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Abstract

We investigate the problem of constructing small point sets with low star dis-
crepancy in the s-dimensional unit cube. The size of the point set shall always be
polynomial in the dimension s. Our particular focus is on extending the dimension
of a given low-discrepancy point set.

This results in a deterministic algorithm that constructs N-point sets with small
discrepancy in a component-by-component fashion. The algorithm also provides
the exact star discrepancy of the output set. Its run-time considerably improves
on the run-times of the currently known deterministic algorithms that generate
low-discrepancy point sets of comparable quality.

We also study infinite sequences of points with infinitely many components such
that all initial subsegments projected down to all finite dimensions have low dis-
crepancy. To this end, we introduce the inverse of the star discrepancy of such a
sequence, and derive upper bounds for it as well as for the star discrepancy of the
projections of finite subsequences with explicitly given constants. In particular, we
establish the existence of sequences whose inverse of the star discrepancy depends
linearly on the dimension.

1 Introduction

In numerical integration, point sets with good distribution properties are of great interest.
One way of measuring the quality of distribution of a multiset Ps = {py, Py, ..., Py_1} Of
N points in the s-dimensional unit cube [0, 1)%, is to consider its star discrepancy, defined
by

Dy(Ps) = sup |As(z,Py)l.

z€(0,1]8
Here the discrepancy function A, of the point set Py is given, for & = (x1,..., ), by
L N2
As(w7Ps> = )\S([O, CC)) - N Z 1[0,a3)<pj)7
=0
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where ), is the s-dimensional Lebesgue measure and 1jg ) is the characteristic function
of the s-dimensional half-open box [0, ) = [0,2;) X - -+ X [0, zy).

Another useful quantity in the context of numerical integration is the so-called inverse
of the star discrepancy,

N*(e,s) =min{N : IP; C [0,1)° such that |Ps| = N A Dy(Ps) < ¢},

where |Ps| denotes the cardinality of the multiset Ps. For certain classes of functions, point
sets with small star discrepancy yield cubature formulas with a small error of multivariate
integration. This is for example illustrated by the well-known Koksma-Hlawka inequality
(see [12], but also [15, 17]). If we approximate the integral f[O,l]S f(x)dx by a quasi-

Monte Carlo algorithm % Zi]i_ol (p;), where py, ..., py_; € Ps, then the Koksma-Hlawka
inequality states that

f@)de — 3 fp)| < V(DY (P,

[0,1]¢ i=0

where V(f) is the variation of f in the sense of Hardy and Krause (see, e.g., [17]). This
implies that, for any function with bounded variation V(f), a point set with low star
discrepancy yields a low integration error for a quasi-Monte Carlo rule using this point
set as integration nodes.

However, it is a challenging problem to find point sets with good upper bounds on the
star discrepancy. There are many constructions of point sets with low star discrepancy,
for example those proposed by Niederreiter (so called (t,m, s)-nets and (¢, s)-sequences,
see [16]). Most of the known bounds on the star discrepancy of a (t,m, s)-net P are of

the form
(log N)* (log N)*~*

N )
where Cf is a constant depending on the dimension, see [14, 16, 17]. These bounds are
excellent with respect to the order of magnitude in N. The drawback of such bounds,
however, is that the term (log N)® becomes large when s is very high and that in general
the constants C; are not small enough to compensate this effect. Therefore, the size of
the node set for numerical integration needs to be extremely large if one wants to obtain
good bounds on the integration error. In fact it has to be at least exponentially in s, since
the function N — log(N)*/N increases for N < e®.

Since, during the last years, it has become a major issue to consider numerical in-
tegration in particularly high dimensions (e.g., in financial applications, where s might
be in the hundreds or thousands), it is of growing interest to find bounds on the star
discrepancy displaying a better dependence on the dimension s.

This problem was successfully attacked by Heinrich et al. in [9], who showed the
existence of a point set Py in [0,1)* such that

Dy(P,) < C/s/N, (1)

where C' is a positive constant not depending on s and N. However, the proof of this
result is non-constructive, and, furthermore, good bounds for the constant have not been
published yet. In another paper [5] the existence of point sets Py satisfying

Dy (P,) < C'/s/N\/Iog N, (2)

2

Di(P,) < C, r Di(Py) < C,



where C” > 0 is a known small constant and independent of s and N, was proved. This
result is obtained by making use of the concept of so-called §-covers (see below for a precise
definition) and by Hoeffding’s inequality. A slightly better result, namely Dy (Ps) <
C"+/s/N/log(1 + N/s), was proved in a similar manner in [7]. Like the result of Heinrich
et al., the results in [5, 7] are at first based on a probabilistic argument and therefore seem
to be non-constructive. On the other hand, in [5] also a deterministic construction of point
sets satisfying (2) by the means of a derandomized version of Hoeffding’s inequality was
given. However, the run-time of this algorithm is high, to be more precise, it is exponential
in the dimension s.

An algorithm using a different derandomization technique was presented in the recent
paper [4]. It also generates an N-point set in dimension s satisfying the bound (2), but
its run-time improves considerably over the algorithm from [5]. Nevertheless, it is still
exponential in s.

The above-mentioned probabilistic bounds were developed further in [1] to allow in-
finite sequences of points in infinite dimension. For an infinite sequence P of points in
[0, 1), let us denote by P, the sequence of the s-dimensional projections of the points
from P, and by Py s the first N points of Ps. Then in [1] the following results were shown:

There exists an unknown constant C' such that for every strictly increasing sequence
(Nm)men in N there is an infinite sequence P satisfying, for all m,s € N,

Dy (Pw,,s) < C\/S/Nm\/log(m +1).

Furthermore, there exists an explicitly given constant C’ such that for every strictly
increasing sequence (N,,)men in N there is an infinite sequence P satisfying, for all m, s €

N,
D% (Py,.) < C”\/(m + s+ slog (1 4+ 3 Nm)) /N,

m+s

Thus, the results in [1] are both extensible in the dimension and in the number of points,
which is particularly useful.

Our Results

In this paper, we first present another result for infinite sequences P in [0,1)N. At the
first glance it looks like a modest improvement of [1, Corollary 3|, but it establishes the
existence of infinite sequences P in [0,1)Y having the following property: To guarantee
Dy (Pn.s) < € for a given e, we only have to take N > c.s, where ¢, is a constant depending
only on e. Note that this result cannot be deduced directly from the results in [1]. It is
known from [9, 11] that we have to take at least N > cLs if € is sufficiently small. (Here ¢,
depends again only on £.) In this sense our result shows that the statement “the inverse
of the star discrepancy depends linearly on the dimension” (which is the title of the paper
[9]) extends to the projections of infinite sequences in [0, 1)N. To be more precise, let us
introduce the inverse of the star discrepancy of an infinite sequence P,

Ni(e,s) :=min{N : VM > N : D},(Pus) < €}.
Then there exist sequences P such that

Ny(g,s) < O(se2log(1 +&71)). (3)
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In fact, if we endow the set [0,1)Y with the canonical probability measure Ay = ®°;\;
and allow the implicit constant in the big-O-notation to depend on the particular sequence
P, then inequality (3) holds almost surely for a random sequence P, see Corollary 1. In
Theorem 1 we provide bounds of the form (3) with explicitly given constants and estimates
for the measure of the sets of sequences satisfying such bounds.

It would be of great interest to construct infinite sequences whose star discrepancy sat-
isfies bounds as stated above. In this paper we construct, in a component-by-component
algorithm (i.e., one component is constructed at a time), finite sequences P in [0, 1) that
satisfy similar bounds. For a given N-point set Ps_1 = {yg, .., Yn_ 1} C [0,1)571
deduce from concentration of measure results that we can find X, .. 1 €10,1) such
that the extended set Py = {(yq, Xo), ..., (Yn_1,Xn-1)} C [0,1)* satlsﬁes

Dy(Py) <O <\/% log (1 + g)) + DY (P,y).

We are able to derandomize the probabilistic argument to generate recursively (component
by component) N-point sets P satisfying

Dy(P,) <O <\/3—]\j log (1 + g)) .

This bound is obviously slightly weaker than the bounds in (1) and (2), but the run-time
of our derandomized algorithm improves considerably on the run-times of the algorithms
in [4, 5] generating point sets satisfying (2). In Section 5 we compare the run-times of the
algorithms to each other and relate the problem of constructing low-discrepancy samples
of small size to the problem of approximating the star discrepancy of a given point set.

2 Infinite Dimensional Infinite Sequences

At the beginning of this section we introduce two main tools that will also be useful in
the following sections. The first is the concept of so-called d-covers, as used in [4, 5, 7].
A §-cover is defined as follows.

Definition 1 A finite set I' C [0,1]° is a 6-cover of [0,1]° if for every @ = (x1,...,x5) €
0.10" there evist 7y = (1", 7177 = (13- %") € TU{0} with A ((0,7)) -
As([0,74)) <9 and 7() <z < vé forall1 <i<s.

One can use d-covers to approximate the star discrepancy of a given set up to some
admissible error § by a quantity whose calculation involves only a finite number of test
boxes.

Lemma 1 Let I' be a 6-cover of [0,1]°. Then for any N-point set Ps C [0,1)° we have

Dy (Ps) < DJI:,(PS) +9, where DJI:,(PS) = max |Ag(x, Ps)| -



The proof is straightforward and can, e.g., be found in [5, Lemma 3.1].

Furthermore, we are going to make use of a large deviation bound from probability
theory called Hoeffding’s inequality (see [13] or [18, p. 58], [19, p. 191]). Let Ay,..., A,
be independent random variables with E(A4;) =0 and u; < A; <wv; foralli e {1,...,7}.
Then Hoeffding’s inequality states that

PllAr+- -+ A =] <2067/ Tin(mm)? (4)

for any n > 0.

In this section we improve certain aspects of the results in [1]. Let ¢ denote the
Riemann zeta function, i.e., {(y) = > ~_,m~7. As mentioned in the introduction, we
denote, for an infinite sequence P of points in [0, 1), by P, the sequence of s-dimensional

projections of the points from P, and by Py s the first NV points of P;.

Theorem 1 Let P = (pn)nen be a sequence of independent random variables, each of
them uniformly distributed with respect to the (infinite) product measure Ay := Q@F_1\1
on [0, )N, Let (Ny)men be a strictly increasing sequence in N, and let A € (1,00).
Let v > (7Y2). Then each of the following two events holds with probability at least
1= (¢~ 1)

(i) For all m,s € N, with p = p(Ny,, s) := 6e(max{1, N,,/(2log(6e)s)})"/2,

1/2
Dy, (Pr,.s) < (Ni (slog(p) +v(log(1 +m) +log(1 + s)) + 1og(2))> . (5)

m

(i) For all e € (0,1],

Ni(e,s) < [21425_2 (s(log(l +2Ae7Y) + log(2e)) +

(1o (2+ l?fg%)) Flog(1+) ) +log(1 + 24%7%) 4 log<2>)]6.)

Proof. Let 6 € [0,1). Due to Lemma 1 we have P [D}(Pn) < 26] > 6 if the inequality

P [D}(Pn,s) < 8] > 6 holds for some d-cover T' of [0,1]°. For each s € N let p§§’ denote
the projection of py onto its first s components. If we define for € [0,1]* and ¢ € N the

random variable £,(p{*) = \,([0,)) — 1j0.2)(p")), then the range of &, (p*)) is contained

in an interval of length one and the expectation E[Sw(pgs))] is zero. Thus Hoeffding’s
inequality implies

Pl|As(x, Pns)| > 6] =P [

1 (s)
T fw(pis)

> 5] < 26~ 20°N

This results in

1 o (s)
KN gx(pz's )

5

zel

P [DN(Pys) <0] >1-Y P [

> 5] >1—2|T]e 2N,



(In the latter estimate we get “>", since necessarily 1 := (1,...,1) € I'and |A4(1, P)| =0
for all finite sets P C [0,1)%.) Hence P [D}(Pn.s) < 24] > 0 is satisfied if

2
holds. In [7, Theorem 1.15] a d-cover I" was constructed satisfying
|r|5;2827(5—14-1)85;(2ey(5—14-1)% (8)

If we choose this d-cover and restrict ourselves to § € (0,1/2], then it is easily verified

that X ) 12
- ( log(p) + log (m)) )

Dy (Pns) < (% (s log(p) + log <£)))W

with probability at least 6.
Now let (N,,)men be a strictly increasing sequence in N and define, for v > 1,

satisfies (7). Thus

0=0(m,s,v)=1—((L+m)(1+s)) . (10)

The probability that there exists a pair (m, s) € N? such that

5 9 1/2
D; ~ (51 g \ T4 s
Nm (PN"L’S) = (Nm (S Og(p) _I_ Og (1 - 9(m7 S, f}/))))

is bounded from above by

> (1=0(m,s,7)) = (Z(lﬂn)_”) (Z(1+s)—’7> = (C(v) - 1)~

m,s:l m=1 s=1

Since the Riemann zeta function is strictly decreasing, the latter expression is strictly less
than one if 7 is strictly larger than (~*(2). This proves (5).

One might be tempted to use inequality (5) directly with the sequence (N,)men =
(N)nen to derive a bound like (6) for Nj (e, s). But this is not easily done, since it is hard
to solve the resulting inequality with respect to N. For that reason we again use (7) to
derive statement (i) of the theorem.

Let us put € := 2. We know that each N with

N > 2:2 <S (log (1+2e7") + log(2e)) + log (&))

implies P [D% (Pns) < ¢] > 0, see (7) and (8). Now put &, := A~ and

L m)(1+5)7"

)y RN
0 =60(m,s,v)=1 T3 20



For fixed m and s put

Nps = {25;3 <s (log(1 + 2¢;,") + log(2e)) + log (%)ﬂ .

For all N > N,, s choose ¥(N) such that

N = 2¢2 (s (log(1 + 2¢,,") + log(2e)) + log (1—#19(]\]))) ,
that is,
Y(N)=1—2exp <—%£fn]\f) ((2e)(142¢,,1)° > 0'(m, s, 7).

Hence the probability that there exists an N > N, ; such that D} (Pn.s) > €, is bounded
from above by

D (1=9(N) =2((2)(1+2,)" > exp <—%g2mN)

N:Nmys N:Nm,s

s 1 o 1
<2((2e)(1 + 2¢;,1)) (exp (—55%@]\%75) —i—/ exp <—§5fnx) d:c)
Nm,s

=2((2e)(1 +2¢,,1))°(1 + 2¢;,%) exp <—%5;Nm,s)
<(1+26,2) (1= 0'(m,5,7)) = (L +m)(1+5))7.

Thus the probability that there exists a pair (m,s) € N? such that Nj(g,,5) > Nyg
is again bounded by (((y) — 1)% If v > (~!(2), there exists an infinite sequence P
such that Nj(ep,,s) is majorized by N, for all m, s. Furthermore, we see that for
e € [A™™, A'™™) the simple estimate Nj(e,s) < Ni(e,,,s) implies (6). This completes
the proof of Theorem 1. O

Theorem 1 immediately implies the following corollary.

Corollary 1 For an infinite sequence P in [0, 1) the following holds with probability one:
There ezist constants Cp, Cp such that

NN 12
Dy(Pns) < Cp (% log (1 + ;)) and Np(e,s) < Cpse2log (1+¢71)

for all N;s € N and all € € (0,1].

3 Extensions in the Dimension

Now we will try to relate the star discrepancies of an arbitrary (s — 1)-dimensional point
set and a suitably chosen s-dimensional extension of it. To be more precise, let P,_; =
{Yg, -, Yn_1} C[0,1)*! be a point set with star discrepancy Dy (Ps_1). Let m > 2 be
an integer, and let

2m’2m’ " 2m

G:G(m)::{l 3 2m—1}‘

7



For aq,...,any_1 € G we consider the point set given by
735:735(&0,...,0,]\[_1):{(yi,&i) : 0§Z<N} (11)

The following theorem shows that there is always a choice of ag,...,axy_1 € G(m) such
that we can bound the star discrepancy of Py as constructed in (11) in terms of m, N,
and the star discrepancy of P,_;.

Theorem 2 Let m > 2 be an integer and let 0 < 6 < 1 be a real. Assume that
ag, . ..,an—1 are chosen independently and uniformly distributed from the set G(m). Then
with probability greater than 6 we have for all N € N

D) = 2 (stontotv. o 108 (125 ) )+ g+ D3P

where p = p(N, s) := 6e(max{1, N/(2log(6e)s)})"/2.
Proof. For ® = (z1,...,25) € [0,1)*, y = (y1,...,Ys—1) € Ps_1 and a € G let
o (y,a) = As([0,2)) — Ljo.0) (Y, 0) -

Assume that A is chosen according to a uniform distribution from the set G. Then we
have

E (6o (3, A)] = [[ 0 — [ Yome) B [Losy (A)]

E [1j.0.) (4)] = m Z Loz, (@) = Tw - { >z, — 1/(2m),

it follows that

s—1 s—1 s—1 s—1
1 1
Tg (H Tq — H 1[0,xd)(yd)> - % <E [ga: (y7 A)] < x4 (H Tq — H 1[0,xd)(yd)> -+ %
d=1 d=1 — _

If Ag,...,Ay_1 are chosen independently and if Py = Ps(Ay, ..., Ay_1), then we obtain

1 1
TsAg 1((x1, ..., 25-1), Ps_1) — o <E[As(x, Ps)] < 2sAs1((21, .., 2s21), Psoa) + 7
where the expectation is taken with respect to Aq,..., Ay_1. Therefore we get
1 1
|E [AS(CC, Ps)” S % + ‘sts—l((xlv s 7:(:5—1)7 Ps—l)‘ S % + D?\](Ps—ﬁ- (12)

Let now 0 < § < 1/2. Assume that
1
A > Dy (Ps_ — + 4.
| S(waP8)| = N(Ps 1) + om +0

This implies |Ag(x, Ps) — E [As(x, Ps)]| > 0 or equivalently

N-1

3" (€e (41 A)) — E [ (y,, A)])| = 6N

1=0



We can apply Hoeffding’s inequality to obtain

1
> Dx —
P {|As<w,7>s>| > Di(Pa) + 5+ )

Z Ealyir Ai) — Eléa(y, A))))

> 5N] < e 207N

Similar to the proof of Theorem 1 we get, for a d-cover I' of [0, 1],

P {DN(PS) <20 + - + DN(PS_I)} > P [Igggc |Ag(x, Ps)| <+ - + DN (Ps—q)

> 1—2|[)e 2N,

The latter term is greater than or equal to 6 if
2
20N > log |I'| + log <ﬁ> : (13)

From [7, Theorem 1.15] we get |T'| < (2e)*(6~! + 1)*, hence any solution of

5 > % (slog (3e67") +log (1 3 9)) (14)

satisfies (13). Put now

5= 8(N, ) ;:\/%Glog( )+1og(139))1/2. (15)

It is easy to check that this ¢ satisfies (14). O

The result in Theorem 2 gives us the opportunity to construct point sets with low star
discrepancy in a component-by-component fashion. The following corollary shows an
upper bound on the discrepancy of such a point set. Note that this bound displays a
slightly worse dependence on the dimension s. The advantage of the construction is that
the points lie on a relativly small mesh (with not necessarily the same resolution in each
dimension). This allows a cheaper computation of the precise discrepancy (see Equation

(17) in Section 4) and also a more efficient derandomization (see the remainder of Section
4).

Corollary 2 For any N > 1 and any sequence (mgq)a>1 of positive integers there exists a
point set P = {xo,...,xzy_1} C [0, )N with

o (241 20041 20041
t 2N’ 2m1 ’ 2m2 T

where a;q € {0,...,mq — 1} for alld > 1 and 0 < i < N such that for all s > 1 for the
point set Py, consisting of the projections of the points from P to the first s components,
we have

,_.

S—

PP < Y25 1) (sl (p(V,5) + log(2)) " +

where p(N, s) is as in Theorem 2.

11
— +

— 1
o TN (16)

1
2

&
Il

1



Proof. 1t is easy to check that D} (P1) = 1/(2N) (see [17, Theorem 2.6]). Due to Theorem

2, we can recursively choose sets {zgg, ..., Zn_14} such that
d L 1
D (Pa) § 1 log(2N2 + =5 — 4 —
v(PJ) :2jog )) + log(2)) +2]:1mj+2N

holds for all d = 2,...,s. Elementary calculus shows that slog(p(N,s)) > dlog(p(N,d))
for d < s. O

4 A Construction Algorithm

One may use Theorem 2 and Corollary 2 to construct low-discrepancy point sets via a
derandomized algorithm similar to what has been done in [5]. Here, we would like to use
a slightly different algorithm, since the sets we want to construct are contained in a grid
whose cardinality is of the same order as the smallest §-cover constructed in [7]; instead of
only approximating the discrepancy of such a set up to some admissible error ¢ with the
help of a d-cover, we can calculate its discrepancy exactly with at most the same effort.
We make use of the following simple observation:

Let Ps = {po, P1s---sPy_1} C [0,1)* with p, = (p;1,...,Dis). Define ford=1,...,s

La(Ps) :== {pog,---,pn-1a} and Tq(P,) :=Tq(P,) U {1}.
Furthermore, set
D(Py) :=T1(Py) x -+ x Ts(Py) and T(Py) :=T1(Ps) x -+ x Ts(Py).
It is easy to see that

D (P,) =

max {mg%ags ( Z 0,2 (P;) 8([0,.7:))) , max <)\8([0,a:)) — % Z_: l[o,m)(Pi)> } :

ZI:EF(PS)
(17)

Observe that for general (more precisely: almost all) N-point sets P, the evaluation of
the right hand side of (17) involves ©((/N + 1)°) test boxes, while the approximation of
their discrepancy up to d chosen as in (15) via a d-cover as constructed in [7, Theorem
1.15] requires at most

0 ((26)8 (@ <10g (1 + g))_m + 1)) (18)

test boxes. (In [8] a smaller J-cover has been constructed in dimension s = 2. There
it is conjectured that the methods can be extended to arbitrary s and would give 6-
covers of size 207% + O4(67*™1), which would be considerably smaller than the §-covers
constructed in [7].) However, in the derandomized construction we have in mind we will
confine ourselves to sets P, having the property that the cardinality of I'(P,) and T'(P;)

10



is at most of the order of (18). To describe our approach in detail, we have to introduce

further notation. Let my, ma,...,ms € N, and, ford=1,...,s, let
1 3 2mg — 1 ~ 1
= = T e T e e e d = 1 *
Gd G(md> {de’ de’ ’ de } an Gd <Gd V { }) \ {2md}

Furthermore, put
G. =G x---xG, and QNS ::él X ~-~><és.

Let Ps—1 = {¥Yo,Y1,---,Yn_1} be a subset of G, 1. For Xo,..., Xy_1 € G, we consider
the point set
Ps:PS(X07---7XN—1):{(yini) : O§Z<N} (19)

To avoid having to distinguish between open and closed test boxes and to reduce the
number of events we have to control in our random experiment, we reformulate (17). It
is easy to verify

a:Egs

Dy (Ps) =max { max (% Z_: Lo,z ((v:, Xi)) — As([0, a:))) ,
= (20)

max (AS([O’ w)) - % z_: 1[0,m)((yi>Xi))) ’ i’ D;V(Ps—l)}'

:1:695 S
1 2 —1
G;;;:{_,_,...,md ,1}.
mqg Mgy mq

G = GE X x G

Ford=1,...,s, put

Additionally, put

Then for each z € G, and each Z € G, we find uniquely determined t,t € G* such that
0,2] N S| =[[0,t)nS| and [[0,2)NS|=|[0,)NS]
for all subsets S of G;. These relations define a mapping ® from the set
B:={[0,z] : x € G}U{0,%) : & e G}

onto G*. Now let n := |G| = [[;_, ma, and let ¢,...,¢, be an enumeration of G. For
1=1,...,n,y € Ps_1, and a randomly chosen X € G; let

gz(an) = l[O,ti)(y>X) - )\s([oﬁtz))

Then
Ez(ya X) = gz(ya X) - E[gz(y> X)] - ]-[O,tl)(ya X) - ti,s 1[0,t;)(y)a (21)

where we used the convention to denote the projection of an s-dimensional vector ¢ onto
its first s — 1 components by ¢'. We use the corresponding convention for subsets of [0, 1]°.

11



Let B € B and t; = ®(B). Denote by B® the projection of B to the s-th component.
Then

N-1 N—
1 ] s |
N Z L((y;, X5)) = A(B) = + Z Lo (¥, X;)) = M(BO)A,_1(B)
=0 j=0
1 N-1 1 N—
N =0 =5 <N Z 0.)(Y5) — As— 1(3/)) + A1 (B)(tis — M (BY)).

Due to 1jo)(y;) = 1p/(y;) for 0 < j < N and [t;, — A (B®)| < 1/(2my) we obtain from
(20)

1 — 1
Dy (Ps N max Ei(y;, Xj)| + Dy (Ps-1) + S (22)
i s
From Hoeffding’s inequality we get
N-1
g [m > =y, X)) 2 5N] < 2. (23
- =0
This results in
1
P [DA(P) <54 D(Peos) + 5| 21— 206
Now the latter term is greater than or equal to 6 if
9 2
20°N > log(n) + log T—¢ (24)
The choice
) ) 1/2
0= 1 1 25
m(zogmd”g(l—@)) (%)

gives us the following theorem.

Theorem 3 Let 0 € [0,1). Assume that Xo,...,Xn_1 are chosen independently and
uniformly distributed from Gs. Then with probability > 6 we have

1/2
1 2 1
<— > 4D ,
DN (Py) o ( log(mg) + log (1 — 9)> + o + DN (Ps—1)

Let us now choose

VN

mg = md(N, 9) = |VW

<dlog (' (N, d)) + log (1 f 9))_1/7 ford=1,...,s, (26)

where

p'(N,d) = 2v/e (max{L, N/(2log(2V/e)d)})"*. (27)
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An elementary analysis shows m; > mgy > --- > my,. Now we can estimate n in terms of
N, s and 6:

n= gmd < g (% (log (p'(N,d)) + élog (&))—1/2 + 1)
_ (%) 1/2£[1 (\% <log (/' (N, d)) + é log (12?9))_1/2 + %)

< (2ms) Ve (\% (log (P (N, ) + élog (%))_W 4 1)8 |

Then the particular choice

5 e ﬁ (s log(p/ (N, s)) + log (1 2 9))1/2 (28)

and (24) imply the following version of Theorem 3.

Theorem 4 Let the conditions of Theorem 3 hold. Then, with the choice of mq,...,my
and p'(N, s) as in (26) and (27), we obtain with probability > 6

D = Y2 (v + Les (1 25)) i e

One can prove the following corollary in a similar manner to Corollary 2.

Corollary 3 For any N > 1 and the sequence (mg)q>1 of positive integers defined as
above, there exists a point set P = {py,...,pn_1} C [0, 1)N with

. 2a2-,1 + 1 2ai,2 + 1
b = 2m1 ’ 2m2 )Y

where a;q € {0,...,mq — 1} for alld > 1 and 0 < i < N such that for all s > 1 for the
point set Py, consisting of the projections of the points from P to the first s components,

we have
53/2 1/2
D7V<7>s>s“3ﬁ (1og<p'<zv,s>>+§10g<2>) . (30)

We now derandomize the above construction, that is, we transform it into a determin-
istic algorithm that computes point sets having a discrepancy similar to the one which the
randomized algorithm has with positive probability. In order to be able to use existing
derandomizations, we reformulate our problem of “adding one dimension” as a rounding
problem with hard constraints.

We briefly recall our problem: Let Ps_1 = {yg,...,Yn_1} C Gs—1 with small star
discrepancy Dy (Ps-1). We aim at finding X, ..., Xy_1 € G, such that P, = {(y;, Xj) :
0 < j < N} has small discrepancy. For convenience, let us write m = m.

Our problem becomes a rounding problem as follows Let X be the set of all families

.....
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ti,...,t, be the enumeration of G chosen above. Define a linear function A : RN — R”
by

r

NE

Tielio,e) (Y, l%) for & = (zo1, ..., 2(nv_1)ym) and i =1,...,n,
1

<
I
)
=
Il

where we used the shorthand k = %

If x € & is integral put X; = /%j for j =0,1,...,N —1if 2, = 1. Then P(x) :=
{(y;,X;) : 0 <j < N}is an N-point set in [0,1]° and A(x); is [P(x) N [0,¢;)]. If in
addition ® € X is defined by 7, = % for all 7, k, then we have the following. Let B € B
and t; = ®(B). Then

N—-1 m 1 ) N-1 m 1 )
A@ = 30D Dhou (.0 = D 1o () (Z El[o,ti,sxk))
=0 k=1 =0 k=1
N-1 N-1
=1is 1[0 t;)(yj) tis 1B’(y3>
7=0 7=0
Due to (21) we have
N-1
=0

thus (22) implies Dy (P(x)) < % [|A(2)—A(T)||oo+Di (Ps—1)+5= . Hence low-discrepancy
point-sets P(x) correspond to roundings & € X of  with small rounding error ||A(x) —
A®) .

Generating and derandomizing randomized roundings satisfying certain equalities
(“hard constraints”; here > "  x; = 1 for all j) without violation is highly non-trivial
as recent results show, see e.g. [2, 3, 6]. Fortunately, in the case that the hard constraints
require variable-disjoint sums to equal one, the classical method of Raghavan can be used.
We briefly outline this method.

Let us assume that we have an arbitrary * € X, which we want to round to an
integral @ € X such that |(A(x — ®));| is small for all 7. The randomized construction
would be to choose for each j independently a k; € [m] at random such that P[k; =
k| = @), for all j, k. Then for all j we define random variables X jk; = Land Xy, = 0,
k # k;. Note that by construction any outcome of X lies in X'. Let A € R such that
P =% Pl|(A(X —%));| > A] <1 (“small initial failure probability”). Then there exists
an ¢ € X such that [(A(x —x));| < A for all i.

We can actually compute such roundings & by derandomizing the probabilistic con-
struction above. Let us confine ourselves to the special case T;; = 1/m for all j, k. Due
to (31) and (23) the initial failure probability is at most P < 2n exp(—2A?/N), which is
smaller than one if A = §N, § chosen as in (28).

For £k = 1,...,m, let e, denote the kth m—dimensional unit vector and consider
the conditional probability P, = > . P[|(A(X — ®));| > A(Xo1,. .., Xom) = ex]. Since
pP=>" %Pk, there is a 1 < kj < m such that P < P <1 (“decreasing failure proba-
blllty”) Next, let Pkak = Zz ]P)H(A(X—E))A Z )\|(X01, ce ,Xom) = 6k3’ (Xlla ce ,le) =
ex]. Again, P = kazl %Pk;;k, and there is a 1 < kI < m such that Prerr < Py < L.
Proceeding like this we end up with kg, ..., k}_; such that Py xs = P[|(A(X =T));| >

-----
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AVO<j < N:(Xj1,.... X)) = ek;] < 1. Since Py, x; . involves no randomness (all
variables are bound in the conditional statement), we actually have Pys x: = = 0. We
define x as follows: For each 1 < j < N, we set Tjpr = 1 and zj; := 0 for all other k.
This yields an integral vector & € X such that |(A(x —@));| < A for all .

The only problem with the above derandomization is that we usually cannot com-
pute the conditional probabilities Pk;;k;... in time polynomially bounded in N, m and n.
However, it would suffice if we can compute (in polynomial time) upper bounds Ugs:..
for the exact conditional probabilities Pys+  such that the following key properties are

maintained:

e Small initial (estimated) failure probability: U < 1.

e Decreasing (estimated) failure probability: For all 0 < ¢ < N and kf, ..., kj_; €
{1, e ,m} there is a 1 S k S m such that ngk{...k;flk S Uka‘k{...szl-

The ngk;... are called pessimistic estimators for the conditional probabilities Pkgk;__.
This notion was introduced by Raghavan [20], who also showed that such pessimistic
estimators exist for the conditional probabilities that occur in our derandomization. They
are the sum of 2n expressions, two for each 1 < ¢ < n, estimating the probability that
the box [0, ¢;) receives too many or too few points. Both cases lead to similar expressions.
Hence we sketch only the one for the case of too many points. Note that we do not
want give a precise description of how to implement the derandomization, but only prove
bounds on the amortized time needed to compute the estimators.

The probability that the box [0, ¢;) receives too many points is at most

N-1 m
exp(—c¢;) H ( Z Zj1, exp(Lio,4) (Y, l{;)ci)) :

j=0 k=1
Here, 7, shall always denote the expected value of the random variable X, if it has
not been rounded, and the outcome of the rounding thereafter. This is the reason why
we can compute the pessimistic estimator efficiently using the previous computation:
When determining the rounded value for some (x;.), we only need to replace the terms
involving these variables with the m possible choices for (x;.). Hence this can be done
quite efficiently in time O(nm). Thus both computing the initial value of the estimator
and computing all subsequent values take time O(nNm).

Note that for the final rounding @, the pessimistic estimator implicitly tells us the num-
ber of points in the box [0,%;): The expression (Y ", Zjr exp(Ljoe)(y;, k)c)) is exp(c),
if the jth point is in [0,¢;), and one, if not. Hence we can extract the number of points
in each box easily from the computations so far, and thus also compute the precise dis-
crepancy easily (by computing for each box the deviation of the actual and the aimed at
number of points).

The constants ¢; and ¢, depend only on the aimed at rounding error A (in particular,
they do not change during the algorithm). Also, the ¢;, ¢, are such that the resulting
exponential functions can be computed in the RAM model. As a consequence—since we
chose all components of T to be rational numbers—we can compute the initial value of
the pessimistic estimator in time O(nNm) in the RAM model.

Unfortunately, Raghavan’s pessimistic estimators do not admit the Hoeffding bound
given in (4), but rather one that, in the setting of (4) and u; = 0, v; = 1, implies that

P[lA; 4 -+ A >rm] < 9. o= (1/3)rn. (32)
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In consequence, to achieve that the initial estimated failure probability U is less than
one, we have to choose the § in Equations (23) to (25) to be v/6 times larger than there.
Choosing m; > ... > mg = m asin (26) and § = 1/2 in the choice of ¢ (any small positive
constant is fine), this leads to a discrepancy bound analoguous to (29) of

Vs

1 1/2
Dy(P) < (Va+ 5 ) Y (log(d (Vo) + Sloe(d)) 4+ DR(Pr). (9

1
ﬂ) VN
Note that this estimate is certainly trivial for s > N/3 (also, in this case we have
m = mg = 1, i.e., our “random experiment” is completely deterministic and Xy = ... =
Xn-1 =1/2). Hence in the following run-time estimate, we may assume s < N/3. Then,
the run-time of our derandomized algorithm is

O(nNm) = 0O

where ¢ is some constant independent of NV and s.
We summarize the discussion above in following theorem.

Theorem 5 Let s, N € N. Let 0 = 1/2, and my,...,ms as in (26). Let Py =
{Yo, - s Yn_1} be a subset of Gs_1. Then there is a deterministic algorithm that com-

putes in time
s
SN
s+1

s3%1 log (&) 2

s

O(nNM) =0

¢ a constant independent of N and s, Xq,..., Xy_1 € Gy such that the point set P, =
{(y0> X0)> SRR (yN—lﬁ XN—l)} satz’sﬁes

1 \/E 1 1/2
— )| Y= [(log (p/(N,s)) + =lo 4) + D (Ps_1).
7)Y (los o) + 1o () 4 Di(P)
Obviously, we can use the derandomized algorithm from Theorem 5 to construct point
sets P, satisfying the discrepancy estimate (30) (multiplied by the factor (v/3 + %) /V?2)
component by component.

Diy(Ps) < (ﬁ +

5 Conclusion

We presented a deterministic algorithm that generates in time

s+3

SN 2

an N-point set Py C [0, 1)° satisfying

Dy (Ps) <O (;3—1//22 <log <1 + g»m) : (34)
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In [4, 5] deterministic algorithms were presented that construct N-point sets P C [0,1)*

satisfying
1/2

Dy(P.) <0 (37 Qo (14 )2 (35)
in run-time O(C*N**2log(s)* log(N)*~*%), C a suitable constant, and O(slog(sN)(aN)?),
o = o(s) = O(log(s)?/sloglog(s)), respectively.

The comparison of the algorithms shows that the discrepancy guaranteed by our new
algorithm has a slightly worse dependence on s than the discrepancy guaranteed by the
other two algorithms. Conversely, the run-time of our new algorithm improves consider-
ably on the other two algorithms, especially with regard to the dependence on the number
of points N. Another advantage is that the new algorithm calculates along the way the
exact number of points in each box from a distinguished set of half-open boxes. This
allows to easily compute the precise discrepancy of the output set P;.

We close this paper by relating the problem of constructing low-discrepancy sets of
small size via derandomization to the problem of approximating the discrepancy of a given
set.

Instead of trying to derandomize the random experiment to construct low-discrepancy
sets, one may think of a semi-construction by performing a random experiment, calculat-
ing the actual discrepancy of the received set, and accept it if bounds like (34) or (35)
are satisfied or start a new random experiment otherwise. Large deviation bounds like
Hoeffding’s inequality guarantee that with high probability we only have to perform the
random experiment a few times to end up with a low-discrepancy point set. Besides the
need of (true?) random bits, this overlooks the difficulty of calculating (or approximating)
the star discrepancy of a given set.

Indeed, all algorithms that have been presented for this problem so far have a run-time
exponential in s or no run-time guarantee at all, see e.g. [7, 21, 22, 23] and the literature
mentioned therein. In fact, it has been shown recently in [23] that the decision problem
whether an arbitrary point set has discrepancy smaller than ¢ is (if suitably posed) N P-
complete. This indicates that it may be not possible to perform semi-constructions as
described above in polynomial time, as long as the possible out-put sets do not exhibit
a special structure that makes the approximation of their star discrepancy particularly
simple.

In the light of these results it is not too surprising that the run-times of the derandom-
ized algorithms in this paper and in [4, 5] are exponentially in s, since we cannot expect to
do the (deterministic) derandomized construction with less effort than the (probabilistic)
semi-construction.
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