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Abstract This paper is a sequel to our previous work (Kuo, Schwab, Sloan, SIAM
J. Numer. Anal., 2013) where quasi-Monte Carlo (QMC) methods (specifically, ran-
domly shifted lattice rules) are applied to Finite Element (FE) discretizations of el-
liptic partial differential equations (PDEs) with a random coefficient represented in
a countably infinite number of terms. We estimate the expected value of some linear
functional of the solution, as an infinite-dimensional integral in the parameter space.
Here the (single level) error analysis of our previous work is generalized to a multi-
level scheme, with the number of QMC points depending on the discretization level,
and with a level-dependent dimension truncation strategy. In some scenarios, it is
shown that the overall error (i.e., the root-mean-square error averaged over all shifts)
is of order &(h?), where h is the finest FE mesh width, or &(N~'*9) for arbitrary
0 > 0, where N denotes the maximal number of QMC sampling points in the param-
eter space. For these scenarios, the total work for all PDE solves in the multi-level
QMC FE method is essentially of the order of one single PDE solve at the finest FE
discretization level, for spatial dimension d = 2 with linear elements. The analysis ex-
ploits regularity of the parametric solution with respect to both the physical variables
(the variables in the physical domain) and the parametric variables (the parameters
corresponding to randomness). As in our previous work, families of QMC rules with
“POD weights” (“product and order dependent weights”) which quantify the relative
importance of subsets of the variables are found to be natural for proving convergence
rates of QMC errors that are independent of the number of parametric variables.
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1 Introduction

This paper is a sequel to our work [24], where we analyzed theoretically the ap-
plication of quasi-Monte Carlo (QMC) methods combined with finite element (FE)
methods for a scalar, second order elliptic partial differential equation (PDE) with
random diffusion. The diffusion is assumed to be given as an infinite series with
random coefficients. As in [24], we consider the model parametric elliptic Dirichlet
problem

~V-(a(x,y)Vu(x,y)) = fx) in DCR?’, ulxy)=0 on 9D, (1)

for D C R? a bounded domain with a Lipschitz boundary dD, where d = 1,2, or
3 is assumed given and fixed (we do not track the dependence of constants on d in
this work). In (1), the gradients are understood to be with respect to the physical
variable x which belongs to D, and the parameter vector y = (y;);>1 consists of a
countable number of parameters y; which we assume, as in [24], to be i.i.d. uniformly
distributed. Hence, we assume

yE[f%,%]N =U.

The parametery is thus distributed on U with the uniform probability measure  (dy) =
& ;>1dy; = dy. This simple probability model readily lends itself to treatment by
QMC integration.

The parametric diffusion coefficient a(x,y) in (1) is assumed to depend linearly
on the parameters y; as follows:

a(x,y) = a(x)+},yjyj(x), x€D, yeU. @)
=1
The y; can arise from either the eigensystem of a covariance operator (see, e.g. [32]),
or other suitable function systems in L?(D). As in [24] we impose a number of as-
sumptions on & and y; as well as on the domain D:

(A1) We have @ € L*(D) and ¥ ;> || ;|| =(p) < o.

(A2) There exist amax and amin such that 0 < amin < a(x,y) < amax for allx € D and
yeU.

(A3) There exists p € (0,1) such that ¥ ;-4 ||Wj||€°°(D) < oo,

(A4) With the norm [v|y1.«(p) := max{|[v|[r=(p), [VV||lz=(p) }, we have a € wl=(D)
and ¥j> 1 [|Wjllwiep) < oo

(AS) The sequence y; is ordered so that ||y || ;= p) > [|[W2|l=(p) > -+

(A6) The domain D is a convex and bounded polyhedron.
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In this paper we impose one additional assumption:

(A7) For p as in (A3), there exists ¢ € [p,1] such that ¥’ ;- || WJ'Ha/Lw(D < oo,

)

We now briefly comment on each assumption. Assumption (A1) ensures that the co-
efficient a(x,y) is well-defined for all parameters y € U. Assumption (A2) yields the
strong ellipticity needed for the standard FE analysis. Assumption (A3) is stronger
than the second part of Assumption (A1). This assumption implies decay of the fluc-
tuation coefficients y;, with faster decay for smaller p. The value of p determines the
convergence rate in the previous paper [24]. Assumption (A4) guarantees that the FE
solutions converge to the solution of (1). Assumption (AS) allows the truncation of
the infinite sum in (2) to, say, s terms. This assumption is not needed in this paper
when the functions y; satisfy an orthogonality property in relation to the FE spaces,
see §3.3 below. Assumption (A6) only simplifies the FE analysis and can be substan-
tially relaxed. Finally, Assumption (A7) is often stronger than Assumptions (A3) and
(A4). The value of g € [p, 1] as well as that of p € (0,1) will determine the QMC
convergence rates to be shown in this paper.

Our aim in this paper is to extend the QMC FE algorithm of [24] for the effi-
cient computation of expected values of continuous linear functionals of the solution
of (1) to a multi-level setting so that the overall computational cost is substantially
reduced. Suppose the continuous linear functional is G : H(; (D) — R (later we may
impose stronger regularity assumption on G, e.g., G € L*>(D)). We are interested in
approximating the integral

16() = [ G(u(-)dy = lim 1,(G(w) @
where

G(u('v(ylv"' ;ys70707---)))dyl de .

1(Gw) = [
[-3.30
The (single level) strategy in [24] was to (i) truncate the infinite sum in the expansion
of the coefficient to s terms, (ii) approximate the solution of the truncated PDE prob-
lem using a FE method with mesh width A, and (iii) approximate the integral using a
QMC method (an equal-weight quadrature rule) with N points in s dimensions. The
QMC FE algorithm can therefore be expressed as

N
0:(6(w) = LG5,

where uj, denotes the FE solution of the truncated PDE problem, and y(l), e y(N ) are
QMC sample points which are judiciously chosen from the s-dimensional unit cube
[—%, %]S More precisely, the QMC rules considered in [24] are randomly shifted
lattice rules; more details will be given in the next section. It was established in [24]
that the root-mean-square of the error /(G(u)) — Qs v(G(u))) over all random shifts
is a sum of three parts: a truncation error, a QMC error, and a FE error. For example,
in the particular case where Assumption (A3) holds with p =2/3 and f,G € L*(D), it
was shown that the three additive parts of the error are of orders &'(s~ '), (N~ '*9),
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and O(h*) = O(M,, 2/ d), respectively, where M), is the number of FE nodes and d is
the spatial dimension. Assuming the availability of a linear complexity FE solver in
the domain D (e.g., a multigrid method), the overall cost of the (single level) QMC FE
algorithm is &'(s N Mj,). There, as in the present paper, we assume that the functions
y; and their (piecewise-constant) gradients are explicitly known, and that integration
of any FE basis functions over a single element in the FE mesh is available at unit
cost. In effect, we assume that the entries of the FE stiffness matrix can be computed
exactly. The assessment of the impact of quadrature errors in the FE method is a
classical problem, which is well studied and covered in texts, such as the monograph
of Ciarlet [4].

The purpose of the present paper is the design and the error-versus-cost analysis
of a multi-level extension of the single level algorithm developed in [24]. The multi-
level algorithm takes the form

L
QH(G(w) 1= X, 0o (G5~ ) @

where {s/} >0 is a nondecreasing sequence of truncation dimensions, u;f denotes the
FE approximation with mesh width 4, of the PDE problem with parametric input (2)
truncated at sy terms, with the convention uZ:'] =0, and Qy, v, denotes the (randomly
shifted) QMC quadrature rule with Ny points in sy dimensions. (For the practical
form of the quadrature rule, including randomization, see (20) below.) Assuming
again the availability of a linear complexity FE solver in the domain D, the overall
cost of this multi-level QMC FE algorithm is therefore & (Z%:o s¢ Ny M, ) operations.
Again we use randomly shifted lattice rules, and we show that s/, Ny, and M}, enter
the root-mean-square of the error 1(G(u)) — Q%(G(u)) over all random shifts in a
combined additive and multiplicative manner. Upon choosing s, and Ny in relation
to hy appropriately at each level £, we arrive at a dramatically reduced overall cost
compared to the single level algorithm.

The general concept of multi-level algorithms was first introduced by Heinrich
[20] and reinvented by Giles [15,16]. Since then the concept has been applied in
many areas including high dimensional integration, stochastic differential equations,
and several types of PDEs with random coefficients. Most of these works used multi-
level Monte Carlo (MC) algorithms, while few papers considered multi-level QMC
algorithms. The multi-level QMC FE algorithm (4) proposed and analyzed here dif-
fers in several core aspects from the abstract multi-level QMC framework proposed
in [17,27]. It also differs from the multi-level MC approach which has recently been
developed for elliptic problems with random input data of the general form (1) in
[2,3,5,31,36]. The model considered here, as in [24], is infinite-dimensional. Pre-
vious treatments of infinite-dimensional quadrature include [17,25,27] with QMC
methods, [21] with MC methods, and [30] with Smolyak (or sparse-grid) quadrature.
Applications of QMC methods to the “lognormal case” are considered in [18, 19].

There is an important special case where the functions y; satisfy an orthogonality
property in relation to the FE spaces, see (28) ahead. In this case there is no dimen-
sion truncation error at any level, that is, with sy chosen in an appropriate way we
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have u;f[ = uy,,. Furthermore, due to the special structure of the expansion of the co-

efficient a(x,y), the overall cost is only & (¥ Ny My, log(Mj,)) operations. To have
this orthogonality property we need multiresolution function systems; examples are
given in §3.3. We emphasize that the eigenfunction system of the covariance operator
does not have this property.

One of the main findings of the present paper is that the error analysis of the multi-
level QMC FE algorithm requires smoothness of the parametric solution simultane-
ously with respect to the spatial variable x and to the parametric variable y. Another
key point is that we require decay of stronger norms of the fluctuation coefficients
Y, see Assumption (A7). For the multi-level QMC FE algorithm, the convergence
rate will be determined by both the values of ¢ in (A7) and p in (A3), rather than just
the value of p as for the single level algorithm in [24]. As in most modern analyses
of QMC integration in high dimensions, we use parameters 7,, known as weights, to
describe the relative importance of the subset of the variables with labels in the finite
subset u C N. (These weights are to be distinguished from quadrature weights in,
e.g., Gaussian quadrature formulas.) In [24] the weights were chosen to minimize a
certain upper bound on the product of the worst case error and the norm in the func-
tion space, yielding a special form of weights called “POD weights”, which stand for
“product and order dependent weights”:

=T []7 ®)

Jjeu

where |u| denotes the cardinality (or the “order”) of the set 1. These weights are then
determined by the two sequences: by Iy = 1, I1,I5,I3,... and by 11,%,7,.... The
error bound obtained in the present paper is more complicated than the result in [24]
due to the multi-level nature of the algorithm, but we follow the same general prin-
ciple for choosing weights. It turns out that the “optimal” weights (in the sense of
minimizing an upper bound on the overall error) for the multi-level QMC FE algo-
rithm are again POD weights (5), but they are different from the POD weights for the
single level algorithm in [24]. In any case, fast CBC construction algorithms for ran-
domly shifted lattice rules are available for POD weights, see [10] or [23] for recent
surveys, as well as [33,22,9,28,29,7,12].

The outline of this paper is as follows. In §2 we introduce the function spaces
used for the analysis and summarize those results from [24] that are needed for this
paper. In §3 we prove the main results required for the error analysis and combine
them to obtain an error bound for the multi-level QMC FE algorithm. Finally in §4
we give conclusions.

2 Problem Formulation and Summary of Relevant Results
2.1 Function Spaces

First we introduce the function spaces from [24] which will be used in what follows.
Our variational setting of (1) is based on the Sobolev space V = H/ (D) and its dual
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space V* = H~!(D), with pivot space L*(D), and with the norm in V given by
Vllv == Vvl 2p) -
We also consider the Hilbert space with additional regularity with respect to x,
7 ={veV:Ave H (D)}, 0<r<1, (6)

with the norm
2 2 1/2
IWllz = (19220 + 14V 1)) ™

where, for —1 < r <2, the H"(D) norm denotes the homogeneous H”(D)-norm which
is defined in terms of the L?(D) orthonormalized eigenfunctions ¢; € V and the
eigenvalues A in the corresponding spectrum X of the Dirichlet Laplacian in D by

Wz = X A1 @n)

ArEX

Here, and in the following, we denote by (-, -) the bilinear form corresponding to the
L?(D) innerproduct, extended by continuity to the duality pairing H"(D) x H~"(D).
Standard elliptic regularity theory (see, e.g. [14]) yields the inclusion Z' C HIIOJC” (D),

and for convex domains D and for t = 1 we have Z! = H*(D) N H} (D). As already
seen in §1, we will also make use of the norm

||V|\w1~m(n) = maX{HVHLw(Dy ||VV||L°°(D)} .

The integrand in (3) is G(u(-,y)). To analyze QMC integration for such inte-
grands, we shall need a function space defined with respect to y. Since our multi-level
QMC FE algorithm makes use of the FE solution u;, of the truncated PDE problem
to s terms, we consider the weighted and unanchored Sobolev space #y, which
is ? IIIilbert space containing functions defined over the s-dimensional unit cube
[

—5, 3%, with square integrable mixed first derivatives. More precisely, the norm for

F = G(u}) € Wsy is given by

u ) 1/2
1 IMF
1Py = il e G ey ] ®
! ug%s} Fu g A g dpoel dyy SRR

. . . olulF .
where {1 : s} is a shorthand notation for the set {1,...,s}, %, denotes the mixed

first derivative with respect to the “active” variables y,, = (y;)jeu, and wherey_,, =
vj) je{1:s)\u denotes the “inactive™ variables. The “outer” integration in (8) is omitted
when u = 0, while the “inner” integration is omitted when u = {1 : s}.

Weighted spaces were first introduced by Sloan and WoZniakowski in [34], and
by now there are many variants, see e.g. [13,35]. As in [24], we have taken the cube
to be centered at the origin (rather than the standard unit cube [0,1]%). Moreover,
we have adopted “general weights”: there is a weight parameter 7, associated with
each group of variables y, = (y;)jeu With indices belonging to the set u, with the
convention that Jp = 1. Later we will focus on “POD weights”, see (5). As in [24],
these POD weights arise naturally from our analysis for the PDE application.
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2.2 Parametric Weak Formulation

As in [24], we consider the following parameter-dependent weak formulation of the
parametric deterministic problem (1): for f € V* andy € U, find

u('ay)EV: b(y;“('vy)av) = (fvv) VVGV, (9)

where the parametric bilinear form b(y;w,v) is given by
b(y;w,v) 1= / a(x,y)Vw(x) - Vv(x)dx , Yw,veV.
D

It follows from Assumption (A2) that the bilinear form is continuous and coercive
on V x V, and we may infer from the Lax-Milgram Lemma the existence of a unique
solution to (9) satisfying the standard apriori estimate. Moreover, additional regu-
larity of the solution with respect to x can be obtained under additional regularity
assumptions on f and the coefficients a(-,y).

Theorem 1 ([24, Theorems 3.1 and 4.1]) Under Assumptions (A1) and (A2), for
every f € V* and everyy € U, there exists a unique solution u(-,y) € V of the para-
metric weak problem (9), which satisfies

-yl < v (10)
Amin
If. in addition, f € H~'* (D) for some 0 < t < 1, and if Assumption (A4) holds, then
there exists a constant C > 0 such that for everyy € U,

lu(- )z < CllAla-1+00) (1D

with the norm in Z' defined by (7).

2.3 Dimension Truncation

Next we summarize a result from [24] needed for estimating the dimension truncation
error. Given s € Nandy € U, we observe that truncating the sum in (2) at s terms is the
same as anchoring or setting y; = 0 for j > s. We denote by u°(x,y) := u(x, (y{.,}:0))
the solution of the parametric weak problem (9) corresponding to the parametric dif-
fusion coefficient (2) when the sum is truncated after s terms. As observed in [24], it
will be convenient for the regularity analysis of (1) and for the QMC error analysis to
introduce

bj = ||V’/||L°°(D) 7 i>1. (12)

Amin

Theorem 2 ([24, Theorem 5.1]) Under Assumptions (A1) and (A2), for every f €
V¥, every G € V", everyy € U and every s € N, the solution u*(-,y) = u(-, (y{1.51:0))
of the truncated parametric weak problem (9) satisfies, with b; as defined in (12),

()l < vy g

Gmin ;>34
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and

2
(G (W) — L(G(w)) SCM( y b;) (13

min j>s+l

for some constants C,C > 0 independent of s, f and G. In addition, if Assump-
tions (A3) and (A5) hold, then

. 1 VP e
Z bj S min (m,]) (be) s (l/p l)_ (14)

Jj=s+1 j=1

2.4 Finite Element Discretization

Let us denote by {V},};, a one-parameter family of subspaces V;, C V of dimensions
M), < . Under Assumption (A6), we think of the spaces V}, as spaces of continuous,
piecewise-linear finite elements on a sequence of regular, simplicial meshes .7, in D
obtained from an initial, regular triangulation .7 of D by recursive, uniform bisection
of simplices. Then it is well known (see, e.g., [4]) that there exists a constant C > 0
such that, as & — 0, with the norm in Z' defined by (7),

inf [v—willy < CH |v||z forall veZ', 0<t<I1.
hEVh

v,

For any y € U, we define the parametric FE approximation uy,(-,y) as the FE solution
of the parametric deterministic problem: for f € V* andy € U, find

up(y) €Vir o byiup(-y),vn) = (fove) YW €V

Below we summarize the results from [24] regarding the FE error. We remark that,
by considering the error in approximating a bounded linear functional, &'(h?) con-
vergence for f,G € L?(D) follows from an Aubin-Nitsche duality argument.

Theorem 3 ([24, Theorems 7.1 and 7.2]) Under Assumptions (A1), (A2), (A4), and
(AG), for every f € V* and everyy € U, the FE approximations uy,(-,y) are stable in
the sense that

lnoy)ly < LAV

Amin

Fllve
i

Moreover, for every f € H-'7 (D) with0 <t < 1, every G € H- Y witho <t <1,
and for everyy € U, there hold the asymptotic convergence estimates as h — 0

u(y) = un(-Y)llv < Ch u(-y)llze < CH | fllg-141p) (15)

and

1G(u(-3)) ~ Glun(- )] < CRF | Fllyre0) 1 Gllyg1o0 - (16)

where 0 < T:=t+t' <2, and where C,C > 0 are independent of h and y.
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2.5 QMC Approximation

As in [24], in this paper we will focus on a family of QMC rules known as randomly

shifted lattice rules. For an integral over the s-dimensional unit cube [— %, %]Y

WP = [, Fo)d,

23

a realization of an N-point randomly shifted lattice rule takes the form

Ly iz 1 1
OsN(ASF) = NZ’F (frac (ﬁ +A) — (7,...,5)) ,
i=1

where z € Z° is known as the generating vector, which is deterministic, while A is
the random shift to be drawn from the uniform distribution on [0, 1]*, and frac(-)
means to take the fractional part of each component in the vector. The subtraction
by the vector (3,...,1) describes the translation from the usual unit cube [0, 1]° to

[f%, %]‘ For the weighted Sobolev space %5y with POD weights, good generating
vectors z can be constructed, using a component-by-component algorithm at the cost
of ¢(sNlogN + s*N) operations, such that the “shift averaged” worst case error
achieves a dimension-independent convergence rate close to ¢(N~!). Moreover, the
implied constant in the big-& bound can be independent of s under appropriate con-
ditions on the weights ¥,. A short summary of these results, together with references,
can be found in [24, Section 2]. More detailed surveys can be found in [10] or [23].
For the purpose of this paper, we only need the following bound on the root-mean-
square error.

Theorem 4 ([24, Theorem 2.1]) Let s,N € N be given, and assume F € Wy for
a particular choice of weights ¥ = (Yu). Then a randomly shifted lattice rule can
be constructed using a component-by-component algorithm such that the root-mean-
square error satisfies, for all A € (1/2,1],

1/(21)
\/E I5(F) = Qs v (5 F) 2] < ( K [P(M]“) o)~/ |IF s,

0AuC{l1:s}

where E[-| denotes the expectation with respect to the random shift which is uniformly
distributed over [0,1]°, (N) = |{1 <z <N —1:gecd(z,N) = 1}| denotes the Euler
totient function,

. 26(24)
p(},) T (277.'2)2‘ ’

and §(x) = Y521 k™" denotes the Riemann zeta function.

a7

For example, when N is prime, ¢(N) = N — 1 and a rate of convergence arbitrarily
close to &(N~!) comes from taking A in the theorem close to 1/2. However, note
that p(1) — o0 as A — (1/2)+, making the convergence of the sum over u more and
more problematic as A comes closer to 1/2. For that reason we shall leave A as a free
parameter in the subsequent discussion.
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3 Multi-level QMC FE Algorithm
3.1 Formulation of the Multi-level QMC FE Algorithm

We are now ready to formulate our multi-level QMC FE algorithm for approximating
the integral (3). Let

hy=2"hy for £=0,1,2,....

We suppose that we are given a nested sequence {V}, }¢>¢ of finite-dimensional sub-
spaces of V of increasing dimension,

Mh0<Mhl <"'<Mhé ::dim(Vh[) deeﬁoo as f—)oo,

where a, < b, means there exist ¢;,cp > 0 such that ¢1b, < a, < cpb,. In the multi-
level method we specify a maximum level L, and with each level £ =0, ..., L of (uni-
form) mesh refinement .7,, we associate a randomly shifted lattice rule Qy, y, which
uses N, points in sy dimensions. We assume moreover that the sequence {s€}4:0’_,_7L
of active dimensions is nondecreasing, i.e.,

so <s1 < <sp<sp, (18)

which implies that the corresponding sets of active coordinates are nested. To simplify
the ensuing presentation, we write (with slight abuse of notation)

Vi = th ) f% = yhg , Q= QS[,Ng NS Isg y U= Ltz[[ , M= th .

Here by u;l‘[ we mean the FE solution of the truncated problem with s, terms in the

expansion, which is the same as u;, (}’{l;sé}§0)~ For convenience we define u_; := 0.
Each lattice rule Q; depends on a deterministic generating vector z, € Z*, but we
shall suppress this dependence in our notation. A realization of the lattice rule Q, for
a draw of the shift A, € [0, 1]*¢ applied to a function F will be denoted by Qy(A/; F).
The random shifts Ay, ...,A are drawn independently from the uniform distribution
on unit cubes of the appropriate dimension. With these notations, a single realization
of our multi-level QMC FE approximation of 7(G(u)) is given by

L
Q(A+G(w) =) Q(ArGlur—ur-)) (19)
=0
where A, := (Ao,...,Ar) will be referred to as the “compound shift”: it comprises

all s, := ):[L:O s¢ components of the random shifts A,. Equivalently, A, is drawn from
the uniform distribution over [0, 1]*.

The randomly shifted version of (19) that we use in practice makes use of my i.i.d.
realizations of the level-¢ shift A, thus takes the form
L 1 .
0HGw) ==Y, — Y 0(AY:Glug—usy)) . (20)
(=0 "M =
In the subsequent analysis we work with exact expectations of (19), but in the final
section we return to (20), and there justify choosing my to be a fixed number inde-
pendent of £.
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3.2 Error Analysis of the Multi-level QMC FE Algorithm

Using linearity of 7, I;, Oy and G, we can express the error as

I(G(u)) — Q%A G(w) = 1(G(u)) — i Qu(Ap;Gug—up—y1)) = Ti + Ta(As)
=0

where
L
Ty :=1(G(u) — Y. 1(Gug —up—y)) , Q1)
(=0
L
Tr(A.) =Y (I — Qu(A0)(Glug —uyp—y))
=0

where we introduced the operator notation Q(A)(F) := Q(A;F). Since a randomly
shifted lattice rule is an unbiased estimator of the original integral, it follows that the
mean-square error for our multi-level QMC FE method, i.e., the expectation of the
square error with respect to A, € [0, 1]*+, simplifies to

E[|1(G(u)) — Q(+G(w)) ] = T¢ +E[T3], (22)
where the cross term vanishes due to E[75] = 0, and we have

L

E[77] = Y E[|(l — Qe()(Glue —up—1))*] , (23)

=0

where the expectation inside the sum over index ¢ is with respect to the random shift
Ay €0, 1)

First we estimate 77 given by (21). Since uy — uy_; only depends on the first
s¢ dimensions, we can replace Iy(G(uy —uy—1)) by I1(G(ug —us—1)), and hence the
expression (21) simplifies to

Ty = 1(Glu—ur)) = 1(G(u—w,)) +1(Glup, —uil))

Here uj,, — u;lLL is the error that we incur in the FE approximation by omitting in the
coefficient expansion (2) all terms with indices j > s;.. As we will show in Theorem 5
below, this dimension truncation error vanishes for certain types of (multiresolution)
coefficient expansion (2). To allow for this, we introduce a parameter 6, € {0, 1},
with 6, =1 in general and 6, = 0 indicating that there is no truncation error, and
arrive at the estimate

ITi| < SUB|G(M('7)’) — up, (- ¥)] + O [1(G(un, — )|
ye

. = |I£llv I Gllv= ?
< Ch NNl 1oy Gl sy + OLC==————( ¥ b;) . (29

@min J=si+1

where for the first term we applied (16) from Theorem 3, and for the second term we
used (13) from Theorem 2 but adapted to the FE solution uy, instead of u.
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Next we estimate E[7] given by (23). We have from Theorem 4 that

L 1/A
Z((M ;} }v&[p(M]“) (o) Gy~ I, 25)

To estimate each term in (25) for £ £ 0, we write
16, — )y < IG5 oy + GG i)y 26)

In §3.4 ahead, we bound the two terms in (26) separately, and then return to complete
the error analysis in §3.5. Note that the second term in (26) vanishes if sy = s,_. It
also vanishes in the special case when, for all £ > 1 and an appropriately chosen in-
creasing sequence s, we have uh[[ 11 = uh[ =uy,,_,. This can happen when there is a
special orthogonality property between the functions ; in the representation (2) and

the FE spaces V,. We discuss this very important special case in the next subsection.

3.3 A Special Case with an Orthogonality Property

In this subsection we suppose that the sequence y; has properties usually associ-
ated with a multiresolution analysis of L?(D), as shown in the Haar wavelet example
below. For this purpose it is useful to relabel the basis set with a double index, as

(wpiiz 1} = {ypin=0.me ). 7

where the first index n indicates the (multiresolution) level, and the second index
m € J, indicates the location of a level-n basis function within D, with J,, denoting
the set of all location indices at level n. We suppose that all basis functions y, at
level n are piecewise polynomial functions on the triangulation .7, and have isotropic
support whose diameter is of exact order h,, implying |J,,| =< 2.

Definition 1 Let S°(D,.7) and S' (D, .7) be the subspaces defined by
%D, 7) :={veL*(D) : v|x € P°(K) forall K € T},
SY(D,7) := {ve H}(D) : v|x € P{(K) forall K € T},

where P"(K) denotes the space of polynomials of degree less than or equal to r on
the element K. We say that the set { Y% },>0 mey, has the k-orthogonality property, for
k € {1,2}, with respect to the triangulations {.7; : £ > 0} if for all £ > 0 we have

/l//,’,’l(x)zg(x)dx:O foralln>{¢+k,meJ,,andz, € S°(D, 7)), (28)
JD

and v € SS"1(D, F, ) foralln < £+ k—1,m € J,, and diam(supp(y?)) < hy,.

A necessary condition for (28) to hold is that the functions y, for n > k have the
vanishing mean property, that is

/y/,',‘l(x)dx:O foralln > kandallm € J, .
D
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Example 1 (Haar Wavelets) We describe here the simplest case, of Haar wavelets for
a one-dimensional domain D = [0,a], with a some positive integer greater than or
equal to 2. In the Haar wavelet case we may take, form =0,...,a—1,

1 forxe[mm+1)

0 ) )
X) =

Vi) {O otherwise ,

and forn > 1,
Vi(x) i=d" w(2"x—2m), m=0,....2" la—1,

where dJ}, is a sequence of nonnegative scaling parameters, y(x) is 1 for x € [0,1),
—1 for x € [1,2), and O otherwise. The family {y].} forms an orthogonal basis of
L2([0,a]) if d”. > 0. We remark that the choice d”. = 2("~1)/2 which is well-known to
imply orthonormality of the ¥ in L*([0,a]) is inconsistent with (A1), and is therefore
excluded.

For the finite element space V we take the piecewise-linear functions vanishing
at 0 and a. This space is spanned by the hat functions centered at 1,2,...,a — 1.
The spaces V; are then the piecewise-linear functions on [0,a] vanishing at 0 and «,
spanned by the hat functions centered at multiples of 2~. Correspondingly, .7 is
the mesh consisting of the multiples of 27, and the elements K, are the intervals of
length 2~ between the mesh points.

With this definition of .7, the multiresolution sequence { ] } has the k-orthogonality
property with respect to .7; with k = 1, for all £ > 0. For example, for £ = 0 and
n=1,m =0 we have, with zo € §°([0,a],.%) and ¢ := 29| [0,y

[ atac=e [ wiwa=cd [ wgac=o.

Haar wavelets do not satisfy Assumption (A4), since for (A4) to hold the basis func-
tions y;, need to be Lipschitz continuous. A piecewise-linear k-orthogonal basis set
with k£ = 2 in dimension d = 1 is constructed, for example, in [8]. For detailed con-
structions of k-orthogonality basis sets with k =2 and d > 1, see [8,26]; for the case
k=1andd > 1 see [2, Section 5].

In the following theorem, we show that there is no truncation error at any level
for our multi-level algorithm under k-orthogonality if the dimension for truncation s,
is chosen appropriately at each level. This result is intrinsically linked to the linear
structure in (2). To achieve this, we employ a one-to-one mapping of the indices
between the functions y; and y;, in (27): instead of ordering the functions as in
Assumption (AS), we index j according to a level-wise grouping so that the functions
{w2} e, come before the functions { ¥, }uey, , followed by the functions { w2 }ues,
and so on. Correspondingly, we employ the same index mapping between y; and y/,
for the components of y.

Theorem 5 Let {y, :n>0,m € J,} be a multiresolution basis set for the domain D,
with |J,| < 2%, which has the k-orthogonality property with k € {1,2} with respect to
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the triangulations { J; : £ > 0}. Let {y;: j > 1} ={y}, :n>0,m € J,, } denote the cor-
responding parameters under the level-wise relabelling (27) so that the parametric
coefficient in (2) can be represented in the form

axy) =a@w+ Y, ¥ )

n=0meJ,
Let
(k-1
sei= Y |Jal . (29)
n=0
Then s; = 2% =< = My, and for all £ > 0 we have
up, = uhé . (30)

As { — oo, the number of nonzero entries in the Finite Element stiffness matrix for the
parametric coefficient a(x,y) at meshlevel £ > 0 for any giveny € U is O'(Mj,). We
assume that each of the nonzero entries can be computed in 0 (log(My,)) operations,
leading to a total cost of O(My, log(My,)) operations.

Proof There holds VV, C §%(D,.7;)? for all £ > 0. Thus, for all £ > 0 and for ev-
ery vy, wy € Vy, we have Vw, - Vv, € S%(D,.7,). The k-orthogonality property (28)
therefore implies for all £ > 0 and for all v,wy € V;

b(y;W[,Vg) :/< +Z Z ym‘l’m )VW@'VV[C‘X

n=0me.#,

l+k—1
/( )+ Y Y v )VW Vvedx (31)

n=0 me.g,
= b(y(1. 33 WesVe) -

The assertion (30) then follows from the uniqueness of the FE solutions.

To show the assertion on the cost, for given y we denote by B (y) the My x M, stiff-
ness matrix of the parametric bilinear form b(y; -, ), restricted to Vy x Vy, where V; =
span{gbf 11 <i< M}, with q)f denoting the nodal hat basis functions of SI(D, TL).
By k-orthogonality of the ., we have (31), and for each 1 < i,/ <M, =dim(V;) =
0(24%) there holds

B'0)i = b0(1):0/-00) = [ (Prosoraley) Vel -Voar,  G2)

where Py _ja(x,y) denotes the truncated expression for a(x,y) appearing in (31).
The matrix B’ (y) is sparse: it has, due to the local support of the hat functions ¢ and
due to the construction of the sequence {.7; };>( of meshes, at most &'(My) nonvan-
ishing entries (32).

Now cons1der the cost for the exact evaluation of any matrix entry (B’ (y));s # 0.
Given 4, i, i’, and for a given n < £ +k — 1, it follows from the assumption on the
support of W that there are only ¢(1) many functions y. such that [, y" (x) Vo -
Vq)f dx # 0. Thus the cost for evaluating (B(y));# # 0 is &(£ +k — 1), which yields
that the total cost for evaluating the sparse matrix is &'(My{) = &' (M, log(M;)) oper-
ations. a



Multi-level QMC FE Methods for Elliptic PDEs with Random Coefficients 15

3.4 Key Results

In the error analysis of the (single level) QMC FE method, we established in [24]
regularity results for the parametric solutions. In the present multi-level QMC FE er-
ror analysis, we first establish stronger regularity of the PDE solution simultaneously
with respect to both x and y. The result shown is actually more general than required
in this paper: our result covers partial derivatives of arbitrary order. To state the result,
we introduce further notation: for v = (v;) j>1 € Ni, where Ny = NU {0}, we define
[V|:=Vvi+Vv,+---, and we refer to v as a “multi-index” and |v| as the “length” of v.
By
F={veN] : |v| <o}

we denote the (countable) set of all “finitely supported” multi-indices (i.e., sequences
of nonnegative integers for which only finitely many entries are nonzero). For v € §
we denote the partial derivative of order v € § of u with respect to y by

V- oVl

= v Uu.
y Vi V2
XY

Theorem 6 Under Assumptions (A1) and (A2), for every f € V*, everyy € U and
every V € §, the solution u(-,y) of the parametric weak problem (9) satisfies

[y u(-y)], < [v]! (1;[117;"> ”fi (33)
j= mi

n

where b; is as defined in (12). If, in addition, f € H~'*(D) for some 0 <t < 1, and
if Assumption (A4) holds, then for every x € (0, 1] there holds

| uC-y)|, < Clvi! <]’[z}jﬁ) £ llg-150p) » (34)
Jj>1
where
bj = bj+kC ([|[VV¥jllz=p) + BlIWjllz=p)) »  J>1, (35)

and the constants B and C; are, for 0 <t < 1, defined by

Wl 141Dy

1
B := sup [|Va(+,z)||z=(p) < oo, G = (36)

Amin zeU welL2(D) HW||L2(D)
In (34) we have C < Cx~! with C > 0 independent of k.

Proof Assertion (33) was proved in [6, Theorem 4.3]. The proof there was based on
the observation that, for every v € V,y € U and v € § with |v| # 0, (9) implies the
recurrence

(@) V@), )+ X v (v “uty), w) =0, 37
Jjesupp(v)
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where e; € § denotes the multiindex with entry 1 in position j and zeros elsewhere,
and where supp(v) := {j € N: v; # 0} denotes the “support” of v. Taking v(x) =
dyu(x,y) €V in (37) leads to

1y ut-yllv < Y vibillay “uCy)lv. (38)
Jjesupp(v)

from which (33) follows by induction.

Assertion (34) was proved in [6, Theorem 8.2] for the case t = 1. For complete-
ness we provide a proof for general ¢ here. We proceed once more by induction. The
case [v| =0 is precisely (11) and is already proved in [24, Theorem 4.1]. To obtain
the bounds for |v| # 0, we observe that, trivially, for every v € § and for everyy € U,
the function d)/u(-,y) is the solution of the Dirichlet problem

=V (@ y)V(Fu(-y) = —gv(~y) in D, Fu(lap=0, (39
with
gv(~y) = V- (a(.y)V(u(-y))) = Va(.,y)- V() u(-y)) +a(-y)A(F u(-)) .
Here, we used the identity
V- (a(x)Vw(x)) = a(x) Aw(x) + Va(x) - Vw(x) , (40)
which is valid for & € W'*(D) and for any w € V such that Aw € L2(D).

The assertion (34) will follow from (11), which implies for the solution of prob-
lem (39) the bound

10y u(- )z < Cligy (- 3)lg-1+:p) - “

It remains to establish bounds for [|gv (-, ¥)||y-1+(p). We recast (37) in strong form
and obtain from (39), for every y € U and for every v € H'~/(D),

[(gv(3) . v)| = (V- (a(-.3) V() u(-y))) , v)]

Y v (VY V@) + wA G ), v)

Jj€supp(v)

< X vl V@ o)+ wia@
Jjesupp(v)

<

("y))HH*H’(D) HV”Hl—r(D) .

Dividing by |[v||1-+(p) and taking the supremum over all v € H 1=1(D) yields

lev(Dluromy < X v <|wj||Lw<D> |v@ )|
v)

. H*IH(D)
Jesupp

Yl 1A a0 - @2)
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To bound the second term on the right-hand side of (42), we write (39) with v —e;
in place of v, for every y € U, in the form

V_e; V_e;
—a(v)’)A(ay e]u('vy)) = Va(ay) V(ay e]u('ay)) _gV7ej('7y) ) (43)

using again (40). This implies, for every y € U, the estimate

1

min

Ay " Tu(-3)) 1410y € — IRHS of (@3)]|z-141(p)

1 .
< o | (50 19a- 20 ) 1908~ u-oD vy + vl

Amin | \zeU
erj 1
< BGlldy uly)llv+—lgv—e; - Y)-141p) »
Amin
where B and C; are as in (36). We insert this bound into (42) to obtain

lev( D lg-14p) < Y Vj{Ct(HVWJ'HLw(D)+BH‘VJ'HL°°(D))|‘a;7ej”('7)’)|‘v
Jj€supp(v)

b5 18—, (1519 - (44)

This recursive estimate for [|gy(-,y)||y-1+(p) has structure which is similar to the
bound (38) for ||dyu(-,y)|lv. We therefore multiply (44) by k > 0 and add it to (38)
to obtain

10y uC-3)llv + Kllgy ()l -1+

< X vty (183 + Kligve, (31|

Jj€supp(v)
+ Y vixG (IVWllz=) + BIWill =) 13y u(-)llv
Jj€supp(V)
< Z va;j {Ha;ieju('vy)HV + KllgV*ej('vy)HH*H’(D)} ) (45)
Jj€supp(v)

where b is as in (35). By Assumption (Ad), we have ¥ ;- b; < oo for any choice of
Kk > 0 and for any B.

To establish (34) it remains to observe that the estimate (45) has the same structure
as (38), with the sequence {b;} in place of {b;}. For |v| =0, we find using (10) of
Theorem 1 and gg = — f that

1
G- 3)llv +xlIgollz-1+1(p) < ——Ifllv + K[| fllg-1+0() -
m

in
The same induction argument used to establish (33) applied to the recursive estimate
(45) implies for all v € §, for every y € U and for every k € (0,1]

Kllgv ()l g-14(p) < [0y u(-y)llv + K llgv (3l a-14(p)

v C,
< W (X187 ) (o ) 1l

izl in
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where G, = sup,,c—1+(p) (Wl =1 (p) / Wl g-1+(p) ) < . Now (34) follows from
(41). O

To bound the first term in (26) we need Theorem 7 below. We shall make use of
the following lemma which can be proved by induction. We use the convention that
an empty productis 1.

Lemma 1 Given non-negative numbers (B;) jen, let (Ap)ocn and (By)ycn be non-
negative real numbers satisfying the inequality

A, < Z ﬁkAt,\{k} + By forany v C N (including v = 0).

keo

Then we have

i< ¥ ol (T1B ) Buro-

wCo jE

Theorem 7 Under Assumptions (A1), (A2), (A4), and (A6), for every f € H~'*!(D)
with0 <t <1, everyGe H’”’/(D) with0 <1’ <1, every x € (0,1], and every s €N,
we have

G = uj)ll s,

o\ 1/2
[(Ju] +3)11* 11 jeu b
gc;famaxlflly|+r<D>||G||Hl+f’<D)< )y Yu —
uC{l:s}

where 0 < T:=t+1t <2, l_Jj is defined in (35), and where the constant C > 0 is
independent of s.

Proof Let g € H~'*"'(D) denote the representer of G € H~ '+ (D). Here, for 0 < ' <
1, we have H~ (D) = (H) ~"(D))* with duality taken with respect to the “pivot”
space L?(D) ~ (L*(D))*, and with Hé”/ (D) := (H}(D),L*(D)),_, defined by in-
terpolation. Then, with (-,-) denoting the H~ '+ (D) x H, - (D) duality pairing, we
have that G(w) = (g,w) for w € H,) - (D).

Forally € U, we then define v8(-,y) € V and v§ (-,y) € V, by

by;w,v8(-,y)) = (g,w)  YweV,
b(y;wh,vﬁ(-,y)) = (g,Wh) VWhEVh,

so that v& and vf: are the exact and FE solutions if f is replaced by g. Taking w =
u(-,y) —up(-,y), we have

G(M(,y) _uh('vy)) = (g,u(-,y) _uh('vy))
= b(y»u(ay) _Mh('vy)avg('vy))
= b(y;u('ay) 7“h('7y)avg('7y) 7V§('7y)) >

where we used Galerkin orthogonality b(y; u(-,y) — up(-,y),v;(-,y)) = 0.
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Using the definitions of the bilinear form b(y; -, -) and the norm || - || ; ,, we obtain

G’ — up) s,
2 1/2
dyu> ,  (46)

1
- ( o |1l rU(yu;yfu;O)dyfu
uCllsh T /l=2.3]

I

L
where we define forally € U
olul
) 1= [ 5 (ae) Vi m)ey) - V05 ) x)) d.

For the remainder of this proof, we will use the short-hand notation d,, for the mixed
first partial derivatives with respect to the variables y; for j € u. From the definition
of a(x,y) we see that

r) = [ aley) o0 (Via— ) (xy) - V(0¥ =) ) ) e

# X [ ) gy (V) (19) - V0~ ) ) ) e

keu

= [ atey) ¥ Vaulu—u)ry) - Vo =) xy) dx

vCu

F L [ w@ X Vaulu-m)ey) Vo — ) xy)dx.
P oCu\{k}

where in both terms we used the product rule dy (AB) = Y, (9pA) (9 pB). Thus

)] < amax Y (190 (= un) (- 3) v 1|90 (v = v ()l (47
vCu
+ 2 Wil X 19— ) )V 19 a0 =V ) v -
keu vCu\ {k}

To continue, we need to obtain an estimate for ||dy (u—uy)(-,y)|lv. Let & : V =V
denote the identity operator, and fory € U let &, = Z(y) : V — V,, denote the
parametric FE projection defined by

b(y; Zpw,zn) =b(y;w,zn)  YwEV, z, €V (48)
Then we have u;, = Zyu € Vj, and dypuy, € Vj,, and hence (& — 2,)dpuy, = 0. Thus
0o (= up) (- ¥)llv = [|Zn00 (u—up)(-,y) + (I — Pp)dou(-,y)llv
< ([P (u—up) (- ¥)llv + 1(F = Pp)doul-¥)|lv . (49)

Recall that Galerkin orthogonality gives b(y;u(-,y) — us(+,y),z,) = 0 for all z;, € Vj,.
Upon differentiating with respect to y,,, we obtain for all 7, € V}, that

[ )V (@(u—m)(x.9)) - Vay(x)dx

=-) /Dllfk(x) Vo fky (u — up) (x,y) - Vzj (x) dx . (50)

kev



20 Kuo et al.

Using again the definition (48) of &7, we may replace dy (1 — ;) on the left-hand
side of (50) by £2,0y (u — uy,). Taking zj, = £2),0y (u — uy)(+,y), we then obtain
amin || P00 (u— un) (-, 3) [
<Y Iidlz(o) 190 g1 (1 — ) C3) v | P00 (= un) (-, 3) v

kev
which in turn yields
| Zn0o (0 —up) (- ¥)[lv < %bkllan\{k}(”_uh)('v)’)HV : (51
Substituting (51) into (49) gives
190 (1 =) (- ¥)lv < kgbbk 190y (= un) (@) lv + (7 = Pn)dou(-,3)llv

from which we conclude using Lemma 1 that

15— u)()lly < T Jro] <ku) 17 = Pt (-3) v

wCo kero

Next we use the FE estimate that forally € U and w € V we have ||(& — Z,(y))w|lv <
Ch' ||w||z (in particular, this implies (15) in Theorem 3). This yields

190 —un)(- )y < CH Y [wl! (ku) ERET

wCo ke
< [l X ol (T o) lo\olt (T )
wCo ke jev\
< CH || fllg-10(py (Jol + D[] b5 (52)
jev

where the second inequality follows from (34) in Theorem 6, and the final step fol-
lows from by, < by and the identity ¥, c,, [0|! |0\ tvo|! = (Jv| + 1)!. Throughout, C > 0
denotes a generic constant.

Similarly, with f replaced by g, u replaced by v, u;, replaced by vi, t replaced
by ¢/, and v replaced by 1\ v, we obtain

19,0 (¥ =VE) 9l < CH [lgllyyrar ) (N o[+ 1)1 TT B0 (53)
jeu\o
Using (52) and (53) and the identity Y., (|o| +1)! (ju\ 0| +1)! = (Ju| +3)!/6, we
obtain from (47)
)] < CHY amax | fll -1y 18] g1y # (Il +3)! T35

JjEu
+HCH gy gl 1oy X W=y s (1l +2)0 TT 8
k cu jeu\{k}
< CH L1040 Gl 10 (1 +3)1 [T
Jjeu
where we used the estimate || Wi|| = (p) = @min bk < @max by Substituting this estimate
into (46) completes the proof. o
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As we remarked earlier, if k-orthogonality (28) does not hold and if s, > sy, the
second term in (26) is generally nonzero. We estimate it in the following result.

Theorem 8 Under Assumptions (A1) and (A2), for every f € V*, every G € V7,
every h >0, and every { > 1,

Gy —uy e,

XY, 2 2
_ 1l Gl (_ 3 bj>2 5 [(Jul+ D12 [Tjey b2
Amin 2 j=sp 1 ug{l:sl,]} ’yu
1/2
R () Teub? ] 5
uC{l:s;} Y 7

un{sp_1+1:s.}5#0

where bj is defined in (12). In addition, if s;—1 # s¢, and Assumptions (A3) and (AS)
hold, and the weights 7, are such that

y [(JuD!)* Tjeu b7 < cs Z [(Jul + )1 [Tjeu b}

(55)
uC{lsy} T uC{l:s T
un{sp_+1:s0}#0

for some o0 > 0 and integer n > 1, then

Gy — "l

1/2
min(1/p—1,x) |u|—|—n ] Hjeu j
Cllfllv-lIGlv- s,y Y . (56)
uC{l:s/} M

Both C,C > 0 are generic constants which are independent of sy and sy_1.
Proof As in the proof of Theorem 7, we will use the short-hand notation d,, for the

mixed first partial derivatives with respect to the variables y; for j € u. Foranyy € U,
u,’ (-,y) and u," ' (-,y) are the solutions of the variational problems:

(@ (- y)Vu)' (-,),Van) = (f.zn) Vzp € Vi, 57
(asi—l (.)y)Vu:fﬁl(.’y)’VZh) = (f,Zh) VZh S Vh . (58)

To estimate || G(u,’ — u;~" )H%,,y’ we make use of the inequality

10u(G(uy —u, ")) < 1Gllve 19 ) — ) (3) v

Ifun{s;_1+1:s¢} # 0, then it follows from (33) of Theorem 6 that

19u(aey =y~ ) C)lv = (19w ()]l < Iul'(Hb ) Wlve = 99

JEU Amin
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On the other hand, if u C {1 : 5,1} then we subtract (58) from (57) to obtain the
equation (a () Vi (.y) —a'! (- y) Vi, (-.y), Vay) = O forall 5, € V. or equiv-
alently,

(@ (3)V (! (y) =y (-,3)), Van)

= 7((‘15[(.,},) —a'- 1('ay))vuh17] ('ay)aVZh) VZh S Vh .

Upon differentiating with respect to y,, for u C {1 :s,_;}, we obtain
[ @3 Vo — ) w.3) - Vanlx) e
Jp

== Z/ Wi (%) VO i (1 — ™) (x,y) - Vau(x) dx

keu
sp .
— /L; ( Z l[/j(x)yj) V&uu;f*' (x,y) . Vzh(x)dx .
J=sp-1+l

Taking zj, = dy (1, —u,' ") (-,¥), we get using similar steps to those for obtaining (51),

190 (uy — ) (-2 lv

=5 WAL R Rl TS CR N EXCRI I

keu J=se—1+1

It then follows from Lemma 1 that

s¢

foutes ey < (5 X o) X bl (TT85) 0o (ol

j=sg 1/ oCu jeo
1 [fllv+
<(3 X o) Xot( o) ot 7 ) L=
j=sp_1+1 vCu jev jeu\v Gmin
1 Hfllv*
< (5 'y ) u+1) (Hb) | (60)
J=sp-1+1 JEU

where we used again (33) of Theorem 6 and the identity Y, [0[! [u\ v|! = (Ju|+1)!.
Combining (59) and (60), we conclude that

s SI 1
GG —uy, "D,

> [HGHV*(% y >|u|+1 (Hb>|f||w]

uC{lispy} N j=se-1+l JEu @min
+ Y [HGHV ult (Hb) I/l } ,
uC{lsy} T Jjeu @min

un{sp_+1:s0}#0

which yields the estimate (54). The estimate (56) then follows directly from (14) and
the condition (55). O
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3.5 Error Analysis of the Multi-level QMC FE Algorithm (Continued)

We are now ready to estimate the two terms in (26) for £ # 0. To bound the first term,
we use the triangle inequality

1G gy, — iy, M,y < NG =), +1GW =1ty )iy
and then apply Theorem 7 to both terms on the right-hand side. If k-orthogonality

(28) does not hold and if s, # sy, we assume (55) holds and bound the second term
in (26) using (56) of Theorem 8. For the £ = 0 term in (25), we use the estimate

) 1/2
dyu>

HG(”;,%)H%O)/
S
a0

a—yu ('a (yu;yfu;o))

[oyapomtte

252

1
=~ _ 11 dyfu
uC{lsp} Yu [*272]‘“' 1%

Amin uC{liso} Yu

which follows from an adaptation of (33) from Theorem 6. Combining these esti-
mates with (22), (24), (25), (26), and (14), we obtain

E[|1(G(u)) — Q%(:G(u)) ]

—2(1/p—1 2
: C( HE 000 Gl + 057 1[Gl

1/2 S
+< L %}[PM“) CCNREIT AT ML

0AuC{l:so} uC{l:so} Yu

. 1/2
+Z< Y VS[P(M]”) [p(Ny)] /A

(=1 \ 0AuC{l:s/}

[(lu| +3>!12njeu55> =

hLl Hf”H*'*’(D) ||G||H—I+r’(u) < Z

uC{l:s} Ic
1/292
min(1/p- [(Ju +) P Tjeub]
+ 65, 7 l’a)lfllv*lGW*( ) — ’
uC{ls} T

where we introduced the parameters 6;_; € {0, 1} for each level, analogously to (24),
to handle the case where k-orthogonality (28) holds or when s; = sy_1.

These together with some further estimations lead to the following simplified
mean-square error bound.
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Theorem 9 Under Assumptions (A1)—(A6) and the condition (55) with n = 3, for
every f € H-'7(D) with 0 <t < 1 and every G € H"“/(D) with 0 <t <1, the
mean-square error of the multi-level QMC FE algorithm defined by (19) can be esti-
mated as follows

E([1(G(u)) = QX(+G)P] < CDyM) A l-110) Gl 11

L
(h{+9LsL /p= ) +Y [N A (h[ L+ 65, /’"*“))21 . (61)
(=0

where

/A _
(e (g )

<o Juf<eo IC

with 0 < T:=t4+1 <2, h_y:=1,5_1:=1,0_1:=0, p(A) as in (17), and b; as
in (35). In general we have 6, =1 for all £ =0,... L. If sy = sy_1 for some £ > 1
then 6;,_1 = 0. When k-orthogonality (28) holds we have 6, =0 for all ¢ =0,... L.
Assumptions (A3) and (AS5) and the condition (55) are not required when 6y = 0
for all L. The expectation E[-] is with respect to the random compound shift which is
drawn from the uniform distribution over [0, 1]%. The error bound (61) is meaningful

only if Dy(A) is finite.

3.6 Choosing the Parameter A and the Weights 7,

Following [24], we now choose the weights %, to minimize Dy(4). We also specify
the value of A to get the best convergence rate possible. Note that our goal is to have
A as small as possible, since a smaller value of A yields a better convergence rate
with respect to the number of QMC points.

In the following theorem, the assumption (63) is implied by Assumption (A7).

Theorem 10 With b; defined as in (35) for fixed k € (0, 1], suppose that

ZB‘]Z<°° forsome 0<qg<1, (63)

j=1
and when g = 1 assume additionally that

Y b < V6. (64)

j=1

For a given A € (1/2,1], the choice of weights

| +3)! JA)
Yu = Yu(A) = ( ) (65)
ey
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minimizes Dy(A) given in (62), if Dy(A) < eo. Moreover, the choice of A given by

———  forsome &€ (0,1/2) whenqe< (0,2/3],
A=As=q 1 when g € (2/3,1), (66)

wheng=1,

together with Y, = ¥;(Ay), ensures that Dy-(A,) < oo, and thus justifies the error
bound (61).

Proof This proof follows closely the proof of [24, Theorem 6.4]. Apart from the
simple replacement of b; by b ; and of p by ¢, the main difference is that we now
have to handle a sum containing the factor (Ju|+ 3)! instead of |u|!. For this we make
use of [24, Lemma 6.3] with n = 3 instead of n = 0.

Using [24, Lemma 6.2], we see that Dy(A ) is minimized by choosing 7, as in (65)
for |u| < eo, provided that Dy(4) < co. We add that an overall rescaling of weights
does not affect the minimization argument. Our choice of scaling here is consistent
with the convention that ¥ := 1.

In the course of our derivation below we eventually choose the value of A de-
pending on the value of g, but until then A and ¢ will be independent. For the weights
given by (65), we have

Z (7/:1)& [p()y)]‘u‘ _ 6,21/(1+1)Al7 Z [(|u|+3)!]znjeul_?§ _ 62/(I+A)Al

<o ] <o u

and thus Dy« (1) = A;LMH, where

Ay = Z [(|u|+3)!]u/(1+1)1—[(l-)?lp(k))l/(lm) '

‘u‘<oo jeu

For A € (1/2,1), we have 24 /(1+A) < 1 and we further estimate A, as follows:

we multiply and divide each term in the expression by [];¢, o (HM, with o; >0

to be specified later, and then apply Hoélder’s inequality with conjugate exponents

(1+4)/(24)and (1+A1)/(1—A), to obtain

Bz’lp(l) 1/(142)
m=x [<|u|+3>!1W<‘”)Ha?/‘”“n(*f 2 )

1| <eo jeu jeu ;
_ _\ (1-2)/(1+2)
20/(141) b?’lp(l) 1/(1-1)
< Y (u+3)]]e Y I =
[u]<oo jeu |u|<oo jEU o;
| 47224/ (1424) ) 7\ 2A/(1-A)
<lof—L exp | L2 pp(ay /0 <_)
_[ (1—2121%” p<1+l[p< MY (¢
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which holds and A is finite, see [24, Lemma 6.3], provided that

B 2A4/(1-1)
Y o<1  and Z(—f) < oo (67)

=1 SN

‘We now choose

for some parameter @® > Z 13? .
i1
Then the first sum in (67) is less than 1 due to the assumption (63). Noting that (63)

implies that } ;> l_)?, < oo for all ¢’ > g, we conclude that the second sum in (67)
converges for
22

22
2 (1—q) > — < = — > 1
-9 =4 =12 A2

BN

—q
Since A must be strictly between 1/2 and 1, when g € (0,2/3] we choose A, =1/(2—
20) for some 6 € (0,1/2), and when g € (2/3,1) we set A, = q/(2—q).
For the case ¢ = 1 we take A, = 1, and we use p(1) = 1/6. Then using [24,
Lemma 6.3] and the assumption (64) we obtain

_ 4
b; 1
e ugw(|u|+3)!g(7%) =° <1):j>1(l_7j/\/6)> =

This completes the proof. O

In the following theorem we verify that with a slightly modified choice of weights
the condition (55), which is required in Theorem 9, is indeed satisfied. The assump-
tions in the theorem are consistent with Assumptions (A3), (A5), and (A7), however,
the requirement that p be strictly smaller than ¢ is new, and is essential for obtaining
the decay we need.

Theorem 11 With b; and b; defined as in (12) and (35) for fixed k € (0, 1], suppose
that the sequence {b;} is non-increasing and

be<oo and ZB?<°° forsome 0<p<qg<l.
Jj=1 Jj=1

Define a new sequence {B;} by
Bj = max(l_Jj,bf/q) . (68)

Then, Theorems 9 and 10 hold a fortiori if b ; is replaced by Bj. Moreover, the choice
of weights (65) with fB; instead of b; satisfies the condition (55) with n =3 and

a=—-—-. (69)
P g

However, the constant C in Theorem 9 has now a dependence on A.
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Proof Note that ;- B} < co. Substituting (65), with b, replaced by B;, into the left-
hand side of (55), we obtain

(Jul)* TTjeu b (Ju|)*Tljeu b

r el ¥

uC{Lisg) Yu wctrsy g (ul+3) Tieu (B A/P(A))2/(1H1)
un{sy_1+1:sp}#0 un{sp_j+1s,}#0
- (Ju|)*Tjeu b7

IN

k:s§1+l keugz{:w} [ (Jul +3)! e (B A/ (A)) ]/ 0 H+H)

s bz (o] +1)1]2 Hjenbz

k= s;+1nc{1§'}\{k} [Bi//p ()P4 [ (o] + 14 3) Tjew (B A/P(2))]2/ (1+4)
< [p(k)]‘/('”) Z bz 2(p/q)/(1+A) Z [(|U|+3 ] Hjenlﬁ
oC{ls

k=sp_1+1 Yo

where in the last step we allowed b to also include the index k, and used f3; > bp /a
and (Jo]|4+143)! > (Jo|+3)! in the denominator, and (Jo|+1)! < (|o]+3)!in the
numerator.

To complete the proof, we estimate the tail sum Y >, | 41 b2 2p/aq)/(1+2) using

(14), but with b; replaced by b? 20/@)/(H4) ang p replaced by p/[2—2(p/q)/(1+
A)]. This is valid because

2-2(p/q)/(1+2) _ %,;:%7§+1 > 1,

p “r q(l+q/2-q) p
where we used A > ¢g/(2 — ¢). The exponent of s, in (55) becomes —(2/p —2/q),
proving that (55) holds with o = 1/p — 1/g, but with a constant in front that now
depends on A. O

3.7 Summary of Overall Cost Versus Error

Recall that
he=27" and My, < b9 =<2 for (=0,...,L. (70)

Based on the mean square error bound (61), we now specify sy and N, for each level.
We consider two scenarios depending on whether or not k-orthogonality (28) holds.

For our cost model we assume the availability of a linear complexity FE solver.
We assume that in general the cost for assembling the stiffness matrix at level ¢ is
O(s¢My,), and is O(Mj, log(Mp,)) if k-orthogonality (28) holds (see the second part
of Theorem 5). Moreover, we assume that the functions y; are explicitly known, and
that integration of any basis functions in the FE method against any y; is available at
unit cost. Thus

L —d —dy\ .
cost=0 Y NK |, Ki:= hé ) log(h,“) if k-ortﬁogonallty (28) holds ,
=0 hy “se otherwise .
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Clearly, changing the cost model may change the definition of K. (Some cost models
in the literature do not include s, as part of K;.) Note that our cost model does not
include the pre-computation cost for the CBC construction of randomly shifted lattice
rules, which requires &'(sy Ny log Ny + s% Ny) operations on level ¢.

Scenario 1. In the special case where k-orthogonality (28) holds, the values of s, are
given by (29), and we have 6, = 0 for all £ in the error bound (61), giving the mean
square error bound (denoted in this subsection by error? for simplicity)

L
error? = O <h§f+ Z[(p(Ng)]]Mh%Tl> . (71)
(=0

Scenario 2. When k-orthogonality (28) does not hold and p < ¢ < 1, we have 6, = 1

in the error bound (61). We assume that the weights 7, are chosen as in Theo-
rem 11, so that (69) holds. To balance the error contribution within the highest dis-
cretization level, we impose the condition szz(l/ P _ g (h}), which is equivalent
to s; = Q(2L72/(2=2r)) Then, to minimize the error within each level, one choice
for s; is to set s, = sy for all £ < L, leading to 8y =0 forall / =1,...,L in (61).
Alternatively, since s, should be as small as possible from the point of view of re-
ducing the cost at each level, we can impose the condition s[:(}/ P19 _ g (hj_,) for
¢=1,...,L(see (61) with & = 1/p—1/g), which is equivalent to s, = Q (2(7P4/(a-P))
for¢=0,...,L— 1. Combining both approaches, while taking into account the mono-
tonicity condition (18), we choose

$¢ := min (Ww/ (4=p)], [2L70/ <HP>]) for £=0,... L. (72)

Thus we have s, strictly increasing for £ = 0,...,[L(g — p)/(¢(2—2p))], and the
remaining sy are all identical. This leads again to the error bound (71).

Scenario 3. When k-orthogonality (28) does not hold and p = ¢ < 1, we choose
s = [21P/C72P)] for ¢=0,...,L. (73)

This again yields the error bound (71).

We remark that for all N € N, the Euler totient function ¢(N) takes values close
to N. Specifically, if N is prime then 1 /¢(N) =1/(N—1) <2/N.If N is a power of 2
then 1/@(N) =2/N.Itis known from [1, Theorem 8.8.7] that 1 /@ (N) < (e! loglog N +
3/loglogN)/N forall N >3, where e’ = 1.781.... Thus it can be verified that for all
computationally realistic values of N, say, N < 10°°, we have 1/¢(N) < 9/N. Treat-
ing this factor 9 as a constant and using /y_; < hy, we obtain for all three scenarios
the simpler mean square error expression

L
error> = O (h%r—i— ZNﬁl/Ah§T> .
=0
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To minimize the mean square error for a fixed cost, we consider the Lagrange
multiplier function

L L
—1/A
g(u) = Wi+ YN AhE Y NeK
(=0 (=0

N—_——
mean square error cost

We look for the stationary point of g(ut) with respect to Ny, thus demanding that

dg(u) L —1/a-1,2
a—M:71N[ heT+”K[:O fOr 5:0,,L

This prompts us to define

Ne = [No (g Ko K1)

for £=1,...,L. (74)

Leaving Ny to be specified later and treating sy and K as constants, we conclude that

L L
error’ = 0 (hif + N(;l/)L ZE;) and cost= O (No ZE;) , (75)
(= (=0

/=0
where

(h2**=41og(h; @)/ *+1) if k-orthogonality (28) holds,

124 1/(A+1) _
Ep:= (W K,)/ D {(hgm;dsg)l/(ﬂwrl) otherwise .

We see that the mean square error is not necessarily minimized by balancing the error
terms between the levels. For example, when k-orthogonality (28) holds, we observe
that

— For d < 2At, the quantity E; (and thus the mean square error and cost at level /)
decreases with increasing /.
— Ford > 2A7, the quantity E; increases with increasing ¢.

In the light of the error bound in (75), we always choose Ny to satisfy
1/A L L &
Ny YE =0h") — N=& <hLm<ZEg> ) ,  (76)
(=0 /=0

leading to the simplified error bound error> = & (h%f)

Scenario I (continued). Substituting h, = 2=, we obtain for the case where k-orthogonality
holds that
L
ZEz 2~ 2AT=d)/(A+1) (g 4 1)1/ ()
(=0

(=0

1) ifd <2At,
L(/1+2)/(/1+1)) ifd =2At,
2 LATA)/GAN L/ AAD) if g > 20T,

Il
Q
QDY —
N agls

(
(
(



30 Kuo et al.

The choice (76) for Ny then yields

DLr(zm ifd <2th,
Np = Dm(zm LA(HZ)/MH)} ifd =211, (77)
[2Le(d/m+ 22/ QAN A/ if d > 27A.

Upon substituting (76) into the cost bound in (75) and using (77), we obtain

0 (2820) ifd <2At,
cost = O (NS TAR37) = L o (2L @A) if g =22,
Oo(2LWAL)  ifd>2At.

Scenario 2 (continued). When k-orthogonality does not hold and p < g < 1, we use
the definition (72) for s,. We consider separately the two alternative choices in (72):
choice A takes s; = [2/*7] for all £, while choice B takes s; = [2£7¢] for all £, where
for ease of notation we have introduced

ni=2L  ad &= (78)

q—p 2-2p’

noting that 1 > &£. Then we have ZZ oEr < mln(ZZ ()E ,):[ oE ) where

i ptt(d/t=2+n)/(A+1)
(=0

b ifd/t<21-1,
ifd/t=21-n, (79)
Led/T=224m)/A+0) ifd/T > 20 -7,

\D

(
(
(

ZL:EéB) _ ﬁ<2m§/(1+1) izér(d/rzl)/(lﬂ))

O (2L78/(A+D) ifd/T<2A,
= § O(2L7/A+L) ifd/t=2A, (80)
O (2L d/e=2A+0)/A4D) it d /1> 20

For the “middle case” 24 — 1 < d /7 < 24, it is beneficial to estimate directly

LE/
ZL:Ee (L Z ngr (d/v=22+m)/(A+1) 4 LTE/(A+1) ZL: zér(d/rzl)/()url))
’ =0 1=(2ETn 41

= O(2ME/M/ T2 )Y
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Comparing this with (79) and (80), and taking the appropriate minimum, we obtain

o(1) ifd/t<2A—n,
ZEf {0 ALT(E/n)(d /7~ z/un)/(ml)) if2A—n<d/t<2A,
=0 ﬁ(eré/ A+ ) ifd/t=2A,

ﬁ(z (d/t=2A+&)/ (Hl)) ifd/t>2A.

The choice (76) for Ny yields

[2L7(24)] ifd/t<21-7m,
[ZLT(ZMLA) ifd/t=21—-n,

No := { [2LTRATDHE/Md/m=224mIA/ Q4D §f2) —n <d/Tt <24, (81)
[zLT[2(l+l)+§M/(l+l)Lﬂ ifd/t=24,
[2Lel2+d/e+E]A/(A+1)) ifd/t>2A.

Then we have error> = &(h7) as before, but now

0 (2L7C1) ifd/t<2A—n,
O (2172 A+ ifd/t=21-n,
cost = O(NTAR2T) = { g (2be2A+E/mia/s=224m) ifap —n < dft <24,
O (LT A+E) A+ ifd/t=21,
O (2ked/w+e)) ifd/t>2A.

Scenario 3 (continued). When k-orthogonality (28) does not hold and p = q < 1, we
proceed in a similar way, taking sy = [22”')ﬂ with & given by (78), to obtain

[2Le2(A+D+EA/(A+1)] ifd/T <2\,
Ny := { [2LRA+D+E/AHDIA] jrg /T =21 (82)
[oLel2+d/T+EJA/(A+1)] ifd/t>2A,

and
0 (217(22+8)) ifd/t <21,
cost = ¢ O(2LTPAFOLAHY) jfd /=2
O (2L7(d/7+0)) ifd/T>2A.

In all three scenarios, for given € > 0, we choose L such that
=277 < ¢, (83)

We can then express the total cost of the algorithm in terms of €. This is summarized
in Theorem 12 below.
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Theorem 12 Under Assumptions (A1)—(A7), leaving out (AS) if k-orthogonality (28)
holds, for f € H-'"*(D) and G € H+ (D) with0<t,t' <landt:=t+1">0, con-
sider the multi-level QMC FE algorithm defined by (19). Given € > 0, with L given
by (83), hy given by (70), sy given by (29), (72) or (73) as appropriate, Ny given by
(74), No given by (77), (81) or (82) as appropriate, and with randomly shifted lattice
rules constructed based on POD weights 7, given by (65), in which b j is replaced by
Bj from (68), we obtain

VEIG) - 0L G)P] = 6(e)

and L e a —1ypME
cost(QL) = O~ (loge™ ")),
with
d
max | 24, p if k-orthogonality (28) holds ,
ML
a =
d — d
max | 244, — | + P (1 . (2%— —) ) otherwise .
T 2-2p pq T) 4]+

where A, is as defined in (66). The value of ML can be obtained from the cost bounds
in Scenarios 1 and 2 in a similar way.

In comparison, for the single level QMC FE algorithm in [24] to achieve &'(€)
error, its overall cost in the case of p < 1 is & (8’“SL), with

sL_ P
R Y

d
+2A,+—,
T
see [24, Theorem 8.1], where lp is defined analogously to lq as follows

forsome &€ (0,1/2) when p € (0,2/3],

1
Ay = 2-20
P when p € (2/3,1) .

2—p

Note that @™" is much smaller than @5 in most cases. This is clearly seen when
Ag =~ Ap. However, in the extreme case where A, and A, are furthest apart, i.e, A, = 1
and A, ~ 1/2, it is possible to come up with an example where a5 < aML: indeed,
we could taked = 1, T =2, ¢ = 1 and p = 1/3, which yield a°" ~ 1.75 while a™M" =2
under k-orthogonality. In a number of examples it can be shown that g = p/(1 — p),
in which case the requirement that ¢ < 1 implies p < 1/2, which is stronger than just
p < 1 as required in the single level algorithm.

Now we compare with some multi-level MC and QMC works in the literature.
Sometimes “finite-dimensional noise” is assumed, a feature we can mimic by setting
p = q=0in our analysis, leading to aM* = max(1/(1 — §),d /7). In [3,5,36], multi-
level MC FE methods for elliptic PDEs (1) were analyzed, however with the random
coefficient (2) being lognormal, i.e., the exponential of a stationary, Gaussian process.

In [27] a class of abstract multi-level QMC algorithms for infinite-dimensional in-
tegration was introduced, with a general cost model for the evaluation of the integrand
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function. The multi-level structure in that paper is different from ours: the key differ-
ence is that our multi-level scheme must also incorporate the multi-level structure of
the FE discretizations. Also new is the necessity of considering ‘mixed’ regularity (in
weighted reproducing kernel Hilbert spaces with respect to the parameter sequence y
and in the smoothness scale Z' with respect to the spatial variable x).

In [2] a multi-level MC FE method with finite dimensional noise was analyzed.
It was shown there that in domains D C R?, a FE approximation of the expectation
of the random solution with the convergence rate &'(hy) in the norm of V (rather than
for linear functionals of the solution) can be computed in &'(Mj, ) = €(h; %) work
and memory, i.e., with the same cost as one multi-level solution of the deterministic
problem.

4 Conclusion

This paper introduces a multi-level QMC FE method, applied to functionals of the
solution of the same PDE with random coefficient problem as considered by [6].
The same problem was studied by the present authors in [24], where we developed a
single level QMC analysis which yielded the same error bounds as in [6] within the
range of convergence rates relevant to QMC. The probability model in these papers,
namely, independent and uniformly distributed parameters y;, is particularly simple
and lends itself naturally to an error analysis by QMC. The aim of the present multi-
level version of the QMC approach is to outline the design of a multilevel QMC FE
Method which significantly reduces the costs, while maintaining the fast convergence
(compared to MC) associated with QMC. We emphasize that the multi-level version
requires a new analysis, and in particular leads to a new prescription for the POD
weights (different from that in [24]) that determine the QMC rule. Another difference
is that the regularity requirements on the functions y; are also more stringent than in
the single level case.

The principal results for dimension d = 2 are as follows. In Scenario 1 where
k-orthogonality (28) holds, if we can choose r = = 1 so that T = 2, and can choose
A =1/(2—20) for some & € (0,1/2), then the cost of the multi-level QMC FE al-
gorithm for computing the expectation of G(u) is &/(22/(1-8)) = ¢(n2/'~°)), while
the convergence rate is the (best possible) second order &(272L) = &(h?). This cor-
responds to optimal accuracy versus work bounds for the computation of solution
functionals in first order FE methods applied to deterministic, H> regular, second
order elliptic problems (see, e.g. [4]). In contrast, multi-level MC FE methods such
as those analyzed in [3,5] cannot achieve optimal complexity for output functionals
for general, sufficiently regular covariances of the random field a(x,y), due to the
maximal convergence rate 1/2 of standard MC methods.

As noted earlier, our cost model does not include the pre-computation cost for
the CBC construction of lattice rules. This is justified because the same lattice rules
can be used for the PDE problem with different forcing terms f. However, as we are
tailoring the choice of weights to the problem, the cost of the CBC construction may
be a significant issue.
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The present analysis was performed under Lipschitz assumptions on y; and & in
(A4) and (A7) which, together with (A6) and the assumption that G € L?(D), ensure
in (6) that Z = (H} NH?)(D) and, in turn, implies &'(h*) convergence in (16). The
present convergence analysis extends directly to weaker assumptions: if in (A4) and
(A7) we have only Holder continuity C%" (D) for some 0 < r < 1 instead of W' (D)
regularity, or if D is not convex, then b; in (35) and (65) will depend on || Villcor @)
rather than on |[Ylly1.=(p)-

In Theorems 7 and 8 we considered only the weighted Sobolev space norm in-
volving mixed first derivatives with respect to y, but Theorem 6 holds for higher order
mixed derivatives. The results here can be extended by considering higher order QMC
methods, see e.g. [11, Chapter 15].

Finally, in our multi-level scheme we assumed that exact expectations E[-] over
all realizations of random shifts A, € [0, 1]* are available. In practical realizations,
these expectations must be approximated by MC estimates E,,, [-] based on a finite
number my of i.i.d. realizations of the shift A, at discretization level { = 0,1,...,L.
This leads to a further error (E — E,,,)[-] in term ¢ of (23) of order ﬁ(mzl). We can
maintain our error-versus cost estimates in §3.7, with the same choices of parameters
s¢ and Ny, by taking my, = m* independent of /, that is, a level-independent, fixed
number of random shifts A, for each level ¢. To provide a reasonable error estimate,
our experience (stemming, in part, from Monte-Carlo simulations) is that the number
m™ of realizations of random shifts needs to be of the order of 10 to 30.
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