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Inference for the parametric distribution of a response given covariates is considered under informative se-
lection of a sample from a finite population. Under this selection, the conditional distribution of a response
in the sample, given the covariates and given that it was selected for observation, is not the same as the
conditional distribution of the response in the finite population, given only the covariates. It is instead a
weighted version of the conditional distribution of interest. Inference must be modified to account for this
informative selection. An established approach in this context is maximum “sample likelihood”, developing
a weight function that reflects the informative sampling design, then treating the observations as if they were
independently distributed according to the weighted distribution. While the sample likelihood methodology
has been widely applied, its theoretical foundation has been less developed. A precise asymptotic descrip-
tion of a wide range of informative selection mechanisms is proposed. Under this framework, consistency
and asymptotic normality of the maximum sample likelihood estimators are established. The theory allows
for the possibility of nuisance parameters that describe the selection mechanism. The proposed regularity
conditions are verifiable for various sample schemes, motivated by real problems in surveys. Simulation re-
sults for these examples illustrate the quality of the asymptotic approximations, and demonstrate a practical
approach to variance estimation that combines aspects of model-based information theory and design-based
variance estimation.

Keywords: complex survey; pseudo-likelihood; stratified sampling; weighted distribution

1. Introduction

Consider a finite population U = {1, ..., N} and a joint probability density function (p.d.f.)
f(x,y, z), called a superpopulation model, generating independent and identically distributed
(i.i.d.) random vectors (X, Yk, Zy) for each k € U. Here, X; is a vector of covariates, Yj
is a response (possibly vector-valued), and Zj is a vector of design variables. Suppose that
f(x,y,z) =fe(zlx, y)fo(y|x)g(x) where & and 6 are vectors of unknown parameters. The factor
fe describes the selection mechanism, and contains only nuisance parameters &. The factor g
describes the marginal distribution of X and is not of interest. It is of interest to conduct infer-
ence for 6 based on observations of (X, Yk, Zi) for a sample selected from U'. In the absence of
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sampling, the conditional distribution of the Y;’s given the Xj’s for the entire finite population is
[Txew fo (klxx), and Z;’s are irrelevant for inference on 6.

In general, however, the sample selection depends on (Zi,...,Zy). For positive Zj’s,
a common design would be to include element k in the sample of size n with probability
nZi/ Y reu Zk- As another example, the population could be sorted on an index Z; and then
grouped into disjoint strata of elements with similar Z; values, with independent sample selec-
tions from each such stratum.

Since Y; and Z; are dependent in general, the conditional distribution of the Y}’s given the
Xi’s in the sample is typically not equal to the product of the conditionals: the distribution
of Y given X for selected k is not fg(yx|xx) and the informative selection mechanism may
induce dependence among the selected observations. Ignoring the informative selection results
in inconsistent estimation of 6.

One approach to estimation in this context of informative selection is pseudo-likelihood, con-
sisting of maximizing the Horvitz and Thompson [13] estimator of Zke v Info (yk|xk), the pop-
ulation level log-likelihood. This method is straightforward and is a standard feature of software
designed for the analysis of survey data. The resulting estimators are consistent for 6 under mild
conditions, but may be inefficient compared to other likelihood-based methods.

Another approach is based on the sample likelihood, consisting of ignoring the dependence
among the observations and treating them as if they were independently distributed according
to the sample p.d.f., p(x,y;0,&)fe(y|x), which is a weighted version of the population p.d.f.
The weight function p(-) requires the specification of the model f¢ for the selection mechanism.
The sample p.d.f. is the basis for an estimation approach under length-biased sampling (Patil and
Rao [17]). It has been developed for more general informative selection schemes in the complex
survey context (Krieger and Pfeffermann [15], Section 3, Pfeffermann, Krieger and Rinott [19],
Pfeffermann and Sverchkov [24]). The weight p(x, y; 6, &) is the expected inclusion probabil-
ity of an element given its covariate is x and response is y, divided by the expected inclusion
probability given its covariate is x. (This definition can be extended for random sample sizes
and with-replacement sampling, replacing expected inclusion probability by expected number
of selections (Bonnéry, Breidt and Coquet [2]). As shown by Landsman and Graubard [16], the
Breslow and Cain [3] approach is a special case of sample likelihood estimation.

The sample likelihood methodology has been extended in a number of directions (Pfeffermann
and Sverchkov [22,25], Pfeffermann and Sikov [21], Pfeffermann [18]), including longitudinal
surveys (Eideh and Nathan [7-9]), small area estimation (Ghosh and Maiti [11], Pfeffermann and
Sverchkov [23], Eideh and Nathan [6]), and multi-level modeling (Pfeffermann, Moura and Silva
[20], Cai [4]). A review of these and other approaches to inference under informative selection
is given by Pfeffermann and Sverchkov [24]. See also Chambers et al. [5], Section 3.3, for an
overview and simulation-based comparisons of pseudo-likelihood, sample likelihood and full
maximum likelihood.

Under a strong set of assumptions, including that sample size remains fixed as population
size goes to infinity, Pfeffermann, Krieger and Rinott [19] have established the pointwise con-
vergence of the joint distribution of the responses to the product of the sample p.d.f.’s. This
is taken as partial justification of the sample likelihood approach; see, for example, Landsman
and Graubard [16], Section 3. In this paper, we develop a more complete theoretical foundation
for the sample likelihood methodology: a central limit theorem for model parameters that also
accounts for estimation of nuisance parameters in the selection mechanism.



Maximum sample likelihood under informative selection 931

In Bonnéry, Breidt and Coquet [2], a precise asymptotic framework for informative selection
is given and weak conditions on the informative selection mechanism are stated under which the
(unweighted) empirical cumulative distribution function (c.d.f.) converges uniformly to the c.d.f.
associated with the limiting sample p.d.f. That is, the classical Glivenko—Cantelli theorem holds
in the case of a weak dependence among the draws, perhaps suggestive of good behavior for the
sample likelihood approach.

In this paper, we use the same asymptotic framework and further conditions on the selection
mechanism and on the regularity of the sample p.d.f. to show consistency and asymptotic nor-
mality of sample likelihood estimators of 6. Our theory assumes the existence of a 1/n-consistent
and asymptotically normal estimatorg of the selection mechanism parameters &, which can often
be obtained via Horvitz—Thompson estimation. These parameters are not of independent interest
but do appear in p(x, y; 6, &) and hence in the sample likelihood. Our criterion function is then
the log sample likelihood with E replacing &. We study the properties of the estimator of 6 that
maximizes this criterion. Adapting Gong and Samaniego [12], we establish existence, consis-
tency and central limit theory for such an estimator of 6.

Pfeffermann and Sverchkov [25], Section 12.4 and Eideh and Nathan [8], Section 4.3, have
considered the use of inverse information for estimating the variance of the maximum sample
likelihood estimators, but they treat the informativeness parameter estimates E as fixed. Lands-
man and Graubard [16], Section 5.1, observe that under independence, Yuan and Jennrich [28]
could be used to correct the variance estimator for the variation in E, but these results do not
allow for the dependence due to selection that we consider here. Our results lead immediately to
appropriate variance estimators.

As in Bonnéry, Breidt and Coquet [2], the conditions we propose are verifiable for various
sample schemes, commonly encountered in real problems in surveys, and involve computing
conditional versions of first and second-order inclusion probabilities. We derive the asymptotic
distribution in detail for the aforementioned scheme in which the population is stratified on or-
dered values of Z. Given sufficient information on the sample design and the covariates, the
maximum sample likelihood estimators are feasible and are more efficient than the maximum
pseudo-likelihood estimators. We illustrate this final result by simulations applied in some basic
sample schemes. We also show how to obtain useful variance estimators, combining information
computations as in standard likelihood theory with design-based covariance matrix estimation.

2. Notation and definitions

2.1. General framework

Let {N) }, en denote an increasing sequence of positive integers and consider a sequence of finite
populations {Uy }, en with U, ={1,..., N, }.

All random variables are defined on a common measured space (2, <7, P). We assume that P
belongs to a parametric family (Pg.¢)6,5)cox = Where © and E are subsets of real vector spaces;
that P is dominated by some measure; and that there exists a unique (6p, &n) € ® x E such that
P=Py.&-



932 D. Bonnéry, F. J. Breidt and F. Coquet

Densities are generically denoted by f and are given without specification of the measure.
Equalities of conditional distributions or densities are almost sure equalities. Writing a density
implies that it is defined:, fy|x—, means there exists a conditional distribution pYIX=x satisfying
standard conditions, and fy|x—, is the density of PYIX=* with respect to some o -finite measure.
We write fy|x—y,,¢, for example, when the explicit parameterization is important.

We define a sequence of real random vectors {(X, Y, Zk)}ken, independently and identi-
cally distributed, where Xy is a vector of finite dimension of real covariates, Y; corresponds
to the response (possibly vector-valued) of interest and Zj are the design characteristics of the
element k.

The finite population matrices of covariate, response and design vectors are denoted respec-
tively by &), = (Xk)keUys Y, = (Yk)keyy and Z, = (Zk)keyy. We assume that for all x and y,
f7)x=x,y=y;0,6 = fz|x=x,y=y:¢, and that for all x, fy|x—x;0,&# = fy|x=x,;0. We shall sometimes
write fy|x—x.0 = fo(-|x). We are interested in inference for the distribution of ¥ given X, pa-
rameterized by 6. The parameter £ is a nuisance parameter controlling the distribution of Z given
XandY.Let j = ( jk)keuy € {0, l}N v denote a realized sample from U,, where j; = 1 if element
k is selected and ji = O otherwise. Let p denote a probability measure on {0, 1}, which we will
refer to as a design measure. Assume that there exists a sequence of functions {D, }, en, which
we will call design measure functions, such that D, (z) is a design measure for all z € Z, (2).
Then I1,, = D, (Z,) is arandom design measure on U, . Assume that the index of the element k
of the population plays no role in the way elements are selected. Specifically, for all z € Z,, (),
r a permutation of U, and A C {0, 1)V,

(Dy(2))(A) = (Dy (r.2))(r.A),

where .z = (z,(1) - - zrv)) and r.A = {(a,1) - - - arv))la € A}. A sample from U, selected ac-
cording to the random design measure IT, is a random vector 7, = (Jy, k)keUy that takes values
in {0, 1} and that satisfies

f7,m,.x,9,.2,06=f7,m,, (1a)

I T, |11, =
Pyr-as. (p). Py P=p (1b)

forall (6,&) € ® x E.

For y € N, define the sample size as the random variable n, = Z/Ifil Jy k.. Define the inclusion
probability of element k € U, as the random variable , = IT, ({j € {0, 1}V | jx = 1}), and the
second order inclusion probability of elements k and ¢ as the random variable 7, ¢ o = IT, ({j €
0, M k=1, je=1)).

To illustrate, consider stratified simple random sampling without replacement where H strata
are formed by sorting the values of a scalar index Z. Designs such as this are common in estab-
lishment surveys and in retrospective studies of existing records, such as the National Maternal
and Infant Health Survey described in Section 4.4. Let (Ny )y eN,nefl,..., #y be an array of strictly
positive integers such that for all y € N, N, denotes the size of the Ath stratum of the yth
population and N, = 2}7:1 Ny . Define (vy, (1), ..., v, (N,)) as the permutation of (1, ..., N})
such that Z,, (1) < -+ < Zy,(n,). The permutation is a random vector which is a function of Z,.
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The Ath stratum of the yth population is Uy, = (v, (Typ—1 + 1), ..., vy, (Tys)), with 7,9 = 0,
Tyn =X 1<w<n Nyw-

Let ny, € {1,..., Nyy} denote the non-random number of elements selected from the Ath
stratum of the y th population via simple random sampling without replacement. The probability
of the atomic event j € {0, 1}V is then

H (N A
I1 V) ifVhe{l,....H). Y ji=n
N R s s vho
m, ((73) = h=1 \rh keUsy)
0, otherwise,

and the probability of any event A C {0, 1}"Vr is obtained by summing the above probablhtles
over distinct vectors j € A. The first-order inclusion probabilities are 7y = nth ! for k €

U, and the second-order inclusion probabilities are my ¢ =nyp(nyn — D{Nyp(Nyp — 1)}’l
fork,£ e Uyp, k#€;and my g ¢ = nth;hlnyh/N;hl/ forkeUyp, L€ Uyp, h#h.

In the following, by convention 0/0 = 0. For y € N, let x,, = (x1, ...,xNy) € X ()N denote
a matrix of fixed covariate vectors for the entire finite population.

Remark 1 (Bounded in probability and convergence in probability). Let W, be a sequence of

random variables in a real vector space of finite dimension and let || - || denote the Euclidean norm.

Write W), =0 \xyfxy (1) if Ye > 0, lim), Py ¢ (| Wy || > ¢|X, =x,) =0,and W, = O \xyfxy (1)
0.&

if Ve > 0, EIM > 0 such that sup,, en P& (IIWy || > M|X, =x,) <e.

2.2. The limit sample p.d.f.

We now define the limit conditional sample p.d.f. of Y given X} = xi. In general, the conditional
sample p.d.f. depends not only on X but also on numerical summaries 4, (X, ) of all the finite
population X-values, and the limit conditional sample p.d.f. will depend on a limit /., of those
summaries.

Assumption AQ. There exists d € N such that V(0,&) € ® x E, there exists a sequence of func-
tions hy 1 X, (Q2) — R?, a vector hoo € R?, a sequence of functions my g ¢ : X () x RY x
Y (2) = R and a function meg g.¢ : X () x Y(2) — R, with

lim hy (X)) = heo, (A0Q.a)
y—)OO
Vy eN,x, € X, (R2),y € Y (),
(A0.b)
Eoe[Jy 11Xy, =x,, Y1 =y] Zmy(xl’hy(xy), Y5 935)7
Vx,y e X(Q2) x Y(R2),
(AO.c)

yll)moom}/(x’ hy(XV), y; 07 s) ZmOO(x5 hOO’ y; 09 é)'
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Definition 1 (The limit conditional sample p.d.f.). Under AO, the limit sample p.d.f. of response
Y given covariate X = x is

IOOO(-xv N 95 s)f@(lx)v
where poo(x, y;0,8) = (f Moo (X, hoo, y; 0, &) dPYE=) " o (x, hoo, y: 6, §).

We also define the weight function for the variable X: assume that N, ! ZQZ] 8y, converges
weakly to P, then for x € X(Q), oo (x; 6, £) is defined as

-1
oo (40, 6) = (/moou,hoo,y;9,;-—>dl>§,§(x,y)> [ st vi0. 008} 0,

and under the assumption that lim,, _, oo Ny_ 1 Eoeln,1=1€(0,1),

Y| X=x

)500(X;915):7:71/moo(x»hoo’%@vé)dpgf ).

2.3. Results for stratified sampling

In this section, we prove a result of independent interest, showing that suitably normalized sums
over the sample under this informative selection scheme are asymptotically normal. This result
will be used in deriving the asymptotic distribution of the maximum sample likelihood estimator
in an example of Section 4.

Forh €{0,..., H}, define t,,, = T),;,Ny_1 and assume that t j, = limy, _, o0 1,1, is defined. Fur-
ther, for h € {1, ..., H}, assume that 7, = limy, oo 71y, N; hl is well-defined and strictly positive.

Then 7 =lim,, _ » n),Ny’1 = Z,?:l T (too.h — too.h—1), Which we assume to be strictly positive.

Theorem 1. Let g be a measurable function from (Y (2) x Z(2) x [0, 1]) to some finite-
dimensional real vector space. Assume that there exists G : Y (2) x Z(2) — [0, 00) such that
E[G(Y, Z)?] <00, and ||g(y,z,m)| < G(y,z2) forall y,z,m € Y() x Z(Q) x [min{reo nh €
{1,..., H}}, 1]. Assume that Vy € Y(R2), g(y,,-) : Z() x (0, 1] — R is continuous. Define
Syh = Ykeu,, 8 Yies Zks y.0) Iy k and Sy = 351 Sy

Let ¢ (t) = inf{x|P(Z < x) >t} be the quantile function of Z (see Serfling [26], page 74),
which implicitly depends on 6 and &. Assume that for all 6 and &, {(-) is a continuous function.
Forhe{l,..., H}, define { = ¢ (to,n) and

H
Econ = E[g(Yk, Zk, Too, )| Zk € (Gn-1, Enl], Exo=) ToonEoo:
h=1

H

Voo = Var[g(Ye. Zi. Too )| Zk € @h-1.80)]. Voo =T""D (toosh — toouh—1)Tooh Veorh-
h=1
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Assume that Vzop € R, 30 an open subset of R, AM : R — R a positive and measurable
function such that [ M(y)di < oo, [sup.co{G(y, 2)}M(y)dr(y) < 0o, [sup,co{G?(y,2)} x
M(y)di(y) <ocoandVz e K,y € Y(), fyjz—; < M(y). Then

_ <
fiy (n;'Sy — Eoo) ngo/(o, Vo).

Proof. See Appendix A. O

3. Maximum sample likelihood estimation

The following series of results follows the development in Gong and Samaniego [12], adapted to
the context of informative selection which we have described above.

3.1. Plug-in maximum sample likelihood estimation
Definition 2. Under AO, define

A(x, ;60,8) =n(poo(x, y; 0, €) fo (y]x))
and for y € N, define the mean log sample likelihood as

Ny

Zy0,8) =n," Y Ty kA, i, 0, 8).
k=1

Assume that ’S\y is a sequence of estimators of & and define the maximum sample likelihood
estimator of 6 adapted to &, as

é\y = argmax{jy (9,/5\),)}.
6e®
Assume that the following information matrices are defined:

Ny 2
_ d°A . _
Fyaa=—N," Z/(W(xk’ .o 5°)>p°°<xk, ¥: 60, 600 (i3 6, £) APLX= ()
k=1

and

N, 5
A _
_ —IE : . ~ . Y| X=xi
j}/,l,Z—_Ny k_]/(as BQ_T(xk, yﬁofo))poo(Xk, ¥; 60, £0) Poo (Xk; evg)dpgo,go ).
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Assumption Al (Asymptotic normality conditions). Assume AO and assume that:

forue { (%(-, 6o, Eo)), <322'%(" 6o, EO)) }

NV
Ny Y Eae [k, Yi) poo (ks Yis 6, 8)1 Xk = x¢ ] oo (i 6, £)
k=1
NV
—n," Y uCer, Yi) Jy = 0,13, (1), (Al.a)
k=1 %-%0
Sy &y — &) = Opg iy, (1), (ALb)
Fy.1,1 and Sy, | 2 are finite and 9, 11 is positive-definite, (Al.c)
F,.1,1 converges to a finite and positive-definite matrix, (Al.d)
3L - 3’7 o~ ~
—J/n,— (00, &,)) = J/n, | ——= (0o, 0, —00) +0_x,=x, (1), Ale
yae(Oéy) y<8939T(0§y))(y o) Pe‘(fgyo y() ( )

3L - 0.7
ity 00 8) = iy B0, 0)
0 (0 - ~
+ W(@(@-i’) (CB éo))(fy —§0) + 012 =, (1).

0-£0

(Al.f)

T
Sy By

There exists a sequence of positive-definite matrices {Zy = [2%112 S ] }yeN

such that ¥, 11

is a dim(0) x dim(0) matrix and given X, =X,

9 -
2 7)o
iy 512 (aefﬂ>( 0. 50) yj‘:;o/(o, n. (Al.g)

éy—éo

Theorem 2. Under Al, the maximum sample likelihood estimator adapted to ';?y is asymptoti-
cally normal, that is

-1/27 _ L
firyVy 2@y = 60) S A 0.1,

where the square root of a positive-definite matrix is its only positive square root by convention
—_ g1 T T T —1
and V, = fy,l,l Zy1a+ jy,l,ZE%Mfy,l,z - %1»22;/,1,2 - Ey,llfy,l,z)jy,l,l-
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Proof. See Appendix B. (]

3.2. Variance estimation

Depending on what is known about the covariates, various estimators of the information matrix
and of = can be proposed. If P¥ is known, then #,.1,1 can be estimated by

32A ~ s s x
/(/(Wu,y,e,s))pmu,y 0, 8)oo(x; 0, 8) dPy ¥~ <y>)dP§<X>-

If the population vector X, is known, then ., 1 1 can be estimated by

N, )
0°A ~ ~ o~ ~
-1 . Y|X—xk
=N, k§_1/<89801~(xk»Ya9a$)>poo(xk’Yaea )Poo (X3 0,8)d

If x is known on the sample, then .#, | | can be estimated by its Horvitz—Thompson estimator:

1 Ty 32A o ~ -
v, 2 ﬂ:’k (39 57 Y. 0. §>)poo(xk, 10, 8) poo(xi: 0.8) dPL YT
The matnx fy 1,2 can also be estimated using the same methods.

Since E will often be obtained via pseudo-likelihood methods, it is convenient to estimate X,
in (Al.g) usmg design-based methods from standard software. To do so requires expressmg the
score vector (89 ,,2”)(60 &o) as a design-weighted sum over the sample, then pluggmg in (9 é)
for (0o, &y). Design-based variance estimation might also require linearization of S We illustrate
these ideas in Section 4.4. Alternatively, the matrix ¥,, could be estimated by analytically com-
(5.2 (80.50)

&%
computed by Monte Carlo methods.

puting Varg ¢ [[ ]|Xy = xy] and plugging in the estimates of 6 and &, or it could be

4. Examples and simulations

4.1. Pareto distribution and Bernoulli sampling

We begin with a simple example with no covariate. Let Y1, ..., Yy, be i.i.d. Pareto with p.d.f.
fo(y) =0y~ D1 o) ().

Assume that PY* -a.s. (y), PZIYe=Y = 2(y~%), the Bernoulli distribution with success proba-
bility y~¢, and E = (0, o0). The sample scheme is stratified Bernoulli sampling with two strata
determined by the realized Z;’s, and with sampling rates top = 0.02 in stratum 0 and 7; = 0.1 in
stratum 1. Then Vj € {0, 1}Vr, z € {0, 1}V,

Ny

Dy @) (1) = [T (e (1 = 1) =) (e (1 = o)1 =) 757

k=1
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Ignoring the informative selection mechanism and maximizing the log-likelihood leads to the
naive estimator

N, -L/Ny
6, = (Zln(yk)Jy,k) (Z J)/»k>’
k=1

k=1

which is biased and inconsistent. The maximum pseudo-likelihood estimator is obtained by max-
imizing the weighted log-likelihood, yielding

N, -1 /N,
0, = (Z ln(Yk)Jy,k/Tfy,k> (Z Jy’k/ny,k>;
k=1 k=1

this estimator is asymptotically unbiased and consistent. To obtain the maximum sample likeli-
hood estimator, first compute

Py (3 0,8) = poo(y: 0,8) = (t0 + (11 — 10)0E +6) ") (70 + (11 — 70)y )

forall y e Nand y € [1, 00). Let

N, -1 /N,
= (Z(Yk — 1)Jy,k/7ry,k) (Z Yk-]y‘k/ny,k)

k=1 k=1

denote the Horvitz—Thompson plug-in estimator of 6 = (Eg[Y] — 1)"'(E¢[Y]). A Horvitz—
Thompson plug-in estimator of & is then obtained as

N, -1 /N,
g =146 (Z(Ykzkwy,k/ny,k> <Z(1 = Ykzk)Jy,k/ny,k).
k=1

k=1
Finally, the maximum sample likelihood estimator of 6 is obtained by numerical maximization:
93/ = argmax, eO{.$ (CA Sy)} Straightforward calculations then yield the asymptotic variance of
Theorem 2. For comparison, we also consider the full likelihood with N,, considered as unknown.

(The naive, pseudo-likelihood and sample likelihood estimators do not require N, known.) We
maximize

1n<NV>+(N —n )ln|:1—{r + (11 — 10) 0 ”
n, Y Y 0 1 00—1—&

Ny

+ ZJy,kln(fH(Yk)(Zk Yk_g + (1 =2zl - Yk_g))(fo + (11 — 1) Zk))
k=1

with respect to (N, € N,0 € ©, & € B) to obtain the “Full” estimators in the following tables.
Our first simulation results are presented in Table 1. We generated 1000 independent repli-
cates of (), Z,,, J,) under the Pareto model with N,, = 10000 elements each. For each repli-
cate, we computed the naive, pseudo-likelihood, sample likelihood, and full likelihood esti-
mators. Even in this simple example, the full likelihood estimator is much more complicated
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Table 1. Simulation results based on 1000 replications for Pareto example of Section 4.1 with 6 = 4,
79 =0.01, 71 = 0.1, and N}, = 10000

% Relative RMSE Empirical Asymptotic
Estimator Mean bias ratio variance variance
£=0.1 Naive 4.09 2.22 1.17 0.017
Pseudo 4.01 0.24 1.04 0.020
Sample 4.01 0.26 1.00 0.018 0.018
Full 4.01 0.74 0.98 0.018
E=1 Naive 4.73 18.19 4.08 0.026
Pseudo 4.02 0.46 1.16 0.045
Sample 4.01 0.31 1.00 0.033 0.033
Full 4.02 0.40 0.86 0.030
£E=2 Naive 5.30 32.38 6.12 0.043
Pseudo 4.02 0.47 1.11 0.056
Sample 4.02 0.38 1.00 0.046 0.044
Full 4.01 0.27 0.76 0.033

to implement than the sample likelihood estimator. Empirical means, percent relative biases
((mean — 0)/60) x 100%, root mean squared error (RMSE) ratios relative to the maximum sam-
ple likelihood estimator, and empirical variances across these 1000 replicates are summarized in
Table 1 for 6 =4 and different values of &, with larger £ corresponding to greater informative-
ness. Also tabled is the asymptotic variance computed from Theorem 2 of the maximum sample
likelihood estimator.

As expected, the naive estimator 9_,, that ignores informative selection is badly biased except in
the case closest to noninformative selection. (All four estimators are identical when & = 0.) The
maximum pseudo-likelihood estimator 5y is essentially unbiased, but is somewhat less efficient
than the maximum sample likelihood estimator @,. In all but the most informative case, the
maximum sample likelihood estimator has performance comparable to that of the estimator that
maximizes the full likelihood. The asymptotic variance of 5), computed from Theorem 2 is an
excellent approximation to the empirical variance in all cases.

We extended the comparisons of Table 1 to other population sizes and sampling rates within
strata. Additional results for N, € {100, 1000, 10000} and 7 € {(0.01,0.1), (0.04, 0.5), (0.09,
0.95)} are not shown but are qualitatively similar. In each case, the full likelihood estimator
performs best with respect to mean squared error. Of the remaining estimators, the maximum
sample likelihood estimator outperforms the maximum pseudo-likelihood estimator, and often
approaches the efficiency of the maximum likelihood estimator. This same ordering of efficiency,
with sample likelihood dominating pseudo-likelihood, is found in our other simulation studies
below, and elsewhere in the literature (e.g., Krieger and Pfeffermann [15]; Chambers et al. [5],
Section 3.3).
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4.2. Normal distribution and stratified sampling: Without covariate

We next consider the stratified design described in Section 2.3, with normal distributions for the
stratification variable Z; and the response variable Yj. First, we derive analytic results in detail
for the case of no covariates. Similar results hold for the case with covariates, but the notation
is considerably more complicated. We therefore omit such derivations and instead report on
simulation results for the case with a covariate in Section 4.3.

Assume that Y; ~ .4 (0, 1) and PZ e = 4 (£Yy, 0’3), where oy, is known; thatis, Zy = £ Y +
N and ng ~ A (0, 0,?). Further, assume that 7 are mutually independent and independent of ),

Result 1. Under this asymptotic framework, AO holds and

= - = th—&y
Poo(y:0,8) = (TH + ) toon(Th — Th+1)) (TH +) (- Th+1)<1>< > ))

h=1 h=1 n

where {, = /€2 +U;72q>_l(too,h) + &6 and ® is the c.d.f. of / (0, 1).

Proof. See Appendix C.1. ]

The sample likelihood is then defined. Consider ’S\V = (Z,l(v:"1 Y,?Jy’k/ny‘k)_l(zllcv:yl Zi X

YiJy /7y k) this is a standard Horvitz—Thompson plug-in estimator, but its asymptotic behavior
is not immediate due to the dependence of 7, ; on the ordering of the Z;’s. Under the asymptotic
framework described above, we can establish the following result:

Result 2. The statistic /E\y is a consistent estimator of &.
Proof. See Appendix C.2. O

‘We then define 5}, to be the maximum sample likelihood estimator of 6 adapted to /E\y , that is,

6, = argmax|.2(9,,)}.
0e®

Result 3. Under the above asymptotic framework, assumption Al (the conditions of Theorem 2)
is satisfied, and

H _ 1 0 0
> = Z(loo,h _loo,h—l) Oj1 |:0 1 —&o :|
h=1 og+1 65+1
1 0
0 -
Z € (Cn-1, Cnl oF+1 |,
=40
2
03 + 1

a6
X Vaooto | YZ/Toon
YZ/Too,h 0
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St (@ = th) o o2
-+ Y (o — rhmcb(%)

a
(89 )(yﬁo f)=0—-0)+

and
* O (to01)+(O—)
9 SN — mn)( o )fo(g";fy)
<8 )(y 60, %0) = — — ]
§ TH + Zh:l (th — fh+1)q)(g—n)
Proof. See Appendix C.3. (]

4.3. Normal distribution and stratified sampling: Covariate case

We now extend the previous model with a continuous covariate, denoted X. Assume Y = By +
B1X + ¢, where ¢ ~ A (0, 082), and By, B1, o are unknown real numbers. We are interested in
the estimation of @ = (8o, B1, 0¢)". Assume that the empirical population c.d.f. of X, converges
uniformly to a normal c.d.f. with known parameters px and 0)2(.

Result 4. Under this setting, the assumptions of Theorem 2 hold, and

H-1 _
Poo(X,y:0,£) = <rH + > (- %)@(m»

h=1 JEroi +oy

= th =&y
X ('L’H+Z(‘L'h—‘[h+1)q)( h ))a
h=1 \/O';%

where &y = (/628307 + 8202 + oD@ (too ) + £(Bo + Prix), and @) is the cdf. of
A0, 1).

Proof. The proof is similar to that of Result 3 and is omitted. (]

As in the previous example, the Horvitz—Thompson plug-in estimator of £ is

N, ~1 /N,
&, = (Z Ykzjy,k/ﬂy,k> <Z ZkYka’k/T[y’k>.
k=1 k=1

The maximum sample likelihood estimators are then obtained as é\y = arg max{ Z,I{Vil In(000 (X,
Yi;0,8)) fo.e Ykl X)) Jy i)}

Ignoring the informative selection mechanism and maximizing the log-likelihood leads to the
ordinary least squares estimators 6, of the parameters 6. These are biased and inconsistent under
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informative selection. The maximum pseudo-likelihood estimators are obtained by maximizing
the weighted log-likelihood, yielding weighted least squares estimators 5),, with weights given
by inverse inclusion probabilities. These estimators are asymptotically unbiased and consistent.

We simulated a realization of N, = 5000 i.i.d. values x,, from a normal distribution with
parameters px = 1 and 0)2( = 1. Keeping x, fixed and choosing o, € {0.1, 1, 10}, we then
generated 1000 independent replicates of (), Z,, J), using H =2 strata with N,,; = 3500,

Ny,2 = 1500, ny1 = 50, ny2 = 200, Bo =1/2, B1 =1, 0, =2 and & = 2. For each replicate,
we computed 9,,, 9y and Qy For the latter, we computed Poo DY approximating the limits 7,
and too;: setting 7] = Ny1 ny1 =1/70, ©, = Nyznyz =2/15, too,1 = N;'Ny1 =7/10 and
leo2 = N,/ INVQ = 3/10. Empirical means, percent relative biases, root mean squared error
(RMSE) ratios relative to the maximum sample likelihood estimator, and empirical variances
across these 1000 replicates are summarized in Table 2, with larger o, corresponding to greater
informativeness. Also tabled is the asymptotic variance of the maximum sample likelihood esti-
mators.

The ordinary least squares estimators 0_},, which ignore informative selection, are badly bi-
ased except for the slope and noise variance under the least informative selection. The weighted
least squares estimators 51, obtained by maximum pseudo-likelihood estimation are essentially
unbiased in every case, but are substantially less efficient than the maximum sample likelihood
estimators ’0\}, The asymptotic variance of ’0\}, computed from Theorem 2 approximates the cor-
responding empirical variances very well in all cases.

4.4. Gestational age example

Our final example illustrates the use of the sample likelihood estimation and our asymptotic the-
ory, along with variance estimation, when p is obtained empirically by the analyst, via regres-
sion of the design weights on the response variable as in Krieger and Pfeffermann [15]. Our simu-
lation is motivated by a textbook example of at-risk infants from the 1988 National Maternal and
Infant Health Survey (NMIHS), described in Korn and Graubard [14], Example 4.3-1. The design
used birth certificates to oversample low birthweight infants. Fuller [10], Example 6.3.1, simu-
lated a five-per-stratum design with 18 strata (90 observations) to mimic properties of NMIHS,
and we used those data to generate parameter values for our simulation. Assume that only stra-
tum and weight information is available to the analyst, and the goal is to model gestational age
Yx ~ N (u, 02), with no covariates. Since gestational age is highly correlated with birthweight,
the design is informative. For this problem, an empirical model with considerable predictive
power is P" W%k = ¢/ (&) + £Yy, £2); that is, the design weights Wy = 7, ' are log-normally
distributed. It is then easy to show that poo(y; 0,8) fo(y) = A (n — £02,02), independent of
&0 and 2. Estimating & via pseudo-likelihood is equivalent to regressing In Wy on Y} using the
design weights Wy, yielding

Zk  Wiln(W) Yy T,y i — (Zk | Wi ln(Wp) J,,, k)(Zk WiYidy i)/ Zk 1 Wiy, 3
Zk 1 WkY Jyk - (Zk 1 WkYka k)z/Zk 1 Wkak

=
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Table 2. Simulation results for normal example of Section 4.3, with 0T = (Bo, B1,0e) =(1/2,1,2)

% Relative RMSE Empirical Asymptotic
Estimator Mean bias ratio variance variance
m1.14 7 r o128 7 2.95 r0.037
op=10  Naive 0.966 —3.42 0.999 0.0161
| 1.96 L —1.93 1.03 | 7.47 1073
m0.499 7 r—0.217 1.27 m0.0829
Pseudo 1.00 0.43 1.50 0.0388
| 1.97 _ L —1.4 | 1.52 | 0.0186
m0.496 7 r—0.857 m0.0511 7 0.0507
Sample 1.00 0.02 1 0.0173 0.0167
[ 1.99 _ L —0.6 | 8.24 1073 9.50 1073
m2.21 7 r 342 7 8.07 m0.0359 T
op=1 Naive 0.804 —19.6 [1.73 0.0141
L 1.79 L —10.7 | 2.23 | 7.751073
m0.499 7 r—0.27"7 1.29 m0.0758
Pseudo 1.01 0.68 [ 1.43 0.036
| 1.98 _ L—1.17 | 1.25 | 0.0163
m0.506 r1.14 7 0.0454 0.0413
Sample 1.00 0.3 1 0.0176 0.0182
[ 1.99 _ L —0.53 | | 0.0107 0.0102
r2.28 7 r 356 7 9.88 m0.0348
op=0.1  Naive 0.782 -21.8 |:1.85 0.0145
| 1.78 | L—11.1 2.5 | 7.91 1073
m0.506 7 r1.17 7 1.47 r0.0712
Pseudo 0.998 —0.16 [ 1.41 0.0362
| 1.98 _ L —0.84 | 1.34 | 0.0162
r0.5167 r3.16 7 r0.0326 0.0350
Sample 0.988 —1.16 1 0.0180 0.0188
[ 2.00 _ | —0.08 | 9.17 1073 8.48 1073

. N . . _ .
Withn, =3 7, J, k, the plug-in sample maximum likelihood estimators are then

Ny 2 Ny 2
52 _ Zkzl Yidyk — (Zk=1 Yidy k) /ny
ny ’ n,

These estimates can then be plugged into the information matrices, given by

o2 —£072

-1
jy’l’lz[—éo-z (1/2)6—4+520—2] fy’”:[s]'
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The score vector in (Al.g) has elements

< ) kg; {Lz Y —p+éo )}Wklyk,

9 - 1 -1 3 2 1 2)2
—Z ) = — — = (Y% — — (Y, — Wi d, k.
<802 ) Wan{Z 2 02(k M+§U)+204(k M+EG) Ky k

Pluggmg in (u,0%,8) = (0,52,%) yields two estimated totals, Zk | StcWiJy k. and
Zk:l S2k Wi Jy k. The linearization of 5 used in design-based variance estimation is also an

estimated total, Z/i\L LWy J, k. Thus, by creating a data set with desigr}\ information and the
variables Six, Sox, Ly, we can use standard survey software to obtain X, the design-based
covariance matrix estimate for the three estimated totals.

We chose N, = 15000 and generated 1000 independent replicates of {Yk}llcvz"1 iid. A (u, o?)
and In Wy, = exp(& + Y% + &) with {g}1", iid. .4 (0, t%) independent of {¥;};”,. We set
w=239.853, 02 =16.723, £ = 0.175, 2 = 0.087, n = 90 and

Ny

fo=—In(——)+ - $+522 that N 'y " ~ N3
0o=—In N, 2 2 so that N, k_lyrk_ y N

For each simulated replicate, we used the {m} = {W_ 1} to draw two different without-
replacement samples: an unstratified sample of size n = 90 and a stratified five-per-stratum sam-
ple with 18 strata. The strata were formed by sorting the population on Y, cumulating the s,
and forming a new stratum each time the cumulative m;’s exceeded an integer multiple of five.
For each sample, we computed the naive estimator & = n,, -1 Z;{V:Vl Yi Jy « that ignores informa-
tive selection, the maximum pseudo-likelihood estimator i1 = (ZIICV:VI Widy x)~! Z,ICV:VI Wi Yy x
Jy k. and the maximum sample likelihood estimator /t. We also computed the standard design-
based variance estimator for /i, and the new variance estimator as described above for /1.

Empirical means, percent relative biases, root mean squared error (RMSE) ratios relative to
the maximum sample likelihood estimator, and empirical variances across the 1000 replicates
and both designs are summarized in Table 3. Also tabled are the average estimated variances and
the ratio of average estimated variance to empirical variance. The naive estimators that ignore
informative selection are badly biased under both designs. The weighted sample mean (Hajek
estimator) obtained by maximum pseudo-likelihood estimation is essentially unbiased under each
design, but is also less efficient under each design than the maximum sample likelihood estimator.
The estimated variance for & shows some tendency to underestimate, but its downward bias is
comparable to that seen with standard variance estimation for .
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Table 3. Simulation results based on 1000 replications for gestational age example of Section 4.4 with
1 =139.853, 02 =16.723,& =0.175, 2 = 0.087, n = 90 and N), = 15000

Average
% Relative ~ RMSE Empirical ~ estimated  Variance

Estimator Mean bias ratio variance variance ratio
Unstratified Naive 36.949 —7.286 20.995

Pseudo 39.805 —0.122 1.106 0.452 0.419 0.927

Sample 39.827 —0.065 1.000 0.410 0.388 0.946
Stratified Naive 36.932 —7.328 113.911

Pseudo 39.858 0.013 2.448 0.184 0.169 0.918

Sample 39.848 —0.012 1.000 0.075 0.066 0.880

5. Conclusion

In this paper, we have developed a precise asymptotic description of the behavior of the maxi-
mum sample likelihood estimator under informative selection from a finite population. We have
shown that maximizing the sample likelihood, which treats the observations as if they were in-
dependently distributed according to a weighted distribution induced by the sample selection
mechanism, is valid in the sense that the resulting estimators are consistent and asymptotically
normal. This continues to hold even if nuisance parameters, which describe the selection mech-
anism but are not of scientific interest otherwise, must be estimated. We verified the conditions
of our theory for the important special case of stratified sampling on an ordered index; many
real designs incorporate this or similar methods. The asymptotic theory leads to excellent vari-
ance approximations in our simulations. The variance estimation method suggested by our theory
combines analytic information computations, familiar from standard likelihood estimation, with
design covariance matrix estimation, readily obtained from survey software.

Appendix A: Proof of Theorem 1

The continuity of ¢ ensures the strong consistency of the sample quantiles (see Serfling [26],
page 75), and further: P(ﬂ;?:_l1 {w € Q|limy, Z,)y(T%h)(w) = ¢(too,n)}) = 1. Let t;"h be a
sequence defined for all y € N, h € {1,..., H}, such that h < h' = 0 < t;j,h < t;‘ w = 1,
and such that Vi € {1,..., H}, limy_)oot;h = foo,n. Then conditionally on Z, (r,, ) =
{(t;k het1)s Lo, (T, 1) = g‘(t;“h), we have independence within the same stratum: Vh € {1, ..., H —

s

p&k-Yorer, ovy v NZoy 1y p =505 ), Zvy 1, =05 )

yh y,h

1
(P(Z,Y)IZG(E(l;.h,l)yC(t;‘,h)J)®Ny,h*1 ®P(Z,Y)\Z:§(t;h)7 %
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where ® denotes product measure and P®* denotes the product measure of k independent and
identically distributed random variables, and

P(Zk,Yk)kerVHou},(U%H)IZVV(T},_H,1>=§(1;H,1) _ (P(Z,Y)|Z€(§(t;,H71),{(t;‘h)])®Ny,H )

where for h € {1,..., H — 1}, ry; is a random permutation of the ordered set v, (U, ) such
that r,, o vy, (T, ) = Ty i, and r,, g is a random permutation of the ordered set vy, (U, g). If we
consider the distribution of the sample responses on Ath stratum, we have: Vh € {1, ..., H — 1},
P(stYk)keryhov}/(UyYh).Jy.kZI|Zvy(Ty.h71)zg(t;h,l)»zvl/(Ty_h):§<t;h)
(P<Z,Y)IZE(Z(t;h_l),C(t;‘_,,)])®ny,h—1 3)

® (TyhP(Z’Y)‘Z:at;h) + (1 _ 'L'Vh)(P(Z’Y)lzeq(t:*h_l)’{(t;'h)]))

and

P(Zk»Yk)keryHovV(vaH),Jy’k=] 1Zv, 1, =05 1) _ (P(Z»Y)|Z€(C(t;y_1)100])®ny.H ) (4)

Equation (3) implies that Vh € {1, ..., H — 1},

P(g(YvZJTVH))kEVy(U ),J%k=1IZUV(Ty’h,l):C(l;.h,l)yzw(Ty’h)ZC(l;_h)

v.h
— tyth(YvZ77Tyh)|zv7/(Ty_h)zg(t;,h) ® (Pg(Y,Z»ﬂyh)lze(f(l;h,l),C(l;h)l)®ny,h*1 (5)

(1 = ) (PO ZTIZEG S D86 N B,

and equation (4) implies that

P(g(Y»ZsTyH))keuV(UV’H),Jy_k=1 1Zvy (1, =05 1) _ (Pg(Y,Z,ryH)|Ze({(t;"h_1),oo])®ny,H ) (6)

We will show that Vi € {0, ..., H},

PV th(n;Plt SV'h_EVh)IZ"V(Ty,h—I):Z(t;,hfl)’z”y(TV,h):ut;h) i) N0, Voo.r)- @)

Yoo
Using (5) we calculate, for h € {0, ..., H — 1}:
Var[SynlZv, 1,500 = ¢ (1) n1) Zo, (1,00 = £ (t5.1)]
= (ny — 1) Var[g(Y, Z, tm)|Z (£ (55 1) < (65.4)]]

+ 71 E[(2¢")(Y. Z, oy Z = ¢ (15 )]

+ (L= E[(g8") (Y, Z, oyl Z € (£ (65 4-1) (15 4)]]

— (nE[e(Y, Z, vy Z = ¢ (25 )]

+( =1 E[g(Y. Z oy Z € (¢ (£5,-1)- ¢ (55.)]])

®)
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x (tynE[g(Y. Z, tym|Z = ¢ ()]
+ (=g E[g(Y, Z, 1yl Z € (£ (1), £ (17.)])"
and
Var Sy 1| Zu, (1, 51y = £ (ty, 5—1)] =5, Var[g (V. Z. ty)|Z € (£ (15 ). 0] ]- ®
In addition,

[8G 2y lear, pew @ dPTE(y.2)
E[e(Y, Z, t,0)|Z o)) = ph 1 v
[g( T]/h)| € (C( v.h 1) é‘( V,h)]] P(Z c (g(t;/k,h—l)’ E(t;;,h)])

and

E[(gg") (Y. Z, tym1Z € (¢(2 ). £ (e5)]]

_J@eHO 2 mmlear, oo @ dP (G, 2)

Y,

P(Z € (C(t5 - £ (& )

Because V(y, z) € Y(2) x Z(L2),

ylggog(y, 2 Ty, . 1@ = 800 2 Too, ) L (too -1).2 (100 )1 (2D

y,h—

and ||g(y, z, ryh)]l(g(,; NI h)](z)|| < G(y,z), we conclude by the Lebesgue dominated con-
vergence theorem that '

yILHgOE[g(K Z.tynZ € (¢ (65 5-1)- £ (171)]]

=E[2(Y. Z, o)1 Z € (¢ (too.n—1): ¢ (too.) ] ]
Jim Var[g(Y. Z. iy Z € (¢ (1) h-1). £ (t7.1)]]
= Var[g(Y. Z, Too )| Z € (¢ (toon—1): E (too.n)]]-
Also, as Vy € Y(R2) x Z(L),
YIZ=¢(t5 ) dpY1Z=¢ts,)

Jim g (3, 6 (170)s ) ——5—— 0 = 8(3 ¢ (15.4)s i) ——55;

)

—r(t*
1Z=t(,

Y )
and for y large enough, ||g(y, g“(t;h), ryh)%(y)ll <G(y,z)M(y), we conclude by the
Lebesgue dominated convergence theorem that:

Jim E[g (Y. Z 5y Z = ¢ (17,4) | = E[8 (Y. Z. To0.)1Z = E(to0.) ] < 00, (10)

ylemVar[g(Y, Z,oylZ =¢(t5,)] = Var[g(Y, Z, too )| Z = L (tao.)] < 00 (11)
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Equations (8), (9) and the preceding imply that
Vlijgo(ﬂyh)_l Var[Syul Zu, 1,5 1) = & (65 5—1)s Zoy 0 = ¢ (651)]
= Var[g(Y, Z, Too )| Z € (¢ (too.h—1): { (too,n) ] ]
and
ylij;o(”yH)*l Var[Sy 11 Zv, 1, 51 = (65 1-1)]
= Var[g(Y, Z,tson)|Z € ({(IOO,H_l), oo]]

Fory e N,h e{l,..., H — 1} introduce the random variables X% , | --- X7 that satisfy
y.h, h

y.h,ny,
p vt Xy dng (Pg<z,Y,ryh>\Ze<;(z;,h,l),;(r;h)l)®ny,h—1
® (1, pp8 @ TWIZ=EE)

*

+ (] _ ‘L'yh)(Pg(Z’Y’Tyh)lze(g(t;»h*')'g(t%h)])),

and the random variables X ;j a1 X3

v Honyn that satisfy

PX;,H.I”'X;H’"VH _ (Pg(Z,Y,tyH)\Z>§(t;H71))®nyH.

Tg Z"V” aTx*
Fora e Y(Q),he{l,..., H}, PY °rh = p~k=I vhk Fora € Y(R)\{0},y €N, g € (0, 0],
we define
Nyh
—1 2
Aynew = (o Var[S,ple) " Y E[|eT (X5, —E[X5,.4])]
k=1

1. /aTVa_r[SV]a,oo](|aT( N E[X;;hk])m

Leta € Y (2) \ {0}. To prove the asymptotic normality of oeTSy n» we will show that the Lindeberg
condition

Ve € (0, 00), lim Ay peq=0 (12)
y~>oo
is satisfied. Let ¢ € (0,00), h € {1,..., H}. Then as y — oo,

(nyn —1)

2
WEH“T(S’(K Z,tyn) = E[X} i)

Ay,h,e,a ~
(13)

X ]l(z-,\/ratT Var[Sy Jar,00] ((XT(g(Y, Z, TVh) - E[X;hk]))]
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In addition,

Y,z

f}“T(g(Y7Z7TVh) _E[X;m])|21<5m,o@](“T(&’(Y’vayh) —E[X};,]))dP"

§/||oz||2(||G(Y, 2|+ [E[x3]1)’

x 1, Jarvars; oo 1017 (GO D] + [E[X7,]1)) dp™

GWY.Z 2
s/||a||2(||G(Y,Z)||+ EIGW, 2)] )

. * *
mln{tyh - ty,h_lly e N}

EIG(Y, 2)] Y.Z
X ﬂ(smm]OWH(”G(K 2|+ min{r¥, — 1%, _ly € N})) ap

because, for & € {1, ..., H}, with the convention t;jH =1,

. G(, Z)dp¥? G, Z)dp¥?
”E[thl]” = f * * = f * 4%
P(Z e (&) ,_1). 5, D o=t hei

[ G, Z)dp"?
T min{ts, — 15, 1y € N}’

(T T _)yeN * * : * * _ g% *
because P77, -a.s. ((tyh — ty,h—l)J/EN)’ limy, Dn =1 h—1 =loon ~ o1 and be-

cause min{t;‘h - t;‘ a1y €N} >0. As limy, _, o £y/a T Var[S, Joo = 0o, and E[G(Y, 7)?] < o0,
we conclude that

. 2
yll)moo_/’“T(g(Y’ Z,vyn) —E[X} 1)) ]l(em,oo](aT(g(y’Z’th)_E[X;,h,l]))
=0,

which implies via (13) that the Lindeberg condition (12) is satisfied. We apply the Lindeberg—
Feller theorem (see Serfling [26], Theorem page 31), and conclude by the asymptotic normality
of ozTSV n conditionally on (7),;) Yo € Y (£2) (which terminates the proof of (7)). Then, we remark
that conditionally on Z,, (r,,,_,) = {(t;" he1)s Zvy (T, ) = g“(t;" »)» we have independence between
strata:

Zvy(Ty’h,l) = C(t;’h_l), Zvy(Ty,h) = ;(t;k,h),
ZVy(Tyh’—l) = g(t;h’—l)’ Zvy(Tyh/) = é-(t;h/)

Sy.h

Sl/
hth=p "

_ P(sy,h)\ZUV(T%hq):g(z;h_]),ZVV(T%,IF;U;_,T) ® P(Syh/)\Zuyth,fl):;(t;‘h,_l),Z,,yay,l,):;(t;‘h/)

= Sy.» and S, are independent conditionally on T}, p, Ty p—1, Ty Ty -1
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Together with equation (7), this implies that

,,,,,

(14)
y—00

The almost sure asymptotic normality implies the global asymptotic normality. For y e N, x € R,
o € Y (R2) we define:

T
.o (Sy —Ex)
hyax:t" E|:exp<1xV7m>|Ty,1 =ty 1, Ty -1 ZI;’H_I]

Vo Ve

Then equation (14) implies that P7y»yeNhell.i-1) _a 5. (£*), limy 00 iy o x, (%) = exp(ix —

dominated convergence theorem:

. . —1
yll)rr;oE[exp(lx(,/nyozTVooa) a(S), — Ex))]
= 1im E[E[exp(ix(y/nyaTVooar) @™ (S, = Ec))ITy1s -, Tyori—1]]

y—>00

=& lim E[exp(ix(,/n,aVoc)"a" (S, = Ex)) [Ty Ty

The convergence of the characteristic function then implies the convergence to the normal distri-
bution, which ends the demonstration of the theorem. (]

Appendix B: Proof of Theorem 2

By assumption (Al.a),

2

RZCY Iy 12=0 1x,=x, (1),
00 0% 6o, 80) + Fy.1,2 OPelfgo y (D

and combining with (Al.b),
P ~ R
W(—ae 5 Z (0o, Eo)) &y —&0) =—nyFy1.20E —&0) +0_1x,=x, (1). (15)
d P90-¥0

By assumption (Al.a),

9z _ .
WX(QO, E)+ I = 0%y =xy (D). (16)

60-50
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Combining with (Al.e), we have

a - o~ ~
—\/ﬁ£$(90, &)=y (=11 +opix =y (1))@, — o) o 1= (D). (A7)

0-50 0-§0

Combining (A1.f) and (15), we have

0 -  ~ 9 - R
V552 00.8) = ity 55.L 00, §0) = /iy 1.2y = 80) + 0,10 (1), (18)

0050

Applying what precedes ((17) and (18)) and (Al.d), we see that /ny(§y — Bp) is asymptot-
. . _ > ~ -1/2 &

ically equivalent to fy’ll’l( /i, L (00, 60) — /1ty Fy 12, —&)). Thus  /n,V, / 6y — 6o)
converges in distribution to .47(0, I) conditionally on X}, =x,, with V,, = ﬂyfll 1y +
125922512 — jy,llzg,l,z - Ey,l,zeﬂ;],z)cﬂ;f‘l, establishing Theorem 2.

Appendix C: Proofs for stratified sampling

C.1. Proof of Result 1

Proof. We first show that AQ is satisfied. As there are no covariates, we can choose d = 1,
hy as any constant function, and m, g ¢ defined by my g.¢(y, x1, hy (X)) =1;, ,jv,=y(1), and
assumption (A0.b) holds.

To show that AQ, is satisfied, we compute:

lim P@,E (]y,k = 1|Yk =Y, Zk = Z)
y—>00
= lim PQ’E (Jy’k = 1|Zk = Z)
y—00
H Zy —0¢& )

=D oo o1 (10 ), 0~ ()] <7
=1 JEX+ O',%

We deduce from the preceding that m, (y; 6, &) is defined:

E(y—0)+e¢

VEXtog
H-1

2
=T+ Y (Too —roo,h+1><b< 05 +1(d>1<roo,h))+5(9—y>>.

Pt ] Oy

H
Mooo&(¥) =Y ToonPoc (cb—l(too,h) < < <I>—1(roo,h_1>)
h=1
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By assumption, [ Mmoo g ¢ fo dh =1limy_ o N, ~'ny, > 0, 50 poo:g ¢ is defined:
Poo(y; 0, 8)

_ 2
T+ Y4 (oo = Toot DO 5+ U@ (too)) + 560 = 1)

H—1 .
0+ D5y (Too,h — Too,h1loo,h O

C.2. Proof of Result 2

The quantile function ¢ (¢) of Z is continuous on (0, 1) and fy|z—,(y) is continuous in z Yy € R.
The function ¢ (-) depends on oy, 0, and & via {(¢) = [E2 4+ a,%@‘l(t) + £6. Applying Theo-

rem 1 with g(y,z,7) =[y x z/7, y*/7]", we obtain the asymptotic normality of the vector

/ny, Sy
Ny
n;l ZYka/Ty,k]y,k
k=1 L
Wy N, —Ex yj;o{/’/(()’ Voo)s

—1 2
n, Zyk/ry,ka,k
k=1

with Eso = [t 16002 + 1) t7'(@2 + 11", and

H
Voo = Z(too,h - too,h—l)foo,h
h=1
YZ /100
V. ’ ’Z € (L(too,n—1), ¢ (2, .
Xovarg,, g, |:|: Yz/foo,h i| (é‘( 00,h 1) ;-( oo,h)]]

Applying the Delta method (see van der Vaart [27], Theorem 3.1 page 26),

(02 +1)”" TV [ (02 +1)”" }

~ L
m, (&, —&) —= 4|0,
ny By = 50) y—>00 |:—r$o(9§ + 1)_1 —téo (6 + 1)_1

C.3. Proof of Result 3

Assumption (Al.a), (Al.e), (AL.f) are satisfied (see Bonnéry [1], page 115 for details). Assump-
tion (A1.b) is a consequence of Result 2. We now show (Al.c) and (A1.d). First,

1 H 0A 2 Y
Fy 1,1 < T max{teo s} —(,00,%0) | dP'(y) <00,
h=1 Y(Q) 00
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because
0 A ) (Y, 00, &)
89 9 0’ 0
S Tooh = Tooi 1) o fo( ()7 + 107 tog) + (0 — 1))
=(y=0)+ — é .
Ty + Zh:] (Too,h - Too,h+l)cb(\/ (a_n)z + 1q)71(too,h) + 0_,7(9 -y)
H-1 £ 1
h=1 (Too,h - Too,h-i—l)——
<(y—-0)+ . % J2m
min{teo s}
We have

0

1

H— .5;: 2 g -1
- (m + 3 (oo — roo,h+1)d>( (U—) 10 (1) + (60 — y)))
h=1

n Oy

H-1

2 9 —
X Z <(Too,h - 'L'oo,h+l)(‘i:/icb1 (too,n) + ( y))

h=1 /5_22 +1 Oy
2
X fo( (i) + 1q>71(too,h) + i(9 - y)))
Oy Oy

H-1 §/oy O—=y)y 1
_ (7 -7 —
h=1 ( 00,h oo,h+1)( ﬁJrl + o )«/E
< o
- min{teo 5}

Finally, | %—3 %—? (¥, 00,401 Pco,6,,5 can be bounded above by a function of the form lay? + by +c|

50 Egy.60[1(:5 A) (52 A)[] < 00 and .7, 5 is defined.
To show that (Ail,. g) is satisfied, we apply Theorem 1 with

T
gy, 2, 1) =[(0A/80)(y,60.60) yxz/n y*/m].
Then we obtain the asymptotic normality of the vector /7, (n;1 Sy — Eoo):

— N. -

Y
n, 'Y (9A/96)(Yr, B0, £0) Ty k
k=1
Ny r
My n;l Z Yka/ny,ka,k yjt))OJV(Eom Voo)s
k=1
NV
n VY YRy adyk

L k=1 .
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with Eoo = [0 7'+ 1) x'(6?+1)]". By applying the Delta method (see van der
Vaart [27], Theorem 3.1 page 26), we obtain that

0 _

— Z )6,
i <89 )(050)

gy_é()

1 0 T 1 0
£ o vlo o x@+1)" V|0 w(02+1)7"
y—oo 2 —1 2 -1

0 —m& (62 +1) 0 —m& (62 +1)

Hence, assumptions (Al.a)—(A1.g) are satisfied, and so Result 3 follows from Theorem 2.
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