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Abstract

We analyze the convergence of higher order Quasi-Monte Carlo (QMC) quadra-
tures of solution-functionals to countably-parametric, nonlinear operator equations
with distributed uncertain parameters taking values in a separable Banach space
X. Such equations arise in numerical uncertainty quantification with random field
inputs. Unconditional bases of X render the random inputs and the solutions of
the forward problem countably parametric. We show that these parametric solu-
tions belong to a class of weighted Bochner spaces of functions of countably many
variables, with a particular structure of the QMC quadrature weights: up to a
(problem-dependent, and possibly large) finite dimension, product weights can be
used, and beyond this dimension, weighted spaces with so-called SPOD weights re-
cently introduced in [F.Y. Kuo, Ch. Schwab, I.LH. Sloan, Quasi-Monte Carlo finite
element methods for a class of elliptic partial differential equations with random
coefficients. STAM J. Numer. Anal. 50 (2012), 3351-3374] can be used to describe
the solution regularity. The regularity results in the present paper extend those
in [J. Dick, F.Y. Kuo, Q.T. Le Gia, D. Nuyens, Ch. Schwab, Higher order QMC
(Petrov-)Galerkin discretization for parametric operator equations. To appear in
SIAM J. Numer. Anal., 2015. Available at arXiv:1309.4624] established for affine
parametric, linear operator families; they imply, in particular, efficient construc-
tions of (sequences of) QMC quadrature methods there, which are applicable to
these problem classes. We present a hybridized version of the fast component-by-
component (CBC for short) construction of a certain type of higher order digital net.
We prove that this construction exploits the product nature of the QMC weights
with linear scaling with respect to the integration dimension up to a possibly large,
problem dependent finite dimension, and the SPOD structure of the weights with
quadratic scaling with respect to the weights beyond this dimension.
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1 Introduction

The numerical computation of statistical quantities for solutions of operator equations
which depend on “uncertain input parameters” is a key task in uncertainty quantifica-
tion in engineering and in the sciences. We consider here the case when the uncertain
input quantities are random variables taking values in subsets of an infinite-dimensional,
separable Banach space X. The system’s responses to such random inputs are, in turn,
random variables taking values in a state space X'. One is interested in statistical mo-
ments of these random responses, such as the mean response and (co)variance. These,
and other quantities of interest (Qol) are then expressed as mathematical expectations
over all realizations of the uncertain input u € X.

The numerical approximation of such Qol’s in these problems involves two basic
steps: 1) approximate (numerical) solution of the operator equation, and ii) approximate
evaluation of the mathematical expectation by dimension-truncation and some form of
dimension-robust numerical integration, i.e. an integration method that is free from the
curse of dimensionality under certain assumptions on the integrand. In the present paper,
we outline a strategy towards these two aims, which is based on i) a (Petrov-)Galerkin
discretization of the parametric, nonlinear operator equation and on ii) higher order QMC
integration. It is motivated in part by [21], where QMC integration using a family of ran-
domly shifted lattice rules was combined with a Finite Element discretization for a model
linear, parametric diffusion equation, and in part by [29], where the methodology of [21]
was extended to problems described by an abstract family of linear and affine-parametric
operator equations.

In contrast to [21, 29], we use deterministic, so-called “interlaced polynomial lattice
rules”, which provide a convergence rate beyond order one for smooth integrands (cf.
[8, 9]); convergence order one was the limitation in [21, 20, 29]. We establish sufficient
conditions for higher order, dimension-independent convergence rates for the QMC eval-
uation of expectations of Qol’s under the posterior, for a class of nonlinear, parametric
operator equations.

The outline of this paper is as follows: in Section 2, we introduce a class of nonlinear,
holomorphic-parametric operator equations with sufficient conditions on the nonlinear
operators and on the uncertainty for the problems to be well-posed, as in [4, 14, 26]. We
require that these conditions hold uniformly on the set X of admissible uncertainties. We
give a parametrization of the uncertain inputs which reduce the problem to a parametric,
deterministic problem which depends on a possibly countable number of parameters y; €
[—1,1]. We review the theory of (Petrov-)Galerkin discretizations of these equations, and
develop discretization error estimates. In Section 2.5 we review the notion of holomorphy
of the integrand functions in these problems, from [4], whereas in Section 3, we present
the first principal result of the present paper on analyticity and parametric regularity
of the parametric integrand functions. Section 4 presents the convergence theory for
higher order QMC quadratures, based on [12, 13|, and, for the parametric integrands
appearing here, on [10]. Based on the results in Section 3, the second principal result of
this paper in Section 5 pertains to new variants of the fast component-by-component CBC
constructions of generating vectors, which are developed based on [10, 16, 15] and which
are tailored to the ‘hybrid’ nature of the QMC weights, with possibly more favorable
complexity estimates for the CBC construction.



2 Holomorphic parametric operator equations

We present a class of operator equations which depend on an uncertain, “distributed
parameter”, being an element u in a real, separable Banach space X. For a given, known
forcing term f € ), and any instance of u in (a subset of) X, the operator equation will
admit a unique solution (also referred to as “response”) ¢ € X’; here, X and ) are assumed
to be real, separable and reflexive Banach spaces and ) is the dual space of ). In this
section, we present a mathematical setting which accommodates this kind of problem and
introduce conditions which ensure the (Lipschitz) continuous dependence of the response
q € X on the uncertain input v € X. Assuming X to be separable and to admit
an unconditional Schauder base ¥ = {v,};>1, with an eye towards QMC algorithms, we
reformulate the operator equation with distributed uncertain input as infinite-dimensional,
parametric operator equation where the uncertain input u is replaced by the sequence y
of its coefficients y; with respect to the basis ¥. We then provide error bounds of the
response subject to s-term truncations of the basis representation of u in terms of the
Schauder basis ¥. We also provide a general framework, from [26], for Petrov-Galerkin
approzimation of the responses g € X, and bound the combined error due to dimension-
truncation and Petrov-Galerkin approximation. Finally, we investigate analyticity of the
parameter dependence of the uncertainty-to-response map X > u — ¢ € X’; to this end,
we extend the Banach spaces X, X and ) to the coefficient field C.

2.1 Nonlinear operator equations with uncertain input data

For a distributed, uncertain parameter u € X, we consider a possibly nonlinear operator
equation with input « which is defined by a “residual” operator R : X x X — ), where
R(u;q) acts, for given u, on ¢ € X. We assume a known “nominal parameter instance”
(uy € X (such as, for example, the expectation of an X-valued random field u), and
consider, for u € Zx({u); R), an open ball of radius R > 0 in X centered at (u) € X, the
nonlinear operator equation

given u € Bx((u);R), findge X st. R(u;q) =0 in Y.
Equivalently, with y(-,-)y denoting the )’ x Y-duality pairing,
given u € Zx((u);R), findge X st. y(R(uw;q),v)y =0 Yve). (2.1)

Given u € Bx((u); R), we call a solution gy of (2.1) regular at u iff R(u;-) is Fréchet
differentiable with respect to ¢ and the differential DyR(u;qo) € L(X;)’) is an isomor-

phism. Equivalently we can write: for every admissible v € X C X, given a parametric
forcing functional F(u) € ), find ¢(u) € X which satisfies the residual equation

R(u;q) = A(u;q) — F(u) =0 in Y. (2.2)

For the well-posedness of operator equations involving R(u; q) we assume the map R(u;-) :
X — YV admits a family of regular solutions locally, i.e. for each u in an open neighborhood
of the nominal parameter instance (u) € X. In particular, for all u in a sufficiently small,
closed neighborhood X C X of (u) € X the problem (2.2) is well-posed. That is, for every
fixed u € X C X, and for every F(u) € )’ there exists a unique solution g(u) of (2.2)



which depends continuously on u. As in [3], we call the set {(u,q(u)) :u € X} C X x X
a regular branch of solutions of (2.2) if

X 3 u > g(u) is continuous as mapping from X — X and
R(u;q(u)) =0 in Y forallue X .

We call (2.3) nonsingular branch of solutions if, in addition to (2.3), the differential
(DyR)(u; q(u)) € L(X,)') is an isomorphism from X onto ), for all u € X . (2.4)

(2.3)

The following proposition collects well-known sufficient conditions for well-posedness of
(2.2). For regular branches of nonsingular solutions given by (2.2) - (2.4), the differential
D,R satisfies the so-called inf-sup conditions.

Proposition 2.1. Assume that Y is reflexive and that, for some nominal value (u) € X
of the uncertainty, the operator equation (2.2) admits a regular branch of nonsingular
solutions (2.3), (2.4). Then the differential DR at ((u),qo), given by the bilinear map

X xY3(p,9) = y(DR{u);q)e, )y

is boundedly invertible, uniformly with respect to v € X where X C X is an open
neighborhood of the nominal instance (u)y € X of the uncertain parameter if and only if
there exists a constant 0 < p < 1 such that there holds

y{((DgR)(u; go) e, ¥)y

inf  sup >p>0,
Vu € X : 0APEX (Lypcy l)||<§?|’|2(||¢”3} (25)
o o DR wwedly
0£VEY 04 pex el lllly
and
~ {((DyR)(u; , _
vue X (DR)wa)le@yy = sup  sup v (DR)(w qo)p, ¥y 1 (2.6)

<p
0 pEX 0£pEY lellxlllly

Under conditions (2.5) and (2.6), for every u € X C X, there exists a unique, regular
solution ¢(u) of (2.2) which is uniformly bounded with respect to u € X in the sense that
there exists a constant C'(F, X) > 0, independent of ¢, such that

sup [|lg(u)l[x < O(F, X) . (2.7)
ueX
For (2.5) - (2.7) being valid, we shall say that the set {(u, g(u)) : v € X} C X x X forms
a reqular branch of nonsingular solutions.

If, in addition to Frechet differentiability of R with respect to ¢, for every u € X C X,
the nonlinear functional is also Frechet differentiable with respect to u at every point of
the regular branch {(u,q(u)) : u € X} € X x X, then the dependence of the mapping
relating u to g(u) with the branch of nonsingular solutions, is locally Lipschitz on X: ie.
there exists a Lipschitz constant L(F, X) such that

Vu,v e X : llg(w) — q(v)||x < L(F, X)Hu —vlx - (2.8)

This follows from (D,q)(u) = —(D,/R)"(D,R), from (2.5), and from the continuity (2.6)
of the differential D,R on the regular branch.

In what follows, we place ourselves in the abstract setting (2.2) with a uniformly
continuously differentiable mapping R (u;q) in a product of neighborhoods Zx ({u); R) x
PBx(q((u)); R) of sufficiently small radius R > 0. The quantity ¢({u)) € X is the corre-
sponding regular solution of (2.2) at the nominal value (u) € X.
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2.2 Uncertainty parametrization

We shall be concerned with the particular case where u € X is a random variable taking
values in a subset X of the Banach space X. We assume that X is separable, infinite-
dimensional, and admits an unconditional Schauder basis {¢; };>1: X = span{¢; : j > 1}.
Moreover, we assume the summability condition

D lsllx < oo (2.9)

j>1

Let U = [—1,1]N! and assume that

X:{U:<U>+Zyj¢j:y:(y1,y2,...)GU} :

j21

The properties of the set X depend on the properties of the sequence (¢j)j>1. Uncertain
data w with “higher regularity” (when measured in a smoothness scale {X;};>0 with
X = Xo D X3 D Xy D ...) corresponds to a stronger decay of the sequence (||| x);>1:
specifically, we shall assume in what follows that {1;},>; is scaled such that the sequence
b = (b;);>1 given by

b := {||¥;lx};>1 € ¢#(N) for some 0 <p<1. (2.10)

Once an unconditional Schauder basis ¥ = {1);};>1 of X has been selected, every realiza-
tion u € X can be identified in a one-to-one fashion with the pair ((u),y) via

w=(u)+ >y, (2.11)

j=1

where (u) € X denotes the nominal instance of the uncertain datum u and y is the
coordinate vector of the basis representation (2.11).

Remark 2.1. The operator A(u;q) in (2.2) becomes, via the parametric dependence
u = u(y), a parametric operator family A(u(y);q) which we denote (with a slight abuse
of notation) by {A(y;q) : y € U}, with the parameter set U = [—1,1]N. Similarly we
write R(y; q) instead of R(u, ¢) in the following. In the particular case that the parametric
operator family is linear, we have A(y;q) = A(y)q with A(y) € L(X,)’). We do not
assume, however, that the maps X 3 g — A(y;q) € Y’ are linear in what follows, unless
explicitly stated.

With these conventions and with (2.11), we may restate (2.2) as parametric operator
equation: given F: U — ),

findg(y; F)e X: VyeU: R(y;q) = Aly;q) — F(y)=0 in )Y (2.12)
or, equivalently, with a(y; q,v) = y(A(y;q),v)y and f(y;v) = »(F(y),v)y,

y(R(y;q),v)y = a(y;¢,v) — f(y;0) =0 Yo e ). (2.13)

Tn the QMC part we rescale this set to [—1/2,1/2]N, shift it to [0,1]" and integrate with respect to
the product of the Lebesgue-measure in [0, 1]".




With this understanding, and under the assumptions (2.7) and (2.8), the operator equa-
tion (2.2) will admit, for every y € U, a unique solution ¢(y; F') which is, due to (2.7) and
(2.8), uniformly bounded and depends Lipschitz continuously on the parameter sequence
y € U: there holds

supla(y; F)llx < C(EU) (2.14)

for some constant C'(F, U) which is independent of ¢, and, if the local Lipschitz condition
(2.8) holds, there exists a Lipschitz constant L > 0 such that (denoting by y,y’ € U the
coefficient sequences associated with u,v € X via (2.11))

lg(y; F) = q(y; F)llx < L(F,U)|lu—v|x
< LFU)|ly = ¥'llew) supjen [[¥]x -

We remark that the Lipschitz constant L(F,U) > 0 in (2.15) is not, in general, equal
to L(F, X) in (2.8): it depends on (u) € X and on the choice of {1;};>1.

(2.15)

2.3 (Petrov-)Galerkin discretization

In this section we present, based on the theory in [14, Chap. IV.3] and in [26], which
goes back to [3] and to M. Crouzeix, an error analysis of (Petrov-)Galerkin discretizations
of (2.12) for the approximation of regular branches of solutions of smooth, nonlinear
problems (2.2). This will allow us, in the next section, to generalize the results [21,
20, 22] on Quasi-Monte Carlo (QMC) (Petrov-)Galerkin approximations for countably-
parametric operator equations (2.12).

To this end, as in [29, 10], we assume that we are given two one-parameter sequences
{X"} 50 C X and {Y"},~0 C Y of finite dimensional subspaces. We assume also that, as
the discretization parameter h | 0, these sequences are dense in X and in ), respectively.
For the computational complexity analysis, we further assume the following approximation
properties: there is a scale {X;}1>0 of subspaces such that Xy C X, C &y = X for any
0 <t<t < ooand such that, for 0 <t <tand 0 < ¢ < #, and for 0 < h < hy, there

holds ‘ . .
Voed it flo— o'k < Cb ol (2.16)

Typical examples of smoothness scales {X;};>0 are given by the Sobolev scale X; =
H'(D) in smooth domains or by its weighted counterparts in polyhedra [24].

Proposition 2.2. Assume that the subspace sequences {X"}p~o C X and {V"}ps0 C Y
are stable, i.e., there exist 1 > 0 and hy > 0 such that for every 0 < h < hgy, there hold
the uniform (with respect to y € U) discrete inf-sup conditions

y’((DqR)(y§QO)Uh7wh>y _

VyeU: inf sup >u>0, (2.17)
0AVhEXN o pyph ey [[o" || 2 [[w"]]y
(DR : h’ h
vyeU: it sup 20D }l)(y QOZ” WY s s, (2.18)
0AWhEV g Lphe h [0l lw" |y

Assume in addition that the differential (D,R)(y;q) € L(X,)') is Lipschitz with respect
to q, uniformly with respect to y € U, i.e.

vyeU: (DR)y:a) — (DR Dllewon < Llg—dlla . (219)
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where the Lipschitz constant is independent of y.
Then, for every 0 < h < hq the (Petrov-)Galerkin approximations: given y € U,

find ¢"(y) € X" 1y (R(y:¢"(y)),w")y =0 Vu' e IY", (2.20)

are uniquely defined and converge quasioptimally; i.e. there exists a constant C' > 0 such
that for ally € U

c .
la(y) = ¢"(y)llx < 7 opnt, la(w) —v"lx . (2:21)

If the response q(y) € X, is uniformly w.r.t. y and (2.16) holds, then

C
lg(y) — ¢"(y)|lx < =h'sup|lg(y)| x, - (2.22)
2 yeU

This result follows, under the stated hypotheses, from [26, Thm. 4]. In the ensu-
ing QMC convergence analysis we shall also require error bounds for the dimensionally
truncated parameter sequences.

2.4 Dimension truncation

For a truncation dimension s € N, denote the s-term truncation of the series repre-
sentation (2.11) of the uncertain datum uw by u® € X. Then, dimension truncation is
equivalent to setting y; = 0 for j > s in (2.11). We denote by ¢*(y) the solution of
the corresponding parametric weak problem (2.12). Unique solvability of (2.12) for every
y € U implies also unique solvability for the dimension truncated problem with solution

¢ (y) = q{v1,92, .., Ys,0,...}). For y € U, we define
y{l:s} = (yl: Y25 -5 Ys, O, O, ) (223)

and introduce u®(y) := u(yy.,3). We bound the dimension truncation error q(y) — ¢*(y)
based on

Assumption 1. (i) b € (?(N) for some 0 < p < 1, i.e. (2.10) holds;
(1) the b; are enumerated in non-increasing order, i.e.

by >by > >0, 2> - . (2.24)
Under Assumption 1, we consider the s-term truncated problem: given yy.., € U
findg* € X:  y(R(Yp.9:0°),w)y=0vVwe). (2.25)

Under our assumption on well-posedness of the problem (2.1) uniformly for all u €
PBx((u); R), the basis property (2.11) of the sequence {v;} implies that u®* € X and
therefore (2.25) admits a unique solution.

Theorem 2.1. Under the Assumptions in Section 2.1, and assuming (2.11) and (2.10),
for every f €)', for everyy € U and for every s € N, the solution ¢*(y) of the parametric



weak problem (2.12) with s-term truncated parametric expansion (2.11) satisfies, with b,
as defined in (2.10),

sup [la(y) — ¢’ @W)llx < C(F,X) Y ;. (2.26)

yeU j>s+1
Moreover, for every observation functional O(-) € X', there holds the dimension-truncation
error bound
o) - 10 < ¢ X b) (227)
j>s+1
for some constant C > 0 independent of s. In addition, if conditions (2.9), (2.10) and
(2.24) hold, then

> b < mln( st ) <Z>;b§) 1/ps—<1/P—1> . (2.28)

Proof. From the Lipschitz dependence (2.8), we obtain

vyeU: lla(y) —a*(y)llx < LIE.X)|u(y) —u*(y)llx -

From (2.11), the p-summability (2.10) of the sequence b and the monotonicity (2.24) we
infer that the error of the s-term truncation u*(y), ||u(y) — u*(y)||x, can be bounded by
a best s-term truncation error of b in the norm of ¢!(N) by

sup [u(y) — u'(w)x < 3 b,

ye j>s+1

The p-summability b € ¢?(N) in Assumption 1(i) and the (assumed) ordering (2.24) imply
(2.28). O

As y € U implies yyy.,, € U for all s € N, we obtain from Proposition 2.2 immediately

Corollary 2.1. Under the assumptions of Proposition 2.2, for gien yg.o € U, the
dimensionally truncated (Petrov-)Galerkin approrimations

.ﬁnd qh<y{1:s}) < Xh : Y’ <R(y{ls}7 qh(y{lzs}))7wh>y =0 vwh S yh ) (229)

admit unique solutions qh(y{l:s}) € X" which converge, as h | 0, quasioptimally to
(Yp.sy) € &, de. (221) and (2.22) hold with yg .4 in place of y, with C > 0 and
it > 0 independent of s, of y € U and of h.

2.5 Holomorphic parameter dependence

In the error analysis for QMC integration methods as presented, e.g., in [21, 20, 22],
derivative bounds for the integrand functions that are explicit with respect to the dimen-
sion s are essential. In [6, 4], such bounds were obtained via holomorphy of countably
parametric families of operator equations and their parametric solutions. By this we
mean that the parametric family of solutions permits, with respect to each parameter y;,
a holomorphic extension into the complex domain C; for purposes of QMC integration, in
addition, some uniform bounds on these holomorphic extensions must be satisfied in order
to prove approximation rates and QMC quadrature error bounds which are independent
of the number of parameters which are “activated” in the QMC quadrature process.

In the remainder of Section 2 and throughout the next Section 3, all spaces X, X and
Y will be understood as Banach spaces over C, without notationally indicating so.
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2.5.1 (b, p,e)-Holomorphy

In [17, 4], the notion of (b, p, €)-holomorphy of parametric solutions has been introduced.
For k > 1, we define the “k-tube” about [—1, 1], denoted by 7, as the set

T.={z€C|dist(z,[-L1) <u—1}= [ {z€C|lz—y[<r-1}CC. (2.30)

—1<y<1

Definition 2.1. ((b, p, ¢)-holomorphy) For ¢ > 0 and for a positive sequence b = (b;);>1 €
¢?(N) for some 0 < p < 1, we say that a parametric solution family ¢(y) : U — X of (2.2)
satisfies the (b, p,€)-holomorphy assumption if and only if all of the following conditions
hold:

1. For each y € U, the map y — ¢(y) from U to X is uniformly bounded w.r.t. the
parameter sequence y, i.e.

sup [l¢(y)|[x < Bo (2.31)
yeU

for some finite constant By > 0.

2. For any sequence p := (p;);>1 of numbers p; > 1 that satisfies

> (o= <-, (2.32)

j>1

the parametric solution map U 3> y — ¢(y) admits an extension z — ¢(z) to the
complex domain that is holomorphic with respect to each variable z; in a cylindrical
set of the form O, := ®j21 0,,, where, for every integer j > 1, O, C C is an open
set containing the closed tube 7, . For a poly-radius p satisfying (2.32), we denote
by 7T, the corresponding cylindrical set 7, := Q) i1 Tp; C CN.

3. For any poly-radius p satisfying (2.32), there is a second family @p = Q)1 @pj of
open, cylindrical sets 5
0, 0O, cC

(strict inclusions), such that the extension is bounded on the closure (’)N_p of O,
according to
sup [lg(z)[|lx < B, (2.33)

z€0,

where B. > 0 depends on ¢, but is independent of p.

The notion of (b, p, €)-holomorphy depends implicitly on the choice of sets O, and @p.
Depending on the approximation process in the parameter domain U under consideration,
a particular choice of the sets @pj has to be made in order to obtain sharp convergence
bounds under minimal holomorphy requirements.

In [4, 6], the sets O, were chosen to contain Bernstein ellipses £, which are natural
in the context of Legendre polynomial chaos approximations. In the context of Taylor-
or Tschebyscheff polynomial approximations, polydiscs O, are natural (cf. [17]). For the
derivative bounds which arise in connection with higher order QMC error analysis (see,
e.g., [10, 21]), we use the tubes 7, (2.30) as continuation domains @, and O = 7T; with
p>p>1



2.5.2 Holomorphic parametric operator equations

We next consider parametric models (2.12) and the regularity of their (countably-) para-
metric solution families. The following result, established in [4, Thm. 4.1 and Lem. 4.4],
ensures (b, p, €)-holomorphy of the parametric solution map y — ¢(y) with respect to 7,
under the assumption of (b, p, £)-holomorphy of the maps A and F' in (2.2) and (2.12).

Theorem 2.2. For ¢ > 0 and 0 < p < 1, assume that there exist a positive sequence
b= (b;);>1 € °(N), two constants 0 < i < M < oo and a constant M < oo independent
of y € U such that the following holds:

1. For any sequence p := (p;)j>1 of numbers strictly greater than 1 that satisfies (2.32),
the parametric maps A and F in (2.12) admit extensions that are holomorphic with
respect to every variable z in a cylindrical set 6p = ®j21 6pj, where 6pj C Cisan
open set containing the closed tube T, .

2. These extensions satisfy, for all z € 5,), the uniform continuity conditions

F(z: . B
sap FEWL_ sp  8EvOl g (2.34)
wenrfoy [y vex\{oywe\{oy [|v]lxllwlly

and the uniform inf-sup conditions: there exists i > 0 such that for every z € (5,;
hold the uniform inf-sup conditions
a(z;0,w)| - a(z;0,w)| -

inf  sup ————= >0 and inf  sup ———=>0. (2.35)
ve\ {0} weyv(oy [[0]lxllwlly we\(0} vex(oy [[0]lxllwlly

Then, the nonlinear, parametric residual operator R(z;q) = A(z;q) — F(z;q) in (2.2),
(2.13) satisfies the (b, p, €)-holomorphy assumptions for z € T, with the same p and € and
with the same sequence b.

3 Parametric regularity of solutions

In this section we study the dependence of the solution ¢(y) of the parametric, variational
problem (2.12) on the parameter vector y, with precise bounds on the growth of the
partial derivatives. These bounds imply, in conjunction with the results in [21], dimension
independent convergence rates for QMC quadratures.

In the following, let N} denote the set of sequences v = (v;);>1 of nonnegative integers
vj, and let |v[ := > .. v;. For |v| < oo, we denote the partial derivative of order v of

q(y) with respect to y by

2
Oya(y) = ula—mq(y) : (3.1)

y1 Oys *
In [5, 21, 19], bounds on the derivatives (3.1) were obtained by an induction argument
which strongly relied on affine-parametric dependence of A(y;q) on y.
Here, we derive alternative bounds on [|(9y ¢)(y)||x based on complex variable methods
from [6, 30, 27, 28, 4]. We shall see that in QMC integration these bounds give rise to
product weights at least for a finite (possibly large, but in general operator-dependent)

10



“leading” dimension of the parameter space. The argument is based on holomorphic
extension of the parametric integrand functions into the complex domain (we remark that
not all PDE problems afford such extensions and refer to [18] for an example).

In certain cases, the possibility of covering the parameter intervals [—1, 1] by a finite
number of small balls (whose union is contained in a tube 7,, (2.30) for a radius p; > 1
sufficiently close to 1) is crucial to verify (b, p, )-holomorphy for certain nonlinear operator
equations, see for example [4, Lem. 4.4, Sec. 5.2].

Theorem 3.1. For every mapping q(y) : U — X which is (b, p,)-holomorphic on a
polytube T, of poly-radius p = (p;);>1 with p; > 1 satisfying (2.32), there exists a sequence
B € (P(N) (depending on the sequence b in (2.32)) and a partition N = E'U E° such that
the parametric solution q(y) satisfies, for every v € N with |v| < oo, the bound

sup [|(95a) ()l < Cv ! 1137 x el T] 87 - (3.2)
ye

JjEE jeEE*®

Here, E ={1,2,..., J} for some J(b) < oo depending on the sequence b in (2.32), and for
v e N, we set vp :={v; : j € E}. The sequence B = (B;);>1 satisfies B; = 4||blloy) /e
for1 <3 <J, d.e. itisin particular independent of j for 1 < j < J. Moreover, 5; S b;
for j > J with the implied constant depending only on J(b) and on ||b|a ).

The proof of the derivative bound is divided into two steps. To simplify the notation,
we give it for |y;| < 1 and for a poly-radius p which satisfies p; > 1. Later, in Section 4 it
is natural to consider the parameter domain [—1/2,1/2]N. The assertion for the parameter
domain U = [—1/2,1/2]" then follows via scaling by a factor of 1/2 (see Remark 4.1 for
details).

In the first step, we infer from (b, p,e)-holomorphy of ¢(y), via Cauchy’s integral
formula, bounds on sup,e_q v [|(9y¢)(y)||x in terms of the maximum of the analytic
continuation of ¢(y) to the domain 7, of points in the “polytube” 7,. These derivative
bounds are valid for any poly-radius p which is (b, p, €)-admissible in the sense that (2.32)
holds. The result of the first step is recorded in Lemma 3.1.

In the second step of the proof, we use a v-dependent choice of a (b, p, £)-admissible
poly-radius p for which (2.32) holds to obtain the (r-independent) weight sequence 3:
for given v € N} such that |v| < oo, we then define a (b, p, €)-admissible poly-radius p(v)
so that (3.2) is satisfied for this v, with constants Cy and the sequence 3 independent of
V.

In the following let for v € N the support of v be denoted by suppv := {j € N :
v; # 0} C N. For a subset H C N, we denote its complement H® = N\ H and for a vector
Y = (Y;)j>1, Yy = (y;)jem denotes its “restriction” to H.

Lemma 3.1. For every mapping q(y) : U — X which is (b, p,e)-holomorphic on a
polytube T, of poly-radius p = (p;);>1 with p; > 1 satisfying (2.32), there holds

p<
sup @)y yuella < sup la(za yge)llav! [ ] ma
J

yHGH]‘eH[_Ll] zHGH]'eH TPj jEH

for every v € NY with |v| < oo, where H = suppv and for every y. € HjeHc[—l, 1].
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Proof. The condition (2.32) on the poly-radius p implies, with the assumption of (b, p, €)-
holomorphy of the parametric map ¢(y), the estimate

l¢(zm: Yue)llx < B (3.3)

for some B > 1 (depending on ¢) and for every zy € HjeH T,, and every ypy. €
[I;cqe[—1,1]. To simplify the notation in the following, w.l.o.g. we assume that H =
{1,..., K} for some K € Ny (this may always be achieved by re-indexing the variables).
For b = (b;);>1, we further define the sequence p by

ﬁj:pj—i_ga jEHa Ezﬁa ﬁj:pja jeHca
jeH Yi

for some small real number § > 0. Then, for § > 0 sufficiently small, also p is an admissible
poly-radius, in the sense that the parametric solution admits a holomorphic continuation
to the set T, C CN. In particular, gy is analytic in an open neighborhood of U, ;, where
we are writing qg (21, ..., 2K) = qu(zn) = q(zy,0).

Cauchy’s integral formula can be applied successively with respect to each coordinate
z; € Ty, with j € H to obtain for every y € U the representation

q(ylv"'ayKayHC 27” f f ZH7y}{c> dZi"'dZ}(,
M) I (B~ ) - (2 — k)

where now I'j(y;) C C denotes the circle with radius p; — 1 and center y; € [~1,1] for
j € H. Then, for all y € U, the integration domains are contained in [ | jen 7,,- Changing
the path of integration from I';(y;) to 97,,, the boundary of 7,,, and differentiating under
the integral sign in Cauchy’s integral formula now yields for every y € U

N — Q(Zia"wZ}(?yHc) / /
(0%4)(y) = vi(2i) Kjf ]5 0o ds
v A R E A L EA e

since I';(y;) C T,,. Then, (3.3), [0T,| = 2(2 + (x — 1)7) and a standard estimate for the
integral yields the derivative bound: for every fixed y. € Uge,

sup ||(aZQ)(yH7yHC)||X
Yyr€lljenl-1,1]
<  sup  |lq(za,yye HX 0T, 1(p; — 1)~
zu€]ljen 9Tp, " K H ”
< sup  g(zZm yue)llx @k H 22+ (p; — Dm)(p; — )77 (3.4)
zu€lljen To; JeH
= swp  lg(zm yue)llxv! H +(p; = 1))(py — 1)~
zu€lljen To; ]EH
<  sup |lg(zm, yue) |22 H ,,]H :
za€lljen To; JeH o

Here we used

i i = yily = p;=1>0.
yje[—l,lln],z;.eanjﬂzj yilt = p;
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Proof of Theorem 3.1 In this proof, we will establish (3.2) using the result in Lemma 3.1.
To obtain these derivative bounds, for given v € N with |v| < oo and for fixed & > 0,
we choose, with B > 1 as in (3.3), J = J(e,b) € N as

J(e,b) ::min{seN]Zb]§E§4} (3.5)

j>s
Since b € ¢*(N), (3.5) defines for every € > 0 a unique J(g, b) € N which, as we emphasize,

is independent of the particular multi-index v. With J = J(b,¢), we define the set F :=
{1,2,...,J} C Nand define £ := N\ E. For any multi-index v € F, we then introduce the

partition v = (vg,vge) where vg 1= {v1,v,...,v;} and vge := {vj41,V 49, ...}. Next,
we define x := 1+ ¢/(4||b||nav)) > 1 and introduce, for v € F, the poly-radius p(v) by
{ K for je F,
Pi = Y g je B (3.6)

With this choice of p(v) we verify that (2.32) holds. This follows since

§>1 §>J

g V;
N b<(—+——”)
4||b|y,ﬂ;1 J ; I\ Aol T 20,1+ v

PN L7 - B
= 171 2T+ e —

We introduce the notation ¢(p) := Fp/(p—1) for p > 1. The property ¢'(p) < 0 for p > 1
implies, for p; as in (3.6), that ¢(p;) < ¢(x) for all j € N. Further we have ¢(p) > 1 for

all p > 1.
In the following we prove a bound on v! Hje o # (where H = suppv), which
o

appears in Lemma 3.1. We obtain, assuming w.l.o.g. that J < L := max{j : v; > 0},
that there holds the bound

2 o
v H o = 1 T = VEWE! 11 —o(pi)(pj = 1)

jeH 1<5<L
A(lb]| vi
{m 1€ ”f)} 3 T oten (220 + i)
jeEE jEE*” Vi
I/j>0

= vplwg!Br(V)Bg (V) .
We estimate B;(v) and Bg.(v). We observe that in case that all v; > 1 for j € £

H¢ (e} ¢ (o e >|

which is of product weight form. In case some or all v; = 0 for j € E, we find the bound

) Vel
Bu(v) < (6(x)) (M) |

€
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where we recall that J = J(b, ) does not depend on v.
Next we consider Bg.(v). Using ¢(p;) < ¢(x), we obtain that

Be(v) < o(r)=! H (%bj)”j (%)W

JjeEECw; >0 J

H (2@5(:‘4,)6])% <1+’VEc|)V]
. g I/j '
JEECw; >0

We set d; := 2¢(k)b; /e, and d; := ed; for j € E. Then

B (v H( ”"’EC

i>J

IN

\VEC

K 1 c ”
> ( +|VVE;C de

14
Ee i>J

Stirling’s approximation implies that for all n € N we have /2rn™t1/2 < nle® < en™t1/2,
This also implies that (1 +n)" < n"e?/v/2r < 3n™. Thus

(1 + |I/Ec|)‘VEC‘ < 3|I/Ec |VEC| |I/Ec ‘€|VEC H 3 |1/Ec HjGEC e\/V_j
e - veEe \/27T\/|VEC Vj'e”ﬂ V2r vee! \/lvge ‘
l/]>0

Since e,/v; < e’ for integers v; > 0, we obtain

Bre(v) <

3 |VEC| &VEC
\/271' Vel

Combining all bounds, we find there exists a constant C>0 (depending on p, ¢, and on
b) such that there holds, for every v € N} with |v| < oo, the bound

Ve B (1) B (v) ;;7 ( uH<4”b”fl) >x|yEc]!HcZ;j

i>J
= Cvp! [[ 87 x\ch.Hﬁ;].

IA

jJEE jEES
Here, 5; = 4||b||p /e for 1 < j < J is independent of v and we have f; = d; ~ b; for
j > J. By the choice of J(e,b), C = ep(x)’®) depends on b and ¢, but not on v. ]

Remark 3.1. We see from the proof of Theorem 3.1 and, in particular, from (3.5), that
the “crossover-dimension” J(b, ) between product weights and the more general hybrids
of product and of SPOD weights, depends on the precise structure of the decay of the
sequence b (rather than only on the summability exponent). It is therefore of some interest
to identify cases where J is large. This occurs for sequences b which exhibit a “plateau”
up to dimension J >> 1, i.e.

blzbgz...:bj>bj+12bJ+22...\LO. (37)

Such cases appear, for example, in Karhunen-Loéve expansions of random fields u(y),
given by (2.11), with two-point correlation kernels which concentrate on a (non-dimensional)
spatial correlation length scale 0 < A << 1, in D C R% a bounded domain. In this case,
typically J ~ 1/A%. E.g. for A ~ 0.01 in three space dimensions, J ~ 10°.

To exploit the derivative bounds (3.2), it is of utmost importance to have a fast CBC
construction of higher-order QMC rules which are able to exploit (3.7). We address a
suitable CBC construction of corresponding QMC rules and estimates of the QMC errors
incurred by these rules in the ensuing sections, thereby extending [1, 2, 10].
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4 Quasi-Monte Carlo integration

In Theorem 3.1 we established bounds on the derivatives of (b, p, €)-analytic solution fam-
ilies of smooth, nonlinear parametric operator equations with (b, p, €)-analytic operators.
Here, we establish error bounds for QMC quadratures for these integrand functions. The
convergence estimates obtained here are uniform in the dimension s of the parameter
domain. The application of the QMC quadratures to the formally countably-parametric
problems must therefore be prepared by dimension truncation, i.e. we consider (2.25) and
its (Petrov-)Galerkin discretization (2.29). As we explained in the introduction, in order
to approximate the mathematical expectation of the random solutions by QMC methods,
we truncate the infinite sum in (2.11) to a finite number of s > 1 terms.

4.1 Higher-order QMC quadrature based on digital nets

For an integrand G € C°([0, 1]*), we want to approximate the s-dimensional integral

I,(G) = G(y)dy (4.1)

[0,1]°

by an equal weight QMC quadrature rule of the form

=
QN,S(G) = N G(yn)7 (42)
n=0
with judiciously chosen points y,,...,yn_; € [0,1]°. For completeness we repeat the

necessary definitions and results from [10] in the following.

Definition 4.1 (Norm and function space). Let o, s € N, 1 < ¢ < ocand 1 <r < oo, and
let v = (7 )ucn be a collection of nonnegative real numbers, known as weights. Assume
further that for every s € N the integrand function G : [0, 1]®* — R has partial derivatives
of orders up to a with respect to each variable. Set 0/0 := 0 and a/0 := oo for a > 0.
Then we define the norm of GG by the higher order unanchored Sobolev norm

_1 au JTu\p,0)
||G||sa'yq, = Z Z Z /01]g " ' G)(y)dy{ls}\n

uC{1:s} vCu Tl‘\ue{l a}\“\u\

r

Lq

with the obvious modifications if ¢ or r is infinite. Here {1 : s} is a shorthand notation
for the set {1,2,...,s}, and (o, Ty, 0) denotes a sequence v with v; = o for j € v,
vj =1; for j € u\ v, and v; = 0 for j ¢ u. Let W, 4, denote the Banach space of all
such functions F' with finite norm.

By the definition of 0/0 and a/0, if 7, = 0 for some u then the corresponding term

aU:Tu v,0)
ZnCu > s T €{L:a}w\el f[o 1) NI TG (y) dy 1.4\ has to be 0 for all G € Wi a4,

The following result is an upper bound on the worst-case integration error in Wi o .¢.»
using a QMC rule based on a digital net, see [10, Thm. 3.5].

Theorem 4.1 (Worst case error bound). Let o, s € N with o« > 1, 1 < ¢ < oo and
1 <r < oo, and let v = (Y)ucn denote a collection of weights. Let v > 1 satisfy
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1/r+1/r" = 1. Letb be prime, m € N, and let S = {y,}}_,* denote a digital net with
generating matrices Cy,...,Cs € Zy™*™. Then we have

sup S €s,a,~,r! (8) )

IGlls,ay,q,n<1

bm—1
1
g > G~ [ Gl)dy
n=0 [0,1]8

with

! 1/r
Esan (S) = < > (O;‘,mu > b‘“a(’““)) ) : (4.4)

0#uC{1:s} k,eDj

Here ©7 is the “dual net without 0 components” projected to the components in u, defined
by
DF = {k eNM Y " Cltram(k;) =0 € Z’g@} : (4.5)
JEU
where tTom (k) == (300, 51, . . ., Ham-1) | if k = sq9+ 2010+ 3006 +- - with 5, € {0,...,b—1}.
Moreover, we have jiq(ky) =3¢, pa(kj) with

0 if k=0,
po (k) = if k= kb o 4 K0T with (4.6)
ay +---+ QAmin(a,p)
ki €{l,...,b—1} anday > --->a, >0,

and

c 2 1
wp = Max [ ————, max ————
° (2sin § )@ 1<2<a-1 (2sin §)?

1 1 a=2 2 20+1
44— 3424270 4.7
X<+b+b(b+1)) <+b+b—1> (4.7)

We recall the special case where the integrand G(y) is a composition of a continuous,
linear functional &(-) € X’ with the (Petrov-)Galerkin approximation ¢"(2y — 1) of the
dimension-truncated, parametric and (b, p, £)-holomorphic, operator equation (2.1). In
this case, for every s € N and for every h > 0 sufficiently small, the integrand functions
G(y) = (O 0 q!)(y1.5) are, likewise, (b, p,)-holomorphic uniformly w.r.t. s € N and
to h > 0. By Theorem 3.1, they satisfy the derivative estimates (3.2) uniformly w.r.t.
s € N and to h > 0. For integrand functions G(y) which satisfy (3.2), we proved in
[10] convergence rates of QMC quadratures which are based on higher order digital nets.
Precisely, we showed in [10, Sec.3] the following result.

Proposition 4.1. Let s > 1 and N = b™ for m > 1 and prime b. Let B = (B;);>1
be a sequence of positive numbers, and denote by B, = (B;)1<j<s its s-term truncation.
Assume that

Jo<p<l: Y p<oo. (4.8)
Jj=1

Define, for 0 < p <1 as in (4.8),

a:=|1/p]+1. (4.9)
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Consider integrand functions G(y) whose mized partial derivatives of order o satisfy

VyeUVseNVre{0,1,...,a}": [(@5G)(y)| < c(Gwe! [ 87 x lvel! [] 87
JEE JjeEE*

(4.10)
for some fized integer J € N where E = {1,2,...,J} and E = N\ E, and where ¢(G) > 0
15 independent of y, s and of v. Then, for every N € N, an interlaced polynomial lattice
rule of order o with N points can be constructed using a fast component-by-component
algorithm, using O(« (min{s, J} + a(s — J);) Nlog N) operations, plus O(a?(s — J)1N)
update cost, plus O(N + a(s — J)N) memory cost, where (w); = max{0,w}, such that
there holds the error bound

VS,N eN: |IS(G) — QN’S(G” < Ca,ﬁ,b,p Nﬁl/p ,
where Co gpp < 00 @5 a constant independent of s and N.

Remark 4.1. Notice that the bound (4.10) was shown in Theorem 3.1 for functions
defined on [—1,1]N, whereas now we use (the dimension truncated version) [0,1]*. The
change from [—1,1] to [0,1] can be achieved by the simple linear transformation y —
(y +1)/2. Using (3.2) together with this change of variable in Proposition 4.1 increases
the constant in (4.7) by a factor of at most 2¢. Thus, in order for the theory to apply to
the integrands from Sections 2 and 3, we need to multiply C,p in (4.7) by 2%. In other
words we need to replace Cyp by 7, = 2°Cyp

For a function G satisfying (4.10), its norm (4.3) with » = oo and for any ¢, can be
bounded by

||G||s,a,’y,q,oo S ¢ max ’Yu_l Z VuﬁE! H (25(1/]-,&)5?) |VuﬁEC

uC{1:s}

T @)

yue{l;a}‘“‘ jGuﬂE jeuﬁEC

H (25(1/] oa)ﬁ] ) :

vy€{l:a}lml JEu

= o) max %" D, vl e

where §(v;, @) is 1 if v; = o and is 0 otherwise. To make ||G||s,a~.q00 < ¢, We choose

Y i= Z Vnp! [Vunge|! H (26(Vj’a)5;j) : (4.11)

vye{l:a}M JEU

4.2 Combined error bound

From the error bound in Theorem 2.1 on the impact of dimension truncation, the QMC
integration error bound in Proposition 4.1, and from the properties (2.21) and (2.22) of
the (Petrov-)Galerkin projection (2.29) we obtain

Theorem 4.2. Consider the nonlinear, parametric operator equation (2.2) under the
assumptions made in Section 2.1, and under Assumption 1 on p-summability (2.10) and
the decreasing arrangement (2.24) of the sequence b. If the approximation property (2.16)
holds, and if the parametric solutions q(y) of the problems (2.12) are uniformly X;-regular
in the sense that there exists C'(F,t) < oo such that

sup [lq(y)l[x, < C(Ft) < o0, (4.12)

yeU
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then for the QMC-integrated, (Petrov-)Galerkin-approzimated responses Qns(O(q;)) of
the parametric (Petrov-)Galerkin approzimations ¢i(y) € X" defined in (2.29), there
holds the error bound

[1(0(4()) = Qns(O(ai))] < CLNTYP 4 bt 5~ 07D)
Here, the constant Cy > 0 s independent of N, h and of s.
Proof. We write

11(0(q)) — Qns(O(qr)| < [1(O(q) —1(O(@°)| + [1(O(q°)) — Qn,s(O(¢7))]
+1Qns(0(q° — a3))]
= Er+Ei+Enr.

The dimension truncation error E; is bounded by (2.27) and (2.28) in Theorem 2.1. Term
E;ris a QMC error which is bounded by Proposition 4.1; this Proposition is applicable
based on Theorem 3.1, upon noting (2.23), i.e., that for finite truncation dimension s the
dimensionally truncated, parametric solution ¢*(y) can be interpreted as evaluation of
q(y) (to which Theorem 3.1 applies) at the particular parameter value y := (yy.5,0).
The last term Ej;; is bounded using the equal weight property (4.2) of Qn s to infer

Errr < || O] ar sup 16°(yq1.53) — G (Y lx < (Ol sup [lg(y) — an(y)
y{l:s}e[_1/2’1/2)s yeU

and the (Petrov-)Galerkin error sup,c;; [|¢(y) — an(y)[|lx < Ch. O

5 Fast component-by-component construction

Here, we outline, based on [25, 16, 10], a modification of the fast CBC construction of
the generating vector for the QMC rule; while asymptotically, as s — 0o, the complexity
of this construction equals that of the CBC construction for the SPOD weights in [10],
for finite, large values of the index J in the proof of Theorem 3.1 (which do occur in
practical situations as outlined in Remark 3.1), we obtain quantitative advantages for the
construction based on “ hybrid QMC-weights ”, as outlined in what follows. We follow
[10] closely in our exposition below.

As quadrature rule we use (interlaced) polynomial lattice rules which are a special
class of (higher order) digital nets, and which were introduced by Niederreiter, see [23].
We state the definition of these rules in the following. Let b be a prime number, Z; be
the finite field with b elements, Zy[z] be the set of all polynomials with coefficients in Z,
and Zy((z")) be the set of all formal Laurent series >, t,2~*, where w is an arbitrary
integer and t, € Z, for all /.

Definition 5.1 (Polynomial lattice rules). For a prime b and any m € N, let P € Z[z]
be an irreducible polynomial with deg(P) = m. For a given dimension s > 1, select s
polynomials ¢;(z), ..., ¢s(x) from the set

Pym = {q(x) € Zp[z] \ {0} : deg(q) < m}, (5.1)

and write collectively
q = q(@) = (q(2),...,¢(x)) € 77, . (5.2)
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For each integer 0 < n < 0™ let n = ny+mb+ -+ + Nym_10™ ! be the b-adic expansion
of n, and associate with n the polynomial

n(zx) = 2_: nex’ € Lplx] .

Furthermore, we denote by v, the map from Z,((z™!)) to the interval [0,1) defined for

any integer w by
Um (Z tg ZL’_€> = Z tg b_e .
l=w

{=max(1,w)

Then, the QMC point set Sppm s(q) of a (classical) polynomial lattice rule comprises the
points

o (o () (M) oy, gt

Interlaced polynomial lattice rules are special families of higher order digital nets
[7, 8]. These quadrature rules were first studied in [15, 16] since they yield faster CBC
constructions.

Definition 5.2 (Interlaced polynomial lattice rules). Define the digit interlacing function
with interlacing factor a € N by

D6 :0,1)* — [0,1)

(1, v 70) o Y, Y &b (5:3)

where z; = §j,1b_1 +§j’2b_2 +--- for 1 < j < a. We also define such a function for vectors
by setting

Dy :0,1)* — [0,1)*

5.4
(1, Tas) = (Dal®1,..,70), -, Da(T(s—1)at1s - - -1 Tsa)) - (5-4)

Then, an interlaced polynomial lattice rule of order av with b™ points in s dimensions is
a QMC rule using Zu(Sppm.as(@)) = {%a(y,) :n=0,...,0™ — 1} as quadrature points,
for some given modulus P and generating vector g € ;.

We have the following upper bound for the worst-case error of interlaced polynomial
lattice rules [10, Section 3.2]

Comn1(S) < Z (C(/l’b)\u(v)l%(u) pela=1)ju(v)]/2 Z pom o) (5.5)
0£0C{l:as} L,€D}

where D; is the “dual net without 0 components” defined in terms of the generating
polynomials, see [10, Eq (3.28)] and where we replaced Cyp by C, . Eq. (5.5) is derived
from (4.4) by setting " = 1 and using interlaced polynomial lattice rules, see [10] for
details. Here, for a given set () # v C {1 : as}, we define

u(v) := {[j/al:j €0} C {l:s}, (5.6)
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where each element appears only once. The set u(v) can be viewed as an indicator on
whether the set v includes any element from each block of o components from {1 : as}.

Since we do not have a suitable expression for the worst-case error e; o1 we use
the right-hand side of (5.5) as our search criterion in the CBC construction instead. To
simplify our notation, we define

) == ) Fo y b (5.7)
0#£0C{1:d} LoD}
The case d = as and the weights
Fo = (C! )OI Yu(o) pela=1)[u(v)]/2 (5.8)

are of particular interest for our purposes here. However, as shown in [10], the theorem
below holds for any d and also for general weights 7,.

Theorem 5.1 (CBC error bound). Let b > 2 be prime, and o > 2 and m,d > 1 be
integers, and let P € Zy|x] be an irreducible polynomial with deg(P) = m. Let (Vo)oc{1:a}
be positive real numbers. Then a generating vector q¢* = (1,¢5,...,q;) € Gl‘im can be
constructed using a component-by-component approach, minimizing E4(q) in each step,
such that

&4(q") < 2 o (b=1\" " A
a(q”) < - Z G for a € (1/a,1]. (5.9)

P£0C{1:d}

It follows from Theorem 5.1 that an interlaced polynomial lattice rule with interlacing
factor a in s dimensions can be constructed using a CBC algorithm with weights (5.8),
such that

6oz,",',s,l (S) S gas (q*)

2 s b—1\"\"
< (pir & (@amingpemony (L))

0#0C{1l:as}

1
9 A b—1\° fu
_ 3 )\l pela—1)ul/2 _
_(W—l ((Co) b )(O+W—J 1)>

P#uC{1:s}

/A

By substituting in v, from (4.11) and using Jensen’s inequality, we get

1/A
2 o) o¥
%mmﬂs<m_l§j 2:(%@Mmmquﬂ%WJj

@;ﬁug{lzs} uue{lza}lu| Jeu

S

1/2
2 vi,a) QVi A
B (bm 1 > WenglvenaaD T (B22098)) > , (5.10)

0#ve{0:a}s j=1
v;>0
where
b—1 a 1/X
R a(a—1)/2 -
B = Cl, b/ ((1+m> - 1) . (5.11)
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We now show how we can choose A such that the sum in (5.10) is bounded independently
of s. Let 8; :== 2max(B,1)f;. Using the same argument as in [10], the sum in (5.10) is

bounded by
s A
Z <VEO{1:S}!‘VECF‘I{1:S}“ HB;J> )

0£ve{0:a} j=1

where each term in the sum to be raised to the power of A is of the form

vilvp!l v (W Ve + - )] 51"'5152"'52"'§8"'§57 (5.12)
—_—— — —_——
V1 12 Vg
where for s < J we set (V41 +vjo+...+v)!=0=1land g !=---=v;/=0=1
We now define a sequence d; := f3[/4] so that dy = -+ =d, = 1 and doy1 = -+ =

doe = 52, and so on. Then any term of the form (5.12) is bounded by a term of the form

( H Oé!dj) |U n OZEC“ H dj
jevnak jevnNakEe
for some finite subset of indices v C N. As before, E = {1 : J} and we write

aFE={1,2,...;aJ} and aE° ={aJ + 1,aJ +2,...,}.

Thus we conclude that

s A A
Z (VEQ{I:S}”VECQ{LS}“ Hﬁ;/]) S Z (( H Oz!dj)|0ﬂaEc|! H d]>
0#ve{0:a}® j=1 vCN jevnaE jevNaE®
v; >0 [p]<oco
A
wCaF yCcaE* JEW JEU
|u|<oo
A A
wCakFE \j&€w uCak*° JjEu
|u|<oo
aJ 0o
< [Ja+ @dp)m) > > > T[4
J=1 £=0 uCaE° JEu
|u|=¢
fe’e) o) o] 4
< exp ((a!)’\Zc@) Z(f!)AA(Zd?) :
j=1 =0 Jj=1
(5.13)

where in the last step we used the estimation 1 + x = exp(log(1 + z)) < exp(z).

Note that > 72, 87 < oo holds if and only if 33, @7 < co. The last expression in
(5.13) is finite for p < A < 1. The last expression in (5.13) is also finite if A = 1 and
Y= d; < 1. Since A also needs to satisfy 1/ < A <1, we choose

A=p and a=[1/p]+1,
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and for p = 1 we assume additionally that Z;; d; < 1, which is equivalent to

Z B < m (5.14)

Thus we obtain a convergence of O(N~Y/?) with the implied constant independent of the
dimension s.

5.1 Component-by-component algorithm

We first derive a closed form expression for £;(q) in (5.7) which can be used for com-
putation. Recall from Definition 5.1 that the j-th coordinate of the n-th point of the
interlaced polynomial lattice point set is

e ()

Note that yj depends on the j-th component g; of the generating vector. We have

Z pam(le) i Z Z p—am( Walg bm Z Hw :

£,€Dy n=0 gcNlvl n=0 jev

where yf,n) = (yj(")) jev 1s the projection of the n-th point y™ onto the coordinates in v,

b—1 b — 1
b~ ap (€ l — bUOg y](a=1)
Z 'waly(y) = b — b b — b

and where for y = 0 we set bl°80/(e=1) .= (. The last equality can be obtained by
multiplying [11, Eq. (2)] by b~. Thus we have

) = bim i Z Yo HW(?J](‘”))- (5.15)

n=0 @#vC{l:d}  j€v

The CBC construction proceeds inductively on the dimension, keeping the components
already calculated fixed and searching for the polynomial ¢; which minimizes &;. To do
so, we separate the terms in &; which depend on ¢4 from those which do not depend on
qq- This depends on the particular form of the weights.

From (4.11) and (5.8) we obtain hybrid weights

o= Y. vwene! eneel! [T u@), with 4;(y) = C, 0202 20000 85
Vu(u)e{lsoz}“‘(")‘ Jj€u(v)

Substituting this into (5.15) yields

D=5 Y Y vttt 10 (TTe0)

n=0 @#Dg{ld} Vu(n)e{l;a}‘u(r‘)‘ jGU(U) jEU
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Every block of o components in the generating vector q yields one component for the
interlaced polynomial lattice rule. In order to keep track of the block and position within
each block, we replace the index d by a double index (s, t) such that s is the index for the
block and ¢ is the index within the block, that is, we set

s = [d/a] and t = (d—1)moda+1 suchthat d = a(s—1)+t.

We now reorder the sums in £,(q) according tov = (v4,...,v5) € {0:a}*and v C {1 :d}
so that the set u(v) consists of the indices j for which v; > 0. This yields

-ty Y Y VE'\VEC(HM)(H@)@;M))

n=0 pe{0:a}* vC{1:d} s.t. j€u(v) jev
[U|#0  u(o)={1<j<s:v;>0}

bm—1

- b_m Z(Sl(n,s,t>+Sg(n,8,t)—|—53(n’5,t))7 (516)
n=0
where
Simst)= Y 3 ( T 0 ) ( 1 w<y§n>)>’
v, {0:a}!Psl 01 C{l:min(d,aJ)} s.t. jeu(vr) jEbLL
v, |£0 u(v1)={1<j<min(s,J) : v; >0}
(5.17)
Sans,t)= Y 3 e ( T 0 )(Hw(%(n)))

VEg.E{O:a}‘Eg‘ qu{lfming;i,aQ:d} s.t.o jeu(vz) Jev2
v e |40 u(v2)={min(s,J)<j<s:v;>0}

(5.18)
S3(n, s, t) = Si(n,s,t) - Sa(n,s,t),

with B := EN{l: s}, ES:= E°N{l:s}, vg, = (Vj)jer, and vge = (v;)jepe. For s < J
we set So(n, s,t) = 0.

We note that S;(n) has a product weight structure while Sy(n) has an SPOD weight
structure. If d > aJ then S;(n) is fixed and we need to compute Sa(n) only.

For d = a(s — 1) +t < aJ we have

=y S 8 (I e (TTe0)

n=0 pc{0:a}® O#v;C{l:a(s—1)+t} s.t. J€u(vy) Jjeor
PI#0 u(or)={1<j<min(s,J) : ;>0

bm—1 e
_ bim >y (HZW%(%‘)) > (Hw(y](.n))) :
n=0 QAuC{l:s} *jeuy;=1 01C{Lia(s—1)+t} ~J€L1

u(vy)=u

Replacing d by the double index (s,t) as before, we obtain for ¢ = « that

bm—1 s
fla) = = ST {H S 1yl (H<1+w<y;;>)) _ 1>] Y
n=0 ] 1 vj=1 =1

-~

=:Ys(n)

J/

23



where we defined the quantity Ys(n), with Yy(n) := 1. For t < o we have

Esu(q) = 1b21{1+2v5% (s) (f[ (1+w() 1)}Y;_1(n)—1,

where V;;(n) is defined above. The part of & ,(q) that is affected by g5 is

bm—1

D (i) Vara(n) Yo ()

n=1

In order to compute this quantity for every gs; € Gy, we need to perform the matrix-
vector multiplication using the matrix

o o (5

and the vector [V;;—1(n) Ys—1(n)]1<n<pm—1. A permutation can be applied to Q using the
so-called Rader transform (see, e.g., [25])) such that the fast Fourier transform can be
used to carry out the matrix-vector multiplication. As shown in [25], this reduces the
cost of the matrix-vector multiplication to O(M log M) = O(N log N) operations, where
M=0b"—1and N =0".

Once ¢, has been computed for a given dimension, one has to update the products
Vsi(n). This can be done in O(N) operations. After an entire block of o dimensions has
been computed, the products Y;(n) need to be updated, which can be done in O(NV) oper-
ations. The total computational cost is then O(a s N log N) operations, with a memory
requirement of O(N).

When d > oJ we have

1
gs,t(q> = b_m Z Sl(”? J? CY) + SQ(n757t) : (1 +Sl<n7 J7 Oé)),
n=0

where Si(n, J,a) = Yy(n) — 1. Thus Si(n, J,«) has been computed in the first part of
the algorithm and is therefore now fixed. When the final block is complete and therefore
t = a, we have

Sa(n,s,a)= Y0 > H {%(y] (f{l—i—wyﬂ 1)} (5.19)

=1 ue{()a}5 7 j=J+1
[v|=¢ v;>0

~~

= Us,é(n)

.....

Us(n), with UM( ) =1, US,O( ) =0, and Us,g( ) :==0for £ > a(s — J). When the final
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block is incomplete, that is, ¢ < «, by separating out the case v; = 0 in (5.16), we get

a(s—1-J) s—1 a
S = > 0 X L oo TI0+e6) - 1))
(=1 ue{oza}sflf‘] j=J+1 i=1
lv|=¢ v;>0

Yy (H [w(w)(ﬁ(Hw(yﬁ)))—lﬂ

/=1 vs=1 Vel{lﬂﬁ{gi:_J jzj;al i=1
t
X %(Vs)(H(l +w(y™) 1)) ,
=1
and thus
Sa(n,s,t) = Sa(n,s — 1, ) (5.20)

where we defined V;,(n), Ws(n), and X, ¢(n) as indicated, with V;o(n) := 1.
Since the polynomial ¢, only appears in the final factor of the products V;(n), the
only part of & +(q) that is affected by ¢ is

bm—1

> W) Vagr (n) Wi(n) (1+ Si(n, J, @) .

n=1

Computing this quantity for every ¢s; € Gy, requires the matrix-vector multiplication
with the matrix © and the vector [V;,—1(n) Wy(n) (1 + Si(n, J, &)]i<n<pm—1. Again, one
can apply a permutation to the matrix €2 such that the fast Fourier transform can be
used [25]. The cost is then O(M log M) = O(N log N) operations, where M = 0™ — 1
and N = 0™.

Once ¢ is chosen for dimension a(s — 1) + ¢, we update the products V;(n) using

Vou(n) = (1 +w(yl))) Visoi(n) .

This requires O(N) operations. After completing an entire block of o dimensions, also
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the values Us 4(n) need to be updated. This can be done using the equation

Upln) =0 3 H1 [%(Vj)(ﬁ(1+w(y§3))) - 1)]

.qls—J-1 j= i=1
et
min(a,é) s—1 «
o )3 (H o) (TT0+w0) 1))
vs=1 VG{OZQ}S_J_l j=J+1 =1
lv|=0—vs v;>0

X ws)(H(l +uw(y)) - 1))
= Us_yo(n) + (Vaal(n) — 1) Xop(n) .

Since the quantities V;,(n) and X;(n) can be pre-computed and stored, this update
requires O(a (s — J).N) operations, where (x); = max{0,z}. In the next step, the
products Vii10(n) need to be initialized by 1 with O(N) operations, and the quantities
Wey1(n) and X,y (n) need to be computed, which can be done in O(a?(s — J)N)
operations. The algorithm then continuous the search in the new block.

We need to store the quantities Usy(n), Vii(n), Wi(n), and X;,(n), which can be
overwritten as we increase s and ¢. Hence, the total memory requirement is O(a s N).

The total computational cost for the CBC construction up to dimension as is therefore

bounded by

O (a min{s, J} N log N + a?(s — J); N log N) search cost, plus
O(a?(s — J)LN) update cost, plus
O(N + a(s — J):N) memory cost .

Hence, for large values of J (as may occur in practice, cf. Remark 3.1), and for higher
orders « the product structure of the QMC weights up to dimension .J, implied by (3.2),
imply quantitative advantages in the CBC construction.

We summarize the algorithm in Pseudocode 1 below; there, .x means element-wise
multiplication. Note that U({) for { = 0,...,a(Smax — J), and V;, W, X ({) for { =
1,...,a(Smax—J), and & are all vectors of length N —1, while QP*"™ denotes the permuted
version of the matrix €2. The vector € stores the values of &;.

6 Conclusion

We have analyzed the convergence of a class of higher order Quasi Monte-Carlo (HO-
QMC) quadrature methods for the approximate evaluation of response-statistics of a
class of nonlinear operator equations subject to distributed uncertainty, corresponding
(via a Schauder basis) to infinite-dimensional, iterated integrals. We showed that for
operators with analytic dependence on the uncertain input, the HOMQC quadratures
achieve convergence rates which are independent of the parameter dimension and which
are, in a sense, best possible for a given sparsity measure of the parameter dependence.
The argument in the proof of Theorem 3.1 involved analytic continuation. It allows us
to control parametric derivatives of arbitrary order and is, therefore, also applicable to
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other settings; we mention in particular the problem of Bayesian estimation. Here, the
posterior densities admit an infinite-dimensional, parametric deterministic representation
which “inherits” analytic properties from the forward map (cf. [30, 27, 28] and the ref-
erences there). Details on the extension of the present analysis to this problem class, as
well as numerical experiments, will be presented elsewhere.

In the present paper, we have confined the analysis to the so-called single-level version
of the HOQMC-PG discretization, and assumed minimal regularity G(-) € X’. Based on
the present results, multilevel discretizations can be designed which are more complicated
but which are expected to exhibit, in certain cases, superior performance (we refer to [10]
for the analysis of a higher order, multilevel QMC-PG algorithm in the particular case
of affine-parametric, linear operators). The analysis of such multilevel algorithms in the
present general context, will likewise be presented elsewhere.
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Pseudocode 1 (Fast CBC implementation for hybrid weights)

Y =1
for s from 1 to min(J, spax) do
V=1
for t from 1 to o do
E =QPF""(V.xY)
Gst = argmingeq, E(q)
V= (1 + QP (g 4, )) xV
end for
Y =1+ Zgjzl vslys(V = 1)) .« Y
end for
Si1=Y -1
if spax < J then return
end if
U):=1
U(l:a(Smax—J)):=0
for s from J + 1 to spax do

V=1
W :=0
for ¢ from 1 to a(s — J) do
X():=0
for v from 1 to min(a, /) dol
X () =X ) + vs(u)(ff'y)! Ul —
end for
W =W+ X(¥)
end for

for ¢t from 1 to o do
E=QPF" (8, +(1+81)xV.xW)
Qs := argmingeq, &€(q)
Vo= (1+ QP (qgy,:)) . V

end for

for ¢ from 1 to a(s — J) do
Ul)=U{()+(V —-1).x X(¥)

end for

end for

V)

> compute — use FFT
> select — pick the correct index

> update products

> update products

> initialize products and sums

> compute — use FFT
> select — pick the correct index

> update products

> update sums
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