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Abstract

Given X, some measurable subset of Euclidean space, one sometimes wants to con-
struct a finite set of points, P C X, called a design, with a small energy or dis-
crepancy. Here it is shown that these two measures of design quality are equivalent
when they are defined via positive definite kernels K : X?(= X x X) — R. The
error of approximating the integral [, f(x)du(x) by the sample average of f over
‘P has a tight upper bound in terms the energy or discrepancy of P. The tightness of
this error bound follows by requiring f to lie in the Hilbert space with reproducing
kernel K. The theory presented here provides an interpretation of the best design
for numerical integration as one with minimum energy, provided that the measure
1 defining the integration problem is the equilibrium measure or charge distribution
corresponding to the energy kernel, K.

If X is the orbit of a compact, possibly non-Abelian group, G, acting as measur-
able transformations of X and the kernel K is invariant under the group action,
then it is shown that the equilibrium measure is the normalized measure on X’ in-
duced by Haar measure on G. This allows us to calculate explicit representations of
equilibrium measures.
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group invariant measure, energy minimizer, equilibrium measure, numerical
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1 Introduction

The problem of uniformly distributing points on a sphere or other compact set
in Euclidean space with positive d dimensional Hausdorf measure is an inter-
esting and difficult problem. It was discussed already by Carl Friedrich Gauss
in his famous Disquisitiones arithmaticae in the case of a sphere, although it
is most likely that similar problems appeared in mathematical writings even
before that time. For d > 1, let S denote the d-dimensional unit sphere in
R For d = 1, the problem is reduced to uniformly distributing n > 1 points
on a circle, and equidistant points provide an obvious answer. For d > 2, the
problem becomes much more difficult, yet a physically motivated solution is to
treat the points as electrostatic charges and place them so that an electrostatic
energy is minimized. In the time since Gauss, the problem has expanded to
include general definitions of the energy, F, defined for charge distributions,
1, on general subsets of Euclidean space, X'. The problem remains as to how
to arrange a set of points P = {z;}7, C X so that its energy, E(P), is
minimized. See for example [10,17,24,25] and the references cited therein.

Another approach to spreading points uniformly, developed initially for the
d-dimensional unit cube, [0, 1]¢, is the discrepancy of Weyl [40]. This original
discrepancy is defined as the sup-norm of the difference between the uniform
distribution and the empirical distribution of the points, P. It is known in
the statistics literature as a Kolmogorov-Smirnov statistic [6,19]. In the past
decade attention has turned to cases where the discrepancy, D(P;u), is de-
fined as a Hilbert space norm of the difference between some arbitrary target
distribution, p, and the empirical distribution of P [20]. Such discrepancies
appear as tight error bounds for numerical integration [18-20,29] and provide
insight into the tractability of numerical integration, i.e., the dependence of
the error as the dimension of the region tends to infinity [30]. The notion of
discrepancy has also been extended to more arbitrary sets, X', than the unit
cube [19,21].

Besides energy and discrepancy, other distance-based measures of even spread
include the fill distance (also known as the mesh norm or sphere covering ra-
dius) and the separation distance (also known as the sphere packing distance).
See [14,16,23,28,33,39] and the references cited therein, for discussions of these
concepts. Measures of quality placement of points arise in both the numeri-
cal analysis and statistics literatures, where P is known as the design. The
JMP statistical package [34] offers minimum energy, minimum discrepancy,
and sphere packing designs among its options for space-filling designs.

The literatures for these various kinds of even or space-filling points have
developed rather independently because different quality measures may lead
to different sets of points. It is shown here that minimum energy points and



manimum discrepancy points are the same under quite general assumptions.
Although the mathematical argument supporting this statement is rather ele-
mentary, this equivalence does not appear to have been observed in either the
energy or discrepancy literatures. There are some wrinkles in this equivalence
that are suggested in the paragraphs below and explained more fully in the
sections that follow.

The equivalence between energy and discrepancy benefits the energy commu-
nity by providing tight upper bounds on numerical integration error via the
energy of the design (see Corollary 10):

[ F(@) duel) = 3" ()| = \B(P) — B(ue) = DP: o),

sup
11l () <1

where i, is the equilibrium charge distribution. A more general error bound
involving energy for integrals with respect to an arbitrary measure, i, appears
in Corollary 6. The error bound above differs from most of those found in
the energy literature in that it is tight. In section 2, a kernel, K, is used to
define both energy in (1) and discrepancy in (8). In the definition of energy,
K(x,y) represents the energy of unit charges placed at the points @ and y.
In the discrepancy literature K defines a reproducing kernel Hilbert space of
integrands, H(K), and this interpretation of K leads to the above worst-case
numerical integration error.

This equivalence between discrepancy and energy provides the discrepancy
community with a physical interpretation of discrepancy, namely as the square
root of an energy (see Proposition 3). The space of measures for which the
energy is finite, M(K'), may be interpreted as a space of charge distributions,
and the energy is the square norm of those charge distributions. The reproduc-
ing kernel Hilbert space of integrands, H(K'), may be interpreted as a space
of potential functions induced by the charge distributions in M(K). The dis-
crepancy of a design, D(P; u), depends on a target distribution defining the
integration problem, p, however, when p coincides with the equilibrium charge
distribution the expression for the discrepancy simplifies to the root difference
of two energies.

Section 2 of this article establishes the equivalence of discrepancy and en-
ergy and their relationship to error estimates for quadrature over measurable
subsets X of Euclidean space and for integrands f : X — R. In the energy
community there have been a number of results deriving quadrature error
bounds in terms of energy. For X = [—1, 1] the n nodes of the celebrated Gaus-
sian quadrature formula are uniquely determined as the zeros of the unique
monic polynomial of minimal mean-square deviation on X. In [8], this idea is
extended to spheres to obtain upper bounds for numerical integration using
energy functionals of an extremal Riesz energy problem and a class of invariant



kernels defined on the spheres. In [12], upper bound quadrature error estimates
on classes of compact, homogeneous spaces embedded in Euclidean space are
proven via energy functionals defined by way of a class of invariant kernels
which are generalizations of zonal kernels on the sphere or radial kernels in
Euclidean space. In the results of [8,12], the discrepancy bound splits into two
parts. The first depending on the nodal set and the second depending on the
function space. In [1,2,4,35], the authors have investigated discrepancy esti-
mates using potentials on smooth curves in the complex plane and on spheres
in d > 1 Euclidean space.

The discrepancy literature has provided many tight upper bounds on numeri-
cal integration error. Niederreiter [29] a describes the seminal work of Koksma
and Hlawka to obtain an error bound for the integration domain [0, 1]¢ as the
product of the star discrepancy of Weyl and the bounded variation of the
integrand. Niederreiter also describes the progress made in constructing low
discrepancy sets. Since the publication of [29] the Koksma-Hlawka inequality
has been generalized in terms of discrepancies defined by symmetric positive
definite kernels, e.g., [18-21] and for measures of integrand roughness cor-
responding to the semi-norms in Hilbert spaces where these kernels act as
reproducing kernels. The choice of kernel reflects the smoothness, possible
periodicity and other properties one wishes to assume about the integrands.

Reflecting on these parallel developments, it is observed in this article that
one may construct tight quadrature error bounds on measurable subsets X’ of
Euclidean space using energy functionals defined by way of a class of kernels
K : X*(= X x X) — R. The key is to directly link the space of possible
integrands to the energy kernel via a reproducing kernel Hilbert space.

Section 4, tackles the problem of calculating equilibrium measures, which play
a crucial role in the distribution of quadrature, interpolatory and minimal
energy points, zeroes of orthogonal and other extremal polynomials, as well
as suitably scaled eigenvalues in random matrix theory. See [3,7,9,11,13,22,26]
and [27,32,37,38] and the references therein. Recently, in [12], the authors
used the idea of group invariant kernels and measures to study equilibrium
measures over various compact sets in Euclidean space. In the current paper,
we show, (see Theorem 16 for complete details), that if X' is the orbit of
a compact, possibly non-Abelian, group, G, of measurable transformations,
then the equilibrium measure for the induced G invariant kernel Kg is the
normalized group invariant measure on X induced by the Haar measure on
G. This allows us to calculate explicit further representations of equilibrium
measures which even in one dimension are new. We note that even in one
dimension, calculation of explicit representations of equilibrium measures is
not well understood and in many cases, even their supports have only been
recently determined. See [3,9,11,13,27,22,32,37,38]. Group invariant measures
also appear in the discrepancy literature, such as the rotations of [5], and the



digital shifts and scramblings of [31]. Examples of equilibrium measures are
provided in Section 5.

2 Kernels, Charge Distributions and Potential Fields

In this section, we define some central notions in the study of energy and
discrepancy. Here and throughout, let X be a measurable subset of Euclidean
space with Hausdorf dimension d and let ||-||, denote the Euclidean norm. Let
BB denote the space of all finite signed Borel measures (charge distributions) p
on X. The measure of the whole set will be denoted Q(u) := u(X) = [, du(x),
which in the energy interpretation, is the total charge distributed on X.

2.1 Kernels and Energy

Let K : X* = RU{+o0} be a function which is Borel measurable, symmetric,
bounded below and (strictly) positive definite. That is, Vu € B

K(z,y)=K(y,z), Vo,yeX,
dLk € R with K(x,y) > L,

Blp) = [, K (@.y) dp(@)du(y) > 0 for all p #0
for which K is |u| X |u| integrable. (1)

Here, E(p) denotes the energy of the charge distribution p. It must be re-
membered that the definition of energy depends on the kernel, K, although
this dependence is suppressed in the notation for simplicity’s sake. A positive
definite kernel implies that the energies of all nonzero charge distributions are
positive. In some cases, the kernel is allowed to be only conditionally positive
definite. This means that that E(u) > 0 if p # 0 and Q(u) = 0, i.e., the
energy is positive for distributions with zero total charge. The kernel itself
may be infinite at some points in X2, e.g., one important kernel defined on R
arising from electrostatic energy is K : (z,y) — —log(|x — y|). From an en-
ergy perspective, the function K (-, y) is the potential field induced by a unit
point charge placed at y, and K(x,y) is then the potential energy of a unit
test charge placed at @ under this field.

Example 1 (Riesz Kernel) The generalized Riesz kernels, also known as
the generalized multiquadric kernels are defined by

K. (a.y) = | S8 (e —ulo )7 s #0 (2)
o —log([lz -yl +¢2), 5=0.



When € = 0 the term generalized is omitted. Each kernel, K., is symmetric
in its arguments. It is (strictly) positive definite on R if either s > 0 and
e >0, or alternatively 0 < s < d and ¢ =0 [15, Sect. 4.5]. It is conditionally
positive definite for —2 < s < 0 [15, Sect. 8.1-2]. For s > d and € = 0, the
enerqy for the Riesz kernel is infinite for nonzero charge distributions.

The logarithmic potential, mentioned in the paragraph preceding this example,
and the Coulombic potential, ||z — yHQ_l, are special cases of the Riesz kernel.

Example 2 (Symmetric, Positive Definite Matrix) If X = {1,..., N},
then the kernel, K, may be represented as an N X N symmetric, positive
definite matriz, K = (K(x,y))Y,_,. In this case, the space of signed measures
is B = RY, and the energy may be represented as the vector-matriz product

E(p) = p"Kp.

Note that the definition of energy in (1) deviates somewhat from the usual
physical definition of energy for a total unit charge distributed over the n > 1
points in P = {z1,...,2z,}:

Epe(P) = = 5 K(zi,2)). (3)

" y<ici<n
The reasons that we prefer E to Eppys are discussed in Section 3.

Let 6, € B be the Dirac delta measure that corresponds to a unit charge at
the point z € &, i.e., [}, dd.(x) = 1 for all measurable sets Y C & with z € V.
The empirical distribution of the set P, defined as

pp = 3 (@

assigns equal charge n~! to each point in the set P for a total charge of
unity. When we talk of minimizing the energy of a set of points P, we mean
minimizing
1 n
E(P) = E(up) = s _ZlK(Zqu)- (5)
2,]=
Here we abuse the notation to allow the argument of E to be a set of points
or a charge distribution.

2.2 Linear Spaces of Charge Distributions and Discrepancy

The quadratic form defining the energy in (1) may be used to define an inner
product. Let M(K) C B be the set of measures with finite energy, F(u). We
assume M (K) is a linear space. This is always true when K is bounded and it



is true but non-trivial to prove for the singular Riesz kernels which are strictly
or conditionally positive definite. For this space one has an inner product:

Bv) iy = [, K (@) du(@)du(y) (6)
and the energy then corresponds to the square norm of the measure, i.e.,

E(p) = |1l ) - (7)

The discrepancy of the measure v with respect to the measure p is defined as
in [19] as

D(v;p) ==l = vl sy - (8)
The definition of the discrepancy depends on the choice of kernel as well
as of the target distribution, p. The definitions of energy and discrepancy
immediately yield the following equivalence theorem:

Proposition 3 For energy defined as in (1) and discrepancy defined as in (8)
it follows that D(v;pu) = /E(p —v).

As with energy, the discrepancy of a set of points, P = {z1,..., 2,}, is defined
as the discrepancy of the empirical distribution function of that set of points,
namely,

where the last term in this expression is F(up). A generalization of the dis-
tribution pp places a charge of magnitude ¢; at each point z;, i.e., ppq :=
> qios,. Its discrepancy is

D*(pup.qi 1) = /XQ K(z,y) du(z)du(y) _iQi/XK(Zhy) du(y)

+ 3 4q;K (2, 25), (10)

ij=1
where again the last term in this expression is E(up q).

Note that the definition of discrepancy in (8) does not strictly include the
discrepancy of Weyl [40], also called the L, star discrepancy [29], and defined
over X = [0,1]% as

Dioo(vip) = [[p— vl = sup |u(x) —v(z)|,
x€[0,1]4



where = (11,...,24), u(x) := u([I¢_,(—o0, r:]). However, the closely re-
lated Lo star discrepancy,

1/2

Dealvi) =l =rly = | [ lnta) ~v@)f da]

and its relatives [18] are special cases of (8).

Example 4 (Product Kernels) The Ly star discrepancy for [0,1] is the
discrepancy associated to the kernel K(x,y) = 1 — |x —y| [18], which is a
slight modification of the Riesz kernel in Example 1 for s = —1. An analogous
discrepancy for the d-dimensional unit cube in dimensions d > 1 is typically
defined using a product kernel, such as in [18]:

d

K(z,y) ZE[l— o —well, @,y €[0,1]7 (11)

2.8 Linear Spaces of Potential Fields and Numerical Integration Error

For every signed measure 1 € M(K), there exists a function f, defined |yl
almost everywhere by

ful@) = [ K(@.y)duy).

In the energy literature, this function is the potential field induced by the
charge distribution u. Let H(K') denote the linear space of all such potential
fields. The inner product on the linear space of charge distributions, M (K),
induces an inner product on the space of potential fields as follows:

<fu7fu>7—[(}() = (1, V>M(K) Vfu fo € HK). (12)

When we need to denote the charge distribution that induces the field, the
subscript is used. Otherwise, we simply denote elements of H(K) by the letters

f,9, ete.

The space of potential fields, H(K), arises in the study of numerical integration
error. Note that for any u € M(K), integration against this measure gives a
continuous linear functional, L,, on H(K) :

L) = [ @ duly) = [ K@.y) av@)duw) = (e fiduge - (13)

This says that the linear functional Ly(-) = (-, fu)y ) whose representer is
the potential field f, is just integration against the measure p. The integral
L,(f,) may be interpreted physically as the energy of the charge distribution



1 under the potential field f,. The Cauchy-Bunyakovsky-Schwarz inequality
then implies that the largest possible difference between the integrals of f with
respect to two different measures has a tight bound in terms of the discrepancy.

Theorem 5 For any pu,v € M(K) it follows that

sup
1l ey <1

[ f@ du(@) - [ f(@)dvi@)| = Dip).

PROOF. By (13), the definition of the norm in H(K), and the Cauchy-
Bunyakovsky-Schwarz inequality, one may write

sup
12y <1

= Sllp ‘<f7 fﬂ*lj>’H(K)‘ == ||fﬂ71’H'H(K) = HIU/ _ V”M(K) — D(V7ILL>7
HfHH(K)Sl

[ f@dut@) ~ [ flw)av@) = s

1120y <1

[ f@dn—-v)(@)

which completes the proof. O

An immediate consequence of this theorem is that the maximum value of an
integral for potential fields with norm no greater than unity is simply the
square root of the energy of the charge distribution defining the integral:

sup
11131y <1

[, f@) dute)| = Dos10)
= VE(u) = ¢ |, K@y du(@)dn(y). (14)

This inmplies that | £ () dye(@)] < y/B() 1 e

For numerical integration we approximate an integral [ f(a)du(x) by the
sample average of the integrand values on a set P of n points, £ 3. cp f(2) =
[y f(x) dup(x). A sufficient condition for the measure pp to lie in M(K) is
that all the point charges lie in M(K), i.e.,

5, € M(K) VzeAX.

For kernels, K, satisfying this condition, the linear space H(K) contains all
potential fields of the form K (-,y) for y € X'. Moreover, the space of potential
fields may be completed. The kernel K is then called the reproducing kernel,
and K(-,z) = [y K(-,y)do,(y) is the representer for function evaluation at
the point z. We denote the completion of H(K) by H(K) as well. Similarly,
if M(K) can be completed, we denote this completion by M(K) as well. The



worst case numerical integration error is given by the discrepancy, as specified
in the corollary below, which follows from Proposition 3 and Theorem 5.

Corollary 6 Suppose that the kernel K defines a reproducing kernel Hilbert
space, H(K), p is some fized measure in M(K), and P = {z1,...,z,} C X.
Then it follows that

sup
11l ey <1

[ @) dula) = =3 7z0)| = DPs) = Dl ) = /Bl — ap).

The essence of Corollary 6 is that optimal point sets, P, for numerical inte-
gration are those that minimize D(P; ). How small the discrepancy can be
made for a given n depends on the difficulty of the numerical integration prob-
lem, which depends on what functions are allowed in the space of integrands,
H(K). The reproducing kernel, K, defines the degree of smoothness and other
properties of the integrands lying in H(K). Kernel (11) in Example 4 defines
a space of integrands that have square integrable mixed partial derivatives of
order up to one in each variable [18]. The discrepancy for this kernel when g
is the uniform measure decays at best as O(n=17¢) for any € > 0 and this rate
of decay is observed for certain low discrepancy sequences [18,29,36].

3 Singular Kernels and Physical Energy

The tight upper bound on the numerical integration error in Corollary 6 is
the discrepancy, D(P; ut). The expression for D?(P; i) in (9), consists of three
terms: the first is E(u) and the third is E(P). In fact, in the next section in
Corollary 10 it is shown that for certain important choices of u, D*(P;pu) =
E(P)— E(p). Thus, the energy of the sample points, F(P) plays an important
role in bounding the numerical integration error. This energy can be written
in terms of the physical energy as

n

" 1
Z ZZ,Z] EZK(zivzi) +2Ephys(73)v

=1

1
n2

where Eppys is defined in (3). For the tight upper bound on the numerical
integration error to be guaranteed finite, K (2, ) must be finite for all x € X.
This is the case for a generalized Riesz kernel with either ¢ > 0 or s < 0, but
not for s > 0 and € = 0 together.

Unfortunately, many popular kernels in the energy literature are singular, i.e.,
K (x,x) = oo for one or more € X'. The Riesz kernels with s > 0 and ¢ =0
are prime examples. For these Riesz kernels, and many other singular kernels,
Eonys(P) is always finite, but E(P) is not. Thus, some may prefer E, . as the

10



Table 1
The energy, I/, and physical energy, Epys, for evenly spaced distribution of charges
on a circle for the generalized Riesz kernels, (2), with s = 1 and various values of €.

€ n 1 2 4 8 16 32 64 128 256

1 E | 1.000 0.724 0.650 0.643 0.643 0.643 0.643 0.643 0.643
Epnys| 0.000 0.224 0.400 0.518 0.580 0.611 0.627 0.635 0.639
0.01] E ]100.000 50.250 25.479 13.201 7.172 4.268 2.924 2.358 2.167
Epnys| 0.000 0.250 0.479 0.701 0.922 1.143 1.362 1.577 1.776
0 B 00 00 00 00 00 00 00 00 00

Epnys| 0.000 0.250 0.479 0.701 0.922 1.143 1.364 1.584 1.805

definition of energy rather than E as defined here. There are several reponses
to this potential criticism.

First of all, note that whenever one has a singular kernel, the space of potential
fields, H(K), automatically contains singular functions, i.e., there exist f €
H(K) for which f(x) = oo for some & € X. If E(u) is finite, then the integral
of any potential field, f € H(K) must be finite by (14). On the other hand,
the estimate of this integral by using an average of the potential field f at a
finite number of points may be infinite because f may be singular. Thus, once
one considers singular kernels, it is impossible to guarantee a finite numerical
integration error bound.

Second, many energy kernels, including the generalized Riesz kernels, are sta-

~

tionary, i.e., K(x,y) = K(x — y). For a stationary kernel

~

1
E(P) = ﬁK(O) + 2E1ys(P).
If K (0) is finite, then for a fixed n, choosing P to minimize F(P) is equivalent
to choosing P to minimize Ejpys(P).

For example, Table 1 displays E(P) and Eppys(P) defined by the generalized
Riesz kernels with s = 1 (Coulombic case) and various €. The positions of
the charges P are equally spaced on the circle, which is the minimum energy
configuration for either E/ or Eyys. In all cases, EF decreases as n increases,
but Epys increases as n increases.

On the other hand, Table 1 illustrates a positive use of E,pys. For the moment,
let E. and Epys . denote the energy and physical energy with the dependence
on &, a parameter in the definition of the defining kernel, K.. If K (x,y) <
Ko(x,y) for all x,y € X, as it is for the generalized Riesz kernels, then it
follows in a straightforward manner that E.(P) < Ey(P) and Eppyse(P) <

11



Epnyso(P). Table 1 shows this. Thus, Eynyso(P) may be used to obtain an
upper bound on E.(P) as follows:

1

S Z ZZ7 zz + 2Ephys O(P)

n?
1.
—K(0) + 2Eynys0(P) if K is stationary.

n

In Table 1 the bound of Epnys:(P) by Epnyso(P) is rather tight for small
enough ¢ and n. Associating energy to numerical integration error for singular

kernels, Ky, has been studied by considering these kernels as limits of finite-
valued kernels K. as ¢ | 0 [8,12].

4 Equilibrium Measures and Minimizers

While Corollary 6 relates numerical integration error to the energy, it does not
necessarily imply that minimum energy point sets, i.e., P minimizing E(P),
yield the smallest numerical integration error. To make a direct connection
between minimum energy points and numerical integration error we need to
look deeper into the energy paradigm, in particular at equilibrium measures
and minimizers.

4.1 Equilibrium Measures Minimize the Energy

Definition 7 Consider a symmetric, positive definite kernel K on X and the
energy, E, defined in (1). Let Y be a measurable subset of X and let supp(u)
denote the support of a measure u. The capacity of a measurable set Y C X is
defined as the inverse of the infimum of the energies for charge distributions
with support in Y and unit total charge:

-1

Ce(V)=| _inf  Eu)

supp(p)CY
Q(n)=1

A minimizer on Y, fimin,x,y, when it exists, is defined as the charge distribution
with unit total charge that attains this minimum energy:

1
Cx (V)

The minimizer on X is denoted simply by pminx, and the corresponding ca-
pacity is denoted simply Ck. An equilibrium measure on Y, pe x,y, when it

E(Mmin,K,y) =

12



exists, is defined as the charge distribution p € M(K) supported in Y with
unit total charge that induces a constant potential field on Y:

f#e,K,y(w) = /J}K(.’B, y) dﬂe,K,y(y) = Vo € y

_
CK,e(y)

for some constant Ck .(Y). The equilibrium measure on X is denoted simply
e, ic- See Theorem 9 below for uniqueness.

Note that the capacity is an increasing function, i.e, ) C Z implies Cx(Y) <
Ck(Z). Physically, this is because as the support of the charge distribution
increases, the charges may spread out to give a smaller energy. To facilitate
the proof of the uniqueness of the equilibrium measure we observe a lemma
that follows from the above definition:

Lemma 8 Let p i denote any equilibrium measure on X (when it exists) and
w,v € M(K) denote any measures. Then Q(u)pex is the orthogonal pro-
jection of i on the line through pie i. It follows that the energy of p may be
decomposed as the sum of two parts:

E(u) = E (1 — Qi) pte.se) + [Q(u)*Epte.xc )-

Moreover, the inner product for measures defined in (6), {(u, I/)M(K), may be
decomposed as follows:

(1o V) ey = (= QUi pte.re, v = QW) e ) py(rey + QUUNQW) E(pre i) (15)

PROOF. All the claims follow if pe i is orthogonal to w = p — Q(4)fte k-
This orthogonality holds since the definition of an equilibrium measure shows:

(tese: ) saiiy = [, K (@29) dptes @)dwy) = [ fu, i (@)do(y)

X2
1 Q(w)
= d prm—
X OK,e W(y> C(K,e

=0. (16)

Note that this lemma is also true if the support of the measures is restricted to
some ) C X, thereby reducing M(K') to such measures and . x is replaced
by fte,x,y, an equilibrium measure on Y. This lemma is now used to show the
uniqueness of the equilibrium measure.

Theorem 9 If a minimizer exists on Y, it is unique. If an equilibrium mea-
sure on Y exists, it 1s unique. When pe iy exists, it is the same as [imin K.y,
and f, . 1S the constant inverse of the capacity, Cx (V)L

13



PROOF. We prove this result for ) = X because the proof for arbitrary
Y C X is analogous. Given any two minimizers, p; and puso, the function

h(t) = E(pn + t(pe — 1)) = E(pa) + 2t (pa, po — M1>M(K) + 2 E (g — 1)

is a quadratic function of ¢ that obtains its minimum value at ¢ = 0, 1. Thus
h(t) must be constant, and the coefficient of its quadratic term must be zero,
i.e., B(py — ) = 0. Thus, p; = uy since E'/? is a norm on the space M (K),
and the minimizer is unique.

Consider any equilibrium measure . r, and any other measure u € M(K)
with unit total charge. Lemma 8 implies that E(u) = E(p— e,k ) + E(pte ) >
E(pterc), since p # pie x and so E(p — pe c) > 0. Therefore, pie i is the mini-
mizer, and f,, . (y) = O;(,le = C}'. Since the minimizer is unique, the equilib-
rium measure is also unique. O

Note that Definition 7 may also be extended to conditionally positive definite
kernels, K, and Lemma 8 and Theorem 9 also hold in this case because their
proofs only require that the kernel be conditionally positive definite, i.e., that
E'Y? is a norm on the subspace of M(K) where Q(u) = 0. However, for
conditionally positive definite kernels the capacity may be infinite or negative.
Thus, the capacity may no longer be an increasing function, but the inverse
capacity (minimum energy of a unit charge distribution) remains a decreasing
function.

4.2 Discrepancy Involving Equilibrium Measures

Let v be any measure with unit total charge. Lemma 8 implies that E(v) =
E(v — pe,x) + E(fte i), or equivalently, E(pte,x — ) = E(v) — E(pte,rc). Thus,
choosing v to make F(e x —v) small is equivalent to choosing v with small en-
ergy. This relationship, together with the theorems and corollary above shows
that measures or points with small energy are the best for approrimating inte-
grals with respect to the equilibrium measure. See [8,12] for further discussion
of this principle.

Corollary 10 Let v € M(K) be some distribution with unit total charge,
a particular case of which is the empirical distribution, up, for the design
P ={z}l, CX. It follows from Proposition 3 that

VﬂeK \/E MeK) PHeK \/E ,UeK)
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By Theorem 5 and Corollary 6, it then follows that

[ f@ dio(@) - [ @) dvi@) = /Ew) = Eljros),

IIfIIH(K><1
[ @) (@)~ 3 5(=0| = B P) )
sup T) dlle k(T E(pe x
||fHH(K)§1 X N4

Unfortunately, the measure defining the integration problem of interest may
not be the equilibrium measure for the kernel of interest, K. In this case, a
simple modification of K yields a kernel with the desired equilibrium measure.

Let K be a symmetric, conditionally positive definite kernel on X with equilib-
rium measure L, i and capacity Cr. Let (11, V) v i) = Ja2 K (2, y) dp(x) dv(y)
as in (6), even though K may not be strictly positive definite and C is not
necessarily positive. The inner product decomposition in Lemma 8 suggests the
definition of a new inner product in terms of an arbitrary measure 1 € M(K)
with unit total charge and an arbitrary positive constant, C"

(1 V) iy = (1 = QUi v — QW) i) i) + Q(N)OQ(V)

= | K@.y)du(@) dvly) = Qp) | | K(@,y) di@) du(y) (17)
— Q) /XQ K(x,y)dp(z) diu(y)
FQUQW) [, K,y) dpta) dafy) + LA
_/ (x, y) du(e) dv(y), (18)

where this new inner product is defined in terms of the kernel K, which itself
is defined as follows:

K(z,y) = /X K(t,z)d[0, — @] (t) d[oy, — f](z )+é

- K(@,y)— [ Kl@.2)di(z) - [ K(t.y)di(t)
+/ (t,z)dp( )dﬂ(z)%—é. (19)

This new kernel K is symmetric by definition. Its (strict) positive definiteness
may be verified by checking that the energy defined by K of a nonzero charge
distribution, pu, is positive:

E(p) = (b ) sty = (10— QUi iy 1t — QUU) py(e) + Q(M)CQ(M)

= E(p—Q(p)i) + — -0 (20)
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since when Q(p) = 0 then first summand in (20) is positive since K is con-
ditionally positive definite, while if Q(u) # 0 then the second summand is
positive.

Moreover, by definition of K in (19), the potential field induced by /i for the
kernel K is |fi| almost everywhere constant,

1 1

/)(K(w’y)dﬂ(y)za |fi|a.e., and E() ek

which means that /i is the equilibrium measure for K with capacity C w=C.
Note also that energies defined by the two kernels are related as follows:

E(p—Q(u)ii) = E(n) — [Q(u)E(f2) = E(p — Q(u)i). (21)

The first equality comes from Lemma 8 and the second equality comes from

(20).

The discussion above is summarized in the following proposition. The corol-
lary that follows shows that the best design, P, for numerical integration of

potential functions in H(K) is the one that minimizes the energy defined by
kernel K.

Proposition 11 Let K be a symmetric, conditionally positive definite kernel
on X with equilibrium measure fie x and capacity Ck. Let i be an arbitrary
measure in M(K) with unit total charge, and let C' be any positive number.
Then, the kernel K defined by (19) is symmetric and positive definite kernel
with capacity C = C and equilibrium measure ji, z = fi.

Corollary 12 Let K be a symmetric, positive definite kernel on X. Let i be
an arbitrary measure in M(K) with unit total charge, and let the symmetric,
positive definite kernel K be defined by (19). Let D, and E denote the discrep-
ancy and energy, respectively, defined by kernel K, and let D and E denote
the analogous quantities for kernel K. Let v € M(K) be any distribution with
unit total charge, a particular case of which is the empirical distribution, up,
for the design P = {z;}!_, C X. It follows that
sup

T /xf("’”) di@) - [ f(@) dl/(w)’

=D(v;ia) =\ E(iL—v) \/E — V) \/E ~[L D( : fi)
[ S aite) = [ )t

= sup
||fH7.¢([<)§1
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sup
11l () <1

= D(P; 1) =\ E(fi — pip) \/Eu 1p) = VE(P) D(P; i)
/Xf(w lZf

[, f@aita) - > (=)

n .

= sup
Hf“’)-{(f{')g]-

PROOF. The second set of equalities is a special case of the first with v = pp.
The equivalence of energies E(ji — v), E(ji — v), and E(v) — E(ji) follows
from (21). The equivalence of the energies E and F to their corresponding
discrepancies and numerical integration errors follows from Proposition 3 and
Theorem 5. O

This corollary implies that changing the integration problem from one with
integrands that are potential functions in H(K') to one with integrands that
are potential functions in H(K' ), does not change the quality measure of the
design. In fact, the Hilbert spaces #(K) and H(K) contain the same functions,
and the two integration problems have exactly the same difficulty. According
o (18) and (19), the inner products defined by the two different kernels are
related as follows:

o o) aaci = (o = fei o = Fawii) gy g
where f,,, f,. fouwi, and fou)u are the potential fields induced by the charge
distributions p, v, Q(u)ii, and Q(v)fi, respectively, under the energy kernel
K.

4.3 Group Invariance and Equilibrium Measures

Sometimes the domain, X', and the kernel, K, are invariant under a group of
transformations. This invariance may be used to facilitate finding the equi-
librium measure and the minimum energy or discrepancy points. Specifically,
suppose that one has a compact, perhaps non-Abelian, group G of measurable
maps of X and G acts transitively on X'. The ‘transitive’ condition means that
for any point n € X, its orbit, Gn = {gn : g € G} is all of X. When X is
viewed as the orbit of some point 1 that point is often referred to as a pole.
By convention, given a pole n, g, will denote any element of G that maps the
pole into x, i.e., * = g,m. Some natural examples of spaces with transitive,
measurable group actions are:

i) The unit d-sphere, X = S% C R4, which is the orbit of any unit vector
under the action of SO(d+ 1), the group of d+ 1 dimensional orthogonal
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matrices of determinant 1. The standard 2-sphere, S?, with its ‘north’
pole, (0,0,1)T ie. 2 = 0,y = 0,z = 1, is the inspiration for the pole
terminology.

ii) The flat d-torus, T? = (S1)¢ C (R?)?, which is the orbit of the point
((1,0),(1,0),...,(1,0)) under rotation by (6,6s,...,04). Since T is just
the compact quotient group, R/27Z, the flat d-torus is the product group

= (R/27Z)".

iii) A non-flat 2-torus in R3 given by

{(z,y,2) :x=(r; 4+ resin(fs)) cos(by), y = (r1 + resin(6y)) sin(6y),
z =rycos(fy), 0 <6 <2m,0 <0y <27},

with fixed r; > 5 > 0. The group G = (R/27Z)? acts transitively via
translation in the 64, 6, coordinates.

iv) An important variant of the flat d-torus is the half-open unit d-cube,
[0,1)4. This admits a transitive measurable action of the compact group
(R/Z)? given by translation modulo one. To understand that this is a
measurable action it suffices to note first that the composite map [0,1) —
R — R/Z is a continuous bijection with a measurable inverse. Then
applying this inverse to the second factor and the image in the continuous
product map R/Z x R/Z — R/Z yields a measurable action R/Z x
[0,1) — [0,1) which is just translation modulo one. The d-fold product
of this action is the desired transitive measurable action.

Definition 13 Suppose X admits a transitive, measurable action by a group
G. Then G actions on finite signed Borel measures, measurable functions and
measurable kernels on X are defined for any g € G, any p € B, measurable
function f or measurable kernel K by:

i) (g-p)(Y) = u(g~tY) for all Borel sets, Y C X.
i) (g- f)(x) = f(g~ )foralla:EX.
iii) (9 K)(x,y) = K(g7'x,g7'y) for all x,y € X.

Definition 14 A G-invariant measure on X, ug, s a measure with total unit
charge, Q(ug) = 1, for which g-ug = pg for all g € G. Any kernel K is called
G-invariant iff g - K = K for all g € G.

Every compact group, G, acts transitively on itself via the product map and
has a unique G-invariant measure, called the normalized Haar measure on G,
which we denote by Ag. When X admits a measurable transitive action by G,
then the Haar measure on G induces a G-invariant measure pg defined relative
to a choice of pole n € X by:

pg(Y) =Ag({g €G = gn € V})
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for any measurable ) C X. The G-invariance and normalization of ug follows
immediately from the corresponding properties of Haar measure. Similarly if
x = g,m is another pole then

ng(Y)=Xx({geG : gne¥}) =x({geG : gg. 'z el})
=X({geCG : greVlg) = ({geCG : gxecl}),

since \g, the Haar measure on a compact group, is invariant under both left
and right translations. Thus the definition of ug is independent of the choice
of pole.

Each of the first two examples above is a(n) (algebraic) submanifold of the con-
taining Fuclidean space. As such there is a local orthogonal coordinate system
for the Euclidean space around a pole, n € X', such that the first d coordinates
form an orthogonal coordinate system along the submanifold and the remain-
ing coordinates form a coordinate system along submanifolds perpendicular
to the original manifold. This local coordinate system provides a splitting of
Lebesgue measure as a product dxp dxy of a tangential, dey = dxy - - - dxy
and a normal component. Since G acts as orthogonal transformations of the
containing Fuclidean space, the product splitting can be transformed over
X = gn and the tangential component of Lebesgue measure along X is G-
invariant and when normalized is the measure pg. In the third example the
measure df; df,/(47?) is G-invariant, while in the last example, Lebesgue
measure is invariant under translations modulo one (in each coordinate).

For G-invariant kernels, it follows that
K(z,y) = K(g,'x,9,'y) = K(g, 'z,m), Y&,y € X,

where g, ! denotes the group inverse of g,, any element that takes the pole to
y. This implies that G-invariant kernels are defined by a function of a single
variable, K(-,n).

Theorem 15 Let K be a G-invariant kernel on X satisfying (1). Then the G
action on M(K) preserves total charge, the energy and inner product. More-
over, if M(K) # {0} then the G-invariant measure pug has finite energy and
is the equilibrium measure and energy minimizer in M(K).

PROOF. Let u € M(K) be any finite energy measure. Total charge is G-
invariant since Q(g - p) = u(g'X) = pw(X) = Q). Also, since K is G-
invariant and the action of G on functions or kernels is dual to its action on
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measures it follows that

B(p) = [ K(x.y)du(@) du(y) = [ (g7 K)(z.y) dpu() dp(y)

XQ

= [, K@) dlg- m(@)dlg- w)(y) = Elg- ). (22)

So the action of G conserves energy. In particular, g - 4 € M(K) for each
uw € M(K)and g € G. Inner products are also unchanged under group actions,
i.e., (g1 9 V) m(x) = (I, V) M(K), since inner products can be defined in terms
of energies by

1 1
(V)i = 7 BE(p+v) = 2B —v).

Now suppose that 1 € M(K) has total charge one, i.e., Q(p) = 1. The measure
ava defined for each Y € B by

pave(Y) = [ o~ n(d)dralo)

is then a unit total charge measure which is G-invariant. So by uniqueness
of the G-invariant measure payg = pg. Since payg integrates a function f

via [y f(x) dpave(®) = [ [v f(g - 2) dpu(x) dAg(g), the energy of piave can
be estimated using the isometric action of G and the Cauchy-Bunyakovsky-
Schwarz inequality as follows.

Eljiave) / /.. K. hy) du(@) duly) drg(g) drg(h)
= [, [ K@y dlg- m(@) d(h- p)(y) drgla) drg(h)
:/ (g~ 11, - 1) mrey dAg(g) dAg ()

< [ V(g B (- 1) dol9) drg(h) = Elp).

Hence E(ug) = E(pave) < E(p) which shows pg is in M(K). It also shows
[4g 1s the energy minimizer since p is an arbitrary unit total charge measure in
M(K). The potential field induced by pg € M(K) evaluated at an arbitrary
point = g,n € X, may be written in terms of the fixed pole n as

| K@y dusly) = | K(gm. 929:"y) dnoly) = [ K. 02'y) duis(y).

since K is G-invariant. Letting z = g, 'y, the right-hand integral above can
be re-written as

[ Em =) n6)(z) = [ K(n.2)dug ()

since pg is G-invariant. This last integral is independent of . Thus the po-
tential field is constant and pug is the equilibrium measure. O
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Theorem 16 Let \g be the normalized Haar (G-invariant) measure on G.
Then the kernel obtained by filtering K as follows,

Kole.y) = [ (o K)(@.y)dholo) = [ K(g"e.g70)dAglo). (29

1s G-invariant, and if K was G-invariant to begin with, then Kg = K.

Furthermore, if M(Kg) # {0} then pg € M(Kg), and it is the equilibrium
and minimum energy measure for Kg, i.e., e ks = Jig = [minKg- Finally, the
mean enerqy and the root mean square discrepancy of a measure v under the
group G with respect to the kernel K are the energy and discrepancy of v with
respect to the kernel Kg, i.e.,

| Eg-v)drs(g) = Eo(n). (24a)

| D ving) dalg) = D3(v:pg) = Eg(v) — Eg(pg).  (24b)

Here FEg and Dg denote the energy and discrepancy defined using the filtered
kernel Kg.

PROQOF. Since both K and the action of G are measurable, the function K
is bounded below by Ly, and A\g is a positive measure, the filtered version
of K is a well-defined kernel satisfying the conditions in (1). Moreover, Kg
is G-invariant because the averaging is done with respect to the G-invariant
measure, A\g. Specifically, for any g; € G, it follows by a change of variable,
Fubini’s theorem and the G-invariance of the measure that

(91 Ko)(@.y) = [ (91 (9 )@ ) dAolo)

= [0~ B)@.y)dlon™ 2o)(9) = [ (9 K)(@.9) dhg(g) = Ko(a.y).

Thus, Kg is G-invariant. Moreover, if K was G-invariant to begin with, then
K(gx,9y) = K(x,y), and so the filtering step, (23), makes no change to K.

Now suppose 0 # u € M(Kg). Then Theorem 15 says ug € M(Kg), and
He,Kg = UG = Mmin,Kg-

Finally, consider the average energy of a measure v € M(Kg) under the group
action on the left hand side of (24a). Again using the duality between the G
actions on measures and kernels, the measurability of K and Fubini’s theorem
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together yields (24a):

/Eg V) dAg(g :/Q/X K(z,y)d(g-v)(z)d(g-v)(y)drg(g)
_ /g /X 2 (z,y) dv(z) dv(y) dAg(g)
_ /X 2 (z,y) dAg(g) dv(z) dv(y)

_/952K (x,y)dv(z)dv(y) = Eg(v).

Equation (24b) follows from the definition of discrepancy (8) in terms of energy
and the fact that the G-invariance of ug € M(Kg) means that E(g - pg) =
Eg(ug) forallge G. O

Remark 17 We have shown that our existence results hold when X is a G-
orbit of a group of measurable maps acting on X (or even on some set contain-
ing X ) and that the kernel Kg admits some non-trivial finite energy measure.
These results should be compared to those of [12] which hold whenever X is
the orbit of a group of isometries of the containing space.

Some designs P utilize group actions in their construction, e.g.,

P={gm:g9€g}, (25)

for some G that is an n element subgroup of G. Rank-1 integration lattices
[36] are an example of such designs. Digital nets [23,29] are another example.
For designs of the form (25), the formulas for the energy Eg(P) and the
discrepancy Dg(P;1ig) may be simplified as single sums rather than double
sums, namely,

1 1 .
Eg(P) = — > Kolgn,hm) = — > Kq(h™'gn,m)
g,h€g 9,h€g

*ZKQ gn.m),

geg

[Dg(P; pg)]? = EG(P> Eg(pg)
1

fZ g(gm,m) ~ o

geg g

Contrast these formulae with those in (5) and (9), where double sums are
needed to evaluate the energy and discrepancy.
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5 Examples

To illustrate some of the results above we consider some simple examples.
First consider the unit interval domain, X = [0, 1], and the Riesz-like kernel

K(z,y) =1—le—yl. (26)

The inner product for the space of charge distributions, M(K), defined by
this kernel may be written, after some elementary algebra, as

= [ [ =1l dutynty)
2)+2 [ uta) - Q)] ) - 00 d.

The energy this kernel is then given as in (7) as

2

B() = Il = 51QUAE +2 [ [ut) = 30| s,

and the square discrepancy by (8) is
2
D ) = llpw = vl ey

:;[ - +2/[ ez —fQ( )]2dx. (27)

When g and v have the same total charge, then D(v; i) = /2 || — v||,, which
is essentially the Lo star discrepancy.

The equilibrium measure for this kernel and domain is concentrated at the
endpoints of the interval, i.e., pe x = (0o + 91)/2, since

fron®) = [ Ky ) = FOVTELD L

and so the capacity is Cx = 2. For any charge distribution, v, with unit total
charge, one has

DA piese) = B() = Blpese) =2 [ () — 1/2d

For a distribution with support on two points, y and z, with equal charge at
these points, v = (6, + J,)/2, the square discrepancy and energy become
1—|y—=z
D2t 1) = E(v) ~ Blpreg) = =]

This expression is minimized, and in fact vanishes, when the two points are
moved to the ends of the interval and v replicates the equilibrium distribution,
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ie., D?*(Viporc) = E(v) — E(ptex) = 0 when v = (6 + 61)/2 = plesc. If v
consists of a single unit point charge, v = §,, then D*(v;per) = E(v) —
E(pte.c) = 1/2, independent of the placement of the point charge. This means
that the minimum energy point can be placed anywhere in the interval [0, 1].
If v consists of a single point charge of magnitude ¢, v = ¢d,, then by (27) it
follows that

1

2
dr=¢"—q+=.
¢ —4q 9

DA o) = Elposc ) = L5040 M0 g (o)

Again the placement of this point charge does not affect the value of the
discrepancy, but the minimum discrepancy is obtained for ¢ = 1/2, not a unit
charge, and D?(8,/2; pe ) = 1/4.

The Hilbert space of potential fields, H(K), based on the kernel (26) is the
space of absolutely continuous functions with square integrable first deriva-
tives, and the inner product is

(F Ghae = 5 {10+ Flg0) + 9] + [ 7w/ (@) e}

The integral with respect to the equilibrium measure, pex = (do + 01)/2,
corresponds to the average of the function at the two endpoints of the integral:

[ 1) dhecle) = 510(0) + £V,

and the representer of the integration functional is f, . (z) = 1/2. By Theorem
5, the worst-case error for approximating this integral by [ f(z) dv(z) is the
discrepancy, D(v; e k).

Based on the observations above, approximating [f(0) + f(1)]/2 by [f(y) +
f(2)]/2 has a worst-case error of 1 — |y — z| /2, which vanishes for y = 0 and
z = 1. The worst-case potential field is (proportional to) the piecewise linear
function

(y+2)/2—z, 0<2<min(y,2),

et R e .

fronsla) = EIE A By ming2) < o < max(y, ),
r—(y+2)/2, max(y,z) <z <1.

Approximating [f(0) + f(1)]/2 by the single weighted function value ¢f(y)
has a worst-case error of ¢ — ¢ + 1/2, independent of y, and the worst-case
potential field is the v-shaped

1—2q+2q|z—y|
f/J“e,K_V(x) = 2 .

The worst-case error attains a minimum value of 1/4 for ¢ = 1/2.
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Integration with respect to pex = (do + 91)/2 is a rather simple problem,
since it may be done exactly with just two well-chosen function evaluations. A
more typical problem is integration with respect to a continuous distribution,
such as the uniform distribution, fi(z) = z. Modifying the Riesz kernel in
Example 1 using Proposition 11 to change the equilibrium measure to the
uniform measure on [0, 1] yields the kernel

B ) s xl—s + 1— x)l—s + yl—s + (1 —y 1—s
K (,y) = sign(s) | Jo — )= - T HEZ DA :

+ max (2 0)] +
(1-5)2-19)

where C' is an arbitrary positive constant. For s = 0,1 the above formula
must be modified with certain powers replaced by logarithms. For s > 1
Proposition 11 cannot be applied directly since the integral of the Riesz kernel
with respect to the uniform measure is infinite. Thus, we consider the kernel
K(z,y) = sign(s)(|z —y| + €)%, and take limits as € | 0. Letting E denote
the energy defined by the kernel K, it follows that F () =1/Cf for s < 1.

)

Ql =

The discrepancy, D defined by K and the discrepancy D defined by K, are
the same, so for s = —1 and any measure v,

g 1 1 1 1 2
D) = DA(wsfi) = 31 = Q)P +2 [ o= —w(a) + 5Q0)| do.
When v has unit total charge, this simplifies to

D2(v; i) = D*(v: i) = E(v) — E(j)

= [ @) dut@) = [ @) dvi)
:Ilfllil(lf)g /Xf(x)dﬂ(x)—/xf(x)du(x) :2/0 [z — v(2))? da.

When v = ppq = 3.7 ¢i0,,, the sum of n point charges of possibly differing
magnitudes but total charge one, then

DQ(HP,qQ ) = DQ(NP,q; ft) = E(HP,q) - E(ﬂ)

[RELTCED SN

2
= sup
11131y <1

1 n n
-2 {3 +> @z — Y qg max(zi,zj)} .
=

ij=1

and when v = up = n~ 'Y | 4., the empirical distribution of the design P,
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Fig. 1. Configurations of four points, P, with minimizing the energy Epnys(P) on
the left, and FEphys(P) on the right for the Riesz kernel, (2), as a function of the
parameter s.

then

D*(up; i) = D*(up; i) = E(up) — E(f1)

= sup
£l )<t

Figure 1 displays the minimum energy points, Eppys(P) and Eypys(P), defined
above in (3) for the Riesz kernel and the modified Riesz kernel in dimension
one. Because Eppys(P) ignores the diagonal terms K (z;, z;), these energies are
finite even for s > 0. For s < 0 the points minimizing Eyuys(P) and E(up) are
the same since the diagonal terms are constant. The point configurations on
the right also minimize the discrepancy D(up; i) = D(pup; i) for s < 0.

The minimum discrepancy points for s = —1 are the evenly spaced points
P = {1/8,3/8,5/8,7/8}, and as s increases these points move towards the
center. This can be understood by looking at the modified Riesz kernel K,
and noting that its definition adds the external fields placed at 0 and 1, which
act to repel the point charges away from the boundaries. In contrast, we see
that the original Riesz kernel pushes the charges towards the boundaries. For
s = —1, we have that the points end up at each end of the interval, while for
other values of s, at least one point charge is at each endpoint.

If one considers the group of measure preserving bijections G = {gaz := 2+ A
mod 1:0 < A < 1}, then the filtered Riesz kernel defined in (23) is

Kg(x,y) = sign(s) ||z —y| " (1 = [z — y|) + o — y| (1 — [« — ) ~*].
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For this kernel, the set of evenly spaced points with shift A, 0 < A < 1,
ie, P={A1/n+A,...,(n —1)/n+ A}, has an energy and discrepancy
independent of the A. For s = —1, it is known to be the minimum energy
point set.

6 Discussion and Conclusion

We conclude by highlighting some further open questions arising from our
investigations here.

1.

ii.

iii.

1v.

Many symmetric positive definite kernels possess a maximum principle.
This means that the potential field induced by the equilibrium measure,
e iy, attains its maximum on its support, Y. However, this maximum
principle does not hold in general, even under what might seem to be
some reasonable additional conditions. Returning to Example 2, let X =
{1, 2, 3} and write the kernel, K, in the form of a 3 x 3 symmetric, positive
definite matrix:

1 1 1
) 1 0 4 0 0 V3 V2 V6
_ _ T — 1 —1 1
K=11 9 6[=V]|0o 8 0|V, V=lo =% S|,
-1 2
6 6 14 0O 0 22 7 0 7

which is even diagonally dominant. For ) = {1,2} the equilibrium po-
tential is (0.5,0.5)7, and the potential field is (5,5, 6)7 which, on ) is the
constant 5, but attains its maximum value of 6 outside ). It would be
nice to know under what general conditions a kernel possesses a maximum
principle.

For some kernels Kg it is known that minimum energy or discrepancy
points are of the form in (25), but it is not known in general.

In Theorem 5 and Corollary 10 the energy based on a kernel is identified
as the tight numerical integration error bound for a Hilbert space of
integrands defined by that same kernel. For some energy kernels with a
simple form, such as the Riesz kernel, the corresponding Hilbert space
of integrands cannot be simply described. On the other hand, for some
spaces of integrands with a simple description, the corresponding kernel
may not have a simple expression. A greater understanding is needed of
how well minimum energy or discrepancy points defined using one kernel
are good for use in approximating an integral for a space of integrands
defined by a similar kernel.

There exist other distance-based criteria for constructing designs, such
as minimizing the covering radius or maximizing the separation distance.
For example, the design minimizing the energy Ephys in Figure 1 for
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s = —1 is a minimum covering radius design, and the design minimizing
(fill distance) the energy E,pys in Figure 1 for s T 0o is a maximum sepa-
ration distance (also called a sphere-packing) design. For some situations
these correspond to minimum energy or discrepancy designs, but in other
situations they are different. It would be helpful to understand how well a
design that optimizes one criterion measures up under another criterion.
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