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Abstract

We study (0, 1)-sequences in arbitrary base b and derive a new upper bound on the
star discrepancy of these. Moreover, we show that the van der Corput sequence is the
sequence with the highest star discrepancy among all (0, 1)-sequences. The key property
of the van der Corput sequence leading to this result is that its points are in a certain
sense as close to the origin as possible. The main tool in our work is a recent finding on
the discrepancy of (0, m, 2)-nets.

1. Introduction and Statement of the Result

In many applications, notably numerical integration, point sets with good distribution
properties in the unit cube are of interest. One way of measuring the quality of distribu-
tion of a point set in the s-dimensional unit cube [0, 1}* is based on the discrepancy func-
tion. Let Py be a point set in [0, 1]* consisting of N points. Let 0 < o™ a®, ... o <1,
then the discrepancy function A is given by

S

A (PN, o, ,a(s)) =A (PN, H [O, oz(j))> — NaW ..o,

j=1
where A (PN7 [[- [0, Oz(j))> denotes the number of points of Py in [[;_, [0,a). Tt is
useful in the following to introduce a “closed version” of A, which is defined by

S

A (PN, o, ,a(s)) =A (PN, H [O, oz(j)}> — NaW ..o,

J=1
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By taking a norm of A(Py,a™, ... a®)N~! we obtain a measurement of the irregular-
ity of distribution. In particular, the supremum norm has been studied extensively. In
this case, we speak of the star discrepancy of the point set Py, which is defined by

D*(Py) := sup |A(Py, o &(S))Nfl} .

0<a@ .. al)<1

Note that, in the special case s = 1, we might also write

D*(Py) = sup }Z(PN,Q)N_I}

0<a<1
(this follows from the fact that A(Py, 1) = 0).

A broad class of point sets with small star discrepancy is provided by the concepts
of (t,m,s)-nets and (t, s)-sequences. An extensive survey on this topic can be found
in [7, 8]. We first give the definition of a (¢, m, s)-net.

Definition 1 Let b > 2, s > 1, and 0 < t < m be integers. A point set P consisting of
b™ points in [0,1)° forms a (t,m, s)-net in base b, if every subinterval J = szl[@jb_dj,
(aj +1)b=%) of [0,1)*, with integers d; > 0 and integers 0 < a; < b% for 1 < j < s and
of volume b'=™, contains exactly b' points of P.

Observe that a (t,m, s)-net is particularly well distributed if its quality parameter
t is small. A very prominent example of a (0,m,2)-net in base b is the so-called two-
dimensional Hammersley net in base b consisting of the points

%, = (bﬁm,qsb(n)), 0<n<bm—1.

Here, ¢,(n) is the radical-inverse function in base b, with

op(n) == Zai(n)b_i_l

and where a;(n) € {0,...,b— 1} for all i > 0, and a;(n) = 0 for sufficiently large i. We
denote, for given m, the Hammersley point set in base b by H,,;. It has recently been
outlined in [2, Lemma 1] that the Hammersley net H,,;, plays a special role among the
(0,m, 2)-nets in base b since it can be shown that

A(Yym, [0, 0] x [0, B]) < A(Hpmp, [0, 0] < [0, 5]) (1)

for any (0, m, 2)-net Y;m in base b and any «, 3 € [0, 1]. This result holds for all m > 0 and
any choice of b > 2. Inequality (1) means that the Hammersley point set has its points as
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close to the origin as possible for a (0,m, 2)-net in base b. This is a property that causes
relatively bad distribution properties of the Hammersley net; indeed, it can be shown
that the net H,,; is the (0,m,2)-net that has essentially the highest star discrepancy
among all (0,m,2)-nets in base b (see again [2]).

A class of infinite point sets that are in their structure based on (¢, m,s)-nets are
so-called (t, s)-sequences which are defined as follows (see [7, 8] for broader information).

Definition 2 Let b > 2, s > 1, and t > 0 be integers. A sequence (y,,)n>0 s a (t,$)-
sequence in base b if for alll > 0 and m >t the point set consisting of Yym, - - -, Yus1ypm—_1
is a (t,m, s)-net in base b.

A popular example of a (0, 1)-sequence is the so-called van der Corput sequence in
base b, denoted by C and consisting of points xg, z1, . .., where the n-th point z,, is the
radical inverse function in base b of n (n > 0). Observe that the points @, of H,,; and
the points z,, of C}, are related to each other via

%n:<b%xn) 0<n<b"—1. 2)

This relation between H,,; and C} is a special case of a more general situation de-
scribed by Niederreiter. In fact, Niederreiter shows in [7, Lemma 5.15] that, given a
(t, s)-sequence (y,,)n>0 in base b, the point set consisting of

Y, = <b£m,yn), 0<n<b"—1,

forms a (¢,m, s + 1)-net in base b, provided that m > ¢.

In this note, it is our aim to derive a new upper bound on the star discrepancy of (0, 1)-
sequences. We also show that Cj, is the sequence with the highest star discrepancy among
all (0,1)-sequences in base b. The star discrepancy of (0, 1)-sequences in general and of
the van der Corput sequence in particular has been studied extensively in the literature.
For example, Niederreiter derived good general upper bounds on the star discrepancy of
arbitrary (¢, s)-sequences in base b (see [7, 8]). In the case of a (0, 1)-sequence Y in base
b, Niederreiter showed .

ND*(Yy) < (10gN)m+0(1)7 (3)
where Yy denotes the collection of the first NV (N € N) points of Y, and the constant in
the O-notation does not depend on N. Restricting himself to a special case, Pillichsham-
mer proved in [9] that for any digital (0, 1)-sequence Y over Z, we have

ND*(Yy) < ND*(Cyp) < 2288

—— +1 4
_310ngL ’ (4)

where Yy denotes the collection of the first N (N € N) points of Y, and Cy y is the
collection of the first N points of the van der Corput sequence in base 2. The latter result
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means that the van der Corput sequence is the worst distributed digital (0, 1)-sequence
over Zsy with respect to the star discrepancy (for the definition of digital sequences see [9]
or, more generally, [8]). Further interesting results concerning the discrepancy of C} are
due to Béjian and Faure [1], Drmota, Larcher, and Pillichshammer [3], and Faure, who
gave formulas for the star discrepancy of the van der Corput and related sequences and
studied their asymptotical behavior (see, e. g., among many papers, [4, 5, 6]).

In this paper, we are going to generalize the inequalities in (4) to a broader class
of (0, 1)-sequences, to be more precise to all (0, 1)-sequences, thereby improving on (3).
This will be achieved by finding an analogue to inequality (1), which will show that the
van der Corput sequence is the (0, 1)-sequence with its points as close to the origin as
possible. As it is the case with the Hammersley point set in two dimensions, the latter
property is the reason why C} will turn out to be the sequence with the highest star
discrepancy among all (0, 1)-sequences. In the next section we prove the subsequent
theorem.

Theorem Let Y be an arbitrary (0, 1)-sequence in base b and denote by Yn the first N
elements of Y. Moreover, let Cy n be the first N terms of the van der Corput sequence
in base b. Then

ND*(Yy) < ND*(Cyn) < (log N)f(b) + c(b),

where c¢(b) is a constant depending only on b and where

#(o) = | T s even
b—1 o
if b is odd.

4logb’

Remark Note that the bound in the theorem is, in the special case b = 2, the same as
the bound in (4) with respect to the leading term. Note also that the bound improves
on (3).

We obtain the following corollary, which immediately follows by using our theorem
and Théoreme 6 in [4].
Corollary For given b > 2, we have

) ND*(Yy)
lim sup sup —————= = f(b),
mSupsup — f(b)

where the supremum is extended over all (0,1)-sequences Y in base b, where Yy denotes
the collection of the first N points of Y, and where f(b) is defined as above.

2. The Proof

We start with some auxiliary results. The subsequent lemma is motivated by Lemma 2
in [9].
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Lemma 1 Let Y = (y,)>, be a (0,1)-sequence in base b. Let m > 0, b~ < N < b™,
and denote the collection of the first N points yo,...,yn-1 of Y by Yn. Moreover, define
Yym as the (0,m,2)-net with points Yg, . .., Yym_1, where

Y, = (b%,yn>, 0<n<pm™—1.

Then for o € [0, 1] we have

(a) ~
A(Yn, [0,a)) = A(Ypm, [0, NO~™) x [0, a)),

(b) -
A(YN: [Oa O‘]) = A(YE)ma [07 (N - 1)b7m] X [07 a])a

(c) 3
A(Yy, ) = AV, Nb ™™, ),

(d) _ _
AYn,a) = A(Ym, (N =107, a) — a.

Proof. The formulas in (a) and (b) are obvious. Concerning (c), note that, due to (a),

A(Yy,a) = A(Yw,[0,a)) = Na
= A(Yym, [0, Nb7™) x [0, a)) — b"Nb "
= A(Yym, Nb™™",q).

The proof of (d) is similar to that of (c), making use of (b). O

Let us now define a function S : [0, 1] — [0, 1] by S(z) := 1—x and denote, for a point
set Py consisting of N points py,...,py_1 € [0,1], by S(Py) the point set consisting of
the collection of the S(p,), 0 <n < N — 1.

We also need some further notation. Let Y = (y,,)7>, be an arbitrary (0, 1)-sequence
in base b and let m > 0. Let for a point y, € Y, with 0 < n < b — 1, 7, be the
point that is obtained by moving y, into the upper endpoint (r + 1)b=™ of the interval
[rb=™, (r+1)b=™), 0 < r < b™, it lies in. Furthermore, denote the collection of the points

Yoy - -+ Ypym_1 DY Ypm. We now have

Lemma 2 For an arbitrary (0,1)-sequence Y = (y,)22, in base b and m > 0, let S
and Yym be defined as above. Then the points of S(Yyn) satisfy the properties of the
first b™ points of a (0, 1)-sequence, that is, for any l > 0 and any k € {1,...,m} with
(I+1)b" < b™ the points S(Gye), -, SHrayh—1) form a (0, k, 1)-net.
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Proof. Let Y be a (0, 1)-sequence in base b and let m > 0. We need to show that for any
I >0and any k € {1,...,m} with (I + 1)b* < 0™ the points S(Fyr), .- STs1ypr_1)
form a (0, k&, 1)-net. This can be seen as follows. Since Y is a (0, 1)-sequence, it follows
that the points gk, ..., ygr1pre—1 are a (0,k, 1)-net. Thus, for any nonnegative integer
a < b*, there is exactly one point among k., ... ;Yas1pk—1 that lies in the interval
[ab=*, (a+1)b~*). Consequently, there is exactly one point among ¥, . . - s Ya41ypk—1 that
lies in (ab™*, (a+1)b~*] for each a € {0,1,...,b¥—1}. This, however, implies that there is
exactly one point among S(Fy), - - -, S(Fi1ypk—1) in each interval [ab™, (a +1)b7%), a €
{0,1,...,b" — 1}, which means that the points S(Zy), ..., S(Gyr1ye_1) form a (0, &, 1)-
net. O

The following auxiliary result will be essential in the proof of our main result.

Lemma 3 Denote by Cy, n the first N elements of the van der Corput sequence in base
b. Moreover, let Y be an arbitrary (0, 1)-sequence in base b and denote the collection of
its first N elements by Y. Then we have

A(Yy,[0,0]) < A(Cyn, [0,a])
and
A(Yn,[0,a)) > A(S(Cyn), [0, )
for any a € [0, 1], where S is defined as above.

Proof. We start with showing the first inequality. Let Y be an arbitrary (0, 1)-sequence
in base b and let m > 0 be such that ™! < N < b™. Denote by Yjm the (0,m,2)-net in
base b with points

@n:: (bﬁmayn>a Ogngbm_la

where y,, is the n-th point of Y. By (2) and by Lemma 1,
A(Yn, [0,a]) = A(Yym, [0, (N = 1)57"] x [0, a]),

A(Con, [0,a]) = A(Hpp, [0, (N = 1)b7"] x [0, a]).

Due to (1),
A(Yyn, [0,9] % [0,6]) < A(Hpp, [0,7] x [0, 0])

for any choice of 7,4 € [0,1]. The first inequality follows.

We show the second inequality by making use of the first inequality. For an arbitrary
(0,1)-sequence Y in base b and b ! < N < b™, define Yyn as above. By Lemma 2,
S(Yyn) is such that these points satisfy the properties of the first 6™ points of a (0, 1)-
sequence. Note that by the construction outlined in the proof of Lemma 2 the collection
of the points S(7y), - . ., S(Wxn_1), let us denote it by S(Y y), satisfies the analog properties
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of the first N points of a (0, 1)-sequence. For given a € [0, 1] it thus follows by the first
inequality that
A(7N7 [047 1]) = A(S(?N)a [07 1- C(]) < A(Cb,Na [07 1- C(]) = A(S(Cb,N>7 [C(, 1])

By the fact that B
A(YN7 [07 1]) =N = A(S(Ob,N)7 [07 1])7

we obtain B
A(Y N, [0,0)) > A(S(Cy ), [0, @)
Since o
A(Yy,[0,a)) > A(Y x, [0, a)),
the assertion is shown. O

We now deduce

Proposition 1 Let Y be an arbitrary (0,1)-sequence in base b. Further, let Yy, Cy n,
and S be defined as above. Then we have

ND*(YN) S maX{ND*(C@N), ND*(S(CI,’N))}

Proof. To begin with, note that the first inequality in Lemma 3 also yields
A(Yy,[0,a)) < A(Cyn, [0, a))

for any a € [0,1]. From this inequality together with the second inequality in Lemma 3

we obtain
A(S(Cb,N)7 [07 a)) < A(YN7 [07 a)) < A(Cb,l\ﬁ [07 a))v

which gives
A(S(Cb,N), Oé) S A(YN, Oé) S A(Cb,Na C()

for any a € [0, 1].

Consequently,

sup |A(Yy, )| < sup max{|A(Cyn, )], |AS(Cyn), a)l}.

0<a<l1 0<a<1

Interchanging supremum and maximum in the right hand side of the latter inequality
(which causes no problems since A is piecewise linear in «) yields the result. O

We can now give the proof of our theorem.
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Proof. For the first inequality, it is by Proposition 1 sufficient to show that
ND*(S(Cpn)) < ND*(Cpn).
Let a € [0, 1] be given. Observe that

A(S(Cb,N), Oé) = A(S(Cb,N), [O, Od)) — N«
= A(Cb,N,(l—C(, 1])—NO(
= A(Cyn,[0,1]) — A(Cyn,[0,1—a]) — Na

= —A(Cyn,[0,1—0a])+ N — Na
= _Z(Cb,Na 1 — Od).
Similarly it can be shown that A(S(Cyy),a) = —A(Cyn,1 — ). From this it even

follows that
ND*(S(Cyn)) = ND*(Cyn)

and the first inequality is shown.

The second inequality is shown as follows. Since it is true that the star discrepancy
of Cy, n equals the extreme discrepancy of Cy, y (see [4, Corollary to Théoreme 1 (p. 147)
and Section 5.5.1 (p. 178)]), we can use results by Faure who showed that

1
D*(CbN)gilogN—l—maX 2,1+ -+ a
’ log b b

(cf. [4, Théoreme 2|), where

b2 . .
0 — {m, if b is even,

b;—l, if b is odd

(cf. [4, Section 5.5]). The result follows. O
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