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In this paper, we provide a framework to study the dependence structure of sampling schemes such as those
produced by randomized quasi-Monte Carlo methods. The main goal of this new framework is to determine
conditions under which the negative dependence structure of a sampling scheme enables the construction of
estimators with reduced variance compared to Monte Carlo estimators. To do so, we establish a generalization
of the well-known Hoeffding’s lemma—expressing the covariance of two random variables as an integral
of the difference between their joint distribution function and the product of their marginal distribution
functions—that is particularly well suited to study such sampling schemes. We also provide explicit formulas
for the joint distribution of pairs of points randomly chosen from a scrambled (0,m, s)-net. In addition, we
provide variance bounds establishing the superiority of dependent sampling schemes over Monte Carlo in a
few different setups. In particular, we show that a scrambled (0,m,2)-net yields an estimator with variance
no larger than a Monte Carlo estimator for functions monotone in each variable.
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1. Introduction. Monte Carlo (MC) methods are widely used in a variety of areas, in large
part due to their simplicity and intuitive nature. They are especially attractive when one is faced
with a problem where one or more aspects of a complicated probability distribution needs to be
determined. However, the random sampling mechanism at the basis of these methods also has the
drawback of producing estimators whose error decreases too slowly as the sampling size increases.
For this reason, early on in the development of MC methods, alternative sampling mechanisms
were proposed in order to alleviate this problem. One of them is antithetic variates (AV), originally
proposed in [9]. Another form of improved sampling, coming from the field of experimental design,
is Latin Hypercube Sampling (LHS), proposed in [15].

Both the AV and LHS methods use a form of dependent sampling to construct point sets P, =
{U;,i=1,...,n} C[0,1]° yielding estimators of the form

. 1
Hn = E Z f(Ul)
i=1
to estimate the integral

I(f)= f(u)du, (1)

[0,1]¢
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where f is a Borel-measurable square-integrable function defined over [0,1]° and taking values in
the extended real numbers. That is, with AV and LHS the U;’s forming P, are not independent, by
contrast with the iid sampling scheme used by the MC method. For both methods, it can be proved
that for certain types of functions, the corresponding estimator of I(f) has a variance no larger
than the naive MC estimator based on a sample of n iid points. The key ingredient to prove this
result is that both AV and LHS are based on sampling schemes that satisfy the negative quadrant
dependence (NQD) property introduced in [12]. The fact that this property is preserved under
monotone transformations, combined with the very useful Hoeffding’s Lemma [11, 12], is then used
to show that these methods reduce the variance compared to the MC method for any function f
that is monotone in each of its arguments.

Randomized quasi-Monte Carlo (RQMC) methods also use dependent sampling in an attempt
to improve upon MC. In their case, the sampling schemes are obtained by applying an appropriate
randomization to a low-discrepancy point set P, = {uy,...,u,} C [0,1])*, which is a determinis-
tic construction designed so that its corresponding empirical distribution is close (in some sense
to be discussed later) to the uniform distribution over [0,1]°. The distance between these two
distributions is precisely what is captured by the concept of discrepancy. The point set P, =
{U,,...,U,} obtained after applying the randomization is such that each U; is randomly and
uniformly distributed over [0, 1]°, but the U;’s have a dependence structure induced by the original
low-discrepancy point set. The variance of estimators based on P, is typically analyzed using a
series expansion for f that allows the variance under study to be decomposed into a sum of terms
corresponding to each basis function. For instance, an Haar wavelet expansion is used to obtain
several results on the variance of scrambled nets in [18, 19].

Our goal in this work is to explore a new approach to analyze RQMC methods, based on
dependence concepts such as those used to study the variance of the AV and LHS estimators.
Our purpose is not to provide an alternative approach to obtain known results, for example those
establishing how smoothness assumptions on f can lead to improved convergence rates for the
variance of RQMC estimators. Instead our goal is to provide conditions on P, and f so that we can
guarantee that RQMC will do no worse than MC, building on the concepts of negative dependence
to formulate the conditions on P, while at the same time keeping the conditions on f as weak
as possible. By contrast, existing results that hold for a very wide range of functions can only
guarantee that the RQMC variance is no larger than the MC variance up to a constant larger than
one [18, 19]. Our goal is to get that constant down to 1 and see what minimal conditions on f we
need in return.

The main results we provide to support this approach are as follows: first, thanks to a carefully
designed generalization of Hoeffding’s lemma, we are able to provide a general expression for the
variance of an estimator based on a dependent sampling scheme. Secondly, this expression makes
use of the joint distribution of pairs of points, for which we provide an explicit formula in the
case of scrambled (0,m, s)-nets. Thirdly, and building on the previous results, we provide variance
bounds establishing the superiority of dependent sampling schemes over MC in a few different
setups, including the case where scrambled nets in two dimensions are used on functions that are
monotone in each coordinate.

Unlike methods based on series expansion, our approach can be described as a “variance coun-
terpart” to the error analysis approach based on the so-called Hlawka-Zaremba identity. The latter
uses integration by parts to decompose the integration error of QMC-based approximations of the
form fi,, into an integral of a product of two terms, one of which strictly depends on P,, and the
other one strictly on f. In turn, this decomposition provides bounds of the form

[L(f) = fin] < D(PL)V(]), (2)

where D(P,) measures the discrepancy of P,, and V(f) measures the variability /smoothness of
f [1, 31]. With our approach, which is detailed in Proposition 2 and Remark 7, we similarly use
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integration by parts to decompose a covariance term capturing the difference between the RQMC
and the MC variances. We then get an expression for this covariance term where the discrepancy
of the RQMC point set P, is measured by the distance between the survival function it induces on
pairs of distinct points and that of a pair of independent uniform points. The final expression is
obtained by integrating this distance with respect to a measure induced by f. This approach thus
allows us to get conditions based on the overall behavior of f to guarantee that the RQMC variance
cannot exceed the MC variance. With the series expansion approach, conditions on f must instead
be given at the much finer level of the basis functions used in the expansion, and are thus typically
harder to verify.

The rest of the paper is organized as follows. In Section 2, we provide a detailed review of
the different concepts used in this paper, as well as some notation. Section 3 contains results on
multivariate integration by parts, with new elements including generalizations of known results and
a discussion of the connection between them. Our generalization of Hoeffding’s lemma is presented
in Section 4, along with results showing its use to analyze the variance of estimators based on
dependent sampling schemes. We then focus on the particular case of scrambled nets and provide an
explicit formula for the joint distribution of two randomly chosen points from such sets in Section
5. We show that in the two-dimensional case, the resulting distribution has a form of negative
dependence that is then used in Section 6 to show the corresponding nets’ variance is no larger
than the MC variance for functions monotone in each coordinate. We also examine two cases where
s-dimensional dependent sampling schemes yield estimators with variance no larger than the MC
estimator’s variance. We conclude in Section 7 with a discussion of our findings and some ideas for
future work.

2. Background and notation. In this section, we introduce some notation and background
information on the different topics covered in this paper. Since we rely on many different concepts
to derive our main results, we have divided this rather long background section into four different
sub-sections.

2.1. Concepts of negative dependence. To assess the dependence structure of scrambled
nets and possibly other sampling methods, we make use of the concepts of “negative upper/lower
orthant dependence” (NUOD/NLOD) [16], which are multivariate extensions of the concept of
negative quadrant dependence (NQD) [12]. We say X and Y are NQD if

P(X <z, Y<y <PX<z)P(Y <y).

A vector X = (Xj,...,X;) is NLOD if
P(Xy <., X, <x) <[ P(Xe <),

and it is NUOD if
P(Xy>w,..., X, >x) sH (X > ).
Note that when s =2, the NLOD and NUOD properties are equivalent (and both correspond to

NQ@D), but it is not necessarily the case when s > 3.
Consider a sampling scheme P, ={Uy,...,U,} designed to construct an unbiased estimator of

the form .
1
==> f(U
(Lt
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for I(f), where we assume each U; is uniformly distributed over [0, 1]® with a possible dependence
structure between the U,’s. To assess this dependence, a key quantity of interest is

Hu,v:P,) = n(nQ_l)iZP(m <u,U, <v). (3)

i=1 j>i

We can think of H(u,v;P,) as the joint distribution of a pair of (distinct) points (U, U,)
randomly chosen in P,. (Here, we use capital letters for the indices I and .J to make it clear the
points are randomly selected.) Note also that since U and V are each uniformly distributed over
[0,1]%, the joint distribution H(u,v;P,) is a copula defined over [0,1]?* [16].

There are two main types of dependence that we are interested in. First, if H (u,v;Pn) <
[T,—, weve for all 0 <wg,v, <1, £=1,...,s, then we say P, is an NLOD sampling scheme. Second,
if the s pairs (U ,,Uyy) for £=1,...,s are iid and

2

H(u,v; B, ({1})) = nn—1)

n—1
ZZP(Ui,lgu,UJ—’lgv)guv, for all 0 <wu,v <1, (4)

i=1 j>i

where P,({1}) = {U;1,i=1,...,n}, then we refer to P, as a coordinate-wise independent NQD
sampling scheme. An example of this type of scheme is LHS sampling.
We are also interested in the quantity

T(u,v;Pn):Zn(nQ_l)ZZP(UiZU,UJ‘ZV)a (5)

i=1 j>i

and say that P, is an NUOD sampling scheme if T'(u,v;P,) > [;_, (1 — u)(1 — v;) for all 0 <
up,p <1, £=1,...,s.

There is a close parallel between the above “average CDF” H(u,v; ]Sn) and the variance expres-
sion for fi,,. Indeed, we have

Var(i) = = + "~ Loov(s(U). £(U)) (6)
where o2 = Var(f(U;)) and
Cov( (U, F(U) = 2= 37 5 Covl(U), (U).

Hence we have that Var(ji,) < Var(fim.,) = o?/n if and only if Cov(f(Uy), f(U;)) <0, where
Uy, U, have a joint CDF given by (3) (or equivalently, a joint survival function given by (5)), and
flmen i the MC estimator based on n iid points.

A useful tool to analyze the covariance of two random variables (X,Y") is Hoeffding’s lemma
[11, 12], which we now recall.

LEMMA 1 (Hoeffding). If X and Y are two random variables with joint cdf H(x,y) and
respective marginal distributions F(z) and G(y), then

Cov(X,¥) = EQXY) ~ECOBY) = [ [ H(e.0) ~ Fa)Go)ldsdy

assuming all expectations exist and are finite.
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Rewriting the covariance in this way (which is based on integration by parts) allows us to
see very clearly that if (X,Y) are NQD, then Cov(X,Y) <0. In order to study the covariance
Cov(f(U;), f(U,)) induced by an s-dimensional sampling scheme as described above, we need a
generalization of Lemma 1, which will be the topic of Section 4. In the special case where we have
a coordinate-wise independent NQD sampling scheme, Hoeffding’s lemma can be used directly to
study the corresponding covariance term, as done by Lehmann in a key result from [12] that we
now recall.

THEOREM 1 (Theorem 1(ii) from [12]). Let (X1,Y1),...,(X,, YY) be independent pairs of
random wvariables. Let f and g be functions of s wvariables and let X = f(Xy,...,X,), Y =
g(Y1,...,Yy). Then (X,Y) is NQD if for each j, (X;,Y;) is NQD and f, g are concordant in the
jth coordinate, for j=1,...,s. That is, for any j, f and g are either both non-decreasing or both
non-increasing in the jth coordinate.

REMARK 1. In this work we focus on dependent sampling schemes obtained from a point
set 15”, which is then used to define the estimator [, and the joint distribution H (u,v;ﬁ’n). An
alternative approach would be to first choose a dependence structure via a copula H(u,v) over
[0,1]?¢ (where all marginal distributions over subsets Z that satisfy either Z C {1,...,s} or Z C
{s+1,...,2s} correspond to the independence copula) and then sample n/2 pairs (U;, V;) that
have this distribution. For this purpose, an obvious choice would be to use the “most negative”
copula H,,(u,v) := [[;_; max(0,u; +v; — 1), which amounts precisely to the AV method. The
distribution based on the corresponding point set ZBGM ={U,;,(1-U,),i=1,...,n/2} in this case
is given by

n

. —24 1
Hm,(u,v; Pau,n) - n— 1 Hujvj + mHneg(uuv)7
j=1

since (n — 1)/n of the (}) pairs in P, are independent, while exactly n/2 pairs have the form
(U;,1-1U;). It is easy to see that I-T’m,m is an NLOD sampling scheme since H,,.4(u,v) < Hj.:l U;v;.
Note also that X; =U; and Y; =1 —U; with g = f satisfy the conditions of Theorem 1. Another
interesting choice for H(u,v) would be to use the extreme negative dependence construction in
[29].

If f is linear in each of its variables, then the estimator fi,, , based on 156“,% has zero variance
and is thus optimal. However, it is possible to construct functions for which a dependent sampling
scheme induced by a low-discrepancy point set P, is better than the AV estimator. This is illustrated
in the following example.

ExAMPLE 1. Consider the function f(u) = u®. Let W ~ U(0,1) and B, = { (=2 + W) mod 1,4 =
1,...,n}, with corresponding estimator fi,. Then it can be shown (after some easy but tedious
calculations) that:

1. The joint distribution H (u,v; P,) associated with P, is given by

H('LL,'U;PTL):E,]‘(U,'U) fOI'U€|:Z 7Z>7U€|:j7j)7i7j_17"'7n7
n n

n 'n
where 4 '
L S min(u, v — 6;) + 3207 min(u — Ok,v)> ifi+j<n
Fij(u,0) =4 L (S min(u,v — 6;) + 35—) min(u — 6y, )
+(i+j—-n—1)(ut+v—1)) if i +j>n,

and 6, =k/n.
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2. P, is not an NQD sampling scheme but it can be shown that

11
/ / (H (u,v; P,) — uwv)dudv = —1/12n < 0
o Jo

and thus we can say that it is NQD “on average”.
3. We have that

. 1 . 1\ n+1
Var(,un) = EVar (,U’mc,n) — (1 — n) W’

while

X 1 N
Va'r(;uav,n) = §Var (,umc,n) *

Hence we see that for the function f(u) = u?, the AV estimator reduces the MC estimator’s variance
by a factor of 8, while the “shifted grid” estimator ji, reduces it by a factor larger than n. This
is of course a very simple example on a one-dimensional function for which the integral has an
analytic formula. But it highlights the fact that there are (easy-to-find) problems where an n-point
dependent sampling scheme that is NQD only on average can do much better than one based on
iid pairs having the most negative dependence.

2.2. Scrambled nets. A digital net in base b (for b prime) [5, 17] is a point set P, =
{V1,...,V,,} C[0,1]* with n=0b™ that is constructed via s generating matrices Ci,...,C; of size
m X m with entries in Fy, in the following way: for 0 <i < b™ we write i = Z:Z()l i,.b", then V,; =
(Vix,-..,Vis) is obtained as V;, , =3 V; .o~ rand V, , . = Z:Zl Ci.rpip_1, where Cy ., is the
element on the rth row and pth column of C,.

The goal is to construct a net that is very uniformly distributed, and one way to assess this is
via the concept of (qi,...,qs)-equidistribution, where we say that P, with n =" is (q1,...,qs)-

equidistributed in base b if every elementary interval of the form

ﬁ g a,+1
bae’  pae

{=1

for 0 < a, < b% contains exactly b1~ ~9 points from P,, assuming m > ¢, + ...+ q;. We say
that a digital net in base b has a quality parameter t if P, is (qi,...,qs)-equidistributed for all
s-dimensional vectors of non-negative integers (qi,...,qs) such that ¢, +... + ¢, <m —t. We then
refer to P, as a digital (¢,m,s)-net in base b. So the lower is ¢, the more uniform P, is [17]. The
construction proposed by Faure in [7] provides (0,m, s)-nets in base b > s. The widely used Sobol’
sequences [25] provide (¢, m, s)-nets in base 2 with ¢ = 0 when s = 2 and ¢ > 0 otherwise. Information
on newer constructions can be found in [4, 5].

A scrambled digital net in base b is a randomized point set P, = {U,,...,U,} with n =™ which
we assume has the following two properties [14, 20]. Let U;p = > - Ui 0,.b=" V| that is, U, ,
represents the rth digit in the base b expansion of the ¢th coordinate of the ith point U;. Then we
must have:

1. Each U,; ~U([0,1]°);

2. For two distinct points U;, U; and in each dimension ¢, if the two deterministic points V;,V;
(before scrambling is applied) have the same first r digits and differ on the (r + 1)th digit, then
(i) the scrambled points (U; ¢, U; ) also have the same first r digits, and the pair (Ui ¢r41,Ujer41)
is uniformly distributed over {(k1,k2),0 < k; # ko < b}; (ii) the pairs (U; ¢, U, ) for v>r+1 are
independent and uniformly distributed over {(ki,k2),0 < ky, ks < b}.
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One way to scramble a digital net P, so that the scrambled net P, has these properties is to
multiply from the left each generating matrix Cy by a randomly chosen NLT matrix S, (i.e., with
entries on the diagonal uniformly chosen in {1,...,b—1}, and entries below the diagonal uniformly
chosen in {0,...,b— 1}, with the other entries set to 0). Also note that if P, is a (¢,m, s)-net then
the scrambled net P, is a (t,m, s)-net as well. We refer the reader to [20] for further information
on scrambling methods for digital nets.

2.3. Functional ANOVA decomposition. To study the performance of (R)QMC methods,
the concept of ANOVA decomposition and effective dimension have proven to be very useful [3, 10,
18, 26, 27]. We make use of this decomposition for one of our results in Section 6. The functional
ANOVA decomposition of a square-integrable function f defined over [0, 1] amounts to write f as

f(u): Z fI(u)7

IC{1....s}

where for nonempty Z we have

)= [ =3 g,

JCT

where j = |Z|, u_z = (u¢)egz is a (s — j)-dimensional vector, and the inclusion J C Z is strict. In
particular, this means fz(u) is a function of the variables u, with ¢ € Z only. Hence we see that

fz(u)duz =0

[0,1)7

for nonempty Z, while we set fy(u) =1I(f). These ANOVA components fr are orthogonal, i.e.,

fz(u)f7(u)du=0 for T#J.

[0,1)d

Therefore the variance of f decomposes as 0> =3/, 07, where 07 = Var(fz(U)).
The function f is said to have effective dimension dr in the truncation sense [3, 10] at the level
p if dp is the smallest integer k such that

> oi>po’,

IC{1,...k}

with p taking a value close to 1 such as 0.95 or 0.99. This means that 100p% of the variance of f
is explained by its first k variables.

Alternatively, we may be interested in how well we can approximate f by using ANOVA com-
ponents depending on at most k variables. This leads to the notion of effective dimension in the
superposition sense (at the level p), which is the smallest integer k such that

2 2
E oz =>po-.
T:|T|<k

2.4. Notation. We conclude this section by introducing notation that will be used when we
analyze the dependence structure of scrambled nets in Section 5. We start by a definition:
DEFINITION 1. Let 0 <wu,v < 1. Then v,(u,v) is the smallest non-negative integer o such that

|b°u| =[]  but  [plu] £ [b2Fw).
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In other words, v,(u,v) represents the exact number of initial digits shared by v and v in their
base b expansion.
Next, for a given integer r such that 1 <r <m, we partition the unit square as

[0,1*=DyuUD,U...UD, UC,,
where

€10,1)? : yp(x,y) =
€[0,1]%:~,

[0,1]%:

While the obtained partition depends on b, we do not indicate this in the notation for
Dy,...,D,_1,C, so as to not overburden it. On Figure 1, for b =2, we show the partition of the
unit square into Dy, D; and Cy and into D, and C;.

Dy ={(z,y)
C.={(z,y)

D, G
Dy D) C
G| b
il D C D
) 0 I 0

FIGURE 1. Partition of [0,1]? into Do U D1 UCs (left) and into Do U Cy (right)

Finally we point out that throughout the paper (and as done so far) indices I and J are used to
denote randomly chosen indices for points taken from P,, while Z and 7 denote subsets of indices
from {1,...,s}.

3. Multivariate integration by parts. A key ingredient to obtain our generalization of
Hoeffding’s lemma is the use of an appropriate formula for multivariate integration by parts,
involving integrals with respect to a general measure. For functions of bounded variation (in the
sense of Hardy and Krause), the multivariate integration by parts formula we need has been
obtained about 100 years ago by Young in [30], and is presented later in this section. Along with
this result, we also discuss one of its variants—also from [30]—that has been used in [2] to obtain a
generalization of Hoeffding’s lemma different from ours. Finally, we present yet another multivariate
integration by parts formula that is very closely related to the bivariate version presented in [13],
and has the important advantage of not requiring f to be of bounded variation.

While formally, only the last of those formulas is used in Section 4, presenting the others allows
us to highlight the similarities and differences between our approach and others who have worked
with (a generalized) Hoeffding’s lemma for the purpose of covariance study [2, 12], and also with
a recent paper by Dick and Aistleitner [1] that uses measures induced by functions of bounded
variation, as we also do here. The main references used to cover this material are [1, 13, 21, 30].

We first need to give the definition of variations that are needed. To do so, we use the following
notation: for Z C {1,...,s} we write —Z:={1,...,s}\ Z. We also write f(a’;b~7) to represent the
function evaluation f(z1,...,xs) where z; =a; if j € Z and z; = b; otherwise.

DEFINITION 2. Consider a function f defined over [0,1]°. Its quasi-volume or increment over
an interval of the form A =[a,b] =[]>_,[a;,b;] C [0,1]* is given by

AP (f;4)= > (=D fE@%b ).

IC{1,....5}
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DEFINITION 3. If A@(f; A) >0 for all closed axis-parallel boxes A =[a,b] C [0,1]® of arbitrary
dimension 1 <d <s, then f is said to be quasi-monotone or completely monotone. (The dimension
d of A refers to the value d=37"_ 1, «,.)

Next we consider partitions P of [0,1]* defined by the product of one-dimensional partitions
0=xé<x{<...<az{nj =1, for j=1,...,s, as

P={[z),xp ] x - x |2 a5 1] 6;=0,...om;—1,j=1,....s}.

DEFINITION 4. The variation in the sense of Vitali of a function f over [0,1]® is given by

VO£ [0,17) =sup Y | |AC(f; ).

AeP

The variation in the sense of Hardy and Krause differs from the above in that it also considers
the quasi-volumes of lower dimension induced by f. More precisely, for a nonempty subset Z C
{1,..., s}, let Vi"V(f:Z;]0,1]%) be the variation in the sense of Vitali defined over the subspace

{(ur,...,us) €[0,1]° :u;=11if j ¢ Z}.

DEFINITION 5. The variation in the sense of Hardy and Krause of a function f over [0,1]° is
given by

Vie(£:00,1=> " > ViP(fi{in, 0535 (0,1]9).
j=11<i1<...<i;<s

It is well-known that right-continuous functions of bounded variation in the sense of Hardy
and Krause can be used to define (finite) signed Borel measures. This can in fact be done in
more than one way. A first approach to define a measure p; on [0,1]° based on f is to use the
notion of quasi-volume introduced above, i.e., for A C [0,1]° a closed axis-parallel box of the form

A=1[0,a] =][;_,[0,a,], we set
ps(A) = AP (f; A). (7)

This is the approach used in [13, Eq. (3.4)]. Note that when f has a continuous mixed partial
derivative 0 f(u) = 0° f (uy, ..., us)/ [[;, Qu;, then we have

[ stwdistw) = [ gwor sy

See [8, Sect. 6] and [21, Sect. 9] and the references therein for more details on this identity.
We present another definition of measure induced by f, denoted vy, which is used in [13, (3.8)]
and [1, Thm. 3]. It is defined so that for any A=[0,a] C [0, 1]*, we have

vi(4) = f(a). (8)

At first sight, this measure appears to be more simply defined than ;. However the evaluation
of v¢(A) gets more complicated for intervals A = [a,b] not anchored at the origin, while for
we still have us(A) = A (f; A) for such A, as shown in the next lemma, whose proof is in the
appendix. Note that the relation (10) given below to evaluate v¢(A) for these more general intervals
generalizes the s =2 case described in [13, Eqgs.(3.4)—(3.8)].

LEMMA 2. (i) For A=[a,b] C[0,1]*, we have that

py(A) = AP (f; 4) (9)
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and
vi(A)= > przo(4), (10)
IC{1,...,5}
where
nrzo(A) = AT (f;T; A), (11)

and for TC{1,...,s}, we have

ASV(fTA) =y (-1 f(a7 b0,

JCT

(i1) If f is quasi-monotone, then u; and vy are positive Borel measures.

Using the two measures 1y and v, induced by a right-continuous function f of bounded variation
in the sense of Hardy and Krause, we can now provide a first integration by parts formula that is
based on [13, Thm 1] and [30, Egs. (5) and (18)].

THEOREM 2 (Based on [13, 30]). Let f and F be right-continuous functions of bounded vari-
ation in the sense of Hardy and Krause over [0,1]°. Then we have

F(w)dpa(u) = / ([, 1)y (). (12)

[0,1]° [0,1]*

REMARK 2. As described very insightfully in [30], there are several ways to obtain a formula
for multivariate integration by parts. In particular, in [2] a generalization of Hoeffding’s lemma is
presented, which is instead based on the variant

F(w)dpr (u) = / S (=) ([0, u)dpy 2.4 (w), (13)

[0,1]° 01 rcq1,...,s}

where pi77 1 is defined similarly to 770, but using the function fr; where variables u; with j ¢ Z
are fixed to 1 rather than 0. This corresponds to the relations (6) and (18) in [30] for s =2 and
s > 2, respectively, although we should mention that in [2] the relation (13) is obtained using a
slightly more general setup than in [30].

REMARK 3. In [1] an integral identity that resembles (12) is established, using integration with
respect to a “reflected” measure 7y corresponding to v,(1 — A) in our notation, where h is defined
via h(u)=f(1—u) and 1 —A={ue0,1]°: (1 —uy,...,1 —u,;) € A}. More precisely, they use a
formula of the form [1, Sect. 4]

F(u)dur (u) = / 1[0, ) (). (14)

[0,1)° [0,1)¢

Compared to (14) and (12), (13) is less compact and includes alternating signs, which complicates
the derivation of conditions under which the corresponding integral is positive or negative. The
reason why the variant (12) works well for us is that in our setup, pur is a probability measure
generated by a point set and having it anchored at 1 simply means we work with probabilities
of the form P(U; > wuy,...,Us > u,) instead of joint CDFs. In addition and as seen in Lemma 2,
the sign of integrals with respect to the measure v; can be analyzed more easily since sufficient
conditions under which v is a positive Borel measure are known.

We now present the multivariate integration by parts formula that will be used in Section 4.
As mentioned earlier, it is closely related to [13, Lemma 1], but slightly extends the latter by
generalizing to s > 2 and allowing for a signed measure within the representation that is used.
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THEOREM 3 (Based on [13, Lemma 1]). Let f be a function defined over [0,1]°. Let ur be
a finite signed measure over [0,1]°. Assume that f is integrable with respect to ur over [0,1)° and
that it admits the representation

f(u) = / o), (15)

for every ue[0,1)°, where A(u) ={ve[0,1)*:0<w; <u;,j=1,...,s}, n; is a finite signed Borel
measure over [0,1]%, and g is a Borel-measurable function that is integrable with respect to pp X n
over A={(u,v):ue€[0,1)%v; <u;,j=1,...,s}. Then we have

f(w)dpar(u) = / g(w) ([, 1)) ().

[0,1)° [0,1)®

Proof. We get

spdne = [ [t dnr = [ g hang (), (10

[0,1)*

where the second equality is obtained using Fubini’s theorem (which remains true when using finite
signed measures, see [6, p. 193]), which applies because of our assumptions on g. [

REMARK 4. If f is of bounded variation (in the sense of Hardy and Krause) over [0,1]%, then
we have the representation

fla)= [ dvg(v),
A(w)
where v; is the finite (signed) Borel measure defined in (8). That is, in this case g=1 and 1y = vy
in (15) and we recover the integration by parts given in Theorem 2 above. We note that if f(0) #0
then the measure v; has a discontinuity (wrt to the Lebesgue measure) at 0 and thus the integral
on the RHS of the above equation when u=0 is v;(0) = f(0), as required.

REMARK 5. Going further, it is clear that requiring f to have the integral representation (15) is
in fact less restrictive than asking for f to be of bounded variation. In the QMC literature, typical
reasons causing a function to not have bounded variation over [0, 1]° are either that f is unbounded
(usually on or approaching its boundary), or f or its partial derivatives have discontinuities on
hyperplanes that are not parallel to the hypercube’s axes. In the latter case, the measure v induced
by f may still be finite (and signed), in which case the representation (15) with g =1 and n; =v;
holds as in the previous remark. Example 2 below illustrates this possibility. As for unbounded
functions, the next remark addresses this point in the case s = 1. The more general question of
what are necessary and sufficient conditions for f to satisfy the representation (15) is something
we plan to study in future work.

REMARK 6. Using Theorem 3, in Proposition 3 of the next section we extend Lehmann’s covari-
ance result, which was recalled in Section 2 (see Theorem 1). Our result and his require the same
conditions on the point set P, when s = 1. Ideally the conditions on f should also be the same so
that our result truly coincides with his in that case. The next proposition shows that ours only
requires an additional mild assumption, which we say is to have f one-side bounded. This means
f(u) <oofor0<wu<1 (resp. 0 <wu<1)if fis non-decreasing (resp. non-increasing). Note that this
assumption is weaker than asking for bounded variation, since it does not require f to be bounded
over [0,1].

PROPOSITION 1. Let f be a one-side bounded monotone function over [0,1]. Then f admits the
representation (15).
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Proof. First, we can assume wlog that f is right-continuous. Indeed, if some of the jumps are
left-continuous, we can replace them by right-continuous jumps as long as the atoms of px (if they
exist, and in our setup they won'’t since pup corresponds to a continuous CDF) and the location of
the jumps of f do not coincide. That is, this substitution will not affect the value of the integral
[ fdpr. We can also assume wlog that f is monotone non-decreasing. If f is unbounded, then the
only point where f(u) = o0 must be at uw = 1. Also, by adapting an argument used in the proof
of Lemma 1.6.31 in [28], we can show that because of its monotonicity, f has at most countably
many discontinuities in [0, 1]. So we let D, = {z1,22,...} C[0,1] where x; is the ith smallest value
where f has a discontinuity.

Consider the function

fw)y=v+ Z 27", <, 0<v<1.

i=1
We have that f(v) <2 for all 0 <wv < 1. Hence the Lebesgue-Stieltjes measure generated by f is
finite, and will henceforth be denoted by 7n;. It is easy to see that the measure v; induced by
f (which is not finite and thus cannot play the role of 1, in (15)) is absolutely continuous with
respect to n;. Hence we can use the Radon-Nikodym Theorem [24] to write

f =vy(0a) = [ g)dns ()
A(u)

for some function g (the Radon-Nikodym derivative), as required.

If f is bounded then we can take g =1 and 7; = vy to obtain the representation (15). O

EXAMPLE 2. Consider the function f(uy,us,us3)=max(u; + us +usz — 1,0). It is proved in [21]
that f has unbounded variation in the sense of Hardy and Krause. However, it is easy to see that
the measure v; induced by f is a signed finite measure. Therefore the representation (15) with g =1
and 7y = v, holds. In fact, we can go one step further and construct an alternative representation
based on a probability measure 1y such that v; is absolutely continuous wrt 7, and then apply
the Radon-Nikodym Theorem. The idea is to define 71, as the measure corresponding to a certain
sampling scheme producing U;,U,, Us such that U; + Us 4+ Us = 1. Details are omitted as this falls
outside the scope of this paper.

4. Variance bounds for NUOD sampling schemes. In this section we present a general
result giving sufficient conditions for an estimator based on an NUOD sampling scheme to have a
variance no larger than the MC estimator’s variance. The result relies on a generalization of Hoeff-
ding’s lemma which, in the form given below and to the best of our knowledge, has not been shown
elsewhere. As mentioned in Section 3 a related result is given in [2], but the form we provide in the
following lemma makes it much easier to find sufficient conditions for the aforementioned variance
bound to hold and also requires weaker conditions on f. Other papers generalizing Hoeffding’s
lemma are [23] and [22]. In [23], the authors consider two-dimensional extensions for what they
call quasi-monotone functions (but they use a weaker definition than the one presented in Section
3 since they seem to consider only full s-dimensional volumes) and in [22] the authors focus on
a very specific class of functions and thus get a result that is not applicable to the more general
setup considered here.

LEMMA 3 (Generalization of Hoeffding’s lemma). Let U and V be s-dimensional ran-
dom wvectors over [0,1]° with joint survival function T'(u,v) and marginal survival functions R(u)
and S(v), respectively. Let f be a function defined over [0,1]° satisfying the representation (15)
with function g and measure ny. Then

COV(f(U),f(V))Z/[O1]28(T(U7V)—R(U)S(V))g(u)g(V)dnf(u)dnf(V), (17)

assuming f satisfies all integrability conditions required for this covariance term to be well defined.
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Proof. Let H(u,v) be the joint cdf of U and V, and let F'(u) and G(v) represent their marginal
CDF. We write

CovF(O) V) = [ f s duu(u) -~ [ £ W) ()i (Wdpg(v).
[0,1)2s [0,1]s J[0,1]®
Using Theorem 3 on both terms, we get
Cov(f(U), f(V)) :/[071]28 T(u,v)g(u,v)diz(u,v) —/[071]8 /[071]5 R(u)S(v)g(u)g(v)dns(u)dns(v),

where f(u,v) = f(u)f(v), and we used the fact that if f satisfies the representation (15) then f
satisfies it as well with g(u,v) = g(u)g(v) and 7y =n; x n;. Hence we get

COV(f(U%f(V))Z/[OIFS(T(U»V)—R(H)S(V))Q(U)Q(V)dm(U)dnf(V)- U

Next we specialize this result to the study of the covariance term associated with a given sampling
scheme.

PROPOSITION 2. Let f be a function defined over [0,1]° satisfying the representation (15) with
function g and measure ng. Let P, be a sampling scheme over [0,1]° and let U;, U be two distinct
points randomly chosen from it. Then

S S

Cov(s(UnfUN = [ v P =TT [0~ lotwov)any(wins (). (1)

i=1 j=1

Proof. This is a simple application of Lemma 3, where the integrability conditions on f are
verified because of our ongoing assumption that f is square-integrable.

REMARK 7. The error decomposition approach for QMC methods based on the Hlawka-
Zaremba identity makes use of the discrepancy function E(P,;u) = A(P,;u)/n— [1;—, u; to mea-
sure the distance between the empirical distribution induced by P, and the uniform distribution,
as A(P,;u) counts the number of points from P, that are in [0, u]. It writes the error as ji, — I(f) =
[ E(P,;u)dis(u) (see, e.g., [1, Proof of Thm 1]). As mentioned in the introduction, our approach
can be seen as the variance counterpart of the above. With that in mind, we can say that in (18) the
difference T'(u,v; P,) — [T;_, (1 —u;) H‘;:l(l — ;) of survival functions plays the role of E(P,;u).
In both cases, integration by parts is used to rewrite the error/variance so that the influence of the
point set P, and the influence of the integrand can be disentangled.

We can now provide sufficient conditions under which the estimator based on P, has a variance

no larger than the MC variance.

PROPOSITION 3. Let f be a function defined over [0,1]° satisfying the representation (15) with
each of g and ny not changing sign over their domain. If P, is an NUOD sampling scheme with
corresponding estimator fi, for I(f), then Var(fi,) = Var(fimen)+(n—1)or ;5 /n < Var(fime.n), where
the covariance term oy ; is given by (18).

Proof. The expression for Var(fi,) comes from (6). So we need to show that the covariance
o1, between two points randomly chosen from P, is non-positive, using expression (18) given in
Proposition 2. Now, the term in square brackets in (18) is non-positive because P, is an NUOD
sampling scheme, and since g and 7; do not change sign over their respective domain, overall the
integral (18) is no larger than 0, as required. [
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REMARK 8. If f is bounded and f or —f is quasi-monotone, then we can take g =1 and
ng =vy in (15), and the conditions of Proposition 3 are satisfied in this case. We note that these
assumptions on f also imply it is of bounded variation in the sense of Hardy and Krause. We
speculate that if f is unbounded on its boundary (e.g., when u; =1 for at least one j) but f or
— f is quasi-monotone, it may still be possible to satisfy the conditions of Proposition 3 by using a
finite (positive) measure n; in (15) wrt which the unbounded measure v, is absolutely continuous,
but this, along with our discussion in Remark 5, is something we leave for future work.

We end this section by stating a one-dimensional version of Lemma 3 that also includes conditions
under which the covariance under study is non-positive. Compared to Lehmann’s result recalled in
Theorem 1, the one below gives an expression for the covariance using integration by parts, instead
of simply proving that the covariance is no larger than 0.

PROPOSITION 4. Let f be a monotone function over [0,1] that is one-side bounded. Let U and
V' be random wvariables with joint CDF H(u,v) and marginal CDFs F(u) and G(v), respectively.
Then there exists a function g and a finite (possibly signed) measure ny such that

Cov(#0). fV) = | [ (w,0) - P)G@)lg(a)g(e)dny (winy (o).

Furthermore, if U and V' are NQD, then Cov(f(U), f(V)) <O0.

Proof. Using Proposition 1, we know that f satisfies the representation (15). Thus we can apply
Lemma 3 and get

Cov(f(U //ﬂ— G(0) + H(u,v) — (1 - F(u) (1 — G(v))|g(w)g(w)dng (u)di; (v)
=//‘ (u,0) — F(w)G (0)]g () g (v)ddny ()i (v). (19)

The fact that f is monotone implies that g and n; never change sign over their domain. Indeed,
if f is monotone increasing, then if f is bounded we use g =1 and 7y = vy which is positive; if
f(1) = oo then from the proof of Proposition 1 we see that the measure n; constructed there is
positive, thus g is positive as well since v is positive and g is the corresponding Radon-Nikodym
derivative. Similarly, the case of f non-decreasing means either g or 7, is always negative over its
domain.

Combining this with the NQD property of U and V, it is clear that (19) is no larger than 0. [

5. Dependence structure for (0,m,s)-nets. The main results of this section are to first
derive the joint distribution of two randomly chosen distinct points from a scrambled (0, m, s)-net
in base b, and then to show that in the case s =2, this distribution is NQD. We also discuss the
case s =3 and show that the approach used for s =2 fails when trying to demonstrate that pairs
of points are NLOD when s = 3.

Before presenting these results, we start by considering the case s = 1. This simple case allows
us to highlight the proof’s key elements that need to be generalized to higher dimensions, which is
what we do in the two subsequent subsections.

5.1. One-dimensional case. Based on the properties of scrambled nets recalled in Section
2.2, when choosing two points randomly from a scrambled (0,m,1)-net P,, they can lie anywhere in
the unit square [0, 1]? except in C,,, since the two points cannot lie in the same interval [(b~™, (£ +
1)b=™). Furthermore, we can prove that the joint pdf of these two points is uniform in the remaining
part of the unit square. More precisely, we have:
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PROPOSITION 5.  Let 1, (x,y) be the joint pdf of two distinct points (Ur,Uy) randomly chosen
from a scrambled (0,m,1)-net in base b. Then

m

w (my): b’l’)li—l if(xay)ED()U...UDm_l
m\4y 0 Zf (l‘,y) Ecm

Proof. The fact that ¢,,(x,y) =0 when (z,y) € C,, has already been explained. Consider D,,
for 0 < a <m. The point (U;,Uy) is in D, if and only if ~,(U;,U;) = . Hence its joint pdf over
D, is given by

N, 1
N Vol(D.)’

where N =b™(b™ — 1)/2 is the number of pairs of points in the net, and N, is the number of pairs
(U;,U;) with 4,(U;,U;) = . Based on the properties of a (0,m,1)-net, we have that
Ny = 0D ey
2

Indeed, in each of the b* intervals of the form I,(r):=[rb~*, (r+1)b=*), 0 <r < b*, two points in
I,(r) are such that v,(U;,U;) = « if there are two distinct integers s,s” € {0,...,b— 1} such that
Ui €Lopi(br+s)=[(br+s)b= >t (br+s+1)b=*') and U; € I,41(br + s). Since there are o™~ *~!
points in each interval of the form I, (br + s) and there are b(b—1)/2 possible choices for (s,s’),
overall we get b2™m~2~1p(b —1)/2 pairs with the required property in each I,(r). By multiplying
this quantity by the number b* of intervals I,,(r), we obtain N,.

It should also be clear from the properties of a scrambled (0,m,1)-net (namely, from 2(i)-(ii) in
Section 2.2) that the joint pdf of U; and U; is uniform over D,,. Finally, we have that

Vol(D,) = b“b(b — 1)b~ 2D = (b — 1)b= "1, (20)
Hence we get that over D, the density of (U;,U;) is given by

bab(b_ 1)b2(m—a—1) y ba+1 B pm
bm(bm — 1) b—1 bm—1’

which does not depend on «, and is thus constant over [0,1]*\C,,, = DyU...UD,,_;. O

Now that we have derived the joint pdf of two points from the scrambled net, we can prove they
are NQD.

PROPOSITION 6. Let Uy and Uj; be two randomly chosen distinct points from a scrambled
(0,m,1)-net in base b. Let 0 <u,v <1 and let o =y,(u,v). Then

L _ min(u,v) .
H(u,v; P,) = bjil(qﬁmuj ) %fa <m
bm—1 [ e (u+v—([b"u] +1)07™)) if a>m.

Furthermore, Ur and Uy are NQD. That is, H(u,v; ]5n) <wuw for any 0 <wu,v <1.

Proof. The idea is to integrate the pdf given in Proposition 5. In the case where o < m, as
illustrated in Figure 2 we have

m

H(u,v; P,) = — (uv — b~ min(u,v)) < uv,

since uv < min(u,v).
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,,!,,,,,,’ (u,v
! |
; area wz
|

> area min(u,v) /2™
L=

0 ‘ 1
FIGURE 2. Computing the area corresponding to H (u,v; ]Bn) for the two cases a < m (leftmost point) and o >m
(rightmost point), when b=2 and m = 2.

In the case where a > m, let ¢ be such that & <wu,v < (?Tl) (i.e., £=|b"u| = |b™v]). From
Figure 2, it is easy to see that

s

HuoiP) = [ [ nog)dody = 57 (w0 - 07 w2, (1)
0 0

where w = (u—¢b~™) and z=wv — ¢b~™. After some simplifications, we get

H(u,v; P,) = [C(u+v—(+1)b7™))].

bm —1
We want to show that

H(u,v; P,) <uv s llutv—(L+1)b™™) < (™ — 1)uw
< B(u,v):= (" — 1)uv —l(u+v) +L({+1)b~™ > 0.

The case £ =0 is trivial so we omit it. We consider two sub-cases: 1) assume ¢ =" — 1. Then
B(u,v) =" —1)(uv — (u+v) +1)

and since u 4+ v — 1 < wuw, we have that B(u,v) >0; 2) if 1 <£<b™ — 1, then let w=u—£¢b~™ and
z=v—4£b~™, as before. We can write

B(u,v) =b"wz —uv+£€b~™
=b0"wz — (w+L")(z+ L")+ L7
=0"—1Dwz— (w+2)b~"+ """ —20)/b™,

and thus B(u,v) >0 if w+ 2z < (b™ —£)/b™, which holds since w + z < 2/b™ and ¢ <b™ — 2 and
therefore b™ —¢>2. O

5.2. Volume loss & density inflation argument. When comparing the probability density
function of pairs coming from a scrambled (0, m, 1)-net in base b with those from a random sample,
we can view the difference between them as arising from two phenomena, which we call “volume
loss” and “density inflation”. The volume loss refers to the fact that some areas of the unit square
(namely C,,,) have a density of 0 for the scrambled net, while the density inflation refers to the fact
that for the rest of the unit square, the pair from the net has a density that is larger than what
we get with random sampling (by a factor of o™ /(b™ —1)).

This type of analysis continues to be valid in higher dimensions, when comparing the conditional
pdf of (Ur,Uyy) given Ury = xy, Uy =y, for k=1,...,¢ — 1, with the uniform distribution over
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[0,1]%. The idea is to break down the integrals of the respective densities into pieces corresponding
to the regions D, and then apply the volume loss/density inflation argument. More precisely, for
a given (u,v) € [0,1]%, and for 0 < ¢ <m, let

Ve :/ dxdy and v, :/ dxdy, (22)
DyNR(u,v) CyNR(u,v)

where R(u,v)={(z,y) €[0,1]?: 0 <z <u,0 <y <wv}. We note that although the surface areas V,
and V;, both depend on (u,v) and on b, we do not indicate this in the notation so as to keep it
light. Also, it should be clear that V, <V, since D, C C,.

The conditional pdf’s of interest in higher dimensions are defined over [0, 1]? and are of the form

a ap, if (z,y) €D, 0<t<r—1
Erlay) = {0 TEwED (23)
0 if (z,y) €C,
with corresponding cdf given by
r—1
Gluv)= [ eopdedy=3 oV (24)
R(u,v) =0

In this form, they can be easily compared with the CDF associated with random uniform sampling,

which we can write as )
_

uv = / dzxdy = Z Vi+V, . (25)
R(u,v)

£=0

The volume loss is captured by the term V,_; in (24) rather than having V,_; in (25), and the
density inflation is captured by the fact that at least some of the a,’s in (24) must be larger than
1. To compare (24) with (25) in more detail, we must study further the areas V; and V,. Their
properties are summarized in the following proposition.

PROPOSITION 7. Let V; and V; be defined as in (22), for a given (u,v) € [0,1]% and b> 2. Then
we have .

LV, <(b=1)V,/b for £>0;

2. Vy <bViyy with equality when £ > v, (u,v);

3. Vi<(b—1)Vyyy for £>0.

Proof. To prove the first statement we rewrite the result of Proposition 6 for n = b* using our
volume loss/density inflation framework and get

N bt b .
H(va;Pn):m(VoJrViJr---JrV}z—l):m(vo—ve)-

Noting that Vy = uv, it is easy to see from Proposition 6 that

B min(u,v) if )
vf{ - Emian)> (26)

w — 5% (u+v -2 if gy (u,0) > 0,

bt

where k, = [b° min(u,v)]. (Note that if ,(u,v) > ¢ then k, = [b‘u] = [b'v].) .
On the other hand, since by definition, V, + V,;; =V, for £ > 0, using the expression (26) for V,
we get

b—1 min(u,v)

if vy (u,v) </t

b bt
kp kp+1 min(u,v) : _
Vy = uv— 3% (u+v— =) — =5 if v (u,v) =4

Koy1 kpy1+1 ke ket1 ;
st (Ut v — —b7(u+v— bg) if vy (u,v) > .
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When ~,(u,v) < ¢, we thus have V, = ((b— 1)/b)f/¢, V,= bf/gﬂ and V; =0V, 1. When 7, (u,v) =/,
then
- min(u,v)

Ve=Ve— pe+1
and thus V; < ((b—1)/b)V, if and only if

g o min(wv) (u k4> <v_ k:@> . min(u, v) — ky/b'

f=" ot bl bt ’

which holds since (max(u,v) — k,/b%) < 1/b". 3 ) )
When 7;(u,v) > ¢, then showing that V, < ((b —1)/b)V,, or equivalently, that V;/b < V,,4, is
equivalent to showing that

ket Kor kepr 1 1 ko Ky ke 1
<u_bZ+1> <U_b£+1>+b£+1be+12b u_ﬁ U_ﬁ +ﬁﬁ : (27)

Now, we can write k, 1 = bk, 4 r, where 0 <7 < b and then use the relation

k’z+1 o Ky r
petl Bt perl

to simplify (27) to

ko Koy ro1 1 ke ke
<u - bl+1> <v - be+1> + pe+T pl+1 > b <“ - be) <U - be) : (28)

If we let @ = b*(u — %) and v = b*(v — :—f), then we can rewrite (28) as

(5-3) (-5) = o 2

Since v, (1, ?) > 1 and it can be verified that » = [bmin(@, )], we can apply Proposition 6, whose
proof (adapted to the notation used here and for the case m = 1) shows that when v,(@,?) > 1,

then (see (21)) ,
o (= (a-g) (o-3)) <o

which shows that (29) holds.

For the second statement, in the above steps we saw that f/; = bf/gH when ¢ > v, (u,v). More
generally, since V, = ‘7@ — “7(_)'_17 the first statement implies that f/g < bf/gH for all £> 0. Finally, it
should be clear that together, the first and second statements imply the third one. [

5.3. Probability density function associated with scrambled (0,m,s)-nets. The other
key element in our study of the one-dimensional case was to determine the pdf for pairs of points
from a scrambled (0,m,1)-net in base b over D,, for a given a € {0,...,m — 1}. To generalize this
result to scrambled (0,m,s)-nets of arbitrary dimension s > 1, we study the conditional pdf of
pairs of points (U; ;,Uy ;) given that v, (U k, Usr) =y for k=1,...,5—1, and for 2 <j <s. This
conditional pdf is of the form &F,_,  as given in (23), with A;_; = a1 +...+a;_1, and with the
specific values of a; determined in Proposition 8 below. Before we present this result, we need to
introduce a counting function and a technical lemma describing how this function can be evaluated.
Its proof and more information on this result are given in the appendix.
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DEFINITION 6. Let P, be a digital (0,m, s)-net in base b. We define M (m, s) as the number of
points in P, that are in

S

i+l
U I(T17-..7rs) Where I(rl"“’TS):H[TbJ’TjZ )

1<r;<b,j=1,..., s 7j=1

LEMMA 4. Let P, be a digital (0,m,s)-net in base b. (i) When s >1 and m > s we have
M(m,s)=(b—1)b""".
(ii) For s >m, M(m,s) can be computed using the initial values

M(1,s)=(b—1) s>1,
)(b—(s—1)) 5>2,

and the relation

rnS*

M(m,s)=0b-1)"""b—(s—m+1)+ Y (k—1)N(k,m,s),

=2

x>

which holds for s >3 and 2<m < s, and where m* =min(m —1,s —m+ 1), with

ko =atn— o= (") - 35 o)

i=k+1
for2<k<m!, 3<m<s—1, and s> 4.
We are now ready to present the main result of this section, whose proof is in the appendix.

PRrROPOSITION 8. Let (U;,Uy) be a randomly chosen pair of distinct points from a scrambled
(0,m,s)-net in base b. Then the conditional pdf of (U;;,Uy;;) given that v,(Urk,Usk) = oy, for
k=1,...,5—1, and 2 <7 <s, has the form §f;L_Aj71 given in (23), where Aj_1 =a; + ...+ o1,
and with
M(m—A;_1—10,5) b}

Mm—A,_1,j—1)b—1

Ay =

for£=0,....m—A;_;—1.

REMARK 9. Note that the conditional density associated with a scrambled (0,m, s)-net P, is
constant over the regions D, and these regions are invariant under the transformation 7(u) =1—u
for u € [0,1]2. Hence the (unconditional) pdf of two randomly chosen points (U;,U;) from P, is
invariant under the transformation 7(x) =1—x for x € [0,1]*, which means that the NUOD and
NLOD properties are equivalent for this type of sampling scheme.

5.4. Case where s =2. We now study the dependence structure of scrambled nets in the
two-dimensional case, using the results from the previous section. More precisely, we determine
the conditional joint pdf of (U;2,U;2) given oy =y, (uq,v1), where Uy 1 =uq,U;; =v;. We will see
that its form is different than the one we found in the one-dimensional case, but is still NQD.

Before we present this result, we first introduce some notation to denote a special type of pdf
over [0,1]? that will be used to analyze the s =2 case.
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DEFINITION 7. Let b>2 be an integer. For r > 1, the pdf @T(x,y) is defined as

1 1f(w,y)€D0UD1UUD,_2
wr(xay): ﬁ if (xvy)EDr—l
0 if (z,y) € C,.

That is, ¢, (x,y) = £2(z,y) with a; =1 for 0<£<r—2, and a,_; =b/(b—1).
LEMMA 5. Forr>1, if (U,V) has pdf ¢.(z,y) over [0,1]2, then U and V are NQD.

Proof. We first note that the corresponding univariate marginal distributions of ¢ are both given
by )
- b—1(1—b""D b b—1
b—1 bf(lJrl) — —(1— bf(rfl) bf(rfl) =1
;“‘( ) v Ui ) temr e )+

over [0,1] and thus U[0,1]. Next we note that if r = 1, then v, (z,y) = 11 (z,y) which was shown
to be NQD in Proposition 6. So assume r > 1 and let (u,v) € [0,1]*. Define ¢; = [b"'u] and
ly=|b""'v]. Let G,(u,v) be the cdf corresponding to 1,.(z,y). Then

b
GT(U,U):Vo+---+Vr—2+ﬁVr—1
while uvv=Vy+...+V,_o+ f/}_l. Therefore we have

b -
G, (u,v) <uwv & ijH <Vi_1,

which follows directly from Item 1 in Proposition 7. [J

PROPOSITION 9.  Let (U;,Uy) be a randomly chosen pair of distinct points from a scrambled
(0,m,2)-net in base b. Then its pdf (evaluated at Uy = (z1,x2) and U; = (y1,y2)) is given by

G (X1, T2, Y1, Y2) = Vo (21, 91) Uy (T2, 92), 0<z;y; <l,i=1,2,
where a; =y, (x1,y1) and where ¥, (-,-) was introduced in Proposition 5.

Proof. Since {(U;1,i=1,...,b™} is a scrambled (0, m, 1)-net, we can use Proposition 5 to estab-
lish that the marginal joint pdf for (U;1,U;1) is given by 9, and so it suffices to show that the
joint pdf of (U;ra,Uys) given Uy =x1,U; 1 =1y; and evaluated at xq,ys is given by q/jm_al(xg,yg).

Given ay, we know that ~,(Ur2,Us2) < m — oy — 1. Using Proposition 8, we have that the
conditional pdf of (U »,U;2) given that v,(Us1,U;1) = is of the form &2 with a, given by

m—aq

M(m—a; —¢,2) b1
M(m—ay,1) b—1’

ap = {=0,....m—a;—1.
Recall that a formula for Vol(D,,) was established in (20). We have two cases to consider: first, if
m—aoq — £ > 2, then
(b _ 1)2bm70‘17e72 b£+1
(b—1)pm—o1=1 p—1
Second, if m —a; — £ <1, then in fact we must have {=m — «a; — 1, and in that case
M(1,2) b b—1 b b

T Mm—a, ) b—1 (b1t b—1 b1

Ay = 1.

as required. [
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COROLLARY 1. A scrambled (0,m,2)-net in base b is an NLOD sampling scheme and an NUOD
sampling scheme.

Proof. Combining Proposition 9 and Lemma 5 and using the notation ay =y,(x1,y:), we get

B w1 v1 ug v2
H(u,V;Pn)Z/ / wm(xl,yl)/ / Ym—ay (T2, Y2)dr2dy2dz 1 dy; < ugviusvs.
0 0 0 0

This implies the NLOD property; the NUOD property follows from Remark 9. [

REMARK 10. For a scrambled net, the pairs of coordinates (Ur1,U;1),...,(Uss,Uys) are not
independent. Proposition 9 demonstrates this in the two-dimensional case. This is an important
difference with the AV and LHS sampling schemes mentioned in the introduction. When pairs
of coordinates are independent and identically distributed, sufficient conditions to get a variance
reduction compared to MC is to have an NQD distribution for each such pair, i.e., a coordinate-wise
independent NQD sampling scheme, and a function monotone in each coordinate. This is what is
established in Lehmann’s result that was recalled in Theorem 1, using an inductive approach. When
pairs are not independent, we can still follow Lehmann’s inductive approach if each conditional
distribution for the pairs are NQD, as we see is the case here for scrambled (0,m,2)-nets. This
is the approach considered in Proposition 12 and Corollary 2 of Section 6. When this does not
hold, one can resort to the general covariance result from Proposition 3 in Section 4, as long as the
sampling scheme can be shown to be NUOD. However the conditions on f are then stronger.

5.5. Case where s =3. We now move on to the three-dimensional case, first providing an
expression for the conditional distribution of the pair (U; 3,U, 3) given a4 and as, and then showing
that this conditional pdf is not NQD.

PropoOSITION 10. Let (U;,Uy) be a randomly chosen pair of distinct points coming from a
scrambled (0,m,3)-net in base b. Then the joint pdf of (U;s,Uss) evaluated at (x3,ys) and given
Y (Ur,;,Us ) =y for j=1,2is of the form &, ., (x3,y3) with

1 0</il<m—a;—ay—3
ay = ?éi;lfg €:m—a1—a2—2
(17571)2 ﬁzm—al—ag—l
if ap 4+ <m—3; by o)
G-1)? £=0
_ b _
Q=19 =12 l=
0 £>1

if oy +as=m—2; and by

ifag+as=m—1.
Proof. From Proposition 8, we have that

_ M(m— Ay—£,3) b
T T Mm—A,,2) b1

Here we have three cases to consider, and in each case Lemma 4 is used to get an expression for
M(r,k) as a function of b, r, k, a1, and ay:
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Case 1 (m — Ay — ¢ > 3): then we have
(b _ 1)3bm—A2—£—3 bl-ﬁ-l

N G e e B S

Case 2 (m— Ay — ¢ <2 and m — A, > 2): first, we note that in this case there are only two possible
values for ¢, which are m — A, — 2 or m — A, — 1, respectively corresponding to values of 2 and 1
for m — Ay — £. In the first case, we get

. _ (-D(b-2) b b(b—2)
AT _q)2pm—A2h— 1 (b—1)2

while in the second we get
b—1 bZJrl b2
= Ae=l = papm—Ae2p— 1 (b—1)2
Case 3 (m— Ay = 1): in this case we must have ¢ = 0 and we then get ag = (b—1)(b/(b—1))/(b—1) =

b/(b—1). Reorganizing the results according to the possible range of values for A, = oy + a,, we
get the expression given in the statement of the proposition. [

PROPOSITION 11. The conditional distribution H,,(us,vs|ui,v1,us,v2) of a randomly chosen
pair of distinct points coming from a scrambled (0,m,3)-net in base b is not NQD.

Proof. Consider the case where a; + ay; =m — 2. We then have

2
Hm(U3,7}3|U1,7)1,U2,'l)2) = 1(71517_12)2‘/0 + (b_b1> ‘/1

In order for this to be NQD, it must be bounded by V; + V, for all pairs (uz,v3). But consider

the case ug =wvs =1/b. Then V=0, V; = (b—1)/b® and Vi = 1/b*. So H,,(us3,vs|uy, vy, uz,v2) =

1/(b(b—1))>Vo+Vi=1/p*. O

Using our volume loss/density inflation argument, we see that the problem here is that we can
have an inflation factor of (b/(b—1))? that is too large to be offset by the corresponding volume
loss of (b—1)/b.

REMARK 11. Proposition 11 implies that when s =3 the conditional distribution of the pairs
of coordinates of U;,U; are not all NQD. Of course, this does not mean that the unconditional
(6-dimensional) distribution of (U;,U;) is not NUOD. However, so far we have not been able to
show that it was. To do so, one needs to establish bounds of the form

m—1—aq m—1—a1—4_g
S ane Vo, > s Vi, <VaoVig (30)
£5=0 £3=0
for every a; =0,...,m — 1 and (uy,vs,us,vs3) € [0,1)*, and where Vj.¢, is associated with the pair
(uj,v;) for j=2,3,
1 fo<l<m—aq—2
az ¢, = % 1f€2:m—041—1
0 otherwise,

and as g, is specified as in Proposition 10. The RHS of (30) can be rewritten using the identities

m—1—aq m—1—aq1—¥4o
‘/2,0 = E ‘/2,42 + ‘/2,777,717041 ‘/3,0 = E ‘/3,43 + ‘/3,777,7170417@2
=0 £3=0

so as to match more closely the LHS of (30).
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6. Variance bounds based on negative quadrant dependence. Now that we have shown
that a randomly chosen pair of distinct points (U;,U;) from a scrambled net is NUOD for s =2
and that the conditional distribution of (U;.,U;2) given U 1,U; ;1 is NQD, we can use these
properties to derive an interesting result on the variance of the estimator for I(f) based on a
scrambled (0,m,2)-net in base b.

PROPOSITION 12. Let f be a function defined over [0,1]? that is monotone in each coordinate.
Let fi,, be the estimator for I(f) based on a scrambled (0,m,2)-net in base b, and let fiy., be the
MC estimator for I(f) based on n="b" points. Then

Var(fi,) < Var(fimen)-

Before we give the proof of this result, we present yet another extension (and a corollary) of
Lehmann’s key result recalled in Theorem 1.

PROPOSITION 13.  Let (X1,...,X,) and (Y1,...,Y;) be vectors of random wvariables with the
property that the distribution of (X1,Y1) and the conditional distribution of (X;,Y;) given (X1,Y1),
vy (Xj21,Y,29) for each j=2,...,s are NQD. Let f and g be functions of s variables and let
X =f(Xy,....,X,), Y=9g1,...,Y;). Then Cov(X,Y) <0 if f and g are concordant in the jth
coordinate, for j=1,...,s.

Proof. We employ the same inductive approach as the one used in [12] to prove Theorem 1. So
the result clearly holds for s =1 as a consequence of Theorem 1. Suppose it holds for s — 1. For
the case of s variables, we have

E(XY) :E[E(f(Xh?Xb)g(}/lauYs”Xl :xlaifl :y17”‘7Xs—1 :xs—lvi/;'—l :ys—l)]- (3]~>

Now for fixed z1,y1,.. %5 1,Ys—1, f(@1,...,2s_1,25) and g(y1,...,Ys_1,Ys) are one-dimensional
functions that are concordant (in z, and y,, respectively), and since the inner expectation in (31) is
taken with respect to the conditional distribution of (X, Y;) given (X;,Y7),..., (Xs_1,Y, 1), which
is NQD, we can apply again Theorem 1 (when s = 1) to show that this inner expectation is bounded
from above by E(f(X1,..., X )| Xi=z;,i=1,...,s—DE(g(Y1,...,Y)|Yi=v;,i=1,...,5s—1). Next
we define

f((]}l,. . -7$s—1> :E(f(Xl,,Xg)|X1 =T1y.-. 7Xs—1 :xs_l)
g(xlv' . '7$s—1> :E(g(yvlaayvs)‘)/l :y1;~~~;Ys—1 :ys—l)

and argue as in [12] that f and g are concordant in coordinate ¢ for i =1,...,s— 1. Hence we can
apply the induction hypothesis to handle the outer expectation of (31) and thus get

BXY) <B(F(X1,. .. Xo 1 DE@GYs- ., Vo) = B(F (X, X)) E((Vi, .., ),

as required. [

COROLLARY 2. Let P, be a sampling scheme such that Ura,Ujq1 are NQD and given (U;,,Uy,),
l=1,...,5—1,(U;;,U;;) are NQD, for j=2,...,s. Let fi, be the estimator of I(f) corresponding
to P,. If f is monotone in each variable, then Var(fi,) < Var(fimen)-

Proof of Proposition 12. As seen in (6), we have that

Var(fi,) = Var(fimen) + n(n2—1) Z Cov(f(U,), (U;)),

i<j
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where

s X Con{ (U, (U) = Cov(F(U1). £ (U),

and thus we simply need to show that Cov(f(U;), f(U;)) <0. But this follows directly from
Corollary 2, whose conditions on the distribution of (U;,U;) are shown to hold via Lemma 5,
Proposition 6 and Proposition 9. [

REMARK 12. If f satisfies the representation (15) with g and 7, that do not change sign over
their domain, then instead of using Corollary 2 to prove Proposition 12, we can use Corollary
1 (establishing the NUOD property for scrambled (0,m,2)-nets) and Proposition 3. The latter
requires stronger conditions on f but has the advantage of providing an explicit expression for the
covariance instead of simply proving it is no larger than 0.

REMARK 13. 1In [18] (see also [19]), the variance bound (b/(b—1))*"'Var(fi,..,) for scrambled
(0,m, s)-nets in base b is shown to hold for all square-integrable functions. Our result does not
apply as widely — in particular because we can only prove it for s =2 for now — but it holds with
a constant of 1 for any function that is monotone in each coordinate, rather than the constant 2
we get from the general result of Owen mentioned above, in the case s=b=2.

We end this section with a result extending Proposition 12 to the case of s-dimensional functions
that can be written as a sum of bivariate ANOVA components.

PROPOSITION 14. Let f be a function defined over [0,1]° that is monotone in each coordinate
and has an effective dimension of 2 in the superposition sense (in proportion 1). Let [i, be the
estimator for I(f) based on a scrambled (0,m,s)-net in base b. Then

Var(jin) < Var(fime.n).

Proof. Although it is not stated explicitly in [18], if we denote by fi,(f) the scrambled (0,m, s)-
net estimator for a function f, then from the properties of the ANOVA components and the Haar
wavelet expansion introduced by Owen to study the variance of scrambled nets in [18], we have

Var(@n ()= > Var(ii(fr)). (32)

0£IC{L,....s}

Since each two-dimensional projection of a scrambled (0,m, s)-net is a scrambled (0,m,2)-net and
our assumption on f implies that fr =0 if |Z| > 2, we simply apply Proposition 12 to the RHS of
(32) to get

Var(fin (£)) < D 07/n=Var(fue,a). O

T:|Z|<2

7. Conclusion. In this paper we have provided a new framework to study the variance of
estimators based on dependent sample points, such as those obtained from RQMC methods. The
framework includes a useful representation (Proposition 2) for the covariance term characterizing
a dependent sampling scheme which makes use of our generalization of Hoeffding’s lemma (Lemma
3), a result we believe is in itself an original contribution. Building on this, we provided a general
variance reduction result in Proposition 3 giving sufficient conditions on f to guarantee that an
NUOD sampling scheme will do now worse than MC, and providing an explicit expression for
the difference between the two variances. Another contribution of this paper is to have provided
an explicit formula (Proposition 8) to describe the joint distribution of pairs of points randomly
chosen from a scrambled (0, m, s)-net. In turn, this allowed us to prove that the estimator based on
a scrambled (0,m,2)-net is no larger than the MC estimator variance for two-dimensional functions
that are monotone in each coordinate (Proposition 12). The general bound proved by Owen for
scrambled nets holds within a factor of two of the MC variance, and thus for this special case
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we were able to improve this result. We have also provided two different sets of conditions where
an s-dimensional dependent sampling scheme has a variance no larger than the MC variance;
in one case (Proposition 14), we consider scrambled (0,m, s)-nets and require functions that are
essentially the sum of one or two-dimensional functions, and in the other case (Corollary 2) we
require functions that are monotone in each coordinate, along with a sampling scheme for which
the nested conditional distributions of its pairs are all NQD.

For future work, we plan to study further the dependence properties of scrambled (¢,m, s)-nets
and other RQMC sampling schemes for dimensions s > 2, and find out whether they are NUOD or
not. We also plan to look into the possibility of designing sampling schemes having the NUOD, the
coordinate-wise independent NQD property, or the conditional NQD property from Corollary 2. In
terms of the general variance bound for NUOD sampling schemes given in Proposition 3, we would
like to relax the conditions on the function g and measure 7; representing f that are required for
this result. Determining necessary and sufficient conditions on f for the representation (15) to hold
would also be of interest. In addition, we plan to take a closer look at the covariance decomposition
(18) and get a better understanding of the type of functions that minimize this quantity, in light
of what we could call our “discrepancy function” T'(u,v; P,) — [T;—; (1 —u;)(1 —v;). Finally, it is
clear that our study of the dependence structure of scrambled nets makes use of quantities that
also appear in the variance formula based on Haar wavelets developed by Owen in [18] and other
references. Developing a better understanding of these connections would be another goal for future
research.

Appendix

Proof of Lemma 2. For part (i), both results make use of the following simple fact: consider J
a strict subset of {1,...,s} and Z C {1,...,s}. Then it is clear that

> (=p=o, (33)

LC{1,...,s}
LNT=INT

since

IREILED (" =0

L£LC{1,..., s} 7=0 J
LNT=INT

and 0 <|J| <s.
We also use the principle of inclusion-exclusion to get, for a measure p,

[ (Hl a;,b; > Z > (- (H[o b + Liez(a; b)]). (34)

k=0 T:|T|=k i=1

So first we write

S S

pr(A)=>" > (=1Fup([10,0: + Liez(a; — b))

k=0 T:|T|=k i=1

=3 > (DPAO(F 10,6 + Liez(a: — b))

k=0 T:|Z|=k i=1
s
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where we used the notation f(a¥,bY,04 V") with / NV =0 to represent f(z1,...,z,) where
a;, iftjel

0 otherwise.

Hence to prove that u;(A) = A®)(f; A) it suffices to show that
Z Z Z k:+|.7|f InJe. bICﬂjc 0.7 Z Z a bIC) (35)
k=0 T:|Z|=k J k=0 Z:|Z|=k
But since for a given non-empty Z we have that
F@ BTN 0%) = f(at 2 b 0F) (36)

if J; and J are such that J; NZ¢ = J, NZ°, then from (33) we have that the inner sum on the
LHS of (35) is zero except when J is empty, as required.
To prove (10), we proceed similarly and write

Z ST =0k (J10,bi + Liez(a; — b))

k=0 Z:|Z|=k i=1
=Y ) (—DFf(@%bY). (37)
k=0 Z:|T|=k

We also have

> Hszo(4) ZZ D1 f (@b 07), (38)

Here again, we use the fact that for a given non-empty Z and J; and J; such that J; NZ° =
J2NZ¢, (36) holds and therefore using (33) we get that the RHS of (38) simplifies to

Y (DY f@lbT).

J

Combining this with (37), we get that (10) holds.

Part (ii) follows from the definition of quasi-monotonicity and from (9) and (10). We note that
the requirement that quasi-volumes of any dimension d be non-negative in the definition of quasi-
monotonicity implies the positivity of the measures jis 7 o; if our definition of quasi-monotonicity
was restricted to quasi-volumes of dimension s as in [2], this implication would not hold. O

Proof of Lemma 4. For (i), from the properties of a (0, m, s)-net, there are exactly b™* points in
each elementary interval I(ry,...,75), and there are (b—1)® intervals I(r,...,7rs) with 1 <r; <b—1.

For (ii), the initial values given for M (m,s) are proved as follows: to get the expression for
M(1,s), first note that the point (0,...,0) is in P, and thus there is exactly one point in I(0,...,0).
Also, since n = b and each one-dimensional projection P,({j}) of the net is a (0,1,1)-net, the b—1
remaining points must fall in an interval of the form I(ry,...,r,) with r,#0 for £=1,...,s, as
otherwise there would be two of the b points from P,({j}) in a common interval [0,1/b) for one
coordinate j € {1,...,s}.

To get the expression for M (2, s), wlog we identify each point of P, to the first two coordinates
(ri,r9) of the interval I(ry,re,rs,...,rs) to which it belongs. To be counted toward M(2,s) we
must have r; # 0, leaving b — 1 possibilities for ;. As for ry, we must have r, # 0. But in addition,
we must consider the s — 2 points that lie in an interval I(rq,...,r;) with r; =0 for some j > 2.
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These s — 2 points are distinct, i.e., a given point cannot have more than one r; =0, as otherwise
we would have two points in an elementary interval of the form [0,1/b)?, since the point (0, ...,0)
is already in there. Hence overall, there are s — 2+ 1 values of r5 that must be avoided (the point
with 7, =0 and the s — 2 points with one r; =0 for j > 2), thus leaving (b — (s — 1)) possibilities.

To establish the relation for M (m,s) that holds when s >3 and 2 <m < s, we must generalize
the reasoning used to prove the expression for M (2, s). Namely, each point in P, is identified with
the first m coordinates ry,...,r,, of the interval I(ry,rs,rs,...,7rs) to which it belongs. For each
of the first m — 1 integers 7,...,7,_1, we have (b— 1) possible values to choose from. For r,,, as
we did to get M(2,s), we first argue that we must not only remove the choice r,, =0, but also
take into account points that are in an elementary interval of the form I(ry,...,7m, Tmi1,.--,7s)
with 7q,...,7, #0 and one (or more) r, =0 for £ > m. Since the b points of the (0,m, s)-net that
are in an elementary interval of the form H;":_ll[%’, ”b“) for given r,#0, £=1,...,m — 1, form
a (0,1,s)-net (after proper rescaling, see [17, p. 48]), it implies that for each of the s —m + 1
remaining coordinates, there is exactly one of those b points in [0,1/b). If these points were all
distinct, the number of allowable choices for r,, would be b — (s —m + 1). However, we must also
take into account the fact that some points may have k coordinates among m,m+1,..., s belonging
to [0,1/b), where 2 <k <min(m —1,s —m + 1). A point with k& such coordinates will reduce by
k — 1 the number of uneligible points, i.e., contribute an increase of kK — 1 to M(m,s), and we
have N(k,m,s) that many points overall. Finally, the reason why we have k <m —1 is because for
any m-tuple of coordinates {ii,...,%,,}, we already have the point (0,...,0) whose projection over
{#1,...,im} is in [0,1/b)™ and a (0,m, s)-net cannot have more than one point in an elementary
interval of volume b~

To get the recursive relation for N(k,m,s), we first note that for each choice of (ry,..., 7, 1)
with r, #0,4=1,...,m —k, the b* points falling in the elementary interval H;:k [%‘3, ”:1) form a
(0, k, k)-net over any set of k coordinates {iy,...,4;} with i, > m. Hence, there is exactly one point
in this (0,k, k)-net that is in [0,1/b)* for any subset {i1,...,i;}. In addition, we argue that there
are M (m — k,m — 1) possibilities for choices of (r1,...,7,_x) with r, 20,£=1,...,m — k that also
have 1, # 0 for m — k </ <m — 1. For each such choice, we have (3_7,;””1) points with a k-tuple of
zeros if such points are all distinct; but here as well, we must take into account the fact that they
may not be. This is why from the term M (m —k,m—1) (S_ZLH) we must remove all the cases where
a k-tuple of zeros appear in i-tuples of zeros with i > k. For a given i, there are N (i,m,s) (;) such
cases, where i goes from k41 to m}; the restriction that ¢ <m —1 is based on the same reasoning
as the restriction £ <m — 1 explained at the end of the proof of the relation for M(m,s). O

REMARK 14. At first sight, the definitions of M (m, s) for m < s and N (k,m,s) used in Lemma
4 may look like they are circular. A closer look reveals that it is not the case. In particular, note that
N({l—-1,0,k)=M(1,¢— 1)(kzﬁl) for any ¢ with 3 </ < k. So the idea is to first compute M(1,k)
and M (2,k). To get the values M(3,k), we first compute N(2,3,¢) for 4 </ <s. Similarly, to get
the values M (4,k), we first compute N(3,4,¢) for 5 < ¢ <s, and then N(2,4,¢), which requires
values of the form M (2,-) and N(3,4,-), which have already been computed. More generally, the
values M (m,-) can be obtained by first computing N (min(m—1,-—m+1),m,-) down to N(2,m,-).
To compute N(m — ¢,m,-), we need the values of N(m — ¢+ 1,m,-),...,N(m —1,m,-) and also
M(¢,-) for £ <m — 2, which have all been previously computed. The following example illustrates
how these computations are done.

EXAMPLE 3. Consider the case where b=s=7. Since M (m, k) is easily computed via item (i)
of Lemma 4 for m > k, here the goal is to compute M (m,k) for 1 <m < k < 7. The results are
shown in Table 1. We have M (1,k) =6 and M (2,k) =6 x (7T—k+1).

Next we compute N(2,3,k), using N(2,3,k) = M(1,2)(*,?) and thus getting 6, 18, 36, and 60
respectively for k=4,...,7. We can then compute M (3, k) using M (3,k) =36(9 — k) + N(2,3,k).

Next, we compute N (3,4,6) =M (1,3) =6 and N(3,4,7) =4M(1,3) =24 and then N(2,4,k) for
k=5,6,7, first getting N(2,4,5) = M(2,3) =30 and then N(2,4,k) = M(2,3)(";%) + N(3,4,k)(})
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TABLE 1. Values of M(m,k) for 1 <m <
k <sin the case b=s=17.

m\k|1l 2 3 4 5 6 7
116 6 6 6 6 6 6
2 30 24 18 12 6
3 186 172 144 132
4 1110 984 804
5 6666 5718
6 39990

so that N(2,4,6) =90 + 3N (3,4,6) = 108 and N(2,4,7) = 180 — 3N (3,4,7) = 108. We can then
compute M (4, k) = 63(10 — k) + "2 3 —1)N (i, 4, k).

Similarly, we compute N(3,5,7) = M(2,4) = 24, N(2,5,6) = M(3,4) = 186, N(2,5,7) =
M(3,4)(3) — N(3,5,7) (%) =486 and then M(5,k) =6*(11 — k) + i, (i — 1)N(i,5,k).

Finally we compute N(2,6,7) = M(4,5) =1110 and M(6,7) =5 x 6° + N(2,6,7) = 39,990.

Proof of Proposition 8. Using the properties of a scrambled net, we have that

77777

where Ng;;{.’aj_l is the number of pairs of points (U;, Uy) from the (0,m,s)-net in an elemen-
tary interval of the form I,, a]—,l(ﬁ, .. ’Tj—l) = ;:1 [rb= %, (1, + 1)b~ %) that are such that
YW (Ui g, Ui ) =ay for k=1,...,j—1, while Ni:..,aj_l,z is the number of pairs of points (U;, Uy)
in an elementary interval of the form Ial,...,aj,l(ﬁ, ...,7j—1) that are such that v,(U; x, U ) = oy
for k=1,...,5—1 and (U, ;,Uy ;) = ¢. Furthermore, as stated in (20), we have that Vol(D,) =
(b—1)b=*"1.

Next, we observe that the b™~4i-1 points from the (0,m, s)-net in I,,, aj_1(T15+-,751) form a
scrambled (0, m—A,_;, s)-net for any choice of rq,...,r;_; (after rescaling), and thus the conditional
pdf under study can be determined by focusing on a specific choice of 7;’s. In particular, wlog we
can choose r, =0 for k=1,...,5. We then need to establish that the formulas given for NN, C{l‘“lwaj_l
and Nil_,.l..,a.,l,z are valid in this case. Furthermore, to count the number of pairs (U;, U;/) that
add up to each of these two quantities, we can fix U; and then count how many possibilities there
are for Uy . The total number of pairs is then obtained by multiplying this quantity by the number
of possible choices for U;, and dividing by two to not overcount. In particular, we can choose U;
to be (0,...,0).

Starting with Ng;;}waj_l, after rescaling of the b™~“i-1 points that are in Io, 4, (0,...,0) and
considering only their first j — 1 coordinates, we have a (0,m — A;_;,j — 1)-net and by definition,
exactly M (m — A;_1,j — 1) points U are such that v,(0,Uy 1) = ay for k=1,...,5 — 1. We also
note that there are b™~“i-1 choices for U;. So overall the total number of pairs is M (m — A;_,,j —
pm=4i-1 /2.

For N; i;,.l..,a]-_l,ea here as well we start by rescaling the b™~“4i-1=% points that are in
_____ aj717g(0, ...,0) and then consider their first j coordinates, thus working with a (0,m —A;_; —
¢, j)-net, which has M(m — A;_y —{,j) points Uy such that ~,(0,Uy ;) = a4 for k=1,...,j -1
and 7,(0,Uy ;) = £. We have b™ “i-17¢ choices for the first point and then b° distinct intervals
I, .. aj717g(0, ...,0) within 1'@17_“7%,71(07 ...,0), which gives a total number of pairs of

.....

-4

M(m — Aj—l — e,j)bmiAj_liébe/2 = M(m - Aj—l - E?j)bmiAj_l/z' |:|
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