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Abstract

This work proposes and analyzes a sparse grid stochastic collocation method for solving
elliptic partial differential equations with random coefficients and forcing terms (input data of
the model). This method can be viewed as an extension of the Stochastic Collocation method
proposed in [Babuska-Nobile-Tempone, Technical report, MOX, Dipartimento di Matematica,
2005] which consists of a Galerkin approximation in space and a collocation at the zeros of
suitable tensor product orthogonal polynomials in probability space and naturally leads to the
solution of uncoupled deterministic problems as in the Monte Carlo method. The full tensor
product spaces suffer from the curse of dimensionality since the dimension of the approximating
space grows exponentially fast in the number of random variables. If the number of random
variables is moderately large, this work proposes the use of sparse tensor product spaces uti-
lizing either Clenshaw-Curtis or Gaussian interpolants. For both situations this work provides
rigorous convergence analysis of the fully discrete problem and demonstrates: (sub)-exponential
convergence of the “probability error” in the asymptotic regime and algebraic convergence of the
“probability error” in the pre-asymptotic regime, with respect to the total number of collocation
points. The problem setting in which this procedure is recommended as well as suggestions for
future enhancements to the method are discussed. Numerical examples exemplify the theoretical
results and show the effectiveness of the method.

Key words: Collocation techniques, stochastic PDEs, finite elements, uncertainty quantifica-
tion, sparse grids, Smolyak algorithm, multivariate polynomial interpolation.
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Introduction

Mathematical modeling and computer simulations are nowadays widely used tools to predict the
behavior of physical and engineering problems. Whenever a particular application is considered,
the mathematical models need to be equipped with input data, such as coefficients, forcing terms,
boundary conditions, geometry, etc.

However, in many applications, such input data may be affected by a relatively large amount
of uncertainty. This can be due to an intrinsic variability in the physical system as, for instance,
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in the mechanical properties of many bio-materials, polymeric fluids, or composite materials, the
action of wind or seismic vibrations on civil structures, etc.

In other situations, uncertainty may come from our difficulty in characterizing accurately the
physical system under investigation as in the study of groundwater flows, where the subsurface
properties such as porosity and permeability in an aquifer have to be extrapolated from measure-
ments taken only in few spatial locations.

Such uncertainties can be included in the mathematical model adopting a probabilistic setting,
provided enough information is available for a complete statistical characterization of the physical
system. In this framework, the input data are modeled as random variables, like in the case where
the input coefficients are piecewise constant and random over fixed subdomains, or more generally,
as random fields with a given spatial (or temporal) correlation structure.

Therefore, the goal of the mathematical and computational analysis becomes the prediction
of statistical moments (mean value, variance, covariance, etc.) or even the whole probability dis-
tribution of some responses of the system (quantities of physical interest), given the probability
distribution of the input random data.

A random field can often be expanded as an infinite combination of random variables by means,
for instance of the so called Karhunen-Loeve [23] or Polynomial Chaos (PC) expansions [34, 38].
Although it is properly described only by means of an infinite number of random variables, whenever
the realizations are slowly varying in space, with a correlation length comparable to the size of the
domain, only a few terms in the above mentioned expansion are typically needed to describe the
random field with sufficient accuracy. Therefore, for this type of application, it is reasonable to
limit the analysis to just a few random variables in the expansion (see e.g. [2,16]).

In this work we focus on elliptic partial differential equations whose coefficients and forcing
terms are described by a finite dimensional random vector (finite dimensional noise assumption,
cf. Section 1.1), either because the problem itself can be described by a finite number of random
variables or because the input coefficients are modeled as truncated random fields.

The most popular approach to solve mathematical problems in a probabilistic setting is the
Monte Carlo method (see e.g. [15] and references therein). The Monte Carlo method is easy to
implement and allows one to reuse available deterministic codes. Yet, the convergence rate is
typically very slow, although with a mild dependence on the number on sampled random variables.

In the last few years, other approaches have been proposed, which in certain situations feature
a much faster convergence rate. We mention, among others, the Spectral Galerkin method [4,
5,16, 19,22, 25,29, 37], Stochastic Collocation [3,24, 31, 36], perturbation methods or Neumann
expansions [1,17,20, 32, 35].

For certain classes of problems, the solution may have a very regular dependence on the input
random variables. For instance, it was shown in [3] and [4] that the solution of a linear elliptic PDE
with diffusivity coefficient and/or forcing term described as truncated expansions of random fields
is analytic in the input random variables. In such situations, Spectral Galerkin or Stochastic Col-
location methods based on orthogonal tensor product polynomials feature a very fast convergence
rate.

In particular, our earlier work [3] proposed a Stochastic Collocation/Finite Element method
based on standard finite element approximations in space and a collocation on a tensor grid built
upon the zeros of orthogonal polynomials with respect to the joint probability density function of
the input random variables. It was shown that for an elliptic PDE the error converges exponentially
fast with respect to the number of points employed in each probability direction.

The Stochastic Collocation can be easily implemented and leads naturally to the solution of
uncoupled deterministic problems as for the Monte Carlo method, even in presence of input data
which depend nonlinearly on the driving random variables. It can also treat efficiently the case



of non independent random variables with the introduction of an auxiliary density and handle for
instance cases with lognormal diffusivity coefficient, which is not bounded in 2 x D but that has
bounded realizations.

When the number of input random variables is small, Stochastic Collocation is a very effective
numerical tool.

On the other hand, approximations based on tensor product spaces suffer from the curse of
dimensionality since the number of collocation points in a tensor grid grows exponentially fast in
the number of input random variables.

If the number of random variables is moderately large, one should rather consider sparse tensor
product spaces as first proposed by Smolyak [30] and further investigated by e.g. [6,16,18,36], which
will be the primary focus of this paper. The use of sparse grids allows one to reduce dramatically
the number of collocation points, while preserving a high level of accuracy.

Motivated by the above, this work analyzes a sparse grid Stochastic Collocation method for solv-
ing elliptic partial differential equations whose coefficients or forcing terms are described through a
finite number of random variables. The sparse tensor product grids are built upon either Clenshaw-
Curtis or Gaussian abscissas. For both situations this work provides a rigorous convergence analysis
of the fully discrete problem and demonstrates (sub)-exponential convergence of the “probability
error” in the asymptotic regime and algebraic convergence of the “probability error” in the pre-
asymptotic regime, with respect to the total number of collocation points used in the sparse grid.
This work also addresses the case where the input random variables come from suitably truncated
expansions of random fields and discusses how the size of the sparse grid can be algebraically related
to the number of random variables retained in the expansion in order to have a discretization error
of the same order as that of the error due to the truncation of the input random fields.

The problem setting in which the sparse grid Stochastic Collocation method is recommended
as well as suggestions for future enhancements to the method are discussed.

The outline of the paper is the following: in Section 1 we introduce the mathematical problem
and the main notation used throughout. In section 2 we focus on applications to linear elliptic PDEs
with random input data. In Section 3 we provide an overview of various collocation techniques and
describe the sparse approximation method to be considered as well as the different interpolation
techniques to be employed. In Section 4 we provide a complete error analysis of the method
considered. Finally, in Section 5 we present some numerical results showing the effectiveness of the
proposed method.

1 Problem setting

We begin by focusing our attention on an elliptic operator £, linear or nonlinear, on a domain
D C R%, which depends on some coefficients a(w, ) with € D, w € Q and (2, F, P) a complete
probability space. Here Q2 is the set of outcomes, F C 2% is the o-algebra of events and P : F — [0, 1]
is a probability measure. Similarly the forcing term f = f(w, ) can be assumed random as well.
Consider the stochastic elliptic boundary value problem: find a random function, u : QxD — R,
such that P-almost everywhere in €2, or in other words almost surely (a.s.), the following equation
holds:
L(a)(u)=f inD (1.1)

equipped with suitable boundary conditions. Before introducing some assumptions we denote by
W (D) a Banach space of functions v : D — R and define, for ¢ € [1, 0], the stochastic Banach



spaces
LL(Q; W (D)) = {v : Q2 — W(D) | v is strongly measurable and /Q llv(w, ~)||‘{/V(D)dP(w) < +oo}
and

LE(Q;W(D)) = {v : Q — W(D) | v is strongly measurable and P — ess sup ||v(w, -)H%,V(D) < +oo} .
we

Of particular interest is the space L%(€2; W (D)), consisting of Banach valued functions that have
finite second moments.
We will now make the following assumptions:

A1) the solution to (1.1) has realizations in the Banach space W (D), i.e. u(-,w) € W(D) almost
surely and Yw €
[u( )llw oy < ClIFC@)llw= (o)

where we denote W*(D) to be the dual space of W (D), and C is a constant independent of
the realization w € €.

As) the forcing term f € L%(Q;W*(D)) is such that the solution u is unique and bounded in
Lp(Q;W(D)).

Here we give two example problems that are posed in this setting:
Example 1.1 The linear problem

{ —V - (a(w, ) Vu(w,")) = flw,-) in Q x D, 12)

u(w,-) =0 on Q x 9D,
with a(w, ) uniformly bounded and coercive, i.e.
there exists Gmin, Gmaz € (0, +00) such that P(w € Q: a(w,z) € [amin, Gmaz) ¥x € D) =1

and f(w,-) square integrable with respect to P, satisfies assumptions Ay and Ay with W(D) =
Hy(D) (see [3]).

Example 1.2 Similarly, for k € NT, the nonlinear problem

(1.3)

—V - (a(w, ) Vu(w, ) + u(w, )|u(w, )| = flw,") inQxD,
u(w,) =0 onQ xaoD,

with a(w, +) uniformly bounded and coercive and f(w,-) square integrable with respect to P, satisfies

assumptions Ay and Ay with W (D) = H (D) N LET2(D) (see [26]).

1.1 On Finite Dimensional Noise

In some applications, the coefficient a and the forcing term f appearing in (1.1) can be described
by a random vector [Y7,...,Yy] : © — RV as in the following examples. In such cases, we will
emphasize such dependence by writing ay and fy.



Example 1.3 (Piecewise constant random fields) Let us consider again problem (1.2) where
the physical domain D is the union of non-overlapping subdomains D;, i =1,...,N. We consider
a diffusion coefficient that is piecewise constant and random on each subdomain, i.e.

N
an(w, ) = amin + Zo—i Yi(w)lp,(x).
i=1
Here 1p, is the indicator function of the set D;, i, amin are positive constants, and the random

variables Y; are nonnegative with unit variance.

In other applications the coefficients and forcing terms in (1.1) may have other type of spatial
variation that is amenable to describe by an expansion. Depending on the decay of such expansion
and the desired accuracy in our computations we may retain just the first N terms.

Example 1.4 (Karhunen-Loéve expansion) We recall that any second order random field g(w, x),
with continuous covariance function covlg] : D x D — R, can be represented as an infinite sum of
random variables, by means, for instance, of a Karhunen-Loéve expansion [23]. For mutually un-
correlated real random variables {Y;(w)}2, with zero mean and unit variance, i.e. E[Y;] =0 and
EY;Y;] = 0i; fori,j € Ny we let

9(w,z) = Elgl(z) + Z VAibi(@) Yi(w)

where {\;}22, is a sequence of non-negative decreasing eigenvalues and {b;}5°, the corresponding
sequence of orthonormal eigenfunctions satisfying

Tgbi = \;b;, (bi, bj)L2(D) = (Sz'j for i,5 € N,

The compact and self-adjoint operator T, : L*(D) — L*(D) is defined by
Tyvu() = / covlg](z,-)v(z)dz Vv € L*(D).
D

The truncated Karhunen-Loéve expansion gy, of the stochastic function g, is defined by

N
gn(w, ) = Elgl(x) + Y _ v/ Aibi(z) Yi(w) VN €N,
=1

The infinite random variables are uniquely determined by

1
v
Then by Mercer’s theorem (cf [28, p. 245]), it follows that

Jim_ {s%pE (g~ gN)z]} = Jim_ {S%p ( > M)?) } =0.

i=N+1

Vi(w) =

/ (9(w,z) — E[gl(x)) bi(x) dz.
D

Observe that the N random wvariables in (1.4), describing the random data, are then weighted
differently due to the decay of the eigen-pairs of the Karhunen-Loéve expansion. The decay of
eigenvalues and eigenvectors has been investigated e.g. in the works [16] and [32].



The above examples motivate us to consider problems whose coefficients are described by finitely
many random variables. Thus, we will seek a random field uy : Q@ x D — R, such that a.s., the
following equation holds:

[,(CLN)(U,N) = fN in D, (1.4)

We assume that equation (1.4) admits a unique solution uy € L%(Q; W (D)). We then have, by
the Doob-Dynkin’s lemma (cf. [27]), that the solution ux of the stochastic elliptic boundary value
problem (1.4) can be described by uy = uy(w,x) = un(Yi(w),...,¥Yn(w),z). We underline that
the coefficients ay and fy in (1.4) may be an exact representation of the input data as in Example
1.3 or a suitable truncation of the input data as in Example 1.4. In the latter case, the solution uy
will also be an approximation of the exact solution u in (1.1) and the truncation error u — uy has
to be properly estimated, see section 4.2.

Remark 1.5 (Nonlinear coefficients) In certain cases, one may need to ensure qualitative prop-
erties on the coefficients ay and fy and may be worth while to describe them as nonlinear functions
of Y. Forinstance, in Example 1.1 one is required to enforce positiveness on the coefficient ay(w, ),
say an(w, ) > amin for all x € D, a.s. in Q. Then a better choice is to expand log(an — amin)-
The following standard transformation guarantees that the diffusivity coefficient is bounded away
from zero almost surely

log(an — amin)(w, ) =bo(z) + >V Anbn (7)Y (w), (1.5)

1<n<N

i.e. one performs a Karhunen-Loéve expansion for log(an — Gmin), assuming that an > Gmin
almost surely. On the other hand, the right hand side of (1.4) can be represented as a truncated
Karhunen-Loéve expansion

In(w,z) = cox) + Z VinCn ()Y (w).

1<n<N

Remark 1.6 It is usual to have fy and ay independent, because the forcing terms and the param-
eters in the operator L are seldom related. In such a situation we have an(Y (w),z) = an(Ya(w), z)
and fn(Y (w),x) = fn(Yi(w),z), with Y = [Y,,Yy] and the vectors Yo, Yy are independent.

For this work we denote I';, = Y,,(Q2) the image of Y,,, where we assume Y,,(w) to be bounded.
Without loss of generality we can assume T, = [=1,1]. We also let TV = [])_, T, and assume
that the random variables [Y1,Ys,...,Y,] have a joint probability density function p : TV — Ry,
with p € L>°(I'V). Thus, the goal is to approximate the function uy = un(y,z), for any y € T'V
and x € D. (see [3], [4])

Remark 1.7 (Unbounded Random Variables) By using a similar approach to the work [3]
we can easily deal with unbounded random variables, such as Gaussian or exponential ones. For
the sake of simplicity in the presentation we focus our study on bounded random variables only.

1.2 Regularity

Before discussing various collocation techniques and going through the convergence analysis of such
methods, we need to state some regularity assumptions on the data of the problem and consequent
regularity results for the exact solution uy. We will perform a one-dimensional analysis in each
direction y,, n = 1,..., N. For this, we introduce the following notation: I'} = Hlle L, vy, will

VE
denote an arbitrary element of I} . We require the solution to problem (1.1) to satisfy the following
estimate:



Assumption 1.8 For each y, € T, there exists 7, > 0 such that the function un(yn,y),z) as a
function of y,, uy : Ty — CO(T%; W (D)) admits an analytic extension u(z,y),z), z € C, in the
region of the complex plane

Y(Tp;mn) ={z€C, dist(z,Ty) < 1,}. (1.6)

Moreover, Vz € ¥(I'y; ),
lun(2)llcorsw(py) < A (1.7)

with X\ a constant independent of n.

The previous assumption should be verified for each particular application. In particular, this
has implications on the allowed regularity of the input data, e.g. coefficients, loads, etc., of the
stochastic PDE under study. In the next section we recall some theoretical results, which were
proved in [3, Section 3], for the linear problem introduced in Example 1.1.

2 Applications to linear elliptic PDEs with random input data

In this section we give more details concerning the linear problem described in Example 1.1. Prob-
lem (1.2) can be written in a weak form as: find u € L%(£2; H}(D)) such that

/E[aVu-Vv]dz:/ E[fvldz Vv e LH(Q; Hy(D)). (2.1)
D D

A straightforward application of the Lax-Milgram theorem allows one to state the well posedness
of problem (2.1). Moreover, the following a priori estimates hold

lull 2Dy < (w, M2y as. (2.2)

1/2
lllgisumgion < o ( [ ELPI) (2.3

where Cp denotes the constant appearing in the Poincaré inequality:

and

lwll 20y < CrlIVwlipzpy — Yw € Hy(D).

Once we have the input random fields described by a finite set of random variables, i.e. a(w,z) =
an(Yi(w),...,Yn(w),x), and similarly for f(w, ), the ”finite dimensional” version of the stochastic
variational formulation (2.1) has a “deterministic” equivalent which is the following: find uy €
L%(FN; HZ (D)) such that

/FNp(anuN,vv)LQ(D) dy:/r p (fn,v)r2py dy, Vv € LATN; Hy(D)). (2.4)

Observe that in this work the gradient notation, V, always means differentiation with respect to
x € D only, unless otherwise stated. The stochastic boundary value problem (2.1) now becomes
a deterministic Dirichlet boundary value problem for an elliptic partial differential equation with
an N —dimensional parameter. For convenience, we consider the solution uy as a function uy :
'V — H}(D) and we use the notation ux(y) whenever we want to highlight the dependence on



the parameter y. We use similar notations for the coefficient a and the forcing term fy. Then, it
can be shown that problem (2.1) is equivalent to

/DaN(y)VuN(y) -Vodr = /D In()pdz, Yo e HYD), p-ae. in TV, (2.5)

For our convenience, we will suppose that the coefficient ay and the forcing term fy admit a
smooth extension on the p-zero measure sets. Then, equation (2.5) can be extended a.e. in 'V
with respect to the Lebesgue measure (instead of the measure pdy).

It has been proved in [3] that problem (2.5) satisfies the analyticity result stated in Assumption
1.8. For instance, if we take the diffusivity coefficient as in Example 1.3 and a deterministic load
the size of the analyticity region is given by

Amin
= . 2.6
Tn 4o, ( )

On the other hand, if we take the diffusivity coefficient as a truncated expansion like in Remark

1.5, then the analyticity region X (T',;7,) is given by

1
Tn =
4y /\n||anL°°(D)

(2.7)

Observe that, in the latter case, as v/Ay||by || foo(py — 0 for a regular enough covariance function (see
[16]) the analyticity region increases as n increases. This fact introduces, naturally, an anisotropic
behavior with respect to the “direction” n. This effect will not be exploited in the numerical
methods proposed in the next sections but is the subject of ongoing research.

3 Collocation techniques

We seek a numerical approximation to the exact solution of (1.4) in a suitable finite dimensional
subspace. To describe such a subspace properly, we introduce some standard approximation sub-
spaces, namely:

e Wi(D) C W(D) is a standard finite element space of dimension N}, which contains con-
tinuous piecewise polynomials defined on regular triangulations 7; that have a maximum
mesh-spacing parameter A > 0. We suppose that W}, has the following deterministic approx-
imability property: for a given function ¢ € W (D),

i - < C(s;¢)h®, 3.1
Ue%f(’m”s" vllwpy < C(s;0) (3.1)

where s is a positive integer determined by the smoothness of ¢ and the degree of the ap-
proximating finite element subspace and C(s; ¢) is independent of h.

Example 3.1 Let D be a convex polygonal domain and W (D) = HE(D). For piecewise
linear finite element subspaces we have

Uervnvi?p) le = vllmipy < chllellmzp)-

That is, s = 1 and C(s; ) = [|¢llg2(py, see for example [§].



We will also assume that there exists a finite element operator 7y, : W (D) — Wy (D) with the
optimality condition

o — mhellw(py < vaervnvir(lD) I = vllwpy, Ve € W(D), (3.2)

where the constant C; is independent of the mesh size h.
o P,(I'V) C L%(FN) is the span of tensor product polynomials with degree at most p = (p1,...,pn)
ie. Po(TN) = N, P, (), with
Py, (Tn) =span(y, k=0,...,p,), n=1,...,N.

Hence the dimension of P,(I'N) is N, = [T_, (pn + 1).

Stochastic collocation entails the sampling of approximate values Trun (yx) = ub (yx) € Wi (D), to
the solution uy of (1.4) on a suitable set of abscissas y € I'V.

Example 3.2 If we examine the linear PDE for example, then we introduce the semi-discrete
approzximation u;LV : TN — Wy (D), obtained by projecting equation (2.5) onto the subspace Wy (D),
for each y € TN, i.e.

/D aN(y)VuéV(y) -Vopdr = /D In@W)ondx, Non € Wi(D), for a.e. yé€ V. (3.3)

Notice that the finite element functions u} (y) satisfy the optimality condition (3.2), for ally € T'V.

Then the construction of a fully discrete approximation, u} » € CoUTN; Wy(D)), is based on a
suitable interpolation of the sampled values. That is

k

where, for instance, the functions li can be taken as the Lagrange polynomials (see Section 3.1 and
3.2).
This formulation can be used to compute the mean value or variance of u, as:

TN

Blu) ~ @ = 3wl (g, ) / 2 (y)o(y)dy
k

and

_N\2
Varlul(e) = 37 (uif (o)~ 58)° [ Bty
. r
Several choices are possible for the interpolation points. We will discuss two of them, namely
Clenshaw-Curtis and Gaussian in Sections 3.2.1 and 3.2.2 respectively. Regardless of the choice
of interpolating knots, the interpolation can be constructed by using either full tensor product
polynomials, see Section 3.1, or the space of sparse polynomials, see Section 3.2.



3.1 Full tensor product interpolation

In this section we briefly recall interpolation based on Lagrange polynomials. Let ¢ € N, and
{yi... .yl } C [—1,1] be a sequence of abscissas for Lagrange interpolation on [—1, 1].

For w € CO(I''; W (D)) and N = 1 we introduce a sequence of one-dimensional Lagrange inter-
polation operators % : C°(T'Y; W(D)) — V,,, (TY; W(D))

Z Ai(y), VYue T wW(D)), (3.5)
where l; € Ppm,—1(I'!) are Lagrange polynomials of degree p; = m; — 1 and

Vi (TH W(D)) = {u € C(r'; w(D)) Em: ), {ox}i, € W(D )}

k=1

Here of course we have, for i € N,

: T (v—ui)

li(y) = Y

’ E (yj - yk)
k#j

and formula (3.5) reproduces exactly all polynomials of degree less than m;. Now, in the multivari-
ate case N > 1, for each u € CO(I'V; W(D)) and the multi-index i = (i1,...,in) € N we define
the full tensor product interpolation formulas

m11 TTLZN

Nu(y) = (%" © - @ U™) =S () (Beeny). (36)

Jj1=1 Jjn=1

Clearly, the above product needs (m;, - - - m;, ) function values, sampled on a grid. These formulas
will also be used as the building blocks for the Smolyak method, described next.

3.2 The Smolyak method

Here we follow closely the work [7] and describe the Smolyak isotropic formulas </ (q, N). The
Smolyak formulas are just linear combinations of product formulas (3.6) with the following key
properties: only products with a relatively small number of knots are used and the linear combi-
nation is chosen in such a way that an interpolation property for N = 1 is preserved for N > 1.
With %% = 0 define
A=t -t (3.7)
for i € Ny. Moreover, we put |i| =iy + -+ + iy for i = (i1,42,...,in) € Nf. Then the Smolyak
algorithm is given by
(¢, N)=>_ (A" @@ A) (3.8)
lil<q

for integers ¢ > N. Equivalently, formula (3.8) can be written as (see [33])

IR SNl (i RCAE BT AN (39)

g—N+1<[i|<q a— Il

10



To compute 27 (q, N)(u), one only needs to know function values on the ”sparse grid”

A, N)= ) ("% xo) (3.10)
q—N+1<]i[<q

where ¥ = {yi, e ,yﬁm} C [~1,1] denotes the set of points used by %*. Note that the Smolyak
algorithm, as presented, is isotropic and we will later discuss possible improvements that can be
made to further reduce the number of points used to compute Z*.

3.2.1 Clenshaw-Curtis Formulas

We first suggest to use the Smolyak algorithm based on polynomial interpolation at the extrema
of Chebyshev polynomials. For any choice of m; > 1 these knots are given by

, w(j—1 .
y; = —cos (M), j=1,....,m;. (3.11)

In addition, we define y¢ = 0 if m; = 1. It remains to specify the numbers m; of knots that
are used in formulas %*. In order to obtain nested sets of points, i.e., ¥ C ¥+ and thereby
H(q,N) C #(q+ 1,N), we choose

my =1and m; =271 41, fori > 1. (3.12)

For such a choice of m; we arrive at Clenshaw-Curtis formulas, see [10]. It is important to choose
mq = 1 if we are interested in optimal approximation in relatively large N, because in all other
cases the number of points used by 7 (¢, N) increases too fast with N.

A variant of the Clenshaw-Curtis formulas are the Filippi formulas in which the abscissas at the
boundary of the interval are omitted [18]. In either case the degree m; — 1 of exactness is obtained.

3.2.2 Gaussian formulas

We also propose to apply the Smolyak formulas based on polynomial interpolation at the zeros of
the orthogonal polynomials with respect to a weight p. This naturally leads to the Gauss formulas
that have a maximum degree of exactness of 2m; — 1. However, these Gauss-Legendre formulas are
in general not nested. Regardless, as in the Clenshaw-Curtis case, we choose

mlzlandmi:T_l—l—l, for i > 1.

The natural choice of the weight p should be the probability density of the random variables Y;(w)
for all 7. Yet, in the general multivariate case, if the random variables Y; are not independent, the
density p does not factorize, i.e.

N
Pyt yn) # [ po(yn)-

n=1

To this end, we first introduce an auxiliary probability density function p: 'V — R* that can be
seen as the joint probability of N independent random variables, i.e. it factorizes as

N
YLy -y Yn) = H pn(yn), YyeTV, and is such that HpA < 00. (3.13)
n=1 PllLee(ry)
For each dimension n = 1,..., N let the m, Gaussian abscissas be the roots of the m, degree

polynomial that is p,-orthogonal to all polynomials of degree m,, — 1 on the interval [—1,1].

11



4 Error analysis

Collocation methods can be used to approximate the solution uy € CO(I'V; W (D)) using finitely
many function values. By Assumption 1.8, uy admits an analytic extension. Further, each func-

tion value will be computed by means of a finite element technique. We define the numerical

approximation uhN p= o (q, N)mpuy. Our aim is to give a priori estimates for the total error

e:u—uhN,p:u—,@f(q,N)TrhuN

where the operator o/ (q, N) is described by (3.8) and m, is the finite element projection operator
described by (3.2). We will investigate the error

lu— (g, N)mhun|| < [lu —un|| + ux = mhunl] + |7 (un — 7 (g, N)un)|| (4.1)
(1) (1) (I11)

evaluated in the natural norm L%(Q; W (D)). Since the error functions in (I1) and (I11) are finite
dimensional the natural norm is equivalent to L%(FN ;W(D)). By controlling the error in this
natural norm we also control the error in the expected value of the solution, for example:

HE[U o uhN,pmw(D) <E [Hu o uhN,pHW(D)} < Hu o uthHL%(Q;W(D)) :

The quantity () controls the truncation error for the case where the input data ay and fy are
suitable truncations of random fields. This contribution to the total error will be considered in
Section 4.2. The quantity (I) is otherwise zero if the representation of ay and fy is exact, as
in Example 1.3. The second term (II) controls the convergence with respect to h, i.e. the finite
element error, which will be dictated by standard approximability properties of the finite element
space Wp,(D), given by (3.1), and the regularity in space of the solution u (see e.g. [8,9]). Specifically,

1/2
lun — mhun||pz@evw(py) < Crh? < C(s;u)*p(y) dy)

N

by the finite element approximability property (3.1).

The full tensor product convergence results are given by [3, Theorem 1] and therefore, we will
only concern ourselves with the convergence results when implementing the Smolyak algorithm
described in Section 3.2. Namely, our primary concern will be to analyze the interpolation error
(II1)

17 (un = (g, N)un)ll 2 ovw(py) < Cr llun = (4, N)un || aonwpy)
where C; is defined by the finite element optimality condition (3.2). Hence, in the next sections
we estimate the interpolation error

lun = (g N)un |l 2 onw (D)) -
for both the Clenshaw-Curtis and Gaussian versions of the Smolyak algorithm.

4.1 Analysis of the interpolation error

There are techniques to get error bounds for Smolyak’s algorithm for N > 1 from those for the case
N = 1. Therefore, we first address the case N = 1. Let us first recall the best approximation error
for a function v : I'' — W(D) which admits an analytic extension in the region X(T'';7) = {z €

12



C, dist(z,I') < 7} of the complex plane, for some 7 > 0. We will still denote the extension by v;
in this case, 7 represents the distance between I'' C R and the nearest singularity of v(z) in the
complex plane. Since we assume I'! = [~1, 1] and hence bounded, we present the following result,
whose proof can be found in [3, Lemma 7] and which is an immediate extension of the result given
in [12, Chapter 7, Section 8|:

Lemma 4.1 Given a function v € C°(T'Y; W(D)) which admits an analytic extension in the region
of the complex plane X(I'Y;7) = {2 € C, dist(z,T'Y) < 1} for some T > 0, there holds

— 2 milog(o)
En, = wréle/gz lv— "LUHCO(Fl;W(D)) < 0 16 zerzn(%}f;‘r) ||U(Z)HW(D)

27 472
wher61<gzﬁ—|— 1+W.

Remark 4.2 (Approximation with unbounded random variables) A related result with
weighted norms holds for unbounded random variables whose probability density decays as the Gaus-
sian density at infinity (see [3]).

In the multidimensional case, the size of the analyticity region will depend, in general, on the
direction n and it will be denoted by 7,, as in (2.7). The same holds for the decay coefficient g,.
In what follows, we set

0= mgn On- (4.2)

As stated in Section 3.2, the Smolyak construction treats all directions equally and is therefore
an isotropic algorithm. Moreover, the convergence analysis presented in Sections 4.1.1 and 4.1.2
does not exploit possible anisotropic behaviors of problem (1.1). Therefore, we can expect a slower
convergence rate for such problems that exhibit strong anisotropic effects. See Section 5 where we
explore numerically the consequences of introducing an anisotropy into the model problem described
by Example 1.1.

Example 4.3 For the linear problem described in Section 2 it was shown in the work [3] that for
a multi-index p = (p1,...,PN), a tensor product polynomial interpolation on Gaussian abscissas
achieves exponential convergence in each direction Y, and the error can be bounded as

N
lun = Iy unll 2ovaw oy < € > on PN (4.3)

n=1

The constant C in (4.3) is independent of N and, using (2.7), we have

2T, 47,2
O W RATER e
o n (4.4)
n
> 14 22
)

where T, can be estimated e.g. as in (2.6) and (2.7).
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4.1.1 Clenshaw-Curtis interpolation estimates

In this section we develop error estimates for interpolating functions v € C°(I'V; W (D)) that admit
an analytic extension as described by Assumption 1.8 using the Smolyak formulations based on the
choice (3.11) and (3.12) described in Section 3.2.1. We remind the reader that in the global estimate
(4.1) we need to bound the interpolation error (II7) in the L?)(I‘N; W (D)) norm. Yet, this norm is
always bounded by the L>°(T'V; W (D)). Namely, for all v € L>(T'V; W (D)) we have

[ollLzoovw (o)) < 10l o (py)-

In our notation the norm || - ||oo v is shorthand for || - || oo oy, (py) and will be used henceforth.

We also define Iy : 'V — T'V as the identity operator on an N-dimensional space.
We begin by letting E,,, be the error of the best approximation to functions u € C°(I'l; W(D))
by functions w € V,,,. Similarly to [7], since %" is exact on V,,,,_1 we can apply the general formula

lu— 2 ()|, < Bwr(w) - (1+ A,) (4.5)

where A,, is the Lebesgue constant for our choice (3.11). It is known that
2
Ay < —log(m—1)+1 (4.6)
T

for m > 2, see [13].
Using Lemma 4.1, the best approximation to functions v € C°(I''; W (D)) that admit an analytic
extension as described by Assumption 1.8 is bounded by:

B (u) <Co™™ (4.7)
where C' is a constant dependent on 7 defined in Lemma 4.1. Hence (4.5)-(4.7) implies

|5 = 2w, < C loglmi)o™ < Cig™®,

i—1

[, =l - 2w, <t - 29w, + 6 - 2w, < Bie™
for all ¢ € N} with positive constants C' and E depending on u but not on 1.

Lemma 4.4 For functions u € L%(FN;W(D)) that admit an analytic extension as described by
Assumption 1.8 we obtain

_p(a,N)
2

I(In — (0, N)) (@) vy < CF™ Wa, N)o (18)
where oV _
plg, N) i= { 2\22— N; log(2) - 2%, Zﬁgeiwzzi’ (4.9)
1 if N=1
Wlg, N) = { min {q2N—1, 7 eq2} otherwise, (4.10)

and x = (71—1;1;%()2)).
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Proof. First we define, for j > 1 and s > d, the two functions

f(s.9) = (jZS/j + 2q_N+j+2—s>

DN | =

and '
J
g(s,j) = Z HZ’I’Z
’L’GN_F,H‘:STb:l

We begin by claiming that

- q—N+j
[(In — </ (q,N)) (u) <CZEJ > gl )@= N+j+1-s5)g D
s=J

+(h = (g=N+1,1)) ()]l n (411)

where, for the trivial case, we get

—N+1 _9a—N+1

(I =27 (¢ = N + 1, 1)) (W)l v = (I = 2N ()| y < Cla=N+1)0™> " < Cqo

This error estimate is computed inductively. For N > 1 we use recursively,

N
Ingr = (g + LN +1) = Inp = ) (@ Al @ @/mm)

lii<q \n=1

= <®N"®( —w ')) +(In = (¢, N)) & .

lij<g \n=1
Furthermore,
N
> (@ (1) )
lil<g \n=1 oy
< Z H H A’” OO7N H(Il _q/q—irl—\i\)(u)H .
li|l<q n=1 o0,
< C'ENZ (H ) Spm1 2T 1(q+17 |i|)Q_2q+1—\iI
lij<g \n=1
N
< CEN Z (H ) q+17‘ ’) (N2|i|/N+2q+27\i\)
||<q =1

<CEN Z 9(s,N) (g +1—5) g /N

where we have used the convexity estimate

o 27127:1 2in < Q_NQ\iI/N
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Then, by the inductive assumption (4.11),

- q—N+j
((In — (g, N)) @ I) (u <CZEJ Y g(s) (@ N+j+1—5) 0 6D
s=j

+ H(Il = (q=N+1,1) (W)l -
Therefore,

a—N+j
[(Ins1— (g +1,N+1))(u <CZE] Z 9(s,5) (=N +j+1—s) g7
5=j

+ ||(11 — (= N+1L1)) (w0 n-

and (4.11) is proved. Set F' = max{l, E} to obtain

N-1 g—N+j
I(Iy = (g, N)) (Wl on < C Y (max{L,EDNY > g(s,5) (g = N+j+1—5) o /9
Jj=1 s=j
+ (= (g =N+ 1, 1)) ()]l n
N—-1q—N+j ‘ (412)
SCFYY > gls, )@= N+j+1-s)0 09
j=1 s=j

+1(h = (g =N+ 1,1))(w)l| o -

We now turn our attention to finding a maximum for o~/(*9) on the set {(s,7) : j < s <
g—N+j and 1 <j <N —1}. Clearly

gﬁ (28/] - 2qu+j+27s> 10g<2) -0

(q N+1)

implies that s = s(j) = j + 2 , which satisfies for any j € N,

j<s(j)<qg—-N+1+j.
Hence,

max fo(jvs) — fo(]vs(.]))
J<s<q—N+j

< Q—h(j)

where h(j) = (j 4 1)20@=N+D/G+D | Then we get

dh _ w1 (@= N+ Dlog(2) _
dj j+1

which yields j = (¢ — N + 1)log(2) — 1. For ¢ sufficiently large, the minimum of h(j) falls outside
the interval [1, N — 1] and the function h(j) is decreasing on this interval. Therefore, there are two
cases to consider. The first being the situation when ¢ > N <11+()§(";2()2 )) = Ny and the second when
N < g < Ny. In either case

—h(j) — ,—p(¢N)
max = ,
1<j<N-1 ¢ ¢
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hence
max o 1U®) < pP@N)
1<G<N—1
J<s<q—N+j

In conclusion we have, for ¢ > N

N—-1qg—N+j
I = /(0 V) Ol < CFY0™ 0N 525 glaa=Ngeizs)
= CFNp PN H‘f‘”(ll_d(q_N"i_l?l))(u)Hoo,N
and
N—-1qg—N+j
k=Y > gls,)g-N+j+1-5)
j=1 s=j
N—1¢—N+j J
= (q—N+j+1—8) Z (Hln>
j=1 s=j e Jijl=s \n=1
N—-1g—N+j ‘1‘ J
< (@=N+j+1-s5 > <)
j=1 s=j €N, Jil=s J
N—-1q—N+j J
-1
_ (q—N+j+1—s)<8,> ("Qi >
L L J) \Ju—1
j=1 s=j (414)
N—-1qg—N+j 1
g—N+j\ (s—1)"
(g— N +1) > < . )
= = j (=1t
N—-1
- N 1
<(0— N +1)g Z ppla= N+t
—~ (7 —1)!
N-—1
(¢—1)%!
< (g _ _ \g— =~ -
<(g—N+1)(q N)Z G — 1)
7j=1
N-2 27
qg— 1)~
=N+ D= V- Y P
7=0 '

—1)25 _1)2N-2
Since the sum Z;V;f (g jl!) ’ can be bounded by ela=1? or by %, then in either case k <

U(q, N). Finally, from (4.12) and using (4.13) and (4.14) we conclude that

p(q,N) 2¢4—N+1

(I = (q, N)) (W) oy < CFN W(g, N)o™ 2 + 07 - (4.15)

We also observe that U(q, N) > 1 and by straightforward calculations

g > PNy g

to conclude that . )
T < w(g, N)e 8
and this completes the proof. O
Now we relate the number of collocation points n = n(q, N) = #.(q, N) to the level g of the

Smolyak algorithm. We state the result in the following lemma.
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Lemma 4.5 Using the Smolyak interpolant described by (3.8) where the abscissas are the Clenshaw-
Curtis knots, described in Section 3.2.1, the total number of points required at level q satisfies the
following bounds:

24¢N

20N+l << =2
==V o)

(4.16)
Proof. The proof follows immediately but will be shown for completeness. By using formula
(3.8) and exploiting the nested structure of the Clenshaw-Curtis abscissas the number of points
n =n(q, N) = #7(q, N) can be counted in the following way:

N 1 ifi=1
n= Z H 7(in), where r(i) := ¢ 2 iti=2 . (4.17)
lij<q n=1 20=2 if § > 2
If we take iy = ip = ... =iy_1 = 1 then to satisfy the constraint |i|] < ¢ we required iy < ¢— N +1.

Then we get

N a 1 j
91-N-1 < — Z Hr(zn) < Z 2lil < Z ZZj - Z2j(]<f_—11>

li|<g n=1 lil<q J=N [i|=j j=N
q N-1
(¢—1)
< 24
e

q,N
P A
—(N-=1)!

which completes the proof. ]

The next Theorem relates the error bound (4.8) to the number of collocation points n =
n(q, N) = #5(q, N), described by Lemma 4.5.

Theorem 4.6 Assume the conditions of Lemma 4.4 and Lemma 4.5, and define the function
v(n,N) =logy(n) + N + 1,

then for N < g < Ny

(2y(n, N))N ) 7 losl0) (4.18)

Uy = (g, N)) (Wl 2 ov (D) < CFN W(v(n,N),N) < W (N — 1)

and for ¢ > Nx

_NN_1)L/N /N
(I = (g, N)) (@ oy < CFY (y(n, N), N) o~ =I5, (4.19)

where © = 2X and n = n(q, N) is the number of knots that are used by </ (q, N) and ¥ was defined
n (4.10).

Proof. Recall that the error bound will be separated into two estimates depending on the domain
of definition of (4.9). First for N < ¢ < Ny and using (4.16) we arrive at

log(n) +log((N — 1)!) < qlog(2) + N log(q)
< qlog(2) + Nlog~(n,N)
= (¢ — N)log(2) + Nlog(2v(n, N)).
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Hence,
log(n) +log((N — 1)!) — Nlog(2y(n, N))

~N>
K - log(2)

and using (4.9) implies that

p(q, N) = (log(n) + log((N — 1)!) — N'log(2y(n, N))) - ©
010 (N -1)!
-0 s )
Therefore, using (4.16) we deduce that

_ (N—1)!4n
© bg((%(n,N))N)

I(In = 7 (q, N)) (]| o5 < CFN ¥ (5(n, N), N) 0
o e ((N=Dt+n ©
= CFN\I/(")/(TL7N),N) (6 log(e) 1 g((Q’Y(nvN))N>> (420)

(2v(n, N))N>@'10g(9)

= CFY ¥(y(n,N),N) ( n(N — 1)

and we recover (4.18).
On the other hand, for ¢ > Nx and using (4.16) we find that

N 1/N
(U\Q[qg 1)'> > pU/N

which implies that
ga/N 5 (N =YY
— 7, N)
and

p(¢, N) > N[(N — 1)V EWTIL

Therefore, again with (4.16) we conclude that

Niv-nY =

(I = (a, N)) (W) | oy < CFN ¥ (y(n, N),N)o~ A (4.21)

and we recover (4.19). O

4.1.2 Gaussian interpolation estimates

Similarly to the previous section we now develop error estimates for interpolating functions v €
C%(I'N; W (D)) that admit an analytic extension as described by Assumption 1.8 using the Smolyak
formulations based on Gaussian abscissas described in Section 3.2.2. As before, we remind the
reader that in the global estimate (4.1) we need to bound the interpolation error (/II) in the norm
L%(FN; W(D)). Yet, the Gaussian points defined in Section 3.2.2 are constructed for the more

appropriate density p = Hivzl prn, and we have

’ P
p

In what follows we will use the shorthand notation || - |5~ for || - || 2o~ ,w(py)- Utilizing the work
p ’

ol 2w w(py) < : ||UHLg(FN;W(D)) for all v € CO(TN; W(D)).

Loo(IN)

of Erdés and Turan [14] we present the following lemma:
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Lemma 4.7 For every function u € C°(I't; W (D)) the interpolation error satisfies

lo =% (W)llpr < 20/C; i lu = wlloc,r-

where Cj = . ply) dy.

Proof. We have, indeed, for any v € V,,,
lu—2 ()3, = [lu—v+ (-2 W),
= |lu—v+ 2w -w), (4.22)

; 2
<2 (HU - U||%,1 + %t (u— U)H,m)
where we observe that Vv € V,,, it holds %% (v) = v. Then it is easy to see that
ol < [ 30) = o)) dy
< =l [ ) dy =yl = vl

and
2

m;

|2 = 0)|[2, = ||D (= 0) (W) (v)
j=1 i1

< 3 J(— )] |- v))

Ja=1
<= ola Y [ sy = ([ sdy) - ol
j=1

where we exploit the orthogonality of the Lagrange polynomial basis. Then from (4.22) we conclude
that

[ ot ) dy

=2 @Iy <4 ([ sy = vl

and the result follows directly. O

Similar to Section 4.1.1 we let E,, be the error of the best approximation to functions u €
CO('Y; W (D)) that admit an analytic extension as described by Assumption 1.8 by functions
w € Vp,. Then, from Lemma 4.7 we begin with

lu—2 (u)|;, <2 ( /F 1 ﬁ(y)dy> Epm,—1(u). (4.23)

Again, from Lemma 4.1 the best approximation is bounded by :
Ep(u) <Cp™™ (4.24)
where C is a constant dependent on 7 defined in Lemma 4.1. Hence (4.23) and (4.24) imply

| - 2w, < Eo?,
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1Al = ll(% OliPH

s Hp1+H (L -2
<EQ_21 '

IN

OliPs

for all ¢ € N with positive constants C and E depending on u but not on ¢. We then present the
following lemma and theorem whose proofs follow, with minor changes, those given in Lemma 4.4
and Theorem 4.6 respectively.

Lemma 4.8 For functions u € L%(FN;W(D)) that admit an analytic extension as described by
Assumption 1.8 we obtain

(g, N)

IUn = (g, N) (Wl 2 ovw(py) < 10/ 6ll oo o) CFNW(q,N)o~ "2 (4.25)
where N
) N2vT if ¢ > Nx,
plg, N) := { (g — N)log(2) - 2X, otherwise (4.26)
~ (1 ifN=1
¥(g, N) = { min {qN*Q,qeq} otherwise (4.27)

and x = (1;;25;)2)).

Now we relate the number of collocation points n = n(q, N) = #.(q, N) to the level g of the
Smolyak algorithm. We state the result in the following lemma:

Lemma 4.9 Using the Smolyak interpolant described by (3.9) where the abscissas are the Gaussian
knots described in Section 3.2.2, the total number of points required at level q satisfies the following
bounds:

24¢V
(N —1)

Proof. The proof follows immediately but will be shown for completeness. By using formula (3.9),
where we collocate using the Gaussian abscissas the number of points n = n(q, N) = #5(q, N),
can be counted in the following way:

207N < < (4.28)

N
- , - 1 ifi=1
_ ; i—1 -
n= Z H 7(in), where 2'7° < 7(i) := { 9141 ifi>2 (4.29)
lil<g m=1
If we take i1 = ip = ... =iny_1 = 1, then to satisfy the constraint |i|] < g we required iy < g—N+1.
Then we get
. RN - j—1
q—N q—N — e i J — J o
207N < 2 +1§n—z [17Gn) < _22 gZZg _22 <N1>
lij<g n=1 li|<q J=N |i|=j j=N
q N-1
(¢—1)
< 24
L e
q,N
< 2o
—(N-=1)!
which completes the proof. O

Finally, the next Theorem relates the error bound (4.25) to the number of collocation points
n =n(q, N) = #(q, N), described by Lemma 4.9.
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Theorem 4.10 Assume the conditions of Lemma 4.8 and 4.9, and define the function
Y(n, N) =logy(n) + N,

then for N < q < Nx there holds

PO ~(n NN 5 log(e)
Ity =90 30) ) anon) < OFY WGt ), 0 (200 (4:30)

and for g > Nx

1/N pl/N

PN _N(N=—1) o
|(In = (g, N)) (W)ll gz o oy < CFN B(E(n, N), N)o™ 2 VD5, (4.31)

where © = 2X, C = 5’Hp/ﬁHLw(FN) and n = n(q,N) is the number of knots that are used by
(¢, N) and ¥ was defined in (4.27).

4.2 Influence of truncation errors

In this Section we consider the case where the coefficients ay and fy from (1.4) are suitably
truncated random fields. In this case the truncation error u — uy is nonzero and contributes to the
total error. Such contribution should be considered as well as the relationship between this error
and the discretization error.

To this end, if we take the level ¢ to be dimension dependent, i.e. ¢ = N where o > x is some
constant, then we can estimate the total error ||u — 7(q, N)<UN)HL§>(Q;W(D)) in terms of N only.

Consider first the case of Gaussian abscissas described in Section 3.2.2. The following theorem
holds:

Theorem 4.11 Let ¢ = aN such that « > x and ((N) is a monotonic decreasing function of N
such that ((N) — 0 as N — oo. Further define 3(a) = a + log(F) — log() 27!, & the solution
to B(a) =0 and a > max{x,a}. Under the assumptions of Lemma 4.8 and Theorem 4.10 and the
further assumption that

lu = un |2 @ p)) < C(N)
where u € L% (W (D)) and uy € L%(FN;W(D)), we get

lu = o (q, N)(un)ll 2 (uw (py) < C(V) + aCN N (4.32)

Proof. We begin by writing the total error when approximating u € C°(Q; W (D)) by its N-
dimensional interpolant <7 (q, N)(uy). That is, we want to understand

lw — 7 (g, N)(un)ll 2, @w(py) < It = unll 2wy + 1IN — (¢ N)(un))ll 12 0w (D))
= llu = unll g2 (@wpy) + 1y = (@, N) (un))ll 2 0v.w ()
(1) (II)

(4.33)
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By the assumption, the first term (I) is bounded by ((NV) for all N and from Lemma 4.8, and by
the assumption ¢ = alN > xN, the second term (II) can be bounded by

N 9q/N
-4 24/

(I = (g, N)) ()l ow oy < CFNgeo
< CFNaN NN 2
< aGFN N coN-log(o)N 2! (4.34)
— aON eN(atlog(F)—log(e) 2271
= aCN PN

where B(a) = o + log(F) — log(o) 2%; such that, for sufficiently large o, 3() is negative. With
a > max{x, a} equation (4.34) becomes

(I = (a, N)) (un) | e oy < @CN N,
which substituted into the total error (4.33) yields

[ — (¢, N) (W)l 12, 0w (py) < llv = unllLz,@uwpy) + IUn = (g, N)(un))ll L2 (0v w0y
< C(N) + aCN PN
as required by (4.32). O

We want to understand the cases where (II) is negligible when compared with (I). In Theorem
4.11 we assume that the truncation error ||u — UNHL%(Q;W(D)) is bounded by ((N) for all N. The

function (V) is typically related to the decay of the eigenvalues if one truncates the noise with a
Karhunen-Loeve expansion (see [16]). For example, if

l|lu — UNHL%(Q;W(D)) <ON~", for r > 0,
for some constant 6, then
_ —r ~ B(a)N
lw = (g, N) (W)l 12, (0w (py) S IN_+aCN 7.
@ (1)

In such a situation the Smolyak error (II) is asymptotically negligible with respect to the truncation
(I) as N — oo. Therefore, the isotropic Smolyak algorithm is an efficient interpolation scheme to
choose in computational experiments. On the other hand, if

||lu — “N”ij(Q;W(D)) < e "N where v > ((«)
then N S BN
_ - o
lu — (g, N)(W)l 12 uw(py) < e T +QCNe ™7,
(@ (1)
which implies that the truncation error (I) is dominated by the Smolyak error (II). In this case
the Smolyak algorithm is an inadequate interpolation scheme and improvements to this algorithm

must be investigated. We recommend the development of an anisotropic version of the Smolyak
algorithm to facilitate faster convergence of such problems.
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Remark 4.12 In the situation in which the Clenshaw-Curtis abscissas are used, the term (II) in
(4.33) can be bounded as

2
1N = (¢, N) (um))ll 2w oy < C FNgPet o

2_N a/N
_ Cq2€N10g(F)+q 5 log 02 )

N oq/N
,qu/

In the presence of the term ¢, global convergence can only be achieved if one takes ¢ = N7 with
a > 0.

5 Numerical Examples

This section illustrates the convergence of the sparse collocation method for the stochastic linear

elliptic problem in two spatial dimensions, as described in Section 2. The computational results are

in accordance with the convergence rate predicted by the theory. We will also use this problem to

compare the convergence of the isotropic Smolyak method with that of the anisotropic full tensor

product method described by [3] using the adaptive algorithm described in the work [5, Section 9].
The problem is to solve

{ ~V - (an(w,)Vu(w, ") = fy(w,") inDxQ,

5.1
u(w,-) =0 on 9D x Q. (5:1)

with D = {x=(2,z) € R* : 0 <&,z < 1}. For this numerical example we take a deterministic
load fy(w,x,z) = cos(x)sin(z) and construct the random diffusion coefficient ay(w,x) with one-
dimensional spatial dependence as

N poe /2 2 2.2
log(an(w,#) ~0.5) =140 (G) e T cos((n— D)E) Yalw)  (5.2)

n=1

where Z € [0,27], o0 = 1. Therefore, for z € [0, L,] we simply shift coordinates such that

where L, = 1 is the length of the « spatial direction. The parameter L. appearing in (5.2) dictates
the decay of the terms in the expansion and is related to a “physical correlation length”. Small
values of L. will be related with slow decay in (5.2).

The random variables {Y;,(w)}>%; are independent, have zero mean and unit variance, i.e.
E[Y,] = 0 and E[Y,,Y;;,] = 6pm for n,m € Ny, and are taken uniform in the interval [—v/3,/3].
Expansion (5.2) is related to a Karhunen-Loeve expansion of a one-dimensional random field with
stationary covariance

—(z1 — 96‘2)2) _

covllog(ay — 0.5)](z1,29) = 0 exp < 2
C

To formulate the constant ¢ defined by (4.2) for the problem (5.1) we investigate a lower bound for

on. That is (see (4.4))
1 92 1/2 (n—1)2212
>14+——|—= e 8
=T B <x/7rL>

L V2 on2a2e2
— _ 3
"o\evar) ¢
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and therefore

1
= mi > . .
0 mr}ngn_1+1/24ﬁL (5.3)

To illustrate the behavior of the sparse collocation method constructed from either Clenshaw-
Curtis or Gaussian abscissas we assume the random variables Y,, are bounded with uniform den-
sities. The corresponding collocation points are then sparse cartesian products determined by the
roots of either Chebyshev or Legendre polynomials using the Smolyak method described in Sec-
tion 3.2. Recall from Section 3.2.1 that the Clenshaw-Curtis abscissas are nested and therefore, in
practice, we exploit this fact and construct the Smolyak interpolant using formula (3.8). Therefore,
the number of points n = n(q, N) = #.(q, N) can be counted as in formula (4.17). On the other
hand, the Gaussian abscissas described in Section 3.2.2 are not nested, and to reduce the number
of points necessary to build the Smolyak interpolant one utilizes the variant of (3.8), given by (3.9).
In doing this, we can count the number of points n used by the Smolyak interpolant as in formula
(4.29).

The finite element space for the spatial discretization is the span of continuous functions that
are piecewise polynomials with degree two over a uniform triangulation of D with 1089 unknowns.
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Figure 1: The rate of convergence of the Smolyak algorithm for a given correlation length L. = 1/64
using both the Gaussian and Clenshaw-Curtis abscissas. For the values N =5 and N = 10 in (5.2)
we plot: on the left, log(e) versus the number of collocation points and on the right, log(e) versus
the logarithm of the number of collocation points.

Observe, in general, that the collocation method only requires the solution of uncoupled deter-
ministic problems over the set of collocation points, even in the presence of a diffusivity coeflicient
which depends nonlinearly on the random variables as in (5.2). This is a significant advantage that
the collocation method offers compared to the classical Stochastic-Galerkin finite element method
as considered in [4] or [16,19,25,37]. To study the convergence of the isotropic Smolyak algorithm
we consider a problem with a fixed dimension N and investigate the behavior when the level ¢ of
the interpolation in the Smolyak algorithm is increased linearly. The computational results for the
L?(D) approximation error to the expected value, E[u], are shown in Figure 1. Here we consider
two cases, namely N =5 and N = 10 for the finite sum (5.2). To estimate the computational error
in the ¢-th level we approximate Fle] ~ E[</(q, N)mpuny — </ (q¢+ 1, N)mpun] using either Gaussian
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Figure 2: The convergence of the Smolyak algorithm in NV = 5 and N = 10 dimensions for
correlation lengths L, = 1,1/4,1/16 and 1/64, using both Gaussian and Clenshaw-Curtis abscissas.

or Clenshaw-Curtis abscissas. The results reveal, as expected, that for a small non-degenerate
correlation length, i.e. L. = 1/64, the error decreases (sub)-exponentially, as the level ¢ increases.
We also observe that the convergence rate is dimension dependent and slightly deteriorates as N
increases.

To investigate the performance of the algorithm by varying the correlation length L we also
include the cases where L. = 1/16, L. = 1/4 and L. = 1 for both N = 5 and N = 10, seen in Figure
2. We notice that the larger correlation lengths have negative effects on the rate of convergence.
This can be explained by examining ¢ defined by (5.3). From this we see that the coefficient o
appearing in the estimates (4.18)-(4.19) and (4.30)-(4.31), is approaching 1 as L becomes large.
Hence, the effect of increasing L is a deterioration of the rate of convergence. Therefore, our final
interest is to compare our isotropic sparse tensor product method with an anisotropic full tensor
product method, proposed in [5].

The anisotropic full tensor product algorithm can be described in the following way: given
a tolerance tol the method computes a multi-index p = (p1,p2,...,pN), corresponding to the
order of the approximating polynomial spaces P,(I'). This adaptive algorithm increases the tensor
polynomial degree with an anisotropic strategy: it increases the order of approximation in one
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direction as much as possible before considering the next direction. Table 1 and Table 2 show the
values of components of the 5-dimensional multi-index p for different values of tol, corresponding
to L, = 1 and L. = 1/64 respectively. These tables help give insight into the anisotropic behavior
of each particular problem. Observe, in particular, for the case L. = 1/64 the algorithm predicts a
multi-index p which is equal in all directions, i.e. an isotropic tensor product space.

A convergence plot for L. = 1 and L. = 1/64 can be constructed by examining each row of
Table 1 and Table 2 respectively, and plotting the number of points in the tensor product grid
versus the error in expectation. We estimate the error in expectation by Ele] ~ E[upp — up, 3], with
p=Mm+Lp+1,....,p8+1).

| tol [[N=1|N=2|N=3[N=4[N=5]
1.0e-02 || p1 = pr=1|p3=1|ps=1]|ps=1
10e-03 (| p1r=2|p2=1|p3=1|ps=1]|ps=1
1.0e-04 (| p1=2 | p2=2 | p3=1|ps=1 ]| ps=1
1.0e-05 || p1=3 | p2=2 |p3=2 | pa=2 | ps=1
1.0e-06 || p1 =3 | p2=3 | p3=3 | pa=2 | p5s=2

1.0e-07 || p1 =5 | p2=4 | p3=3 | pa=3 | ps=2
1.0e-08 || p1 =5 | p2=5|p3=3 | ps=3|ps=3
1.0e-09 || p1 =6 | p2o=6 | p3=4 | pa=4|ps=3
1.0e-10 || p1 =7 | po=7 | p3=4 | pa=4 | p5s=3
1.0e-11 || pr =8 | p2=8 | p3=5 | pa=5 | ps =4

1.0e-12 || p1 =8 | po=8 | p3=6 | pa=5 | p5s =4

Table 1: The five components of the multi-index p used as the input information for the anisotropic
full tensor product algorithm when solving problem (5.1) with a correlation length L. = 1.

tol [N=1[N=2[N=3|N=4|N=5]
1.0e-03 p1:1 p2:1 pgzl p4:1 p5:1
1.0e-06 || p1 =2 | po=2 | p3=2 | p1 =2 | p5 =2
1.0e-09 || p1 =3 | p2=3 | p3=3 | pa=3 | p5s=3
10e-12 | pr =4 | p2=4 | p3=4 | ps=4|ps=14

Table 2: The five components of the multi-index p used as the input information for the anisotropic
full tensor product algorithm when solving problem (5.1) with a correlation length L. = 1/64.

To study the advantages and/or disadvantages to collocating in a sparse tensor product space
as opposed to the anisotropic full tensor product space we show, in Figure 3, the convergence of
both methods when solving problem (5.1), using correlation lengths L. = 1 and L. = 1/64 with
N = 5. Figure 3 reveals that for L. = 1/64 the isotropic Smolyak method converges faster than
the anisotropic full tensor product method. This is due to a slower decay of the terms in expansion
(5.2) and hence, an almost equal weighting of all 5 random variables. On the contrary, the opposite
conclusions can be drawn from the comparison for L. = 1. Since, in this case, the rate of decay of
the expansion is faster, the anisotropic full tensor method weighs heavily these important modes
and, therefore achieves a faster convergence.

27



Errors vs. # points Errors vs. # points

S e T T T T -3 T T T
e
4 Nt -V i
~ el
~ ~ N el
5 S SO sih,:__
N ~ ST Tm-o
N Sy NG TTTo-a
-6 < ~ o -6 % <
N \\ SNl O \\
. A N
L N N . . N
s 7 N v s 7 < AN
N N
S . N=5 S < .
o -8 N ° o -8 < *
N
8 N R R e
Yo -of N % - . .
=) =} » >
3 A 3 N *
- -0 * — —10r N >
N N
\ ® N
-1 \ -1E \ o \\*
¥
-12 A -12
\ N N=5
N v
-13F : N : q -13F : p
L=1 \N=5 L=1/64 &)
14 L b 14 L L I

I I
3 35 4 0 0.5

1‘.5 2 2.‘5 1‘.5 2 2‘5
Logw(# points) Logw(# points)

==(r--- Smolyak using Gaussian abscissas
= =/~ - Smolyak using Clenshaw-Curtis abscissas
- -@- - Full tensor product using Gaussian abscissas

Figure 3: A 5-dimensional comparison of the Smolyak method versus the anisotropic full tensor
product algorithm when solving problem (5.1).

6 Conclusions

In this work we proposed and analyzed a sparse grid stochastic collocation method for solving
elliptic partial differential equations whose coefficients and forcing terms depend on a finite num-
ber of random variables. The sparse grids are constructed from the Smolyak algorithm, utilizing
either Clenshaw-Curtis or Gaussian abscissas. The method leads to the solution of uncoupled
deterministic problems and, as such, is fully parallelizable like a Monte Carlo method.

This method extends the work proposed in [3] where a stochastic collocation method on tensor
product grids was proposed. The use of sparse grids considered in the present work (as opposed to
full tensor grids), reduces considerably the curse of dimensionality and allows us to treat effectively
problems that depend on a moderately large number of random variables, while keeping a high level
of accuracy.

Upon assumption that the solution depends analytically on each random variable (which is
a reasonable assumption for a certain class of applications, see [3,4]), we have provided a full
convergence analysis and demonstrated (sub)-exponential convergence of the “probability error” in
the asymptotic regime and algebraic convergence of the “probability error” in the pre-asymptotic
regime, with respect to the total number of collocation points used in the sparse grid.

The main theoretical results are given in Theorem 4.6 and Theorem 4.10 and confirmed numer-
ically by the examples presented in Section 5.

The method is very effective for problems whose input data depend on a moderate number
of random variables, which “weigh equally” in the solution. For such an isotropic situation the
displayed convergence is faster than standard collocation techniques built upon full tensor product
spaces.

On the other hand, the convergence rate deteriorates when we attempt to solve highly anisotropic
problems, such as those appearing when the input random variables come e.g. from KL-type trun-
cations of “smooth” random fields. In such cases, a full anisotropic tensor product approximation,
as proposed in [3,5], may still be more effective for a small or moderate number of random variables.
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Future directions of this research will include the development of an anisotropic version of
the Sparse Grid Stochastic Collocation method, which will combine an optimal treatment of the
anisotropy of the problem while reducing the curse of dimensionality via the use of sparse grids.
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