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ABSTRACT. Latin Hypercube Sampling is a specific Monte Carlo estimator for
numerical integration of functions on R% with respect to some product prob-
ability distribution function. Previous analysis established that Latin Hyper-
cube Sampling is superior to independent sampling, at least asymptotically;
especially, if the function to be integrated allows a good additive fit. We pro-
pose an explicit approach to Latin Hypercube Sampling, based on orthogonal
projections in an appropriate Hilbert space, related to the ANOVA decom-
position, which allows a rigorous error analysis. Moreover, we indicate why
convergence cannot be uniformly superior to independent sampling on the class
of square integrable functions. We establish a general condition under which
uniformity can be achieved, thereby indicating the réle of certain Sobolev
spaces.

1. INTRODUCTION

Latin Hypercube Sampling is a specific Monte Carlo estimator for numerical inte-
gration of functions on R%. Thus we aim at approximating the integral [ f(z)dF(z)
against a given probability distribution function F' by means of a Monte Carlo pro-
cedure, which is the sample mean Iy (f) = + Z;\/:l f(X;) of N randomly chosen

points X1, ..., Xy in R% For the moment we leave the way of choosing these sam-
ple points unspecified and introduce the error of (any) such randomized quadrature
formula as

o\ 1/2

c(on.)i= (Blowtr) = [ rwar(e)

We assume throughout that integrands belong to the Hilbert space of square inte-
grable functions with respect to F'. This will be the basic Hilbert space we shall be
working in. It will be denoted by La(dF') and its norm will be denoted by || -||2. For
the above error criterion the standard Monte Carlo estimator, which is the sample
mean of N independent identically distributed according to F' points, denoted by
7y for a moment, obeys e(7y, f)? = Var(f)/N. In general, there will not be an
exact expression for the error. Instead, the normalized error will converge to a

Received by the editors August 25, 1999.
2000 Mathematics Subject Classification. Primary 65C05; Secondary 62D05.
Key words and phrases. Latin Hypercube Sampling, stratified sampling, asymptotic variance.

(©2000 American Mathematical Society

1477

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



1478 PETER MATHE
certain function ®: La(dF) — RY, i.e.,
lim VNe(dy, f) = ®(f).
N—o0
For standard Monte Carlo we have

B(f) = Varlh) = |If - / F(@)dF()]]2.

We note that ® may thus be understood as measuring the distance of the integrand
to the constant functions. If this is small, then the rate N ~/2 is accompanied with a
small constant. For different estimators than standard Monte Carlo, an appropriate
function ® will express different features. For Latin Hypercube Sampling, to be
described below, the corresponding ® s measures the closeness of the integrands
to the additive functions. Precisely,

d
®rps(f) := inf {|f =Rz, h(x) =) h(x), z=(z1,...,24) € Rd} :
=1

where the infimum is taken over all linear combinations of univariate functions.
This result goes back to Stein [20, Cor. 1] (see also [11, Thm. 1]). It will be
transparent that this infimum is realized and the corresponding approximant is
called best additive fit.

In general, Monte Carlo estimators will be applied to a variety of functions.
If convergence of v Ne(Jy, f) to ®(f) strongly depends on the integrand, then,
given N, the value of ®(f)/v/N may not reflect the actual error appropriately. In
contrast, if we knew that for a specific class B of integrands

sup \/Ne(ﬁNvf)_q)(f) —)07
feB

then we would gain additional accuracy of our estimate. The standard Monte Carlo
estimator fulfills this kind of uniformity in a trivial manner.

The aim of the present paper is the error asymptotics of Latin Hypercube Sam-
pling. We will reprove Stein’s result on the representation of ®jpg, stated as
Theorem [l Moreover we shall indicate that in general convergence is not uniform
in the above sense. However, we provide instances where it is. This analysis is
comprised in Corollary[dl

The paper is organized as follows. We begin studying stratified sampling in one
dimension. The results proven there are not needed for proving the main results,
but we think that they highlight some of the features, which might not be as clear
in higher dimensions.

Then we state the main results in Sectiondl In Section Blwe will prepare ourselves
by identifying the best additive fit as orthogonal projection. We prove the main
results in Section Our proof of Theorem [ differs from those given previously
and enables us to obtain uniform convergence as indicated in Corollary [l The
final Section [ is devoted to Latin Hypercube Sampling applied to vector—valued
functions.

We present the material in such a way that it also surveys previous results.
However, we use Hilbert space techniques throughout, since this seems to be the
natural context.
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ANALYSIS OF LATIN HYPERCUBE SAMPLING 1479

2. DESCRIPTION OF LATIN HYPERCUBE SAMPLING

Latin Hypercube Sampling provides a specific Monte Carlo estimator for nu-
merical integration of functions f on R¢ with respect to some product probability
distribution function F', which can be written as

d
F(z) = HFl(xl), x=(x1,...,24) € R,
1=1

The intention of Latin Hypercube Sampling is to stratify each margin in order to
improve performance. This method was proposed and first analyzed in [12] [7]. We
refer to [20] for a detailed account.

Below, we assume that each of the F} has a density with bounded support, which
is bounded away from 0 there, and that for each N we are able to compute quantiles

1—1

xé:—inf{u, Fi(u) > },z’—l,...,N,l—l,...,d.
This results in a tiling of R? into hypercubes x; := Hflzl[xé, zliy) (welet zby | =
o0) labelled by i € {1,..., N}d, which we simply denote by N¢. By construction
Jy, dF(z) = N~4 for each i € N<.

Now, Latin Hypercube Sampling consists in a specific way to pick N of these
hypercubes and estimating in f(x)dF(z) by just picking one point, say X; with

P(X; € C) = NF(Cnyy), for Borel sets C' € RY.

We observe that then Ef(X;) = N9 in f(z)dF(x). We finally take the sample

mean as the estimator for [ f(z)dF(z). More specifically, if A C N¢ denotes the
chosen N hypercubes, then

1
(f) =5 Zf(Xi)-
i€EA

Here randomness occurs when choosing A and the X;, which is assumed to be done
independently. With a slight abuse of notation we denote the estimator by ¥y (f),
stressing its dependence of the sample size only.

To complete the construction of Latin Hypercube Sampling we need to specify
the way of choosing some pattern A at random. This can be done by choosing
permutations 7y, ..., mq of {1,..., N} independently and uniformly. We then let

A= {(m(k),...,mq(k)), k=1,...,N}.
By construction, each i is equally likely to be in A, resulting in
pi:=P(ic A) = N/N¢= N—4=D),

We further need to describe pairwise correlations. Therefore we note that a pair
(i,) may be chosen only if i; # j;, { = 1,...,d. We find it convenient to rewrite
this as [[(_,(1 — 8(i1,j1)) = 1, with 6(m,n) = 1 if and only if m = n. With this
notation pairwise correlation is

d
(1) pij = P((i,j)) € A) = Wn(l—ﬁihjz))
=1
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1480 PETER MATHE

A more conventional way of describing the Latin Hypercube Sampling procedure
is presented in [20, [I6], [11]. But the enumeration of the Xj, i € A is very artificial
and is averaged out taking the sample mean.

We close this section by showing that 95 (f) is unbiased for integrable functions
f € Li(dF):

EMUEE%ZﬂMb%E:MKth

icA ieNd
=+ 3 B0/
ieNd
- — Z N z)dF (x)p;
leNd X'
=> [ fl@dF(z)= / f(@)dF(z)
ieNd U Xi

We did this in much detail, since this is a simple instance of calculations to be
carried out more often below.

3. STRATIFIED SAMPLING ON [0, 1]

Stratification as a means of variance reduction is well established; we mention
only [6, 4.3] and [8, 4.5].

Below we restrict to the special situation when F' is the uniform distribution on
[0,1] and we stratify equally spaced. To be precise, given N, let &;, j =1,..., N,
be independent and uniformly distributed on intervals A; := [(j — 1)/N,j/N),
respectively. These intervals generate a o—algebra, denoted by Fx. Conditional
expectations with respect to Fy can be calculated as

E(g/Fn) = N/ z)dx)la, (z);

hence

N
|mmnfwm§=§jmﬁV[;g@mx2

For a given function g € L»([0,1]) the corresponding sample mean is denoted
by In(g) == % Z;vzl g(&;). We mention that this kind of stratification can be
observed by Latin Hypercube Sampling in each margin. Therefore it seems natural
to recourse to this situation more explicitly.

The main error properties of this stratification are summarized in

Proposition 1. 1. dx(g) is unbiased.
2. VNe(On.9) = g — E(g/Fn)|2-

3. For each square integrable function g we have

(2) Nlim VNe(@y,g) =0,
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ANALYSIS OF LATIN HYPERCUBE SAMPLING 1481

while the uniform error obeys

(3) lim VN sup e(dy,g)=1.
N=eogla<1
. N
Proof. Plainly, for any g € L2([0, 1]) we have Eg(§;) = f(JJ/ 1)/N g(x)dz. There-

fore 9 (g) is easily seen to be unbiased. To prove the second assertion we only
need to consider functions which integrate to 0. For those functions we obtain

Ne2(19Nvg): N z::

/ dx+NZ/

k=1 kAL Bk

= llgll3 + N( (x)dz)* =N Y ([ g(x)dx)®
g ;/Akg > /Akg

N
= 2_ x)dz)?
— Jlgl2 ;wN/Akg( )di)

= llgllz = IE(g/Fn)lI3 = llg — E(g/Fn)l3-

It is well known that for every g € L3(]0, 1]) the conditional expectations E(g/Fn)
converge to g in L2([0,1]). We refer to [18, Prop. 9, Chapt. 6.4] for an explicit proof.
This establishes (2)).

However, |lg — E(g/Fn)||3 — 0 does not hold uniformly for all g with norm
bounded by some constant. To see this let AV = [(k — 1)/2N,k/2N) be the
partition corresponding to Fan. We consider the function

&

2N
gV (@) = (1) Ipen (z), €0, 1].
k=1
By construction E(¢"V/Fxn) = 0, but ||gV|]2 = 1; hence Ne(dy,g™¥)? = 1. This
establishes ([B)) and accomplishes the proof. O

The asymptotics in (2) may be viewed as super—convergence. But, as (@) in-
dicates, no additional speed can be monitored unless we have further information
concerning the integrand, say some kind of smoothness. Let H'([0, 1]) denote the
the Sobolev space

Hl([O, 1]) := {g € L2([0,1]), g abs. cont., ¢ in Ly([0,1])}.
We restrict considerations to the ball
L= {g € Hl([ov 1])7 HQIHQ < 1}'

On this class of functions stratified sampling provides an order optimal Monte Carlo
integration procedure.

Proposition 2.

1
s < —F.
gSEuBPl 6( Nvg) = 7TN‘3/2
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1482 PETER MATHE

Thus we obtain a uniform error bound with rate N~3/2, which is known to be
best possible (see [15] 2.2.9]). Typically, ibid., this bound is achieved by separation
of the main part (control variates) and we find it interesting that stratification does
as well and is easier to carry out. We indicate the proof, since it is based on a
specific version of the Poincaré inequality, exploited in more general form for Latin
Hypercube Sampling, below.

Proof of Proposition[d. In view of Proposition[Ilwe need to show ||g—E(g/Fn)|l2 <
(7N)~! for g € B, only. As already used above we have

2

g(x) =N [ g(y)dy| dx.

Aj

N
_ 2 _
(4) lo~Blo/ )l =3 /A k

The heart of further consideration is a special version of the Poincaré inequality,
known as Wirtinger inequality (see [13, Chapt. 2, 64] for details), with best possible
constant 1/7. For any function f € B! we can find h € Ly([0,1]) with ||k < 1
with f(z) = fox h(t)dt. With this terminology the Wirtinger inequality reads

1
I = [ sl < il

An elegant argument with constant 1/v/8 is given in [19].
Scaling this to any subinterval Ay, by letting f(z) := g((k —1+4z)/N) we obtain

1
- N d < —||h .
lo =N [ o@dala, < glbla,

Inserting this into (@) yields

1

1
- E < —|h|le £ —
lg —Blo/F)lle < —lIblla < —,

whenever g € B'. The proof is complete. O

4. MAIN RESULTS

Latin Hypercube Sampling, as described in Section[Z, has a remarkable feature.
As Stein [20] puts it: LHS stratifies each marginal distribution of X1,..., XN as
much as possible but otherwise picks the X;’s randomly. By doing this it performs,
at least asymptotically, better than standard Monte Carlo Sampling, especially for
functions which are close to being additive. This was expressed in terms of the
function ®; g introduced in the Introduction. Stein’s result can be stated as

Theorem 1.

Jim VNe(n, f) = ®Lus(f) for each f € Ly(dF).
When proving this asymptotic by evaluating the squared error, in both refer-
ences [20, [T1] the authors pick the main contributions and claim that the remainder
is of lower order. We aim at presenting a clear and complete proof, after establishing
the best additive fit as an orthogonal projection in Section
Moreover, we shall see that convergence is uniform on every relatively compact
subset B € La(dF).

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



ANALYSIS OF LATIN HYPERCUBE SAMPLING 1483

Corollary 1. 1.

lim sup [VNe(, f) — Brus(f)] = 1.
N=oo | fll2<1

2. If B is any relatively compact class of functions in Lo(dF'), then

(5) hm sup‘\/_ (In, f) — @LHS(f)‘ =0.
N—oo fep
Remark 1. The second assertion in Corollary[lis even a characterization. Precisely,
if for some class B of functions
hm sup ‘\/_ (O, f) — (I)LHS(f)‘ =0,
N—oo fep
then the class must be relatively compact in Lo(dF'). This can be drawn from the
proof, in particular from Propositions [ and

We note that in contrast to stratification in one dimension we do not gain ad-
ditional speed of convergence (cf. Proposition ), but the best we can hope for is
improving the constant.

Since one point sets are compact, the asymptotics in (Bl generalize Stein’s result,

Theorem [T
Extending the analysis from Section[3, we consider explicitly the classical Sobolev
space
HY(dF) := {f € Ly(dF), each g—f ex. in gen. sense, and Hg—fﬂg < oo}.
z z

This space occurs often in numerical analysis, since it is related to the Dirichlet
problem. We mention [1l, 2 [4, O] for further information. We note explicitly that
H' C Ly(dF) is dense.

Of special interest will be the ball

d
B! {feH (dF) Z |2<1}
=1

For this class of functions, relative compactness, hence uniformity of convergence,
can be derived from the Poincaré inequality. We shall present a direct proof of
uniform convergence on this class of integrands, as stated in (B). This is accom-
plished using the Poincaré inequality to establish a rate of convergence of certain
conditional expectations (see Proposition b)), a result which is interesting in its own.

5. IDENTIFYING THE BEST ADDITIVE FIT

We start with the representation of the best additive fit h, to a function f on
R? as in [20],

d
=Y o)~ (@-1) [ s@are)

where g;(z;) :== [ f(z Hﬁl dF;(x;), l=1,...,d. In [20, Appendix B] it is proven
that the best addltlve fit has this representation. It is also clear that f — h,
is linear and we aim at identifying this as an orthogonal projection in Lo(dF).
For this purpose we let F denote the Borel o-algebra on R? and we introduce
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!
o—algebras F; ;= c SR xR x ... x A x...xR, Ae F(R),. With this notation

we have g;(z;) = E(f/F), | = 1,...,d. By denoting Fy := {0, R}, the trivial
o-algebra, thus [ f(z)dF (z) = E(f/Fo) we identify

d d
ha =Y E(f/F) = (d = V)E(f/Fo) = B(f/Fo) + Y _(B(f/F) — E(f/Fo)).
=1 =1

We now provide an explicit representation for the orthogonal projection. For each
of the o—algebras F;, | =0, ... ,d, we introduce projections P, f := E(f/F;) acting
on Lo(dF). Using the properties of conditional expectations this is readily seen to
be the case (see [I4] Prop. IV.3.1] for an explicit proof). Now we rewrite h, as

Qf = FRf + Zflzl(Plf — Pyf). We have

Proposition 3. 1. Q is an orthogonal projection.
2. For any [ € La(dF) we have

d
Q15 = 1PofII3 + D (IPFIZ — [ PofII3)-

1=1
Proof. Since each P;, I =0,...,d, was self-adjoint, the same holds true for @. It
remains to prove Q% = . We note that for k # 1

PuBif = B(E(f/F)/F) = / F(@)dF(z) = Pof,

since integration with respect to x; which is missing in the inner integral is carried
out in the outer integral. Therefore, for each k =0, ..., d, we have

d
PeQf = PuPof + Y (PuPif — PuPof) = Puf
=1

and consequently Q2f = Qf. The second assertion is as simple.

d
IQFIZ=(QF . /) =(Pof , 1)+ S (BS . f)—(Pof . 1))
=1

d
= 1P f1* + Y (I f 15 = 1P f13)-

=1

The proof is complete. O

We mention without proof the representation Q =1 — H;i:l(l —P).
Using projection @) we can now rewrite ®rps(f) = ||(I—Q)f]|2 and the assertion
of Theorem [I] as

Jim VNe(@y, f) = |(T-Q) 2.
Since (I-Q)(I—-Py) =1-Q we derive
IT=Q)fll2 = [[A-Q)A=Fo) fll2 < [[T=Fo) fll= = v Var(f).

For this reason Latin Hypercube Sampling is superior to independent sampling, at
least asymptotically, once we have proven Theorem [I1
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6. ERROR ANALYSIS OF LATIN HYPERCUBE SAMPLING

Our presentation will benefit from various types of conditional expectations, all
seen as orthogonal projections. We recall that Latin Hypercube Sampling is based
on tiling i, i € N These induce o-algebras Fy := U({Xi, i€ Nd}). Letting

fn =E(f/FN)=Pnf,
we obtain functions which are constant on each of the sub-cubes, labelled by i. We

denote the corresponding values by fi, thus we can write fxy = > icya fixi- In
particular

f(@)dF(z) = [ fn(2)dF(z)=N"f.
Xi Xi
The key representation is provided in

Lemma 1. 1. For any f € Lo(dF) with [ f(z)dF(z) =0 we have

e(On, f)? ——Hsz

(6) d
+ (/N =) ST T = 6 i) (NN L),

i,jeNd =1

2. Ne(Wn, [)> — Ne(Wn, fn)2 = |If — fnll3
3. QPy = PNQ.

Proof. Relation (@) is a direct consequence of pairwise correlation (). We note
that the double sum is the same for f and fn. To prove the remaining assertions
we note that, since each of the expressions does not change when switching from f
to f— [ f(z)dF(x), we may and do assume [ f(z)dF(z) = 0. Therefore, using (@)
we obtain

Ne(@y, f)* = Ne(@n, fn)* = IF1I5 = 13 = I1f = full3,

since fy is the result of a projection. To prove the last assertion it is enough to
verify Py P, = PPy for each I = 1,...,d. But this can be seen to equal, for = € i,

(PnPf)(x) =N f(x)dF ().
Rx...Ailx...R

The proof is complete. O

The main results, Theorem [I] and Corollary [[] are immediate consequences of
the following three propositions:

Proposition 4. For each f € Lo(dF) the following bounds hold true:
|Ne(@n, £)? = 10=Q)fI3] < If = fnl3 + [Ne@n, fn)? = [[A-Q) fxll3] -
[Ne(@n, £)? = IIT=Q)fII3] = 1Q(f = fn)I3 — |Ne(n, fn)? = I1-Q)fnl3] -

Proposition 5. 1. There is a constant C > 0, such that for f € B!, the ball in
the Sobolev space H'(dF), we have

o d P 1/2
7) I = fwlla < (; ||a—£||3> .

2. imy—oo || f — fnll2 =0 for each f € Lo(dF).
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sup ||Q(f — fn)ll2=1 for each N,
Ifll2<1

while for each relatively compact subset B C Lo(dF),
lim sup ||f — fn|2=0.
N—oo feB

Proposition 6.

Jim sup [Ne(d, fx)? = [(1-Q) 3] = 0.
Tfl2<1

While Proposition @ is a simple use of properties of projections and Proposition[f]
gathers facts which are more or less folklore, the heart of our analysis is comprised in
Proposition[d], which establishes uniform convergence of Latin Hypercube Sampling,
whenever functions are piecewise constant.

We are not aware of any reference for convergence as in (1) or for comparable
smoothness assumptions.

We turn to the proofs.

Proof of Proposition[4) In view of assertions 2 and 3 of Lemma [Il and using prop-
erties of orthogonal projections we derive

Ne@n, f)? = [1-Q)f3

= Ne(Vn, f)? = Ne(On, fn)? + Ne(n, fn)? = |(1-Q) fnl3

+  T=Q)fnl3 — IIA-Q)fII3

= Q(f = f¥)I3 + Ne(n, fn)? = I(1-Q) fwl3-
Turning to absolute values completes the proof of the Proposition. [l
Proof of Proposition[d. Assertion 2 is well known; we refer to [I4, Chapt. IV.3].
However, we prefer to provide a direct proof of the first assertion, which we find
interesting and which might not be known to a wider audience. We rely on the
Poincaré inequality (see [9, Chapt. 11, § 4.2], [21] § 28]). A detailed study, including

historical remarks, is presented in the recent monograph [I3] Chapt. II, 64.]: There
is a constant C' > 0 such that

d
dg 2 1
g—/ gW)dyl3 < C*> == forallge H'.
| o (v)dyll3 2 ||ale2

Scaling this to any sub-cube i, i.e., letting

g(@) = FET (o = 21)/N), o B (i = wa)/N)), @ = (a1, 2a) € 10,1]

we infer
s -~ [
X

which establishes estimate (7)) after summing over i, thus uniform convergence on
class B*.

Since H' C Lo(dF) is dense and since the norms of Py are uniformly bounded
(by 1), we conclude point-wise convergence of fx to f on all of Ly(dF), and as a

d
of
fdyl2, < C*/N?> Ha—leQu
=1

i
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consequence uniform convergence on any relatively compact subset, the last asser-
tion in 3. Indeed, point-wise convergence and relative compactness imply for each
f € B the estimate

1F = Fxllz < UF = fEllz + 15 = FRllz + 1N = fallz < 20F = P2 + 1 = FR D2

if {f’“, k=1,... ,M} was an e-net for B, and f* was chosen with || f — f¥||2 < e.
It remains to prove the first assertion in 3. Fix any coordinate, say the first.

Analogous to the proof of Proposition[l let x1,. ..z} be the partition generated
by the distribution function Fy and put Ay := [2}, 2} ,). Consider the univariate
function

2N

N@) = (=D A (1), @ = (21,...,24).

k=1
By construction f§ =E(f~/Fn)=0. Since moreover Qf = f, QfN = fN || fN|l2=
1 we derive

QU™ = fi)ll2 = IFY = fRllz = 11/ 2 = 1,

accomplishing the proof of the first assertion in 3. and of the proposition. O

Proof of Proposition[l. For the proof it will be convenient to further introduce o—
algebras and corresponding projections. Given a subset I C {1,...,d} of cardinality
#(I) =k, we let ®;: R? — R be defined as

q)l(xla"wxd) = (xj)jel'

The pre—image <I>I_1 (B(R)) is a o—algebra, called F;. The corresponding projection
Prf:=E(f/Fr) obeys

P1f=/f($)HdFj($j) = /f(x)dF—I-
JE1
Above, we put x = (x7,v_r) and dFy means [],.;dF; ... . We specify, in case
k =0, the projection Py := Py = [, f(x)dF(x) and for subsets of cardinality one
P, := Pyy, 1 =1,...,d, which is consistent with the definition given in Section bl
These projections are close to the well-known ANOVA-decomposition (see [5] [I7]).

It will henceforth be important to study the action of P; on functions fn. For
this reason, given xi, Xj, i,j € N¢, we deduce for #(I) = k

(Prfixi s fixj) = Nk_d/(/ fixi(@)dF_r)(xr) fixi(@r, a—1)dF_(x—1)dFy (1)
(8) = N*2 T 66, i) fi fi-
lel
As an immediate consequence
(9)
IPrfNl3 = (Prfy . fn) = > (Prfixi s fixi) = N*724 > T 6, a) fifi-

i,jeNd ijeNdlel
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We assume [5, fn(2)dF(z) = 0 and evaluate e(dy, f)? = E 1Wn(fn)|?. Using (@)
we derive
d
(10)  Ne(@w, fn)* = lfwl3 + N/ (N = 1) N Y T =660, )N~ fifi.
ij l=1
Taking into account
d d
[T —aG50)=> (0> IT st.).
=1 k=0 I 1€l

where > 1, denotes the sum running over all subsets of N @ of cardinality k, we
derive from (8) for each pair (i,j)

d d
N7 =66, ) fifs =D (DN (P fixa s fix);i
=1 k=0 Iy,
hence
d d
> N =66 ) fify = D (1N (1P 5.
ijeENd I=1 k=0 Ik
Using this we continue (I0) by
d
Ne(n, fn)* = [ fnll3 + (N/(N = 1) NS (DN | Py fal3
k=0 I

d
= Ifnll3 = (N/(N = 1)) 2wl
=1

d

+ (N/(N = 1)) ()N Py 3.
k=2 I
By virtue of assertion 2 from Proposition Blwe have for functions fy with Pyfy =0
d
IT=Q)fnl3 = w13 =D PN I3.
1=1

This leads to

d
NE [ox (i) = I10-Q) /w13 = = (N/(V = 1) = 1) 3 IR 3
=1
d

+ (N/(N = 1) (=) N> 1Py, fv3.
Iy

k=2
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Finally we arrive at

sup |]\76(191\7,f1v)2 - H(I—Q)fNH§|
[[fll2<1

4 rd
<d((N/(N =) = 1)+ (/N =) Y (k> .

k=2
< d(2d+d) 22d71
- N-1 N’
which completes the proof. O

7. INTEGRATION OF VECTOR—VALUED FUNCTIONS

The previous analysis may easily be extended to the integration of vector—valued
functions, a case which also attracted attention (see [11]). Here we assume that
X with norm denoted by || - || is a separable real Banach space, endowed with the
Borel o—algebra. We denote by La(dF, X) the Banach space of (equivalence classes
of) Borel measurable functions having finite strong second moment

1/2
s = ( [ @) .

The theory of integration of vector—valued functions is outlined in full detail in [3].
As before Latin Hypercube Sampling may be used as Monte Carlo integration
for functions from La(dF, X) by letting In (f) := = >_ic 4 f(Xi), now taking values
in X. The particular case X = R? was studied in [IT].
Again we agree to consider as error criterion

e(in. ]) = (EnﬂN(f) -/ f(:c)dF(x)HQ)l/Q-

In general we cannot hope to give explicit representation of the error asymptotics;
even for independent sampling the rate of convergence of In(f) to [ f(z)dF(x)
depends on geometric properties of the Banach space X, in particular the type is
important (see [10, Chapt. 9.2] for further information).

But if the Banach space itself is a Hilbert space with scalar product ( , ), then
we may easily extend Theorem [[] since then Lo(dF, X) turns out to be a Hilbert
space with scalar product

0+ Dar = [ (@) g@)iF (@)
In an analogous manner we define

Pl(f) ::E(f/}—l)a l=1,...,d

and correspondingly @), now being orthogonal projections in La(dF, X). As an
analog to Theorem [I] we state

Theorem 2. Let X be a separable Hilbert space. For all functions f € Lo(dF, X)
the following error asymptotics hold true:

A}Enoo Ne(n, f)2 = |1 _Q)f||2L2(dF,X)'
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Proof. There is no need to outline the proof in detail. This can be carried out
exactly as in Section Bl by replacing products of function values, e.g., f(Xi)f(Xj)
by respective scalar products (f(X;) , f(Xj)). Thus we obtain complete analogs of
Propositions@ and 6 We only need to establish || f — fx||z,(F,x) — 0. The same
proof as for the real-valued case extends to this more general situation (see [22]
Chapt. IT, Thm. 4.1]). Thus fy converges to f in La(dF, X). O

We mention that there is a corresponding version of Corollary [l

It is a different task, again when considering the vector—valued case, to ask for
properties of the covariance structure of ¥x(f), a problem not occurring in the
real-valued case. Again, a simple instance of this, X being RP, equipped with
Euclidean norm, was studied in [IT]. But, for this specific kind of problems, X
need not carry a Hilbert structure.

To be precise, having fixed X let X’ be the dual Banach space. Since dx(f) is
a random element in X, having finite strong second moment we may consider its
covariance C1* : X’ x X' — R, defined by

(1) Cl(ab) = Bn(f) - / fdF | a)(dn(f) - / FAF | B), abe X',

We refer to [22, Chapt. 3] for the general framework. We recall in particular that
each covariance function is bilinear and symmetric. As a consequence its values
on X’ x X' are completely determined by those on the diagonal, since for any
symmetric bilinear form B : X’ x X’ — R we have

(12) B(a,b) =1/4(B(a+b,a+b) — B(a —b,a —b)).
This will enable a simple proof of

Theorem 3. For any pair of a,b € X' we have
(13 Jim NCE (@) = [ 1-Q(f@) . a)I-Q)(f () . H)F(@)
Proof. By our preceding discussion we only need to show

N (aa) = [ 10-Q) @) . a)f dF@). ae X

But
2

Now Theorem [l yields

Jim N (a,0) = [(1-Q)(f , a)l3 = / 1-Q)(f(x) , a)[* dF(x).

Thus, the convergence as stated in Theorem Bl holds true for a = b, hence for all
a,b € X' by (@), which completes the proof. O
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As in [T, Cor. 1] we may now compare the covariance structure of Latin Hypercube
Sampling and of independent sampling, denoted by C%%(a,b) henceforth. It is well
known and easy to check, using the same reasoning as in Theorem [3] that

NC(a, b) = / (I=P)((f(x) . a))I—~Po)({f(x) , b))dF(2).

R4
As a consequence

Jim N(CR(a,0) = Cx*(a,0) = [A=Po)(f , a)]l3 = [T-Q){f , a)ll3
= QU-Po){f . a)ll3 =0,

since () was an orthogonal projection and Py = QF,. This is the natural general-
ization of Corollary 1 in [IT].
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