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On the diaphony of some finite hybrid point sets
by

PETER HELLEKALEK (Salzburg) and PETER KRITZER (Linz)

1. Introduction. This work continues the exploration of the b-adic
method introduced in [6] [7]. It is motivated by recent advances on hybrid
point sets in the theory of uniform distribution of sequences in the multidi-
mensional unit cube [0, 1), in particular by [I§].

By a point set we mean, here and in the following, a sequence of points
(either finite or infinite) in the s-dimensional unit cube, i.e., points are al-
lowed to occur repeatedly.

The b-adic method employs structural properties of the compact group
of b-adic integers to derive techniques for the analysis of the uniform distri-
bution of point sets in [0,1)* (see [6, [7, 8, [10]). Its central elements are par-
ticular function classes derived from the characters of the compact group Z
of b-adic integers.

Hybrid sequences are sequences of points in [0,1)° where certain coor-
dinates of the points stem from one lower-dimensional sequence and the
remaining coordinates from a second lower-dimensional sequence. This idea
was proposed by Spanier in [34], who suggested mixing quasi-Monte Carlo
and Monte Carlo methods. Recently, considerable advances for the discrep-
ancy of hybrid sequences have been achieved, in a series of papers by Nieder-
reiter [25]-[29] (see also [30]).

Obviously, the idea of mixing different types of point sets can be extended
to more than two components, an idea that was dealt with in the recent
paper [8], where general new tools for the analysis of hybrid sequences were
introduced, based on a hybrid function system involving trigonometric, p-
adic, and Walsh functions. We are going to make use of crucial results from
[8] in this work.
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In this paper, we study a new notion of diaphony, namely the hybrid
diaphony (see [§]) of a special sort of a finite hybrid sequence that has first
been introduced in [I8], the mix of a Halton sequence in prime bases and
a lattice point set modulo a prime. We derive a previously unknown upper
bound on the diaphony of such point sets. Our technique shows how to
employ the b-adic method for this kind of problems and exhibits, for the first
time, the interplay between classical techniques for estimating particular
exponential sums and the new hybrid approach.

Let us outline the problem under consideration in the next two sections.

1.1. Basic definitions and the b-adic function system. We recall
the following concepts from [7, 8, [10].

Throughout this paper, b denotes a positive integer, b > 2, and b =
(b1, ...,bs) stands for a vector of not necessarily distinct integers b; > 2, 1 <
i < s. Further, p denotes a prime, and p = (p1,...,ps) represents a vector
of not necessarily distinct primes p;, 1 < ¢ < s. We write N for the positive
integers, and we put Ng = N U {0}. We will use the standard convention
that empty sums have the value 0 and empty products the value 1.

We consider the s-dimensional torus R®/Z?, which will be identified with
the half-open interval [0,1)°. We put e(y) = e*™¥ for y € R, where 1 is the
imaginary unit.

For a nonnegative integer k, let k = Zj>0 kb, k; € {0,1,...,b—1}, be
the unique b-adic representation of k in base b. With the exception of at
most finitely many indices j, the digits k; are equal to 0. Every real num-
ber z € [0,1) has a b-adic representation x = >, z;b7971 with digits
zj €{0,1,...,b—1}. If = is a b-adic rational, which means that x = ab™9,
a and g integers, 0 < a < b9, g € N, and if x # 0, then there exist two such
representations. The b-adic representation of x is uniquely determined under
the condition that x; # b — 1 for infinitely many j. In the following, we will
call this particular representation the regular (b-adic) representation of x.

Let Zp denote the compact group of the b-adic integers. We refer the
reader to Hewitt and Ross [11] and Mahler [23] for details. An element z of
Zy, will be written in the form z = ijo z;b?, with digits z; € {0,1,...,b—1}.
The set Z of integers is embedded in Zy. If z € Ny, then at most finitely
many digits z; are different from 0. If z € Z, 2 < 0, then at most finitely
many digits z; are different from b — 1. In particular, =1 =}".-,(b— Y.

DEFINITION 1.1. The map ¢, : Zy — [0,1) given by ¢p(3_ ;50 2;0') =
>j>0 z;b=771 (mod 1) will be called the b-adic Monna map.
The restriction of ¢, to Ny is often called the radical-inverse function in

base b. The Monna map is surjective, but not injective. It may be inverted
in the following sense.
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DEFINITION 1.2. We define the pseudoinverse go,"f of the b-adic Monna

map ¢y by
cpzr :[0,1) — Zy, gpj(ijb_j_l> = ijbj,
Jj>0 Jj=0

where > .~ z;b7771 stands for the regular b-adic representation of the ele-
ment x € [0,1).

The image of [0, 1) under ;" is the set Z; \ (—N). Furthermore, ¢yo¢; is
the identity map on [0,1), and (p;' o yp the identity on Ny C Zjp. In general,
z # o (pp(2)) for 2 € Zp. For example, if z = —1, then ¢} (pp(—1)) =
¢y (0) =0%# —1.

A central point in the concept of b-adic function systems introduced in
[10] is the enumeration of the dual group Zp. Namely, Z;, can be written
in the form Z, = {xvo.e : k € No}, where xp1 : Zpy = {c € C: |¢| = 1},
Xbk (D550 zit?) = e(pp(k) (20 + 216+ - - - )). We note that X depends only
on a finite number of digits of z and, hence, this function is well defined.

As in [8,[10], we employ the function cp;f to lift the characters xp to the
torus.

DEFINITION 1.3. For k € Ny, let 15 : [0,1) = {c € C : |¢| = 1},
Yoi(x) = Xb,k(@lj(l"))» denote the kth b-adic function. We put I, = {7y :
k € No} and call it the b-adic function system on [0, 1).

The preceding notions are easily generalized to the higher-dimensional
case. Let b = (by,...,bs) be a vector of not necessarily distinct integers
by > 2, let « = (x1,...,25) € [0,1)%, let 2 = (21,...,25) denote an ele-
ment of the compact product group Zp = Zy, X - - X Zy, of b-adic integers,
and let k = (k1,...,ks) € Nj. We define ¢p(2) = (5, (21),- -, 9, (25)),
and cpZ(m) = (c,olj1 (x1)y..-, ‘pbt (z5)). Moreover, let xpx(2) = [7_1 Xb; k: (%)
where xp, 1, € Zbi, and define vy k() = [17_; b,k (i), where y, 1, € I},
1 <i<s. Then v = Xbk © golf. Let Flgs) = {1k : k € N§j} denote the
b-adic function system in dimension s. It was shown in [10] that Flg %) is an
orthonormal basis of L2([0,1)%).

DEFINITION 1.4. Let k € Z. The kth trigonometric function ey, is defined
asep : [0,1) = C, ex(x) = e(kx). For k = (ky,...,kq) € Z%, the kth trigono-
metric function ey, is defined as eg : [0,1)% — C, ex(®) = [[, e(kizs),
x = (21,...,24) € [0,1)%. The trigonometric function system in dimension
d > 1 is denoted by T@ = {ey, : k € Z%}.

REMARK 1.5. For given s and d, let us write a point € [0,1)**¢ in
the form z = (), 2®) with 1) € [0,1)* and £?) € [0,1)?. For a given
index k = (k:(l), k(z)) € N§ x Z4, the functions Vo ©€pe [0,1)*t — C,
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z = (2, 2?) —» Y k<1)(m(1))ek(z)(:c(2)), define the hybrid function sys-
tem
07 @ T = {7, 40 ® ey + (KW, k) € N§ x 2.

This system is an orthonormal basis of the space L2([0,1)**%). We refer to
[8] for this kind of notions and generalizations.

1.2. The problem dealt with in this paper. In many applications of
mathematics, such as numerical integration by means of quasi-Monte Carlo
methods (see, e.g., [1l, 2], 20, 22, 24, 33]), or function approximation (see,
e.g, [21]), one is in need of point sets which are evenly distributed in the
unit cube. There are several well-known types of point sets with this dis-
tribution property, one of the most important being the Halton sequences
(cf. [4]).

DEFINITION 1.6. Let b = (b1,...,bs) be a vector of s not necessarily
distinct integers b; > 2. The s-dimensional Halton sequence to the bases
bi,...,bs (or to the base b) is defined to be the sequence w = (wy)n>0 in
[0,1)%, where

wp = pp(n), n>0.

A Halton sequence is uniformly distributed if the bases b1,...,bs are
coprime, which can, e.g., be conveniently achieved by choosing the bases
as distinct primes (see, e.g., [20]). We shall use this assumption in this pa-
per.

In addition to infinite point sets, such as Halton sequences, there are
important finite sequences of, say, N elements in [0,1)%, where N is fixed
and their definition depends in some way on N. One prominent example is
that of lattice point sets. We refer to [24] or [33] for excellent introductions
to this topic. The definition of a lattice point set, introduced by Korobov
[16] and Hlawka [12], is as follows.

DEFINITION 1.7. Let N be a positive integer and let g = (g1,...,94)
be a d-dimensional vector of positive integers. The lattice point set w =
(wn)nN;01 with generating vector g, consisting of N points in [0,1)%, is de-

fined by
w:<{]~3}{]§}> 0<n<N_1,

where {-} denotes the fractional part of a number. For short, we write

wn:<{?\‘?}>, 0<n<N-1.

It is of great interest to find out how well the points of a given point
set are spread in the unit cube. There are different quality measures for
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assessing the uniformity of distribution of a point set. For example, there is
the well-known concept of discrepancy (see, e.g., [1], [20], or [24]). Apart from
discrepancy, there are other ways for assessing the quality of distribution of
a point set, such as diaphony. The diaphony of a point set is one of the
most common assessment criteria for the quality of distribution of a given
point set, and it is closely related to the worst case integration error of a
QMC integration rule based on this point set (see, e.g, [31]). The classical
diaphony was first introduced by Zinterhof [35], and it was later modified
to the concepts of dyadic (Walsh) diaphony by Hellekalek and Leeb [9],
to the b-adic (Walsh) diaphony by Grozdanov and Stoilova [3], and to the
so-called p-adic diaphony by Hellekalek [7]. For assessing the diaphony of
hybrid point sets, we need the more general notion of hybrid diaphony, which
was introduced in [§]. The following notation stems from [§] and has been
adapted for our purposes.

For a given base b = (b1, ..., bs) of integers b; > 2, and a vector k € N,
k= (ky,...,ks), define

L 1 if kj =0,
pos (ki) = b 20 i T <k < b for j €N,
for 1 <i <'s, and put pp(k) = [1;_; oo, (k:)-
Furthermore, for a positive integer ¢ and a vector k € Z¢, define

oy {1 if ki = 0,
PR kTt if ks £ 0,

for 1 <14 < d and put r (k) = H (ki)
For an integer vecto k= (kW k®
function p(k) = ,Ob( ) 2(K'7).

= ) € N§ x Z%, we define the weight
[Ae)

Moreover, we put

(1) o= <£Il(1 + 7)) <1 + ﬁ)d

We are now ready to define the measure of uniform distribution that will
be studied in this paper.

DEFINITION 1.8. Let w®) = (wq(ll))n _o be a point set in [0,1)%, and let

w? = (wf))ﬁ;(} be a point set in [0, 1)%. Furthermore, let w = (wy,) -} be
the (s+d)-dimensional point set defined by w,, = (w%l), wT(«L )), 0<n<N-1.
Moreover, let p = (p1,...,ps) be a vector of not necessarily distinct primes
p;. The hybrid diaphony of the (s + d)-dimensional sequence w with respect

to the function system F ® T is given by
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Fy(w)
1/2

. 2
T lo-1 Z Pk, k) ‘N Z’Y K (W ege (@)

kM eNg
k@ ezd
(kM) k)20
REMARK 1.9. A more general version of the hybrid diaphony involving
also Walsh functions can be found in [§]. There it was shown that the hybrid
diaphony is a normalized measure of uniformity of distribution, i.e., it always
takes on values in [0, 1] and takes on low values if and only if a point set is
evenly spread in the unit cube.

Let us, in the next step, introduce a special choice of a finite point set
w that we are going to be concerned with in this paper. In what follows, let

o wl) = (wS));;OZD be an s-dimensional Halton sequence to the base
p = (p1,...,ps) (from now on we always assume that py,...,ps are s
distinct primes),

o w? = (wg))fl\[:_ol be a d-dimensional lattice point set with /N points,
generated by a vector g € Z°, where we assume that N > 2 is a prime
different from pq,...,ps, and

e w= (w,)"} be the (s+d)-dimensional finite hybrid point set defined
by (wn)iZg = (wi) w5

We emphasize that we always assume w to be of the form above throughout
the rest of the paper.

The logical question when dealing with w is how evenly it is distributed
in the unit cube, and, as outlined above, one may consider different quality
criteria for this purpose. For instance, the discrepancy of w was studied in
[18], where it was shown that w is, for clever choices of the vector g, a low
discrepancy point set. Here we would like to further advance the results of
[18] and study a different way of measuring the quality of distribution of w.
As w is a hybrid point set, it is near at hand to consider its hybrid diaphony
with a particular choice of the underlying function systems, as described in
Definition [I.8

The rest of the paper is structured as follows. In Section [2| we show
that there exist generating vectors g € Z? such that the hybrid point set w
obtained by mixing the first N points of a Halton sequence in prime bases
with a lattice point set generated by g has low diaphony. In Section |3 we
outline that one can even restrict oneself to very particular choices of g
and still obtain strong diaphony bounds. Finally, we summarize our main
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findings in Section [] and discuss the relation of our results to other prob-
lems.

2. The diaphony of the mixture of Halton and lattice point
sets. Within this section, let w, as defined in Section be the mixture of
the first V points of an s-dimensional Halton sequence and a d-dimensional
lattice point set.

We are going to show the following theorem.

THEOREM 2.1. Let w(M) = (w%l))zozo be an s-dimensional Halton se-

quence to the base p = (p1,...,ps), where p1,...,ps are s distinct primes.
Let N be a prime different from p1,...,ps. Then there exists g € {1,.
N — 1} such that the point set w = (wp) ) = (wﬁ}),w%))n G s where
2 = {ng/N} for 0 <n < N —1, satisfies
loe N s+d+1
Fy(w) < C(Og]\)r’

where ¢ is a positive constant that is independent of N.

Proof. We introduce some further notation. Choose positive integers
mi,...,ms, where each m; is minimal such that N? < pI". We put

Apo(N) = {k = (k1,... k) € NS : by < I, 1<i < s},

and Ay (N) := Aps(N) \ {0}. By Ay, 1(N) and Ay ;(N) we mean the
one-dimensional analogues of Ap (N) and Ay ((N) with respect to the ith
component.

Furthermore, we write

Ca(N?):={k € Z?: ||k|lc < N?/2} and C3(N?):=Cy(N?)\ {0}
We also write

Epsd(N) = Ap(N) x Cd(N2) and E;S’d(N) = Eps4a(N)\ {0}
Finally, let

2 Pi
b s P f
Using this notation, we invoke Corollary 5 of [8] to obtain
o(s+d)d

oc—1

Fom 3 k) S0k

(W E@)ezx (N)

Fi(w) <
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where o is defined as in , and

N-1
1
® TR = | § X 0@ @)
n=0
The above bound on Fi(w) can be written in the form
(3) Fi(w) < N +c2 Z k(l )ra( kz(2 ‘Z

(k(l),k(Q))eE;’s’d(N)
where c¢1,co > 0 are constants that might depend on the p; and s, but
not on N. We shall frequently use constants ¢; in our estimates, always
tacitly assuming that the ¢; are positive and independent of N. The indices
[ =1,2,... are used to indicate that the constants may be different from
each other.

We now study the term

> ROk S k)|

(kM ECHezx | (N)

- L= "P<"’(”>)Z<k“”°>\2+ > k)| 0.k

kMeAs (N) k(2>eo*(N2)

+ 3 ek W)ra(k®) )Z ) k@) ‘ BDIEDIED P
kDeAs (N )
B ek (N?)

For 3", we can write

Z = Z Pp(k(l))

| Nl
N Z 7p7k(1>(w( )
1 kDeAs (N) n=0
This expression was studied in [31], where it was shown that

> <% N2(—1+jH1(1+(1+21ogij)b§)) SCg,W.

We therefore obtain

2 (log N)®
(4) F(w) < N2 N —1—0222—1—0223.
Let (-,-) denote the usual inner or dot product. For ), we have
N-1 2
1
DR S PP S C)
k<2>€C;(N2) n=0
1%~ (1 2
= Z 7‘2(]{;(2))‘]\7 €<N<k(2),g)n> _ Z Tg(k(2)).
k(2>EC§(N2) n=0 k(Q)ECZ(NQ)

(k) ,g)=0(N)
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Finally, we deal with ) ;. For every kD = (kgl), cee k:gl)) € Ay s(N),
there is a unique subset u # ) of [s] := {1,..., s} such that ki(l) €A, 1(N)
if 4 € u and kl(l) = 0 otherwise. Let p, denote the projection of p onto the
components which are contained in . Furthermore define

AL ) =114,

€U
and write Zu(kz(l), k@) for the obvious adaption of 3 (kM k®?) with re-
spect to u.
Using this notation, we have

2,= 2 pp(k’(l))ﬁ(k@))‘ > (kWY k(z))‘z

1 *
EDeAs (N)
k@ eck(N?)

DI OIS DR SRR I DU

K2 eci(N2) Pruclel KDeas M
which yields
(5) 2
Zg _ Z Z ro (k@) Z ppu(k(l)))z:(k(l),k@))‘ :
0£uC[s] K eCs (N2) kWeal | (N) ’

For u C [s], u # 0, let us write
- 2 2)
CED YD SRR I S DS
ke (N2) EMeat (N)
We first deal with the special case u = [s] in (6)), which simplifies no-

tational issues. The other cases will be dealt with later. For this particular
instance, the term under consideration simplifies to

@) Z;]: > n®®) > pp(k“))‘Z(k“),k(?))‘g

puslul

k(2 eCx(N2) EMeAY (N)
my ms s ) - ps—1
- Z ro (k) Z Z <Hpi_2(h ) Z Z Z
k(Q)EC';(NQ) J1=1 js=1 i=1 ri=1 re=1

where kK = (£, ... k{") and where
(r4+1)pt T =1 (e l)pls o1

ZA:: Z Z (Z k(z)’

ROt Do ple

(ri+ -1 (r5+1)pg57171

N J1—1
KD =ript 7! kD =ropls ™!

2

NZ (82 00n )ellop(). 1)
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Note that

e({pp(k™M), 1)n) = [T elop (k).
=1

Forr; € {1,...,p;—1} and kl(l) € {ripgi_l, A (m—l—l)p{i_l — 1}, the base p;

expansion of k:z(l) has the form

K = K80 K K
We then obtain
1 L
‘sz'(kz(l)) p] —(ri+ kz(g)—QpZ et kz(,l())pgz 1)
1 (1) (1), ji—2 1
pT(rz‘{’pz(k”_z"i’ A kigp 7)) = ﬁ(rﬁpz’am),

where we write

Qi j; = kz(lj)l—Q +o kz(O) P

for short. Note that the integer a; j, runs through {0,1,. .. ,p{ifl —1}if k:l(l)
runs through the set {T‘,’pgi_l, ooy (i 4 1)p§i_l — 1}. Hence we obtain

PG ()

i=1 p;

514

SRS

al 1 =0 As jg =0

Also note that, for any i € {1,...,s} and any j; € {1,...,m;}, the term
r; + pia; j; is coprime to pjz Plugging it into , we can therefore write

(8) ZE;]: ST (k@) Z Z (H —2(ji— 1)) Z Z

k(Q)EC’*(NQ) Jj1=1 js=1 i=1 ri=1 rs=1
j1—1 o —
V21 -1 pis -1 N—-1 s 2
1 1 n(ri + piai ;)
il (1?2 v LIV
X | (g T (M
ay,j; =0 As,js= n=0 i=1 7
mi mg s
—2(ji—1
= Y e Y (T ),
K eCs (N2) Jji=1  je=1 =1
where
P{1*1 ple—1 N s e
o (2) v
Sam X X e ey TIe("2)
x1=0 xrs=0 n=0 i=1 pz

(@,p)=1  (zs,pl*)=1
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Let us now study

pt-1 ple—1

N-1 s
1 1 nT;
S (@ ¢
O Y- Lo X (Xe(50®an) (%))
21=0 2s=0 n=0 i=1 \P;
(z1.p)=1  (zs,p}°)=1
N-1 1 s ma
k@ _
(X (o) ()
m=0 i=1 %
= N1
N2 Z e<N<k(2),g>n> €<N<k(2),g>m>
n=0 m=0
i (O (n—m)x
> ()
21=0 zs=0 i=1 D
(z1 pll) 1 (zs,p2%)=1
N-1 g
N2 Z < k(Q) > €<N<k(2),g>m>
m=0
s ph*1
A X ( f”)
o i
(mz,pl ) 1
For 1 <i <s, we can write, using the fact that p; is a prime,
pli-1
X (n— m)xz)
= el ————
INEIDIEIC
(zi,p)%)=1
pfl 1 pzi—l
n—m)x; n—m)x;
() ()
;=0 D; ;=0 p;
(xi,pgi)>1
pyi—1 pli 1
n—m)x; n — iPi
_Ze<( ji)>_ze<( )p>
x;=0 p; x;=0 p;
pZz_l pzzfl_l
= o) - ()
z;=0 pil z;=0 pzl

A short consideration shows that
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pl'i pl'i_1 ifn—m=0 (pfz) (Case 1),

ZBJ =< —pii! ifn—m#0 (p{’) and n —m =0 (p{"_l) (Case 2),
0 ifn—m=#0 (p) and n—m #0 (p~") (Case 3).

Note that we need not deal with the situation where n and m are such
that Case 3 holds for some i, since then ) g is zero. Hence, we only need

to deal with n and m such that either Case 1 or Case 2 holds for all 7 in
{1,...,s}. Also note that we always have

X,

In order to shorten notation we write, for given n € {0,..., N —1} and given
ie{l,...,s},

{ ©1(n,i) ifn—m=0 (p) (Case 1),
m € ) 3 -
O2(n,i) ifn—m=#0 (pI') andn—m =0 (pI' ") (Case 2).

Ji—1

%

<p'

Since ) 5 is a nonnegative real, we have > 5 =|>_ 5 |. Hence, inserting this
back into @, we obtain

> < % ( ﬁ(pfi - pfi_l))

=1
N—-1 1 N—-1 1
2 _ 2
<3 Se(gthan) X e[ Eam)

m€@1(;,i),i€tl
mG@Q(n,i)7 120

S pl -1 —1
1 1
< e -rH > Z Z Z €(N<k(2),g>n)
=1 C[s] P
Vzn R ( 7‘)
N-1 1
CE (G
meO1(n,i),i€v
meBOaz(n,i),i¢o
Consider now a fixed v C [s]. Note that, for given n, given R, ..., Rs, and
for i ¢ v, the condition m € @2(11 i) is equivalent to
(10) m # R; (p] YA = R(p7 b.

Also note that for any ¢ € [s] \ v there exists a set {A\;1,...,Aip,—1} of
cardinality p; — 1 such that holds if and only if

m= )‘i,ti (pfl)

for some t; € {1,...,p; — 1}. Hence we obtain
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pll -1

ZBS;QEW DY Z

vC[s] Ri=0  Rs=0

N-1 1
—(k®
> o(ykham)
Viin=R; (pzz)

N-1 1

X unam)]
m=R; (p{i_),ieu

mE)\i,ti (pg”,i%b

Let us now consider the term

(1) | 3 (0. a0 )|

n=0
Vi:n=R; (pzz)

p1—1 ps—1

3

t1=1 ts=1

for some fixed Ry,..., R,. Since p,...,p, are coprime, there is exactly one
residue p; modulo Q = p]' - - - pf* with the property that the index n satisfies
the required congruences in . Consequently, the system of congruences
n=R; (pl), 1 <i<s, holds if and only if

ne€{vQ+p1, 0<v < |N/Q| —1+61},
where 6, € {0,1}. Therefore,

N-1 )
LTe)

| > (5 0.an)

TLERi(pzi)

[N/Q]—1+61 1 IN/Q|—1 ]
=] Y ( (K, >Q>‘ ] 5 e(N<k:<2>,g>v@)]+1

v=0 v=0

In exactly the same fashion, we obtain

‘ [N/Q]—1+61

> o §raee )|

v=0

N1 . Q-
‘ > 6(N<k(2)7g>m>‘ < ' > e(<k(2),g>VQ> ‘ +1
m= 0 v=0

m=R; (p]*),i€v
m_)\m (pl ) i¢o
Since @ is independent of v, the R;, and the t;, we get

%, < e (T (I (| 3 ()| 1)’

02 [N/Q|—-1 1, o 2
= el —=(k ,g>I/Q>‘+1> .
(DI

Now we insert this back into (), which yields
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D HIERED SRR 3B 9l (1 )

<2>eC;(N2) =1 js=1
IV/QJ—1 9
Q° 1
<3l 2 el w*® o
v=0
c ms o IN/QI-1 )
-5 2 k) Z >3 <’ > 6<N<k(2),g>VQ>‘ +1>
k<2>ec;(N2) 1=l js=1 v=0
Cs mi s N 2
- X r2<k<2>>2~-z( 5| +1)
kP eCs(N?) ji=1 gs=1 -
(k) ,g)=0(N)
C5 mi ms I-N/QJ_l 1 2
DY TQ(k(z))Z"'Z< > €<N<k(2),g>vc2>|+1>
kP eCs(N?) =1 js=1 v=0

(k2 ,g)#0 (N)
< cg(log N)* Z ro(k®)

kP eC(N?)
(k?,g)=0(N)

Cs

A DS otk | LN%_le( ;K. 900) ‘+1)2.

. , N
kPecy(N?) =1 js=1 v=0
(k(2),g)#0 (N)

Let us now return to the sums . defined in (6). Let @ # u C [s] be
arbitrarily chosen, and write
u= {’Ul, cee 7U\u\}-

In analogy to the derivation of , we get

* Ju (2)
Yo <ellogN)M Y (k@)
E@eck(N?)
(k12),9)=0 (N)

Moy Moy
7
D DR DR Z ra(k
kP eCs(N?) Joi =1 Ju =
(k®).g)Z0(N)

I.N/QuJ_l 1
X(‘ Z 6<N<k(2);g>VQu> +

v=0

1>2
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<cr(logN)* > (k)
kP eCs(N?)
(k) g)=0(N)
My Moy
€ (2))
tyr 2L > > nlk
k@ eci(N?) Ju =1 Jup =1
(k(),g)#0 (N)

[V/Qul -1 1 2
><<’ > 6<N<k(2),g>vc2u>‘+1>,

v=0
where @ := H‘u‘ A

i=1"4

Putting all these estimates together and plugging them into , we ob-

tain
Z < Z c7(log N)?® Z ro (k)

(Z);éuC k(Q)EC; (N2)
(k(2),)=0 (N)

My Ty

cr 2

DI D DR DI DR eI
OAuCls] RPecy(N2) Jn =l oy =l

(k) g)#0 (N)

\.N/Quj_l 1
x(l Z e(N<k:(2),g>l/Qu> +

v=0

= cg(log N)* Z 7“2(’@(2))

k@ eck(N?)
(k) ,g)=0(N)

1)2

My Ty
Z C7 Z 2: } :
_|_ W P 7‘2(k(2))
P#uC[s] @ eck(N?) Jun=1l  Juy =

(K2),g)20(N)

V@1,
X<' > 6<N<k(2),g>vé2u>

2
S n 1) .
v=0

Plugging our results for ), and ) 4 into , and simplifying the constants,
we obtain the bound

log N)?®
(13) F2(w) < 69( f\ﬂ ) + c10(log N)?® Z ro (k@)
k@ ecx(N?)
(k),9)=0 (N)
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Moy Moy

+% Y Y Y nk®)

0FuC[s] kP eor(N?) Jui =1 Ju =1
(k?),g)7£0 (N)

LN/QMJ_]- 1 2
X <‘ ;} 6<N<k:(2),g>uQu> ’ + 1) .
Let us now study

> r(k®)

k2 eCi(N?)
(k),g)=0(N)

in greater detail. Let us define

Ej(N?) = (k... k) € C3(N?) kP =0 (W) for all j, 1 < j < d},

and G*%(N?) := C%(N?) \ E%(N?). Note that for k) € E}(N?) the condi-
tion (k) g) = 0 (N) is trivially fulfilled. Furthermore, the components of
k2 ¢ E%(N?) must all be multiples of N. We then obviously have

S nE) = Y nk®)+ Y nk®)

ke (N?) K eE (N?) kD eGs(N?)

(k® g)=0(N) (k(),g)=0(N)
) 1 d 9
z=1 kP eGH(N?)

(k) g)=0(N)

C
<L Y nE®)

E@eas(N?)
(k(),g)=0(N)

On the other hand, for k) e E%(N?), the condition (k? g) £ 0 (N)
can never be fulfilled, so

Moy

P#uC[s] ke (N?) Ju =1
(k3).g)20 (N)

My [N/Qu]—1 1 2
Y nt (| X o yunana)| 1)
v=0

Jopy =1
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mvl

0#uCls] k(@ eGr(N?) duvp=1
(k™) ,g)#0 (N)

S (| S o(hwgwa) 1)’
et 2 2 N ) u )
and we arrive at
(14)  F(w) < cBW +eologN)® > rp(k?)

B2 eGx(N?)
(k?),g)=0(N)

mul m”\u\
c
11 Z Z Z Z ro(k
@;ﬁucu kD eGy(N?) Joi=b  Jupy =

[N/Qu]-1 1 2
X(‘ > 6<N<k(2),g>1/@u>’+1)

v=0

o) s/2\ 2
= (014(1g]\7)2> + Z (015(10gN)S/27"1(k:(2)))2

N
k@ eG4 (N?)
(k(?),g)=0(N)

PSP

0F#uC[s] k(P eGx(N?)
<k<2>,g>¢0 (V)
Moy

3 Z <c167“1 2>)<‘ LN/QX“:J1€<]1]<k(2),9)7/@u>‘+1>>2-

]Ulfl ]u‘ ‘71 v=0
Since all summands in are nonnegative, we can apply an inequality
which is sometimes (incorrectly) referred to as Jensen’s inequality ([5]) to
obtain

log N s/2
F2(w) < [614(0g) + Z c15(log N)*/?r (k)

N
kP eGh(N?)
(k(2),g)=0(N)

Moy Myl

F Yy sy )

0#uCls] k(g)GG*(NQ) Juy =1 Jop =
(k(),g)20(N)

2

1)] |

I.N/QuJ_l 1
X(‘ Z 6<N<k(2);g>VQu> +

v=0
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Writing r(-) instead of ri(-), we obtain

s/2

(15)  Fy(w) < o, L2 N) teslog N2 ST r(k®)
k(2 eGx(N?)
(k) g)=0 ()

My My

IR DD DD DRE Z

V)#UC[S] k(2>€G*(N2) Jup =1 JUM
(k(?),g)70 (N)

LN/QuJ_l 1
(] X e(pueaa)| )

v=0
We would now like to show the existence of a generating vector g such
that the above bound on FN(w) is small. To this end, we average over all
g=(91,---,94) € {1 — 1}d We then first study

N-1
My = 1 e DR Z > (k)

g1=1 ga=1 k(2>EG*(N2)

(k(),g)=0(N)
1 N-1 N—-1
= oD Z r(k®) Z Z 1.
k2 eGs(N2) g1=1 ga=1

(k),g)=0(N)
Let now k() e G%(N?) be fixed. Due to the definition of G%(N?), there

must be at least one component of k) which is not congruent 0 modulo N

Let dy € {1,...,d} be the maximal index such that this is the case for k((fo) .
We then have

N-1 N-1 N-1 N—-1
Z Z 1= _ 1 d—do Z Z 1.
g1=1 ga=1 g1=1 9dg=1
(k2.)=0(N) k7 gut ) 9, =0 ()
Given k@ and g1,---,9d,—1, there exists at most one solution g4, €

{1,..., N — 1} to the congruence

so we obtain

=z

||M|

—

N-1
Z 1< (N —1)d1
g1=1 9d

(k) ,g)=0(N)

and thus
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1 (log N)¢
il ©)) el
My < eiry > rk?) < N
k(2 eG(N2)
where we used a well-known estimate for sums of the form Zszl |k|~*, which
can be found, e.g., in [24].
In the next step, let us, for fixed u C [s], u # (), study the expression

Moy Moy

s O VD DID SIS SR

g=1  ga=1 kDeGy(N?) Jui=l o=

(k(2),g)#0 (N)
[N/Qu]—1 1
X(’ ;) €<N<k(2),g>VQu> +1>
My |

DV SRR BRI

2>6G*(N2) ,]1}1—1 ]ulu‘

Moy oy

EETD I VD VID SES SRTE

g1=1 ga=1 k<2)eG*(N2) Jvp=1 ]vlu‘
(k(),g)#0 (N)

LN/QuJ_l 1
Z 6<N<k(2)ag>l/@u)’

v=0

Moy Moy

< c19(log N)*H + _1dZ Sy rk®)

Juq =1 ju|1‘-\_1 k(2)eG* N2)

N-1 N-1 [NV/Qul-1 1
X Z ‘ Z 6<N<k(2)7g>VQu> .
g1=1 ga=1 v=0

Note that, in the last line, Q. is coprlme to N and ( ,g> Z0 (N). Conse-
quently, the remainder of Qu<k ,g), which will be denoted by f (Qu, , g)
in the following, is also incongruent 0 modulo N. Using a well-known result
that is outlined, e.g., in [32, p. 334], we get

LN/Qu—1 [N/Qu] -1 @)
1 Q
‘ E 6<N<k(2)ag>l/Qu>‘ = ’ E €<<k ]’Vg> uy)‘

v=0 v=0
N

< .
min{ f(Qu, k%, 9), N — f(Qu, k?, g)}
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Let now k) e G%(N?) be fixed. Again, due to the definition of G(N?),

there must be a maximal index dy such that k §é 0 (N). Hence we can
write
91:1 :1 min{f(qu k(2)7g)7 N - f(Qua k(2)7g)}

9d
(K12),9)#0 (N)
N-1

:(N—l)dido Z
g1=1

N-1

Z N

9dp=1 mln{f(Qua k(2),g), N — f(Quy k:(Z)’ g)}
k§2)91+'"+k(2)9d03§0 (N)

As in the analysis of M, since k 3_'5 0 (), for given g1, ..., ga,—1 there
is exactly one integer a € {0, . - 1} such that

Vg 4+ k:c(l?_lgdo_l +kPa=0(N).
Hence,
kg + o+ kD gay £ 0 (V)
whenever g4, € {0,1..., N — 1} \ {a}. Accordingly,
N—-1 N—1

(N—1)0 37 . 3 ' N

g1=1 gd():l Hlln{f(@u, k(2)>g)7 N_f(qu k(2)7g)}

k(2)91+---+k(2)gd0$0( )

N— —
d do N
Z: Z Z min{ f(Qu, k'*,g), N — f(Qu,k;(Q)’g)}'

9dg—1=1 ga,=0
gdo?ffl

However, if gq, runs through all of {0,...,N — 1} \ {a}, the dot product
k§2)g1 +- 4 k:[(l?gdo runs, modulo N, through all of {1,..., N —1}. Further-

more, as @y is coprime to N, the values of f(Q\, k:(Q), g) also run through
the whole set {1,...,N — 1}. Hence,

N-1

1)t SERS N
IR Z min{f(Qu,k?,g), N — f(Qu, k?, g)}

g1=1  gay—1=194q=0
gd(ﬂfa

<Nd doz Z Zmln{zN }<020Nd10gN,

g1=1  ggy—1=1 z=1
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where we used another well-known estimate that can be found in [32]. We
obtain

Moy My
My < cig(log N)*™ + cy9log N Z e E Z r(k@)
Ju=l o Fle@ean(N?)
< ¢p1(log N)*+oH.
Finally, combining our estimates for My and Ms , shows the existence of
a generating vector g such that the point set w satisfies
(log N)s+d+1
N Y
with a positive constant ¢ not depending on NV, as claimed. =

Fy(w) <c¢

By Theorem [2.T] we have shown the existence of lattice point sets having,
when combined with the first NV points of Halton sequences, low diaphony
and hence good uniform distribution properties. With Theorem the
search for a corresponding “good” generating vector is possible, but the
search space is of cardinality (N — 1)?. In the next section, we show how to
reduce the search space.

3. Korobov-type generating vectors. A cardinality (N —1)¢ of can-
didate vectors for g renders a practical search infeasible for high values of
N and/or d. However, we can improve on this result by considering a very
special choice of generating vectors only. These vectors g are of the form
g = (9,9% ...,9% for some g € {1,...,N — 1}, and are usually referred
to as Korobouv-type generating vectors (cf. [17]). Frequently, one deals with
Korobov-type generating vectors of the form g = (1,9,¢%,...,9%1), but it
is for technical reasons more useful to consider the slightly modified form
g=(9,9%...,9%. In the next theorem, we are going to show the existence
of Korobov-type generating vectors g such that for the mixture of a lat-
tice point set generated by g with a Halton sequence, we still obtain low
diaphony.

THEOREM 3.1. Let w() = (w%l))%ozo be an s-dimensional Halton se-
quence to the base p = (p1,...,ps), where p1,...,ps are s distinct primes.
Let N be a prime different from pi,...,ps. Then there exists a vector g =
(9,9%, ...,9%) withg € {1,..., N—1} such that the point set w = (wn)fgol =
(wg),wg))ﬁ;—ol, where wg) ={ng/N} for 0 <n < N —1, satisfies

(log N)s—l—d—i—l
N )
where ¢ is a constant that is independent of N.

Fy(w) <c
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Proof. The proof of the theorem is in many ways similar to that of
Theorem [2.1] Thus, we only point out those passages different from the
proof in Section [2| In the same way as above, we arrive at an inequality
which is the same as , where we had

(log N)*/

Fn(w) < ca N

+ c15(log N)*/2 Z r(k?)
kD eGh(N?)
(k(?) g)=0 (N)
. Mo, My
1 ... ()
+ C16 N Z Z Z ) Z T(k )
0#uCls] kP eqs(N2) Jor=1 o =1
(k(?),g)#0 (N)

IN/Qul=1 -y
X <‘ ZZZO 6<N<k(2),g>uQu> ‘ + 1>.

We average over the possible generating vectors g = p(g) := (g,4%,..., 9%
for g € {1,..., N — 1}. To this end, let us first consider the quantity

N-1

1 2
M i = =1 Z r(k( )) Z 1.
k<2)€G(’;(N2) g=1
g=p(9)

(k®,g)=0(N)
For a given k(?) = (k‘f), e k:c(f)) € G(N), there exists a maximal dy such

that k((j? # 0 (N), and so the congruence
gk + kY + -+ gk =0 ()
has at most dy < d solutions. Therefore,

(log N)*
N-1°

where c99 > 0 is another constant independent of V.

My g < c22

In the next step, let us, for fixed u C [s], u # 0, study the expression

Mo, Moy

N-1
Mo = S S Y k)

9=1 RPeGy(N?) Ju =t =L
9=,(9) 1) gyz0 (N)

IN/Qul=1 /)
x(‘ Z e<N<k:(2),g)1/Qu>‘+1).

v=0



Diaphony of some finite hybrid point sets 279

In exactly the same way as in the proof of Theorem we see that

Moy Moy

Msy i < ca3(log N)*™ + (Nl_l) Z Z Z r(k®)

jv1:1 jv|“|:1 k(2)€G;(N2)

N
% : ) @
=1 mln{f(thk 7g>7N_f<Qu7k 79)}
g=p(g)
(k) ,g)#0 (N)
Moy Moy

= co3(log N)**9 + (Nll) Z; Yy > r(k?)

N-1 N-1

) ; —  min{f(Quk?,g),N — f(Qu,k?,9)}

Similar to what we outlined for M; g, the congruence
gk?) + ggk£2) + -4 gdkc(f) =a (N),
which is equivalent to
(16) —a+ gk + @2k + - 4+ g% =0 (),
has at most dg < d solutions g. Therefore, using the same methods as in the
proof of Theorem [2.1] we obtain
My, k = c24((log N)stathy,

The rest of the proof follows exactly the lines of that of Theorem "

REMARK 3.2. We remark that bounding Ms , g in the proof of Theorem

Would not work if we considered generating vectors g=(1, g,¢2,...,¢% ")
instead of those considered here, since in this case might have N — 1

solutions g if k?) = g and k:éz) =... = k;l(f) =0.

4. Remarks and conclusion. In this paper, we have considered hybrid
point sets w, which are built from Halton sequences and lattice point sets.
Under some fairly general assumptions on the bases of the Halton sequence
and on the cardinality of the lattice point set, we have shown that there
always exist generating vectors g of a d-dimensional lattice point set, such
that, if we combine the lattice point set with the first N points of an s-
dimensional Halton sequence, we obtain a diaphony of order

(log N)s-‘rd—i-l
o tesy ™)
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where the implied constant is independent of N. For non-hybrid point
sets, such as s-dimensional (pure) Halton sequences or (¢, s)-sequences, it is
known that one can achieve a diaphony of order N~!(log N)*/? (cf. [19] and
[31]). Therefore, we see that the hybrid sequences considered here can have
a diaphony which is close to that of non-hybrid quasi-Monte Carlo point
sets, up to log N-terms. On the other hand, it seems that there is no easy
way to obtain a diaphony of order, say, N~!(log N )(s+d)/ 2 as our additional
log N-terms were caused by having to apply “Jensen’s inequality” before
averaging over g (see the step after (14))).

Furthermore, similarly to what is stated in the conclusion of [I§], it
would be beneficial to not only have existence results for good generating
vectors or existence results for good Korobov-type generating vectors, but
also construction algorithms, e.g., component-wise constructions, for such
generating vectors. This problem will be pursued in future research work.

Finally, we would like to point out that our Theorems and imply
the existence of vectors g such that if we mix the lattice point set generated
by g with a Halton sequence, we obtain low diaphony. Note, however, that
> 5 in the proof of our results is essentially the usual diaphony of a pure
lattice point set. Therefore, we can conclude that any vector g that guar-
antees low diaphony of our hybrid point sets, automatically guarantees low
diaphony of the pure lattice point sets contained in the hybrid point sets.
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