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Consider informative selection of a sample from a finite population. Responses are realized
as independent and identically distributed (iid) random variables with a probability density
function (pdf) f, referred to as the superpopulation model. The selection is informative in the
sense that the joint distribution of the sample responses, given that they were selected, is not iid
f. In general, the informative selection mechanism may induce dependence among the selected
observations. The impact of such dependence on the empirical cumulative distribution function
(cdf) is studied. An asymptotic framework and weak conditions on the informative selection
mechanism are developed under which the (unweighted) empirical cdf converges uniformly, in
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and other observational studies, shows that the conditions are verifiable for specified designs.
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1. Introduction

Consider informative selection of a sample from a finite population, with responses real-
ized as independent and identically distributed (iid) random variables with probability
density function (pdf) f, referred to as the superpopulation model. (Regression problems,
in which observations are conditionally independent given covariates, are also of interest,
but the following discussion readily generalizes to that setting and we restrict attention
to the iid case for simplicity of exposition.) The selection is informative in the sense that
the joint distribution of the sample responses, given that they were selected, is not iid f.

*This research was supported in part by the US National Science Foundation (SES-0922142).
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In general, the informative selection mechanism may induce dependence among
the selected observations. Nevertheless, a large body of current methodological lit-
erature treats the observations as if they were independently distributed accord-
ing to the sample pdf, defined as the conditional distribution of the random vari-
able Y, given that it was selected. Under informative selection, the sample pdf dif-
fers from f. In particular, Pfeffermann et al. (1998) (see some motivating work in
Skinner, 1994) have developed a sample likelihood approach to estimation and infer-
ence, which maximizes the criterion function formed by taking the product of the sample
pdf’s, as if the responses were iid. This methodology has been extended in a number
of directions (Pfeffermann and Sverchkov, 1999, 2003, 2007; Pfeffermann et al., 2006;
Eideh and Nathan, 2006, 2007, 2009).

Under a strong set of assumptions (in particular, sample size remains fixed as pop-
ulation size goes to infinity), Pfeffermann et al. (1998) have established the pointwise
convergence of the joint distribution of the responses to the product of the sample pdf’s.
This is taken as partial justification of the sample likelihood approach. Alternatively,
the full likelihood of the data (selection indicators for the finite population and response
variables and inclusion probabilities for the sample) can be maximized (Breckling et al.,
1994; Chambers et al., 1998), or the pseudo-likelihood can be obtained by plugging in
Horvitz-Thompson estimators for unknown quantities in the log-likelihood for the en-
tire finite population (e.g. Kish and Frankel, 1974; Binder, 1983; Chambers and Skinner,
2003, §2.4). Obviously, each of these likelihood-based approaches requires a model spec-
ification.

Rather than starting at the point of likelihood-based inferential methods, we take a
step back and consider the problem of identifying a suitable model using observed data.
In an ordinary inference problem with iid observations, we often begin not by construct-
ing a likelihood and conducting inference, but by using basic sample statistics to help
identify a suitable model. In particular, under iid sampling the empirical cumulative
distribution function (cdf) converges uniformly almost surely to the population cdf, by
the Glivenko-Cantelli theorem (e.g., Van der Vaart, 1998, Theorem 19.1). What is the
behavior of the empirical cdf under informative selection from a finite population? In
this paper, we develop an asymptotic framework and weak conditions on the informative
selection mechanism under which the (unweighted) empirical cdf converges uniformly, in
L- and almost surely, to a weighted version of the superpopulation cdf. The correspond-
ing quantiles also converge uniformly on compact sets. Our almost sure results rely on
an embedding argument. Importantly, our construction preserves the original response
vector for the finite population, not some independent replicate.

The convergence results we obtain may be useful, for example, in identifying a suitable
parametric family for the weighted cdf, from which a selection mechanism and a super-
population pdf may be postulated using results in Pfeffermann et al. (1998). The condi-
tions we propose are verifiable for specified designs, and involve computing conditional
versions of first and second-order inclusion probabilities. Motivated by real problems in
surveys and other observational studies, we give examples of where these conditions hold
and where they fail.
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2. Results

2.1. Asymptotic framework and assumptions

In what follows, all random variables are defined on a common probability space
(Q,o,P). Let B(R) denote the o-field of Borel sets. Assume that for keN, Y} :
(Q,,P) — (R,Z(R)) are iid real random variables with a density f with respect to
A, the Lebesgue measure. Consider {Nv}veN, an increasing sequence of positive integers
representing a sequence of population sizes, with lim,,_,o N, = co.

We consider a sequence of finite populations and samples. The ~th finite population
is the set of elements indexed by U, = (1,...,Ny). In the sampling literature (e.g.,
Sérndal et al., 1992), U, is often an unordered set, but it is convenient for us to order it
and to write, for example, Zker = Zgly The vector of responses for the population
is ¥y = (Yr)rev, and the sample is indexed by the random vector Z, = (Iyx)reu, ,
where the kth coordinate I, indicates the number of times element £ is selected: 0 or 1
under without-replacement sampling, or a non-negative integer under with-replacement
sampling. Define the distribution of Z, conditional on Y, :

gy(ir . ying v yn,) = P(Zy = (i, yin,) | Yy = (015, UNA) -

We assume that the index of the element k of the population plays no role in the
way elements are selected. Specifically, let o denote a permutation of a vector of length
N,. Then, for all v € N, (Z, | V) and (¢ -Z, | 0 - V) are identically distributed, or
equivalently

Gy (i1 iN YL - YN, ) = 9y (0 (150N, )0 (Y1, -+ 5 YN, ) (1)

We refer to (1) as the exchangeability assumption. It corresponds to the condition of
weakly exchangeable arrays (Eagleson and Weber, 1978) applied to (I, Yk)'yEN kel

Definition 1. For vy € N, the empirical cdf is the random process F, : R — [0, 1] via

F(a) = z:keU7 1 (—oo,a] (Ya) Iy
! a Iz,=0+ Zker Ly

Definition 2. Given v, let k,¢ € U, with k # {. Assume exchangeability as in (1) and
let

my(y) B[l | Yy =yl
vy(y) = Var(ly|Yi=1y)
m (g1, ) = ElL | Yi =1, = o]
cy(y1,y2) = Cov(Lyg, Ly | Y = y1,Ye = y2).

(These definitions do not depend on the choice of k,{ under the exchangeability assump-
tion).
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The following conditions on m., are used in defining the limit cdf:

oA0. There exist M : R — RT and m : R — R*, both A\-measurable, such that

VyeN,my < M
{ JMF d < oo (0a)
m., — m pointwise as y — o0
{ [ mfdx> 0. (0D)

Definition 3. Under A0, the limit cdf Fs : R — [0, 1] is

_ f]l(_oo_’a]mfd)\
Fs(a) = T [mfdh

Remark: relation to sample pdf

Because of informative selection, the empirical cdf does not converge to the superpopu-
lation cdf. Under some conditions to be specified below, it converges to F, a weighted
integral of the superpopulation pdf. To see this, consider the case of without-replacement
sampling and a single element, k. The sample pdf defined in Krieger and Pfeffermann
(1992) is the conditional density of Yj given I,; = 1. By Bayes’ rule,

_ P =1]Y=9)fW)
JPUye =11 Yi =y)fdA

_ mf(y) = w, () (W).

Define w = lim,, .o w and consider o € R. Then

fsv(y) = flyl Ly = 1)

VILH;O ﬂ(_w7a]f37 d\ = ’YILH;O ]1(_Ooya]w7f d\ = /]1(_007a]wf d\ = FS(OL).
Thus, if observations were iid from the sample pdf, F; would be the natural limiting
cdf. A related argument can be used to show that the same weighted cdf is obtained
under with-replacement sampling and a fixed number of draws, when considering the
distribution of any observation in the sample.

Because informative selection from a finite population may induce dependence among
the selected observations, observations are not iid, and we next specify asymptotic weak
dependence conditions among Z,, coordinates.

For a sequence {b,}, let o,(b,) denote lim, . 0,(by)b;" = 0. In the next two as-
sumptions, we define sufficient conditions for uniform Lo convergence and uniform a.s.
convergence of the empirical cdf.
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eAl. Uniform L, convergence conditions:

/ e (s 2) £ (90) F (g2)dgadyz = 04(1)

/ (m2, (1, y2)ml (Y2, y1) — mo (y1)me (y2)) f(y1) f(y2)dyrdys = 04(1)
[+ miax=o,(v,)
P(Z,=(0,...,0)) = o4(1).
eA2. Uniform almost sure convergence conditions: Let y € RY satisfy

zkEU’y ]l(foo,a’] (yk)
v - [1manf i

= 0,(1).

sup
a’eR

Then for all a € R,

Var Z IL(700,(1] (yk:)I'yk: y’y = (yla EER yNa,) = O’Y(N's)
keU,

Z L(—oo,0) (k) (B [Lyk | Yy = (w1 ---yn,)] — my(yk)) = 0 (Ny)
keU,

g“/((oa .- '70),y) = O’Y(l)-

Properties of sampling without replacement

In the case of sampling without replacement, Z., :  — {071}N7, A0 and A1l can be

replaced by a simpler set of sufficient conditions for uniform Ly convergence.

eA3. Uniform Ly convergence conditions under sampling without replace-

ment:

M~y — M pointwise as y — oo

Im:R — R A\-measurable s.t. { [mfd\>0

VY1, Y2, ¢y (Y1, y2) = 04(1)
Yy1,y2, M2 (Y1, y2) — ma(y2) = 04(1)
P(Z, = (0,...,0)) = oy(1).
These conditions imply A0Q and Al.
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Proof. Since I, € {0,1}, AOa and Alc always hold. By applying the Lebesgue domi-
nated convergence theorem, we obtain that Ala is verified when Yy1, y2, ¢, (y1,y2) = 0,(1)
and Alb is verified when Vyi,y2, m. (y1,v2) — m,(y2) = 0,(1).

O

An important special case of sampling without replacement is non-informative selec-
tion, with Z, independent of ), for all v € N. In this case, the sample obtained is an
iid sample of size n, = Zker L, (Fuller, 2009, Thm. 1.3.1), and the classic Glivenko-

Cantelli theorem can be applied as soon as nva'—b;'oo as 7 — oo. The assumptions of
Theorem 1 and Theorem 2 will then just ensure that the expectation of the sample size
will grow to infinity, and that its variations are small enough to avoid very small samples.
We can thus replace A0-A2 by a simpler set of sufficient conditions.

eA4. Uniform L, and a.s. convergence conditions under independent sam-
pling without replacement:

N, 'En,] = m#0asy—
{ Var(n,) = o,(N2). (@)

These conditions imply A0-A2.

Proof. We first show that A4 implies A3. Because Z, and ), are independent, the
exchangeability assumption implies m.(y) =E[l,1]=N;"E [n,] and N, 'E[n,] — m by
A4, so A3a holds. Exchangeability also implies

E [I I ]7 Zk,@EU-ytk:#@ E [I'ykl'yé] . Ek,EEUa,:k;éZ I’ykl—yz 7 |: nv(n’yl):|
11y2]= — v | (=1
ylty Nv(N"/ - 1) NW(NA/ — 1) N’y(N»y_].)
SO ( v
= —g | M\ =Ny Ny _
ol ve) = Corlhn, he) E[N%(NV Y ] Y (NW) o,(1)  (5)

by A4, so A3b is obtained, and A3c holds by independence. Finally,

P(ny,=0)=P(ny<1) = P(ny,—E[n,]<1-E[n,])
< P(ny —E[n,)]|>E[n,]-1)
Var (n,)
< Bl =12 0y(1), (6)

establishing A3d.
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We next show that A4 implies A2. For all a € R,

Var [ 3 1wV L| Yo = (i ---yn,)
keUy

= Z 10,01 (yr) Var (Ik)
keU,

+ Z ]1(700,04] (yk)]l(foo,a] (y@)COV (I'yk:al"/l)
kcUy:k#L
< Ny + Ny(Ny —1)o, (1) = 0, (N3)

by equation (5), so A2a holds. By independence,

E [I’Yk | y’y = (yla cee 7yN—Y)] = E[I’yk | Yk = yk] - m'y(yk);
so A2b holds. Finally,

g+((0,...,0),y) =P (n, =0) =0,(1)

by independence and (6), so A2¢ holds.

Remark

In conventional finite population asymptotics (Isaki and Fuller, 1982; Robinson and Sarndal,
1983; Breidt and Opsomer, 2000, 2008), conditions on design covariances Cov(Iyk, Iy¢)
are imposed to guarantee that the Horvitz-Thompson estimator ) weu, Yklyk (E[Li)~*

is consistent. Typically, these conditions imply that the variance of the Horvitz-Thompson
estimator is Oy(N2?/(Nym.)), where Nym., — oo is a sequence of lower bounds on
the expected sample size, E[n,]. These same conditions can be used to show that
Var (ny) = Oy (N2 /(Ny7sy)) = 04(N3), agreeing with A4.

2.2. Uniform convergence of the empirical cdf

In this section, we state the main results of the paper: uniform L, convergence of the
empirical cdf and uniform almost sure convergence of the empirical cdf. Important corol-
laries yield uniform convergence of sample quantiles on compact sets. Proofs are given in
the Appendix.

2.2.1. Uniform Ly convergence of the empirical cdf

Theorem 1. Under A0 and A1, the empirical cdf converges uniformly in Lo in the
sense that

L
SUP|Fv(a)_FS(O‘)|:||F"/_Fs||oo = 0.
a€R Y0
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Definition 4. The limit quantiles & : (0,1) — R are given by

gs(p) = lnf{y eR: F@(y) > p}

and the empirical quantiles &, : (0,1) — R are given by
& (p) =inf{y e R: F,(y) > p}.
With this definition, we have the following corollary:

Corollary 1. Suppose that F is continuous on R and 0 < Fs(y1) = Fs(y2) < 1=y =
yo. Then, under A0 and A1, the empirical quantiles converge uniformly in probability to

the limit quantiles,
P
sup [§(p) — &s(p)| — 0
peEK

y—00

for all K a compact subset of (0,1). Under the further hypothesis that f has compact
support, the convergence is uniform in Lo:

sup &, (p) — & ()| 2 0.
peEK Y

— 00

2.2.2. Uniform almost sure convergence of the empirical cdf

The Glivenko-Cantelli theorem gives uniform almost sure convergence of the empirical cdf
under iid sampling. We now consider uniform almost sure convergence under dependent
sampling satisfying the second-order conditions of A2.

Asymptotic arguments in survey sampling consist first in embedding a specific sample
scheme in a sequence of sample schemes. In the proof of the following representation
theorem, we link the elements of the sequence of sample schemes in a way that ensures
uniform almost sure convergence of the empirical cdf. We stress that in our result the
vector of responses for the population remains the original }, = (Yi)rev,, and not
another set of identically distributed random variables.

Theorem 2. Under A0 and A2, there exist sequences of random wvariables

(L )venkev, s (Yi)ken defined on the probability space

(Q x [0,1], 7 @ Bo,1), P =P )\[071]) such that

o |F} — F|loo converges P'-a.s. to 0

e Vy €N, (Z.,).) and (Z,,Y,) have the same law

e VyeN weQ xel01], V(v,z)=V,(w)
where %o 1) is the o-field of Borel sets, \jo,1) is the Lebesgue measure on [0,1], I/ =
(I;l,...,I;NW), V= (Y{,...,YM) and F! : R — [0,1] via

F’(a) _ Zker L (Y';k)I'ka.
>oweu, L+ 11y=0

~
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Corollary 2. Suppose that F is continuous and 0 < Fs(y1) = Fs(y2) < 1 = y1 = yo.
If A0 and A2 hold, then for (I} )yenkev, and (Y{)ren that satisfy the conditions of
Theorem 2, the empirical quantiles

&, (p) = inf{y € R: F(y) > p}

converge uniformly almost surely,

sup |&,(p) — & (p)] X3 0
peEK Yoo

for all K a compact subset of (0,1).

3. Examples

We now consider a series of examples of selection mechanisms, motivated by real problems
in surveys and other observational studies. We give examples where conditions A0, Al,
A2 hold and where they fail.

3.1. Non-informative selection without replacement

e For any sequence of fixed-size without-replacement designs with 7., indepen-
dent of Y, (e.g., simple random sampling, stratified sampling with stratification
variables independent of ), rejective sampling (Héjek, 1981) with inclusion prob-
abilities independent of )., etc.), the condition A4 holds provided that ny N L
converges to a strictly positive sampling rate.

e For a sequence of Bernoulli samples with parameter p € (0, 1), the {I,;} are iid
Bernoulli(p) random variables, so Var (n,) = N,p(1 — p) and condition A4 holds.

e Poisson sampling corresponds to a design in which, given a random vec-
tor (Iy1,....01LN,) @ Q@ — (0,1]%~, the {I,;} are a sequence of independent
Bernoulli(Il,) random variables (Poisson, 1837). In this case, the variance of n.
is given by

Var (ny) = > E[y(1 = Ty) + Var [ Y Ty

k€U, keU,
Note that the first term in this expression is always o, (sz), so it suffices to consider
the second.
— In the case where the vector [Il,x]rer, is just a random permutation of a non-

random vector [myx|xcv,, then Var (Eker Hn,k) = Var (Eker ka) =0
and A4 is satisfied when N, ™'Y keu, Tyk converges to a non-zero constant.
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— Suppose that Z, is a random positive real vector of size IV, and suppose that
the law of (Z,Y,) is invariant under any permutation of the coordinates. For
n’ fixed, consider the design in which IL,; = anka{Zker Zy} ' Then

Var Z Il | = Var (nl) =0
keU,

and A4 is satisfied when Z, and ), are independent and N7_1n§ converges
to a non-zero constant.

— Let a,,by € (0,1] with a # b,. If

(I My )= (ay...ay), with probability 1/2,
L Ny = (by...by)  with probability 1/2,

then

V- E H Z\]Q(ELV E Y) / (NQ)
ar ‘/k ¥y 1 OY Y
kGU—)

Then A4 is not verified and in fact if N,a, = 0,(1) we do not have uniform
convergence of the empirical cdf.

3.2. Length-biased sampling

Length-biased sampling, in which P(I,; = 1| Y = yx) = m,(yx) x Y, is pervasive in
real surveys and observational studies. Cox (Cox, 1969) gives a now-classic example of
sampling fibers in textile manufacture, in which m.(yx) oc yr = fiber length. In surveys
of wildlife abundance, “visibility bias” means that larger individuals or groups are more
noticeable (e.g., Patil and Rao, 1978), so m.(yx) x yr = size of individual or group.
“On-site surveys” are sometimes used to study people engaged in some activity like
shopping in a mall (Nowell and Stanley, 1991) or fishing at the seashore (Sullivan et al.,
2006); the longer they spend doing the activity, the more likely the field staff are to in-
tercept and interview them, so m,(yx) o< yr = activity time. In mark-recapture surveys
of wildlife populations, individuals that live longer are more likely to be recaptured, so
m~ (yr) x y = lifetime (e.g., Leigh, 1988). Similarly, in epidemiological studies of latent
diseases, individuals who become symptomatic seek treatment and drop out of eligibil-
ity for sampling, while those with long latency periods are more likely to be sampled:
m~(yx) o< yi = latency period. Finally, propensity to respond to a survey is often related
to a variable of interest; e.g., higher response rates from higher-income individuals.

Suppose that f has compact, positive support: [ Lje,an fdX = 1forsome 0 < e < M <
oo. For the ~th finite population, consider Poisson sampling with inclusion probability
proportional to Y, in the sense that {1, }rev, are independent binary random variables,
with

Py =1Yy=yr) =1 =Py =0]Ye =yr) = my(yr) < ys-
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Let 7, = y,;lP (Iyx = 1| Y = yi) be the common proportionality constant (independent
of k), and assume that 7, — 7 € (0, M ~'] as v — co. Then

my(y) =7y — TYy=my)

Yk, ye) = 0, m’, (yr, ye) — M~ (yr) = 0
P(Z,=(0,...,0)) = E|]J]0-7um)
k€U,

< (1- T'YG)NW = exp(Ny In(1 — 7y¢)) = 0,(1),

so that A3 is verified. It then follows that the limiting cdf is given by

Fs(a) = /ﬂ(—m,a]ﬁfd)‘ (8)

3.3. Cluster sampling

Let F' denote the superpopulation cdf: F(7) = f]l(_oo,T]fd)\. Let 7 € R be such that
F(7) > 0. Define

i1y = (L(—o0,r](Ye))rev, and ioy = (L(+00)(Yx))rev, . The selection mechanism is Z, =
i1~ OF Q2+, each with probability 1/2, so uniform convergence of the empirical cdf is not
possible. Note that

1
COV(I’kaLY@ | Yk = Y1, }/Z = y2) = 511(700,7-] (Z/l)]l(,ooﬂ (y2)
1 1
+§]1(Ta00)(y1)]1('r,oo)(y2) - Z
so that
1
/C»y(y1,y2)f(y1)f(y2) dyrdys = §F2(T)
1 5 1
+§(1 - F(1))" - 1 # 04(1),

and Ala fails to hold. This example can be regarded as a “worst-case” cluster sample: the
sample consists of many elements but only one cluster, and the population is made up of
a small number of large clusters, none of which is fully representative of the population.

3.4. Cut-off sampling and take-all strata

In cut-off sampling a part of the population is excluded from sampling, so that I, =0
with probability one for some subset of U,. This may be due to physical limitations of
the sampling apparatus, like a net that lets small animals escape, or may be due to a
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deliberate design decision. For example, a statistical agency may be willing to accept
the bias inherent in cutting off small y-values if the y-distribution is highly skewed, as is
often the case in establishment surveys (e.g., Sdrndal et al., 1992, §14.4).

Consider cut-off sampling with I, = 0 for {k € U, : yx < 7}, and simple random
sampling without replacement of size min{n.,, Ny—>_ jeu, 1 (—oo,7)(y5)} from the remaining
population, {j € Uy : y; > 7}

Define Z = 1(_o 7(Y%) with corresponding realization zp = 1(_ -(yx). Let p, =
NS 'n., and assume that lim, . p, = p. We now verify A3.

Define Sya =3 ey .j¢a Zj- By the weak law of large numbers, N;1S,a L F(r) as
v — oo for A ={k} or A = {k,{}, and so for those sets A we have

Py =Ny MShay _ o O r)
1= Ny1s,a oS [ ()

lim E {
by the uniform integrability of the integrand. With the same argument,

(79 = Syqrey) (7 — 1= Syqmgy)
(N = Syqry) (Mo = 1= Syqagy) - (5w}

Yoo

limEl

= (f:fﬂg;f Lip>F(r))

Using conditional first and second-order inclusion probabilities under simple random
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sampling, we have

Ny — Sotk
o) =4 (208 | s
(p = F(7)L{p>F(r)}
1—
— 2k + ( Zk) 1= F(T)
Ny — Sy{k,0}
o) = 2+ (1= 20— 2B | T

Ny — 1—- S’y{k)l}
+ ze(1 — 2z)E {Nv 1 S, Lo, 158, o N, =158, 0y}

(p— F(T){psr(r)y

=z + (1 — z)

1— F(r)
doy(Yks ye) = E[LyeLye | Y = yr, Yo = ye]
n Z}
_ 1— 1 _ E Y ’Y{k ]1
k20 + {Zk( Zg) —|— 2k Z@} |:N'y 1 ’y{k 0 {ny—=1>5, (k.03 }
+ (1 - 2)(1 - 2)E [ = Swa) b 1= Suwa) 5 m]
(Ny = Syik.0y) (Nv —1- v{kl}) ’
2
— zpze + (1 — 2x) (1 — z¢) ( )> Lipsp(r)y
— F(m)1 ,
Lol = 20+ (1= 20y LT )}({”f” 2

(U, ye) = do/(Yrs ye) — M (Ye, yo)m?, (ye, yu) = 04(1),

and A3 is verified.

Cut-off sampling for y, < 7 is essentially the complement of stratified sampling with
a “take-all stratum”: I, = 1 for the set {k € U, : z;, = 1}. Take-all strata are common
in practice, particularly for the highly-skewed populations in which cut-off sampling is
attractive. Arguments nearly identical to those above can be used to establish A3 in the
take-all case. This take-all stratified design is analogous to the well-known class of case-
control studies in epidemiology (e.g., Prentice and Pyke, 1979; Scott and Wild, 1986), in
which disease cases (z; = 1) are selected with probability one, and controls (z; = 0) are
selected with probability less than one.

3.5. With-replacement sampling with probability proportional
to size

Let {n,} be a non-random sequence of positive integers with n, < N, and suppose that
[ has strictly positive support: [ 1(—,01f dX = 0. Consider the case of with-replacement
sampling of n, draws, with probability of selecting element k on the hth draw equal
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pyi € 10,1], Zker Pye = 1. While p.i could be constructed in many ways, a case
of particular interest is p,r oc Y. This design is usually not feasible in practice, but
statistical agencies often attempt to draw samples with probability proportional to a size
measure (pps) that is highly correlated with Y. Such a design will be highly efficient for
estimation of the Y-total (indeed, a fixed-size pps design with probabilities proportional
to Y) would exactly reproduce the Y-total).

For h =1,...,n,, let Ry, be iid random variables with
Yy

PRL=k|YV)) = =—"—.

! ! E;‘EU7 Y;

Then I, = ZZ”:I 1(r., =k} counts the number of draws for which element £ is selected.
Define W, 4 = N > jev,jga Yj- Then

N,y 1
() = B |
’y(yk) N, Yk N{lyk n Ww{k}]
n 1
m’,(Yr, ye) = ~F kB | —
7 Ny Ny Yyr +ye) + W, (k,0)
n 2 1
v (yk) = <7yk> Var | —4———
! Ny Ny e+ Wik
PR LA ]
_ 2
Ny Ny LN e + Wy

1
_ 2
(N5 (yk + ye) + Wy gy 1

1
+n. Var — .
! (Nw Ny +ye) + W’y{k,é}) }

Under mild additional conditions, A1 and A2 can be established using straightforward
bounding and limiting arguments. A sufficient set of conditions for either Al or A2 is
nyN;' — 7 € [0,1] as ¥ — oo and E[Y{] < oo. Under these conditions, m,(y) =
y(E[Y1])™' + 0,(1), and the limiting cdf is the same as in length-biased sampling, as
given by equation (8).

3.6. Endogenous stratification

Endogenous stratification, in which the sample is effectively stratified on the value of the
dependent variable, is common in the health and social sciences (e.g., Hausman and Wise,
1981; Jewell, 1985; Shaw, 1988). Often, it arises by design when a screening sample is
selected, the dependent variable is observed, and then covariates are measured for a
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sub-sample that is stratified on the dependent variable: for example, undersampling the
high-income stratum (Hausman and Wise, 1981). It can also arise through uncontrolled
selection effects, in much the same way as length-biased sampling. One such example
comes from fisheries surveys, in which a field interviewer is stationed at a dock for a fixed
length of time, and intercepts recreational fishing boats as they return to the dock. The
interviewer tends to select high-catch boats and, while busy measuring the fish caught on
those boats, misses more of the low-catch boats. Thus, sampling effort is endogenously
stratified on catch (Sullivan et al., 2006).

We consider a sample endogenously stratified on the order statistics of Y. Let {H,} be
a non-random sequence of positive integers, which may remain bounded or go to infinity.
For each 7, let {Nwh}f;1 be a set of non-random positive integers with ZhHl1 Ny = Ny,
and let {nwh}hHll be a set of non-random positive integers with n.;, < Nyj. Let

Yi) < Yy < < Yiw)

denote the order statistics for the yth population, which is stratified by taking the first
N,1 values as stratum 1, the next N,z as stratum 2, etc., with the last N,y values
constituting stratum H,. The yth sample is then a stratified simple random sample
without replacement of size n.j from the N, elements in stratum h.

Define M.,o = 0 and M., = ZZ:1 Nyp. Because H,, N, and n, are not random, we
then have

=
2

Nyh
m’Y(y) = ’YhP (}/(M'v,h,fl) <Y < Y(Mwh) | Yy = y)

=
Il
—_
2

T

.
Nk My 1 My n )

= P <Fn,—1(y) < )
7= Non <Nv_1 wyay) Ny —1

where Fyy__1(-) is the empirical cumulative distribution function for {Yj}iev, j#k-
From the classical Glivenko-Cantelli theorem, Fy. _1(y) converges uniformly almost
surely to F'. Similar computations can be used to derive m/ (y1,y2) and ¢, (y1,y2) and
their limits. With such derivations, it is possible to establish the following result, the
proof of which is omitted.

. H - .
Result 1. IfG(a) =lim,_> . n’Ythhlll(N;lMﬂ,,h_l,N;leh)(o‘) exists except for
a finite number of points and is a piecewise continuous non-null function, and the con-
vergence is uniform in « then A8 and A2 hold.

4. Conclusion

We have given assumptions on the selection mechanism and the superpopulation model
under which the unweighted empirical cdf converges uniformly to a weighted version of
the superpopulation cdf. Because the conditions we specify on the informative selection
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mechanism are closely tied to first and second-order inclusion probabilities in a stan-
dard design-based survey sampling setting, the conditions are verifiable. Our examples
illustrate the computations for selection mechanisms encountered in real surveys and
observational studies. We expect these conditions to be useful in studying the properties
of other basic sample statistics under informative selection, which will be the subject of
further research.

Appendix A: Proofs of Theorems 1 and 2

The first subsection contains the proof of Theorem 1. The proof consists in showing the
uniform Lo convergence of the empirical cdf, seen as a ratio of two random variables.
First, we show that from Al we can deduce the Ly convergence of both the numerator
and denominator, then the classical proof of Glivenko-Cantelli is adapted to obtain a
uniform Lo convergence.

The second subsection contains the proof of Theorem 2. We first construct two se-
quences of random variables (Z) and Y’ such that Vv, (Z7,)!) and (Z,,),) have the
same distribution. We then prove uniform Ly convergence of the empirical cdf defined
from (Z%) and Y’, almost surely in Y”. The result is “design-based” in the sense that it
is conditional on Y”’, and is of independent interest. We conclude by showing the almost
sure convergence.

A.1. Proof of Theorem 1: Uniform L, convergence of the
empirical cdf

Lemma 1. Given a bounded measurable function b: R — R, A0 and A1 imply that

b(Yy)l
Zker (Vi) Ly Ly /bmfd/\.

N, y—00

Proof. Assume AO and Al. The exchangeability property (1) implies

b(Yi)I E[b(Y:) ]
Zkev, MV Lokew, BRI :/bmyfdA Wi’oo/bmfdA

E
N, N,
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by AOa, AOb and the dominated convergence theorem. Further, (1) implies

Var (Zkeu7 b(Yk)Lﬂc>

by Ala, Alb,

Lemma 2.
m LQ N

lim
y—o0

N'v
1
N2 > {Cov (b(Vi)E [k | Y, Yil , b(YO)E [Iy | Vi, Vi)
7 keU,

+ E[b(Yi)b(Ye)Cov (Lyk, Lye | Yi, Yo)]}
<1 ) Alf> (/ by )b(y2)m’ (1, ) (2. 1) (1) (92) Ay s

- </ b(y1>m{y(y17yQ)f(yl)f(yQ)dyldyQ)
+ [ b(yl)b(yz)cw(yhyz)f(yl)f(yz)dy1dy2>

1 2
+E (/bzvvfd)dr/bzmifd)\ </bm7fd/\) >

(1 _ ;) ( [ b0t () ., ()
=y (y1)my (y2)) f(y1) f(y2)dy1dy2
+ / b(yl)b(y2)0y(y1>yz)f(yl)f(yz)dyldy2>

+;7 (/b“‘(vﬁmi)fdA— </bmyfd)\)2>
04(1)

and Alc, and the result is proved. O

Under A0 and A1, the numerator of the empirical cdf converges uniformly

. [(i‘é{é )2] -

2 kev, L(—oo,a] (Vi) Ik
e _/ﬂ(,oo’a]mvfd)\

Proof. We first define G, : R — R* and G5 : R — RY as

1

Gy (o) = 5~ > (ooa) (Vi) Ik and Go(a) = /]l(_oo,a]mfd)\.

7 keu,
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With these definitions,

1 —o0,a (Yk 1 k
sup [ 22kes Hocoe i) _ / L (o0, f dA

acR N'y

= ”G’y - Gsnoo-

n+1

Let 7 € N* index the positive integers and define a sequence of subdivisions {a, 4},

of R via a0 = —00, a1 = 00, and for ¢ =1,...,7,
g = inf {a € R|Gy(a) > n7'qGs(00) } .
We first show that for all positive integers 7,

sup {|G,(a) — Go(a)]} < max {|G(ayq) — Gslayg)|} + (;57(700)

a€R 0<g<n+1

Let n € Nand a € R. Then «a € [ 4, 0 q+1] for some 0 < ¢ <, and

G (an.q) < Gy(a) £ Gylaggtr)
Gs(amq)c (00) < Gsla) < Gslaggrr) G (00)
Gslangr1) — =57 = Gsla) = Gilage) + =57

Combining these inequalities, we have

Gs(00)
n

G (an.q) — Gs(ag,q) —

so that

G (a) = Gs(@)]

G400
< max {|Gy(@ng) — Calang)] . 1G (@ ass) — Galamge)|} + 220

Gs(oo).

< 1) — 5 ’
< 0§?2%+1{|G7(an,q) Gs(ang)l} +

Thus, for all a € R,

1Gle) = GS(a)|2 =2 ( {|G’Y(O‘mq’) - Gs(an,q/)|2} +

max
0<q’<n+1

so that

B[16, - Gult] < 28| max {165 (an0) — Gulana)P} ] + 20

0<q<n+1
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Let & > 0 be given. Choose 1 € N so large that 2G(c0)?n2 < /2, then use Lemma 1
to choose I' so that v > T" implies

QE[ max {|Gv(an,q)—Gs(an,q)2}} < g

0<qg<n+1

Hence, for all v > I, the right-hand side of (9) is bounded by e, which was arbitrary, so
lim, oo B {(HGW—GSHOO)q = 0. O

Proof of Theorem 1
By Definitions 1 and 3 and AO, for all a € R,

G (a) Gs(@)
BN TR P @)= G oy
SO
G
I8, = Pl = |yt oo H
Gy -G, Gs(OO)*(Gv( Hﬂcw(oo):o)
N H Gs(0) G Gs(00)(Gy(0) + 1. (00)=0) Lo
Gy = Gsll 1G5l |G+(00) + L (00)=0 — Gs(00)|
- Gs(00) G () + 1@ (00)=0 Gs(o0)
IGy = Cisllos |G (00) + 1, (00)=0 — Gs(o0)]
- Gs(o0) Gs(o0)
Gy = Gslly, | 1Gs(00) = G (00) n La, (c0)=0
- Gs(o0) Gs(o0) Gs(o0)

From Lemma 2, the first two summands converge to 0 in Ly. From Ald, so does the third
summand.

O

A.2. Proof of Theorem 2: Uniform almost sure convergence of
the empirical cdf

Construction of I, Y’

We define Y’ and 7’ on the probability space (Q x [0,1], 7 ® %[0,1],P’ =P® /\[0’1]).
First, define Y/ : Q x [0,1] — RY via

Y'(w,z) =Y (w).
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Let )/, be the vector of random variables (Y7 ... Y} ) and note that V. (w, z) = Y, (w). Let
S,y = {i € NM : g,(i,y) # 0} and note that for a given y € R, >ies,, 9v(i,y) = 1.
Define h, : RV x NV — R via

el (—o0,0) (UK
b (3,1) = sup | et L ool W)

— — G (a)|.
aek | Lizo + X jeu, (i) ()

We now impose an order on the M., vectors in S, by requiring h. to be non-increasing;
that is, for vectors i(¥) (%) ¢ Sy, t < u if and only if hv(y,i(t)) > hv(y,i(“)). Any
ties can be resolved, e.g., by randomization. For w € Q and = € [0,1], we then define
T/ (w,0) = iV and for > 0

M’Yy
/ - ()
7 (w, ) Z:l (A (2, 92O 2, @)Y, <. g7 (19, ()] ().

t<u

Because we use uniform measure on % 1], the vector i) is sampled from Sy, (w) With
probability g, (i), Y, (w)). Thus, by construction we have for all =,

P’ [I;=i|y;=y] =gy(i,y) =P[Zy =i | Yy =y]
and P’ D); = y} =P[Y, =yl, so that
P’ [I,/Y :i,y; :y] =P[Z,=4Y,=y].
This yields the following property:
Property 1. For all v,
hy (Y5, T5) = sup |Fi(a) — Fo(a)| = | F} = Fil|w

a€R

has the same law as || Fy — Fsl|oo, where F, is defined in (7).
Define G/ : R — R* via

G (a) = Eker L(—00,0] (Yk’)fék
Y ‘Z\[’y ?

-1
noting that F; = G/, (ny(oo) + HG;(oo):o) . We then have the following lemma.
Lemma 3. Under A0 and A2, for all a € R,

lim (G (a)(w,z) — Gs(a))2 d\(z) =0 P-a.s.(w).

YR 10,1)
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Proof. Let

Qac=<w € N: lim sup NA/_l Z 1(_m7a](yk)(w) —/1(_007a]fdA =0
Y= qeR el

From the Glivenko-Cantelli theorem, P (Qg¢) = 1. We will show that for all w € Qg¢,
[0 1 (G;(a)(w,x) - Gs(a))z d)\(l‘) = 0,\/(1),

Let w € Qgc. We then have

\//[0 : (G’W(a)(w,x) - Gs(oz))2 d\(x)

, S kev, Loo.a (Ve (@) fig. 1y Lo (w0, w)dA () *

i Zker ]l(—oo,a](Yk(w)) f[O,l] I'ka(wa u)d)\(u)

Ny
2 ker, L=oo,a) (Yi(w))my (Ye(w))
_ N,
1 (oo, (Yi(w))my (Y (w
Jr'ZkeUW ( ,]Evj( Dy (Yi(w)) _/]l(foo,a]m’yfd)\

+ ’/]l(oo)a]mﬂ/fd/\— /]1(007a]mfd)\‘ .

The first term is the square root of
Var (G (a) | Y, = (Yi(w), ..., YN, (w))) = N;%0,(N2) = 0,(1)
by A2a. The second term is
1 _co,0)(Yi(w , ,
3 M(E [, | V= (Vi(w) ... Y, ()] =y (Yi(@) | =04 (1)

N.
k€U, 7

by A2b. The third term is o, (1) because the convergence of the empirical measure given
by A2 implies the convergence of the integral for all bounded random variables. Finally,
the fourth term is 0,(1) by A0 and the dominated convergence theorem. O

The following lemma has its own interest, yielding design-based uniform L5 conver-
gence of the empirical cdf.
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Lemma 4. Under A0 and A2,
/(hv(yfy(w,z),f,y(w 2))? dA\(z) = 05(1)  P-a.s.(w).

Proof. Starting from Lemma 3 and adapting the proof of Lemma 2, we have that:
A2 = [ (G, (V) (w,2), T, (w, x)) — GS||OO)2d)\(x) = 0,(1) P-a.s.(w). We then adapt the
end of the proof of Theorem 1 and get the result. O

Definition 5. Forw € Q, vy €N and alle > 0, ac 5 € [0,1] is defined as
e = /[ o apenza®@) = o7 ) 2 )

Property 2. Foralle > 0,

hmbup ]1{h (y/ I’)(w,w)>5} = ]1{0} P—a.s.(w).
=

Proof. First note that Vo € [0,1], 1y, V1) (wz) e} = 1(0,a..,..)(x), because by con-

struction of 77, V7 , {J; €[0,1] : hy (S, T ) (w, ) > e} is a subinterval of [0, 1] containing

0 of measure a. . Further, Vz € [0, 1],

lim sup ]l{hn,(y; I (w,z)>e} = ]l[O,Iim SUDP., o0 Qe,y,0] ('T) (1())

y—00

By Lemma 4, the random variable

(y'y? fy)( ) : ([07 1]5%[0,1]3/\[0,1]) —-R

converges in La(A) to 0, P-a.s.(w), hence it also converges in probability to 0, and so
limy o0 @~ = 0. The result then follows from equation (10). O

Proof of Theorem 2
Proof. We want to show that

A0, A2 = ||F), = Filloo 22 0asy — oo,

which is equivalent to showing that

A0,A2 = P/ ({ lim h.(Y.,Z) = }) =1
y—00
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Assume A0 and A2. We calculate:

P’ ({711_%0 hy(V.,T)) = 0})

= P'(NesoUr ﬂ’y>1“{h'v(yflyaﬂy) <e})
= 21_{% P'(Ur Ny>r {hw(yé»fé) <e})

= lirr[l) 1 —P'(Nr Uysr {h (Y., T)) > €})

= 1—1lim /[ limsup ]l{hw(y,'wlfy)(wJ)ZE} dP’(w,x).

e—0 ~—00

Let € > 0. Applying Fubini’s theorem,
/lim sup ]l{hw()fg,I;)(w,z)ZE} dP’(w, :U)
y—o0

= / (/ hmbup ]l{h.y()/,’y,I,’y)(w,z)Ze} dA[O,l] (.13)) dP(w)
Y

Since we have limsup,,_, ., Lin, v, 1) (w,z) e} = 10y (z) P-a.s.(w), we also have for all
€ > 0 that

Yoo

/limsup ]l{hw()/;,I;)(w,z)Ze} d)\[O,l] (iC) = /[ | ]1{0}(.'17) d)‘[O,l] (l‘) =0
0,1

P-a.s.(w). Thus,
P’ lim h (Y., 7)) =0 =1
(i)

Appendix B: Proof of Corollaries 1, 2

We state the following lemma which is a consequence of a theorem due to Pdlya (e.g.,
Serfling, 1980, p. 18). The proof is omitted.

Lemma 5. Let {uy(-)}en be a sequence of increasing step functions, u, : R — [0,1],
that converges pointwise to a continuous increasing function w : R — [0,1] with
limy oo u(y) = 0, limy_,ocu(y) =1 and 0 < u(y1) = u(y2) < 1 = y1 = ya. Define
¢y(p) = inf{y € R: uy(y) > p}, q(p) = inf{y € R: u(y) > p}. Then for all K a compact
subset of (0,1), lim., oo sup,c i {¢(p) — q(p)} = 0.
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B.1. Proof of Corollary 1

Proof. As m,f and mf may have different supports, we extend the definition of & by

Vp € R, &s(p) = inf{y € R: Fi(y) > p}-
Let K be a compact subset of (0,1). Then

sup &, (p) — &5(p)] = 0
peEK it

if from all subsequences one can extract a subsequence that converges a.s. to 0. Let

7 : N — N be a strictly increasing function. If | F}, — Fs|| 220 then 1Fr(y) — Fslloo L0

and [|Fr(y) — Flloo L 0. Then there exists p : N — N strictly increasing such that
a.s. .

|1 Fr (o)) — Fsllo = 0 and by Lemma 5, P (hmw_,oo SUp,ec g |§T(p(7))(p) — ﬁs(p)| = 0) =

1.

For the uniform L, convergence, let p € (0,1) and « € R. Then |F,(a) — Fs(a)| <
| Fy — Fs||o, s0 that

{aeR:Fy(a) > p+ ||Fy — Fsllo} C {a€eR:F,(a)>p}
C {QGR3FS(O‘)ZP_HF'Y_E‘?”oo}a

and

inf{a e R: Fs(a) > p+ ||Fy — Fslloo} > inf{a € R: F,(a) > p}
>inf{a € R: Fy(a) > p— ||Fy — Fs||o }-

Hence Vp € (0,1), & (p+ [|[Fy — Fsll) = &(p) = & (p— ([ — Fill) -

Further, f has compact support by hypothesis, so there exists b > 0 such that the
supports of (m. f)yen and mf are included in [—b,b]. SoVp € (0,1), v € N, =b < &, (p) <
b, —b < &(p) < b. By combining these three inequalities, we have, Vp € (0,1):

1€s(p) —&+(p| <min{d, §s(p+ || Fy — Filloo)} —max{=b, & (p— || Fy — F | o0)}- (11)

Since K C (0, 1) is compact, there exists a € (0, 1) such that K C [a,1 — a]. With the
assumed continuity of Fs, we have that &, is uniformly continuous on any subinterval
of [0,1] that does not contain zero. Thus, for € > 0, there exists n € (0,a/2) such that
p € K implies [§(p+ 1) — &(p —n)| < & If |[Fy — Fillos <, then p+ [[Fy = Fil|oc <
p+n<1l—a/2 and &(p+ ||[Fy — Fillo) < b, p— ||[Fy — Fsllo = p—n > a/2 and
&s(p — ||Fy — Fslloo) > —b, so equation (11) is bounded by €. If ||Fy — Fi|loc > 7, then
(11) is bounded by (2b)]]'{”F'y_FsHoo>77}' Thus

2
E (sup mp)—fs(p)) < L APP(|Fy — Fulloe > 7).
peK

Since ¢ was arbitrary and P (|| F}, — Fi|loc > 1) — 0 as v — o0, the result follows.
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B.2. Proof of Corollary 2

Proof. 1f ||F}, — Fsl|~ 280, then for all K a compact subset of (0,1), and all (w,z) €
{(w,z) : |F} = Fy||oc — 0}, we apply Lemma 5 with u, = F)(w,z), u = F;, and obtain
that P’ (limpyﬁOo SUP,e ¢ |§fy(p) - (p)| = 0) =1. O
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