ lim w(x,y).

D+tox—I Dts5x—T

D= >y—T Dtsy—TI

Then the tensor product boundary value problem involving Corg,(x,y) can
be stated as follows:

— Tensor-product-domain PDE:

(4.5) (Vx ® Vy) - (k(x)k(y)(Vx @ Vy)Corqy(x,y)) =0,
for all (x,y) € D* x DF,

— Interface-domain PDE:

(4.6) ~Vy - (a(y)Vy [Corqu(x,¥)],) = 0,
(4.7) —Vy - (a(y)Vy [a(x) 8(2::1“ (x,y)} > =0,

for all (x,y) € I' x DF;
— Domain-interface PDE:

(4.8) —Vx - (a(x)Vx [Corqy (%, y)]y) =0,

(19 V. <a<x>vx o) G )| ) -0

for all (x,y) € D* x T}

— DD tensor interface condition:

110)  [Cornley)] = Conu(xv) | 560 [ S2)].

for all (x,y) e I' x I
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— DN and ND tensor interface condition:

(4.11)

o0 e | = =V - (| G200 latwiConx.y)raty) ).
(4.12)

[0 2528 ) | =~V (| 5] latiCon, (x. ) Ve ).

for all (x,y) e I' x I

— NN tensor interface condition:

2Corgy
(413 oGl G g x|

= (Vrx ® Vry) - ([e(x)]a(y)]Corx(x,y) Vru(x)Vru(y)) ,
for all (x,y) e I' x I

— Tensor-product boundary condition:
(4.14) Corgyu(x,y) =0,
for all (x,y) € 0(D x D).

5. ERROR ESTIMATES AND IMPLEMENTATION

In this section, error estimates will be carried out for the full discrete ap-
proximations of the mean field and two-point correlation function of random
solutions in terms of both the mesh size in the physical domain and the per-
turbation magnitude in the stochastic dimension. Algorithmic implementa-
tion of a fast finite difference method based on the low-rank approximation
via the pivoted Cholesky decomposition is presented for the efficient compu-
tation of the two-point correlation function of random solutions.

In the sequel, interface-resolved triangulations are assumed for solving the
EIP system (3.1)—(3.4) to achieve optimal convergence rates for the deter-
ministic PDE, cf. [8, 27|. By the use of parametric mappings, we even are
endowed with hierarchical finite element spaces amenable for the sparse ten-
sor approximation of the two-point correlation function (see [16] for details).

5.1. Computing the approximate expectation. We have presented the
discussion of the semi-discrete approximation in the stochastic dimension
of the mean field and two-point correlation function in the continuous case
by the asymptotic analysis in terms of the perturbation magnitude. Now
we develop finite element discretization to yield fully discrete approximation
and derive the convergence results in terms of both the finite element mesh
size of the triangulation and the perturbation magnitude.

Assume that the triangulation {.7,},-, is a sequence of quasi-uniform and
shape-regular triangulations with the mesh size h, which exactly resolve the
interface via parametrization, and let {V}},., be the corresponding finite
element spaces over the given triangulations. We can obtain the discrete
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finite element approximation %y, to @ by solving the variational form of (3.1)—
(3.4) with respect to the reference interface I' in the finite dimensional space
V.

The discretization error of the deterministic solution w can be quantified by
the follow lemma adapted from [27, Thm. 4.1] with little modification.

Theorem 5. Let {T},50, {Vatnso be a family of interface-resolved trian-
gulations and the associated finite element spaces (cf. [16, 27]|). Let @y, be
the deterministic finite element solution corresponding to the deterministic
solution u(x) of the elliptic problem (3.1)—(3.4) with respect to the reference
interface I'. Then there holds for s = 0,1 that

(5.1) 1@ = nll g (py < Ch*= 1l g2 (p-yum2(p+) -

Let E,, be the expectation of random solutions to (2.1)~(2.4). Then, on K &
D\ U,,(I') there holds

B (%) = Tn ()| s 1y < C (62 + B2 7°) [l g2 (p-yumz o+ -

Proof. The estimate (5.1) follows easily from [27] for at least C?-smooth
interfaces. The estimates for expectation can be completed by combining
Theorem 3, (5.1) and the following triangle inequality

1Ew = Tnll sy < N1 Bu =l s () + 1@ = nll s i) -

5.2. Computing the two-point correlation function.

5.2.1. Computing local shape derivatives. Notice that the PDE for the local
shape derivative du = du(k) is not amenable for naive finite element dis-
cretization due to the non-homogeneous Dirichlet jump condition. Here we
use the offset function technique to convert the original PDE (3.9)—(3.12)
into two systems.

To this end, we assume that we have an offset function du_g = du_g (k) €
H'(D™) such that

(5.2) V- (aVduz;) =0 inD~,

ou

(5.3) dusy = —k [a } onT.

n

We extend this function trivially to DT by letting du;rH = 0. By subtracting
dueg from du, we are led to seek dupom = dupom (k) € HE (D) such that

(5.4) =V - (aVdupem) =0 inD-uUDT,

(5.5) [dupom] = 0 onT,
Odupom | _ _O0dug

(5.6) [a o } = Vr - (k[a]Vra) — a " T,

(5.7) dupem = 0 ondD.

The computation of duyg and dupep, from (5.2)—(5.3) and (5.4)—(5.7), respec-
tively, by finite element methods is straightforward if we restrict the finite
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element spaces V; onto D~ and D, respectively. In particular, if we apply
the Lagrange multiplier method [1] with A\, being in the trace space Vj,|r,
we get the optimal convergence rate.

Theorem 6. Assume {T};,~0, {Vi},so to be specified as in Subsection 5.1.
Let duy, be the deterministic finite element approzimation via combining the
respective finite element solutions from (5.2)~(5.3) and (5.4)—~(5.7) associated
with the deterministic shape gradient du[k] to the elliptic problem (3.9)-
(3.12) with respect to the reference interface I'. Then there holds for s = 0,1
that

l|[du — dup|| grs(p-yu s (p+)

oo sor{[s[3]

< CR** )l y2p-yomz(p+)

+ V- (H[Q]VFE)HHW(F)}
H3/2(T)

where ||k||c21pr) < 1, provided that the given data are sufficiently smooth.

Proof. Using the Lagrange multiplier approach we have for s = 0,1

Oduog @
" on

< 2—s
on < Ch

Hs—3/2 (F)

Ah —

g — duoff,h||Hs(D)+‘ ‘ .
H3/2(T)

From [27], it follows

| dunom — duhom,hHHs(Df)UHs(DJr)

ou
2—s
< Ch {HK [8n}

provided that the exact Neumann data of du.g are inserted. Since, however,
only their approximation is available, then an additional consistency error
appears in the right hand side. It is bounded by

. _ Oduog
w107 = ol = | L™ (0 = 25 ) was

+[Vr- (H[a]VrU)HHuz(m}
H3/2(T)

vEH?2=5(D
8du0ﬂ‘

SOl - [[0]] s/2-
on Hs=3/2(T) a )
ou

< Ch*™% ||k [—] ’ 1|l 72-5 (D) -
811 H3/2(I‘) H (D)

Putting these inequalities together proves our final assertion (5.8). (]

5.2.2. Low-rank approximation. We can proceed in two different ways to
compute the two-point correlation function Corg,, given by (4.5)—(4.14). The
first way is a direct solution in the sparse tensor product space as considered
in e.g. [16, 20]. The second way, which is simpler to implement, consists in
computing a low-rank approximation

m
(5.9) Cor,, =~ Z Ki Q@ K;
i=1
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of the two-point correlation function of £(w) in the full tensor product space
Vi, ® V3. With such a low-rank approximation at hand we have

(5.10) Corgy ~ Z du(k;) ® du(k;)
i=1

due to the linearity of the mapping x +— du(k). Hence, it suffices to solve
(5.2)—(5.7) for all k.

Assume that Cor,, € C(I' x I') is continuous, then the discrete version of the
low-rank approximation (5.9) corresponds to the low-rank decomposition

(5.11) CrCp=>
i=1
of the matrix
C = [Cory(xi,%)];,; € R™"
where {x;} are the nodes of the finite element mesh.

The best low-rank approximation (5.9) with respect to L?(I" x T') is given
by the spectral decomposition whose computation requires the knowledge of
the eigenpairs (¢;, A;) of the integral operator

(5.12) (Kru)(x) := ACorH(x,y)u(y) dy, xel.

The decay of the eigenvalues {\;} and thus the length m depends heavily on
the smoothness of Cor,. Related decay rates have been proven in [15, 34].

Algorithm 1: Pivoted Cholesky decomposition

Data: matrix C = [Cor,(x;,%;)];,; € R"*™ and error tolerance € > 0

Result: low-rank approximation C,, = Y ", 2,61 such that
trace(C — C,,) < ¢

begin
set m = 1;
set d := diag(C) and error := ||d||1;
initialize 7 := (1,2,...,n);
while error > ¢ do
set i := argmax{d,, : j =m,m+1,...,n}

swap 7, and 7;;

set U = \/Arp

form+1<i<ndo
m—1
compute ly, 5, = (Cor,.C (Xrm» Xr;) Z Cim Jm>/€mﬂrm5
J=1
update dr, 1= dr, — lm 7 b,
compute error := Z dr;s

i=m+1
increase m :=m + 1;

end




16 HELMUT HARBRECHT AND JINGZHI LI

We use here the pivoted Cholesky decomposition to compute a low-rank
approximation of Cor,, as proposed in [18]. It is a purely algebraic approach
which is quite simple to implement, see Algorithm 1. It produces a low-rank
approximation to C for any given precision € > 0. The approximation error
is rigorously controlled in terms of the trace norm. Exponential convergence
rates can be proven under the assumption that the eigenvalues of C exhibit
a sufficiently fast exponential decay, see [18]. Numerical experiments show
that the pivoted Cholesky decomposition in general converges optimally in
the sense of the rank m being bounded by the number of terms required for
the spectral decomposition of Cor,; to get the error €.

Having the low-rank decomposition (5.9) of the interface perturbation’s two-
point correlation function at hand, the complexity to compute the shape
derivative’s two-point correlation (5.10) is at least m x n, if n denotes the
number of finite elements. Therefore, log-linear complexity in n can only be
achieved if m ~ logn which requires an exponential decay of the spectral
decomposition of the two-point correlation Cor,. This, however, is only
the case if Cory is analytical (cf. [34]). In contrast to that, the sparse grid
approach from [16, 20| produces approximations in log-linear complexity also
for two-point correlation functions of finite smoothness. We refer the reader
to [15] for a more extensive comparison of the spectral decomposition and
the sparse grid approach.

5.2.3. Non-intrusive approach. Instead of computing the local shape deriv-
ative du(k;), we can approximate it by a finite difference. This means that,
for a small h > 0, we replace (5.10) by

1 & = _
(5.13) COI‘du ~ ﬁ Z (UF(I—i-hm-) - u) ® (U’F(I-Hmi) - u),
i=1
where up(4p,,) denotes the solution of the interface problem (2.1)-(2.4) with
respect to the perturbed interface

(I + hk;) == {x + hr;(x)n(x) : x € T'}.

Thus, it is neither necessary to explicitly know the local shape derivative
nor to implement it. In fact, besides the computation of the approximate
expectation u, we need then only the m “samples” upripy,) to calculate
the approximate variance. This therefore constitutes an extremely fast non-
intrusive algorithm in the quantification of domain uncertainties.

6. NUMERICAL EXPERIMENTS AND DISCUSSIONS

6.1. Deterministic vs. Monte Carlo approach. We present some nu-
merical tests to demonstrate our theoretical predictions. Let D := (—1,1)?
be a square of edge length 2 and let

= {xecR?: x| =12}

be a circular interface which subdivides D into the interior domain D~ and
the exterior domain DT. In D7 the diffusion coefficient is set as a™ = 1,
in the interior domain D~ we consider o~ := 2 in our first and o~ := 10 in
our second example.
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We parametrize the interface I" by polar coordinates

_ . _ 1 ]cos(s)

7:00,27] = T, s 7F(s) = 5 [sin(s)} .
Correspondingly, the stochastic interface I'c(w) can be expressed via the
perturbed parametrization

cos(s)] |

)= 70 + en(s,) Gt

Herein, we assume that the stochastic interface perturbation is given by

5
K(s,w) := Z ap(w) cos(ks) + by (w) sin(ks).
k=0

with stochastic coefficients ag(w) and bg(w) being equally distributed in
[—1, 1] and mutually stochastically independent. This leads to the two-point
correlation function
5
1 . .
(6.1) Cory(s,t) = 3 Z cos(ks) cos(kt) + sin(ks) sin(kt).
k=0

For our numerical experiments we choose € = 0.02. Even though ¢ is small
the perturbation is considerably large since the norm ||k (w)]|c2.1 (j0,24)) might
be large.

We determine first the expectation and the variance of random solutions
to this SEIP by a Monte Carlo method, using M = 10000 samples. The
triangulation has to be reconstructed for each sample in order to resolve the
interface exactly. In order to compute the sample mean and variance, we
interpolate the solution to a fixed quadrangular grid with 65 x 65 nodes.
The approximate expectation and variance are depicted in the first row of
Figure 2 for o™ := 2 and Figure 3 for o~ := 10.

In the second row of Figures 2 and 3 the approximate expectation and vari-
ance of our deterministic algorithm is depicted. To ensure a fair comparison,
we interpolated the finite element solutions on the same rectangular mesh as
the Monte Carlo solutions. Notice that the pivoted Cholesky decomposition
computes an exact rank-11 approximation of the two-point correlation (6.1)
since it is of finite rank 11. This means that only 11 shape derivatives need
to be determined to compute the approximate variance.

In the last row of Figures 2 and Figure 3, we plotted the differences of ex-
pectations and variances of both algorithms. We see that the deterministic
approach produces quite accurate approximations except in the direct neigh-
borhood of the reference interface, as predicted by our theory.

6.2. Non-intrusive approach. Our next example is concerned with the
comparison of the shape derivative-based approach (5.10) and the non-intrusive
approach (5.13). The domain D and the interface I' are chosen as in the
previous example while the associated coefficients are set as o~ := 2 and
at = 1. The stochastic perturbation of the interface is assumed to exhibit
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Expectation and variance of the Monte Carlo simulation
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FIGURE 2. Approximate expectation and variation in case of
a =2 and € = 0.02.

the Gaussian two-point correlation

Clx =yl
g

Cor,, = exp

where we consider the choices o = 10, 100, 1000.

We again use the pivoted Cholesky decomposition (Algorithm 1) to compute
the discrete low-rank decomposition (5.11) with a trace error of & = 0.001.
It has the rank m = 17 if ¢ = 10, the rank m = 54 if ¢ = 100, and
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Expectation and variance of the Monte Carlo simulation
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FIGURE 3. Approximate expectation and variation in case of
a =10 and € = 0.02.

the rank m = 171 if ¢ = 1000. The step size h in the finite differences
of (5.13) are chosen as h = 0.001. The resulting approximate two-point
correlations are plotted in Figures 4-6. As these plots demonstrate, the
non-intrusive approach (5.13) produces reasonable approximations of the
solution’s variance while the implementation is extremely simple. Especially,
we observe that influence of the stochastic interface becomes more localized
as o increases, i.e., if the correlation length of the interface perturbation
decreases.
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FIGURE 4. Approximate variations (left: via shape derivative
/ middle: via finite difference / right: difference between the
approaches) in case of the Gaussian kernel with o = 10.

FIGURE 5. Approximate variations (left: via shape derivative
/ middle: via finite difference / right: difference between the
approaches) in case of the Gaussian kernel with o = 100.

FIGURE 6. Approximate variations (left: via shape derivative
/ middle: via finite difference / right: difference between the
approaches) in case of the Gaussian kernel with o = 1000.
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