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Dyadic diaphony
by

PETER HELLEKALEK and HANNES LEEB (Salzburg)

1. Introduction. Diaphony (see Zinterhof [13] and Kuipers and Nieder-
reiter [6, Exercise 5.27, p. 162]) is a numerical quantity that measures the
irregularity of the distribution of sequences in the s-dimensional unit cube
[0, 1], similar to discrepancy. It has two important features. First, in any
dimension, it is computable in O(sN?) steps for every sequence of N points.
Hence, its complexity is linear in the dimension s. Secondly, it allows the-
oretical analysis in terms of Weyl sums, again in similarity to discrepancy
(see Hellekalek and Niederreiter [4]). For the relation to quasi-Monte Carlo
quadrature formulae, see Zinterhof and Stegbuchner [14].

Throughout this paper, w = (x,)n>0 will denote a—possibly finite—
sequence in [0, 1[* with at least N elements. For integrable f : [0,1[° — C,
define

Sn = % Z:: S f(x)dx.

[0,1[*

Let 7 denote the trigonometric function system {ex : k € Z°} on [0, 1%,

ek(x) = H€2ﬂ-\/jlkimi,
i=1
k = (k1,...,ks) € Z°, x = (x1,...,25) € [0,1]°*. W(2) = {wk : k =
(k1,...,ks) € Z°,k; > 0,1 < i < s} denotes the system of Walsh functions
to the base 2 on [0, 1[° (see Definition 2.1).

DEFINITION 1.1. The diaphony Fn(7,w) of the first N elements x, . ..
.,Xn_1 of w is defined as
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1/2

W Fy(T,w) = (Z Jwrsm,w)r?) ,

K40
where R(k) := [[/_, max{1,|k;|}, k = (k1,...,ks) € Z°.

The spectral test of Coveyou and MacPherson [1] is one of the central
theoretical concepts to test uniform pseudorandom number generators. It
defines the figure of merit

2)  on(w):=

1
min{\/k%—I—...—&—k‘g:k;ﬁO, ex €7, S’N(ek,w) 750}

relative to the trigonometric function system. If the generator produces lat-
tice structures in [0, 1[%, like the well-known linear congruential generators,
then the spectral test yields readily computable “figures of merit” (see Knuth
[5], Ripley [8], and Tezuka [12]). For other types of generators, the situation
is different. The following statement of Niederreiter [7, p. 168] applies: “The
difficulty here is to find a convincing quantitative formulation of this idea”.

In Hellekalek [3] the first author has presented a solution to this problem.
He has interpreted the diaphony F(7,w) as a weighted spectral test. The
weights are given by the coefficients 1/R(k)?.

Tezuka [11] considered a discrete version of (2) for the Walsh system
W(2), namely the behaviour of the Weyl sums

(3) {SN(wk,w):k:(kl,...,ks);ﬁO, 0<k; <29, 1§i§5},

g a fixed positive integer, for finite sequences w produced by generalized
feedback shift register pseudorandom number generators. Neither a quan-
titative formulation of this discrete Walsh spectral test nor something like
Tezuka’s Walsh spectral test for other types of uniform pseudorandom num-
ber generators is known.

Hence, it is an interesting question of metric and computational number
theory to investigate if a dyadic version of diaphony exists and if it has
similar properties and an analogous interpretation as the classical version.
In this paper, we shall answer this question.

DEFINITION 1.2. The dyadic diaphony Fn(W(2),w) of the first N ele-
ments of the sequence w in [0, 1[* is defined by

35 —1 by

1/2
(1) FN<W<2>,w>:=( ! Ze<k>rsN<wk,w>r2) ,

where, for an integer vector k = (kq,...,ks) with nonnegative coordi-
nates k;,
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o(k) := H o(k;),

5) o(k) = {229 if 29 < k <297 with g >0, g € Z,
1 it k=0.

We shall establish that Fiy(W(2),w) is a measure of uniform distribution
(see Theorem 3.1). As corollaries, we shall obtain Weyl’s Criterion relative to
the Walsh function system and the inequality of Erdés—Turan—Koksma for
Fn(W(2),w). In Proposition 3.4 we shall compute the value of the dyadic
diaphony for regular dyadic grids. Then we shall show that the weights
o(k) are the Walsh coefficients of a certain function ¢ defined on [0, 1[* (see
Corollary 4.4). This property of the dyadic diaphony is essential to allow its
computation in O(sN?) steps (see Theorem 3.5).

In what follows, we shall denote the dyadic diaphony F (W(2),w) of the
first N elements of w by Fy(w).

2. Prerequisites. The comprehensive monograph of Schipp, Wade and
Simon [9] serves as a reference for all the results we shall need from dyadic
Harmonic Analysis.

For a nonnegative integer k, let

k=3 k2, ke{o1},
j=0

be the unique dyadic expansion of k. Every number z € [0, 1] has a unique
dyadic expansion

oo
T = ij 27971 z;€{0,1},
j=0

under the condition that z; # 1 for infinitely many j. In the following, this
uniqueness condition will be assumed without further notice.

Notation. (i) Let z € [0, 1], with dyadic expansion x = 0.z¢z; ..., and
let k£ be a nonnegative integer, k = Z;‘io k;27. For g € N, we define

g—1
z(g) == 0.xox1...29-1, k(g):= Z k27,
j=0

Then z(g) € {a-279 :a =0,1,...,29 — 1} and k(g) € {0,1,...,29 — 1}.
Further, put z(0) := 0, £(0) := 0.
(ii) An interval of the form
J(g,a) =[a-279 (a+1) 279, 0<a<?29 g>0,

a and g integers, is called an elementary dyadic interval of length 279.
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(iii) Let bo, b1,...,bg—1 be arbitrary digits in {0,1}. Let
I(bo,bl,...,bg_l) = {$E [0,1[2.27j :bj, 0<y Sg—l}

denote the cylinder set of order g defined by bg, b1, ...,bs—1. Then, for any
elementary dyadic interval J(g,a) of length 279, g € N, there is a unique
cylinder set I(bg,b1,...,by—1) such that J(g,a) = I(bo,b1,...,bg—1). We
only have to observe that a-279 = 0.bgb; ...by—1 with suitable digits b;.

(iv) Let X denote the Lebesgue measure on [0, 1].

(v) By a dyadic rational ¢, we understand an element ¢ = 0O.cpcy ... €
[0, 1] such that only finitely many digits ¢; are different from zero.

(vi) The dyadic logarithm of x € [0, 1] will be denoted by log, z. If z =
279+412,2797 1+, then the integer part of log, z is given by [log, z| = —g.

DEFINITION 2.1. The kth Walsh function wy, k > 0, to the base 2 is
defined as

o

(6) wy(z) == [[(~1)"",

§j=0
where z = 0.zgx1 ... is the unique dyadic expansion of z € [0,1[ and k =
Z;‘io k;27 is the unique dyadic expansion of the nonnegative integer k. If
k = (k1,...,ks) is an integer vector with nonnegative coordinates, then the
kth Walsh function wy on [0,1[° is defined as

(7) wi(x) = Hwk(:cl), x = (21,...,2s) € [0, 1]%.

If ¢ is an integrable function on [0,1[* and if k = (k1,...,ks) is an
integer vector with nonnegative coordinates, then let ¢(k) denote the kth
Walsh coefficient of ¢,

300 = | olxunx) dx,
[0,1]
with respect to the Walsh function wy.
DEFINITION 2.2. For two digits d and d' in {0,1}, let
d®d :=d+d (mod 2).
For two numbers z,y € [0,1] with dyadic expansions z = Z?io z; 27971
and y = Z;‘io y; 27971 let  + y denote the dyadic sum of z and y,

oo

rty:= Z(xj ®y;)2777! (mod 1).
=0

If x,y € [0,1[%, x = (z1,...,25), Yy = (y1,.--,Ys), then
x+y:=(x14+y1,...,2s +ys)
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Remark 2.1. (1) The digits (z + y); of the dyadic expansion of the
number z + y € [0, 1] need not coincide with x; @ y;. Each of the following
conditions:

(C1) x + y not a dyadic rational,
(C2) z or y dyadic rationals,

implies the equality

(8) (z+y)j=z;@y;, VYj=0
(2) If the above identity (8) holds for x,y € [0, 1], then
(9) wi (@ +y) = wi () wi(y).

For functions ¢,v € L([0,1[) and x € [0, 1], we define the convolution
p*x 1 of p and Y as
(10) pxp(@) = | e)v(t+ao)dt.
[0,1]
As in the case of the trigonometric function system,

px (k) = pk)p(k) k> 0.

3. The results. In this section we present the main results of this paper.
For the definition of the Walsh functions and the dyadic sum, we refer to
Section 2.

THEOREM 3.1. Let w = (Xp)n>0 be a sequence in [0,1[°. Then, for the
dyadic diaphony Fn(w),
(a) 0< Fy(w) <1,
(b) w is uniformly distributed mod 1 < lim Fy(w) = 0.

N —o0
Proof. Property (a) is trivial. In (b), let limy_o Fn(w) = 0. Then
limy o0 Sy (wk,w) = 0 for every k # 0. From Lemma 2 in Hellekalek [2] it
follows that

L Nl
(11) Jim 2_:0 f(xn) =0
for all functions f(x) = 1;(x)—A(I), where I is a dyadic subinterval of [0, 1[®
and A([) is its Lebesgue measure. This implies the uniform distribution
modulo one of w.

On the other hand, let w be uniformly distributed in [0, 1[*. For g € N,
define

Co(29) = {k = (k... ks) :0<k; <29, 1<i<s),

and

C3(27) == Cs(29) \ {0}
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Then
dok)=3 -1, > ok =(@B-2"1)y-1,
k#0 keCr(29)

and hence

kgCs(29)
This yields the estimate

(12)  FR)<g 3 olSylwew)? +

T keCr(29)

31 S
35 —1 291

Now, every Walsh function wy is a step function on [0, 1[*. Hence, the uni-
form distribution of w implies limy oo Sy (wk,w) = 0. The result follows. m

From Theorem 3.1 and its proof we get
COROLLARY 3.2 (Weyl’s Criterion relative to W(2)).

w is uniformly distributed modl < Nlim Sy (wy,w) =0 Vk # 0.

The one-dimensional version of this result has been presented without
proof in Sloss and Blyth [10, Theorem 1].

From inequality (12) we obtain an upper bound for Fiy(w) in terms of the
Weyl sums Sy (wy,w) over finite domains C¥(29), the so-called inequality of
Erdés—Turdn-Koksma:

COROLLARY 3.3.

s 2 1 1
(13) Fi(w) < 53 T=37 T 37 > o(k)[Sn (wie, w)]*.
keCx(29)

The next result shows that the dyadic diaphony of a regular dyadic grid
consisting of N = 29 points has an order of magnitude of N—1/5.

PRrROPOSITION 3.4. Let w be the regular dyadic grid

(14) {(a1/29,...,a5/29):0<a; <29, a; €Z, 1 <i<s}.
Then

1
(15) Fioo (w) (1427200 —1).

T3 1
Proof. It is elementary to show that
g (o292 1) = 1 if 29|k,
2 (1w (a Ja=o') 0 otherwise.

From this identity, the final result follows easily. m
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THEOREM 3.5. Let

3— 3.2 Flosa2) i 2 ]0,1]
16 = 1o
(16) o) = {3 focl

and ¢ : [0,1°*—= R,
x):=—1 +ng(w,~), X = (21,...,Ts)

(see Corollary 4.4 for the background). Then, for every sequence w =
(Xp)n>0 in [0,1[° such that the coordinates of all points x,, fulfill Condi-
tion (C1) or (C2) in Remark 2.1, in particular, if the coordinates of all
points x,, are dyadic rationals, we have the identity

~1N-1

(17 i) = = LY S o o)

n=0 m=0

Remark 3.6. In any practical computation, we are restricted to a given
finite number of binary digits, hence to finite sequences w of dyadic rational
points. As a consequence, the condition on the points of w in Theorem 3.5
above is satisfied automatically. As identity (17) shows, it takes O(sN?)
steps to compute Fy(w) for every sequence w that has been generated by a
digital machine. Examples are the finite sequences that arise in quasi-Monte
Carlo integration or from pseudorandom number generators. For details on
such point sets, the reader is referred to the monograph of Niederreiter [7].

4. The proof of Theorem 3.5

LEMMA 4.1. Let ¢ # 0 be a dyadic rational, let T, : [0,1] — [0, 1],
T.(x) := x+c, denote the translation by c, and define g := —|logy c|. Then,
for all integers a with 0 < a <2971 —1,

Te(J(g,2a)) = J(g,2a + 1),
T.(J(g,2a+ 1)) = J(g,2a).

Proof. We have 2a-279 = 0.a4—2 ... ag0. Hence
J(g,2a) = I(ag—2,...,00,0), J(g,2a+1) =1I(ag_2,...,a0,1).
Every x € J(g,2a) has the form

(18)

x=0.ag_2...a0004T441 ...
Because g = —|log, ¢/,
c=0.0...0lc4cgq1-..
with a block of g — 1 leading zeros. Thus
r+c=0a4-9...a0l... € J(g,2a+1).
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It is clear from the analysis of the dyadic expansions above that the map
T.: J(g,2a) — J(g,2a + 1) is a bijection. Further, (T.)™' =T,. =

~

LEMMA 4.2. Let f(x) = 1j,1/31(x). Then f(0) = 1/3, and, for all k,
29 <k <2971, g >0,

[f(k)| =3 -277.
Proof. We use Lemma 1 in Hellekalek [2] to derive the result. m
LEMMA 4.3. Let f be as in Lemma 4.2. Then

(19) [ flz) = { -2. gllogaz] 4 2 € ]0,1],

if ©=0.
Proof. We have
(200 fefla)= | Lot a)dt = A([0,1/3[N([0,1/3[+ ).

Wl Wl

[0,1/3]

Now, let = ¢ be a dyadic rational, ¢ # 0, define g := —|log, c|, and let
B :=1/3.If a is defined by B(g) = a-279, then

a—1
(21) 0,8 =18(9), 8l | J(9,0)  (disjoint).

b=0
If g is even and, hence, a is odd, then Lemma 4.1 implies that
(22) 0.5(g)[ + e =10.5(9) — 27 [V [5(9). Blg) + 277
and

[8(9), B[+ ¢ C [B(g) — 277, Blg)].
This implies that
A0, B[N ([0, 8+ ¢)) = (B(g) = 279) + A([B(9), BD) + MTe[B(9), BD-
The transformation T, preserves the measure A, hence
(23) A([0,8[0([0,8[+¢)) =5 — 5277
The case g odd (and hence a even) is treated in the same way. We use

Lebesgue’s theorem of dominated convergence to extend the identity (23)
from dyadic rationals ¢ to the case of arbitrary elements x in [0, 1[. m

COROLLARY 4.4. (i) Let ¢ : [0,1] — R, ¢(x) = 3f = 3f, f as in
Lemma 4.2, and let ¢ : [0,1[* — R,

p(x) = —1—|—Hg0(xi), x = (21,...,Ts).

Then Lemmas 4.2 and 4.3 imply

PO 2729 if 29 <k < 29FL with g > 0,
@) == {2 HE
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and

(25) 30¢) = {g<k> A

(ii) The function ¢ and, hence, ¢ is represented pointwise by its Walsh
series. We even have uniform convergence of the Walsh series. This fact is
important in the proof of Theorem 3.5.

Proof. Part (i) is trivial. Part (ii) follows from direct comparison of
the values of p(x) and of its Walsh series expansion ), @(k) wy(z) for x €
[279, 2-9+1 [, g > 1. It is elementary to show that even uniform convergence
of the Walsh series holds. m

Proof of Theorem 3.5. From Corollary 4.4(i) it follows that the
Walsh series of ¢ has the form

6= olk)uw.

k0

Part (ii) of the same corollary tells us that ¢ is equal to its Walsh series at
every point of [0, 1[°. Further, for arbitrary x and y in [0, 1[* such that the
coordinates of x and y fulfill either condition (C1) or (C2) of Remark 2.1,

wi(x +y) = wi(x) wi(y),

for all Walsh functions wy. The result follows by a simple calculation. m
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