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‘We recall the notion of Walsh functions over a finite abelian
group as it was given for example in Larcher, Niederreiter and
Schmid, 1996. These function systems play an important role
for various “digital lattice rules” in multivariate numerical
integration. We consider the following problem:

Assume, that a function f can be represented by a Walsh-
series over a group G; with a certain speed of convergence.
Take another group G2. What can be said about the speed of
convergence of the Walsh-series of f over G?

Answers to this question are essential for certain numerical
integration error estimates. We are able to give some results,
partly best possible ones.

A connection of the above problem to “digital differentia-
bility” of functions and applications to numerical integration
are given. Open problems are stated.

1. Introduction.

The classical Walsh function system {wal,|n =0,1,2,...} ,wal, : [0,1) - C
(in the Paley enumeration) can be defined in the following way:
For a non-negative integer n and a real z in [0,1) let

n=mny 2"+ 4n and
Tt *2
T 2—|—22+

(with 2; # 1 for inifinitely many 4) be the digit representation in base 2 .
Then

wal, (z) := (—1)m1'n1+"'+$v.nv '

The set {wal,|n =0,1,2,...} is a complete orthonormal function system
in L2 ([0,1)) . (See for example [23].)

There exist various generalizations of this concept in the literature. Chres-
tenson [1] studied Walsh functions in an arbitrary base b. (“Representation
in base 2” is replaced by “representation in base b” and “—1” is replaced

2mi

by “e™® ”.) Vilenkin [26] introduced the now so called Vilenkin systems,
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and Onneweer studied his concept of Rademacher and Walsh functions over
groups [20].

Motivated by problems in multivariate quasi-Monte Carlo integration and
also by investigations on the distribution of certain number-theoretical point
sets (see [7], and also [6] and [8]), in [9] Walsh-function systems Wg o, over
finite abelian groups G of, say, order b, and with respect to certain bijections
¢ between the “digits” {0,1,...,b— 1} and the group G, were introduced
and used for applications. See also [21], [27], [10]. This concept contains the
classical Walsh systems in any base b (use G = Zj, and ¢ the “identity”). In
some sense our concept, which is presented in Defintion 2 and in Definition
3 in the next section of this paper, is more general than the systems of
Onneweer and of Vilenkin. In other aspects, however, their systems are
more general than ours. For some details, see the examples in Section 2.

Solutions (or good estimates) concerning the following problem are of
great interest for applications:

Problem. Let a finite group G of order b and a corresponding bijection
¢ be given. Assume, that the function f : [0,1) — C can be represented
by a series of Walsh-functions from Wg , := {g,wal,|n =0,1,2,...}, say,
flx)=>7" f(n)- G,ewal, (x). Assume further, that this Walsh series has
a certain speed of convergence in the following way:

There are o > 1 and C' > 0, such that | f (n) | < C-n~® foralln = 1,2, ....
We say “f belongs to ¢,,E*(C)”.

Let now H be another finite abelian group with, say, order ¢ and v a
corresponding bijection. We now ask: is there a 3 > 1 and a C’ > 0, such
that f € g B (C')?

That is: We are looking for the following “base change coefficient”:

Definition 1. For given finite abelian groups GG, H and corresponding bijec-
tions ¢ and ¢ and for a > 1 let the base change coefficient 3 (G, ¢, H, 1, o)
be defined by

B (G, o, H, 9, a) :==sup{B > 1| for all C' > 0 there is a C’ > 0 with
G.oEY(C) C yyEP (CN}.

(We set (G, ¢, H 1, ) = 1 if there is no such (.)

Until now, an exact solution to this question was given only in [12] for
the case G = Zgy, H = Zsn, and @, 1 identities. We obtained

B(Za,id, Zgn,id, ) = o — B,  with

_ . [h/2] _
h—1 . Z:(z) log sin (% + 5 {743.2“11 })
20 h-log 2 '

Br =
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We have 0 < (3, < 1/2 for all h and

1 logsin
li -
G =g+

51

12
g2 0.4499... .

Partial results for G = Zyn and H = Zy (the problem is not “commuta-
tive”!) were given in [13].

It is the aim of this paper to give in some sense “exact” solutions to the
above problem for many cases and good estimates for 3 in all other cases.

Further we demonstrate a connection of our problem to questions concern-
ing the “digital differentiability” of a function. This is done in analogy to the
connection between the differentiability of functions in the usual sense and
the speed of convergence of their Fourier-series. Finally we give applications
of our results to error estimation in quasi-Monte Carlo integration.

In Section 2 we shall recall the concept of Walsh functions over groups
and give their basic properties.

In Section 3 we shall recall the notion of the “digital derivative” and give
the connection to our problem.

In Sections 4, 5 and 6 we give solutions to our problem, respectively
estimates concerning the quantity 3.

In Sections 4 and 5, especially, we give in some sense “exact” answers for
the following cases (let G be of order b and let H be of order c):

Case 1: b fcV for all positive integers N.
Case 2: bM = ¢V for some positive integers M, N.
In Section 6 we give estimates of 3 for the remaining
Case 3: b|c"V for some positive integer N but &M # ¢V for all positive
integers M and N.

In a short Section 7 for the sake of the reader we will summarize the
results on the base change coeflicient given in Sections 4, 5 and 6.

In Section 8, as a consequence of the results in Sections 4, 5 and 6 we give
the main error estimate in the theory of “digital lattice rules” in its, until
now, most general form.

Finally in Section 9 we state some of the most interesting open problems
in the field.

2. Walsh functions over groups.

We recall the definitions for the concept of Walsh functions over a finite
abelian group given in [9] and in [21].
Let G be a finite abelian group of order b . Let
G =7y X - XLy,

and

(p:{O,l,...,b—l}HGgalX--'Xme
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ki (k)= (p1(k),... . om (k)
be a bijection with ¢ (0) = 0.
For g = (g1,... ,9m) € G let the character x4 € G be defined by

2mig1-y;

Xg (¥) == 1_[6 L

=1
for y = (y1,- - ,ym) € G. Of course G' = {x,|g € G}.

Definition 2. For a non-negative integer n with b-adic representation n =
Ny-b" "1+ -+ n; we define the function G,ewaly, : [0,1) — C in the following
way:

G’@Waln (.’,U) = H Xgo(nj) (SD (xj)) )
7=1

where x = Z;’il z; - b7 is the b-adic representation of x (with inifinitely
many of the z; different from b — 1).

Definition 3. The set
Wa,e :={gewalyn=0,1,...}
is called the Walsh function system over G with respect to .

In most cases we will write gwal instead of ¢ ,wal, if it is clear which
bijection ¢ we use.

Note, that in classical Fourier theory, i.e. representation with respect to
the characters 2™ k € Z of the Torus group T, also something similar
to the bijections ¢ occurs, as we have to identify the unit interval with the
torus.

Examples:
a) Let G = Zp and ¢ be the “identity” between {0,... ,b — 1} and Z; . We
then obtain the classical systems of Walsh-Paley and of Chrestenson.
b) In [20] Onneweer defines Walsh functions on the infinite product of
groups. A “continuation” of his functions to [0,1) is easily possible in
an obvious way.

Our Walsh functions are products of characters on one fixed group.
Onneweer’s functions are products of characters on possibly different
groups. In this sense Onneweer’s concept is more general, however his
groups must be of prime order, and he just uses identities for . In
this sense our concept is more general.

c¢) The bijection ¢ indeed strongly influences the structure of W¢ ,. Con-
sider for example W7, ;g and Wz, , with the transposition ¢ = (12) on
Zy. The first four functions in each of the systems can be illustrated by
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the following diagrams. (Different grey tones represent different func-
tion values and the same grey tones correspond to the same function
values on each side.)

X X

Figure 1. 7, jqwal,,n =0,1,2,3 and z, ,wal,,n =0,1,2,3.

d) Concerning the connection between our concept and Vilenkin systems,
see [21]. Again we have the situation, that both concepts have a “non-
empty intersection” but neither is a “sub-concept” of the other.

Of course one may ask, why we did not extend the investigations of
this paper also to Onneweer systems and Vilenkin systems. There are
two reasons for this: The problem studied in this paper was motivated
by investigations on numerical integration by digital nets, initiated for
example in [9]. The methods developed there were restricted to the
classes Wg . They cannot be extended in a reasonable way to, say,
Onneweer systems.

It should without problems be possible to obtain results for Onne-
weer and Vilenkin systems with the methods and results of this paper
(or in an analogous way). However, since these systems are based on
sequences of different groups of possibly different orders, the condi-
tions for non-trivial connections between two different systems would
be quite technical and quite restrictive. So we have concentrated our-
selves in this paper to the more natural (and for our applications more
important) classes W .

In the following, we will give some basic properties of Walsh functions
over groups, which will be used later on.

For G, ¢ with |G| = b given, we define digital summation @ = ®¢g,, on
Rg in the following way: For u,v € Rar let

[e.e]

u:iui~b_i andv:Zvi-b_i

i=w i=w
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be the b-adic representations of v and v. Then

uPuvi= Zzi-bﬂ‘
with 2; := ¢~ (¢ (u;) + ¢ (v;)) for i = w,w+1,... . Note that ¢ (0) = 0!

Further define
oui=3 "¢ (—p () b,

which is the additive inverse of u, since u @ (©u) = 0.

The following properties (compare these with the analogous properties
of the function class {e?™*; k € Z}) are easily checked by insertion of the
definitions. (Note, how the proper definition of digital summation enabled
us to carry the character properties over to Rg )

Lemma 1. For G,¢ given, and ® := g, we have:

a) gwal, () - gwaly (x) = gwalpgq (z) for all p,q = 0,1,2,... and x €
[0,1).

b) gwal, (z)- gwal, (y) = gwal, (z ®y) for alln =0,1,2,... and z,y €
[0,1).

1
awalp ()

c) gwal, (z) = = gwalg, () = gwal, (62).

We omit the easy proof.
The next lemma proves, that integrals of Walsh functions over certain

intervals can be omitted.

Lemma 2. Let m > 0 and n,a be integers with bl < p< b and 0 <

a < bt . Then

a+1
pm—1

awal, (z) dz = 0.

_a _
pm—1

1
m— pm—1
/b ' awaly, (z) de = gwal, (L_l) -/b awaly, (z) dz
_a bm 0

since @ () # 0. O
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From Lemma 1 and Lemma 2 we immediately obtain the orthonormality
of WG,L,D:

Lemma 3.
1 TR
a) / awal, (z) dz = ! Z_f n=0 .
0 0 if n>1
1 - 1 . —
b) / awal, (z) - gwaly, (z) dzx = Z_f nem
0 0 if n#m

Indeed, W, also is a complete orthonormal system in L? ([0,1)). We do
not use the completeness in the following. A proof can be found in [21].
For Walsh functions, some Dirichlet kernels take a very simple form:

Lemma 4. For any non-negative integer v we have

bv—1 2 1
Z cwal; (z) = {b for = & [0,5) .
=0

0 otherwise

Proof. For a non-negative integer j with b-adic representation j = Y ; , j; -
b=t let d;(j) == ji denote the i-th digit of j.
Let =3 ;2 ;- b~". Then

bv—1 b'—1 v
> awaly () = > [ xew o) (#(:)
=0 j—O i=1
= Z H XSD .71
J15-e5Jv=01=1
= H > xXg (o
i=1geG
Y if ;=0 for i=1,...,v
o otherwise
The result follows. O

The next lemma provides a useful method to lower the index of a Walsh
function, when it is of a special form.

Lemma 5. Let I,m, M be arbitrary positive integers. Let d := b™ and let
7 and n be integers with 0 < j,n < d . Then

L (ﬁ)_ 1 if l#m
OV @) T \owal; (2) if l=m
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Proof. For M = 1 we have

n 1 if l#£m
GWa.l ',bmfl - = . .
’ (bl) {Xap(j) (p(n)) if L=m
If m = [ then moreover

Xo(i) (#(n) = gwal; (%) .

Therefore for M > 2 we get: Let n = Zf\il n; - bt and j = Zf‘il G- b1
then gwal; gm-1 (%) =

3 ni
= Gwaljlbnjm J\l+ +]A{me 1<m++le>
nas np—1 n1
= gwalj, (7) - owaly, (T) """ Gwalj (?)

if l =m, and 1 if [ # m by Lemma 1 and since the result holds for M = 1.
On the other hand

A | ny+ -y bML
GWalj (E) = awaly 4 gy pM-t pM
= gwalj, (n—M) . - gwalj,, (E)
b b
and the result follows. O

A function f :[0,1) — C of the form
2) =Y fa(n)- gwal, (x)
n=0

with certain fG (n) € C, shall be called a Walsh series over G with respect
to .

In the following we will only deal with absolutely convergent Walsh series.
Thus we will always have

/f . Gwal, (x) dz.

Recall the definition of the classes ¢ ,E“ (C') given in Section 1:
€ GoE*(C) & |fa(n)| <C-n®forn=12,....

3. Digital derivatives and speed of convergence of Walsh series.

In [20] a derivative for functions defined on groups G, that are the direct
product of countably many groups of prime order, was introduced. Such
functions can be continued to functions on [0, 1) quite naturally in the same
manner as it was done for our Walsh functions Wg . In this sense the
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following notion of a (digital) derivative with respect to G and ¢ is an
analog to Onneweer’s concept of a derivative.

Definition 4. For G of order b, a corresponding bijection ¢, a function
f:10,1) — C, for x € [0,1) and positive integers n let

n A b—1 b—1 7]{ I
dof () =) VY kY gpwal, <b> - f (:g @ W) .
7=0 k=0 [=0

We say, that f is digitally differentiable in x with respect to G and ¢ if
F(z) = lim d,f (2)
n—oo
exists. fI1 () is called the digital derivative of f in z.
Higher derivatives f" (); n=2,3,... can be defined in the usual way.

A function f € L,(]0,1)),1 < p < oo is called strongly differentiable
with respect to G and ¢ if there exists g € L, ([0, 1)) with

Jim [ld.f — gll, = 0.
We then denote g by df.

Example. As an illustration for the difficulty in combining this concept of
a derivative with “geometric intuition”, consider for example the function
[ :=1j0,18), the indicator function of the interval [0,1/8), and its derivative
with respect to Zs and identity.

7/2

,1/% [T 1
1/8 1

Figure 2. The indicator function of [0,1) and its digital derivative with
respect to Zo and id.

We may state the following question: Assume, that f : [0,1) — C is
differentiable « times with respect to G and ¢. How often is f differentiable
with respect to another group H with corresponding bijection ¥?

Or: Given G, ¢, H, 1 as above and a positive integer a. What can be said
about the quantity

v (G, o, H, ¢, a) := sup{~| if f is « times differentiable with re-
spect to G and ¢, then f is at least v times differentiable with
respect to H and 9}?
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A certain connection between 3 (G, ¢, H,1, ) as defined in Section 1 and
v (G, @, H, 1, «) is given by the subsequent Theorem 1.

First we need two further lemmata. They already show, that the digital
derivative plays the same role for Walsh functions over groups as the usual
derivative does for exponential function, i.e. for Fourier analysis.

Lemma 6. For G of order b and ¢ fixed, gwal,, is strongly differentiable
with d (gwaly,) = w - gwal,,.

Proof. Let 0 <1 <b.Let w =2, w;-b"~! and j be a non-negative integer.

Then
l T 2riev(wiin)-eu(d)
awaly, W) = H e by

v=1

= gwal (%) .

(Here we used the representation G = Zy, x --- X Z,, for G again.)
So

b—1 —————
= ij_l Zkzz awal; (i) - agwaly, (l‘ &5 b]lﬂ>
b—1 b— Winy Ok
= qgwaly, Zlﬂ 1Zk2 agwal; < i+l >_w awaly (7)
k=0 1=

7=0

by Lemma 4 and for all n large enough. O

Lemma 7. If f : [0,1) — R is strongly differentiable, then &\fc (m) =
m - fa (m) for all m.

Proof. Note that for positive integers j,[ we have

! [ l
/0f<x@b]+1> awaly, dx—/ f(x)- gwaly, (xebﬁl> dx.

So

nfG

/Zb] 1:Z:kZGwall< > <I@b]lﬂ)‘gwalm($)dx
:/0 f(2) - qwal, () Zbﬂ 1bzlkz_: owal, (m”l@k)
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A no bl bl My O k
— fam) S0 SR v (24 2F)
§=0 k=0 1=0
= fa(m)-m,
with m = Zj; mj - b1, by Lemma 4, for all n large enough. ([

As is the aim of this section, a certain connection between the quantities
and ~y is now given by the following result. (Compare with analogous results
for Fourier series as they appear for example in [5] in a higher dimensional
form.)

Theorem 1.
a) Let a > 1 be an integer. If a Walsh series f over G and ¢ is o times
strongly differentiable as a function in Ly ([0,1)), then f € ¢ ,E*(C)
for some C > 0.
b) If for some integer a > 2 we have f € g, ,E“(C) for some C > 0,
then f is at least o — 2 times strongly differentiable with respect to G
and .

Proof. a) Let g :=dllf e L;([0,1)). So g (m) exists for all m and, by
Lemma 7, equals m® - ]?G (m).
Further |m® - fg (m)| < fol lg (z) | dx =: C for all m and therefore
[ € apE" (C).

b) If for @ > 2 we have f € ¢ ,E%(C) then > o2 ;n* 2. fa (n)- gwaly, (z)
is absolutely convergent and therefore, by Lemma 7, the strong a-th
derivative of f with respect to G and ¢.

U

Consequently we have, for example, the following relation between the
quantities § and v: If « > 1 and (G, ¢, H,9, ) > 1, then v (G, ¢, H, 9, @)
S ﬁ(G7(P7H7¢7a) *

4. The base change coefficient in the case:
|G| J|H|Y for all positive N.

In this case there is no “convergence connection” between the Walsh series
representations over G and H. We have the following result.

Theorem 2. If G, H are such, that for all positive integers N we have
G| JH|N, then B(G, o, H,¢,a) =1 for all o > 1.

Proof. With b := |G|, let

b—1
f(z):= Z awal; () = {b for z €10,1/b)
=0

0 otherwise.
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So for all @ > 1 we have f € ¢E* (b*). We show, that for all € > 0 and all
K >0, f¢ gBEe (K).

Let ¢ := |H| and 1/b = >_22, k;-c " be the representation of 1/b in base c.
This representation is periodic and non-terminating. So for k =Y ", it
we have

) 1/b 1/b
fir (k) = /O sl (z) do = / ol (2) de

ZZ’;}I Ki-c™t

by Lemma 2. Therefore

fH (/{7) = Hwalk <mz_:1 HZ) . /Zgﬁm e Hwaln (LL’) dx
il 0
m—1 Km—1
= pwaly, (Z R;) : (;n Z Xo(knm) (7)) +
=1 j=

Since the sequence of the k; is periodic, T (k) attains only finitely many
different values.

A finite Walsh polynomial over H is certainly continuous in x = 1/b
(the number b contains prime factors not dividing ¢!) and therefore cannot
represent f.

So there is a T' > 0 with 7' = |T' (k) | for infinitely many k. And for these
k we have
P 1 T 1
fr (k)’ > T> T

2 m
The result follows. O

5. The base change coefficient in the case:
\GIM = |H|" for some positive M and N.

In this case the “convergence connection” is non-trivial and we can give the
exact form of 3 (G, ¢, H, 1, «) . This quantity [ shows great similarities to a
quantity studied in [27], which measures a certain distance between groups.

Before we state the main results in Theorem 3 and Theorem 4, we give
some auxiliary technical results, which will be needed in the proofs. The first
lemma in this section establishes the fact, that in the currently considered
case the scalar product of Walsh functions is non-zero only for constrained
index ranges.

Lemma 8. Let G, H be groups with order b and c. Let the corresponding
bijections ¢ and 1 be fived. Assume, that there exist v,w > 1, such that
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b\t Then for all j,k with b*~! < j < b we have
1
v (4, k) = / gwalj (z) - gwaly (z) de = 0.
0

Proof. Note that gwal; (z) is constant on [b%, l;'vl) for all 0 <7 < b”. So by
Lemma 2 and with A := c¢*~!/b” we have

bv—l Al + A

. l cw—1 T ;w—1
v (4, k) = ; gwal; <b”> -/A‘l gwalg (x) de = 0.

cw—1

O

In the next lemma we see, how we can estimate 3(G, ¢, H, 1, «) by esti-
mating certain sums involving the (7, k) defined in the last lemma.

Let G, H,p,,b,c be as above (b¥|c~! for some positive v, w) and let
be defined like in Lemma, 8.

For non-negative integers m, k let

P(m) :=min{n:0"|c"}
Q (m) := min{n k< CP(”)}.

Lemma 9. Let o, > 1 and C1,Cy > 0 be reals and f € gE*(C1), such
that

> Fat) Gk < 22

j=bQ(k)—1
for all k > 1. Then for all z € [0,1), we have

o0

F@=lc@+> [ > faG)-vG.k) |- mwal,

k=1 \ j=pQ(k) -1

therefore

fu(ky="Y"" fa@) vk
j=bQUR)—1

fork>0and f € gEP(Cy).

Proof. By Lemma 8 for j with ™! < j < b™ we have

cPim 1

owalj (x) = > y(j k) gwaly (x).
k=0
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So (since v (5,0) =0for j > 1)

o0

F@) =Y fo(j) gwal;(z)
=0

oo bM—1 cPm)_1

=fa O+ > folG) D vU.k)- gwaly ()
m=1 j=pm~—1 k=0
oo cPlm)_q bm—1

o0 bm—1
=faO+> Y S fa(G) v Gk | - pwaly (2)
k=1 CP(WSL;DIC g=bmt

= fc (0) + fa () -y (k) | - mwaly (2).
k=1 \ j=pe(o-1

O
For the remaining part of this chapter, let M, N be positive integers, such

that b™ = ¢V =: d. We show, that in this case, the v(j, k) can be evaluated
in terms of v(j;, k;) with only finitely many indices jp, ;.

Lemma 10. Let j, k be positive integers with j, k < d* and let j = Zlel g
d=1 k= ZL:1 ky - d=1 be their d-adic representations. Then

L

7 G k) = [ G k).

=1

Proof. In the following we use Lemma 5:

1
v (4, k) = / gwalj (z) - gwaly, (z) dx
0
dl—1

o () ()

1 d—1 L n
2 <:1 Gl jam (ﬁ))

ni,...,np=0 \m

(1 e ()

m=1
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L 1 d—1
IT (3 vt () 7 () )
L

m=1 n=0
d-1 L
T3 ot () o () - LTt
m=1 n=0 =1

O

We define a quantity, using those finitely many 7(j, k), which will help us
in estimating the sum of the above Lemma 9.

Definition 5. Let G and H be finite abelian groups of order b and c. Let
©, 1 be corresponding bijections. Assume, there are positive integers M, N,
such that b™ = ¢V =: d. Then

d—1
=1 ),k
Ba,,p5 = logg k:g{}%l;h(ﬂ )

(log, denotes logarithm to base d.)

The quantity fSq,m,,,p also was studied in [27].
The following theorem is the main result of this section:

Theorem 3. Let G and H be finite abelian groups of order b and c. Let
p, Y be corresponding bijections. Assume, there are positive integers M, N,
such that M = N =: d. Then for all o« > 1 + Ba,H,pw we have

/6 (Ga H7 2 ¢7 Oé) =a— BG,H,&/J#/J'

Proof. Let f € g, E*(C). Let d' < k < dbk = ¢ ki - d'. By
Lemma 8 we have v (j,k) = 0if j < d*~! or j > d*. By I (j) we denote
the [-th digit of a non-negative integer j in base d. Then by Lemma 9 and
Lemma 10:

db—1
fu )| = fa )1 0.k
7=0
dl—1 A L
=) fa)- (HV(Mﬁ%‘l))
=0 =1
o -1 L
SW Z H|’Y(Z(J)akl)’

J1,---30=01=1
C d—1 L
__C _
< Ta k:g}af;_lzg v (j, )|
J:
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<C-d* - kPenev—a

and therefore (again using Lemma 9) f € p B PcHev (C-d*) so that

ﬁ (G7 Ha 2 ¢, Oé) > a— /8G,H,<p,w-
On the other hand, consider the function

F@) =3 o () - apwal; (@)
j=1

with fe (j) of the following form: Let ko be such, that

d—

d—1 1
> PGkl =, max > 1y (k-
7=0 7=0
For L > 11let K (L) :=ko+ko-d+---+ko-d“~! and for d-=! < j < d”

we set

7 L v (U, K (L))

fa () = L .

U):= gra v (5, K (L))

Then f € g ,E%(1).
Further for all L > 1 we have

db—1

fi (K @)| = > fo ()7 (. K (L)
=0

1 d—1 L
=—ta 2. 1IIGkol

iy i =01=1

1 S 1 1
= ﬁ H ZO |,y (.]7 k0)| 2 da*BG,H,w,w ) K(L)a—ﬁG’H‘%w )
= j:
so that 3 (G, ¢, H,v,a) < a — fa,H,p,p, and the result follows. O

The constant (g g, is computable in finitely many steps for every
G,H, p,v, and, as already mentioned in Section 1, 8g g . Was explicitely
computed for G = Zy, H = Zqn and ¢, ¢ identities in [12].

In the following we give an estimate for the quantity 5 (G, H, ¢, ¥, a)
based on Theorem 3.

Let G, H,,1,d be as above. We say G and H are of comparable order
with common multiple d = |G| = |H|". We define the bijection 7 : GM —
HV “induced by ¢ and 9”: Let

g:{0,....0M -1} — GM,

z=ay WM a @ (x) = (elam), .0 (@)
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Let

w:{O,...,cN—l}HHN,

y=en- N hter =P (y) = (@ len),. ¥ (er))
Then 7:=1o¢@ L
Theorem 4. Let G and H be of comparable order. Let ¢ and 1) be cor-

responding bijections and T the bijection induced by ¢ and . Then for all
a > 1 we have

= 1/2 < ﬂ(G7§07H7¢aO‘) <«
with equality on the right side if and only if T is a group isomorphism.

Proof. We have g m,,,» > 0 by definition. By Theorem 1 in [27], 8¢, H,0.
= 0 if and only if 7 is a group isomorphism. From Theorem 3 the right side
of the inequality follows.

Now let v (1) := (v(0,1),...,v(d—1,1)) € C% By Cauchy’s inequality
we have

Bt =loga (_goo 1 Ol ) < toga

Moreover we never have 3G m,, . = 1/2, since v (0,1) = 0 for [ > 0 and

|7 (0)]]; = 1, so that in the above application of Cauchy’s inequality the
inequality is strict. Again from Theorem 3 the result follows. (]

ws V[ 0,

5

6. The base change coefficient in the case:
|G| divides |H|" for some positive N, but
IGIM + |H|N for all positive M and N.

In this section we will always assume, that the orders b and ¢ of the groups G
and H satisfy b|c" for some positive integer N, that is: Let ¢ have canonical
prime factorization ¢ = [[;_, p;* with v; > 1 for i = 1,...,r , then b =
[, P with p; >0 fori=1,...,r.

Definition 6. Let p = p(b,¢) :=min{v;/p; :i=1,...,r}.
Definition 7. Let

(o) 1 bY—1
Oy i=  max E oo E Iy (4, k)|
cWI<k<ew )
v=[(w—1)-p]+1 j=bv—1

and
A A(G,¢7H7¢7a) = ]imsup&‘

w—00
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With this notation, we have:
Theorem 5. If A (G, ¢, H,¢,a) > 1 then
ﬁ(G7SD7H7¢7a) = )\(G7<107H7w’a) °

Proof. For f € ¢,E“(C) and for k with ¢*~! < k < ¢* and since A > 1 we
have by Lemma 9:

fuw|=| X fal)- 6K

j=bQ(k)—1

oo -1

YRR S ST}

v=Q(k) j=bv-1

Remember that P (m) := min {n : b™[c"}, Q (k) ;== min {n: k < L™},
SO

P (m) = [m-,max “]

i=1,...,r U;
and therefore
Qk)=Q (¢ 1 :mln{n:w < {mznllaxriz—‘}
=[(w—=1)-p] +1.
(Here by [y] we denote the smallest integer larger or equal to y.) Conse-
quently

1

)fﬂ(k)]g(z-m-awgc*'(e).W

for all e > 0 and a suitable C’ (¢) > 0,80 8 (G, p, H,,a) > AN (G, o, H, ¥, ).
Now let € > 0 be given. Let 1 < w; < ws < ... be any sequence w of
positive integers. Then we define a function f() in the following way:
Let k; with ¢#i~! < k; < ¢¥i be such, that

[(wit1—1)p] =

Z bvia "Y(j?k”

v=(wi—Dpl+1  j=bvt

attains its maximum for k = k;. Then set

R TR TRy

for all j with pl@—Del < 5= < j < pv < pl@1=Drl and 1) (j) = 0 for
all other j.
Thus f@) € ¢, E*(1).
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On the other hand
[(wit1—1)p] 1 bv—1

’fH(kz) > E oo Z v (4, k)| — Z Jla
v=[(wi—1)pl+1 ~ j=bv-1 j=bl(wit1=1)e]
We have
[(wit1—1)p] ;b 0 1
Cui= D a2 hGRIS D] 7o
v=[(wi—pl+1 ~  j=bv1 j=bl(wit1-1)¢]

and therefore

‘f}f) (ki)

= 1
> 0w — 2 Z -

Let now the sequence w be such, that A > —M

that

— € for all ¢ and such,

for all 7. Then

‘J@ (ki)| >

R > .
= wirQh=¢) 4 ewirA—€) = 9. c(A=¢) k;\—e

for all 7.

Therefore 3 (G, ¢, H, ¥, a) < A (G, ¢, H,1, ) and the result follows. O

Although we now have an exact formula for 3, it can, however, not be
computed in finite time. Consequently, until now we do not even know,
for example, the value of (3 (Zs,id,Zs,id, ). But we can use Theorem 5
to obtain good estimates for 3 (G, ¢, H,1, ). Using the trivial estimate
|v (4, k)| < 1 together with Theorem 5 would lead to (G, ¢, H, ¥, o) >
(o —1)-p-log(b)/log(c). An upper bound and a sharper lower bound is
given by the following result.

Theorem 6. Let G and H be of order b and ¢ and let ¢ and v be suitable
bijections. Assume, that there is a positive integer N, such that b|cN. Let
p = p(b,c) be defined as in Definition 6. Then with 6 := p - log (b) /log (c)
we have

a-0—min (/2,20 — 1) < B(G,p,H,p,a) <a-0+(1—-0).
Remark. Note that 0 < 6§ < 1 and that the upper and the lower bound

differ at most by 2/3. If b and ¢ are as in Section 5 then # = 1 and we obtain
the bounds from Theorem 4.
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Proof of the theorem. By Cauchy’s inequality we have for ¢v~! < k < ¢v
and with
[e's) bv—1

ow (k) := Z bvia Z v (U, k),

v=((w-1)pl+1  j=bo-t

that
00 bv/Q bv—1 1/2
@< Y PGP
o=[(w—1)g+1 j=bot

By the Bessel inequality for Ls ([0, 1)) with the orthonormal basis Wg o

-1 bv—1 2

1 —
Z v (4, k)|2 = Z / awaly (z) - gwal; (x) dx
j:b“_l j—bv—l 0
bv—1 2

< || rwalg |3

P>

1 —_—
= / gwaly () - gwalg (z)dr =1
0

/Hwalk x) - gwal; (z) dx

for all v.
So
> /2 1
ow (k)] < Z poa <G (baa)'m
o=l )41

for all w and k (and a constant C (b, «) depending only on b and «) and
we obtain A > (o —1/2) -0
To obtain a further lower bound for A we estimate the coefficients 7 (j, k)
“individually”: For k given with ¢*~! < k < ¢¥, for v with
loge
-1 1<ov< -1
(w-1p+1<vs (w=-1) 25

and for j with b¥~! < j < b" we have 1/c*~! < 1/b¥ and therefore by Lemma
2 and since gwal; is constant on intervals of the form [A/bY, (A + 1)/b"):

1 —
7 G ) = /0 owal; (x) - waly (@) da

1 acWl
pr—1 T P

= Z / awal; (x) - gwaly (z) dz| < pTEE
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So

[(w-1) {255 ]

1 1 S 1
ow < Z F'WJF Z pv(a—1)

v=[(w—1)p]+1 = [(w_l).igii]_i_l

< (b,C,Oé)' <1 ! + ! )

cw ' pw-p-(a—2) cw(a—1)

1 1
<Oy (b,c,a) - <cw'(1+9‘(°‘_2)) + cw'(a—1)>

1
cw (1+6-(a—2))

< CQ (b7 ¢, CK) ’

with the constant Cy (b, ¢, &) depending only on b, ¢ and «, and since § < 1.
From the definition of A (G, ¢, H, 1, a) we immediately get A > 6-a—260+1
and by Theorem 5 the lower bound for 5 (G, ¢, H, 1, a) follows.
To show the upper bound it suffices to prove the following: For any
positive integer w let v := [(w — 1) - p|] + 1. Then there is a k with ¢v~! <
k < c“, such that

bv—1 bv—l
> WGE)| = —.
j:bv—l ¢
Since then for all w
> O (b T e 1
Ow 2 3(76’0[)'W.CT_ 3(7070)'m

(here again the constant is depending only on b, ¢ and « ), and by Theorem
5 the upper bound follows.
Now by Lemma 8 and 4:

bv—1 bv—1
S G RI= D] 6k
j:bvfl ]:0

-1

1
> / gwalg (z) - Z gwal; (z) dx
0 -
7=0

b—U
=0 / gwaly () dx|.
0

Because of the special form of v the fraction A := ¢¥~!/b"=! is an integer,
but A/b is not. Let the integer E be such, that

E 1
1 TY T
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where 0 < y < 1/¢*~!. Then

and

Now by Lemma 2

p—v
/ pwalg (z) dx
0

STty
pgwaly (z) dx
E
=T

I

y
/ gwaly () dx
0

1
T oew—l

w—1

y-c
/ gwalg, (z) dx|.
0

Here

1

IN

1
7 z::y~cw_1§1—g
and ky, # 0 is such, that k = Ky, - ¢4+ + k1.
By Lemma 4

c—1 ., 2 c
;/0 gwal; (z) dx :/0 (lz:; gwal; (ac)) —ldx

_{c-z—z if z<1/c

1—2 if 2>1/c’
So there exists an [ € {1,... ,¢— 1}, such that
# 1 ) 1
gwal; (z) de| > — -min(c-z — 2,1 —2) > —.
0 c b-c

Hereby we have shown the existence of a k with ¢! < k < ¢* and with

bY—1 v—1

> bRz

j:bv—l

This completes the proof. O
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7. Summary of the base change results.

In this section, for the sake of the reader, we collect and summarize the
results on the base change coefficient given in Sections 4-6.

Given two finite abelian groups, G, H, we distinguished three cases, ac-
cording to the relations between the group orders:

1)

If |G| did not divide any (integral) power of |H|, we found, that the
relation between the convergence classes was quite bad. We obtained
the non-improvable result

ﬁ(Ga%H;%Q)Zl

for all a > 1.
If some power of |G| equalled some power of |H|, the results showed
very good relations between the convergence classes:

ﬁ (G7 ®, H7 1/)’ Oé) == ﬁG,H,(p,l[)y

where (g m,,,» Was a finitely computable constant (see Definition 5).
Estimates of 8¢, H,e lead to an estimate of 5(G, p, H, 1, a):

a—1/2< B(G, o, H,a) < a.

If |G| divided some power of |H|, we had to formulate the result using
the, in general, not finitely computable constant A (see Definition 7).
Then

B(G, e, H,¢,a) = XG0, H, 1, 0) .
We were able to give good estimates for this constant, leading to the
inequalities

a-0—min(6/2,20 — 1) < (G, p,H,Y,a) <a-0+(1—10),

where 6 is a constant in (0, 1], depending only on the group orders (see
Definition 6 and the formulation of Theorem 6).

Note, that the second case is actually a special case of the third: It
corresponds to the value § = 1. The resulting bounds for 5(G, ¢, H, 1, a)
coincide.

8. An application to quasi-Monte Carlo integration.

In a series of papers (see for example [14], [11], [9], [15],...) a so-called
“digital lattice rule” for the numerical integration of functions defined on
the s-dimensional unit cube [0, 1)* was developed. The essential observation
of this method is, that certain classes of functions f : [0,1)® — C can be
approximately integrated with the help of so-called “digital nets” in a much
more accurate way than with other methods. The main result of this “digital
lattice rule” is an integration error estimate, which was given in improved
and generalized form in [14], [9] and [27].
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In this section we will give just the necessary preliminaries to state and
prove the most general and sharpest form of this error estimate until now,
based on Theorems 3 and 6. The error estimate is then given in Theorem 7.

We begin by extending the concept of Walsh systems over groups to ar-
bitrary dimensions.

Definition 8. Let G be a finite abelian group and ¢ a corresponding bi-
jection. Let W, be the system of Walsh functions over G and ¢. For an
integer s > 2 and non-negative integers ni,... ,ng let

aewaly, o, :[0,1)° = C
be defined by

s
G,pralnl,... s (Q?l, cee 7-7;5) = H G’,pralni (xz) >
=1

and
Weé o ={cewaln,, . n, i 11,...,n5 >0}
is called the system of s-dimensional Walsh functions over G and ¢.

Definition 9. For G and ¢ given, for an integer s > 2 and real numbers
a>1land C > 0let ¢ ,ES (C) denote the class of all functions f : [0,1)° —
C which are representable by an s-dimensional Walsh series

oo
fxr, ... zs) = Z fa(ni, ... ng) - gwaly,  n, (21,...,25)

ni,...,ns=0

with Walsh coefficients fg (n1,... ,ns) € C satisfying

‘fa (n1, ... ,ns)
for all (n1,...,ns) # (0,...,0). (Here m :=max(1,n).)

Definition 10. Let G and H be finite abelian groups and ¢, ¢ correspond-
ing bijections. For an arbitrary dimension s and real numbers o > 1 we

define: (G, o, H,1,a, s) == sup {5 > 1:for all C > 0 there is a ¢/ > 0

with ¢, B (C) C 1, ES (C") }
Again (G, ¢, H ¢, a, s) := 1 if no such [ exists.

For this multi-dimensional extension we can show:
Lemma 11. (G, p, H, ¥, a,s) = B(G, ¢, H, 9, av).

Proof. The proof is exactly the same as the proof of Lemma 2 in [12]. We
omit the obvious adaptions. O
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The concept of digital (¢, m, s)-nets — these are point sets in the s-dimen-
sional unit cube of a special structure — was introduced by Niederreiter ([9],
[16], see also [17]) and was subsequently investigated in detail by various
authors. (Special examples of digital (¢, m, s)-nets already can be found in
Sobol’ [25] and Faure [4].)

Definition 11. Let b > 2, s > 1, and 0 < ¢t < m be integers. Then a
point set P = {xXq...,xy—_1} consisting of N = b" points of [0,1)® forms a
(t,m, s)-net in base b if the number of n with 0 <n < N — 1, for which x,
is in the subinterval J of [0,1)%, is b* for all J = [];_; [a;b™%, (a; + 1)b~%)
with integers d; > 0 and 0 < a; < bl for 1 < i < s, and with s-dimensional
volume b'~"™,

Definition 12. Let b > 2, s > 1, and m > 1 be integers. We consider the
following construction principle for point sets P consisting of ™ points in
[0,1)°. We choose:

(i) A commutative ring R with identity and |R| = b;
(ii) a bijection 7: R — Z, = {0,1,... ,b— 1} with 7(0) = 0;

(iii) elementscg-?ERforlgiSs,1§j§m,and0§r§m—1.

Forn=0,1,...,0™ —1 let

—_

n= Z ar(n)b” with all a,(n) € Zy,

T

be the digit expansion of n in base b. We put
. m . .
2 =3y Wy for 0<n<b™ and 1<i<s,
j=1

with
. m_l .
u) =7 ( cﬁi?r—l(ar(n))) € 7,
r=0
for0<n<dtm1<i<s,1<j<m.
If for some integer ¢ with 0 <t < m the point set
xn:(x,(ll)j...,ng)> €[0,1)° forn=0,1,...,0" -1

is a (t,m, s)-net in base b, then it is called a digital (¢, m, s)-net constructed
over R with respect to the bijection 7.

The most powerful construction methods for digital (¢, m, s)-nets of high
quality (i.e. with small ¢) are based on methods from algebraic geometry.
See for example [18], [19].
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Lemma 12. Let R be a finite commutative ring of order ¢ with additive
group H and let ¢ : {0,...,c—1} — R be a bijection with ¢ (0) = 0.
Let xq,...xXn—1 be a digital (t,m,s)-net constructed over R with respect to
T =1~ Then for all o > 1,C > 0 we have

N-1 s—1
1 (log N)
F(x) dx—— 5" F(x)| < Kot
/[071)5 ) =y 3 1 ) —

forall f € gyES(C), where K is a constant depending only on s,c,C and
a.

Proof. This is Theorem 1 in [9], stated in a slightly simplified form. O

In this result for the construction of the digital point set, a ring has to be
used, which is based on the same additive group G as the considered Walsh
system. However, only certain rings are well suited for the construction of
digital (¢, m, s)-nets of highest quality.

Therefore it is sometimes more convenient to use a ring R for the con-
struction of the digital net which is based on another additive group H as
the considered Walsh system, which is based on, say, a group G. So we need
a corresponding, more general integration error estimate.

In Theorem 4 in [27] such an estimate was given for the case |G| = |H]|.
We are now able to give an error estimate for the case, that for some positive
integer L we have: |G| divides |H[*. Our result - given in the subsequent
Theorem - contains the above mentioned result of Wolf in [27] (Th.4).

Theorem 7. Let G and H be finite abelian groups of orders b and ¢, and ¢
and ¢ corresponding bijections. Let R be a commutative ring with additive
group H. Assume, that there exists a positive integer L, such that b|c”. Let
p (b, c) be defined like in Definition 6 and let

log b
0:=p(bc) ——.
p(b,c) Tog ¢
Let x1,... ,xN be a digital (t,m,s)-net constructed over R with respect to

T =L
a) Foralla>1/0+min(1/2,2—1/0) and all C > 0 we have

1 N-1
‘ [, ae L

< Kk . tlab-min(o/220-1)) __(log N>

No-6—min(0/2,20—1)

forall f € g ES(C).
b) Assume, that for some positive integers M and L even b™ = c* holds.
Let B 1,0 be defined like in Definition 5.
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For all « > 1+ B H,py and all C > 0 we have

forall f € g ES(C).
(In both cases again the K denote constants depending only on s,b,c,C
and o)

Proof. Note, that in the proofs of the lower bound in Theorem 6 and of
Theorem 3 we indeed even have proved a little more. From the proofs we
even obtain the following:

e For all @« > 1/6 +min(1/2,2—1/60) and all C' > 0 we have
G,@Ea (C) - H’wEa-Gfmin(G/Z,%?fl) (C/)
for some C’ > 0;

respectively if G and H are of comparable order:
e For all > 1+ B¢ 1, and all C' > 0 we have

GoE* (C) C pyE Pemev (C')
for some C' > 0.

From this and Lemma 12 the assertion of Theorem 7 now immediately
follows. O

The results of Theorem 7 (but also the result of Theorem 2, stating that
there are no base change connections in Case 1), also are reflected in numer-
ical results. As a small sample, we give in the following some results on the
numerical integration of a function f € z,4E2(c) (i.e. b = 2) with digital
nets over Zs, Zs,Fg and Z1g, and with the Hammersley-Halton sequence.

As can be seen, we obtain excellent results for nets over Zy and Fg (Case
2), good results for Zjp (Case 3) and the “worst” results for Zs (Case 1)
and the Hammersley-Halton sequence. In the last case (Case 1), the struc-
ture of the digital net does not play a role any more in integrating the
function f. Only the small discrepancy of any digital net of high quality
provides an integration error about as small as the error obtained by using
the Hammersley-Halton sequence.

In the following table, there are two sections: In the first, the point sets
contain between 22° and 22! points, in the second the range is from 2% to
224 In each section, the first column describes the point set, in the second
the number of integration points IV is listed and in the third and fourth
column, the integration error of a test function f in 7, resp. 8 variables is
shown. The function f is the test function described for example in [12].
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We use the digital nets over Zs and Zjo described in [9], digital nets over
Fg as they are used in [12] and digital nets over Zg as they are generated in

[24].
’ Method H N \ dim 7 dim 8
Zo 1048576 | 2.3280821e-12 | 1.3543555e-11
Zs 1953125 | 4.3304898e-04 | 2.5758582¢-04
Fg 2097152 | 2.0078383e-13 | 5.1528231e-10
Z1o 1000000 | 1.3743740e-05 | 5.0843230e-06
Hamm. 1048576 | 2.0067839¢-03 | 2.2115463¢-04
Zo 8388608 | 2.3425705e-14 | 1.7175150e-13
Zs 9765625 | 5.2695372e-05 | 2.3610550e-04
Fg 16777216 | 9.9364960e-15 | 1.0041967e-13
Z1o 10000000 | 1.2159300e-05 | 5.4922667e-06
Hamm. 8388608 | 7.9642499e-05 | 3.2087933e-05

Table 1. N denotes the number of integration points, under dim 7 and
dim 8 the integration errors of the 7- respective 8-dimensional test function
are listed.

Finally we mention, that the above investigations also could be extended
to investigations on the connection between Walsh series and Haar series
(the problem does not really occur between different classes of Haar series)
and the corresponding results could be used to reprove and improve results of
Entacher ([2],[3]) on the numerical integration of Haar series. A forthcoming
paper concerning this is in preparation. (See also [22].)

9. Some open problems.

Of course many questions remain open. In the following we restate just some
of the — in our opinion — most challenging problems once more explicitely.

Problem 1: In practice, given G and H of comparable order, in the choice
of bijections we are quite free. So it is obvious to choose ¢ and ), such that
Ba,H,p,w s minimal. We know (Theorem 4) that
1
0<Benew <5
Is
1

sup min ﬁG',Hﬁpﬂp <=7
G,H ¢ 2

In fact we conjecture

supmin S¢ m,pp = lim Bz, 7., idd
Gl o h—oc
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1 logsin 3%

=~ + ——12 =0.4499...
2 + log 2 9
(See also [27].)
Problem 2: Is

ﬂZg,Z2h,id,id = mlil 522,22;1,@71& ?
P

We conjecture, yes.

Problem 3: We know a closed form for the exact values of ﬁZz,Z2h,id,id (see
Section 1). However, we do not know a closed form for the exact values of
B2 22 ,id id -

Problem 4: Of course also in “Case Three”, b|c¥ for some N, a solution in
the form of Theorem 3 for groups of comparable order would be desirable.
However, this seems to be quite difficult.

Until now we do not even know the exact value of 3 (G, p, H,¥,a) in
“easiest” cases, like, for example, 3 (Zg,id, Zg, id, ) .
Problem 5: Any improvement of the inequality given in Theorem 6 would
be of interest.

Problem 6: Is it possible to give more exact results than Theorems 5 and
6 in the case that G and H are not of comparable order, but |G| and |H|
have the same prime factors?

(For example, it might be easier to compute (3 (Zg,1id, Z12,1d, @) than to
compute 3 (Zg,id, Zg,id, ) . )
Problem 7: Give at least numerical estimates for 5 (G, ¢, H, ¥, a) for cer-
tain examples in “Case Three”, maybe based on Theorem 5.

Problem 8: Motivated by Theorem 3 for “Case Two” and Theorem 6 it
seems that in “Case Three” we should have

ﬂ(G,@,H,¢,Q) = Q- 9+6(G5¢5H7¢)
with some quantity ¢ (G, ¢, H, 1) not depending on «. Is this true?

Problem 9: Concerning the constant 7 considered in Section 3, we know
that v (G, p, H,,a) < B(G, ¢, H,,a). Can « also be estimated from
below by some expression depending on 37

This is motivated by Theorem 1. However, note that § is defined just
over Walsh series, not over arbitrary functions as 7 is.
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