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THE ASYMPTOTIC EFFICIENCY
OF RANDOMIZED NETS FOR QUADRATURE

FRED J. HICKERNELL AND HEE SUN HONG

ABSTRACT. An L2-type discrepancy arises in the average- and worst-case error
analyses for multidimensional quadrature rules. This discrepancy is uniquely
defined by K(z,y), which serves as the covariance kernel for the space of
random functions in the average-case analysis and a reproducing kernel for
the space of functions in the worst-case analysis. This article investigates
the asymptotic order of the root mean square discrepancy for randomized
(0, m, s)-nets in base b. For moderately smooth K(z,y) the discrepancy is
O(N~1[log(N)](s=1)/2)  and for K (z,y) with greater smoothness the discrep-
ancy is O(N—3/2[log(N)](s~1)/2), where N = b™ is the number of points
in the net. Numerical experiments indicate that the (¢, m,s)-nets of Faure,
Niederreiter and Sobol’ do not necessarily attain the higher order of decay for
sufficiently smooth kernels. However, Niederreiter nets may attain the higher
order for kernels corresponding to spaces of periodic functions.

1. INTRODUCTION

Multidimensional integrals over the s-dimensional unit cube C* = [0, 1)° may be
approximated by the sample mean of the integrand evaluated on a set P with N
points:

(1) Q) = 5 3 6.

z€EP

Here, P is allowed to have multiple copies of the same point [Nie92, p. 14]. The
quadrature error,

Bir(f) = [ fl@)de— 5 3 1),

z2€P
depends on the quality of the quadrature rule @ and the roughness of the integrand
f
Average-case and worst-case quadrature error analyses are equivalent in the fol-
lowing sense (see [Wah90], [Rit95] and below):

(1.2) Efer[Err(f)]? = [D(P)]* = sup [Err(f)}*.
fex
V=1
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Here E denotes the expectation, and F' is a space of random functions with zero
mean at every point and with covariance

(1.3) K(z,y) = Ercr(f(2)f(y)] V(z,y) € C° x C°.

The function K also serves as a reproducing kernel for the Hilbert space (X, (,)).
The variation of the integrand is defined as

(14) V() = [(f. ) - LN/, 0],

where 1 denotes the unit function. The discrepancy, D(P), serves as a measure of
uniformity of the set P and is defined as

(1.5) D(P) = / K(z,y) dz dy — — Z K (2,9) dy
CoxCe zEP
1/2

+% Z K(z,7)

z,2'€P

This discrepancy may be thought of as an Lo-type discrepancy because it is a
generalization of the Lo-star discrepancy. It does not include the popular L..-
star discrepancy [Nie92, Definition 2.1], however, it does include other Lo-type
discrepancies derived in [Hic98].

Since the discrepancy depends only on the quadrature rule and not on the inte-
grand, it is a suitable figure of merit for quadrature rules, or equivalently sets P.
There has been much research on generating low discrepancy sets. For moderate N
one may compare different sets by actually computing their discrepancies [MC94],
[Hic95], [Hic96a], and for large N one may find the asymptotic order of the dis-
crepancies for certain kinds of sets [HW81], [Nie92], [SJ94]. One popular family of
low discrepancy sets is the (¢,m, s)-nets in base b. The purpose of this article is to
present some new results for the discrepancy defined in (1.5) for (0, m, s)-nets that
have been randomized according to [Owe95], [Owe97a], [Owe97b]. A summary of
the main results are as follows:

i. For reproducing kernels with moderate smoothness the root mean square dis-
crepancy is O(N " [log(N)]~1/2) for large N (Theorem 5.1).

ii. For reproducing kernels with greater smoothness the root mean square dis-
crepancy is O(N~%/2[log(N)](*~1)/2) for large N (Theorem 5.1).

iii. Numerical evaluation of the discrepancy for Faure, Niederreiter and Sobol’
(t,m, s)-nets show that they do not, in general, have O(N ~3/2[log(N)](¢=1)/2)
discrepancy for sufficiently smooth reproducing kernels (Figure 2). However,
the Niederreiter nets appear to have O(N~3/2[log(N)](*~1)/2) discrepancy for
a smooth reproducing kernel corresponding to a space of periodic functions
(Figures 3-6).

The next section provides some background on reproducing kernels and the
average- and worst-case error analyses mentioned above. Section 3 defines (¢, m, s)-
nets and describes the randomization proposed by Art Owen. The main results of
this article are derived in Sections 4 and 5. Some examples are discussed in the last
section.
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2. REPRODUCING KERNELS AND ERROR ANALYSIS

For the sake of completeness we outline the derivation of (1.2). For the average-
case analysis it is assumed that the functions in F' have zero mean and covariance
K(z,y) as given in (1.3). The left hand side of (1.2) is derived by interchanging
the order of the expectation and the integration or summation:

2
Brer(Brx() = Byer [ | r@ie-5 3 f(z)]

zEP

=Brer | [ @) ey

DN RCTORER S SOV

z€EP z,2'€P

2 1
=/CSXCSK(x,y) dx dy—NZ/CsK(z,y) dy+m Z K(z72)

zEP 2,2’ €P
= [D(P)*.

For the worst-case error analysis the function K(z,y) is assumed to be a repro-
ducing kernel of a Hilbert space (X, (,)), that is,

f(y) = (K(.’y)af> VfeX.

(See [Sai88], [Wah90] for a fuller discussion of reproducing kernels.) This definition
implies that the functional that evaluates f at a point must be bounded, something
which is not true for £2(C*), but is true for spaces of sufficiently smooth functions.
It can be shown that any reproducing kernel K is symmetric in its arguments,

K(z,y) = K(y,x),
and positive-definite,
N

Z aDa® K (@ £®) >0 va® eR,z® e Co.

i,k=1
Furthermore, for any positive-definite function K there corresponds a unique Hilbert
space (X, (,)) for which it is the reproducing kernel [Wah90, Section 1.1].

The worst-case analysis relies on the Riesz Representation Theorem. Since X has

a reproducing kernel, the quadrature error, Err(f), is a bounded linear functional,
and so

Err(f)= (£, f) Vfe X, where(x)=Err(K(e,z)).

Since all quadrature rules of the form (1.1) are exact for constants, 0 = Err(f) =

(€,1). This implies that (¢, f) = (£, f1), where f, is defined as the part of f which
is orthogonal to the function 1:

fJ. Ef_ (1af>/<1’1>'

The Cauchy-Schwarz inequality then implies the following error bound:

(2.1) |Err(f)] = |(€, £) = 1€, FL)] < (&, V2 (fu, f1)V2
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The variation, V(f), may be identified as (f,, f1)'/?, and
(22) (£,6) = Err(¢(x))
1
= | f@ de— 5> &)

zEP

2 1 )
_/C’SXCSK(CE,y) dyd _NZ/CSK(z’y) d'y+m Z K(z’z)

z€EP z,2'€P
= [D(P))*.

Thus, (2.1) is equivalent to the right hand side of (1.2). Note that this error bound
is attained when f is a constant multiple of £. In other words, £ is a worst-case
integrand.

It is important to note that in general a random function in F' will have infinite
variation with probability one (see [Wah90, Section 1.1]). This means that F', the
space of functions arising in the average-case error analysis, is much larger than X,
the space for which the worst-case error bound is derived.

The Lo-star discrepancy is an important example of the discrepancy. Let S =
{1,..., s} be the set of coordinate indices. For any u C S let |u| denote the number
of points in u. Let C* = [0,1)* denote the |u|-dimensional unit cube involving
the coordinates in u. This notation allows us to distinguish spaces of the same
dimension in different coordinate directions. Let P, denote the projection of P
into C*. The quantity

|P. N[0, )]
N

is the difference between the empirical distribution associated with the sample P,
and the uniform distribution on the unit cube C*. The Lq-star discrepancy is based
on the Lo-norm, || ||2, of this difference [Hic98]:

— Vol([0, z,,))

2

e3) wier= Y | PR oo e
PcuCsS 2
4\ ° 9 s 3 2 1 s
2.4 =\ = - == Z +—2 2—mXijz;~ .
( ) <3) N%’E( 2 ) N z,;le;-[l[ ’ ( )]

The worst-case error bound in (1.2) involving the £o-star discrepancy was derived
by Zaremba [Zar68]. The variation of the function in this case is

2

olul
0z,

vinr= >

0cuCs

zs—u=(1,...,1) 2

The average-case error analysis in (1.2) for the Lo-star discrepancy was obtained
by [Woz91], [MC94]. The space of random functions, F', corresponds to Brownian
sheets. In the context outlined above, the Ls-star discrepancy is based on the
reproducing kernel

(2.5) Ky =] [z_xf”j*'mf‘yj'}.
=1 2
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This reproducing kernel is a special case of reproducing kernels that are products
of a 1-dimensional reproducing kernel K:

(2.6) K(z,y) = HK 5, Y;)-

The discrepancy defined in (1.5) for product reproducing kernels can be written as

(2.7) D(P)= [/ / K(z1,11) dzi d’yl] ——ZH/ K(z5,y;) dy;

z€EP j=1
1/2
1 -
!
oz 2 [[KG2)
2,2/ €P j=1
Some specific examples of product reproducing kernels are considered in this article.

Wahba [Wah90, Section 10.2] and others have used the product reproducing
kernel with

(2.8a) K(z1,y1) = ((fy))' Byy ({1 —11}) + Z(l)Q (1) Bi(y1),

where [ is an arbitrary positive constant, the B;(z) are Bernoulli polynomials
[AS64, Chapter 23], and the notation {z} means the fractional part of a scalar
or vector . The positive integer « indicates the degree of smoothness of the re-
producing kernel and the corresponding Hilbert space X. In one dimension the
Hilbert space X with this reproducing kernel K consists of functions whose « order
derivative is square integrable over [0, 1). In s dimensions the Hilbert space X with
the corresponding product reproducing kernel consists of functions whose mixed
partial derivatives of order up to 7 in each coordinate are square integrable over
Cs. The case v = 1 appears in [Hic96b]. The discrepancy corresponding to the
product reproducing kernel based on (2.8a) is

ppy={-1+3 3 1I|- ((f)), Bur({z —4))

z,2'€P j=1

1/2

+ Z Bi(%)Bi(2} )]} .

The first author [Hic96b], [Hic98] has considered the reproducing kernel
=)
et
where the meanings of # and  are the same as above. The Hilbert space cor-
responding to the product reproducing kernel based on (2.9a) consists of periodic

functions with the same smoothness condition as for (2.8a). The discrepancy cor-
responding to (2.9a) is

(2.8b)

(2.9a) K(z1,y) =

Byy({z1 —11}) + 1,

1/2

If

@9) D) ={ -1+ > H[—(_ﬂ S Bz — ) +1

|
z,2' €P j=1 (27)
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The discrepancies based on the above reproducing kernels will be considered in
Sections 4-6.

3. RANDOMIZED (t,m, s)-NETS

To define a (¢,m,s)-net consider the base b representation of a point z =
(z1,...,25) € C*:

z=1(0.211221231 - .-, 0.212222232 .. ) «vnn.. , 0.215205235 ... ),

where the b-nary digits z;; range from 0 to b — 1. Let Z3 denote the space of
s-dimensional non-negative integer vectors. For any k = (ki,...,ks) € Z7, let
o(k) = ky +--- +k,. There are b*1 ... bk = p°(¥) different ways to choose the first
k b-nary digits of a point z:

(3.1) Z11y+++9Rk115R129++ 3 Rko2y e+ + 9215y« + 3 2kgs:

(If k; = 0, then no digit z;; is being specified.) A (t,m, s)-net contains at least one
point with every possible choice of the first k digits, provided that o(k) is small
enough.

Definition 3.1. Let ¢t and m be non-negative integers with 0 <t < m, let s be a
positive integer, and let b be a positive integer greater than one. A (¢,m, s)-net in
base b is a set P containing N = b™ points in C°. For any possible choice of the
first k b-nary digits (3.1) there exist 5™~?() points in P with these digits, provided
that o(k) < m —t.

Owen [Owe95] proposed randomizing the digits of the points in a given (¢, m, s)-
net Py to obtain a new (¢, m,s)-net P. For every digit index 1 = 1,2,..., every
coordinate index j = 1,...,s and every ¢ € P one obtains a random digit z;; that
contributes to a random point z € P. The randomized net P satisfies the following
two assumptions:

Assumption 3.2. a. For any z € P each digit z; is uniformly distributed on
the set {0,...,b—1}.
b. For any two points z, 2’ € P the random vectors (z1, 2), ..., (s, 2,) are mu-
tually independent.

Assumption 3.3. For any two points ¢,{’ € Py let z,2’ € P be the corresponding
points in the randomized net. Suppose that (; and (; share the same first k; digits,
but that their k; 4+ 1°* digits are different. Then
a. 2 =z§j fori=1,...,k;,
b. the random vector (zx;+1, z;c]_ 41,4) is uniformly distributed on the set
{(n,n'):n#n; n,n' =0,...,b—1}, and
Co Zhy 42,55 Zhy4+3,5> - - -3 2, 12,5 Pk, 43,40 - - F€ mutually independent.

Assumption 3.2 implies that the marginal probability distribution of any z =
(#1,...,25) € P is uniform on C* and that the z1, ..., z; are mutually independent.
Assumption 3.3 maintains the correlation between different points in P that is
necessary for retaining its net properties and thus a low discrepancy. For a simple
random sample Assumption 3.2 is also satisfied, but instead of Assumption 3.3 one
has 215, 225, ..+, 2155 zéj, ... mutually independent for z # 2.

The aim of this article is to analyze the mean square discrepancy for randomized
nets, i.e. E{[D(P)]?}, where E is understood here to be the expectation over ran-
dom sets P. This section concludes with a lemma that simplifies formula (1.5) for
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any P satisfying Assumption 3.2 and a formula for the mean square discrepancy of
a simple random sample.

Lemma 3.4. If P is a random set satisfying Assumption 3.2, then

(3.2) E{[D(P))*} Nz Z E|K(z,2)} - K(z,y) dy dz.
z,2'€P CexCe

Proof. By Assumption 3.2 each z € P is uniformly distributed on C*, so

I:NZ/ K(z,y) dy] —2/CsxcsK(ac,y) dy dx.

zEP
Substituting this into (1.5) gives (3.2). O
For a simple random sample

sz K(x’x) dx’ Z:zla
fCSsz K(:I),y) dy dz, z#72,

which implies the following theorem:

E[K(z,7')] = {

Theorem 3.5. If P is a simple random sample, then
(3.3) E{[D(P))*} {/ K(z,z) dz —/ K(z,y) dy dx}.
CsxCs

This formula serves as a benchmark for other (presumably superior) quasi-
random sets. Since the mean square discrepancy is O(N~!), the discrepancy itself
is typically O(N~1/2) for a simple random sample. The variance of a function f
may be defined as Var(f) = [, f2 dz— (.. f dw)Q. The term in braces in (3.3)
is E¢cp[Var(f)).

4. THE DISCREPANCY FOR GENERAL REPRODUCING KERNELS

The calculation of the mean square discrepancy of a randomized net is aided
by decomposing the reproducing kernel into a sum of components K, , for all
(u,v) € § x S. For this purpose the sets (u,v) are partially ordered so that
(v',v") < (u,v) means that v’ C u, v" C v and (v/,v") # (u,v). The components
K, are defined in Definition 4.1, and some of their properties are given in Lemma
4.2. The two terms in (3.2) are shown to depend only on the components K, .,
in Lemma 4.3. An expression for the mean square discrepancy as a double sum is
given in Theorem 4.4.

Definition 4.1. For any u,v C S the u,v component of the reproducing kernel K,
denoted K, is a function on C* x C" recursively defined as follows:

2|(UU’U)_(unv)|Ku’U(xu’yv) =/ KlyS—vzzS—v de—(qu)
CS—(uuv)

Ty—u=Yv—u
_ Z 2I(u’Uv’)_(uﬂv)|Ku,’v, (J:u/ ) Z/v')-
(v w") < (u,v)
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The decomposition of product reproducing kernels (2.6) is relatively simple. De-
fine

(4.1a) M E/ K(z1,21) dz1, w(z1) = (K(21,21) — M)/2,

(4.1b) v(er, 1) = K(z1,91) — (K (z1,21) + K (y1,90)]/2.

The one-dimensional reproducing kernel can be written as

K(z1,y1) = M + p(z1) + p(yr) + vz, v1),

and the components of the s-dimensional product reproducing kernel are

(4.2) Kuw =M T nzy) IT wGw) TT vl

JEU—v j'€ev—u J"Eunv
It follows from the definitions of 4 and v that fo ) dz1 = v(z1,21) = 0.
Therefore, for product kernels
Ku,vlszj =0 Vjeunu,

1
/ Kyydr; =0 Vje(uUv)— (uno).
0

In fact, these properties hold not only for product kernels, but in general.

Lemma 4.2. The components of the reproducing kernel have the following proper-
ties:

(4.3a) K=Y Kuu,
u,vCS
(4.3b) Ku,vlszj =0 Vjeunw,
1
(4.3c) / Ky dz;j =0 Vje(uUv)—(unw).
0

Proof. The proof of (4.3a) follows from the definition by setting v = v = S. The
proofs of (4.3b) and (4.3c) proceed by induction. Both properties hold vacuously
for u = v = (). By assuming that they hold for all (u”,v") < (u,v) it is possible to
show that they hold for (u,v) itself.

Let j be some coordinate index in u Nv. The definition of a component implies
that

2| (uwv)—(unv)| Ku

v = / Klys_y=zs_, dTs—(uuv)
Yj=T; CS—(uwuv) Ty—u=Yv—u
. Yji=%;

_ Z 2|(u Uv')—(unv)| K’U'"'Ullyjzmj .
(/') <(u,v)

In the sum over (u/,v') those terms with j € «' N v’ vanish by the induction
assumption, leaving only those terms for which j is in either «’ only or in v’ only
or in neither. Let 4 =u — j and ¥ = v — j. Then
@ U) = @)
W UY) = (wno)|-1=|' Uv) - (anv)| -1 ifjeu U,
[(W Uv) — (und)| =|(w Uv) - (GNv)] ifj¢u Uv'.
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This allows us to rewrite the sum over (v/,v’) in the right hand side above:

2|(qu)—(uﬂv)|Ku v

= K' d.’L'S
_$=TS5_% —(ulUv
s /C ooy Klys o=es (wu)

Ty—u=Yv—u

Sl gwe-Goal g, )
2 -
2(u’,v’)S(ﬁ,v) o
1 Z gl L)~ @nd) g,
2 (u' ") <(u,d)
1 N (a
_ > _ 9l(aww) (“m’)lKa,v-l—/ K'ys_v=ms—v dxs_(aUv)
CS5—(auv) Ty =Yp—u
- Y awu-Gnig,,
(u/rv/)<(ﬂ'rv) Yj=Tj
1 A\ .
+ 5 — 2 / Klys_s=ss-y dT5-(uu0)
CS-(uU9) Ty u=ys_4

_ Z 2|(u'Uv')—(uﬁf})|Ku,’v,
(u/v")<(u,d)

Each set of braces is zero by Definition 4.1, thus completing the proof of (4.3b).

To prove (4.3c) one may assume without loss of generality that j € u —v. Again
let & = v — j and note that v — u = v — &. The integral over K, , with respect to
the j*® coordinate is

1
2|(’u,U'u)_(’u.ﬂ’U)|/ K‘U,,‘U dwjz/ ) K'yS—v=mS—v de—(ﬂUv)
0 CS—(auv)

Ty—a=Yv—a

1
Y 2wl / Ko da;.
0

(w'0") <(u,v)

The integrals of K, . on the right hand side vanish if j € «’ by the induction
assumption. If j ¢ v/, that is, ' C 4, then the integral is the same as the function
itself. Therefore,

1
2|(qu)—(uﬂv)|/ Ky dxj =/ KIyS—v=mS—v dl‘s-(auU)
0 CS—(auUv)

Ty—a=Yv—a

_ Z olw'wo)—(@mw)l g,

(w0 )<(8,v)

The right-hand side vanishes by the definition of K ,,. O

Substituting the decomposition of the reproducing kernel into the two terms in
formula (3.2) for mean square discrepancy of a randomized set under Assumption
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3.2 yields

% Z E[K(Z,ZI)]= Z % Z E[Ku,v(zuaz;)],

z,z'eP u,vCS z,z'€P

/ K(z,y) dy dz = Z / Kuo(Tu, Yo) dzoy, dyy.
CsxCs

u,vCS cuxce

Using Lemma 4.2, one sees that those terms involving K, , for v % u vanish. One
may suppose without loss of generality that there is some coordinate j in u but
not in v. The expectation E[K,, (24, 2,)] depends on z;, which is independent of
Zu—j and z;,. Since z; is uniformly distributed on [0, 1), E[K,, (24, 2,)] vanishes by
(4.3c). The integral of K, , over z; also vanishes by (4.3c). This gives the following
lemma:

Lemma 4.3. If P is a random set satisfying Assumptions 3.2, then

(4.4&) N2 Z E[K(Z 2 ]— Z Z E[Kuu Rus % )]a

z,2'€P uCS z,2'€P
(4.4b) / K(z,y) dy dz = Z / Ky (T, yu) dzy, dys,.
CsxCs uCS CuxCu

To further simplify (4.4) one must analyze in what subset of C* x C* a pair of
points (zy, 2,,) € P, X P, may fall. Suppose the coordinates z; and zj share exactly
the first k; base b digits but no more. If this is true for all j in some u C S, one may
say that the points z,, and z, share exactly the same k, coordinates, where k,, is
in Z%, the set of |u|-dimensional non-negative integer vectors. Define the following

conditional expectations:

(4.5a) H(ky) = E[Kyu(2u, 7,)|7, and z,, share exactly k,, digits],

(4.5b) H, . = E[Kyu(2u,2,)|2, and 2|, share exactly k,, digits
for some k, with o(k,) =7 and |u|=1].

If z, and 2, share exactly k, digits, then (z,,2,) is uniformly distributed on
Q, C C* x C*, the Cartesian product of certain Qj, C CU} x CU}, that is,

(162) 2 =@,
JjEu
4] prj+1
(4.6b) U, = U[ib_kj’ (i +1)b7%)2 = U [ib=5 1, (i + 1)b~ki—1)2,
i=0 i=0

The volume of Q, is =% (1 — b~1), so the volume of , is the product of the
volumes of the corresponding (2;:

(4.7) Vol(Q%, ) = Voljy| o (k,), Where Vol , = b~ (1 — b 1)\
This notation now allows one to compute the conditional expectation defined in

(4.5a):

(4.8a) H(k,) = Kou(Tu, Yu) dTu dyy.

V01|u|,a<k ) Ja,
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The conditional expectation H; . is the average of the H(k,) with |u| = [ and
o(ku) = 7. There are (;) subsets u of S with cardinality [, and for any u there are

(l"'T 1) different k,, with o(k,) = 7, so

(4.8b) Hir= (l)(l+r i Z Z H(ky)-

]u| l O’zku)—T

It is known [Hic96a] that for a randomized (0, m, s)-net there are A, o(x,) points
z' that share the same k, digits as z, where
M _
N =
and R(l,7) is defined as the partial binomial sum:

T—1
-1 0, 7<0
b—l 1-1 ( ) —p) " = ) =
) ;0 r (=b) 1, 7>1.
Furthermore, when z = 2/, then K, , = 0 for u # @ by (4.3b). Therefore, (4.4a)
may be written as

1
411) > 32 > ElKuu(zu2,)]
uCS z,2'€P

=Kpo+ Z Z [Proportion of (z,2') € P x P
PCuCS ku

(4.9) bT(1-b"D'R(I,m—7) (=0form<7T),

(4.10) R(,T)

such that z, and z;, share exactly k,, digits]
X E[Kyu(2u,2,)|2, and z, share exactly k, digits]

s +oo

— K+ YT Y A|u||k|H k)

1=1 7=0 |u|=l o(ky)=T

—K@@+i§()(”7 Db R m -

l=171=0

The term (4.4b) is even simpler to express. Note that C* x C* is the union of
Qp, over all k, € ZY plus a set of measure zero (the diagonal {(zw, zu) : T, € C*}).
Therefore, by (4.7) and (4.8a),

(4.12) Z/ Koyu(Tu, Yu) Ay dyy
wCS Cux(Cu

= Kpg + Z ZVOI(Qku)H(ku)

@CugS ku

_K@@+§:+§( )(HT >(1—b N,

=17=0

Combining (4.11) and (4.12) with Lemmas 3.4 and 4.3 yields the following for-
mula for the mean square discrepancy of a randomized net:

s +oo

(4.13) E{[D(P)]*} = ZZ()(HT )(1— T [RU,m—1) — 1] Hi

1=171=0
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Not only is R(l, 7) is a partial binomial sum, but R(l,7)—1 is also a partial binomial
sum. Let

r=0

1, 7>1

By rearranging the order of summation we get

R(l,7)—1=(1—-b"1)}! [ l_zl (l ; 1)(_b)r—l+1 _ lif (l ; 1)(_b)r—l+1}

r=0
— (1) Bl (l - 1) (=b)"

=—R(l,l —T).
Replacing R(l,m —7) by 1 — R(l,7 41 —m) in (4.13) gives

pp@ry =~ 3 () (7T a- s R 1

l=17=0

Replacing 7 by 7 4+ m — [ and noticing that f?,(l, T) is only nonzero for 7 > 1 yields
the following theorem:

Theorem 4.4. Let H; . be the conditional expectation given by (4.8) and R(l,T)
be the partial binomial sum defined in (4.14). The mean square discrepancy of a
randomized (0,m, s)-net P satisfying Assumptions 3.2 and 3.9 is

(415) E{[D(P)?’}

o 0 i e

I=1 7=max(1,l—m)

The advantage of this formula is that the large N (or m) asymptotic behavior of
the mean square discrepancy is seen to depend on how fast the H; . tend to zero as
T tends to infinity. In fact, the values of H; . for 7 < m — s do not even enter into
the formula for the mean square discrepancy. For large 7, the H; , depend only on
the values of the reproducing kernel K(z,y) close to the planes z, = y,,.

To apply Theorem 4.4 one must know more about the H; , as given by (4.8).
For product reproducing kernels the components K, ,, as given by (4.2), are:

(416) Ku,u = Mol H V(mja yj)‘
Jj€u
Let hy, be the average value of v(z1,y;) over Qf, for any non-negative integer ki:

1

hg, = dzy dy;.

Then by (4.8)

Ms—l
Hz,f=m§ > kb
( -1 ki+-+ki=T1

For some cases this can be further simplified.
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For example, consider the product kernel defined by (2.8a) with v = 1. By (4.1)
the M and v are

2 2
M—1+%— V(wl,y1)=—'%|$1—y1|‘

Some straightforward algebra (see Lemma 5.2 and the proof of Theorem 5.1 below)
gives

[P e () [

Therefore, (4.15) becomes

Wi B - - (6+ﬁ2)slsl (3> [ﬁu]z

(6+5%)

+oo
m+7—1\ 5 —2m—2T1
x oy ( 1 )R(Z,T)b2 .

T=max(1l,l—m)

For large numbers of points, i.e. large m, the binomial coefficient (mffl_ 1) is

asymptotic to = 1), Making this substitution the inner sum in the equation above
can be simplified by reversing the order of summation:

+oo
> (mffl I)R(l,r)b-%—”

T=max(1,l—m)

+oo 7—1

Nb_2m(m ' —b)- l;;}( ) b)b 2"
= b‘Qm%(l -pt! Z (l . 1)(—b)r i b2

r=0 T=r+1

b—2r

-
_\1-t T
e g ()i
ml 1 (_ ) —I+1
(-1 -1
For large m the most significant term in the outer sum of (4.17) is [ = s, because

of the factor m!~! above. Therefore, the asymptotic form of the mean square
discrepancy is

2(h _ Kh—1\s—1 2(p _ p—1ys—1
BUD(PI} ~ EEm DT ot L BV T g,

This formula was obtained previously by [Hic96a].

— b—2m

— b—2m

5. THE DISCREPANCY FOR SMOOTH REPRODUCING KERNELS

For general choices of the reproducing kernel it is not possible to obtain a precise
asymptotic form of the mean square discrepancy as in the example above. However,
by assuming sufficient smoothness of the reproducing kernel it is possible to use
Theorem 4.4 to compute the asymptotic order for general reproducing kernels.
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Such a result is given in the the following theorem, which is the main result of this
article.

Theorem 5.1. Let Ryay (1) be an upper bound on |R(1, 7)| for all 7. Suppose that P
is a randomized (0, m, s)-net satisfying Assumptions 3.2 and 3.3. If the reproducing
kernel satisfies a moderate smoothness conditiqn:

K, .

(5.1a) e B,

<A (u]) YwCucChs,

o0
for some finite A1(l), I =1,...,s, then the mean square discrepancy for large N is
asymptotically

2 — 1) 1

(5.1b)  E{[D(P)]’} < Ai(s)R max(s)(—ﬁ

If the reproducing kernel has even greater smoothness:
a|2u|Ku u

6-’I:u—vaxu—wayvayw

N~2[logy(N)]*~*.

(5.2a)

< Ay(lu]) Vo,w CuCS,

o0
for some finite Ax(l), 1 =1,...,s, then the mean square discrepancy for large N is
asymptotically

(b3 _ 1)5—1

(5.2b) E{[D(P)]*} < Az(s)ﬁimax(s)WN_g[logb(N)]s_l

The proof of this theorem is based on two lemmas. The first is a technical
one whose proof involves straightforward integration. The second involves Taylor
expansions of the the components of the reproducing kernel K, ,, about the diagonal

Ty = Yu-

Lemma 5.2. For any constant p > —1

2(1_b p 1) |'U'| p (k
a u)
vOmk / [Tl -l d””“dy“—[<p+1)(p+2)<1—b-1>] .

Dy, JjEU

Proof. Because the domain of integration as defined in (4.6) is a Cartesian product
of one-dimensional domains, the integral may be simplified as follows:

/ H|x] y;|P dzy, dy, = H/ [P dz; dy;

Qe j€u jEu

b—k b_ 3
= H {bk [/ / [P dx; dy;
JjEu
_b/ / P dz; dya}}
H { [ 2b—ki(p+2) b2b_(kj+1)(17+2)] }
e r+Dp+2) (G+Dp+2)

_H{ 2(1—bP~ )b—kj(p-'rl)}
(p+1D(p+2)

jEU

_ [Mﬁ] Dotk
(r+1)(p+2)
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Dividing the term on the right hand side by the volume of (), completes the
proof. O

Before stating and proving the next lemma it is convenient to introduce new
coordinates (£;,7;) defined as follows:

Tj=xj+Y; U=2; -y
z; = (& +9;)/2, v = (&5 —§;)/2
The plane z; = y; corresponds to §j; = 0. Furthermore, let
Ru,u("i’ua Ju) = Ku,u((:ij + ?;j)/2a (25— ﬁ])/2)

Below we consider derivatives of IA{u,u with respect to its second variable, 4,. Ac-
cording to the above definitions

o _1 i-i)
833]'—2 6.’1}]' 8yj ’

Therefore, the mixed partial derivatives of IA{u,u with respect to its second variable
may be written as follows:

K 1 ol K,
ZTuw 1\l 2w
(5:3) By 2 @c,,z;u( O

o12ul g 92l g
uu _ [v]+]w] uu
(5.3b) 52 22|u| PG

b
PCvCuBCwCu xu_vaxu_wayvayw

Conditions (5.1a) and (5.2a) guarantee the boundedness of these partial derivatives
of Ky, with respect to §u.

Lemma 5.3. If the reproducing kernel K satisfies smoothness condition (5.1a),
then

. Gu alulf( (.’i 7 )
5.4 Ku,u fi’u, Au = / u’—__uA R
(54) (@ugn) = [T

If the reproducing kernel K satisfies smoothness condition (5.2a), then

.

- OV Ky oy (B T R
(55) Kuu(Burfu) = ) (—1)'”'“——(.’;(—& o
0CvCu T  #y=0
- Nu—v=Yu—v
Ju  phu §2|ul R
A Kol g, ap,
8(2

Proof. Assuming sufficient smoothness of the reproducing kernel, one may expand
IA{u,u(a}u, §u) in a Taylor approximation about g, = 0. This is derived by integrating
the partial derivative of IA{u,u with respect to its second variable over the rectangular
solid from 0 to y,:

/yu alu'Ku u(xua 77u)
0

_1\ vl & A4
ey Z ( 1) Kuyu(muayu)

PCvCu

By (4.3b) the terms on the right vanish for all v # ), which implies (5.4).

Qv =0
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The second part of the lemma is proved similarly, except that it involves an
iterated integral of a higher order partial derivative of K, ,:

[ P Renl0oe) g
acu U u

_ Z (_1)|v| alwlku,u(:i'u’ﬁu) g
= —_— w e
O Hp=0
Au—v=Fu—v

PCwCvCu
Again by (4.3b) the terms on the right with w C v vanish, which implies (5.5). O

Proof of Theorem 5.1. The results of the previous two lemmas are now combined.
If the reproducing kernel satisfies smoothness condition (5.1a), then it follows by
(5.4) and (5.3a) that

|Ku,u(xu,yu)| = |IA{u,u(xu + Yuy Ty — yu)l < Al(s) H |x7 - yj|‘
jEu
Substituting this inequality into (4.8) and applying Lemma 5.2 for the case p = 1
yields upper bounds on |H(k,)| and |H;,|:

-2y 1lul
H)I < 4160) 3| 0,

b2 l
|H, .| < Ai(D) [ﬁ] b

Formula (4.15) in Theorem 4.4 contains an infinite sum over 7. For large m
the binomial coefficient (m?'_Tl_ 1) in this sum is asymptotic to (T—_l% as was noted
earlier. Therefore, the inner sum has the following asymptotic upper bound for

large m:

“+o0
Z (m ;-_Tl 1) R(laT)b_THl77‘+m—l

T=1ml—1 5 ~+o00

~ (l - 1);Rmax(l) Zb_T|HSyT+m—s|
ml—l 5 ” | 400

S (—l-—_—l—)!Rmax(l)Al(l) |:3(1 :| Zb—m+l 27
ml 1 ( _ 1)l 1
(l—l)l ax(DA 1()[3( )]

In the outer sum over ! in (4.15) the most significant term is I = s, due to the
presence of the m!~! above. This term, after substituting the above bound on the
inner sum, is just (5.1b).

The proof for the case where the reproducing kernel satisfies smoothness condi-
tion (5.2a) is similar, but more tedious. The right-hand side of (5.5) contains two
parts. The first is a sum of terms that are linear in ¢, = z, — y,. These terms do
not contribute to H(k, ), since the integration domain Q, in (4.8a) is symmetric
about the planes z; = ;. Only the second part of the right-hand side of (5.5)
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contributes to the upper bound on |H(k,)|. By Lemma 5.2 for the case p = 2 it
follows that

_ p=3) 1l
|H(ky)| < Aa(s) [6(—(11——%_%)] p—20(kuy

The asymptotic bound on the mean squaresdiscrepancy then follows as for the
previous smoothness condition:

+o00 -
m+7-—1)~ _ ®° -1t
R(L, 7)o" "Hy rpm—i1| S Ao(l)————=b"""
;( -1 (6~ 1))
Substituting this bound into (4.15) and taking the term [ = s gives (5.2b). O

For product reproducing kernels the smoothness conditions in Theorem 5.1 may
be written in terms of M and v defined in (4.1). Recall that v(z1,v1) = v(y1,1).
If

I 3V($1,y1) a1/(3101,3,11)
(56) Vv = 6.’1?1 - 6y1 - P
then by (4.16)
oK ov(zj,y;) (i, y)
= _uwu o ps—lul 3193 3" Yi — prs—lulplul
’axu—vayv 00 M H 8a:j H ; Hoo M o

JjEuU—v o0 jlev

Smoothness condition (5.1a) is satisfied by taking A;(l) = M*~'Dt. If

_ O?v(z1,y1) d%v(z1,y1) ?v(z1,y1)

5.7 = g7 i Sk S L VA Z Z\wbh Il ,
(57) V2 = max ( oz? - O0x10y1 || oy? -

then by (4.16)

’ 5|2u|Ku,u — Ms_lul H 621/(:11j,yj)
6$u—va$u—wayvayw 0o jeu= (vuw) 623? -
% H 621/(:L'j/,yj/) l H 62y($j/2/,yju) _ Ms_lulﬁéul'
j'e(vuw)—(vNw) 8(13]’/6y]‘1 o0 j!evNw ayj”

Smoothness condition (5.2a) is satisfied by taking Ay (l) = M*~'k.

For the product kernels defined by (2.8a) and (2.9a) the only discontinuities
in the derivatives of v(z1,y;) come from the term By,({z1 —y1}). For v =1
these product reproducing kernels satisfy (5.6), and thus (5.1a), so the root mean
square discrepancies (2.8b) and (2.9b) are O(N~'[log,(N)]¢*~1/2), by Theorem
5.1. For v > 2 the product reproducing kernels defined by (2.8a) and (2.9a) satisfy
(5.7), and thus (5.2a), so the corresponding root mean square discrepancies are
O(N—3/2[log, (N)]~1/2), by Theorem 5.1.

For any (0, m, s)-net the base b must be no smaller than s — 1 [Nie92, Corollary
4.21]. This allows one to derive simple lower and upper bounds on R(l ,T). Suppose
that [ is odd. The terms in the definition of R(l,7) in (4.14) are alternating in
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sign and monotonically increasing in magnitude with the summation index, since
[ < s < b+ 1. Therefore,

0<R(,1) < R(1,3)<--- < R(,1) =1,
and

0>R(1,2)>R(1,4)>--->R(I1-1)=1-(1-b"1)!
>1—-(1-b"Y"">-3 forb>2.

A similar argument gives —3 < R(Z,T) <1 for even [ as well. Therefore, one may
choose Rpyax(!) in Theorem 5.1 to be 3.

6. DISCUSSION AND CONCLUSION

The bounds on the Lo-star discrepancy for (¢, m, s)-nets [Nie92, Theorem 4.10]
are of the form
bt (lOg N )S_l

N )
that is, the value of ¢ does not effect the order of the L£.,-star discrepancy, only the
leading constant. Although the results proven in this article are only for (0,m, s)-
nets, the author conjectures that the orders of the root mean square discrepancy
for randomized nets will be the same even if ¢ is nonzero. Of course, this remains
to be proven.

An interesting question, then, is whether the discrepancies of known (t,m,s)-
nets attain the same asymptotic order as the root mean square discrepancy of
randomized (0, m, s)-nets. Although no mathematical proof has been found, some
computational evidence is presented here. Figures 1-6 show three different discrep-
ancies for three different kinds of (¢,m,s)-nets. The nets are the first ™ points
of:

i. the (0, s)-sequence of Faure [Fau82] with b chosen to be the smallest prime
number > s,
ii. the (¢, s)-sequence in base 2 of Niederreiter [BFN92], and
ili. the (¢, s)-sequence in base 2 of Sobol’ [BF88].

The initial point for all of these sequences is the origin.

The first discrepancy considered is (2.8b) with =1 and v = 1. Only smooth-
ness condition (5.1a) is satisfied since v = 1. The root mean square discrepancy for
randomized (0, m, s)-nets is O(N~1*¢), and Figure 1 shows that the three (¢,m, 5)-
nets chosen also have this same asymptotic order.

The second discrepancy considered is (2.8b) with 8 = 1 and v = 2. Now smooth-
ness condition (5.2a) is satisfied, so the root mean square discrepancy for random-
ized (0,m, s)-nets is O(N~3/2%¢). However, Figure 2 shows that the discrepancies
of the three (¢,m, 5)-nets are only O(N~17¢). Thus, these three popular nets have
worse than average discrepancy, in this case. This means that these three nets are
not able to attain higher quadrature accuracy than O(N~17¢), even if the integrand
has sufficient smoothness.

To understand why consider a linear integrand f(z1) = z1, and a one-dimensional
net with N = b™ points, {0,b~™,...,1 — b~™}. Quadrature using this net corre-
sponds to the left rectangle rule, which can only attain an error of O(N~1), since

D5 (P) < C(s,b)
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the points have a leftward bias. On the other hand, quadrature using Owen’s ran-
domization of this net attains an error of O(N~3/2). The Faure, Niederreiter and
Sobol’ nets share the same problem as the one-dimensional net.

The third discrepancy considered is (2.9b) with # = 1 and v = 2. Again the
root mean square discrepancy for randomized (0,m, s)-nets is O(N~3/2%¢), For
dimensions s = 3,5, 8,10 the discrepancies of the Faure and Sobol’ nets are still
only O(N~1%¢) as shown in Figures 3 through 6. However, the discrepancies of the
Niederreiter nets decay faster than O(N~!). For smaller dimensions (Figures 3 and
4) the decay rate appears to be O(N~3/2%¢). For the higher dimensions (Figures 5
and 6) the decay rate is not as good. This may be because for larger s the factor
[log(N)]~1)/2 remains significant for the range of N values shown in the plots.

For s = 5 Figure 4 displays two curves for each type of net corresponding to
taking different starting points in the (¢,5)-sequence. One curve takes the first
5™ points of the Faure sequence for m = 1,...,7. Another curve takes the 57 +
15t o 5mHT" points of the Faure sequence for m = 1,...,7. The curves for the
Niederreiter and Sobol’ nets are obtained in a similar manner. The choice of starting
point does not seem to affect the asymptotic order of the this discrepancy.

Because the discrepancy as plotted in Figure 4 is for a space of periodic inte-
grands, the example of a linear integrand mentioned for the previous case does not
apply. The Niederreiter nets are able to integrate periodic functions more accu-
rately than non-periodic ones, and more accurately than Faure and Sobol’ nets,
especially in lower dimensions. Therefore, when using Niederreiter nets for quad-
rature it is suggested that one periodize the integrand, that is, use the quadrature
rule

1
Qper(f) = N Z f(1220 =1, 225 = 1))
zeP
instead of the Q(f) defined in (1.1).
To demonstrate this suggestion with a practical example, consider the problem
of computing multivariate normal probabilities:

(6.1) I(a,b,%) —30'2770 gy

1 b bs
P e
VX[ (2m)° /al /a
where a and b are known s-dimensional vectors that define the interval of integra-
tion, and ¥ is a given s X s positive definite covariance matrix. Alan Genz [Gen92]
has proposed a transformation of variables that results in I(a,b,¥) being written
as an integral over an s — 1-dimensional unit cube. We consider the specific case of
s =6,

(6.2a) a=(-00,...,—), b=(0,0.5,1,1.5,2,2.5,3)
L i=y
(6.2b) Y= (O'ij), where 045 = {0'5’ ; # ]

Because the off-diagonal elements of the covariance matrix are all equal, the mul-
tivariate normal probability may be reduced to a one-dimensional integral [Ton90],
which may be evaluated by standard numerical techniques to provide the “exact”
answer of 0.6135764963. Figure 7 shows how the absolute error decays when ap-
plying the quadrature rules @ and Qper with Niederreiter nets to the integral (6.1)
after Genz’s transformation. The error of Qper has a faster rate of decay.
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FIGURE 5. The discrepancy defined in (2.9b) with 8 =1, v = 2
as a function of N for three different (¢,m,8)-nets. The dashed
reference lines are plots of 0.1N~! and 0.1N !

The Ly-star discrepancy defined in (2.3) gives the average-case quadrature er-
ror for Brownian sheets. Because the corresponding reproducing kernel satisfies
smoothness condition (5.1a), the Lo-star discrepancy is O(N~!{log(N)]~1/2) for
(0,m, s)-nets, a fact previously shown in [Hic96a]. For Brownian motion in Lévy’s
sense the covariance (reproducing kernel) is

zlly + |yl = |z —y
Ko,y = 1ol t ol ==l

and the corresponding discrepancy is known to be at best O(N _é_flE.) for any
set [Was93]. The reason that this discrepancy has larger order than the Lo-star
discrepancy for s > 1 is that the reproducing kernel is not sufficiently smooth.
Consider the case s = 2. The components K, ,, of this reproducing kernel are

V2 + log(1 +v/2)
K@)m = 3 ,
T, — To —
K{l}v{l}(xl)yl) = _| 1 5 ?/1|, K{Q},{Q}(anyQ) = —|2—292_|,

K{l,2},{1,2}($1,sz,yhyz)
1
=1 {\/wfﬂ«‘% - \/fv%+y% - \/fv% +y3 + \/y%+y%}

1
+ 3 {|$1 — 1|+ 22 — Y2 — V(z1 — 1) + (22 —yz)z}-
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The last term of component K 9y (12} does not satisfy condition (5.1a), so an
O(N~*[log(N)]=~1)/2) discrepancy cannot be attained.
Theorem 5.1 and (1.2) imply that for randomized (0, m, s)-nets

E{ sup [Err(f)]z} = E{[D2(P)]*} = O(NP[log(N)]*"") as N — oo,
V(f)=1

where the variation of the integrand, V(f), is defined in (1.4), and p = 2 or 3
depending on the smoothness of the integrands. The smoothness of the integrands
(roughly that of the reproducing kernel) required for p = 3 is greater than that
assumed in [Owe97b], where it is shown that, for a fixed integrand f,

E{[Erx(f)]*} = O(N?[log(N)]*"") as N — o0

for randomized (0, m, s)-nets. The reason is that in the latter case the integrand is
fixed in advance, whereas in the former case the integrand is chosen pessimistically
after picking a specific randomized net. On the other hand, Theorem 5.1 and (1.2)
also imply

E{Efcrp[Erx(f)]*} = E{[D2(P)]*} = O(N P[log(N)]*"!) as N — oo,

where again p = 2 or 3 depending on the smoothness of the integrands. The
smoothness of the integrands in F' required for p = 3 is less than that required for
the worst-case result and is similar to that assumed in [Owe97b].

Theorem 5.1 demonstrates that the asymptotic order of the discrepancy depends
on the smoothness of the reproducing kernels. It appears that O(N~3/2+¢) is the
best possible order attainable by assuming only sufficient smoothness of the repro-
ducing kernel. However, if one considers spaces of Walsh series or Haar functions, it
is likely that the order of the corresponding discrepancy may be improved further.
This is because it has been shown by other means that (t,m,s)-nets accurately
integrate these type of functions [LSW94], [LT94], [Ent96].
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