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This paper is a contemporary review of QMC (“Quasi-Monte Carlo”) meth-
ods, i.e., equal-weight rules for the approximate evaluation of high dimensional
integrals over the unit cube [0, 1]*, where s may be large, or even infinite. Af-
ter a general introduction, the paper surveys recent developments in lattice
methods, digital nets, and related themes. Among those recent developments
are methods of construction of both lattices and digital nets, to yield QMC
rules that have a prescribed rate of convergence for sufficiently smooth func-
tions, and ideally also guaranteed slow growth (or no growth) of the worst case
error as s increases. A crucial role is played by parameters called “weights”,
since a careful use of the weight parameters is needed to ensure that the worst
case errors in an appropriately weighted function space are bounded, or grow
only slowly, as the dimension s increases. Important tools for the analysis are
weighted function spaces, reproducing kernel Hilbert spaces, and discrepancy,
all of which are discussed with an appropriate level of detail.
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1. Introduction

Numerical integration in more than one dimension has for a century been a
topic that presents many challenges, as witnessed by the classical monograph
by Stroud (1971). Among the challenges are those posed by the rich choice
of multidimensional geometries, whether the cube, ball, sphere, simplex, or
something more elaborate. Another challenge is the common occurrence of
singularities of the integrand at special points or sub-manifolds of the region.
But of all the challenges the one that stands above all others is the difficulty
of doing anything effective when the number of integration variables (the
“dimension”) passes beyond the number of fingers on two hands. Certainly
the simple strategy of using a “product” of 1-dimensional rules becomes
infeasible, since even a mere 10-fold product of say 2-point Gauss rules
requires 2'0 points. Yet these days problems arise, and are tackled, in which
the number of dimensions is in the hundreds, or even the thousands or tens
of thousands.

The aim of this survey is to describe and analyze effective methods for
numerical integration, with a special emphasis on a high number of dimen-
sions. The price that has to be paid is that we consider only the simplest
geometry (namely the unit cube in an arbitrary number s of dimensions),
somewhat smooth functions, and only equal-weight integration rules.

Thus the task is to approximate the integral

Is(f) = f(z) dz, (1.1)

[0,1]*
where s is greater than 1 and possibly large, for some integrable function f,
by an n-point integration rule of the form

n—1
Qn,s(f) = %Zf(tl)a (12)
=0

thus a rule that uses the prescribed sample points o, ...,t,—1 € [0,1]°. Of
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course we shall have much to say about the choice of these sample points.
A rule of this equal-weight form is called a Quasi-Monte Carlo (or QMC)
rule.

The name Quasi-Monte Carlo comes from a certain analogy with the
Monte Carlo (MC) method: in its simplest form the MC approximation
to the integral (1.1) takes exactly the same form as (1.2), but with one
crucial difference, that the sample points are chosen randomly (and inde-
pendently), from a uniform distribution on the cube [0, 1]*. The MC method
(Hammersley and Hanscomb 1964, Lemieux 2009, Wozniakowski 2013) has
some very attractive features, most notably that there exists a probabilistic
(root-mean-square) error estimate of the form

a(f)

Vi

where o2(f) is the variance of f,

UQ(f) = Is(fQ) - (Is(f))2a

which is finite whenever f is square integrable. Moreover, o(f) can be
estimated by the same MC rule used to estimate I5(f). But for all the virtues
of the MC method, its O(1/4/n) rate of convergence is often considered to
be impossibly slow, especially when f is smooth. For example, one needs
four times as many points to reduce the error by a factor of 2, or 100 times
as many points to reduce the error by an order of magnitude.

The QMC methods were born in the 1950s and 1960s from the (successful)
desire to achieve faster convergence than the MC rate of O(1/y/n). In the
next sections we shall meet QMC methods that depend on constructing
points sets with small “discrepancy”. These methods were indeed successful
in improving upon the MC convergence rate, achieving a convergence rate
of order O((logn)®/n) or better if sufficient smoothness of f is assumed.
In particular, we will meet the so-called “lattice rules”, which for certain
periodic functions (periodic with respect to each component of x) could
achieve convergence rates of O((logn)*/n?) or faster , and so-called “higher
order digital nets”, which could achieve convergence rates of O((logn)?*/n?)
or faster even for non-periodic functions.

In the early days of QMC research, the emphasis was mainly on the rate
of convergence as mn increases, and less attention was paid to what hap-
pens as the dimensionality s increases — those early QMC researchers surely
never envisaged QMC methods being applied to integrands in hundreds of
dimensions. For lattice methods there was much interest in the 1960s in pe-
riodization strategies (for converting non-periodic integrands into periodic
ones), which then can achieve fast convergence for appropriate QMC rules,
but regrettably those periodization strategies often turn easy high dimen-
sional problems into ones that are impossibly hard. In any case, the rate of
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convergence is only part of the story: the size of the implied constant is also
important.

In the last two decades there has been great research interest in developing
QMC methods and theory that can cope with arbitrarily high dimensions,
if the circumstances are right. (Note that we do not say that all high di-
mensional problems can be successfully tackled by QMC methods. Rather,
the interest is in recognizing and analyzing mathematically the particular
features that make some high dimensional problems manageable.)

Applications have also played an important role in the development of
QMC methods suitable for high dimensional problems. In financial math-
ematics, the numerical experiments of Paskov and Traub (1995), which
used low-discrepancy QMC methods in 360 dimensions to value parcels of
mortgage-backed obligations, were successful to a degree that caused univer-
sal surprise. This led to many theoretical developments, as researchers strug-
gled to understand how such high dimensionality could be handled success-
fully (Caflisch, Morokoff and Owen 1997, Wang and Fang 2003, e.g.). Option
pricing problems have spurred many developments (Acworth, Broadie and
Glasserman 1998, L’Ecuyer 2004, Giles, Kuo, Sloan and Waterhouse 2008,
Wang and Sloan 2011, Griebel, Kuo and Sloan 2013, e.g.). A challenging
class of problems in multivariate statistics led Kuo, Dunsmuir, Sloan, Wand
and Womersley (2008) to a new understanding of the importance of proper
handling of the transformation process from R?® into [0, 1]* for problems over
unbounded regions. The problem of evaluating high dimensional expected
values arising from partial differential equations with random coeflicients,
typified by the flow of a liquid (oil or water) through a porous material, with
the permeability treated as a random field, is the newest driver of innova-
tion (Graham, Kuo, Nuyens, Scheichl and Sloan 2011, Kuo, Schwab and
Sloan 2012). However, in this survey the focus will be on the theoretical
innovations rather than on the applications themselves.

The structure of the survey is as follows. In Section 2 we introduce QMC
methods, and develop basic definitions and concepts without much theory.
In Section 3 we begin to develop key tools (such as reproducing kernel Hilbert
spaces) needed for error analysis of QMC methods. In Section 4 we introduce
the modern theory of weighted function spaces, in which certain parameters
(“weights”) are introduced to describe the circumstance that some variables
(or groups of variables) are more important than others. In Sections 5
and 6 we introduce more sophisticated material on lattice rules and digital
nets. Then in Section 7 we introduce a setting which is currently attracting
great interest, namely that of numerical integration in an infinite number of
dimensions. Finally in Section 8 we give concluding remarks. At the end of
each section we provide notes with references to further related material.
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2. Introducing Quasi-Monte Carlo methods
2.1. Multivariate numerical integration

Recall from (1.1) that our goal is to approximate a multiple integral over
the s-dimensional unit cube [0, 1]

1 1
1(f) = mﬂprw)dwzzzjﬁ o [ o da,

where s is large, possibly in the hundreds or thousands. In practice most
integrals over bounded or unbounded regions can be transformed into this
desired form with a suitable change of variables. The transformation plays
an important role as it determines the behavior of the transformed integrand
f. We shall defer the choice and strategy of transformation to be discussed
later in Subsection 2.11.

For our analysis in this survey, we will generally assume that f is contin-
uous and has a certain level of smoothness, as will be made precise in the
next section.

In the classical theory of numerical integration (Davis and Rabinowitz
1984), an integral in one dimension can be approximated by a quadrature
rule, as follows

1 n—1
Amememm
=0

where tg,...,t,—1 € [0,1] are the quadrature points, and wy, ..., w,—1 € R
are the quadrature weights satisfying Z?:_(]l w; = 1. Well known examples
include the (left) rectangle rule which uses equally-spaced points t; = i/n
and equal weights w; = 1/n and has the error f'(£)/(2n) for some £ €
(0,1); the trapezoidal rule (which has second order convergence); Simpson’s
rule (with fourth order convergence); and the Gauss rules (which integrate
polynomials of degree 2n — 1 exactly).

For integration in s dimensions with s > 2, we have cubature rules (Stroud

1971)

n—1
flo)de ~ Y wif(t),
i=0

[0,1]¢

where 2g,...,t,—1 € [0,1]° are the cubature points, t; = (t;1,...,t;s), and
wo, - .., Wp—1 € R are the cubature weights satisfying 2?1_01 w; = 1. Explicit
cubature rules are available in low dimensions (Cools 1997). An obvious

way to approximate a high dimensional integral is to use a product rule

1 1 m—1 m—1
J AR A CRER LR FED SRS DL (PR}
0 0

11=0 15=0



6 Acta NUMERICA

in effect applying a one-dimensional quadrature rule 22161 u; f(v;) to each
of the s integrals. The cubature points ¢; are given by the s-fold product of
the quadrature points v;, and the cubature weights w; are the corresponding
products of the quadrature weights u;. The total number of points is n = m?,
which is enormous when s is large, while (since f could be a function of only
one component, such as f(x1,...,rs) = x3) the error is only the sth root of
the error of the one-dimensional quadrature rule: for example, the product
rectangle rule has error of order O(n~1/*).

As the title suggests, this survey will focus on Quasi-Monte Carlo methods
for high dimensional integration. This section is devoted to introducing the
basic principles behind these methods. We begin in the next subsection
with a brief introduction to the related and widely used classical Monte
Carlo method.

Another competing technique for high dimensional integration is based on
sparse grid methods (Bungartz and Griebel 2004), but we will not discuss
these methods in this survey.

2.2. Monte Carlo method

The classical Monte Carlo (MC') method is an equal-weight cubature rule
of the form

n—1
1
Qn,S(f) = n Z f(t),
=0
where tg,...,t,—1 are i.i.d. (independent and identically distributed) uni-

form random samples from [0, 1]°.

Theorem 2.1. (Monte Carlo root-mean-square error) For all square-
integrable functions f, we have

o
VEIL(D) =~ Qi) = 2,
where the expectation is with respect to the uniform random samples ¢y, ..., ¢t,_1,

and

is the variance of f.

Though this result is well known, we give a proof since it will serve as a
model for later arguments.

Proof. We have
E[’Qn,s(f) - Is(f)’2] = E[(Qn,s(f))Q] - 2E[Qn,s(f)]ls(f) + (IS(f))27
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where
1n—1
E[Qn,s(f)] - /[071}3 e \/[071}3 <E ZZ:; f(tz)> dtO cee dtn—l
1n71
- — f tl' dti
) /W (t:)
:‘@(f)
and

n—1 2
(% Zf(tﬁ) dty...dt,_1

[0’1]5 =0
1 n—1n—1
— — f(ti)f(tk)> dtg...dt,—1
o1 o, <“2 ;kzzo
1 n—1 1 n—1n—1
= = )+ = F(t)f(te) | dtg...dt,_
. ( WECETS NI m) ot
k£i
1 n—1 1 n—1ln—1
- f2(t) dt; + — f(t)dt; f(ty) dty,
n? — /10,1 ”222 [0,1]* [0,1]*
ki
n—1
= L) + (L)
Hence
Is f2 B Is f §
El1Qus(f) - L)) = = ED
as claimed. O

Treating @y, s(f) as a random variable, we see from the above proof that
its mean is

E[Qn,s(f)] = Is(f)
(that is to say, the MC method is unbiased), and its variance is

()

n

Var[Qy,s(f)] = E[|Qus(f) — Is(f)*] =

By the central limit theorem, if 0 < o(f) < oo then

Jim PP (\Is(f) — Qns(f)] < ci\/g) = \/% /_666_9“2/2 dz.
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In other words, we have a “probabilistic” error bound with a convergence
rate of O(n_l/Q). The convergence rate is independent of the dimension.
Comparing this with, for example, the product-rectangle rule whose conver-
gence rate is O(n~1/%), we see that the MC method has the faster conver-
gence when s > 3 even for smooth functions.

Another advantage of the MC method is that it is easy to obtain a practi-
cal error estimation. Indeed, an unbiased estimator for Var[Q,, s(f)] is given

by

n_1§j —Qns(N)? =~ (Ejf —n@”un>.
= (2.1)

The square root of this quantity provides an estimate for the root-mean
square MC error.

Although widely applicable, MC methods suffer from the slow O(n_l/ )
convergence rate. Variance reduction techniques (e.g. importance sam-
pling, stratified sampling, correlated sampling) can be used to improve the
efficiency of MC, but in practice MC methods often remain distressingly
slow. Bakhvalov (1959) proved that the O(n~1/2) rate of convergence can-
not be improved for general square-integrable or continuous functions f.
For functions with more smoothness, this slow convergence rate is the main
motivation for switching to Quasi-Monte Carlo methods.

2.8. Quasi-Monte Carlo methods

Quasi-Monte Carlo (QMC) methods are equal-weight cubature rules of the

form
n—1

Quolh) = Y 180,

just like MC methods, but now the points tg,...,t,—1 € [0,1]° are chosen
deterministically to be better than random, in the sense that the deterministic
nature of QMC leads to guaranteed error bounds, and that the convergence
rate may be faster than the MC rate of O(n~1/2) for sufficiently smooth
functions.

There are two types of QMC methods:

e The “open” type: this uses the first n points of an infinite sequence.
Thus to increase n one only needs to evaluate the integrand at the
additional cubature points.

e The “closed” type: this uses a finite point set which depends on n.
Thus a new value of n means a completely new set of cubature points.
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(Here and in the following, a point set is understood to be a multiset, i.e.,
we count points according to their multiplicity.)

The following definition is needed before we give examples of QMC meth-
ods.

Definition 2.2. (Radical inverse function) For integers i > 0 and b >
2, we define the radical inverse function ¢p(i) as follows:

8

if i= Ziabafl where i, € {0,1,...,b—1}, then ¢p(7):

a=1 a

lq

b—a.
1

In other words, if i = (- - - i2i1);, denotes the base b representation of 4, then

(bb(l) = (02122 e )b-

Example 2.3. (Van der Corput sequence) The van der Corput sequence
in base b is the one-dimensional sequence

qbb(()), ¢b(1)’ ¢b(2), e

For example, take b = 2. First we write down the natural numbers 0,1, 2, ...
in base 2
0,129,109, 11,1002, 1015, 1102, .. ..
Then we apply the radical inverse function ¢- to each number, to obtain the
sequence
0,0.15,0.015,0.115,0.0015,0.1015,0.0114, ...,

which in decimal form is the sequence
0,0.5,0.25,0.75,0.125,0.625,0.375, . . . .

Example 2.4. (Halton sequence) Let p1,pa,...,ps be the first s prime
numbers. The Halton sequence tg,t1,... in s dimensions is given by

ti:((bpl(i)v(bm(i)?”-a(bps(i))a 1=0,1,...,

that is, the jth components of points in the Halton sequence form the van
der Corput sequence in base p;, where p; is the jth prime. The Halton
sequence leads to an “open” QMC method. We have explicitly

to = (0,0,0,...,0)

t; = (0.15,0.13,0.15,...,0.1,,)
ty = (0.015,0.25,0.25,...,0.2,.)
t3 = (0.11,0.013,0.35,...,0.3,,)
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The Halton sequence satisfies the error bound

|Is(f) - Qn,s(f)| S Cs @

where Cy depends only on s, and V(f) is the variation of f in the sense of
Hardy and Krause, see for instance (Kuipers and Niederreiter 1974, p. 147,
Definition 5.2). For now we simply observe that, although the convergence
rate appears to beat the MC rate of O(n_l/z), the MC rate is independent
of s, whereas for fixed s, the function (logn)®/n increases with increasing n
for all n < exp(s).

V(f) for all n > 2

Example 2.5. (Hammersley point set) Let p1,pa,...,ps—1 be the first
s — 1 prime numbers. The Hammersley point set {to,t1,...,t,—1} with n
points in s dimensions is given by

ti= (2 0m @m0 00 @) PO L1

The Hammersley point set leads to a “closed” QMC method. We have
explicitly

to = (0,0,...,0)

/1
t1=(3,0.12,0.13,...,0.1,_,)
ty = (2,0.012,0.23,...,0.2,, )

bt = (351,..)
The QMC method based on the Hammersley point set satisfies the error
bound

o ns—l
L(f) — Qualf)] < € 1B

where C! depends only on s. Note that there is one less power of logn
compared to the error bound for the Halton sequence. Typically the error
bounds for QMC methods based on “closed” point sets are better than those
based on “open” sequences.

V(f) for all n>2,

Example 2.6. (Kronecker sequence) Let 1,a1,a9,...,as € R be lin-
early independent over Q. The Kronecker sequence to,t1, ... in s dimensions
is given by

ti:({ial},{iag},...,{ias}), 1:0,1,...,

where the braces indicate that we take the fractional part of a real number,
that is,

{z} =2 — |x]. (2.2)
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For example, a good choice of parameters is a; = /p; where p; is the
jth prime number. The error bound for the Kronecker sequence takes the
same form as that of the Halton sequence, but with a different multiplying
constant, again depending on s.

There are two main families of QMC methods currently under investiga-
tion:

e digital nets (“closed”) and digital sequences (“open”),
e lattice rules (“closed” and “open”).

We will introduce these two families in the next few subsections.

2.4. Lattice rules

A lattice in R? is a discrete subset of R® which is closed under addition and
subtraction. An integration lattice in R® is a lattice which contains Z° as
a subset. A lattice rule is an equal-weight cubature rule whose cubature
points are those points of an integration lattice that lie in the half-open unit
cube [0,1)%.

Every lattice point set includes the origin 0. The projection of the lattice
points onto each axis gives equally spaced points. In a sense the integral in
each dimension is approximated by a rectangle rule (or a trapezoidal rule if
the integrand is periodic). Every lattice rule can be written as a multiple
sum involving one or more generating vectors. The minimal number of
generating vectors required to generate a lattice rule is known as the rank
of the rule. Besides rank-1 lattice rules involving just one generating vector,
there exist lattice rules having rank up to s. Lattice rules were introduced
by Korobov (1959). They were originally designed for periodic integrands.

Definition 2.7. (Rank-1 lattice rule) An n-point rank-1 lattice rule in
s dimensions, also known as the method of good lattice points, is a QMC
method with cubature points

1z .
ti:{—}, 1=0,1,...,n—1, (2.3)

n

where z € Z°, known as the generating vector, is an s-dimensional integer
vector having no factor in common with n, and the braces around the vector
indicate, as in (2.2), that we take the fractional part of each component in
the vector.

Example 2.8. (Fibonacci lattice) Let z = (1, F}) and n = Fj1, where
Fy and Fj1 are consecutive Fibonacci numbers. Then the resulting two-
dimensional lattice point set is called a Fibonacci lattice, see Figure 2.1 for
two examples. Fibonacci lattices in two dimensions have a certain optimality
property, but there is no obvious generalization to higher dimensions that
retains the optimality property.
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Figure 2.1. The Fibonacci lattices with 5 points and 55 points. The corresponding
generating vectors are (1,3) and (1, 34), respectively.

Since we are only interested in the fractional part of iz/n, the components
of z can be restricted to the set

Zy =1{0,1,2,...,n—1}.

Moreover, since we would prefer that every one-dimensional projection of
the lattice rule has n distinct values, the components of z can be further
restricted to the set

Up:={2€Z:1<z<n-—1and ged(z,n) = 1}.
The number of elements in the set U, is ¢(n) := |U,|, the Euler totient

function. If n = p{*p5? - - pi* is the prime factorization of n, then
- - -1
p(n) = (P =P 5 =93 (0 — ).
Asymptotically, ¢(n) grows at a rate close to n. We have 1/¢(n) = O((loglogn)/n).
For simplicity, we often assume that n is prime and thus p(n) = n — 1.
This implies that

e there are n — 1 choices for each component of z;
e there are (n — 1)° choices for the generating vector z.

For large n and s, an exhaustive search to find a generating vector that
minimizes some desired error criterion is practically impossible. We now
present two approaches for constructing lattice generating vectors in high
dimensions.

Example 2.9. (Korobov construction) Given an integer a satisfying
1<a<n-—1and ged(a,n) =1, we define

s~ mod n.

z=2z2(a) :=(1,a,d%, ... ,a
There are (at most) n — 1 choices for the Korobov parameter a, leading to
(at most) n — 1 choices for the generating vector z, thus it is feasible in
practice to search through the (at most) n — 1 choices and take the one that
minimizes the desired error criterion.
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Example 2.10. (Component-by-component (CBC) construction)
Given n, we construct a generating vector z = (z1, 22, ...) as follows:

1 Set z; = 1.

2 With z; held fixed, choose 29 from U, to minimize a desired error
criterion in 2 dimensions.

3 With zq, 29 held fixed, choose z3 from U,, to minimize a desired error
criterion in 3 dimensions.

4 With z1, 29, z3 held fixed, choose z4 from U,, to minimize a desired error
criterion in 4 dimensions.

5 ...

The generating vector obtained by the CBC construction is extensible in s.
In Section 5 we will consider two important aspects of the CBC construction:
error analysis and computational cost. We will also discuss how to obtain
extensible lattice sequences that are extensible in both s and n.

2.5. (t,m,s)-nets and (t, s)-sequences

Nets and sequences provide another method for obtaining well distributed
point sets in the unit cube [0,1)® that are useful for QMC integration. The
concept of (t,m, s)-net is based on subdividing the unit cube into intervals
and placing points in the cube such that each interval of a certain size and
shape contains the “correct” number of points.

Definition 2.11. ((¢,m,s)-net) Lett >0, m >1,s>1,and b > 2 be
integers with ¢ < m. A (t,m,s)-net in base b is a point set P consisting of
b™ points in [0, 1)® such that every elementary interval of the form

5 a; a; +1
1

Jj=

with each d; > 0, 0 < a; < bdi7 and di +ds + --- + ds = m — t, contains
exactly b’ points of P.

An elementary interval (2.4) has volume b~ (d1Fdzttds) — pt=m which
is precisely the proportion of the points from P that lie in this elementary
interval. One would expect such a property to hold if the point set is uni-
formly distributed. Figure 2.2 provides an illustration of a two-dimensional
net with 16 points.

Note that any point set consisting of b™ points in [0,1)® is trivially an
(m, m, s)-net in base b, indicating that the concept of (¢,m, s)-net is only
useful when ¢ < m. For fixed b and m, the (¢, m,s)-net condition gets
stronger as t gets smaller. Hence the aim is to find (¢,m, s)-nets in base
b where t is small. A (¢,m,s)-net is said to be a strict (t,m,s)-net if it
is not a (t — 1,m, s)-net. The “t-value” is often referred to as the quality
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Figure 2.2. Illustration of a (0,4, 2)-net in base 2: every elementary interval of
volume 1/16 contains exactly one of the 16 points. A point that lies on the
dividing line counts toward the interval above or to the right.

parameter. It is also not useful to choose the base b too large, noting that in
the extreme case in which b = n we have m = 1, so that even when ¢ = 0 the
only elementary intervals are the “boxes” of side length 1 and thickness 1/n,
in which case even the set of points k(1/n,1/n,...,1/n) for k=0,...,n—1
lying on the main diagonal is a (0,m, s)-net. The relevant quantity for fixed
n is the strength k = m —t of the (¢,m, s)-net. The aim is then to find nets
with large strength k.
There is an analogous concept for infinite sequences:

Definition 2.12. ((¢, s)-sequences) Let ¢ > 0 and s > 1 be integers. A
(t,s)-sequence in base b is a sequence of points S = (tg,t1,...) in [0,1)® such
that for any integers m >t and ¢ > 0, every block of b™ points

Loy, .o ppryom—1

in the sequence S forms a (¢, m, s)-net in base b.

The van der Corput sequence in base b is a (0,1)-sequence in base b.
Higher dimensional examples include the Sobol' sequence (Sobol’ 1967) which
is a (t,s)-sequence in base 2, where ¢ is a non-decreasing function of s;
Faure sequence (Faure 1982); Niederreiter sequence (Niederreiter 1987);
and Niederreiter-Xing sequence (Niederreiter and Xing 1995). More de-
tails about these sequences will be given in Subsection 2.7. These sequences
are also commonly referred to as “low-discrepancy sequences” due to their
high uniformity. We will explain the term “discrepancy” in Section 3.
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2.6. Digital construction scheme

We now introduce a method for constructing (¢, m, s)-nets and (¢, s)-sequences.
This method is based on linear algebra over finite fields.

Let b be prime and let Zy := {0, 1,...,b—1} denote the equivalence classes
of integers modulo b. Using addition + and multiplication * of elements in
Zy, modulo the prime b, we obtain a finite field of order b. In the following
we identify the element k in the finite field Z; with the integer 0 < k < b.

Let C1,...,Cs be m-by-m matrices with entries in Z;. Then t; ;, the jth
component of the ith point in P = {¢g,...,tym_1}, can be constructed as
follows:

1 Write ¢ in its base b representation:

i = (i - 201)p = i1 + f2b + - + ipyb™ L

2 Compute
! (1
Y2 22
. - CJ 9
Ym tm

where all additions and multiplications are done in the finite field Z,
i.e., modulo b.

3 Set
Y1 Y2 Y
tij=041y2- Ym)o =7+ 35+
b b bm
The resulting point set P = {t¢,...,tym_1} is called a digital net over Zy
and the matrices C1, ..., are called the generating matrices of the digital

net. The following definition connects (t,m, s)-nets in base b with digital
nets.

Definition 2.13. (Digital (¢, m, s)-net) Let b be prime, t > 0, m > 1,
and s > 1 be integers. If a digital net P constructed over Z; is a (t,m, s)-net
in base b, then P is called a digital (t,m, s)-net over Zy.

The following lemma provides the connection between the generating ma-
trices of a digital net and the (¢, m, s)-net property.

Lemma 2.14. (t-value for a digital net) A digital net over Z; with gen-
erating matrices C1, ..., Cs is a digital (¢, m, s)-net over Zj if and only if for
all di,...,ds > 0 with dy + --- + ds = m — t, the set of vectors

C1,1,€C1,25+ - -3 C1,d15,C2,1,C225- -+ 3C2doy -+ +3C51,C5,25-+,Cs.ds

is linearly independent over Z;, where ¢; ¢ denotes the fth row vector of the
matrix Cj.



16 ActA NUMERICA

Proof. Let dy,...,ds > 0 such that dy +---+ds =m —t, let
_ u aj aj +1
=1 i)
.]:

be an elementary interval, and let

a; Uj1 Uj2 Uj,d;
R s R
b%i b b b%i
Thus, for given dy,...,ds, we can uniquely associate the vector
, T
u = (’U,Ll, ceeyUldyy ey Us Ty e - 7us,ds)

to the elementary interval J. Let {tg,¢1,...,tym_1} be a digital net with
generating matrices Ci,...,Cs € Zy"™. Let t; = (ti1,ti2, ..., tis) with
ti,j = Ti7j7lbfl + Ti7j7gbf2 4+ - 4 TZ‘J,mb*m. Then t; € J if and only if

ujp = Tijefor 1 < £ <djand 1 < j <s. Let Cj = (chl,...,chm)T, ie.
cj¢ is the th row vector of Cj. Let A = (c] ;... ’CIdl’ e ,cg—l, e ,c;rdS)T.
Then the number of points of the digital net which lie in J is given by the
number of solutions (i1, ...,y ) of the equation over Zj
1
19
Al . | = (2.5)
im

For each vector @ the number of solutions of (2.5) is ¥~ if and only if the
rows of A are linearly independent. Thus the result follows. UJ

Constructions of good generating matrices for digital nets yielding digital
(t,m, s)-nets with small ¢-value will be discussed in Subsection 2.7. In the
following we give a two-dimensional example of digital (0, m, 2)-nets over Zy
for arbitrary prime b.

Example 2.15. Let b be a prime and let m > 1 be an integer. Let

1 0 0
0 1 0 0

Cl = GZanm
0 0 1 0

)
=)
—_
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and
0 .0 1
0 0 1 0
Co=|: . . o ez
0 1 o --- 0
1 0 - --- 0

Then Lemma 2.14 implies that Cy and Cy are generating matrices of a digital
(0, m,2)-net over Zy,.

The concept of digital nets can be extended to infinite sequences S =
(to,t1,...)in [0,1)*. To do so, we need infinite matrices C1, ..., Cs € ZNN,
with Cj = (¢jk,0)k,een and ¢ ¢ € Zy, such that for every £ there is a k¢ such
that ¢; e = 0 for all k > k. Then t; ;, the jth component of the ith point
in the sequence S is constructed in the following way:

1 Write ¢ in its base b representation:
i=(-dgly)p =11 +i2b+ - .

(Note that only finitely many digits i are different from 0.)
2 Compute

where all additions and multiplications are done in the finite field Zj.
3 Set

tij=Oqnyz- )y =2+ 2 4.

b b2
The resulting sequence S = (o, t1,...) is called a digital sequence over Zy
and the matrices C1, ..., are called the generating matrices of the digital

sequence. The following definition connects (t, s)-sequences in base b with
digital sequences.

Definition 2.16. (Digital (¢, s)-sequences) Let b be prime, and let ¢ >
0 and s > 1 be integers. If a digital sequence S constructed over Z; is a
(t,s)-sequence in base b, then S is called a digital (t,s)-sequence over Zy.

Constructions of good generating matrices for digital sequences yielding
digital (¢, s)-sequences with small ¢-value will be discussed in Subsection 2.7.
In the following we give a one-dimensional example of a (0, 1)-sequence over
Zy, for arbitrary prime b.

Example 2.17. Let b be a prime. Let C' € Z)*" be the matrix with ones
along the main diagonal and zeros everywhere else (cf. identity matrix).
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Then C' generates a digital (0, 1)-sequence over Zj. In fact, C' generates the
van der Corput sequence in base b.

2.7. Constructions of digital nets and sequences

In this subsection we discuss explicit constructions of digital nets and se-
quences with small ¢ value.

In the previous subsection we introduced (digital) (¢,m, s)-nets and (digi-
tal) (¢, s)-sequences and we gave explicit constructions for small dimensions.
The first constructions in arbitrary dimensions are due to Sobol’ (1967) and
Faure (1982), before the general concept of (digital) (¢, s)-sequence was in-
troduced in Niederreiter (1987). In the following we discuss these explicit
constructions in detail.

We use the following notation. Let Zj[x] denote the set of polynomials
over the finite field Z. The polynomial p(z) = ag + a1z + - - - + @™ with
am # 0 is said to have degree deg(p) = m. For p = 0 we set deg(p) = —o0.
A polynomial p € Zy[z] is irreducible if it cannot be written as a product of
two non-constant polynomials, that is, there are no q,q" € Zy[x] such that
p(z) = q(x)¢'(x) with deg(q),deg(q’) > 0. A polynomial p(z) = ap + a1z +
o Fapma™ € Zy[x] of degree m > 1 is primitive if and only if a,,, = 1, ag # 0
and the smallest integer k such that there is a polynomial g € Z[z] with
p(z)q(z) = 2¥ —1 € Zy[x] is k = b™ — 1. It can be shown that every primitive
polynomial is irreducible. Further, if p is primitive, then the polynomial x is
a primitive element in Zy[x]/p, that is, {zF¥ mod p : k = 0,1,...,b™ — 2} =

(Zo[x]/p) \ {0}

Example 2.18. (Sobol’ sequence) Sobol’ (1967) was the first to intro-
duce a construction of (¢, s)-sequences over Zsg, which are nowadays referred
to as Sobol sequences. These are digital sequences over the finite field Zs.

1 Let p1,...,ps € Zo[x] be distinct primitive polynomials ordered accord-
ing to their degree and let

pj(x) =299 + al,jxefl + ag,jxef2 +otag e +1 for 1 <j<s,
where a;, € Zy. Note that e; denotes the degree of the polynomial p;.

2 Choose odd natural numbers 1 < my j,...,me, ;j such that my ; < 2k
for 1 < k <ej, and for all k > e; define my, ; recursively by

e;i—1 e;
Mpj = 201, jMp—1; D B2 e;—1,jMk—e;4+1,j D27 Mp—e; j BMk—e, 5,

where @ is the bit-by-bit exclusive-or operator.
3 The so-called direction numbers are defined by

mg. g
Vg j 1= Q—k‘] for k > 1.
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4 Then for i € Ny with dyadic expansion i = g + 2i; +--- + 2" 1i,_; we
define

tij = 1ov1j D i1v2;5 @ D ir_10p ;.

The Sobol’ sequence is then the sequence of points tg,tq,..., where
ti = (tig, .- tis).

Sobol” sequences are digital (¢, s)-sequences with

s

t=> (ej—1).

j=1

This result holds for all choices of direction numbers, and therefore the
direction numbers do not influence the overall quality of Sobol’ sequences.
Note, however, that the t-value for a Sobol’ net of b™ points for different m
can be smaller than the ¢-value of the full sequence, and hence the choice of
direction numbers can affect the quality of a Sobol’ net.

Example 2.19. (Faure sequence) Faure (1982) introduced a construc-
tion of (0, s)-sequences over prime fields Z; with s < b, which are nowadays
called Faure sequences. The generating matrices C1,...,Cs are given by

C;= (P71 (modb) forl1<j<s,
where P is the Pascal matriz given by

GG
§ 06 -
Sl K A

0

where we set (lz) = 0 for £ > k. A Faure sequence is a digital (0, s)-sequence.

Example 2.20. (Niederreiter sequence) Niederreiter (1987) introduced
the general concept of digital (¢, s)-sequences which includes both the Sobol’
and Faure constructions as special cases. We describe a special case of this
sequence in the following.

Let Zy = {0,1,...,b— 1} denote the finite field of prime order b with ad-
dition and multiplication modulo b. Let Zp[z| denote the set of polynomials
with coefficients in Zj. Addition and multiplication of polynomials in Zj is
defined by using arithmetic in Z;, (i.e. modulo b). This can also be extended
to division of polynomials in Zj;, which gives rise to the set of formal series
Zy((x~1)), which are series of the form

%
5wt
l=w
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for some integer w and coefficients a, € Z;,. Note that this set contains
the set of polynomials Z[x]. This set now permits addition, subtraction,
multiplication and division (except dividing by 0 of course) of formal series
where the coefficients are added, subtracted, multiplied and divided modulo
b. Thus Zy((z71)) is a field, which is called the field of formal Laurent series.
The construction of the generating matrices is based on arithmetic in this
field.

1 Let p1,po,...,ps € Zp[z] be distinct monic irreducible polynomials over
Zp (monic means that the coefficient of the monomial in p; with the
highest degree is 1). Let e; = deg(p;) for 1 < j <'s. The best results
are obtained by choosing the degree of the polynomials p1, ps,...,ps as
small as possible.

2 For integers 1 < j < s, u >1and 0 < k < ej, consider the expansions

ejfk:fl 0

=" a9 (u, k, )z~ (2.6)

pi(x)* =

X

over the field of formal Laurent series Z((z71)).
3 Then we define the entries in the matrix Cj = (¢ji,¢)icen in the follow-
ing way:
ciiv=a9(Q+ 1,k 0) €7 for1<j<s,i>10>0,
where i — 1 = Qe; + k with integers Q = Q(¢,j) and k = k(4, j), with
k satisfying 0 < k < e;.

We briefly describe how to compute the coeflicients ald) (u, k, 0) recursively.
Let u, j be fixed and let vy = a¥) (u, e;—1,£) for all £ > 0. Then a¥) (u, k, ) =
Vpge;—1-k for 0 <k <ej. Let pj(z)* = 2% — buej_lx“efl — ... —bg, where
we assume without loss of generality that p;(x) is monic (i.e., the coefficient
of % is 1). Then (2.6) can be written as

1= (onil + U11'72 + ) (a¥ — buej_lxuejfl — o= bp).
By comparing coefficients we obtain vg = --- = Viej—2 = 0, Uye;—1 =1 and
Vuej+£ = buej-—lvuejJerl + -+ bovy € Zy,

for all £ > 0.
The Niederreiter sequence is a digital (¢, s)-sequence with
S
t=> (ej—1).
j=1

The Faure sequence can be obtained as a special case of the Niederreiter
sequence, which correspond to the case where the base b is a prime num-
ber such that b > s and pj(z) = 2 —j+1for 1 < j < s. The Sobol
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sequence is obtained by choosing pi(x) = = and po,ps,...,ps as primitive
polynomials. This yields a Sobol’ sequence with a special choice of direction
numbers. The Niederreiter sequence can also be generalized, where ¢ —#~1
is replaced by a polynomial of degree e; —k — 1. The choice of polynomials
then corresponds to choosing different direction numbers. This way one can
obtain the generating matrices for a Sobol’ sequence. On the other hand, an
algorithm similar to the one introduced above for Sobol’ sequences can also
be obtained for Niederreiter sequences, which yields a fast implementation
of Niederreiter sequences.

A practical implementation of digital nets and sequences can use a Gray
code ordering to improve efficiency.

2.8. Polynomial lattice rule construction

In this subsection we discuss polynomial lattice rules, a concept analogous
to lattice rules, but based on linear algebra over finite fields; they form a
special class of digital nets.

Let b be prime, p be a polynomial of degree m with coefficients in Z;, and
q,---,qs be polynomials of degree at most m — 1 with coefficients in Z;.
Then Cj, the jth generating matrix, can be chosen as follows:

1 Let uy,uo,... € Zp be such that

i(x up o u
Gl _w vz,
plz) oz
For given ¢;(x) and p(x), the values of uj,ug,... can be obtained by
equating coefficients in g¢;(z) = (u1/z + ua/z* + - -+ )p(x), noting that
all additions and multiplications are to be done in Z;.
2 Set

ul u9 us s Um,
U2 u3 2 2 Um+1
Cp=1" - T Umiz | e 7
Um Um+1 Um+2 - U2m-—1
The digital net with generating matrices C', ..., Cs as defined above is called

a polynomial lattice point set, and a QMC rule using a polynomial lattice
point set is called a polynomial lattice rule. The polynomial p is referred to
as the modulus, and the vector of polynomials (qi,...,qs) is referred to as
the generating vector.

There is also a faster method for generating the cubature points of a
polynomial lattice rule which does not use the generating matrices. For
the following we need to introduce some definitions and some notation. As
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before, let Zy[x] denote the set of polynomials with coefficients in Z; and
Zy((x~1)) denote the set of formal Laurent series

o
g agxfé,
{=w

where ay € Zy. For m € N let vy, be the map from Zy((x 1)) to the interval
[0,1) defined by

[e.e] m
U <Z tg:l?z> = Z tgbiz.
{=w {=max(1,w)
We frequently associate a nonnegative integer k, with b-adic expansion k =
ko + K1b 4 - -+ + Kob%, with the polynomial k(z) = ko + K1z + - -+ + Kez® €
Zplx] and vice versa. Further, for arbitrary k = (ki,...,ks) € Zp[x]® and
q=(q1,-..,qs) € Zp[z]®, we define the “inner product”

k-q=">kigi € Lylz]
i=1

and we write ¢ =0 (mod p) if p divides ¢ in Z|x].
With these definitions we can give the following equivalent but simpler
form of the construction of P(q,p).

Theorem 2.21. Let b be a prime and let m,s € N. For p € Z[z] with
deg(p) = m and q = (q1,-.-,¢s) € Zp[x]®, the polynomial lattice point set
P(q,p) is the point set consisting of the b™ points

for i € Zy[z] with deg(i) < m.

The task of choosing good generating matrices is now replaced by the
task of choosing a good generating vector (g, ...,qs). The total number of

possible choices of generating matrices is reduced from b™s to bms,

Example 2.22. In this example we show the polynomial lattice rule ana-
logue of Fibonacci lattice rules; they are constructed via the continued frac-
tion expansion of the ratio go(z)/p(z). Let b be prime and m > 1 be an
integer. Set ¢1(x) = 1. Let p(x) be a polynomial over Z; of degree m and
g2(x) be polynomial over Z; defined by

q2(x) _ 1
plx)  lt+a+ =

1
+ 1

4o+ "
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The corresponding polynomial lattice point set is a digital (0, m, 2)-net over
Zy. For instance, let b = 2. Then for m = 2 we obtain

q@(r) 1 I+ 14z

plx)  14+z+  (I+a)?+1 a2

)

q2(x) 1 x? x?

p(x)zl"‘x"‘ﬁ A+z)22+(1+z) z3+22+a+1’
1+

thus p(z) = 23 + 22 + . + 1 and ¢z(z) = 22.

2.9. Randomization and error estimation: shifted lattice rules

We recall that the mean-square MC error can be estimated in practice using
(2.1). In comparison, a fully deterministic QMC method, although having
a faster rate of convergence, is biased and lacks a practical error estimate.
“Randomized” QMC methods combine the best of both worlds; their ad-

vantages are

e Randomization yields an unbiased estimator.

Randomization provides a practical error estimate.

Randomized QMC methods enjoy faster rates of convergence than the
MC method for smooth functions.

Some randomization technique (see “scrambling” below) can further
improve the QMC rate of convergence by an additional O(n_l/ .

Here we discuss the simplest form of randomization called shifting, and
we explain how an error estimate can be obtained in practice. We begin
with a remark that shifting preserves the lattice structure, and therefore this
randomization technique typically goes with lattice rules, to yield so-called
shifted lattice Tules. Having said that, shifting can be used together with
any QMC method to obtain a practical error estimate (however, it need not
preserve the original structure of the QMC point set).

The idea behind shifting is to move all the points in the same direction
by the same amount. If any point falls outside the unit cube then it is
“wrapped” back into the cube from the opposite side. More precisely, given
a vector A € [0,1]°, known as the shift, the A-shift of the QMC points
to,...,tn,—1 yields points

{t; + A}, 1=0,1,...,n—1, (2.7)
where, as in (2.2), the braces indicate taking the fractional parts. Figure 2.3
illustrates how shifting is done.

For a random shift A € [0,1]%, the shifted QMC points {t; + A}, i =
0,1,...,n — 1 are correlated. Therefore we cannot estimate the variance of
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Figure 2.3. Applying a (0.1, 0.3)-shift to a 64-point lattice rule in two dimensions:
left — original lattice rule, middle — moving all points by (0.1,0.3), right —
wrapping the points back inside the unit cube.

the shifted QMC rule using the sample variance as in (2.1). Instead, we
need to use a number of independent random shifts as follows:

1 We generate ¢ independent random shifts Ag, Aq,..., Ay—1 from the
uniform distribution on [0, 1]°.

2 For a given QMC rule, we form the approximations Q,(@OL( f), ,(112?( ),
ce g{;l)(f), where

n—1
1
QU == fti+Ax}),  k=01..,q-1
n =0
is the approximation of the integral using a Apg-shift of the original

QMC rule.
3 We take the average

) 192
Qnsa(f)==>_ QYIS
q k=0

as our final approximation to the integral. B
4 An unbiased estimate for the mean-square error of Q,, s 4(f) is given by

# S (k) — 0 2
q(q — 1) ;}(Qn,s(f) Qn,s,q(f)) .

Typically we take n in the thousands or more while keeping ¢ small, say
around 10-50. To obtain a fair comparison between the MC method and
a randomized QMC method (e.g., for the two methods to have the same
number of function evaluations), we should take nMC = ¢ . nQMC,
Scrambling is a popular but more complicated randomization method.
The idea is to randomly and recursively permute the points between ele-
mentary intervals so that the digital net structure is preserved. More details
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will be given in the next subsection. For now we just introduce a related
randomization technique called digital shift, which is similar to shifting: we
just need to replace (2.7) by

oA, i=01,...,n—1,

where @ denotes the digit-wise addition operator in base b defined as follows:
if z,0 € [0,1) have base b representations

Tr = (O.xlmg cee )b and o= (0.0'10'2 cee )b7
then y =z ® o = (0.y1y2 - - - )p, where
y; = (x; + 0;) mod b.

The procedure for estimating the error is the same as for shifting.
For later use we also define digit-wise subtraction y = xS0 = (0.y192 - - - ),

which is defined by y; = (z; — 0;) mod b.

2.10. Scrambled nets and sequences

Randomization methods are designed to introduce randomness into the
point sets but at the same time should preferably keep the relevant struc-
ture intact. In case of (¢, m, s)-nets this means that the net should still be
a (t,m,s)-net after the randomization (with probability 1). This can be
achieved by the following algorithm introduced by Owen (1997a).

We first introduce Owen’s scrambling algorithm, which is easiest described
for some generic point € [0,1)%, with = (z1,...,25) and z; = 210~ +
zj2b”2 4 -+-. The scrambled point will be denoted by y € [0,1)%, where
y=(y1,--,ys) and y; = y;1b" +y;j2b"2+---. The point y is obtained by
applying permutations to each digit of each coordinate of . The permuta-
tion applied to z;  depends on x; , for 1 < k < £. Specifically, y;1 = m;(z;1),
Yj2 = 7'(']'735].’1(1']‘72), Yj3 = 7'd'j7gcj’173[;j’2 (.%'j73), and in general

y]vk = ijxj,lv"yxj,kfl(xjvk;)’ (2'8)

where 7j 5., o, , is a random permutation of {0,...,b—1}. We assume
that permutations with different indices are chosen mutually independent
from each other and that each permutation is chosen with the same proba-
bility. In this case the scrambled point y is uniformly distributed in [0,1)5.
We show this fact in Section 6.

We now introduce some convenient notation to describe Owen’s scram-
bling. For 1 < j < s let

Hj = {ﬂ-jyxj,ly---xj,k—l ke N,ij, sy Tik—1 € {0, e ,b — 1}}

(where for k =1 we set 7., 2;,_, = 7;) be a given set of permutations,
and let IT = (IIy,...,II5). Then, when applying Owen’s scrambling using
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these permutations to some point € [0,1)°, we write y = II(x), where
y is the point obtained by applying Owen’s scrambling to & using the per-
mutations IIy, ..., II;. For z € [0,1) we drop the subscript j and just write
y = II(z).

To scramble a (¢, m, s)-net or a (t, s)-sequence, we choose the permutations
in II for each coordinate independently from each other and then apply
these permutations to each point of the (¢, m,s)-net or (¢, s)-sequence as
explained above. For instance, for a given (t,m, s)-net to,¢1,...,tym_1, the
Owen scrambled (t,m, s)-net is given by

TI(to), IL(t,), . .., TL(tym_1).

In practice, the number of permutations one has to choose is large, how-
ever, there are simplifications of the randomization procedure which greatly
reduce this number. This yields a fast scrambling algorithm. More details
are given in Section 6.

In Section 6 we show that scrambling also yields an unbiased estimate of
the integral, that is,

1 n—1
E (5§f<n<ti>>> - /[OJFf(w) da.

In the same way as for random (digital) shifts, one can also obtain an un-
biased estimate of the mean-square error for scrambling. It is sufficient to
choose only one set of random permutations IT. Let

1 no—1
Qnina,s(f) = P Z fAI(E:)).
1=nq
Let 1 < m/ < m. The mean-square error of the cubature rule applied to f
can now be estimated by

1 pm' _1 )
T 1) > <Qibmfm’,(i+1>bmfm'7s(f)—Qo,bm,s(f)> ;
=0

where m’ can be chosen such that, say, b 2 30.

2.11. Transformation to the unit cube

In this subsection we discuss some simple strategies for transforming an
integral over R® to an integral over [0,1]°. We begin with the univariate
case.

Consider an integral

/OO 9(y) ¢(y) dy,

—00
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Figure 2.4. Owen’s scrambling in base 2: (a) original; (b) swap left and right
halves; (c¢) swap 3rd and 4th vertical quarters; (d) swap 3rd and 4th, 7th and last
vertical eighths; (e) swap 3rd and 4th, 7th and 8th, 9th and 10th, 15th and last
sixteenths; (f) swap 1st and 2nd horizontal quarters; (g) swap 1st and 2nd, 5th
and 6th, 7th and last horizontal eighths; (h) swap 3rd and 4th, 7th and 8th, 9th
and 10th, 15th and last horizontal sixteenths.

where ¢ : R — R is some univariate probability density function, i.e., ¢(y) >
0 for all y € R and [%_¢(y)dy = 1. Let ® : R — [0,1] denote the

cumulative distribution function of ¢, i.e., ®(y) := ﬁ’oo ¢(t)dt, and let
®~1:[0,1] — R denote the inverse of the cumulative distribution function.
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Then we can use the substitution (or change of variables)
r=0y) = y=2'(z),

to obtain

00 1 1
| swewdy= [ @ @)de= [ fia)da
—0o0 0 0
with the transformed integrand defined by f := go &L

Note that this is not the only way to obtain a transformed integrand. In-
deed, we can divide and multiply the original integrand by any other proba-
bility density function ¢, and then map to [0, 1] using its inverse cumulative
distribution function @~

| stwotan= [ 99) 99 5, gy

—00 —o0 ¢(y)
00 5 1 B 1 _
- / 3(y) $ly) dy = /0 38 (2)) da = /0 f(z) da,

where §(y) := g(y) ¢(y)/d(y), giving a different transformed integrand f :=
G o ® 1. Ideally we would like to choose a density function ¢ that leads
to a ‘nice’ integrand in the unit cube. This is related to the concept of
importance sampling for MC methods.

The MC approximation for the integral over R is

00 1 n—1
/ g o(y)dy = = > g(n),
o0 i3
where the MC points 79, .. ., 7,1 are randomly sampled following the distri-

bution of ¢. Depending on the choice of ¢, there may exist an algorithm to
sample from the distribution directly, or it might be necessary to generate
random samples from the uniform distribution on [0, 1] and then map them
back to R using ®~!. The latter approach is consistent with the MC method
over [0, 1]

[e’s) 1 3 1 n—1 B
[ atwotdy = [ a@ a)dex 13007 1),
— i=0
where tg,...,t,—1 are uniform random samples from [0,1]. If we use a

different density function ¢ to sample the points from, then we evaluate the
points for a different function g:

) n—1

/ " o) ély) dy = / ) ) dy ~ = 3 ().

—00 —00 i=0
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The idea behind importance sampling is to choose a sampling density ¢ to
minimize the variance of the resulting function g.

This transformation strategy can be generalized to s dimensions as follows.
If we have a product of univariate densities, then we can apply the mapping
&1 componentwise

y=2"!(z) = (2 (x1),-- , @ (x)),
to obtain

| o NEOEE | s@t@de= [ j@)de

[0,1]° [0,1]*

Note that we can always multiply and divide any given integrand by such a
product provided that ¢(y) > 0 for all y € R:

frwrw= [ s m HMJ

Thus, this strategy always works in principle, hovvever7 the resulting trans-
formed integrand might not be ‘nice’.

Many integrals from practical models involve the multivariate normal den-
sity. If the multivariate normal density is the dominating part of the entire
integrand, then a good strategy is to factorize the covariance matrix 3, i.e.,
find a s x s matrix A such that

Y= AAT, (2.9)
and then use the substitutions (treating all vectors as column vectors)
y =Az followed by z =& (x),

to obtain

exp(- 3y ly) ep(-322)
[ow =Ly = [ (42) d

= / g(ADd ™ (x))dx = f(x) de.
[0,1]¢

[0,1]°

The factorization (2.9) is not unique. Two obvious choices are the Cholesky
factorization with lower triangular matrix A, and the principal components
factorization which is given by

A=V ms vV,

where ();, nj) _, denotes the set of eigenpairs of X, with ordered eigenvalues
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A1 > A2 > --- > As and unit-length column eigenvectors ny,...,n,. Other
factorizations are possible, for example, in finance applications the covari-
ance matrix arising from the time-discretized Brownian paths can also be
factorized using the “Brownian bridge” technique. In general, factorization
of ¥ in very high dimensions can be very costly, and the problem can be
poorly conditioned.

In some applications the multivariate normal density is not the dominat-
ing part of the entire integrand. In those cases, other transformation steps
(such as recentering and rescaling) might be required to capture the main
feature of the integrand, see, for example, Kuo et al. (2008).

2.12. Notes

Halton (1960) introduced what is now called the Halton sequence. Discrep-
ancy bounds for Halton sequences where the constant decreases with the
dimension have been shown by Atanassov (2004b). Kronecker sequences
were studied by Niederreiter (1978). Lattice rules were introduced by Ko-
robov (1959) and have also been discovered by Hlawka (1962). For the early
history of QMC point sets and related concepts see Niederreiter (1978),
Kuipers and Niederreiter (1974), Niederreiter (1992a), and Sloan and Joe
(1994). More recent results are covered by Dick and Pillichshammer (2010).

For an efficient implementation of Sobol’ sequences see Antonov and
Saleev (1979) and Bratley and Fox (1988) and for questions concerning the
choice of primitive polynomials and direction numbers, see, for example, Joe
and Kuo (2008). The implementation of Faure sequences has been discussed
in Atanassov (2004a) and Fox (1986). Implementation of the Niederreiter
sequence has been discussed in Bratley, Fox and Niederreiter (1992). For
digital sequences with improved t-value see Niederreiter and Xing (1995),
Niederreiter and Xing (1996a), Niederreiter and Xing (1996b) and Xing and
Niederreiter (1995). For an implementation of such sequences see Pirsic
(2002).

It has been observed that usually the quality of QMC point sets decreases
as the dimension increases. This has led to the suggestion to study “mixed”
point sets, i.e., the first few coordinates are QMC point sets with remaining
coordinates filled up by, say, random numbers. This fits with the struc-
ture of integrands whose importance is concentrated in the first few coor-
dinates. The idea of combining the advantages of QMC methods and MC
methods was first proposed by Spanier who applied such mixed QMC-MC
sequences to particle transport problems. Probabilistic discrepancy bounds
for such “mixed sequences” have been provided in Okten (1996), Okten,
Tuffin, Burago (2006), Gnewuch (2009), Gnewuch and Rosca (2009) and
Aistleitner and Hofer (2012); in these papers it is assumed that the Monte
Carlo components of the points consist of idealized random numbers. Mixed
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point sets whose remaining coordinates are filled up by deterministic pseudo
random numbers or by the components of other deterministic point sets have
also been studied. Deterministic discrepancy bounds for such point sets can
be found in Niederreiter (2009), Niederreiter (2010a), Niederreiter (2010b),
Niederreiter and Winterhof (2011), Hofer and Kritzer (2011) and Niederre-
iter (2012). Further mixed sequences using Halton, Kronecker and digital
sequences have been studied by Hofer and Larcher (2010), Hofer and Larcher
(2012) and Hofer, Kritzer, Larcher and Pillichshammer (2009). So-called
(t,e, s)-sequences have been introduced by Tezuka (2013). This concept
captures the dependence on the dimension of digital nets more precisely and
leads to improvements of discrepancy bounds in terms of their dependence
on the dimension. Digital sequences in which the generating matrices have
only a finite number of non-zero elements in each row have been studied,
for instance, by Hofer and Pirsic (2011) and Hofer and Niederreiter (2013).
The latter paper constructs digital (¢, s)-sequences with finite-row generat-
ing matrices and asymptotically optimal ¢-values (in the sense of fixed base
and dimension s going to o). Such sequences with finite-row generating
matrices may be advantageous in implementations.

More information on transformations from R® to the unit cube [0,1]%,
variance reduction techniques, as well as other information for the practical
use of MC and QMC can be found in Lemieux (2009). The monographs by
Devroye (1986) and Hérmann, Leydold and Derflinger (2010) are primarily
concerned with transformations. Integration of functions with singularities
has been discussed by Owen (2006). Kuo et al. (2008) considered trans-
formation strategies for applying QMC methods to maximum likelihood
integrals from statistics. Kuo, Sloan, Wasilkowski and Waterhouse (2010)
analyzed lattice rules for unbounded integrands arising from the transfor-
mation. A construction of digital nets constructed in R® has been studied
by Dick (2011b).

Information relevant to statistical applications can be found in Fang and
Wang (1994). Control variates for QMC have been discussed by Hicker-
nell, Lemieux and Owen (2005). QMC methods have been applied to com-
puter graphics by Keller (2006) and Keller (2013), to transport problems by
Spanier, and to experimental designs by Hickernell (1999).

An introduction to lattice rules can be found in Sloan and Joe (1994), see
also Niederreiter (1992a, Chapter 5). Dick and Pillichshammer (2010) pro-
vide a comprehensive introduction to (digital) (¢, m, s)-nets, (digital) (¢, s)-
sequences and related point sets and sequences. A survey of QMC methods
and their randomization strategies is given by Hickernell and Hong (2002).

Sparse grids were discovered independently by Smolyak (1963) and Zenger
(1991). See also Wasilkowski and Wozniakowski (1995) and the overview
article Bungartz and Griebel (2004).
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3. Error, discrepancy, and reproducing kernel

In this section we present the necessary ingredients for the error analysis of
QMC methods. To provide an accessible entry point for readers who are
new to QMC, we begin by studying QMC in its simplest setting, namely,
equal-weight quadrature rules for integration over the unit interval [0, 1].

We will meet the useful notion of reproducing kernel Hilbert spaces, and
meet specific examples of function spaces that have proved useful for design-
ing and analyzing QMC methods. All of the spaces we deal with in this and
the next section are spaces of non-periodic functions. We follow contempo-
rary practice in referring to such spaces as “Sobolev” spaces, to distinguish
them from “Korobov” spaces of periodic functions, to be considered later in
Subsection 5.8.

3.1. Error analysis in one dimension

We consider real-valued functions f defined on the interval [0,1]. As is
common in numerical analysis, we require that the functions have some
smoothness and that the fundamental theorem of calculus holds, so that

f(@) = (1) - / f'(y) dy = / POy @) dy,  (3.1)

where the indicator function 1jg ) is defined by

1 itz efo,y),
Lo (2) = {o if z ¢ [0,y].

We consider QMC rules of the form

1n—1
= E;f(tz)

and study their integration error given by

1 1 n—1
error,, (f; Q) = /0 f(z)dz — - Zf(t,)
=0

Upon substituting (3.1) in the equation above and changing the order of
integration, we obtain

1 1
errorn(f;Q):/O (—/ 1[Oy] x)dx + — Zl[o,y] ) (y) dy,

or

error, (f; Q) = / Ap(y)f(y)dy, (3.2)
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where P := {tp,...,tn—1} C [0, 1] denotes the set of quadrature points, and
Ap(y) is the local discrepancy of the point set P, defined by

1
= %Z Lo,y (t2) —/0 Ljgy () dz, y € [0,1]. (3.3)

=0

Note that the local discrepancy function Ap is just the integration error for
the indicator function 1y .

Thus from (3.2) the integration error can be viewed as the Ly inner prod-
uct of the local discrepancy function Ap and the derivative f’ of the inte-
grand.

Using Hoélder’s inequality we obtain from (3.2)

et = ([ o) ([ o)

1 1
= AplL, 1L, > +§ =1, (3.4)
where ||g||z, = fo lg()|P dy)'/P, and we make the usual modification if

p=o0. If p=ocand q =1, thls is a special case of Koksma’s inequality
(Koksma’s inequality holds When one replaces |f'||z, with the variation
of f). The quantity |Ap|r, is referred to as the discrepancy of the point
set P, and is closely related to the so-called worst case error which we shall
introduce formally in Subsection 3.3.

Several conclusions can be drawn from this elementary inequality. First,
the upper bound (3.4) is best possible: indeed, equality holds if A,(y) f'(y) >
0 and |f’(y)|? is a multiple of |Ap(y)|P. Second, to minimize the integration
error for all functions for which || f’||z, < oo, one should choose quadrature
points P for which the discrepancy ||Ap| z, is, in some sense, small. Third,
it is enough to study the integration error of the indicator functions 1y,
for y € [0,1], since the local discrepancy function Ap evaluated at y is the
integration error of the indicator function 1y .

The above analysis of the integration error rests entirely on the integral
representation of the function f given by

1
flz) = £(1) /0 F )10 () dy. (3.5)

For two functions f, g that permit such a representation, we can define an
inner product

(f.g) = / £ (w)d () dy, (3.6)
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and a corresponding norm

1
1l = \/ SO+ /0 ()2 dy.

Then (3.4) holds with p = ¢ = 2 for all functions in the function space

H:={f:]0,1] = R : fis absolutely continuous and || f|| < co}.

3.2. Reproducing kernel Hilbert spaces

We have seen above that the integration error for functions f € H has the
integral representation (3.2) involving the local discrepancy function. This
rests in turn on the representation of f given by (3.5). We now express
(3.5) in the language of reproducing kernels. The idea is to find a function
K :[0,1] x [0,1] — R such that

(fy,K(-,x)) = f(z) forall f e H and all z € [0,1].
For this to hold we must have, from (3.6) and (3.5

K(1,z) /f xydy— /f ()10, () dy,
which is clearly satisfied for all feHif

K(l,z) =1 and %—K(az,y) = —1jgy(z) forall =z,ye€]l0,1].
y k)

This can be achieved by taking

The function of two variables K (z,y) given by (3.7) is our first example of
a reproducing kernel, and H is our first example of a reproducing kernel
Hilbert space.

We now formally define a reproducing kernel Hilbert space of real-valued
functions defined on [0, 1]°.

Definition 3.1. (Reproducing kernel Hilbert space) The Hilbert space
H(K) with inner product (-, -) i is a reproducing kernel Hilbert space (RKHS)
with kernel K : [0,1]* x [0,1]® — R if

e K(,x)e H for all € [0, 1]*,
o f(x) = (f,K(,z))g forall fe H andall x € [0,1]° (the repro-
ducing property).

For a given RKHS there is a uniquely defined reproducing kernel satisfying
the above two properties. In fact, every Hilbert space where point evaluation
s a bounded linear functional has a reproducing kernel. This follows from
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the Riesz representation theorem. Reproducing kernels have the additional
properties that

o K(x,y)=K(y,x) forallz,yecl0,1]° (symmetry),
° zlj\il 22/[:1 a;ap K (t;,ty) > 0forall M > 1 and all ay,...,ap € R and
ti,...,tar €0,1)°  (positive semi-definiteness).

Indeed, any function K : [0,1]* x [0, 1]* — R which is symmetric and positive
semi-definite is a reproducing kernel to which there corresponds a uniquely
defined inner product and RKHS. A comprehensive theory on reproducing
kernels can be found in Aronszajn (1950).

The thing that makes a RKHS so useful in the problem of numerical
integration is that, as we shall demonstrate in Subsection 3.3, there exists
a closed form expression for the worst case error. That expression for the
worst case error is expressed in terms of the kernel of the RKHS, and so
is particularly useful when there exists a simple closed expression for the
kernel K.

We remark that it is not always easy to find the explicit kernel of a RKHS
with a given inner product. The particular example above, where the kernel
is not only known but is of very simple piecewise linear form, has played an
important part, as we shall see, in the recent development of QMC methods.
We shall meet other reproducing kernels in Subsection 3.4.

We now show how to use a reproducing kernel for a space of functions of
a single variable as a building block for a multivariate RKHS. First we need:

Definition 3.2. (Tensor product Hilbert space) A Hilbert space H,
of functions on [0, 1]° is a tensor product of Hilbert spaces Hy 1, H12,--- , H1 s
of functions on [0, 1], written as

Hy=Hy1®Hi2® - ®Hyg,

if it is the completion under the norm in H of the span of products szl fi(xj)
where f; € Hy ;. The Hg norm of the simple product szl fj(x;) is just the
product of the norms || f;| #, ;-

Tensor product spaces provide a popular setting for studying QMC meth-
ods, for the very good reason that the reproducing kernel for a tensor product
of reproducing kernel Hilbert spaces is just the product of the kernels.

Example 3.3. (A key tensor product RKHS) Take each 1-dimensional
RKHS H; ; to be the space of single-variable absolutely continuous functions
with reproducing kernel (3.7). Then the tensor product space Hy is the s-
variable RKHS with reproducing kernel
S
j=1
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The inner product in this space is

E | I 1 —‘ | g\, 1 d(l?, 3.8
/01 u] 6$u v ) ému ( ’ ) ’ ( . )
and the norm is

uC{1l:s}
2 1/2
e = > | aze)
uC{L:s} 7 101

Here {1 : s} is a shorthand notation for {1,2,--- ,s}, and the sum is over
all subsets u C {1 : s}, including the empty set, while for & € [0,1]° the
symbol x, denotes the set of components z; of  with j € u, and (x,;1)
indicates that the components of x for j ¢ u are replaced by 1. The partial
derivative 9! /O0x, denotes the mixed first partial derivative with respect
to the components x,. Which functions lie in this space? The answer is
all real-valued functions on [0, 1]° that have square-integrable mixed first
derivatives and that are expressible in the form

f(@) = {f,K(-,@))m,

u a|u| s
= Z (_1)‘ | 0.1]1 Gy f(ylﬁ 1) 1[O,yH](CC) dyua T [O, 1] :
uC{l:s} ’ u

.
(%:u UCTRY

We refer to this space as an anchored Sobolev space with the anchor point 1.

3.3. Worst case error in a RKHS

We have foreshadowed in Subsection 3.1 that the discrepancy of a point set
is closely related to the worst case error. We now give the formal definition.

Definition 3.4. (Worst case error) The worst case error of a QMC
rule Qs using the point set P C [0,1]° in a normed space H (not nec-
essarily a Hilbert space) is

en,s(P; H) ‘= Sup |Is(f) - Qn,S(f)|’

Ifllz<1

that is, it is the worst error attained by @, s for f in the unit ball of H.
The initial error is

eO,s(H) ‘= sup ’Is(f)‘7
Ifllz<1

which is the error obtained with the QMC rule replaced by zero.

Due to linearity, for any function f € H we have

[Is(f) — Qn,s(f)‘ < en,S(P? H) | flla,



HIGH DIMENSIONAL INTEGRATION — THE QUASI-MONTE CARLO WAY 37

which takes the same form as the inequality in (3.4). Later in Subsection 3.5
we shall see other inequalities of the same form.

Worst case errors are in general hard to compute, except for the case of
a RKHS. In every RKHS of functions defined on the unit cube (not just a
tensor product space), the following theorem gives a formula for the worst
case error in terms of the reproducing kernel.

Theorem 3.5. (Formula for the squared worst case error) Let K :
[0,1]* x [0,1]®* — R be a reproducing kernel that satisfies

/ K(z,y)dxdy < co.
[0,1]¢ J[0,1]*

The squared worst case error and initial error for a QMC rule in a RKHS
H,(K) with reproducing kernel K satisfy

n—1
2
(P = [ Koy dedy— >3 [ K(ty)dy
’ [0,1s J[0,1]s n = /0,1

1 n—1n—1
5D ) K(tit), (3.9)

=0 k=0

and
(K = | K (z,y) da dy. (3.10)
’ [0,1]* J[0,1]*

Proof. We give here the proof for s = 1. The proof for general s can be
easily obtained by replacing the unit interval [0, 1] in the argument below
by the unit cube [0, 1]*.

For an f € H we write the reproducing property f(z) = (f, K(-,z))n
with successive arguments ¢ = t1,%9,--- and average the results to obtain,
for the quadrature sum,

In a similar way we find

/Olf(m)dx:/01<f,K(-,x)>de: <f,/01 K(-,x)dx>H,

provided that integration from 0 to 1 is a bounded linear functional in H,
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or equivalently that fol K(-,z)dx € H. In turn this requires

-/ 1 / K () K (o)) dady
:/Ol/OIK(x,y)dxdy<oo,

which will hold for all the kernels we shall consider. Note that in the last step
we used the reproducing property. By subtraction, the integration error is

1 1n71
/f(w)dx—EZf(ti):< /K dx——ZK > — (£, &)n
0 i=0

H

where
1 1 n—1
_ / K@y)de— S K@t), yelo1. @1
0 =0

We call the function £ the representer of the integration error. Thus

en1(PiH) = sup [(f,&)n| = [I€]ln,

Flle<1

since the supremum is attained by the choice f = &/||¢|| € H. Therefore

ep (P H) = (£,8)n
</K dx——ZKwt /K dx——ZKwt>

1 p1 n—1n—1
2
:/ / K(ﬂ:,y)dxdy——Z/ K(x,t;) dx—l——ZZKtl,tk
0 /0 iz /o =0 k=0
where we again used the reproducing property of the kernel. UJ

For the particular Hilbert space with reproducing kernel K(x,y) = 2 —
max(x,y) it is easily seen that

1 2 1 1
- 4
/ K(ﬂ:,y)dy:3 T and / / K(z,y)dzdy = -,
0 2 0 Jo 3

so that the worst case error is

e2 (P; H) :—-—Z(

For future purposes we note that the derivative of the error representer ¢ is
¢ = Ap, the local discrepancy function.

n—1n—1
) o ZZ 2 — max(t;,tx)).

=0 k=0
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For the corresponding tensor product RKHS the worst case error is
e o(P; Hy) (3.12)
n—1 s n—1ln—1 s
() 2RI () + S e
=0 j=1 1=0 k=0 j=1

where t; ; denotes the jth component of the ith cubature point ;. This is
sometimes called the squared Lo discrepancy of the point set P, for reasons
that will soon become clear.

It proves to be very useful (and surprisingly easy) to compute the average
of the squared worst case error over all cubature points,

E2 / / to, . ,tnfl;Hs(K))dto---dtnfl.
0,1]s 0,1]s

We refer to the quantity E,, s(K) as the QMC mean of the worst case error.
(Why this is a useful quantity will be explained after the theorem.)

Theorem 3.6. (QMC mean) Let K : [0,1]° x [0,1]° — R be a repro-
ducing kernel that satisfies

K(z,x)dx < co.
[0,1)
The QMC mean of the worst case error in a reproducing kernel Hilbert space

H,(K) of functions on [0,1]* and with kernel K satisfies

E,QLS(HS(K)) = 1 ( K(z,x)dx —/ K(z,y)dx dy)
0,1] 0,1]* J[0,1]

n
(3.13)
Proof. Using Theorem 3.5 we have
E2 (H,(K))

n—1
2
= K(x,y da:dy——g K(t;,y)dy
/[0,1]5 /[0,1]s (/[()1]5 [0,1]¢ ( ) n <= Jo,1s ( )

n—1ln—1

+—22Ktz,t +—222Ktl,tk>dto dty, 1,

1=0 k=0

noting that in the double sum we separated the diagonal and off-diagonal
terms as in the proof of Theorem 2.1. The first term inside the parentheses
is independent of tg,...,t,_1, thus these variables can all be integrated
out to give the result 1. In the second term, after interchanging the outer
integrations and the sum all variables but ¢; can be integrated out. The
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situation is similar for the third term, while for the fourth term all but ¢;
and t; can be integrated out. We are left with

Kacyda:dy—— / dt; dy
/[0 1]s J[0,1]¢ Z [, I]S Y
n—1n—1

+EZ K(t;,t;)dt; + QZZ/ Ktz,tk)dt dty,

[0,1]s i=0 k=0

/ Ka:y)d:cdy—?/ K(z,y)dxdy
0,1)s J[0,1]° [0,1]5

— K(xz,x) !
[0,1]° 0,15 J{0,1]*

K(x,y)dxdy

_1 K(:c,:c)d:c——/ K(z,y)dzdy.
" Jo,1)e " Jo,1]s Jlo,1)°

0

The importance of Theorem 3.6 is that it gives us an immediate existence
result for QMC integration: by applying the principle that there is always
at least one choice as good as the average, we conclude that there exists a
QMC point set P for which

en s (P Hy(K)) < Ej (Hy(K)).

Thus, provided that both integrals on the right-hand side in Theorem 3.6
are finite (as they are in all the cases we will consider), there exists a QMC
point set with worst case error of order O(n_l/z), i.e., the same rate of
convergence as Monte Carlo. Later we will not be satisfied with this result,
for two reasons: first, we want not just the Monte Carlo rate of convergence,
but rather a rate of convergence close to O(n~!), or even better; second, we
want not just existence, but also a method of constructing the points.

3.4. Other univariate reproducing kernels

Note that (3.1) can be viewed as a Taylor series with integral remainder,
developed at 1. As such it is clear that we could choose an arbitrary anchor
point ¢ € [0,1] instead of 1. Or we can consider function spaces whose
members have more than one derivative. Or we can depart from a Taylor
series representation of f to obtain other examples of reproducing kernels.
All of the following examples can be used as building blocks for multivariate
Sobolev spaces.

Example 3.7. (Anchored reproducing kernel of smoothness «) Ifthe

(a—1)-th derivative of f is absolutely continuous for some natural number o
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then the Taylor series of a univariate function f anchored at 0 is

a—l r(r) 1 _ el
oy = X B [ o) Sy,

1)
— (o —1)!

(]

where f(") denotes the rth derivative of f and

<x—wf4:{f‘y)

For functions f, g permitting such a Taylor series presentation, we can define
the inner product

a—1

if x >y,
if x <uy.

a—1 1
(f,9) = (09" (0) + /0 FDy)g' ™ (y) dy.
r=0

The set of functions whose norm corresponding to this inner product is finite
is another RKHS, with kernel given by

a—1 1 a—1 a—1
3 a”y" (z—2)T (y—2)
Kalw,y) = F% /0 (a—lJS! y(a—lJr)! d

r=0

We call the corresponding RKHS the anchored Sobolev space of smoothness o
with anchor 0.

Example 3.8. (Unanchored reproducing kernel of smoothness «)
For a univariate function f belonging to the same smoothness class as in the
preceding example, consider the representation given by

z) = ~Br(x) (1 e [P Balr = yl) e
r0 =32 [ rOway - v [y

Here, B, denotes the Bernoulli polynomial of degree 7, see (Digital Library
of Mathematical Functions 2012, Chapter 24). In this case the inner product
is

(f,9) = (g (/Olf(”(y) dy> (/Olg(r)(y) dy> + /01 £ )g' (y) dy,

and the reproducing kernel is

Ka(ﬂc,y) = Z Br(x) Br(y) . (_1)04M_

~ (2a)!

The corresponding RKHS is called the unanchored Sobolev space of smooth-
ness «.
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3.5. Geometric discrepancy

We now return to the local discrepancy function

n—1 1
1
Ap(z) =~ > Lo (ti) - /0 L0,41(y) dy,
=0

which we encountered already in (3.3), and which we also obtained as the
derivative & of the representer &, where £ is given by (3.11) with K as in
(3.7).

The local discrepancy function has a geometric interpretation: since Z?;OI Lio,2) ()
is the number of points of P lying in the interval [0, z], therefore % Z:‘L;ol Lio,2) ()
is the proportion of points of P lying in the interval [0, z]; and the local dis-
crepancy is the departure of this proportion from the “ideal” proportion,
which is the length of the interval. By taking the L, norm of Ap we obtain
the L, discrepancy of the point set P, given by

Ianl, = ( [ 1 |Ap<w>|pdx>l/p

for 1 < p < oo, with the obvious modifications for p = co. The L,, discrep-
ancy can therefore be understood as a measure for how uniformly the point
set P is distributed, i.e., it measures the discrepancy between the empirical
distribution of the point set P and the uniform distribution.

We consider now a generalization to dimensions s > 1. In one dimension,
the local discrepancy function can be derived as the derivative of the repre-
senter £ based on the reproducing kernel K (z,y) = 2—max(x,y). As before
we consider the product kernel K¢(x,y) = H;:1 K(z;,y;). The representer
of the error is given by

n—1

1
£($) = Ks($ay)dy_ _ZKS($?ti)
[0,1]* s
s 3 1_2 1 n—1 s
:H ( 5 ]> _EZH(Q—maX(.%’j,tiJ)).
j=1 i=0 j=1
The mixed first partial derivatives are then given by
a|u|§ N 1 n—1
3 @ 1) = (DM T T2 — =D Toww (Bind) | 5
Tu jEu iz

where (g, 2,)(tiu) = [ 1y Ljo,2,1(ti,;). We define the local discrepancy func-
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tion Ap in s dimensions by

n—1 s
1
Ap(x) = — > ot — [ -
i—0 j=1

Then

(Ty;1) = (_1)|u|+1AP($u§ 1).

Analogously to the 1-dimensional case, one can show that

n—1 \u\
S s [ r@ae= Y (0 [ P e )ap @) da,

= [0,1]¢ WO T} 0,1l 0Ty

where the u = ) term is actually zero since Ap(1) = 0. This equality is
called by different people the Hlawka identity or the Zaremba identity.

By applying Holder’s inequality for integrals and sums, we then obtain
the following inequality.

Theorem 3.9. (Koksma-Hlawka inequality) We have

1 n—1
E;ﬂm—ﬁﬁﬂ@w

where 1 < p,p’,q,q¢ < oo, 1—1)—1—%:1, L4+ 1 =1 and

< APIppll £l (3.14)

p q
p'/p\ VP

I8Pl = Z </ |Ap(xy;1)|P da:“)

uC{Ls} \/ 1011
and

g\ 14

a\u\f q q
| fllg.e = (/ —(xy;1)| dxy ’

" ug§s} 0,11l | 0Ty

with the obvious modifications if one or more of p,p’, q, ¢' are infinite.

In the theorem the norm | f||;, can obviously be replaced by the cor-
responding seminorm |f|, ., defined in exactly the same way but with the
u = () term omitted. (This term can be omitted because the QMC rule is
exact for constants.)

The inequality (3.14) says that the integration error is bounded by the
product of the norm | fl|4,, or seminorm |f|,, of the integrand and the
discrepancy ||Ap||, of the cubature points. It is often called a Koksma-
Hlawka inequality, especially for the case p = p’ = oco. If the integrand
is given, and cannot be changed, the inequality motivates the search for
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cubature points with small discrepancy. It also connects QMC with the area
of discrepancy theory, since it shows that point sets with low discrepancy
are attractive to use as QMC integration points.

The classical Koksma-Hlawka inequality states that

n—1
1 *
— > ft) - f(z)dz| < DL (P)V(f), (3.15)
n i=0 [0,1]¢
where D} (P) is the star discrepancy
Di(P) = sup |Ap(a)], (3.16)

z€[0,1]°

and V(f) is the variation of f in the sense of Hardy and Krause. If f has
continuous mixed first partial derivatives, the variation V'(f) coincides with

ol
= Y /W

P£uC{1:s} Oz,

(zy;1)| day.

3.6. Notes

The classical reference for reproducing kernels is Aronszajn (1950). See also
Thomas-Agnan (1996) and Wahba (1990). In the context of QMC, repro-
ducing kernels were introduced by Hickernell (1996a), see also Hickernell
(1998a). For another elementary introduction to RKHSs in the context of
QMC integration see Dick and Pillichshammer (2010, Chapter 2). Theo-
rem 3.5 can be found in Hickernell (1998a). Mercer’s theorem implies that
each reproducing kernel has an expansion in terms of its eigenfunctions

K(:I:, y) = Z )\rwr(w)wr (y),
r=0

where A, > 0 are the eigenvalues and 1, the eigenfunctions of the integral
operator on [0,1]° with kernel K. For many reproducing kernels consid-
ered in QMC theory these eigenfunctions are explicitly known, see Dick,
Nuyens and Pillichshammer (2013), Wasilkowski and Wozniakowski (1999),
and Werschulz and Wozniakowski (2009).

The one-dimensional form of (3.15) is due to Koksma (1942/43) and the
higher dimensional result is due to Hlawka (1961).

Geometric discrepancy was studied long before QMC integration. The
classical reference to uniform distribution modulo 1 is Weyl (1916). Further
monographs dealing with discrepancy theory and various aspects of it are
due to Kuipers and Niederreiter (1974), Niederreiter (1992a), Drmota and
Tichy (1997), Matousek (1999), Chazelle (2000), and Dick and Pillichsham-
mer (2010).

Novak and Wozniakowski (2009) studied when general Lo discrepancies
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(in Euclidean spaces) are related to the worst-case error of multivariate in-
tegration on RKHS. In particular, they provided for arbitrary Lo discrepan-
cies a concrete formula for the corresponding reproducing kernel. Gnewuch
(2012) extended these results to weighted Lo discrepancies and weighted
RKHS. Here the underlying domain can be more general as in Novak and
Wozniakowski (2009). In particular, Gnewuch (2012) covers the relation
between infinite-dimensional integration on weighted Hilbert spaces and the
corresponding weighted (limiting) Ly discrepancies.

4. Weighted spaces and tractability
4.1. Meeting the high-dimensional challenge

High dimensional problems, as noted already in the Introduction, can be
very hard. Yet some problems have caused surprise in the opposite direc-
tion by turning out to be easier than might have been expected. Especially
influential in this respect were certain 360-dimensional calculations carried
out in the mid 1990s by Paskov and Traub (1995) at Columbia Univer-
sity. That paper describes a problem coming directly from Wall Street, on
the valuation of a class of financial derivatives known as mortgage backed
obligations. While the details of the model or the calculation are not im-
portant here, broadly the problem was to evaluate a parcel of mortgages
held by a bank, where each month borrowers make individual choices as to
whether or not to repay the mortgage, and are assumed to make this choice
according to some probability distribution. And of course the value of a
mortgage held by the bank is affected by whether or not the loan is repaid.
Because there are 360 months in the 30-year period of the loan, the problem
is to evaluate a 360-dimensional expected value. The standard approach to
such a problem is to model the process month by month by a Monte Carlo
method. Paskov and Traub (1995), in contrast, treated the problem as one
of 360-dimensional integration. To the surprise of most observers, they were
able to obtain satisfactory results with a QMC method, at much smaller
computational cost than with a Monte Carlo method.

Following the success of those experiments, the idea began to emerge that
perhaps problems such as the one described in the previous paragraph are
in some hidden sense not really as difficult as might be expected from their
nominal high dimensionality. In this spirit Caflisch et al. (1997) defined
two notions of “effective dimension” (namely “truncation dimension” and
“superposition dimension”), with the idea that either or both might be
be much smaller than the nominal dimension. Sloan and Wozniakowski
(1998) sought to build this notion into the mathematics, by introducing
function spaces containing ‘weights’. It is fair to say that in one or other form
‘weighted spaces’ have become a standard part of the QMC framework. We
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will define such spaces formally in the next subsection, but first we describe
the underlying idea, and indicate why it has become so popular.

Sloan and Wozniakowski speculated that perhaps the reason that QMC
calculations such as those in Paskov and Traub (1995) were successful is that
some coordinate directions are more important than others, in the sense of
being in some way more difficult. Assuming then that the coordinate direc-
tions are ordered in order of difficulty, they sought to quantify this decreasing
importance by associating with each coordinate direction a positive number
7vj» where

Y1272 273 >0,

By introducing a function space incorporating these weights, they were able
to obtain a rather precise result, namely that the worst case error (defined
already in Definition 3.4) is bounded independently of dimension if and
only if

(e}
Z’Yj < 0.
§=0

This means that a classical choice of weights (with all weights equal) cer-
tainly fails to have worst case errors bounded independently of the dimen-
sion. So too, though only marginally, do weights v; = 1/j. On the other
hand weights of the form ~; = 1/j* lead to uniformly bounded worst case
errors if (and only if) a > 1.

The weights described in the preceding paragraph are now called “prod-
uct weights”, for reasons that will soon become clear. Since that time many
other forms of weights have been studied (we shall meet “general weights’,
“finite order” weights, “order-dependent” weights, and the most recent ad-
dition, “POD” (for “product and order dependent”) weights. The driving
motivation for this flowering of possibilities has been the desire to describe
in a more precise way the influence of particular combinations of the vari-
ables. At the (unrealistic) extreme, the greatest freedom attaches to “gen-
eral weights”, which allow a different weight ~, for each of the 2° subsets
uC{l:s}

For all these choices of weights the question of “tractability” arises: loosely,
we ask under what conditions on the weights are the worst case errors uni-
formly bounded in dimension; or if they are not bounded, then at worst grow
only slowly with dimension. We shall discuss tractability in Subsection 4.5.

4.2. Weighted reproducing kernel Hilbert spaces: anchored Sobolev spaces

In this subsection we first introduce a weighted RKHS in its simplest product
form. But we then quickly develop weighted spaces of a more general form.
Arguing as in Example 3.3, we build our first weighted s-variable space out
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of single-variable weighted spaces with simple kernels. Our 1-dimensional
space Hj , is almost the same as before (in particular, it is always the space
of absolutely continuous functions f defined on [0, 1] whose first derivatives
are square integrable), except that we now associate with the space a weight
v > 0, and in addition we allow the “anchor” value to be any number

€ [0,1], instead of just 1 as before. Our building block is now the 1-
dimensional kernel

Kiq(z,y) =1+ yn(z,y),
where
min(z,y) —c¢ if x,y > ¢,
n(xz,y) = ¢ —max(z,y) if x,y <c, (4.1)

0 otherwise.

If c=1and v = 1 it is easily seen that this reduces to the reproducing
kernel (3.7). For general ¢ and + it is easy to verify, using no more than the
fundamental theorem of calculus, that K - (z,y) is the reproducing kernel
associated with the inner product

1
(901 = F(O)g(c) + % /0 (2 g (z)de

which is a generalization of (3.6). The corresponding norm is

1f iy = (F 12

The s-dimensional tensor product RKHS corresponding to the above 1-
dimensional space is, if we allow a different weight ~; for each component z;,

Hs,‘y = Hlfyl ® Hly’Y? ® T ® Hly’YS'

It has the reproducing kernel

S

Ks,'y(xa y) = H (1 + %‘U(%‘a y]))
j=1

The identity
S
[Ma+a)= > Jles=1+ > la (4.2)
j=1 uC{l:s} jeu 0AuC{1:s} jEu
can now be used to rewrite the product as a sum over all subsets of {1 : s}:

Key(xy)= > w]]niv), (4.3)

uC{l:s} Jj€u
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where for this product weight case we have

Tu = H Vis
JEU
with the convention that the empty product has the value 1. The reason for
the “product” tag for these weights now becomes clear: the weight associated
with the subset u of the variables is the product of the weights for the
individual components. One implication of this is that the scaling of product
weights is crucially important. If, for example, all the weights +; are halved
then the weights for the subset u = {1, 3} with two elements are reduced by
a factor of 4, and those for the subset u = {2,4,5} by a factor of 8.
Because of the limited flexibility of product weights, other choices of
weights have been considered. In principle the formula (4.3) allows a differ-
ent weight v, to be chosen for each subset u of the variables, but the cost
of even one evaluation of the reproducing kernel would then be prohibitive
when s is large. This is the general weight case (Dick, Sloan, Wang and
Wozniakowski 2006), where we take 73 = 1. There is much interest (Sloan,
Wang and Wozniakowski 2004, Wasilkowski and Wozniakowski 2004) (as
well as some unease (Sloan 2007)) in finite-order weights, in which v, = 0
for all |u| greater than some number ¢*. Order-dependent weights, intro-
duced by Dick et al. (2006), take the form

Y =Ty

for some non-negative numbers I'1,I's,.... The most recent addition to the
menagerie of weights are the POD weights (i.e., product and order dependent
weights), in which two sequences 71, 72,... and I'1,T's, ... of non-negative
numbers are defined, and we take

=T [[- (4.4)
J€Eu
Weights of the POD form were found to arise naturally in a recent study of
PDE with random coefficients (Kuo et al. 2012).
For general weights ~, the inner product in our anchored space is

Sy =3 / M i) 2 (s ) da
79 S,y T ’Yu [071}\11\ a$u us a$ug us us

uC{1l:s}

where the notation follows that in (3.8), and the term labelled by u is to be
omitted for u = ().

The worst case errors for spaces with reproducing kernel of the form (4.3)
and 7 given by (4.1) can be found from (3.9). To make use of that expression
one needs the single and double integrals of the kernel. For completeness we
give the necessary integrals here, as well as the “diagonal” integral needed
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for the QMC mean (3.13):

K ~(x,y)d Z%H a(zj) + ),

uC{l:s} j€u

K ~(x,y)dedy = 7 A 4.5
I A" > (15)

[0,1]*

uC{L:s})
[0,1] Rz de = uc§s} " (B ' )M
where
a(z) =max(z,c) =L — < — 1 and  fi=cE—c+i  (46)

When the weights are of the product form, these three integrals simplify (by
using the identity (4.2)) to

[Ta+v@)+8), T[a+v8), [[0+vB+3),
j=1 j=1 j=1
respectively.

For example, with product weights and ¢ = 1 we have from (3.9) and
(3.10) that the worst case error and initial error are given by

2 PH(K) = T (142) - 25 [T (14 Za—2,)
_]:1 1=0 ]7
n—1ln—1 s

T % Z Z H (1 +75 [1 — max(t; 5, tk 5)]) ,

i=0 k=0 j=1
which reduces to (3.12) if v; = 1 for all j, and
S ’y
b (HK) =] (1+%).
j=1

Moreover, we have from (3.13) that the QMC mean satisfies

B2 () = - (T (+2) T (1+ )

J=1 j=1

We remark that it is also possible to use a different anchor value ¢; for
each coordinate direction z;, thus leading to different 7;, o, B; for each
index j. All results can be trivially generalized to that case.
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4.3. Unanchored Sobolev spaces

The reproducing kernels considered so far in this section have been of the
so-called “anchored” variety, in which there is a special number ¢ € [0, 1],
called the “anchor”, at which the components of x that are not active (i.e.,
that are not in the active set u) are fixed. However, there are other RKHSs
with interesting properties (Sloan and Wozniakowski 2002). In particular,
the so-called “unanchored” spaces, in which the inactive variables are inte-
grated over rather than fixed, have some advantages. We give the necessary
formulas here; all can be checked by similar arguments to those given pre-
viously for the anchored spaces (or see the reference above).

In the 1-dimensional weighted case the inner product is now (cf. Exam-
ple 3.8 for a = 1)

oo = ([ s@ae) ([ swrae)+1 [ rwg@ar

and the corresponding norm is

1F iy = (f. 12

The corresponding reproducing kernel is, as before,

Kl,’Y(x,y) = 1 + 777(33,9)’

but now 7 is given by

n(z,y) = 5B2(lz —y) + (= 3) (y = 3) . (4.7)

where By(z) := 2% — x + % is the Bernoulli polynomial of degree 2, which
has the useful property

1 1
/0 By(|z — yl) dy = /O Ba(y) dy = 0.

The corresponding kernel for the s-dimensional general weight case is
again given by (4.3), but now with 1 given by (4.7). The inner product for
the s-dimensional general weight unanchored space is

| o
Foghem= Y /0 - ( /[O . awuﬂw)dcc_u)

uC{1l:s}
Hlul
. x)dx_, | da,,
< L o) ) .

where x_, stands for all the components of the s-dimensional vector @ that
are not included in x,.

The range of choices for the weights is exactly the same as for the anchored
case.
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The worst case error is again given by (3.9). The necessary single and
double integrals of the kernel, along with the diagonal integral needed for
the QMC mean, now take the simpler forms

/ Ksy(z,y)dy =1,

0,1]¢

/ Kony(@,y)dady = 1,
0,11+ Jpo,1ps

Ks(x,x)de = Z %(%)\u\,

[0,1]° uC{l:s}

and in the case of product weights the third integral simplifies to

S .
11 <1 + 15) :
j=1
To avoid having to treat the anchored and unanchored spaces separately,
we can write n(z,y) from (4.1) and (4.7) in the common form

n(x,y) = 3Ba(lx —yl) + (z — 5)(y — 3) + alz) + aly) + 5, (4.8)

where «(-) and § are defined by (4.6) for the anchored case, and a = 0 and
B = 0 for the unanchored case.

4.4. Why weighted spaces are interesting

We have defined different kinds of weighted spaces for functions defined on
the s-dimensional cube, but we have not so far said why weighted spaces
are interesting. The answer is that the worst case errors in any of our
weighted reproducing kernel Hilbert spaces are bounded independently of the
dimension s if (and only if) the weights decay in a suitable way.

For the case of product weights, the following result, first obtained by
Sloan and Wozniakowski (1998) for the anchored case ¢ = 1, is particularly
striking.

Theorem 4.1. For product weights, and for the weighted anchored or
unanchored Sobolev space of Subsections 4.2 and 4.3, there exist point sets
P, C [0,1]° for n = 1,2, ... such that the worst case error e, ¢(Pp; H(Ks~))
is bounded independently of s if and only if

D 5 < oo (4.9)
j=1

There are two parts to this theorem: one part is an existence result, stating
that “good” point sets exist if (4.9) holds, without saying how to find them;
and the other part is a negative result, saying that if the assumption (4.9)
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does not hold then, no matter how the points are chosen, the worst case
error is unbounded as s — co. We shall address each result separately in
the following two lemmas.

Lemma 4.2. For product weights, and for the weighted anchored or unan-
chored Sobolev space of Subsections 4.2 and 4.3, there exist point sets
P, C[0,1]° for n =1,2,... such that the worst case error e, s(P,; H(Ks))
satisfies

1
en,s(Pn; H(Ks,'y)) eXp B ZWJ <— exp B ZWJ >

where B = (c¢?—c+1/2)/2 for the anchored space with anchor value ¢ € [0, 1],
and B = 1/12 for the unanchored space. (In particular, B = 1/4 for the
anchor ¢ = 1 and B = 1/8 for the midpoint anchor ¢ = 1/2.)

Thus the worst case error is bounded independently of s, and has the
Monte Carlo rate of convergence, if the infinite sum in (4.9) converges.

Proof.  'We give the proof for the anchored space with ¢ = 1. The other cases
follow similarly. It follows from the averaging argument (there is always at
least one choice as good as the average) that there exists a QMC point set
P, for which the worst case error is less than or equal to the QMC mean
given by (3.13). We produce an upper bound on the latter by omitting
the negative term, and then use the third equation in (4.5) to evaluate the
integral, obtaining

i v
Cno(Poi H(Koy)) < Bj (H(Kor) <~ T (1+ Ej>
j=1

1 u ’}/j
= exp leog (1—|—E> —exp Z% ,
]:

where in the last step we used the property that log(1+x) < x for all x > 0.
The rest of the claim in the lemma follows immediately. UJ

The “only if” part of Theorem 4.1 for the anchored case comes from
the following result established by Sloan and Wozniakowski (1998). The
argument there is relatively elementary, starting from (3.9) with the off-
diagonal terms of the last term dropped (which is justifiable by the non-
negativity assumption).

Lemma 4.3. If the reproducing kernel K of some Hilbert space H(Kj)
is non-negative, then for any point set P, C [0, 1]° we have

ens(Pui H(KS)) > € ((H(K))(1 —nky),
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where
as(x) 1
ks := [ sup ,
zcf0,1]s / Ks(x, x) lasl|s
and
as(x) := Ky(z,y)dy.
[0,1]¢
Hence e, (P, H(K;)) < ceps(H(K,)) can happen only if
> 1—¢?
n )

s

This lemma applies to the anchored space of Subsection 4.2 because the
kernel K ~ is in this case manifestly positive. The proof of the second part
of Theorem 4.1 then follows in this case by showing that ks — 0 if the
sum in (4.9) diverges. For the unanchored case a different proof is needed,
because the kernel K~ in that case is not necessarily positive. The result
for that case is proved in Sloan and Wozniakowski (2002) Theorem 1, but in
any case is superseded by the stronger result stated in Theorem 4.5 below.

In the case of our original anchored but unweighted Sobolev space dis-
cussed in Example 3.3, it can be shown (Sloan and Wozniakowski 1998)
that ks &~ 1.0557%, thus in this case n must be exponentially large to reduce
the initial error by some fixed percentage, say 50%.

The upper bound on the worst case error in Lemma 4.2 is independent
of s under the condition (4.9), but the apparent rate of convergence in that
lemma is just the Monte Carlo rate of O(n_l/ 2). Fortunately, as we shall
see in Sections 5 and 6, a convergence rate arbitrarily close to O(n~!) can
be attained if the (product) weights satisfy the stronger condition

o
PIRHEEES
j=1

4.5. Tractability of multivariate integration

In this subsection we frame the earlier discussion in terms of the valuable
notion of tractability. Loosely speaking, the tractability of a problem relates
to the question of how quickly the difficulty of a problem increases as the
dimension increases. Note that it relates to the difficulty of the problem, not
to the cost of any particular algorithm.

The standard reference in this area is the recent three volume work No-
vak and Wozniakowski (2008), Novak and Wozniakowski (2010), Novak and
Wozniakowski (2012). In the present brief discussion we limit ourselves to a
very small part of the subject, touching only parts that are relevant to our
concerns with multivariate integration over the unit cube.
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Thus our problem is that of evaluating the s-dimensional integral Is(f)
defined in (1.1). We will assume that f belongs to a Banach space Fy of
real-valued functions defined on [0, 1]°. The space Fs could be one of our
reproducing kernel spaces Hg, but could also (as in the next subsection) be a
non-Hilbert space. The setting is that we are allowed to approximate I4(f)
by any deterministic algorithm A, 4(f) that uses at most n function values of
F,. (In the language of information based complexity (Traub, Wasilkowski
and WozZniakowski 1988), the algorithm is restricted to “standard informa-
tion”.) Thus A, s could be a QMC integration rule, but could also be an
integration rule that uses unequal weights, including even negative weights,
and A, s is even allowed to be a nonlinear combination of f(%o),..., f(tn—1).

For a given s > 1 and a given ¢ € (0, 1] we define the nth minimal number
for this problem by

n(e, s) := min {n >1 : inf sup |L(f) — Ans(f)] < e} ,
A | fllp <1
where the infimum is over all algorithms A, ; that use no more than n
function values of f (and no other information about f).

Definition 4.4. (Tractability) The integration problem is said to be
polynomially tractable if there is some C' > 0 and some p > 0 and g > 0 such

that
1\?
n(e,s) < C <—> s

e

for all s € N and ¢ € (0,1]. It is strongly polynomially tractable if this
inequality holds with ¢ = 0, that is, if

n(e,s) < C <3>p.

e

Many other variants of tractability are defined in the cited works, but
these two will suffice for our present purposes.

The following theorem mimics Theorem 4.1 in the preceding subsection,
but there is an important difference: whereas for the “only if” part of the
theorem we previously allowed only QMC integration rules, here all algo-
rithms A, s are allowed, making the statement considerably stronger.

Theorem 4.5. (Strong polynomial tractability) For product weights,
and for the weighted anchored or unanchored Sobolev space of Subsec-
tions 4.2 and 4.3, the integration problem is strongly polynomially tractable
if and only if

o0
Z’Yj < 0.
j=1
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A necessary and sufficient condition for polynomial tractability is:

Theorem 4.6. (Polynomial tractability) For product weights, and for
the weighted anchored or unanchored Sobolev space of Subsections 4.2 and 4.3,
the integration problem is polynomially tractable if and only if

lim sup 72? =17
s—oo log(s+1)

The preceding theorem may give the impression that non-trivial weights
are needed in order to have (polynomial) tractability, but the remarkable
result discussed in the next subsection shows that, while this is true for the
Hilbert spaces we met so far, it is not true for the classical L version of the
anchored spaces.

But the Hilbert spaces retain one great advantage, namely that the worst
case error for a given QMC rule is computable, something that turns out (as
we shall see in the next two sections) to be helpful in construction. The star
discrepancy (whether weighted or not), on the other hand, is notoriously
difficult to compute, see Gnewuch, Srivastav and Winzen (2009).

In this subsection we have so far restricted ourselves to product weights.
Tractability results for general weights were first considered by Sloan et al.
(2004). For example, for general weights 7, and the unanchored Sobolev
space it is shown that the integration problem is strongly polynomially

tractable if
3w () <,

|u|<oo

where now the sum is over all finite subsets of the natural numbers. For other
tractability results for general weights and other variants of the weights, we
refer the reader to Novak and WozZniakowski (2010).

4.6. Tractability of star discrepancy

A surprising result established in Heinrich, Novak, Wasilkowski and Wozniakowski
(2001) is that there exists a point set P in [0, 1]° consisting of n points such
that its star discrepancy, given by (3.16), satisfies

Di(P) < c\/g, (4.10)

n

for some constant C' > 0 which is independent of n and s. Aistleitner (2011)
showed that C can be chosen as 10, for instance. A lower bound by Hinrichs
(2004) states that the infimum of D} (P) over all point sets P is bounded by

S
inf D*(P) > mi < 7 _)’
PC[O,II%JP‘:H n( ) > min | ¢y cn
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where the constant ¢ > 0 is independent of s and n and ¢y = as stated
in Gnewuch and Rosca (2009).

In the following we prove a slightly weaker version of (4.10). The proof is
based on Hoeffding’s inequality, a special case of which we describe in the
following. Let Xg, X1,...,X,_1 be independent and identically distributed
random Varlables with mean p and X; € [—1, 1] almost surely for 0 < i < n.
Let X = 131 X;. Then

_1_
32e27

P(|X —pul >9) < 20572 for all § > 0.
We need an additional lemma.

Lemma 4.7. Let P = {to,t1,...,t,—1} C [0,1]° be a point set consisting
of n elements. Let § > 0 and m = [s/d]. Let I';,, be the equidistant grid on
[0,1]* with mesh-size 1/m (and therefore cardinality (m + 1)®). Then

D;(P) < max |Ap(x)| + 6.
xelm,

Proof. Let n > 0. Then there is a vector * = (z7,...,2%) € [0,1]° such
that

D (P) < [Ap(a")] +1.

Let y,z € I';;, be such that y; < x; <zjand z; —y; = m~!. Then we have

[ 1 ;<(ﬁzf-)(ﬁw>—(]111 o)(11)

S0 ) e

r=1 \ j=r+1

where the empty product is set to 1. Thus we have

HZ]——Zloz 6<H$——Zlow
SHyj—%Zl[o,y)(tz)+5
j=1 i=0

which implies the result. UJ

We are now ready to prove the following slightly weaker version of (4.10),
which is Theorem 1 of Heinrich et al. (2001).

Theorem 4.8. For every n,s € N there exists a point set P consisting of
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n points in [0, 1]*, whose star discrepancy satisfies
2v/2 sv/n
D} (P) < — /sl — 1 log 2.
"= n\/ o (| g +1) e

Proof. Let tg,tq,...,t,_1 be independently and uniformly distributed ran-
dom variables in [0, 1]°. Let P = {to,¢1,...,t,—1}. Then for each € [0, 1]*

A, () = 1jo ) (i) — 1+~ x5

is a random variable with mean 0 and |Ay, ()] <1 for 0 < i < n. Further
we have

1 n—1
A = — ().
pla) =5 3" Ar(a)
=0
Thus we can use Hoeffding’s inequality, which implies that

P(D5(P)) < 26) =P (m%x Ap(z)| < 5>
xel y
>1 - 2(m + 1)%~0"/2,
We now choose the parameters such that 1 — 2(m + 1)36*52"/2 > 0, or

equivalently
2

log2 + slog(m + 1) — 5771 < 0.

Since m = [s/d], this holds for all § > dg = do(n, s), where Jy satisfies
62 = 2n"1(slog([s/d0] + 1) +log 2).

1 [ n

— < ,

6o — '\ 4log2
and therefore

52 < 2n7L <s log GMW + 1) +log 2) .

4log 2
Thus for any & > g there exist points tg,¢1,...,t,_1 such that
Dy ({to,t1,...,th—1}) < 20.
Hence there is a point set P = {to,t1,...,t,—1} such that D} (P) < 2§y. [

This implies that

4.7. Notes

Weighted spaces were first introduced by Sloan and WozZniakowski (1998),
and subsequently generalized by Sloan and Wozniakowski (2001), Sloan and
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Wozniakowski (2002), Dick et al. (2006), and Sloan et al. (2004). A non-
technical introduction to the weighted space setting and lattice rules is given
in Kuo and Sloan (2005). For the standard reference on tractability see
the recent three volume work Novak and Wozniakowski (2008), Novak and
Wozniakowski (2010), Novak and Wozniakowski (2012).

The “only if” parts of Theorems 4.5 and 4.6 were proved by Novak and
Wozniakowski (2001) for the anchored Sobolev space, and also for the more
general class of “decomposable” kernels. For the unanchored Sobolev space
the second parts of the theorems were proved by Sloan and Wozniakowski
(2002), using results from Hickernell and Wozniakowski (2001) and in turn
Hickernell and Wozniakowski (2000). See also Wasilkowski and Wozniakowski
(2004).

A classic paper on numerical integration and discrepancy is by Hickernell
(1998a), where discrepancies which include lower dimensional projections
are defined and the reproducing kernel machinery for numerical integra-
tion is introduced. Sufficient conditions on the weights for which Sobol’,
Halton, and Niederreiter sequences achieve strong tractability have been
studied by Wang (2002) and Wang (2003). Tractability of so-called “finite
order weights” has been shown by Sloan et al. (2004). Strong tractability
of scrambled digital nets and sequences has been studied by Yue and Hick-
ernell (2005) and Yue and Hickernell (2006). Tractability questions for the
weighted star discrepancy have been considered by Hinrichs, Pillichshammer
and Schmid (2008). A strategy for choosing the weights in finance applica-
tions has been considered in Wang and Sloan (2006) and Wang and Sloan
(2007). The concepts of “effective dimension”, “truncation dimension” and
“superposition dimension” have been introduced in Caflisch et al. (1997).
The effective dimension of problems arising from financial applications have
been studied by Wang and Fang (2003) and Wang and Sloan (2005) in the
context of QMC.

The equidistant grid I';, used in Lemma 4.7 is a special d-cover or (es-
sentially) bracketing cover. The notion of bracketing is well established
in empirical process theory (see, e.g., van der Vart, Wellner (2009)) and
to achieve better results than in Theorem 4.8 one needs better bracket-
ing covers than I'y,. In fact, the results from Aistleitner (2011),together
with the results on probabilistic discrepancy estimates from Gnewuch and
Rosgca (2009), Aistleitner and Hofer (2012) and Gnewuch (2009), as well
as theoretical arguments from Doerr, Gnewuch and Wahlstrém (2009) and
Doerr, Gnewuch, Kritzer and Pillichshammer (2008) for constructing small
discrepancy samples all rely on the constructive bracketing covers and the
induced upper bounds on bracketing numbers from Gnewuch (2008). The
papers Aistleitner (2011) and Aistleitner and Hofer (2012) use additionally
Bernstein’s inequality.

Attempts have been made to find constructions of point sets whose star
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discrepancy grows only polynomially with the dimension, see for instance
Doerr, Gnewuch and Wahlstrém (2010) and Doerr et al. (2008). An imple-
mentation and numerical experiments have been reported in Doerr, Gnewuch
and Wahlstrom (2009). However, the construction cost of these algorithms
depends exponentially on the dimension. An essential problem in these al-
gorithms is the estimation of the star discrepancy of a given point set, which
is itself intractable as shown by Gnewuch et al. (2009). Algorithms for es-
timating the star discrepancy have been further investigated by Gnewuch,
Wahlstrom and Winzen (2012).

Let n(e,d) be the smallest number necessary to reduce the d-dimensional
L4 discrepancy ||Ap||2 by a factor of e. The exponent of discrepancy is then
the smallest number p such that n(e,d) < Ce P for all d > 1. It has been
shown that 1.0669 < p < 1.41274 for the classical Lo discrepancy, where the
lower bound is by Matousek (1998) and the upper bound by Wasilkowski
and Wozniakowski (2010).

5. Lattice rules

In Section 2 we gave a brief introduction to lattice rules. We defined rank-1
lattice rules and explained how randomly shifted lattice rules can be used for
practical error estimation. We also introduced the component-by-component
(CBC) construction for obtaining good lattice rule generating vectors. Here
in this section we provide the theory behind the CBC construction, including
error analysis of randomly shifted lattice rules and the fast implementation of
the CBC algorithm. We will also discuss extensible lattice sequences, which
turn lattice rules from “closed” point sets to “open” sequences, making them
more flexible for practical applications.

For most of this section, we will consider the weighted anchored or unan-
chored spaces of Section 4, which contain integrands with square-integrable
mixed first derivatives. The lattice rules constructed for these function
spaces can achieve close to O(n~1) convergence rate, with implied constants
that can be independent of the dimension s if the weights of the function
space satisfy a certain condition. We will also discuss the use of the baker’s
transformation to obtain close to O(n~2) convergence rate when the inte-
grands have square-integrable mixed second derivatives, again with implied
constants that can be independent of s. We will also outline other strategies
for obtaining even higher orders of convergence using lattice rules, but now
the so far known error bounds have exponential growth in s.
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5.1. A brief background on the classical theory of lattice rules

Lattice rules were originally designed for periodic functions. It is customary
to assume that the integrand f has an absolutely convergent Fourier series

flx)=">Y" fh)ermhe %=1, (5.1)

heZs

with Fourier coefficients

f(h) = () e 2 da,
0.1

where h -« = hiz1 + - - - + hszs denotes the usual vector dot product. It
follows from the absolute (and hence uniform) convergence of (5.1) that f
is necessarily continuous and also I-periodic with respect to each variable,

ie., f(x)|z;=0 = f(@)]s;=1 forall j =1,...,s.

Theorem 5.1. (The lattice rule error) Let @), denote a lattice rule
(not necessarily rank-1) and let £ denote the associated integration lattice.
If f has an absolutely convergent Fourier series (5.1), then

o~

Qus(f)—L(f)= > [f(h),

heL+\{0}

where L+ :={h € Z*: h-x € Z for all z € L} is the dual lattice associated
with L.

We will prove this result for rank-1 lattice rules, see (2.3), that is for QMC

rules of the form
1 1z
Qns(f) =~ gf (b}) :

In this case, L& ={h € Z*: h-2 =0 (mod n)}. A proof for general lattice
rules is given in Sloan and Joe (1994).

Theorem 5.2. (Rank-1 lattice rule error) Let @, denote a rank-1
lattice rule with generating vector z. If f has an absolutely convergent
Fourier series (5.1), then

Qus(N)—L(H= . Jh).

hezZs\{0}
h-z=0 (mod n)
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Proof.  Using the Fourier series (5.1), we can write

n—1
Qnall) = 1D = 31 ({=})- [ @

[0,1]*
N 1l N
_ f h - e27rikh-z/n o f h / e27rih-m de.
& 2" Do

The result then follows from the elementary properties

/ e2mih-a g0 1 ifth= 9,
[0,1]5 0 otherwise,

and

0 otherwise.

n—1 .

1 : 1 ifh-z= d

EE e27r1kh-z/n :{ 1 z=0 (mo ’I’L), (52)
k=0

The property (5.2) is sometimes referred to as the “character property”
of lattice rules with respect to the exponential functions. It is one of the
key properties we need for the error analysis of lattice rules.

In the classical theory of lattice rules, one considers a class E,(c) of func-
tions whose Fourier coefficients satisfy, for a > 1 and ¢ > 0,

~ c _
i < (L.Ih])
It follows that
1
|Qn,s(f) — Is(f)] < ¢ Z e for f € E.(c).
hens (hl .. hs)
€z\{0}
h-z=0 (mod n)

This leads to the definition of a quality measure called P,,

1
Pa(z7 n) = Z W, o > 1, (53)
heZs\{0} s
h-2=0 (mod n)

and the goal is to choose z so that P,(z,n) is as small as possible. By using
the character property (5.2) (or by recognizing that P, is the integration

error for a function f with Fourier coefficients f(h) = 1/(hy --- hs)®), one
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can express P, as

n-1 s 27r1khzj/n
Po(z,n) = -1+ — }:II 1+ > —— (5.4)
"= 0j=1 hezZ\{0}
14 n—-1 s 27r1khzj/n
:—1+5II“+2< }:II 1+ > —,
Jj=1 "= 15=1 hezZ\{0}
where
=1
:EZEP x> 1, (5.5)
h=1

is the Riemann zeta function. For practical computation, « is often taken
to be an even integer. This is because the Bernoulli polynomial of degree «,
with a an even integer, has the Fourier series

—1)2 ) 2miha
(=)= al ¢ for z € [0, 1], (5.6)

heZ\{0}
so that in this case we can write

e ()

n

hezZ\{0}

This allows P, in (5.4) to be computed in O(ns) operations. One may
therefore use the Korobov construction in Example 2.9 to search for a lattice
generating vector z, using the criterion that P, be as small as possible.

It is well known that the rate of decay of the Fourier coefficients of a
function is related to the smoothness of the function. For instance, if o > 1
is an integer and all partial derivatives

aq1+~~~+qsf

ax?”‘axss’ 0<q,.-.-,qs < q,

exist and are continuous on [0,1]®, then there exists ¢ > 0 for which f €
E,(c). Thus the class E,(c) is essentially a class of functions with smooth-
ness determined by «, therefore the parameter « is called the smoothness pa-
rameter. It is known that a convergence rate of P,(z,n) = O(n™% (logn)*®)
can be achieved. There are also other related quality measures for lattice
rules (Niederreiter 1992a, Sloan and Joe 1994).

We shall not discuss the classical theory further, because in the classical
error analysis all error bounds grow exponentially with dimension. In the
following, we will carry out error analysis in the weighted function space
setting of Section 4.
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5.2. Shift-averaged worst case error

In this subsection we discuss a general strategy for the error analysis of ran-
domly shifted QMC rules, as a preparation for our later analysis of randomly
shifted lattice rules.
For any QMC point set P = {¢g,...,t,—1} and any shift A € [0, 1]*, let
P+A={{ti+A} :i=0,1,...,n—1}

denote the shifted QMC point set, and let @, s(A;f) denote the corre-
sponding shifted QMC rule. Then, for any integrand f belonging to some
normed space H, it follows from the definition of the worst case error (see
Definition 3.4) that

[Is(f) = Qns(A, )| < ens(P+ A H) || fll -
We deduce a bound for the root-mean-square error

VEIL() = Qua(&, N2 < &8P H) [ £,

where the expectation E is taken over the random shift A which is uniformly
distributed over [0, 1]°, and where the quantity

et (P H) = \// ez (P+ A;H)dA (5.8)
0,1]¢

is referred to as the shift-averaged worst case error.

The shift-averaged worst case error (5.8) will be used as our quality mea-
sure for randomly shifted QMC rules. For any given point set P, the aver-
aging argument guarantees the existence of at least one shift A for which

en,s(P+ A; H) < e (P; H).

The following theorem gives an explicit formula for the shift-averaged
worst case error when the function space is a RKHS.

Theorem 5.3. (Formula for the shift-averaged worst case error) The
shift-averaged worst case error (5.8) for a QMC point set P in a RKHS
H,(K) satisfies

[ents(Ps Hy (K)))

—1n—1
/ K(z,y) d;cdy+ ZZ KSU(t, 1), (5.9)
0,1 J[0,1]* —
where

K (a,y) = /M K({@+A}, {y+A})dA forall @,y € [0,1)°. (5.10)
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Proof. Using the definition (5.8) and applying the formula (3.9) for the
worst case error e, s(P + A; Hy(K)), we obtain

[es (P; H (K)))?

/ Ka:yda:dy——Z/ K({t;+ A},y)dAdy
[0,1)s J[0,1]5 [0,1)s J]0,1]5
n—1ln—1

P [ Kk AL (6 A)aa

=0 k=0

With a change of variables @ = {t; + A}, the double integrals in the second
term turn into the double integral in the first term. The result then follows
from the definition (5.10). O

The function K" defined by (5.10) is actually a reproducing kernel, with
the shift-invariant property

K@, y) = KM ({w + A} {y + A}) forall @,y,A € 0,1,
or equivalently,
K x,y) = K"({x —y},0) forall =, yel0,1]°.

Furthermore, it can be verified that the shift-averaged worst case error
ef@}}s(P; H,(K)) is precisely the worst case error of the QMC point set P
in the RKHS with K" as the reproducing kernel, i.e.,

/ er (P + A H (K))dA = e} (P H(K™)).
[0,1]

In words, the average over all possible shifts of the squared worst case er-
ror for a shifted QMC rule in a Hilbert space with reproducing kernel K is
equal to the squared worst case error of the original unshifted QMC rule
in a Hilbert space with reproducing kernel K. This important connection
provides a powerful tool for analyzing randomly shifted QMC rules, because
it is often easier to work with a shift-invariant kernel. We refer to the kernel
K" as the shift-invariant kernel associated with K.

Further, we note that for the reproducing kernels we consider below, the
reproducing kernel K" has the same smoothness properties as K. As the
smoothness properties of the reproducing kernel determine the convergence
rate of the worst case error, one obtains the same convergence rate of the
worst case error for Hy(K*") as for H,(K).

5.83. Randomly shifted lattice rules in weighted Sobolev spaces

We are now ready to analyze randomly shifted lattice rules in the weighted
anchored or unanchored Sobolev space of Section 4. First we derive the
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associated shift-invariant kernel needed for the shift-averaged worst case
error.

Lemma 5.4. Let H(Kj ) be the weighted anchored or unanchored Sobolev
space of Section 4. The shift-invariant kernel associated with K - is

KM (zy)= > w]] Bl —yil) +8), (5.11)

uC{l:s} Jj€u

where 3 = ¢ — ¢+ 1/3 for the anchored variant with anchor ¢, and 8 = 0
for the unanchored variant.

Proof. From the definitions (5.10) and (4.3), we have

1
Kjffy(:c,y) = Z ’YuH/O 77({%‘ +AJ}’{yj +AJ}) dAj

uC{l:s} Jj€u
where the function 1 can be written in the common form (4.8) for both the

anchored and unanchored spaces. Using the symmetry Bs(x) = Ba(1l — )
and fol a(z)dzr = 0, we obtain

1
/0 n({z + A} {y + A})dA

1
:%Bz(|x—y|)+/0 ({e+ A}~ 1) ({y+ A} — 1)dA + 5.

Therefore it remains to show that
! 1 1 1
T.p)i= [ ({o+8)=4) {y+ A} - $)da = $Balle — ).

Since Z(z,y) = Z(y,x), without loss of generality we assume that = < y.
There are three possible arrangements of the values of  + A and y + A for
z,y, A €[0,1):

r+ A<y+ A<l = A<l-y
T+ A<I<y4+A = 1—-y<A<l-=zx
1<z+A<y+A = 1-z2<A
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Thus we have
1-y
Z(x,y):/ (@+A—1)(y+A—1)da
0

11—z
+/ (4 A-1) (y+A—1-1)dA
1

—y

1

+/ (z+A-1-3)(y+A-1-3)dA
11—z
=sy—2)P —Sy-—o)+ =5z -y’ —le—yl+3)
This completes the proof. U
For simplicity, let
ey(2) = (P H(K 5))

n,s
denote the shift-averaged worst case error for a rank-1 lattice rule with point

set P and generating vector z in our weighted anchored or unanchored space.

The following lemma gives an explicit expression for [e;l(z)]?.

Lemma 5.5. (Shift-averaged worst case error for lattice rules) The
shift-averaged worst case error for a rank-1 lattice rule in the weighted an-
chored or unanchored Sobolev space satisfies

P = > %TLZlH[Bz ({%})m]—ﬂ“ . (5.12)

PAuC{1:s} k=0 jeu

where 3 = ¢? — ¢+ 1/3 for the anchored variant with anchor ¢, and 8 = 0
for the unanchored variant. For product weights, the expression simplifies
to

s n—1 s k.
@P =TT+ + S TL (140 [ ({22}) +5) )
j=1 k=0 j=1
(5.13)
Proof.  Substituting t; = {iz/n} into (5.9) and using (4.5) and (5.11), we
obtain

[enrs ()]

n,s

B T SRR (L (L)

uC{l:s} i=0 k=0uC{l:s} jeu

As i and k range from 0 to n — 1, the values of (i — k) mod n are just
0,...,n —1 in some order, with each value occurring n times. Thus we can

reduce the double sum in [ei}?s (2)]? to a single sum. Grouping the sum over
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u and then canceling the u = () term yields the formula for general weights
above. The formula for product weights follows from the identity (4.2). [J

5.4. Component-by-component construction

Recall that the components of the generating vector z can be restricted to
the set

U,={2€Z:1<z<n-1and ged(z,n) =1},
whose cardinality is given by the Euler totient function
on) =0, ={z€Z:1<z<n-—1and ged(z,n) =1}|. (5.14)

When n is prime ¢(n) takes its largest value n—1, hence there are altogether
up to (n — 1)® possible choices for z, far too many to allow an exhaustive
search for the best one.

The CBC construction below, already foreshadowed in Example 2.10, pro-
vides a feasible way to obtain good lattice generating vectors. The first
component zj is arbitrarily set to 1, since all choices in one dimension lead
to the same rectangle rule.

Algorithm 5.6. (CBC construction) Given n, Syax, and weights .

1 Set z; = 1.
. o . . h 2
2 For s =2,3,...,8max, choose z; in U, to minimize [ej’(21,. .., 2s)]°.

With general weights ~,, the cost of the CBC algorithm is prohibitively
expensive, thus when discussing implementation we will always assume there
is some special structure, such as product weights, order-dependent weights,
finite-order weights, or POD weights. We will discuss the implementation
of CBC in later subsections.

In this subsection we focus on error bounds resulting from the CBC con-
struction. The CBC error bounds are proved by induction: under the induc-
tion hypothesis that the desired bound holds in s — 1 dimensions, we show
by the averaging argument that the algorithm picks a next component z
for which the bound holds in s dimensions.

To illustrate the general argument, we first prove that in the simplest
case of product weights and prime n, a generating vector constructed by the
CBC algorithm beats the QMC mean (see (3.13) together with (4.5))

Er) = | TL (14 (84 5) ) - TTa+29) )
j=1 =1

which yields a convergence rate of (’)(nil/ 2). We will prove a better, if more
complicated, result in Theorem 5.8 below.
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Theorem 5.7. (CBC error bound beats QMC mean) Consider the
weighted anchored or unanchored Sobolev space with product weights v; >
Yo > -+- > 0, and suppose that n is a prime number satisfying

n> a1

z m, (5.15)

where 3 = ¢? — ¢+ 1/3 for the anchored variant with anchor ¢, and 8 = 0
for the unanchored variant. The generating vector z € U;, constructed by
the CBC algorithm, minimizing the squared shift-averaged worst case error
[es2,(2)]? in the weighted anchored or unanchored Sobolev space in cach
step, satisfies

[ens(2)]” < By o (Kssy)- (5.16)

n,s

Proof. For the inductive step we need to show, under the assumption
e 1 (21, 2e-1)]? < B 1 (Kom14), that [eff(2)]* < B}, ((Ky) when

n,s—1
zs € Uy, is chosen to minimize [ef}js(z)]Q.

To proceed, we rewrite (5.13) as

(- (+3)

[ (2)]2 = (14 76B) [y _1 (21, -+ 20-1)]2 + =
j=1

SB[ DT o ()]

j=1

where we separated out the £k = 0 term and used By(0) = 1/6. Next we
average over all possible choices of zg, forming

Bty zen) = —— S (e (22

n—1

Since Ba(z) = (1/27%) > hez\ {0} e?mihz /2 for x € [0, 1], for any integer k
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from 1 to n — 1 we can write

2 n-l 27r1hl<:z/n
kzg
EM(CES

ze=1 z=1 heZ\{0}
1 1 1
= 2 Eao X R
hez\{0} hez\{0}
h=0 (mod n) h#0 (mod n)
1 1 1 1
= 2 ﬁ‘—n_1< 2 @ ﬁ)
heZ\{0} heZ\{0} heZ\{0}
h=0 (mod n) h=0 (mod n)
n T 11 Zi_ 2r*n  2x* 2@
T n—1 W n-1 2 6n2(n—1) 6(n—1)  6n’
heZ\{0} heZ\{0}
h=0 (mod n)

where we used > 72, 1/h? = 7?/6. Thus we conclude for any integer 1 <

k <n —1 that
n—1
1 kzg 1
B = ——. 5.17
n—1 Z 2 <{ n }) 6n (5.17)

Combining the expressions yields

,LL(Zh cee 728—1) = (1 + 785) [621713—1(217 vy Zs—l)]2

~ s—1 1 n—1s—1 ]ﬁ?
S
(e (o)) -G B 2 ({52)) +2])
j=1 k=1j=1
Rewriting the third expression in terms of en «—1(21,...,2s—1) and then col-
lecting similar expressions, we obtain
w(z1y ey 25-1) = (1 + Y8 — g—;) [e;}js_l(zl, o zsm1))?

s—1 s—1
Vs Vs Vs \ 1
—6—nj1;[1<1+w)+ (Z+2) 5}11( + <5+ ))

The condition (5.15) ensures that 1 + 8 — vs/(6n) > 0. Applying the
induction hypothesis and dropping a negative term, we finally arrive at
w(z1yey25-1) < ErZL,s(Ksry)-

Since pi(21, . . . , 2s—1) is the average of [efl', (2)]? over all z, € Uy, the choice

of zs; that minimizes [ef@}}s(z)]Q must satisfy

[e;},ls(z)]Q < M(Zlv SRR 28—1) < E?%,S(KS,’Y)'
To complete the proof by induction we note that the error bound (5.16)
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is easily satisfied for s = 1: indeed we may adapt (5.17) to obtain
n=, (Y _m(l n-1 mo_ 7

sh 2 1 1 - 1 1

D =— Byl—-)=—1|=- =5 < —.

[ena (L) n kz—o 2 <n> n <6 6n > 6n% — 6n

This completes the proof. [

We now show, through a more complicated averaging argument in the
induction proof, that the CBC algorithm yields a convergence rate arbitrar-
ily close to O(n~1). The result holds for general n (not necessarily prime),
and holds for the unanchored space with general weights (including product
weights), but holds for the anchored space only with product weights. For
the anchored space with general non-product weights, the same error bound
holds, but a modification to the search criterion in the CBC construction
is needed. We therefore state the results for the unanchored and anchored
spaces separately.

In the following theorems, the choice of z; at each step is independent of

the parameter A, and the error bound holds for all values of A\ € (1/2,1].
The optimal convergence rate close to O(n~!) is obtained with A — 1/2,
but note that A = 1/2 is not permitted because ((2\) — 0o as A — 1/2.
The implied constant in the big-O bound can be independent of s under an
appropriate condition on the weights. For example, in the case of product
weights, a sufficient condition to obtain close to O(n~1) convergence with
the implied constant independently of s is Z]Oil ’y;/ ? < 0.
Theorem 5.8. (Optimal CBC error bound — the unanchored case)
The generating vector z € U;, constructed by the CBC algorithm, minimiz-
ing the squared shift-averaged worst case error [ef@}}s(z)]Q for the weighted
unanchored Sobolev space in each step, satisfies

1/

u
e, (2))? < ﬁ oo <?§g;)> , (5.18)

0AuC{1:s}

for all A € (1/2,1], where ((-) is the Riemann zeta function (5.5), and ¢(n)
is the Euler totient function (5.14).

Proof. We prove this by induction on s. The base step s = 1 is straight-
forward to verify for all A € (1/2,1]. Assume now that we have chosen the
first s — 1 components z1, ..., zs—1 and that (5.18) holds with s replaced by
s — 1. We separate the terms in (5.12) (remembering that 8 = 0 for this
unanchored space), depending on whether or not the element s is included
in the set u, to obtain the recursive expression

[e;}js(zl, ey 21y zs)]2 = [62},15—1(21, . ,zs,l)]Q + 0(zs), (5.19)
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with (suppressing the dependence of 6 on z1,...,25_1)

() = _Z u %ZEHB?G%})
- = own(is >

seuC{l:s} k=0 h,e(Z\{0})ul
_ Tu 1
= > 22 < > 7;9)
seuC{l:s} ( g ) hue(Z\{O})‘“‘ HJGU J
hy-zy=0 (mod n)

— Tu i ;
= (2m2)l < 2 h3 2 [ews) h2‘> 7
seuC{l:s} hs€Z\{0} hu\{s}G(Z\{O})‘“‘*l j 3

hu\{s}'zll\{s}thszs (mod n)

eQnikhu zu/n
2
ITjeu s

where we made use of the Fourier expansion of By and the character property
(5.2).
If 2 denotes the value chosen by the CBC algorithm in dimension s, then

(since the minimum is always smaller than or equal to the average) we have
for all A € (0,1] that

1 1

2 P > _h> |

hsez\{0}| | by (s} €(Z\{0}) M~ jew s 17l
hu\{s}'zll\{s}thszs (mod n)

where we used the inequality (sometimes referred to as Jensen’s inequality)

A
<Zak> <> ap, ax>0,2€(0,1]. (5.20)

k k

Next we separate the terms depending on whether or not hg is a multiple
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of n, to obtain

A

. ~ 2¢(2) 1

[6(0)] < Z (27T2u)|u|,\ ' n(2>\ ) Z I, e

seuC{1l:s} hu\{s}E(Z\{O})‘“‘_l jeu\{s} I"*J
u\{s}~zu\{s}50 (mod n)

S Sy T

25€Up c=1 seuC{1:s}

3 L 1

' e 2. ﬁ) :

( ez o Tl
hs=—cz5 ! (mod n) R\ (s} 20\ (s} =¢ (mod n)

where 27! denotes the multiplicative inverse of zs in U,, ie., zs2;! =

1(mod n). For fixed ¢ satisfying 1 < ¢ <n — 1, we have {cz;! mod n : zs €
U,} = {czmodn : z € U,}. Let g = ged(¢,n). Then ged(c/g,n/g) = 1,

and
1
Z Z |hs ’2>\ Z Z |hs 2>
zs€Un hs€Z\{0} z€Un  h,eZ\{0}
hszfc,z;1 (mod n) hs=—cz (mod n)
=22 AP
T — on|2X 2
2€U,, meZ [mn cz\ 2€U,, meZ im(n/g) - C/Q)Z’
n/g—1 1
_ —2)
=9 Z Z |h|2)‘ <g g Z Z RS
z€U, heZ\{0} a=1 hez\{0}
h=—(c/g)z (mod n/g) h=a (mod n/g)

= g' ™ 20(2) (1- (n/g) ™) < 2(2N),

where the last step holds because ¢ > 1 and A > 1/2. (The condition
A > 1/2 is needed to ensure that ((2\) < oo.) Hence

A
[6(z5)]" < Z (2W2L3|u|x T2 Z I, P
seug{l:s} hu\{s}e(z\{o})\u\—l Jeu\{s} J
hu\{s}~zu\{s}50 (mod n)

1 o .
o) L 2¢(2) o
T om) > (272 )% ¢ )< 2. [Tjewy }|hﬂ'|2A>
seuC{l:s} ho () €@\ {0}l -1 jeu\{s
Ru\ {5} Zu\ {5} 70 (mod n)

1 A 2620\ M
<o 2 ”“((%2») :

seuC{l:s}
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Now we use (5.19), the induction hypothesis and another use of (5.20) to
obtain (5.18). O

Theorem 5.9. (Optimal CBC error bound — the anchored case) A
generating vector z € UZ can be constructed by a (modified) CBC algorithm
such that the squared shlft averaged worst case error eSh .(z) in the weighted
anchored Sobolev space with anchor ¢ satisfies

| 1/X
1 2 "
O P D - Sy
14 0AuC{1:s}
for all A € (1/2,1], where 8 = ¢ —c+1/3, ((-) is the Riemann zeta function

(5.5), and ¢(n) is the Euler totient function (5.14). For product weights,

the algorithm minimizes [e5”,(2)]? step by step as usual. For general non-

product weights, the algorithm minimizes an auxiliary quantity en s d( z)
depending on s,

2= 3 Fun —ZHBQ({’“J}) RS

D#£0C{1:d} k=0 jEb
step by step for each d = 2,3,...,s, with auxiliary weights defined by
Vs,p 1= Z L Nl & I (5.22)
pCuC{l:s}
Note that the latter algorithm is not extensible in s.

Proof. In the previous proof we made use of the Fourier expansion of B,
which has no constant term. To allow us to use essentially the same argu-
ment here, we start from (5.12), adapting the identity (4.2) and swapping
the order of sums, to obtain:

[ez‘}s<z>12:—2 PORED D I B2 ({k})— 2. B
k= OuC{l s} oCu Jj€v uC{1:s}
DR 10 ({2})- X s
k= OUC{l s}oCuC{l:s} S uC{1l:s}

SIS s e ({5

k=00C{1:s} Jjev

Y A —ZH& <{kzj}> : (5.23)

P#0C{1:s} k=0 jeo
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where we introduced the auxiliary weights defined in (5.22).

This last expression takes the same form as the squared shift-averaged
worst case error in the unanchored space. However, there is a vital difference
that the auxiliary weights 75, depend on the dimension s. Consequently, a
recursive formula of the form (5.19) does not hold.

Case 1. Consider first the case of product weights ~, = Hjeu v It
follows from the definition (5.22) that, for s ¢ v, we have

is,n = Z Tu /Blul_‘n‘ + Z YuVs 5M_IUI+1 = (1 + 'Ysﬁ)is—l,n-
pCuC{l:s—1} pCuC{l:s—1}

Thus, by separating the terms depending on whether or not the element s
is included in the set v, we obtain

[enrs(2))2 = (1 +vsB)lents 1 (21, 2s-1)) + 6(25)

where
1 n—1 ez
R =~ J
0(zs) = § Vs,0 n g I |B2 ({—n })
sevC{l:s} k=0 jecv

The induction hypothesis is now
1/

[o]
CONTCTRIENNY P NI %M;(%*j)

EOINE. A (2r?)

for all A € (1/2,1]. For the quantity 6(zs) we follow the averaging argument
in the previous proof to obtain

R o (20N
o< 3 ()

sevC{l:s}
2 |o]
)

Combining the estimates, we obtain
/A

1
[6%}33(2:)]2 < (1 +r785) W r)/s 1,0
@#nc{l s—1}

1 ‘U‘
+ o) Z 7§‘n )

v sevC{l:s}

Applying (5.20) then yields

N o (2620 )"
[ n,s( )] < QD(TL) wig{:lzs} Ws,n <(27T2)>‘> : (524)
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Finally we express the result in terms of the original weights. Using (5.22)
and (5.20), we have

~A 2((2)\)>°
@#l@z{lzs}rys’n <(27T2)>\

o
< 3% pluilens (fgﬂ?) T 40 i

vC{1l:s} vCul{1l:s} uC{l:s}

o
=3 R <2<<§?A)> ST R

uC{1:s} vCu uC{1l:s}

lu|
> R () - T o

uC{1:s} uC{1:s}

lu|
< > (GaRee) (5.29

PAuC{1:s}

That the bound holds for s = 1 follows as before, completing the proof for
the case of product weights.

Remark: For the case of product weights, the use of auxiliary weights is
only needed in the proof and has no bearing on the actual CBC construc-
tion. It is also possible to prove the result by working directly with the
simplified worst case error expression for product weights, see (5.13), with-
out introducing auxiliary weights. We have chosen to prove the result this
way to provide valuable insights to the more complicated case of general
non-product weights.

Case 2. Now we consider the case of general non-product weights. Due
to the lack of structure in general weights, we are unable to relate [e;}}s(z)]Q
to [6,81}713,1(21, ..., 2s-1))% in a meaningful way. We therefore switch to a
modified CBC construction based on the auxiliary quantity (5.21). Note
that the auxiliary weights depend only on the final dimension s and not on
the induction index d in (5.21). This allows us to write

&2 a2, za) = 2 g q (21, 2ae1) + 0(za)
where
~ » k:z]
0(za) = Z Yso | ZHBZ
devC{1:d} k 0j€v
Note that
%,s7s(z) = ei,s(z), but E’fl’svd(zl, ceey2d) # efhd(zl, sy zq) for d<s.
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Hence the CBC construction based on the auxiliary quantity is not the same
as the original CBC construction. We prove by induction that the CBC

construction based on the auxiliary quantity yields, for each d =1,2,...,s,
o] 1/A
1  (2¢(2N)\"
ensd(z, - 524) < o) Z Vs (W
14 D#£vC{1:d}

for all A € (1/2,1]. Since the auxiliary weights do not change with the
induction index d, the proof is essentially the same as the previous proof for
the unanchored space. At the final step d = s we recover the error bound
(5.24), which can be expressed in terms of the original weights following
(5.25). This completes the proof. [

The following theorem illustrates how we can apply the theory of this
section to a given integration problem.

Theorem 5.10. (CBC integration error) Suppose that a given inte-
grand f belongs to either our weighted anchored or unanchored Sobolev

space. A lattice rule generating vector z € Uj, can be constructed by a CBC
algorithm such that, for all A € (1/2,1],

1/(2))
1 2¢(2)) Ju

E|I — &n,s\5; 2 >\ 7= ;i\( A) S,

VEIL(D) = QusG P < | o Wé{jhs}v orph P 1o

where the expectation is taken with respect to the random shift which is
uniformly distributed over [0,1]%, 8 = ¢* — ¢+ 1/3 for the anchored variant
with anchor ¢ and § = 0 for the unanchored variant, ¢(-) is the Riemann
zeta function (5.5), and ¢(n) is the Euler totient function (5.14).

We conclude this subsection with the remark that a different analysis can
be used for the anchored Sobolev space if, roughly speaking, the auxiliary
weights (5.22) are dominated by the original weights, i.e., if

Z ’Yuﬁ‘u‘iM < Cv

[u|<oo
vCuCN

for all finite subsets v C N, where C' > 0 is independent of v. A similar
result holds if the weights are of the following special POD form:

= (([ul + 00 T
JjEu
where / is a nonnegative integer and «a is a positive real number. We explain

the alternative analysis for this case below.
Recall that for the anchored space the CBC algorithm must work with
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auxiliary weights (5.22) which do not preserve the POD structure of the
original weights. We can write

%s,n = Z ‘u‘ + 6 HV]

vCuC{l:s} JjEu
|a
(ol +0)1) (H%) > (LHO;) I
jEv oCuC{l:s} (o] +£)! j
CuC{1l:s ]eu\n
(o] + [w] + ¢
() 3 (e
jEv wC{1:s}\v (‘U‘ +0)! JjEW

Using the simple inequality

+
(p+a)! _ (p+a <’§ P4\ _ gpg
plq! p )~ k ’

k=0
we obtain
Yo < ((Jo] +0)1) (H’yj> Z (\m]!Q\UHIm\H)aH%
jEv wC{1l:s}\v jEw
<l + 00 (TIE 9 )2 % ol [T = ean o

JjEb wC{1l:s} JED

where

Yo = (o[ + O T[@%), and coy =2 > (o) JT")-
JjEb wC{1l:s} JjE€D

Thus from (5.23) we can write

(2P <er .7 ZHBQ ({kzj}> . (5.26)

P#A0C{1:s} k 0j€ev

Hence, we can use the expression on the right-hand side of (5.26) (without
the factor ¢, ) as the search criterion for the CBC construction. The benefit

is that the new weights 7, are also of the POD form, and they do not depend
on the dimension s. This means that a fast implementation is possible (see
Subsection 5.6) and that the algorithm is extensible in s. The resulting
error bound would be slightly worse (each factor in the product part of the
weights would be scaled by 2%, and there is an additional factor of ci/.? in
the overall error bound in Theorem 5.10), but the convergence rate and the
dependence of the implied constant on the dimension s remain the same as
before.
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5.5. Fast CBC construction for product weights

In this subsection we explain how to implement the CBC construction effi-
ciently for product weights. We begin by presenting a naive implementation
of Algorithm 5.6 as a pseudocode. Then we discuss the techniques to speed
up the computation.

The reader should keep in mind that the general approach described in
this subsection applies to all shift-invariant kernels: we can replace By(x)
by any generic function whose integral over [0, 1] is 0.

Pseudocode 1 (CBC: naive implementation)

(e [ ({5)+1])

for s from 1 to s, do
for all z;, € U,, do

A =~ [0+

i
L

WM

i=1
end for
_ : 2
zs = argmin_cyy e5(2)
end for

Recall that
Ly ={2€Z:0<z<n-—1},
U, :={z € Zy, : ged(z,n) = 1},

with ¢(n) := |U,|. In the pseudocode we used the simplified notation

e2(z) = €5 (21, .., 25)]?

to highlight the fact that zg is the only component to be determined at
step s; all previous components zi,...,zs_1 have already been fixed. To
simplify the exposition, we included z; in the search as well, even though
all choices in the first dimension are equivalent.

The computational cost of this naive implementation is O(n? s2 . ) oper-
ations. There are a number of ways to reduce this cost. Firstly, due to the
symmetry Bo(x) = Ba(1—1x), we have €2(z;) = e2(n— z,) thus we only need
to search through half of the elements in U,. Secondly, at step s we can
write

63(23) = (1+s8) eg—l

SE[R(ED e ()] e
Qn (25,k) ps—1(k)

k=0

The n values ps_1(k) do not depend on z,, and can be stored during the
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search. This reduces the construction cost to O(n2 Smax) operations, at the
expense of O(n) storage.
The values of (5.27) for all z; € U,, can be expressed as a ¢(n) x 1 vector

eS = [eg(zs)]zseUn?

which can be computed in terms of a matrix-vector product, with the ¢(n) x
n matrix

kz mod n
Q= [Q(2, k)] cu, = [Bg (7)]%@” ) (5.28)
kE€Zn n kEZn,
and the n x 1 vector
Po_1 = [ps—1(k)lkez,-
This yields our second pseudocode.
Pseudocode 2 (CBC: matrix-vector form)
py=1
eg =0
for s from 1 to sy, do
e = (1+sB)e’ | + % Q. p,_y > compute
z, = argmin, .y, e2(z) > select
A= edz) > st
Py = (1 4+7:(2n(zs,1) + B)) .+ Py > update
end for

In this second pseudocode, €2,(zs,:) means taking a particular row of
the matrix, while .x means element-wise vector multiplication. Also, 1 =
(1,...,1) and B = (B,...,[) are vectors with the appropriate length.

At the update stage, the vector p,_; can be overwritten by the vector p,.
Thus the memory requirement is of order O(n).

The trick now is to order the indices z € U,, and k € Z, in (5.28) in
a clever way in order to allow fast matrix-vector multiplication. Below we
explain how this is achieved for the simpler case when n is prime.

When n is prime and using the Rader factorization, the matrix €2,, can be
reordered such that it has a circulant submatriz C,, of size (n —1) x (n—1).
This is achieved by taking the indices in the order

z:gi and k:(g_l)i/ for 0<i,i <n-—2,

where ¢ is a primitive root of n (i.e., g is a generator for the cyclic group
U,) and ¢g~! denotes its multiplicative inverse. We denote this particular

ordering of €2, by Q,<19>. Thus, for n prime, the element Qﬁfﬂ (i,4") in the
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— e}
0

Figure 5.5. (Image by Dirk Nuyens) The structure of the matrix Q53 for the fast
CBC construction of lattice rules. Left: original ordering of indices. Right: after a
reordering of indices.

(i + 1)th row and (¢ 4+ 1)th column of QY is given by

(g (g o< <n-2
Q(g)(l,z’):{o g1

where g%, (g7")" € U, for 0 < 4,7/ < n—2. A graphical illustration of the
effect of reordering the indices is given in Figure 5.5. We present a concrete
illustration of the reordering in the example below.

Example 5.11. Taken = 11. Then we have Uy; = {1,2,3,4,5,6,7,8,9,10}.
The natural ordering of the indices z € Uy; and k € Zq; gives the 10 x 11
matrix

o1 2 3 4 5 6 7 8 9 10

0 2 4 6 8 10 1 3 5 7 9

03 6 9 1 4 7 10 2 5 8

04 8 1 5 9 2 6 10 3 7

Qi = B 110 5 10 4 9 3 8 2 7 1 6
110 6 1 7 2 8 3 9 4 10 5

o 7 3 10 6 2 9 5 1 8 4

0 8 5 2 10 7 4 1 9 6 3

o9 v 5 3 1 10 8 6 4 2

010 9 8 7 6 5 4 3 2 1

The generator for the group Uy; can be taken to be g = 2. The ordering for
the z indices is then

[¢°:0<i<9=1[1,24,8,510,9,7,3,6].
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For the ordering of the indices k # 0 we take the powers of g~ = 6,
(971" :0< i <9 =11,6,3,7,9,10,5,8,4,2],

which, leaving aside the index 1, is the reverse order of the z indices. This
reordering, together with a column of zeros for k = 0, gives the matrix

1 6 3 7 9 10 5 8 4 2 |0]

2 1 6 3 7 9 10 5 8 4 |0

4 2 1 6 3 7 9 10 5 8 |0

8 4 2 1 6 3 7 9 10 5 |0

Q? _p 1|15 8 4 2 1 6 3 7 9 10 |0
11 211 10 5 8 4 2 1 6 3 7 9 |0 ’

9 10 5 8 4 2 1 6 3 7 |0

7 9 10 5 8 4 2 1 6 3 |0

3 7 9 10 5 8 4 2 1 6 |0

6 3 7 9 10 5 8 4 2 1 |0

C11

where the 10 x 10 submatrix C; is circulant.

We can halve the number of rows and the number of columns of the
circulant submatrix C1; due to the symmetry Ba(z) = B2(1 — x), to obtain
the reduced form (denoted by a ~ instead of =)

1637910
Ll 21637 |0
QY ~B|—=| 4216 310]],
11
84216 |0
58 42 10
6‘411

(2)

where we remember that the full matrix 2,7’ can be obtained by doubling

the 5x 5 circulant submatrix C1; vertically and horizontally up to the double
bar. This concludes our simple example.

If we express the reordering of indices induced by g as permutations H;
and II,—1 on the rows and columns of the matrix €2, then we obtain

-1

y=Qp,, H;i‘l = (HE Q,11;-1) (H;—l pe 1) = QY P<gfl !

s

Since the initialization of py = 1 is unaffected by any permutation, we only
need to work with the permuted vector throughout. We just need to make
sure that the correct index z; is chosen at the select stage.
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A matrix-vector multiplication with a circulant matrix C.,, of size m x m,
with first column ¢, can be obtained by

Cnx=F,! diag(F,,c) F,, x
= IFFT(FFT(¢).x FFT(x)),
where
Fm - [exp(_Qﬂ-ipq/m)]OSp,qufl

is the Fourier matrix of size m x m, and

L -
Fl= — [exp(2mip q/m)]o<p g<m—1 -

Using FFT and IFFT, this matrix-vector multiplication takes O(m logm)
operations instead of the usual O(m?), and uses O(m) memory.

Using permutation together with FF'T, the cost for the CBC construction
can be reduced to O(n log n smax) operations, at the expense of O(n) storage.
This approach is called the fast CBC' construction, and is due to Nuyens and
Cools (2006a) and Nuyens and Cools (2006b).

For composite n, the general idea is that the complete matrix €2,, can be
partitioned in blocks which have a circulant or block-circulant structure.

We summarize the fast CBC algorithm in the pseudocode below. We

stress again that the key point is to use FFT to compute the matrix-vector

product Qflm p._1, taking care to select the correct z; under the correspond-

ing permuted set of indices.

Pseudocode 3 (Fast CBC: matrix-vector form with permuted matrix)

Py =1
eg =0
for s from 1 to sy, do
e§<g> = (1+4sB)e2_1 + s Q9 p, > compute — use FFT
n
z, = argmin,cy,_e2(z) > select — pick the correct index
e2 = e2(z) > set
Dy = (1 + 78(Q§L9>(zs, D)+ ,8)) K Dgq > update
end for

5.6. Fast CBC construction for POD weights

Here we explain how the fast CBC construction can be extended to POD
(product and order dependent) weights, see (4.4), covering order-dependent
weights as a special case. For completely general weights v, the cost for
evaluating [e;}}s(z)]Q in (5.12) is prohibitively expensive, whereas for POD
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sh
n7

weights their special structure enables us to compute [eP,(2)]? using a re-
cursive argument starting from dimension one.

We restrict ourselves to the unanchored Sobolev space. (Recall that the
CBC algorithm for the anchored Sobolev space minimizes an auxiliary quan-
tity that depends on the auxiliary weights (5.22). The POD form of the orig-
inal weights is not preserved under the auxiliary weights, thus the strategy
to be described here is not applicable to the anchored space setting; see also
the remark at the end of Subsection 5.4 for cases where fast CBC for POD
weights can be used.) However, the approach can be generalized to other
shift-invariant kernels if B is replaced by another function that integrates
to zero.

With POD weights v, = Ty Hj€u| 7, we can write the shift-averaged
worst case error at step s (using again the simplified notation of the previous

subsection) as

e2(z) = — Z Z Dy H (W B ({kzj }>>

k 0 PAuC{1:s} JEu

:_nzlf: 3 FgH(’}/]BQ <{kzj}>> (5.29)

k=0 (=1 uC{1:s} JEu
Jul=¢

ps,[(k;)

We split the sum over u into two depending on whether s € u, to obtain

(=) = %ZZ [ >, ]l <% b2 <{k}>>

k=0 (=1 uC{l:s—1} JjEu
|u|=¢
psfl,Z(k)
Fg kzs kz;
—t B r B ’
rmen({B) 2 ren (e ({5)))]
uC{1l:s—1} JEU
|u|=¢—1
Qn(;'rs,k) ps—l,l‘r—l(k)
5 n—1 s r
_ SN d : :
€ 1+ ;} 257k) <£ 11—\7 - Ps— 1,0— 1(k)> (530)

The computation of (5.30) for all z; € U, can be expressed in matrix-

vector form
S

gl L'y
e§:e§,11+fﬂn <ZF Ps—1,0- 1)
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with the update formula

L'y
psl = ps—l,f + ﬁ'}’s Qn(zs, Z) Sk ps—1,€—1 for ¢ = 1, ey S,

starting from
Psp=1 and Psy=0 for all s >1 and ¢ > s.

We need to store the vectors p, , for £ =1,...,s, each of length n. These
s vectors correspond to the s possible values of |u| for ) # u C {1 : s}. These
vectors can be overwritten for dimension s + 1. Thus we require O(n Spax)
storage overall. The update cost for dimension s is O(n s) operations.

If we permute the rows and columns of the matrix €2,, and use FFT to
carry out the matrix-vector multiplication as in the case of product weights,
then the search cost for each dimension is O(nlogn) operations. The overall
cost, combining search and update in all dimensions up to Smax, iS

O(nlogn smax + 152,

max

operations.

If the weights are of finite order ¢, i.e., I'y = 0 for all £ > ¢, then the
update cost for every dimension is capped at O(n ¢) operations, with O(n q)
memory requirement, and the overall cost combining search and update in
all dimensions up to spax is reduced to

O(nlogn smax + M q Smax)

operations.

The reader may question why we did not leave out the factor I'y from
the definition of ps (k) in (5.29). Indeed, the expression (5.30) and the
update formula would have been simpler if we had defined p; (k) that way.
The problem is that for certain POD weights we may have I'y growing very
quickly with increasing ¢ and ~; decaying with increasing j: for example,

o= ()T
J€Eu
For weights of this kind, the alternative approach would be numerically

unstable. The approach we outlined here works with the ratio I'y/T'y_q,
thus avoiding the potential problem of overflow when working with I'y.

5.7. Extensible lattice sequences

The CBC construction yields a lattice rule which is extensible in dimension,
but not extensible in the number of points. Recall that the formula for
obtaining the ¢th point of an n-point lattice rule with generating vector z is

t; = {%z} . (5.31)
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In an extensible lattice sequence we take z to be a vector of b-adic numbers

Yo arb”, where a, € {0,1,...,b — 1}, and allow n to increase. In an
extensible lattice sequence with base b > 2, the formula (5.31) is changed to
t = {6y(i) 2} (5.32)

where ¢p(-) is the radical inverse function in base b (or the Gray code variant
in which the successive indices differ only in one b-ary digit). The formula
(5.32) does not require you to know n in advance, and so in practice you can
add more points to your lattice rule approximation until you are satisfied
with the error.

When n = 0™ for any m > 1, the formulas (5.31) and (5.32) produce the
same set of points, only the ordering of the points is different. Therefore,
to obtain the points of an extensible lattice rule only at exact powers of the
base, one can avoid the radical inverse function and still use the formula
(5.31). For example, if we take b = 2 and denote by L,, the lattice point set
with 2" points, then we can illustrate the lattice sequence as follows:

to =0, t; = 1, to,t3, ta, b5, b6, t7, ts. o, b0, t11, t12, t13, t1a, tis, <. ..
—— ~—~—~—

Lo ?fl_/ AL, ALs ALy
Ly
Lo
L
Ly

The number of points in L,, doubles as we move along the sequence, and
the set of additional points AL, = L, \ Ly,—1 is generated by {iz/2™} with
¢ running through all the odd numbers up to 2™ — 1. In Table 5.1 we show
how the points are ordered under radical inverse and the Gray code variant.

Empirical searches for extensible lattice sequences were considered in
Hickernell, Hong, L'Ecuyer and Lemieux (2000). Then it was proved by
Hickernell and Niederreiter (2003) that good generating vectors exist for
extensible lattice sequences, however the proof was non-constructive.

Cools, Kuo and Nuyens (2006) constructed embedded lattice rules that are
good for n in a large practical range 0™ < n < ™2, They used a modified
CBC algorithm to construct a generating vector z, minimizing as much as
possible the search criterion

eim 5(2)
X z):= max ——2
m1,m278( ) m1<m<ma 62}7278(z(m)),

where esh, S(z(m)) denotes the shifted-averaged worst case error for the gen-

erating vector obtained by the original CBC construction for b points,
which is used as the reference error to provide a good normalization. The
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Table 5.1. Ordering of lattice points

ActA NUMERICA

1

natural order

radical inverse

Gray code variant

Ly 0 0 0 0
AL, 1 1/2=0.5 (0.1)2 = 0.5 (0.1)2 = 0.5
ALy 2 1/4=0.25 (0.01); = 0.25 (0.11)3 = 0.75

3 3/4=0.75 (0.11); = 0.75 (0.01); = 0.25
ALy 4  1/8=0.125 (0.001); = 0.125  (0.011); = 0.375
5  3/8=0.375 (0.101), = 0.625  (0.111)y = 0.875
6 5/8=0.625 (0.011), = 0.375  (0.101); = 0.625
7 7/8=0875 (0.111), = 0.875  (0.001); = 0.125
ALy 8 1/16=0.0625 (0.0001); =0.0625 (0.0011); = 0.1875
9  3/16=0.1875 (0.1001); = 0.5625 (0.1011), = 0.6875
10 5/16=0.3125  (0.0101)y = 0.3125 (0.1111)y = 0.9375
11 7/16=0.4375 (0.1101)y = 0.8125 (0.0111)y = 0.4375
12 9/16=0.5625 (0.0011)y = 0.1875 (0.0101); = 0.3125
13 11/16=0.6875 (0.1011); = 0.6875 (0.1101); = 0.8125
14 13/16=0.8125 (0.0111)y = 0.4375 (0.1001); = 0.5625
15 15/16 =0.9375 (0.1111)y = 0.9375 (0.0001)5 = 0.0625

components of z can take values up to 2 — 1. Due to many structures in
the embedding, the computational cost for the modified CBC algorithm is
only a factor of O(mz) more than the cost for constructing a lattice rule with
a fixed number of points. Figure 5.6 illustrates the embedding structure.
Numerically, it is found in Cools et al. (2006) for 210 < n < 229 s up
to 360, and a number of different choices of product weights and order-
dependent weights, that the quantity X, m, s(2) resulting from the modi-
fied CBC construction is at most 1.6, indicating that the embedded lattice
rules achieve the near-optimal rate of convergence of lattice rules with a
fixed number of points, but with an implied constant up to 1.6 times larger.
Dick, Pillichshammer and Waterhouse (2008) introduced a sieve algorithm
to obtain extensible lattice sequences. The general principle is to begin with
a number of generating vectors that are good for some value of n, drop those
vectors that are not good for a larger value of n, and then repeat this pro-
cess for larger and larger values of n. Some parameters need to be specified
beforehand to ensure that the sieve process leaves a nonempty set of gen-
erating vectors. Note that this sieve algorithm yields lattice sequences that
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[0 Natural ordering of the indices 0 Symmetric reduction after application
of By kernel function

0 Grouping on divisors 0 Generator ordering of the indices

Figure 5.6. (Image by Dirk Nuyens) The structure of the matrix 195 for the fast
CBC construction of lattice rules, illustrating the reordering of indices and the

reduction due to symmetry. The matrices €2,, for n = 2™ with m < 7 are
embedded in Qq9g.

are extensible in n but the algorithm is very expensive to implement. Dick,
Pillichshammer and Waterhouse (2008) also introduced a cheaper version
called the CBC sieve algorithm which yields embedded lattice rules that
work for a finite set of n and are extensible in s. This theory can also be
modified to provide the theoretical justification for the algorithm from Cools
et al. (2006).

5.8. Lattice rules in weighted Korobov spaces

In the previous subsections we have presented the lattice rule results for
weighted anchored or unanchored variants of Sobolev spaces containing func-
tions with square-integrable mixed first derivatives. Analogous results were
originally obtained in a different function space setting, the weighted Ko-
robov spaces of periodic functions.

We now briefly review the essential ingredients and results for weighted
Korobov spaces, with the motive of understanding how one might achieve
better than order-one convergence rate for non-periodic integrands. In the
Korobov space setting, there is a smoothness parameter o« > 1/2. (The
parameter « as used here differs by a factor of two from the usage in Sloan
and Wozniakowski (2001).) The Korobov space can be viewed as an Lo
version of the Korobov class E,(c) mentioned in Subsection 5.1. It again
contains 1-periodic functions with absolutely convergent Fourier series (5.1)
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but with the inner product now given by

) 2c N
<fag>s,oz,v = Z Mf(h)’g\( )7

hezs Tu(h)

with u(h) := {j € {1: s} : hj # 0}. The reproducing kernel is

Ks,oz,’y(may): Z 7’*H Z .|20¢

uC{l:s}  jeu \h ez\{0} 1A
e27rihj (zj—y5)

- Zf)/u(h) H h.|2e
|yl

hezs jeu(h)
Tu(h) 627rih-(w—y).
heZs H]Eu h) ‘h ‘QQ

e2mih; (x5 —y;)

From this last expression it is easy to verify the reproducing property.

The parameter o moderates the rate of decay of the Fourier coefficients,
and is related to the smoothness of the functions. To illustrate this point,
we note that when « is an integer, the norm in one dimension can be written

o= ([ 1000) + o [ (190)"

Thus « is precisely the number of available square-integrable derivatives.
When « is an integer, we can use the property (5.7) to rewrite the kernel
as

Kenrlen) = Y Il (o B - ). 63

uC{l:s} j€u

where By, (+) is the Bernoulli polynomial of degree 2. Our earlier results
in the Sobolev space setting were originally obtained by observing that the
associated shift-invariant kernel, see (5.11), is in fact the kernel for a Korobov
space with o = 1 but with some redefined weights.

It is straightforward to deduce, using Theorem 3.5, that the worst case
error for a rank-1 lattice rule in a weighted Korobov space satisfies

e2mihkz;/n

Z Z %‘HZ ||2a

"0 04uC{1is}  jCu hez {0}

For product weights, the expression simplifies to

n-1 s e2mihkz;/n
( =—-1+- ZH<1+’Y] Z W),

k=0 j=1 heZ\{0}
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which is precisely the formula for P, when all v; = 1, see (5.4), but with o
replaced by 2.

The following theorem summarizes the error bound for lattice rules con-
structed by the CBC algorithm in weighted Korobov space. We remark that
the result holds for unshifted lattice rules, but since the reproducing kernel
is shift-invariant, the result applies also to shifted lattice rules. The best
convergence rate is obtained by taking A — 1/(2«), which yields close to
O(n™%) convergence.

Theorem 5.12. (Optimal CBC error bound in Korobov spaces) The
generating vector z constructed by the CBC algorithm in Korobov spaces,
minimizing e? ,(z) in each step, satisfies

1/

2 (2)< [ —= & (2¢(2a0)M
7 (,O(?”L) @#ugz{lzs} !

for all A € (1/(2a),1], where ¢(-) is the Riemann zeta function (5.5) and
©(n) is the Euler totient function (5.14).

Proof. Using the character property (5.2), we can write

1
ei,s(z) = Z 'Yu( Z 71—[ |h'|2a> .
hue( Jjeu ')

PAuC{1:s} Z\{o})lul
hy-zy=0 (mod n)

The rest of the proof follows the proof of Theorem 5.8, which is essentially
the case a = 1, but with weights scaled by (2m)¥. ]

The results for Korobov spaces are not often useable in practice because
integrands are typically not fully periodic. However, the analysis in Korobov
spaces provides the fundamental framework for the lattice rule analysis in
Sobolev spaces. There we achieved order-one convergence via shifting: the
shift-averaged worst case error in Sobolev spaces of smoothness one is re-
lated to the Korobov space with = 1. Our aim now is to achieve higher
convergence rates for non-periodic functions by linking with the results in
Korobov space with a > 1.

5.9. The baker’s transformation

Extending Example 3.8 to s dimensions and introducing weights as in Sec-
tion 4, we obtain the reproducing kernel for the weighted and unanchored
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Sobolev space of smoothness «

Ksa;y - y Z ’}/uH <B2a ijl ‘|‘Z )) ]

uC{l:s}  j€u

(5.34)
Comparing with (5.33), we see that this kernel has additional terms involving
the lower degree Bernoulli polynomials By, ..., B,. We already know that in

the case of smoothness one (o = 1), the associated shift-invariant kernel does

not involve the lower degree polynomial By; in short, shifting removes Bj.

In this subsection we explain how shifting followed by folding removes Bs.
The baker’s transformation makes use of the function

2t ift <1
t)y=1—2t—1| = -

olt) | | {2—% ift > 3.
It is called the baker’s transformation since it emulates how a baker stretches
and folds bread dough. In one dimension, if we apply the baker’s transfor-
mation to the n points of a left-rectangle rule 0,1/n,2/n,...,(n — 1)/n,
where n is even, then we obtain the points

2 4 n—2 n—4 2

0,2,=,...,1, , -
n n n n n

which are the points for a trapezoidal rule. A rectangle rule has quadra-
ture error O(n~!), but a trapezoidal rule has quadrature error O(n=2) if
the integrand is sufficiently smooth. This is the underlying motivation for
considering the baker’s transformation. Its application in the context of
QMC is due to Hickernell (2002). In the following, we refer to the process
of applying the baker’s transformation as folding and the resulting point set
as the folded point set.
A shifted and then folded QMC rule takes the form

n—1

QA f) = 13 F (6t + A

=0

Note that this can also be viewed as applying a shifted lattice rule to a
transformed integrand g = f o ¢. However, this interpretation is not helpful
because the transformed integrand g does not have the sufficient smoothness
to get higher order convergence.

Similar to Subsection 5.2, for a given point set P we denote by ¢(P + A)
the shifted and then folded QMC point set. Then for a given shift A we
have

L(f) = Qo (A; )] < ens(@(P + A); H) || f |,



HIGH DIMENSIONAL INTEGRATION — THE QUASI-MONTE CARLO WAY 91

and for a randomly shifted and folded rule we have

VEIL() — Qha(s )12 < eh2(P HY |1 £l

where

es (P H) \// o(P+ A); H)dA. (5.35)
0,1]s

Theorem 5.13. (Formula for the shift-averaged and folded worst case error)
The shift-averaged and folded worst case error (5.35) for a QMC point set
P in a RKHS H,(K) satisfies

“1n-1
[e;héqb(P; HS(K) / K(ZC y d:cdy—|— ZZ Ko t tk
’ 0,15 J[0,1)s — ¢

where

K0 (g, y) 1= /[O . K(¢{z + A}, o{ly + AV A forall z,y € [0,1].
7 (5.36)

Proof. Using the definition (5.35) and applying the formula (3.9) for the
worst case error e, s(¢(P + A); Hy(K)), we obtain

[eps (P; Hy(K))J?

/ chyda:dy——Z/ (p({t; + A}),y) dA dy
[0,1]¢ J[0,1]* [0,1]* J0, 1]s
n—1ln—1

P [ KL AD, ot + A])da

1=0 k=0

With a change of variables w = {¢; + A}, the double integral in the second
term becomes f[o,l]s f[og}s K(¢(w),y)dwdy, which is easily seen to equal
f[o 1) f[o s K (z,y) dz dy. The result then follows from the definition (5.36).

O

We now demonstrate the effect of shifting followed by folding for the case
a = 2. To obtain the shifted and folded kernel K™% associated with (5.34),
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we need to evaluate the following integrals

1

Ty(y) = /0 Bi(é({x + AD) Bu(é({y + A}))dA,
1

To(a.y) = /0 Ba(é({x + AY)) Ba(é({y + A}))dA,

1
Tiy) = /0 Bu(l6({z + A}) — d({y + A}))dA.

By using the Fourier series expansion (5.6) of the Bernoulli polynomials, it
can be shown (Hickernell 2002) that

Ti(a,y) = —3Balle —y}) + 3 Balla —y — 1)),
Ty(e,y) = ~3Ballz —y}) — 3 Balla —y — 1)),
Ti(e,) = 5 Balfe — ) — SBal{e —y — 1))

+ 22 Bo({r — y}) - o2 Bol{z —y — ).

Since the lowest degree Bernoulli polynomial in the above expressions is By,
we conclude that the shifted and folded kernel is related to the kernel of the
Korobov space with smoothness parameter o = 2. This indicates that we
get a convergence rate close to O(n~2).

Additionally, it can be shown that the CBC construction yields lattice
rules achieving a convergence rate close to O(n~2), and that the implemen-
tation can be done in a fast way for product or POD weights. We omit the
details.

It is possible to generalize the baker’s transformation to obtain even higher
rates of convergence, however, there is a seemingly inevitable dependence
on s, prohibiting the strategy for practical use in high dimensions.

5.10. Periodization

From the results for the Korobov space, we know that lattice rules can
yield higher rates of convergence for periodic integrands. This brings us to
consider strategies for transforming a non-periodic integrand to a periodic
integrand.

We now briefly explain one periodization strategy. Let w : [0,1] — R be
a smooth function, with

1
w(0) =w(l) =0, w(y)>0foralye(0,1), and /0 w(y)dy = 1.
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Define
y
»(y) ::/ w(u) du.
0
Then ) is an increasing function satisfying

V() =wly), ¥(0)=0 and ¥(1)=1.
The periodization transformation is essentially a change of variables x =

Y(y) = (Y1), -, (ys)) so that

L= [ s@des [ Ry = L)

with

F(y) == [(¥(y)) Hw(yj)-

The function F' is periodic since w vanishes at the end points.

Popular choices of w include the family of polynomial transformations
of Korobov (1963) and the family of trigonometric transformations of Sidi
(1993), see also Laurie (1996). For example, the former family is given by

o) = 2o+ (2 )y -

for a positive integer a.. In particular, we have w((0) = w()(1) for all <
a— 1. With this choice of w, and if f is sufficiently smooth, the transformed
integrand F' belongs to the Korobov space with smoothness parameter c,
and the lattice rule convergence rate is therefore close to O(n™%).

The problem with the periodization strategy is that the norm of the trans-
formed integrand F' can be exponentially large in s, thus is generally only
feasible for small to moderate s.

As we explained in the previous subsection, the baker’s transformation can
also be viewed as a transformation of the integrand. The baker’s transforma-
tion makes the end points of the function take the same value by reflection.
The periodization strategy, on the other hand, makes the function value and
perhaps also some derivatives vanish at the end points.

5.11. Notes

Lattice rules date back to the works of number theorists Korobov (1959)
and Hlawka (1962). There is an extensive literature up to the late 1990s,
which we refer to as the classical results; these are reviewed in detail in the
books by Niederreiter (1992a) and Sloan and Joe (1994), see also Hickernell
(1998b). The modern consideration of lattice rules can be said to have
begun with Sloan and WozZniakowski (2001) who proved the existence of good
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lattice rules for periodic integrands in weighted Korobov spaces, and via the
shift-invariant kernel, they showed that there exist good shifted lattice rules
for non-periodic integrands in weighted Sobolev space of smoothness one.
Although the results were non-constructive, they demonstrated that lattice
rules have a role to play for truly high dimensional integration as well as for
non-periodic integrands.

The CBC construction was first considered by Korobov (1959), see also
Korobov (1963), who proved error bounds for P, of order n=* for any
6 > 0 and for arbitrary n. The modern analysis of CBC construction for the
lattice rule generating vector began with Sloan and Reztsov (2002) for the
classical (unweighted) criterion P, in the periodic setting. Sloan, Kuo and
Joe (2002a) then introduced the CBC algorithm to construct a determinis-
tic shift along side the generating vector for integration in the non-periodic
weighted Sobolev spaces. Subsequently, the CBC algorithm for constructing
randomly shifted lattice rules in weighted Sobolev spaces (see Algorithm 5.6)
was introduced in Sloan, Kuo and Joe (2002b). In these earlier works only
O(n~1/?) convergence rate was proved. The fact that the CBC algorithm
achieves the (optimal) convergence rate close to O(n™%) in weighted Ko-
robov and close to O(n~!) in weighted Sobolev spaces with smoothness one
was later proved by Kuo (2003). Extensions of these results from prime n
to composite n were given in Kuo and Joe (2002) with convergence rate of
O(n~1/?), and Dick (2004) with convergence rate close to O(n~'). Other
considerations include the CBC construction of intermediate-rank lattice
rules (Kuo and Joe 2003), and a modified CBC algorithm making use of
the prime factorization of n for the purpose of speeding up the construc-
tion (Dick and Kuo 2004a, Dick and Kuo 2004b). All of the above results
were originally proved in the setting of product weights. Results for general
weights in Korobov spaces were obtained in Dick et al. (2006), and the cor-
responding results for weighted Sobolev spaces were obtained in Sloan et al.
(2004), again via the shift-invariant kernel.

The fast CBC construction was first introduced for prime n in Nuyens
and Cools (2006a) and later extended to composite n in Nuyens and Cools
(2006b). The special case of n being a power of 2 is discussed in Cools et
al. (2006). Fast CBC for POD weights was first considered in Kuo, Schwab
and Sloan (2011). Some good generating vectors for lattice rules can be
downloaded from http://www.maths.unsw.edu.au/~fkuo/lattice/. Im-
plementation of fast CBC constructions for various forms of weights can be
obtained from http://people.cs.kuleuven.be/~dirk.nuyens/fast-cbc/.

Extensible lattice sequences were considered in Maize (1980), Korobov
(1982), and Hickernell et al. (2000), but the first theoretical result proving
that good extensible lattice sequences exist was proved by Hickernell and
Niederreiter (2003). Cools et al. (2006) introduced a fast CBC construc-
tion for embedded lattice rules, while Dick, Pillichshammer and Waterhouse
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(2008) analyzed a sieve algorithm and also provided the theoretical justifi-
cation for the algorithm in Cools et al. (2006). An algorithm was introduced
in Niederreiter and Pillichshammer (2009) which constructs the lattice rule
digit by digit. Hickernell, Kritzer, Kuo and Nuyens (2012) investigated
strategies for applying a lattice sequence point by point.

Joe (2004) introduced a CBC construction of lattice rules based on an
error criterion called R, which is part of an upper bound to the classical
star discrepancy. This was later extended to the weighted setting for prod-
uct weights in Joe (2006), and to composite n in Sinescu and Joe (2008).
General weights were considered by Sinescu and Joe (2007) for prime n, and
by Sinescu and L’Ecuyer (2011) for composite n. The analysis for general
weights presented difficulties. (Recall that the CBC construction for the
anchored space with general non-product weights must work with an auxil-
iary quantity. There is a similar difficulty here.) Thus, instead of working
with weighted-R, the last two papers considered a related quantity which we
shall refer to as weighted- R, and which forms part of a different upper bound
to the weighted star discrepancy. This argument holds under a restrictive
monotonicity assumption on the weights that

Yo = whenever v Cu. (5.37)

Switching from weighted-R to Weighted—ﬁ does not require a redefinition
of weights. Thus any structure in the weights, such as the POD form,
would be preserved. Note, however, that the given POD weights may not
satisfy the monotonicity requirement (5.37) needed to allow for this switch
from weighted-R to weighted—é. (We remark that imposing the condition
(5.37) does not appear to eliminate the necessity to work with the auxiliary
quantity in the anchored space with general non-product weights.)

The baker’s transformation (which is called tent transformation in ergodic
theory) for shifted lattice rules was first introduced by Hickernell (2002) to
gain an extra order of convergence for non-periodic integrands, i.e., from
nearly O(n~!) to nearly O(n~2). The recent work by Dick, Nuyens and Pil-
lichshammer (2013) generalizes this strategy to obtain even higher rates of
convergence. There is, however, an inevitable dimension dependence. This
is similar to the issue with periodization in high dimensions, which was dis-
cussed in Kuo, Sloan and Wozniakowski (2007). An interesting discovery by
Dick, Nuyens and Pillichshammer (2013) is that the baker’s transformation
can be applied to an unshifted lattice rule, to achieve close to O(n~!) con-
vergence for non-periodic integrands, without the need to use random shifts.
This is different from most of the results discussed in this section.

Randomly shifted lattice rules for integrands over unbounded domains
(including R?®) were considered in Kuo, Wasilkowski and Waterhouse (2006)
and Kuo et al. (2010). The strategy is to transform the integrals to the unit
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cube by a change of variables, using the inverse of the cumulative distribution
function of some univariate probability density function. The transformed
integrands over the unit cube typically do not belong to the standard Sobolev
space setting, and this is why new theory is needed. It is proved that good
lattice rules can be constructed by a CBC algorithm in a similar way to the
standard theory in Sobolev spaces.

Another branch of lattice rule analysis focuses on the trigonometric degree
and similar quantities; see for example Cools and Lyness (2001), Lyness and
Serevik (2006), Cools and Nuyens (2008), and the references therein. Recent
constructions in terms of trigonometric degrees include the works by Cools,

Kuo and Nuyens (2010), Achtsis and Nuyens (2012), and K&dmmerer, Kunis
and Potts (2012).

Other search criteria for lattice rules were reviewed in L’Ecuyer and
Lemieux (2000), Lemieux and L’Ecuyer (2001), and L’Ecuyer and Munger
(2012), while L’Ecuyer, Munger and Tuffin (2010) considered the distribu-
tion of the integration error with respect to the random shift.

Lattice rules achieving exponential convergence rates in (modified) weighted
Korobov spaces were considered in Dick, Larcher, Pillichshammer and Wozniakowski
(2011).

Approximation of functions by lattice rules was considered in Li and Hick-
ernell (2003) and Zeng, Leung and Hickernell (2006). CBC constructions of
lattice rules for the approximation of functions were analyzed in Kuo, Sloan
and Wozniakowski (2006), Kuo, Sloan and Wozniakowski (2008), and Kuo,
Wasilkowski and Wozniakowski (2009).

The choice of weights in relation to the application of lattice rules were
considered in Wang and Sloan (2006), Dick (2012), and Kuo et al. (2012).

The character property (5.2) is based on the following general algebraic
structure: The set ([0,1)*,®) with addition modulo 1 given by & &y :=
{x + y} forms an abelian group, and the set of lattice points Py = {t; =
{kz/n} : 0 < k < n} is a finite subgroup. The set K of functions xp, :

[0,1)* - {z € C:|z| =1}, h € Z, given by

Xh(CU) — e27rih-m

constitute a group homomorphism of the group ([0,1)%, @) called characters.
They themselves form a group via the multiplication xpXx = Xnik Which
is isomorphic to the group (Z®,+4). The character-theoretic dual lattice of
the lattice point set Pl is given by the set of characters £+ = {xp : h €
7%, xn({kz/n}) = 1for all 0 < k < n}, which is a subgroup of the set of
characters. This can be used to define the quotient group Plét = K/,
which can be viewed as the dual group of characters of a lattice point set
Pt. Since the characters of ([0,1)°,®) are the basis functions of Fourier
series, it is natural to study lattice rules for numerical integration of Fourier
series. We will use an analogous algebraic structure in the next section.
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6. Digital nets and sequences

In the previous section we discussed the modern theory of lattice rules. Many
of the ideas there apply also to polynomial lattice rules, or more generally,
to nets and sequences. For lattice rules we have seen that Fourier series play
an important role. For polynomial lattice rules and nets this role is played
by Walsh series, which we introduce in the following subsection.

Throughout this section we denote by Ny the set of non-negative integers
and N the set of positive integers.

6.1. A brief discussion of numerical integration of Walsh series

Walsh (1923) introduced a system of functions denoted by {waly : k € Np},
which is in some way similar to the trigonometric function system {e?"*®
k € Z} that is connected to the well-known Fourier theory.

Definition 6.1. (Walsh functions in one dimension) For b > 2 we
denote by wp = €2™/% the primitive bth root of unity. Let k € Ny with
b-adic expansion k = kg + kb + -+ + k,_10""L. The kth b-adic Walsh
function wal, : R — C, periodic with period one, is defined as

Walk(x) — w:0§1+’@1§2+"'+"@7‘71§7'

)

for z € [0,1) with b-adic expansion x = &b~ + &b 2 + -+ (unique in the
sense that infinitely many of the digits & must be different from b — 1).

In the literature the function system defined above is often called the
generalized Walsh function system and only in the case b = 2 one speaks of
Walsh functions.

One of the main differences between Walsh functions and the trigonomet-
ric functions is that Walsh functions are only piecewise continuous. This is
clear, since Walsh functions are step functions as we show now.

Let k£ € N with b-adic expansion k = kg + k10 + -+ + k10" L. Let
J =la/b", (a+1)/b"), with integers r > 1 and 0 < a < ", be a so-called
elementary b-adic interval of order r. Let a have b-adic expansion of the
form a = ag + a1b+ -+ + a,_1b" L. Then any = € J has b-adic expansion
T = b 4 apob 24 4+ b " + &b D 4. for some digits
0<& <b—1fori>r+1, and hence

Walk(.%') — wlljoar—1+mar—2+...+m—1ao _ walk(a/br).

We summarize this result in the following proposition.
Proposition 6.2. (Walsh functions are step functions) Let k € Nsat-
isfy b"1 < k < b" for some r € N. Then the kth Walsh function waly, is con-

stant on elementary b-adic intervals of order r of the form [a/b", (a +1)/0")
with value walg(a/b"). Further, waly = 1.
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Now we generalize the definition of Walsh functions to higher dimensions.

Definition 6.3. (Walsh functions in s dimension) For dimension s >
2, and k1,...,ks € Ny we define the s-dimensional b-adic Walsh function
Walkl,...,ks RS — C by

s
Wa1k17...7ks (.%'1, e ,1‘8) = H Walkj (.%'])

For vectors k = (ki,...,ks) € N§ and = (z1,...,25) € [0,1)° we write,
with some abuse of notation,

walg () = waly, g (21,...,25).
The system {walg : k € Nj} is called the s-dimensional b-adic Walsh func-

tion system.

Since any s-dimensional Walsh function is a product of one-dimensional
Walsh functions, it is clear that s-dimensional Walsh functions are step
functions too.

Let P = {to,t1,...,tym_1} be a digital (¢,m, s)-net constructed over Zj
as introduced in Subsection 2.6. The set P is an additive group whose dual
group of characters is given by the Walsh functions in the same base b, that
is, we have the following character property:

b —1 . - >
1 1 ifC{ki+--+Clkys=0
— waly( 1 s ’ 6.1
bm Z% k(t {0 otherwise, (6.1)

where for a vector £ € Np with b-adic expanmon k = kg+ rk1b+--- +
Km_1b™"1 we write k= (Koy K1y« -+ s Km— 1) This leads to a similar result
to Theorems 5.1 and 5.2 for lattice rules.

Theorem 6.4. (Integration error for digital net) Assume we are given

a Walsh series
Z f Walk
keN§

where the Walsh coefficients f\(k) are given by
flk) = o f(x)walg () da.
0,1]°

The integration error of approximating the integral of f using a QMC rule
Qpn s based on a digital net with b points is given by

Ques(f) = L(f)= > flk)

keD\{0}
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where

D:={keN}:Clki+ - +C]k, =0}. (6.2)
is the dual net associated with the digital net.
Proof. We have

b1 b1
o S ) - [ fwde= Y kg S walk(s) — F(0)
i=0 [0,1]° keN i=0

The result then follows immediately from the character property (6.1). [J

o~

We consider now the case where the Walsh coefficients f(k) decay with a
certain rate. For k € Ny let

0 ifk=0,
k) =10 ¥ (63)
a ifk=ry+ 4 FKe1b"", Ke_1 # 0.

(Later in Subsection 6.6 we generalize the function p; to p,.) For vectors
k= (ki,...,ks) € Nj let

pa(k) = pa (k1) + - + pa(ks).
Let
Ey s(c) = {f 0,1 > R: |f(k)| < cb " ®) forall k e NS} ,
for some ¥ > 1 and ¢ > 0. Then we obtain

Qum s () = LNl <e D b7"® forall fe Byy(c).

keD\{0}
The quantity

Ty:= Y b /m® 9>, (6.4)
kcD\{0}

depends only on the function class Ey 4(1) and the digital net and can be
understood as the “worst case error” for this function class. Thus, for the
function class Ey s(1) one aims at finding digital nets for which T} is small.
Thus the quantity Ty plays a similar role as the quantity P, for lattice rules,
see (5.3).

We briefly describe the connection between the quantity Ty and the qual-
ity parameter ¢ of the digital net. Lemma 2.14 implies that if k € D\ {0},
then ui(k) > m — t. If the digital net is a strict (¢, m,s)-net, then there
exists a k € D\ {0} such that u1(k) = m—t+1. Thus, the largest summand
in (6.4) is of the form b=Y(™=**1)  On the other hand it can also be shown
that the quantity Ty is dominated by its largest term, that is, there is a
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constant ¢ > 0 such that

(m —t)st

Ty=c po(m—t+1)

Thus digital nets for which m — t is large yield a small value of Ty and are
therefore useful for numerical integration of Walsh series.

6.2. Digitally shift-averaged worst case error

In this subsection we discuss the general strategy for the error analysis of
randomly digitally shifted QMC rules not specific to digital nets (similar to
Subsection 5.2), and then focus on digital nets in the next subsection.

For any QMC point set P = {to,...,t,—1} and any digital shift A €
[0,1]%, let

PoA={t;®A :i=0,1,...,n—1}

denote the digitally shifted QMC point set, and let @, s(®A; f) denote
the corresponding digitally shifted QMC rule, where @ denotes digit-wise
addition modulo b already defined in Subsection 2.9. Then, for any integrand

f belonging to some normed space H, it follows from the definition of the
worst case error that

Ls(f) = Qns(BA, f)| < ens(P & A H) || f|lH
We consider the root-mean-square error
VEIL() — Qua(®A, ) < (P H) ||,

where the expectation E is taken over the random digital shift A which is
uniformly distributed over [0,1]*, and where the quantity

e (p. H) \// (PO A H)AA (6.5)
0,1]®

is referred to as the digitally shift-averaged worst case error.

The digitally shift-averaged worst case error (5.8) will be used as our
quality measure for randomly digitally shifted QMC rules. The averaging
argument guarantees the existence of at least one digital shift A for which
en,s(P @ A; H) < e (P; H).

Analogously to Theorem 5.3, the following theorem gives an explicit for-
mula for the digitally shift-averaged worst case error when the function space
is an RKHS.

Theorem 6.5. (Formula for the digitally shift-averaged worst case error)
The digitally shift-averaged worst case error (6.5) for a QMC point set P in
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an RKHS H,(K) satisfies
(et (P; Hy(K)))?

n—1n—1
/ K@ y)dedy + 5 3 5" Kb, 1),
0,1]s J[0,1]° i=0 k=0
where
Kb (g, y) = Ko A, ydA)dA forall z,yc[0,1]°. (6.6)

[0,1]°

The proof follows along the same lines as the proof of Theorem 5.3.
The function K" defined by (6.6) is actually a reproducing kernel with
the digitally shift-invariant property

K®h(z,y) = Kz o A, y® A) forall =,y A€ 0,1]°,
or equivalently,
K¥h(z y) = Kz oy, 0) forall x,ye[0,1)°,

where © denotes digit-wise subtraction modulo b already defined in Sub-
section 2.9. As in Subsection 5.2, it can be verified that the digitally shift-
averaged worst case error edSh(P H(K)) is precisely the worst case error

of the QMC point set P in the RKHS with K" as the reproducing kernel,
ie.,

| @uPe A A = & (P HKS)).
[0,1]¢
This important connection provides a powerful tool for analyzing randomly

digitally shifted QMC rules. We refer to the kernel K" as the digital shift-
mmwariant kernel associated with K.

6.3. Randomly digitally shifted digital nets in weighted Sobolev spaces

The digital shift-invariant kernel K% in the previous subsection has Walsh
series expansion

K®(z,y) = Y K& (k)wal(z © y)
keNg

for some coefficients K9h(k) > 0. If K is the unanchored Sobolev space,
then it can be shown that the Walsh coeflicients of the digital shift-invariant
kernel satisfy

(KR (k)| = b~+®) [T oy (k
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for some function vy(k), see (6.9) below. This leads to an expression of the
digitally shift-averaged worst case error for the unanchored Sobolev space
using a QMC rule based on a digital net.

Theorem 6.6. (Digitally shift-averaged worst case error for digital nets)
The digitally shift-averaged worst case error for a digital net P in the
weighted unanchored Sobolev space H (K ) satisfies

el (P HE )P = > o Y b2 JTo(ky),  (6.7)

DAuC{1:s} k€D jeu
where
D} = {ky eNM: > Ck; =0}, (6.8)
JEu
and
1 1 1
= (G 3) .

where k = kg 10971 + Kq_ob® 2 4 -+ + Ko with k1 € {1,2,...,b—1}. In
particular, if b = 2 we have k,_1 = 1 and vy(k) is a constant independent
of k.

For the weighted anchored Sobolev space H (K, ~) with anchor ¢ we have

e (P H(E )P = Y Foo », 07 & [Tun(ky),  (6.10)

0#0C{1:s} ky€Dy Jjeo

where vy (k) is defined as in (6.9) and 7, , are the auxiliary weights defined
in (5.22).

Note that (6.7) and (6.10) are essentially weighted versions of the quantity
Ty in (6.4), with some additional factors v(k) and a change of weights for
the anchored Sobolev space.

The proof of Theorem 6.6 is somewhat intricate and was shown by Dick
and Pillichshammer (2005) for the unanchored Sobolev space and by Dick,
Kuo, Pillichshammer and Sloan (2005) for the anchored Sobolev space. In-
stead of giving the proof, we provide an example to show how the decay rate
of the Walsh coefficients is connected to the smoothness of the integrand.

Example 6.7. To illustrate how to prove a bound on the decay rate of
the Walsh coefficients we consider the simplest possible example. Let f :
[0,1] — R be absolutely continuous with

1
f(@) = (1) - /0 P10 (8) dt.

In this example let b = 2, and let k = 2971 4+ K, 2292 + ... + kg € N,
for some a > 1. Then walg(z) € {—1,1} for all z € [0,1). Note that waly
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changes sign on intervals of the form [(279F! (£4-1)279H1) for 0 < £ < 2071,
i.e., it has the opposite sign on the interval [(27¢+1 279+ 4 279) compared
to the interval [(279+1 4272 (¢ 4 1)279*1), Thus

1 20-1-1 pp—at+lyo-a
k)| = 1 d — M| d
=\ st [ g Sl

1-2-@
gé (@) - fla+27)|da

1 1—-2—¢@
SALNMA L soa () dz dt
1 1 1/2
“/'u%whn<k:1(/ u%wﬁa> .
0 0

Al

Thus for any k € Ny we have

741 < s

where || - || denotes the norm in the unanchored Sobolev space. This can
be generalized to arbitrary base b and dimensions s > 1.
In particular, if K : [0,1]> — R is the reproducing kernel for the unan-

chored Sobolev space, then K has Walsh coefficients K (k, ) which satisfy
\I?(k 0)] < Cp k) =m(@),

For the correspondlng dlgltal shift-invariant kernel defined by (6.6), it can
be shown that K dSh(kz) K (k, k). We therefore obtain

IKOh (k)| = | K (k, k)| < Cb=2m®),

6.4. CBC construction of polynomial lattice rules

Analogous to lattice rules, no optimal explicit construction of polynomial
lattice rules is known beyond dimension 2. On the other hand, a CBC
approach is also possible for polynomial lattice rules. An essential ingredient
of the CBC algorithm is an easily computable quality criterion. We now
show that the digitally shift-averaged worst case error (6.7) can be computed
efficiently.

Lemma 6.8. The digitally shift-averaged worst case error for a digital net
= {to,...,tym_1} in the weighted unanchored Sobolev space H (K, ~)
satisfies

e o (P; H (K T Z > w]]eetis) (6.11)

i=0 (@#uC{lis} j€u
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with

ou(t) = 61— Tollt) ifg < g <1,
© 6! ift=0,

where, for t € (0,1) with b-adic expansion t = 71b~! + 79072 + .-+ (unique

in the sense that infinitely many 7, are different from b — 1), ag = —|log |
is the smallest positive integer such that 1 = ™ = .-+ = 74,—1 = 0 and
Tay 7 0.

Proof. We can write from (6.7) that
[, (Ps H (K, )))]2

= Z b Z Z b~ 2p (k) HUb Walk )
PFuC{l:s} i=0 k,eNlul Jj€u
bm—1

=" Z Z %HZb 21 (k) (k)ywaly (t ij)- (6.12)

=0 QAuC{l:s} jEUu k=1

To simplify the proof we only consider the case b = 2 in the following.
Then vy (k) = 1/3 for all k € N. Let wy = ¢*™/2 = —1. Then we have

ga_1 _
Z Walk H Z Fur 17r Z wlia 1Ta
k—9a—1 r=1kp_1=0 Ka—1=1
2“’1 frm=mn=--=7,=0
={ —9a-1 if’Tl:’TQ:“‘:’Taflzo,Ta?éO,
0 otherwise.
Thus
2¢—1
22 2 (k) galy (1) = 22_2‘1 Z walg (t)
a=1 k—2a—1
apg—1
— Z 2—2(12(1—1 _ 2—2(102(10—1 — 2—1 _ 2—a0(1 + 2—1)‘
a=1

For t = 0 we have

o o0
> 2Bl (0) = Y272t = o
k=1 a=1

The result now follows from (6.12). O

The expression (6.11) can be easily evaluated by a computer. Thus we
can use the following CBC algorithm to construct polynomial lattice rules.
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In the following we write
[ (P H(Ks )] = [ehns (@] = e (a1, -, g6)])?
if the digital net is a polynomial lattice rule with generating vector q =
(q15- -5 4s) € (Gy,)°, where Gy ) = {q € Z[2] \ {0} : deg(q) < m}.
Algorithm 6.9. (CBC construction) Given m, spyax, and weights 7.
1 Set ¢g1 = 1.
2 For s = 2,3,..., Smax, choose ¢, in G}, to minimize [egihs(ql, sy qs))%

The next theorem states that the CBC algorithm yields a convergence
rate close to O(b™™).

Theorem 6.10. (Optimal CBC error bound) The generating vector

q constructed by the CBC algorithm, minimizing the shift averaged worst-

case error for the unanchored Sobolev space el‘)iih (@) in each step, satisfies

1/
5 1
@l < | ey D W )
0AuC{1l:s}
for any 1/2 < A <1, where
1
)\ B m for b = 2,
(M) =9 (5 = 1)(4b2 — 9)> e o 5
AR —p) T

Proof. Since the algorithm constructs the polynomial lattice rule induc-
tively with respect to the dimension, the proof also uses induction. The ar-
gument follows along the same lines as for the lattice rule case. To simplify
the proof we only consider b = 2 in the following. In this case va(k) = 1/3
for all k € Nin (6.7).

First note that we have for 1/2 < A <1 that

o o0 1
—2Ap1 (k) _ —2\ -1 _
TR SRR
k=1 a=1
and
o o o 1
Z 2—2)\;11(19) — Z 2—2)\;,“ (bmf) _ Z 2—2)0712—2)\;,61(@) — 2—2)\771 5
52F _ 5°

k=1 (=1 (=1 2 2
2m [k

For a polynomial lattice rule with generating vector (g1, ..., ¢s) and mod-
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ulus p, the set D in (6.8) is given by

Dy = ky € NM 0> tr(kj)g; =0 (mod p) ¢,
JEU
where for k; = kjo+ K12+ -+ € Ng we set tr,(k;) = kj0 + Kj1z + -+
I‘{J"m,lxm_l.
In dimension one we have

[egi o(q1)]* =y 37" Z 272 (k) = g=2my 1371 Z 272m(l) = g=lg=2m=1y

k=1 =1
2™k
Thus the result holds for dimension 1.
Suppose, for some 1 < d < s, we have (qi,...,qq) € ( §7m)d and
1/
dsh 2 1 A 1 i
le5m’ a(qr, -, qa)]” < | 5 Z Y\ e o , (6.13)
om — 1 3M(22 - 2)
PA£uC{1:d}
for all 1/2 < A < 1. Now we consider (q1,...,q4,qq+1). We have
[egysil,akkl(c.h’ <.y 4d, Qd-f-l)]z
— Z 7u3 Z 9—2u1(ku) | Z 73 Z 921 (ku)
@#ug{ld} kuGDz {d+1}gu§{1d+l} kuEDﬁ
= [ gf’?,d(q17 o 7Qd)]2 + e(qurl)a (614)
where

0(qa+1) = oo Y bk

{d+1}CuC{l:d+1}  ku€D}

According to the algorithm, ¢4.1 is chosen such that the mean square
worst case error [egﬁgdﬂ(ql,...,qd,qd+1)]2 is minimized. Since the only
dependency on gg.1 is in 6(qq+1), we have 0(qqy1) < 0(q) for all ¢ € G3 .,
which implies that for any 1/2 < A < 1 we have §(qqy1)* < 0(q)* for all
q € G5, This leads to

1/

0(qa+1) < . Z 0(q)*

We obtain a bound on 6(gg441) through this last inequality.
For A satisfying 1/2 < A <1 it follows from Jensen’s inequality that

{d+1}CuC{L:d+1} k. €D;;
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The condition k, € Dj is equivalent to the equation

trm(k1)qr + - + trim(ka)ga = —trm(kay1)g  (mod p).

If k441 is a multiple of 2™, then tr,, (kq+1) = 0 and the corresponding term in
the sum is independent of ¢. If k4.1 is not a multiple of 2™, then tr,(kq11)
can be any polynomial in G3 ,,. Moreover, since ¢ # 0 and p is irreducible,
tr (kg41)q is never a multiple of p.

By averaging over all ¢ € G35 ,, with the above discussion in mind, we
obtain

e > 0

9€G3

< Z 9—2Ap1 (kat1) Z %}l\u{d+1}37}\(‘u‘+1) Z 9 =21 (ku)

kgy1=1 P#uC{1:d} kyeNlul
2™ kg4 trm (ku)-q, =0 (mod p)

92 u1(kdt1)

+ Z Tom_1 Z %)l‘u{dﬂ}?)f)\(\qu) Z o—2M1 ()

1
]'<:d+1:1 ®7£ug{1d} kuGN‘“‘
2™k a 41 trm (ku) g, #0 (mod p)
1
—2\m A 72)\;1, (k?u)
=2 3A(ul+1) (22X — 2) Z Tuu{d+1} Z 2 '
PFAuC{1:d} kyeNlul
trm (ku)-q,=0 (mod p)
N 1 1 —272\m Z A Z 9221 (ku)
om — 1 WD (223 _ 2) Tu{d+1}
PAuC{1:d} kyeNlul

trm (ku)-q,#0 (mod p)

1 1 A —oapn (ea
S TG gy Do augasy D 2l
2 13 (2 2)
0AuC{1:d} Ky Nyl

1 N 1 |ul
= oam _ 1 Z Tu <3)\(22>\_2)> :

{d+1}CuC{1:d+1}

Thus we conclude that
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which, together with (6.13) and (6.14), yields

e a1 (a1, - -+, qa qa1)™ = lepalar, - -, aa))* + 0(qas1)

1 \ 1 |
< —_—— .
—9om _ 1 Z Tu (3)\(22)\_2))

P£uC{1:d+1}

Hence the result follows by induction. UJ

The choice of g4 at each step is independent of A and therefore the error
bound holds for all values of A € (1/2,1]. The optimal convergence rate
close to O(b~™) is obtained with A — 1/2.

6.5. Fast CBC construction of polynomial lattice rules

In the previous subsection we showed how to construct, for a given modulus
p, a generating vector g which yields a polynomial lattice rule which achieves
a small integration error using a CBC algorithm. We have seen in Subsec-
tion 5.5 that FFT can be used to reduce the construction cost of the CBC
construction of lattice rules. We now show that the same technique can be
used for polynomial lattice rules by outlining the key differences from lattice
rules. For product weights, it is possible to construct, for a given polyno-
mial p with deg(p) = m, an s-dimensional generating vector q in O(smbd™)
operations, compared to O(s? b>™) operations for a naive implementation of
the CBC algorithm.

Let b be a prime. Throughout this subsection we consider the polynomial
p € Zp[z] with deg(p) = m to be irreducible. We restrict ourselves to
product weights v, = [] jeu Vi for a sequence of positive real numbers ;.
The extension to POD weights can be done as in the lattice rule case, see
Subsection 5.6.

Using Algorithm 6.9 we construct, component by component, a generating

vector ¢ = (q1,...,¢s) € (Gf,,)° such that for all 1 < d < s the quantity
e2(qq) == [eg,snhd(ql, vy Qd—1,44))? is minimized with respect to gq for fixed
qi,...,q4—1. Assume that ¢1,...,qq—1 are already constructed. Then we

have to find ¢ € Gy, which minimizes

TT5=1(1+7;66(0))

eq(q) = lepat a1 (a1, - -, qa—1)1> + 7ads(0) o
bm—1 .
Vd Ao (o (1@)i)

where we used Theorem 2.21, separated out the ¢ = 0 term and introduced
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the column vector y_; = (74_1(1),...,74_1(b™ — 1)) ", where

d—1

ndfl(i) = (1+’Yj¢b (ti,j)), 1=1,...,0m™ —1.
1

<.
Il

Note that the vector n,;_; remains fixed for fixed d regardless of the choice
of polynomial q. We set 9, = (1,...,1) € R® =1, The vector n,_; can be
computed as part of the CBC algorithm with the update formula ny_1(i) =
Na—2(1) (1 + va—10p(ti,a—1))-

For short we write w := ¢ 0 vy, from now on. We define the (b™ — 1) x

(b™ — 1) matrix
= (“’ (%» (=

Further let €2 = (e2(1),...,e2(b™ — 1))T be the column vector collecting
the quantities €2(g) and 1 be the (b™ — 1)-dimensional column-vector whose
components are all 1. Then we have
Hc‘l:1(1 + 7j¢b(0)) Yd
el =ej |+~ o 1+ b_mﬂpnd—1-
As we are only interested in which ¢ minimizes efi(q), but not the value of
e2(q) itself, we only need to compute Q,14_;.

The entries of the matrix €2, are of the form w (%), where the prod-
uct of the nonzero polynomials ¢ and ¢ has to be evaluated in the field
Zplx]/(p), and thus modulo p. Since the multiplicative group of every finite
field is cyclic, we can find a primitive element g which generates all elements
of the multiplicative group (Zy[z]/(p))* (= (Zp]x]/(p)) \ {0}). That is, there
is a g € (Zp[z]/(p))* such that (Zy[z]/(p))* = {¢° g, 9%, ...,¢""~'}. Thus,
we can write the product of any nonzero polynomials ¢,i € Zy[z]/(p) as
a power of the polynomial g. Nuyens and Cools (2006a) and Nuyens and
Cools (2006b) suggest now to permute the rows of €2, by the positive powers
of the primitive polynomial g and the columns by the negative powers of the
same primitive polynomial. This procedure is often called Rader transform,
since it goes back to an idea of Rader (1968).

We describe the Rader transform now in detail. Let g(z) be a primitive
element in (Zy[x]/(p))*. We define a (b™ — 1) x (™ — 1) matrix II(g) =

(7h,0(9)) 1<k e<pm Where

reald) = {1 if k(2) = g(x)"  (mod p(x)

i
o
=
3
I
o

0 otherwise.

Here k(x) denotes the polynomial which is associated with the integer k.
Since ¢ is a primitive element it follows that each row and each column
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of II(g) has exactly one entry which is 1 and the remaining entries are 0.
Further, TI(g)II(g) " = I, the identity matrix. In fact, the matrix II(g) is a
permutation matrix. That is, for any (b™ — 1) x (b™ — 1) matrix C, II(g)C
just changes the order of the rows of C' and CTI(g) only changes the order
of the columns of C.

Let C = (Ck,g)1§k7g<bm and

C = (I(g) " 2,I0(g ™).

Then

o= Y muslole (MDY gty = (LS,

u,v=1

Letc, = w <5;(é);) Note that ¢, = ¢, for all v, 7' € Z with r =7’ (mod b —
1), since g(z)?" ~! = 1. Then we have ke = ci— and therefore C'is circulant
(cf. Subsection 5.5).

Note that the circulant matrix C' is fully determined by its first column
c = (co,c1,C2,... ,Cbm_Q)T. Such matrices have a similarity transform which

has the Fourier matrix as its eigenvectors. For n € N let F, := ( fu)zzio be

the Fourier matrix of order n given by fi., = w,,*, where w, = emi/™ Note
that F, is symmetric and %ann = I, the identity matrix. Furthermore, let
diag(ay,...,a,) be the n x n diagonal matrix A = (Am’):‘fj:l with A;; = a;
for 1 <i<nand A; ; =0 for i # j. Then we have (cf. Subsection 5.5)

1

Q) = pm — 1H(9)Fbm*1DFbm*1H(g_l)T7

where II(g),TI(¢~')" are permutation matrices, Fym_; is a Fourier ma-
trix, Fym_; its complex conjugate, and D is the diagonal matrix D =
diag(Fym_1 ).

For any vector = (x1,...,zpm_1)' € (C*"~1)T the matrix-vector mul-
tiplications I1(g)x, Dz, and II(g~') "« can be done in O(b™) operations (in
fact, in the implementation of the algorithm the permutations using II(g)
and II(g~!) can be avoided altogether, see Subsection 5.5). Further, Fym ;@
and Fym_1 can be computed in O(mb™) operations using the fast Fourier
transform.

Therefore a fast CBC algorithm requires only O(smb™) operations by
using O(b™) memory space. This is a significant speedup compared to a
straightforward implementation. Only through this reduction of the con-
struction cost does the CBC algorithm become applicable for the generation
of polynomial lattice point sets with reasonably large cardinality.
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6.6. Integration of smooth functions

It is well understood that the convergence rate for numerical integration
depends on the smoothness of the integrand. In the following we consider the
weighted unanchored Sobolev space of smoothness o > 1, H(K, ~ .« ), already
encountered in Subsection 5.9, see also Example 3.8 for the 1-dimensional
case. The reproducing kernel is given by (5.34), and the inner product is

FDsma= D, W'D, >,

uC{1l:s} oCu pyc{l:a—1}

/ / / a|rn|1+a|u\n\f o d
[071}‘11\0‘ [071}\{1:5}\u\ [0’1]‘1,‘ m Ty w{l:s}\u

: 2 dxydxy., T\ o,
o1l Joaglel - 00,5 ) 0T s ¥

|T'j|a and

where |ry|; =

Jj€EL
Qlrelitalu\v] £

am(O,r,a)

stands for the partial derivatives of f of order r; for j € v, of order « for
j € u\ v and order 0 otherwise, where r, = (r;);jco. Let the corresponding

norm be denoted by || flls.v,a = V/{fs [)s.a-

For functions in H (K~ ) it is known that a convergence rate of order
n~%%9 for any § > 0 can be achieved with a suitable algorithm. In the previ-
ous subsections we have used the decay of the Walsh coefficients for functions
in H(K,~,1) to show a convergence rate of order n~1+9. To generalize this
approach to higher order we need to investigate how the Walsh coefficients
of smooth functions decay. Since the proof is involved we describe the main
idea leaving out technical details.

To simplify the notation we restrict ourselves to base b = 2. Let k € N
be given by k = 20—t 4 20—1 4 ... 4 2%~ for a1 > a9 > --- >a, > 0. We
define for o > 2 an integer

a1+a2+"'+amin{o¢u} lf]CEN,

k) := ’

pa(F) {0 if k= 0.

This generalizes the definition of p;(k) given by (6.3). Note that the Walsh
functions in base b = 2 only take on the values 1 or —1. Thus in the following
we write wal, instead of waly.
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Let f € H(Kspy,) and Ji(x) := [ walg(t) dt. Then

~ 1 1
k) = /0 F@)waly(e) de = [f(2) ()] — /O (@) () da
1
:—/O I'(z)Jy(z) dz, (6.15)

as fol walg(z) dz = 0.

We would now like to relate the Walsh coefficient f(k) to some Walsh
coefficient of f’. This is done by using the Walsh series expansion of Jj.
Let k' := k—2%"1 and hence 0 < k’ < 2“1~1. Then it can be shown that

Jp(x) =270~ 1 <Walk/(x) - Z 2cwa12a1+c—1+k(x)> .

c=1
Substituting this into (6.15) we obtain approximately

o~

1 ~
fk) = —27% /o f(x)waly (z)doe = =274 f/(K').

In actuality we obtain an infinite sum on the right hand side, but the main
term is the first one, the remaining terms can be bounded by a suitable
expression.

The above step can be repeated. To do so, let k" := k' — 20~1 k" .=
k" — 291 and so on, where k") = 0 and k(™ = 0 for 7 > v. We can
repeat the last step 7 times until either f(7) is not differentiable anymore,
or k(T) = 0, that is, we can repeat it min(c, ) times. Hence

o~

Flk) = 27 (0 27 ()

~~ 2747 Amin(a,v) J/c\(min(a,l/)) (k(min(avy)))_

Taking the absolute value and using some estimation we obtain
|J/C\(k:)| é 2_01 — " Omin(a,v) |J/c\(min(o¢,u)) (k(min(avy)) )|

1
< 2_Ma(k)|!}/e\(min(o¢,u))(k(min(a,u)))| < 2_Ma(/€)/ ‘f(min(oz,l/))(x) dx,
0
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where we used

|J/c\(m1n(a k7 (k(mln a,v) | _ (min(a, l/))( )Walk(mln(a V))( ) dx

/ [ £ @) () [ ()]

_ /0 @) @) o

Thus if f is « times differentiable, we obtain
[F(k)| 5 Cp27e®),

where C'y > 0 is a constant which depends only on f and a. By some
modification of the above approach it can be shown that the constant C}
can be replaced by a constant which depends only on « (but not on f) and
the norm of f, i.e., we have

(k)] < CallFll1)a27=®.

The same holds for dimension s > 1 and integer base b > 2, where the
constant additionally depends on s and b, i.e.

’J/C\(k’)’ < Ca,b,SHfHS,l,ab_Ma(k)7

where pq (k) = pa(k1) + - - + pa(ks) for k = (k1,...,ks) and 1 is the set of
weights which are 1 for each projection. For some values of b, this constant
Cap,s goes to 0 exponentially as s increases.

We can now begin to investigate numerical integration of functions in
H(Ks,a) using digital nets. From Theorem 6.4 we conclude that the inte-

gration error for a digital net P = {¢q,...,tym_1} satisfies
bm—1
‘ fl@)de — — Z F#)| < Capsllfllsre Y, be®
[0,1]° keD\{0}

where D is the dual net defined by (6.2).

The last inequality separates the contribution of the function from the
contribution of the QMC rule, i.e., || f|s,1,o depends only on the function f
but not on the digital net, whereas Zkep\ (0} b—#«(k) depends only on the
generating matrices of the digital net and not on the function itself (only
on the smoothness of f; i.e., it is the same for all functions which have
smoothness «). Therefore, when considering the integration error we can
now focus on the term »_pep 1o} b talk),

It is possible to also introduce weights in the approach above. A precise
result for the unanchored weighted Sobolev space H (K ~ o) for o > 1 is the
following.
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Theorem 6.11. The square worst case error for multivariate integration
in the weighted unanchored Sobolev space H(Kj~.o) of smoothness a > 1
using a QMC rule based on a digital net P can be bounded by

2
[e(P7H(KS,%Oé))]2 < Z Vu(Da,b)‘u‘ < Z b“a(k’“)> ,

0AuC{1:s} kyED;,

where Dj is defined by (6.8) and where

o 1 1 -2y B 2 )
DOé,b = 1I§1ya,§xa ; <1 —|— g + m) (2 Sln('ﬂ'/b)) b
20—2
tol14ie L) T 2sin(a/p)) 2op2en ).
bbb+ 1)

Baldeaux and Dick (2009) investigated the value of the constant D, ; and
showed that for b = 2 and 3 and 2 < o < 8 the constant D, j < 1.

Theorem 6.11 holds for any digital net, i.e., any point set obtained via
the digital construction scheme as described in Subsection 2.6, including the
higher order digital nets to be introduced in the next subsection.

6.7. Higher order digital nets

The aim is now to find digital nets, i.e., generating matrices C1,...,Cs €
Zy*™ such that > keD\{0} b=+ k) = O(n=(log n)**), where the number of
cubature points is n = b™. Note that we now use generating matrices with
w rows, and we usually choose w ~ am as explained below.

Roughly speaking, the sum keD\ {0} b—#«(k) is dominated by its largest

term. To find this largest term, define

1o (Cr,... Cs) = weBin fia(k).
The dependence on the generating matrices Cy,...,Cs on the right hand
side of the above equation is via the dual net D = D(C},...,C5). The
largest term in 3 - 1oy b—He (k) ig then b=#a(C1Cs),

In order to achieve a convergence of almost n~% = b~*" we must have
that the largest term in Zkep\ (0} b—Ha(k) ig also of this order, that is, we
must have p (C1,...,Cs) =~ am (or say ut(Cy,...,Cs) > am — t for some
constant ¢ independent of m). That this condition is also sufficient is quite
technical and was shown in Dick (2008, Lemma 5.2).

We can use some analogy to find matrices C1,...,Cs € Zy*™ which
achieve 1} (Cq,...,Cs) = am. Let C; = (EJTI,...,E;fw)T, ie., Cjo € Zy" is
the /th row of C;j. Then the matrices C1,...,C, generate a classical digital



HIGH DIMENSIONAL INTEGRATION — THE QUASI-MONTE CARLO WAY 115

(t,m, s)-net if for all 41,...,i5 > 0 with i1 +--- + 15 < m — t, the vectors
51’1,..-,5172‘1,...,6371,---,5572‘8

are linearly independent over Zj.

Now assume C1, ...,y generate a classical digital (¢, m, s)-net and that
we are given a k € Nj\ {0} with pi(k) < m —t. Let i; = p(k;) for
j=1,...,s, then ClTlgl + -+ CJES is a linear combination of the vectors
51,17"'781,i17"'768717"'758,%' Ask #0and iy +---+is < m —t, which
implies that ¢11,...,¢14,,...,Cs,1,...,Cs;, are linearly independent, it fol-
lows that C 'k +--- + CJk, # 0 € Zy'. Thus k ¢ D. This shows that
if Cy,...,Cs generate a classical digital (t,m, s)-net and k € D\ {0}, then
u1(k) > m —t. This is precisely the type of result described above which
we also want to have for o > 1.

We now want to generalize this linear independence condition to a > 1,
i.e.,, we want to have that if k € N§ \ {0} with po(k) < am —t, then
the generating matrices should have linearly independent rows such that
ClTk‘l + . —|—C;—ES #0¢cZ) Let k= (ki,...,ks), where k; = /-iij“JVl_l +
---+/-$j7,,jbaj’”i_1, with aj > - > ajp; >0 and 0 < Kj1,.. Ky < b. First
note that if w < am — ¢, then k = (b*,0,...,0) € D, but po(k) =w+1 <
am — t. In order to avoid this problem we may choose w = am. Hence we
may now assume that a;; <w =am for j =1,...,s, as otherwise yq(k) >
am already and no independence condition on the generating matrices is
required in this case. .

Now Cf—kl + -4 CsTk:s is a linear combination of the rows

- - - -
Claiis--- ,Cl,a1,y1 yoo3Csias19+ Cs,as, g

Thus, if these rows are linearly independent, then C’Ir ki+--+ C';r ks #0¢€
Zy"*, and therefore k ¢ D.

Therefore, if C1,...,Cs € Z;™*™ are such that for all choices of aj; >
< >ajy,, >0for j=1,...,s, with

a1l +--+ Q1 min(a,v1) + o+ Gs,1 +eee Qs min(a,vs) < am —t,
the rows
Cl,al,la s 701,(1171,1 PRI 7Cs,a5717 o 7cs,a5,,,s

are linearly independent, then k € D\ {0} implies that p,(k) > am — t.
(Note that we also include the case where some v; = 0, in which case we
just set aj1 + -+ + @jmin(a,;) = 0.)

We can now formally define such digital nets for which the generating
matrices satisfy such a property. The following definition is a special case
of Dick (2008, Definition 4.3).

Definition 6.12. (Digital (¢,a,m, s)-nets) Let m,a > 1, and 0 <t <
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am be natural numbers. Let Z; be the finite field of prime order b and let
Ch,...,Cs € Z™ ™ with C; = (5;':1, e ,E;':am)—r. If forall 0 < aj,, <--- <
aj1, where 0 < yj forall j =1,...,s, with

s min(vj,a)

Z Z ajo<am—t

=1 =1
the vectors
Cl,aLyl yoe5Cliatiy -1 Cs,as,us -+ 9 Cs,as1

are linearly independent over Zjp, then the digital net with generating ma-
trices C,...,Cs is called a digital (t, o, m, s)-net over Zy.

The need for a more general definition in Dick (2008) arises as we assume
therein that the smoothness a of the integrand is not known, so one cannot
choose w = am in this case.

We have the following result.

Theorem 6.13. (Worst case error bound for digital (¢, a, m, s)-nets)
Let @ > 2 be an integer, b > 2 be a prime number. Then the worst case
error of multivariate integration in the weighted unanchored Sobolev space
H (K ,a) of smoothness o > 1, using a QMC rule with a digital (¢, o, m, s)-
net P over Z; as cubature points, is bounded by

N

e(P,H(Kyra)) <070 | 3" (Dl ap)’(@m — t+ a4 2)2e
0AuC{1:s}
lul
where D\Iil\,a,b = (Da7b)7b|u|a(bfl + (1 _ bl/afl)*|u|a)_

We conclude from this theorem that a digital (¢, a, m, s)-net used as cuba-
ture points in a QMC rule will yield a convergence of the integration error of
order n~*(logn)*® for integrands with || f||s,4,« < co. The remaining ques-
tion now is: do digital (¢, a, m, s)-nets exist for all given «, s > 1 and some

fixed ¢ (which may depend on « and s but not on m) for all m € N? An
affirmative answer to this question will be given in the next subsection.

6.8. Construction of higher order digital nets

We now present explicit constructions of digital (¢, a, m, s)-nets. Central to
this method is the digit interlacing function.

Definition 6.14. (Digit interlacing function) The digit interlacing func-
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tion with interlacing factor o € N is given by

P, :10,1)* — [0,1)

o0 «

(561, PN ,xa) = Z Z gr,ab_r_(a_l)a,

a=1r=1
where z, = fmb*l +§r,gb*2+- -« for 1 < r < a. We also define this function
for vectors by setting
Do [0,1)* = [0,1)°
(71,3 %as) = (Zal®1,--,%0), s Da(T(s—1)at1s - - Tsa)-
Example 6.15. (Construction of higher order digital nets using point set)

Let to,t1,...,tym_1 € [0,1)%* be a digital (¢, m, sa)-net in base b. Then the
point set

Do(t0), Da(t1), ...y Datym_1)
is a digital (¢, «,m, s)-net in base b, where t is given by Theorem 6.17.

Higher order digital sequences can be constructed in an analogous way.

For analyzing the properties of higher order digital nets, it is more con-
venient to describe the above construction using the generating matrices
rather than the point set.

Example 6.16. (Construction of higher order digital nets using generating matrices)
Let C1,...,Cs, be the generating matrices of a digital (¢',m, sa)-net. Let

C; = (@Tl,...,é’zm)—r for j = 1,...,s0; i.e., ¢ are the row vectors of
C;. Now let the matrix C he made of the first rows of the matrices
Cli-1)at1s - -+ » Cja, then the second rows of C;_1yq41;---;Cla, and so on.

The matrix C](a) is then an am x m matrix; i.e.,

0 = 65 T

)

where

0_5702) = Eu,va
with = (v—j)atu, 1 <v<m,and (j—1l)a<u<jafor{=1,...,am
and j = 1,...,s. Then the matrices Cfa), e ,Cga) are the generating ma-
trices of a digital (¢, o, m, s)-net over Zj, where t is given by Theorem 6.17.

As we will see later, the choice of the underlying (¢, m, sa)-net has a
direct impact on the bound on the ¢-value of the digital (¢, a, m, s)-net.

To give the idea why this construction works we may consider the case
s = 1. Let a > 1. To simplify the notation we drop the j (which denotes
the coordinate) from the notation for a moment. Let C(®) be constructed
from a classical digital (¢, m,«)-net with generating matrices Cy,...,Cq
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as described above. Let am > a1 > as > --- > a, > 1. Then we need
to consider the row vectors Efff), ... ,Ef;ff). Now by the construction above,
)

may stem from any of the generating matrices C1,...,Cy.

)

Without loss of generality assume that g,

(03
the vector ¢,

stems from C1, i.e., it is the i1th

)

row of C1, where i1 = [a1/a]. Next consider Gy, . This row vector may again

stem from any of the matrices Cy,...,Cy. If 55;3) also stems from C7, then
[ag/a] < ip. If not, we may w.l.o.g. assume that it stems from C5. Indeed,
it will be the isth row of Co, where iy = [az/a]. We continue in this fashion
and define numbers i3, 14, ...,1, where 1 < ¢ < . Further we set ip;1 =

- = iq = 0. Then by the (', m,a)-net property of C1,...,Cy, it follows
that c_éof), e ,55{3) are linearly independent provided that i1+ -+i, < m—t'.
Hence, if we choose ¢ such that a1 + -+ + amin(a,,) < am — ¢ implies that
11+ +1iq < m—t for all admissible choices of ay,...,a,, then the digital
(t,a,m, 1)-net property of C@ follows.

Note that i; = [a1 /] and iy < [ag/a] for £ =2,... a. Thus

i+ tia <[a/a]+ -+ [ag/a] < (a1 + -+ aq +ala—1))/a
o
Thus, if we choose ¢ such that m —t/a+ «a —1 < m — t/, then the result
follows. Simple algebra then shows that

t=at' +ala—1)

will suffice.
A more general and improved result is given in the following.

Theorem 6.17. Let @ > 1 be a natural number and let C1,...,Cs, be
the generating matrices of a digital (¢, m, sa)-net over the finite field Zj; of

prime order b. Let Cfa), e ,Cs(a) be defined as in Example 6.16. Then the

matrices C’fa), . ,C’ga) are the generating matrices of a digital (¢, «, m, s)-

net over Z; with
-1
t = amin <m,t/—i— {%J) .

This shows that digital (¢, a, m, s)-nets can be explicitly constructed for all
a,m, s > 1 with ¢ bounded independently of m. Indeed, also the dependence
of t on @ and s is known from Dick and Baldeaux (2009): namely, there are
constants ¢, C > 0 independent of a and s such that ca?s <t < Ca?s.

Using Theorem 6.17 we therefore obtain explicit constructions of higher
order quasi-Monte Carlo rules which satisfy Theorem 6.13.
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6.9. Geometric properties of higher order digital nets

Figures 6.7-6.10 illustrate the properties of a digital (2, 2,4, 2)-net in base 2.
Figure 6.8 shows a partition of the square for which each union of the shaded
rectangles contains exactly two points. Figures 6.9 and 6.10 show that also
other partitions of the unit square are possible where each union of shaded
rectangles contains the ‘fair’ number of points. Many other partitions of
the square are possible where the point set always contains the fair number
of points in each union of rectangles, see Dick and Baldeaux (2009), but
there are too many of them to show them all here. Even in the simple
case considered here there are 12 partitions possible, for each of which the
point set is fair — this is quite remarkable since the point set itself has
only 16 points (we exclude all those partitions for which the fairness would
follow already from some other partition, otherwise there would be 34 of
them). In the classical case we have 4 such partitions, all of which are
shown in Figure 6.7. (The partitions from the classical case are included in
the generalized case; so out of the 12 partitions 4 are shown in Figure 6.7,
one is shown in Figure 6.8, one is shown in Figure 6.10 and one is indicated
in Figure 6.9.)

The subsets of [0,1)° which form a partition and which each has the fair
number of points are of the form:

-

J(dz,dz)
s b—1
_ dja djn dji djm , 1
_H U |:b+ +bam’b+ +bam+bam )
Jj=1 dj’g:()

Ké{l,...,am}\{aj,l,...,aj’uj}

where b > 2 is the base and where » 7, Siliaje < am —t. For j =
1,...,s we again assume 1 < Ao, < -0 < aj1 < am in case v; > 0 and
{aj, . a5} = () in case v; = 0. Further, we also use the following nota-
tion: U = (v1,...,vs), |V]1 = Z;Zl Vi, Gy = (@11, @y Gs 1y Gy ),
d_;‘ c {O, . ,b — 1}|V|1, and Cfg = (dl,il,u ... 7d17i1,u1 S 7d8,is,17 ... 7dsvis,vs)’
where the components aj, and d;,, £ = 1,...,v;, do not appear in the
vectors ay and ci;y in case v; = 0.

Figures 6.7-6.10 give only a few examples of unions of intervals for which
each subset of the partition contains the right number of points. As the
subsets J(dy,dy) for fixed v and @y (with dy running through all possibil-
ities) form a partition of [0,1)%, it is clear that the right number of points
in J(d@z dy) has to be b™Vol(J(d@y,dy)). For example, the digital net in
Figure 6.8 has 16 points and the partition consists of 8 different subsets
J(dz,dz), hence each J(dz, d7) contains exactly 16/8 = 2 points. (In general,
the volume of J(@z, dy) is given by b~17I1| see Dick and Baldeaux (2009).)
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Figure 6.7. Higher order Sobol’ points: these 16 points are from a Sobol’ point set
in dimension 4 with interlacing factor 2 (which yields a 2-dimensional point set).

Figure 6.8. Higher order Sobol’ points: the shaded area in each square contains
exactly 2 points.

6.10. Scrambled digital nets and sequences

We now discuss properties of Owen’s scrambling algorithm, which was intro-
duced in Subsection 2.10. First we show that a point & which is scrambled
using Owen'’s algorithm, is uniformly distributed in [0, 1)%.

Proposition 6.18. Let x € [0,1)® and let IT be a uniformly and i.i.d. set
of permutations. Then II(x) is uniformly distributed in [0, 1), that is, for
any Lebesgue measurable set G C [0,1)%, the probability that II(x) € G,
denoted by P[II(x) € G], satisfies P[II(x) € G] = A\s(G), where A\ denotes

the s-dimensional Lebesgue measure.

Proof. We follow Owen (1995, Proof of Proposition 2) in our exposition.
We use the notation from above and set y := II(x). Consider the case s = 1

first and let
a a+1
E = [ﬁ’ 7)

be an elementary interval where £ > 0 and 0 < a < b’. A technical problem
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Figure 6.10. Higher order Sobol’ points: the shaded area contains exactly half of
the points.

which can arise in the proof below is when y is of the form y; = y; 16! +
oyt (b= 1D+ (b= 1)b " + - -+, since then we have y; =
yl,llf1 +- o (yre+ 1)b=f. We show that this only happens with probability
0.

The probability that there are u > jo > 1 such that y1 ;, = y1jo+1 =
oo =y14 = b—1is given by ((b — 1)!)~(“=50). Hence the probability that
Yljo = Yl,jo+1 = -~ = b—1, i.e., all digits of y; are b — 1 from some index
jo onwards, is 0.

Let ab™¢ = a;b™! + asb 2+ --- + apb~%. Then y; € E if and only if
Y1 = ai,y2 = as,...,y¢ = ag. Using (2.8), this is equivalent to

7T171'1,17"'71'1,k71(1;17k;) = a’k‘ for 1 S k S g' (6-16)

For each 1 < k < ¢, the probability that (6.16) holds is b=!. Hence the
probability that y; € F is b~¢. The result therefore holds for all elementary
intervals of [0,1).

We now extend the result to the general case. First notice that the result
also holds for all subintervals [ub‘é, vb_é), where £ > 0and 0 < u < v < b~ .
The endpoints of these intervals are dense in [0,1). A corollary of Chung
(1974, p. 28) extends the result Ply; € B] = A\ (B) to all Borel measurable
subsets B C [0,1). The equality Ply; € B] = A\i(B) extends to Lebesgue
measurable sets B since subsets of sets of measure zero have probability zero
of containing y;.

Consider now s > 1. Let Bj,...,Bs be measurable subsets of [0,1).
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Because the components y1,...,ys of y are independent, it follows that
S
Ply; € Bi,1 <i < s =[] M(Ba). (6.17)
i=1

Finally, A is the unique measure on [0, 1)® which satisfies (6.17). O

Consider a (t,m, s)-net in base b consisting of points 2o, ..., tym_1, where
t, = (ti71, ... ,ti75) and tij = tid‘,lb*l + ti7]‘72672 + ---. We shall denote the
scrambled points by yg,...,Yym_1, Where y; = (yi1,...,¥is) and y;; =
Yijab~t 4 yij2b7? + . Specifically, the scrambled points are given by
Yigk = Tjiti jartijpes (Ligk), for 0 <a <™ 1 <5 <s, and k > 1.

Similarly, if (¢o,¢1,...) is a (¢, s)-sequence, then the scrambled sequence
shall be denoted by (yg,¥y1,. .. ), where, using the same notation as above,
AgAIN Vi jk = it i1,ts o (Ligjk)s foralli>0,1<j<s and k> 1.

We consider now the expected value of % Z?:_ol (y;). For any measurable
function f we have

n—1 n—1
E F > f(yi)] — S Efw = [ fdy,
([ "3 [0,1]¢

since each point y; is uniformly distributed in [0,1)° and hence E[f(y;)] =
f[o,l]s f(y)dy for 0 < i < n. In other words, this means that a scram-
bled point set (note that the above applies even if the underlying point set
to,...,tn,—1 is not a digital net) used in a QMC rule yields an unbiased
estimator.

The second important property of the randomization algorithm which
we require is that the (¢,m,s)-net structure of the points tg,...,tym_1 is
retained after applying the scrambling algorithm. For some technical reason
this does not quite hold, but it holds with probability one, which is still
sufficient. The following proposition was first shown by Owen (1995).

Proposition 6.19. If ty,...,tym_; form a (¢,m,s)-net in base b, then
Yo, --->Ypm_1 1s a (t,m, s)-net in base b with probability one. If ¢y,¢1,...
are obtained from a (¢, s)-sequence, then the scrambled points yg,y;,. ..
form a (¢, s)-sequence with probability one.

Proof. The probability that, for some 0 < ¢ < b™, 1< j <s,and £ € N, all
Yijk = b—1for all k > £ is 0. Equivalently, with probability one, infinitely
many digits in the b-adic expansion of y; ; are different from b—1. Therefore,
the probability that y; ; has infinitely many digits in the b-adic expansion
of y; ; are different from b —1 for all 0 < ¢ < ™ and 1 < j < 5 is 0, since
the union of a finite number of zero probability events has probability zero.
Hence this holds for each component of each point of a (¢, m, s)-net.

For a (t, s)-sequence the same applies, since a countable union of proba-
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bility zero events has itself probability zero. Hence this also holds for each
component of each point of a (¢, s)-sequence.

Therefore we may, in the following, assume that infinitely many digits in
the b-adic expansion of y; ; differ from b —1 for all ¢ € Ng and 1 < j <s.

Assume we are given an elementary interval J = [[7_,[a; b=%, (a;+1)b~%)
where 0 < a; < b, d;j € Nog, and dy +--- +dg < m —t. Let ajb_dj =
aj71b_1 + aj72b_2 + -4 j.d; b4

Then y; € J if and only if y; ;1 = a;, for all 1 < k < d; and all 1 <

y —_— . o 1 .. —_— _1 .
Jj < s. Further y; jr = a; if and only if z;;, = ﬂjyti,j,lwnyti,j,k—l(a-77k)'

Let a;7k = ﬂj_yt{;,j,lwnyti,j,k—l(a-j’k)' Then y; € J if and only if t; € J =
szl[a;-b*df, (a + 1)b=%) where a;-b*df =aj b -+ a;7dj b=%. As the
points tg,...,tym_q form a (¢,m,s)-net, it follows that there are exactly
b=t points of this net in J’' and hence there are exactly b™! points of
Yo, - Ypm_q in J. Thus yg, ..., ypm_; form a (¢, m, s)-net with probability
one.

For a (t, s)-sequence tg,t1, ... for all k € Ny and m > ¢ the point set con-
sisting of tgpm, ..., tgpmipm 1 forms a (¢, m, s)-net which is again a (¢, m, s)-
net after scrambling with probability one. Since the union of countably many
zero probability events has probability zero the result for (¢, s)-sequences fol-
lows as well. UJ

6.11. Error analysis of scrambled digital nets

In this subsection we study upper bounds on the variance of scrambled
digital nets. To explain the result for scrambled digital nets, we introduce
the so-called nested ANOVA decomposition.

Theorem 6.20. (Nested ANOVA decomposition) Consider a function
f € Ly([0,1]) with Walsh series expansion

e}

o~

f(x) ~ ) fk)wal(z), (6.18)
0

k=

where
~ 1 S
f(k) :/0 f(z)walg(z) dz.

Define Sy := fol f(y)dy, and for £ > 1,

bt—1
Be(z) := Z f(k)walk(x) and O'?(f) := Var[B].

k=b—1
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Then we have the nested ANOVA decomposition of f
Var[f] =) o} (f).
(=1

Notice that we do not necessarily have equality in (6.18) since the function
f is only assumed to be in Ly([0,1]) (and hence may for example be changed

~

arbitrarily on a set of measure zero without changing f(k) for any k& > 0).

Proof. Consider the b-term approximation of f given by

b—1 bf—1

N 1 1
> fwalu(a) = 3 /O fy)walp(z ©y) dy = /0 W) Doz © ) dy,

where Dy is the Walsh-Dirichlet kernel given by

Dye) ”Zzl AN LA e (!
z) = wali(z) =
¢ P b 0 otherwise.
Hence we have
bt—1 R
> Fwpwate() = o [ 1(y)dy,
k=0 lyb?]=|xb?]

where the integration is over all y such that |yb’| = |xb’], i.e., the first ¢
digits of z and y coincide. Therefore for £ > 1 we have

B() = b / Fly) dy — b1 / f(y) d.
Lyb? J=abt] lybf—1]=|xbt~1]

(In Owen (1997b) this function was defined using Haar wavelets.) Notice
that /3, is constant on intervals of the form [ub=¢, (u+1)b~%), hence B;(z) =

Be([bfz|b~h).

Then because of the orthogonality of the Walsh functions we obtain

bt—1

o2 (f) = /0 Be@)Pdr = S 1Fk)P

k=bt-1

and also
1
/ Be(z)Be (x)dz = 0 for £ £ £
0

Since f € Ly(]0,1]) and the Walsh function system is complete, we can
use Plancherel’s identity to obtain

1 o0 . [e's)
Var[f] = / ) —E()Pdy = 3 [FE)E =302 (h).
0 k=1 /=1
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Therefore we obtained a decomposition of the variance of f in terms of the
variances of . [

Notice that Y-, |f(k)[> = Var [ZZO:() f(k)walk} . Hence, as a by-product,

we obtain that for any f € Lo([0,1]), the variance of f and the variance of
its Walsh series coincide, that is,

Var[f] = Var

> flk)waly| .
k=0

For functions f : [0,1]* — R the nested ANOVA decomposition can be
applied component-wise. Let f € Lo([0,1]°) have the following Walsh series

expansion

flx) ~ Y flk)walg(z) = S(z, f).
keN;
Let £ = ({1,...,0s) € N§ and Ly = {k = (k1,...,ks) € Nj : b1 < k; <
bl for 1 < j < s}. Then let

-~

Be() = Y fk)waly(x)

keLy

and

2(f) := Var = x)|?de = Flk)|2.
o) = Varla = [ et = 3 1w

kel
For € = (¢1,...,4s) € NJ \ {0} let
n—1 s
1 b 1
Ge =z 2. I\ gt miin ) — 5= 11Lb‘f‘lti,jJ=Lb‘f‘lti/,jJ) !
ii'=0 j=1

where t; = (t;1,...,t;s) for 0 <i <mn —1 and where 1y_p is 1 if A =B
and 0 otherwise.

If k € Ly, then

1 n—1

) Z E [walg(y; © y;1)] = G,

3,i'=0
since the coordinates are randomized independently from each other. Owen
(1997b) called the numbers 'y := nGy gain coefficients, since, as we see
below, they determine how much one gains compared to the classical Monte
Carlo algorithm.

We now estimate the variance of the estimator

n—1
Qnolf) =+ 3 1) (619)
1=0
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for integrands f € Ly(]0,1]*) when the points yq,...,y,_; are obtained by
applying Owen’s scrambling to a (digital) (¢, m, s)-net over Zj;. (To empha-
size that (6.19) is a random variable, we use the notation @, s rather than
Qn,s-)

For the following results see Owen (1997a), Owen (1997b) and Owen
(1998).

Theorem 6.21. (Variance of the integral estimator using scrambled nets)
Let f € L»([0,1)*) and Q\n,s(f) be given by (6.19). Let the point set
{¥Y0,---,Yn_1} € [0,1)° be obtained by applying Owen’s scrambling al-
gorithm to the point set {¢g,...,t,—1} € [0,1)°. Then the variance of the
estimator @ns( f) is given by

VarlGna(f)l == S Teod(f).

n
£eN;\{0}

Theorem 6.22. (A bound on the variance in terms of gain coefficients)
Let f € Ly(]0,1]°) and @y, s(f) be given by (6.19). Let the points {to, ..., tym_;}
be a digital (t,m, s)-net over Z,. Then

Var[Qn.s(f)] < o™ (lb’J_“—D > opf)

£LeNG
‘£‘1>m—t

For MC one obtains a variance Var[@ms(f)] =1 ZeeNg\{o} o3(f). Hence

the gain of scrambled digital nets lies in the fact that we only sum over 0%( f)
for which |€|; > m —t, although one incurs a penalty factor of b*((b+1)/(b—
1))® using scrambled digital (¢, m, s)-nets. Notice that the gain coefficients
I'p are 0 for £ € Nj with |€]; <m—tand Ty = b'((b+1)/(b—1))* for £ € N§
with \Zh >m —t.

Theorem 6.22 shows that Var[@ms(f)] for a scrambled (0,m,s)-net is
always at most by a factor of ((b+ 1)/(b — 1))° larger than the variance
for a plain MC algorithm (see also Owen (1997a, Theorem 1) who shows
that the gain coefficients are always bounded by e in this case). Further, for
scrambled (¢, m, s)-nets we have

~ b+1\°
b Var[Qn s(f)] = b* <l)i_—1> Z o3(f) =0 asm — oo.
£eng
|£]1>m—t

Therefore, scrambled (¢, m, s)-nets outperform MC with respect to Var[@n, s(f)]
asymptotically, as for MC we have nVar[Q\n,s(f)] = ZZEN(S)\{O} o3(f) for all
n € N.
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If the integrand f has smoothness 0 < a < 1, then one can show that
loe(f)| < Cpb=1®) Scrambled (t,m, s)-nets can take advantage now,
since I'y = 0 for all £ € N§ with p;(€) < m —t and I'y is bounded otherwise.
Thus, asymptotically one obtains an improved rate of convergence in this
case. If the integrand is only in Ls([0, 1]°), then one still gets the MC rate
of convergence of n=1/?2

Definition 6.23. (Generalized Vitali variation) We define the gener-
alized variation in the sense of Vitali of order 0 < a <1 by

A\
V(S —sup (ZVI ‘Vol ,) ) ’

Jep
where the supremum is extended over all partitions P of [0, 1]® into subin-
tervals and Vol(J) denotes the volume of the subinterval J.

For a = 1 and if the partial derivatives of f are continuous on [0, 1]*

also have the formula
9 1/2
VO (f) = ( / da:) .
[0,1]¢
0* f

Indeed we have
= l _
ol | 52 )

o f
oxy -+ 0xg ()

Alf )] = (z)de

for some ¢ ; € J, which follows by applying the mean value theorem to the
inequality

o f 1 9°f
_— < 1 < _— .
I;lel? Oxy - 3968(3:) < Vel() (w)dz = ey |0y --0xs(w)
Therefore we have
o f 2

)

ZV ‘Vol

Jepr

Zv

which is just a Riemann sum for the integral f[O 1s

8561 . ‘axs (CJ)

7| dx, and thus

the equality follows.

Until now we did not take projections to lower-dimensional faces into
account.
Definition 6.24. (Generalized Hardy and Krause variation) For () #

u C {1: s}, let Vé'uD(fu;u) be the generalized Vitali variation with coeffi-
cient 0 < a <1 of the |u|-dimensional function

fu(mu) = A ot f(w)dm{ls}\u
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For u = () we have f) = f[o 1 f(x)dx .y and we define V()Em')(f@;(])) =|fpl.
Then
1/2
2
)= X (Vi (hiw)
uC{1:s}
is called the generalized Hardy and Krause variation of f on [0, 1]%.

A function f for which V,(f) < oo is said to be of finite variation of
order a.

Theorem 6.25. (A bound on the variance in terms of variation) Let
f:10,1]* — R have bounded variation V,(f) < oo of order 0 < o < 1. Then
the variance of the estimator Var[@n,s( f)] using a randomly scrambled dig-
ital (¢, m, s)-net over Zj is bounded by

Var[@n S(f)] < Vj(f)b—(l—i-Qa)(m_t) (b — 1)(20‘71)*%25 <m 4+ S>’

b2 (b —1)s s—1

where again (2« — 1) = max(2a — 1,0).

6.12. Simplifications of the scrambling scheme: affine matriz scrambling

The scrambling algorithm as introduced by Owen requires one to generate
and store all the necessary permutations used for the scrambling scheme.
Since the number of permutations needed is very large, this is not practical
and therefore simplifications of this algorithm have been found for which
the main result still holds.

One version of such a simplified scrambling is the following: Let z; =
$j71b_1 + xjgb_z + --- denote the base b expansion of the jth coordinate
of x = (z1,...,25) € [0,1)°. Let y € [0,1)° denote the point which is
obtained after scrambling x. Assume that the jth coordinate has base b
expansion y; = yj,lb_l + yj72b_2 + ---. To obtain a simplified scrambling,
choose mj k¢, 055 € Zp for 1 <€ < k and mjpp € Zp \ {0} for 1 < j <s
independently and uniformly distributed over their ranges. Then we set

k

Yik = ij7k,ng,g +o0jr (modb) forl<j<s.
(=1

This can also be written in matrix form. Set M; = (my . ¢)r.e, where mj o =
0 for £ > k and &; = (o), . Note that M, is a lower triangular matrix.
Further let #; = (2;1,%j2,...) and §; = (yj1,Yj2,--.) . Then we have

yj = Mz +7.
This method reduces the number of permutations significantly while still pre-
serving the main properties of Owen’s scrambling. This scrambling scheme
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is called affine matriz scrambling. The results for Owen’s scrambling pre-
sented above still hold for the affine matrix scrambling.

6.13. Higher order scrambling

We have seen that scrambling can improve the convergence rate of the vari-
ance to n=3/2t% for any § > 0 for instance for functions whose generalized
variation is bounded. Since there are higher order nets which yield deter-
ministic QMC rules with convergence rates of n=** for arbitrary § > 0 for
functions with smoothness o > 1, the question also arises how to generalize
Owen’s scrambling and its simplifications to achieve higher order conver-
gence. We briefly describe this in the following.

Let tg,...,tym_1 € [0,1)% be a randomly scrambled digital (¢,m,ds) net
over the finite field Z; of prime order b (here scrambling can mean Owen’s
original scrambling or any of the simplifications for which the same results
hold as for Owen’s scrambling). Then one simply uses the sample points

Y, = Do(x;) €10,1)° for 0 <i<b™,

where 2, is the digit interlacing function of order o« > 1. The integral is
then estimated using

bm—1
~ 1
n=0
This method yields again an unbiased estimator, i.e.,

E(Qns(f)) = /[O N f(z)dz.

If the integrand has square integrable partial mixed derivatives up to order
a > 1 in each variable, then the variance of @, s(f) satisfies

Var(Q, o(f)] = O(n~2minda)=1+9)

for any § > 0, where n = b™ is the number of sample points.

6.14. Notes

Subsection 6.1 is partly from Dick and Pillichshammer (2010). Subsec-
tions 6.4 and 6.5 are adapted from Dick and Pillichshammer (2010, Chap-
ter 10). Subsection 6.6 is based on Dick and Baldeaux (2009). Subsec-
tions 6.7 and 6.8 are based on Dick (2009b). Subsections 6.10 and 6.11 are
based on Dick and Pillichshammer (2010, Chapter13).

The monographs by Niederreiter (1992a) and by Dick and Pillichsham-
mer (2010) give a comprehensive introduction to (digital) nets and (digital)
sequences, discrepancy theory and QMC rules based on such point sets and
sequences. More references can be found therein.
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Walsh functions were introduced by Walsh (1923), see also Chrestenson
(1955) and Fine (1949). For information on Walsh functions in the context
of QMC integration see Dick and Pillichshammer (2010).

Numerical integration of Walsh series using QMC rules based on digital
nets was studied, for instance, by Larcher and Traunfellner (1994), Larcher,
Schmid and Wolf (1994) and Larcher, Schmid and Wolf (1996), whereas
numerical integration in Haar wavelet spaces was studied by Sobol’ (1969)
and Heinrich, Hickernell and Yue (2004). Numerical integration in anchored
and unanchored Sobolev spaces using QMC rules based on digital nets was
first studied by Dick and Pillichshammer (2005).

Polynomial lattice rules have been introduced by Niederreiter (1992b).
Shift nets are a subclass of digital nets which were introduced by Schmid
(1996) and further studied by Pillichshammer (2002). The so-called Salzburg
tables provide a table of digital nets found by computer search with small
t-value. These computations are described by Hansen, Mullen and Nieder-
reiter (1993), Larcher, Lauf}; Niederreiter and Schmid (1996) and Schmid
(2000). An improvement of the method for computing the ¢-value of digital
nets has been studied in Pirsic and Schmid (2001). A table with many of
the currently best known t¢-values for (t,m,s)-nets and (t, s)-sequences for
many values of m and s can be found at http://mint.sbg.ac.at/.

The CBC construction of polynomial lattice rules was introduced by
Dick et al. (2005) for anchored and unanchored Sobolev spaces and by
Dick, Kritzer, Leobacher and Pillichshammer (2007) for the weighted star-
discrepancy. The case where the modulus is not necessarily irreducible was
considered by Kritzer and Pillichshammer (2007).

The fast CBC algorithm was introduced by Nuyens and Cools (2006a)
using FF'T methods for the construction of classical lattice point sets. Due
to the similarities between ordinary and polynomial lattice point sets it
turned out that their methods can also be carried over to the polynomial
case, see Nuyens and Cools (2006b). Implementations of the fast algorithm
using Matlab can be found in Nuyens and Cools (2006c¢).

Cyclic nets are another subclass of digital nets of size b which were in-
troduced by Niederreiter (2004). Hyperplane nets are a subclass of digital
nets of size b™* which where introduced by Pirsic, Dick, Pillichshammer
(2006). The discrepancy of cyclic and hyperplane nets was considered in
Pillichshammer and Pirsic (2009). Extensible polynomial lattice rules were
studied by Niederreiter (2003) and a construction algorithm was introduced
by Dick (2007b). Extensible hyperplane nets were studied by Pirsic and Pil-
lichshammer (2011). Constructions of (digital) nets and (digital) sequences
based on existing constructions are called propagation rules, see Dick and
Pillichshammer (2010, Chapter 9) for a summary.

The basic construction principle of higher order digital nets and sequences
appeared first in Dick (2007a) and was slightly modified in Dick (2008). A
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bound on the decay of the Walsh coefficients has been studied in more detail
in Dick (2009a). Theorem 6.17 is a special case of Dick (2008, Theorem 4.11),
with an improvement for some cases from Dick and Baldeaux (2009) (a proof
of this result can be found in Dick and Baldeaux (2009), Dick (2007a) and
Dick and Kritzer (2010)). The CBC construction of higher order polynomial
lattice rules was studied by Baldeaux, Dick, Greslehner and Pillichshammer
(2011) and Baldeaux, Dick, Leobacher, Nuyens and Pillichshammer (2012).
A CBC construction of higher order scrambled polynomial lattice rules was
studied by Goda and Dick (2013). Propagation rules for higher order digital
nets were studied by Dick and Kritzer (2010). Tractability of higher order
polynomial lattice rules were studied by Dick and Pillichshammer (2007)
and the existence of higher order polynomial lattice rules with small ¢-value
were studied by Dick, Kritzer, Pillichshammer and Schmid (2007). Recently
Matsumoto, Saito and Matoba (2013) and Matsumoto and Yoshiki (2013)
constructed QMC rules which achieve higher order convergence for function
classes of very high smoothness.

Scrambling was introduced by Owen (1995) and further studied by Owen
(1997a) and Owen (1997b). Scrambled Niederreiter and Xing sequences were
studied by Owen (1998). The mean square discrepancy of scrambled nets
was studied by Hickernell and Yue (2000), whereas integration and approxi-
mation using scrambled nets was studied by Yue and Hickernell (2001). The
gain coefficients of digital nets were further investigated by Yue and Hick-
ernell (2002). Strong tractability of scrambled Niederreiter sequences was
studied by Yue and Hickernell (2005), whereas strong tractability in Banach
spaces was studied by Yue and Hickernell (2006). Of particular interest in
the context of scrambled nets is also the result by Loh (2003), who shows
that a central limit theorem holds for the estimate Q\n,s( f) for which the
cubature points are based on a scrambled (0,m, s)-net. This allows one to
obtain an approximate confidence interval from the variance estimates of
Qn,s(f)-

Simplifications of Owen’s scrambling algorithm were studied by Hickernell
(1996b), Matousek (1998) and Tezuka and Faure (2003). In particular, the
affine matrix scrambling is from Matousek (1998) and is implemented in
Matlab. Higher order scrambling has been studied in Dick (2011a). A
construction of randomly scrambled polynomial lattice rules which have a
better dependence on the dimension has been studied in Baldeaux and Dick
(2011) for functions of smoothness at most 1.

7. Infinite dimensional integration

In this section we consider briefly numerical integration for problems with
an infinite number of dimensions. We do not try to be definitive, because
the subject is developing and changing rapidly. Rather, we introduce some
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themes likely to be of continuing importance. We concentrate here on “an-
chored” function spaces, because anchoring is a natural idea for functions
that depend on an infinite number of variables. The section concludes with
a brief discussion of an application that is driving much recent interest in
infinite dimensional problems.

7.1. The infinite dimensional problem

The problem is to integrate real-valued functions f that have a countably
infinite number of variables,

flzy,29,...),

with each component lying on the unit interval, z; € [0,1],7 € N. Equiv-
alently we write f(z) with z = (z;)jeny € [0,1]N = [172,00,1]. To avoid
formal problems associated with functions of an infinite number of variables,
we choose an “anchor” ¢ € [0, 1], and in our algorithms only allow function
evaluation when at most a finite number of components of & have values
different from the anchor value ¢. Often ¢ = 0 is the most natural choice
for the anchor, but in some applications it is better to take the midpoint
¢ =1/2 as anchor. The components x; that have the value c are considered
to be “inactive variables” for the particular function evaluation, in contrast
to the “active variables” x; # c.

If the set of active variables is x,, we write the value of f as f(xy;c).
In this section we shall assume that f(axy;c) is a continuous function of x,
on [0,1] for every finite subset u of the natural numbers. The infinite
dimensional integral may now be defined as

1 = lim 5 5Y- 1
oo(f) 500 Jig s f(w{l.s}v C) dw{l.s} (7 )
In Subsection 7.4 we shall introduce a reproducing kernel Hilbert space
setting that ensures that this limit exists, and ensures also that f(x) is well
defined for all = € [0, 1]N. For the present, however, we concentrate on
algorithms and costs.
Our algorithms for approximating this infinite dimensional integral all
have the form

n—1
QU = wiftl:e), (7.2)
=0

where w; € R, u; is a finite subset of N, and tl(fi) € [o, 1]‘“1". There are
three kinds of algorithms which have been studied in the literature which
we introduce in the following subsection.
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7.2. Three kinds of algorithms

In this subsection we describe single-level (or fized dimension), multi-level
and changing dimension algorithms.

Example 7.1. (Single-level or fixed dimension algorithm) The single-
level (SL) or fized dimension algorithm approximates the infinite dimen-
sional integral by an s-dimensional QMC rule

1 n—1 )
QM(f) = FE] e, (7.3)
i=0
in which the active variables are the leading variables x1, xo, ..., xs.

Example 7.2. (Multi-level algorithm) A different kind of algorithm
comes from adopting a multi-level (ML) approach (Heinrich 1998, Giles
2008). We define an infinite sequence of dimensions

0280<81<82<"'<OO,

and write the function as a collapsing sum

(e o]

f($) = Z (f(${1:55}; C) - f(x{1:84_1}; C)) + f(C),

(=1
and similarly write the integral (7.1) also as a collapsing sum,

[e.9]

Ioo(f) = (Isg(f) _ISe—l(f)) —|—f(c),
with Ip(f) = f(e), and

1,(f) == / (@13 €) A 1.0,
[0,1]°%¢

We then approximate the collapsing sum up to level L > 0 by the cubature
formula

L
Q(f) =3 QuosWe(£) = we1(F)) + F(e), (7.4)
(=1
where ¢Z(f) = f(x{lzw}; C), and
ne—1 . .
Qupt(e(F) — e () = nig 23 (£ 00— 1@, o),

and where t%):sl} € [0,1]°¢, and W } contains the first sy_; components

{Lisg—1
of t?l):w}' For ny = 0 we assume that Q,, ¢(¢Ye(f) — ¥e—1(f)) = 0. The idea
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of a ML scheme is that the successive terms in the collapsing sum for the
integral should be smaller and smaller, and hence can be well approximated
by a smaller number of points ny as £ increases, leaving only relatively low
dimensional integrals needing a large number of points. We assumed in (7.4)
that the cubature rules @, are QMC rules, but other choices are clearly
possible.

Roughly speaking, ML algorithms are of particular advantage if for a
particular f the important subsets u involve only a small number of leading
variables (that is, in the language of Caflisch et al. (1997), if the “truncation
dimension” is small).

Example 7.3. (Changing dimension algorithm) A third kind of al-
gorithm is the changing dimension (CD) algorithm (Kuo, Sloan, Wasilkowski
and Wozniakowski 2010b). In this approach a different cubature rule is ap-
plied to each term f, of the so-called “anchored” decomposition of f. The
anchored decomposition has the form

f=3 fo (7.5)

Ju|<oco

where for a finite set u the function f, depends only on the set x, of ac-
tive variables x;,j € u, and vanishes if any of those active variables has
the value ¢. The anchored decomposition has appeared under many differ-
ent guises, see for example Sobol’ (1969), Li, Schoendorf, Ho and Rabitz
(2004) and Griebel (2006). The terms in the anchored decomposition may
be defined recursively by

fu(@u) = fzu;€) — an(wn)7 (7.6)

where the sum is over the strict subsets of u. An explicit formula for f, in
terms of f is given by

ful@y) =Y (=DMl f (45 0), (7.7)

where now the sum is over all subsets of u. The formula is established,
for example, in Theorem 1 of Kuo, Sloan, Wasilkowski and WozZniakowski
(2010a).

The CD algorithms then take the form

QU = Y Quualf), (7.8)
|u|<oo
where, for a finite subset u,

nuy—1

1 i
Qnu,u(fu) = n_ Z fu(tx(x)),
% i=0
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with tl(f) € 0,1 and we use the convention that Q, .(f,) vanishes if
ny = 0. Thus in the CD algorithm a different cubature rule is applied to
each component of the anchored decomposition. We assumed for simplicity
that the cubature rule @,y is a QMC rule, but other choices are clearly
possible. Roughly speaking, this algorithm has a significant advantage if for
a particular f the important subsets u all have small cardinality (that is,
in the language of Caflisch et al. (1997), if the “superposition dimension” is
small).

7.8. Cost models and the choice of algorithms

In earlier sections we implicitly assumed that the cost of a single function
evaluation is always the same, since in assessing cost we only counted the
number of function evaluations. Now that the number of variables is un-
bounded, it seems reasonable to allow the cost of evaluating f(xy;c) to
depend on the set u. We consider two different cost models:

e Model A — the cost depends on the highest index of the active variables
cost 4 (1) = $(maxu).
e Model B — the cost depends on the number of active variables
costp(u) = $(Ju|)

Here the “dollar” function $ : Ny — R is assumed to be positive and non-
decreasing. For example, $(k) = [max(1,k)]” for some ¢ > 0. We note
that Model A is a simplification of a model introduced in Creutzig, Dereich,
Miiller-Gronbach and Ritter (2009) and Model B was introduced in Kuo et
al. (2010D).

Whereas in previous sections we assumed that the cost of an algorithm is
simply the number of function evaluations, we now assume that the cost of
the algorithm given by (7.2) is

n—1
costx (@) := Zcostx(ui), X € {A, B}. (7.9)
=0

The aim now is to approximate the integral with accuracy € > 0 by an algo-
rithm with small cost (rather than a small number of function evaluations).

The costs of the SL and ML algorithms under both cost models are,
respectively,

L

costx (Q%Y) =n$(s) and costy(QML) = an ($(se) + $(s¢-1)) ,

/=1
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while the cost of the CD algorithm under each cost model is

cost A ( QCD Z nu2$ max v) Z ny $(max u) olul

[u]<co  ©Cu [u|<oo
costp(QP) = Y m > _S(lol) < Y mu$(jul) 2,
[u]<oo  ©Cu |u|<oo

where the sum over v appears due to the need to compute f, using (7.7).
One cost model may be more appropriate than the other, depending on

the integrand for the application at hand. The choice of algorithm should

therefore also depend on the cost model for the given application.

7.4. A reproducing kernel Hilbert space setting

Now we restrict the function class further. Just as in the finite dimensional
case, we restrict our considerations to functions that lie in a certain repro-
ducing Hilbert space (RKHS), because it is then possible to compute worst
case errors, and to study tractability of the integration problem.

Let 7 : [0,1]> — R be a reproducing kernel on the interval [0, 1] such that
there exists a ¢ € [0,1] with n(¢,c) = 0. Examples of reproducing kernels
satisfying this condition are min(z,y) (see (4.1) with ¢ = 0) or 1 —max(z,y)
(see (4.1) with ¢ = 1). Let the RKHS be denoted by H(n), the inner product

by (-,-) and the corresponding norm by | - ||. Assume that
M := sup |n(z,x)| < occ.
z€]0,1]
Then since
n(z, )l = [0 x),nC )| < Al 2) Gl = vale, z)nly,y) - (7.10)
for all z,y € [0, 1], we have |n(x,c)| </ Mn(c,c) =0. Thus
n(z,c) =0 Vze0,1], (7.11)

and we have

fle) = (fn(e)) =(f,00 =0 VfeH@).

Thus all functions f € H(n) vanish at ¢, in particular, the only constant
function in H(n) is f = 0. Moreover, the kernel 1 + 1 defines a RKHS
which is the direct sum of constant functions and functions in H(n). This
implies that the space of constant functions H (1), defined by the kernel 1,
is orthogonal to H(n) in the space H(1 + 7).

To define the infinite dimensional RKHS, for each set u C N with |u|] < oo
let v, be a non-negative real number and for points ,y € [0, 1] let

(T, yy) = Hn xj,y;) and Ky ( Z YWKu(Ty,y,), (7.12)
JjE€u Ju|<oo
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where again the empty product is defined to be 1. In the following we assume
that

> MM < 0. (7.13)

|u|<oo

Condition (7.13) ensures that the series expression for Ky(x,y) converges
absolutely and uniformly, since from (7.10) we have |n(z,y)| < M. The
kernel K, defines a RKHS H(K,) on [0,1]", and the kernel K. defines a
RKHS H(K,) on [0,1]N. The inner products in H(K,) and H(kK,) will be
denoted by (-,-)y and (-, -), respectively, and the corresponding norms by
- Iy and || .

Note that a condition significantly weaker than (7.13) would be sufficient
to define infinite dimensional integration, but to avoid some technicalities
we shall be content with (7.13). In particular, our assumptions imply that
function evaluation is continuous at every point x € [0,1]N. The idea for
weakening the conditions is to impose conditions such that infinite dimen-
sional integration and function evaluation at finite dimensional projections
are continuous linear functionals. See the work by Gnewuch, Mayer, Ritter
(2013) for even weaker conditions.

A function f € H(K) can be decomposed into a sum of functions f, €
H(K,) by setting

fu(ﬂlu) = <f7 'YuKu('7CCu)>'7= (7'14)

which implies

Z fu(wu) = Z <f, ’VuKu('amu»'y = <fa Z 'YuKu(',$u)> = f(w)
[u]<oo [u|<oo [u]<oo il
(7.15)

The decomposition f = 3, . fu is orthogonal in H(K,), since H(n) is
orthogonal to the space of constant functions and for u # v either there exists
J €u,j ¢ vorthere exists j € v,j ¢ u, implying that (K, (-, zy), Kv(-, Yp))y =
0 and hence by (7.14) we have (fy, Ko(-,Y,))y = 0.

By orthogonality, the norm in H(K,) is related to the norm of the pro-
jections by the formula

1715 =D IAlE = D Ak

|u|<oo [u|<oo

We now study integration of functions defined on H (K ). Let

1
hu(yu) = /[0 ol Ku(yw CCu) dCCu = HA n(yja 1']) dm]a

J€Eu
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and

= Z Yuhu(Yy)

[u|<oo

From (7.13) we conclude that this series converges absolutely and uniformly.
The functions h, are orthogonal in H(K.) (since hy, € H(Ky)), from which
it follows that

IRl = D elhally = > i Al (7.16)

Ju|<oo |u|<oo

- Z fyl%fyul/ / <Ku(,$),Ku(,’y)>udCDdy
Ju[<oo [0,1]1ul J{0,1]1ul
Z%H/ / n(xj,y;)de;dy; < Z’yM'“|<oo
[u]<co  jEU |u|<oco

and thus h € H(K,). Note that this decomposition of h differs from the
decomposition (7.15) (which holds for all functions in H(K,)) by a scaling
factor -, for each term hy,.

For f € H(K,) it follows from (7.1) and (7.12) that

/ f(x)dx = lim f(xg1:6);¢) de
[0,1]%

§—00 [0’1]5

= lim , WK (@, dx
o fo <f > Kl )>7

- lm <f S > (R, (7.17)

uC{1:s}

Since ||Ix|| = ||h|ly < o0, it follows that I, is a bounded linear functional
on H(K,)

7.5. Error analysis in RKHS

The analysis of the worst case error is based on the orthogonal decomposition
in the space H(K4). The representer (see (3.11)) of the integration error is
given by

§(w) = o Ky(y, ) dy — Q(E4 (-, z)),
where, in general, @) is a cubature algorithm of the form (7.2) which is
applied to the first variable of K, (later we will consider only the SL, ML,

CD algorithms). As explained in Subsection 3.3, the worst case integration
error is given by

e(Q; H(Ky)) = [[€]ly-
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(In this subsection we use the notation e(Q; H (K5 )) instead of e(P; H(K))
as in Subsection 3.3, since we now allow unequal cubature weights in the
algorithm.) Analogously to (7.16), we can obtain an orthogonal decomposi-
tion of the worst case error

CQHES)) = €5 = D wlal’ = > wl&ld

|u|<oo |u|<oo

Z € Qua Ky)),

|u|<oo

where e(Qy; H(K))) is the worst case error in the space H(K)) using the
cubature rule

Z wzfu u,ﬁuv

The relationship between f and its projection f, is given by (7.6) and (7.7).
Note that if for u # () there does not exist at least one 0 < ¢ < n such that u C
u;, then Qu(f) = 0 since fy(ty;¢) = 0 for v C u and v # u. This orthogonal
decomposition of the worst case error is an essential tool in analyzing the
integration error. We consider now the orthogonal decompositions of the
worst case error for the SL, ML and CD algorithms in more detail.

For the SL algorithm we obtain

(QSL Z Tu € Qua Z Tu€ ))

uC{l:s} |u|<oo
UZ{l'S}
(QSL Z ’Yu 7
|u|<oo
uZ{1:s}

where €2(0; H(K,)) is the squared initial error (see (3.10))

(0, H(Ky)) =ml, m —/ / z,y)dedy < M,

and e2(Q5Y; H(Ks~)) is the squared worst case error of the cubature rule
for the finite dimensional weighted space H (K ~) with reproducing kernel

,'y LE y Z 'Yu mu’yu) may € [Oa 1]8
uC{1l:s}

We can then apply any estimate for e?(Q5"; H(K s,y)) based on lattice rules
or digital nets from the previous sections. We can also use general cubature
rules other than QMC rules.

The ML algorithm approximates each level ¢ using a cubature rule with
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ny points. To bound the ML cubature error, note that from (7.15) we have

f(m{lzs[ﬁ c) — f(w{1:3g,1}§ c) = Z Ju(zy) — Z fu(zw).

uC{l:se} uC{l:sp_1}

Thus the error for the ML algorithm satisfies
e*(QYY; H(Ky))
L
= Z Z Yu€ ( ML’ H(Ky,)) + Z Tu 62(0§ H(Ky))

=1 uC{1:s,} |u|<oo
ug{l:sg_1} uZ{l:sp}
L
= ZBQ(QW,Z;H(KSNY Ksy 1) Z Tumm
=1 |u]<oo
uZ{l:sp}
L
S Z BZ(QnZ,b Sg,“)’ Z ’Vu
=1 [u| <oo
uZ{1l:sp}

We then apply previous results for €2(Qn,.¢; H(Ks,~ — Ks,_,~)) or simply

QQ(QW,Z; H(Ks,~))-
For the CD algorithm we have

e (Q°P H = D € (Quuus H(KY))

|u|<oo
u
g Tu € Qnu,ua u)) + E Yu ™
|u|<oo |u|<oo
ny>0 ny=0

Again, we then apply known estimates for e?(Qpn, u; H(Ky)).

The idea now is to choose the number of cubature points (n for SL, ny for
ML, n, for CD) and the dimensions or sets of variables (s for SL, s, for ML,
active sets u for CD), such that the error is small for a given cost, or con-
versely, the cost is small for a given required level of accuracy. One needs
to balance the error obtained by truncating the infinite dimensional inte-
gral against the integration error. This leads to a constrained optimization
problem which in some cases can be solved using the technique of Lagrange
multipliers. For a given application, one would also need to determine suit-
able weights v, so that the integrand not only belongs to the RKHS setting
but also has small norm || - ||.
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7.6. An infinite dimensional application

Do infinite dimensional problems arise in practice? A class of infinite dimen-
sional problems arises from partial differential equations with random fields
as coefficients, with one problem being the flow of a liquid (oil or water)
through a porous medium (such as rock). For a given pressure gradient, the
rate of flow at a particular location depends on the local “permeability” of
the medium, which can vary rapidly from point to point. Engineers studying
the overall flow properties then have two choices: either to model the true
permeability as a rapidly varying function over the region, or (as is often
done in practice) to model the permeability as a “random field” whose gen-
eral characteristics match those of the physical problem. A random field over
a two or three-dimensional region may require a countably infinite number
of independent random variables for its complete description, hence the infi-
nite dimensionality of the problem. Such problems are presently tackled by
a variety of methods, beginning with Norbert Wiener’s “polynomial chaos”,
and continuing to “generalized polynomial chaos”, “stochastic Galerkin”
and “stochastic collocation” methods. In all those methods the probabilis-
tic aspect of the problem is parameterized by a continuous variable & with
a large (possibly infinite) number of components. The solution is approxi-
mated by truncation to a manageable number of components of &, and an
approximate solution depending on both the truncated x and the physical
variables is then sought in a finite-dimensional function space. All such
methods face great challenges when the effective dimension is large (where
the effective dimension may be loosely defined as the number of components
of « needed to obtain a reliable approximation). For hard problems of this
type MC or QMC methods may be the engineer’s only choice (Ghanem and
Spanos 1991).

In a recent paper (Kuo et al. 2012) a QMC method (randomly shifted
lattice rule) was applied to a simple (but infinite dimensional) model of a
partial differential equation with a random coefficient, using the methodol-
ogy of Section 5, after truncation to a finite dimension s. An interesting
feature of this work was the appearance for the first time of POD (product
and order dependent) weights, see (4.4), obtained by minimizing a certain
upper bound on the error of some functional (for example, the overall ef-
fective permeability) of the solution. A ML version of the same problem
was studied in Kuo, Schwab and Sloan (2013), using a ML scheme more
complicated than that above, in that a different spatial discretization was
employed at each level £.

7.7. Notes

Early studies of numerical integration for infinite dimensional problems (and
ML methods) include the following: Wasilkowski and WozZniakowski (1995)
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considered Feynman-Kac path integration, Wasilkowski and Wozniakowski
(1996) considered path integration, Heinrich (1998) studied ML in the con-
text of integral equations, Heinrich and Sindambiwe (1999) studied ML in
the context of parametric integration, Hickernell and Wang (2002) studied
QMC algorithms for infinite dimensional integration. Giles (2008) consid-
ered ML MC schemes for stochastic partial differential equations.

Creutzig et al. (2009) introduced the variable subspace sampling model
(which generalizes cost model A) and obtained optimality results for ML
algorithms for this model, which apply in particular to infinite dimensional
integration of stochastic differential equations. Infinite dimensional inte-
gration using randomized MC algorithms in a hierarchy of finite dimen-
sional subspaces was studied by Hickernell, Miiller-Gronbach, Niu and Ritter
(2010). Niu, Hickernell, Miiller-Gronbach and Ritter (2011) studied deter-
ministic ML algorithms. Niu and Hickernell (2009) studied MC simulation
of infinite dimensional stochastic integrals arising in financial applications.
The CD algorithm combined with QMC methods was introduced in Kuo et
al. (2010b). The above results for ML and CD algorithms were improved
by Gnewuch (2012). Plaskota and Wasilkowski (2011) considered the CD
algorithm combined with Smolyak algorithms and studied tractability in the
worst case and randomized setting. Higher order convergence using higher
order polynomial lattice rules in infinite dimensional anchored spaces was
studied by Dick and Gnewuch (2013). Baldeaux (2012) and Baldeaux and
Gnewuch (2013) studied randomly scrambled polynomial lattice rules for
infinite dimensional integration, the latter in unanchored Sobolev spaces.
Lower bounds were considered by Gnewuch (2013). A probabilistic ML al-
gorithm which yields an unbiased estimator was introduced by Rhee and
Glynn (2012).

The mathematics of random fields is well described in the book Adler
(1981). For engineering applications of the MC method to problems of
porous flow, see for instance Ghanem and Spanos (1991). ML MC approach
has recently been developed for elliptic problems with random input data
in Barth, Schwab and Zollinger (2011), Charrier, Scheichl and Teckentrup
(2011), Cliffe, Giles, Scheichl and Teckentrup (2011), Schwab and Gittelson
(2011), and Teckentrup, Scheichl, Giles and Ullmann (2012). Application of
QMC methods for these PDE problems have been considered in Graham et
al. (2011), Kuo et al. (2012), Kuo et al. (2013), and Graham, Kuo, Nichols,
Scheichl, Schwab and Sloan (2013).

8. Concluding remarks

In this survey we have tried to capture key concepts and methods in the
rapidly developing field of high dimensional numerical integration. We have
concentrated on equal weight rules, not because they will always be the best
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rules for a particular problem (indeed, in low dimensions we know that this
is certainly not the case), but because they can be used in practice for very
high dimensional problems. We have not covered sparse grid methods, re-
viewed in a previous Acta Numerica article by Bungartz and Griebel (2004),
which also provide a well understood approach to integration in moderately
high dimensions, and which are especially attractive for the related topic of
approximation of functions.

In this rapidly developing subject it is almost certain that future research
will give a different emphasis to the material covered in this survey, but we
think it likely that topics such as reproducing kernels, weighted function
spaces, component-by-component constructions, and discrepancy in all its
forms, will continue to play starring roles in the science of high dimensional
numerical integration.
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