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Abstract

Several concepts of discrepancy for point sequences on the d-dimen-
sional unit sphere S are studied. The different discrepancies are com-
pared to each other and applied to error estimates in numerical integra-
tion.

0 Introduction

Numerical integration of continuous functions on the d-dimensional unit sphere
S% is an important application of Quasi-Monte Carlo methods. In principal,
one has to generate a sequence of points x,, n = 1,..., N on the sphere in
order to approximate the integral

by functionals

where o denotes the normalized surface measure on S¢ and f is a continuous
real valued function. As a general reference on Quasi-Monte Carlo methods we
mention Niederreiter [22]. The problem of distributing points on the sphere is
also related to constructive multivariate approximation, see Reimer [24]. For
the recent literature on spherical problems concerned with approximation and
numerical integration we refer to the forthcoming book [7].

For applications in numerical integration it is necessary to have suitably
smoothly distributed points on the sphere. There are several quantities mea-
suring the distribution of point sets x,, n = 1,..., N. The geometrically most
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natural concept is the spherical cap discrepancy
1 N
D (xn) = sup |7 > xc(xa) = o(C) (0.1)
n=1

where a spherical cap with center y and radius ¢ is defined as C' := {x : (x,y) >
cos ¢} which is the intersection of the sphere and a half space; y¢ denotes the
characteristic function of C. (Here and in the following we consider S? to
be embedded in R*! and (-,-) denotes the standard inner product on R%+1.)
Roughly speaking, this discrepancy measures the maximal deviation between
the empirical distribution of the points and uniform distribution.

The error Ex(f) = |[In(f)— I(f)| in numerical integration of continuous func-
tions on S? satisfying a Lipschitz condition |f(x) — f(y)| < Cy arccos({x,y))
can be estimated by

where M is an arbitrary positive integer and Sy, ¢, £ = 1,...,Z(d, m) denotes
an orthonormal basis of the spherical harmonics of order m (cf. [20]). The proof
is given in [10] and makes use of an approximation kernel due to Newman and

Shapiro [21].
Extending the well known Erdds-Turdn inequality (cf. [17], [14]), Grabner [9]

established the following bound for the cap discrepancy: For any positive in-
teger M and constants ¢;(d) only depending on the dimension d the inequality

c1(d) M rea(d)  es(d) )y X
D) < 37+ 2 (22 4 2 3 [F R S| 02

holds. The proof of this result mainly depends on Vaaler’s approximation kernel
[28], which is very suitable to approximate step functions by trigonometric
polynomials.

The above upper bound for the cap discrepancy in terms of the spherical har-
monics suggests that a notion of discrepancy based on spherical harmonics
might be fruitful. In analogy to the so called polynomial discrepancy for se-
quences in [0, 1)? (cf. [12], [27]) we introduce a spherical polynomial discrepancy

defined by
1N

N Z Sm,j(%Xn)] -

n=1

1
Dy (%p) := sup —  max

0.3
m>1 me 1<j<Z(d,m) (0.3)
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It is a natural question to ask whether uniform distribution of infinite point
sequences can be defined via cap discrepancy as well as via the polynomial
discrepancy. Let us recall the definition of uniform distribution of sequence
(xn)221: (x4,) is said to be uniformly distributed if

lim In(f) = I(f)

N—oo

for all continuous functions f. By well known arguments (cf. [17]) this is
equivalent to

lim D$(x,) =0 or lim D3 (x,)=0.
N—oo N—o00

A quantitative relation between these two concepts of discrepancy is due to
Klinger and Tichy [15]

cA(d)D (x0) < DS (xa) < e5(d) (D5 (x0)) ™ 04)

with constants only depending on the dimension.

An upper bound for the cap discrepancy in terms of Legendre polynomials P%
was proved by Grabner and Tichy [10]:

Theorem 0.1.

Remark 1 In the following we make frequently use of the addition theorem
for spherical harmonics

Z(d,n)
Y. Sni(X)Sn;(y) = Z(d,n)P({x,y)),

J=1

where the Legendre polynomials are normalized such that |P%(z)] < P(1) = 1.
Furthermore, they are given by the generating function (cf. [19])

o " 1
nz:%(n +1)(n+2)-- (n+d—2)Pl(t)" = TR (0.5)

ontd—1 (nt+d—1
n+d—1 ( d—1 )

The numerical value of the dimension Z(d,n) is known to be
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This suggests to define a discrepancy based on Legendre polynomials:

11 N
Diy(xn) := sup —; $ZZP¢£L ({xi,%¢)) (0.6)

m>1 =1¢=1

Again this discrepancy is compatible with the above mentioned concepts:

2
cs(d) DX (x,) < D§(x) < co(d) (D]I\D/) S
where the constants depend only on the dimension (cf. [15]).

For the case d = 2 Freeden [8] developed a discrepancy based on the Green
function G(z,y) of the Beltrami operator. The Fourier series of this function

is given by
_ i on(X)¢en(y)
n=1 An ’

where ¢, (x) and )\, are the eigenfunctions and eigenvalues of the operator. In
order to make the series convergent, iterations of this kernel are considered:

N(x,y) = i Qpn(x))\fn(Y).
n=1 n

This sum is uniformly convergent for r > [%] The Green discrepancy (of

order r) is defined by

Dg?’r) (xp) := sup
yesd

ZG Xna

and might be a suitable measure for the quality of the distribution. In fact,
Hlawka [13] considered an extension of this kind of discrepancy to Riemannian
manifolds and proved that the cap discrepancy is compatible with the Green
function discrepancy. Hlawka [13] established the following bounds

(0.7)

d+1 1
@) (DE) P = 0§ < ) (157 g 157

(0.8)

Note, that we suppose r > [4£3]. For 7 > d + 1 the left hand of (0.8) can be

improved to c12(d)D§VG”) and for r =d+1 to clg(d)DJ(g’r” log D](\?’r)|_1. The
Green function discrepancy is extremely useful for estimating the approxima-
tion error En(f) via a Koksma-Hlawka type inequality

Ex(f) <V (f)- DG, (0.9)
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where V) (f) = [sa|AT) f(x)|do(x) with A() the r-times iterated Laplace-
Beltrami operator, cf. [13].

A different approach was made by Cui and Freeden [5], who used elements of the
theory of weighted Sobolev spaces to obtain an estimate for the approximation
error in terms of the following modified polynomial discrepancy

N oo
DY (xn) = % ZZZWR%((X%X@)]

Il
2|~
[~]=
[~]=
/
—_
|
no
=3
—
[S—y
+
—_
|
| %
I
=
N~ —
N~
|
|

for the case d = 2. The concept, however, is not restricted to the case d = 2
and in Section 1 we will give a generalization to aribitrary dimensions. We will
prove that

1
DR (%) < DY (%) < cra(d) (DR) ™7 . (0.10)

The appearance of Legendre polynomials and spherical harmonics in the ex-
pressions for discrepancies is not artificial but makes sense for another rea-
son, namely the construction of optimally chosen integration points, so called
spherical designs.

A point set x1,...,xy € 9% is called a spherical t-design if

N
N 2 pln) = [ ) o9

for all polynomials (in d 4 1 variables restricted to S?) of degree not greater
than ¢t. Now, we would expect point sets which are spherical t-designs for large
t to have small discrepancy. This is in fact the case; we may easily deduce from
the definitions and a standard upper bound for the Legendre polynomials (cf.

[19]) that for any spherical ¢-design x1,...,xy we have
P 1
Dy (x5,) < a2 (0.11)

A similar bound is true for DL, cf. [5]. For the cap discrepancy in [10]
D]C\; < % is established. Estimates concerning the number of points of a spheri-
cal t-design are due to Wagner [29] and Kuijlaars [16], where ¢-designs with
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d(d+1) . .
O(t™ 2 ) points are constructed. The construction makes use of Chebyshev

quadrature formulee for ultraspherical weight functions. Delsarte, Goethals
and Seidel [6] have proved that the number points of a ¢-design is bounded
from below by

(T + (TP for t=2n

2(Hm Y for t=2n+1.

Bannai and Dammerell [1, 2] have shown that there exist no t-designs with
equality in the above estimates.

Studying distribution properties of point sequences other quantities different
from discrepancies are well known. For instance, the dispersion measures the
denseness of infinite sequences. The dispersion

©n = sup min d(xg, X) (0.12)

xegd J7k

(with respect to the geodesic metric § on S¢) is just the radius of the largest
spherical cap not containing one of the points x1,...,xy. Note that sequences
with dispersion tending to 0 need not be uniformly distributed. This spherical
cap dispersion is of great interest, because it measures the approximation error
of Quasi-Monte Carlo methods for global optimization; see Niederreiter [22]
and the more recent contribution [4]. A related concept is the dispersion with
respect to spherical slices (i. e. intersections of two half-spheres). It is defined as
the angle of the largest slice not containing one of the points x1,...,xy. This
kind of dispersion is important for applications in computational geometry,
cf. [25]. In [26] the following relation between dispersion and discrepancy is
established:

1

@N(Xn) S 015(d) (D]C\’I)E . (0.13)

Furthermore, we mention another quantity for measuring the distribution be-
haviour of a point set x1,...,xy. For sequences in the unit cube Beardwood,
Halton and Hammersley [3] studied the length pun(x,) of the shortest closed
polygonal path joining the given points. For independently chosen random
points these authors proved that

UN ~ ClG(d)N%, almost surely. (0.14)

In Section 2 of the present article we estimate pn(xy) from below by the
spherical cap discrepancy obtaining
d—1

v (n) 2 enr(d) (DS () 7 (0.15)
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Finally, we remark that in principle there are several possibilities for con-
structing uniformly distributed sequences on the sphere. First, one can take
a low-discrepancy point sequence in the unit cube and transform it via po-
lar coordinates to the sphere. Secondly, there is a classical construction given
by Pommerenke [23] using the representation of integers as sums of squares.
Thirdly, Lubotzky, Phillips and Sarnak [18] established a construction using a
free subgroup of the group of rotations. This methods uses a deep machinery,
mainly modular forms and Hecke operators and is restricted to S2.

1 Discrepancies Involving Pseudo-Differential
Operators

In this section we want to describe a notion of discrepancy based on a certain
class of pseudo-differential operators. As usual, we define the Fourier coefficient
fm,; in the spherical harmonics expansion by

fm,j = /Sd f(X)Sm,j(X) dO’(X),

where o is the normalized surface measure on S¢.

We define for s € RT the weighted Sobolev space H*(Q) by

H*(8Y) :={f| f: 5% =R, such that Z Z f%ijS <0y, (1.16)
m=0 j=1

where
m  otherwise

X {1 if m =0
m:

On this space we introduce an inner product and the corresponding norm in
the obvious way

co Z(d,m) o Z(d,m)
Z Z fmggm,]m and HfHHS = Z Z f2 ,JmQS
m=0 j=1 m=0 j=1

We proceed with an embedding theorem.
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Proposition 1.2. For s > d/2, H*(S?%) is a subspace of C(S?), the space of
all continuous functions.

Proof.  Using the Cauchy-Schwarz inequality and the addition theorem for
spherical harmonics we obtain

(i 5 s r)

m=0 j=1

IN

oo Z(d,m) oo Z(d,m) 0o
(Z Yo fmgm )(Z Y Shx A23> = | fllz= D> Z(d,m)m=%.

m=0 j=1 m=0 j=1 m=0
Furthermore, Z(d, m) satisfies
Z(d,m) < edm? !,

and therefore the series (1.17) converges for d — 1 —2s < —1 <= s > d/2. O

The key concept for our further investigations is that of a pseudo-differential
operator. We call T a pseudo-differential operator on S¢ with symbol {Tom.j
m=0,1,...,1<j<Z(d,m)} if

TSm,j = Tim,j Sm,j

holds for all spherical harmonics Sy, j. Furthermore we assume that there exist
constants C1,C5, and s such that

Cim® < Ty 5 < Com?,
and call s the order of the operator T. If T}, ; does not depend on j, we set

Tm = TmJ.

Example 1 Since the spherical harmonics are the eigenfunctions of the La-
place-Beltrami operator A corresponding to the eigenvalues —m(m+d—1), we
conclude that A is a pseudo-differential operator of order 2.

Let T be any pseudo-differential operator of order s. Then we get a different
representation of the space H® by

HY (S = {f | f: 5 5 R, Tf € L£5(5)}. (1.17)
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Now we are ready to prove an estimate for the approximation error.

Theorem 1.3. Let T be a pseudo-differential operator of order s and symbol
{Tn}, with s > d/2. Then for any function f € H® we have

NNooZm

En(f) < %$ Y2 %Rﬁ%((xi,xﬁ) 1T f |-

i=0¢=0m=1

Proof. It is well known that the spherical harmonic expansion

oo Z(d,m)
f(x)= Z Z fm.iSm,j(X)
m=0 j—1

converges uniformly since we have demanded s > d/2. Now we apply T to the
above series, multiply by S, ; and integrate over S? to obtain

[ Tf(y)Sm,(y)
g = [, =Y

T do(y), for m > 1.

This means we can rewrite the spherical harmonic expansion

= A8 T (y) Sy ()
100 = [ Iydnt) + 35 [ S dnty) S,
If we put x = x,, and sum over n, we get
1 N
¥ fG) = [ )
o AL () S 1 (X
£y [ e 5 (32 St

Clearly, the approximation error can be estimated by the absolute value of the
last term in (1.18):

o0 Z(dvm) N

[y 3y SlelSnaly) o)

m=1 j=1 n=1

Ex(f) < 3
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1
1 9 2
< 5 ([rrerane)
1
0o Z(dm) N 2 2
Sm (Xn)Sm (Y)
LS S oY) do(y)
54 (m:l j=1 n=1 Tm
1 [ o0 Z(dm) N 2] 3
< sl | S50 2 (X st
N |m=1 j=1 Tgw’ n=1
1 i [e’s) Z(dﬂTL) 1 %
< STk XYY TTsm,ﬂxi)sm,j(xw]
=1 (=1m=1 j=1 *mj
1
1 N N oo Z(d,m 2
< oYy Y AL )Pﬁl«xz-,xm] ,
Li=1 f=1m=1 “m

where we have used the Cauchy-Schwarz inequality, the orthonormality of S, ;
and the addition theorem. Since by (1.17) ||T-||2 = || - || zs we have completed
the proof. O

The first factor in the estimate for the error is independent of the function and
depends only on the point set. Therefore we can introduce a discrepancy by

N N oo %
D (3; T) = % ;; > Z(;%m)zagluxi,xm S L)

Since Z(d,m) < m?~! and T2 > m?® with s > %l, this quantity is bounded
for N — oo.

Theorem 1.4. Let f € H®, where s > d+ % Then

EN(f) < cs ‘|f‘|HSD]€/(Xn)

Proof. Let T be a pseudo-differential operator of order s. By the result of
Theorem 1.3 it suffices to show that

Dn(xp;T) < D]C\}(Xn).
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Now .
> Z(d,m)m
D) < Y- AEIE s, (1.19)
m=1 m

Since D (x,) < D§(x,), we are finished once we have shown that the series
(1.19) converges. But as T is of order s we have

T, € m?,

and the series (1.19) is bounded by
o
c1s(d) Dy (x) > m* m~
m=1

which is finite if 2d — 25 < —1 <= s > d + 3. O

A specialisation of the pseudo-differential operator leads to the discrepancy
DY’ which was defined in the introduction for d = 2. Consider the operator
A for S? with symbol A2 = (2m + 1)m(m + 1). Now the identity

Z m+1 21n< @)

together with formula (1.18) yields immediately

Dy (xn; A) = DY (x,).

We will now generalize this idea to arbitrary dimensions. To evaluate the sum
in (1.18) we will use the generating functions of the Legendre polynomials (0.5).
Consider the operator A for S with the symbol

A2, = Z(d,m)m(m +d - 1),

which together with formula (1.18) suggests the following definition

N N o 2

DY (xa) = DloniA) = - [S 3 30 — o — 7y P (i, )

i=1/4=1m=1
(1.20)
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Theorem 1.5.

1
DY (x0) < DY (3xa) < c1a(d) (DF) ™7 .

Proof. The left hand side 1nequahty is obvious. For the proof of the right
hand side choose K = [(DL)~ 2(d+1>] and estimate

(D *)2 _ o m2d 1 Pd

P - § e A
K 2d-1 o2 o 1

= mzzlm(DN) +m;+1m

2 1 1
2d—1 ( /P P\ @41
< K*1(Df) + o < (P§)™.
which proves the theorem. O

The following proposition shows how we can use generating functions to eval-
uate the series (1.20). We omit a detailed proof which runs by induction.

Proposition 1.6. Let £ >0, k> 0 and

o
= Z cmw™.
m=1

Then

i i 1 Ek, ! w( Yyt 1g
—~ (m+Om+L+1)--(m+El+Fk) k! R A Y.
mfl( )( ) ( i—0

0
(1.21)

Corollary 1.7.

1
e d—1 1—y)d-t
Z / Yy —2ym—|—1)77—1)¢dy.
— mm—|—d—1 Y
m=1 0

Proof. We again use generating functions. Set { =0, k =d — 1,

Cm = (m+1)(m+2)-- (m+d—2)P; (),
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and
1

19 = A grmroy@n !

in the proposition and the result follows setting w = 1. O

The integrals, which appear in (1.21), can be evaluated using the formula

—_— axr =
(ax? + c)k+1/2 (2k — 1)c (ax? + c)k—1/2

m

n 2k —m — 2 / T
(2k —1)c J (az?+ c)k—1/2

dx,

cf. [11], page 43. It is therefore clear that the expression on the right hand side
in (1.21) can be expressed by elementary functions. We will use the program
MAPLE to compute this expression for the case d = 3 and obtain

3 1-— 1
5 2 1+§arctan 11_2::1&(36)

for the right hand side in Corollary 1.7.
Thus we have for d = 3

DN*(Xn) =

2 Shortest Paths on the Sphere

In this section we will estimate the length of the shortest path through a point
set on the sphere S¢ in terms of the spherical cap discrepancy.

The following result is due to Wyner [30](p. 1090).

Proposition 2.8. The mazimal number M(p) of non-intersecting spherical
caps with radius p satisfies
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where A(p) is the surface area of a cap with radius p and wyq denotes the surface
area of S¢.

Proof.  Let {C(x1,p),...,C(Xp(p),p)} be a maximal set of non-intersecting
caps. Then the set {C'(x1,2p), ..., C(Xpr(p),2p)} covers the whole sphere, since

M(p)
y € |J Clxn,2p)
n=1
implies that C(y, p) would not intersect any of the C(xy, p). Therefore
M(p) A(2p) = wy,

which proves the proposition. O

Theorem 2.9. Let X1,Xo,... be a point sequence on S%. Then for sufficiently
large N
—(d-1)/d
H(N) > eiz(d) (DS (xa)) ,
where c17(d) only depends on the dimension d.
Proof.  From [30](p. 1090) we know
d 7Td/2 P P
A :7/ sing)4tde =: k / sin ¢)4 ! dep. 2.22
O =5 1y fy G do =i [[moy s 22)
Now choose p such that
DS (%) = Alap), (2.23)

where « is some for the moment arbitrary constant in the interval (0,1). This
is possible for large enough N since A(p) is a continuous strictly increasing
w

function. From Proposition 2.8 it follows that we can place M(p) > f@ip—)
non-intersecting caps with angle p on S%. Now we conclude to obtain

Wd

A(2p)

() > (1— )20M(p) > (1 - a)2p
From (2.22) and sinz < = we get
p(N) > crg(d)(1 = a)p' 2.
On the other hand (2.23) and the fact that sinaz > 2z for € [0, 3] yield

D (%n) < ca0(d) ap?
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—(d-1)

v

Clg(d)(l — Oé)

pN (Xn)

Combining these two results we obtain
d—1

(DJC\YT(Xn)>é !
cao(d)
= o) (exo(d) T (0¥t = a?) (DG(xn)) 7,

where the optimal constant is attained for « = (d — 1)/d. O

Remark 2 We note that for a suitable infinite sequence of points (x,) con-
tained in one half sphere, pn(x,) may tend to infinity, whereas D (x,) > 3
(for all N ). This means that there are no upper bounds for uyn(x,) of the same
shape as the lower bound (0.15).

References

[1] E. Bannai and R.M. Damerell. Tight Spherical Designs 1. J. Math. Soc.
Japan, 31:199-207, 1979.

[2] E. Bannai and R.M. Damerell. Tight Spherical Designs II. J. London
Math. Soc., 21:13-30, 1980.

[3] J. Beardwood, J. H. Halton, and J. M. Hammersley. The Shortest Path
Through Many Points. Proc. Cambridge Phil. Soc., 55:299-327, 1959.

[4] C. Biester, P.J. Grabner, G. Larcher, and R.F. Tichy. Adaptive Search in
Quasi-Monte-Carlo Optimization. Math. Comp., 64:807-818, 1995.

[5] J. Cui and W. Freeden. Equidistribution on the sphere. to appear.

[6] P. Delsarte, J.M. Goethals, and J.J. Seidel. Spherical Codes and Designs.
Geom. Dedicata, 6:363-388, 1977.

[7] M. Drmota and R. F. Tichy. Sequences, Discrepancies, and Applications.
Lecture Notes in Math. Springer, 1996. to appear.

[8] W. Freeden. On Integral Formulas of the (Unit) Sphere and Their Appli-
cations to Numerical Computations of Integrals. Computing, 25:131-146,
1980.



16

Peter J. Grabner, Bernhard Klinger and Robert F. Tichy

[9]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

P. J. Grabner. Erdos-Turan Type Discrepancy Bounds. Monatsh. Math.,
111:127-135, 1991.

P. J. Grabner and R. F. Tichy. Spherical Designs, Discrepancy and Nu-
merical Integration. Math. Comp., 60(201):327-336, 1993.

W. Grobner and N. Hofreiter. Integraltafel, 1. Teil. Springer Verlag, Wien,
1949.

E. Hlawka. Zur quantitativen Theorie der Gleichverteilung. Osterr. Akad.
Wiss. math.-nat. Kl. S-B. II, 184(5-7):335-365, 1975.

E. Hlawka. Gleichverteilung auf Produkten von Sphéaren. J. Reine Angew.
Math., 330:1-43, 1982.

E. Hlawka. The Theory of Uniform Distribution. Academic Publishers,
Herts, UK, 1984.

B. Klinger and R.F. Tichy. Polynomial Discrepancy of Point Sequences.
to appear, 1996.

A. Kuijlaars. The Minimal Number of Nodes in Chebyshev Quadrature
Formulas. Indag. Math., 4:339-362, 1993.

L. Kuipers and H. Niederreiter. Uniform Distribution of Sequences. Wiley,
New York, 1974.

A. Lubotzky, R. Phillips, and P. Sarnak. Hecke Operators and Distributing
Points on the Sphere. Comm. Pure App. Math., 39(S):S148-S186, 1986.

W. Magnus, F. Oberhettinger, and R.P. Soni. Formulas and Theorems for
the Special Functions of Mathematical Physics. Springer, Berlin, 1966.

C. Miiller. Spherical Harmonics, volume 17 of Lecture Notes in Mathe-
matics. Springer, Berlin, 1966.

D.J. Newman and H.S. Shapiro. Jackson’s Theorem in Higher Dimen-
sions. In P.L. Butzer and J. Korevaar, editors, Uber Approzimationstheo-
rie, pages 209-219, Basel, 1964. Birkh&user.

H. Niederreiter. Random Number Generation and Quasi-Monte Carlo
Methods, volume 63 of CBMS-NSF Regional Conference Series in Applied
Math. STAM, 1992.



Discrepancies . . . 17

[23]

[24]

[25]

C. Pommerenke. Uber die Gleichverteilung von Gitterpunkten auf m-
dimensionalen Ellipsoiden. Acta Arith., 5:227-257, 1959.

M. Reimer. Constructive Theory of Multivariate Functions: With an
Application to Tomography. BI-Wissenschaftsverlag, Mannheim, 1990.

G. Rote and R.F. Tichy. Spherical Dispersion With an Application to
Polygonal Approximation of Curves. Osterr. Akad. Wiss., Anzeiger II,
132:3-10, 1995.

G. Rote and R.F. Tichy. Quasi-Monte-Carlo Methods and the Dispersion
of Point Sequences. Math. Comput. Modelling, 23:9-23, 1996.

R. F. Tichy. Beitréige zur Polynomdiskrepanz. Osterr. Akad. Wiss., math.-
nat. Kl. Abt. II, 193(8-10):513-519, 1984.

J.D. Vaaler. Some Extremal Functions in Fourier Analysis. Bull. Amer.
Math. Soc., 12:183-216, 1985.

G. Wagner. On averaging sets. Monatsh. Math., 111:69-78, 1991.

A. D. Wyner. Capabilities of Bounded Discrepancy Decoding. Bell System
Technical Journal, 44:1061-1122, 1965.

Addresses:

P. J. GRABNER, R. F. TicHY, Technical University of Graz, Department of
Mathematics A, Steyrergasse 30, 8010 Graz, Austria.

B. KLINGER, Purdue University, Department of Mathematics, West Lafayette,
IN 47907-1395, USA.



