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ABSTRACT
Consider L, =n"1Y", <i<nCnif(Xy,;) for order statistics X, ;
and let ¢, ; = nf‘/n 1)/n Jd\ for some (Lebesgue) A-summable over (0,1)
function J. Sufficient as well as necessary conditions for lim, L =
flJ gd to hold almost surely and in probability are given. Superposition

0
(or Nemytskii) operators have been used to derive the laws of large
numbers for L-statistics from the laws of large numbers in quasi-Banach

function spaces for the empirical distribution functions based on
XpeoaX,.

Key words: Order statistics, Law of Large Numbers, L-statistics,
Central Limit Theorem.

AMS (MOS) subject classifications: 60F99, 60F17, 62G30.

1. Introduction

The strong law of large numbers (SLLN) for L-statistics has been considered in Wellner [19],
Helmers [3], Sen [15], van Zwet [22], and Mason [12]. Most of the results concern sufficient
conditions for the SLLN to hold for broad classes of L-statistics. Necessary and sufficient
conditions are given by Mason [12] for the following special class of L-statistics. For each
nonnegative and nonincreasing function g over T = (0, 1) and 0 < p < oo, set

Lo(p,9): %X_Z() oV, (L)

for Uniform (0,1) order statistics U,,.; <---<U,,.,. By the first part of Theorem 1 from [12], we
have that

lim L.(p,g)= /t”'ly(t)di=:Mp(y) a.s.

T
if and only if

M,(g9) <oo and E,(9): = /gl/”(t)dt < oo. (1.2)
T
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An analogous result for a nondecreasing function h and for the appropriately defined L-statistics
L,(p,h) also holds (cf. Theorem 2 from [12]). Then, invoking a boundedness condition on an
arbitrary function J which appears in the weight constants given by c,; = J(i/(n + 1)), Mason’s
result in conjunction with those obtained by van Zwet [22] and Wellner [19] yield the best known
results (cf. Corollary 1 in [12]). The proof of the main result in [12] relies on the asymptotic
behavior results for order statistics.

Here another approach is used for the same purpose. To prove the law of large numbers for
the L-statistics we firstly establish the law of large numbers for the corresponding empirical df in
the space of measurable functions furnished with a function-norm depending on the weights of the
L-statistics. Secondly, we use the fact that the L-statistic can be considered as an image of the
empirical df by the superposition operator induced by the integral representation of the L-
statistic. This approach leads to sufficient condition s for a broad class of L-statistics which
appear to be necessary when specialized to a subclass closely related with (1.1). These conditions
(the same as in (1.2)) also characterize the SLLN for the empirical df in an appropriate quasi-
Banach function space, and in this way provides an interpretation of (1.2). Moreover, we
complement and improve results obtained by van Zwet [22] and Wellner [19], respectively. The
same approach in addition yields sufficient and necessary (in some sense) conditions for the weak
law of large numbers (WLLN) to hold. To the best of our knowledge the convergence in
probability of L-statistics was not treated in the literature previously. We hope that some of the
results concerning laws of large numbers in quasi-Banach function spaces for empirical df’s stated
in a more general form than are presently needed are of interest in their own right. The use of
the superposition operator for L-statistics seems to be new. The central limit theorem in function
spaces for the empirical process in conjunction with differentiability properties of the
superposition operators has been used in [14] to prove the asymptotic normality of L-statistics.

2. Results

Let Uy4,...,U,, be iid Uniform (0,1) rv’s with order statistics U,.; <:--<U,,.,, and let X be
Lebesgue measure on T' = (0,1). We denote the uniform empirical df by

G (t): =% Vo U), teT,

i=1
here and throughout the paper [, denotes the indicator function of the set A, and the inverse
uniform empirical df G 1'is the left-continuous function

67 (t)=U,.,;, forte((i—1)/n,i/n), i=1,...,n.

We wish to consider L-statistics with the weight constants given by
i/n
cpi(d): = / Jd), i=1,..,n,
(i=1)/n

for some A-summable over T function J often called a score function. We will keep this
assumption on the function J throughout the paper. More general versions of our results for the
larger class of score functions considered in the previous works could have been given here using
the standard approximation procedure. To simplify the presentation of the main ideas in this
paper, such a generalization is not presented here. The choice of the score function is ruled by the
following well-known integral representation of the L-statistic given by
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Ln(J’g): :‘11’? ’Xn:lcni(J)g(Un: i) = /g(Gn_l)Jd’\ (21)
t= T
G, (t)
= [ Jgdr— JdX (dg(t) (2.2)
A

which holds under appropriate assumptions on the existence of the integrals. We will refer to
(2.1) and (2.2) as the first and the second representation of the L-statistic L, (J,g) respectively.
We will say that the L-statistic L, (J,g) satisfies the SLLN (the WLLN) if the relation

!lll)nooLn(J,g) = /Jgd/\
T

holds almost surely (in probability, respectively).

Here we present the results for the case when the rv’s are uniformly distributed and the
function ¢ satisfies the additional assumptions. But the proofs are given in a more general
setting. A positive function g and T is u-shaped if ¢ is nonincreasing on (0,1/2] and symmetric
about t = 1/2. The following statement is a consequence of Theorem 5.2 below.

Corollary 2.1: Let g be a Borel measurable u-shaped function on T. The L-statistic (2.1)
satisfies:

(1)  the SLLN if

t(1—1)
49(2109"(6/@(1 - t)))) | J(t)]dt < oo,

for some o > 1;

(2)  the WLLN if

[ ot -0y 1301t < o0,
T
for every M € (0,1).

The first part of this statement extends Theorem 2.1 in [22] to nonintegrable functions g. For
example, one can take g(t) = 1/t(1 —t), t € T, and the corresponding score function J to conclude
the SLLN.

The main result may be considered to be a general statement in Theorem 6.1 below. The
following consequence is a case of Corollary 6.2.

Corollary 2.2: Let g be a lefi-continuous and nondecreasing function over T such that
9(1/2) =0 and let 0 < p < 0. Suppose that there exists a finite constant C such that

[J(t)| <C[t(1=)]P~1, for X-aa. tE€T.

Then the L-statistic (2.1) satisfies:
(1)  the SLLN if
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/Ig(t)|1/pdt<oo and /[t(1-t)]P—1|g(t)|dt<oo; (2.3)
T T

(2)  the WLLN if only the second integral in (2.3) is finite.

The necessity of the conditions in (2.3) is treated in Proposition 6.3 under additional as-
sumptions on the score function J. As noted in the introduction, conditions in (2.3) characterize
the validity of the SLLN and the WLLN for the empirical df G,, in the quasi-Banach function
space L,(T,dg) (cf. Theorems 4.2 and 4.3 below). In Theorem 6.4 below, one can find yet an-
other sufficient condition for the SLLN for the L-statistic (2.2) to hold which complements the
first part of Corollary 2.2 in the case when p > 1.

Now let us describe the scope of the paper. The next two sections are preparatory. Section 3
is devoted to some properties of superposition operators used here, and Section 4 deals with the
characterization of the laws of large numbers for empirical df’s with sample paths in function
spaces. Another part of the paper is devoted to the laws of large numbers for L-statistics. The
treatment is divided into Sections 5 and 6 depending on whether the first or the second re-
presentation of the L-statistic, respectively, is used.

3. Superposition Operators

The basic tool for what follows is a superposition operator acting between spaces of
measurable functions. We recall here some properties of this operator, and refer to [1] for more
information.

We start with some basic definitions and notations concerning quasi-Banach function spaces
to be used throughout the paper. let (T, u) be a complete o-finite measurable space and let
M(T,p) be the linear space of all real valued p-measurable functions defined on T, where

functions equal almost everywhere are identified. The mapping || - || defined on M(T, ) into
[0,00] is called a function quasi-norm if || - || has the following properties:
(1) [FI =0iff f=0ae,
lef Il =lel [Ifll, VeeR,

3 < oo such that || f+g || <a[|| || + 1|}, Vf.g € M(T, ;
(2) if |g] < || ae then |lgi < [IFII-

Given the function quasi-norm || - ||, define the set B(T,mu) = {f € M(T,n): || f]|| < oo}.
Then B = (B(T,p), || - ||) is a quasi-normed linear space. If B is complete, it is called a quasi-
Banach function space. A p-measurable subset T C T is called a carrier of B if T\T, is the
largest set in the sense of inclusion such that f"T\TO = 0 for every f € B. Without repeating it

every time we assume that the carrier of any B(T, u) to appear below is equal to the whole of T
Another assumption to be assumed without further reference is that

I, €B(T,pu), VACT such that u(A) < co. (3.1)

In passing, it may be remarked that in [11], the Banach function space B with the condition (3.1)
is said to be a Ko6the function space.

Let B = (B(T,p), || - ||) be a quasi-Banach function space and let {f,: n > 1} be a sequence
in B. We use the property that if there exists f € B such that || f,, — f || =0 as n—oo then f —f
in p-measure. The proof of this fact for the function norm given in Theorem IV.3.1 from [5] can
be extended to the function quasi-norm by invoking the existence of a p-homogeneous, 0 < p < 1,
norm, topologically equivalent to || - ||. A quasi-Banach function space B is said to have an
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order continuous function quasi-norm if it follows from 0 < f, < f in B and f,—0 p-a.e. ( in
other words, from f, —0 in order) that || f, || —0.

Turning to the definition of the superposition operator, let ¢( -, ) be a real valued function
defined on T xR. A superposition (or Nemytskii) operator & is defined by

(}f(t) = ¢’(t’f(t))s teT, (32)

and we will refer to ® as to the superposition operator induced by the function ¢. A function ¢ is
said to be superposition measurable if the operator ¢ maps every measurable function into a
measurable function, i.e., the superposition ¢(¢, f(¢)) is measurable for every measurable function
f- A stronger assumption often made on such operators is that ¢ is a Caratheodory function,
namely that ¢( -,z) is measurable for each z € R, and ¢(t, -) is continuous for p-almost all t € T'.
® is a nonlinear operator acting between subspaces of M(T, ). The basic fact to be used in this
paper is due to Krasnosel’skii [7], (cf. also [8]) and, roughly speaking, says that ® is continuous
from B, into B, if ® maps every function from B, into B,. The following statement is a variant
of a more general fact proved in [9] (cf. also [6]), thus we omit the proof.

Theorem 3.1: Let ¢ be a Caratheodory function over T xR such that the superposition
operator ® induced by ¢ maps a quasi-Banach function space B,(T, p) into another quasi-Banach
function space By(T, p) with the order continuous function quasi-norm. Then ® is continuous.

The assumption on ¢ to be a Caratheodory function is comparatively strong in the present
context. The advantage of the second representation (2.2) of the L-statistics is that the function
é;(t, ) = ft'Jd/\ is continuous for all ¢ € T whenever the score function J is integrable. An
analogous attempt to treat the L-statistics given by the first representation (2.1) requires
continuity of g. Therefore, a weaker property of the superposition operator will be used in this
case. Namely, if the function g is Borel measurable then an appropriately defined function ¢ g (cf.
(5.2) below) is superposition measurable and the induced superposition operator & g Dreserves a
uniform absolute continuity of the function norms. Recall that a subset W in a Banach function
space B with the finite measure space (T, ) is said to be of uniformly absolutely continuous norm
(UAC norm) if given € > 0, there exists § > 0 such that || fl|| < € holds for all f € W and for
all D C T such that (D) < 6.

Theorem 3.2: Let (T,p) be a finite measure space and let ¢ be superposition measurable
function over T xR such that the superposition operator induced by ¢ maps a Banach function
space B,(T, pu) into another Banach function space By(T,pu) with the order continuous function
norm. Then ® maps every subsets F C B, of UAS norm into the set in B, of UAC norm also.

The proof of this statement for L, spaces is to be found in (1] (Lemma 5.17.3). The proof in
this more general setting follows the same lines, and we omit it.

4. Empirical Distribution Functions

We will be concerned further in this section with the question of when does the empirical df
satisfy the law of large numbers considered as the normed partial sum of iid stochastic processes
with almost all sample paths in a function space. This is a special case of a more general problem
on the law of large numbers for vector valued rv’s. The characterization of the SLLN for rv’s
with values in an arbitrary (possibly non-separable) Banach space is given by Talagrand [18].
Less is known about the convergence in probability and about the case of the non-Banach space
valued rv’s.

Let X,,...,X,, be iid real rv’s on a probability space (2, Pr) with the df F. We assume that
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F is non-degenerate, i.e., that —oo<a<b< 400, where a: =inf{t€R:F(t)>0} and
b: = sup{t e R F(t) < 1}. Put T =Tp: =(a,b). We will consider the empirical df F, given by

F.()= %Z la,e)(Xi)s tE€TR,
i=1

as a stochastic process with almost all sample paths in a quasi-Banach function space
= (B(T g, 1), || - || ), where the measure p is assumed to be Radon, i.e., u([c,d]) < oo for all
compact subsets [c,d] C T'p. As usual, the asymptotic behavior of the empirical df F,, near 0 and
1 at the endpoints a and b is of interest. The symmetrization of F defined by

o -F,(t), ifte(ac),
Salt) = 1-F(t), ifte[c,b) (1)

for some point ¢ € T'g, provides a way to joint the analysis of both endpoints. for notational
convenience, we assume ¢ to be a continuity point of the df F' such that F(c) =1/2 and put

—F(t), ifte(ac),

m(t): = ES_(t) =
) (1) 1-F(t), iftele,b).
The representation
n
Sn(t) = '}TZ ¢(Xia t)a te TFa

i=1

where the function ¢ defined on T i x T' is given by

-1 , if ¢ € (a,c),
T
ll[c'x), if z € [¢,b),

is a simple consequence of the definition in (4.1).

Let B = (B(T,pu), || - ||) be a quasi-Banach function space. For a given real rv X, the
function ¢ defines the map ¥ o X: = ¢(X, -) with values in B. By a standard terminology, the
problem in question is when does the function ny satisfy the law of large numbers in B. Since
F,—F =m-—S,, it is convenient to say that the empirical df F satisfies the SLLN (the WLLN)
in B if there exists an element h € B such that ||S, —h || —0 almost surely (in probability,
respectively).  Since the convergence with respect to the function quasi-norm yields the
convergence in y-measure, one can conclude that h = ES, = m whenever the law of large numbers

holds for F .

We start with the SLLN in a Banach function space B. By Theorem 26 in [18], the empirical
df F,, satisfies the SLLN in B if and only if ¢ o X is properly measurable, and

/ | %o X || dPr < . (4.2)

The proper measurability notion is rather technical, and we refer to [18] for the definition. Since
popX is a Pr® p-measurable function on Qx T, by Luxembourg-Gribanov’s theorem (cf. e.g.
Theorem 99.2 from [21]), the map Q3 w— || ¥ o X(w)|| is Pr-measurable. So, we can simply
drop the asterisk in (4.2). The map % o X is scalarly measurable and need not have a separable
valued range in general (cf. the proof of Theorem 1.5 from [2]). Thus, the well-known Bochner
integrability condition for o X is sufficient only (cf. [4]). It should be pointed out before
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proceeding further, that the Banach function space B is separable if and only if the function norm
is order continuous and pu is a separable measure. To verify Talagrand’s proper measurability
condition, we will assume that i o X is the map with values in an associate space rather than
with values in an arbitrary Banach function space. For a given Banach function space B, one can
define the associate space (or Kothe dual space) B’ by

B: = (g eM(T,: [ |fgldu<oo, VfeEB).
T

Furnished with the associate norm

lollg =sup{| [ fodul: IS0 <1, voe®,
B’ is a Banach function space also. This is a rather large class of function spaces including
Lebesgue spaces L, with 1 < p < oo.
Now we are ready to deduce the following statement:

Proposition 4.1: Let X be a rv with the df F and let B = (B(T g, p), || - |0 be a Banach
function space. Then the empirical df F satisfies the SLLN in the associate space B’ if and only
ifE||1/;oX||fB<oo.

Remark: Also one can say that the Banach function space B is a Glivenko-Cantelli class if
and only if E”‘/’OX”B < 0o. Moreover, one can prove in a similar way, the SLLN in an
arbitrary Banach function space B if in addition 1 o X is a B-valued rv with essentially separable
valued range.

Proof: By Theorems 2.6(c) and 22(V') from [18], it is sufficient to prove that the set
2 ={ [ woxam 111 1}
T
is order bounded, and the following relation
ImE|S,—m|g=0 (4.4)

holds. It is obvious that the set Z, is order bounded by |$oX||. Thus, we must only
establish (4.4). Using the definition of the associate space and Fubini’s theorem, one can deduce
the following inequalities:

Imllg=sup{l [(Bwox)rdul: 111 <1}
F

<sup{E| [@oX)fdul: Il STY<ElvoX g (45)

F

This is the only point where the definition of the associate space is used. Choose an arbitrary
€ > 0. By the mtegrablhty assumption, one can ﬁnd finite numbers a, and b, such that

/ I9(e: )l gF(de) + / I 96z, )| pF(do) <. (49)

Thus, by the triangle inequality and (4.5), we have
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B||S,~mllg<2E (4o X, Ig+2EllwoXiy 4 I
I nE F (t)-F()]|.
+ e 51l fngFl ()= F(t)]
We note that
V(@ Mg,a) =0 Yz >a
and
1/)(17» : )“(bc’b) =0 Vz < be‘

Hence, by (4.6) and by the Glivenko-Cantelli theorem in conjunction with the dominated
convergence theorem, it follows that

JFm E||S,—m| g < 2.

Since ¢ is an arbitrary number, this gives us the desired relation (4.4). Proposition 4.1 is proved.O

Remark: The finiteness of the right side of (4.5) in conjunction with Theorem 6-1-2 form [17]
yield that 1 o X is Pettis integrable and m is its Pettis integral.

Now we turn to the non-Banach function space case. In order to develop some feeling for
what can be expected, we will compare the left and the right sides of (4.5) for Lp-spa,ce quasi-
norms with 0 < p < oo. For all z,t € T, we have (cf. Lemma 4.1 from [13])

< 190 + [m(®)],
4@ =m(®)| = |l @ -FOI]
> 1190 A Im()].

Thus, for any function quasi-norm || - || we have
E|l¢poX —m| <oo iff E|¢poX]| < +00 and ||m] < oco. (4.7)

The two conditions in the right side of (4.7) are different in general. For example, let U be a
Uniform (0,1) rv and let B = (L,((0,1),p), || - || ,), where p is the Lebesgue-Stieltjes measure
induced by some nonnegative and nonincreasing function and || - || , is the usual L ,-quasi-norm.
Then it follows from the Proposition in the Appendix to [12] that the condition E' || oU || , < oo
is stronger than, equivalent to, or weaker than the condition m € ILp depending on whether p > 1,
p =1, or p <1, respectively. This suggests that the characterization of the SLLN in the form of
Proposition 4.1 ceases to hold for non-Banach function space valued rv’s.

For given 0 < p, ¢ < 00, define the quasi-Banach function spzzce
¢
Ly ool ={f €M, = 111yt = ([ 171742+ [ 1194079 < o).
’ ‘ (4.8)
We shall be content here with the following.
Theorem 4.2: Let X be a rv with the df F and let the quasi-Banach function space

L, (Tpip), 0<p, g<oo be as above. Then the empirical df F, satisfies the SLLN in L, if
and only if
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E||poX—-m]||, , <oo. (4.9)

Proof: Assume that the SLLN holds in L, . Hence ||S,, —m|| —0 almost surely as n—oco.
Then the standard argument based on the Borel—Cantelh lemma implies (4.9).

Conversely, assume that (4.9) holds.  Choose arbitrary numbers A, B such that
a< A< B<b and put A =A(4, B) = (A, B). Denote by K, 4 the constant which appears in

the triangle inequality for the quasi-norm || - || , ;. Then we have

” Sn -—m ” P, q < K‘p,q ” IIA “ p’qtsng l 'Fn(t) - F(t) I
F
2
+ Kp,q[ “ SnﬂAc “ P,q + “ mnAc “ p,q]‘

By the Glivenko-Cantelli theorem and (4.9) and due to the order continuity of the function quasi-
norm || - || , ,, one can conclude that

,@o“ Sp=m|l pq< ?o,q All"%", nlm IS4 n°A°(A,B) lp,g s (4.10)
By the definition of || - ||, ,, we have

1Sulacia, 5yl pra = 1 Fabia, apllp+ I1(L=F g4yl

The two terms in the right side can be treated separately in an analogous manner. Thus, we will
consider only the first of them. If p > 1, then by the SLLN in the Banach function space
L,((a,A],p) (cf. Proposition 4.1) and by the order continuity of the function norm || - || p We
have

T T, I F e, a1 = T2 i gy, = 0, @

Assume now p < 1. Since the function P~ ! is nonincreasing, by the mean value theorem, one

can conclude that
A

A
IFd a3 [2PP@uan+ [F 0P~ Oudo).

Due to the SLLN in the space L;((a, A],up) with the measure v, = FP~1, it follows that

T T -1 T _

{ﬁz ,,ILTQO/IFan d,u_{ﬁrg lml, 41 ll =0, as.
a

These give us that the right side of (4.10) is zero almost surely and the proof of the theorem is

completed. O

Now we proceed to the question of the convergence in probability of the empirical df in quasi-
Banach function spaces. An application of Daniel’s theorem in conjunction with the Glivenko-
Cantelli theorem gives us necessary and sufficient conditions in this case. Only for th sake of
simplicity we pose a condition on the function quasi-norm which implies measurability of
||#oX|l. Namely, for a given function quasi-norm || - ||, assume that for every subset A CT
of finite y-measure there exists a finite constant C'5 such that the inequality

17141 <Ca [ 171du
A
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holds for all f. Then, letting A 1T for any sequence of subsets with finite y-measure, we arrive
to the desired measurability of the map 2 3 wr || ¥ o X(w) || whenever the function quasi-norm is
order continuous. It is clear that this condition is satisfied by the quasi-Banach function space
L, ,spaces with 0 < p, ¢ < 0.

Theorem 4.3: Let X be a rv with the df F and let || - || be an order continuous function
quasi-norm on M(Tp,p) as above.  Then the empirical df F satisfies the WLLN in
B=B(Tg,u), || -||) if and only if m €B.

Proof: Assume that the empirical df F satisfies the WLLN in B. Then there exists a
subsequence {n;:k € N} such that || S"k — h|| —0 almost surely for some h € B. This implies the
convergence | S"k — h | —0 in p-measure almost surely, and hence m = h € B.

Conversely, assume that m € B. choose an arbitrary number € > 0. By Daniel’s theorem,
there exists a positive number A, < oo such that

Pr({sup F((t)) >0+ Pr({s p o1 “;,((tt)) >} <e

Due to the order continuity of the function quasi-norm, one can find real numbers A and B such
that a < A < B< b and

Al mﬂTF\[A,B] [| <e€/2k.

This yields the inequality

Pr({[|Sy—m |l >e}) < e+ Pr({ |} o pyll sup | Fo(t) = F(£) | > e/26)).

An appeal to the Glivenko-Cantelli theorem completes the proof of the theorem. a

By the WLLN for Banach space valued rv’s (cf. e.g. Theorem V.9.1 from [20]), one can
conclude that for the empirical df F, to satisfy the WLLN in B, the condition

{\iLnoo/\Pr({ |YvoX —m| >A})=0 (4.11)

is sufficient if and only if the Banach space B is of g-stable type and is necessary in an arbitrary
Banach space. Thus, it would not be out of place to compare (4.11) with the condition m € B for
the Banach function space B. Since the following statement is not a principal result, the proof
will be given for uniformly distributed rv’s.

Proposition 4.4: Let U be uniformly distributed on T = (0,1) and let B be a function Banach
space with order continuous norm || - ||. Then the condition m € B implies (4.11).

Remark: The converse implication is obvious. Moreover, in the separable Banach function
space B =01, which is not of l-stable type, the condition m € B is equivalent to the Bochner
integrability of B-valued rv ¢ oU. Thus, the WLLN and the SLLN for the uniform empirical df
G,, are equivalent in this case.

Proof: Define the family of functions {f;u € T} on T by

uﬂ[u'l/z), if u< 1/2,

fU: - (1 - U)nll/Z' u), if u 2 1/2.

Note that f, < |m]| for all u €T and for every t € T we have f (t)—0 as u|0 and ufl. The
order continuity of the norm and the preceding remark yield that
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Jim W full =0 (4.12)

Choose an arbitrary number ¢ > 0. By (4.12), there exists § € (0,1/2) such that
Wl 1yl <€/, Vue (0,0)
and
(1—=u)|| I][l/z,u) || <e/4, Vue(l1-6,1).
Then for all A > 2 || Us1 — &) | V2| m]||, we have
APr({ | o U —m || > A}) < APr({[| ol —m | >)/2})
AP 1| > V2,0 < 8D+ Pr({ly 5| > V2,0 > 1-8))
<APr({U < Ae/2}) + APr({l —U < Ae/2}) = e.

Since ¢ is arbitrary, this completes the proof of the proposition. O

5. L-Statistics Given by the First Representation

Assume in this section the function g is Borel measurable. Only in this section we will also
confine ourselves to uniformly distributed rv’s. By the first representation of the L-statistic (2.1),
we have

1-1/n
Ludi0)= [ o6 IaN+ oU )/ + 80 el

1/n
=T, + Y+ Ynn (5.1)

By Theorem 2.1 from van Zwet [22], it is known that the L-statistic L, (J,g) satisfies the SLLN if
g€ ILP(T,)\) and J € [Lq(T,/\), for some 1< p, ¢ <oo such that p~14+¢g~1'=1and T = (0,1).
For the proof of this result, Vitali’s theorem on convergence in the space ILp(T,/\) has been
applied. The proof of Theorem 5.2 below relies on Vitali’s theorem on convergence in the space
L,(T, | J | A) in conjunction with Theorem 3.2 on superposition operators.

Turning to the definition of the superposition operator, put

(

$t/10g*(9), if ¢ € (0,1/2),
ho i(t): =3 e
1-9(1— t)log2(i%t), if ¢ € [1/2,1),
\
and .
2tlog,(S), if ¢ € (0,1/2),
h t): =
ol =9 1~l(1/t)zoga(L) if t €[1/2,1)
{ 2 1 _t y ) )

for some o > 1. Here, instead of the function w(t) = log*(1/t) one can take any nondecreasing

1
function w such that [ [tw(t)]~'dt < co. For a given M € (0,1), define also
0
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Mt, if ¢ € (0,1/2),

hag,i(t): =35
1-(1-t)/M, if t €[1/2,1),

\

and

t/M, if t €(0,1/2),

hM,u(t): =9
1—M(1-1), if t € [1/2,1).

L

For every M € [0,1), define the superposition operator ® = ®,, by (3.2) with ¢ = ¢, given by

9(har,i(2)), for z < hpy (1),
ot z): = g(z), for z € [hM,l(t)ahM,u(t)]’ (5.2)
g(hM, u(t))’ for z > hM,u(t)’

for every t € T' and z € R,
We begin by extending Lemma 2.1 from [22].

Lemma 5.1: Let g be a Borel measurable function and let M € [0,1). Then with
probability 1, ¢, (- ,Gn_l) converges to g in Lebesgue measure, i.e., for every ¢ >0,

lim A({t € T: | ép(1,6, (1)) — g() | > €}) =0.

Proof: Suppose first that M = 0. By Corollary 1 in {16, p. 410] and by Theorem 2 in [16, p.
426), it follows that, with probability 1, ¢o(+,G,7 1) = goG, ! on the interval [1/n,1—1/n] for
sufficiently large n. Thus, the desired statement follows from Lemma 2.1 of [22] in this case.
Suppose now that M € (0,1) an choose an arbitrary number ¢ > 0. By Lusin’s theorem there
exist a Borel set BC T and a continuous function g, defined on T such that A(B) <¢/2 and
g=g.on TNB° Define B,: = {t € T:6,7 ! € B}. Then it follows form the classical SLLN that

. R
lim \(B,) = lim & Zln 5(U;) =X(B) as.
1=
Define also A,: = {t € [logn/n,1 —logn/n):G (t) ¢ (hpr,vhas o)} Since M <1, it follows
from the estimate (10) in [16, p. 424] that with probability 1, A, =0 for sufficiently large n.
Now, continuity of g,, the Glivenko-Cantelli theorem and the preceding remarks yield that, with
probability 1,

TmA{t € T | 40(1,6,7 (1) = 9(1) | = €} < A(B)

— I
+ l%m[)\(Bn) +A(4,) + 2Log "]

+UmMA{t € T: | 9.(G, (1)) — g, ()| 2 €}) <

establishing the desired statement in the case M € (0,1) also. Lemma 5.1 is thus proved. a
For a given function g and fore very M € [0, 1), define the function g,, by

ap(t): = sup{|g(s)|:s € [hpg (1) hpr (D]}, tET,
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and assume g,, to be Ad-measurable (take an upper )-envelop if not). Now we are ready to state
and prove the first result.

Theorem 5.2: Let g be a Borel measurable function. The L-statistic L, (J,g) represented by
(5.1) satisfies:
(1)  the SLLN if v, + ¥,n—0 a.s., as n—oo, and

/90 | J|dX < oo; (5.3)
T

(2) the WLLN if v,,; + 7,,,—0 in probability, as n—oo, and

]gM|J|d,\<oo, VM € (0,1). (5.4)
T

Remark: If g is unbounded and u-shaped then v,_; +7,,,—0 almost surely (in probability)
just by (5.3) (by (5.4), respectively). The first part of Theorem 5.2 also can be stated using an
integrability condition on the function g, from Theorem 3.2 of [22] which incorporates the
convergence 7,1 + 7,,—0-

Proof: (1) By upper and lower almost sure bounds on G_l (cf. Corollary 1 m [16, p. 426%
and Theorem 2 in [16, p. 426]), it follows that with probablhty 1 we have ¢y(-,G, 1= goG,
on the interval [1/n,1—1/n] for sufficiently large n. Moreover, ¢y(-,I) =g on T, where I
denotes the identity function I(t) = ¢. Hence, by the representation (5.1), it is sufficient to prove
that, with probability 1,

®,G, '=®,I in L,(T,|J|)) asn—oo. (5.5)

For this we check the assumptions of Theorem 3.2. Since the composition of a A-measurable
function and a Borel measurable function is A-measurable, the function ¢, in (5.2) is
superposition measurable. Moreover, just by the definition, the inequality |¢y(-,z)| < g, holds
for all £ € R, and hence, by the assumption (5.3), the induced superposition operator ®, maps

Ly(T, |J|A) into Ly(T, |J|A). Thus, we are in position to apply Theorem 3.2. Due to the
finiteness of the measure |J|A and by the Glivenko-Cantelli Theorem, with probability 1, G,
tends to I in the space L,(T, |J | A). Thus, an appeal to Theorem 3.2, assures us that with
probability 1 the sequence {®,G, ':n € N} C L,(T, | J| ) is of UAC norm. Hence, (5.4) holds
by Vitali’s theorem whenever with probability 1 the sequence &y(-,G,; ) converges to ¢ in
Lebesgue measure. But this is exactly what Lemma 5.1 says in the case M 0. This completes
the first part of the proof.

(2) Choose an arbitrary number ¢ > 0. By in-probability linear bounds on G, 1 (cf.
Inequality 1 in [16, p. 419]), there exist M = M, € (0,1) and a subset A, of w having
Pr(A,,.) >1—¢on which

9(6,1(1) = om (1,6, 7(1), VEE[l/n1-1/n]
Thus, by the representation (5.1), we have
1-1/n
Pr({|L,(J,9) - / gJdA| > €}) < Pr(A,) + Pr({ypy + Ynn 2 €/2})

1/n

+Pr(( [ Lon (1671 =1 171432 ¢/2)). (56)
T
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Now, as in the case (1), we conclude that (5.5) holds for the superposition operator ®,, instead
of ®, thereby proving the convergence to zero of the right side of (5.6). This completes the proof
of Theorem 5.2. O

6. L-Statistics Given by the Second Representation

We shall consider in this section the L-statistic
n
Lo(1,9) =1 D eniD)o(X ) (6.1)
1i=1
for iid rv’s X,,...,X, with the df F. Concerning the function g on T = (a,b), assume

throughout this section that there exists a signed Lebesgue-Stieltjes (Radon) measure dg on T'p
such that

[Cvt)

For such a g, its total variation function v(g) can be defined by

var(g;[c, t]), for ¢ € (c,b),
v(g)(t): = 0, for t =,
— var(g;[t,c]), for t € (a,c),

and the induced total variation measure denote by v(dg). These can be done if and only if g is
left-continuous and of locally bounded variation over T .

To justify the second representation of the L-statistic (6.1) assume that

1
/ | Ju(g) o pF ~ 1| dA < oo, (6.2)
0

where F ~1(t) = inf{z € Tp: F(z) > t}, t € (0,1). Note that (6.2) is equivalent to the finiteness
of two integrals with the positive variation function g ¥ and the negative variation function g~
instead of the total variation function v(g) in (6.2), respectively. This in conjunction with the
expression g = g 7 — g~ justifies the identity

'F

1 n
L(J,9) = /JgopF—ld,\—/ /JdA dg
0 TF F
=:0+T,. (6.3)

Turning to the superposition operator ® = ®; defined by (3.2), choose an arbitrary number
v € (1/2,1) and put

x| Ay
6,(t,a): = / J(s,)ds, teTpzeR, (6.4)
() |
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where

To(5:) = T Mg o)1) + (1 =My, py(8), 1 € T, (6.5)

andm = ES,, (cf. (4.1) above). The number v in (6.4) is used to estimate the score function J
when it is unbounded (cf. (6.10) below).

An advantage of the following general statement is that it is true in a more general setting
than we use here. For example, the L-statistic and the corresponding empirical df F, can be
based on nonidentically distributed rv’s with an arbitrary dependence structure.

Theorem 6.1: For a given df F, a score function J and the function g as above assume that
(6.2) holds. Suppose that there ezists a quasi-Banach function space B = (B(T g,v(dg)), || - ||)
such that the superposition operator ®; induced by the function ¢; given by (6.4) maps B into
Li(Tg,v(dg)). Then the L-statistic (6.1) satisfies the SLLN (the WLLN) whenever the empirical
df F,, based on the rv’s with the df F satisfies the SLLN (the WLLN, respectively) in B.

Proof: It is clear that

Fn(t) 1S,(t) 1
J(s)ds = / J (s, t)ds, VteTp.
F(t0 | m(¢) |

By the Glivenko-Cantelli theorem, we have that, with probability 1,
15,0 < |Fa-F| +1/2<y onTp
for sufficiently large n. Hence, taking into account (6.3) and (6.4) we see that, with probability 1,

1L, (J,9)—0) = | T,\| < / 18,5, | v(dg), (6.6)
Tp

for sufficiently large n. Due to the assumption, we have that S,,—m almost surely in B. Hence,
by Theorem 3.1, the right side of (6.6) tends to zero as n—oo. This establishes the first part of
the theorem. Turning to the second part, choose an arbitrary number € > 0. By Theorem 3.1
once again, there exists a number 6 = 6, > 0 such that

[12:1 109 <
T
for all f € B such that || f —m/|| <#é. Therefore, we have
15,01 > 90+ Prif [ 125,1v(dg) > )
T
< Pr({sup. |Fa()—F@)| >v—-1/2) + Pr({||S,—m|l >6})
F

Pr({| L,(J,9)—0| >€}) < Pr({tstépT
F

and the second part of the theorem follows by the Glivenko-Cantelli theorem and the WLLN in B
for the empirical df .. O

Invoking a score boundedness condition: there exists a finite constant C' such that

[J(t)| <CTP~Y1-t)2"1  for A-a.a. ti(0,1); (6.7)
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for the quasi-Banach function space B in Theorem 6.1, one can take the space IL p.q defined by
(4.8). In this way, Theorem 6.1 in conjunction with Theorems 4.2 and 4.3 yield:

Corollary 6.2: Assume to be given the df F, the function g as above and the score function J
such that (6.7) holds for some 0 < p, q < co. Then the L-statistic (6.1) satisfies the SLLN if

/I g)ll/pfF+/|v(g)|l/"dF<oo (6.8)

and

c b
/ | o(g) | dFP + / | o(g) | d(1 - F)? < co. (6.9)

Moreover, the L-statistic (6.1) satisfies the WLLN if only (6.9) holds.

Proof: The formula for integration by parts and the score boundedness condition (6.7) yield
that (6.2) is a consequence of (6.9). By (6.7) once again, it follows the existence of a finite
constant C = C(p, ¢,7) such that for the function ¢; defined by (6.4) we have

650 2) | <C{lle|P+ [m|Phg o+ 12T+ Im]N, 0} (6.10)

for all x € R. By virtue of the formula for integration by parts, we infer that m € B if and only if
(6.9) holds. This in conjunction with (6.10) yields that the superposition operator ®; induced by
¢ (see (6.4)) maps L, (T v(dg)) into L,(T,v(dg)), and for the quasi-Banach function space B in
Theorem 6.1 we can take the space L, (T v(dg)). Turning to the law of large numbers for the
empirical df in L,, ., by (4.9) one can "conclude that (4.11) holds iff (6.8) and (6.9) are satisfied.
Hence, by Theorem 4.2 the SLLN in IL p.q holds, and the first part of the corollary follows from
Theorem 6.1. The second part corresponding to the WLLN follows in a similar way from
Theorem 6.1 in conjunction with Theorem 4.3. This completes the proof of Corollary 6.2. ]

Note that conditions (6.8) and (6.9) reduce to (1.2) for the L-statistics (1.1). Next we show
that these conditions also are necessary when specialized to a subclass of L-statistics.

Proposition 6.3: I. Let F be a df, g be a left-continuous nonincreasing and nonnegative
function on T and take the score function J (t) =tP~1 te(0,1), for some p>0. If, for the
L-statistic (6.1), we have

Jim L,(J,,9)<oco as, (6.11)
then
/ 9"/PdF < co. (6.12)
Tp
I1. Let g be a nonnegative Borel measurable function on T = (0,1) and let the score

function J be nonnegative. Consider the L-statistic (2.1) based on uniformly distributed rv’s. If
(6.11) holds with the score function J instead of J s then

/g(t)J(2t)dt < o0.
T
Remark: The necessity question for the WLLN is more complicated. Recall that A-

integrability (of go X) is a necessary and sufficient condition for the WLLN to hold in the
classical setting (J = 1).
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Proof: I. Put ¢~ : = —g. By Abel’s identity, one can conclude that

_g(b
L,(Jp9)= % / Fhdg™ + g%_)_
Tp

Note that the integral is equal to ||F,, || where || - ||, is the function quasi-norm on the space
ILp(T 497 ), 0 < p < oo, and by the triangle inequality we have

n Wyl < s IF I+ (27 1 Fa 11, )

Hence, due to the assumption (6.11), we have
= -1
Jimn ™| n[Xn,b) | p <oo as.

Thus, by independence, the Borel-Cantelli lemma and identical distributions, one can conclude
that

00> E|llxpllp= /(-"(t) — g(b))/PF(dt) > 2~ 1/,,/ gV/PdF.
Tp {t:9(t)> 29(b)}
This implies (6.12) as required.

II. Take a sequence {a,:n € N} defined by a,: =logn/n. By the third relation in (10) in
[16, p. 424], we have that with probability 1

sup G l(t)/t<2
a,<t<1

for all sufficiently large n. Hence, due to the assumption, it follows that

1/2 1
oo > lim L, (J,g) > lim_ / gopG1Jdr> % / J(2t)g(t)dt.
a 0

n

This completes the proof of Proposition 6.3. a

By the aforementioned result form Mason [12], the condition (6.8) is stronger than (6.9) if
p>1and ¢ >1. The next statement compliments this case by providing still another sufficient
condition. The proof given below differs very little from that used for the proof of Theorem 3 in
Wellner [19]. Namely, the ILN in the space L, for the empirical df is used instead of the SLLN in
a sup-norm. The improvement consists that one can take a logarithmic factor in the definition of
the function h (cf. Assumption 1 in [19]) instead of the power function ¢~ for some § > 0. For
simplicity, we give the proof for uniformly distributed rv’s and assume that p = ¢ in the scores
boundedness condition (6.7).

Theorem 6.4: Let the function g be as above and let the score function J be such that for
some 1 < p < oo there exists a finite constant C such that

[J(t)| <C[t(1-1)]P~Y,  for A-a.a. te€(0,1). (6.13)

Then the L-statistic (2.2) based on uniformly distributed rv’s satisfies the SLLN if

1
/ | m | Pllog(e/ | m | )]~ Du(dg) < oo, (6.14)
0
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for some a > 1.

Remarks: 1. Instead of thg¢ function w(t) =log*(1/t) in (6.14), one can take any
nondecreasing function w such that [ [tw(t)] ~1dt < co.
0

2. An analogous proof in the case 0 < p < 1 gives a weaker result than that in Corollary 6.2.
But the condition for the WLLN appears to be the same as in Corollary 6.2.

Proof: Due to assumption (6.13), it follows that

G,,(t) 1,(0) |
/ J(s)ds| = / J (s,8)ds|< [S,(8) | P~V | m(t) | P~ 1S, (t) — m(1)],
: () |

for all t € T'=(0,1), where the function J_ is given by (6.5). By the SLLN for the empirical df in
a sup-norm (cf. Theorem 1 in [16, p. 410]), it follows that, with probability 1, the inequality

1S, 1P~ <2|m| P~ Yog(1/|m[))*®~Y onT

holds for sufficiently large n. Hence, with probability 1, for all sufficiently large n

G, (t)
[ [ stratat|< [timitogea/ 1mDI®=115, = m ] w(ag). (6.15)
G t T

Thus, by Theorem 4.1 for the Banach function space L(T', u) with

p=[]m|log®(1/|m )]~ u(dg),

the right side of (6.15) approaches zero almost surely as m—oo. Hence, due to the second
representation (2.2), we arrive to the conclusion of Theorem 6.4. o

Acknowledgement: The author wishes to thank Andrew Rosalsky and the referee for their
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