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Abstract

High-dimensional integrals arise in a variety of areas, including quantum physics,
the physics and chemistry of molecules, statistical mechanics and more re-
cently, in financial applications.

In order to approximate multidimensional integrals, one may use Monte
Carlo methods in which the quadrature points are generated randomly or
quasi-Monte Carlo methods, in which points are generated deterministically.
One particular class of quasi-Monte Carlo methods for multivariate integra-
tion is represented by lattice rules. Lattice rules constructed throughout this
thesis allow good approximations to integrals of functions belonging to certain
weighted function spaces. These function spaces were proposed as an explana-
tion as to why integrals in many variables appear to be successfully approxi-
mated although the standard theory indicates that the number of quadrature
points required for reasonable accuracy would be astronomical because of the
large number of variables.

The purpose of this thesis is to contribute to theoretical results regarding
the construction of lattice rules for multiple integration. We consider both
lattice rules for integrals over the unit cube and lattice rules suitable for in-
tegrals over Euclidean space. The research reported throughout the thesis is
devoted to finding the generating vector required to produce lattice rules that
have what is termed a “low weighted discrepancy”. In simple terms, the “dis-
crepancy” is a measure of the uniformity of the distribution of the quadrature
points or in other settings, a worst-case error. One of the assumptions used in
these weighted function spaces is that variables are arranged in the decreas-
ing order of their importance and the assignment of weights in this situation
results in so-called “product weights”. In other applications it is rather the
importance of group of variables that matters. This situation is modelled by
using function spaces in which the weights are “general”. In the weighted
settings mentioned above, the quality of the lattice rules is assessed by the
“weighted discrepancy” mentioned earlier. Under appropriate conditions on
the weights, the lattice rules constructed here produce a convergence rate of
the error that ranges from O(n~'/2) to the (believed) optimal O(n~1*?) for

any 0 > 0, with the involved constant independent of the dimension.
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Chapter 1

Introduction

1.1 Lattice rules for numerical multiple inte-
gration

Integrals over the d-dimensional unit cube given by

La(f) = f(x)da (1.1)

[0,1]¢

may be approximated by quadrature rules of the form
-1

(k). (1.2)

k=0

3

Qn,d(.f) =

S|

If the quadrature points tg,t,...,t,_1 € [0,1)? are produced in some de-
terministic manner, then the quadrature rule (1.2) is known as a quasi-Monte
Carlo rule for numerical multiple integration. A particular class of quasi-Monte
Carlo methods is represented by lattice rules. Quasi-Monte Carlo methods in
general and lattice rules in particular, have recently become of more interest
especially due to their efficiency in applications arising from mathematical fi-
nance (see [45]). We start by revising some aspects of the definition and the
theory of lattice rules that will be used throughout the thesis. In-depth details
can be found in [51].

In Mathematics the notion of “lattice” has several meanings. Throughout
this thesis, the concepts of “lattice”, “integration lattice”, and “lattice rule”

are defined as follows:



Definition 1.1 By a d-dimensional lattice, we mean a discrete set of points

in R? which is closed under addition and subtraction.
Definition 1.2 An integration lattice is a lattice that contains Z¢ as a subset.

Definition 1.3 A lattice rule is a quadrature rule of the form (1.2) whose
quadrature points are all the points of an integration lattice that lie in the

half-open unit cube [0, 1),

It has been established in [53] that every lattice rule can be written in the

so-called “canonical form” as a multiple sum of the form

n—lna—1 nr—l kiz, k’222 kz,
Qn.alf ZZ Zf({ N3 T n })’ -

=0 ko=

where n = ny -+ n, with n;q|n; for every 1 < i < r — 1 and 21, 29,...,2,
are linearly independent integer vectors such that each vector z; has no factor
in common with n; for every 1 < i < r. In the canonical form (1.3), r is
known as the “rank” of the lattice rule and represents the minimal number
of sums required to write it down. In (1.3) and throughout the whole thesis,
the braces around a vector indicate that we take the fractional part of each
component of the vector. The canonical form of a lattice rule is not necessarily
the most convenient in practice. For instance, the intermediate-rank lattice
rules defined by (1.7) (see below) and studied in Chapter 3 are not written in
canonical form.

Apart from integrals of the form (1.1), in this thesis we also consider

weighted integrals over Euclidean space defined by

Lf.p) = / f(@)p() de. (1.4)

where the weight function p(x) is a probability density. Hence p(ax) > 0 for
any ¢ € R? and Jga p(x) de = 1. Such integrals may also be approximated by
quasi-Monte Carlo rules of the form (1.2). As we shall see later, these integrals

are first transformed to equivalent integrals over the unit cube.



1.1.1 Rank-1 lattice rules

When a lattice rule may be written by using a single sum (r = 1 in the
representation (1.3)), then we obtain a rank-1 lattice rule, whose form is given

by -
=31 ({5 }) (15)

where z is usually named the “generating vector” of the lattice rule. Usu-

ally, the generating vector is restricted to the set Z¢, where Z, := {z : z €
{1,2,...,n—1}, ged(z,n) = 1}. Obviously, the number of elements of the set
Z, is given by |Z,| = ¢(n), where ¢ is Euler’s totient function.

We will also consider “shifted rank-1 lattice rules”. These are quasi-Monte

Carlo rules of the form

Qualf B)= T : r({E+a}), (1.6

n
k=

where A € [0,1)? is the “shift”. Let us remark that the points of a shifted
lattice rule do not belong to an integration lattice in the sense of Definition 1.2.
As we shall see later, these shifted lattice rules are especially suited to integrals

over R?.

1.1.2 Intermediate-rank lattice rules

In this thesis we will also consider lattice rules obtained by “copying” rank-1
lattice rules. If £ > 1 is an integer satisfying ged(¢,n) = 1 and r is a fixed

integer taken from the set {0, 1, ..., d}, then we can define the following lattice

rule:
-1 =1 n—1
(r) . 1 k_z (ml,...,mr,O,...,O)
Qualf) = 4 ;::0---%:0 k:of <{ —+ ; (L)

If r =0 and/or ¢ = 1, then (1.7) becomes the rank-1 lattice rule (1.5). For
r > 1, (1.7) is a rank-r lattice rule or “intermediate-rank lattice rule” having
N = {"n distinct points. As mentioned earlier, the lattice rule (1.7) is not

written in canonical form, since it has rank r but is expressed using r + 1



sums. However, such an expression of an intermediate-rank lattice rule is

useful for our analysis in Chapter 3.

1.1.3 Korobov-type lattice rules

The first proof of the existence of “good” lattice rules was given by Korobov in
[32] in the situation when n is prime (later in our analysis on Korobov lattice
rules we make the same assumption). In [32], the generating vector z of a

lattice rule (1.5) was restricted to the so-called Korobov form, that is
z:=(1,a,...,a®") (modn), (1.8)

where a is a suitable integer chosen from Z,,. The “Korobov-type lattice rules”
considered in this thesis are lattice rules of the form (1.5) or (1.7) with the
generating vector z of the form (1.8). Korobov’s results were later extended
by Niederreiter in [41] for any integer n > 0. Niederreiter’s result implies
essentially the existence of “good” lattice rules in the sense of having a bound
of O(n~'(Inn)?) for the “discrepancy”. The concept of “discrepancy” will be

introduced in the next section and treated in-depth throughout the thesis.

1.2 Weighted star discrepancy

In order to assess the goodness of a quasi-Monte Carlo method, there are
a number of criteria known in the specialised literature. These criteria are
discussed in general works on the theory of lattice rules such as [42] and [51].
One such criterion is based on the idea of “discrepancy”, which in simple terms
assesses the uniformity of the distribution of the quadrature points. In other
settings, the “discrepancy” is considered to be a worst-case error in certain
function spaces (as in Chapter 6). The concept of local discrepancy of a point
set in [0,1]? can be described as the difference between the proportion of the
points that lie in a subset of [0,1]? and the measure of that subset. More

formally, the local star discrepancy can be defined as follows:



Definition 1.4 Let P, = {to,t1,...,t,_1} be a set of n quadrature points in
[0,1]%. Then the local star discrepancy of the point set P, at & € [0,1]%
defined by

diser(z, P,) = [0.2) 0 Bf H:cj, (1.9)

where & = (X1, Ta, ..., %q).

Definition 1.5 The unweighted star discrepancy of the point set P, is defined
as

D*(P,) := sup |discr(x, P,)|. (1.10)
x€[0,1]4

This is the star discrepancy that arises in connection with the well-known

Koksma-Hlawka inequality:

3
—

SRS

f(tn) — La(f)

0

< D*(P)Vuk(f), (1.11)

B
Il

where Vi (f) is the variation in the sense of Hardy and Krause. More details
on the Koksma-Hlawka inequality can be found in [26] and [64] or in more
general works such as [34] or [42]. Nevertheless, let us remark that the right-
hand-side of (1.11) involves two quantities: one dependent on the point set and
independent of the function (the discrepancy) and the second depending on
the function but independent of the point set (the variation). In general terms,
the research reported in the thesis is focused on the concept of “discrepancy”
and the central idea consists of generating lattice rules having a “low weighted
discrepancy”. The expression of the discrepancy may have different forms
depending on the particular settings used in each chapter and these different
expressions will be analysed in-depth throughout the thesis.

In integrals such as (1.1) or (1.4), it is possible that variables or groups of
variables are of different importance. Such an assumption leads to the idea
of a weight associated with a variable or group of variables, which in turn
leads to the concept of “weighted discrepancy”. Throughout the thesis, we
will establish inequalities of the form (1.11), in which the discrepancy from

the right-hand-side of (1.11) is replaced by a weighted discrepancy. Below,



we explain briefly the weighted settings considered in the thesis and give an
example of a Koksma-Hlawka type inequality.

Let’s consider an arbitrary subset u of D := {1,2,...,d} and let’s denote
by 7, the weight associated with the set u. Throughout the whole thesis, the
weights are assumed to be non-negative numbers. Such “weights” has been
first introduced in [57], where it was assumed that the dependence of functions
on successive variables is increasingly limited. Assuming that the variables are
ordered so that the j-th variable is the j-th most important, we can consider a
sequence of weights {vj}‘j?‘;l such that v; > 75 > ---v; > ---. This then leads

to

7= (1.12)
JEU

These weights are known as “product weights” and, in [57] it was also assumed
that v; = 1.

In other applications it is the relative importance of distinct group of vari-
ables that matters and this leads to the concept of “general weights”. Such a
model is the so-called “ANOVA decomposition” of functions. The expansion

f@)=) fu=)

uCD

is an ANOVA decomposition of f, where each term is given by

fw)= [ @ dan Y hie)

gCu

with the last sum taken over strict subsets of u. It can then be checked that
fo = f[O,l)d f(z)dx and that for each f,, we have fol ful@)dz; = 01if j € u.
The term “ANOVA” stands for “analysis of variance” and the technique is
widely used in statistics and in some financial applications (see [60] for further

details). As a simple example, let’s consider the function
f(z1, 2o, 23) = 42% + 25 cos(mw3).

The ANOVA terms of this function are fy = 1, fiy () = 42 — 1, fiz(x) =
cos(mx3)/2, fra.31(x) = 2 cos(mas) — cos(mrs)/2, while all the other terms are

Zero.



In [60], the authors remarked that functions deriving from finance are often
of a low effective dimension in the sense that these functions can be well
approximated by their low-order ANOVA terms. In the ANOVA expansion of
f, each term f, describes the interaction between variables that belong to u,
since it only depends on these variables. Also in [60], the authors observed
that the importance of each dimension is naturally weighted. For instance, it
might be the case that only interactions between two variables are important,
but those involving more than two variables can be ignored. In such a case it is
desirable to introduce so-called “general weights” which describe the relative
importance of each distinct group of variables.

Throughout the thesis, we will assume that the weights are either “prod-
uct” or “general”, which is in line with the usual assumptions made in the
specialised literature (details can be found in many research papers including
but not limited to [9], [20], [21], [22], [25], [29], [35], [36], [37], [38], [52], [56],
[61], [62] as well as in [48], [49], [50] and [47]). The concept of “weighted star
discrepancy” is based on the discrepancy defined by (1.10) and will be dis-
cussed in detail during the following chapters. For instance in Chapter 2, our
research will be concentrated on the following weighted star discrepancy:

D;,Y(Pn) 1= 1axy, sup |discr((xy, 1), P,)| ,
= a2y, €[0,1] 10
where by @, we denote the vector from [0, 1] containing the components of
x whose indices belong to u, while by (z,, 1) we mean the vector from [0, 1]
whose j-th component is z; if j € uw and 1 if 7 ¢ u. This weighted star
discrepancy will occur in the following Koksma-Hlawka type inequality (see

for instance [29] and [48)]):

|Qna(f) = La(f)] < (max sup 'ru\discr((:vuvl),Pn)o

uCD qu[O,l]‘“‘

-1
« [ S+ /
(ZD S

As mentioned earlier, further details on this inequality and the associated

ol
8wuf((m“’ 1))‘ dwu) . (1.13)

weighted star discrepancy will be presented in Chapter 2.



8

1.3 Tractability and strong tractability of nu-
merical multiple integration

In the previous section, we saw that if f is a function with integrable partial
mixed first derivatives, then the quadrature error |@Q,,4(f) — La(f)| produced
by a quasi-Monte Carlo rule of the form (1.2) can be bounded by (1.13). We
turn our attention now to the concepts of tractability and strong tractability,
which have been studied in many research papers. These concepts are based
on the minimal number of function evaluations, say n(e), required to reduce
the initial error by a factor £ € (0,1). By “initial error”, we normally mean
the true value of the integral, i.e. the error obtained when the function is not

sampled. Formally, tractability and strong tractability are defined as follows:

Definition 1.6 The integration problem is said to be tractable if there exists a
quadrature rule of the form (1.2) such that n(e) can be bounded by a polynomial
in €71 and d, that is n(e) < Ce™Pd? for some positive constant C' independent

of d and n and some non-negative p and q.

Definition 1.7 Strong tractability means that n(e) < Ce™P for some positive

constant C' independent of d and n and some non-negative p.

p and ¢ are named the e-exponent and the d-exponent of tractability respec-
tively. If ¢ = 0 then the minimal number p satisfying n(¢) < Ce™" is named
the e-exponent of strong tractability.

In a non-weighted setting all variables have the same importance and this
leads to an exponential increase of n(e) with the dimension d. This is the so-
named “curse of dimensionality” and leads to intractability of the integration
problem. By the other hand, we see that if n(¢) < Ce™ and the constant C' is
independent of the dimension, then n(e) is independent of the dimension and
thus the curse of dimensionality is broken.

In this thesis we shall establish sufficient conditions for tractability and

strong tractability under certain assumptions. Such conditions on tractabil-



ity /strong tractability in a weighted context have been studied in many re-
search papers including [9], [20], [21], [22], [24], [56], or [57]. The general
result we are aiming for, is either to obtain bounds on the discrepancy for
which the dependency on the dimension is at most polynomial (this ensures
tractability), or bounds on the discrepancy that are independent of the dimen-

sion. The latter ensures strong tractability of the integration problem.

1.4 The structure of the thesis

Throughout the thesis, we construct lattice rules for the approximation of
integrals given by (1.1) and (1.4). The generating vector of these lattice
rules may be constructed by using the so-called “component-by-component”
(CBC) technique and this technique will be used except of Chapter 4, where
we consider Korobov-type lattice rules. The CBC technique is essentially a
“greedy”-type algorithm in which each component is obtained after succes-
sive 1-dimensional searches. Basically, the generating vector in dimension, say
d + 1, will be obtained without altering the first existing d-components. At
each step m = 1,2,...,d, the value chosen for the component z,, will be the
one that minimises a certain measure of error.

The thesis establishes results of a theoretical nature and as a whole, may
be divided into two major parts. Chapters 2-5 are dedicated to lattice rules
for integrals over the unit cube given by (1.1), while in Chapters 67 we study
lattice rules suitable for integrals over Euclidean space given by (1.4).

In general, every chapter is built up on a template that can be described

as follows:

e First, we express the error either via a Koksma-Hlawka type inequality
(Chapters 2-5 and 7) or as a worst-case error in a reproducing kernel

Hilbert space (Chapter 6).

e Then we define a certain weighted discrepancy. Since weighted discrep-

ancies are in general very hard to compute, we instead consider upper
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bounds on the specific discrepancies used in each chapter. These bounds
are in general obtained by refining known results in an unweighted setting

to the specific weights chosen in each chapter.

e Next, we prove the existence of lattice rules having low bounds on the
weighted discrepancy. The existence results are proved by using an av-

eraging argument.

e With the exception of Chapter 4, we then construct lattice rules exten-
sible in dimension by using the component-by-component technique and
prove that lattice rules constructed by using this technique satisfy bounds
for the weighted discrepancy that have the same order of magnitude as

established by the existence results.

e Then we establish tractability and/or strong tractability results by im-
posing further conditions over the weights. When these additional con-
ditions lead to bounds on the weighted discrepancy that are independent

of the dimension, then we ensure strong tractability.

e Attention is also given to the analysis of the computational costs incurred

by the construction of lattice rules.

For integrals over the unit cube, much of the earlier work was done by em-
ploying a L, weighted discrepancy as a criterion of goodness (see for instance
[9], [35], [36], [37], or [52]). In the mentioned papers, the integrand was as-
sumed to belong to certain reproducing kernel Hilbert spaces such as weighted
Korobov spaces of periodic functions or weighted Sobolev spaces. Often in
these spaces it was required that the integrand has square integrable mixed
first derivatives. From the bound given by (1.13), we see that the integrand has
the weaker requirement of integrable mixed first derivatives. In general terms,

the approach used in Chapters 2-5 has the following significant advantages:

e The weighted star discrepancy from (1.13) can be viewed as a L., version

of the Ly discrepancy. For such a version, results are in general much
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harder to obtain than for corresponding Lo versions of the discrepancy.
However, in a product weighted setting, once we obtain results for the
L., weighted star discrepancy, subsequent results for the L, weighted
discrepancy can be deduced for any p > 1 (as it is the case for the

settings used in Chapters 3 and 5).
e There is no need for a periodicity assumption for the integrand.

e The integrand is of lesser smoothness than usual integrands in the re-

producing kernel Hilbert spaces mentioned earlier.

In Chapter 2, we construct rank-1 lattice rules of the form (1.5) with a
prime number of points and under the assumption that the weights are gen-
eral. As a measure of goodness, we use the weighted star discrepancy arising
from (1.13) and mentioned in Section 1.2. We construct the generating vector
of these lattice rules such that the corresponding weighted star discrepancy is
small. We also give special attention to some particular classes of weights and
analyse in detail the computational costs incurred by the construction. The
material in this chapter is based on the coauthored paper [48]. New contribu-
tions in this chapter are given by Lemma 2.4 (due to Stephen Joe), Lemma 2.5,
the existence result of Theorem 2.6 followed by the Corollaries 2.7 and 2.8, as
well as the construction result (and probably the central result of this chap-
ter) of Theorem 2.11 and Corollaries 2.12, 2.13, 2.14 and 2.15. Also new is
the strong tractability result of Theorem 2.16, while Section 2.7 represents an
extension of the computational costs analysed in papers such as [6], [9] and
[44] adapted to the specific set of hypotheses used in this chapter.

In Chapter 3, we consider intermediate-rank lattice rules of the form (1.7),
where we also assume that n is prime, but the weights have a product form
(see (1.12)). As in Chapter 2, the generating vector of these lattice rules will
also be constructed using the CBC technique. The results of this chapter are
based on the coauthored paper [49]. New results are the existence results of

Theorem 3.2 and Corollary 3.3 and the construction results of Theorem 3.5
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and Corollary 3.6. Known results are extended by Lemma 3.1 and Theorem 3.4
as also mentioned within this chapter. The computational costs analysed in
Section 3.5 are based on the results from Appendix A, which at their turn are
an extension of the results from [31].

Chapter 4 deals with the lattice rules considered in the previous two chap-
ters, that is, rank-1 lattice rules with general weights and intermediate-rank
lattice rules with product weights, but under the assumption that the gener-
ating vector is of the Korobov form (1.8). We prove that Korobov-type lattice
rules having a low weighted star discrepancy do exist and thus, the results
in this chapter will refine the results obtained in Chapters 2 and 3. We also
remark that the results from Chapter 4 are new and have not appeared any-
where else in the specialised literature under the assumptions used within this
chapter. Original contributions are given by Theorem 4.2 and Corollaries 4.3,
4.4 and 4.5, as well as the results from Theorems 4.6, 4.7 and 4.8.

In many research papers the number of lattice points n was assumed to
be prime. This assumption presents some advantages in the sense that the
whole analysis is significantly simplified. Since there aren’t too many known
results for the non-prime case in the specialised literature, in Chapter 5 we
contribute to filling such a gap. We consider rank-1 lattice rules having a
non-prime number of points with the weights of a product form. By using
quite laborious number theory techniques and results, we prove that we can
construct generating vectors for these lattice rules having a low weighted star
discrepancy. In some sense, this chapter extends the results from [29] to the
non-prime case. The material in this chapter is based on the coauthored
paper [50]. New results arising from this chapter are stated and proved in
Theorems 5.1 and 5.4, Corollaries 5.2 and 5.5 and Lemma 5.3.

Chapters 6 and 7 deal with weighted integrals of the form (1.4) over Eu-
clidean space. The fact that the domain is unbounded raises additional diffi-
culties. First of all, it is not easy to establish a suitable criterion of goodness to

construct quadrature points suitable for the approximation of such integrals.
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One such criterion based on the “sphere packing density” (some details are
given in Chapter 6) was proposed in [54] or [51, Chapter 9.3]. However this
criterion is difficult to use due to a lack of practical algorithms. Instead, we
propose in Chapter 6 a criterion based on a worst-case error in reproducing ker-
nel Hilbert spaces with the kernel involving the Fourier transform of functions.
It is common to transform integrands over unbounded regions to integrals over
the unit cube and then employ the techniques used over the unit cube. How-
ever it may be possible that the transformed integrand is unbounded near the
boundary and for this reason, we use shifted lattice rules of the form (1.6)
to deal with such integrands. By using a product weighted setting, we prove
that good shifted lattice rules suitable for these integrands can be constructed
using a CBC technique. Under a product weighted assumption, similar results
were previously established in [38] and [62]. We also test the merit of the
lattice rules constructed in this chapter by performing numerical experiments.
These numerical experiments suggest that in practice, we may achieve a better
convergence than the theoretical O(n~'/2). We also remark that a significant
part of this chapter consists of new results, especially in Sections 6.5 and 6.6.
Original contributions are the results from Theorems 6.6, 6.7 and Corollary 6.8
as well as the numerical experiments of Section 6.6. Theorems 6.4, 6.5 and
6.9 are rather extensions of known results. We should also mention that the
results from Appendix B are also new and technically speaking, should have
been inserted in Chapter 6. However, because the arguments of Appendix B
are based on some laborious calculations with univariate functions and we
feel that these results would have disturbed the natural flow of ideas from
Chapter 6, we have preferred to write an Appendix containing these results.
In Chapter 7, we also consider shifted lattice rules of the form (1.6) but
in a general weighted setting and by employing a “generalised weighted star
discrepancy” as a criterion of goodness. In such a setting there aren’t any
explicit constructions to date for integrals over R%. The measure of discrepancy

considered in this chapter corresponds to the weighted star discrepancy over
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the unit cube used in Chapter 2. We will prove that for such a setting, we can
construct shifted lattice rules that achieve the optimal convergence rate. This
convergence rate has the same order of magnitude as the rate of convergence
obtained for integrals over the unit cube. The results in Chapter 7 are based
on the paper [47] and original contributions consist of the existence result of
Theorem 7.1 followed by Corollaries 7.2 and 7.3, as well as the construction
results stated and proved by Theorem 7.4 and Corollary 7.5.

Some of the achievements provided by the results from Chapters 6 and 7

could be briefly summarised as follows:

e Allow the approximation of integrands over unbounded regions in re-
producing kernel Hilbert spaces, with the kernel based on the Fourier

transforms of functions.

e Allow the construction of shifted lattice rules under both a product

weighted and a general weighted assumption.

e An improved convergence order of O(n~'%9) for any § > 0 is obtained for
the weighted discrepancy from Chapter 7. This convergence is probably
optimal for any constructive quasi-Monte Carlo method and is better

than the typical O(n~'/2) expected from Monte-Carlo methods.

The thesis ends with a brief conclusion indicating the main achievements

and pointing out to future research directions.



Chapter 2

Good rank-1 lattice rules based
on the general weighted star

discrepancy

In this chapter, we study the problem of constructing rank-1 lattice rules
having good bounds on the “weighted star discrepancy” with general non-
negative weights. In order to show the existence of such good lattice rules, we
use an averaging argument and a similar argument is used later to prove that
these lattice rules may be obtained using a component-by-component (CBC)
construction of the generating vector. Under appropriate conditions on the
weights, these lattice rules satisfy strong tractability bounds on the weighted
star discrepancy. Particular classes of weights known as “order-dependent”
and “finite-order” weights are then considered and we show that the cost of

the construction can be very much reduced for these two classes of weights.

2.1 Introduction

Integrals over the d-dimensional unit cube given by

Ia(f) = f(z) de,

[0,1)¢
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may be approximated by rank-1 lattice rules. These are quadrature rules of

the form (see also (1.5))

Qual ) = %f ({=1).

where z € Z% is the generating vector whose components are assumed to be
relatively prime with n. As mentioned in the first chapter, the braces around
a vector indicate that we only take the fractional part of each component of
the vector.

Many research papers have been concerned with finding “good” lattice
rules. In order to compare the quality of different lattice rules, some criterion
needs to be chosen. As mentioned in the previous chapter, a number of criteria
are based on the idea of “discrepancy”. Such discrepancy measures have been
considered in [17], [20], [28], [29] and [41], or in a more general work such as
[42]. A classic example is the star discrepancy which appears in the Koksma-
Hlawka inequality (see (1.11)). In an unweighted setting, the existence of
d-dimensional rank-1 lattice rules having a bound on the star discrepancy of
@) (n_l(ln n)d) with the implied constant depending only on d, was proved in
[41]. A component-by-component (CBC) construction of the generating vector
for such rules was given in [28].

In this chapter we are interested in constructing rank-1 lattice rules by
using a weighted star discrepancy as a criterion of goodness. In [29] it was
shown that lattice rules with good bounds on the weighted star discrepancy do
exist and can be obtained by using a CBC construction of z in the situation
when n is prime and the weights are of a “product” form (see (1.12)). In
Sections 2.3 and 2.4 we extend these results to the general situation where the
weights do not necessarily have this product form. Such general weights have
been first considered in [9], where it was shown that good lattice rules can
be obtained for integrands belonging to weighted Korobov spaces. In these
spaces the integrands were assumed to be periodic. For the general weighted

star discrepancy considered here, the functions belonging to the associated
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function spaces have no such periodicity assumption.

In [21] it is shown that weighted integrals over possibly unbounded domains
may be approximated by suitably transforming points in [0,1]%. As we shall
explain in Section 2.2, the CBC construction presented here will lead to lattice
rules that are appropriate for such weighted integrals. Further details on the
construction of lattices for integrals over unbounded regions will be given in
Chapters 6 and 7. In Chapter 7, we will construct shifted rank-1 lattice rules
(see (1.6)) for integrals over Euclidean space under the same assumptions on
the weights as in the present chapter.

There are some applications in which it is the low dimensional projections
that are the most important (for instance the ANOVA decomposition men-
tioned in Chapter 1). In such cases, it is useful to introduce general weights
that allow us to model the relative importance of each group of variables. As
indicated in [9], weights which are “order-dependent” and/or “finite-order”
often provide reasonable assumptions which also present the advantage that
the complexity of the CBC construction is drastically reduced. The definitions
of these particular classes of weights and the analysis of their computational

costs for the CBC construction are given in Sections 2.5 and 2.7.

2.2 General weighted star discrepancy

Let us denote by u an arbitrary non-empty subset of D = {1,2,...,d} and let
us mention that for the rest of the thesis, any subset of D will be considered
as being non-empty unless otherwise indicated. Recall that for the vector
x € [0,1]¢, x, denotes the vector from [0, 1] containing the components of
x whose indices belong to u, while by (z,, 1) we mean the vector from [0, 1]
whose j-th component is z; if j € uand 1 if j € u. If P, denotes the set
of quadrature points, then Zaremba’s identity (see for instance [57] or [64])

yields:

|ul
QuaN=1(5) = S (=1M [ discr((@ 1), P25 ((@ 1) da (21

WD [071]\1/.\ 8:5“
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We recall that the local star discrepancy discr((a,, 1) is as introduced by Defi-
nition 1.4. As an aside, we mention that Zaremba’s identity actually represents
an extension to the multidimensional case of the formula of integration by parts
of Riemann-Stieltjes integrals.

Now let us introduce a set of non-negative weights {v,}.cp and consider
. as the weight associated with the non-empty set u. We also assume that
the weights are independent of the dimension d. Using (2.1) we see that we

can write

' o

Qualf) = 1a(f) =D (=D, /[ o diser((@a 1), P G P (@ 1)) da
uCD 0,1Jm u

Applying Holder’s inequality for integrals and sums, we obtain the inequality

(1.13) mentioned in Chapter 1, that is
|Qualf) — La(f)] < (max sup 7y, [discr((a,, 1),Pn)|>

uCD qu[O,l]‘“‘
3Iul
(@, 1))‘ da:u) .

~1
(uCZD /;)1 ] awu

Thus the weighted star discrepancy D}, . of the point set P, may be defined

by
D:W(P) = maxqy, sup |diser((@x,, 1), P,)| - (2.2)

U= <D mue[oyl]‘u‘

As our interest is in rank-1 lattice rules, from now on we shall assume that P,
is the point set {{kz/n}, 0 <k < n —1}. Then we can denote D; (2) :=
Dy (P).

Let’s remark that some of these formulae make sense only for strictly pos-
itive weights. If there are some sets u C D for which «, = 0, then we adopt
the convention that 0 - oo = 0 (the same convention has been used in [9]).

As mentioned earlier, there are applications for which the lower dimensional
projections are the most important. This suggests that the weight associated
with a set should not be bigger than the weights associated with any of its
subsets. So we shall make the assumption that for any non-empty subset
u C D, we have

Yu <y forany 0#gCu (2.3)
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The next section presents bounds for the general weighted star discrepancy
(2.2). This will allow us to prove the existence of good rank-1 lattice rules in
the sense of having low bounds on the weighted star discrepancy, while in
Section 2.4 we present a CBC construction of the generating vector z of these

lattice rules.

2.3 Bounds on the general weighted star dis-
crepancy

We start this section by recalling further general results from the theory of

lattice rules (see [42] and [51] for more details).

Definition 2.1 If L is a lattice in RY, then its dual lattice is defined by
L' ={hecR' h-xcZVxc L},
where - denotes the usual inner product of vectors.

If L is an integration lattice (see Definition 1.2), then its dual is as given by
Definition 2.1 but consisting only of those h in the dual that belong to Z<.
Since the points of a rank-1 lattice rules are given by {{kz/n} : 0 < k < n—1},

then the associated integration lattice has the form (see also [51])
L={{kz/n} +y:0<k<n-1ycz

Now we see that for the condition h - & € Z to hold for every @ € L, we need

h - z to be a multiple of n. Hence for this particular case
L' ={heZ h-z=0(modn)}. (2.4)

Consider now a function g defined on [0, 1]¢ having the absolutely convergent

Fourier series representation
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where the g(h) are the usual Fourier coefficients given by

g(h) = / e 2 Yg(y) dy.
0,1)4

One of the main results for the subsequent error analysis is based on [51,

Theorem 2.8]. For completeness, we present this result next:

Theorem 2.1 Let ty,ty,...,t, 1 be the points of a lattice rule and let L be
the associated integration lattice. Consider the d-dimensional lattice rule given
by
1 n—1
Qualg) =~ g(te).
k=0

If the function g has an absolutely convergent Fourier series representation,

then the quadrature error is given by

Qual9) — Tulg) = 3 4(h), (2.5)

helLt
where the ' in the sum indicates we omit the h = 0 term. For rank-1 lattice

rules, (2.5) becomes
Qualg) = Lilg) = Y dlh). (2:6)

h-2=0( mod n)

Proof. The proof of this result is based on [42, Lemma 5.21] or [51, Lemma 2.7].

These results state that if tq,t,...,t,_1 are the points of a lattice rule, then
n—1 1
1 . 1, he L,

- Z€2mh~tk — (27)
" =0 0, hg Lt

It will follow that

de(g) _ Z g(h)de (627rih,tk) .

hezd
From I;(9) = ¢(0) and (2.7), the desired result follows. For rank-1 lattice

rules, (2.6) follows immediately from (2.4). O
Let us define now

By o ={he€Z h#0:-n/2<h; <n/2, 1<j<s}, (2.8)
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for any positive integer s. For a fixed integer m independent of n, let’s denote

N = nm and consider

1 n—1 , 627rihk2j/n
k=0 jeu —N/2<h§N/2

It is easy to see that Rx(z,u) represents the quadrature error produced by

applying the rank-1 lattice rule (1.5) to the integrand

/ e27‘(‘ih$j
gu(m) = H 1+ Z |h|
j€u —N/2<h<N/2
This function has the Fourier coefficients given by g.(h) = [].., ——, if

jeu max(L,)

h € EY |, and 0 otherwise. Hence, it follows from (2.6) that we may write

Ryn(z,u) as
Ry(zu)= > H (L |h ik (2.10)

heE}

h-2,=0 ( mod n)
Let us remark that throughout this chapter, we take N = n in (2.9) and (2.10).
An analysis requiring N # n will be used later in Chapter 7.

At this stage, we mention that it is very hard to compute the weighted
star discrepancy as given by (2.2). Instead, we establish upper bounds on
the discrepancy and, in order to obtain such bounds, we make use of some
results fully stated and proved by Niederreiter in [42] for the unweighted star
discrepancy (see Definition 1.5). Since throughout the thesis we use Nieder-

reiter’s results several times, we present them below. The first result is [42,

Theorem 3.10], which states the following:

Theorem 2.2 Let M > 2 be an integer and Yy, Yy, ..., Ynv_1 C Z°. If Py s

the set consisting of the fractional parts of My, for all0 <k < N —1, then

D*(PN)§1—<1—%)S+ > r(hlijw)

heE},

1 N—-1
2rih-y, /M
- (&
N
k=0

Y

where D*(Py) is the unweighted star discrepancy introduced by Definition 1.5,
while v(h, M) = [];_, r(h;, M) with

Msmﬂ, if h #0
r(h, M) = e

1, otherwise.
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An almost straightforward consequence of this result is [42, Theorem 5.6],
which follows from sin 7t > 2t for any 0 <t < % and by taking M = N =n

in Theorem 2.2. This result is given next.

Theorem 2.3 If P, is the point set of a rank-1 lattice rule with n > 2 distinct
points and generating vector z, then
1\* 1 ° 1
D'(P,)<1—|1——| += _ .
msi-(1-1) 41 ¥ amayg
heE}, . Jj=1
h-z=0( mod n)

Using now Theorem 2.3, we obtain

R, (z,
sup |diser((ey, 1), P,)| < 1— (1 —1/n)" + ﬁ’
x, €[0,1] 14! 2

(2.11)
where R, (z,u) is given by (2.10) with N = n. Assuming that gcd(z;,n) =1
for 1 < j < d, then z, is the generating vector for a |u|-dimensional lattice rule
having n distinct points. Recalling that the general weighted star discrepancy

defined by (2.2) was also denoted by Dj, _(z), we see from (2.11) that we obtain

the following inequality:

D; (z) < maxy, (1 — (1 =1/n)¥ + w) : (2.12)

As an aside, let us remark that the bound in (2.11) also holds for the
extreme discrepancy of [42]. This extreme discrepancy is based on the local

discrepancy

[w, z) N P,| _li[(

discr(w, x, P,) :=
n

Ly — wj)>
j=1

where 0 < w; < x; <1,1 < j <d. The local star discrepancy of (1.9) is the
special case when w; = 0. In [21] and [22] it is shown that it is appropriate
to approximate weighted integrals of the form (1.4) over possibly unbounded
domains by suitably transforming points from [0,1]¢ to R¢ (such a transfor-
mation will be presented in Chapter 6). These points in the unit cube have
what is termed a “low weighted L., unanchored discrepancy”, which is nothing
but the weighted version of the extreme discrepancy of [42]. It follows that

the CBC construction presented here will produce lattice rules that also have
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a low weighted L., unanchored discrepancy. So such lattice rules are appro-
priate for weighted integrals over unbounded domains. Further details and a
construction of shifted lattice rules for integrals over Euclidean space will be
given in Chapters 6 and 7.

Bernoulli’s inequality or a simple direct calculation yields

1—1/m)M>1- % andso 1—(1—1/n)" < M
n

This then leads to

1
—(1— ) « =
maxy, (1-(1-1/m") < " r&a%|u|7u. (2.13)
Now by defining
, 2rihkz/n
Cz) = Y €|h| L 0<k<n-—1,
~N/2<h<N/2

and using the expansion

[Ta+a)=1+> ] (2.14)

Jeu gCu jeg
we have from (2.9) that
1 n—1
R = — — 1=
v(zw) = =3 [0+ Cuz)]-1= ZZH@ ()
k=0 jeu k 0 gCu jeg
1 n—1
= Y = Ci
n . k Z_] ZRN z g
gCu k=0 jeg gCu
where
n—1 ;
- 1 , 627r1hk2j/n
Ry(z,9) = - 11 > T (2.15)

k=0 jeg \ —N/2<h<N/2

For later use, we note that Theorem 2.1 and the arguments that lead to (2.10)

show that with
El,i={h€Z:—n/2<h;<n/2, hj#£0, 1 <j< s}, (2.16)

we may write Ry(z, g) as

Fu(z)= Y Hhi (217)

.
heEy

h-z3=0( mod n)
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We see now that for any u C D, we can write
VuRN(za 11) =u Z EN(za g)
gCu
Under the assumption given by (2.3), we obtain
VuRN(zv u) < Z 79§N(z7 g) < Z 79§N(z7 g)
gCu gCD
As a consequence, we then conclude that
rl?cajg VuRN(Zv u) < Z VuRN(Za 11). (218>
B uCD
For N = n, the inequality (2.18) combined with (2.12) and (2.13) yields the

following result:

Lemma 2.4 [f the weights 7, satisfy (2.3) for any u C D, then

1 1
D; (z) < - {{ggbl% + 26n,d(z)>

where

e24(2) ==Y v, Rulzn). (2.19)

uCD
Let us mention that a similar result with N # n will be deduced later in
Chapter 7.

Let us also remark that throughout the thesis, the quantity e?, ;(z) will have
several different expressions. Since these quantities have related meanings, we
prefer to use the same notation for consistency purposes.

Lemma 2.4 shows that we can analyse the weighted star discrepancy by
considering the quantity efhd(z). Let us also remark that in other settings this
quantity represents a square worst-case error (as in Chapter 6 or [9]). This
justifies the use of the exponent in the notation of e ,(2).

For the rest of the chapter, we shall assume that n is prime. Because we
only consider the fractional part of each component of kz/n, we see that we
may take each component of the generating vector z as belonging to the set

Z,={1,2,...,n—1}. We can obtain bounds on ¢ ,(2) for the case in which
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n is prime by obtaining an expression for a certain mean value of e} ;(z). The
mean is taken over all integer vectors z € Z¢ and is defined by
M,y g~ = b Z e2 4(2)
n,dy (n — 1)d n,d\~ /-
zeZd
Before finding an expression for the mean, we need the following auxiliary

result (this will also be useful in Chapter 3 and Chapter 7):

Lemma 2.5 Let n be prime and m be a fized integer with N = nm. If we

denote
n—1 :
1 , 627r1hl€z/n
z=1 _Hep<l
where 1 < k <n —1, then
S — SN
Tyn(k) = —— 2.21
wk) = 22, (221)
where
1
se Y
—n/2<h§n/2‘ ‘
If N =n, then
S
T, (k)= —=
(k) = ———

Proof. By separating out the terms for which 4 = 0 (mod n) and replacing h

with ng for such terms, we obtain

1 n—1 , 1 n—1 ’ 627rihlcz/n
Tn(k) = — -
= EAP2EP 2
2=l _N_p<XN =1 _ N pN
hEOz( mod 2n) h;‘é(]2( mod 2n)
1 n—1 , 1 , 1 n—1 . ;
_ — 4 Z - (627r1hk/n)
=3 2
" z=1 _Neng<h nldl ~Neh<X | ‘221
h#0 ( mod n)

Since n is prime and in the second sum hk # 0 (modn), it is easy to check
that

(emihk/m)* = 1. (2.22)
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Indeed, we can write

[y

n—

2mihk 1

27r1hk/n . 27r1hk/n _ € _
( o 1+Z - 1+€27rihk/n_1_ L.
1

I
Il

Replacing in the expression for T (k) we obtain:

1 1 ! 1
Tn(k) = — Y
(k) nSN/" n—1 |h|

—Nen<d
h#0 ( mod n)
The last term of the sum may be written as:
/ 1 / 1 / 1
2ow T X w2
h#0 ( mod n)

Thus we obtain:

Tn(k) = M (SN_ESN/n): al NZS SN-

n n—1 n—1 n—1

In the particular case when N = n, then S,, = S; = 0, and the second part

follows immediately. OJ

An expression for the mean is given in the next theorem:

Theorem 2.6 Let n be prime. Then

|u|
My = Z 5“+—Z"“< n—l) ’

uCD uCD

where S, is as defined in Lemma 2.5.

Proof. From the definition of the mean, (2.15) and (2.19), we have

1 n-l , e27rihkzj/n
D 3D DA £ 91 1 § (D B
z€Zd uCD k=0 jeu \ —n/2<h<n/2
By separating out the £ = 0 term, we obtain
" Ay = Z 7u5|u| + Tn,d,‘ya (223)

uCD
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where

- 1 n—1 , e27rihkzj/n
oy = 22 w2 X ——

ey (n—1) “\n ! |h|

z€Zd uCD k=1 jeu \ —n/2<h<n/2
627rihk2j/n
- > I\ Z >
! |
uCD k=1 jeu z]—l —n/2<h<n/2

It follows from Lemma 2.5 that

1 n—1 , e i
n_lz Z ) _:Tn(k‘):—m,

zj=1 —n/2<h<n/2

for any 1 < k <n — 1, which leads to

z%z( Sy ()"

uCD uCD

Replacing now the last term in (2.23) with this expression, we obtain the

desired result. O

In the case d = 1, it is easy to verify by replacing in the expression for the
mean that M, 1 (,,,} = 0. This is to be expected since whenever |g| = 1, by
making use of (2.15) and Lemma 2.5, we obtain
n—1 ;
. 1 , e27r1hkz/n S 1
R,.(z,9) = — —— ="+ (=5, =0.
B DD S
k=0 —n/2<h<n/2

Corollary 2.7 Let n be prime. Then there exists a generating vector z such

that
1
ei’d(z) < Mpany < n—1 ZVuSr‘Lu‘-

uCD
Proof. The first inequality is obvious. The proof of the second inequality is
based on the proof of the second assertion in [9, Theorem 1]. We can write
the expression for M, 4~ as
My =+ 3, SE(L+ W, (a),
e

where

n—1

W) = (—1)¥(n — 1) ( 1 )Iul .
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If Ju] is odd, then —1 < W,,(u) < 0. On the other hand, if |u| is even, then

Wl < (= 1) (- )2= !

|u| > 2 and

n—1 n—1

So for |u| either odd or even, we have W, (u) < 1/(n — 1) and hence

1 . 1 1 )
Maso < 5 Eonslt (1 ) = g Sovsle
uCD

uCD

which completes the proof. 0J

This corollary and Lemma 2.4 then lead to the following result:

Corollary 2.8 Suppose the weights satisfy (2.3) and suppose that n is prime.
Then there exists a vector z € Z% such that the general weighted star discrep-
ancy satisfies the bound
D _(z) < lmax|u|’y + ;27 Sl
n,y — n ugD u 2(n_ 1) u~n *
uCD

Before further analysing the bound for the weighted star discrepancy, we
need a result that was fully stated and proved in [41, Lemmas 1 and 2] and

will be useful several times throughout the thesis. This result is:

Lemma 2.9 If m > 2 is an integer and

/ 1
Sm= D>, o
—m/2<h<m/2 ‘ ‘

then

Sm=2Inm+ 2w —In4 4 ¢(m),

where w is the Euler-Mascheroni constant defined by w = lim | > % —1In m) ,

m—0o0 k

)
while —4/m? < g(m) < 0 if m is even and —3/m? < e(m) < 1/m? if m is

odd.
A straightforward consequence of this lemma is:

Corollary 2.10 If m > 1 us an integer, then

S < 2Inm. (2.24)



29

Proof. An approximate value for 2w — In4 is —0.2319. So for any m > 3, it
will follow from Lemma 2.9 that S,, < 2Inm. A direct calculation then shows

that this inequality also holds for m = 1 and m = 2. 0

From Corollary 2.8 and Corollary 2.10, we conclude that for any prime n,
there exists a vector z € Z¢ such that the general weighted star discrepancy
satisfies the following bound:

Df _(z) < L max |l Z (21nn). (2.25)
YT nouCp Yt Vul '
uCD

Let I' = max ;. Since v, < T for all u C D (because of (2.3)) then we

1<j<d

have max |uly, < TI'd. Hence from (2.25) we obtain
uC

Df (2)< —4—" (21nn).

Moreover, we have

Z'y (2Inn) <FZ (2Inn) —FZ( ) (2Inn)? <T(1+2Inn)?

uCD uCD
This yields
D; (z) =0 (n~'(In n)d) , (2.26)

with the implied constant depending only on d and I'.
In the situation when all the weights are equal to 1, then
D; _(z) = max  sup |discr((xy, 1), Py)| = sup |discr(x, P,
D &, ef0,1]l] z€[0,1]4
is the unweighted star discrepancy defined in (1.10). For this quantity, the rate
of O (n~!(Inn)?) is essentially the best possible (see [34], [39] or [42]). In fact
from [39], it follows that the best lower bound for e} ,(z) as given by (2.19)
is O (n_l(ln n)d). Hence the bound for the weighted star discrepancy given in
Corollary 2.8 is essentially the best possible and so, we consider such a bound

to be “good”.
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2.4 Component-by-component construction of
the generating vector

Because the total number of vectors z € Z¢ is (n — 1)4, it is unrealistic to
search over all these vectors to find a good one when d and n are large. In this
section we propose a cheaper construction of the generating vector, namely
the CBC construction. We recall from Section 1.4 that the CBC construction
means the generating vector is found one component at a time. When we
add a new component to the generating vector, the existing components will
stay unchanged. Such a CBC construction was first used in [55] and then
successfully employed in several other research papers including [9], [28], [29],
[35], [36], [37], [38], [52], [62] as well as in [48], [49], [50] and [47]. The algorithm
is given below:

Component-by-component algorithm

1. Set the value for the first component of the vector, say z; = 1.

2. Form = 2,3,...,d, find 2z, € Z, such that e’ (z,...,2y) is min-
imised. Here

er (21, 2m) = Z Yo Rn((z15 - 2m), 10).

Ug{1727---7m}

Our goal is to prove that this algorithm does indeed yield good lattice rules.
By good, we mean that the generating vector z found this way satisfies the
bound for efhd(z) given in Corollary 2.7. The following theorem and corollary

justify the use of the CBC algorithm.

Theorem 2.11 Let n be prime. Suppose there exists a z € Z2 such that

1
Falz) < = S8 (227)

uCD

Then there exists zqy 1 € Z, such that

1
2
€na+1(%; Zar1) < n—1 Z Va5,
ung

where Dy := DU{d+1}. Such a 2411 can be found by minimising e} 4, (2, Zd41)

over the set Z,,.



31

Proof. Let us remark first that technically speaking we should use €2 ;. ((2, z441))
for €2 4,1(2, z441), but we prefer not to overload the notation in the arguments

that follow. We now have

ei,d+1(za Zd-i-l) = Z 7uRn((z> Zd+1)> ‘Ll)

uQDl
= Z Vuﬁn(zv u) + Z Vu‘én((zv Zd+1>7 u)’ (228>
uCD uCDy
d+1€u
We recall that we defined
/ 627rihkz/n
Cr(z) = Z T 0<k<n-1.

—n/2<h<n/2 | |
Then clearly Cy(z) = S,,. For u C D; with d + 1 € u, we then have

(22w = + S [[Gul)

k=0 jeu
1 n—1
= - ST I Gz | Crlzar)
k=0 \jeu—{d+1}
LTSS
= W + o Z H Ck(zj) Cr(2za+1),
k=1 \jeu—{d+1}
where the k£ = 0 term was separated out. Let us recall that if [u| = 1, then

R, (z,u) = 0, so the contribution to the quantity ez 4(z) comes only from sets

having |u| > 2. By substituting in (2.28), we obtain

1
ei,d+1(zvzd+1) = ei,d(z)_'_g Z Yy Sh

uQDl
d+1€u
n—1
2
+ Z ;uz H Ck(Zj) Ck(zd+1).
uCD; k=1 \jeu—{d+1}

d+1€u

Next we average ei d +1(z, z4+1) over all possible values of z441 € Z, and con-

sider
n—1

1

n_1 ei,d+1(za Zd+1)-

Avg<6i,d+1(z7 Zdy1)) =
Zd+1=1

As the dependency of e%’dﬂ(z,zdﬂ) on zgyq is only through the Cy(zgy1)

factor, we next focus on the quantity
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From Lemma 2.5, we have

It follows that

Avg(ei d+1(Z, Zdt1))

_ Z Ay Sl — nS_ 3 Z ~ Cr(z;).

" o, uCD; k=1 jeu—{d+1}
d+1€u d+1€u

i
L

For any u C Dy with d + 1 € u and |u| > 2, we have

n—1 [u]—1 [u]—1
—=> " I Culz)=-Ru(zou—{d+1})+ < :
k=1 jeu—{d+1} n n
where we have subtracted and added the k¥ = 0 term and used the fact that

the quantities R,(z,g) are positive (see (2.17)) for any subset g C D. Conse-

quently, we have

Avg(e, d+1(z Za+1))

< Y st 3 sl
uCD1 uCD,
d+leu d+1leu
1
S P E——
ug’Dl
d+1€u

Using the hypothesis, we next obtain

1 1 “
AVg(ei,dH(Z’ za+1)) < n—1 Z%Sr‘zu‘ + n—1 Z 7uSL|

uCD uCDy
d+1leu
= Z v S (2.29)
uCD1

There exists at least one 241 € 2, such that e ;. (2, za41) < Avg(el 41(2, 2at1))
and this z¢y; may be chosen by minimising e ;,,(z, za11) over the set Z,.
From (2.29), it is clear now that for the chosen z441, we have
nd-i—l(z Zd-i-l) < n— Z Yu Lula
uCD1

which is the desired result. O
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From this result we can deduce the following:

Corollary 2.12 Let n be prime. Then for any 1 < m < d we can construct a
vector z € Z" such that
2 1 i
Crnm 21,y 2m) < e Z Y.
uC{1,2,...,m}
We can set z;y = 1 and for 2 < m < d, every z,, can be found by minimising
2

ez (z1,...,2m) over the set Z,.

n,m

Proof. Recall that R,(z,u) = 0 for all subsets u C D with |u| = 1. It follows
that e2 ,(z) = 0 for any z € Z,, so the inequality (2.27) holds for d = 1. The

result then follows immediately from Theorem 2.11. U

We remark that the approach to the general weighted case used here is
slightly different to the approach used in [29] for the product weighted case.
If we apply the results obtained here to that case, then the bounds on the
weighted star discrepancy are better than those in [29]. However, the approach
in [29] has the advantage that it yields bounds on the weighted L,, discrepancy,
whereas here we are essentially restricted to the L., case. This limitation
essentially occurs because in the expression for (2.15) all the components of h
are different from 0, while in [29] or in Chapter 3, we allow h to have up to
d—1 components equal to 0. More details on the weighted L, star discrepancy

will be given in Section 3.6, in the context of a product weighted setting.

2.5 The CBC construction for special classes
of weights

In practical situations the weights may satisfy further assumptions. Spe-
cial classes of weights are the so-called “order-dependent” and “finite-order”
weights, which were mentioned in the first section and first used in [9]. As

we shall see in Section 2.7, the computational cost of the CBC construction is
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significantly reduced for these particular classes of weights. Order-dependent

weights are defined as follows:

Definition 2.2 Weights are named order-dependent if sets having the same

cardinality have equal values of the associated weights.

Obviously, for order-dependent weights, their dependence on u is only through
the cardinality of u. So, it turns that instead of using 2? — 1 weights, we can use
just d weights, say I'y,I's, ..., 'y, where I'y denotes the weight associated with
any set containing ¢ elements for 1 < ¢ < d. For the bound on the weighted
star discrepancy given in Lemma 2.4 to hold, it turns from (2.3) that these
weights are in non-increasing order, that is, I'y > I'y > --- > T',.

The next result follows directly from Theorem 2.11, Corollary 2.12 and
Corollary 2.10 by taking -+, = I'; whenever |u| = ¢ and noting that the number

of subsets of D with cardinality ¢ is (Z)

Corollary 2.13 Let n be prime and suppose the weights are order-dependent.
Then a generating vector z € Z3 may be constructed component-by-component

such that

e a(z) <

n,

! §dr Nge < 1 Ed:r d(an )
n—1 Ne)"m = n-1 v n-
/=1 =1
Finite-order weights are defined as follows:

Definition 2.3 Weights are named finite-order if there exists a positive inte-

ger q such that v, = 0 for all uw with |u| > q.

We shall take ¢* to be the smallest integer satisfying this condition. Of course,
it makes sense to assume that ¢* < d, otherwise it will be no different from

the situation already discussed. We then obtain the following result:

Corollary 2.14 Letn be prime and suppose the weights are finite-order. Then
a generating vector z € Z% may be constructed component-by-component such

that

1 1
€2 ,(2) < 2 WSS = ) w@hnt
1<u<q" 1<u<q"
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We can combine these two classes of weights to consider the situation when

the weights are both order-dependent and finite-order.

Corollary 2.15 Letn be prime and suppose the weights are both order-dependent
and finite-order. Then a generating vector z € Z¢ may be constructed component-
by-component such that

, 1 K (d\, 1 & /d ,
en,d(z)ﬁn_l I 0 S”Sn—lzrg ’ (2Inn)".

/=1

Lattice rules with order-dependent and/or finite-order weights present the
advantage that the costs of the CBC construction are significantly reduced.

The computational costs of the CBC construction are analysed in Section 2.7.

2.6 Tractability results

Let’s remark first that the bound for the weighted star discrepancy obtained
in (2.26) is dependent on the dimension d. Obviously, the constant involved
will grow with the dimension and this leads to the so-called “curse of dimen-
sionality”. As we mentioned in Chapter 1, the curse of dimensionality leads to
intractability of the integration problem. However appropriate conditions on
the weights do allow us to obtain tractability and strong tractability results
and such results will emphasise the real importance of the weights.

Sufficient conditions for tractability and strong tractability in a general
weighted setting have been previously established in [9], [20], and [24]. Below,
we prove a condition for strong tractability in the context of the assumptions

used in this chapter.

Theorem 2.16 Let us assume that n > 3 and the weights are such that (2.3)

s satisfied and

> 4, S < Oy, o),

uCD

for some § > 0, where C (v, 0) is independent of d and n. Then the CBC algo-

rithm yields a z for which the weighted star discrepancy of the corresponding
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lattice rule satisfies the strong tractability error bound
* —14+6
D (2) < 2C(,5)n~",

Proof. From Lemma 2.4, Theorem 2.11 and the hypothesis, we obtain

C(v,0)n’

1
* < - _— 7

Since 9, is an increasing function of n and S3 = 2, observe that if n > 3, then
lu| < S This leads to
max [uly, < > v,Sh < C(y,0)n’.

uCD
uCD

Consequently, we have

C(v,0)n°  C(v,0)n?
n i 2(n—1)

* —144
D;(2) < < 203,51

Now let us recall from the first chapter (see Definition 1.7) that strong tractabil-
ity means that the minimal number of function evaluations required to reduce
the initial error by a factor of ¢ € (0,1) is bounded by Ce™? with a con-
stant C' > 0 independent of d. Hence, the essential idea consists in finding a
bound for the weighted star discrepancy that is independent of the dimension.
Hence, if we want the condition D, _(z) < el4(f) to hold, then we obtain that
n > (20('7,(5))ﬁ]d(f)_ﬁ€_ﬁ and so, the minimum number of function

values required satisfies

n(e) < [(20(v,0)) T La(f) T T 4 1.
Thus we obtain strong tractability with e-exponent 1/(1 — §). O

An example of weights =, satisfying this strong tractability result is when
v, are product weights (see (1.12)), and the ~; satisfy the summability condi-
tion Z;‘;l 7; < oo. Later in the thesis, namely in Section 3.3, we will prove
such a result when we study the tractability problem under a product weighted
setting (see Theorem 3.4).

Let us also remark that finite-order weights always imply tractability of

the integration problem. In-depth details of such a result are in [56]. Here,
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by recalling that [' = ax ;) and using the condition (2.3), we see from
1>

Corollary 2.14 that we can write:

r L4 r /d
ei’d(z)gn—lz<f)sﬁgn—lz<€)sﬁ'

/=1 /=1

Now, we can prove by induction that for d > 2 and ¢* < d, we have

i (i) <d7. (2.30)

(=1

Since S, = O(Inn) (see Corollary 2.10) and ¢* is independent of d, it follows
that for any 6 > 0, there exist a suitable constant C' > 0 independent of d but
depending on § and ¢* such that S < Cn’. This together with (2.30) leads
to

efhd(z) < Cyn T

for some constant C'; > 0. This ensures tractability with e-exponent 1/(1 — )

and d-exponent ¢*/(1 — ) without further conditions on the weights.

2.7 Computational costs of the CBC algorithm

2.7.1 The cost of the CBC algorithm in the general case

In this subsection we analyse the complexity of the CBC algorithm, which was
presented in Section 2.4.
In order to analyse the cost of the construction, first recall from (2.15) that

R, (z,u) is given by

n—1 i
_ 1 ’ e27r1hkz/n
R,(z,u) = - Z H Ci(zj), where Ci(z)= Z 7
k=0 jeu —n/2<h<n/2

It is easy to see that the cost of calculating each En(z, u) by using this formula
is O (n?|u|) operations. However, it is shown in Appendix A (see also [29] and
[31]) that this cost can be reduced at the expense of extra storage. The idea
is based on the fact that {kz;/n} = ¢/n for some ¢ satisfying 0 < ¢ <n — 1.
So to calculate R,(z,u), we need the values of

>

—n/2<h<n/2 ‘h‘

e27rih€/n
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for 0 < ¢ < mn—1. As shown in [31], these n values may be calculated at a
total cost of O(n) operations and then stored. It follows that the number of
operations required to calculate each R, (z,u) is of O(nfu|) operations at the
expense of O(n) extra storage.

Recall that

(21, s 2m) = > ARa((2 e 2m) W)

uC{1,2,...m}
= e+ Y (2 2 )
uC{1,2,...m}
meu
= Crm1(21,-- s Zm1)
n—1
1
=Y w Gl [T Gle) 23D
uC{1,2,...,m} k=0 jeu—{m}
meu

Now it may be the case that some of the 2¢ — 1 weights are zero. To take into
account the computational savings that arise, let 7,, be the number of non-zero
weights ~y, for which u C {1,2,...,m} with m € u. Then 0 < 7, < 2™7L.

Also, let 7 be the total number of non-zero weights, that is,

d
T:ZTm§2d—1.
m=1

Then to find z, which minimises eim(zl, ..., 2Zm), we need to calculate the
last term in (2.31) for each z, € Z,. This requires O(nmr,,) operations.
Since there are n — 1 choices for z,,, this means that the cost of adding a new
component z,, to the already existing components is O(n*mt,,) operations for
each m. Taking m from 2 to d, we conclude that the total operation count of
the CBC algorithm to obtain a d-dimensional z is O(n?dr).

Let’s observe that if all the weights are non-zero, we have a total of 7 =
24 — 1 weights and so the total cost of the construction will be O(n?d2%). In
practice such a cost is unacceptable as 2¢ grows very quickly when d increases,
but it can be considerably reduced for order-dependent and/or finite-order

weights.
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2.7.2 The cost of the construction for finite-order weights

Let ¢* be the smallest integer for which v, = 0 whenever |u| > ¢*. In this
case, by using (2.30), we see that the total number of non-zero weights is
T= ZZ; (?) <dr.

From the previous subsection, it will follow that the total operation count
of the CBC algorithm with finite-order weights is then O(n?d? *1). As pointed
out in [9], the cost of the construction is exponential in d, but this is not

dangerous as long as ¢* is small.

2.7.3 The cost of the construction for order-dependent

weights

In this case, because there are at most d distinct weights, the cost of the
construction can be significantly reduced by using a similar technique as in [9].

First, let’s observe that the quantity eim(zl, Z9, ..., 2m) can be expanded as

er (21,20, 2m) = ifz Z R,(z,u)

=1 ug{1727“'7m}
|ul=¢

-~y ¥y (IETe)

/=1 uC{1,2,...,m} k=0 jeu
[ul=¢

3

—_

n—

Z FzO’k(m, 6),

1
n
0 =1

B
Il

where

or(m,0) = > [[Culz) for 1<<m.

uC{1,2,...,m} j€EU
[u|=¢

Then we can obtain a recursive formula to compute the quantities oy (m, f).

Indeed, we have

ox(m,l) = > Tl +Crlzm) D> TICk()

uC{1,2,...,m—1} jEuU uC{1,2,...,m—1} jEu
[u|=¢ [uj=0-1

= Uk(m - 176) + Ck(zm>ak(m - 17£ - 1)7
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for m > 2 and ¢ > 2. It is easy to see that oy (1,1) = Ck(z1). We also have

1) = ZCk(zj) and og(m,m) HC’k 2;).

For each k, the quantities ox(m, ) may be viewed as being the elements of
a lower triangular matrix. Then to compute the quantities oy (m, ¢) required
for €2 (21, 22,...,2m), we can use the following algorithm (with o(1,1) =

Cr(z1)):

Set op(m, 1) = JZ_: Ci(z;).

3~

Set oi(m,m) = [] Ck(z;).
For ¢ =2.3,. j;—ldo.
or(m, l) = op(m — 1,0) + Cy(zp)or(m — 1,0 — 1).

Now it is clear that if for each m, the quantities ox(m — 1,¢) for { =
1,2,...,m — 1 have been computed and stored using O(m) memory, then the
computation of all oyx(m, () as well as of Y ;" Iyox(m, ¢) will require only
O(m) operations for each k, assuming that the values of Cj(z,,) have also
been stored as indicated in Section 2.7.1. Since there are n possible values
for k, the amount of storage required is O(nd) for a complete run of the
algorithm. In conclusion, the computation of e%’m(zl, 29y ..., 2m) for each z,
requires O(nm) operations, and the total cost of the CBC algorithm will be
O(n?d?). This shows that the complexity of the CBC construction is smaller

for order-dependent weights than for finite-order weights.

2.7.4 The cost of the construction for weights which are

both order-dependent and finite-order

If we assume that the order-dependent weights are also finite-order, then

n—1 ¢*

%;Eka d €

With the assumption that ¢* < d, the total cost of the construction will be

reduced to O(n?dq*), with additional O(ng*) memory required for storage.
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2.7.5 Speeding up the CBC construction

A fast CBC construction has recently been proposed by Nuyens and Cools in
[44] for shift-invariant reproducing kernel Hilbert spaces. Their technique is
based on writing the CBC algorithm appropriate for these function spaces in
terms of matrix-vector multiplications and then applying a fast algorithm to
do these multiplications. For the multiplication of an n x n matrix with an
n-vector, the operation count is reduced to O(nlInn) from the usual O(n?).
In [44], the authors have shown that this reduction of the operation count is
possible by using the special structure of the matrix occurring in the matrix-
vector multiplication. Further details can be found in [44, Section 4].

Their technique can be modified so that it works for the CBC algorithm
given in Section 2.4. Thus for the case of general weights, the O(n2?d2?) op-
eration count may be reduced to O(nIn(n)d2¢), while for finite-order weights
the operation count may be reduced to O(nIn(n)d? 1).

In the case of order-dependent weights, we recall from Subsection 2.7.3 that
Uk(m7 6) = Uk(m - 176) + Ck(zm)ak(m - 17 l— 1)7

for m > 2 and ¢ > 2. We also see that we can write ox(m, 1) = op(m —1,1) +
Cr(zm) and or(m,m) = ox(m — 1,m — 1)Cy(z,,). Hence we can write

n—1 m

1
: A r l
en,m(zla 22, ) 2 ) n Z Z éo_k(m7 )

k=0 (=1

= %i <F10k(m, 1)+ Z_ Loor(m, €) + Tow(m, m))

k=0 (=2

_ %Zfl(ak(m —1,1) + Cilzm))



42

The inner parenthesis can be computed in O(m) operations for every k (with

the o,’s being stored), hence a total of O(nm) operations. Let us denote

o(m,l) = [ox(m, g)]ke{o,l ..... n—1}"

We also put 04(0,0) =1 for all £ € {0,1,...,n — 1}. Now by denoting

en,m = [6i,m(zlﬁ P I Zm)]zm€{1,2 ..... n—1}

and

C, = [Ck(Zm>]zme{1,2 ..... n—1}>
ke{0,1,...n—1}

we then can write

1 m
ei,m - e’i,m—l + ECH (Z Féa(m _ 1’€ _ 1)) )
/=1

By first doing a summation over all weights and then applying the fast matrix-
vector multiplication (requiring O(nlogn) operations), we find that the com-
putational cost of the construction is O(nm + nlogn) for every m. Hence the
total complexity will be
d

Z O(nm + nlogn) = O(nd* + ndlogn)

m=2
plus O(nd) storage as mentioned in Section 2.7.3. Further details of such a
fast algorithm can also be found in [6, Section 4]. In that work, a function of

the form

2 ({)

was minimised. For the weighted star discrepancy considered here, we see from

Section 2.7.3 that we can apply their fast algorithm by taking

]{ZZ]‘ }) , e27rihk2j/n
PR SR N E ) "
& = T
2S1=3

Finally, if the weights are both order-dependent and finite-order, then the
cost of the construction will be O(ndIn(n) 4+ ndq*) = O(ndlnn) with O(ng*)

additional storage.



Chapter 3

Good intermediate-rank lattice
rules based on the weighted star

discrepancy

In this chapter we study the problem of constructing good intermediate-rank
lattice rules in the sense of having a low weighted star discrepancy, where the
weights are assumed to have a product form. The intermediate-rank rules
considered here are obtained by “copying” rank-1 lattice rules. We show that
such lattice rules can be constructed using a component-by-component tech-
nique and prove that the bound for the weighted star discrepancy achieves the

optimal convergence rate.

3.1 Introduction

We want to approximate integrals over the d-dimensional unit cube given by

intermediate-rank lattice rules of the form (see also (1.7))

af) = ;Z:lo gzzg ({ ml,...,nzr,o,...,o)})’

where ¢ > 1 is an integer satisfying ged(¢,n) = 1, r is a fixed integer taken

from the set {0,1,...,d} and N = {"n.
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As mentioned in the first chapter, the rank of a lattice rule represents
the minimal number of sums required to write it down. For d-dimensional
integrals, lattice rules may have rank up to d. Further details on the definition
and the representation of lattice rules can be found in [51] and [53]. For r > 1,
(1.7) is a rank-r lattice rule or “intermediate-rank lattice rule” with N = ("n
distinct points and is obtained by copying the rank-1 lattice rule (1.5) ¢ times
in each of the first » dimensions. Here, z € Z¢ is the generating vector having
the same properties as mentioned in Chapter 2, that is, all the components
of z are assumed to be relatively prime with n. In this chapter, we shall
construct lattice rules of the form (1.7) by using a weighted star discrepancy
as a criterion of goodness.

The intermediate-rank lattice rules considered here have been previously
studied in [30], [37], [49], and [51]. In fact, the results from this chapter are

based on the results obtained in [49].

3.2 Bounds for the weighted star discrepancy

We observe first that the quadrature points of the lattice rule (1.7) can be

rewritten as:

k_z+(m1,...,mr,0,...,0) Y
n 14 N’

where y,/N, 0 <t < N — 1, are in [0,1)% Of course, these points just are
a reordering of the N-points of the rank-r lattice rule defined by (1.7). The
set {y,/N, 0 <t < N — 1} will be denoted by Py. Now let us introduce a
set of non-increasing positive weights {7;}32, which describe the decreasing
importance of the successive coordinate directions. In such a case the weights
are product, hence recall from (1.12) that the weights have the form
Yo = nyj, Yu C D.
j€u
As mentioned in the first chapter, product weights have been first used in

[57]. Later, a similar assumption on the weights has been made in numerous
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research papers including [8], [20], [29], [35], [36], [37], [38], [49], [50], [52], and
[62].
From Zaremba’s identity (see (2.1)) and by applying Holder’s inequality
for integrals and sums, we obtain
QU ~ 1a(h)] < (Z sup 7y, [diser((az, 1>,PN>|)

uCD wue[O,l]‘“\

ol

ox,,

<apt [ )| dee @

Thus we can define a weighted star discrepancy Dy (Py) by

Dy (Px) = 7, sup |discr((@y,1),Py)|. (3.2)

ucp €01
Let us remark that (3.2) is different from the corresponding version of the
weighted star discrepancy from Chapter 2. In fact, if we consider the weighted
star discrepancy introduced in the previous chapter by (2.2), we see that (2.2)
will be bounded by the right-hand-side of (3.2). This alternative way to define
the weighted star discrepancy is important because it will allow us to obtain
bounds on the L, star discrepancy (details can be found in [29] and will also
be given later in Section 3.6), while with the weighted star discrepancy (2.2)
from the previous chapter, we were restricted only to the L., case as attempts
to obtain subsequent results for the L, star discrepancy were not successful.
Define now the quantity
Ru(Py, 1) Z I+ X LT;J/N 1, (33)
t=0 jeu —N/2<h§N/2
where y, ; is the j-th component of the vector y,. If L is the integration lattice
associated with the points Py, we denote by L, the |u|-dimensional lattice
obtained from L by taking the coordinates that belong to u. Then, using
Theorem 2.1 (see also (2.5)), we obtain:
Ry(Py,u) = Z H max( 1 )’ (3.4)
heLi{NE}, N J€

where we recall from the previous chapter (see (2.8)) that

By, ={he€Z h#0:-n/2<h; <n/2, 1 <j<s}
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From Theorem 2.2 and by applying (2.7), we obtain:

sup |discr((xy, 1), Py)|

@, €[0,1] 11
1 1 N-1
< 1—(1-1 N [u] I 27rih-yt,u/N
= ( /N + Z o.r(h;, N) | N Ze
h’eEN\ ul ]eu t=0
1
heLyNEy HJE“

where y, , is the vector obtained from y, by taking only the components that
belong to u, while r(h, N) was defined in Chapter 2 (see Theorem 2.2). By

making use of sin 7t > 2t for any 0 <t < % (see also Theorem 2.3), we obtain:

P
sup  |discr((@y, 1), Py)| < 1 — (1 —1/N)¥ + M
@, €[0,1] 0]

Y

where Ry (Py,u) is given by (3.4). Replacing in (3.2), we obtain the following
bound:

Dy (Px) <) 7, (1 —(1—1/N)M 4 (3.5)

uCD

RN(SN,U)) .

We remark that since the points Py are fully determined when z is known,
it makes sense to denote the discrepancy Dy, . (Py) by Dy (z) as it was also
done in Chapter 2. Further bounds on the weighted star discrepancy may be
obtained by making use of (3.5).

We first consider the quantity > 57, (1—(1—1/N)M), which can be
analysed in a similar way as in the proof of [29, Lemma 1]. This result is given

next.

Lemma 3.1 If the weights v; are summable (that is, Y7, v; < 00), then
max(1,I) o

Z’)’u (1-(1- 1/N)M) S =7 ¢ =1 =0(n™),

uCD

where T := 3 72 v;/(1 + ;) and the implied constant depends on £, r and the

weights but is independent of the dimension.

Proof. Recalling that the weights are product, we have

v (- -1yNM) = H(H%) (1+7;(1 =1/N))
= o =TT )
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In(1—2x)

Using the fact that the function g(x) = is decreasing on (0, 1), then

since 0 < < % < 1, it is easy to check that

Vi
N(1+7;)

1n<1—N(” )z B n(1—1/N).

1+7) L+

This leads to

d - d i
—In (H (1—m>> < —ln(l—l/N)Z e

j=1 7j=1

Let us remark that similar arguments have been used in [20]. We now obtain

1 91/ (147)
. o

Now note that since the weights 7, are summable and ~;/(1 + 7;) < 7;, then

d
> v (1= (1 =1/N)M) H1+%

uCD

.= Z;’il v;/ (1 +7;) < oo. Now, if I' < 1, then

1 11F<1 11—1
N) — N) N’

If ' > 1, then it can be easily verified that the function f(x) = (1 + z)I —

'z —1>0, for any © > —1 and hence f(—1/N) > 0. This leads to

IN\" T
1—— —_1>0
(%) +x 120

and so,

Then from (3.6), we obtain:

Z'Yu (1 —(1- 1/N)|”|) < WH(1+%> M e2i=1

uCD j=1

where we used that
H 1+7j —e J 11 (1+75) S 62?11%"

with the last step following from In(1 + z) < z, for any x > —1. OJ
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We next consider the quantity > 5,7, /fin(Py,u) that occurs in the right-
hand-side of (3.5). By making use of (3.3) and (2.14), we obtain:

N-1 2rihy i /N
1 ! et
DT NTIED ST 91 [ LR D B
uCD uCD t=0 jeu —N/2<h<N/2
N-1 i
1 , 627r1hy,57j/N
=2 (w2 Ilw({1t+ X T
uCD t=0 jeu —N/2<h<N/2
Y11
uCD jeu
N-1 d -
1 , e27r1hyt,j/N
=~ Lyt Y, —pr—
N & ]
t=0 j=1 —N/2<h<N/2
d
=11+ )

7j=1

Let’s remark that a similar analysis has been used in [29] for rank-1 lattice
rules. If we denote 3; = 1+, and set
ena(2) = 1By (Py,w),
uCD
then we obtain
d 2mihys i /N d
I e J
da) =5 2 {0+w > =) -1ls 67
, e
Let’s remark that the dependency on z in e} 4(z) makes sense as the vectors
y, actually depend on z. In research papers such as [27] or [30], it was proved
that when n is prime, the quantity (3.7) is identical to a quadrature error
obtained from applying a rank-1 lattice rule to a certain integrand. Working

with such a quadrature error simplifies in general the analysis of the problem.

Indeed, from (1.7) and (3.7) we have

) 1 n—1 1 -1 1 / e27rih(kzj-/n+mj/é)
eN,d(z) = EZ% H ﬁj_‘_'yj Z |h|
k=0 m;=0 my1=0 j=1 —N<n<f
d ’ 627rihk2j/n d
< IT {8+ . 13
j=r+1 N p XN j=1
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where
/-1 -1 r ;
1 ’ 627r1h(k2j/n+mj/£)
l,r
A=A S LS T e T
my=0 m1=0 j=1 —%<hS%
Before expanding Ag”), let’s also observe that (2.22) leads to
i ¢, h=0(mod/)
( 27rih/£)m _ ’ ’
m=0 0, otherwise.
Then we have
r /-1 :
. 1 ’ 2mih(kz; /n+m/L)
A0 = Mg |svw X =
j=1"m=0 —J<h<t
r /-1 :
1 ’ 2mihkzj/n N
= — . 1 /Z
/ Bi +; Z 1] ( )
j=1 ~ m=0 —J<h<t
r 1 , , ’ e27rihk2j/n
= 1| Wi+t > T
Jj=1 N p<N
h=0( mod ¢)
r / e27riqékz]-/n
= Bty Y A
j=1 —D<q<f

<

eZWihékz]- /n

_ ) e
- ﬁf+£_z 7]

<
I
L
Iz
A
>
IA
|z

Going back to the expression for e?\,’d(z), we obtain

) e2mihkz;/n d

II{s+% > T - 115 (3.8)

k=0 j=1 %<h§% Jj=1
where the following notations have been introduced:
v/l 1<j<r,
Vi r+1<j<d.

Next,

. N/ =0"n, 1<j<r,
N, = (3.10)

N, r+1<j5<d.
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Finally, 2 = (41, %, .. ., 54), with
=0 (3.11)

Then by denoting

it is easy to observe that
= d
Ao =23 1o (52) - 1T,
k=0 j=1

Now it is clear that e} ;(z) (which is based on a rank-r lattice rule with
N = {"n points) can be obtained from applying a modified n-point rank-1
lattice rule to fy.

Next, we seek to obtain a result for the mean of the quantities €3 ;(z).
Such a result, together with (3.5) and Lemma 3.1, will allow us to deduce
a certain bound for the weighted star discrepancy. This mean will be taken
over all possible values of 2. Because Z is known when z is known, the mean
will be actually considered for all possible values for z. As mentioned already
in Chapter 2, each component z; of the vector z can be taken from the set
Z,=41,2,...,n—1} for any 1 < j <d. Thus, for prime n, the mean My 4~

is defined by

MN7d7~Y = E eNd

zeZd

An expression for My 4~ is given in the next theorem.

Theorem 3.2 Ifn is prime, { is a positive integer such that ged(¢,n) =1 and

r s an integer chosen such that 1 < r < d, then

n;ll_[(ﬂj _1 (SNj Nm)) Hﬂ], (3.12)

]_




where we recall from Chapter 2 that

o1
S = —

—iem |

|3
w3

Proof. Using the definition of the mean and separating out the £ = 0 term

from (3.8), we obtain:

d d
1 -
Myaq = I1 (ﬁj + %'vaj> +Onay — [ [ 5 (3.13)
j=1 j=1
where
n—1 d RN
1 1 . , 627r1hk2j/n
@N,dp{ = m o H 63’ + v Z \h\
zezd k=1 j=1 Y e
n—1 d n—1 hL3
1 1 R ’ e27r1hkzj/n
- g1g—11i[1 n—l:= L 7]
== = Ny
n—1 d - n—1 .
1 ; / 627r1hsz/n
B nk_,ljll ﬁ]_l—n 12—1 Z |h|
=1 j= Zj= —%<h§%
For 1 <k <n—1 and for any j > 1, consider now
n—1 ihk2
. 1 , e27r1hk2j/n
Lkj)=-=32 2. — (3.14)
=1 %<h§%

If 1 <j <r, then 2, = (z;. Since ged(¢,n) = 1, it follows that for any
1 < j < d, we can write e?™k%/n = ¢2mhazi/m for some ¢ € {1,2,...,n — 1}
and hence T,,(k, j) = T (¢), where Ty, (q) is as defined by (2.20). By applying
Lemma 2.5, we obtain

To(k,j) = : (3.15)

n—1

for any 1 <k <n—1 and for any 1 < j < d. Using now (3.15), we see that

n—1 d ~
Onay = 23 T1 (5% 22 (Swm = 58)).

k=1 j=1

and by replacing in (3.13), we obtain the desired result. O

From this theorem, we can deduce the following:
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Corollary 3.3 If n is prime, { is a positive integer such that ged(f,n) = 1
and r satisfies 1 < r < d, then there exists a z € fo such that
1T 14 .
<= H (ﬁj + %‘SNJ-) < 1_[1 (ﬁj +27; lan> :
=1 =
Proof. In order to obtain the desired bound for e} ;(2), we see from (3.13)
that it will suffice to prove that
d
Onas <[] 85
j=1

together with the argument that there must be a vector z € Z¢ such that

From Lemma 2.9 (see also [41, Lemmas 1 and 2]), we deduce that

4
(Nj/n)*

1
SNJ_—SNJ_/”<21HTL+W+ (3.16)

J
If ¢/ = 1, then the intermediate-rank considered in this chapter is actually a
rank-1 lattice rule with n points. For rank-1 lattice rules, the corresponding
result has been proved in [29, Corollary 1]. So it makes sense to assume that
¢ > 2. Next, we verify that for any 1 < 5 < d, we have

ﬂj - ’?j (SN N /n)

n—1

< 5. (3.17)

The inequality §; — % (S N, S X, /n) < [(3; is trivial. It remains to prove that

n—1

B3; — i (SNj — S, /n> > —[3;, which is equivalent with

;5/.
QﬂjIQ—O—Q%‘Z n—jl <SNj_SNj/n)’

Let us take first r = 1. Then 1 < j < r implies that 7 = 1 and in this case we
deduce that Sy, — Sy, /, = Sn. Hence the inequality above is equivalent with

”~Y1Sn
n—1

242y >

Since S, < 2Inn (see Corollary 2.10), we have

Y1.Sn < 2v1Inn

<242
n—1"4n—-1) " + o
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where the last step follows from Inn < n — 1 for any n > 1. Consequently,

(3.17) will hold. If » > 2, we can prove that

T ) )

for any 1 < j < d. If £ = 2 then since ged(¢,n) = 1, it follows that n > 3. Tt is
easy to see that the right-hand-side of (3.16) can be further bounded so that

we obtain
7i(S5, = Sxym) _ 9(2nn +1+41/36)
- n—1

m— < 2;,
for any 1 < j < d. If n = 2, then since ged(¢,n) = 1, it must follow that ¢ > 3
and a simple direct calculation will show that the right-hand-side of (3.16) is
further bounded by 2In2 + 1/36 + 4/9 < 2. This is enough to ensure that
(3.17) holds also in this case. All these arguments lead to

n—1 d o d
n H(ﬁj—n_jl (Sﬁj—Sﬁj/n>) —jl:[lﬁjgo.

Jj=1

This inequality together with (3.12) and (2.24) then yields

d d
1 . 1 N ~
MN,d,’y < EH (6) —|—’7jSNj) < EH (6) + 2”)/]' thj) R
j=1

Jj=1

which completes the proof. 0J

3.3 Strong tractability

From (3.5), Lemma 3.1 and Corollary 3.3, it follows that if the weights are

summable, then there exists a generating vector z such that
d

Diva(2) <O ) + 5[ (5, + 23, K,) (3.18)

j=1
As the bound given by (3.18) has a Inn dependency (via the Nj), it would
appear that the weighted star discrepancy has the order of magnitude of
O(n~'(Inn)?), with the involved constant depending on d, ¢ and r. Without
further assumptions over the weights, this leads to intractability. As we men-

tioned in Chapter 2, the order of magnitude O(n~1(Inn)?) is widely believed
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to be the best possible in an unweighted setting (see [34], [39] or [42] for fur-
ther details). However, under the assumption that the weights are summable,
we can prove a strong tractability result (recall that tractability and strong
tractability were introduced by Definition 1.6 and Definition 1.7). Such a re-
sult follows from the arguments in [20, Lemma 3] with some modifications and

is presented below:

Theorem 3.4 Let us assume that the weights v; are summable, that is

o
Z Y < 0Q.
j=1

Then for any 6 > 0, there exists a constant C(v,9,¢,r) > 0, independent of n

and d, such that

d
I1 (ﬁj +25;In N]—) < Cly,8,0,r) ndeXiam,

j=1
Proof. Recalling that 3; =1 + v;, we see that we have

[T (8 +25mA;) < (H (1 +%)> x (H (147, 1an>> ,

j=1 Jj=1 Jj=1
where 7; = 27;/(1 + ;) for each j. Now let us denote

> T
J=m+l

Because the 7; are summable, we see that the weights 7, are also summable
since 7;/(1 4 ;) < =, for each j. It is clear that o,, may be made arbitrarily
small by taking m sufficiently large. The condition of summability of the

weights leads to

H (14 ,) =exp (Zln 14+ ) < exp (Zw) < 00
Jj=1 Jj=1 j=1
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Since v, are all positive, we have 0, > 0. Then

[e.9]

In (}j (1+7, mNj)) = Y m(1+7,mK;)

j=1

IN

> (140, +7, ;)
=1
)

BN 7; InN;
= mln(l—l—aml)—i-Zln (1+1j+a_i>

—1

J
+ f: In (1+7jlan) .

j=m+1

Now since Nj < N for any j, we obtain
= — x _ o 7-0’m IHNJ

In H(1+7jlan>> < mln(1+gm1)+zﬂ—_l
(j:l (1+0,)om

+ Z o7 lan

j=m+1
< mhn(1+o0,") +In(N)oy, iij +1In(N)o,,
< mhn(1+o0,") +In(N)o, ZO’O +1).
Hence we have

H (1 _‘_7] lan> S (1 + 0.;11)7% NO'm(O'O'f‘l)‘

Jj=1

By choosing m such that o,,(co + 1) < §, we obtain

ﬁ (1 +7; lan) < (1+o,H)"7n.

i=1

Now, by taking C(~,6,¢,7) = (1 4+ 0,;1)™ £, we obtain the desired result. [J

From (3.18) and Theorem 3.4 we can conclude that there exists a generating

vector z such that the weighted star discrepancy achieves the error bound

Dy ,(2) = O(n™""),
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for any § > 0, where the implied constant depends on 4, ¢, r and the weights
but is independent of n and d. As mentioned in Chapter 1, since the bound
on the discrepancy is independent of the dimension, this will ensure strong

tractability.

3.4 Component-by-component construction of
the generating vector

In this section we show that we can use the component-by component (CBC)
construction so that the resulting intermediate-rank lattice rule has a bound
on the weighted star discrepancy of the same order of magnitude as the bound
given by Corollary 3.3. The CBC technique has been explained in Sections 1.4

and 2.4 and is based on the following algorithm:
Component-by-component (CBC) algorithm
The generating vector z = (21, 22, .. ., 24) of an intermediate-rank lattice rule
(1.7) can be constructed as follows:

1. Set the value for the first component of the vector, say z; := 1.

2. For m = 2,3,....d, find z, € 2, such that e%, (21,2, ..., 2m) is

minimised, where

[y

n—

m / 27r1hsz/n
IT 18+ _Z Hﬂy

0 j=1 N
! —79<h§

2 o 1
enm(21, 22, 5 Zm _E

e
Il

In order to justify the CBC algorithm, we next prove the following:

Theorem 3.5 Let n be a prime, { a positive integer such that ged(¢,n) = 1
and r be chosen such that 1 < r < d. Assume there exists a vector z in fo

such that

ena(z) < n_lﬁ(ﬂjﬂL%SNj)-

Then there exists a zq11 € Z, Such that:

+
e?\f,d-i-l(zu Zar1) < H <ﬁj + %‘SNJ) .
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Such a zg41 can be found by minimising ey 4., (2, zay1) over Z,.

Proof. When we add a new component, we obtain from (3.8) that

, 1 n—1d+1 ) , e27rihk2j/n d+1
eN,d+1(zazd+1> = 5 E H Bi +7j E 7|h| —Hﬂj
k=0 j=1 N N j=1
- <h<H
Pt d ) e2mihkz;/n
=0 =1 ’ ! by Iy 1A
- <h<H
d+1

2mihkZ441/n

X | Bat1 + Va1 Z/ EE H B

Nat1 Nat1
g <hs=—5

By separating out the £ = 0 term and by using (3.8), we see that we can write

~ d
Var 15 -
a1 (2, 2an) = @HWQAZ%+——7;ﬁiII(ﬂr+%5m>
j=1

—_

n—

d omihks, /n
[I{os+% X 5

15=1 N, N;
J i
——5 <h<—

B
Il

627rihk2d+ 1/n

/
X Z
_ ) |h|
_ Nc12+1 <h< Nc12+1

We next average €3, +1(2, za41) over all possible values of zq41 € Z, and

consider:

AVg(eNd—i-l(z Zdt1)) E eNd-i—l Z,2441).
Zd+1 1

Since in the expression for the average, the last term is the only one depending

on zg.1, we next focus on the quantity

n—1 2mihkig1/n 1

1
n—1 Z ) Z,~ : |h| :n—1<SNd+1/”_SNd+1>’

Zat1=1 Ny, Nat1
——z <hs=—%—

where the last equality was obtained by making use of (3.14) and (3.15). Sub-
stituting this in the expression for the average, we see that Avg(e3; 411 (2, 2at1))

is given by:

d
Ya+155 1 ~
6d+le?\f,d<z) —= | | (@ +%’SNJ»>

=1

<.

[y

n—

Ya:1(Sx. = Sg. ) d ) /
2 s~ ) Mo+ X

n(n—1) e

e27rihk2j /n

I

B
Il

N N
J J
~He<n<
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Next,
1zt d ) ;o e2mihkz;/n
n IIis+% > T
k=1 j=1 N N,
- <h<H
1 n—1 ﬁ[ ﬂ .- , 627rihk2j/n N 1
n J J ~§ : i |h| n 4
k=0 j=1 —&<h<ﬁ j=1

= —ena(z lj bt H<ﬂ’+% )S%H< Pt ibx )

[y

=

I (8 +7:5%,)

In the last step we used ey 4(2) > 0, as Ry(Py,u) > 0 for any u € D (see

(3.4)). The hypothesis together with the obvious Sy, |

us to:

AVg(‘e?\f,d—H(z Zit1))

9 %H—ISNd+1 d -
5d+1€N,d(z H (@ + %’SNJ)

&d“SNdH - .S -
+m H (@' + Nj>

j=1

IN

<.
[y

d
Ya1S N N
= Baniena(z) + ———= | | (@' +7j51vj> <1 +

j=1

<.

IN

7j=1 7j=1
1 d
= n—1 (ﬁ] + 7] ) (/Gd—i-l + 'Vd-i-lSNdH) .

—_

.

Clearly, the z4.1 € Z,, chosen to minimise e?w +1(2, za1) will satisfy

e?\/,d+1 (Z, Zd—l—l) S AVg<6?\[’d+1 (Z, Zd_|_1)).

This, together with the previous inequality completes the proof.

From this theorem we can deduce the following:

_SNdJrl/n S SNdJrl

n—1

/6d+1 ﬁ(ﬁ n Ya+1S Nd+1 : LA Q.
1 i+ NJ> H(/GJ“'%SNJ-)

lead

Corollary 3.6 Letn be prime, ¢ a positive integer such that ged(¢,n) = 1 and

r be chosen such that 1 < r <d. Then for any m =1,2,...,

z € Z" such that

i ] l_m[ (51 +%'5Nj) :

j=1

e?\f,m(zlv B2y ey Zm) <

d, there exists a
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We can set z; = 1 and for every 2 < m < d, z, can be chosen by minimising

e?v,m(zl, 29, .., Zm) over the set Z,.

Proof. If m = 1, then by expanding the expression for e} ;(z1), we obtain:

2mihkz1/n
2 1 roe
eni(z1) = ” E B+ 7 E 7|h| — B
k=0 N N
~Bens
H n—1 ) e2mihkii/n
n k=0 N N |h|
—SL<h<SE
B ﬁ n—1 , 627rihk21/n N ’ e27rihk21/n
n k=0 N N |h| N |h|
< M
h=0( mod n) h#0 ( mod n)

Using now similar arguments as in the proof of Lemma 2.5, it follows that

V155, /n 1 .
o < — (ﬂlﬂL%SNl)a

e?\ﬂl(z) = "

for any z; € Z,, and the desired inequality is proved for d = 1. The result then

follows straight from Theorem 3.5. U

3.5 Computational costs incurred by the CBC
algorithm

Let us first recall from the previous section that

) 1 n—-1 m / 27r1hsz/n
6N,m(zlaz2>"'> = E H ﬁj_‘_’yj Z Hﬁj
k=0 j=1 —%<h§
Clearly each e3;,,(21, 22, - - . , Zm) can be evaluated in O(Nnm) operations. This

cost can be reduced to O(nm) by using additional storage. Since {kZ;/n} =
q/n for some ¢ satisfying 0 < ¢ < n — 1, then, in a similar way as shown in
Subsection 2.7.1, it will be enough to calculate each quantity

Z/ e27rihq/n
I

N N,
J J
N <n<y
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once and then store it. From Appendix A, it follows that asymptotic expansion
techniques similar to those in [31] (see also [29]) allow us to calculate the values
of Fy(q/n),0 <q<n—1, where

Py = Y

—N/2<h<N/2 [l

G 0<z<1,

at a total cost of O(N) operations. For the intermediate-rank lattice rules
considered in this chapter, we actually need the values of Fig (¢/n) when N, =
¢'n and N; = £"~'n (these are the only possible values for N;). Once these
quantities have been computed (in O(N) operations), they can be stored in
O(n) memory locations.

It follows that the total complexity of the algorithm will be O(n%d* + N)
plus storage as indicated above. However since N = ¢"n and ¢ and r are fixed,
we see that N = O(n) and the complexity of the algorithm becomes O(n%d?)
plus storage. We now observe that during the construction, we can also store
the products involved in the expression for e3,,(2) for each 2 < m < d.
It turns out that the total cost of storage would be O(n) for the quantities
Fy,(g/n) and O(n) for the products. Thus, the total computational cost of
the algorithm is O(n2d) plus storage.

Now, the fast CBC algorithm proposed by Nuyens and Cools in [44] can
also be used here so that the computational cost of the CBC algorithm can be
further reduced to O(ndlogn). The approach in [44] was based on minimising

a function of the form

kz; , e2mihkzi/n
()= X T

From (3.8), we know that e ;(z) is obtained by applying a rank-1 lattice rule
to a certain function, so the techniques used in [44] will also work here with

some modifications.
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3.6 Bounds for the weighted L, discrepancy

This section is actually based on the results from [29, Section 4] and we shall
see next that these results can be easily adapted so that they also work for the
intermediate-rank lattice rules considered in this chapter.

Let’s consider first two numbers p,q > 1 such that 1/p+ 1/¢ = 1. Then

the L, version of the weighted star discrepancy could be defined by

1/p
D}k\,’%p(z) = (Z »yffl/ |diser((@y, 1), Py)[* dwu> )
uCD [0’1]M

From Zaremba’s identity (see (2.1)) and applying Hélder’s inequality for inte-

q l/q
dwu) )

It is now obvious that the weighted discrepancy defined by (2.2) may be viewed

grals and sums, we can deduce that

Z%Tq/

uCD [0,1

ol
ox,

i) = La(f)| < Dirp(2) ( f@y, 1)

Jhal

as a L, version of the weighted star discrepancy. Next, we see that we have
p\ 1/p
Dirp(2) < (D [ sup  |diser((my, 1), Py)| .
uCD zu €[0,1]1]
Jensen’s inequality as quoted in [13, Theorem 19, p. 28], states that if a; are

arbitrary non-negative numbers and 0 < ¢ < s, then

(Xa) = (Xa)"

Therefore, if we take t =1 and p = s > 1, we have

1/p
()" < Ya
Since p > 1, by applying Jensen’s inequality, we obtain

Dinp(2) <D 7y sup  |diser((@y, 1), Py).

ug'D qu[O,l]\“\
The right-hand-side of this inequality is the weighted star discrepancy defined
by (3.2) and analysed in this chapter. In conclusion, it will follow that under

the assumption of summability for the weights, the generating vector z for an
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intermediate-rank lattice rule may be constructed component-by-component

so that the corresponding L, weighted star discrepancy satisfies
Dy~ ,(2) =0 '), V5 >0,

with the involved constant independent of the dimension but depending on
0,4, and the weights.

Let us remark that in [35], the optimal rate of convergence O(n~1%%)

was
achieved for the weighted L, discrepancy but for randomly shifted lattice rules
of the form (1.6). The results in this chapter indicate that the CBC construc-
tion produces a pure deterministic point set for which the optimal rate of
convergence can also be achieved for the weighted L, discrepancy.

We also mention that much of the earlier work on lattice rules (for instance
[35], [36], [37], and [52]) has been developed by using a Ly version of the
discrepancy as a criterion of goodness. In all these papers, it was assumed
that the weights are product. The conclusion that follows from the analysis
developed in this section is that under a product weighted assumption, the
results obtained here allow more generality since the bound on the weighted
star discrepancy (3.2) allows subsequent bounds for L, versions of the weighted

star discrepancy for any p > 1, hence including bounds for the L, weighted

star discrepancy.



Chapter 4

Korobov lattice rules based on

the weighted star discrepancy

This chapter refines the results from Chapters 2 and 3 by studying the con-
struction of Korobov lattice rules based on the weighted star discrepancy. If
the weights are general, we establish the existence of good Korobov rank-1
lattice rule with a prime number of points. Then, under a product weighted
assumption, we prove that there exists a Korobov-type generating vector that
produces good intermediate-rank lattice rules. In both situations, we show
that the resulting Korobov lattice rules are good in the sense of having a low

weighted star discrepancy.

4.1 Introduction

In Chapters 2 and 3, we considered rank-1 lattice rules with general weights
and intermediate-rank lattice rules with product weights. In this chapter, we
refine the corresponding results from the previous chapters in the situation

when the generating vector z has the so-called Korobov form, that is,
z(a) := (1,a,...,a® ") (modn),

where n is prime and a is a suitable integer chosen from Z, = {1,2,...,n—1}.

This form of the generating vector was introduced in Chapter 1 by (1.8).
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The usual weighted star discrepancy given by (2.2) and (3.2) will be used
as a criterion of goodness. In the next section, we establish that under a
general weighted setting, good Korobov rank-1 lattice rules do exist, while in
Section 4.3, we consider intermediate-rank lattice rules with product weights
and refine the results from Chapter 3 in the situation when the generating
vector is of Korobov type.

Korobov lattice rules have been studied in [61], where the function spaces
were either a weighted Korobov space of periodic functions or a weighted
Sobolev space of non-periodic functions. Both function spaces were repro-
ducing kernel Hilbert spaces, while the weights were assumed to be product.
Here, we establish results for Korobov rank-1 lattice rules under a general
weighted assumption and for Korobov intermediate-rank lattice rules with
product weights.

We should also remark that Korobov lattice rules have some limitations.
For instance, unlike lattice rules constructed using the CBC technique in the
previous two chapters, Korobov lattice rules are not extensible in dimension.
As an aside, it is interesting to mention that there are some limited results
regarding extensible Korobov lattice rules in number of points. These results
can be found in [12] and are based on a quality measure that looks at the
two-dimensional projections.

As we shall also point out later, a fast construction analogous to the fast
CBC construction seems unlikely for Korobov-lattice rules. Moreover, the
bounds on the weighted star discrepancy are worse that the bounds for the
corresponding lattice rules constructed using the CBC technique, but we still
obtain tractability bounds on the weighted star discrepancy. Nevertheless, as
we mentioned in the first chapter, Korobov lattice rules are important due to
their historical significance (see [32] and [33] for further details) in the sense
that Korobov lattice rules were the first known low discrepancy lattice rules.

For completeness, we consider such Korobov lattice rules in this chapter.
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4.2 Korobov rank-1 lattice rules with general
weights

In this section, we assume that the weights are general and n is prime (same
assumptions as in Chapter 2). Hence, we assume that for any non-empty

subset u C D, we have
Yu <vg forany 0#gCu
We consider now the weighted star discrepancy given by (2.2), that is,
D; _ =max~y, sup |discr((zy,1),P,)],
ToweD T ol ’
where all the notations above are as in Chapter 2. This discrepancy was
obtained in connection with Zaremba’s identity and Holder’s inequality for

integrals and sums (see (1.13)). If z is the generating vector of a rank-1 lattice

rule, then it follows from Lemma 2.4 (see also [48, Lemma 1]) that

. 1
D} (2(a)) < — max uly, + 5

€na(2), (4.1)

where

= Z VuEn(z u

uCD

with En(z, u) defined by (2.15) in Chapter 2. If z is a Korobov-type generating

vector, then

,_.

n—- 2nihkzj(a)/n

~ 1 / €
R.(z(a),u) := - Z T 5

0 jeu \ —n/2<h<n/2

B
Il

where z;(a) = a’~! (mod n). Also from Chapter 2 (see (2.17)), we know that

R,(z(a),u) can be expressed as

Rz = Y Hhi

hEE Ju
h-zy(a)= O(mod n)

where we recall that (see also (2.16))

Ey,={h€Z:—n/2<h;<n/2, hj#0, 1 <j <s}.
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Further bounds on the weighted star discrepancy can be obtained by making
use of (4.1). For the analysis carried out in this chapter, the following result

from number theory is very useful (see [14]):

Theorem 4.1 Ifn is prime and g(x) = ho+hix+- - -+ hp2™ is a polynomial
with integer coefficients, D = gcd(hg, ..., hy) and b = (ho, hy, ..., hy), then
the number A, (h) of integers x with 0 < x < n—1 satisfying g(x) = 0 ( mod n)

15 given by

=n, D=0(modn),
An(h)

< m, otherwise.

Next, we focus on the quantity e ;(z(a)) with the generating vector z having

the Korobov form (1.8). We can now prove the following result:

Theorem 4.2 If n is prime, then there exists an a € Z,, such that

@ alz(a) < T2 Y 8, (42)

n
uCD
where S, is as defined in Chapter 2, namely
' 1
—n/2<h§n/2| |

Proof. We first define the mean of the quantities e} 4(z(a)) over all a € Z,

by

i
L

1

n—la

A4ﬁ¢7223

ena(2(a))-

1

By making use of the expression for 2 ;(z(a)), we next obtain:

n—1

Mgy = =SS 2 Ralz(@)0)

n
a=1 uCD

1 = 1
— TL_-le:EE:’Yu j{: - ﬁZT
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where
1, m=0(modn),
ba(m) = (4.3)
0, otherwise.
Then the mean can be written as

ndq——zvu > H\h\(25 (h- zy(a ) (4.4)

uCD heE ]Gu

We see that the last sum in (4.4) represents the number of solutions of the
congruency h - z,(a) = 0 (modn). Since n is prime and h - z,(a) is a polyno-
mial of degree at most d — 1 in a with coefficients that are not multiples of n,

it follows from Theorem 4.1 that

3
—

Sl - zy(a)) < d — 1.

1

)
Il

Replacing this in (4.4), we obtain

Moy < 223 Y Hhizn_lz%su. (4.5)

uCD hEE*‘ ‘QEu uCD

Clearly, there must be an a € Z,, such that

ei,d(z(a)) S Mn,d,'ya
which together with (4.5), leads to the desired result. O

Subsequent results can be obtained for order-dependent and finite-order
weights, which were introduced by Definition 2.2 and Definition 2.3 in Chap-
ter 2.

Recall that order-dependent weights are those whose dependence on u is
only through the cardinality of u. Assuming that sets having the same cardi-
nality have equal values of the associated weights, we can use just d weights,
say I'1,1's, ..., 'y, where I'y denotes the weight associated with any set contain-
ing ¢ elements for 1 < ¢ < d. The next result follows directly from Theorem 4.2
by taking 7, = I'y whenever |u| = ¢ and noting that the number of subsets of

D with cardinality ¢ is (‘;)
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Corollary 4.3 Let n be prime and suppose the weights are order-dependent.
Then there exists an a € Z,, such that the Korobov-type generating vector z(a)

satisfies

d—1 K, (d
ael@) < 2= 3ot
(=1

Next, let’s assume that the weights are finite-order. This means that there
exists a positive integer ¢ such that «, = 0 for all u with |u| > ¢. We shall
take ¢* to be the smallest integer satisfying this condition. We then obtain the

following result:

Corollary 4.4 Let n be prime and suppose the weights are finite-order. Then

there exists an a € Z, such that the Korobov-type generating vector z(a) sat-

isfies

d—1 .
Eala@) < 3 sl

uCD
1<]u|<q*

We can combine these two classes of weights to consider the situation when

the weights are both order-dependent and finite-order.

Corollary 4.5 Letn be prime and suppose the weights are both order-dependent
and finite-order. Then there exists a Korobov-type generating vector z(a) such

that

d—13~ . (d
ale@) < 221 3o (()st
(=1

4.2.1 Tractability results

First, let us remark that from (4.1) and (4.2), it will follow that there exists a
Korobov-type generating vector z(a) such that the weighted star discrepancy

satisfies the following bound:
D _(z(a)) < lmax\u\'y + _a-1 E Y S (4.6)
-y ~ noucDh fo2n-1) et

Since S, = O(Inn) (see (2.24)), it will follow from (4.6) that the weighted
star discrepancy has order of magnitude of O(n~!(Inn)?) with the implied

constant depending only on d. As mentioned also in the previous chapters,
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such a convergence rate attained by the star discrepancy is considered to be
the best possible in an unweighted setting and thus, we should consider such
a bound as being “good”. However, under appropriate conditions over the

weights we can obtain tractability and strong tractability results.

Theorem 4.6 If n > 3 is prime with the weights chosen such that v, < 7,
for any 0 # g Cu and
D ruSh < Cly, o, (4.7)

uCD

for some § > 0, where C(7,0) is independent of d and n, then there ezists a
Korobov-type generating vector z(a) such that the corresponding weighted star

discrepancy satisfies the error bound
* _ —1+0
D; (z2(a)) = O(dn™""°), forany 0 >0,
where the implied constant depends only on the weights.

Proof. Let us remark first that from (4.6) and the condition (4.7), we obtain

(d—1)C(v,0)n°
2(n—1)

1
* < -
Dy, 4(2) < — maxfuly, +
From the proof of Theorem 2.16, we have

max [uly, < > 7,Sh < C(y,0)n’

uCD
- uCD
Consequently, this leads to

C(~,6)n’ N (d—1)C(v,8)n’
n 2(n—1)

* —14+6
Dn,‘y(z> < < dC('Y?(S)n 1+ )

which shows that the dependency of the bound on d is at most linear, and

hence we obtain the desired result. O

Let us remark that the condition (4.7) is a sufficient condition of tractabil-

ity. If the weights satisfy the stronger condition

— 1)) S < Cly, 0)m°

uCD

for some § > 0, where C(+,d) is independent of d and n, then such a condi-
tion will ensure strong tractability. As an aside, we remark that this strong
tractability condition involves a dependence of the weights on the dimension.

Such weights depending on the dimension have been also considered in [9].
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4.3 Korobov intermediate-rank lattice rules

In this section, we refine the results from Chapter 3 for intermediate-rank lat-
tice rules when the generating vector z is of the Korobov form (1.8). Thus,
we recall that n is assumed to be prime, ¢ > 1 is an integer satisfying
ged(¢,n) = 1,7 is a fixed integer taken from the set {0,1,...,d} and N = {"n.

The intermediate-rank lattice rules considered here are of the form (see also

(1.7))

-1

W) =

| gzzg ({ ml,...,nzr,o,...,o)})_

If Py denotes the points of this lattice rule, then it will follow that the weighted

mr—

star discrepancy of this point set satisfies (see (3.5))
1
Din(Py) < D7 (1= (1= 1/N)M) + S y(2(a), (4.8)
uCD
where e} 4(2(a)) is as given by (3.8), while the weights are assumed to be
product. Since z is a Korobov type vector, then z; = a/~! (mod n) for every

1 < j <d. Let us also introduce

th;, if1<j<randh;#0,

hj = hj, ifr+1<j<dandh;#0,

In Chapter 3, we have established that

= YuRn(z(a),u), (4.9)

uCD

where it follows from (3.8) that

RN(z(a),u):%iH 1y Y ehi _1

k=0 jeu —N;/2<h;<N;/2 | J‘

Recall that N; and 2; are given by (see also (3.10) and (3.11)):

- N/ =" n, 1<j<r,
5 / j

<.
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and

Lemma 3.1 leads to

Y (-1 =1NM) =0m™), (4.10)

uCD
where the implied constant depends on ¢, r and the weights. Next, we focus

on the quantity e 4(z) given by (4.9). Let us denote
Ey = {h c Z‘u‘ : —N]/Q < hj < Nj/2, YRS u},

with & = &€, — {0}. Consider now

1 n—1 ’ e27rihjk2j(a)/n
INETIRTEEED 31 ) | ERENED Dy I
k=0 j€u — N, /2<h;<N; /2 [l
n—1 : 5
1 e27r1hjk2j(a)/n
= = £ |-
" kz—o H 2 |51
=0 y€u —ﬂ<hjg ‘
1 n—1 (627r1h~zu(a)/n)k

k=0 he&, Hjeu |hj|
1t ( o2mih-zu(a) /n) k

S

he&r k= H]eu|ﬁj|
b 2)
2 o

where 0,,(m) was defined in the previous section by (4.3). Using this in (4.9),

we obtain

uCD \jeu he&

al=(@) = 3 <H %) 3 5Hh—z|h<|)) (4.11)
(a

Next, by defining a mean over all quantities e?\,vd(z )), we prove the existence

of a good Korobov-type generating vector.

Theorem 4.7 Let n be prime and €3 4(2(a)) be defined by (4.9). Then, there

exists an a € Z, such that

, 14 d—1 ) nd—1 -
ena(2(a El:[(@ +7; N/n>‘|’n_1j1:[1(ﬁj+%SNj) Hﬁaa
(4.12)
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where B; = 1+ ;, while 7; are defined by (see also (3.9)):

/7]/67 1§j§7’,

Vi T+1<]§d

Proof. As in the previous section, the mean over all quantities e ,(2(a)) is

given by

Using now (4.11), we obtain

B — 3,(h - 2.(a))
Mivdy = <H )Z Lol

1
a=1 uCD \j€cu he&;
1 n—1
= : Z On(h - iu(a))>
( ) (heé‘ jEu |hj| n—1
= (H %> o1 + 09) (4.13)
uCD \j€u

where o1 denotes the expression in the inner brackets obtained when h has all
the components a multiple of n, while o5 denotes the same expression obtained
when at least one component of h is not a multiple of n. Let’s remark that
a similar decomposition has been used in [61]. When all the components of h

are multiples of n, we first observe that

and hence we can write o; as

;1
_ZH}} —1_H 1+ W —1.

he&l Eu J he& Eu cu N N,
S Ecu J J _TJ<hSTJ

Since all the components of h are multiples of n, we may write h; = nm; and

we obtain that —% < h; < % is equivalent to —% < m; < Njé/". This
leads to

<! L4 2o 1+ S, 1 414

o< | T (=57 ) T (1 swm) 1] (4.14)

1<5<r r+1<5<d
JjEu JEuU
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Let us remark that N;/n takes either the value £~' or ", which indicates
that oy = O(n™'). Next, in order to evaluate o9, we first observe that the
sum "1 0,(h - 24(a)) in (4.13) represents the number of solutions of the
congruency h - z,(a) = 0(modn). Since n is prime and h has at least one
component which is not a multiple of n, then ged{h; : j € u} cannot be a

multiple of n. Using Theorem 4.1, it follows that

[y

n—

n(h-2zy(a)) <d-—1,
1

2
Il

which leads to

d—1 SRG
0y < —— H <1+7> H (1+5Nj)—1 . (4.15)
1<j<r r+1<j<d
J€Eu JjEuU

Now, from (4.13), (4.14) and (4.15), we obtain:

Myay < %Z [H (% +9; N/n) H%]

uCD Ljeu JEU
d—1
+n—lz H(%‘l’% ) H'VJ
uCD Ljeu JjEu

14 i 14
= Ejl:[l (53’ +7jSNj/n> - ﬁjl:[lﬁj
+—d ! ﬁ (@' +%5Nj> - ﬁﬁj] ,
j=1 7j=1

which simplifies to (4.12). Clearly, there must be an a € Z,, such that

enva(2(a) < Myaq,

which together with the previous inequality, leads to the desired result. O

4.3.1 Tractability results

The bound given by (4.12), together with (4.8) and (4.10) suggest that the
weighted star discrepancy has order of magnitude of O(n=!(Inn)?)) with the
involved constant depending on d, ¢ and r. Let us recall from Chapter 3 that

under a condition of summability for the weights, strong tractability followed
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for intermediate-rank lattice rules constructed using the CBC technique. For

Korobov intermediate-rank lattice rules, we can prove the following result:

Theorem 4.8 Ifn > 3 and the weights are summable, that 1s, Z;’il v < 00,
then there exists a Korobov-type generating vector z(a) such that the weighted

—144)

star discrepancy has the order of magnitude of O(dn , where the involved

constant depends only on £,r and the weights.

Proof. We see first that the right-hand-side of (4.12) can be further bounded,

so that we can write

d

d
Galz@) < T (5 +585,) + S [T (5+485,) - (416)

Jj=1 j=1
From (2.24), it follows that Sg < 2In N; = O(Inn) for every 1 < j < d, with
the involved constant depending on £ and r. Let’s observe first that since N. i/n
is independent of n, we can write 3; + ;5 Nym <14y where a > 1 is a
constant. Since the weights «; are summable, we see that the first term from

the right-hand-side of (4.16) can be bounded as follows:

%jljl(l +ay;) < %62?_11]0(1%%) < %exp (aji:;%) — O,
where the involved constant depends on £, r and the weights but is independent
of d and n. Using Theorem 3.4, we see that the second term on the right-hand-
side of (4.16) can be further bounded by dC(~, 6, ¢, r) n’ [T;2, 8. Tt will follow
that the weighted star discrepancy achieves the error bound of O(dn='*?) for
any 0 > 0 and with the involved constant depending only on ¢,r and the

weights. Since the dependency on d is at most linear, the summability of the

weights ensures tractability of the integration problem. O

4.4 The construction algorithm

As mentioned in the first section of this chapter, the Korobov lattice rules
constructed here are not extensible in dimension. The construction algorithm

can be described as follows:
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Construction algorithm for Korobov lattice rules
For a € Z, do:

Select a such that e} ;(z(a)) is minimised.

For the rank-1 lattice rules considered in Section (4.2), let’s recall first that

N =n and

Aulza) =Y (LT X

uCD k=0 jeu \ —n/2<h<n/2

p2mihkal =1 /n

I
It will follow from Chapter 2 that the total complexity of the algorithm will be
O(n%dr), where 7 is the total number of non-zero weights plus O(n) storage for
the values of the inner sum. Full details of the analysis of the computational
cost of the algorithm may be found in [48] and in Chapter 2. For finite-order
weights, the cost of the construction is O(n?d? ™), while for order-dependent
weights the cost is O(n?d?).

For the intermediate-rank lattice rules considered in the previous section,

let us recall that

2mihkZ;(a)/n

d a
IIls+% > ~ 6T —1_[1@'-

It will follow from Chapter 3 that the cost of the algorithm will be O(n?d)
plus O(n) for storage.

Finally, let us remark that in [44] a fast algorithm for constructing lattice
rules was proposed. In general terms, the fast construction replaced the n?
factor occurring in the evaluation of the cost by a much smaller factor of n Inn.
This fast algorithm was applicable for lattice rules for which the generating
vector was constructed using a component-by-component technique. At this
stage however, it does not seem clear that such an algorithm could also be

used for Korobov-type lattice rules.



Chapter 5

Good rank-1 lattice rules with a
composite number of points
based on the product weighted

star discrepancy

Rank-1 lattice rules based on a weighted star discrepancy with weights of a
product form have been constructed in numerous research papers under the
assumption that the number of points is prime. For general weights, a con-
struction of rank-1 lattice rules was presented in Chapter 2 also under the
assumption that n is prime. In the non-prime case however, there aren’t too
many known results to date mainly due to the technical difficulties that arise.
Nevertheless, in this chapter we fill this gap and extend previous results ob-
tained in [29] to the non-prime case. We show that if the weights are summable,
there exist lattice rules whose weighted star discrepancy is O(n~'*°), for any
60 > 0, with the implied constant independent of the dimension, but depen-
dent on 0 and the weights. Then we show that the generating vector of such
a lattice rule can be constructed using the component-by-component (CBC)
technique and, in the final part of the chapter, we analyse the cost of the CBC

construction. The results from this chapter are based on the paper [50].
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5.1 Introduction

In order to approximate integrals over the d-dimensional unit cube, in this

chapter we consider rank-1 lattice rules of the form (see also (1.5))

Qualf) = %k::f ({Z}).

where as usual, z € Z¢ denotes the generating vector of these lattice rules and
all the components of z are assumed to be relatively prime with n.

In this paper we extend the results in [29] by constructing rank-1 lattice
rules with a composite number of points. Hence, the same assumptions as in
[29] will be used here with the main difference that n is assumed to be just a
positive integer. In the vast majority of earlier research papers as well as in
the previous chapters, it was assumed that n was prime; an assumption which
simplifies the analysis of the problem.

However there are some known results in the non-prime case. For instance,
it has been proved in [10], [41], or [42, Chapter 5] that good lattice rules with
a non-prime number of points do exist. Several measures of goodness were
used in those works, but under the assumptions that variables are equally
important. In this chapter however, we will employ a weighted star discrepancy
as a criterion of goodness.

A constructive approach in the non-prime case has been proposed in [36],
where the integrands were assumed to belong to certain reproducing ker-
nel Hilbert spaces such as weighted Korobov spaces of periodic functions or
weighted Sobolev spaces with square-integrable mixed first derivatives. Here
we require the integrands to have the weaker requirement of integrable mixed
first derivatives. Let us remark that in [35] it was proved that in the reproduc-
ing kernel Hilbert spaces of [36], the component-by-component construction
(used also here) achieves the optimal rate of convergence O(n=11?), for any
9 > 0. In [7], the results in [35] were extended to the non-prime case.

Let us also mention that lattice rules with a composite number of points

have become of more interest since the introduction of extensible lattice rules
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in [18]. Later, extensible lattice rules have been studied in [19] and [20]. In
[20], it was shown that extensible lattice rules in number of points with a
low weighted star discrepancy do exist, but the proof was non-constructive.
More recently, in [8], a possible way of constructing extensible lattice rules was
proposed. Therein, it was assumed that n is of the particular form p™ with
p > 2 an arbitrary prime and it has been shown that lattice rules extensible in
number of points based on the weighted star discrepancy can be constructed,
but the results were not generalised to arbitrary integers.

As mentioned earlier, throughout this chapter we make similar assumptions
over the weights as in [29]. Let u be an arbitrary non-empty subset of D =
{1,2,...,d—1,d} and let us introduce a sequence of positive weights {7;}32,,
which describe the decreasing importance of the successive coordinates z;. As
usual, v, will be the weight associated with the set u and, in this chapter,
we assume that the weights {v,} are product. Hence v, = [];,7; for every

subset u C D.

5.2 Bounds on the weighted star discrepancy

In this chapter, we consider a similar weighted star discrepancy as the one
defined by (3.2), namely

D; (2):=Y v, sup |discr((zy, 1), P), (5.1)

wcp @€l

where P, = {{kz/n}, 0 < k < n —1}. Such a weighted star discrepancy
has arisen in Chapter 3 from the inequality (3.1). From Theorem 2.3 (see also
(3.5)), it follows that the weighted star discrepancy given by (5.1) satisfies the
inequality

* Rn(z7 u)

D) < o (1= -1 B oy
uCD

where R, (z,u) is as given by (2.9), that is



79

To obtain bounds on D}, _(2), we see from (5.2) that we need to bound the

quantity

D oY1= (1 —1/m)M)

uCD

and the quantity

= Z'yuRn(z,u). (5.3)

uCD

Under the assumption that the weights are summable, that is, Z;’il v; < 09,
it follows from Lemma 3.1 that
S (1= (1= 1/n)H) = O(n ), (5.4)
uCD
with the implied constant depending on the weights, but independent of d
and n.
We now consider e, ;(z) in more detail and by expanding (5.3) in the same

way as in Chapter 3 (see also [29]), we obtain

n—1 d

d
e2 (2 lZH (B; + 7;Ci(z)) Hﬁj, (5.5)

k=0 j=1

3

where we recall that 8; =14 ; for any 1 < 5 < d, and

Cz)= 3

—n/2<h<n/2 ‘ ‘

e27rihkz/n

We can obtain a bound on e, ;(z) by obtaining a bound on a certain mean

value of €2 ;(z). The mean M, 4., is defined by

Mn,d,’y = d E

z€Z4d

where ¢ is Euler’s totient function and
Z,={z:2z€{1,2,....,.n—1}, (2,n) =1}.

In order to simplify some notations, throughout this chapter we shall use (z,n)

to denote ged(z,n) . A bound on the mean M, 4~ is given next.

Theorem 5.1 Let n > 2 be an integer and let us recall that

! 1

—n/2<h<n/2
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If the weights {7;}52, are summable, then

lnln(n+1))’

n

d
1
Mn,d,'y S E g(ﬁj + rYJSn> + O (

where the implied constant depends on the weights, but is independent of the

dimension.

Proof. From the definition of the mean and (5.5), we have

1 1 n—1 d
Mpa~ = Wzgd <EZH (85 +7iCr(25))

)

||E& ||z&

n—1 d
_ EZH L S () + 7% Celz)
=021 p(n) 2j€Zn
1 d 1n—1 d d
= EH(ﬁJ +755n) + o H Z Ci(%) | — Hﬁja
Jj=1 k=1j=1 zjezn j=1

where in the last step the £ = 0 term has been separated out and we have

used the fact that Cy(z) = S,. Let us denote

627rihkz/n

=Y ax= 3 — (5.6)

2€Zn 2€Zn —n/2<h<n/2
In fact this quantity has also been introduced in Chapter 2, but under the
assumption that n was prime. In such a case it followed from Lemma 2.5
that T,,(k) = =S, for any 1 < k < n — 1. The fact that the value of T},(k)
is independent of k in the prime case allows a considerable simplification of
the whole analysis. However here, since n is not necessarily prime, we need
to employ asymptotic expansion techniques in order to evaluate (5.6). Going

back to the mean, we see now that it can be written as

d

d
1
Myay =~ L1035 +780) + Luaxy— [ [ 8 (5.7)
j=1

j=1

where

Ly = Mdl(@ ”JT()) (5.8)

k=1j

The rest of this proof follows many of the arguments used in the proof of [42,

Theorem 5.10] (see also [10]). First, it may be shown that

:ZM(Q) <g’ ) Zu( ) a, k) Sn(ak), (5.9)
aln
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where p denotes the well-known Mébius function from number theory (see for
instance [1]). If n is prime, then, as mentioned earlier, we obtain T,,(k) = —95,
for any 1 < k < n — 1, which leads to the results obtained in [29]. From

Lemma 2.9, we know that
Sm=2In m+2w—1Ind+ec(m),

where w is the Euler-Mascheroni constant, while |e(m)| < 4m~2. Using (5.9),

we now obtain

T.(k) = (2Inn+ 2w —In4)B,(k) — 2H, (k) + V,,(k), (5.10)
where
Buk) = > (%) (a, k),
aln
Ho(k) =3 1 (g) (a, k) In (a“k),
aln ’
and

Va(k) =Y u (g) (a, k)e (@) . (5.11)

From the proof of [42, Theorem 5.10], we have B,, (k) = 0 forany 1 < k < n—1.

Using this result in (5.10), we get
T.(k) = —2H,(k) + V,(k). (5.12)

By combining (5.8) with (5.12), we obtain

n—1

Lovgy = ﬁ(@+%( nw+28)) sy

kljl

where

BS

(
The proof of Theorem 5.10 in [42] yields V,,(k) = O(1) with an absolute implied
constant. Hence we have V,,(k)/p(n) = O(1/¢(n)). This result together with

(5.13) and 3; = 1 + ~; leads us to

n—1

Lpa~= f[ (1 + (1 = 2J,,(k)) + ;0 (ﬁ)) . (5.14)

kljl
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Let us consider a prime p and denote by e,(n) the largest exponent such that

(") divides n. Then, also from the proof of [42, Theorem 5.10], we obtain

pr®o(n/pr™)Inp, if p is the unique prime with e,(n) > e,(k),

0, otherwise.

If such a p exists, then by the definition of e,(n), we have n/p®™ relatively
prime with p®(™ and hence (n/p»™)p(p»™) = ©(n). We then obtain

p*Po(n/pr™)np  p*®np  Inp

Tnlh) = o(n) N so(pep( ) pr(p—1)

where we put a = e,(n)—e,(k)—1,for 1 <k <n—1. Foreach 1 <k <n-—1,
it is not difficult to check that —1 < 1—21In(p)/(p**(p—1)) < 1 for any prime
p > 2 and for any o > 0. Hence, 1+ ~,(1 —2J,(k)) < 14 ; = §; for any

1 < j < d. Considering now the product from (5.14), we obtain

d

T (140 - 200 +,0 (1))

(o 0()
iR () T

uCD JEU jéu

- jl:[lﬁj +0 <ﬁ) : (5.15)

where the implied constant depends on the quantity

ZH%HWH (85 + ).

uCD jEu jéu
Next, let us consider
d d
[T+ = (i 420 <o (235,
7=1 7j=1 7=1
where we used that 5; = 1+, and In(1 + z) < z for any > —1. Recalling
that the weights were assumed to be summable, by denoting I' := Z‘;‘;l V4, it

follows that
[T +v) <€,

J=1
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which shows that the implied constant of (5.15) is independent of the di-
mension, but dependent on the weights. From (5.14), (5.15) and using that

1/o(n) = O(n~'nln(n + 1)) with an absolute implied constant (see [46]), we

(lnln(n+1)).

By combining the last 1nequahty with (5.7), we obtain

now obtain

nd‘y

d
1 Inln(n +1)
My < — g(ﬁj +7550) + O (7) ,

n

and hence the result is proved. O

Corollary 5.2 Let n > 2 be an integer. If the weights {;}32, are summable,

then there exists a vector z € Z% such that

d
1 Inln(n +1
_ng_i_% O(¥),
no n

where the implied constant depends on the weights, but is independent of the

dimension.

Proof. Clearly, there must be a vector z € Z¢ such that e?, ;(z) < M, 4~ and

the result then follows from Theorem 5.1. O

As we have already mentioned in the previous chapters, in an unweighted
setting there exist d-dimensional lattice rules having O(n~'(Inn)?) star dis-
crepancy with the implied constant depending only on d and such a bound is
widely believed to be the best possible. Under the assumptions made within
this chapter, from (5.2), (5.4) and Corollary 5.2, together with S,, < 2Inn for
any n > 2 (see (2.24)), it will follow that there exists a vector z € Z¢ such
that

D (2) = O~ (In n)?),

but with the implied constant independent of d. A bound that does not involve
Inn is possible by making use of Theorem 3.4 (see also [20, Lemma 3]). This

theorem leads to the conclusion that if the weights are summable, then there
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exists a generating vector z such that the weighted star discrepancy achieves

the strong tractability error bound
* _ —14+6
Dy, (z) = O(n="°),

for any 0 > 0, where the implied constant depends on 6 and the weights but
is independent of n and d.

Let us also remark that corresponding results for a weighted L, star discrep-
ancy can be deduced, since such a discrepancy is bounded by the discrepancy

introduced in (5.1). Further details can be found in Section 3.6 and [29].

5.3 A component-by-component construction

Before presenting the main result regarding the CBC construction, we need

the following:

Lemma 5.3 There exists a positive constant ¢ independent of n such that

<clnn,
where T,,(k) is given by (5.6).

Proof. Since J, (k) = H,(k)/¢(n) > 0, then from (5.12), we obtain:

T (k)| - (Nn(k) . Hg((:)ﬂ) | (5.16)

From the proof of [42, Theorem 5.10], we have

Jo(k) = Inn. (5.17)

1

e
Il

In order to analyse the second term of (5.16), we see from (5.11) that

Va(k)| < ;\u(g)\ (0. k) |z (@)‘

By using that |e(m)| < 4m™2 (see Lemma 2.9), we next obtain:

mwl < Sl ()] () =1 5 <5
aln

aln
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Recalling that 1/¢(n) = O(Inln(n + 1)/n) with an absolute implied constant,

we now deduce that there exists a constant ¢; > 0 independent of n such that

2712¢; Inln(n + 1) < 2m2c; Inn
3 n - 3

<(n—-1)

From this inequality combined with (5.16) and (5.17), we obtain:

n—1 )
\Tn(k))\ . <2+ 27r301) -

— o(n

which leads to the desired result by taking ¢ = 2 + 2m2¢; /3. ([l

As in Chapters 2 and 3, in order to construct the generating vector z, we use
the component-by-component (CBC) technique. The central idea is to prove
that the CBC algorithm produces a generating vector whose corresponding
weighted star discrepancy has the same order of magnitude as the bound given
in Corollary 5.2. Let us first recall the CBC algorithm:

Component-by-component (CBC) algorithm

The generating vector z = (z1, 29, . . ., 2¢) can be constructed as follows:

1. Set the value for the first component of the vector, say z; := 1.
2. For m = 2,3,....d, find z, € Z, such that e}, (21,2,...,2%m) is

minimised, where

n—1 m

€i7m(21,22,..., 1Zl_[ (B +7;Ck(%))) H

k=0 j=1

3

The following theorem and corollary will justify the use of the CBC algorithm.

Theorem 5.4 Let n > 2 be an integer and suppose that the weights {7;}52,

are summable. If there exists a z € Z2¢ such that

1 d
< 1] +aymn),
7j=1

3

where o = 2 + ¢ with ¢ as in Lemma 5.3, then there exists a zq.1 € Z, such

that

2>|'—‘

nd+1 (2,2441) <

_l’_
H (B + ayjlnn).

Such a zg41 can be found by minimising €}, 4, 1(2, za11) over the set Z,.
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Proof. For any z4,1 € Z,, we see from (5.5) that

ei,d+1(za Zip1) =

S
= 5d+16i,d(z) + %l% H(ﬁ] + 7j5h)

d
4 H (Bj +7iCr(25)) Cr(2a+1),

k=1 j=1
where in the last step the £ = 0 term has been separated out. Next we average

€2 4+1(2, z441) over all the possible values of 2441 to form

Avg(ei,dﬁ-l(zazd—kl)) = Z end+1 z Zd+1)

Zd+1 €Zn

d
Yd Sn
= ﬂd+1€i,d(z)+ J;; H(ﬁj+7j5n)
J=1
n—1 d

+ LN ST+ %C(2)) Cilzan)

ngp(n) Zd+1€Zn k=1 ]:1

S d
= ﬂd—i—lefhd(z) + f}/d—;i H(ﬂj + 755 n)
7=1
~ n—1 1 d
+1E Z Z Cr(2d+1) H(ﬁ] +7Ck(25))-
nom \P) o p
Zd+1 n J

From (5.6), it is easy to see that

Z Cr(zam)| = [Ta(k)].

24+1€2n

It is also obvious that |Cy(2)] < S, for any 1 < k < n — 1. Using these

observations in the last term of the previous inequality, we obtain

S 1
AVE(€2 g1(2,701)) S el al2) + 22 T8+ %50)
j=1

\T )T
7d+1 Z H B; + 7;Sn
7=1
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From (2.24) we have S,, < 2Inn and since o > 2, we obtain S,, < alnn. We

can now write

IN

S 1~
Baneralz) + 52 [T (8 +5)

Jj=1

d
1
+M H (ﬁ] + fijn)

n .
Jj=1

AVg(ei,dH(za Zdy1))

2 ()4 (2+c)”yd+1lnnH(

< Banel (2 - Bj +735n)

Jj=1

d
avgr1Inn
< Barier 4(z) + +T H (B + ayjlnn).
J=1

By making use of the hypothesis, we finally obtain

d
B
Avg(el 111(2,2441)) < j:l I8 +ay;nn)

=1

d
Q Inn
—I-%l+ H (B; + avjlnn)
j=1

d+1

- %H(ﬁj+a%—1nn).

J=1

It is obvious that the z4,1 € Z,, chosen to minimise ei,d +1(2, zap1) will satisfy
ez 411(2, za41) < Avg(el g41(2, 2a11))-
This, together with the previous inequality completes the proof. O

Corollary 5.5 Let n > 2 be an integer. If the weights {;}32, are summable,

then for any m =1,2,...,d, there exists a z € Z" such that

3

1 m
€2 (21,22, 2 —H (B; + ay; Sy,

We can set z; = 1 and for every 2 < m < d, z,, can be chosen by minimising

ei,m(zl, Zoy ..., Zm) over the set Z,.

Proof. For d = 1, then we see from (2.9) that we have

n—1 e27rihkz/n 1 n-1 27r1hz/n

Rozw=—S[1e 3 S )= ' E%

k=0 —n/2<h<n/2 ‘ ‘ " —n/2<h<n
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Since h <n/2 and (z,n) = 1, it follows that hz cannot be a multiple of n. It
is then easy to check using (2.22) that R, (z,u) = 0. Hence for m = 1 we have

€2 1(z1) = 0. The result then follows immediately from Theorem 5.4. O

The analysis of the complexity of the CBC construction is similar to the
analysis done in Chapter 3. However for completeness, we review the main
ideas here. Let’s observe first that each eim(zl, Z9, ..., Zm) can be evaluated in
O(n*m) operations. This cost can be reduced to O(nm) by using asymptotic
techniques as presented in Appendix A and [31]. Consequently, the total
complexity of the algorithm will be O(n?d?). This can be reduced to O(n?d)
if we store the products (see Chapter 3) during the construction at an extra
expense of O(n). However, this order of magnitude can be further reduced to
O(ndlogn) by using the fast construction proposed in [43]. In the mentioned
paper [43] the authors proved that the fast construction algorithm works also
in the case when n is not prime (as is the case in this chapter). The central
idea of the fast algorithm is based on a fast matrix-vector multiplication and

consists of minimising a function of the form

T (e ({52) -

where in our situation we can take

2mihx

w(x) = Z/ e|h| ,x € 0,1].

n n
—nh<h

Thus, with some modifications, the techniques used in [43] will also work here.



Chapter 6

Shifted lattice rules for
approximation of integrals over
Euclidean space in weighted
reproducing kernel Hilbert

spaces

In this chapter we study the problem of approximating weighted integrals over
Euclidean space with the weight function being a probability density. The
function space considered here is a reproducing kernel Hilbert space with the
kernel based on Fourier transforms. After defining the worst-case error, we
prove that by mapping R? to the unit cube, we can construct shifted lattice
rules over the unit cube such that our defined mean worst-case error is of
order O(n~'/?), where, under appropriate conditions on the weights, the in-
volved constant is independent of the dimension. We also perform numerical
experiments on the error resulting from the use of these shifted lattice rules.
These numerical experiments seem to suggest that in practice, the order of

convergence for the error is better than the theoretical O(n~'/2).
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6.1 Introduction

Integrals over Euclidean space given by

» f(z) de, (6.1)

have been studied in [51, Chapter 9.3], [54] and [59]. In those works, it was
assumed that f is a smooth function that decays rapidly at infinity. The
quadrature rule proposed to approximate such integrals was of the form
Q(f) =det LY f(),
xel
where L C R? was an infinite lattice as defined in Chapter 1 by Definition 1.1,
while det L denoted the “determinant” of the lattice, that is, the volume of
the unit cell or equivalently, the reciprocal of the point density of the lattice.

Let’s assume that the function f has the Fourier transform given by

fw)= [ fla)e v da.
Rd

When f € Ly, we also have

fx) = y f(w)e* ™ dw.

From [51, Theorem 9.9] or [54, Theorem 1], it turned out that if f and the
Fourier coefficients f satisfy the conditions |f(z)| < ¢(1 + ||&||z)"*° and
|f(w)] < e1(1 4 |Jw]|g)~%° for some constants ¢, ¢; and § > 0, where || - || is
the usual Euclidean norm, then the quadrature error can be expressed as
Q) — [ f@)de =" flw).
Re welt

where by L+ we denote the dual of the lattice L (see Definition 2.1). Later
in [51, Section 9.3] or [54, Section 3], it was shown that the “best” lattice
among those with a given determinant to be chosen for a good approximation
of integrals given by (6.1), is the one whose dual lattice has the densest sphere
packing. In simple terms, the density of the sphere packing represents the

fraction of the total volume occupied by a packing of spheres of the same radius
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without overlapping. Generator matrices for lattices with densely packed duals
can be found in [5] and [58] and further details on the sphere packing density
can also be found in these two works.

Although the criterion based on the sphere packing density seems to be very
appealing, there are technical difficulties that arise almost immediately. For
instance, there is a lack of practical algorithms that could be used to calculate
the density of a sphere packing. Such algorithms, if any, are at least N P-
difficult or conjectured to be in the class of N P-hard problems as shown in [5].
Secondly, lattices with the densest sphere packing are not known for every
given dimension. In fact, lattices with the densest possible sphere packing
are known for d = 2,3,4,5,6,7,8 (details on such lattices can be found in
[58]). The website http://www.research.att.com/ njas/lattices/density.html
contains tables of available lattices with the densest sphere packing known up
to dimension 48 and then for d = 54, 56, 64, 80 and 128.

Due to the difficulties described above, instead of considering integrals of
the form (6.1), we shall consider in the rest of this chapter integrals over

Euclidean space given by (see also (1.4))

(.0 = | f@)ole)d

where p(x) is a probability density function. Hence p(x) > 0 for any € R?
and [, p(x) dz = 1. We also assume that the probability density is of the

product form
d

p(x) = Hpj(l"j),

=1

where each p; is a probability density over R. For convenience, we shall also
assume that all the p; are equal. However the results can be extended in the
case when the densities p; are different for each coordinate direction.
Integrals over unbounded regions may be studied by first employing a map-
ping to the unit cube (see [21], [22], [23]) and then generating a shifted lattice

rule over the unit cube. Such a technique has been used in [38] and [62]. In
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the 1-dimensional case, we can use the following transform:

u=o(x) = /1‘ p(t)dt, VxeR. (6.2)
The inverse mapping will be ®~1 : (0,1) — R, @& !'(u) = x. Let’s observe
that if @ is differentiable, then ®'(x) = p(x), Va € R. In the d-dimensional
case, the mapping (6.2) will be applied for each coordinate direction. Hence,
if © = (v1,29,...,74) € RY then ®(x) = (O(z1), P(x3),...,P(z4)). In the
same manner, the inverse mapping will also be applied component-wise. The
integral (1.4) will thus become
Lt = [ j@ w)du= [ gw)du
[0,1)4 [0,1]¢
where g = f o ®~! (applied component-wise). These integrals can be approxi-

mated by quadrature rules of the form

-1

f(tk)v

—
3

3

Qn.alg) = g(wy) =

0 k=0

where t, = @7 1(wy) € RY forall 0 < k <n —1.

SRS
S|

B
Il

Next, we give some examples of possible choices for the density p(x) and
establish some further properties of the transform (6.2). These densities were
also considered in [38].

Example 1 Consider the Gaussian distribution on R defined by

»

(z) = r
pz_me ’

Such a distribution occurs frequently in applications and was used for instance

INE
&

A > 0.

in [62].
Example 2 The two-tailed exponential distribution on R defined by

L el
p(x)—ﬁe A, A>0.

This distribution will be considered for the numerical experiments given later
in this chapter.
Example 3 For any x € R, consider

A—1

p(x)zm, A> 1
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Let’s remark that the densities considered in the previous three examples
are even functions, that is p(x) = p(—z), Vo € R. For such densities, the

transform defined by (6.2) will satisfy
O(—x)=1—d(x), VzreR. (6.3)
Consequently, the inverse transform will satisfy
11 —u)= -0 (u), Yuc(01). (6.4)

Both (6.3) and (6.4) are easy to prove and will be useful later in this chapter.

Let’s also remark that the derivative of ®~! is given by

It is easy to see that the function @ is increasing and hence ®~! is increasing
too.

The rest of the chapter is structured as follows: in the next section, we
consider reproducing kernel Hilbert spaces and review briefly some concepts
of the theory of reproducing kernels. Reproducing kernel Hilbert spaces were
considered in numerous other research papers devoted to quasi-Monte Carlo
methods for multiple integration. These papers include but are not limited
to [8], [9], [25], [35], [36], [37], [38], [52], [57], and [62]. Since earlier in this
section we mentioned that the quadrature error can be expressed in terms of
the Fourier coefficients, it seems natural to use a reproducing kernel based
on the Fourier transform of functions. After defining a worst-case error and
introducing the weights, we construct shifted lattice rules in the unit cube
using the usual CBC technique. By using the inverse mapping ®~!, we obtain
a quadrature rule containing points from the whole Euclidean space that can be
used to approximate weighted integrals over R%. Then, we establish that if the
weights are summable, the order of magnitude of the error is O(n~'/?) with

the involved constant independent of the dimension, and hence we achieve
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strong tractability. Although the theoretical convergence is the same as for
Monte Carlo methods, our numerical tests seem to suggest that in practice
the convergence is better that the theoretical O(n~1/2). However, we need
to mention that our results are rather speculative and based on some limited
numerical experiments. By using a different measure of goodness, a better

theoretical convergence will be achieved in the next chapter.

6.2 The function space

Throughout this chapter we assume that the function f admits a Fourier trans-
form f and that Fourier inversion also holds as indicated in the previous sec-
tion. We shall also assume that f belongs to a reproducing kernel Hilbert
space and we start this section by recalling some concepts from the theory of

reproducing kernels. Further details can be found on [2].

Definition 6.1 A reproducing kernel Hilbert space H of functions on R is a

Hilbert space in which for any y € R%, the point evaluation functional

Fy(f) = f(y), VfeH,

is a bounded linear functional on H.

If (-,-) and || - || denote the inner product and respectively, the norm in the
space H, then from Riesz’s representation theorem (see for instance [4] or [40]),

there exists a unique function K defined on R? x R? such that

Fof) = fly) =(f.K(,y)), VfeH VvyecR".

The function K is known as the “reproducing kernel” of the Hilbert space
H. For any other bounded linear functional F, the representer F satisfying

F = (f,F) is given by

Fly) = (F, K(,y)) = F(K(,y)).
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Definition 6.2 A reproducing kernel is said to be “shift-invariant” if it has

the property
Kx,y)=Kx+Ay+A), Vx,y AcR:

It can be checked that the condition K (x,y) = K(x+ A, y+ A) is equivalent
with K (z,y) = K(x — y,0) for all ,y € R? (see for instance [25]). If the
reproducing kernel is real-valued, then since F,(f) = (f, K(-,y)) and by using

the symmetry property of the inner product, we obtain:

K(z,y) = (K(-2), K(,y)) = (K(,y), K(, ®)) = K(y, ®),

for any =,y € R? Hence a real-valued reproducing kernel is symmetric. For

complex reproducing kernels, we have
K(x,y) = K(y,z), Vao,yecR”

As mentioned earlier, more details on the theory of reproducing kernels can
be found in [2].

Let us assume that the reproducing kernel K is shift-invariant, so K (x,y) =
K(x —y,0) = K(t,0), where we put t = x — y. If K € Ly, then the Fourier
transform of such a kernel is given by
K(w)= [ K(t,0)e ™"t dt.

R4
Consequently, if K e L, then
Kx—y,0)= | Kw)™™evdw= [ K(w)e*™dw.
R R

We can now prove the following result:

Proposition 6.1 Let us assume that K € Ly is a shift-invariant reproducing
kernel with the non-negative Fourier transform K € L. Let f and g be two

square integrable functions in H and let us define the inner product

(f.9) = g % dw. (6.5)
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Then the space of functions satisfying || f|| < 0o is a reproducing kernel Hilbert

. ) 1/2
111l = < [ d'w) . (6.0

Proof. From Bochner’s theorem (see for instance [3] or [40]), it follows that

space, where

K (t,0) is non-negative if and only if K (w) is non-negative. Since it was
assumed that K is non-negative, the kernel will be non-negative and it will
follow that it is real. From the symmetry property K(x,y) = K(y,x) for any
x,y € R? it also follows that K(¢,0) = K(—t,0), for any ¢t € R?. It is then

easy to verify the reproducing property of K. Indeed, since K is real, we have

00K = [ T g = i),

for any y € R% O

Let us remark that similar assumptions on the kernel and the same norm as
(6.6) have been considered in works such as [3] or [63]. These assumptions on
the kernel will be valid for the rest of the chapter.

Example. Next, we give an example of such reproducing kernel. In a
1-dimensional space, let us consider K (z,y) = ce~**=¥ with ¢ > 0. It can be

checked that
S 2ca

K(w) =

T a? +Am2w?

When ¢ = 7 and a = 27, we obtain K (z,y) = me 2™~ and this will be the
kernel chosen for the numerical experiments considered later in this chapter.
It turns out that K (w) = (1+w?)~! and the inner product defined by (6.5) is

now given by

(f.g) = / ¥ )31 + w?) duw.

If f is differentiable and f’ is integrable with its Fourier transform given by

f’(w) = [* e #mwe f/(x) dx, then after an integration by parts and under the

[e.e]

assumption that f(z) — 0 when x — 400, we obtain:

e e}

Flw) = 2™ F(2)|% + (2miw) / e~2mM £ (1) da = 2miw f (w).

—0o0
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Using (6.6), we obtain

wazz/f|ﬂwn%1+wadw

[e.9]

If || f]] < oo, then [*° w?|f(w)]>dw < oo and from Parseval’s theorem (see

for instance [40]) together with the expression of the derivative, we obtain

oo [e.e] e o0 .
/ |f/ ()| de = / | f/(w)]? dw = 47?2/ w?| f(w)]? dw < oo.
—00 —00 —00

Consequently, the corresponding space will consist of functions with square
integrable first derivative. In a d-dimensional space, the corresponding space
of functions will consist of functions with square-integrable mixed first deriva-
tives. Spaces with square-integrable mixed first derivatives such as weighted
Korobov spaces of periodic functions or weighted Sobolev spaces have been

previously considered in numerous research papers including [35], [36], [37],

[38] and [52].

6.3 Worst-case error

In order to express the integration error, we need first the following result:

Lemma 6.2 If the linear functionals

(.0 = | f@)ole) d

and X
Qualf) == 3 1)
k=0

are bounded, then their representers are given by the following functions:

hiz)= | K(z,y)p(y)dy, (6.7)

]Rd
and

) = -3 K(tix),

where the kernel K is satisfying the same assumptions as in Proposition 6.1.
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Proof. Using (6.7) and the shift-invariance of K, the Fourier transform of h

can be expressed as follows:
ww) = [ ([ K wpway) e
R¢ \JRd

= /R d < /R [T (x — y,0) dw) p(y)dy
= /R d < /R eI, 0) dt) p(y)dy
— /R d e 2miwy ( /R ) e PMWEIC(¢,0) dt) p(y)dy

= [ e )y dy = K(w)jw)

From (6.5), it follows that

f@hw) ([ F@E@w) ([ aes
R K(’w) Rd K’(w Rdf( ppio)de

{(fih) =

and from Parseval’s theorem, we obtain

(.0 = | f(@)la)dz = L(f.0)

Hence h(x) is the representer of I4(f,p). To prove the second part, let’s

consider
= =
(f,Q) = (/. EZ (tr, EZ [ K (k) = Qnalf),
k=0 k=0
where in the last step we used the reproducing property of K. O

Using Lemma 6.2, we obtain

La(f,p) = Qna(f) = (f,h=C)

and by applying the Cauchy-Schwarz inequality, it follows that

[La(f; p) = Qua(HI < IIfI]-[Ih = Cll, (6.8)

where the equality is attained when f is a multiple of h — ¢. From (6.8), we
see that we can measure the error by further analysing the quantity ||h — (||.

Let us define now the quantity

ena( P, K) = ||l = (]I,
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where P, := {to,t1,...,t,_1} is the set of quadrature points from @, 4(f).
Since the equality in (6.8) is achieved when f is a multiple of h — (, it turns
that the quantity e} ;(P,, K) defined above can be viewed as a worst-case
error. In papers such as [25], this quantity is also named the “discrepancy”.

We now establish the following:

Theorem 6.3

%A&ﬂﬁz(/

Proof. We have

ena(Puy K) = (h = ¢ h = ¢) = (b, h) = 2{(h, {) +(C. ).

By using the fact that h and ( are representers of linear functionals, we obtain:

WMZQ%MZ/

R4

paw(e)de = [ [ Ky dedy,

where in the last step we used (6.7) and Fubini’s theorem (see for instance [4]).

We also have

n—1
1
(0.0) = Qualt) = > [ Kt w)oly)dy
n R4
k=0
Finally,
1 n—1 1 n—1n—1
(€.0) = QualQ) == C(t:) = K(t:, ty).
"0 20 k=0
Substituting this in the expression for e ;(P,, K), we obtain (6.9). O

Next, we define a mean over all possible e, ;(P,, K) by

Mn,d = / . 6i7d(Pn, K)p(to)p(tl) e p(tn—l) dt() dtl e dtn—1~ (610)
(R )n
We can now establish the following result:

Theorem 6.4

Mui= [ K@ap@ia— [ [ K@y@ow) dedy. .10

n Jrd
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Proof. From (6.9), we see that 2 ;(P,, K) can be written as:

n—1
2
2utut) = [ [ K@yo@ow) dedy -~ [ Kty dy
Rd JRd nkzo R4
n—1n-—1 1 n—1
S 3) BT SRS SNS)
1=0 i#o i=0

Using (6.10), it will follow that

— /R e K(z,y)p(z)p(y) dz dy

n®—n
+

| [ s@ys@pw iy [ K@,

which is equivalent with the desired result. U

Let’s observe that M, 4 > 0 since all ei’d(Pn, K) > 0. However, this could

have also followed from the following argument (see also [25]):

1K( )|l = V(E( 2), K( z)) = VE(z, @),

which leads to

K(z,y) = (K(, ), K(,y)) < [|K( )| [[K(,y)l] < VE(z2) VE(y, y).

By applying the Cauchy-Schwarz inequality for integrals, it then follows:

/Rd » K(z,y)p(x)p(y) dz dy

< [ [ VE@ @@ VK vy de dy
\//Rd RdKa:a: y)dxdy - \//Rd Rdey )p(y) dx dy
_ \/Rd K(a:,a:)p(m)da:-\/ RdK(y,y)p(y)dy,

which shows that

IN

/]Rd R K(z,y)p(z)p(y) dedy < / K(z, z)p(x) dz.

R4
As mentioned earlier, in order to generate the quadrature points we will

map the Euclidean space to the d-dimensional unit cube. Let’s remark that the
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transformation (6.2) applied component-wise leads to a space H of functions
on [0,1]4, which is isometric with the space H on R?. Consequently, we have

a kernel over the unit cube defined by
K(z,y) = K(27'(u), 27 (v)) == K(u, v),

for any u,v € [0, 1]¢, where £ = ®~!(u) and y = ®~(v). Now we can define

the shift-invariant kernel associated with K by
K*(u,v) = / K{u+ A}, {v+ A})dA, (6.12)
[0,1]¢

where the braces indicate that we take only the fractional part of the vector’s
components. Since K is shift-invariant, the condition K*(u,v) = K*({u +
A} {v+ A}) for any u, v, A € [0,1]? is equivalent with K*(u,v) = K*({u —
v},0). Hence K£*(u,v) depends only on {u — v}.
Let’s define
P(w) == K*(w,0) = £ ({u — v},0),

where we put w = {u—wv} and analyse next the function ¢ in the 1-dimensional

case. Hence, we now consider the univariate function

(w) = /0 K({w+ A}, A)dA. (6.13)

Further properties of ¢ will be useful at the expression of the worst-case error
and mean worst-case error and will also allow us to establish a convexity prop-
erty of ¥. Such a property will be useful at the construction of the quadrature

points. An expression for 1 is given by the following result:

Lemma 6.5 The function v defined above can be written as
¢(w) = 2¢1(w) + 2¢1(1 — U)), Yw S (0, 1),

where
a1(152)
() = /_ K (@ (w + (1), )p(t) dt. (6.14)

The proof of this lemma is given in Appendix B. Let us remark that a similar

result was also established in [62], however it was valid only for the particular
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kernel used therein and under the assumption that the probability distribution
was Gaussian. Our result here will hence allow slightly more generality, since
it will work for more general distributions. This last result also shows that
further properties of K* and implicitly of K, can be determined by analysing
properties of ¥ (w). For instance, if ¢, is twice differentiable, then the first

and the second derivatives of ¥ could be expressed as follows:
U(w) = 21 (w) — 2011 — w),

and
P (w) = 29 (w) + 2¢7 (1 — w). (6.15)

For the rest of the chapter, we assume that ¢](w) > 0, Yw € [0,1]. A
similar result was established in [38] and [62]. From (6.15), we obtain ¢ (w) >
0 and hence % is a convex function. In Appendix B we actually give a proof
that ¢ is convex for a specific kernel (see Lemma B.1). From [62, Lemma 2],

it follows that

nilrgw (%) < /01¢(w) dw, (6.16)

for any positive integer n > 2 and we shall assume that (6.16) holds for each
individual coordinate j = 1,...,d. Let us also mention that the result stated

by (6.16) will be used later at the construction of the quadrature points.

6.4 Worst-case error in weighted reproducing
kernel Hilbert spaces

As usual, we denote D = {1,2,...,d} and assume that -, is the weight as-
sociated with each non-empty subset u C D. We also denote by K;(z;,y;)
the 1-dimensional kernel associated with each coordinate j and assume that
each such kernel is shift-invariant and non-negative. We now introduce the

weighted kernel

K(z,y) =Y v ][ Kilz ))- (6.17)

uCD JEU
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Further assumption on the weights will be made later. Next, we expand the
expression of the quadrature error given by (6.9). For each j =1,...,d, let us

define
1 o)
Cj 12/0 Kj(uj, uj) duy :/ Ky, x5)p(x;) da;, (6.18)
where we recall that K(u,v) = K(®(u),®*(v)), for any u,v € (0,1). We

also define

1 1 [e%) [e%)
D; 12/0 /0 Kj(uj,v5) duj dvy Z/ / Kj(xj,y;)p(x)p(y;) dr; dy;.
(6.19)

From the final part of the previous section, it follows that

|| Koty < [ K@ dn

which in turn leads to C; > D; for each j. At this stage, we shall mention
that we may have different 1-dimensional kernels corresponding to each j, but
for simplicity and for computational purposes, we assume that all individual
1-dimensional kernels are equal. The same assumption has also been made in
[38] and [62] and, as in those papers, the results here could be generalised in
the situation when the kernels K are different for each j.

Let’s assume that the quadrature points are of the form w, = {%z + A},
for any k = 0,...,n — 1, where as usual, 2 € Z? denotes the generating
vector having all the components assumed to be relatively prime with n, while
A € [0,1]? is a randomly chosen shift. Recall from Section 6.3 that B, =
{to,t1,...,t, 1} is the set of quadrature points in R¢ obtained by using the
inverse transformation ®~! component-wise, where ® is as given by (6.2). We
thus obtain ¢, = ®~!(wy,), for any 0 < k < n — 1. Obviously, the quantity
efl’d(Pn, K) expressed by (6.9) depends on the generating vector z and the shift
A, so it makes sense to write e ,(z, A) := €2 ;(P,, K). With these notations,

we see that under the assumption (6.17), the formulae (6.9) and (6.11) proved
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in Theorems 6.3 and 6.4 can be written as follows:

zvunD——z%zn/ ({3 A5}, ) du

n—1 n—1

n227uZZH/c ({izj/n + As}, {kzi/n+ Ay}, (6.20)

uCD =0 k=0 jc€u

while the mean can be written as
1
Mg = - > 7. <H i —1] Dj) . (6.21)
uCD JEU JEU

Now we can define a mean worst-case error over all possible A € [0, 1]¢ by

a2 [ @ za)da
[0,1]¢
From (6.12) and (6.20) with the notations (6.18) and (6.19), it is easy to see
that

—Z»yuHDjJr%Z»yuniH/c; ({%z]} ,0) . (6.22)

uCD  jeu uCD k=0 jeu

Alternatively, by separating out the & = 0 term, equation (6.22) can be written

as:
1 1 — k
—Z’YuHDﬂLE Z’YuHCﬂLE o 11K ({gzj} »0) :
uWCD  jeu WD jeu uWCD k=1 jeu

(6.23)

For the rest of the chapter we assume that the weights are product (recall

that v, =[] jeu%') and for convenience, we shall also assume that n is prime.

As mentioned earlier in this section, the kernels associated with each coordinate

are equal. Consequently, all the quantities K} (w, 0) will be equal with ¢ (w),

where ¢ is as given by (6.13). Moreover, C' = C; and D = D; for all j =

.,d, where C; and D; were defined by (6.18) and (6.19). It is also easy to

[ vtwau=

Then the mean worst-case error and the mean given respectively by (6.23) and

see from (6.13) that

(6.21) can be rewritten as follows:

n—1 d

d d
. 1 1
ena(2)” = — [[+C)+ = > T +ve({kz/n}) - [ [(1+D7). (6:24)
j=1 j=1

k=1 j=1
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while the mean becomes

d d
1
M, 4= (1+C (1+D . 6.25
7dn<]nl+%]gl+%) (639

6.5 The construction of the quadrature points

In this section we first prove that there exists a generating vector z € Z¢
such that [e} ;(2)]* < M, 4 and then construct such a vector using the usual
component-by-component (CBC) technique. The existence result is given by

the following:

Theorem 6.6 If n is prime, then there exists a z € Z% such that
A d
ler, ()] < - (H(l +Cy) =[]0+ D%‘)) :
j=1 j=1
Proof. Since n is prime, there are (n—1)¢ possible choices for z. If we average

lex 4(2)]? over all possible vectors z € Z¢, then by using (6.24) we obtain

d d
n_ldz nd( = lH (1+Cy) =[]+ D)

n ,
zeZd Jj=1
1 n—1 d
+m H 1+ ;0 ({kz;/n}))
zczZd k=1 j=1
K d
= —H(1+Cw) (1+ D7)
i j=1
1 n—1 d n—1
+ I1 p— Z(l + 750 ({kz;/n}))
k=1 j=1 z]=1
However the quantities {kz;/n} for 1 < z; < n — 1 are the same as i/n for
i=1,...,n—1, but in a different order. Recalling that fo w)dw = D, it

will follow from (6.16) that

LS ey ) < / b(w (6:26)

z;=1

Using (6.26) in the expression for the average, we obtain

d d n—1 d
(n—1)d Z ena(2)]” < :LH (1+C;) H 1+Dry;) "‘%ZH (1+Dry;) = My,
z€Z4d j=1 7=1 k=1 j=1
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where M,, 4 is as given by (6.25). This proves the existence of a vector z such

that [e} ;(2)]* < M. O

In order to construct z, we can use the usual CBC algorithm:
Component-by-component algorithm
1. Set the value for the first component of the vector, say z; = 1.
2. Form = 2,3,...,d, find z,, € Z, such that [e}, , (z1,...,2n)]* is min-

imised, where

m n—1 m m
. 1 1
[enm (21, ~n H (1+C;) ‘I'E ZH (10 ({kz;/n})) H (14+D;)-
j=1 k=1 j=1 j=1

The algorithm is based on the following result:

Theorem 6.7 Let n be prime. Suppose there exists a z € Z¢ such that

d d
1
) < - (H (1+ ) = [T+ Dy, ) -
j=1 j=1

Then there exists z4+1 € 2, such that

d+1

* 1 d+1
[en,d+1(zvzd+1)]2 S E (H 1+ CV] 1:[ 1"‘ D’}/J ) .

j=1

Such a zq11 can be found by minimising e}, 4.1 (2, za41)]* over the set Z,.

Proof. From (6.24), we see that [e} ;. (2, za11)]* can be written as:

. , 1 1 d+1 g nold+l
ez 2en) = S]] +0%) =[]0+ D)+ 5 3 10+ vk /n})
Jj=1 j=1 k=1 j=1
Cry d d
= ler 2+ =[] +Cy) DdeH 1+ Dy;)

1

J

e Zw thzasa/mp) [T+ 250k /n})

Next we average [} 4.1(2, za41)]*> over all possible values of 2441 € Z, and

focus on the last term since it is the only one depending on z4,1. Hence, let’s
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consider
n—1 n—1 d
1
- (Mzw fhzer o) [T+ 750 {kzy/n}»)
zg+1=1 n k=1 j=1
n—1 n—1 d
1
= =5 X vkzaa/nd) | TIQ+ 0k /n})
k=1 Zd+1=1 j=1
D n—1 d
S ) | )
k=1 j=1

where in the last step we used (6.26). From (6.24) and by using the inductive

hypothesis, we obtain

n—1 d d d
1 . 1
EZH L+ v({kz;/n})) = [6n7d(Z)]2— EH 1+ Cv) + H (1+ D)
k=1 j=1 j=1 j=1
d 1 d
< [[Ja+Dy) - EH1+D%
i=1 i=1

Replacing in the above, we next have

D n—1 d d 14
DYd+1 ZH L+v0({kz;/n})) < Dy <H (14 D~;) — - H (14 Dv;) | -
7j=1

k=1 j=1

This result, together with the inductive hypothesis leads to

n—1 d
1 * * Cryd 1
— e a41(25 zar)? < e a(2))” + n+ [T +cy)
zZd+1=1 Jj=1
d
—Dyair [[(1 + D))
j=1
d 1 d
+DYd41 (H(l +Dvj) =~ [Ta+ D%’))
7j=1 7j=1
1 d d
<
< n(HHC% H1+D%>
j=1 7j=1
Cas T Dyasi T
d+1 d+1
+—=T[0+Cm) - n+ [T+ D)
- j=1
1 d+1 d+1
= = (H(l +Cy) - [0+ D%’)) :
j=1 j=1

Clearly, there must be a z4y1 € Z, such that [efhd +1(z,zd+1)]2 is smaller
than the average and obviously, such a z4.; can be found by minimising

e’ z, Zq41)]? over Z,. This completes the proof. O
n,d+1 +
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As in Chapters 2,3 and 5, the main result on the CBC construction is followed
by:

Corollary 6.8 If n is prime, then for any 1 < m < d we can construct a
vector z € Z" component-by-component such that

n
J=1

N C (

=L
—
+
Q
2

We can set z;y = 1 and for 2 < m < d, every z,, can be found by minimising

*

e (21, 2m)])? over the set Z,.

Proof. If m =1, it is easy to see that by setting z; = 1, we obtain

071

ena (D = Z b(k/n) — Dy,
k=

Using (6.26), it will follow that

71(C—D).

For m > 2, the result follows then from Theorem 6.7. O

6.5.1 Strong tractability

Theorem 6.9 If the weights v; satisfy the summability condition

oo
Z Vi < 00,
j=1

then we can construct the generating vector by using the CBC technique such
that the error satisfies the strong tractability bound €}, ,(z) = O(n~"/?), where

the involved constant depends on the weights, but independent of the dimension.

Proof. From Theorem 6.7, we see that the generating vector constructed using
the CBC technique satisfies
1, 1
eha()]” < ~J[(0+Cw) < —exp (Z In(1 + Om) —exp (CZ%> -
j=1 Jj=1
Since the weights are summable, it will follow that €} ,(z) = O(n™/?), with

an absolute implied constant. This ensures strong tractability. (]
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Let us remark that the order of the magnitude of the error in this chap-
ter is the same as for typical Monte Carlo methods and was also observed
in [38] and [62]. In the next chapter however, by using a different criterion
of goodness, that is, the weighted discrepancy defined by (2.2), we will con-
struct shifted lattice rules for integrands over Euclidean space that achieve the
optimal convergence order of O(n~1*%) for any § > 0 and with the involved
constant independent of the dimension. Under the condition of summability
of the weights (as in Theorem 6.9), this optimal rate of convergence was also
obtained in [23]. Here, the convergence order of O(n~'/?) follows from the
expression of the mean (6.25) and the numerical experiments from the next
section confirm that the mean is of order O(n™!), which leads to the conver-
gence obtained in Theorem 6.9. The gap between the convergence obtained in
this chapter and the convergence attained in [23] and Chapter 7 comes from
the fact that here, the measure of goodness used is different from the mea-
sure of goodness used in the mentioned works and therefore, different results
in terms of convergence might be expected. Nevertheless, particular choices
of weights, kernel and density may lead to a better convergence rate than

O(n~'?) as some of the numerical experiments from the next section suggest

(see Tables 6.16 and 6.17).

6.6 Numerical experiments

6.6.1 Expressions of the error in a particular case

In this section we first find an expression for the quantity [e ,(2)]* given by
(6.24) under the assumption that n is prime, the weights are product and, for

each j, p; is a two-tailed exponential density given by

pi(r) = me= 2l vr € R
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We also assume that the kernels associated with each coordinate are equal and

each 1-dimensional kernel is given by
K(z,y) = me 29 vg g e R
For this setting, the mapping defined by (6.2) becomes

%627@’ x < O,
O(x) =

le7im 1> 0.

with the inverse @' : (0,1) — R given by
5= In(2w), w<1/2,

oM (w) =4 *

—-In(2(1 —w)), w>1/2.

Now, we want to determine the expression of the function i given by (6.13)

in this particular case. Recall from (6.13) that ¢ was defined by
(w) =2 (w) + 2¢1(1 —w), Yw € (0,1),

where (see also (6.14))

el (15Y)
¢mw=/’ K(® Y w+ ®(t)), t)p(t) dt.

For the kernel and the density considered in this subsection, the expression of

11 becomes

o5 .
'le('UJ) _ 7T2/ 647rt—27r<1> (w+P(t)) dt,

—00

where we used that ¢ < ®71((1 —w)/2) < ®71(1/2) < 0 (recall that &' is
increasing). In the situation when w < 1/2, by using the expressions of ® and

®~! we obtain:

In(1—2w)
—on Amt

_ 2 2 T amt N 2t
U (w)=m N S £ oo dt + iy € (2(1 = w) — ™) dt.
2m

In(1—w)

In order to calculate the first integral, we may use the change of variable

e?™ = y to obtain after some elementary calculations that

In(1—2w)

— 47t 1—2w
7T2/ eidtzz/ Y dy:z—ﬁw+7rwln(2w).
o 2w + et 2 /o 2w+ y 2
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We also obtain

In(1—w)

2 T amt ot _Twe oy TW
m a0 ™ (2(1 —w) — ™) dt = g W o
When w > 1/2, we have
e (1 —w)?
¢1(U1) — 71_2 47rt (2<1 - ) 27rt) dt = 3
All these calculations will finally yield
Sw) 2w In(2w) + 4”;”3 —2mw? — Tw + T, w <1/2,
w) =
21 (1 — w) In(2(1 — w)) + 20— 97 (1 — w)? 4 7w, w > 1/2.

(6.27)
It is easy to see that if we take C' = C; for any 7 = 1,...,d, where Cj is
defined by (6.18), we obtain in this case C' = w. Then by taking D = D; for

any j = 1,...,d, where D, is defined by (6.19), it is relatively easy to check

p= [ twyaw=17

Using these values in (6.24), we obtain

that

1 d 1n 1 d d 371_7
:EH1+MJ +EZH1+W ({kz;/n})) H( SJ),
J=1 k=1 j=1 j=1

(6.28)
where the expression of 1 is defined by (6.27), while the corresponding mean

(following from (6.25)) is given by

d d
1
Mya=— ||1 ||1 3 8 6.29
,d n<j1 +7T'VJ i + 7T'73/ ) ( )

The quadrature points in R? are given in this case by @~ '({£z + A}), k =
0,...,n — 1, where the generating vector z is produced using the CBC tech-
nique, A is a randomly chosen shift, and the function ®~! has the particular

expression defined earlier in this subsection.

6.6.2 Tables of numerical results

In this subsection, we calculate the values of (6.28) for several different values

of n and d and different choices of weights. We also give values for the mean
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(6.29). First, we consider the case when v; = 1 for all j = 1,...,d. This
corresponds actually to an unweighted case and leads to intractability of the
integration problem. The number of points n is prime, while the dimension
d takes successively the values 5,10, 20,40, 80. The generating vector z from

(6.28) is produced by the CBC technique as presented in Section 6.5.

Table 6.1: d =5and y; =1forall j=1,...,d.

n [e7.a(2)]” Mp.a

101 6.99463 11.5793

211 2.94906 5.5427
409 1.31503 2.85944
809 0.571254 1.44562
1009 | 0.427166 1.15908
2003 | 0.176599 | 0.583879
4001 | 0.0721177 | 0.292305
8009 | 0.0298932 | 0.146025
16001 | 0.0120045 | 0.0730898

32003 | 0.00480581 | 0.0365438




Table 6.2: d =10 and y; =1forall j =1,...,d.
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n

[e),a(2)]?

M,,.q

101
211
409
809
1009
2003
4001
8009
16001
32003

14094.4
6634.53
3353.5
1656.51
1316.75
644.531
310.024
148.87
71.3972

33.7589

14677.4
7025.67
3624.49
1832.41
1468.19
740.098
370.512
185.094
92.6453

46.3212

Table 6.3: d = 20 and ~;

lforallj=1,...

(€7, a(2)]?

M, .q

101
211
409
809
1009
2003
4001
8009
16001

32003

2.18256e+10
1.04464e+10
5.38853e+09
2.72378e+09
2.18373e+09
1.09975e+09
5.50353e+08
2.74799e+08
1.37459e4-08
6.86658e+07

2.18286e+10
1.04487e+10

5.394043e+09
2.7252e+09
2.18502e+09
1.10069e+09
5.51033e+08
2.75276e+08
1.37784e+08
6.88899e+07
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Table 6.4: d =40 and y; =1 forall j =1,...

n

[e7.a(2))?

M,,.q

101
211
409
809
1009
2003
4001
8009
16001

32003

4.81253e+22
2.30363e+-22
1.18843e+22
6.00823e+21
4.8173e+21
2.42669e+21
1.21486e+21
6.069¢e+20
3.0377e+20

1.51881e+20

4.81253e+22
2.30363e+-22
1.18843e+22
6.00823e+21
4.8173e+21
2.42669e+21
1.21486e+21
6.069¢e+20
3.0377e+20

1.51881e+20

Table 6.5: d =80 and y; =1 forall j =1,...

[€),a(2)]?

M, .q

101
211
409
809
1009
2003
4001
8009
16001
32003

2.33921e+47
1.11972e+47
5.77653e+46
2.9204e+46
2.34153e+46
1.17953e+46
5.90503e-+45
2.94993e+45
1.47653e+45
7.38244e+44

2.33921e+47
1.11972e+47
5.77653e+46
2.9204e+46
2.34153e+46
1.17953e+46
5.90503e+45
2.94993e+45
1.47653e+45
7.38244e+44
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The previous tables clearly illustrate the “curse of dimensionality”. While
for lower dimensions an increase in the number of points will still produce a
reasonable accuracy, it is clear that for higher dimension the number of points
needs to be astronomical in order to get some precision. The situation changes

dramatically when the weights are summable. Next, we consider the situation

when v; =1/ forall j =1,...,d.

Table 6.6: d =5 and v; =1/j% forall j =1,...,d.

n le5,.a(2)]? M,
101 0.0205263 | 0.0975159
211 | 0.00696686 | 0.0466782
409 0.0026932 0.024081
809 | 0.00101287 | 0.0121744
1009 | 0.00072806 | 0.00976126
2003 | 0.000265663 | 0.00491718
4001 | 9.70102e-05 | 0.00246166
8009 | 3.46441e-05 | 0.00122976
16001 | 1.18865¢-05 | 0.000615531
32003 | 4.30286e-06 | 0.000307756




Table 6.7: d =10 and v; = 1/j% for all j = 1,...,d.

116

no | fea@P | M
101 0.0368221 0.133733
211 0.0132823 0.0640142
409 0.00543038 0.0330244
809 0.00212163 0.0166959
1009 | 0.00157304 0.0133865
2003 | 0.000618628 | 0.00674338
4001 | 0.000231153 | 0.0033759
8009 | 8.78336e-05 | 0.00168648
16001 | 3.26577e-05 | 0.000844134
32003 | 1.24642e-05 | 0.000422054

Table 6.8: d =20 and ; = 1/j% forall j =1,...,d.

n [62,d(Z)]2 M, q
101 0.0496995 0.158435
211 0.0184875 0.0758386
409 | 0.00775597 | 0.0391246
809 | 0.00309886 | 0.0197799
1009 | 0.00231906 | 0.0158592
2003 | 0.000942603 | 0.00798899
4001 | 0.000360766 | 0.00399949
8009 | 0.000141603 | 0.001998
16001 | 5.46173e-05 | 0.00100006
32003 | 2.1367e-05 | 0.000500014




Table 6.9: d =40 and v; = 1/j% forall j =1,...,d.
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no | fea@P | M
101 0.0578193 0.172915
211 0.0219341 0.08277
409 0.00929782 0.0427004
809 0.00309886 0.0215877
1009 | 0.00283022 0.0173087
2003 | 0.00116163 | 0.00871915
4001 | 0.000452031 | 0.00436502
8009 | 0.000180168 | 0.0021806
16001 | 7.0709e-05 | 0.00109146
32003 | 2.81424e-05 | 0.000545713

Table 6.10: d =80 and v; = 1/j* for all j =1,...,d.

n [er,a(2)]? M,
101 0.0623542 0.18076
211 | 0.0238834 | 0.0865427
409 0.010193 0.0446375
809 | 0.0041657 0.022567
1009 | 0.00313443 | 0.0180939
2003 | 0.00129345 | 0.00911469
4001 | 0.00050729 | 0.00456304
8009 | 0.000203788 | 0.00227953
16001 | 8.06738e-05 | 0.00114097
32003 | 3.23533e-05 | 0.000570469
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Finally we consider the case when the weights are given by v; = (0.5)

for all 7 = 1,...,d. It is easy to see that in this case the weights are also

summable. The results are presented in the tables below.

Table 6.11: d =5 and v; = (0.5) for all j =1,...,d.

n [€),.a(2)]? Mg

101 0.011251 0.0571408
211 | 0.00384624 | 0.0273518
409 | 0.00146383 | 0.0141106
809 | 0.000549198 | 0.00713378
1009 | 0.000392754 | 0.00571975
2003 | 0.000143392 | 0.00288129
4001 | 5.17316e-05 | 0.00144245
8009 | 1.81757e-05 | 0.000720593
16001 | 6.28089¢-06 | 0.000360679
32003 | 2.20521e-06 | 0.000180334




Table 6.12: d = 10 and ~;
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(0.5)7 forall j=1,...,d.

n [€),a(2)]? M,
101 0.0140835 0.0643563
211 0.0049524 0.0308056
409 | 0.00193468 | 0.0158924
809 | 0.000739244 | 0.0080346
1009 | 0.000535508 | 0.00644201
2003 | 0.000199983 | 0.00324513
4001 | 7.33784e-05 | 0.00162459
8009 | 2.65775e-05 | 0.000811586
16001 | 9.55784e-06 | 0.000406224
32003 | 3.45789¢-06 | 0.000203106

Table 6.13: d = 20 and ~;

(0.5)7 forall j=1,...,d.

no | @l | M
101 0.0141905 0.0646055
211 0.00499474 0.0309249
409 0.00195307 0.0159539
809 | 0.000746633 | 0.0080657
1009 | 0.000541042 | 0.00646695
2003 | 0.00020225 | 0.00325769
4001 | 7.42746e-05 | 0.00163088
8009 | 2.69324e-05 | 0.000814727
16001 | 9.69766e-06 | 0.000407797
32003 | 3.5124e-06 | 0.000203892




Table 6.14: d = 40 and ~;
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(0.5)7 forall j=1,...,d.

n | @l | M
101 0.0141906 0.0646057
211 0.00499749 0.030925
409 0.00195308 0.015954
809 0.00074664 | 0.00806573
1009 | 0.000541047 | 0.00646697
2003 | 0.000202253 | 0.0032577
4001 | 7.42756e-05 | 0.00163089
8009 | 2.69327e-05 | 0.000814731
16001 | 9.69781e-06 | 0.000407798
32003 | 3.51246e-06 | 0.000203893

Table 6.15: d = 80 and ~;

(0.5)7 forall j=1,...,d.

no | @l | M
101 0.0141906 0.0646057
211 0.00499479 0.030925
409 0.00195308 0.015954
809 0.00074664 | 0.00806573
1009 | 0.000541047 | 0.00646697
2003 | 0.000202253 | 0.0032577
4001 | 7.42756e-05 | 0.00163089
8009 | 2.69327e-05 | 0.000814731
16001 | 9.69781e-06 | 0.000407798
32003 | 3.51246e-06 | 0.000203893
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If the weights are summable, then Theorem 6.9 yields the theoretical con-
vergence rate of O(n~%/2), with the involved constant independent of the di-
mension. For some of the numerical results performed above, we have calcu-
lated the actual convergence rate one may obtain. In the tables below, the

order of convergence is O(n®), with

_ ln(e;kumh (Zl)/erl,g,dQ (z2))
In(n4/ns) ’

where e, (21) and e},

3 *
no.dy (Z2) are two consecutive values for e ,(2). We see

from the tables below that the expected convergence rate is better that the

theoretical O(n~'/2) given in Theorem 6.9.

Table 6.16: d =40 and v; = 1/j* for all j =1,...,d.

n [62,d(Z)]2 o

1009 | 0.00283022 | -0.649
2003 | 0.00116163 | -0.682
4001 | 0.000452031 | -0.662
8009 | 0.000180168 | -0.675
16001 | 7.0709e-05 | -0.665
32003 | 2.81424e-05

Table 6.17: d =80 and v; = (0.5) for all j =1,...,d.

n [€7,.a(2)]” a

1009 | 0.000541047 | -0.711
2003 | 0.000202253 | -0.724
4001 | 7.42756e-05 | -0.731
8009 | 2.69327e-05 | -0.738
16001 | 9.69781e-06 | -0.732
32003 | 3.51246e-06
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Since the inverse transform ®~! maps the points generated in the unit
cube to the whole Euclidean space, we also tested to find the region where

the quadrature points obtained by the CBC construction are located. Let us

denote
ri= max 1@ ({kz/n + A})||E, (6.30)
where || - || is the usual Euclidean norm mentioned also in Section 6.1.

As it was pointed out for instance in [11], in order to approximate integrals
over Euclidean space, one may truncate the domain to a bounded region, but
the size of such a region would be depending on the specific integrand. Of
course, in practice a truncation of the domain is performed anyway. Since the
error given by (6.28) depends on the quadrature points and not on the actual
integrand, we calculated the quantity r given by (6.30) for the values of n and
d considered in the experiments performed earlier. The conclusion is that all
the quadrature points will be located within a ball centred in the origin with
radius r, where r is given by (6.30).

We considered the three choices of weights as earlier in this section. Thus,
we first took 7; = 1, for any 57 = 1,...,d. Then we considered the two
situations when the weights were summable (so the weights satisfy the strong
tractability condition from Theorem 6.9). Hence we considered v; = 1/52, for
any j = 1,...,d and v; = (0.5), for any j = 1,...,d. As we see from the
table below, the points aren’t too far away from the origin, not even for bigger

values of n and d.
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Table 6.18: Values of r

no|d | r(y=1|r(y=1/7%)r(y=I(05))
101 | 5 1.23158 1.09515 1.21988
10 | 1.25101 1.38088 1.45914
20| 1.61088 1.63756 1.52158
40 | 2.20642 2.23058 2.17847
80 | 2.67397 2.70681 2.84182
211 | 5 1.26351 1.23217 1.24361
10 | 1.69231 1.52691 1.42816
20| 2.11302 2.39131 2.10961
40 | 2.33284 2.09402 2.12308
80| 2.57414 2.72863 2.66407
409 | 5 1.36937 1.41171 1.41171
10 | 1.51906 1.86453 1.38639
20| 2.01763 2.04934 1.98292
40 | 2.41566 2.49465 2.18525
80 | 2.77624 2.78015 3.28464
809 | 5 1.42006 1.46684 1.44564
10 | 1.93597 1.74022 1.7459
20| 1.90593 1.90286 1.8396
40 2.5243 2.56928 2.28119
80 | 2.85613 2.72446 2.72311
1009 | 5 | 1.533374 1.40633 1.4586
10 1.8659 1.91756 1.9741
20| 1.98516 2.02909 2.08034
40 | 2.34565 2.29367 2.48521
80 | 3.06404 2.87213 3.08415
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no | dr(y=1|r(y=1/7%)|r(;=/(05))
2003 | 5 1.76989 1.44861 1.55169
10| 2.16058 1.98488 2.10321
20 | 2.00492 2.02555 2.05145
40 | 2.46197 2.41568 2.42426
80 | 3.01589 3.12879 2.72311
4001 | 5 1.73799 1.73593 1.67204
10| 2.03304 2.11947 2.13126
20 | 2.29004 2.21185 2.28748
40 | 2.85172 2.95931 2.82595
80 | 3.23235 3.17223 3.26718
8009 | 5 1.84455 1.77299 1.73538
10 1.933 1.94913 1.89745
20 | 2.31343 2.38194 2.14583
40 | 2.61951 2.46625 2.49397
80 | 3.07129 3.13869 3.28764
16001 | 5 1.8236 1.75291 1.74923
10| 2.15757 2.0878 2.01515
20 | 2.30053 2.32613 2.43989
40 | 2.274121 2.71713 2.7027
80 | 3.22472 3.04241 3.24138
32003 | 5 2.41275 2.03441 1.94906
10 | 2.25323 2.15031 2.02382
20 | 2.41239 2.39788 2.37847
40 | 2.49959 2.90805 2.96568
80 | 3.47078 3.22363 3.34058
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6.6.3 Concluding remarks

The numerical experiments from the previous subsection suggest that shifted
lattice rules in the unit cube have merit in approximating integrals over Eu-
clidean space. Although the theoretical convergence error is O(n~/2), the nu-
merical experiments suggest that in practice a better convergence rate could
be obtained. A similar behaviour of the error has also been observed in [38]
and [62].

Another observation is that if the weights are summable (these are typically
the situations to be considered in practice), then an increase in the dimension
will not dramatically decrease the precision for a fixed n. This situation cor-
responds to the concept of “limiting discrepancy” from [57]. In simple terms,
such limiting discrepancy is defined as the limit when d — oo from the dis-
crepancy of the quadrature points. It has also been proved in [57] that the
limiting discrepancy is finite if and only if the weights are summable.

Finally, let us remark that our first attempt was to obtain the results in this
chapter under a more general weight setting (for instance the general weights
used in [48] or Chapter 2) and when n is not necessarily prime. However
under the assumptions within this chapter, it seems difficult to obtain such
extensions. The same observation is also valid for the results obtained in [38]
and [62]. In the next chapter however, we use the usual weighted star discrep-
ancy as defined by (2.2) to obtain results for integrals over Euclidean space
under a general weighted setting. Moreover, we also improve the theoretical
convergence rate from O(n~'/2) obtained here to a better O(n~'*?) for any

6> 0.



Chapter 7

Shifted lattice rules based on a

general weighted discrepancy for

integrals over Euclidean space

In this chapter we approximate weighted integrals over Euclidean space by
using shifted rank-1 lattice rules having good bounds for the “generalised
weighted star discrepancy”. This version of the discrepancy corresponds to
the classic L., weighted star discrepancy via a mapping to the unit cube. Un-
der a general weighted assumption (the same as in Chapter 2), we first show the
existence of shifted lattice rules that have good bounds for the weighted star
discrepancy by using an averaging argument. The component-by-component
technique is used later to construct the generating vector of these shifted lattice
rules. We prove that the bound on the generalised weighted star discrepancy
considered here is of order O(n~1*?) for any § > 0 and with the involved con-
stant independent of the dimension. This convergence rate is better than the
typical O(n~'/?) achieved for Monte-Carlo methods as well as the theoretical

convergence observed in Chapter 6.
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7.1 Introduction

As in Chapter 6, we consider integrals given by (see also (1.4))

I(f, p) = g f(x)p(z) de,

where p(z) is a probability density function assumed to have the same product
form as in Chapter 6, namely p(x) = H;l:1 pj(z;), where each p; is a prob-
ability density over R. For simplicity we also assume that the 1-dimensional
densities p; are equal.

As we mentioned in the previous chapter, such integrals can be first trans-
formed to equivalent integrals over the unit cube by using the mapping u =
®(x) = [*_p(t)dt,Va € R for each coordinate direction (see also (6.2)) and
the transformed integrals can be approximated by constructing shifted lattice
rules over the unit cube. Let us recall from Chapter 6 that these integrals
become

Lif) = [ j@ w)du= [ glu)du=1Ii)
[0,1]¢ [0,1]¢
where g = f o @71 is applied component-wise. Integrals over the unit cube

might be approximated by quadrature rules of the form

—_

n—1

f(tk)>

3

S|

g(wy) =
0 k=0

S|

Qn,d (g) =

B
Il

where w;, € [0,1]4, forall 0 < k < n —1 and t, = & !(w;,) € R? for all
0 < k <n — 1 with the inverse mapping ®~* applied component-wise.

In this chapter we are interested in constructing shifted rank-1 lattice rules
suitable for integrals over Euclidean space by using a weighted star discrepancy

as a criterion of goodness. Such shifted rank-1 lattice rules are of the form

Qi) =254 ({Z+a}).

k=0

(recall also (1.6))

where z is the generating vector having all the components assumed to be
relatively prime with n, while A € [0,1)? is the shift. Shifted lattice rules

suitable for integrals over unbounded regions have been previously constructed
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in weighted reproducing kernel Hilbert spaces (see [38], [62] and Chapter 6),
under the assumption that the weights have a product form (see (1.12)). The
purpose of the present chapter is to construct shifted rank-1 lattice rules for
integrals over Euclidean space in a general weighted setting. In Chapter 2
(see also [48]), we constructed rank-1 lattice rules having a low weighted star
discrepancy with the weights being general and mentioned that the techniques
therein could be used for weighted integrands over unbounded regions, however
without effectively presenting such a construction.

In Chapter 6 as well as in [38] and [62], the resulting error had the the-
oretical order of magnitude of O(n~'/?), which is the same as the typical
convergence expected from a Monte Carlo method. As we shall see later, the
weighted star discrepancy used here in order to assess the goodness of a shifted
lattice rule of the form (1.6) will have a better convergence order than the con-
vergence observed in Chapter 6, [38] and [62], although slightly worse than the
convergence from Chapter 2. The convergence observed in this chapter is the
optimal O(n=1*%) for any § > 0 and with the involved constant independent
of the dimension. As we mentioned in the previous chapter, this convergence
rate has been also obtained in [23] where the authors used a similar discrep-
ancy as the discrepancy defined below by (7.1). However in [23], no explicit
construction was given and the weights were assumed to be product. In this
chapter, we provide an explicit construction and moreover, we allow weights
to be more general than the product weights used in the mentioned paper.
We should also mention that the settings throughout this chapter are different
from those in Chapter 6 in the sense that another measure of goodness is used
to evaluate the merit of the shifted lattice rules constructed here.

Let us also remark that under a general weighted assumption, there are
no results to date in the specialised literature regarding construction of lattice
rules suitable for integrals over unbounded regions, so we also fill a gap in this

sense.
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7.2 Generalised weighted star discrepancy

Since the weighted star discrepancy used earlier in Chapters 2-5 (see (2.2),
(3.2) and (5.1)) was used to measure the goodness of lattice rules for integrals
over the unit cube while here we want to approximate integrals over Euclidean
space, it seems natural to introduce a measure of discrepancy of point sets
taken from the whole Euclidean space. Let’s recall first that the usual weighted
star discrepancy of a point set P, in the unit cube was defined in Chapter 2

by (see also (2.2)):

Dy (P) = max-y, sup |discr((ay, 1), P,)| -

= @, €[0,1] 10

The “generalised weighted star discrepancy” considered in this chapter and
defined below, will be obtained by using the inverse mapping ®~! (see also the
transformation (6.2)) applied component-wise to the usual weighted star dis-
crepancy. However, we remark that the concept of “generalised discrepancy”
may be introduced not necessarily in connection with a mapping of the form
(6.2).

Let’s consider now an arbitrary point y = (y1,¥2,...,yq4) from R? and
denote Y := (—o0,y1) X (—00,y2) X -+ X (—00,y4). The “generalised local

star discrepancy” is then defined as follows:

Definition 7.1 If W, is a set of n distinct points from R, y is an arbitrary
point from R and p is a probability density function, then the generalised local

star discrepancy at y is defined by:

Ynw,
gdiser(y, W,,) == YW _ / p(t) dt.
n Y
This definition corresponds to the definition of the local star discrepancy of
points in the unit cube (see Definition 1.4). Next, corresponding to the con-

cept of unweighted star discrepancy (see Definition 1.5), we can introduce the

“generalised unweighted star discrepancy” as follows:
Definition 7.2 The generalised unweighted star discrepancy is defined by

GD,(W,) := sup |gdiscr(y, W,)|.

yeRd
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Let’s remark that this generalised discrepancy is related to the discrepancies
used in [15], [16] and [23].

Let now -y, be the weights associated with an arbitrary non-empty subset u
of D={1,2,...,d—1,d} and let’s denote by y, the vector from R consisting
of the components of y that belong to u. We also denote by W, , the set
obtained from the points of W,, by taking only the coordinates that belong
to u and make the convention that W, p = W,,. With these notations, the
generalised weighted star discrepancy can be defined by

GD;, ,(W,) = max -y, sup lgdiscr(yy, Wil - (7.1)

= y, ERMI

As mentioned earlier, by using the transformation (6.2) component-wise, the
generalised weighted star discrepancy defined by (7.1) corresponds to the usual
weighted star discrepancy. Since GD,,  (W,) = D;, (F,), we can establish
bounds on the generalised weighted star discrepancy by finding bounds on
the usual weighted star discrepancy defined by (2.2). We can now apply the
techniques on the unit cube (details can be found in [48] and in Chapter 2) to

deduce that

Quale) — la)| < Dy (P) x ( e
uCD 0,1] 1!

As in Chapter 2 (see also [48]), we shall also assume that the weight asso-

o (2, 1))' da:u> .

&Bu

ciated with a set should not be bigger than the weights associated with any of

its subsets. Hence, for any non-empty subset u C D, recall from (2.3) that
Yo <7vg forany gCu

In the next section we obtain bounds on the generalised weighted star dis-
crepancy, while in Section 7.4 we prove that the generating vector for a shifted
rank-1 lattice rules having good bounds for the generalised weighted star dis-
crepancy can be constructed by using the usual component-by-component

technique.
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7.3 Bounds on the generalised weighted star
discrepancy

For the rest of the chapter, we assume that P, = {{kz/n+A},0 <k <n-—1},
where the components of the shift A are of the form A; = ¢;/¢ with ¢ and ¢;
being positive integers. If we denote N = lem(n, £), we see that the quadrature

points in our shifted lattice rule can be rewritten as the fractional parts of

n 14 N

kz ¢ _ k(N/n)z + (N/ﬁ)c.

At this point, we remark that the results that follow allow the shift to be chosen
randomly, provided the components are rational numbers. This requirement
comes from the fact that some of the Niederreiter’s results from [42] (see also
Theorem 2.2 and Theorem 2.3) that will be used next (for instance to obtain
(7.2)) are applicable only for vectors having rational components. We also
mention that in [52], shifted lattice rules have been previously constructed
with the components of ¢ taken from the set {1,3,...,2n — 1}, while ¢ = 2n.
We could choose a similar form for the shift here, however we prefer to allow
slightly more generality. Nevertheless, we still require that ¢ be chosen such
that m = N/n is an integer independent of d and n.

It then follows from Theorem 2.2 that

sup |discr ((@y, 1), P,)] (7.2)
@y, €[0,1]1ul
n—1
1 1 )
< 1—(1—=1/N)M - 2mih (k(N/n)zu+(N/0)ew) /N
< ( JN)™ + Z ) nZe 7
hEEz*v,\u\ JEU k=0

where E was defined in Chapter 2 (see (2.8)), while we recall that

M sin(rw|h|/M), if h#0,
iy = | MsmGlAan,
1, otherwise.

Obviously, z, and ¢, are the vectors consisting of the components of z and ¢,
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respectively, whose indices belong to u. Now we have

n—1

l § :627rikh-zu/n
n

k=0

n—1
e
k=0

2mih-(k(N/n)zu+(N/)ew)/N ‘627rih-cu/f}

S

1, if h-2z,=0(modn),
0, if h-z,# 0(modn) .

In the last step we used the obvious equality |e*™m</¢| = 1. Since sin(mt) > 2¢

for 0 <t <1/2, then from (7.2) and Theorem 2.3, it follows that
1
sup  |discr (g, 1), P,)] < 1— (1 —1/N)¥ + iRN(z,u) :
a2, €[0,1] 1]

where (see also the arguments that lead to (2.10) in Chapter 2)

Bv(zu) = Z H max(1, |h )

h-z,=0( mod n) ]Eu
heE*

Nl
1 n—1 / 627rihk2j/n
- = 1 — | -1
S X
k=0 jeu —N/2<h<N/2

Since the point set P, depends actually on the vector z, we shall denote the
discrepancy D;, (P,) by D;, .(z). Of course, the notation GD, _(2) could be
used for the generalised weighted star discrepancy given by (7.1), since each
point in W, is obtained by applying the inverse mapping ®~! to a point in BP,.

Clearly, we now have
* * 1
GDn,’Y(Z) = Dn,‘y(z> < rl?ga%'yu (1 o (1 o 1/N)‘u‘ + §RN(Z7u>) : (73>
From (2.13) (see Chapter 2), we obtain
max vy (1— (1 1/N)M) < = max uly (7.4)
uwcp M — N «CD v '

Also in Chapter 2, it was established that

‘Ll) = ZEN(‘Z>9)>

gCu
where (see also (2.15) and (2.17))
, 627rihk2j/n 1
9l (DO D ol | SR

Nlg|
h-z3=0( mod n)
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with £ as introduced by (2.16). From the inequality (2.18) and by using

n,m

(7.3) and (7.4) (see also the arguments leading to Lemma 2.4), we obtain

1 1
Dy 4(2) < 5y max [uly, + 5e5.4(2),

where here

era(2) =Y VuBx(zw).

uCD

For the rest of the chapter we shall assume that n prime. In this case,
bounds on €2 ;(2) can be obtained by finding an expression for a certain mean
value of efhd(z). The mean is taken over all integer vectors z € Z¢ where
Z,={1,2,...,n— 1} and is, as usual in the prime case, defined by

1
MN,d;y = m Z €i7d(z).

z€Z4d

An expression for the mean is given in the next theorem.

Theorem 7.1 Let n be prime. Then

1 n—1 SNn_SN [ul
Mg =3 Sons+ S (e

uCD uCD

where we recall that
/ 1
—n/2<h§n/2| |

Proof. The proof follows the same ideas as in the proof of Theorem 2.6. Thus,

from the definition of the mean, (2.15) and (2.19), we have

1 1 n-l , e27rihkzj/n
3D A £ 30 (D S
z€Z4d uCD k=0 jeu \ —N/2<h<N/2
By separating out the £ = 0 term, we obtain
My q ZEZ'Y S|u|+@Nd (7.5)
4,y n u~M N @Y
uCD
where
n—1 .
1 1 ’ e27r1hk2j/n
I I £ ) [ D
zezd uCD k=1 jeu \ —N/2<h<N/2
627rihk2j/n

- Y HZ_IH ﬁi >

ucD k=1 jeu zj=1 —N/2<h<N/2 7
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For every 1 < k < n — 1, consider now

i
L

1 , e27rihk2j /n

Ty (k) = -
(k) =25 n|

1_

[N

I
M\Z
oz

5 <h<

which is actually the quantity (2.20) defined in Chapter 2. Hence, by using

Lemma 2.5, it follows that (see also (2.21))

SN/n - SN

(k) = n—1

This leads to

Sxjn — S - S — S\
Oy — Z%Z<%) _nnlz% (%)

uCD uCD

Replacing now the last term in (7.5) with this expression, we obtain the desired

result. O

Corollary 7.2 Let n be prime. Then there exists a generating vector z € Z2

such that

1
ena(2) < Myay < ] Z%S‘Nu‘-

uCD
Proof. The first inequality is trivial. To obtain the second inequality, we
observe first that the mean can be written as
My gqy = Sl 1) ((Sin = 5N :
N~y = ﬁ§7u< N +(n— )(ﬁ) ) :
If |u| is odd, then Sy, — Sy < 0 and the expression in the outer brackets will

be bounded by S]|\l;|. If |u| is even, then |u| > 2 and it follows that

Snm — Sv\™ Sy Sy
— ) (2N < — = :
(n 1)< n—1 ) < (n 1)(n—l)? n—1

So regardless whether |u| is odd or even, it follows that
Sn/m — S |yl . el
Sl 4 (n—1) (7N/ N) < Sy

which leads to

W Sy 1 .
Myany < = Z (S" f1>§n_127u51v-

uCD

This completes the proof. O



135

From this corollary, we can now obtain:

Corollary 7.3 Suppose the weights satisfy (2.3) and suppose that n is prime.
Then there exists a vector z € Z2 such that the generalised weighted star
discrepancy satisfies the bound

1 1
* . * \u\
GD; _(2) =D, (z) < N rlrllgag [uly, + 72(71 Y E YN - (7.6)

uCD

From Chapter 2 or [48], it will follow that the bound given by (7.6) has the
order of magnitude of O(n~!(In N)¢), with the involved constant depending
on d. Recalling that m = N/n is independent of n, we see that the bound is
actually of order O(n~1(Inn)?), with the constant depending on d and m. Such
a bound is slightly worse than the bound for the discrepancy in Chapter 2,
but we still can obtain strong tractability under further assumptions over the
weights. Indeed, if we assume that the weights are such that (2.3) is satisfied

and

> v SN < Cly, 8,myn’,

uCD

for some 6 > 0, where C(+,0,m) is independent of d and n, then for any
prime n, we see from (7.6) there exists a generating vector z (in the next
section we prove that the CBC algorithm yields such a z), for which the
generalised weighted discrepancy and the corresponding weighted discrepancy

satisfy the strong tractability error bound
* - * —14+6
GDnry(z) - Dnry(z) S 20(77 57 m)n ’

with the involved constant depending on the weights, § and m, but independent
of the dimension. An example of weights «, having this property is when the
weights «y,, are product and the v; are summable. A full proof of such a result
is given in Theorem 3.4 and further details may also be found in [20] and [29].

We conclude this section by mentioning that the bound of magnitude
O(n=1%9) for any § > 0 obtained here is better than the typical bound of order

O(n~%/?) yielded by Monte Carlo methods or the same O(n~'/2) attained in
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Chapter 6. However in Chapter 6, as well as in [38] and [62], a different mea-
sure of goodness was used. The convergence obtained in this chapter is likely
to be the best convergence rate one could expect. Thus, we have established
that the generalised weighted star discrepancy can be used as a viable criterion
of goodness for the approximation of weighted integrals over R¢. Moreover,
the results here can be used for general weight settings, not only in the context

of product weights.

7.4 Component-by-component construction of
the generating vector

Component-by-component algorithm

1. Set the value for the first component of the vector, say z; = 1.

2. Form = 2,3,...,d, find 2z, € Z, such that e’ (z,...,2y) is min-
imised. Here

(et )= Y BN (21 )W),
uC{1,2,....,m}

Now we prove that the algorithm does indeed yield good shifted rank-1 lattice
rules. By good, we mean that the z found this way satisfies the bound for

ez 4(z) given in Corollary 7.2.

Theorem 7.4 Let n be prime. Suppose there exists a z € Z¢ such that

ehal(z) S —= D SN (7.7)
n uCD
Then there exists zqy 1 € Z, such that
1

2 § : |u|
en,d-{—l(za Zd—l—l) S n—1 7u5N7
ung

where Dy = DU{d+1}. Such a zq11 can be found by minimising €} 4, (2, Zd41)

over the set Z,,.



137

Proof. We have

ei,d-ﬁ-l(z? Zd-i-l) = Z ’YuéN((z> Zd+1)> u)

uCD;q

= Z’YuéN(zfu) + Z 7u§N((zaZd+1)>u)' (78)
uCD uCD;
d+1leu
In a similar way as in Chapter 2, we define

, 627rihl€z/n
G- Y S ock<a-n
—N/2<h<N/2 b
It is easy to see that Cy(z) = Sy. Using (2.15), for u C Dy with d+1 € u and

by separating out the £ = 0 term, we obtain

" S‘u‘ 1 n—1
Rn((2, 2441), ) = — + — H Ci(z) | Cr(zar1)-

n
k=1 \jeu—{d+1}

Substituting this in (7.8), we obtain

1
hani(zzn) = Ga(z)+— Y 1SN

uCDq
d+1leu
Y
+ ) uz IT Cuz) | Crlzan).
WCDy k=1 \jeu—{d+1}

d+1€u
Next we average €2 , +1(2, 2441) over all possible values of 2441 € 2, and con-

sider

Avg(e nd—l—l(z Zdt1)) E en d+1 Z,2411)-
Zd+1 1

As the dependency of e ;.,(2,2z441) on zg41 is only through the Ci(zg41)

factor, we next focus on the quantity

n—1

1

Zd+1= 1
which actually is the quantity Ty (k) introduced by (2.20). Using now (2.21),

we obtain

Avg(efhdﬂ(z, Zit1))

SN — Sn/n
= D)+ 2 sk - S I e

uCD; uCD; k=1 jeu—{d+1}
d+1eu d+1eu
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For any u C Dy with d + 1 € u, we have

-1 -1
. Sy - Sy
n

D § JECCh B MET I PR

k=1 jeu—{d+1}

Y

where we have subtracted and added the k¥ = 0 term and used the fact that
the quantities EN(z, g) are positive for any subset g C D. Using also the

inequality Sy — Sy/n < Sy, we obtain

Avg(eivdﬂ (2, 2a+1))

1 o SN — Sn/n ul—1
< Euz) - Y SN S N SN
n n(n—1)
uCD; uCD,
dfleu dfleu
1
< o2 |yl
< )+ — > Sk,
ug’Dl
d+1€u

From the hypothesis, we next deduce that

1 1
Avg(eh g1 (2 2a1)) < ZVuS‘Nu‘ to Z VSN

e 1 uCD uCDq
d+1eu
1
= = > TS (7.9)
uQDl

There must be at least one zq1 € Z,, such that e, ;. (2, z441) < Avg(e? 4,1(2, za41))
and this z;4,1 may be chosen by minimising efl,d +1(2, za41) over the set Z,.
From (7.9), it is clear now that for the chosen 24,1, we have
2 <1 gl
€nd+1(%; Zar1) < n_1 Z YuonN >
ung

which is the desired result. O

From this theorem we can deduce the following:

Corollary 7.5 Letn be prime. Then for 1 < m < d we can construct a vector

z € Z" such that

1
2 [u|
en’m(Zb...,Zm) S m Z ')/uS]t;
uC{1,2,....m}
We can set zy = 1 and for 2 < m < d, every z,, can be found by minimising

ez (z1,...,2m) over the set Z,.

n,m
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Proof. In the case d = 1, it is easy to verify using the expression for the mean

that My 1y, = W}TSN” This is to be expected since it is also relatively

N/n

easy to verify by using (2.15) that Ry(z,u) = whenever |u| = 1. Indeed,

in such a case we have

" 1 n—1 ’ e27rihkzj/n
RN(‘Z7 u) = E |h|
k=0 —N/2<h<N/2
1 n—1 , e27rihk2j/n , e27rihk2j/n
— — - + -
n Id 2 I
=0 /2<h§N/2 —N/2<h<N/2
=0( mod n) h#0 ( mod n)

Using next similar arguments as in the proof of Lemma 2.5 (see also the proof
of Corollary 3.6), it follows that Ry(z,u) = %, which leads to e}, (z) =

W for any z € Z,,. So, the inequality (7.7) holds for d = 1 and the whole

result then follows immediately from Theorem 7.4. OJ

Special classes of general weights are the so-called “order-dependent” and
“finite-order” weights, which lead to a significant reduction of the computa-
tional costs incurred by the construction. These weights were defined in Chap-
ter 2 by Definition 2.2 and Definition 2.3. Let us also recall that Section 2.5 (see
also [48]) was dedicated to the CBC construction for these particular classes
of weights. Similar results will hold here as a consequence from Theorem 7.4
and Corollary 7.5 and these results are presented below.

Let’s denote by I'; the weight associated with a set containing i elements for
1 <i <d. Now, by taking v, = I'; whenever |u| = ¢ and noting that the num-
ber of subsets of D with ¢ elements is (‘Z.i), we obtain that for order-dependent

weights, the generating vector z € Z? may be constructed component-by-

d
1 d
1=1

If the weights are finite-order, the generating vector z € Z¢ may be constructed

component such that

component-by-component such that

2 \u\
677/7 Sn_l 2711

uCD
lu[<q*




140

If the weights are both order-dependent and finite-order, the generating vector

z € Z% may be constructed component-by-component such that

2 1 & d\ i
ena(z) < 7 ZFZ- ; Sy
=1

The costs incurred by the CBC construction were analysed in depth in

Section 2.7 and [48] and a similar analysis can be used here with a few minor
modifications. Let’s observe first that from (2.15), it follows that the cost of
calculating each Ry(z,u) is O (Nn|u|) operations. However, it is shown in
Appendix A (see also [31], [29, Appendix A] and Chapter 3) that this cost can
be reduced at the expense of extra storage. Recall that such a reduction of
cost is based on the fact that the quantities of the form

>

—N/2<h<N/2 7

e27rihq/n

, 0<q¢<n-—1, (7.10)

used in the expression for EN(z, u), can be computed in O(N) operations and
then stored.

Similar costs as in Chapter 2 will then follow, the main difference being
the additional number of operations needed to compute each quantity given
by (7.10). Since N = nm and m is fixed, we have N = O(n). In conclusion,
the total cost of the construction is at most O(n?d2¢) and the cost becomes
O(n2d?"*1) for finite-order weights, O(n2?d?) for order-dependent weights, and
O(n?*dq*) for weights that are both finite-order and order-dependent plus ad-
ditional storage. Let us finally remark that the fast CBC construction (see
[6, Section 4] and [44] for details) can also be used here in the same way as
in Chapter 2. Thus, the total maximum of O(n2d2?%) operation count may be
reduced to O(nlIn(n)d2?), while for finite-order weights the operation count
may be reduced to O(nIn(n)d? *1). In each situation we also need to add the
amount required for storage. In the case of order-dependent weights, the total
operation count may actually be reduced to O(ndlIn(n) + nd?) with O(nd)
additional storage, while if the weights are both order-dependent and finite-
order, then the cost of the construction will be O(ndIn(n)+ndq*) with O(ng*)

additional storage.
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Conclusion

In this thesis, we established theoretical results on the construction of lattice
rules for multiple integration based on a low weighted discrepancy. For the
unweighted discrepancy, theoretical results were previously known from works
such as [42] and [51] where it was established that the best order of magnitude
for the discrepancy is O(n~!(In n)?), with the involved constant depending on
the dimension d. When d is large, then a huge number of points is required for
reasonable accuracy, and this makes quasi-Monte Carlo methods impractical
(the “curse of dimensionality”). In a weighted setting, the existing theoreti-
cal background was developed mainly by assuming that integrands belong to
certain reproducing kernel Hilbert spaces and by using an L, version of the
weighted star discrepancy as a criterion of goodness.

We reinforce that the construction of lattice rules depends on the criterion
of goodness chosen as well as on the weight settings and the type of lattice rule
considered; it depends on whether the number of points is prime or not; and
it also depends on whether the domain is bounded or not. Despite the known
theoretical background, we should mention that a whole separate analysis is
required for every particular assumption made together with the development
of the underlying theory. In this sense, the thesis fills several gaps and some
of the advantages of the techniques used here were mentioned in the first

chapter. More important, the theory developed here leads to construction
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algorithms and, it is hoped that future research will prove the usefulness of
such algorithms in practical applications. Overall, we have shown that under
appropriate conditions over the weights, we can construct lattice rules so that
the order of magnitude of the corresponding quadrature error ranges from
O(n=2) to O(n='*%) for any J > 0 and, moreover, the involved constant is
independent of the dimension.

From the theoretical point of view, we believe that the results obtained
here could further be refined. For instance, it would be interesting to see
whether lattice rules with a non-prime number of points could be constructed
under a general weighted setting and maybe then extended to lattice rules
suitable for integrals over Euclidean space. It would also be of interest to im-
prove the theoretical convergence of O(n~'/2) obtained in Chapter 6. Finally,
maybe further theoretical results on the generalised weighted discrepancy from
Chapter 7 could be developed in the future. Thus, the whole thesis not only
establishes new results on the construction of lattice rules, but also indicates

a path to future research.



Appendix A

Let n and m be integers so that m is fixed and let’s denote N = nm. In this
appendix, we show that the values of Fyy(¢/n) for 0 < ¢ <n — 1, where

Py = Y

—N/2<h<N/2

627rih:c
Al

can be calculated at a total cost of O(N) operations.

0<x<1,

It is easy to see that Fy(z) = Fy(1 — ), so it will suffice to consider
0 <z < 3. Accordingly, we will need to calculate at most [n/2] 4+ 1 values
of the form Fy(q/n). Let us remark that the results in [31] were developed in
the situation when N = n, but they can be extended to the situation when
N # n by using the same techniques. For completeness, we present the main
ideas below.

First we observe that when N is odd then
(N—1)/2

2mh
Fy() = 2 cos(2m x)’
h
h=1
while when N is even we have
; (N=2)/2
2emiNT cos(2mh)
F = 2
N(ﬁ) N -+ hz:; 3

Let us consider now

S(:L’, 77) = )

h=1 h

where
%, N odd,

n(N) =

%, N even

From [31], it follows that

. cos(2mhx )
S(x777> = Z % - H(QIZ‘, 77) = - 111(2 SlIl(’T('SL’)) - H(.CL’,T]),

h=1
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where
> cos(2mhax
H(ap) = Y2 )
h=n

According to [31], H(z,n) can be approximated by

Hy(x,n) = gbk(:ﬁ, 1) cos [ﬁ ((zn v k- Do+ %)} ,

where
(—1)"!
n(n+1) - (n+ k)(2sin(rz))F+1

Consider now the approximation

bk(x> 77) =

—2In(2sin(mx)) — 2H7r(x,n(N)), N odd,
Frn(s) (2sin(mz)) (@, n(N))

2e7riNm

“5— —2In(2sin(7rx)) — 2Hp(x,n(N)), N even,
Then we can establish a similar result with a similar proof as [31, Theorem 4]:
Theorem A.1 Let € > 0 be given and n > 5 be a given integer such that
N = nm, with m a fized integer independent of n. Consider also the positive
integers a and T satisfying the following conditions: 2 < a < {”/W, and

AT+ 1)!
(m(a — 1)m)T+2 —

If Fn(x) is approzimated by Fyr(x) for a/n <z <1/2, then
|Fn(z) — Fyr(z) <e.

Proof. From the proof of [31, Theorem 4], it will follow first that

—1
2sin(mx) > 2u,
n

and

AT +1)!
(2sin(rz))™+2n(n+1)---(n+T+1)
From the hypothesis and using that n(N) > N/2, we next obtain

|[Fn(z) — Fyr(z)| <

n T+2 4T +1)!
|Fy(z) = Fyo(z)] < (2(a_1)7r) nn+1)--(+T+1)

()

4T+ 1)!
(m(a — 1)m)T+2 =
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Thus, the explicit formula for Fyy is used at most a times when 0 < z <
a/n, while the approximation Fly r is by the other hand used at most |n/2| —
a + 1 times. This indicates that the total amount of operations required
to compute all the quantities Fy(¢/n),0 < ¢ < n — 1, would be O(Na) +
O(T(|n/2] —a+ 1)) = O(N). These quantities can then be stored in O(n)
memory locations.

As an example, if we assume that n > 100 and m = 3 and we want to
calculate Fiy with an accuracy of € = 1072, it turns that a = 18 and T = 12.
As another example, if we want a precision of ¢ = 1077, then for n > 180 and

m =1 (in this case N = n), we can take a = 27 and T' = 13.



Appendix B

Let us first recall that Lemma 6.5 was given in Chapter 6 as follows:

Lemma 6.5 The function ¢ (w) = fol K({w+ A}, A)dA can be written as
Y(w) = 21 (w) + 21(1 —w), Yw € (0,1),

where
>1(+51) )
mw = [T K@ w0+ o(0).0p(0) d
Proof. From the expression of v, it is easy to see that we can write

1—w 1
¢(w):/0 K(w+ A, A)dA + K(w+ A—1,A)dA.

1—w
Following now an idea from [62], we split ¢ into four integrals and consider

1—w

P(w) = /02IC(w+A,A)dA+ -~ K(w+ A, A)dA

w

2

1-2 1
+ / mw+A—LAmA+/ Kw—+A—1,A)dA
1 -

—w

= i (w) + Po(w) + Y3(w) + a(w),

2

where 1, 1, 13, 1, denote each of the four integrals above. In order to analyse

11, we use the change of variable @ 1(A) =t (see also (6.2)) and obtain

el (15Y)
¢M@=/’ K(® Y w + ®(t)), t)p(t) dt.

—0o0

For 15, we use the change of variable —®~!(w + A) = ¢, which in combination

with (6.4) and the symmetry of K yields

waw) = [ K870 000~ w) )
a-1(15Y)

_ /’ K (=t,—0" (w + B(1)))p(t) dt

— 00

el (15%)
:l/ K(® (w + ®(t)), )p(t) dt = ¢ (w).

— 00
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Turning now to 3, we see that the change of variable @~ '(w + A — 1) = ¢
yields

271(%)
Ys3(w) = /_ K(t, @ (®(t) —w + 1))p(t) dt.

[e.9]

It is easy to see that ¢3(w) = ¥1(1 — w) (using also the symmetry of K).
Finally, for 4, we use the change of variable —®~*(A) = ¢ which together
with (6.3) and (6.4) leads to

ba(w) = /@_;) K(®7Hw + ®(—t) — 1), —t)p(t)(— dt)
- /CI> " K(® Hw+ ®(—t) — 1), —t)p(t) dt
a1 (1)
_ / K (@ (w — ®(t)), —t)p(t) dt

—00

B / T e (1wt o), () at

— 00

21 (%)
_ / K(® (1 — w + ®(t)), )p(t) dt = ts(w),

where in the last step we once more used the symmetry of K. All these

calculations show that we can write
(w) = 2 (w) + 21 (1 —w), Yw € (0,1),

which proves the lemma. Let’s also remark that ¢ (w) = (1 — w) for any

w € (0,1), which indicates that ¢ is symmetric alongside w = 1/2. O

Next, we give a proof that the function 1 is convex for a specific kernel
and density.
; ; _ —27|x— 1 _—|z|/X
Lemma B.1 If the kernel is given by K (z,y) = me ™" and p(z) = e 1V

with A > 0, then the function ¢ (see also Lemma 6.5) is convez on (0,1).

Proof. Using the change of variable ®~}(A) = t, the expression of the v
becomes

(5

(w) = /_ K& (w+ B(#)) — £, 0)p(t) dt

- / @ wha) -0 8) A
0
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where we also used that ®~! is increasing (see Section 6.1), so @' (w + A) —

®~!(A) > 0. Leibniz’s rule in combination with (6.4) leads to:

152 o=2m(@7 (wtA) -0~ (A))
) = T (@ o) / aA
1('LU) 26 ™ w+A))
- s 5 om2m(@ 7 (w+A) - A)) A
= 4 ) — 92 .
T2° " / w+A>>

Now by applying again Leibniz’s rule, we obtain the second derivative of 1y
given by

O r2eim @ (15)

(O E2)

52 on(@ N (w+A)-e-1(A)) ‘(!
+27T2/ e <2W+ P (® L (w +A))) JA.
o PO (wrA)) P&~ (w+A))

1(w) =

For the two-tailed exponential distribution p(z) = s-e™1"I/A, it is easy to check

that for x # 0, we can write

pla) |z
p(x) Y

From (6.3), it follows that ®~'(1/2) = 0. Since (1 —w)/2 < 1/2 and ™!
increasing, it will follow that ®~!(15%) < 0. By making use of these results in

the expression of ¢} (w), we obtain:

T(w) = A2 \eUm =227 (55)

120 on(@~ L (w+A)—D-1(A)) -1
_|_27r2/ e o — w dA.
o PO (w+ ) APTHw +A)

We can split the integral in the expression of ] into two parts to obtain

1w e~ 2m(@7H(w+A) =27 1(A)) (27r + %)
p* (21w + A))

1—

, 52 p—2m(@ (w+A) -2~ () (27T _ %)
+2 dA.
" / 2@ (w+A))

dA

[(w) = 47r2>\e(4”_%)q>1(17w)+2ﬂ2/
0

[

2

The first integral in the above is positive since the integrand always takes
positive values. We can now write

Lw _on(@ 1 (wtA)—d~1(A)) (2 _ l)
11w T e us

" > 4712\ (Ar—$)e—1(152) 9 2/ A dA

r(w) = 4me e 2@ (w+ A))

2

1—w

= Ar2AeUT NPT _ op? /2 T ) g (A) dA,
Lw

2
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where

This leads to

1 lew U
T(w) > A2 he(m—3)27H(15Y) _ 92,210 1(12)ﬁ J(A)dA
2
1 lew o 1_ )
—  4r2)eWm—R)2T () g2 2 (A5Y) (g (Tw) iy (5 B w))
= 47’(’2)\6(47‘—_%)@71(%) _ 477'2)\6(47‘—_%)(1)71(17710) 4 471'2)\627“1)71(%)

= 42X (9" >0, Vw € (0,1).
0

Finally, let us remark that following the same idea, we can prove a similar
result for Gaussian distributions, which occur frequently in practical applica-
tions. So, it makes sense to assume that the result given by Lemma B.1 has

some generality.
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