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ON TRACTABILITY OF WEIGHTED INTEGRATION
OVER BOUNDED AND UNBOUNDED REGIONS IN R®

FRED J. HICKERNELL, IAN H. SLOAN, AND GRZEGORZ W. WASILKOWSKI

ABSTRACT. We prove that for the space of functions with mixed first deriva-
tives bounded in L; norm, the weighted integration problem over bounded
or unbounded regions is equivalent to the corresponding classical integration
problem over the unit cube, provided that the integration domain and weight
have product forms. This correspondence yields tractability of the general
weighted integration problem.

1. INTRODUCTION

In recent years there has been great interest in the tractability of multiple in-
tegration in high dimensions, much of it stimulated by the apparent success of
quasi-Monte Carlo methods applied to integrals from mathematical finance over
hundreds or even thousands of dimensions; see, e.g., [8], [9] and [13] for more refer-
ences. Most analysis has been carried out for the problem of integration over the
s-dimensional unit cube in a reproducing kernel Hilbert space setting of functions
whose mixed first derivatives are square integrable; see, e.g., [7], [12].

However, as pointed out in [I1], there is a fundamental difficulty in applying the
Hilbert space results to the integrals from mathematical finance. These integrals
are typically with respect to probability densities over unbounded regions. The
difficulty (discussed in more detail below) is that after mapping to the unit cube
most problems of this kind yield integrands that do not belong to the Hilbert space:
the derivatives are integrable, but not square integrable. In the present paper we
study the tractability of the weighted integration problem, over both bounded and
unbounded regions, in the Banach space of functions whose mixed first derivatives
are in L1. We assume that the weight function and the domain of integration have
product forms (see below). We shall see that only in Ly (in contrast to L, for p > 1)
is there a natural correspondence between the weighted integration problems over
a general region and the unweighted integration problem over the unit cube.

We emphasise that in this paper we do not weight the various coordinate direc-
tions in the manner of [I2]. It is known from the work of [2] that for the L; case
the unweighted integration problem over the unit cube is tractable, whereas this is
believed to be not the case for p > 1, and is known [[7] not to be so for p = 2. In this

Received by the editor May 27, 2002 and, in revised form, March 4, 2003.

2000 Mathematics Subject Classification. Primary 65D05, 65D30 65Y20, 62M20, 60G25.

Key words and phrases. Weighted integration, quasi-Monte Carlo methods, discrepancy,
tractability.

(©2004 American Mathematical Society

1885



1886 F. J. HICKERNELL, I. H. SLOAN, AND G. W. WASILKOWSKI

paper we establish the tractability of the weighted integration problem over general
regions for the L case by exploiting the above-mentioned connection between the
weighted integration problem over general regions and the unweighted problem over
the unit cube, and then extending the result of [2].

In more detail, in this paper we study the tractability in a worst-case setting of
the weighted integration problem

1) = [ 10 dx.
where D is an s-dimensional box
(1) D = (a1,b1) x -+ x (as,bs) C R,
and p(x) has the product form

@) p(x) = [ prtan)
k=1

for nonnegative functions pr, C Li((ak,br)). The intervals (ag,b) can be either
bounded or unbounded. For simplicity, we shall assume

by
(3) ZELE

ag
Our analysis will be carried out in tensor product spaces of functions defined on
D, with norm || f||,,s given for p = 1 by (9) below, and for general p > 1 by (I0).
For the explanatory purposes of this introduction it is sufficient to consider just the
1-dimensional case, for which the norm in the case p =1 is

(4) £

by
Lwﬂmm+/|ﬂmm,

a1
where ¢; (the “anchor”) is a fixed number in (a1, b1). In the 1-dimensional case the
weighted integration problem, namely
by

L (f):= [ [f(@)pi(x)dr,

a

is mapped to an unweighted integration problem on the unit interval by the simple

transformation
xr

(5) yzwmmz/pwm&

1

Specifically, we find

1
I, (f) = /0 F(y)dy,
where

(6) F(y) = f(Wy ' ().

At the same time this transformation converts the norm (@) to

1
[fll12 = [F(Wi(er))] +/0 [F'(y)l dy =: || F|

1,1-
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The norm on the right is appropriate for the analysis of the unweighted integration
problem on the unit interval.

To understand the special nature of the L case, suppose that instead we were
to define the norm on the unit interval by

1 1/p
1 Flp,1 := (IF(W&(Cl))I”Jr/0 IF’(y)Ipdy> ,

with p > 1. The connection between the unweighted problem on the unit interval
and the original weighted integration problem is now more complicated. Indeed,
under transformations (B) and (@) we find

by . 1/p
nmm=<mmw+/|f@waéﬁﬁ> = 1Sl

The norm on the right is made unattractive by the factor p¥ ~1in the denominator.
This factor is especially restrictive if the region is unbounded, say if by = oo,
since in that case a necessary condition for ||f]l,,1 to be finite is that f'(z) =
0 (p1 (x)(p_l)/p/ml/”) as x — oo, a condition which in applications may seem quite
unnatural. The difficulty disappears when p = 1, since in that case p’fl =1.1In
this paper, as in many others, we exploit the connection between worst-case error
for f in the unit ball of our space and “discrepancy”. However, we need here a
somewhat more general notion of discrepancy: we introduce in Section [3] the notion
of “same-quadrant discrepancy”, of which the “L., star discrepancy” is a special
case. (Another special case is the “centered discrepancy” of [3].) There is a natural
motivation for this generalization within the present work, arising from the fact
that we allow D to be an unbounded region, say R®. In such a case the “anchor”
c in the s-dimensional generalization of () cannot be on the boundary of D, and
hence after a smooth transformation cannot be on the boundary of the unit cube.
The star discrepancy arises if in our language the anchor c is chosen to be at one
of the vertices of the unit cube. But that choice is too restrictive when unbounded
regions are considered. By applying the present results to the classical unweighted
integration problem over the unit cube, we obtain in Section [3] a simple proof of
the famous Koksma-Hlawka inequality, and of a generalization when the anchor is
allowed to move freely over the unit cube. In Section ] we show that the weighted
integration problem over a general region can be reduced to the unweighted problem
over the unit cube. Tractability of the general problem is discussed in Section
Finally, some extensions are considered briefly in Section [

2. BASIC DEFINITIONS

In this section, we briefly present some definitions and basic facts concerning
the worst case setting. For more detailed discussion we refer to, e.g., [6], [14]. We
study the approximation of multivariate integrals of the form

(7) Auﬁ=Lf®M@w,

where f is from a Banach space F of functions that will be specified later. Here
D is the s-dimensional box (Il). The intervals can be unbounded; this is why we
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write (a;, b;) instead of [a;, b;]. The weight function p is of the tensor product form
(). For simplicity, we shall assume that each pj is a probability density on (ay, bx)
(i.e., a nonnegative, Lebesgue integrable function such that (3) holds), although, as
explained in Section [B] for the tractability result it is sufficient to assume that the
integral of py is finite. Classical examples of suitable weights p are provided by

e the uniform distribution with D = [0,1]® and p(x) = 1,

e exponential distribution with D = R% and

p(x) = [ ] exp(=ax/Ak)/ Mk,
k=1
e Gaussian distribution with D = R® and
p(x) = [] exp(=a3/(20))/(v/2m).
k=1

Without loss of generality, we can restrict the analysis to linear algorithms (or
cubatures) of the form

Af) =Y ai £ )

that use n function values at points x*. The worst-case error of the algorithm A is
defined as
error(A, F) := sup |I,(f)— A(f)l,
IF<1
where || f|| is the norm of f in the space F. Since the error equals the operator
norm ||I, — A||, we have

|I,(f) — A(f)| < error(A, F) |Ifll, VfeF.

The number n of function values used by an algorithm is called the cardinality
of A, and is denoted by card(A). Since it is a natural measure of the cost, we
are interested in the smallest errors that can be achieved with n optimally chosen
function evaluations,

error(n, F) := inf{error(A, F) : A such that card(A) =n}.

Such minimal errors are called nth minimal errors. To provide a standard to com-
pare with, let

(8) error(0, F) := ||1,||

be the initial error, i.e., the error of the zero algorithm. If the ratio of nth minimal
error and the initial error depends polynomially on s and n~!, then we say that
the corresponding problem is tractable.

More specifically, consider now a sequence of weighted integration problems,
each defined for a space of functions of s variables, s = 1,2,.... To stress the
dependence on s, we will write sometimes error(n, F, s) instead of error(n, F). We
say that the corresponding problem (or more formally a sequence of problems) is
tractable if there exist positive constants C, g1, and go such that

error(n, F, s)

<Cstin ® vn, s.
error(0, F,s) ~ ’
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3. FUNCTION SPACES, ERRORS, AND DISCREPANCIES

Of course, tractability (or lack of it) depends very much on the choice of F.
In this paper, we consider the following space denoted by Fi . Let Hj be the
space of absolutely continuous functions on (a, by) whose first derivatives are in
Li((ag, br)). Recall that Ly ((ax, bx)) is the space of functions whose absolute value
is integrable over the interval (ax, by). Let H* = @);_, Hi, be the (algebraic) tensor
product space, i.e., the space of all linear combinations of functions f of the product
form

fiD—>R and  f(x)=]] helax) with hye € M.
k=1

The space F s is the completion of H*® with respect to the norm

9) 1£lhs = £+ D 15l po)-
U#0D
Here ¢ = [c1,. .., ¢, called an anchor, is a point from D. The summation is with

respect to subsets U of {1,...,s}, and

fo(xv) = me(XU c)
v [Tkew O T
where (xy7, ¢) denotes the s-dimensional vector whose kth component is xy, if k € U,
and is ¢ if & ¢ U. By xy we mean the |U|-dimensional vector obtained from
x by removing all components z with k& ¢ U. This means that xy € Dy =
[Iico (ak,br) and ff; is a function defined on Dy. To simplify the notation, we
shall also write f and || fy||z, to denote f(c) and |f(c), respectively, and we often
drop Dy by writing [ -]z, instead of ||- ||z, (p,). This allows a more concise formula
for the norm,

1Flls =D IfllLs-
U

The essence of Fi , is that it is a tensor product space consisting of functions
whose mixed first partial derivatives are bounded in L; norm. Natural extensions
are spaces JF, ; of functions with derivatives bounded in L, norms for p € (1, co].
That is, the norm in F, ; is given by

1/p
(10) 1 llps = (Z IIf{JIip> for p< oo
U

and
1 lloc,s = max [[fi ]z for p=oo.
The following representation of f will play an important role in our analysis. Let

1 ife<t<ou,
Mp(z,t):=<¢ —1 ifz<t<c,
0 otherwise,

M(x,t) == [ [ Mi(zk, te),
k=1
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and

My (xu,to) = [ ] Mi(wr tr),
keU
with the convention that My = 1. We will refer to My, M, and My as kernels.

Proposition 1. For every f € Fp s and every x € D,
(11) 100 =3 [ sitto) Mol to) dtw.
v /Pu

As an illustration, consider s = 2. In this case the subsets U of {1,2} are
0,{1},{2} and {1,2}, and the representation (1) reduces to

flxr,22) = f(01702)+/1aihf(t1,02)dt1

2

a 1 T2 82
—_— to) dt ——f(t1,t2) dta dt
+ 8t2f(01’ 2) 2+/61 /02 3t13t2f( 1,t2) dta dt;

= flersea) + [fl@ns ) — Flersea)) + [Flersas) — flerscs)]
+ [f(x1,22) = fler,22) — f(21,¢2) + f(er, e2)]

The representation ([[I)) has been used, at least implicitly, in a number of papers;
see, e.g., [3]. For completeness, we present a short proof.

Proof of Proposition[l. Of course, (1) holds for s = 1. Suppose therefore that it
holds for s and consider a function f of s+ 1 variables. Let R denote the resulting
right-hand side of (1)), i.e.,

Z fU tu) My (xu, tv) dtu,

where the summation now is over all subsets of {1,...,s + 1}. This sum can be
expressed as a sum R; over only those subsets U that do not contain s + 1, plus
a sum Ry over every U containing s + 1. For the sum Ry write U = V U {s + 1},
where V' C {1,...,s}. Then Ry can be rewritten as

s+1
Z/ / For(bv tag)) Mg (@ag1, tar) dbssn My (xv, ty) dby
Dvy Qs+41 atSJrl
= Z/ fv(tv, zep1) My (xv, ty) dty
v JDv

- Z fv (tv, cst1) My (xv, tv) dty,

with the summations now over all subsets of {1,...,s}. Of course, the second sum
above equals R;. Hence

R(X) = Rl(X) + RQ(X) = Z b f{/(tv,$5+1) Mv(Xv,tv) dtv.
V \%4

Since f = f(-,x541) is a function of s variables only, it follows from the inductive
hypothesis that R(x) = f(x1,...,xs,Zs4+1), so that (1) holds with s replaced by
s + 1, thus completing the proof by induction. O
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The representation of f given by (II]) allows the error of the algorithm A applied

to f to be expressed in terms of the error of A applied to the kernel My (-, ty).
Indeed, due to linearity of A and I,, we have from (1) that

<Z fo(tv) Mu (- tu dtU) Z fU tu) A(Mu (-, tv)) dtu,

and similarly

Z fU tu) I, (Mu (-, to)) dto.

This leads to the following generalization of Zaremba’s formula (see [I5]):

(12) I(f Z fU tv) hu(tv) dtu,
where
(13) hy(tv) = I,(My (-, tu)) — A(My (-, tv)).

In this way, Proposition [l leads to the following form of the worst case error of A;
see also [3] where D = [0, 1]° was considered.

Theorem 1. The error of any linear algorithm A is

(14) error(A, Fi ) = mgxsgg [I,(My (-, ty)) — AMy (-, ty))]-

Proof. By Holder’s inequality applied to ([I2)),

11o(f) = AN < DMl o). <
U

s max ||hy |,
U

This proves that the error of A is bounded from above by the right-hand side of
([4). We now prove the opposite inequality.

Given € > 0, there exist Z C {1,...,s} and t* € Int(D) such that hz is contin-
uous at t7, and

hz(tz)| 2 max|lhulr., —e.

If Z = (), the worst case error is attained at the constant function f = 1. Consider
now Z # ). For § ~ 0, define

-1 - <
vk (x) = { (26) if |z —t5] <,

0 otherwise.

Consider now gz € L1(Dz) defined by

92(xz) = sign(hz(ty)) [] ve.s(ar)
kez

and

f(y) = /D 02(t) Mz (y2,62) dt 1.
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For example, if Z = {1,2}, then f(yl,yg) = Cyll v2 gz(ti,t2) dtadt;. Note that

f(y) is independent of yy, if k ¢ Z, and f( )=20 1f yr = ¢k for some k € Z. From
this it follows that f(’J =0if Z#U, and fZ = gz. Hence

by
s = 192ls,c00 = TT [ sty do =1

kez
for small enough ¢, and by (I2),

L(f) - A(f) = /D gz(tz)hz(tz)dtyz = H vk (te) |hz(tz)| dtz.

Dz ez

Since the right-hand side of the above equation tends to |hz(t%;)| as § tends to zero,
this proves that I,(f) — A(f) > maxy ||hy||r.. — 2¢ if ¢ is sufficiently small. Since
€ can be arbitrarily close to 0, this completes the proof. O

For illustration, we apply Theorem [l to the classical case, i.e., p =1 and D =
[0, 1]%, choosing two different anchors, namely ¢ = 1 and c inside the cube D. In
both cases, we shall take for A a quasi-Monte Carlo algorithm,

A(f) = oMc(f *Zf

with x* € D.
When ¢ = 1 we have My(z,t) = —1if x <t < 1, and My(x,t) = 0 otherwise.
Hence
L(My (-, ty DIV tx = (—1)!YIVol([0, tv)),
keU
and

QMC(My (- tr)) = (-1)VIn 1Zlmtu> xy),

where 14 denotes the characteristic (indicator) functlon of A C D, and Vol(A)
denotes the volume of A. Thus from (I3)

(15) |hlr. = = sup Vol([0, trr)) Zlotw xr)

which is the classical Lo, star discrepancy for the |U |-dimensional unit cube Dy .
Thus Theorem [, when applied to QMC methods for the classical case with ¢ = 1,
yields the famous Koksma-Hlawka inequality:

|Il(f) - QMC(f)l < HfHLSD;o(Xl?""Xn)v

where DX is the Lo, star discrepancy of the point-set {x!,...,x"}. That is,
DI (x',...,x") = sup [Vol([0,t)) ZI[Ot)
te(0,1]®

see, e.g., [1], [5]. Note that the maximum over U no longer appears, because for
¢ = 1 the largest value of ||hy||L., in (I3) occurs at U = {1,...,s}. Theorem[Il
also states that this inequality is attained arbitrarily closely for some functions from
Fi1,s. We next consider the case in which the anchor ¢ = [cq, ..., ¢;5] is in the interior
(0,1)® of the cube; for example ¢; = -+ = ¢, = 1/2. In the right-hand side of (I4)
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we may assume that ty, # ¢, for k =1,...,s, since My (-, ty) = 0if t; = ¢, for some
k € U. The set of all points t € [0, 1]® which satisfy this condition is partitioned
into 2° quadrants, according to whether t; < ¢ or t > ¢ for k =1,...,s. Given

a t in one of these quadrants, let
B(t) = B(t;c) € [0,1]°

denote the box with one corner at t and the opposite corner given by the unique
vertex of D that lies in the same quadrant as t. This box is to be a product of half
open intervals, with the open end of the kth interval at ;. For example, for s = 2
and ¢1 = cp =1/2,if t = (1/3,2/3), then

B(t;c) =1[0,1/3) x (2/3,1].
With this notation, it is easily seen that
L(My(tv)) = (=1)17-I Vol(By (tv)),

where By (ty) is the projection of B(t) onto Dy, and U_ is the subset of U con-
taining those indices k for which t; < ¢k. Similarly,

\U \
A(MU(th)) Z]-BU(tu) xU

Thus the expression (4 is the same as that for the classical case ¢ = 1, except that
the box [[,[0,x) is replaced by B(t). Another difference is that for interior c, the
maximum with respect to U is not necessarily attained by U = {1, ..., s}. In other
words, Theorem [I] shows that the error of A is the Lo, same-quadrant discrepancy
with anchor at ¢, given by

(16) Doo’c(xl, X)) = Sgg I(I}ié)( Vol(By (ty;cv)) -1 Z 15, (tyien) (X )

For completeness of the definition (I6), we define By (ty;cy) = 0 if t = ¢ for
some k € U. With this understanding, the L, star discrepancy D_(x!,...,x") is
the special case of ([[G) with ¢ = 1. When c¢ is at the center of the cube, Doo,c is
also called the Lo, centered discrepancy; see, e.g., [3], [7]. The following proposition
sums up the classical case.

Proposition 2. Let D = [0,1]® and p(x) = 1. The error of the quasi-Monte Carlo
algorithm with the points x*, ..., x™ is

error(QMC, Fi s) = Dooc(x', ..., X").

4. REDUCTION TO CLASSICAL PROBLEM

Recall that by a classical problem we mean the integration problem over [0, 1]*
with constant weight function p = 1. In this section, we show that the general
problem over D with a general p can be reduced to a classical problem.

Given p, define the transformations

Wk(x):/ pr(z)dz, k=1,...,s.

k
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Then Wy, : (ag, br) — [0, 1]. Define also
(17) W(x) = [Wi(x1),..., Ws(xs)] and d =W(c).

Theorem 2. i) The error of any algorithm A(f) = >, a;f(x') for the integra-
tion problem () satisfies

(18) error(A, Fi ) = error(j, .7?173)7

where A(g)= S ai g(W(xY)) is an algorithm approzimating I1(g) = f[o 1 g(x) dx
and j-:l,s is defined in the same way as F1 s but with D = [0,1]° and anchor d =

W(c).
it) In particular, if A= QMC is a quasi-Monte Carlo algorithm, then
(19) error(QMC, Fi s) = Dooa(W(x'), ..., W(x")).

Proof. Due to Theorem I, the error of A is given by
error(A, Fi ) = 11111%( sup |hy (t)]

teD
with
n .
ho(6) = I,(Mu (- to)) = Y ai My (i, to).
i=1
Note that for 5 < ¢, or equivalently Wy (tx) < d,
by
Mk ((E, tk)pk(l') dr = —Wk (tk) = — VOI([O, Wk (tk)])
ak
and

My(@jos t) = =Lay 1) (@%) = = Lo, wi 1)) Wi (),
with the last equality holding because of the monotonicity of Wy, and 0 = Wi (a).
On the other hand, for ¢; > ¢k, or equivalently Wy (tr) > di,
by
Mk(x,tk)pk(:c) dr=1-— Wk(tk) = VOI([Wk(tk), 1])

ag
and
Mk(x’ltmtk) = l(tk,bk](xz) = 1(Wk(tk),1](Wk(x§c))'
This implies that

n
hu(t) = (=1)Y~ <V01(BU(yu;dU)) - a 1BU(yU,dU>(WU(X1iJ))> :
i=1
where yy = Wy (ty), from which (I8)) follows by a second application of Theorem [
The last part of the theorem then follows from Proposition [I] O

Theorem [2 implies that weighted integration over (bounded or unbounded) D
has nth minimal error equal to the nth minimal error of the classical problem with
the anchor d = W(c).

Since the classical case has been extensively studied, Theorem 2 provides (at
least conceptually) a technique for studying tractability of and deriving algorithms
for weighted integration. Indeed, suppose that we have a point-set {y!,...,y"}
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inside [0, 1]* with low Lo, same-quadrant discrepancy. Then for ||f]]1,s < 1, the
algorithm

QMC(f ‘1Zf

approximates the weighted integral I,(f) Wlth error not exceeding the discrepancy
of {y',...,y"}.

5. TRACTABILITY OF THE WEIGHTED INTEGRATION PROBLEM

From (B) the initial error of the weighted integration problem in the space Fi s

equals 1,
error(0, F1 5) = 1.

Thus according to Theorem Blii), to prove tractability it is enough to show that there
exist n points z!,...,z" in (0,1)° whose L, same-quadrant discrepancy anchored
at d € D is bounded by a polynomial in s and n~!. The first result in the following
theorem is then an easy application of a result from [2]. The second is shown using
proof ideas from [2]; however it is more elaborate and yields a sharper upper bound
than the corresponding upper bound from Theorem 1 in [2].

Theorem 3. The weighted integration problem (@) for a general region D of the
form @) and a general weight of the form () is tractable. The nth minimal error
satisfies

(20) error(n, Fi.s) < C\/s/n

for an unknown constant C' independent of s and n, and also

(21) error(n, Fi,s) < (—ln (3+ \/W) ln2>

with
c=3In3 -2~ 1.2958.

Proof. Let d be as in Theorem [2, and let z!,...,2z" € (0,1)%. Although the boxes
By (ty;dy) in the definition of Dy q are of dimension |U|, we can replace them by
boxes of dimension s, since

Vol(By (tv;dv)) — Z 15, (tuide)(20)| = [Vol([g, h Z lgn(z
i=1

where g, h € [0, 1]* with the kth edge of [g, h] being the same as that of By (ty;dy)
if k € U, and [0,1) otherwise. Hence, the corresponding discrepancy is bounded
from above by the corresponding unanchored discrepancy

Dea(z',...,2") < Duo(z!,...,2")

n

Vol(lg,h)) = n ™' > 1) (z')].

i=1

= sup
g:hel0,1]*

Therefore, the first upper bound of the theorem follows from Theorem[2ii) and the
fact that there are points z',...,z" € (0,1)* for which Dy (z!,...,2z") < Cy/s/n;
see, Theorem 4 in [2] and the discussion that follows it.
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We now show the second result. For a positive ¢, define m = m(d, s) = [s/d]. Let
T, be the equidistant grid on [0, 1]* with spacing 1/m in each coordinate direction,
and let T, ;7 be its corresponding projection on [0, 1]V. Of course, the cardinalities
of these grids are

To|=(m+1)* and  |Tpu|=(m+1)YL

As in [2] it can be shown that for any nonempty U and any points t? € [0, 1]*,

sup |Vol(By(yv;duv)) Z Lpy (yuide) (b )
ye[o,1]°
<i+ SIEIP Vol(By (y;dv)) Z Lpy (yuide) (b )
yelm,u

Now let the t? be independent random variables, uniformly distributed in [0, 1]*.
Given U and y € I, v, define random variables

(:)(,TU = VOI(BU(Y; dU)) - 1BU(y;du)(t%J)a 1=1,...,n.

Of course, the expression in the last supremum equals the absolute value of
> C(z) /n. We recall Bennett’s inequality (see, e.g., [L0]), which states the follow-
ing. Let Yi,...,Y, be independent random variables with zero means and bounded
ranges |Y;| < M. Let o be the variance of Y; and let V be any number such that
V>3 ol Thenforeachn>0

2
Prob{|Y; + -+ Y,| > n} <2 exp <—;7—V B(MU/V)> :

where B(t) = 2¢t72 ((1+t) In(1 +¢) —t). We shall use this inequality with Y; =

C ) . Indeed, {B(f)U has a zero mean and its values are between —1 and 1. Denoting

1ts Variance by ¢? and taking 7 = né and V = no?

(22)

Prob {

It is easy to check that o2 = Vol(By (y; dU))(l Vol(By (y;dv))) < 1/4. Moreover,
the right-hand side of [22) increases with o2. Hence

Prob { n~! Z 43(11)(]
Now assume that 6 < 1/2. Then we claim

(23) (1+46)In(1 + 46) — 46 > 4cs?

, we get

n
"G

i=1

> (5} <2 exp(—na2 (1 +6/0*)In(1+5/0%) = §/0?) )

> (5} < 2exp (—nd™ (1 +46)In(1 + 46) — 49)) .

with ¢ = 3In3 — 2. To show this, consider

fx)=(1+2)In(l +z)—z)/2? for x =40 € (0,2].
To prove (23)), it is enough to show that
(24) inf f(x) > c/4.

z€(0,2]
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Note that
f'(x) = g(x)/z*>  with  g(z) =2z — (2+2)In(l + ).

Moreover,

/ __r " _ —Z
g'(x) = Ty In(1 + z) and g’ (x) e

Since ¢”(z) is negative, ¢’ decreases and ¢'(z) < ¢’(0) = 0, implying in turn
g(x) < g(0) =0. Hence f also decreases and

fla)z fo) =222

4 4’
as claimed in (24). Using (23), we get

n
Prob { nt Z C)(,Z)U
i=1

Since the number of all possible pairs (y,U) satisfies

Z( . )(m+1)k<(m+2)s,

k=1

< (5} < 2 exp(—ncd?).

we have that

Prob {D.a(t',...,t") < 26}

Vol(By (y;du)) = n™" Y 1p, (yian) (1)

yElm,u =1

> Prob {mUaX max

)

The latter expression is nonnegative if § > dp, where dg = do(n, s) is given by
62 = (ne) "' (sin([s/do] +2) +1n(2)) .

Of course, 62 > (nc)~!(s + 1)In2. Using this to estimate s/dp on the right-hand
side of the above equation, we conclude that there exist points t* with

Deoalth, ... ,t") <26

> 1 —2(m 4+ 2)% exp(—ncd?).

when
6% > (sln <3+ \/m) +ln2) /(ne).

This completes the proof. O
We end this section with the following remark.

Remark 1. Recall that the maximum over the subsets U occurs in the definition
([@6) of the same-quadrant discrepancy. Consider now a discrepancy with U fixed
and equal to {1,...,s}. That is, let

DOO,d73(X1, . ’Xn) = sup

y€[0,1]¢

VOI(B(Y7 d)) - n_l Z 1B(y;d) (Xi)
=1

As can easily be shown, this discrepancy is equal to the error of the quasi-Monte
Carlo algorithm for the subspace of F; s consisting of functions that satisfy the
zero conditions at the anchor, i.e., fy = 0 for any proper subset U of {1,...,s}.
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Suppose also that the anchor d is inside the cube D = [0, 1]* and denote by = its
distance from the boundary of D, measured in || - ||oo-norm. That is,

v=7(d):= mgxmax{dk, 1—dip} <1
Observe that now Vol(B(y;d)) < v° and
o2 = Vol(B(y; d))(1 - Vol(B(y; d)) < +°

for any point y. Hence, repeating the proof of Theorem [B] one can show that there
are points x* for which

(25) Dooas(xt,...,x") < ((nes)™' (In(2 + sy/nes) + s ' 1n2))

with

1/2

cs =Iny~! —1In(2e)/s.

Consider now a sequence of problems for increasing s with anchors ds such that
Yoo :=supy(ds) <L
e.g., Yoo = 1/2 for dy = (1/2,...,1/2). Then
Cs > Coo = In(1/700) (1 + 0(1)),
and

{in_f} Dw7d7s(x1, Xt

< (nIn(1/7)) " (In(s) + 1/21In(n ln('yoo))))l/2 -(1+0(1)) as s — 0o.

Since for large s this is much smaller than the bounds given in @0) and I)), it
seems unlikely that the maximum over U is achieved at U = {1,..., s} when the
anchor d is in the interior with v, < 1.

6. EXTENSIONS

We conclude the paper by discussing a number of possible generalizations.

6.1. More general weight p. The tractability results of this and the preceding
sections hold for weights p of the product form (2) that are not probability densities,
as long as p > 0 and

by
ozkzz/ pr(z)dr < oo, k=1,2,....
ak

Let o = [[;_; a. For any linear algorithm A,

I,(f) = A(f) = o (I(f) — o LA(f))

where now p = p/a is a probability density. Hence, the error bounds from previous
theorems should be multiplied by «. However, since the initial error now equals «,
this does not change the tractability property.
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6.2. More general class of functions. The assumption that || f||1,s is finite might
be too strong for a number of applications with unbounded domain D. Indeed, it
requires that the derivatives f{;(xy) converge to zero sufficiently fast with ||x| —
oo. In this subsection, we show how it can be weakened by considering tractability
< oo for a positive

function v. We assume that

(26) v(x) = [ ve(ar)
k=1

and that

(27) B = plx) dx < 0.

Replacing p by

<) = LX)
Pu( ) BV(X)’

we conclude from Theorem 2 that the integral

I,(f)=B1,,(fv)
can be approximated by

A(f) =BAMC(fv),

with the error bounded by 3| fv||1,s Doc,a(W(x!),...,W(x")). Since the initial
error is also multiplied by 3, the problem with bounded || f v||1,s remains tractable.
To illustrate this, consider D = R?,

S

p(x):H(Qa 1/2e><p< Zx 201>,

i=1

and

S

v(x) = H(25 —1/2 exp( ZmQ/ (26;) )

i=1
with o; < d;. Then the corresponding problem of approximating I,(f) is tractable

even though the space of functions with bounded | fv|;,s is relatively very large,
certainly much larger than the original 77 .

6.3. Space F, s. The error analysis performed in this paper for the space Fi s has
an analog for F, ;s for 1 < p < oo that we summarize here. However, there are
some wrinkles. In the proof of Theorem [I] one may take a general form of Holder’s
inequality to obtain

1/q
(28) error(A,fp,s>—{Z / |Ip<MU<-,tU))—A(MU<-,tU>>|qdtu} ,
v JPu



1900 F. J. HICKERNELL, I. H. SLOAN, AND G. W. WASILKOWSKI

where p~! + ¢~! = 1. By the proof of Theorem Plit is known that

1/q
{XU:/DU |Ip(MU(-,tU)) _A(MU(';tU))|q dtU}

1/q
— {EU:/DU |he ()]9 dtU}
=L

Vol(By (yv; dv))

" q dy 1/q
N W ‘ _ dyv
n Z BU(YU,dU)( U(XU)) pU(Wil(YU))

i=1
The quantity above looks like the L, star discrepancy except for the factor
1/pu(W=(yv))-
Going back to the definition of the Banach space of integrands, one may define,
instead of F s, the spaces F, s with norms given by

1/p
(20a) 1 lps = (anU/p“Wp) for p<oo

and
(29b) [ £lloc,s = max || fir/pvlr.,  for p=oo

Note that 1/¢ = 0 for p = 1 and, hence | - ||1,s and || - ||1,s coincide. For this space
of functions one has

1/q
error(A, ]-‘,,g = {Z /DU (My(-,ty)) — AMy (-, tv)|9pu (tu) dtU}

{Z/{Ol q dyU}l/q

=Dya(W(x),...,W(Ex")).

So, the worst-case quadrature error for the space fp,S is the L, same-quadrant
discrepancy with anchor at d = W(c).

For unbounded domains one always has py(x;) — 0 as x — oo, which implies
that the derivatives of f must decay quite rapidly to zero. Thus, the spaces fpys
are typically much smaller than F,, s, except for the case p = 1 where they coincide.
On the other hand, one may also use the device of the previous subsection to obtain
the error bound

1L(f) = AN < B[ fvllp,s - Dga(W(x'),... , W(x™)).
By choosing v decaying to zero fast enough (but not too fast to make J infinite),
one may enlarge the space of integrands for which one has a finite error bound.
Even for the classical problem tractability requires some weighting of the coor-
dinates for p > 1; see [7]. For general regions and weighted integrals, this problem
will be taken up in another paper [4].

Vol(By (yu;du)) — Z 1y (yuae) (W (x))

i=1
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