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MDFEM: MULTIVARIATE DECOMPOSITION FINITE ELEMENT METHOD
FOR ELLIPTIC PDES WITH LOGNORMAL DIFFUSION COEFFICIENTS
USING HIGHER-ORDER QMC AND FEM

DonGg T. P. NGUYEN! AND DIRK NUYENS?*

Abstract. We introduce the multivariate decomposition finite element method (MDFEM) for elliptic
PDEs with lognormal diffusion coefficients, that is, when the diffusion coefficient has the form a =
exp(Z) where Z is a Gaussian random field defined by an infinite series expansion Z(y) = > .5, y; ¢;
with y; ~ A(0,1) and a given sequence of functions {¢;};>1. We use the MDFEM to approximate the
expected value of a linear functional of the solution of the PDE which is an infinite-dimensional integral
over the parameter space. The proposed algorithm uses the multivariate decomposition method (MDM)
to compute the infinite-dimensional integral by a decomposition into finite-dimensional integrals, which
we resolve using quasi-Monte Carlo (QMC) methods, and for which we use the finite element method
(FEM) to solve different instances of the PDE. We develop higher-order quasi-Monte Carlo rules for
integration over the finite-dimensional Euclidean space with respect to the Gaussian distribution by
use of a truncation strategy. By linear transformations of interlaced polynomial lattice rules from the
unit cube to a multivariate box of the Euclidean space we achieve higher-order convergence rates
for functions belonging to a class of anchored Gaussian Sobolev spaces while taking into account the
truncation error. These cubature rules are then used in the MDFEM algorithm. Under appropriate
conditions, the MDFEM achieves higher-order convergence rates in terms of error versus cost, i.e., to
achieve an accuracy of O(e) the computational cost is O(e_l/’\_dl“) = O(e_(p*"‘d//T)/(l_p*)) where
e V/* and e %/* are respectively the cost of the quasi-Monte Carlo cubature and the finite element
approximations, with d = d(1 + ") for some ' > 0 and d the physical dimension, and 0 < p* <
(2+d'/7)7! is a parameter representing the sparsity of {¢;};>1.
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1. INTRODUCTION

In this paper we are concerned with the application of higher-order quasi-Monte Carlo (QMC) rules and
multivariate decomposition methods (MDM) to elliptic PDEs with random diffusion coefficients. We focus on
the lognormal diffusion coefficient, the logarithm of which is a Gaussian random field. The goal is to compute the
expected value of some functional of the solution. This method was motivated by the need for new techniques
for elliptic PDEs with smooth lognormal diffusion coefficients where the classical QMC approaches can only
achieve first-order convergence, see, e.g., [14,15,17,18].

The MDFEM was already analysed in the case of a uniform diffusion coefficient in [28], but in this case
higher-order QMC rules are readily available for integration over the unit cube. For lognormal diffusions we
cope with a more challenging problem since the expectation is taken with respect to the Gaussian distribution
over an unbounded domain. Consequently, existing higher-order QMC algorithms are not directly applicable. To
solve this problem we propose using a truncation method recently developed in [9], see also [27]. By exploiting
the fast decay of the Gaussian distribution toward infinity, the Euclidean domain is truncated and the resulting
integral is transformed to the unit cube using a linear transformation where suitable higher-order QMC rules
can be applied. The proposed algorithm allows us to achieve higher-order convergence for sufficiently smooth
integrands.

Let D C R? be a bounded polygonal domain in R?, with typically d = 1,2 or 3, with boundary 9D. We
consider the following elliptic Dirichlet problem

=V - (a(z,y) Vu(z,y)) = f(x), for @ in D,
u(x,y) =0, for & on 0D. (1.1)

Here, the gradient operator V is taken with respect to  and a : D x QY — R for some Q C R.
We consider the case when y = {y;};>1 is a sequence of parameters distributed on RY according to the
product Gaussian measure p = ®j>1j\/ (0,1), and the diffusion coefficient takes the form

a(z,y) = exp (Z(z,y)), (1.2)
with

Z(w,y) =Y y;0;(®), y; €Q=R, y;~N(0,1), (1.3)

Jj=1

where {¢;};>1 is a suitable system of real-valued, bounded, and measurable functions.

Let us denote the natural numbers by N := {1,2,...}, and Ny := {0,1,2,...}. For any s € N we use the
shorthand notation {1 : s} to denote the set of indices {1,2,...,s}. Let G be a linear and bounded functional
of the solution u. We are interested in computing the expected value of G(u) with respect to the probability
distribution u, i.e.,

=
2
£
I
pul
2
£
i

. G(u(,y)) du(y) (1.4)

== lim G(u('7y17 Y2, 5 Ysy Oa 0) e )) du(y{lzs})a

5—00 Jps
where for u C N

exp(—y*/2)

du (yu) = Hp<yj)dyj = Pu (yu) dyu, p(y) = \/ﬂ )

JjEu

with py (yy) = HjEu p(y;). We note that, depending on what is most natural, we write du (y,) or pu (yu) dyu
with the understanding that the product probability measure is always on all the variables of the integral.
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The weak formulation of problem (1.1) is to find for a given y € QN the solution u(-,y) € V := H}(D) such
that

/ a(z,y) Vu(z,y) - Vo(z)de = / f(@)v(x)dx, YveV. (1.5)
D D

The space V = Hy (D) is equipped with the norm |[v|ly := ||Vv|[12(p).

Under some assumptions on the system {¢;};>1 we have existence, uniqueness and an a priori estimate of
the solution of the weak formulation by means of the Lax—Milgram lemma. For this we need to show a lower
bound and an upper bound on a(x,y) for € D, but since we have a lognormal field, it might be that a(x,y)
is not bounded for certain values of y € RY. However, under the following assumptions, which are standard,
see, e.g., [1,2,18,21], we can claim lower and upper bounds to hold for p almost every y. Let us first define,
for some given space X and p € [1,00), the space L, ,(RY; X) of all strongly measurable mappings v : RY — X
such that

1/p

1/p
ol s = ([ olcau) = { [ i [Totan| <.

j>1
The following result is implied by Section 2 of [1] and Theorem 2, Proposition 3 and Corollary 6 of [18].

Proposition 1.1. If there exists a positive sequence {b;};>1, with 0 < b; <1 for all j, such that

K= ZM = suszj(@| < 00, (1.6)
© b; z€eD b
j>1 L”(D) j>1
and
{b;}i>1 € 7" (N) for some p* € (0,00), (1.7)

then it holds that the Gaussian field Z and the lognormal field a = exp(Z) are elements of L, ,(RY; L>°(D)) for
every p € [1,00). Therefore, for u almost every y € RY we have

Umax(y) 1= esssup |a(x, y)| = ||a(-,y)|| L~ ) < o0, (1.8)
xeD
Amin(Y) := eiseigfa (z,y) > exp (7||Z(‘,y)HLoo(D)) >0, (1.9)

and, by the Lax—Milgram lemma, the solution u(-,y) then exists and is unique and satisfies

1
Amin(Y)

[u(,y)llv < 1f1lv, (1.10)

-1

and additionally, a_;, is an element of Ly ,(RY) for every p € [1,00), such that

1

/]

Lip,p(RY)

e < 00, (1.11)

lllg, s < ‘

for any f € V* and p € [1,00).

Proposition 1.1 shows that for u almost every y € RY there exists a unique solution to (1.5) where y is the
product Gaussian measure, and this stems from the measurability of Z and a = exp(Z) in L, ,(RY, L>(D)),
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in particular for p = 1. To make the “for p almost every y” more tangible we note that if we define the set
Z:={y e R :sup,>, |y;| b; < oo} CRY, then for any y € E

I1Z ()L p) = sup | > y; ¢;(x)

TP iz

6:(x
<sup2|yj 2 10,(@)] < (sup b sup 3 12@
i>1 weDZ]  bj

under condition (1.6). From here we can show the wanted results in Proposition 1.1: amax(y) < 00 and amin (y) >
0 for all y € =. Tt can be shown, see, e.g., [1], that the set = has full measure u(Z) = 1 for {b;};>1 € £#", hence
“for p almost every y”.

To approximate the solution of (1.5) the standard approach is to truncate the infinite series (1.3) to s terms.

Let us denote the random field truncated to the first s terms by Z; and the so-obtained truncated lognormal
field by as, i.e.,

Qs (wvy) =a (way{l:s}) = exp (Z (way{l:s})) , Zs (LU y) = Z x » Y{1: S} Zy] (Z)j (112)

and by us the solution to (1.5) with a = as, then it is shown, under the assumptions of Proposition 1.1, in [1,18]
that Z, — Z in L>(D), a; — a in L>=(D) and us — u in V when s — oo for almost every y € RY. We note
that all statements of Proposition 1.1 also hold for the truncation to s terms, see, e.g., [18].

To compute E[G(u)], see (1.4), we cope with three computational challenges: the infinite number of variables
of the integrand, the unboundedness of the integration domain, and the integrand involves solutions of a PDE.
Let us discuss how to solve these problems in more detail.

First, to approximate the infinite-dimensional integral we will make use of the multivariate decomposition
method which originated from the changing dimension method, see, e.g., [24,26,31]. The goal is to decompose
the infinite-dimensional problem into multiple finite-dimensional ones. Let us illustrate the MDM for calculating
the integral

I(F)= F(y)du(y) = lim Flyis--us,0,0,..) dp(yr, - -, ys)-
RN §—=00 Jps
We use the anchored decomposition [25], which, for any finite s, states
Fy,- 90,00 = > Fy(yw), with Fy(yy) =Y (-)MPIF(y,), (1.13)
uC{1:s} vCu

where y,, takes the values y; for j € u and 0 for those j ¢ u. (Conditions and properties for F and the F, will be
provided later, here we just want to illustrate the concept.) We note that F(y,) is often written as F([yy; 0]y)
or F((yy;0)) or F((ys,0_y)) or F(yy,0_,), but we use our convention to not clutter further expressions more
than necessary. Thus, to obtain the projections F;, we combine p-truncated evaluations of the function F in
points where all components outside of v C u are set to zero. Taking the limit, we write

Flyngeo )= Y Fulya) = lim Y Fo(y). (1.14)
[uj<oo uC{1l:s}

Instead of just truncating to the first s dimensions, this decomposition allows us to be more selective and
approximate the function F, or its integral Z(F) in our case, up to a certain accuracy by considering a set of
important subsets 4, C NV, called the active set, as follows

(y) = ZFu(yu)'

ueil,
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This form is interesting when a bounded linear operation on F, which would be costly in the number of “active
variables”, could be approximated on Fy, by wrapping the linear operation inside the sum where hopefully only
sets u of small cardinality appear. Note that a plain truncation to the first s dimensions could be represented
like this as well, but then the active set would contain all subsets of {1 : s}, including the set {1 : s} itself, and
it would be more efficient to just use F(y1,...,¥ys,0,...) in this case. The strength of the MDM is exactly that
the active set can be chosen as to satisfy

I(F) = Y Qua(Fu(w))| < e,

ucile

for a certain error request e > 0 and appropriate cubature rules Q) n,. By assessing the relative contribution
of specific sets of variables, for a given desired error, the MDM will decide which u to include in the active
set to approximate the infinite MDM sum. In Proposition 6.4 we will show that the sets in the active set have
relatively low cardinalities, provided certain conditions on {¢;};>1 are satisfied, and hence only relatively low-
dimensional problems remain, which can be solved at small cost. As a comparison, for a certain error request
€, the truncation strategy might need a truncation dimension of s = 1907, since yjgo7 still has large enough
influence, thus needing a 1907-dimensional cubature rule, while the analysis of the MDM approach might show it
is sufficient to include the sets {1,1907} and {2, 1907}, along with a lot of other small sets, but never surpassing
more than 7-dimensional subproblems, see Table 1 of [10] for examples. This is particularly useful when error
bounds grow exponentially with the number of dimensions.

Next, to compute integrals over the Euclidean space, we exploit the fast decay of the Gaussian distribution to
truncate the unbounded domain to bounded boxes. We then use a linear transformation to map the truncated
integral into the unit cube. Finally, we apply existing higher-order quasi-Monte Carlo rules, in particular we apply
interlaced polynomial lattice rules, see, e.g., [13], to approximate the truncated integral. Interlaced polynomial
lattice rules have been used before in the PDE context to achieve higher-order convergence but with uniform
diffusion in [8]. In contrast, most existing QMC methods for integration with respect to the normal density, and
hence most existing QMC based methods for estimating expected values in the PDE context with lognormal
diffusion, map the integral to the unit cube by using the inverse of the Gaussian cumulative distribution function
and then use randomly shifted lattice rules to approximate this integral, see, e.g., [14,15,17,18,22,23,29]. The
aim of all these methods is to obtain dimension-independent convergence by making use of weighted function
spaces. However, since using the inverse of the Gaussian cumulative distribution function might damage the
smoothness of the integrand, they make use of first order QMC rules, namely, randomly shifted lattice rules,
and limit themselves to first order convergence. The proposed QMC method in this paper avoids damaging the
smoothness of the integrand by using a truncation and mapping strategy. As a result, it allows us to achieve
higher-order convergence rates for sufficiently smooth integrands on the Euclidean space, since they retain their
smoothness on the unit cube. We do not include weights in our function spaces and therefore the constants
depend exponentially on the number of dimensions. This is by design, since by using the MDM we only need
to tackle relatively low-dimensional integrals instead of approximating the truncated high-dimensional integral
directly. The importance of the subproblems will determine which ones to include and how well to approximate
them.

Lastly, for each variable y sampled by the QMC method the original stochastic PDE becomes a deterministic
one. To solve each such problem we use the finite element method (FEM). We call the combination of the mul-
tivariate decomposition method (MDM) with the finite element method (FEM) the multivariate decomposition
finite element method or MDFEM in short.

For the further discussion we need some notation and properties of the anchored decomposition. In general
our multi-indices and variables are infinite-dimensional, e.g., w € NN and y € RY. By a subscript u C N we
mean to only retain those components in u and set the other components to zero. We extend this notation to
sets and for a set A we define
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Al = {ve (AU{O})N:vj € A when j € u and v; :Owhenj¢u}.

In the case that we want the components of a multi-index or vector to range over all values of a set A for the
components in u, and be zero otherwise, we write y € ALY, and in this case y, = y. When we only need the
components y; for j € u we then write, with a slight abuse of notation, y, € Al or even y, € Al instead
of y € All. If there is possible confusion then we will indicate the meaning explicitly or use a more explicit
notation. Note that, contrary to typical usage, we occasionally also write w,, € Nl)u‘, with w;j € Ng ={0,1,2,...}
for j € u, which means that we are working with the indices in u, but also allow w; = 0 for j € u in this case.

We write dg» 1= olwul/ [cn 9y with |w,| = > jenwj and by (0 F)(y) we mean the value of such a partial
derivative at y. Whenever it is clear w.r.t. which variables the derivatives are taken then we just write F(wu)
or F(«),

Lemma 1.2. Given the anchored decomposition of a function F (with anchor at zero) by (1.13) and (1.14),
then F, depends only on the variables listed in u and satisfies

F,(ys) =0 when 3Fjeu:y; =0. (1.15)

Furthermore, if F has continuous partial derivatives up to Oy* for some w, € N(‘Jul then

(Og  Fu) (yu) = (05 F(-u)) (yu) when Vjeu:w;>1, (1.16)
and

(g Fy) (yu) =0 when Jjeu:y; =0 and w; =0. (1.17)
Proof. See Appendix A.1. |

In the following the function F will actually be G(u) and the projections Fy, will be G(uy). We remark that
the properties of Lemma 1.2 will hold for the decompositions of both v and G(u). When we describe function
spaces for the functions F, we will identify them with |u|-variate functions on R/,

The structure of this paper is as follows. Section 2 presents the main steps of the MDFEM. Section 3
introduces higher-order QMC rules for multivariate integration over the Euclidean space with respect to the
Gaussian distribution based on a truncation strategy. A novel anchored Gaussian Sobolev function space is
introduced and QMC rules are developed for that specific space. Section 4 discusses the parametric regularity of
the solution of the PDE and shows that u, and G(u,) live in a Bochner space based on the anchored Gaussian
Sobolev space, and provides bounds on their norms. Section 5 states our assumptions on the higher-order
convergence of the FE approximations. Section 6 presents the main contribution of this paper where the cost
model, the construction and the complexity of the MDFEM algorithm are presented. Finally, a comparison with
two existing methods, the QMCFEM [18] and MLQMCFEM [17], shows the benefit of the MDFEM.

2. AprPLYING THE MDM 10 PDES

We now explain the ingredients of the MDFEM. Our main building block will be u(-,yy). By u(-,yo) we
mean the weak solution of (1.1) with y = vy,, and we call this the v-truncated solution. That is, for given
yo € RY = {y e RN : y; = 0 for j ¢ v}, with |b| < oo, the v-truncated solution u(-,y,) € V is the solution of
the problem

/ a(xz,ye) Vu(z,y,) - Vo(z)de = / f(x)v(x)dx, YvelV, (2.1)
D D
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where

a‘('ayn) :exp(Z('va))a Z(vyn) :Zyj ¢j~ (22)

JjEL

This is not unlike the commonly used truncation strategy where one solves the problem (1.1) by truncating to
the first s dimensions, i.e., solving the problem for one (relatively large) set v = {1 : s}, see (1.12). In contrast,
the MDFEM will solve the problem for multiple (relatively small) sets v and combine those results to obtain
the u-projected solution u, (which combines all v-truncated solutions u(-,-,) for all v C u), see (2.3) below, to
approximate the expected value of a functional G of the solution of (1.5) up to a given accuracy. A quantitative
statement about the number of PDEs which need to be solved and the sizes of the sets u to achieve a certain
error is given later in Proposition 6.4.

Using the truncated solutions we obtain a multivariate decomposition of the full solution u(-,y) by means of
the anchored decomposition, cf. (1.13) and (1.14),

u(ay) = Z uu('7yu) = lenolo Z Uu(',yu)7 uu(-,yu) = Z(_l)\u\—\\ﬂ u('7y0)7 (23)

Juj<oo uC{l:s} vCu

with u(-, yy) being v-truncated solutions. Note that the full solution consists of u-projected solutions which in
their turn consist of v-truncated solutions. The infinite sum in (2.3) will be truncated to the active set i..
Compared to the more standard solution method of truncating the problem to the first s dimensions, see (1.12),
we remind the reader that, c¢f. (1.13),

us('ayla"'7y870""): Z uu('7yu)

uC{1l:s}

and hence the limit in (2.3) can be read as u = limg_ o us. We will show in Section 4 that the functions
uy and G(uy) belong to the spaces Ha70,p)|u|(]R|u|;V) and Ha’o,p,‘u|(R‘“|), see Lemma 4.4, where the spaces
Ha,07p7‘u‘(R‘“|) are reproducing kernel Hilbert spaces which we introduce in Section 3 and we formally identify
RY with RI¥ after a relabelling of the components. In Remark 3.2 we explain that they form an orthogonal

decomposition of an infinite-variate reproducing kernel Hilbert space. We will denote integration for Fj €
Ha,O,p,\u\(R‘ul) by

I,(F,) := - Fy (yy) dp(yy) - (2.4)

Convergence of the MDM decomposition (2.3) and equivalence of the infinite-dimensional integral with

I(Gw) = | Glul ) dpy) = Y L(G(u)), (2.5)

RN |u|<oo
is then guaranteed under the conditions from [11] in the setting of applying the MDM to our PDE, see
Remarks 3.2 and 6.2 for further details, and the conditions we ask in Section 6. Therefore, the convergence
statements from [1,18] for solving the s-truncated problem as in (1.12) will also hold in our case. Note that the
active set 4, which will be defined in (6.5), grows for € — 0 and will include all subsets of {1 : s.} for some s,
for which s¢ — 0o as € — 0. (Indeed, for any finite set u there is an € such that u € il..)

The above discussion was using the exact weak solution for each p-truncated problem which is typically not
available and a numerical approximation will be computed using the FE method of which the approximation
error will have to be taken into account in the error analysis. Let us define a family of finite-dimensional
subspaces V" C V, where h > 0 is the mesh diameter, i.e., the largest element diameter over all elements of the



1468 D.T.P. NGUYEN AND D. NUYENS

FE mesh, and such that V" ¢ VM C V for W < h. The finite element approximation of the weak formulation
of the v-truncated problem (2.1) for a given y, is to find u"(-,y,) € V" such that the following equation holds

/ a(x, y,) Vu (x,y,) - Vo' () de = / f(x)v"(z)de, Yo" e Vh (2.6)
D D
We can now piece together the different parts of the MDFEM. To approximate (1.4) we make use of (2.5),

replacing the integrals by cubature formulas and the solutions to the PDEs by FE approximations, and hence
the MDFEM takes the form

Qe(GW) ==Y Quan, (G (ul*)) =" nf wl? G (ule (")), (2.7)
u€he ueile =0

where U is the active set, Q) ,, are cubature rules with nodes yl(f) and weights wl(f), and

uﬁu (';yu) = Z(_1>‘U|_|U‘ uhu ('7y0)7 (28)

vCu

G (ug Coy)) = (=DM (). (2.9)

vCu

We emphasize that in calculating G (uff“ (- yu)) we are solving 2/*/ PDEs, all with the same FE mesh, indicated
by the FE mesh diameter h, for all the v-truncated solutions in the formula above.
The computational cost of the MDFEM algorithm is given as

cost(Q.) := Z ny X cost of evaluating G (uﬁ“). (2.10)
ueil

There are three sources of error in the MDFEM approximation (2.7): the truncation error from truncating
the infinite sum, the cubature errors in approximating the integrals, and the FEM errors in approximating the
solutions to the PDEs. They are gathered into two terms as follows

IZ(G(w) = Qe(G(w))| < | D Lu(Gw )|+ | Y (Lu(G(w)) = L (G (w*))) + (I = Qun,) (G (ul))] -
ugil, uetl,
(2.11)

A sufficient condition to achieve an approximation error of at most € is that both of these terms are less than
€/2. This forces us to construct the active set il. such that the first term is bounded by €/2. For each u € §l,
the FE space V" and the cubature rule Qu.n, are then chosen such that the second term is bounded by €/2
while minimizing the computational cost (2.10). This will be the strategy we follow in Section 6.

3. HIGHER-ORDER QUASI-MONTE CARLO RULES FOR FINITE-DIMENSIONAL INTEGRATION
WITH RESPECT TO THE (GAUSSIAN DISTRIBUTION USING TRUNCATION FOR ANCHORED
INTEGRAND FUNCTIONS

In this section we consider quasi-Monte Carlo rules for approximating integrals over R® with respect to the
Gaussian distribution. Particularly, we are interested in computing s-dimensional integrals of the form

1(F) = [ Fly)ow)dy. (3.1)
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where, with a slight abuse of notation, in this section p is the product Gaussian distribution Hj‘:l p(y;). In
further usage we are calculating I, (F,) = I;(F'), where I, is the integral w.r.t. py (y,) dyy, and the s dimensions
here will be a relabelling of the variables in y,, with the function F = F,, = G (uf}" ( yu)) given by the anchored
decomposition for some u C N such that s = |u| < co. We will show in Section 4, see Lemma 4.4, that the
functions G (ul'* (-, yy)) belong to the function spaces which we introduce below.

To approximate the integral I;(F'), we first truncate the Euclidean domain to a multidimensional bounded
box, then use a linear mapping to transform the truncated integral into one over the unit cube, and finally
approximate the integral over the unit cube using suitable cubature rules. More precisely, the truncated and
transformed integrals have the following form

I7(F) = / F(y) ply) dy = (2T)° / F(T(y)) po(T(y)) dy, (3.2)
[-T,T)* [0,1]¢

for some T' > 0 and we define the mapping T : [0,1]°* — [-T,T]* by
T(y)=02Ty —T,...,2Tys —T).

The resulting integral (3.2) is then approximated using an n-point QMC rule of the form

Qun(r) = ES (1 (49)) o (7 (37)). 3)

n :
=0

where {y(i) ?;01 are well chosen cubature points on the unit cube.

We note that it would be possible to truncate the box differently for each dimension, defining a box [Ty, T1] x
-+ x [=Ts, Ts] as was done, e.g., in [27]. We do not pursue such a strategy here since in the application of the
MDM we are not immediately making use of the different importances of the dimensions for each projected F,.

3.1. Two reproducing kernel Hilbert spaces

We will introduce two reproducing kernel Hilbert spaces. The first function space is an anchored Sobolev
space on the Euclidean space R® with Gaussian measure, ¢f. (3.1), for which we will take into account that our
integrand function F' is anchored. We will show in Section 4 that under appropriate conditions the functions
G (uy) belong to this first function space. The second function space is an unanchored Sobolev space on the unit
cube to analyse our truncated and mapped integral, c¢f. the right hand side of (3.2). For this second function
space we can then adjust techniques from [8] such that interlaced polynomial lattice rules will achieve higher-
order convergence in approximating the integral. Contrary to most modern QMC results we do not introduce
weights in the function spaces since we rely on the MDM to keep the number of dimensions limited. Therefore
our error bounds will contain exponential factors in the number of dimensions. However, these weights will
eventually show up when we handle the infinite-variate case, see Remark 3.2.

3.1.1. Anchored Gaussian Sobolev space for anchored functions Hq ¢, s(R?)

We begin with introducing the univariate function space. For a € N the space H, ,,(R) consists of integrable
functions over R with respect to the Gaussian distribution having absolutely continuous derivatives up to order
«a — 1 for any bounded interval and square integrable derivative of order a over R with respect to the Gaussian
distribution and are anchored at 0. Note that this allows us to use the Lebesgue version of the Fundamental
Theorem of Calculus, and hence the Taylor theorem with integral remainder up to order a. For F,G € H, o ,(R)
the anchored inner product is defined as

(.Gt = 3 FOO)GO0) + [ FO0) G 0) ) (3.0

T=1 R
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Note that, because we use the anchored decomposition for the MDM, we only consider functions such that
F(0) = 0 and hence the term for 7 = 0 which is normally there in the first sum is zero here. The associated
<.’ .>}_{3,O,p(R).

We note that another common choice of a Gaussian Sobolev space is the unanchored Gaussian Sobolev space
or Hermite space, see, e.g., [9,19,20]. Instead of anchoring the values of the function and its derivatives up to
order « — 1 at 0 as in (3.4), they are integrated out against the Gaussian distribution over R. However, here we
want to benefit from the anchored decomposition and therefore will use an anchored Sobolev space.

The anchored Gaussian Sobolev space for anchored functions Hq o ,(R) is a reproducing kernel Hilbert space
with kernel

norm is given by || - HHa,o,p(R) =

, min{lzJyl} (|| — f)a-1 a-1
Kao,p(2,y): Zl—,y—, ]l{:vy>0}/ |<|a_t)1)_ (|y<|a_)1)! ﬁdt, (3.5)

where 1{X} is the indicator function on X. Such a kernel for @ = 1 was given in Section 3.3 of [29], but we note
that in this case the weight function in the formula for the inner-product and the reproducing kernel cannot be
taken the same as in the integral (3.1) for a = 1, see Table 1 of [29]; here we are in fact interested in « > 2, but
see also Remark 3.6. A slightly different kernel for an anchored Sobolev space over the Euclidean space with
higher order smoothness, although without taking any weight function into account, was given in Section 11.5.1
of [30]. For completeness we provide the full derivation of the reproducing kernel for inner products like (3.4)
for general p in Appendix A.2.

We define the multivariate space as the tensor product of the univariate spaces. The kernel of our space of
anchored functions is then given by

Ka,0.0,5(x, y) HKa 0.0 (25, Yj)-
j=1

Note that this kernel itself also has the anchored property: if there is a j € {1 : s} for which ; =0 or y; =0
then Ko 0, s(x,y) = 0. The corresponding inner product is

(F.G) oo, @)= D / F™ (yy,0_4) G (yy,0_4) po(ys) dyo
s Rlvl
Te{l:a}
b {jimy = a}

Z /RM T) G )(yn)Pu(yn)dyn» (3.6)

Te{l:a}?®
v:={ji7j=a}

where, in the first line, —o = {1 : s} \ v and (y,,0_,) is a vector of s variables such that (y); = y; for j € v and
0 otherwise. The second line follows by our convention that y, is a vector of the appropriate size which takes
the value zero outside of v. In many references, see, e.g., [4], such inner products are usually written using a
double sum, which here then takes the following form

<F7 G>Ho¢,0,p,s(]RS) = Z / F(an7T7 yU) )G(anv"'fn)(yv *U)pb(yt’)dyb
vC{lis) De{m 1ye-lol /RI7!
=2 2 T2 (o) GO () po (o) de. (37)

vC{l:s} 7, e{l:a—1}s—Ivl Rlvl

where (o, T—y) is a vector of s variables such that the jth component equals 7; for j € —v and « otherwise.
1/2

<.’ .>HQ,O,P,S(RS)'

functions in anchored spaces like Hq 0, s(R®) can be represented by a Taylor series with integral remainder.

The corresponding norm is given by || - ||z, ,, . (rs) = In Lemma A.2 we show how anchored
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In analysing the error of the MDM algorithm we will need to be able to get estimates on integrals of functions
F, e Hoc,O,p,|u|(R|u‘)~ We will make use of the following properties of the reproducing kernel.

Proposition 3.1. For a € N we have
M = /R (Kohoyp(y,y))l/2 p(y) dy < 2.767 < oo, (3.8)
and, for u C N, we have
M, = /RM (Koo pul @ 90) " pu (g) dye = MM < oo,

Hence for F, € Ha707p7‘u‘(R‘“|) we have

L(Fy) = el Fu(yu) pu (yu) dyu < ||Fu||Ha,01p,‘u|(R\ul) M, = ||Fu||HQ107p,‘u‘(R\“\) MM < o0, (3.9)

such that F, € Ha,o,p,\u|(R|u|) c LY(R™, p) are integrable w.r.t. the Gaussian measure p,.
Moreover, if 2 < a < oo then we also have

/RKa,o,p(%y) p(y) dy < oo. (3.10)
Proof. For y > 0 we have
a-1l o Y (0 _ 1\2(—1) a—1, o 2a—1
y (y—1) 1 vl 1 vl
Ka0,(y,y) = —I—/ dt < + .
W) =2 Gt f (a0 o0 S T rw (@ )P e D)
1/2
The same bound holds for any y < 0. Thus, using <Ej \aj\) <Y, |a;|'/? we have
a—1
r 1 |y‘(x—1/2
K, 1/2 dy < / ly| d
/R( 0w w) o) dy < | ; T e s 1) a1 p(y) dy
—1
S 1 20140 (/2 + 1/4
=3 @24 g 767,
27271 +71/2)  (a—1)!(2a—1)1/271/4

r=1

with the maximum for « € N achieved for « = 3. The bound on I,(F,) follows by using the reproducing
property of the kernel

1/2
Fu(ya) = (Fus Koo C¥d) gy iy S IBlieo0 (Koo, lu) (3 94)

To show the last claim we write

Var
20 —1) ((a=1)1H

a—1 _op
Y —
Ka,O,p(Z/:Z/) = E (7"')2 + ( 2 |y|2 12F2 (1/2,1,1/2+a,a,y2/2)
r=1 '

with o F5 a generalized hypergeometric function. The sum over r will stay finite when integrating against the
normal density, similar like above. For the second part we have

['(2a) T(2k + 1) 2073/2

/O [y oo (1/2,151/2 + a, 0597 /2) p(y) dy = I; T(20 + 28) k!ﬁl“(aﬂf)
_ T(a—1)T (o +1/2) 2073/
T(a—1/2) JT

which is finite when 2 < a < 0. O
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Remark 3.2. Our discussion so far is on finite-variate spaces Ha707p7|u|(R|“|) of anchored functions. We now
show how they form an orthogonal decomposition for a space of s-variate functions (not just anchored functions)
and we will then extend this to infinite-variate functions. The kernel for the s-variate weighted anchored Sobolev
space can be expressed as, see, Example 4.4 of [25],

K:s(way) =1+ Z Tu Ka,O.,p,\u| (wuayu) = Z Tu HKQ,O,p(xj7yj)7 (311)

0#uC{1:s} uC{1:s} JjEuU

where {7, }u|<oo IS @ sequence of positive weights, where for u = () we set vy := 1. For u = () we have the space
of constant functions and we define Ko 0,9/ := 1 and || fyl|x, o, o := |fol- The weights v, in (3.11) model the
importance of our subspaces and we will show in Section 6 that they can be taken of product form ~, =[] jeu Vi

with ; = v/2b;. In Section 6 we will eventually demand that {b;};>1 € ##" (N) for p* € (0,1). Hence we know
that ijl v; < oo. By taking the limit for s — oo we obtain the reproducing kernel of the infinite-variate

reproducing kernel Hilbert space Hq, . ~(RY), see [11],

’C(.’I},y) = Z Tu HKa,O,p(xjayj)v

Ju|<oco JEU

with inner product

<-,F7g>7-la,pn(RN) = Z ’71;._1 <FU7GU>HQ,U,p,|u\7

|ul<oo

and where F,, and G,, are obtained by the anchored decomposition of the functions F and G. Since our kernels
are the tensor products of a univariate kernel, the subspaces are orthogonal and their intersection only contains
the zero function for u # v, see [11]. Technically, the kernel K is a reproducing kernel only when x,y € ) with
YV:={y € RV : K(y,y) < oo}, but we can use Condition (C3) of [11],

> (/RKa,ow(y,y) p(y) dy)lul < o0,

Ju|<oo

to show that u(Y) = 1 for a > 2 under the condition of product weights v, = [[;¢,v; with > .5, 7; < oco.
This can be shown using (3.10) and the same reasoning as in the proof of Proposition 6.3. This means ) can
be replaced by RY in the “almost everywhere” sense for the infinite-variate reproducing kernel Hilbert space
and we can write R/*! as the domain for each subspace instead of the formal domain Y. Finally, this condition
allows us to claim convergence of s-truncated functions to the infinite-variate function in the Hilbert space and
to claim equality for the MDM form of the infinite-dimensional integral

I(]:) = . f(y) d.u(y) = Z Iu(Fu)a
Ju|<oo

see again [11]. We refer to Remark 6.2 for the verification that our integrand function F = G(u), with u(-,y)
being the solution of the PDE, belongs to H,, pm(RN) under the studied conditions.

3.1.2. Unanchored Sobolev space on the unit cube H, 4([0,1]°%)

We need a function space over the unit cube to analyse the error for our cubature method of choice, which
will be interlaced polynomial lattice rules. For this, let us define the unanchored Sobolev space over the unit
cube H, 5(]0,1]°). This is the same space as was used in, e.g., [4]. For a € N the univariate space H,([0,1])
consists of integrable functions over [0, 1] having absolutely continuous derivatives up to order o — 1 and square
integrable derivative of order «.. For the univariate case the unanchored inner product is

a—1

(F,Gm,oa) = Y </01 FT(y) dy> (/01 G(y) dy) - /1 F(y) G (y) dy, (3.12)

7=0 0
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with norm [|-{| g7, (0,1)) == (-, ->11H/a2([0’1]). Note that contrary to our Gaussian function space which is taking benefit

of the functions being anchored here we must include the typical 7 = 0 term in the first sum.
The multivariate space is the tensor product of the univariate spaces with inner product

(F.G) i, o) = Y / (/ F“)(y)dy_n) ( / G<T><y)dy_n> dye,  (3.13)
[0,1]1®l [0,1]s—1vl [0,1]s— vl

Te{0:a}*
v:={j:7;=a}

. 1/2
and norm || - [, .(to.1)%) = (), (0.1
Let us denote integration over the unit cube for functions F' € H, s(]0,1]°) by

I[o,l]S(F) = F(y)dy,
[071]S

and a QMC rule using a point set P, = {y@,... y™~V} over the unit cube by

n—1
Qo,1),p, (F) := % Z Ia <y(i)> )
i=0

For this space we can construct interlaced polynomial lattice rules which achieve the almost optimal order of
convergence. The full derivation of the following result is given in Appendix A.4.

Theorem 3.3. For a € N, with o > 2, let F € H, ([0,1]°). For any m € N an interlaced polynomial lattice
rule of order a with point set Py, o with n = 2™ points can be constructed with cost O(asnlog(n)) such that

CO(,)\,S
110,11+ (F) = Qpo.1)e.p,, . (F)| < — 5 Wl o), VAE[L ),
where
1 as A

o . gX ga(a—1)s/2 L B

Caonrs =4"2 [(l—i- S0/ _2> 1} . (3.14)
Proof. This result follows from combining Propositions A.9 and A.10 in the appendix. The construction cost
follows from the algorithm for product weights, which we set all equal to 1, in [§]. O

3.1.8. Norm in H, 4([0,1]%) after mapping and truncating from Hea o p s(R®)

To complete the analysis of mapping and truncating the integral (3.1), (3.2) and using the result from
Theorem 3.3 we need to show a bound on the norm in H, ([0, 1]°) of the mapped function in terms of the norm
in Hq0,p,s(R®) of the original function. Since the proof is quite long it is presented in the appendix.

Proposition 3.4. For any F € Hu 0, s(R®) with a € N and T > 1/(2v/2), the function (Fp)oT : [0,1]* — R*
belongs to Hy 5([0,1]%) and

I(Fp) o Tl o) < CEa TV Fllg . re):
where
1
—T
V2T
and Io(-) is the modified Bessel function of the first kind of order 0 with In(1/2) ~ 1.06348.

1/2
C1 o =l 23 (a (14 «a/2) (20) 10(1/2)> , (3.15)

Proof. See Appendix A.3. O
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3.2. Higher-order quasi-Monte Carlo for integration over R?®

We are now ready to state the error bound of the method described in the beginning of this section.
Theorem 3.5. For s € N, a € N, with « > 2, let F € Hy 9, s(R*). Let P, o = {y(o), . ,y(”_l)} be the point
set of an interlaced polynomial lattice rule of order a with n = 2™ points, with m € N, according to Theorem 3.3.

Then, for any X € [1,a) and by taking T = 24 2+/A1n(n), the QMC rule Qs ,, defined in (3.3), using the point

set Py, o has an error bounded as

In(n (a/2+41/4)s
1.0F) = Quan(P)] < Cane O b (3.16)

where Cy x5 is a constant, independent of F' and n, defined below by (3.25).

Proof. The error splits into two terms

|IS(F) _Qs,n(F)| <

L) = [ Pw g+ e [ FEw) T @) dy - QuaF) . (317

The first term is the domain truncation error. Similar as in Proposition 3.1, using the reproducing property
of the kernel K, ¢,,,s, we obtain

Sy Kooy, y) 2 ply)dy.  (3.18)
Re\[-T,T]*

L= [ Pt dy

To obtain a bound on the truncation error we will bound the integral on the right hand side. We have
/ (Ka0,.s (0,9)"? p(y) dy
Re\[-T,T7]*

s 400 s
<2 Z/ / / [T Kaop (winvi)? ply) dyy -+ dy; -+ dys. (3.19)
i) T R

We will estimate each of the above integrals. Using the same argument as in the proof of Proposition 3.1 we
have for any T' > 2

+o00 . +oo [fO— yr 1 ya71/2
/ (Ka0,0(4,9)) 2 p(y)dy < / (Z o + OICEDI e 1)1/2> p(y) dy

T T

< /;00 (7‘:1 % + %O: \/%T}/Q 20— 1 1/2>
< /JrOC max{ p(y), T11/2( 1/2} (zi: y) de
\/7/“0 exp(y de, (3.20)

where we used a/v2a — 1 < /o for a > 1, \/p(y) < 1//y < 1/V/T for y > T, and in the last step filled in
T = 2. Moreover, we have for T' > 2, and with the substitution ¢t = y/2 — 1,

/;Oo exp(y) v p(y) dy = (%% /;Oo exp <— (% - 1)2) dy
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<), e () Faie

e Foo
= 2t exp(—t2) dt
@O VAT/2 1) /T/21 =

%2¢ e—(T/2—1)2

(2m) /4 T -2

Inserting this into (3.20) yields

+o0 2¢ o (T/2-1)°
K, 1/2 d <\/E .
/T (Kl u) 2 o) dy <[5 o =

Applying this inequality together with (3.8) and (3.19) to (3.18) we obtain

o—(T/2-1)?
LE) = [ P o) dy| < Crne S [Pl 0, (321)
[_TvT]S o
with
o s—1 « 2e s—1
037a75 = 2sM \/;(277)1/4 <bsM \/a (322)

We move to the second term of the total error which is the cubature error. Using the result of Theorem 3.3
and Proposition 3.4 we have for any A € [1, )

1) [ FT) AT W)y~ Qun(F)

— (27)"

/[0 . F(T(y)) p(T(y))dy — inzl P(T (y@))) AT (y(i)>)‘
- i=0

s C A, S
< 1) =57 I(Ep) 0 Tl (10,11%)

~ 1
< 9s Ca,)\,s Cf,a T(a+1/2)s - HF”HQ,OYPYS(]RS)

Y
= Cyans TOH/20 % I fao,pe (RS (3.23)
where
Chrans = 2° Cans Ci (3.24)

with C o and C~'a,>\7s, respectively, defined in (3.15) and in (3.14).
Combining (3.17), (3.21) and (3.23) leads to

o (T/2-1)?

[s(F) = Qs n(F)] < T 9

03,0475 ||F||Ha,0,p,S(RS)'

1
+ C4,a,)\,s T(a+1/2)s ﬁ

To balance the dominating terms in the square brackets we choose T' = 2424 /A In(n) such that e~ (T/2=1) = p=2,
Hence,

1 (at+1/2)s| 1
L(F) = Qun(F)| < |Cg0s —— t Chans (24201 —|F .
1(F) = Qun(F)| < | Crne 5o + Crnns (24 2V/A100) ]nA 1F Nl R
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1 9 (a+1/2)s 1
C3,o¢,s — + C4,o¢,)\,s << + 2\/X> V ln(n)> ni)\ HFHHQ,O,p,S(RS)

- 2/ Aln(n) Vin2
(ln(n))(a/2+l/4)s
< Cans I S £ |Ha,o,p,s(RS)’

where in the second inequality we used 2 + 2y/Aln(n) < (\/% + 2\5\) v/In(n) for n > 2 and

Cs0rs 9 f (a+1/2)s
Cans i=max{ —22 [ —Z— 12V : 3.25
ah o /An(2) M (\/1112 ) (3.25)

with C5 o s and Cy o x5, respectively, defined in (3.22) and (3.24). O

Remark 3.6. A similar result as that of Theorem 3.5 can be shown for the anchored Gaussian Sobolev space
with first order smoothness Hy, o, s(R®) with o = 1 using randomly digitally shifted polynomial lattice rules
which achieve the optimal convergence rate in H,, 4([0,1]%) with o = 1, see [7]. However, in this case we have
to be slightly careful as (3.10) does not hold for a = 1. We note however that we can change from y; ~ N(0,1)
to y; ~ N(0,¢?) with 0 < ¢ < 1 in (1.3), in effect changing the variance of the normal distribution that we
integrate against. To keep the law of the random field unchanged we will have to divide each y; by ¢ in (1.3).
If we keep the weight in the kernel unchanged then the integral (3.10) w.r.t. (0, c?) will be finite, see also
Table 1 from [29]. The effect of dividing y; by ¢ can now be moved into the basis functions ¢; and eventually
ends up as multiplying each b; with c¢. Now take ¢ = 1 — ¢ for arbitrarily small § > 0. For condition (1.6) we
then obtain k. = k/c < (149) k < oo if before we had k < co. The same remark holds for condition (4.4) which
asks k < In(2)/a and which we will need in the next section. We here obtain . < (1 + ) k < In(2)/« if before
we had & < In(2)/«. Combining such randomized cubature rules with a suitable truncation of the Euclidean
domain gives a similar convergence rate as in (3.16), however, of order A € [1,1).

Remark 3.7. An alternative approach is to embed the function (Fp)o T into the anchored Sobolev space over
the unit cube and then use higher-order polynomial lattice rules, see, e.g., [6,28]. However, a non-trivial result
similar to Proposition 3.4 is then needed to obtain an explicit formula for the embedding constant. One of the
reasons we choose our approach of mapping to the unanchored Sobolev space is that then the technique of [8]
to make use of interlaced polynomial lattice rules could be used with a construction cost of O(asnlog(n)) as
given in Theorem 3.3. The construction cost of higher-order polynomial lattice rules on the other hand grows
exponentially in n with respect to the smoothness, see [5]. We remark that this excessive construction cost could
still be avoided by making use of yet another embedding of the anchored Sobolev space over the unit cube into
the unanchored Sobolev space on the unit cube, see Example 2.1 of [12]. In that case the interlaced polynomial
lattice rules from Theorem 3.3 could then also be used.

4. PARAMETRIC REGULARITY OF THE PDE SOLUTION

We next derive bounds for mixed derivatives of the solution (-, y) with respect to y. For « € N and u C N
let us define the Bochner norm based on the spaces Ha,O,p,|u|(R|u‘)7 with inner product (3.6), and V' by

sl e = [ IOl (o) du. (4.1)
‘rue{l:a}‘“‘
v:={j:7;=a}

Note that 07w, is a function which only depends on the variables in u and inside the integral we evaluate this
function at y, with v C u setting all y; = 0 for j ¢ v. The following result was also used in Lemma 2 of [28] for
the analysis of the MDFEM in the uniform case and allows us to use the regularity analysis on u(-,-,) instead
of on wu,, since their norms in Hy, o, |y| (R!*l; V) coincide. Note however that u(-,-,) ¢ Heu 0,0, (R, V) since it
does not satisfy the anchored properties, except maybe in exceptional cases.
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Lemma 4.1. For o € N and u C N, let uy be obtained by the anchored decomposition (2.3) and let u(-,-y) be

the u-truncated solution, cf. (2.1). Let G be a bounded linear functional on V such that |G(v)| < |G|y~ ||v|lv
for allv € V. Then it holds that
HUuHHQ,D,p,‘u‘(R\u\;\/) = ||U('>'u)HHQ,O,p,M(R\uI;V)
and
||G(uu)||Ha,0,p,‘u‘(R\u\) < ||Gllv- U('7'u)||Ha,0,p,,u‘(Rlu\;V)-
Proof. This follows directly from property (1.16) of the anchored decomposition and (4.1). O
For a given y, € RY and with v(-,4,) € V let us introduce the notation
[0 Ry, = | alaw) [Vo(a,yo)l de
D
Note that || - [|v,a,, depends on y,. It is easy to see that for every v(-,y,) € V
tmin (%) 00,91} < (90 [V, (4.2)
and additionally, when v(-, y,) = u(-,yy) € V is the u-truncated solution, cf. (2.1), we obtain
[l y)llVay, = | f@) ul@, yu)de < |[[fllv- lulyu)llv < ——, (4.3)
“ D Gmin (yu)

where f € V* is the right hand side of the PDE and where we used (1.10) for y = y,,.
The following result is modified from Proposition 3.1 of [21], see also Theorem 4.1 of [1], and accounts for
the truncation to an arbitrary set u C N.

Proposition 4.2. Given a € N, if there exists a sequence {b;};>1 with 0 < b; <1 for all j and the constant
k, defined in (1.6), satisfies

|95 In(2)
_ 1951 4.4
K Z b <=, (4.4)
7zt = ()

then, for u almost every y € RN, such that u(-,yy) is the solution of the u-truncated problem, it holds that

Z b;QT" (8;:U(;u))(7yu)|

Tu€{l:a}Iul

%/,ayu < C&(X Hu('vyu)H\Q/,ayu?

with
b7 o= [ b7,
JEU

and Cy o 1= Y poo0F , < 00, with 0 < 8,0 < 1 being a constant depending on rk and o such that k <

K,a

0o In(2) /. This implies

2
> Ot D)yl < b Cra <n|1|f<;>>

Tu€{l:a}lul
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Proof. The last inequality in the statement follows by using 0 < b; < 1 which implies b;? < by ™ for every
€ {1: o}l together with (4.2) and (4.3). O

The previous result can now be used to show a bound on the norm of u(:,-,) and as a consequence also on
the norm of w,,.

Lemma 4.3. Assume the sequence {b;};>1 satisfies the assumptions of Proposition 4.2 for a given a € N, and,
additionally that {b;};>1 € *" (N) for some p* € (0,1]. Then it holds that

bl o ooty < Bu 272 L 1l
with by =[].., b; and

JEU

QHbj
V2T

Proof. Using the definition of the Bochner norm (4.1), but with the Hy, o , | norm written as a double sum,

¢f. (3.7), we have
(o™ ute) o)

RIS AR S SD
= EC:~/]R|“I Z H(az(;:u ) ('7 (ynaou\u))Hi Po (Yo) dyy

Cloi= 01/2 exp Z |:(Klbj)2 +

. } < 00. (4.5)

2

Po (yn ) dys
\%

vCu Tuyo €{Lia—1}ul=Iv]
‘r‘uE{l:a}‘"‘

s.t. Tj=a for jEv
and 7;<a for j¢v

<b2 na”fHV*Z/ qu (Yo) dys, (4.6)

lel min

where we applied Proposition 4.2 with y, = (ym Ou\n) € RY C RY for each v C u. Now we estimate the sum
in the last expression. Our strategy is similar to that in the proof of Theorem 13 from [18]. Note that for any
Yo € RY we have

¢ (2)]
——<exp |2 SU.p E yillo;( <exp| 2 (sup Yi b'> sup E R
(amin(yu)) | J|| J )| jenl J| J wEDjeU bj

jeu

= exp <2f€ sup |y;| bj) <exp |26 [y;|b;
VIS3Y

j€Ev

Therefore, we have

(QGXP ) [ exp<—<yJ%~bj>2/2> dy>

< exp ; |:2(Iibj)2 + %} : (4.7)

1
— 3 ) d / exp | 2k bj d
‘/RM (amin(yn))2 Pe ?Jv Yo = p Z |y]| Po (yU) Yo
JjEL
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where we used that the integral in the second line can be interpreted as the cumulative standard normal distri-

bution evaluated at 2xb;, and this can be bounded by exp(2(2kb;)/v27)/2, see, e.g., [14], p. 355. Inserting (4.7)
into (4.6) we obtain

) 117

4Kkb;
@iy < 02 CoallfIf D exp Z[Q(“bﬂ“\/ﬁ}

vCu jEv

a,0,p,|u]

<2 Cn [£17- 2% exp [ [2<~bj>2 ;

Jj=1

4ij :|
V2T

Since {b;};>1 € 7" (N) C £1(N) C £2(N) for p* € (0,1] the sum in the last expression is finite. Taking the square
root on both sides finishes the proof. O

Combining Lemmas 4.1 and 4.3 we obtain bounds for the norms of u, and G(u,). Note that the arguments
used to arrive at these bounds are based on the weak formulation with u(-,yy) € V. They remain valid for the
approximation uﬁ‘g in which we combine the FE approximations u/ (-, y,) € V"« for all v C u, since V? Cc V,
with constants independent of h,. Note that this requires us to use the same FE mesh diameter h, for all the
v-truncated solutions which we use to calculate u' | see (2.8).

Lemma 4.4. Assume the sequence {b;};>1 satisfies the assumptions of Proposition 4.2 for a given o € N, and,
additionally that {b;};>1 € 7" (N) for some p* € (0,1]. Let G € V* be a bounded linear functional. Then it
holds that uy € Hy g, (R V) with

lwallrr, o, 0 @iy < Bu 22 CL L (1 Fllve,

and G(uy) € Hy g p (R with

1G @, ety < Ba 272 CL o (Gl 1y,
with C}, , given in (4.5). Moreover, for V' C 'V, we have uj* € Ho 0,10 R V) and G(ule) € Hy g, 10 (RM)
with the same bounds on their norms as given for u, and G(uy) up to a multiplicative constant independent of

hy.

5. FINITE ELEMENT APPROXIMATION ERROR

For bounding the error we also need results on the FE approximation error, which is the error between the
true solution u(:, y,) € V and the discretized solution u/ (-, y,) € V*+ C V of the weak form, cf. (2.1) and (2.6),
where (2.8) dictates which FE approximations we need to take. The FE approximation error depends on the
spatial regularity of the solution which depends on the smoothness of the domain D, the right hand side of the
PDE f and the spatial regularity of the diffusion coefficient a(-,y,) = exp(Z (-, y»))-

Our assumptions are quite standard, see, e.g., Proposition 15 of [18] and also Theorems 2.4 and 2.5 of [8].
We will assume that, given

D cR? is a bounded polyhedron with plane faces, (5.1)
there exists a t € (0,00) such that

a€L,,(RY;CY(D)) for all p € [1, 00), (5.2)
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and for which there exists a positive sequence {b;};>1, with 0 < b; < 1 for all j, satisfying condition (1.6)
and (1.7), which will be further strengthened, see Theorem 6.7, as well as

f e H (D) and G e H'(D), (5.3)

then, for all p € [1,00) and 7 < 2t there is a constant C' > 0 such that, for any h, > 0, we have an FEM, using
a continuous piecewise polynomial basis of total degree r > [7/2], for which

6 0o = G (o), ay < OG- (5.4

Here C depends on the spatial regularity of D, a, f and G through (5.1)—(5.3), but is independent of h, and v.
We note that to handle singularities, due to, e.g., reentrant corners for d = 2, one either has to change the norms
to incorporate a weight function as in Proposition 2.3 and Remark 2.4 of [17] or use local mesh refinement as,
e.g., in [15]. We refer to [17] for the definitions of the norms and omit such details here.

6. MDFEM

In the next subsections we explain the cost model for the MDFEM algorithm and select the active set,
cubature rules and finite element approximations based on a priori error estimates. The main complexity result
will be presented in Theorem 6.7, after which we compare the MDFEM with the QMCFEM and MLQMCFEM
algorithms.

6.1. Computational cost

The total cost of the MDFEM algorithm (2.7) is comprised of the costs of computing Qy n, (G (uﬁ")) for
all u € 4(e), where $(e) is the “active set” determined to reach a given error request € > 0. For each u € i(e)
the cost of computing Qy n, (G (uf}")) is given by n, times the cost of computing G(u"v), see (2.10). Based
on the decomposition (2.9) the cost of evaluating G(ul+) is bounded by 2/¥ times the cost of evaluating the
FE approximation of the u-truncated solution, where we assume the cost of approximating u™ (-, y,) to be
dominating those of u™(-,y,) for all v C u since the stiffness matrix involves calculating (2.2) at a cost which
we will estimate at O(|o|). Technically this cost could be avoided by using a Gray code ordering of enumerating
the sets v C u. Hence, we have

cost(Q.) = O Z ny 21 x cost of evaluating G (uh“ (-, Ll))
ueil(e)

For each y,,, and hence for each y, obtained from this y, for v C u, the cost of evaluating the FE approximation
ul (-, y,) is given by the cost of assembling the stiffness matrix plus the cost of solving the linear system. Due to
the locality of the O(h; %) basis functions of V" the stiffness matrix is sparse and has O(h;¢) nonzero entries.
Each entry in turn needs at most O(|u|) operations to evaluate the diffusion parameter, c¢f. (2.2), which could
be avoided, see the previous remark, but we will leave this cost in, since there are other terms more dominating,
cf. (6.14) forthcoming. We assume

cost of solving the linear system = O (h;d(1+5’)) =0 (h;d/) ) (6.1)
with d =d (14 6") for some & > 0.

e.g., in Section 10 of [18] it is assumed that the cost is nearly linear and that ¢’ > 0 can be chosen arbitrarily
small, making use of Corollary 17 from [16]. Thus, using (m + 1) < 2m for m € N, we have

cost of evaluating G (u (-,+)) = O (h;d [u] + h;d(HJ/)) =0 (h[d(lﬂs’) |u|) .
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To simplify the further exposition, we will write £, := 2/*/|u| and d’ := d (1 + ¢'). Therefore, the total compu-
tational cost of the MDFEM is

cost(Qe) = O Z Ny h;d/ £yl - (6.2)
ueil(e)

6.2. Error analysis

We will now give an a priori estimate of the total error of the MDFEM algorithm. We will use the higher-order
convergence of our QMC based cubature rules from Section 3, together with the required parametric regularity
results of the PDE solution from Section 4, and the convergence of the FE approximations from Section 5. For
the convergence of the FE approximation we remind the reader that similar assumptions as given in (5.1)—(5.3),

possibly extended with weighted norms or local mesh refinements, are needed to allow the convergence of (5.4)
to hold.

The next result holds for any choice of H(¢) and with the MDFEM algorithm (). making use of this active
set. The actual choice of the active set, as well as the cubature rules and FE approximations, to reach a certain
error request € will be shown in the next sections based on the error bound in the next result.

We remark that for u = () there is no integral to approximate since Iy(Fy) = Fy with Fy = F(0), which
requires a single function evaluation to be computed. Hence, for ng = 0 the absolute value of the cubature error
is [|FyllHa.0,0 = [Fol, while for ng > 1, we set Qg n,(Fy) = Fp = F(0) and the cubature error is 0. To cover
this case easily we define 0° = 1 and Caxo =1

Proposition 6.1. Let the set U(e) C NN be given and assume that the conditions of Lemma 4.4 are satisfied
for a given o € N, and hence there is a sequence {b;};j>1 € 7" (N) for some p* € (0,1], with 0 < b; <1
and k < In(2)/a. Let G € V* be a bounded linear functional. Assume D, a, f and G have sufficient spatial
reqularity such that the application of G to the FE approximations of the truncated solutions converge like
O(h™) as in (5.4). Let the cubature rules be defined as the transformed interlaced polynomial lattice rules with
interlacing factor a as in Theorem 3.5, and hence o > 2, and, with m, € N, using n, = 2™+ > 2 points. For
ny = 0 and n, = 1 we take the zero approximation. Then the error of the MDFEM algorithm Q., see (2.7),
based on the given set $U(e) can be bounded as

nln azlul aq |ul
IZ(G(u) = Qe(Gu) £ > 'yuMu—kmax{L max (1 ( u)> } T (%Ca,x,bq P h5>,

A
e uest(e) \ |u] wetite) max{1,n}}
(6.3)

for any X € [1, ), with the corresponding truncation points for the cubature rules chosen in accordance with
this A, i.e., Ty = 24 2y/AIn(ny), and where ay = /2 + 1/4, Cy  ju| is given by (3.25), M, = MM with M
given by (3.8) and vy := [[;¢, v with

v = V2, (6.4)

and vy := 1. The first term in (6.3) corresponds to the truncation error, while the second term corresponds to the
combined error due to the FE approximations and QMC cubatures. The hidden constant in (6.3) is independent
of the choice of the active set 1U(e) and the choices of ny and hy,.
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Proof. The error splits into three terms:

+ Z (Iu - Qu,nu) (G (u

uei(e)

s>
e

~—

~—

The first term is the truncation error from truncating to only a finite number of decomposed elements. The
second term stems from the spatial discretization of the FE approximations. The last term is the cubature error
arising from using cubature rules to approximate the integrals.

(1) Since we know that G(uy) € Hy o,y u (RI"]), see Lemma 4.4, we can make use of (3.9) in Proposition 3.1.
Therefore, with {7y }|u|<cc @ sequence of positive weights, the truncation error can be bounded as

IGW) ~ Y LCw)| < 3 16w, ,, . e M

ucil(e) ugsl(e)

< ( sup Ta IIG(uu)IIHQ,D,pMRu)) > wM
u

¢ ugl(e)

(2) For the error due to the FE approximations we have

> (G =G| < ¥ [ (6w =6l )] dn ).

ueil(e) ueil(e)

Due to the linearity of G we have

]G(uu (yu)) — G (u u (- ,yu))\ = |G Z(—l)'“""" u(,y) | =G Z(—l)‘““"" uhn (-, o)

vCu vCu

=D EDMTNE (u (- yo)) = G (™ (o))

vCu

Z|G > Yv) *G(U "(,yn))|

vCu

IN

Thus, using the assumption of an FE approximation error bound as in (5.4), we have

/R‘M!qu(-,yu))—a( )l ) < [ 3100w 6 0 (o) )

uCu
—Z/ w(m0)) = G (6 (m0))| di (o) S 3 b7 < 20 n,
Rm v

with the hidden constant independent of h, and u but dependent on the spatial regularity conditions of D,
a, f and G, see, e.g., (5.1)—(5.3). Hence the error incurred by the FE approximation can be bounded as

> —G (ugr) £ Y 2,
uei(e) ueil(e)

with the hidden constant independent of h,,.
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(3) From Lemma 4.4 we also know G(ul*) € H, ¢, 4 (RI). For u # ( we obtain from Theorem 3.5, which
holds for n, = 2™ > 2,

(In(n,) "
n
max {1, (In (nu))allul}

max{1,n)}

‘(Iu — Qun,) (G (uﬁu))‘ <G (uﬁu) HHQ,(,,p,‘ul(R\ul) Canful

i

hu
<G (uy™) HHQ_VOYMM(R\HI) Caul

for any A € [1,a), and where a; = a/2+1/4 and C,, | is as defined in (3.25). The second bound also holds
for ny = 0 and n, = 1, for which in both cases we take the zero approximation, since M, = M < Coaul

which follows from Cj, y [ > (2/1/In(2) + 2v/A)(@+1/21 > (2//In(2) + 2)/* ~ 4.40224/*| and M < 2.767,
and we used Cy x5 > 1, see Proposition 3.1 and the constants referenced from (3.25). Therefore, with
{7} u)<oo @ sequence of positive weights, the cubature error is bounded as

Y L= Qua,) (G (ul))] < (Sup Y IIG(Uﬁ“)IIHQ,U,P,lu(Rm))

ueil(e) uei(e)

1 ailul C, ulealul
X max ] 1, max n(ny) Z Yu Canju) 1] ’
uett(e) \ [yl max{1,n}}

uei(e)

where for u = () we interpret 0° as 1. We remark that we deliberately pulled out |u|~=®/¥ to control the
logarithmic factor in n, later in Theorem 6.7. This technique was also used in [28] for the MDFEM in the
uniform case.

To show that the above formula also holds for u = ) we recall from Remark 3.2 that we have ||Fpll#, ,,, =
|Fp| = |F(0)|. Thus, for ny = 0 the absolute value of the cubature error is |F(0)| while, if for ng > 1 we set
Qp,n, (Fp) = Fp, the error is zero for ng > 1. Hence for any n € Ny we have

110(Fp) = Qo,ny (Fo)| < 1 Fpll 0., max{l,ng} ™.

We have now bounded all three contributions to the error. For the truncation error and the cubature error
we still want to choose the weights ,,. For the truncation error we obtain from Lemma 4.4 that

Rlul) S SUp Yol 1G(w)lla, o, 0 @)

Ju|<oo

< | sup v 'b, 22 L |IG
lu|<oo ’

a,U-,p,Iu\(

sup %, ' [[G (u)l|
$U(e)

ug

V*

fHV*7

with by, = [[;¢, b; and Cj, , < oo, see (4.5), under the assumptions of {b;};>1 € " (N) for p* € (0,1]. For the
cubature error we obtain, also from Lemma 4.4, that such a bound holds with u" in place of u, and hence we
also have

-1 hu < -1 hy
uzl).lll()e) Yu ||G (uu ) ||Hf¥=0,p,lu\(R|“‘) = ‘us‘lilzoﬂ}/u ||G (uu ) HHQ,o,p,\u|(R‘“|)

V.

S ( sup 'vu‘lbu2'“/2> ClallGlv-111]

Ju]<oo
By choosing v, = v/2b;, and with v, = [1;cu ), we have

sup 7 by, 22 =1,

Ju|<oo
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Combining all three errors we obtain the claimed bound for the total error. O

Remark 6.2. In the previous proof we made use of a supremum-norm over all subspaces of the infinite-
variate space, namely sup,j<oo Yo = | Fullsr, , .1 (BIul)- Since we know from Lemma 4.4 that |[Fullg, @) S
b, 2/41/2 where b, = Hjeu bj, we have chosen product weights v, = H]Eu v; with v; = \/Ebj such that
this supremum-norm is finite. This same choice of weights ~, also shows that our infinite-variate function
F = Zlul <o Fu has finite norm in the infinite-variate reproducing kernel Hilbert space Ha,p~(RY) which we
introduced in Remark 3.2, since

IR, ey = Do v MR, ey S D 1]

|ul<oo Juj<oco jEU

j;ij =TT (1+v2y),

jz1

which is finite when ijl b; < oo (using the technique as in the proof of Prop. 6.3). The summability of the b;
is implied by our assumption in Proposition 6.1 which demands {b;};>1 € 7" (N) for some p* € (0, 1].
6.3. Selection of the active set

Based on the expression of the truncation error in Proposition 6.1 we can choose the active set to reach a
truncation error upper bounded by €/2 up to multiplicative constants.

Proposition 6.3. Under the conditions of Proposition 6.1 with p* € (0,1), for which {b;};>1 € 27" (N), let the
MDFEM active set be chosen by

1/(1-p")
— U(e.p*) = . €/2
U(e) = (e, p") u: oy My > <Z|u<oo(70 Mn)p*> ) (6.5)

with v; = \/2b; for all § as in (6.4) and with v, = [Ljcui- Then

Z (7u Mu)p* < 00,

Ju|<oo

and the MDFEM truncation error is bounded as

Proof. For the first claim we have the implications, with ~, = Hjeu v; and M, = MM

S M) = dim S (M) = dim TT (14 (0 M) < o0

|u]<eo s—00 WCiTis) §—00 4
s m(]] (1+(yj M)p*) S (1+ (; M)P*) < 0
jz1 jz1
= Z (v M)P < o0
j>1
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where we used In(1 4+ z) < x for z > —1 and the last line is true since {b;};>1 € 7" (N). For the second claim
we have from Proposition 6.1

ZGW) - Y LGS Y wMi= D> (u M) (M)

ueil(e) ugil(e,p*) wg i (ep*)
€/2 .
wgitep) ol <oe (10 Mo)”

O

The following result states that both the cardinality of the active set, as well as the cardinalities of each of
the individual sets in the active set, increase very slowly with decreasing e. The (upper bound of the) cardinality
of the active set also gets smaller for decreasing p*.

Proposition 6.4. Given v = [[;¢, v with {v;} € " (N) for some p* € (0,1) and () = U(e,p*) chosen as
in (6.5), then for any € > 0 it holds that

. . 1/(1-p™)
* A p” < " /(1=p")
el < (2) S () Se 7
Jul<oo
and
d(e,p") = d (4 (e,p")) luf =0 In () (In (e71)) f 0 (6.6)
= = = _ = — U. .
€, €D uerirll(?;*) u In (I (1) o(In (e or €

Proof. See [28,31]. O

6.4. Selection of the cubature rules and FEMSs

By the combined error of the FE approximations and the cubature errors from Proposition 6.1 we can now
choose the mesh diameters h,, for the FE approximations and the number of cubature points n, for the cubature
formulas to balance the combined error and obtain an upper bound of €/2 up to multiplicative constants using
the method of Lagrange multipliers to minimize the associated cost. The maximum appearing in the bound of
the next result will be dealt with later in Theorem 6.7.

Proposition 6.5. Assume the conditions of Proposition 6.1 hold with 0 < p* < (2+d'/7)"! < % and the

cost of solving the linear systems for the FEMs are O(hy®) as in (6.1) and the application of G to the FE
approzimations converge like O(hT) as in (5.4). Take
(1-p")
A=——-—_2>1 and a=[A+12>2,
p*(1+d/T) ~ A -

and take the FE mesh diameters hy and the number of cubature points n, as the solution to an optimization
problem (specified as (6.8) in the proof of this statement, with solutions (6.10) and (6.12) and with n, =
loga(lkul) ¢ No). Then the combined error from the FE approzimations and the cubature approximations of the
MDFEM algorithm, using transformed polynomial lattice rules with interlacing factor «, is bounded as

u ln(nu) aq|ul €
> ulGlun) = Quan, (G (ul >>\5m‘°‘X{1’ s (M) }2’

wetite) uesl(e) [u]
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where iy = /2 + 1/4, and the computational cost is bounded as
’ 1 dl * d/
cost(Qe) S e A7 = e with - awppe = + 5 = S0
T —D

Proof. From Proposition 6.1 we obtain

In(ny) eyl Y 2) Cy 2 Ju| |u|rlul
_ hy < ) |ul 37
E ’Iu(G(uu)) Qu.n. (G (u] ))| < max {1,1‘1&;11():) ( m ) E (max{ L, 2n 1) + 2 AT ).
uesl(e) uel(e) m
(6.7)

Note that compared to Proposition 6.1 we have (possibly) increased the upper bound by multiplying the
numerator by 2* while only multiplying the denominator by 2* for each u with n, € Ny when n, > 1. This is
such that the optimization problem we formulate next will give us an upper bound for this error. We will deal
with the max term later in Theorem 6.7 and now put an upper bound of ¢/2 on the sum over u. We are looking
for positive real numbers k, and h, which are the solutions of the following minimization problem:

!’
minimize E ky h;d £y

ueil(e) (6 8)
. Tu 2> Coc,/\,\ul |u|a1|u| T € '
subject to Z ( o +2oklpr | = 5
ueil(e)

Note that since we set n, = 2°(lF]) < k= the objective function is an upper bound on the cost (6.2)
while the constraint is an upper bound on the sum over u in the error bound (6.7) since max{1,2n,} =
max{1, 2! H1og:(lF])} > &, See also, e.g., Section 4.3 of [26] for a similar technique.

Define ay := 7, 2* Cy 5 ju| lu|*11¥l. The Lagrangian is then given by

A& = D kuhg £ute| Y (auk;uQ'ulh;)_g ,

uc(e) uci(e)

with £ the Lagrange multiplier. For each u € $i(¢) we obtain the equations

A ,
gk =0=hy4 £, —EXNay kM,
ghA — 0= —d k¥ Ly + e 2N BT

From the second equation we obtain (after multiplying with h,,)

T2l pr

hyd £y =¢ T (6.9)
u
which we insert into the first equation to obtain
Ad' Ad Vr o
ol pr = 22 kN = hy= (T 2“;‘) feg (6.10)

of which we substitute the first form into the constraint to obtain

> (au k™ 4 2 hﬂ) =(1+Ad/m) > ank? = % (6.11)

uci(e) ucil(e)
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From (6.9) and (6.10) we also find

r ool pzrd ol fgry NTEDIT
N b (Tmul ) u
4 N\ (Nay) T /(T (r+d)
ikﬁu: 5 (T2|u) £u
rq O\ VEHAEEd)
_ ger/rae+d)) [ (6.12)
- BE 2|u|d’ £Z 9 .
where we have set
, d/d/ )\Ter' 1/(t+X(7+d"))
B=B(d \71):= 7
Inserting this expression for k, into (6.11) we obtain the following expression for the Lagrange multiplier
;o\ MR A
T/(T+X(T+d")) _ 2 (1 )\d// )B—A a§+d
§ = U T > old g7
ueil(e) u
1/A
2 o - , . 1/(7+X(T+d"))
= | Za+ra/mB Y (au gAluld’ pA ) (6.13)
uei(e)
=K.
We require the sum K, in (6.13) to be uniformly bounded while e — 0, that is, we require
/ 1/(m+A(r+d"))
K.<K:=Y CQQMCZAMMMHMM2M“d£3j < . (6.14)

Ju|<oo
Since 7y, = 2/t/2 [Tjcy by with {b;};>1 € 7" (N) and, both £, and C,, ) |y are at most exponential in [u|, by
applying Lemma 1 of [28] the sum (6.14) is bounded if the following two conditions are satisfied:

T Q1

TG ED) <1, or equivalently, a; <1+ X1+d/7), (6.15)
and
T . (1-p")
—_— >p" lentl AL ————. 6.16
P > p*, or equivalently, S AT d/m (6.16)

Note that it is required in Theorem 3.5 that A > 1, and together with (6.16) this restricts us to the case when
p* is sufficiently small, that is,
< U=y oL .
p*(1+d/T) 2+d /T
Making use of (6.9) and the first expression in (6.10), and then (6.11) and (6.13), the computational cost (6.2)
is bounded like

/ ’ A €
S < —d < —d — A
cost(Qe) < E nyhy ¢ £y < E Eyh ¢ £y =& E ay ky TFAd/r 2 £
ueil(e) ueil(e) ueil(e)

or equivalently, (6.17)
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A e /9 N 1+1/X+d' /T
=———— =1+ Xd/T)B K.
1+>\d’/7'2<6( + /7) )
—1/x=d' /T "
— ((1+)\d’/7)*1 %) (B’/\ Ke)1+1/x\+d/ .

Using the stated conditions we know that K. < K < co. Hence we can write
cost(Q.) < e VAT,

To optimize the speed of convergence we have to pick A and 7 as large as possible while satisfying (6.16). Hence
we choose

_ (A =p)
pr(1+d/7)

and we have A > 1 due to (6.17). By choosing the interlacing order of the interlaced polynomial lattice rule to
be a = |A] + 1 we satisfy & > 2 and X € [1,a), and we also satisfy (6.15), since
« [A] 3

1
I S R Y
aq 2+4 > +4< +A(1+d/7),

for any A > 0. This finishes the proof. (]

Remark 6.6. Since Proposition 6.5 is making use of interlaced polynomial lattice rules to achieve higher order
convergence, i.e., A > 1, we end up with the condition 0 < p* < (2 + d'/7)~! there. Following the proof
we see that if we make use of first order cubature rules with error bounds for % < A < 1, we obtain the
condition p* < (3/2 + d’'/(27))~! by using (6.16). In particular, we can use transformed randomly digitally
shifted polynomial lattice rules from Remark 3.6 as cubature rules in the MDFEM algorithm. A full description
and analysis of using such randomized cubature rules in the context of the MDFEM algorithm for the uniform
case is given in [28]. We will write EA)[|Z(G(u)) — Q(G(u))|?] to denote the total mean square error of the
randomized MDFEM algorithm using randomly digitally shifted polynomial lattice rules. The expected value

is taken over a set A(e) := {A(“)}ueu(e) of independent random digital shifts, one for each subproblem u, and
where each such shift A™ is uniformly distributed over [0, 1),

6.5. Main result

We are now able to analyze the complexity of the MDFEM algorithm. The analysis is under the conditions
of Propositions 6.1-6.5 extended to the randomized setting using Remarks 3.6 and 6.6.

Theorem 6.7. Assume that for a given o € N there is a sequence {b;};j>1 € 7" (N) for some p* € (0,1), with
0<b; <1 and

|¢5] In(2)
o= |3 (
=1 L= (D)
Let G € V* be a bounded linear functional. Assume that D, a, f and G have sufficient spatial reqularity such
that the application of G to the FE approximations of the truncated solutions converge like O(h]) as in (5.4)
and assume that the cost of solving the linear systems for the FEMs are O(hy?) as in (6.1).

For a given requested error € > 0 take the active set U(e) = U(e, p*) as in (6.5). Set

o (-1

TEAEdm

1
3 and a=[A+1>1.



MDFEM FOR LOGNORMAL DIFFUSION 1489

Further, take the FE mesh diameters hy and the number of cubature points n,, as the solution to the optimization
problem (6.8) (see Prop. 6.5 and Rem. 6.6, with solutions (6.10) and (6.12) and with n, = 2'°82(F«)) " such that
the convergence of the cubature rules over the unit cube can be bounded by O(n;?), see Theorems 3.3 and 3.5
and Remark 3.6.

Then, for the MDFEM algorithm Q., given in (2.7), the following hold.

- Ifo<p* < (2+d/7)7Y, de, A >1 and a > 2, then, using transformed interlaced polynomial lattice rules
with interlacing factor a, we have

IZ(G(u) = Qe(G(u))] < ' oW

~If2+d/r)7h<pt < (3/2+d/(21))7Y, de, 3 <A <1 and a = 1, then, using transformed randomly
digitally shifted polynomial lattice rules, we have

VESO [Z(G (W) - QG £ o).
In both cases the computational cost is bounded as
’ 1 d *+d
COSt(QE) S/ eil/Aid /T = € IMDFEM with  amprEM = X + ? = pltp*/T (618)

Proof. We first show the statement for the case 0 < p* < (2 + d'/7)~1. It follows from Propositions 6.1, 6.3
and 6.5 that the error of the MDFEM is then bounded by

ueti(e) [u]

oy ful
IZ(G(u)) — Qc(G(u))| < max {1’ max <ln(nu)) } .
with computational cost
cost(Qe) < e VAT = (T +d/m)/(1=p7)

Using (6.6) from Proposition 6.4 and In(n,) < In(e7*/*) < In(e™!), see (6.12) in combination with (6.13), we
can use the same argument as in Theorem 1 of [28], see also Lemma 1 of [31], and we have

1 oy ful
max < 1, max n(nu) = %),
uci(e) |11|

where 6(¢) = O (In(In(In(e~*)))/In(In(e™*))) = o(1) as € — 0. Hence, we can write

IZ(G(u)) — Qc(G(u))| < e'7oW,

For the case (2 +d'/7)~! < p* < (3/2+d'/(27))~! the statement follows using similar arguments, a full proof
is provided in [28]. O

Finally we would like to compare the complexity of the MDFEM with the quasi-Monte Carlo finite element
method (QMCFEM) [18] and with the multilevel quasi-Monte Carlo finite element method (MLQMCFEM) [17],
both in the setting of using product weights and a wavelet expansion for the lognormal field.

The QMCFEM truncates the parameter vector y to some dimension s and then approximates the s-truncated
PDE for different samples y € R®, i = 0,...,N — 1, obtained by a QMC method. Because s might be
arbitrarily large, the QMCFEM requires QMC rules with convergence independent of the dimension of the
integrand. Such QMC rules over the Euclidean space R® with the Gaussian distribution were developed in [23]
by mapping randomly shifted lattice rules over the unit cube [0, 1]° to R® by the inverse of the normal cumulative
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distribution. However, since this mapping might damage the smoothness of the integrand, the convergence rate
of these QMC rules was limited to first order (with respect to the number of QMC points V). Particularly, the
QMCFEM was analysed in Section 10 of [18] under the same conditions as those of Theorem 6.7 (marked with
the subscripts “PROD” for product weights and “wav” for wavelet expansion, and making use of “Gaussian
weight functions” for the QMC rules) to achieve a root-mean-square error bound of the form

VEA [IZ(G(w) — QRUOFEM(G(u))[2) £ 5~ (7 ~3)+0 4 N=(hmin{Bi5k )48 4 (6.19)

where § > 0 is a parameter that might be chosen arbitrarily small (but then increases the hidden constant
towards infinity), N is the number of cubature points, h is the FE mesh diameter and s is the truncation
dimension. (Note that [18], Sect. 10 considers the specific choice of a Gaussian random field with Matérn
covariance for which we (optimistically) set p* = d/v, with v the smoothness parameter of the Matérn covariance
function. Note additionally that in [3] it is proven that p* can be chosen arbitrarily close to d/v in the case of
a wavelet-type expansion.) The cost for the QMCFEM can be estimated by cost(QMCFEM) < N (s 4 p=7"),
Since we are interested in the asymptotic best possible rates, we will ignore the hidden constants and focus on
the rate. This means we formally set 6 = 0 in (6.19) as a proxy of being arbitrarily close to the optimal rate
and thereby obtaining a slightly optimistic bound on the work. By balancing all three contributions to be /3
we find

QQMCFEM) < ¢~ @QMCFEM ,

~

cost(

, {1+max{2p*/(4—p*),d’/7'}, if 0 < p* < 2/3,
with aqmcreM = . N X N\ g -
4p* /(2 + p*) + max{2p* /(4 — p*),d'/7}, if p* >2/3.
A smaller exponent means less work. For both exponents, aqmcrem as just defined, and amprem as given
in (6.18), we can recognize two parts: the first part is the convergence order of the QMC cubature w.r.t. its cost
and the second part is the convergence order of the linear functional applied to the FE approximation w.r.t.
the cost of the FE approximation.

We now look at the case 0 < p* < (2+d'/7)~! < 1/2 < 2/3 when the MDFEM can employ a higher-order
QMC cubature rule. We then have A > 1 and hence ayprrm has the factor 1/\ for the QMC cubature part.
For the QMCFEM the convergence of the QMC cubature is limited to 1 and hence, for the case 0 < p* < 2/3
we obtain

2p* d/ / . * < , , -1
GQMCFEM=1+max{ P }:{1"“”77 if 0 <p* < @d/m)2+d/7)7,

4—p' T L+ 2p" /(4= p"), ifp* > (4d'/T)(2+d'/7)7".

It is easy to see that if d’/7 > 1/4 then we have 0 < p* < (2 +d'/7)™! < (4d'/7)(2 + d'/7)~!. Hence
avprem = /A +d'/7 < agmerem = 1 + d'/7 and the MDFEM and the QMCFEM perform the same when
A =1 and the MDFEM will perform better when A > 1. On the other hand, if d’/7 < 1/4 then there are two
cases to be considered. When 0 < p* < (4d'/7)(2+d' /7)™ < (2+d'/7)~! we have exactly the same conclusion
as for d’' /7 > 1/4. Lastly, when 0 < (4d'/7)(2+d'/7)™! <p* < (2+d'/7)~! the QMCFEM is in the unfortunate
case that the term for the FEM convergence is larger than d’/7 and so it will always lose.

Hence, for any p* such that 0 < p* < (2 + d’/7)~! the MDFEM performs better or similar compared to the
QMCFEM, with the possibility of higher-order convergence for the MDFEM.

As a second comparison we look at the multilevel variant of the QMCFEM which is the MLQMCFEM
algorithm given in [17]. Since the QMC rules for the MLQMCFEM are the same kind as those for the QMCFEM,
they can achieve at most order 1 convergence and this requires 0 < p* < 2/3. The error bounds in Theorems 6.3
and 6.5 of [17] take more complicated forms in which ¢ there is the convergence of the QMC rule on each level,
comparable with our )\, and 7 there is our §’. They are written in terms of the dominating cost, being either
e Y2 with A < 1 due to the QMC rules there, or ¢4/ with extra log factors depending on the situation. So
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also in this case it is clear that in the case 0 < p* < (2+d'/7)71 < 1/2 < 2/3 if we take A > 1 for the MDFEM
and we can take d’/7 < 1/A then the MDFEM performs better or similar compared to the MLQMCFEM, with
the possibility of higher-order convergence for the MDFEM.

APPENDIX A.
We collect some results here which would otherwise disturb the flow of the paper.

A.1. Proof of Lemma 1.2
Proof of Lemma 1.2. The first property (1.15), is a well known property of the anchored decomposition and we
omit the proof. We now prove the second property (1.16), which is,

(04 Fy) (yu) = (052 F(-u)) (yu) when Vjeu:w; >1,

i.e., for w, € NIUI. First we move the derivative operator inside the explicit form for F,, see (1.13),

(O Fu) () = Y (=105 F (-0)) (30)

vCu

and realize that F(-,) is a function which is constant in all variables not in v, and as such if we have an w; > 1
for which j ¢ v then the derivative (95" F(-y)) is zero. Since wy € NI we have w; > 1 for all j € u and thus
the only remaining term for v C u is the one for which v = u.
To show the third property, (1.17), which is
(6;’1:‘Fu) (yy) =0 when Jj€u:y; =0and w; =0,

we first note that here w, € Ngul, i.e., w; is allowed to be zero for j € u. Therefore, suppose there is a j € u
such that w; = 0, then we are actually not taking the partial derivative w.r.t. the jth variable, and by the
definition of the partial derivative this means we keep the jth variable fixed while we take the derivatives w.r.t.
the variables in supp(w, ). Then, in the case that w; = 0 we can do the evaluation at y; before taking the other
partial derivatives, i.e., (95 Fy,) (y5) = (95 (Fuly,=y:)) (W5, (;1)- Since j € u we can use the first property (1.15)

Yu
to deduce that Fu|yj:y; = 0 when y; = 0. 0

A.2. Derivation of anchored Sobolev kernels and Taylor representation

We provide the derivation of the reproducing kernel of a univariate anchored Sobolev space w.r.t. a positive
weight function p for anchored functions. In particular this shows how to obtain the kernel given in (3.5) for
the anchored Gaussian Sobolev space for anchored functions. For a € N the space consists of functions that
have absolutely continuous derivatives up to order a — 1 for any bounded interval and have square integrable
derivative of order o w.r.t. the weight function p and are anchored at 0. The domain is the support of p. These
spaces are meant to be used for functions F, obtained by the anchored decomposition (1.13).

In accordance with Example 4.4 of [25] and [11], the only constant function in our univariate anchored space
is the zero function, and we can use the tensor product of this univariate kernel to create a multivariate kernel
which represents multivariate anchored functions. A reproducing kernel K for a reproducing kernel Hilbert
space H(K) has the property that K(z,y) as a function of y is a function in H(K) for any x in the domain.
To satisfy this property, the kernel for the anchored Sobolev space on the unit cube for anchored functions in
Example 4.2 of [25] and Section 5.2 of [6], should be amended to have the sum over the derivatives from 1 to
a — 1 where the “0 otherwise” appears. Then it agrees with the kernel given here.

Our proof uses similar arguments as in Section 1.2 of [32] where the kernel of the anchored Sobolev space over
the unit cube is derived, but we modify the techniques for the case when the inner product contains a positive
weight function p in the L? inner product of the ath derivatives, and when the functions are anchored.
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Proposition A.1. The reproducing kernel of the anchored Sobolev space for anchored functions Hq o ,(R), with
p(t) = p(—t), e.g., the anchored Gaussian Sobolev space, with inner product

a—1

(PGl 7= 3 F 00600 + / F®) () G (y) p(y) dy,

s given by

T min{lzL v} 1z — t)ot (Jy| — )t 1
(XO,/ny Zﬁy*, ]l{a:y>0}/ (a—l)! Zéa—l)! mdt’

where 1{X} is the indicator function on X.

Proof. By Taylor’s theorem, and using F(0) = 0, we have

ozl - Yy _ fa—1 a—1 . 0 _ pa-—1
— ; % F(T)(O) +/O (y(a—t)l)!F(a)(t) dt = 7; %F(T)(O) /y (y(a_t)l)!F(a)(t) dt,

where we have written both forms as this helps to interpret how our kernel will operate in connection to the
integral over R in the inner product. By the reproducing property we require

F(y) = (F, Koo p(+9)) i o (8) = ZF“ 0) K7 ,(0,) + / F@O (1) K& (t,y) p(t) dt

i 0) K73 ,(0,) + " pe K (ty) p(t) dt + / FO) K (ty) plt) dt,

0 —o0

where the derivatives of K, o , are taken with respect to the first variable.
Comparing the two representations of F' leads us to choose the kernel K, o, such that

T

T Y
Ké()]p((),y)zﬁ forr=1,...,a—1 (A1)
and
(y—t) ' 1 .
WU qptefo,y]}, ify>0,
(Oé*l)! p(t) { [ y]} Yy
(o) _ _ _ H\a—1
Ko ,ty) =4 —(y—1) 1 : (A.2)
@0, Y 1{te[y,0)}, ify<o,
CER ORI

Since Kq0,(-,y) itself needs to be a function from the space Hy ,,(R) we require that K, 0,,(0,y) = 0 for any
y and its Taylor expansion with respect to the first variable is given by

a—1 ]
T (r T x =)™ o
Kaop(r.y) =Y = Ko ,(0.9) + / (( _’1) K0t ) dt. (A.3)

Therefore, inserting (A.1) and (A.2) into (A.3) we find for y > 0 that

T=1

a—1

T T a—1 _ fa—1
Konglo) =3 520+ [ Um0 e
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which can be written as

a—-1 - - min{z, a— oa—

Zx—nyr/ {@y} (x —1t) l(y—t) lidt if 2,y >0

ot o (a—1! (a=1) pt) e
Ka,O,p(z,y) =

277 if x<0andy>0.

LT T 0 a—1 a—1
- - 1

7! 7! (a—=1! (a=1)! p(t)
— max{z,y}
Koc70,p($7y) = !
in'yil, ifx>0and y <0.
7! 7!

Hence, under the assumption that p(t) = p(—t), the explicit formula for K, ¢ , can be written as

T min{lel[yl} (|5 — ¢)e1 (|jy| — g)o
K“’O”’(x’y)zzf*ﬂ{“”()} |(t|1—)1)! (%—t)n! %

T=1

O

We have stated Proposition A.1 in a form which is relevant to the paper, but in fact the proof is more general.
As stated, we do not require p to be the Gaussian density. The condition p(t) = p(—t) in the proposition is only
stated to obtain an easy final expression and could be removed. The resulting kernel is valid for other positive
weight functions p and we assume the domain of the integrals are then truncated to the support of p. e.g., p
could be the uniform density on the unit cube and we then recover the anchored Sobolev space for anchored
functions on [0, 1]. If we want to drop the requirement that F'(0) = 0 then we add the constant one to the kernel
and include the term for 7 = 0 in the inner product. Such a kernel for p = 1 over R is given in Section 11.5.1
of [30]. The statements are also easily generalizable for an arbitrary anchor point, similar as the kernels in
Example 4.2 of [25] and Section 5.2 of [6].

We take the multivariate space to be the tensor product of the univariate spaces and therefore the kernel is
obtained as the product, see, e.g., Example 4.4 of [25]. For anchored functions in such a multivariate anchored
Sobolev space (not necessarily just the Gaussian case as we use in this paper) we have the following representation
as a Taylor series with integral remainder term.

Lemma A.2. Foru C N with 1 < |u|] < oo, assume F, € Ha707p7|u|(ﬂ|"‘), with Q the support of the positive

weight function p, is obtained from an anchored decomposition (1.13) of a function F. Then we have the
representation

Fg)= Y 11 ij], /ynFﬁ"“)(tn)H(%(;_tl))dtn, (A.4)

uue{l:a}‘ul jEu\v ° MIS

v:={jw;=a}
where F("”)(tn) means to evaluate the function F(V“) in the point t, € R, i.e., setting all other arguments to
zero, or, if viewing F\"*) as a |u|-variate function then F(V“)(tu) = F(V“)(tU,Ou\n) For w, € {0 : a}/*l we have

(wu) y?j_wj Yo () (y; — t,)afwjfl
By (yu) = Z H = / FM (b, ) H %dtw (A.5)
UuSVHG{l:a}‘“‘ J€3 (VJ _wj) 0y j€v (a_w.] - )

w:={j:w;=a}
v:={j¢w:w;=a}
3:=u\(vUtv)
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The functions FLSV“) under the integrals could be replaced with F¥) in both (A.4) and (A.5).

Proof. Functions in Ha,(),p,‘u|(Q‘u|) satisfy all requirements to use the Taylor theorem with integral remainder
up to order « in each direction successively, i.e., they have absolutely continuous derivatives up to order oo — 1
for any bounded interval. Hence

3 vi' Y ) (y; — )"

Fy(yu) = H ol Fy (tn)detu,

UuE{O:a}‘ul jEu\v J° 0, e :
v:={jwj=a}

where we remark that we wrote v, € {0 : a}/¥l, i.e., v; is allowed to be zero also for j € u. We can now make
use of Lemma 1.2. In particular, property (1.17) implies that any term for which there is at least one j € u for
which v; = 0 will vanish. This proves (A.4).

To obtain the expression for FL(lw“) (yu) for wy € {0: a}*l we work in a similar way by applying the Taylor
theorem with integral remainder term to Féw“) for each w; < a. For w; = v we cannot apply the Taylor theorem
anymore, so we need to take care that in our expression we can just recover the ath derivatives, i.e., we should
not integrate those components for which w; = . Therefore we introduce the set w:={j €u:w; =a}. Asin
the expression for Fy, we gather the indices for which we need the integral in the set v which is now modified to
exclude those indices in the set w. This proves (A.5).

By property (1.16) we also know that F) (yu) = F¥) (y,) for v, € {1 : o} and any y, so also for
Yu = (£, 04\0) € RY o yu = (fo, Y, 0;) € R as in (A.4) and (A.5) respectively. O

A.3. Proof of Proposition 3.4: norm embedding after mapping

We deferred the proof of Proposition 3.4 due to its length. We first show two lemmas that we need for the
proof. The following result is taken from Lemma 3 of [9].

Lemma A.3. For F : R® — R having mized partial derivatives for all T € {0 : a}® we have for any 7 € {0 : a}*
that

(Fp)(y) = p(y) D (D" e(r,w) He o (y) F) (y),
w<T
where the sum is over all w € N§ for which 0 < w; < 7; for all j € {1,2,...,s}, c(T,w) == ([T )V/(T —w)! =

T (L7, )V (7 —wi)! and Hy(y) == szl H:,(y;), with H;, for T € Ny, the Tth normalized probabilistic

j:1 Tj—Wj
Hermite polynomial given by

\/*' [7/2] (_1)k y772k
H,(y) = T-I;) G (A.6)

Lemma A.4. Fora e N, 7€ {0:a} andn € [0,2a — 1] we have

2a

Co 1= /RIHTW [yI" p(y) dy < al (1 +a/2) ——T(2a) Io(1/2), (A7)

V2T
with Iy the modified Bessel function of the first kind of order 0.
Proof. Using (A.6), the Cauchy-Schwarz inequality and [, |y|"p(y) dy = 27/2T'((n + 1)/2)//7 for any n > 0,

we have

2
L7/2] )k 2k

—1
Lo ar= [ 252 g Yo | by
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o L§J(_1)2k LTZ/? ' 9—2k . / y|2T20F () dy
P 2 (k1 (r — 2k))% Je
L7/2] 9—2k 1 ;
(1 2 2% I'(2 2
< al « o
<al(l+a/2) Z=T( ),;W)Q
—all+a/2) ST h1/2)

where in the second inequality we use 7 < a, n < 2a—1,7—-2k >0, 1/2 <7 -2k + (n+1)/2 < 2« for any
ke {0:|7/2]} and T'(1/2) < T'(2a) for o > 1.43258. For a = 1 the result follows by directly comparing the
stated upper bound with the closed form solution of the integral for 7 = 0 (given above) and 7 = 1 (which is
the expression above with 7 replaced by 7 + 2). O

We are now ready to give the proof of Proposition 3.4 which states that for F' € Hy o, s(R*) with o € N and
T > 1/(2v/2), the function (Fp) o T : [0,1]* — R® belongs to H, ([0, 1]*) and

I(Fp) o Tl o.15) < Cha TV F i, o, o) (A.8)

with C , defined in (3.15). The proof starts along the lines of proof of Lemma 4 from [9] but we need some
extra work to arrive at the norm in the space Hq 0,5, (R?®) for which we will make use of Lemma A.4. We remind
the reader that F(y1,...,ys) is actually some relabelling of F, (y,) with |u| = s coming from an anchored
decomposition and that Ha g, s(R®) is the anchored Gaussian Sobolev space specifically for such functions
having the properties listed in Lemma 1.2.

Proof of Proposition 3.4. Using the inner product (3.13), the Cauchy—Schwarz inequality and the chain rule
((Fp) o )™ (y) = 2T)(Fp)(™) (3) we have

IN

2
IED o Tl o= Y [ [ ((Fpe D))y d,
' [0,1]lel [0,1]s— vl
Te{0:a}?®

T€{0:a}®
2 2
Lo ([ (e )] dy- ) du,
[0,1]lvl [0,1)s— vl [0,1]s—I®l
v:={j:T;=a}

vi={jir;=a}
-y /[ L) oT)(y)] dy

Te{0:a}s

T€{0:a}s [-T.T]*

[(Fp)(” (y)} " dy.

Applying Lemma A.3 to the last inequality we then write
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2
1 T
D) o T < e 30 @D [ ola) 3 ctrao) [Hr o)l P/ dy
T{0:a}® [-T.T]* w<T
1
e ST ) D S
T€{0:a}® w<T w'<T

’ /[_TT]S Hro(y)]| oo ()] [F) ()] [F) )] p2(3) .

Applying the Cauchy—Schwarz inequality to the last integral leads to

1/2
1 . o
IF0) o Tl o < e > TP Y ) [ [ s PR 2 dy]
T{0:a}3 w<T (=TT
=:Y(7,w)
1/2
x Y (W) [/ [ Her—w (y) |FD () 7 (9) dy] : (A.9)

w'<T [-T,17]°

=Y(r,w’)

We will show below that for any 7 € {0 : a}® and w € N§ such that w < 7 we have the uniform bound

V(r,w) =

1/2
/[TT] HTu(y)I2IF(“’)(y)2p2(y)dy] < CUINF . ), (A.10)

where C, o 1= aC, o with C , defined in (A.7). Inserting (A.10) into (A.9) then leads to

2
. 1
[(Fp) 0 T||%1a,s([o,1]s) <Cla HFH%{(Y,OYP,S(]RS) W Z (2T)2‘T| Z or,w)| . (A.11)
T€{0:a}® w<T
Moreover, we have, for 7 € {0: a}® and w < T,
2 - 2

7j

Z elt,w)| = H

-
! (15 — wj)!
) ) J J
- Tj — Wj
w<T j=1 | w;=0

2

S i Tj - . S T.
I pvay (7)) =TT
i=1 | w;=0 7 j=1
Inserting this into (A.11) implies
S S 1 T T
I(Fp) o T, oye) < CialF I, o) () @ Y. (T
Te{0:a}s
1 (S )
=ClalFlg, ., . (@) (47)*"
, Heu0,p,5(R9) (QT)S ;

1 (4T)20¢+2 -1 S
— s 2 s
= ClallF . me) ()" s < (A7) — 1
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< O () 167 TED B ey
= CE T PG ey

where we used (47)2%+2/((4T)? — 1) < 2(4T)** for T > 1/(2v/2) > 1/4, and where

2c

1/2
2
Cho = (Cya o 16%)/% = (a ol (1+ a/2) [(2a) Ip(1/4) o 24a>

V2r
1/2
— ol 9% <a (1+a/2) \/% I'(20) 10(1/4)> .

We have now arrived at the claim of our statemement (A.8).

To complete the proof we still need to show (A.10). We are going to use the Taylor representation from
Lemma A.2 for the derivatives of F' = F},, where in our current exposition {1 : s} is a relabeling of u. Thus,
using (A.5), and with the understanding that F = F,, w = w, € {0: o} and y = y, € RI¥/, we have, with
some slight abuse of notation,

Fy) = R (g)

- ¥ | (. /y B () [T 4= Dy,
wy<v,e{l:a}tl | J€s (v = wj)! 0 jeo (v —wj; —1)!
wi={jiw; =a}
v:={j¢w:v;=a}
3:=u\(vUto)
y;jj Wi / ( ) (y] _ tj)oz—wj—l
2 H(”ﬂ"“’ﬂ Uy“’)H (a—w;—1)! 7
wlrve{l:a}® j€3 jco

w:={j:w;j=a}
v:={j¢w:w,;=a}
3:={1:s}\(vUw)

Note that inside the integral we evaluate the function F' = F,, at (ty, Yn) = (tv, Y, 0;) € RI* with 3 = u\ (bUrv)
and v, 10, 3 are pairwise disjoint with u = v U tv U 3 since the above definitions are equivalent to

w={jcu:v;=aand wj = a},
v={jcu:v; =aand w; # a},
s={jeuv; #a},

where we used that w; < v; < o for the set 1.

In what follows, for any y € R we write [0, y]* = [0,y] if y > 0 and [0,y]* = [y,0] if y < 0. For y € R® we write
[0,y]" = [0,91]* x --- x [0,s]*. So, squaring the above expression for F(“) and applying the Cauchy-Schwarz
inequality twice we obtain

|F@) (y)[?
Z H y?('/j wj) H 2(a w;—1)
<o Ol [ e, / a
wevetiare |36 (Wi = @il | S0, ) ies Jog ((a—wj=1)h)2

w:={j:w;=a}
v:={j¢w:w;=a}

3:={1:s}\(vUw)
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.|2u.7'—2w.7' 4‘204—2:;;.7'—1

|y / ) 2 |y
o WL PO (b, o)t
w<y§:a}s g (v = wi)D? | Ji0s el e JEHD (20 = 2w; = D)((o — w; — 1)
wi={jiw;=a}
v:={j¢w:w,;=a}
3:={1:s}\(vUw)

<af Z H ‘yj|2yj_2wj / |F(u) (tm ym)|2 dt, H |yj|2a—2wj—1

w<ve{l:a}® _jEz [00,y0]* jEL
w:={j:w;=a}

v:={j¢w:w;=a}

3:={1:s}\(bUw)

=S SR B | (I I Ui (A12)

w<ve{l:a}® |JjE3V0 [00,y0]"
m::{j:wj:a}
v:={j¢n:w;=a} =:B(v,w,y)

3:={1:s}\(bUw)

Note that in the second and third step we used that for j € v we know that w; < a—1, and in the last step we
used that for j € 3 we have v; < a — 1. We want to use this bound for |F(“)(y)|? in Y?(7,w), cf. (A.10), which
is multiplying with |H,_.,(y)|? p?(y) and taking the integral over [T, T]*. We can move the integral inside of
the sum over v in the above expression to obtain

Virw) <ot Y / (W) B(v,w,y) p*(y) dy. (A.13)
w<ve{l:a}® [-T.T]°
wi={j:w;=a}
v:={j¢w:w,;=a}
3:={1:s}\(vUw)

=:A(v,w,T)

with B(v,w,y) defined in (A.12). Then

A(V,w,T)z/ Hew@)* | T] lwil! / [F)(ty, yw)[* Aty p*(y) dy
[—T,T]S [Onv'yn]

je;sun

1 v
< / He o) | T lsPo / F®) (£, )2 po (£) dto p*(y) dy
[_TvT]S [0D7yb]*

B | j€sun Po(Yo)

B 1
Heo @) | T] v 7/@” [F®) (£, yw)|? o (ts) Aty p*(y) dy.

Rs jE3UD Po(Yo)

We now split the integral over y into a product of three integrals over the pairwise disjoint sets bUroUz = {1 : s}.
We obtain

(v,w,T) H/I r—; (W) [P Ly 227102 ( £ w3) dy; H/\ ry—; (W) P lyi P ply;) dy;

J€3 NS
<p(y;)

X /R‘ ‘|H7'm*wm (ym)|2pm(ym) /Rl ‘|F(U)(tmym)|2pn(tn)dtn Pm(’ym)dym
<1

< C<|>7|0é <|>?(‘¥ /‘ | |F(u)(ynum)|2Pnum(ynum)dynum7 <A~14)
R vUro
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where we used Lemma A .4 and the constant C, o defined there in (A.7), and H-(y)/p(y) <1 for any 7 € N§
and any y € R®, see Lemma 1 of [9]. Inserting (A.14) into (A.13) leads to

yz(r,w) <a’ Z Clél Clnl /‘ ‘ |F(V)(yuum)|2puum(yuum)dynum
w<lve{l:a}? Rivomw
w:={j:w;=a}
v:={j¢w:w;=a}
3:={1:s}\(vUw)

<a'Ci, Y. /R| . |F®) (yo) [ po(yo) dye

w<ve{l:a}®
v:={jw=a}

< QSC’g,a Z /]R‘ [ yn | Po(Yo) dyy = C“Scsa HF”HQ 0,p.5(RS)

ve{l:a}®
vi={jivj=a}

where in the last line we obtain the norm based on the inner product (3.6) of the space H, g, s(R®). This
shows (A.10). The proof is now complete. O

A.4. Interlaced polynomial lattice rules for H, ([0, 1]°)

The aim of this section is to show that interlaced polynomial lattice rules can achieve the almost optimal
order of convergence for integration in the space Hy ([0,1]%) defined in Section 3.1.2. Interlaced polynomial
lattice rules were also used in the setting of PDEs with random diffusion coefficient, but for the uniform case,
i.e., with integrals directly expressible over the unit cube, in [8]. Here we map our integrals over the full space
into the unit cube by the strategy described in Section 3. But the unanchored Sobolev space here is different
from the unanchored Sobolev space considered in [8]. We adjust the analysis of [8,13] to show that the fast
component-by-component construction algorithm as in [8] can also construct optimal interlaced polynomial
lattice rules for our space H, 4([0,1]%). We remind the reader that the inner product of our space was already
given in (3.12) and (3.13). As explained in the introduction, we do not consider weighted function spaces, since
the MDM already takes care to limit the number of dimensions for each subproblem.

Interlaced polynomial lattice rules are a modification of polynomial lattice rules to achieve higher-order con-
vergence for integration over the unit cube in classes of Walsh spaces and weighted unanchored Sobolev spaces,
see, e.g., [8,13]. The aim is to approximate multivariate integrals over the s-dimensional unit cube

Iip 1y (F) = F(y)dy
[0,1]¢
by a quasi-Monte Carlo rule of the form
0 AN (0
o.1)7,p () = ;F (y ) ;

where P, := {y® ?;01 is the cubature point set. The worst-case error of the QMC rule Qg 1)+, p, in the normed
space Hy,,5(]0,1]%) is defined by

ewor (Pns Ha,s([0,1]%)) := sup [Z0,11+ (F) = Qpo,1)+,p, (F)] -
1l £ 0,19 <1

Hence, for any F' € H, +([0,1]%)

|I[0,1]5(F) - Q[O,l]S,Pn(F)‘ < ewor(Pn§Ha,8([Ov 1]8)) HFHHQ,S([OJ]S)
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We need to introduce some necessary definitions. For simplicity we restrict ourselves to polynomial lattice
rules over the finite field Zy. Let Zy[x] denote the set of all polynomials over Zy and Zy[x '] denote the set of
all formal Laurent series over Zs. For any m € N let us define a mapping ¥, : Za[x "] — [0,1) by

I (iwix_l) = f: w; 270
i=¢

i=max(1,0)

In the following we will identify any integer k € {0,...,2™ — 1}, having binary expansion k = kg + k12 +--- +
Km—12™71, with the polynomial k(x) = ko + K1X + - + Km—_1X™ "' € Za[x] and vice versa.

Definition A.5 (Polynomial lattice rule). For m,s € N let p € Zy[x] be an irreducible polynomial such that
deg(p) = m and let ¢ = (q1,...,qs) € 42 with

G = {q € Za[x] : deg(q) <m}.

A polynomial lattice point set P, ., <(q) is a set of n = 2™ points y(@, ..., y2" =D €[0,1)° where

y" = (19m (W) e O (W))

A QMC rule using this point set is called a polynomial lattice rule with generating vector ¢ and modulus p.

The convergence for a polynomial lattice rule is typically that of a normal QMC rule, i.e., O(n~*+%), § > 0,
under appropriate conditions and modulo log-factors. By making use of interlacing we can obtain higher order
convergence O(n~2%9) § > 0, for & > 1, again, under appropriate conditions and modulo log-factors. Interlacing
is the process of combining a € N, o > 2, base-b elements into one. i.e., we can interlace a tuple of « base-2
numbers in the interval [0,1) and combine them into one base-2 number in the interval [0,1). This is the aim of
the digit interlacing function which will take a polynomial lattice point set in as dimensions and interlace the
points with a factor a to obtain an interlaced polynomial lattice point set in s dimensions.

Definition A.6 (Interlaced polynomial lattice rule). Define the digit interlacing function 2, : [0,1)* — [0,1)
with interlacing factor v € N by

@ (ylw'.,ya = ZZ 2a 51,]
=1 j=1

where y; = &,;27' +&;272+ -+ for j = 1,...,a and, in case the number of arguments is a multiple of «,
define 2, : [0,1)** — [0,1)® by

@a(yh cee 7yas) = (@a(yla s 7ya)a BERE) @a(y(s—l)a—i-l, . 'aysa))-

For m, s € Nlet p € Zs[x] be an irreducible polynomial such that deg(p) = m and let ¢ = (¢1, ..., ¢as) € 4%°. An
interlaced polynomial lattice point set (of order ) Do(Pp.m.as(q)) is a set of n = 2™ points y(©), ... y2" 1 ¢
[0,1)® such that

y® = 9, (xw)) ’

where {z(*) izo_l € [0,1)*° are the points of a polynomial lattice point set P, m as(q). A QMC rule using this

point set is called an interlaced polynomial lattice rule (of order «) with generating vector ¢ and modulus p.
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To analyse the error we will make use of the dual of the point set. First we need to define vectors which have
a specified support. Therefore, define for an integer vector k the function supp(k) := {j : k; # 0} where the
index j ranges over the dimensions of k. To range over all s-dimensional vectors with support on the set u we
write ky, € Nj.

Definition A.7 (Dual of polynomial lattice point set). Given k € Ny with binary expansion k = k¢ + k12 +
o+ Kqe_12%"! define the associated truncated polynomial

(tryn (k) (X) = Ko +kix + - 4 o1 X"

where kg = -+ = k1 = 0 if @ < m. For k € Nj define tr,,, (k) := (trpm(k1),...,trm(ks)). The dual of the
polynomial lattice point set P with modulus p and deg(p) = m and generating vector q € ¢7, is defined by

Pti={keNj:tr,(k) - g=0 (modp)} CN,
and the dual with support u by
Pli={k, e N; CNj:trp(ky) g.=0 (modp)} C P .

Since interlacing reduces o dimensions to a single dimension, the definition of the dual with support u for an
interlaced polynomial lattice point set needs to keep track of its source dimensions. Therefore, for v C {1 : as},
we define, see also equation (3.26) of [g],

ua(0) := {[i/al:j v} C {115},
which tells us where the source dimensions end up in the interlaced point set.

Definition A.8 (Dual of interlaced polynomial lattice point set). Define the digit interlacing function for non-
negative integers &, : Ny — Ny with interlacing factor a € N by

En(ki,y ... ko) = f: za: Fi,j 2101
i=0 j=1

where k; = ko ; + 11,52 + /<;2,j22 + .-+ for j=1,...,a and, in case the number of arguments is a multiple of «,
define &, : N§* — Nj by

Salki, .. kas) = (Ealkr, .. ko), s Ea(bs—1)ast1s - - s Ksa))-
The dual of the interlaced polynomial lattice point set Py (Pp m.as(q)) is defined by
(ga(Pp,m,oes(q)))J_ = {(fa(k;) S NS k= (kla ceey kas) € (Pp,m,as(q))l C NS‘S} C N(S)v

where (Pp,m as(q))" is the dual of Py, 45(q) as given in Definition A.7. The dual with support u is defined by

(Za(Ppam.as (@) = {hu € Ny € NG 2 by = Eu(R)

for which k = (k1,....kas) € | (Pp,m,as(q))nl} C (Za(Ppmas(@))*.
vC{l:as}
s.t. un(0)=u
In order to state a bound on the worst-case error we still need to introduce a weight function which measures
the importance of the kth Walsh basis functions and which will provide a link to the space H, +([0,1]%). For
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k € N with binary expansion k = £12™ 1 + k92" 71 4+ ... 4+ £,2™ ! such that m; > mg > -+ > my, > 0
define

and f1,(0) = 0. For k € N we define p, (k) := ijl ta(k;). We can now state a first bound on the worst-case
error for interlaced polynomial lattice rules in the space Hy,, ([0, 1]%).

Proposition A.9. For any o € N, with a > 2, we have
~ 1 lua(0)]/2
ewor (Do (Ppamas(@)) i Hao (0,119 < > (270G, S pemk),
0#0C{1:as} ko €(Pp,m,as(a))y

with

A 02 20,
Ca = 113112{& {Z 22(T—v) + 92(a—v) } J (A.15)

where Cy := 271 and C, := (5/3)772277 for 7 > 2.
Proof. The reproducing kernel for the space H, +([0,1]*) is well known and can be found, e.g., in [4]. For our
unweighted tensor product space it is as follows

S

Koo (w:y) =[] (1 +y0 B B) <1>B<ll>> |

e 7! 7! (2ar)!

where B; is the Bernoulli polynomial of degree 7 € N. We already gave the inner product for this space in (3.12)
and (3.13). We will expand the kernel in a double Walsh series, see, e.g., [4,13]. For k, £ € N§ the (k, £)th Walsh
coefficient is defined by

Ron(k, ) = / / Koy, ) walo(y) wale(y') dy dy’.
[0,1)s J[0,1)s

From, e.g., Theorem 13 of [4], we have, with {y(i)}?;no_l € [0,1)® the points of the interlaced polynomial lattice
rule,

2m—1

1 ) y
5\\)2 i i
(ewor (Za (Pram.as (@) i oo (10,19))° = =14 5 3 Koo (y@y)
i,i'=0
N 1 2™m—1 ‘ 1 2™m—1
=14+ Y Ko (ki) 5 Y wal (v) S > wale (y).
k. LeNg i=0 i'—=0

Using the “character property”, see, e.g., Lemma 1 of [13], we have

2m 1 ) .
» Z walg (y(i)> = {17 if k € Da(Ppm.as()))™
2m 0

i=0 )

otherwise.

Hence,

(ewor(‘@a(Ppm’haS(q)); Ha,s([07 1]9)))2 =-1 + Z [?a7s(kae)~
k,LE(Za(Pp,m,as(@))t
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Using Lemma 14 and equation (13) together with Proposition 20 of [4] we have IA{Q,S (k,£€) = 0 if supp(k) #

supp(£). When both k and £ are 0 we have IA(a,s(O,O) = 1. Otherwise, for u # () and k,, £, € N5 = {k € N§ :
supp(k) = u} we have

f(a s(ky, 8] < aLU\ 2_.“'0(1‘711)_,“‘@([")’

with éa defined in (A.15). Hence

(ewor(Za(Ppm,as(4)); Ha,s([0, 1}8)))2 < Z élaul Z 2 e (k) e (b)
P#uC{1:s} ku i €(Za(Ppm,as(q)))r
2
= Z @L‘” Z 9~ ta(ku)
PFAuC{1:s} ku€(Za(Ppm,as(@))i

— Z é(llul Z Z Q_Na(ga(ku))

P#uC{1:s} vC{l:as} ko€(Pp,m,as(q))e
uq (b)=u

1/2
Thus, taking the square root on both sides and using (Z] aj) < Zj |a; |1/2 on the right hand side, we obtain

ewor(Za(Pym.as(@); Ha s ([0,1)) < > ClI2 3 > 9~ Ha(Ealky))

P#uC{1:s} 0C{1l:as} ko€(Ppm,as(q))t
uq (v)=u
_ Z Clua(0)1/2 Z 9~ ta(balks))
P£0C{l:as} ko €(Pp,m,as(@)E

Using Lemma 3.8 and the subsequent equation of [8] we have

ala—1)

poEa(e)) = g (ke) = %

ua (v)],
from which the result follows. (I

We are now in a similar situation as equation (3.30) of [8] where a function E,;(q) is defined which is
equal to the upper bound in Proposition A.9 with “modified weights”, which in our case would be 7, =
(2“("_1)aa)|”a(")|/ 2 and after which a fast component-by-component construction algorithm is presented. In
[8] the weights of the function space 7, (y) are also present in 7,, but in the unweighted setting here they are
all 1. Hence we can pull out the modified weights using 7, < 2*(®~15/2 which holds for all v C {1 : as} since
éa < 1, see Table 1 for ¢ = 2 of [4]. The following proposition now follows immediately from Theorem 3.9 of
[8] by using 7, = 1 for all v. We note that using the actual weights ¥, would improve the result, but would not
change the complexity for the MDFEM so we prefer this simpler result.

Proposition A.10. For any o € N, with o > 2, let p be an irreducible polynomial with deg(p) = m. For d € N
and q € 92 define

Ed(q) = Z Z 2—a/t1(kn) _ Z 2—@,111(16).

0F0C{l:d} ko€(Pp,m.a(q))y 0#kE(Pp m,a(q))*
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A

mi

generating vector ¢* = (qi,¢5,...,q}) € 49 can be constructed using a CBC approach for d = 1,2, ...,
nimizing Eq(q) in each step, such that
A A
A A d
2 1 2 1
N < | — e — = — - _
Eq(q") < <2m_1) Z (2@/A_2)\u| <2m_1) <1+20¢//\_2> L

P£0C{1:d}

for all X € [1,a).

Combining Propositions A.9 and A.10 for d = as we obtain Theorem 3.3 in the main text.
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