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An Overview of Empirical Processes

This chapter presents an overview of the main ideas and techniques of em-
pirical process research. The emphasis is on those concepts which directly
impact statistical estimation and inference. The major distinction between
empirical process theory and more standard asymptotics is that the random
quantities studied have realizations as functions rather than real numbers
or vectors. Proofs of results and certain details in definitions are postponed
until Part IT of the book.

We begin by defining and sketching the main features and asymptotic
concepts of empirical processes with a view towards statistical issues. An
outline of the main empirical process techniques covered in this book is pre-
sented next. This chapter concludes with a discussion of several additional
related topics that will not be pursued in later chapters.

2.1 The Main Features

A stochastic process is a collection of random variables { X (¢),¢ € T'} on the
same probability space, indexed by an arbitrary index set T. An empirical
process is a stochastic process based on a random sample. For example,
consider a random sample Xq,...,X,, of i.i.d. real random variables with
distribution F. The empirical distribution function is

(2.1) F.(t) = n’lzn:l{Xigt},
i=1
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where the index ¢ is allowed to vary over 7' = R, the real line.

More generally, we can consider a random sample Xi,...,X,, of inde-
pendent draws from a probability measure P on an arbitrary sample space
X. We define the empirical measure to be P, = n~! Z?:l 0x,, where 9§, is
the measure that assigns mass 1 at x and zero elsewhere. For a measurable
function f : X — R, we denote P, f = n='>"" | f(X;). For any class F
of measurable functions f : X — R, an empirical process {P,f, f € F}
can be defined. This simple approach can generate a surprising variety of
empirical processes, many of which we will consider in later sections in this
chapter as well as in Part II.

Setting X = R, we can now re-express I, as the empirical process
{P,.f, f € F}, where F = {1{z < t},t € R}. Thus one can view the stochas-
tic process F,, as indexed by either t € R or f € F. We will use either
indexing approach, depending on which is most convenient for the task at
hand. However, because of its generality, indexing empirical processes by
classes of functions will be the primary approach taken throughout this
book.

By the law of large numbers, we know that

(2.2) F.(t) % F()

for each t € R, where 23 denotes almost sure convergence. A primary goal of
empirical process research is to study empirical processes as random func-
tions over the associated index set. Each realization of one of these random
functions is a sample path. To this end, Glivenko (1933) and Cantelli (1933)
demonstrated that (2.2) could be strengthened to

as

(2.3) 2161]11; [F,.(t)— F(¢)| = 0.

Another way of saying this is that the sample paths of F), get uniformly
closer to F' as n — oo. Returning to general empirical processes, a class
F of measurable functions f : X +— R, is said to be a P-Glivenko-Cantelli
class if

(2.4) sup [P, f — Pf| == 0,
fer

where Pf = [ + f(x)P(dz) and 2 is a mode of convergence slightly stronger
than 23 but which will not be precisely defined until later in this chapter
(both modes of convergence are equivalent in the setting of (2.3)). Some-
times the P in P-Glivenko-Cantelli can be dropped if the context is clear.

Returning to F,,, we know by the central limit theorem that for each
teR

Gn(t) = Vn[Fa(t) — F()] ~ G(?),
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where ~- denotes convergence in distribution and G(t) is a mean zero
normal random variable with variance F'(t)[1 — F(¢)]. In fact, we know
that G, simultaneously for all ¢ in a finite set Ty = {t1,...,tx} € R,
will converge in distribution to a mean zero multivariate normal vector

G ={G(t1),...,G(tx)}, where
(2.5)  cov[G(s),G(t)] =E[G(s)G(t)] = F(sNt)—F(s)F(t)

for all s,t € T.

Much more can be said. Donsker (1952) showed that the sample paths
of G, as functions on R, converge in distribution to a certain stochastic
process G. Weak convergence is the generalization of convergence in dis-
tribution from vectors of random variables to sample paths of stochastic
processes. Donsker’s result can be stated succinctly as G, ~ G in £>°(R),
where, for any index set T', £>°(T) is the collection of all bounded functions
f T+ R.£°°(T) is used in settings like this to remind us that we are
thinking of distributional convergence in terms of the sample paths.

The limiting process G is a mean zero Gaussian process with E [G(s)G(t)]
= (2.5) for every s,t € R. A Gaussian process is a stochastic process
{Z(t),t € T}, where for every finite T}, C T, {Z(t),t € T} } is multivariate
normal, and where all sample paths are continuous in a certain sense that
will be made more explicit later in this chapter. The process G can be
written G(t) = B(F(t)), where B is a standard Brownian bridge on the
unit interval. The process B has covariance s A t — st and is equivalent to
the process W(t) — tW(1), for ¢t € [0,1], where W is a standard Brownian
motion process. The standard Brownian motion is a Guassian process on
[0, 00) with continuous sample paths, with W(0) = 0, and with covariance
s At. Both B and W are important examples of Gaussian processes.

Returning again to general empirical processes, define the random mea-
sure G, = /n(P, — P), and, for any class F of measurable functions
f: X — R, let G be a mean zero Gaussian process indexed by F, with
covariance E [f(X)g(X)] — Ef(X)Eg(X) for all f,¢g € F, and having ap-
propriately continuous sample paths. Both G,, and G can be thought of as
being indexed by F. We say that F is P-Donsker if G, ~ G in £>°(F).
The P and/or the ¢>°(F) may be dropped if the context is clear. Donsker’s
(1952) theorem tells us that F = {1{z < t},¢ € R} is Donsker for all proba-
bility measures which are based on some real distribution function F. With
f(@) = 1o <t} and g(2) = 1{z < s},

E[f(X)g(X)] - Ef(X)Eg(X) = F(s At) = F(s)F(t).

For this reason, G is also referred to as a Brownian bridge.

Suppose we are interested in forming confidence bands for F' over some
subset H C R. Because F = {1{x < t},t € R} is Glivenko-Cantelli, we can
uniformly consistently estimate the covariance o(s,t) = F(sAt)—F(s)F(t)
of G with 6(s,t) =F,(sAt) —F,(s)F,(t). While such a covariance could be
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used to form confidence bands when H is finite, it is of little use when H is
infinite, such as when H is a subinterval of R. In this case, it is preferable
to make use of the Donsker result for G,,. Let U,, = sup,cy |Gn(t)]. The
continuous mapping theorem tells us that whenever a process {Z,(t),t €
H} converges weakly to a tight limiting process {Z(t),t € H} in (*°(H),
then h(Z,) ~» h(Z) in h(¢£>°(H)) for any continuous map h. In our setting
U, = h(G,), where h(g) = sup,c |g(t)], for any g € £>°(R), is a continuous
real function. Thus the continuous mapping theorem tells us that U, ~~
U = supycy |G(t)]. When F' is continuous and H = R, U = sup¢o 17 |B(?)]
has a known distribution from which it is easy to compute quantiles. If we
let u, be the p-th quantile of U, then an asymptotically valid symmetric
1 — a level confidence band for F is F,, + uj_q/y/n.

An alternative is to construct confidence bands based on a large num-
ber of bootstraps of IF,,. The bootstrap for F,, can be written as Fn(t) =
n1! S Wi l{X; < t}, where (Wy1,...,W,,) is a multinomial random
n-vector, with probabilities 1/n,...,1/n and number of trials n, and which
is independent of the data Xi,...,X,,. The conditional distribution of
G, = \/ﬁ(I@'n —F,) given X1,...,X,, can be shown to converge weakly
to the distribution of G in ¢>°(R). Thus the bootstrap is an asymptotically
valid way to obtain confidence bands for F'.

Returning to the general empirical process set-up, let F be a Donsker
class and suppose we wish to construct confidence bands for Ef(X) that
are simultaneously valid for all f € H C F. Provided certain second
moment conditions hold on F, the estimator (f,g) = P, [f(X)g(X)] —
P, f(X)P,g(X) is counsistent for o(f,g9) = E[f(X)g(X)] — Ef(X)Eg(X)
uniformly over all f,g € F. As with the empirical distribution function
estimator, this covariance is enough to form confidence bands provided H
is finite. Fortunately, the bootstrap is always asymptotically valid when
F is Donsker and can therefore be used for infinite H. More precisely, if
Gp = vn(P, —P,), where B, f = n= 1 S0 Wy f(X3) and (Wi, ..., Wiy)
is defined as before, then the conditional distribution of G, given the data
converges weakly to G in ¢°°(F). Since this is true for all of F, it is cer-
tainly true for any H C F. The bootstrap result for F,, is clearly a special
case of this more general result.

Many important statistics based on i.i.d. data cannot be written as em-
pirical processes, but they can frequently be written in the form ¢(P,),
where P, is indexed by some F and ¢ is a smooth map from ¢>°(F) to some
set B (possibly infinite-dimensional). Consider, for example, the quantile
process &,(p) = F,;1(p) for p € [a,b], where H™1(p) = inf{t : H(t) > p}
for a distribution function H and 0 < a < b < 1. Here, &, = o(F,),
where ¢ maps a distribution function H to H~!. When the underlying
distribution F is continuous over N = [H (a) — e, H1(b) + €] C [0,1],
for some € > 0, with continuous density f such that 0 < inf;eny f(t) <
sup,en f(t) < oo, then /n(&,(p) — &), where &, = F~!(p), is uniformly
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asymptotically equivalent to —G,,(F~1(p))/f(F~1(p)) and hence converges
weakly to G(F~1(p))/f(F~t(p)) in £°°([a,b]). (Because the process G is
symmetric around zero, both —G and G have the same distribution.) The
above weak convergence result is a special case of the functional delta-
method principle which states that /n [¢(P,) — ¢(P)] converges weakly in
B to ¢/(G), whenever F is Donsker and ¢ has a “Hadamard derivative” ¢’
which will be defined more precisely later in this chapter.

Many additional statistics can be written as zeros or maximizers of
certain data-dependent processes. The former are known as Z-estimators
and the latter as M-estimators. Consider the linear regression example
given in Chapter 1. Since § is the zero of U,(8) = P, [X(Y — X'3)], /8
is a Z-estimator. In contrast, the penalized likelihood estimators (/5’, 7) in
the partly linear logistic regression example of the same chapter are M-
estimators since they are maximizers of L(8,7) given in (1.6). As is the
case with U,, and L, the data-dependent objective functions used in Z-
and M- estimation are often empirical processes, and thus empirical process
methods are frequently required when studying the large sample properties
of the associated statistics.

The key attribute of empirical processes is that they are random func-
tions—or stochastic processes—based on a random data sample. The main
asymptotic issue is studying the limiting behavior of these processes in
terms of their sample paths. Primary achievements in this direction are
Glivenko-Cantelli results which extend the law of large numbers, Donsker
results which extend the central limit theorem, the validity of the bootstrap
for Donsker classes, and the functional delta method.

2.2 Empirical Process Techniques

In this section, we expand on several important techniques used in empirical
processes. We first define and discuss several important kinds of stochastic
convergence, including convergence in probability as well as almost sure
and weak convergence. We then introduce the concept of entropy and in-
troduce several Glivenko-Cantelli and Donsker theorems based on entropy.
The empirical bootstrap and functional delta method are described next.
A brief outline of Z- and M- estimator methods are then presented. This
section is essentially a review in miniature of the main points covered in
Part II of this book, with a minimum of technicalities.

2.2.1 Stochastic Convergence

When discussing convergence of stochastic processes, there is always a met-
ric space (D, d) implicitly involved, where D) is the space of possible values
for the processes and d is a metric (distance measure), satisfying d(z,y) > 0,
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d(z,y) = d(y,z), d(z,z) < d(z,y) + d(y, z), and d(z,y) = 0 if and only if
x =y, for all z,y,z € D. Frequently, D = ¢°°(T), where T is the index
set for the processes involved, and d is the uniform distance on D, i.e.,
d(z,y) = supep |2(t) — y(t)| for any z,y € D. We are primarily interested
in the convergence properties of the sample paths of stochastic processes.
Weak convergence, or convergence in distribution, of a stochastic process
X, happens when the sample paths of X, begin to behave in distribution,
as n — oo, more and more like a specific random process X. When X,
and X are Borel measurable, weak convergence is equivalent to saying that
Ef(X,) — Ef(X) for every bounded, continuous function f : D — R,
where the notation f : A — B means that f is a mapping from A to B,
and where continuity is in terms of d. Hereafter, we will let Cp(D) denote
the space of bounded, continuous maps f : D +— R. We will define Borel
measurability in detail later in Part II, but, for now, it is enough to say
that lack of this property means that there are certain important subsets
A C D where the probability that X,, € A is not defined.

In many statistical applications, X,, may not be Borel measurable. To
resolve this problem, we need to introduce the notion of outer expectation
for arbitrary maps 7 : Q +— R = [~00, 00|, where ) is the sample space.
T is not necessarily a random variable because it is not necessarily Borel
measurable. The outer expectation of T, denoted E*T, is the infimum over
all EU, where U : Q) +— R is measurable, U > T, and EU exists. For EU to
exist, it must not be indeterminate, although it can be oo, provided the
sign is clear. We analogously define inner expectation: E, T = —E*[-T].
There also exists a measurable function T* : Q — R, called the mini-
mal measurable magjorant, satistying T*(w) > T(w) for all w € Q and
which is almost surely the smallest measurable function > T. Further-
more, when E*T < oo, E*T = ET*. The mazimal measurable minorant is
T, = —(=T)*. We also define outer probability for possibly nonmeasurable
sets: P*(A) as the infimum over all P(B) with A C B C Q and B a Borel
measurable set. Inner probability is defined as P,(4) = 1 — P*(Q — A).
This use of outer measure permits defining weak convergence, for possibly
nonmeasurable X,,, as E* f(X,,) — Ef(X) for all f € Cp(D). We denote
this convergence by X,, ~» X. Notice that we require the limiting process
X to be measurable. This definition of weak convergence also carries with
it an implicit measurability requirement on X,,: X,, ~» X implies that X,
is asymptotically measurable, in that E*f(X,,) — E.f(X,,) — 0, for every
fe Cb<D).

We now consider convergence in probability and almost surely. We say
X, converges to X in probability if P {d(X,,, X)* > ¢} — 0 for every ¢ > 0,

and we denote this X, X we say that X,, converges outer almost surely
to X if there exists a sequence A, of measurable random variables with
d(X,,X) <A, for all n and with P{limsup,,_, . A, =0} = 1. We denote

this kind of convergence X,, = X. While these modes of convergence are
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slightly different than the standard ones, they are identical when all the
quantities involved are measurable. The properties of the standard modes
are also generally preserved in these new modes. The major difference is
that these new modes can accommodate many situations in statistics and in
other fields which could not be as easily accommodated with the standard
ones. As much as possible, we will keep measurability issues suppressed
throughout this book, except where it is necessary for clarity. From this
point on, the metric d of choice will be the uniform metric unless noted
otherwise.

For almost all of the weak convergence applications in this book, the
limiting quantity X will be tight, in the sense that the sample paths of X
will have a certain minimum amount of smoothness. To be more precise, for
an index set T, let p be a semimetric on T, in that p has all the properties
of a metric except that p(s,t) = 0 does not necessarily imply s = ¢t. We
say that T is totally bounded by p if for every € > 0, there exists a finite
collection Ty, = {t1,...,tx} C T such that for all ¢t € T, we have p(t,s) <€
for some s € Tj. Now define UC(T, p) to be the subset of £°°(T') where
each © € UC(T, p) satisfies

lim sup |z(t) — x(s)] = 0.
510 s,t€T with p(s,t)<d

The “UC” refers to uniform continuity. The stochastic process X is tight
if X € UC(T, p) almost surely for some p for which T is totally bounded.
If X is a Gaussian process, then p can be chosen as p(s,t) = (var[X(s)—
X (t)})l/ ®. Tight Gaussian processes will be the most important limiting
processes considered in this book.

Two conditions need to be met in order for X,, to converge weakly in
£>(T) to a tight X. This is summarized in the following theorem which we
present now but prove later in Chapter 7 (Page 114):

THEOREM 2.1 X,, converges weakly to a tight X in ¢>°(T) if and only
if:

(i) For all finite {t1,...,tx} CT, the multivariate distribution of { X, (t1),
ooy X (tk)} converges to that of {X (t1),..., X (tx)}-

(i) There exists a semimetric p for which T is totally bounded and
(2.6) limlimsup P* sup | X0n(s) — Xn(t)]| >€ep =0,
610 n—oo s,teT with p(s,t)<d
for all e > 0.

Condition (i) is convergence of all finite dimensional distributions and Con-
dition (ii) implies asymptotic tightness. In many applications, Condition (i)
is not hard to verify while Condition (ii) is much more difficult.
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In the empirical process setting based on i.i.d. data, we are interested in
establishing that G,, ~> G in £°°(F), where F is some class of measurable
functions f : X — R, and where & is the sample space. When Ef?(X) < oo
for all f € F, Condition (i) above is automatically satisfied by the standard
central limit theorem, whereas establishing Condition (ii) is much more
work and is the primary motivator behind the development of much of
modern empirical process theory. Whenever F is Donsker, the limiting
process G is always a tight Gaussian process, and F is totally bounded
by the semimetric p(f,g) = {var [f(X) — g(X)]}l/Q. Thus Conditions (i)
and (ii) of Theorem 2.1 are both satisfied with T' = F, X,,(f) = G, f, and
X(f)=Gf, forall feF.

Another important result is the continuous mapping theorem. This the-
orem states that if g : D +— E is continuous at every point of a set Dy C D,
and if X, ~ X, where X takes all its values in Dy, then g(X,,) ~» g(X). For
example, if F is a Donsker class, then sup ¢ » |G, f] has the same limiting
distribution as sup;c# |Gf|, since the supremum map is uniformly con-
tinuous, i.e., |supf€}- |z(f)| —supser ly(f)l] < supser [(f) — y(f)] for all
x,y € £>(F). This fact can be used to construct confidence bands for Pf.
The continuous mapping theorem has many other practical uses that we
will utilize at various points throughout this book.

2.2.2  Entropy for Glivenko-Cantelli and Donsker Theorems

The major challenge in obtaining Glivenko-Cantelli or Donsker theorems
for classes of functions F is to somehow show that going from pointwise
convergence to uniform convergence is feasible. Clearly the complexity, or
entropy, of F plays a major role. The easiest entropy to introduce is en-
tropy with bracketing. For 1 < r < oo, Let L,.(P) denote the collection

of functions g : X — R such that |gll,pr = [[, |g(w)\TdP(x)]1/r < o0.
An e-bracket in L,(P) is a pair of functions l,u € L,.(P) with P{l(X) <
u(X)} =1 and with ||l —ul|,,p < €. A function f € F lies in the bracket [, u
if P{I(X) < f(X) <u(X)} = 1. The bracketing number Npj(e, F, L.(P)) is
the minimum number of e-brackets in L,.(P) needed to ensure that every
f € F lies in at least one bracket. The logarithm of the bracketing num-
ber is the entropy with bracketing. The following is one of the simplest
Glivenko-Cantelli theorems (the proof is deferred until Part 11, Page 145):

THEOREM 2.2 Let F be a class of measurable functions and suppose that
Ny(e, F,L1(P)) < o< for every e > 0. Then F is P-Glivenko-Cantelli.

Consider, for example, the empirical distribution function F,, based on
an i.i.d. sample Xq,..., X, of real random variables with distribution F’
(which defines the probability measure P on X = R). In this setting, F,,
is the empirical process G,, with class F = {1{z < t},t € R}. For any
e > 0, a finite collection of real numbers —oco = t; < tg < -+ < t, = 00
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can be found so that F(tj—) — F(tj—1) < eforall 1 < j <k, F(t;) =0
and F(ty—) = 1, where H(t—) = limgy, H(s) when such a limit exists.
This can always be done in such a way that £k < 2 + 1/e. Consider the
collection of brackets {(l;,u;),1 < j < k}, with [;(z) = 1{z < t;_1} and
uj(xz) = 1{z < t;} (notice that u; is not in F). Now each f € F is in at least
one bracket and |(u; —1;||p1 = F(t;—)—F(tj—1) < eforalll < j < k. Thus
Ny(e, F,L1(P)) < oo for every e > 0, and the conditions of Theorem 2.2
are met.

Donsker theorems based on entropy with bracketing require more strin-
gent conditions on the number of brackets needed to cover F. The brack-
eting integral,

é
Jy(8,F, L.(P)) = /O \/log Ny (e, F, Ly(P))de,

needs to be bounded for » = 2 and § = oo to establish that F is Donsker.
Hence the bracketing entropy is permitted to go to oo as € | 0, but not
too quickly. For most of the classes F of interest, the entropy does go to
oo as € | 0. However, a surprisingly large number of these classes satisfy
the conditions of Theorem 2.3 below, our first Donsker theorem (which we
prove in Chapter 8, Page 148):

THEOREM 2.3 Let F be a class of measurable functions with Jp(oo, F,
Ly(P)) < oco. Then F is P-Donsker.

Returning again to the empirical distribution function example, we have
for the e-brackets used previously that |lu; — {;||p2 = (|lu; — lj||p’1)1/2 <
¢!'/2. Hence the minimum number of Ly e-brackets needed to cover F is
bounded by 1+ 1/€2, since an Ly e2-bracket is an Ly e-bracket. For € > 1,
the number of brackets needed is just 1. Jj(oo, F, Lo(P)) will therefore be

finite if [ \/log(1 + 1/€2)de < oo. Using the fact that log(1+a) < 1+log(a)
for a > 1 and the variable substitution v = 1 + log(1/€?), we obtain that

this integral is bounded by fooo u'/2e=%/2dy = \/2x. Thus the conditions
of Theorem 2.3 are easily satisfied. We now give two other examples of
classes with bounded L, (P) bracketing integral. Parametric classes of the
form F = {fy : 0 € ©} work, provided © is a bounded subset of RP and
there exists an m € L, (P) such that |fg, (x) — fo,(z)| < m(x)||61 — b2] for
all 01,0, € ©. Here, || - || is the standard Euclidean norm on RP. The class
F of all monotone functions f : R — [0, 1] also works for all 1 < r < oo
and all probability measures P.

Entropy calculations for other classes that arise in statistical applications
can be difficult. However, there are a number of techniques for doing this
that are not difficult to apply in practice and that we will explore briefly
later on in this section. Unfortunately, there are also many classes F for
which entropy with bracketing does not work at all. An alternative which
can be useful in such settings is entropy based on covering numbers. For a
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probability measure @, the covering number N (e, F, L.(Q)) is the minimum
number of L, (Q) e-balls needed to cover F, where an L, (Q) e-ball around a
function g € L,(Q) is the set {h € L,.(Q) : ||h—gl|g,» < €}. For a collection
of balls to cover F, all elements of F must be included in at least one of
the balls, but it is not necessary that the centers of the balls be contained
in F. The entropy is the logarithm of the covering number. The bracketing
entropy conditions in Theorems 2.2 and 2.3 can be replaced by conditions
based on the uniform covering numbers

(2.7) SgpN (€l Fllo.r F, Lr(Q)),

where F' : X +— R is an envelope for F, meaning that |f(z)| < F(x)
for all z € X and all f € F, and where the supremum is taken over
all finitely discrete probability measures @ with ||F|lg, > 0. A finitely
discrete probability measure on X puts mass only at a finite number of
points in X. Notice that the uniform covering number does not depend
on the probability measure P for the observed data. The uniform entropy
integral is

)
T, F L) = / \/logsupN(e||F||Q,T,.7-',LT(Q))d6,
0 Q

where the supremum is taken over the same set used in (2.7).
The following two theorems (given without proof) are Glivenko-Cantelli
and Donsker results for uniform entropy:

THEOREM 2.4 Let F be an appropriately measurable class of measurable
functions with supg N (|| F'||1,q, F, L1(Q)) < oo for every e > 0, where the
supremum is taken over the same set used in (2.7). If P*F < oo, then F
is P-Glivenko-Cantelli.

THEOREM 2.5 Let F be an appropriately measurable class of measurable
functions with J(1,F, Ly) < oo. If P*F? < oo, then F is P-Donsker.

Discussion of the “appropriately measurable” condition will be postponed
until Part IT (see Pages 145 and 149), but suffice it to say that it is satisfied
for many function classes of interest in statistical applications.

An important collection of function classes F, which satisfies J(1,F, L,.)
< oo for any 1 < r < oo, are the Vapnik-éervonenkis classes, or VC
classes. Many classes of interest in statistics are VC, including the class of
indicator functions explored earlier in the empirical distribution function
example and also vector space classes. A vector space class F has the form
{Zle Nifi(x), (A1,...,A\x) € RF} for fixed functions fi,..., fr. We will
postpone further definition and discussion of VC classes until Part II.

The important thing to know at this point is that one does not need
to calculate entropy for each new problem. There are a number of easy
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methods which can be used to determine whether a given class is Glivenko-
Cantelli or Donsker based on whether the class is built up of other, well-
known classes. For example, subsets of Donsker classes are Donsker since
Condition (ii) of Theorem 2.1 is clearly satisfied for any subset of T if it
is satisfied for T'. One can also use Theorem 2.1 to show that finite unions
of Donsker classes are Donsker. When F and G are Donsker, the following
are also Donsker: {f Ag: f e F,ge G}, {fVyg:[fe€F,ge G}, whereV
denotes maximum, and {f +g¢: f € F,g € G}. If F and G are bounded
Donsker classes, then {fg : f € F,g € G} is Donsker. Also, Lipschitz
continuous functions of Donsker classes are Donsker. Furthermore, if F is
Donsker, then it is also Glivenko-Cantelli. These, and many other tools
for verifying that a given class is Glivenko-Cantelli or Donsker, will be
discussed in greater detail in Chapter 9.

2.2.8 Bootstrapping Empirical Processes

An important aspect of inference for empirical processes is to be able to
obtain covariance and confidence band estimates. The limiting covariance
for a P-Donsker class F is 0 : F x F — R, where o(f,g) = Pfg —
PfPg. The covariance estimate 6 : F x F +— R, where 6(f,g) = P, fg —
P, fP,g, is uniformly consistent for o outer almost surely if and only if
P* [supsc£(f(X) — Pf)?] < co. This will be proved later in Part II. How-
ever, this is only of limited use since critical values for confidence bands
cannot in general be determined from the covariance when F is not finite.
The bootstrap is an effective alternative.

As mentioned earlier, some care must be taken to ensure that the concept
of weak convergence makes sense when the statistics of interest may not
be measurable. This issue becomes more delicate with bootstrap results
which involve convergence of conditional laws given the observed data.
In this setting, there are two sources of randomness, the observed data
and the resampling done by the bootstrap. For this reason, convergence
of conditional laws is assessed in a slightly different manner than regular
weak convergence. An important result is that X,, ~ X in the metric space
(D, d) if and only if

(2.8) sup |[E*f(Xy) —Ef(X)] — 0,
feBLy

where BL; is the space of functions f : D — R with Lipschitz norm
bounded by 1, i.e., ||flloo <1 and |f(z) — f(y)| < d(z,y) for all z,y € D,
and where || - || is the uniform norm.

We can now use this alternative definition of weak convergence to de-
fine convergence of the conditional limit laws of bootstraps. Let X, be a
sequence of bootstrapped processes in D with random weights that we will

. P
denote M. For some tight process X in D, we use the notation X”XZ X to
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mean that sup,cpr, |Eamrh(Xy) — Eb(X) L 0and Epmh(Xn) —Epmh(X,).

LA 0, for all h € BL4, where the subscript M in the expectations indicates
conditional expectation over the weights M given the remaining data, and

where h(X,,)* and h(X,). denote measurable majorants and minorants
with respect to the joint data (including the weights M). We use the nota-

tion Xn%f; X to mean the same thing except with all Pog replaced by s,

Note that the h(X,,) inside of the supremum does not have an asterisk: this
is because Lipschitz continuous function of the bootstrapped processes we
will study in this book will always be measurable functions of the random
weights when conditioning on the data.

As mentioned previously, the bootstrap empirical measure can be de-
fined as P, f = n=' 20 Wy f(X;), where W,, = (Wo1,...,Wy,) is a
multinomial vector with probabilities (1/n,...,1/n) and number of trials
n, and where W, is independent of the data sequence X = (X1,Xo,...).
We can now define a useful and simple alternative to this standard non-
parametric bootstrap. Let 5: (£1,&2,...) be an infinite sequence of non-
negative i.i.d. random variables, also independent of X , which have mean
0 < p < oo and variance 0 < 72 < oo, and which satisfy ||¢]|2,1 < oo, where
[€ll20 = [y~ v/P(I¢] > x)dx. This last condition is slightly stronger than
bounded second moment but is implied whenever the 2 + ¢ moment exists
for any € > 0. We can now define a multiplier bootstrap empirical measure
P.f =n 'S0 (&/&)(X;), where &, = n~t 3" & and P, is defined
to be zero if £ = 0. Note that the weights add up to n for both bootstraps.
When & has a standard exponential distribution, for example, the moment
conditions are clearly satisfied, and the resulting multiplier bootstrap has
Dirichlet weights.

Under these conditions, we have the following two theorems (which we
prove in Part I, Page 187), for convergence of the bootstrap, both in proba-
bility and outer almost surely. Let G,, = v/n(P, —Py,), G,, = v/n(p/7) (P, —
P,.), and G be the standard Brownian bridge in ¢>°(F).

THEOREM 2.6 The following are equivalent:

(i) F is P-Donsker.
(ii) @n% G in ((F) and the sequence G, is asymptotically measurable.
(i11) (ﬁ},nE G in £°°(F) and the sequence G, is asymptotically measurable.

THEOREM 2.7 The following are equivalent:

(i) F is P-Donsker and P* [sup;cz(f(X) — Pf)?] < oo.

(ii) Gn;‘jG in £>°(F).
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(iii) Gnig G in £>(F).

According to Theorem 2.7, the almost sure consistency of the boot-
strap requires the same moment condition required for almost sure uniform
consistency of the covariance estimator ¢. In contrast, the consistency in
probability of the bootstrap given in Theorem 2.6 only requires that F is
Donsker. Thus consistency in probability of the bootstrap empirical pro-
cess is an automatic consequence of weak convergence in the first place.
Fortunately, consistency in probability is adequate for most statistical ap-
plications, since this implies that confidence bands constructed from the
bootstrap are asymptotically valid. This follows because, as we will also es-
tablish in Part II, whenever the conditional law of a bootstrapped quantity
(say X,,) in a normed space (with norm || - ||) converges to a limiting law
(say of X), either in probability or outer almost surely, then the conditional
law of || X,,|| converges to that of || X || under mild regularity conditions. We
will also establish a slightly more general in-probability continuous map-
ping theorem for the bootstrap when the continuous map g is real valued.

Suppose we wish to construct a 1 — « level confidence band for {Pf, f €
F}, where F is P-Donsker. We can obtain a large number, say N, bootstrap

realizations of sup s » ‘Gn f

If we call this estimate ¢4, then Theorem 2.6 tells us that {P,, f £ & o,
f € F} has coverage 1 — « for large enough n and N. For a more specific
example, consider estimating F(t1,t2) = P{Y7 < t1,Ys < to}, where X =
(Y7,Y5) has an arbitrary bivariate distribution. We can estimate F'(t1,2)
with Fn(tl,tg) =n~1 3" 1{Y1; < t1,Ys; < to}. This is the same as esti-
mating {Pf, f € F}, where F = {f(x) = 1{y1 <t1,y2 <ta} :t1,t2 € R}
This is a bounded Donsker class since F = {f1f2 : f1 € Fi,fo € Fa},
where F; = {1{y; <t},t € R} is a bounded Donsker class for j = 1,2.
We thus obtain consistency in probability of the bootstrap. We also obtain
outer almost sure consistency of the bootstrap by Theorem 2.7, since F is
bounded by 1.

to estimate the 1 —a quantile of sup ;¢ |G f|.

2.2.4 The Functional Delta Method

Suppose X, is a sequence of random variables with \/n(X,, — 0) ~ X for
some 6 € RP, and the function ¢ : R? — R? has a derivative ¢'(6) at 6.
The standard delta method now tells us that v/n(¢(X,,) —o(0)) ~ ¢'(0)X.
However, many important statistics based on i.i.d. data involve maps from
empirical processes to spaces of functions, and hence cannot be handled by
the standard delta method. A simple example is the map ¢¢ which takes
cumulative distribution functions H and computes {{,,p € [a,b]}, where
¢ = H Y(p) = inf{t : H(t) > p} and [a,b] C (0,1). The sample p-th
quantile is then &,(p) = ¢¢(F,,)(p). Although the standard delta method
cannot be used here, the functional delta method can be.
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Before giving the main functional delta method results, we need to define
derivatives for functions between normed spaces D and E. A normed space
is a metric space (D, d), where d(x,y) = ||z —yl||, for any x,y € D, and where
| - || is a norm. A norm satisfies ||z + y[| < [|z]| + ||y, [[ez| = o] x ||z,
|lz|| >0, and ||z|| = 0 if and only if z = 0, for all z,y € D and all complex
numbers «. A map ¢ : Dy C D — E is Gdteauz-differentiable at 0 € D, if
for every fixed h € b with 6 + th € Dy for all ¢t > 0 small enough, there
exists an element ¢)(h) € E such that

¢(0 +th) — ¢(0)

)

as t | 0. For the functional delta method, however, we need ¢ to have the
stronger property of being Hadamard-differentiable. A map ¢ : Dy — E is
Hadamard-differentiable at # € D, tangentially to a set Dy C D, if there
exists a continuous linear map ¢}, : D — E such that

(Z)(e + tnhn) — d)(o)

- — dh(n)

as n — oo, for all converging sequences t,, — 0 and h,, — h € Dy, with
hn € D and 0 4 t,h, € Dy for all n > 1 sufficiently large.

For example, let D = DJ0, 1], where DA, for any interval A C R, is the
space of cadlag (right-continuous with left-hand limits) real functions on
A with the uniform norm. Let D, = {f € D[0,1] : |f| > 0}. Consider the
function ¢ : Dy — E = D[0, 1] defined by ¢(g) = 1/g. Notice that for any
0 € Dy, we have, for any converging sequences t, | 0 and h,, — h € D,
with h,, € D and 0 4 t,h,, € Dy for all n > 1,

D0 + tnhn) — ¢(6) 1

7 hy, h
tn (0 + touhy) o

1
00 00T tahn) 0%

where we have suppressed the argument in ¢ for clarity. Thus ¢ is
Hadamard-differentiable, tangentially to D, with ¢,(h) = —h/6%.

Sometimes Hadamard differentiability is also called compact differentia-
bility. Another important property of this kind of derivative is that it satis-
fies a chain rule, in that compositions of Hadamard-differentiable functions
are also Hadamard-differentiable. Details on this and several other aspects
of functional differentiation will be postponed until Part II. We have the
following important result (the proof of which will be given in Part II,
Page 235):

THEOREM 2.8 For normed spaces D and E, let ¢ : Dy C D — E be
Hadamard-differentiable at 0 tangentially to Dy C D. Assume that r,, (X, —
0) ~ X for some sequence of constants r, — 0o, where X,, takes its values
in Dy, and X is a tight process taking its values in Dy. Then r,(p(X,) —

$(0)) ~ ¢(X).
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Consider again the quantile map ¢¢, and let the distribution function
F be absolutely continuous over N = [u,v] = [F~1(a) — ¢, F71(b) + €],
for some € > 0, with continuous density f such that 0 < inf;eny f(t) <
sup,en f(t) < oco. Also let Iy C Dlu,v] be the space of all distribution
functions restricted to [u,v]. We will now argue that ¢, is Hadamard-
differentiable at F' tangentially to C[u,v], where for any interval A C R,
C'A is the space of continuous real functions on A. Let ¢, — 0 and {h,} €
DJu,v] converge uniformly to h € C[u,v] such that F' + t,h,, € Dy for all
n > 1, and denote &, = F~1(p), &pn = (F +tnhn) ' (p), &, = (Epn Vu) Av,
and €, = t2 A ( ;J;\iz — u). The reason for the modification IJ,\; is to ensure
that the quantile estimate is contained in [u,v] and hence also €,, > 0.
Thus there exists an ng < oo, such that for all n > ng, (F + t,hy)(u) < a,
(F + tphy)(v) > b, €pp > 0 and §I])\; = &y, for all p € [a,b], and therefore

(2.9) (F +tnhn)(§fg\; —€pm) S F(§) < (F + tnhn)(ﬁ;ﬁ)

for all p € [a,b], since (F + t,h,) 1 (p) is the smallest z satisfying (F +
tnhn)(z) > p and F(,) = p.

Since F( ;sz — ) = F( ZJ)\L) + O(epn), hn( ;sz) — ZI,\;) = o(1), and
b (&), — €pn) — (&), — €pn) = o(1), where O and o are uniform over
p € [a,b] (here and for the remainder of our argument), we have that (2.9)
implies

(2.10) F(EN) + tah(&), — epn) +0(tn) < F(&)
< F(&)) +tah(&) +oltn).

But this implies that F(¢])) + O(t,) < F(&,) < F(E)),) + O(t,), which
implies that |£,, — &y| = O(t,). This, together with (2.10) and the fact
that h is continuous, implies that F(§,,) — F'(&,) = —tn,h(€p) + o(ty,). This

now yields
gpn — fp _ _h(ép) + 0(1)7
tn f(gp)
and the desired Hadamard-differentiability of ¢ follows, with derivative
&p(h) = {=h(F~1(p))/ F(F~1(p)), p € [a,b]}-

The functional delta method also applies to the bootstrap. Consider the
sequence of random elements X, (X,,) in a normed space D, and assume
that 7, (X,, — u) ~ X, where X is tight in D, for some sequence of constants
0 < rp ~ 0. Here, X,, is a generic empirical process based on the data
sequence {X,,n > 1}, and is not restricted to i.i.d. data. Now assume
we have a bootstrap of X,,, Xn(Xn, W), where W = {W, } is a sequence
of random bootstrap weights which are independent of X,,. Also assume

Xn% X. We have the following bootstrap result:

THEOREM 2.9 For normed spaces D and E, let ¢ : Dy C D +— E be
Hadamard-differentiable at p tangentially to Dy C D, with derivative (%
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Let X,, and X,, have values in Dy, with r,(X,, — p) ~» X, where X is
tight and takes its values in Dg, the maps W, — X,, are appropriately

measurable, and where r,c(X,, — Xn)%x, for some 0 < ¢ < oo. Then
. P
Tnc(d)(xn) - QS(X’M))W (ZS/H(X)

We will postpone until Part IT a more precise discussion of what “appro-
priately measurable” means in this context (see Page 236).

When X, in the previous theorem is the empirical process P, indexed
by a Donsker class F and r, = /n, the results of Theorem 2.6 ap-
ply with p = P for either the nonparametric or multiplier bootstrap
weights. Moreover, the above measurability condition also holds (this will
be verified in Chapter 12). Thus the bootstrap is automatically valid for
Hadamard-differentiable functions applied to empirical processes indexed
by Donsker classes. As a simple example, bootstraps of the quantile pro-
cess {£,(p),p € [a,b] C (0,1)} are valid, provided the conditions given in
the example following Theorem 2.8 for the density f over the interval N
are satisfied. This can be used, for example, to create asymptotically valid
confidence bands for {F~!(p),p € [a,b]}. There are also results for outer
almost sure conditional convergence of the conditional laws of the boot-
strapped process rn(qS(Xn) — ¢(X,,)), but this requires stronger conditions
on the differentiability of ¢, and we will not pursue this further in this
book.

2.2.5 Z-Estimators

A Z-estimator 6, is the approximate zero of a data-dependent function. To
be more precise, let the parameter space be © and let ¥,, : © — L be a
data-dependent function between two normed spaces, with norms || - || and

| - ||u, respectively. If | ¥,,(6,) L £.0, then 6, is a Z-estimator. The main
statistical issues for such estimators are consistency, asymptotic normality
and validity of the bootstrap. Usually, ¥,, is an estimator of a fixed function
U : O +— L with U(fy) = 0 for some parameter of interest 6y € ©. We save
the proof of the following theorem as an exercise:

THEOREM 2.10 Let U(6y) =0 for some 6y € ©, and assume || ¥(0,,)||L. —
0 implies ||0,, — 0o|| — O for any sequence {0, } € © (this is an “identifia-
bility” condition). Then

(i) If |9,(0,)]IL L0 for some sequence of estimators 0, € © and
supgee [0 (0) — U(9)l = 0, then |6, — bol| 2> 0.

(i) If [, (0:)|lL =5 0 for some sequence of estimators 6, € © and

as*

supgeo W (0) — U (O)[l. = 0, then |6, — 6o 0.
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Consider, for example, estimating the survival function for right-censored
failure time data. In this setting, we observe X = (U, ), where U = T AC,
0 =1{T < C}, T is a failure time of interest with distribution function Fj
and survival function Sop = 1 — Fj with Sp(0) = 1, and C is a censoring
time with distribution and survival functions G and L = 1 — G, respec-
tively, with L(0) = 1. For a sample of n observations {X;,i = 1,...,n},
let {Tj,j =1,...,my} be the unique observed failure times. The Kaplan-
Meier estimator S, of Sy is then given by

5 = _ St 6{U = T;)
Sn(t) = j;[q (1 T ) |

Consistency and other properties of this estimator can be demonstrated via
standard continuous-time martingale arguments (Fleming and Harrington,
1991; Andersen, Borgun, Keiding and Gill, 1993); however, it is instructive
to use empirical process arguments for Z-estimators.

Let 7 < oo satisfy L(1—)So(t—) > 0, and let © be the space of all
survival functions S with S(0) = 1 and restricted to [0, 7]. We will use the
uniform norm || - ||o on ©. After some algebra, the Kaplan-Meier estimator
can be shown to be the solution of ¥,,(S,) = 0, where ¥,, : © — O has the
form ¥,,(S)(t) = Ppis,, where

S(t)

Ys(X)=1{U >t} + (1 —90)1{U < t}1{S(U) > O}% — S(t).
This is Efron’s (1967) “self-consistency” expression for the Kaplan-Meier.
For the fixed function ¥, we use ¥(S5)(t) = Ptg,. Somewhat surprisingly,
the class of function F = {¢g, : S € ©,¢ € [0,7]} is P-Donsker. To see
this, first note that the class M of monotone functions f : [0, 7] — [0, 1] of
the real random variable U has bounded entropy (with bracketing) integral,
W}}iCh fact we establish later in Part II. Now the class of functions M; =
{¢s¢: 5 €0O,t€[0,7]}, where

7JJS,t(U) =1{U >t} + {U < t}1{S(U) > 0}5(([15]))7

is a subset of M, since ¢g¢(U) is monotone in U on [0, 7] and takes values
only in [0,1] for all S € © and ¢ € [0, 7]. Note that {1{U <t} :t € [0,7]}
is also Donsker (as argued previously), and so is {d} (trivially) and {S(¢) :
S € ©,t € [0,7]}, since any class of fixed functions is always Donsker. Since
all of these Donsker classes are bounded, we now have that F is Donsker
since sums and products of bounded Donsker classes are also Donsker. Since

Donsker classes are also Glivenko-Cantelli, we have that supgcg ||¥,(S) —
U(S)||oo 2 0. If we can establish the identifiability condition for ¥, the

outer almost sure version of Theorem 2.10 gives us that ||S, — So|lec = 0.
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After taking expectations, the function ¥ can be shown to have the form

¢ So (U)
o S(u)

(2.11) ¥(S)(t) = Piyg = So(t)L(t)+ dG(u)S(t) — S(t).
Thus, if we make the substitution €, (t) = So(t)/S,(t) — 1, U(S,)(t) — 0
uniformly over ¢ € [0, 7] implies that w, (t) = e, (t) L(t)+ fy €, (w)dG(u) — 0
uniformly over the same interval. By solving this integral equation, we
obtain e, (t) = un(t)/L(t—)— [, [L(s)L(s—)]"" un(s)dG(s), which implies
€n(t) — 0 uniformly, since L(t—) > L(7—) > 0. Thus ||S, — Sollec — 0,
implying the desired identifiability.

We now consider weak convergence of Z-estimators. Let W,,, ¥, © and L
be as at the beginning of this section. We have the following master theorem
for Z-estimators, the proof of which will be given in Part II (Page 254):

THEOREM 2.11 Assume that ¥(6y) = 0 for some Oy in the interior of
0, vnv,(0,) 20, and 16, — 60| 2o for the random sequence {0,,} € ©.

Assume also that /n(V,, —W)(0y) ~ Z, for some tight random Z, and that
[ () — 0 - V() — OO,
1+\/ﬁ”én_90‘| .

If 0 — W(0)is Fréchet-differentiable at 0y (defined below) with continuously-
invertible (also defined below) derivative Uy, , then

(2.12)

(2.13) N0, (B — 00) + v/ (W, — ) (8o) 1. 2> 0
and thus \/n(6, — 6o) ~ —‘i/(;ol(Z).

Fréchet-differentiability of a map ¢ : © C D — L at § € © is stronger
than Hadamard-differentiability, in that it means there exists a continuous,
linear map ¢}, : D — L with

1606 + hn) — 6(6) = Sy(ha)ll,

(2.14) T

for all sequences {h,,} C D with ||h,|| — 0 and 6 + h,, € © for all n > 1.
Continuous invertibility of an operator A : © +— L essentially means A is
invertible with the property that for a constant ¢ > 0 and all 61,65 € ©,

(2.15) [A(61) — A(02) ([ = c[|61 — a]|.

An operator is a map between spaces of function, such as the maps ¥
and V¥,,. We will postpone further discussion of operators and continuous
invertibility until Part II.

Returning to our Kaplan-Meier example, with ¥,,(S)(t) = P,¢s, and
U(S)(t) = Pig, as before, note that since F = {¢g,,S € 0,t € [0,7]} is
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Donsker, we easily have that /n(¥,, — ¥)(6y) ~ Z, for 0y = Sy and some
tight random Z. We also have that for any {S,} € © converging uniformly
to SQ,

¢ Sn(t) So(t) ] 2
— 2 —
tgtg)g-] Plsus = Psor) =2 t:EéI,)T] /0 |:Sn(u) So(u) So(u)dG ()
(t

12 sup (Sult) — Sof
tel0,7]

o~
~
—
]

— 0.

This can be shown to imply (2.12). After some analysis, ¥ can be shown
to be Fréchet-differentiable at Sy, with derivative

@16 damn = - [ wczmu)—wh(t),

0

for all h € DJ0, 7], having continuous inverse
(2.17) Wy l(a)(t) = —So(t)

a0+ /ot s 1+ g

for all @ € D0, 7]. Thus all of the conditions of Theorem 2.11 are satisfied,
and we obtain the desired weak convergence of \/n(S, — Sp) to a tight,
mean zero Gaussian process. The covariance of this process is

V(s,t) = So(s)So(t) /OS L(u)éf?iq;go(u)’

which can be derived after lengthy but straightforward calculations (which
we omit).

Returning to general Z-estimators, there are a number of methods for
showing that the conditional law of a bootstrapped Z-estimator, given the
observed data, converges to the limiting law of the original Z-estimator. One
important approach that is applicable to non-i.i.d. data involves establish-
ing Hadamard-differentiability of the map ¢, which extracts a zero from
the function ¥. We will explore this approach in Part II. We close this
section with a simple bootstrap result for the setting where ¥,,(0)(h) =
Ppipg p, and ¥(0)(h) = Py, for random and fixed real maps indexed
by 6 € © and h € H. Assume that ¥(fy)(h) = 0 for some 6, € O
and all h € H, that supjcqq |V(60,)(h)] — O implies ||6,, — Oo| — O for
any sequence {0, } € O, and that ¥ is Fréchet-differentiable with continu-
ously invertible derivative \i/go. Also assume that F = {19 : 0 € O,h €
H} is P-G-C with supycg peg Pltbo,n| < oo. Furthermore, assume that
G ={von :0 € 0,0 —b] <h € H}, where § > 0, is P-Donsker
and that supy ey P (Yo, n — weo,h)z — 0 for any sequence {0,,} € © with
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|60, — 6p]] — 0. Then, using arguments similar to those used in the Kaplan-
Meier example and with the help of Theorems 2.10 and 2.11, we have

that if 0, satisfies SUPpen ‘\/ﬁllln(én) LA 0, then H@n — 6o 20 and

V(0 — 0g) ~ —W,'(Z), where Z is the tight limiting distribution of
V(¥ (0o) — ¥(6o)).

Let ©¢ (0)(h) = Py abg, n, where P¢ is either the nonparametric bootstrap
P, or the multiplier bootstrap P,, defined in Section 2.2.3, and define the
bootstrap estimator § € © to be a minimizer of sup;,cqy [P (0)(h)| over
0 € ©. We will prove in Part II that these conditions are more than enough
to ensure that /n (02 —0,,) % - \ile_ol(Z ), where W refers to either the non-
parametric or multiplier bootstrap weights. Thus the bootstrap is valid.
These conditions for the bootstrap are satisfied in the Kaplan-Meier exam-
ple, for either the nonparametric or multiplier weights, thus enabling the
construction of confidence bands for Sy(t) over t € [0, 7].

2.2.6 M-Estimators

An M-estimator 6, is the approximate maximum of a data-dependent func-
tion. To be more precise, let the parameter set be a metric space (©,d)
and let M, : © — R be a data-dependent real function. If Mn(én) =
supgee My (0) — op(1), then 6, is an M-estimator. Maximum likelihood
and least-squares (after changing the sign of the objective function) esti-
mators are some of the most important examples, but there are many other
examples as well. As with Z-estimators, the main statistical issues for M-
estimators are consistency, weak convergence and validity of the bootstrap.
Unlike Z-estimators, the rate of convergence for M-estimators is not nec-
essarily y/n, even for i.i.d. data, and finding the right rate can be quite
challenging.

For establishing consistency, M, is often an estimator of a fixed function
M : © — R. We now present the following consistency theorem (the proof
of which is deferred to Part II, Page 267):

THEOREM 2.12 Assume for some 6y € © that liminf, ., M(6,) >
M (o) implies d(0,,00) — O for any sequence {0,} € © (this is another
identifiability condition). Then, for a sequence of estimators 0, € O,

(i) If Mn(én) = Supyco Mn(8) —op(1) and supgeg | M, (6) — M ()| LA 0,

then d(6,,,00) 2 0.
(ii) If My,(6,) = supgee My (0) — 0ase(1) and supgee | M, (0) — M(0)] 25

as*

0, then d(0,,0,) % 0.

Suppose, for now, we know that the rate of convergence for the M-
estimator 0,, is r,, or, in other words, we know that Z,, = r,(6,, — 6y) =
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Op(1). Z, can now be re-expressed as the approximate maximum of the
criterion function h — H,(h) = M, (0 + h/r,) for h ranging over some
metric space H. If the argmax of H,, over bounded subsets of H can now be
shown to converge weakly to the argmax of a tight limiting process H over
the same bounded subsets, then Z,, converges weakly to argmax;cy H(h).

We will postpone the technical challenges associated with determining
these rates of convergence until Part II, and restrict ourselves to an inter-
esting special case involving Euclidean parameters, where the rate is known
to be y/n. The proof of the following theorem is also deferred to Part II
(Page 270):

THEOREM 2.13 Let Xy,...,X,, be i.i.d. with sample space X and law
P, and let my : X — R be measurable functions indexed by 0 ranging over
an open subset of Euclidean space ©® C RP. Let 0y be a bounded point of
mazimum of Pmyg in the interior of ©, and assume for some neighborhood
Op C O including 0y, that there exists measurable functions m : X — R
and myg, : X — RP satisfying
(2.18) [me, () —ma,(x)] < ()01 — 02,

(2.19) P[mg —me, — (0 — 00)'me,]> = o(]|0 — bol|*),

Pr? < oo, and Pl||myg,||* < oo, for all 61,02,0 € ©g. Assume also that
M(0) = Pmgy admits a second order Taylor expansion with nonsingular
second derivative matriz V. Denote M, (0) = P,my, and assume the ap-
prozimate mazimizer 0, satisfies M, (0,) = supgeg My (0) — op(n~') and
16, — 6ol 2.0, Then Vi, — 00) ~ —V=1Z, where Z is the limiting
Gaussian distribution of Gy, .

Consider, for example, least absolute deviation regression. In this setting,
we have i.i.d. random vectors Uy, ..., U, in RP and random errors ey, ..., e,,
but we observe only the data X; = (Y;,U;), where Y; = 00U, + ¢;, i =
1,...,n. The least-absolute-deviation estimator 6,, minimizes the function
0 +— P,myg, where mg(X) = |Y — ¢’U|. Since a minimizer of a criterion
function M, is also a maximizer of —M,,, M-estimation methods can be
used in this context with only a change in sign. Although boundedness
of the parameter space © is not necessary for this regression setting, we
restrict—for ease of discourse—© to be a bounded, open subset of RP
containing 6y. We also assume that the distribution of the errors e; has
median zero and positive density at zero, which we denote f(0), and that
P[UU’] is finite and positive definite.

Note that since we are not assuming Ele;| < oo, it is possible that
Pmy = oo for all § € O. Since minimizing P, my is the same as mini-
mizing P,,mg, where my = my — my,, we will use M, (0) = P,,mp as our
criterion function hereafter (without modifying the estimator én) By the
definition of Y, mg(X) = |e — (6 — 0p)'U| — |e|, and we now have that
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Pmg < |0 — 65| (E||U||2)1/2 < oo for all § € O. Since

(2.20) ma, (2) — may (@) < (161 — a1l x |l
it is not hard to show that the class of function {mg : 6§ € ©} is P-
Glivenko-Cantelli. It can also be shown that Pmg > 0 with equality only
when 0 = 6y. Hence Theorem 2.12, Part (ii), yields that 0,, = 0.

Now we consider M () = Pmy. By conditioning on U, one can show af-
ter some analysis that M (6) is two times continuously differentiable, with
second derivative V' = 2f(0)P[UU’] at 6y. Note that (2.20) satisfies Con-

dition (2.18); and with rhy(X) = —Usign(e), we also have that
[mo(X) — ma, (X) = (0 = ) g (X)| < 1{Je| < (0 — 60)'U[}[(0 — 60) U]

satisfies Condition (2.19). Thus all the conditions of Theorem 2.13 are
satisfied. Hence /n(f, — 6p) is asymptotically mean zero normal, with
variance V1P [1ng, 1y | V™! = (P[UU/])fl/(élfQ(O)). This variance is
not difficult to estimate from the data, but we postpone presenting the
details.

Another technique for obtaining weak convergence of M-estimators that
are y/n consistent, is to first establish consistency and then take an appro-
priate derivative of the criterion function M, (0), ¥, (0)(h), for h ranging
over some index set H, and apply Z-estimator techniques to ¥,,. This works
because the derivative of a smooth criterion function at an approximate
maximizer is approximately zero. This approach facilitates establishing the
validity of the bootstrap since such validity is often easier to obtain for
Z-estimators than for M-estimators. This approach is also applicable to
certain nonparametric maximum likelihood estimators which we will con-
sider in Part III.

2.3 Other Topics

In addition to the empirical process topics outlined in the previous sections,
we will cover a few other related topics in Part II, including results for
sums of independent but not identically distributed stochastic processes
and, briefly, for dependent but stationary processes. However, there are a
number of interesting empirical process topics we will not pursue in later
chapters, including general results for convergence of nets. In the remainder
of this section, we briefly outline a few additional topics not covered later
which involve sequences of empirical processes based on i.i.d. data. For
some of these topics, we will primarily restrict ourselves to the empirical
process G, = /n(F,, — F), although many of these results have extensions
which apply to more general empirical processes.
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The law of the iterated logarithm for G,, states that

. G llos 1
2.21 limsup —— < —, a.s.,
( ) n%oop v2loglogn — 2
with equality if 1/2 is in the range of F', where | - ||oo is the uniform norm.

This can be generalized to empirical processes on P-Donsker classes F
which have a measurable envelope with bounded second moment (Dudley
and Philipp, 1983):

G, -
lim sup [sup ez [Gn(f)]]

<1, as.
n—00 \/(2loglogn)supf6}-|P(f—Pf)2|

Result (2.21) can be further strengthened to Strassen’s (1964) theorem,
which states that on a set with probability 1, the set of all limiting paths
of \/1/(2loglogn)G,, is exactly the set of all functions of the form h(F),
where h(0) = h(1) = 0 and h is absolutely continuous with derivative A’
satisfying fol [0 (s)]* ds < 1. While the previous results give upper bounds
on ||Gy|ls0, it is also known that

lim inf \/2log log n||Gp |00 = g a.s.,

implying that the smallest uniform distance between F,, and F' is at least
O(1/+v/nloglogn).

A topic of interest regarding Donsker theorems is the closeness of the em-
pirical process sample paths to the limiting Brownian bridge sample paths.
The strongest result on this question for the empirical process G, is the
KMT construction, named after Komlds, Major and Tusnady (1975, 1976).
The KMT construction states that there exists fixed positive constants a,
b, and ¢, and a sequence of standard Brownian bridges {B,, }, such that

alogn + x _
P([|Gn—Bu(F)|low > ——— ) <be ",
( ()l > PEED) <o

for all x > 0 and n > 1. This powerful result can be shown to imply both

/i

limsupﬁﬂGn—Bn(F)Hoo < 00, as., and

n—oo

limsup E [ﬂHGn — Bn(FHOO] < 00,

n—oo log n

for all 0 < m < oco. These results are called strong approrimations and have
applications in statistics, such as in the construction of confidence bands for
kernel density estimators (see, for example, Bickel and Rosenblatt, 1973).
Another interesting application—to “large p, small n” asymptotics for
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microarrays—will be developed in some detail in Section 15.5 of Part II,
although we will not address the theoretical derivation of the KMT con-
struction.

An important class of generalizations of the empirical process for i.i.d.
data are the U-processes. The mth order empirical U-process measure U,, ,,
is defined, for a measurable function f : X — R and a sample of oberva-
tions Xq,..., X, on X, as

-1
n
< m ) Z f(Xi17"'7Xim)7

(i17~~~1im)eln,m

where I,, ,,, is the set of all m-tuples of integers (i1,...,%,,) satisfying 1 <
i1 < - < iy <n. For m =1, this measure reduces to the usual empirical
measure, i.e., U, 1 = P,. The empirical U-process, for a class of m-variate
real functions F (of the form f: X™ — R as above), is

{(Va(Upm —P)f: f€F}.

These processes are useful for solving a variety of complex statistical prob-
lems arising in a number of areas, including nonparametric monotone re-
gression (see Ghosal, Sen and van der Vaart, 2000), testing for normality
(see Arcones and Wang, 2006), and a number of other areas. Fundamental
work on Glivenko-Cantelli and Donsker type results for U-processes can
be found in Nolan and Pollard (1987, 1988) and Arcones and Giné (1993),
and some useful technical tools can be found in Giné (1997). Recent de-
velopments include Monte Carlo methods of inference for U-processes (see,
for example, Zhang, 2001) and a central limit theorem for two-sample U-
processes (Neumeyer, 2004).

2.4 Exercises

2.4.1. Let X,Y be a pair of real random numbers with joint distribution
P. Compute upper bounds for Nj(e, F, L.(P)), for r = 1,2, where F =
{H{X <s,Y <t}:s,teR}

2.4.2. Prove Theorem 2.10.

2.4.3. Consider the Z-estimation framework for the Kaplan-Meier estima-
tor discusses in Section 2.2.5. Let W(.S)(t) be as defined in (2.11). Show that
U is Fréchet-differentiable at Sy, with derivative ¥q, (R)(t) given by (2.16),
for all h € DI0, 7].

2.4.4. Continuing with the set-up of the previous problem, show that
Wy, is continuously invertible, with inverse \I/(;Ol given in (2.17). The fol-
lowing approach may be easiest: First show that for any a € DJ0,7],
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h(t) = \ifgol(a)(t) satisfies Wy, (h)(t) = a(t). The following identity may

be helpful:
i [ a(t) ] ~ da(t) N a(t)dFy(t)
So(t)]  So(t—=) = So(t—)So(t)
Now show that there exists an M < oo such that H\ile_ol(a)’ < M]|a||, where

| |l is the uniform norm. This then implies that there exists a ¢ > 0 such
that [[Wg, (h)[| = ¢[Al]

2.5 Notes

Theorem 2.1 is a composite of Theorems 1.5.4 and 1.5.7 of van der Vaart
and Wellner (1996) (hereafter abbreviated VW). Theorems 2.2, 2.3, 2.4
and 2.5 correspond to Theorems 19.4, 19.5, 19.13 and 19.14, respectively, of
van der Vaart (1998). The if and only if implications of (2.8) are described in
VW, Page 73. The implications (i)<(ii) in Theorems 2.6 and 2.7 are given
in Theorems 3.6.1 and 3.6.2, respectively, of VW. Theorems 2.8 and 2.11
correspond to Theorems 3.9.4 and 3.3.1, of VW, while Theorem 2.13 comes
from Example 3.2.22 of VW.



2 Springer
http://www.springer.com/978-0-387-74977-8

Introduction to Empirical Processes and
Semiparametric Inference

Kosorok, M.R.

2008, XV, 483 p., Hardcover

ISBN: @78-0-387-74977-8





