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Abstract

Higher order polynomial lattice point sets are special types of dig-
ital higher order nets which are known to achieve almost optimal con-
vergence rates when used in a quasi-Monte Carlo algorithm to approx-
imate high-dimensional integrals over the unit cube.

Recently it has been shown that higher order polynomial lattice
point sets of “good” quality must exist. However, it was not shown
how to construct such point sets avoiding an exhaustive search. This
is the contribution of the present paper.

We use a component-by-component approach to construct higher
order polynomial lattice rules achieving optimal convergence rates for
functions of arbitrarily high smoothness and at the same time — under
certain conditions on the weights — (strong) polynomial tractability.
In addition, we show how to combine a sieve-type algorithm with the
component-by-component approach to construct higher order poly-
nomial lattice rules adjusting themselves to the smoothness of the
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integrand up to a certain given degree. Analogous results for higher
order Korobov polynomial lattice point sets are presented as well.

1 Introduction

Quasi-Monte Carlo rules are equal weight integration formulas used to ap-
proximate integrals over the unit cube [0, 1]*, where the dimension s is typi-
cally large. In particular, one approximates an integral f[o,l}s f(x)dx by

N-1
1
Qns(f) = N ; f(x,) where xg,...,xy_1 € [0,1)%
Popular choices for the underlying integration nodes xg,...,xy_1 € [0,1)*

are either lattice point sets (see [14, 15]) or digital (¢, m, s)-nets (see [12, 14]);
in this paper, we focus on digital nets.

Recently, digital higher order nets were introduced by Dick [3] which in-
clude digital (¢, m, s)-nets as special cases and have the appealing property
that they can exploit the smoothness of the integrand under consideration.
This is not possible with ordinary digital (¢, m, s)-nets. To be more precise, if
the integrand under consideration has square integrable mixed partial deriva-
tives of order « in each variable, then digital higher order nets consisting of
N points can produce integration errors converging at a rate of N~“*¢ with
arbitrary small € > 0.

Having established the desirable properties of digital higher order nets,
an important question is how to construct them. One possible answer to
this question was given in [3, Section 4.4], where it was shown how to obtain
digital higher order nets from classical digital nets. The aim of the present
paper is to provide constructions of digital higher order nets independent
of classical digital nets. As alternative construction we consider polynomial
lattice rules which first have been introduced by Niederreiter [13, 14] as spe-
cial cases of digital nets and later generalized in [8] as special cases of digital
higher order nets. Quasi-Monte Carlo rules using such point sets as integra-
tion nodes are nowadays known as (higher order) polynomial lattice rules.
We refer to [9, 14] for more information on polynomial lattice rules. In [8] the
existence of higher order polynomial lattice rules achieving optimal conver-
gence rates was established with an averaging argument. In addition, these
rules can at the same time achieve (strong) polynomial tractability. However,



this approach is purely probabilistic and gives no hint of how to construct
such point sets. A further nonconstructive existence result for “good” higher
order polynomial lattice rules is presented in [6]. This approach uses the
concept of a figure of merit. The results presented in these papers were very
encouraging. In particular, for large values of o and s, the higher order poly-
nomial lattice rules improved on the construction based on classical digital
nets from [3, Section 4.4].

In this paper we find a construction procedure producing higher order
polynomial lattice rules which perform well when applied to numerical inte-
gration. In particular, we consider two cases: Firstly, we use a component-
by-component (CBC) approach (an idea first used in [16]) to produce higher
order polynomial lattice rules achieving the optimal rate of convergence for
functions having higher order mixed partial derivatives, see Algorithm 1 and
Theorem 3.1. Furthermore, by combining the CBC approach with a “sieve”-
type algorithm (as used in [10]) we can even construct higher order polyno-
mial lattice rules which automatically adjust themselves to the smoothness
of the integrand in terms of the convergence of the integration error within a
certain (arbitrarily high) range; see Algorithm 2 and Theorem 4.2. We point
out already here, that an analogous result for lattice rules is not known.

In addition, we study a special case of higher order polynomial lattice
rules, namely higher order Korobov polynomial lattice rules as introduced in
8]; see also [11] for the classical definition. We find that analogous results
as for the higher order polynomial lattice rules constructed using a CBC and
CBC sieve approach can be established.

The approaches to constructing digital higher order nets presented in
this paper are direct, that is, we avoid employing classical digital nets, which
earlier constructions (see [3, Section 4.4]) relied on. Furthermore, the higher
order polynomial lattice rules are constructed to perform well when applied
to numerical integration and without reference to the quality parameter ¢ of
the resulting digital higher order net.

The structure of the paper is as follows: In Section 2 we recall higher order
polynomial lattice rules, discuss the function space under consideration and
present a result on numerical integration in this function space employing
higher order polynomial lattice rules. In Section 3 we use a CBC approach
to construct higher order polynomial lattice rules achieving optimal rates of
convergence for functions of a given smoothness and in Section 4 we show
how to construct higher order polynomial lattice rules achieving optimal
convergence rates for a given range of smoothness parameters using a CBC



sieve algorithm. Finally, in Section 5, analogous results for higher order
Korobov polynomial lattice rules are established.

2 Preliminaries

In this section we introduce higher order polynomial lattice rules which can
achieve arbitrarily high convergence rates, the function space under consid-
eration, and a result on numerical integration in this function space when
using higher order polynomial lattice rules.

2.1 Polynomial lattice rules for arbitrarily smooth func-
tions

For a prime b let Z; be the finite field with b elements and let Z((z™!)) be
the field of formal Laurent series over Z;. Elements of Z((z™')) are formal

Laurent series,
(e.)
L= E tliL'_l,
l=w

where w is an arbitrary integer and all ¢, € Z;. Note that Z,((z™')) contains
the field of rational functions over Z,; as a subfield. Further let Z,[x] be the
set of all polynomials over Z,.

For an integer n let v, be the map from Z,((z™!)) to the interval [0, 1)

defined by
Un <Z tlZE_l) = Z tlb_l.
l=w

l=max(1,w)

The following definition of higher order polynomial lattice rules given in
8] is a slight generalization of the definition from [13], see also [14].

given dimension s > 1, choose p(z) € Zy[z] with deg(p(z)) = n and let
@1(x),...,qs(x) € Zy[z]. For 0 < h < b™let h = hg+ hib+ - + hy1 0™
be the b-adic expansion of h. With each such h we associate the polynomial

Definition 2.1 Let b be prime and let 1 < m < n be integers. For a

h(z) = z_: hya" € Zp[x].



Then S, ,.n(q), where ¢ = (q1(x),...,qs(z)), is the point set consisting of
the b™ points

for 0 < h < b™. A quasi-Monte Carlo rule using the point set S,.,..(q) is
called a polynomial lattice rule.

Remark 2.1 Using similar arguments as for the classical case n = m, see
[13, 14], it can be shown that the point set S, ,,(q) is a digital net in the
sense of [3] which can be seen as a generalisation of the classical definition of
digital nets according to Niederreiter [12, 13, 14]. The generating matrices
Ch,...,Cs € Zy™™ of this digital net can be obtained in the following way:
For 1 < j < s consider the expansions

M: S u\ Dt I
oy = 2 e T),

l=w;

where w; € Z. Then the elements cl(jr) of the n x m matrix C; over Z; are

given by

(4)

()
Gy =1u

r+1
for1<j7<s5 1<I<n,0<r<m-—1.

€ Ly,

For the rest of the paper, we make use of the following notation: We write
h for vectors over Zy and h for vectors over Z or R. Polynomials over Z,
are denoted by h(x) and vectors of polynomials by h(x). Furthermore, given
an integer h with b-adic expansion h =2 h,b", we denote the associated
polynomial by h(z), which is given by

For arbitrary k(x) = (k1 (), ..., ks(z)) € Z[x]* and g(x) = (¢1(2), ..., qs(x)) €
Zyp|x]®, we define the “inner product”

k(z) - q(r) = Z kj(x)q;(x) € L],



and we write ¢(z) = 0 (mod p(x)) if p(z) divides ¢(x) in Z|x].

We remark here that for our results only the degree of the polynomial p(x)
is important and not the specific choice of p(x) itself (we assume though
that p(z) is irreducible, but this assumption could be removed by a more
complicated analysis).

2.2  Walsh functions and the function space 7, 5

We now define the space of functions we are going to study. This function
space is based on Walsh functions whose definition is recalled in the following.

Let Ny denote the set of nonnegative and N the set of positive integers.
Each k& € N has a unique b-adic representation k = > 7 ;b" with digits
ki € {0,...,b— 1} for 0 < i < a, where K, # 0. For k£ = 0 we have a = 0 and
ko = 0. Similarly, each 2 € [0,1) has a b-adic representation x =Y oo &b~
with digits & € {0,...,b— 1} for ¢ > 1. This representation is unique in the
sense that infinitely many of the & must differ from b — 1. We define the kth
Walsh function in base b, walg : [0,1) — C by

walg(z) := exp(2mi(&1k0 + - - + Ear1Ka)/b).

For dimension s > 2 and vectors k = (k1,...,ks) € NS and @ = (x1,...,25) €
[0,1)° we define walg, : [0,1)* — C by

walg(x H Walk ().

It follows from the definition above that Walsh functions are piecewise
constant functions. For more information on Walsh functions, see, e.g., [1, 18]
or [9, Appendix A].

When studying integration errors resulting from the approximation of an
integral based on a digital net or digital higher order net or a (higher order)
polynomial lattice rule, it is convenient to consider the Walsh series of the
integrand f. In particular, for f € L([0,1]%), the Walsh series of f is given

by
E f walk (1)
keNg

where the Walsh coefficients ]?(k:) are given by

f(k) = f(x)walg(x) de.

[0,1]°



In general, the Walsh series given in equation (1) need not converge to f,
however, for the space of Walsh series %, s 4, which we define in the following,
it does, see also [3]. For more details on the convergence of Walsh series, we
refer to [3] or [9].

Throughout the paper we assume that b is a fixed prime, all polynomials
are over Zy[z| and all Walsh functions are also considered in the same base b.

The function space under consideration in this paper is the space #;, s~ C
Ly([0,1]°) as introduced in [3]. Here v = (7;)32, is a sequence of positive,
nonincreasing weights, which are introduced to model the importance of dif-
ferent variables for our approximation problem, see [17]. For s € N let
[s] :=={1,...,s} and for u C [s] let v, := [];c,7; be the weight associated
with the projection onto components whose index is contained in u.

Given a positive integer k with base b expansion k = kb~ + kb2 1 4
et kb 1 < a, < - < ap, v > 1, we define g (k) = ag+- “+ Gmin(v,0) -
Furthermore we put p,(0) := 0.

For k € Ny and a weight v > 0, we define a function

1 it k=0,
ra(7,k) := { b~ Ha (k) otherwise.

If we consider a vector k € N§ of the form k = (ky,. .., ks), we set
ra(v, k) = H ra(7j, k;).
j=1

Definition 2.2 The space #,,~ C L([0,1]°) consists of all Walsh series
[ = ZkeNg f(k)waly for which the norm

_ £ (k)|
HfHWa,s,'y T :éll\% Ta(")’, k:) (2)

is finite.

For o« > 2, the following property was shown in [3]: Let f :[0,1)® — R
be such that all mixed partial derivatives up to order « in each variable
are square integrable, then f € %, .. Furthermore, an inequality using a
Sobolev type norm and the norm in equation (2) was shown in [3], see also
2, 4]. Consequently, the results we are going to establish in the following



for functions in #, s~ also apply automatically to smooth functions. The
assumption o > 1 is needed to ensure that the sum of the absolute values
of the Walsh coefficients converges. For the case a = 1, which requires a
different analysis, we refer to [7] or to [9].

2.3 Numerical Integration in %,

We are interested in the worst-case error of multivariate integration in %, ;
using a quasi-Monte Carlo rule Qpm 5, which is given by

6(Qbm,57 %,s,’y) = sup |IS(f) - Qbm,s(f)|‘ (3>
fech,s,'y
Nl 54 <1

The initial error is given by

6(@0,37%,8,7) = sup |I$(f)| = HISH

Hs v
”fH“///a,s,'y <1

We denote the quasi-Monte Carlo rule based on a polynomial lattice rule
Sp.mn(q@) by Qpms(q) and the associated worst-case integration error by
epm o(q,p). The next proposition gives information on this quantity.

Proposition 2.1 Let b be a prime and o > 2 an integer. Then the worst-
case integration error for multivariate integration in W, s~ using the polyno-
mial lattice rule Sy mn(q) is given by

ebm,a(Qap): Z Ta(')’vk)a

keZp(q)

where

Zp(q) = {keN;\{0}: k() q(x) = alz) (mod p(x))
with deg(a(z)) <n—m}. (4)

Proof. Combine [3, equation (5.2)] with the determination of the dual net 2
of a polynomial lattice from [8, Section 4]. O



3 Component-by-component construction of
polynomial lattice rules

We propose the following algorithm to construct a polynomial lattice rule
that achieves higher order convergence. We remark that unlike the results
presented in Section 4, we only deal with a fixed « in this section. For ease of
notation, we proceed as follows: We use ¢ = ¢(z) € Zy[z], p = p(x) € Zp[z]
and a = a(z) € Zp[z]; also, if we consider the polynomial associated with an
integer k, we use k = k() € Zy[r]. We put

G = {q € Zy[z] : deg(q) < n}.

We also make use of the following lemma, which appeared in a weaker
and nonexplicit form as [8, Lemma 4.2].

Lemma 3.1 Let o > 2 be an integer. Then for every 1/a < X\ <1 we have

Z 7’3(")/, l) S fYAOb,a)u

=1

where

PRI Gt o
Cb,a,)\ = Cb,a,)x + e _p g b — 1’

G a—1 if A =1,
b, — (b—1)((b—1)*—t—(p*—1)>~1) .
(bfbA)(bAfl)"‘*l Zf)\ < ]-

Furthermore, the series > =, ra(v,1) diverges to 0o as A goes to 1/a from
the right.

Proof. Let | = \b® 1 + -+ + X\b% ! wherev > 1,0 < a, < --- < a; and
Ai € {1,...,b—1}. We divide the sum over all [ € N into two parts, namely
firstly where 1 < v < a — 1 and secondly where v > o — 1. For the first part
we have

[y

o—

v 1
b=1" Y T

1 0<ay<---<ay

S
Il
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a;—1 ay—1—1

—1
- Z b B 1 Z b>\a1 b>\a2 bAaU

a1=v as=v—1 ay=1

- oz hb—1 a—1 it A=1,
= Z:bLJ i PG Ul s S T W

(b—bM)(Pr—1)o—1

=: CbaA

For the second part we have

baa—l

(b - 1)(1 Z b/\(a1+"'+0«a)

0<an<-<ay
a;—1 ag—1—1 ba“

(b— 1
- Eme Y o S e
a1=« az=a—1 aq=1
(=1 X b = 1 =1 &1
= P D e 2 e D par
aa=1 aa—1=0a+1 az=az+1 ayj=az+1
() = RNy LR |
o b le b — 1 = braa pAla—1)aa

b-1)°% 1
po—b Llpn 7

Hence, we have shown that

o a—1

b—1 -
be)\z_ SZTQ’Y’

=

1
a—1

(b— 1) .
< v (CbaA+ bzllb — >=37 Chan-

As (bbA;l_)Z ?;11 Wl_1 — 00 whenever A — 1/« from the right we also obtain
O

the second assertion.

Now we show that a component-by-component approach can be used to
construct a polynomial lattice rule that achieves higher order convergence,
where for 1 < d < s, we set q; = (q1,...,q94). Note that we consider
this vector instead of (1,¢,...,¢s), c.f. [5, Algorithm 4.3], as otherwise the
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projection onto the first coordinate does not achieve a convergence rate of
b= see also [8, Remark 2.3]. The component-by-component algorithm for
a fixed « is summarised in Algorithm 1.

Algorithm 1 CBC algorithm for fixed o
Require: b a prime, s,m € N and weights v = (7;);>1.
Choose an irreducible polynomial p € Z[z], with deg(p) = n.
for d =1 to s do
find ¢4 € Gy, by minimising eym ((q1, - - -, g4), p) as a function of ¢g.
end for
return g = (q1,...,qs)-

Theorem 3.1 Let b be prime, let s,n,m,ac € N, m < n and let « > 2.
Let p € Zy[z] be irreducible with deg(p) = n. Suppose (qi,...,q;) € Gy, is
constructed using Algorithm 1. Then for all d =1, ..., s we have:

d
* * 1 1/7 T
evna((qrs -, a7),p) < Bin(rn) H(1 + 3’Yj/ Coai/r)” V1< T <a.

J=1

Proof. We firstly show the result for d = 1. By Proposition 2.1,

evm.a(q1,p) = Z ra(7, k).

ke Zp(q1)

The algorithm chooses ¢} as to minimise the worst-case error, so we have

e a(qy,P) < ema(q,p), Va € Gyp.
Hence for all 1/a < A <1 we have
* A 1 A
evma(qi,p)” < n Z epm,a(q1, )"
QIEGb,n

Using an argument very similar to the one used in the proof of [8, Proposi-
tion 4.3], it can be shown that for all 1/a <A <1

* 1 —-m —An
e o(q),p)t < o E e a(q1,0) <A Chan(b™™ +07).
q1€Gyn
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Consequently, setting 7 = 1/ we obtain

ebm,a(QT7p> < (1 —+ QV?Cb,a,)\)l/)\b_ min(m/\,n)
< (1 + 3711/7—01),04,1/7')7—[)7 min(m'r,n).

We now assume that for some 1 < d < s we have ¢j € G, such that

d
ebm,a<q27p> b min(rm,n H 1 +37;/T0b,a,1/7'>7-
7j=1

We consider

ey o((ay, qas1), )
- Z ra(’% k>ra(7d+1, k’dJrl)

(kvderl)e@p (qzqu+l)
oo

= Z ro(v, k) + Z To(Yat1, Kat1) Z ra(7, k)

keZp(qy) kgt1=1 kend
(k.ka+1)€Zp(a),9d+1)

= ebm,a(q:;ap) + g(q;kla qd+l)>

where we set
[oe)

0(ay gass) == Y Ta(Yar, kar1) > ra(v, k).

kay1=1 keng
(k.kat11)€Zp(a,9d+1)

We see from Algorithm 1 that ¢}, , is chosen in such a way that the worst-case
error eym (g%, gat1), p) is minimised. Since the only dependence on gg41 is in
0(q}, ga+1) we have 0(q}, ¢;,1) < 0(q), ga+1) for all gayy € Ghy. This implies
that for all 1/a < A <1 we have

* * 1
0(as, qi1)* b_ Z 0(q, qa)

qd+1€Gp,n
A
1 [o@)
= b_" E E Ta(7d+1,kd+1) E Ta(%k)
qd+1€Gyn | kay1=1 keng

(kkat+1)€Zp(@),qd+1)
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A
[e.e]
1 A
< o E E To(Yas1, Kas1) § : ro(v: k)
94+1€Gp,n kar1=1 keNgd
(k7kd+1)€@}7(q;7qd+l)
A
o
A
< Z ro(Yat1, kav1) Z (7, k)
kgy1=1 keNG
plkdt+1 k-g=a (mod p)
deg(a)<n—m
1 oo
A A
+b_n g Ta('7d+17 kd+1) E § Ta(77 k))
kdilzl qd+1€Gb,n kZENg
pkay k-qi+kit19a41=a (mod p)
deg(a)<n—m

where we used Jensen’s inequality, which states that for a sequence (ay) of

nonnegative reals we have (3 a;)* < Y a for any 0 < A < 1. Now we have
A

Z T3(7d+17 Kat1) Z (7, k)

Far1=1 keNg
plka+1 k-q=a (mod p)
deg(a)<n—m
A
%ﬁl Chan
- b)\n7 7 1+ Z Toz(’)lak)
keNgd\{0}
E-qzza (mod p)
deg(a)<n—m
A
Vd 1Cb,a,)\ *
- +b>\n (1 + ebm,a(QdaP)A) )
where we used the following:
& 00 oo b—1
S k) =St + 30 ST A (k0.
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For | > 0 we have r,(v,0"l) < b~"ry(v,l). Further for 1 < k& < 0" the

polynomial p never divides k since deg(p) = n. Hence
) A I Y2 Chan
D_ralrk) =D ra(rbM) S b7y ri(n ) < Spes
" I=1 =1
plk

Next we consider the case where kq,; is not a multiple of p. Here we have

A
1 o
A
mn E E To(Yas1, Kas1) § T (v k)
qa+1€Gy,n kay1=1 (k,ka11)€Dp(q},qd+1)
ptkat1
1 oo
A A
S b_n § 7noz(f}/clJrlvk:dJrl) § § Ta(77k)'
kdilzl qd+1€Gb,n kENg
ptkata k-q+kqt1qa+1=a (mod p)
deg(a)<n—m
Now we have
A
> > ra(v: k)
Qd+1€Gb,n7 B keNd\ {0}
k-qi+kiy19ir1=a (mod p)
deg(a)<n—m
A
= Y k) D > 1
keNd a€lplz]  9d+1€Cbn
deg(a)<n—m k-af+kqi19q41=a (mod p)
A n—m
< YAk
keNd
d
— A
= bn mH(1+Cb,o¢,)\’Yj)-
Jj=1
Hence
I & A\ Z A
b_n E : Ta(’}/d—&-l?kd—l-l) E ra(77k)
kgy1=1 4d+1€Gon keNd\ {0}
pkay k-qi+kit19a41=a (mod p)

deg(a)<n—m
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1 (o.9]
< o Z ro(Yarts kapr )b H(l + Cb,a,A’V;\)

kgy1=1 j=1
d

1
S b_me,a,)\’yc)l\+1 H(l + Cb’a’)\”}/j\) .
j=1

Consequently,

* % fyc/l\-l—lcb»a:)\ * A
0(q, q341) < T(1+ebm,a(qdap))

X d 1/
A A
+b—me7a,)\ﬁyd+1 H(l + Cb,a,)\f}/j ))

J=1

p 1/A
1 1
< ’yd-l-lcba)\ b)‘n + epm a(qdap _mH 1 +Cba>\’yj )] .

We now set 7 = 1/\ and use the induction hypothesis to obtain

d T
* * T 1 - 1 s
Q(Qd, Qd+1> S ’7d+10b,a,1/7— (bn/T + epm Oé(qd> 1/ _m H 1+ Cb,a,l/T'Yj/ ))

d T
T 1/7
S 7d+1Cb7a71/7— (bmlnmn/‘r l I ]' + 37j/ Cb7a71/7-))
J=1

d
3T T 1/ T
- bmin(‘rm,n) 7d+10b10471/7' H(l + 3,}/]/ Cb:a,l/T) .

J=1

Finally, we have

ebm,a(QZ—i—l’p) = 6bm,o¢<qz<lap) + e(qua QZ-H)
d
1 1/7’ T
W H(l + 3'7]' Cb,a,l/r)

J=1

IN

d
37 T 1/7 T
+bmin(7’m,n) ,yd+10baa71/7' H(l + 37]/ Cbﬂ%l/"')

J=1

d
1 T T 1/7 T
- pmin(rm,n) (1 +3 7d+1Cb,o¢,1/7) H(l + 3’73/ Cb,a,l/T)
j=1
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1 d+1
1/7 T
< pmin(rn) H(1 + 37" Chanyr)
j=1
where we again used Jensen’s inequality. O

From Theorem 3.1 we obtain the following corollary.

Corollary 3.1 Let b be prime, let s,n,m,a € N, m < n and o > 2. Let
p € Zy[z] be irreducible with deg(p) = n and suppose q* € G}, is constructed
using Algorithm 1.

o We have

% Cs,a,,6 .
ebm’a(q 7p> S m YO <o S (0% ].,

where
S

a—90
_1
Cs.amd = H (1 + 37;’_5 C’b%al_é) .

J=1

_1
o

o Suppose Y 7 777" < 00, then Csaqs < Cooamys < 00 and we have

* Coo,a,7,8 _
€bm,a(q 7p> S bmln((a—5)m,n) vo < 6 S a 1,

Thus the worst-case error is bounded independently of the dimension.

o Under the assumption A := limsup,_, . > >, 7;/(logs) < co we obtain

20]370“1(14-‘(‘77

Cs,a,y,(a—1) < Ens ) and therefore

’C“nSZCb,a,l(A'i‘W)
bm
where ¢, depends only onn. Thus the worst-case error satisfies a bound

which depends only polynomaially on the dimension.

epm o(q*,p) < Vn > 0,

Proof. The first part follows from Theorem 3.1 by setting 7 = o — 6. The
second and the third part follow from the first part in exactly the same way
as in the proof of [5, Corollary 4.5]. O

The above result shows that higher order polynomial lattice rules can
achieve a worst-case error satisfying at the same time the almost optimal
convergence rate and a bound which depends only polynomially (or even
does not depend) on the dimension s (the technical term for such a behavior
is (strong) polynomial tractability). Until now it is not known whether this
is possible for ordinary lattice rules.
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4 Optimal convergence rates for a range of
smoothness parameters

In this section, we construct polynomial lattices which are optimal for a range
of smoothness parameters; we use o and 7, to denote the smoothness, where
2<a<p 1<, <a.

We set

1
ApnsapA) = o Z eg‘m@(qs,p).

qSEGi,n

Proposition 4.1 Fora>2 and 1/a < XA <1 we have

2 S
Am,n,s,a,p()\) < W <—1 + H(l + ’V;\C@a,)\)) .

j=1

Proof. Using Proposition 2.1 and Jensen’s inequality we obtain,

ArnasD) < 2 33 k)

9€G; ., k€Zp(q)

1
_ A
= E ra (s k)bs—n E L. (5)
keN;\ {0} acGy,

k-gq=a (mod p)
deg(a)<n—m

In the case where all components of k are multiples of p every q satisfies
the equation k- g =0 (mod p) and hence we have

% Z 1=1
b q€Gy,

k-g=a (mod p)
deg(a)<n—m

and the sum over all k which satisfy this condition is therefore bounded by

POEACHIEES BN | DIACAE

keN;\{o} Jj=1 k=0
k=0 (mod p) plk
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Now we have

%) oo br—1
Zr(’)(%, Zr (75,0"1) +ZZT3 Vi, k+0").
— 1=0 k=1
plk plk

For [ > 0 we have rq(7;,b"l) < b7"r4(7;,1) and further for 1 < k < " the
polynomial p never divides k since deg(p) = n. Hence

o0 . 1 [o.¢]

Z ’737 _1+Z ’Yj,bl <1+b)‘ Téz(’)/jal)'
k=0 =1
plk

Therefore,
Y k) < 1+ [JA 407 Chan)

keNG\{0} j=1

k=0 (mod p)

= > v,
0#uCls]

1 s
b)‘_n <_1 + H(l + ’}/;\Cb,a,)\)> .

j=1

IN

In the case where there is at least one component of k which is not a
multiple of p we have
1 1
— 1= —
bsn Z bm

qGGgyn

k- (mod p)

q=
de ()<nm

and therefore this part of equation (5) is bounded by

Y ReR < o Y ek

keN;\ {0} keNg\{0}

k#£0 (mod p)
1
S bm< 1+||1+’Y]Oba)\)>

7j=1
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Altogether we now obtain that

1
Amnsap(N) < <bm + n) ( 1+ H + 77 Cha) )
_2 A
bmin(m,)\n) -1+ 1_[1(1 + 73‘ Cb,oz,/\)
j:
as required. O

Let o < 8 and set n = m. Let v denote the equiprobable measure on
bBm: For ¢ > 1 and 1 <7 < a < ( the following set is introduced:

%,a(cy T) = {q € Gi,ﬂm : €bm,a(qap) S Eb,oc,’y,s,m(cv T)} ) (6>

where

T T

c u - ’
Epamsm(e:7) = T (—1+H(1+7}/ cb,a,1/7)> .
j=1
Furthermore, let

Gralc) = [ Ghalc.7)

{q € szﬁm : 6bm,a(qap) S Eb,oc,'y,s,m(ca 7_) V1 S T < OZ} . (7>

(Note that the intersection ()., _, G.a(c, 7) can be understood as an inter-
section of finitely many sets since %} ,(c, 7) has only finitely many elements.)

Lemma 4.1 Letc>1and 1 <71 < «a < [, then we have
V(6ha(c, 7)) >1—c1.
Proof. We denote €yq(c,7) := Gj g, \ Ghalc, 7). Then for all 1 <7 < a we

have

1 T
A pmsap(1/T) = pBm Z ebv{m (g.p)

qeG;Bm
— 2c > T
> U Chale 7)) <—1 + T+~ Cb,a,l/r)> :
j=1

Now using Proposition 4.1 we obtain ¥(%.(c, 7)) < ¢! and the result fol-
lows. U
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Lemma 4.2 Let ¢ > 1, then we have
V(€ha(c)) >1—c 1.
Proof. Let 1 < 7, < a be such that

Eb,a,’y,s,m (C7 T*) = 1<il7?£a Eb,a,’y,s,m (Ca 7—)

(note that by Lemma 3.1 we have Ej 4~sm(c,7) — 0o whenever 7 — a~
and hence we can find 7, with the demanded property). Then we have

(gb,a(ca 7—*) - ﬂ (gb,a(cv T) = %,a(c)
1<m<a
and hence the result follows from Lemma 4.1. O
If we choose ¢ = (3 in Lemma 4.2, then we obtain v(%,(8)) > 1— 7!
and consequently we have

B

B B
v (ﬂ 95,,4@)) —1-v (U %45)) > 1= v(%ha(B)) > 0.

a=2
Hence we obtain the following theorem which establishes the existence of a

q" € G} g, which achieves the optimal convergence rate for a range of a’s.

Theorem 4.1 Let f,m,s € N, > 2 and let p € Zp[z] with deg(p) = pm.
Then there exists a q¢* € G} 4, such that

. 27—0‘67—0‘ s . Ta
ebm@(q ,p) < pram <—1 + H(l + '7]1/ Cb,a,l/‘h)) (8)

j=1
forall2 < a < [ and for all1 <71, < a.

The proof of Theorem 4.1 suggests that in principle we can find g* which
satisfies equation (8) for all 2 < a < fand all 1 < 7, < a by using a so-called
“sieve algorithm” which will be explained in the following.

Use a computer search to find |(1 — 371)b7™*] + 1 of the b°™* vectors q
in Gj 5,, which satisfy

ebm,Z(q>p) S Ebﬁ,'y,s,m(ﬁa 7—2> V1 S Ty < 2a
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and label this set %5. By Lemma 4.2 we know that at least such a number
of vectors exists.

Then proceed by using a computer search to find [(1 — 287 1)p7™5| + 1
vectors q in 7 which satisfy

evm 3(q,0) < Epsmysm(B8,73) V1 <735<3

and label this set .73. Since

v (m (gb,a(6>> = l-v (U ?b,a(6)> >1- ZV(?b,a(ﬁ)) >1- %7

we know that there are at least [(1—2371)b°"*] 41 values in % to populate
the set 75.

In the same way we proceed to construct the sets .7, ..., 73. Theorem 4.1
guarantees that .7 is not empty and we may select ¢* to be any vector from
J3. This vector satisfies equation (8) for all 2 <a < fandall 1 <7, < a.

However, in practice such a search algorithm would not be applicable since
it is much too time consuming. For this reason we show in the following how
the sieve algorithm may be combined with the component-by-component
(CBC) algorithm which makes the search algorithm applicable. Such an
algorithm, we call it “CBC sieve algorithm”, is presented in Algorithm 2.
For its statement we use the following notation:

For 2 < a < ( and p € Z[z] with deg(p) = Bm we define the following:
for d =0 and ¢; € Gy g, We set

ea(()? Ch) = €bm,a(Q1:P)>
and ford € N, g, € Gl‘fﬁm and ¢q11 € Gy g We set

00(qy; qat1) = e a((dg, Gas1), ) — €m a(Qy: D).

Furthermore, for short we use the notation

Now we prove the following result.
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Algorithm 2 CBC sieve algorithm for 2 < a < 3

Require: b a prime, s,m, € N, § > 2, and p € Z[x] with deg(p) = Sm.
1: Set F1 4 := Ghpnm forall 1 <d <sand q;=0.
2: ford=0tos—1do
3: fora=2tofdo

4: perform a computer search to find | (1 —(a—1)371)b"™]+1 elements
q in J,_1.4+1 to populate the set .7, 411 , which is a subset of

5: if d =0 then

6:

]. Ta
{q € %71,d+1 : 9a(0,q) S T (1 -+ 3")/1/ aCba1/7a> V1 S Ta < Oé}

bT
7: else
8:
{0€ Tarari+0:0a50) < (3097 CrasjrMaan(7a)) W1 S 70 <
9: end if

10:  end for

11:  Select ¢, € Tp.411-
12: Set @l = (@ qhy1)-
13: end for

14: return q* = q;.

Theorem 4.2 Let s,m,( € N, 3 > 2, then Algorithm 2 constructs a vector
q; € G¢ gm Such that

ebm,a(qda

d
- bTa H 1 + 3/87.]1/7-(1 Cb?ail/T&)Ta

foralll <7, <aand for all2 < a < (.

To prove Theorem 4.2 we introduce the following set: for g, € G 5, let
Falc, q,) be the set of all a1 € G gy, such that

Ha(qdacId—l-l) S (307;./:1(1Cb,a,l/TaMd,a,')'(Ta)) : (9>
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forall1 <7, < a.

Lemma 4.3 Let 2 < o < 3 and let ¢ > 1. Assume that there exists a
q, € GY 5, such that

ebm,a(qq:p) < Maa(Ta)™ (10)
foralll <7, <a and for all2 < a < 3. Then
v(Poalcgq) >1—c

Proof. From the proof of Theorem 3.1 and using assumption (10) for all
1/a < A <1 we have

pom Z 00(q qasr)

qd+1€Gb,gm

d

1 ) 1

< 7211Chan (W + epmo(@p) + b H(1 + V;Cb,a,x))
=1

< 39201ChanMaa(1/X).

From this the result follows in the same way as in the proof of Lemmas 4.1
and 4.2. 0

Now we give the proof of Theorem 4.2.

Proof. We proceed by induction on d and firstly show the result for d = 1.
Having fixed d = 1, we proceed by induction on «. For g € 6, () we have
(see equation (7))

(1+ 35711/7“C'b,a71/7a)”* Vi<, <a,

ebm,a(Q7p) <

- b‘ram

for 2 < a < . According to Lemma 4.2, v(6,,(8)) >1— 71, 2<a <,
hence there are [(1 — 371)b°™| + 1 elements to populate 75 ;. Assume now
that for 2 < a < 3, there are [ (1 — (a—1)371)b"™] + 1 elements to populate
T, hence v(F, 1) > 1 — (a—1)37'. We want to show that

v({qg € Tan:epmar1(@.p) < Mior1~(Tas1)' VI < 7hp1 < a+1})
>1—ap™!, (11)
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which implies that there are [ (1—a37 )b | +1 elements to populate F, 1 1.
But

{q € %,1 : ebm,a+l(Q7p) S Ml,a+1,'y(7—a+1)7—a+l V1 é Ta+1 <o+ 1}
- %,1 N {Q € Gb,,@m : ebm,a-l—l(q)p) S Ml,a+1,'y(7_oc+1)7—a+1V1 S Ta+1 <a+ 1} y

hence we get equation (11) from the induction assumption and from Lemma 4.2.
Thus we have proven the assertion for d = 1.
We now assume that for 1 < d < s, the algorithm has found qj; so that

evm (@ ) < Maa~(Ta)™ (12)

for all 1 <7, < a and for all 2 < a < § and again we proceed by induction.
According to Lemma 4.3, under the assumption (12), we have

v(FPoalB.qp) >1- 57" V2<a<p,
hence there are | (1 — 371)b°"] + 1 elements to populate Z 4.1. We now
assume that for 2 < a < 3, there are | (1 — (o — 1)371)b°™| + 1 elements to

populate 7, 441, hence V(T 441) > (1 — (o — 1)371).
Since

* 1/7a Ta+1
{C] € %,dﬂ : 9(qd7Q) < (35%41 +10b,oz+l,1/7'a+1Md+1,a+177(7—a+1)>

V1 STOH‘l <Oé+]_}
= Tod+1 N Fpar1(6,q))

we obtain from the inductive hypothesis and from Lemma 4.3 that
* 1 T Ta+l
V({q S <70[,(1-1-1 : Q(qd,Q) S (36,}/(#/& +1Cb,a+1,1/‘ra+1Md+17a+1,'y(7—a+1)>
Vi<7pm<a+ 1}) >1—aft,

which implies that there are |(1 — a8 1)0P™| + 1 elements to populate
Ta+1,d+1- Therefore Algorithm 2 finds a ¢}, € G4 gm such that

* * 1/7a T
ea(qdaqclJrl) < (367di1 Cb,oe,l/raMd,a,’y(Ta)>
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forall 1 <7, <aandforall 2 <a<g.
Using equation (12) we obtain,

€bm,a((QZ,QZ+1),P) = ebm,a(quvp)+9a((q2’qs+1))

< Myar(1a)™ 1+ (3875 Cranym)™)
S Md—l—l,a,'y(Ta)Ta;
forall 1 <7, <aandforall2<a<g. O

5 Optimal convergence rates for a range of
smoothness parameters using Korobov poly-
nomial lattice rules

In this section we study a special case of polynomial lattice rules, namely
Korobov polynomial lattice rules. We show the existence of higher order
Korobov polynomial lattice rules which achieve optimal rates of convergence
for a range of smoothness parameters and present an algorithm which shows
how to construct such higher order Korobov polynomial lattice rules. This
algorithm is the same as the “sieve algorithm” presented in Section 4, but
due to the structure of Korobov polynomial lattice rules, the cost of such an
algorithm is feasible.

We now present the results which are used to establish the existence of a
higher order Korobov polynomial lattice rule achieving optimal rates of con-
vergence for a range of smoothness parameters and its construction. For the
remainder of this section, we use ¢(q) := (¢,4¢%,...,¢*) (mod p), ¢ € Gy g, to
denote the generating vector of the higher order Korobov polynomial lattice
rule Sy m.8m(0(q)) and eym o(P(q), p) to denote the corresponding worst-case
error, 2 < a < 3; we recall that a < § and n = fm. As in Section 3 we point
out that we use generating vectors ¢(q) := (¢, ¢, ...,q¢°) (mod p) instead of
(1,q,...,4°7") (see e.g. [5, Algorithm 4.6]), as otherwise the projection onto
the first coordinate does not achieve a convergence rate of b=*". We start
with the following proposition, which is analogous to Proposition 4.1, where
we set

~ 1
Am,n,s,a,p(/\) = b_n Z e{,\m,a(qﬁ(q),p) .

qeGb,n
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Proposition 5.1 Fora >2 and 1/a < A <1 we have

~ s+1 i
Am,n,s,a,p()\) < M -1+ H(l + ’Y;\Cb,a)\)

J=1

Proof. Using Proposition 2.1 and Jensen’s inequality we obtain,

Arneas) < 50 S0 S k)

9€Gp,pm k€ZDp(4(q))

= ) ri('y,k)bln > 1. (13)

keNg\{0} a€Gy gm
k-¢(g)=a (mod p)

deg(a)<n—m
In the case where all components of k are multiples of p every ¢ € G gm
satisfies the equation k - ¢(¢) = 0 (mod p) and hence we have

bin Z 1=1

a€Gy gm

k¢(g)=a (mod p)
deg(a)<n—m

and the sum over all k which satisfy this condition is therefore bounded by

1 S
Z 7“3(% k) < T <_1 + H(l + ’Y]{\Cb,a,)\)) )
j=1

keNg\{0}
k=0 (mod p)
see the proof of Proposition 4.1. B
In the case where there is at least one component of k which is not a
multiple of p we have

bl” Z 1<sb™™,

9€Gp gm

k¢(g)=a (mod p)
deg(a)<n—m

because for any choice a there are at most s solutions ¢ to k - ¢(¢) = a
(mod p) and there are 0™~ ™ possible choices for a. Therefore this part of
equation (13) is bounded by

s S
o <—1 + H(l + ’Y;\Cb,a,))) .

=1
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Altogether we now obtain that

~ S 1 i A
Aneon(h) < (b—m + W) (—1 10+ cb,a,x)>

j=1

s+1 - A
< pmin(m,An) <_1 + H(l + 7 Cb,a,A))

j=1
as required. O

Let v denote the equiprobable measure on Gy g,,. For c > 1and 1 <71 <
a < (3 the following set is introduced:

%,a(ca T) = {q € Gb,ﬁm : ebm,a<¢(q)ap) S Eb,a,'y,s,m(cv T)} 9 (14>

where
~ c(s+1)" ® - ’
Ebzaaﬂ%sym(C’ T) = % <_1 + H(l + /-y]l/ Cb7a’1/7—)) :
j=1

Furthermore, let

Gralc) == [ Ghale.T) (15)

1<t<a

= {q € Gogm : ey a(0(q),p) < Eb,a,.y,s,m(c, TIVI<7< a} )
Lemma 5.1 Letc>1and 1 <71 < a <. Then we have
u(%?;ya(c, 7)) >1—c

Proof. The proof follows exactly along the lines of the proof of Lemma 4.1.
O

Lemma 5.2 Let ¢ > 1. Then we have
U(Gpalc) >1—c .

Proof. The proof follows exactly along the lines of the proof of Lemma 4.2.
OJ
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Algorithm 3 Korobov sieve algorithm
Require: b a prime, s,m,3 € N, § > 2, and p € Z,[x] with deg(p) = Sm.
1: Set 7] = Gb,ﬁm~
2: for « =2 to # do
3:  perform a computer search to find | (1 — (o —1)371)b°"| + 1 elements
q in 7,1 to populate the set .7,, which is a subset of

{q € %—1 : 6b’",a(¢(¢])7p) S Eb,a,’y,s,m(ﬁa Ta) V1 S Ta < Oé}

W

: end for
. Select ¢* € T
return ¢*.

S Gt

As in Section 4 we now introduce a “sieve algorithm” (see Algorithm 3)
which shows how to obtain a generating vector for a higher order Korobov
polynomial lattice rule, which achieves optimal convergence rates for a range
of smoothness parameters. The next theorem shows that Algorithm 3 does
indeed produce such a vector.

Theorem 5.1 Let s,m,3 € N, 3 > 2. Then Algorithm 3 finds an element
q € Gppm such that

bTa m

s+ 1) g - : -
ey o(6(q),p) < ST DO (—1 I+ acb,aw) |

j=1
foralll<rt,<a,2<a<f.

Proof. We prove the result by induction on a. For v = 2, by Lemma 5.2,

v (Ga(®) >1- 02 <a <5,

so there are at least |(1 — 871)b%™] + 1 vectors to populate the set Z5. We
now assume that there are [(1— (o —1)371)b°™| +1 elements in the set 7,
where 2 < o < 3, hence v(7,) > 1 — (o — 1)3~'. We want to show that

v ({q € % : ebm,a+1(¢(Q)ap) S Eb,a—i—l,ms,m(ﬁa Ta—i—l) V1 S Ta+1 < a+ 1})
>1—af, (16)
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which implies that there are [(1 — a371)b°™| + 1 elements to populate the
set J,41. Since

{q € % . ebm,a+1 (¢(Q):p) S Eb,oﬂrl,—y,s,m(ﬁa Ta+1)V1 S Ta+1 <o+ 1}
= To N Cas1(B)

we obtain equation (16) from the induction assumption and from Lemma 5.2.

O
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