Bernoulli 23(4B), 2017, 3650-3684
DOI: 10.3150/16-BEJ861

The failure of the profile likelihood method
for a large class of semi-parametric models

ERIC BEUTNER!, LAURENT BORDES? and LAURENT DOYEN?

1Deparl‘ment of Quantitative Economics, Maastricht University, P.O. Box 616, NL-6200 MD Maastricht,
The Netherlands. E-mail: e.beutner@maastrichtuniversity.nl

2Laboratoire de Mathématiques et de leurs Applications, UMR CNRS 5142 Université de Pau et des Pays
de I’Adour, France. E-mail: laurent.bordes @univ-pau.fr

3University Grenoble Alpes, LIK, F-38000 Grenoble, France, CNRS, LJK, F-38000 Grenoble, France.
E-mail: laurent.doyen @imag.fr

We consider a semi-parametric model for recurrent events. The model consists of an unknown hazard rate
function, the infinite-dimensional parameter of the model, and a parametrically specified effective age func-
tion. We will present a condition on the family of effective age functions under which the profile likelihood
function evaluated at the parameter vector @, say, exceeds the profile likelihood function evaluated at the
parameter vector 0, say, with probability p. From this we derive a condition under which profile likeli-
hood inference for the finite-dimensional parameter of the model leads to inconsistent estimates. Examples
will be presented. In particular, we will provide an example where the profile likelihood function is mono-
tone with probability one regardless of the true data generating process. We also discuss the relation of
our results to other semi-parametric models like the accelerated failure time model and Cox’s proportional
hazards model.

Keywords: accelerated failure time model; Cox’s proportional hazards model; effective age process; profile
likelihood inference; recurrent event data; semi-parametric statistical model; virtual age process

1. Introduction

Recurrent event data arise from the study of processes that generate events repeatedly over time.
Such processes occur in many settings such as biomedicine, clinical trials and engineering to
mention a few. For a list of references and some examples of recurrent event data see, for instance,
Nelson [30], Cook and Lawless [10] and Aalen et al. [1]. In this article, our starting point is a
semi-parametric model for recurrent events that was introduced by Pefia and Hollander [33]; see
also equation (2.1) below. Among other things, the model incorporates the effects of interventions
after each event occurrence through an effective age process (or virtual age process). Probably
the best known effective age process is the one arising from a renewal process where, after each
event occurrence, the effective age is set back to zero. For further information on effective age
processes, see also Hollander and Sethuramam [19], Last and Szekli [25], Lindqvist [27], and
Peiia [31]. Statistical results for the model introduced in Pefia and Hollander [33] can be found
in Pefia ef al. [34] as well as in Dorado et al. [12] and Adekpedjou and Stocker [2] who consider
sub-models for which they prove consistency and derive weak convergence results. See also
Girtner [15] who considers a slightly different data collection process. The most general results
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on consistency and weak convergence were obtained very recently by Pefia [32] who restricts
the general model given in equation (2.1) below only by considering the case without frailties.
In these articles it is assumed that the effective age function is entirely known. This implies that
the way the interventions influence the effective age must be known by the statistician. Here we
question whether this assumption can be weakened in a semi-parametric model. More precisely,
we analyse whether the profile likelihood function can be used to derive consistent estimators
when the effective age process is not assumed to be known but parametrically specified.

Inference based on the likelihood function and its variants has a long history; for general
accounts and a recent review see, for instance, Barndorff-Nielsen [5], Barndorff-Nielsen and
Cox [6], Davison [11], Severini [40] and Reid [36]. When the parameter is of the form (¢, 1)
with 1 being a nuisance parameter, inference for ¢ is often based on the profile likelihood func-
tion or modifications and adjustments to it. This approach has been applied in both parametric
and semi-parametric problems; see, for example, Barndorff-Nielsen [5], Barndorff-Nielsen and
Cox [6], Davison [11], Fraser [14], McCullagh and Tibshirani [28], Reid [36], Scott and Wild
[37], Severini [40], Severini and Wong [41], and Slud and Vonta [42]. For some semi-parametric
models like Cox’s proportional hazards model, asymptotic normality of the profile (partial) like-
lihood estimator has been known for awhile; see, for instance, Andersen et al. [3] and Huang et
al. [20] for some recent extension. A general result in the semi-parametric context was proved
by Murphy and van der Vaart [29] who showed that profile likelihood inference for the finite-
dimensional parameter behaves like ordinary likelihood inference whenever some functional-
analytic conditions are satisfied; see also Hirosi [18] who gave a weaker set of conditions. The
result by Murphy and van der Vaart [29] implies, for example, asymptotic normality of the profile
likelihood estimator, and it was successfully applied by many authors and in different settings;
see, for example, Breslow er al. [8], Braekers and Veraverbeke [7], Claeskens and Carroll [9],
Xu et al. [43], and Zeng and Lin [45]. However, it is worth recalling that the standard approach,
that is, profiling out the infinite-dimensional parameter through a right-continuous step function,
may lead to an inconsistent estimator for the finite-dimensional parameter of the model. For a
single event model with covariates (accelerated failure time model) this can be easily seen; see,
for instance, Zeng and Lin [44].

As mentioned above, we address the following question: Suppose we profile out the infinite-
dimensional parameter by using a right-continuous step function. Can we use the resulting profile
likelihood function of the above mentioned semi-parametric model for recurrent events if the ef-
fective age process is parametrically specified? Here infinite-dimensional parameter refers to the
integrated A that is used in Model 2.1 below, that is, by the infinite-dimensional parameter we
mean the integrated hazard rate function. Denote the set in which the finite dimensional param-
eter lies by ©, and let # € © and 6 € ©. We shall give a condition on the family of effective
age processes under which the profile likelihood function at @ is with probability p, say, not less
than at 6. Additionally, we shall present an extension of this condition under which the profile
likelihood function at @ exceeds the profile likelihood function at 0 with probability p’, say.
From this, one can easily derive a corollary providing conditions that rule out the possibility
to obtain a consistent estimator based on the profile likelihood function. Examples will be pre-
sented to which the conditions given in our main results can be easily applied. In particular, we
provide an example where p equals one regardless of the true probability measure and of the
sample size. In the same example, we find a lower bound for p’ that does not depend on the
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true probability measure or on the sample size. Still for the same example, we will infer from
our main results that the profile likelihood function is monotonically decreasing with probability
one whatever the true probability measure and the sample size. Furthermore, we present statisti-
cal models containing the renewal process and the non-homogeneous Poisson process as special
cases for which it will turn out that the profile likelihood function at the parameter correspond-
ing to the non-homogeneous Poisson process is never less than at the parameter corresponding
to the renewal process regardless of whether the data come from a renewal process or an non-
homogeneous Poisson process. The rest of this article is organized as follows. In Section 2, we
define the model for recurrent events that we consider, explain its relation to the model introduced
by Pefia and Hollander [33], detail how the profile likelihood is derived, and present our main
results as well as examples to which they apply. Following the standard procedure, the derivation
of the profile likelihood is based on a formula valid if the true model is continuous, whereas pro-
filing out the infinite-dimensional parameter is done w.r.t. a jump function see Section 2.2 and
in particular Remark 2.1. In the literature, this technique to profile out the infinite-dimensional
parameter is often compared to a technique that profiles out the infinite-dimensional parameter
using a formula valid for a “discrete model”. We study this technique for the model considered
in this article through a simulation study in Section 3. The theoretical derivations of this tech-
nique for the model considered here are carried out in Appendix B. Additional simulation results
illustrating the conditions imposed in our main result are also presented in Section 3. Moreover,
the results shown there will illustrate the decrease in the above mentioned example. All proofs
are given in Appendix A. Appendix C contains results on the identifiability of the examples
presented below.

2. Main result

Throughout, we shall use the following conventions: N:={1,2,...}, Ng:=NU{0}, R} :={x €
R|x > 0}, the subscript ¢ indicates the true, but unknown parameter, x A y stands for the minimum
of x and y, and for a function f we denote by f(x—) and f(x+) the left-hand and right-hand

limit of f at x, respectively. Convergence in probability is denoted by £ and ~ means that
convergence in probability does not take place. For a simple counting process N, we denote by
0=2S80 < 81 <8 < --- the sequence of jump times. In the next section, we define the model
we analyse, then in Section 2.2 we explain the estimators and show that the estimator for the
cumulative hazard rate can be considered to be a non-parametric maximum likelihood estimator
(NPMLE), and in Section 2.3 we give our main results.

2.1. The model
We will consider the following statistical model.
Model 2.1. Let N = {N(s),0 < s < s*}, s* € Ry, be a (simple) counting process on some

measurable space (2, F) endowed with a filtration F = {F;,0 < s < s*} satisfying the usual
conditions. Let P*9 3 € T,0 € ©, where T denotes the set of all hazard rate functions and
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© C R, be a set of probability measures on (2, F) such that under P*9 the F-compensator
A={A(s5),0<s <s*} of N is given by

A(s) = /s Y ) (e? ) du,
0

where the process Y = {Y (s),0 < s < s*} is predictable, non-increasing and fulfils Y (s) € {0, 1},
Vs € [0, s*]. For every 0 € ® we have that gt = {89 (s),0 <s <s*} is a predictable process with
the following additional properties:

(@ %0, w) = ¢ P(A’o)—a.s.for some co € Ry ;

®d) s — g? (s, w) is PAO _gs. non-negative;

(c) We have P*9 q.s. that s — €% (s, w) is continuous on (Sx_1 (), Sx(w)], k € N, and dif-
ferentiable on (Sk—1(w), Sx(w)), k € N, with positive derivatives. The restriction of €° to the
random time interval (Sx—1(w), Sk (w)] is denoted by 82_1, k eN.

Examples for the Model 2.1 will be given below; see Examples 2.1, 2.2, and 2.3. Notice that,
as usual, N(s) denotes the number of events over the period (0, s] for an observable unit, and
the time of the ith recurrent event is denoted by S;. The interpretation of the predictable process
Y is as follows: the unit is still under observation, that is, at risk, if and only if Y (s) = 1. In the
following we assume that Y is of the form ¥ = {Y(s),0 < s < s*} with Y (s) = 1{;>4), where T
is some positive (random) variable so that [0, t] is the (random) observation interval. Here and
in the following, 1 denotes the indicator function. Further, we refer to g%, 0 € O, as the effective
age process and to 0 as the effective age parameter. It describes the effect of interventions applied
to the observational unit after experiencing a recurrent event. Notice that we do not require that
&% (s, w) < 5. This means that the effective age might be larger than the current time s and that we
do not exclude harmful interventions, that is, interventions that increase the effective age instead
of reducing it. To clarify the meaning of the effective age process, let us consider two well-known
processes:

1. Renewal process: Replacing the observational unit by a new one results in a renewal process
with effective age process that equals s — Sx—1 (@) on (Sx—1(w), Sk (w)] at time s;

2. Non-homogeneous Poisson process: Somehow on the other side of the spectrum is the non-
homogeneous Poisson process with intensity function X, because its effective age process at time
s equals just s.

Model 2.1 is in the same spirit as the model introduced by Pefia and Hollander [33]; see also
Pefia [31] and Pefia et al. [34]. In their model, the compensator is assumed to be of the form

A(le, X),0<u< s) = /OS ZY(u)p(N(u—),a)lﬁ(ﬂTX(u))A(s(u)) du, 2.1

where Z is a frailty variable, p is a mapping from Ny to R of known functional form depending
on some unknown parameter vector & € A C R? with p(0; ) = 1, for all & € 2, ¥ is a known
mapping from R to Ry with § € ®8 C R? an unknown parameter vector and X = {X(s),0 <
s < s*} is an R?-valued stochastic process interpreted as the possibly time-varying covariates.
The superscript 7 denotes the transpose. The predictable process & = {e(s),0 < s < s*} fulfils
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the properties (a)—(c) mentioned in Model 2.1. The parameter of interest for the model defined
by equation (2.1) is thus (eto, B, 10). As mentioned in the Introduction statistical results on this
model or sub-models of it can be found in Dorado et al. [12], Pefia et al. [34], Adekpedjou and
Stocker [2], and Pefia [32]. Thus, on one hand the statistical model introduced in Pefia and Hol-
lander [33] is more general than Model 2.1, because Model 2.1 takes the functions p and ¥ to
be identically equal to one. On the other hand Model 2.1 is more general than the one introduced
by Pefia and Hollander, because it allows for a class of predictable processes &%, 0 € ©, whereas
Pefia and Hollander and the above references assume that the process ¢ = {(s),0 < s < s*} is
entirely known. Clearly, Model 2.1 could be extended to contain the model defined by equa-
tion (2.1). However, as our focus here is on the extent to which profile likelihood inference for
effective age models is possible we restrict ourselves to Model 2.1. At this point, it is worth men-
tioning that the model given by equation (2.1) contains, for instance, Cox’s proportional hazards
model (with Z =1, p(N(s—),a) = 1, X (s) = constant, 1/f(ﬂTX) = exp(ﬁTX), and £(s) =)
for which profile likelihood inference for B leads to a consistent and asymptotically normally
distributed estimator; see, for instance, Andersen and Gill [4].
We now present some examples for Model 2.1.

Example 2.1 (ARA| or Kijima I with non-random repair). For an ARA| model we have
sz_l(s, w) =5 —0-Sk_1(w) with ® = [0, 1]. This is the same model as a Kijima I model with
non-random repair; see, for instance, Kijima et al. [24], Kijima [23] and Dorado et al. [12].
Notice that this model contains renewal processes with & = 1 and non-homogeneous Poisson
processes with 6 = 0.

Example 2.2 (ARA , or Kijima Il with non-random repair). For an ARA,, model, we have:
el | (s,w) =5—0 312 (1—6)*1= () with © = [0, 1]. This is the same model as a Kijima II
model with non-random repair; see again Kijima et al. [24], Kijima [23] and Dorado et al. [12].
Clearly, as in Example 2.1 we see that for 6 = 1 we get renewal processes and taking 6 = 0
results in non-homogeneous Poisson processes.

Example 2.3. Gonzéles et al. [17] fitted a sub-model of the one given in Example 2.2 taking into
account covariates via the equation as given in (2.1) to the data of 63 patients having a subtype
of indolent non-Hodgkin’s lymphomas. They restricted ® = [0, 1] in Example 2.2 to the discrete
set {0, 0.5, 1}. Then a O stands for no response to the therapy/intervention, 0.5 means a partial
remission, and 1 indicates a perfect intervention.

The notion of ARA (Arithmetic Reduction of Age) has been introduced in Doyen and Gaudoin

[13]. Further examples for effective age processes can be found in Doyen and Gaudoin [13],
Lindqvist [27], and Pefa et al. [34].

2.2. The estimators and NPMLE

We now begin by introducing a profile likelihood method for estimating the unknown param-
eter vector 0. Let Ny, ..., N, be m independent copies of a counting process as described in
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Model 2.1. For each counting process denote by Y;, 1 <i < m, the process as introduced in
Model 2.1 and let 0 = S; 0 < S;;1 < --- be the jump times of the process N;. By sf we denote
the predictable process arising in the definition of N;, 1 <i <m, and by 82 -1 its restriction to
the time interval (S; j_1, S;, j]. Following Jacod [21] (see also Andersen et al. [3], I1.7, and Pefia
et al. [34]) the full likelihood process equals

Lun,r (s 6 D)) = [ T[T [¥in(ef )]

i=1u=0

X exp|:— Z/A Y (u)A(s? (u)) du:|,
i=170

where at time s the data Dy, (s) equal D, (s) := {N1 (@), ..., Npy(@), Y1 (u), ..., Y (u),0 <u <
s}. To obtain the profile likelihood function from (2.2), we first introduce an estimator for A
the cumulative hazard rate of Ag. In doing so, following a technique of Pefa et al. [35] who
extended an idea of Gill [16] and Sellke [38], we define double indexed processes; see also
Sellke and Siegmund [39] who seem to be the first to consider double indexed processes in
survival analysis. Below we demonstrate that the resulting estimator may be considered to be a
NPMLE. First, define the double indexed process Nl.o , 1 <i<m,by

2.2)

N
N{’(s,r):zf Z8u,r)dN;(w), 0<s<s*0<t<o0,
0

. 0 .
with Z/(u,t) == ]l{a?(u)gz}’
(0, s] for the ith unit whose effective age at time of occurrence was at most 7. Thus, the first time

variable s of Nl.o stands for the observation time and the second time variable ¢ for the effective

1<i<m. Nio (s, t) denotes the number of events over the period

age time. Notice that Nio depends on the effective age parameter # in contrast to N;. Second,
we define what has been called the adjusted at risk process (or generalized at risk process) Y io =
{¥?(s,1),0 <5 <s5*,0 <t < o0} by
Ni(s—)
0 . [4
HCUESD DR HRIOR IRNTSNEW RNt O
j=1

i,j—1

) 2.3)
+ yi»Ni(S_) (t) ’ 1(‘2"1}\/[.@,)(Si,N,'(S*)+)s8gNi(S,)(sAri)] (t)’

where the functions yf jp are defined by

1
CHN(CINNI0)

V,‘(,)j_l(t) =

with (8? i )’ denoting the derivative of 8? jo1 Wt observational time s and (8? i )1 denoting

the inverse w.r.t. observational time. With the help of Yl.a one can rewrite the integral arising in
the full likelihood (cf. equation (2.2)) in terms of A evaluated at the observational time s instead
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of at the effective age time ¢; (s); see equation (2.6) below. Notice that the jth event of the ith
unit contributes to the risk set at the time pair (s, ¢) if it fulfils three conditions: First, it occurred
during the observation period [0, s), secondly the effective age of the jth event of the ith unit
is larger than or equal to ¢, and thirdly the effective age of the ith unit immediately after the
intervention succeeding the (j — 1)th event is less than ¢. For further information on the adjusted
at-risk process, see Pefia [32]. We define

S (s.1):= ZY,."(S, 1. (2.4)

i=1

For fixed 0, we define the following method-of-moments estimator Km for Agp:

A(s.110) :=f I (S “) |:ZN0(S du):| (2.5)
0

where J? (s, u) := st (s.u)>0)- A Justification for calling A a method-of-moment estimator
can be found in Pefia et al. [34] after their Proposition 1. Moreover, for # known and s fixed
this estimator is consistent and converges, after being suitably normalized, to a Gaussian process
(cf. Peiia [32]).

We now demonstrate that for observational time s and effective age parameter 6 fixed the
estimator Km (s, 1|@) can be seen to be a NPMLE. For this, notice first of all that the substitution
rule

b o0 Lo
/ F)dx = f¢ AT W) )

implies (with f =X o ¢? and ¢ = £?) that the full likelihood (2.2) can be written as

Lo # (512, €%, D, (5)) ]_[]_[ Y; (u)r (s () ]N"(A”exp[—/ Si(s,u)dA(u)i|. (2.6)
0

i=1u=0

Now if we take A to be a jump function with jumps at 81?,[—1(5‘&0» 1 <k<m,1<£€<N(s),
that is, the effective age of the kth unit at the time of the ¢th event, and if we denote these jumps
by )»27 ¢ the log of the full likelihood becomes

m  Ni(s)

log( m. F(slka e Dm(s) Z Z log )‘kz

k=1 (=1
m  Ni(s)

- Z Z )‘z,z[ Z Vi?j—l(slz,Z—l(Skf))} 2.7)

k=1 e=l GDelf,

m  Ni(s)

_ZZAZZ[ Z le(r )Skz I(Skﬁ))j|,

k=1 ¢=1
l[k
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where for every pair (k,£), | <k <m,1 <€ < Ni(s), the sets I,f',Z are defined by
0 . [¢i i ; ; NN . 0 0 .
Ik’g = {(l, J)1<i<m,1<j<Ns )|8,‘,j_1(Sz,]—l+) < gk,z_l(Sk,Z) = 8i’j_1(Sl,j)}
and for every k, 1 < k <m, the sets I,f "™ are defined by
Ot . - . (] . 6 6 X
L= {l, I1<i=< m|<9,-,N,.(S,)(Sl,N,~(s7)+) < Sk,e_l(Sk,Z) = Ei,Ni(xf)(S A Tz)}-
Clearly, maximizing (2.7) with respect to Az’ ¢ has solution given by

M= 1
: 0 0 9 9 :
Z(i,j)a,fl Vi j—1(Ex, 01 (Sk.0)) + Ziel,f’r" Vi Nis—) €k, e—1(Sk.0)

2.8)

Hence, upon substituting the NPMLE A for A in the full likelihood we obtain from equation
(2.6) that for every fixed 6 the resulting log profile likelihood function ¢,, p, up to a constant,
equals

€, p (510, A, Din(s)) = — /OS > “log (S (s. & (w))) dN;i (w), (2.9)
i=1

because replacing A by A in the argument of the exponential function in the full likelihood (cf.
equation (2.2)), we obtain

exp[_ /OO S8 (s, u) dK(u)} = exp[— DN (S)}-
0 i=1

It is worth mentioning that the argument of exp being free of the finite-dimensional parameter
is not a peculiarity of the model we consider here. For instance, for Cox’s proportional hazards
model, when plugging in the NPMLE into the full likelihood the argument of the exponential
function is free of the regression parameter; see, for instance, Johansen [22], Section 5.

Remark 2.1. As mentioned in the Introduction, we followed the standard procedure to derive a
NPMLE to profile out the infinite-dimensional component that is to say our NPMLE was taken
to be a jump function whereas formula (2.2) is valid only in the continuous case. It is, therefore,
common to additionally study the profile likelihood function if instead of formula (2.2) the cor-
responding formula for the discrete case is used. We shall do the same here. In Appendix B, we
derive all relevant formulas as well as the resulting profile likelihood function and in Section 3
this profile likelihood function is studied through a simulation study.

Remark 2.2. Notice that (2.8) boils down to well-known NPMLEs in special cases. Recall that
the model in Example 2.1 contains, for instance, the renewal process (corresponding to 6 = 1)
with effective age process s — Sx—1(w) and the non-homogeneous Poisson process (correspond-
ing to 6 = 0) whose effective age process equals s during the observation period. In these cases
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noting that y; j_1; = 1, we obtain from (2.8) with 7; ; :=S; ; — §; j—1 and 7(;) the ith smallest

value among the 7y, ..., T, the well-known NPMLEs
M = :
L Ni(s—)
2 2D Ume=ti ) T i LT <At —Sin )
and
)ﬁ:o:; whener 7;_1) < Sk¢ < T
T T (i—1) <Sk.t = TG)

with 7(q) := 0; see, for instance, Pefia et al. [35] and Lawless [26], respectively.

2.3. Main result

In this section, we present our main result. We first state an assumption that is needed in the
theorem and provide examples when the assumption is satisfied. We further analyse this assump-
tion in the simulation study in Section 3. The other assumptions made in our main result are
illustrated below Theorem 2.1.

Assumption 2.1. For Yl.o, 1 <i <m, as defined in (2.3) we have for every 0 € © with probabil-
ity 1
Ji (s™)
0 0
st =3 70 Lt (Sijmrbred s @y 0=1<00,
j=1

where J; (s*), 1 <i < m, are random variables taking values in Ny.

Assumption 2.1 means that yl.o i1 -1 ](t) is either of no rel-

(5,'0N’,(S,)(SiNi(sf)+)sel'0Ni(S,)(X*Afi)
0 (. * 6 .
evance for Y/ (s*,t) or of the form yi’jfl(t) ]1(53.7',1(Si,j71+)s52j,1(Si,j)](t). We now give two

examples that fulfill Assumption 2.1.

Example 2.4 (Type-II censoring). Let 1; = S; 5, with n; € N, 1 <i <m, and s* > max; 7;. In
this case we have s* A1, =s*AS; ,, = S; ;. Moreover, if s* > S; ;,., then (egNi (5*=) (Si,N; (s —)+)s

81-0 Ni(s*— (s* A 1;)] equals the empty set and the representation in Assumption 2.1 holds with
Ji(s*) = Ni(s*—) = N;(s*). Finally, if s* = S ,,, then we have

0 0 0 0
(87 5y (S Nstsm ) 1), 87 s on oy (57 A T0) ] = (6 00y (it 1) 7oy (S ]
and the representation in Assumption 2.1 holds with J; (s*) = N; (s*—) + 1 = N; (s™).
Example 2.5 (Compact support and finite number of interventions). Let Ay be such that

fov Ao(u) du = oo for some v € R4. Additionally, suppose that we consider the model of Ex-
ample 2.1 with 7; = s* A Sj2, where s* > 2v. By definition of 7; we observe at most two events
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for the ith unit. Moreover, in the model of Example 2.1, the largest value we can observe for
Si2 equals v 4 [v — v(1 — 0)] = v 4 Hv which is maximal for 6 = 1. Hence, since s* > 2v and
Jo Ao(u)du = 0o, we have 7; = Sip, 1 <i <m, so that

(&7 3y 5y SiNgs* ) 87 oo (% A T0) ] = (7 2(Si o), 6 2(Si0)]
equals the empty set, and the representation in Assumption 2.1 holds with J; (s*) = N; (s*—).

We now state our main result whose proof, as mentioned in the Introduction, is given in Ap-
pendix A.

Theorem 2.1. Let Assumption 2.1 be satisfied, N;, 1 <i < m, etc. be as above, and denote
by (P*0-90)" the m-fold product measure of P*:%0 Moreover, let 0 and 0 be such that there
exists a ¢ > 0 with the following property: For every t > 0 we have that (P*0 90)’"(]/ i @) =

c, yi,j_l(t)zc, l<i<m,1<j<UJi(s*),0<t<o00)=1.Then

(@) Denoteby A, 4 5 the set of all ®’s such that for all pairs (i, j), 1 <i <m, 1 < j < Ji(s¥),
and all pairs (k,£), 1 <k <m, 1 <£ < Jy(s*), we have that

SZj—l(Si,/—l(“))) < 52,2—1 (Sk.e(@))

implies that

8?,1'—1 (Si’j—l(‘“)) < EZ,Z—l(Skl(w))-
Then we have
(P2 0)" (L (s*10, A Din(9)) = Lpm (510, A, D (5))) = (P9)" (A, 4 ).
(b) Denote by B, 0.9 the set of all w € A, 0.9 for which we additionally have that there are

at least two pairs (l J) 1<i<m,l1 <Jj= J,(s*) and (k,£), 1 <k <m, 1 <€ < Ji(s*), such
that

gzi 1(Si- 1(“’))<51€z 1 (Sk.e(@))
but

ef j1(Sij-1(@) 2 £ 4 (Se(@)).
Then we have

(BN (L. (s*10, A Du(5)) > €p.m (s¥10, A, Din(5))) = (P*9)" (B, , 5.

From Theorem 2.1, one can easily derive a criterion for inconsistency of the maximizer of the
log-likelihood function denoted by @,,. We state the result as a corollary whose proof is omitted.
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Corollary 2.1. Denote by B(0o, €) an e-ball around 8¢ and assume that 0 is such that for some
m' € N we have for all m > m’ that (P)‘O’oo)m(BmYo §) =c,c>0,V0 € B(0y,€). Then

AP
6,, - 0 as m — 00.

Before giving examples to which Theorem 2.1 and Corollary 2.1 apply we present the follow-
ing example that makes Theorem 2.1 and Corollary 2.1 plausible in a simplified setting.

Example 2.6. Consider the model of Example 2.1 (the same reasoning applies to the model
of Example 2.2), take m = 2, let both samples be Type-II censored and take arbitrary event
times 1,1, ...,51,,, and $2.1, ..., $2,,. Then with s = max{sj ,,, $2,,,} the function Sg(s, -) (see
equation (2.4)) equals:

L0,51,11() F Lsy sy 01 () +- -+ 1(51,nlflvsl.nl](') +-t 1(52,;1271,32,,12](’)’
whereas the function 821 (s, ) equals
L0,s51,11C) + L5 —s0,11() -+ + 1(0,31,” —Sl,nrl](') +-t ]1(0»32,;12 —Sz,nrl](')'

When we calculate £p 2(s*|0, Kz, D> (s)) we evaluate Sg at 1,1, ..., 52, (cf. Formula (2.9)).
Because plugging in an arbitrary ¢ > 0 into Sg there are at most two intervals that contain ¢ (this
is because the intervals coming from the first and the second sample, respectively, do not over-
lap) we find that £p 2(s*|0, Kz, Dy(s)) = —(n1 +ny — 1) log(2). On the other hand, the function
821 gets evaluated at 51,1, ..., 52,4, — $2,1,—1. The smallest of these values is contained in all the
intervals defining S 1, the second smallest of these values is contained in (n; + np — 1) out of
the (n; + ny) intervals defining S, ! and so on. Thus, we see that £ P (s*|1, Xm, D,, (s)) equals
- Z"“L"z log(i). Apparently, this behaviour of £p 5(s*|0, A2, Dy(s)) and £p 2(s*|1, Az, Dy(s))
does not depend on how the samples s1 1, ..., 51,,, and 531, ..., 52 4, were generated. Of course,
such a behaviour rules out the possibility to get a consistent estimator based on the profile likeli-
hood function.

We now provide examples to which Theorem 2.1 and Corollary 2.1 can be applied.

Example 2.7 (ARA | or Kijima I wzth non-random repair). Consider again the model of Ex-
ample 2.1 and notice first of all that )/ i1 = =1forevery § €[0,1]. Let 0 <6 < 6 < 1. We first
discuss part (a) of Theorem 2.1 for this model. For arbitrary positive real numbers x, y and z
with y < z we have that

x—0x<z—-0y = x—§x<z—§y.

Indeed, the functions fi, f> : [0, 1] — R, defined by f1(0) :=x — 0x and f>(0) :=z — Oy,
respectively, are both monotonically decreasing. By assumption f1(0) < f>(6). Moreover,
f1(1) =0and f>(1) > 0. Hence, f1(0) < f2(8), Y8 > 6, because f1 and f; are linear. Hence, for
this model (P*0-%0)™ (Am,e,é) =1 for every m € N whenever 6 < ] regardless of (A, 6p) (recall
that we consider a simple counting process so that we have Sy y > Sk ¢—1 with probability one
and notice that Si ¢ corresponds to z and S ¢—1 to y).
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We now turn to part (b) of Theorem 2.1. For x,y and z as before and 0 <6 < 6 < 1 the
condition
x—0Ox<z—0y but x—0x>z—0y
is equivalent to
z—Yy z—Yy
—_— < . . 2.10
1_6’+y_x<l_9+y ( )

Now, if we consider the data generating process of Example 2.4 with n; > 2 and m > 2, then we
have for 6 < 6 from (2.10)

(B0®)" (B, 45)
S22 — 521 S22 — 52,1
= (Pko,eo)m(ﬁ + 851811 < ﬁ + SZ,I)

@2.11)

20,60\ [ 52,2 — S2,1 §2,2 — 82,1 $2,2,52,1
Z/H;(P o) (71 "y +s521 <811 < 15 + 82,1 ) dF, 0 (52,2,52,1)

. S1.1 §22 — 82,1 S1.1 8§22 — 82,1 822,521
- fR [Fkoﬂo (ﬁ )= Fon |\ Trzg T2 ) | Feh 22520,

. . . 52,8
where the first equality follows from the independence of the units, and F Aoz‘é(’) *! denotes the

joint distribution function of (S2,1, S2,2) under (]P’)‘O'e(’)m and similar F. fo' 'éo denotes the distribu-
tion function of Sy ; under (P*-%)™  Clearly, if Ao is such that the corresponding cumulative
distribution function Fy, which equals here F )\()l’é()’ is strictly increasing on R, the integrand in

(2.11) is positive whenever 6 < 6. With slightly more effort other cases as, for instance, an
Fy which is constant on some intervals can be discussed. Let us finally consider the condi-
tion of Corollary 2.1. Assume that 6y € [0, 1] is not equal to 0. Consider [0y — €, 8y + €] with
[6o—€,600+€] C[0,1]and let 0 <6 < Oy — €. Then, from equation (2.11) we have a lower bound
for (PPo-foym (Bn,0,60—e) that does not depend on m, m > 2. Clearly, this lower bound also holds
for (IP”\O’GO)’"(Bm!Q,é), 6 € [0 — €, 6y + €], as the integrand in equation (2.11) is non-decreasing
in 6 for 6 fixed.

Example 2.8 (ARA « or Kijima II with non-random repair). Consider again the model of Ex-
ample 2.2 and notice that we again have that yi?j_l =1 forevery # €[0,1]. Let 0 <6 < ] <1.
Then for arbitrary sy < --- < s;—1 and 51 < - - - < §; (positive) real numbers the condition in part
(a) of Theorem 2.1 reads as

i—1 k—1

Si1—0 2(1 —o) s <5 — 6 2(1 —p)k1-L5,
=1 =1
(2.12)
i—1 ‘ ~kfl _
= sia—0y (1-0)"" sy <5 -0 1-0)""5.
=1 =1
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This implication may not hold for every pair (8, §) with @ < @ regardless of s; < - -- < s;_; and
51 << Si.; see Section 3 for more details on that. However, we see that it holds for 0 <6 < 1
and 6 = 1 so that (P)‘O’QO)’”(Am,gyl) =1 and Theorem 2.1 now implies

(B00)" (€pm (516, A D (9)) = o (s*1, A, D (9))) =1, 0<6 <1

Furthermore, for i =2 and k = 2 we find that equation (2.12) boils down to equation (2.10) (with
x =s1, y =351 and z = 57). It therefore follows from Example 2.7 that (PPo-foym (Bm.p.1) >0,
0<6 <.

3. Simulation results

In this section, as mentioned in the Introduction, we provide some simulation results illustrat-
ing Assumption 2.1 imposed in Theorem 2.1. We have seen in Example 2.4 that under Type-II
censoring Assumption 2.1 holds. It is also clear from Example 2.5 that, in general, under Type-I
censoring Assumption 2.1 is not fulfilled. Moreover, in Example 2.8 we left some questions
open. Here, we will analyse these questions further by Monte Carlo simulations. Furthermore,
as mentioned in the Introduction and in Remark 2.1 the behaviour of the “discrete log profile
likelihood” is studied by Monte Carlo simulations as well. In all the simulations the hazard rate
function used in the definition of Model 2.1 was taken to come from a right truncated Weibull
distribution with reliability function S, defined for d > 0 by

_[2 _ —d2

e
5 ]l[(),d)(t), t>0.

e
Sa(1) == —

Hence, the corresponding hazard rate function A, equals

12

2te
)»d(t)zm]l[o’d)(t), t>0.
We simulated data following an ARA| model (see Example 2.1) and an ARA, model (see Ex-
ample 2.2), respectively, for various values of (6, d). In addition we introduced two types of
censoring: Type-I and Type-II censoring. The sample size m was always taken to be equal to
100. Under Type-I censoring the data observed were given by S; | < --- < S; ,, for (random)
ri,i=1,...,100, and S; ,,+1, i =1, ..., 100, was right censored by 7; =7, i =1, ..., 100,
for some non-random t > 0. In case of Type-I censoring Assumption 2.1 is not fulfilled. If the
censoring time is random and equal to S;,, i = 1,..., 100, for some non-random r the data
are Type-II censored (see Example 2.4) and Assumption 2.1 holds. Combining the two mod-
els, ARA| and ARA, and the two types of censoring one obtains four possible combinations.
The results, that is, ten realizations of the function £p 100, for Type-II censoring and the fol-
lowing values of (6y,d,r) € {0,0.5, 1} x {5} x {2,5} are given in Figures 1 and 2. Here 6y
denotes as in Examples 2.7 and 2.8 the true parameter. Type-I censored data were simulated
for (6p,d, ) € {0.1,0.5, 1} x {2} x {2.2} and (6y,d, t) € {0,0.5, 1} x {6} x {5.9}. The reason
for taking (6p,d, ) = (0.1, 2,2.2) instead of (6p, d, t) = (0,2,2.2) is that 6y corresponds to a
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Figure 1. Each of the 6 figures contains ten graphs of 6 +— £, p(s|6, Km,Dm(s)) for 6 € [0, 1] and
m = 100 obtained from simulated data for which A = X4, the effective age follows the ARA| assump-
tion of Example 2.1, and for 7; = §; , for 1 <i <m (Type II censoring, see Example 2.4). Here 6 denotes
the true parameter.

non-homogeneous Poisson process for which with d = 2 the observations are not censored. The
results, that is, again ten realizations of the function £ p 1o, are given in Figures 3 and 4.
Examples 2.4 and 2.7 together imply that conditions (a) and (b) of Theorem 2.1 are met for
an ARA| model under Type-II censoring with probability one and a positive probability, respec-
tively. It is also clear that Assumption 2.1 is not fulfilled for Type-I censoring. The results for
Type-II censoring are given in Figure 1. Clearly, the ten realizations of the function £p 109 are
decreasing in 0 as it was proved in Example 2.7 by verifying condition (a) of Theorem 2.1 for all
pairs (6, 5) with @ < 6. We also see that all realizations of £ p.100 in Figure 1 seem to be strictly
decreasing as a function of 6 so that the probabilities with which condition (b) of Theorem 2.1
hold might be quite large for the above A;’s. The picture is slightly different for the combination
ARA and Type-I censoring. Of course assumptions (a) and (b) of Theorem 2.1 on the statistical
model are not affected by considering Type-I censored data instead of Type-II censored data,
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Figure 2. Each of the 6 figures contains ten graphs of 6 — £, p(s|0, Km, D, (s)) for 6 € [0, 1] and
m = 100 obtained from simulated data for which A = A4, the effective age follows the ARA assump-
tion of Example 2.2, and for 7; = §; , for 1 <i <m (Type II censoring, see Example 2.4). Here 6 denotes
the true parameter.

but the assumption (Assumption 2.1) on the sampling procedure is not met. Comparing the left-
and right-hand side of Figure 3 we see that on the left-hand side not all realizations of £p 100
are monotonically decreasing whereas on the right-hand side all realizations seem to lead to a
monotonically decreasing £ p 100. This is probably a result of the fact that due to the increased
observation period (tr = 2.2 on the left-hand side and T = 5.9 on the right-hand side) the part of
£p.100 stemming from Type-I censored observations (exactly these observations seem to prevent
£p. 100 from being monotonically decreasing in case of Type-I censoring) gets outweighed by the
number of observed failure times.

Now we briefly discuss the simulation results for the ARA, model and the two types of cen-
soring. In Example 2.8, we did not prove that conditions (a) and (b) of Theorem 2.1 hold for
all pairs (6, 8) with 6 < 6. The simulation results for an ARA, model under Type-II censoring
(Assumption 2.1 is then fulfilled) suggest that condition (a) (and maybe even (b)) of Theorem 2.1
may also hold with probability one for all pairs (6, 6) with § < 6 as for the ARA; model. How-
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Figure 3. Each of the 6 figures contains ten graphs of 6 — £, p(s]6, Xm,Dm (s)) for 6 € [0, 1] and
m = 100 obtained from simulated data for which A = A4, the effective age follows the ARA| assumption
of Example 2.1, and s = 7; = v for all 1 <i <m (Type I censoring). Here 6 denotes the true parameter.

ever, this is not necessarily the case as can be seen from Figure 5 where we plotted the difference
between the right- and left-hand side in the first displayed equation of Example 2.8 for i =9,
s1 =5.0,50 =7.1,53 = 12.2,54 = 16.3,55 = 17.0, 56 = 20.5, 57 = 22.5,5¢ = 27, and k =9,
51 =34,5=7.9,53 = 10,54 = 14.0, 55 = 19.6, 56 = 22.6, 57 = 23.3, 53 = 26.0, 59 = 27.1 as
a function of 6. However, the realizations shown in Figure 2 suggest that the probabilities of
the events in condition (a) and (b) of Theorem 2.1, respectively, are relatively large. In case of
an ARA, model and Type-I censoring Assumption 2.1 is not met and condition (a) of Theo-
rem 2.1 does not hold for all pairs (6, 9~) with 6 < 6. Nevertheless, the simulation results shown
in Figure 4 suggest that the profile likelihood estimator remains inconsistent.

We finish this section by the comparison of the “discrete” and the “continuous log profile
likelihood” as explained in Remark 2.1. For the above, given right-truncated Weibull distribu-
tion and various values of (6y, d, r) and a sample size of m = 100 we simulated five samples
from an ARA| model. For each simulated sample, the two versions (continuous and discrete) of
the profile likelihood function were calculated for 6 € [0, 1]. The continuous profile likelihood
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Figure 4. Each of the 6 figures contains ten graphs of 0 — ¢, p(s|0, Km, D, (s)) for 6 € [0, 1] and
m = 100 obtained from simulated data for which A = A4, the effective age follows the ARA assump-
tion of Example 2.2, and s = 7; = 7 for all 1 <i <m (Type I censoring). Here 6 denotes the true parameter.

curves are plotted with solid black lines whereas the discrete profile likelihood curves are plotted
with dotted red lines. The results are given in Figure 6. The obtained results are consistent with
Theorem 2.1 where we use the continuous version of the profile log-likelihood function (solid
lines). In addition we observe that using a version of the profile log-likelihood accounting for
the fact that the NPMLE of the baseline cumulative hazard is discrete (Appendix B) still leads
to monotone profile log-likelihood functions. Finally notice that we see in Figure 6 that the dif-
ferences of the realizations of the discrete and continuous version are for all 6 € [0, 1] close to
logexp(— > /", Ni(s)) = —m - r. This term is just a product integral (the second double product
in (B.5)). That the differences of the realizations are almost constant as a function of 6 is due to
the fact that m is large compared to r. For m small and r large the differences are far from being
constant as a function of 6.
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Figure 5. Difference between g(0) := 5 — 0212;11(1 - G)kflfefg and f(0) = s;_1 — 0 X
22;11(1 —0)~1=ts, where i =9, 51 =5.0, sp = 7.1, s3 = 12.2, 54 = 16.3, 55 = 17.0, 56 = 20.5,
s7=22.5,58 =27, k=9 and 51 =34, 50 =17.9, 53 =10, 54 = 14.0, 55 = 19.6, 5¢ = 22.6, 57 = 23.3,
58 =26.0, 59 =27.1, see Example 2.8.

4. Conclusion

We have seen in Example 2.7 a model for recurrent events for which the profile likelihood ap-
proach with a right-continuous step function as an estimator for A fails in all respects as the
profile likelihood function in that example is monotonically decreasing with probability one re-
gardless of the sample size and the true underlying probability measure. As mentioned in the
Introduction, a similar behaviour may occur in a single event model with covariates. It is also
clear from the two sentences preceding Remark 2.1 that this behaviour cannot only be attributed
to the fact that the argument of the exponential in the profile likelihood function is free of the ef-
fective age parameter 6. This is simply because the same goes for the profile likelihood function
in Cox’s proportional hazards model for which the profile likelihood approach works. Moreover,
Appendix C rules out the possibility that the failure of the profile likelihood approach results from
an identifiability issue. To conclude: It seems to be a fine line that divides semi-parametric mod-
els for which the profile likelihood approach based on the definition of the NPMLE employed
here works from those semi-parametric models for which it fails. This failure of the profile like-
lihood approach seems to be caused rather by the definition of the NPMLE used here than by
profiling. An exact description, that is, an “if and only if” statement, of when the profile likeli-
hood approach based on the definition of the NPMLE employed here works might be difficult
or even impossible to obtain. Nevertheless, a few general features of that approach are worth
summarizing. When the NPMLE A(;0) is a right-continuous step function the profile likeli-
hood method fails for the semi-parametric accelerated failure time model (with a single event).
This is because for this model @ influences only the locations of the jumps of A(-; 8) but not the
Jump heights. This is in contrast to Cox’s proportional hazards model where the jump heights
of A(-;0) do depend on @ whereas the locations of the jumps are the same for all #. Here we
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Figure 6. Each of the 6 figures contains five graphs of 6 > £, p(s|0, Km,Dm (s)) (solid lines) for
0 € [0, 1] and m = 100 obtained from simulated data for which A = A4, the effective age follows the
ARA | assumption of Example 2.1, and for 7; = §; , for 1 <i <m (Type II censoring, see Example 2.4).
The dotted red lines are the realizations of the discrete profile likelihood curves. Here 6 denotes the true
parameter.

have proved a result that gives conditions under which profile likelihood inference does not work
for the effective age parameter in a semi-parametric recurrent event model. In the examples pre-
sented, the jump heights of the NPMLE AC;6) depend on 6. Nevertheless, the profile likelihood
method fails. This might be a result of the fact that & does not only affect the jump heights, but
also the locations. One may wonder whether the locations being independent of 6 (together with
some regularity conditions) is a sufficient condition for the profile likelihood method to work.

Appendix A: Proofs and auxiliary lemmas

Before we give the proof of Theorem 2.1, we state two lemmas. The first lemma will be used
in the proof of part (a) and part (b) whereas the second lemma will only be used in the proof of
part (b).
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Lemma A.1. Ler I and I, be two subsets of a finite set J with I} # J and |11| = |I2|, where for
any set K we denote by |K | its cardinality. Moreover, assume that for at least one element iy of

Iy we have i1 ¢ I>. Then there is at least one element i, € J such that i, € I, but iz ¢ 1.

Proof. The claim is immediate from the facts that /1 C J and I C J have the same cardinality
and that i; € I, but iy ¢ . [l

The following lemma is obvious and its proof is therefore omitted.

Lemma A.2. Let x;, y;, | <i <1I,andX;, y;, | <i <1, be (non-negative) real numbers.

(a) Define the functions G and G both with domain {1, ..., 1} by

1
G() =) 1000

i=1

and
I
G() = 1(z.00F))-
i=1
Then:
(i) If for a given j € {1,..., I} we have that for all i € {1, ..., 1} the relation x; < y;

implies the following relation X; < y;, then

G(j) = G()).
(i) If additionally to the assumption in part (i), we have that there is an i € {1,...,1}
such that X; <y but x; > y; then
G() <G

(b) Denote by yi), 1 <i <1, and yy, 1 <i <1, the increasingly ordered values of the y;,
1 <i<I,andofthe y;, 1 <i <1, respectively. Define the functions G and G both
with domain {1, ..., 1} by

I

G =) o0 (V)
i=1

and
1
G() = D L5000 G-
i=1
Then we have for j <k

G (j) <G™(k) and  G*(j) < G™(k).
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Proof of Theorem 2.1. Throughout the proof whenever appropriate, we suppress the depen-
dence on w, otherwise it is made explicit. We first prove part (a). Notice first that under Assump-
tion 2.1 we have for every @ that the log profile likelihood £ p ,, (s*|0, A, Dy, (s)) equals

m Ji(s¥)

33 estsheeksio)

k=1 (=1
(A1)

m Ji(s*)

= —Z Z 10g(551(5*s8/(?,13—1(Skl)))-

k=1 (=1

Now let w be arbitrary. Put U (w) := Zk 1 Jk(s*, w). Denotmg the increasingly ordered values

Of‘gk 11 k(@) 1 <k <m, 1 <€ < Ji(s*, w), by (8k -1 Sk @Mpy, p=1,...,U(w), the
right-hand side of equation (A.1) can be rewritten as

U(w)

- Z log m Ek — l(Sk E(w)))(p))] (A2)

From equation (2.4), we now obtain that under Assumption 2.1 the quantity in (A.2) equals

U(w) |: m Ji(s*,0)

- Zlog Z Z ij—l((Sf,e—l(sk»l(w)))(p))
p=1

i=1 j=I
(A.3)

9
x 1@?./1(sl-.,-1<w>>,£?,,-1<si.,-<w>>1((€kfI(Sk’@(“’)))@))]

We see that under the assumption (]PAO”)O)m(yif)j_l(t) <c, yfj_l(t) >, l<i<m/1<j<
Ji(5™),0<t < 0o0)=1 our claim

(P20-90)" (£ 1 (510, Ry, Dy (5)) = € (510, Ay, Dy (s)))
> (P*%)" (A, 45)

would follow if

U(w) m Ji(s*,w)
- ZIOg[Z Z 1(85’._/—1(51',]'1(w>)»€ﬁ_/—1(5i,_/(w>)]((SZ,Z1(Sk’ﬁ(w)))(p))i|

p=1 i=1 j=1
(A4)

U(w) m Ji(s* w) -
0
2 - Z log [Z 1 Tt sl o (et (Sk»l(‘”)))@))}’

i=1 j=
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were true for (almost) all w € A because we have

m,a,é’

— Zlog Z Z Vlj 1 Elfe I(Skf(w)))(p))

U(w) |:m Ji (s*,0)
i=1 j=1

X1, el (S jor(@).el; (s ,(w))]((gz,e—l(Skl(“’)))(p)):| (A.5)

U(w)

m Ji(s*,0)
= Zlog[cZ > 1(s?ﬂjl(si,_,_1(w)>,s{{jl(si.j<w)>]((8£,e—1(SH(“))))(m)}
i=1 j=1

and

U(w) m Ji(s*,0) -
0
- Z log[cz Led (Sn.ed 1<s,,<w>)1((8k~€—1(5"’@(‘°)))(p>)}

i=1 j=1
U(w) m Ji(s* ) _
- log[z (e Se)), ) a6)
p=1 i=1 j=I

i ] i
x 1(85’.,--1(s,-._/-.(w»,a?,,-—l(Sl-.,-<w>>]((8k’4—1(S"'Z(“’)))(p))}‘

Now notice that for arbitrary 0 we can rewrite

U(w)

m Ji(s*,w) o
o B 0
- Z log |:21: X} jl(‘gf.iﬂ(Si,j—l(w))’*?gj—l(Si,j(w))]((Ek’e_] (Sk’Z(a))))(P)):|
i= Jj=

as

U(w) m Ji(s* w) .
- Z(log[z 1 I(Siv”(w))m)((sz,eI(Sk,uw)))(p))—(p—l)D, (A7)

i=1 j=
because the condition

(e 01 (Ske@)) ) <f5 (51 (@)

fails for exactly (p — 1) pairs (i, j), 1 <i <m, 1 < j < J;(s*). As the representation (A.7) holds

for every element of ®, we see (A.4) would follow if for every p and (almost) every w € A, , 5
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it were true that for every pair (7, j)

. 0
& j1(Sij-1(@) < "8l )= 1(55'?10 " (@) (A.8)

0 0
= & (Sijm1@) <’ o (S5 5 ().
e ’ (ot =1" Kot

0
Here &7, e

8(p) " (p)

g<m, 1 <h<Jg(s*), and séé P l(S i i (w)) denotes the p smallest value among the
()t~ (P) p)

9
I(ngp),h’(’p) (w)) denotes the p smallest value among the €g -1 (Sgn(@), 1 =

‘92,[—1(Sk1 (w)), 1 <k <m, 1 <€ < Ji(s*). Consequently, (g?p), h?p)) denotes the index pair of
the p smallest observation among the sg’h_l(Sg,h(a))), l<g<m,1=<h<=<Jg(s* and similar

for the pair (k?p), Z‘(; p)). Before continuing, we need some more notation. For two pairs (i, j) and
(k, £) of natural numbers (i, j) = (k, £) means i = k and j = £. Moreover, for any pair (i, j), 1 <

i<m,1=<j<J(s*),and 0 c {0, 0} we denote by rko(z Jj) the rank ofe T l(Sl j(w)) among
the Skz 1 Ske(w)), 1 < k <m, 1 <l<J(sY,ie. I‘ko(l j) is equal to 1 if ‘91 108 j()) is

the smallest among the 8k -1 Sre@), 1 <k<m,1<£=< Ji(s*). For the rest of the proof of
part (a), let w € Am.0 e

Case 1: Suppose that g?p) = k?p) and h (= -y (»)" Then we immediately see that (A.8) is just
the assumption stated in part (a)

Case 2: Suppose that (g?p), )) #* (k( 4t p)) and that we additionally have rk? (k( ) p)) >
p. Then (A.8) holds, because we have

0 0
e (S5 5 @)>¢e% 4 (S

]

Kot =1 Koty 80y =1\ 80 M)

0 ()

due to the fact that rk? (k( R4t p)) > p and the implication

o0 '3
1(St Jj— 1(0))) <&4 4 0 (a)))
S oyt —1 K

= o Sm@)<el 5 (Si g @)

6 40
k(p) E([)) 1 (p)’~(p)

is just the assumption made in part (a).
Case 3: Let (g(p), (P)) #+ (k<p), (p)) and rk? (k(p), (p)) < p and assume additionally that

rk? (g?p), h?p)) < p. Then (A.8) is true, because we have

b
€9 o S 0
8iph (

h? (@ )) k" 00 1(50 (a)))

»~ 8p) ) N Koy £0p)
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due to the fact that rk? (g?p), h‘(’ p)) < p and the implication

ehi1 (i1 @) < 80?;:) Hip=1 (Sg<p> W (@)
= e @) < Sg?p) h?n—l( ol (@ @)

is again just the assumption stated in part (a).

Case 4: Let (g(p), (p)) #* (k(p), (p)) and rk? (k(p), (p)) < p and assume additionally that

k? (g?p), h?p)) > p. Notice first of all that rko(k?p (p)) < p and rk (g(p), (p)) > p together
imply ~thatt there is at least one pair (e, f), 1 <e<m, 1 < f < J.(s*) such that rk? (e, fy>p
and rk? (e, f) < p.Indeed, let

I :={@,w), 1 <v<m 1 <w=< Jy(s*)Ik’ (v, w) <1k’ (g, h) = p}

and

17 ={@w), 1<v<m 1 <w=<Jy(s*)k v, w) <1k’ (g, h) = p}.

Because by assumption we have (k(p),Z‘()p)) e 1% and (k ),E?p)) ¢ 10 Lemma A.1 implies

that there is at least one pair (e, f) € 1 % Such that (e, f) ¢ I?. Hence, rk? (e, f) < p and
k? (e, f) = p. Now, if k? (e, f) = p we must have (e, f) = (g(p), (p)). However, this is im-
possible, because on one hand we have

e, fel®
and on the other hand
0(. 0 0
ik (8 1) > P-

This proves rk? (e, f) > p and therefore there is indeed at least one pair with the stated properties.
Now we get from the assumption in part (a)

el (Sijm1@) <€ (Sep@) = &l (Sijm1@) <€l i (Sep(@)).

This clearly implies (A.8), because

0
&, f 1(Se.r (@) > & g -1 (ng‘p) n, (@)

and

. | ;
Ee,,f—l(S€>f(w)) =¢ k[p) f?m (Sk?p) f?p) (a)))

This finishes the proof of part (a).



3674 E. Beutner, L. Bordes and L. Doyen

We now begin with the proof of the statement in part (b). Consider an arbitrary w € B, o4

To shorten the notation, we introduce the functions Fg, 0 c {0, é}, defined on {(g, h)|1 < g <
m,1 <h < Jg(s*, w)} by

m Ji(s* ) .

Flg.hy:=)" > 1(8?,‘71(&1]}71(@)’%)(sg,h_l(sg,h(w))), 0ci{0.0).
i=1 j=1 g

Before continuing with the actual proof, we state the following facts about the functions F, Z and

Fg. First, under the assumption made in part (a) of Theorem 2.1 we obtain from Lemma A.2
part (a), (i) that for every pair (g, h)

Fl(g.h) < FA (g, h). (A.9)

Second, the assumptions in part (a) and part (b) of Theorem 2.1 together imply in view of
Lemma A.2(a), (ii) that

FO(k, 0) < FO(k, ). (A.10)
Third, notice that part (b), (i) of Lemma A.2 implies for 0 c {0, é}
Flo.m<Flko ifrkl (g n <k &, 0). (A11)
Fourth, in the proof of part (a) of Theorem 2.1 we showed (A.8) so that we have
Flo.m) < Flk,0)  ifrk? (g, h) =1k’ (k. 0). (A.12)

We now start considering all possible cases. In each case considered, it is sufficient to show that
the inequality in (A.12) is strict for two pairs (g, #) and (k, £). This follows by combining (A.5)
and (A.6). Of course, the two pairs might be equal. To ease the reading of the proof, each case is
illustrated by a graphic; see Figure 7.

Case 1: 1k? (k, £) < tk? (k, £). Then let the pair (i, v) be such that rk? (u, v) = 1k’ (k, £) and
notice that we consequently have k? (u,v) > k? (k, £). We now obtain

P (All) 4 A.10
Foun s Foa oS k. o).

Hence, the inequality in (A.12) is strict for the pairs (u, v) and (k, £) that fulfill p = rké (u,v) =
1k (k, ).

Case 2: rké k, ) = rk? (k, £). Then we immediately see that the inequality in (A.12) is strict
for p = rké k, ) = k? (k, £) by (A.10).

Case 3: 1k? (k, £) > rk? (k, £). Before continuing with Case 3, we remark that we will assume
that

Fle.my=Fl(k, o)  ifrk? (g, h) =1k’ (k, 0). (A.13)
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Case 1: Case 8b:
(ki )] rk® (lsT 1) (61,|d1) (uv) rk®
| T @
i wal
1) () i || (end) @A) (enfr) &)  nd
Case 2:
(k; ) rk® (kT ) (Cn-1,|dn_1) (uv) rk®
| | T ed)
E (cil'h,dh) E i
(k1) ? ©d) (et ) &) W@
(cn—h dn—1)
Case 3a:
(kT 1) (U;V) (01,]d1) rk® (k1 ) (05—1,ldﬁ-1) (uv) rk®
: : ' i : N
I | | I | (cn dr)
B T
(erd)  (cd) (k1) & € (ennfn) () &
(cr-1, d71)

Figure 7. Illustration of the different cases considered in the proof of part (b) of Theorem 2.1. The ranks of
the pairs under 6 are given on the upper axis in ascending order and under 6 on the lower axis. For Case 3b,
the three graphics on the right-hand side illustrate the process of extracting n with the property as given in

(A21).

The reason why we can assume equation (A.13) is that if (A.13) did not hold, we would have
found two pairs for which the inequality in (A.12) would be strict. However, this would finish the
proof. To make the remainder of the proof easily accessible, we state the following lemma. [

Lemma A.3. Under the assumption stated in (A.13) we have that

k0, j) > 1k (a, b) = ik (&, B) > kP (i, )

implies

FGi, j) = Fo(a.b) = Fo(a. p) = F2(i, j).
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Proof.

_ . (A1dD (A13) § (A1) 5 (A9 o
ElG, j) = Fla,b) =" Fl(a,p) = FlG,j) = F2G,)).

Hence, we can replace all > by = which finishes the proof. ]
Proof of Theorem 2.1 continued. Let the pairs (, v) and (c, d) be such that
ok, v) =k (k, &) and 1K®(k, ) = 1k? (c, d). (A.14)
From (A.13), we then get
FO(k,0) = F(u, v), (A.15)

because rk? (u, v) = rké (k, £). Define now the sets
1f:={@b),1<a<m1<b=<J(s") Ik’ (@,b) <1k’ &k, )}

and

17 :={@b)1<a<m1<b=<J(s*)k (@, b) <1k’ (k, ).
Since (k,£) € 110 and (k, £) ¢ Ié, it follows from Lemma A.1 that there must be a pair (c1, d1)
such that (c1,d)) € 110 and (c1,d1) ¢ If, ie.
] 0 (Al14) .9 0 0
k’ (c1,dy) <1k’ (k,£) "= "1k’ (c,d) and r1k’(cy,d;) >1k’(k,£). (A.16)
Now make the following assumption that we call
Case3a:  1K%(c1,dy) > k% (u, v). (A.17)

Under this assumption combining the left-hand side of (A.14) with the left-hand side of (A.16),
we obtain from Lemma A.3

Fi(c1.d)) = Flu.v)=Fi(k.0) = F(c1.d))
which implies that
Fl(c1.d) = FS (k. 0. (A.18)
Combining the left- and right-hand side of (A.16), we have
] 0 _ a0 0
tk’ (c1,dy) <1k (k, &) =1K"(c,d) < 1K’ (c1,d1)
and we obtain from Lemma A.3

Fl(ci,d) = Fl(k, ©) = FO(c,d) = F2(c1, dy). (A.19)
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However, in view of (A.18) the first equality in equation (A.19) gives Fa‘f (k,0) = Fg (k, £) which
this is a contradiction to (A.10). Hence, the assumption made in equation (A.15) does not hold
and we must have

FO(k, 0) > FO(u, v),

which finishes the proof if we are in Case 3a, that is, the assumption stated in (A.17) holds. Now
if (A.17) does not hold, we consider

Case3b:  1tk%(c1,dy) <1k (u, v).
In this case continue extracting pairs (c,, d,), n > 2, with

(Cnrdy) € 10 :={(a,b), 1 <a<m, 1 <b < J(s)Ik? (@, b) <k’ (c,_1,d,—1)} and
(A.20)
(Cnvdn) ¢ 12 :={(@.0), 1 <a<m, 1 <b < Ju(s*) 1k’ (a, b) <1k (cpm1, du—1)}.

Clearly, the pairs (c,,d,) and the sets as given in (A.20) exist by Lemma A.l at least as
long as k? (cn_1,dy_1) < rk? (u, v) = rk‘9 (k, £), because by construction (¢;,—1,dn—1) € 10 and
(cn—1,dn—1) € I,f, but (k, £) ¢ » and (k,£) € I,f. Because rk? (c,, dy,) is strictly increasing for
every o (with the property that we have to consider Case 3 and that we are not in Case 3a, that
is, the assumption stated in (A.17) does not hold) there is an n > 2 such that

(A.14)

k? (ca, di) > 1k (u, v) kO (k, 0) and 1K® (i1, di_1) <1k (u, v). (A.21)

Notice that equation (A.21) together with (A.20) implies

k® (i, d) < 1k® (u, v) A2V P (&, 0). (A22)
Let the pair (e,—1, f,—1) be such that
K ents foo) =1k (Cumtduer), 2<n <A (A23)

Then
0 0 (A23) .9 ] ~
1k’ (cn, dp) < 1K (en—1, fa1) = 1K (cp—1,dn—1) <1K’ (Cp, dn), 2<n<n. (A.24)
Applying Lemma A.3 to (A.24), we now obtain for every n,2 <n <n

Fl (e, dy) = FO(cn1, du1) = Fo(en—1, fu—1) = Fo(cn, dy). (A.25)

Furthermore, combining (A.21) and (A.22), we have

tk? (e, di) > 1k? (. v) = kP (k, ©) > 1k? (¢, dip).
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Applying once again Lemma A.3, we obtain
FO(ci di) = FO(u,v) = FO (k. 0) = FS (ci. dy). (A.26)
In particular,
FO(k.0) = FS(cs. dy). (A27)

and we know from equation (A.19) which is valid here as well as it was derived from equa-
tion (A.16)

Fi(k.0) = Ff(c1.d)). (A.28)
Together with (A.25) equations (A.27) and (A.28) now imply that

Fok, 0 = FO, ).
However, this is a contradiction to (A.10) showing that also in Case 3b the assumed equality in

(A.13) cannot hold. This finishes the proof of part (b). O

Appendix B: Discrete hazard rates

Recall that for a probability measure P on R with a finite support on {z1, ..., zx }, say, the (dis-
crete) hazard rate A and the survival function S are given by the formulas
P{rh
AMt):=———— and P((r,00))=:S) = I —A(z)). (B.1)
P([t, 00)) ((t.00) iﬂf V)

Recall also that the relation P([¢, 00)) = S(t—) = l_[i:z,-<,(1 — A(z;)) implies that

P({r}) = A(t) - S(t—).

Now we shall define an effective age model corresponding to a sequence of discrete probabil-
ity measures Py with supports {z1,..., 2k, 2K,+1,---, 2k, ), d € N (the method could also be
used for a continuous probability measure). This model has exactly the same transition kernels
as Model 2.1. To do so, assume that for every # € ® we have given a sequence of functions
sg, 5?, ..., 0 € O, that are interpreted as the effective age functions for the time interval between

the jth and the (j — 1)th event, with the following properties:
(a) 8(0) Ry - Ry

(b) 8?_1 :DcC Rﬂ'_ — R4, j=2,3,... and D denotes the domain;

[4
J=List, 851
fixed Slyeees Sj—1-

(¢) The functions & ) := 8?71(.5‘1, ...,S8j_1,-) are strictly increasing for every
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Here Rd ={xeR?x; >0,i=1,...,d)}. Forevery d € N we now define a probability measure
Qg on Rd by defining for j =1, ..., d transition kernels

Pa({ed 15,5y D

Qj(sjlsts....sj_1.80_ '
J(J ! i=b - 1) ]Pd((g/ L;s1,. 1(sj_1)’oo))
Pa(le] .5, 5)00))
. 8‘?_ ey J=15s1,085-1 (B.2)
d( J= 1551581 )Pd(( e s 1(5"1;1),00))
Sd(s] 1551,0008 (Sj)—)

_ 0 . .
= )\d(sj_lmp_”sj l( )) fors; >s;1,

Sae_ gy (S5-D)

where we use the convention that 0/0 := 0, so = 0, and A4 and S, are the hazard rate and the sur-
vival function corresponding to P4, respectively. In equation (B.2), we have implicitly assumed
that Py and the functions &’ match properly, that is, Pa((e? 1(s i—1), 00)) >

J=Ls1, 821 j=1ist,..
0,j=1,2,....

Remark B.1. Constructing effective age models through equation (B.2) is similar to the ap-
proaches in Dorado et al. [12] and Last and Szekli [25].

Example B.1. For the model discussed in Example 2 1 we have for 6 € [0, 1] that 88 (s):=s,5€
R . Moreover, we have for 0 € [0, 1] that ad L }R — R4, j > 2, with 8 _1(8) =5 —0sj_1,
S=(51,...,5j-1,5)) ER+.

Furthermore, for the model discussed in Example 2.2 we have for 6 € [0, 1] that 88 (s) :=s,
s € R+. Moreover, we have for 6 € [0, 1] that 8?_1 : Ri — Ry, j > 2, with ef_l(s) =s5j =
03I (1 —6)1"lsy, s=(s1,....5-1,5;) eRL.

Now, let [0, s], D,,,(s), N;(s) and t; be as in Section 2 and denote the event occurrence times
by Sij, 1 <i <m, 1< j < N;(s). Then the full likelihood corresponding to the model defined by
(B.2) is given by with d = max{N1(s), ..., Ny (s)}

LF(S”P)d ( i,j— 1)1<1<m ,jeN’ m(S))

m Ni(s)

1_[ H)Ld Eij- L38i1,esSi j— 1(11))

i=1 j=1

Xﬁl‘i_([ Sd(e;j L35 1B o 1('11') )
imt et a4 g s Gi=1))
m o Sa(ef (ti As))

1N ($)55i, 15080, N, (s)

h (B3)
i=l1 Sd(gl'vNi(S)ifi.lv---sfi,N,-(.r) (8i,Ni ()
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m Nj(s)

(B.1) -
= 1_[ 1_[ )\'d(gl'a:j_lﬁi.la-~-,§i,j—1(si’j))

i=1 j=1

(M1 10 200)

i=1 j=1 ker!,

x (]‘[ I1 (1—xd(z;<>)>,

=1

where for every pair (i, j), | <i <m, 1 < j < N;(s), the sets Il.oj are defined by
0 ._ 0 3 0 5.
Il-)j = {k ell,..., K}ISi’,/—ligi,l,--wgi,_j—l Gij—1) <z < IR A A (sl,])}

0,‘[1'

and forevery i, 1 <i <m, the sets ;" are defined by
1= ke (l,..., Kl §i8y(5)) < 2k < 6 (@ A s)]
i T v € N; (53580, 15451, N (5) Si,Ni(s) Tk =& N, (380,155 Nj(s) F Sy

To see that equation (B.3) is indeed the discrete time analogue of equation (2.2) notice that

(FTTT T 0-e00) (11 1T 000

i=1j=1 rer?, i=1, 00

i

m Ni(s)
= (1‘[ | I1 (1—,\d(sfﬁj_l;giw“_,gi’jl(u)))> (B.4)

where for every pair (i, j), | <i <m, 1 < j < N;(s), the intervals (Ifj)’1 are defined by
-1 - -
(Ifj) = {u € R+|s,~,‘,~_1 <u< si,.,'}
and for every i, 1 <i <m, the intervals (Il.o’ri )’l are defined by

(I;(”’T"Y1 ={u e RIS N5y <u <7 As),

and the product w.r.t. # stands for the product integral.
Now we are going to maximise (B.3) for @ fixed. As in Section 2.2, maximisation is w.r.t.

all discrete probability measures that put (positive) mass at the points 8,‘1 AT (Sk.e),
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1 <k<m,1 << Ni(s), which we assume to be different. Also as in Section 2.2 we denote the
corresponding hazard rates at these points by Az ;- Then the full likelihood (B.3) after rearranging
can be written as

m  Ni(s) m  Ni(s) 10 7%.B
[TTTA TTIT0-0 " 9
k=1 (=1 k=1 (=1

where for every pair (k,£), | <k <m, 1 <€ < Ni(s), the sets I,f”eB are defined (cf. Section 2.2)
as

Ilf,’eB = {(i, N, 1<i<m,1<j<N@)|

0 - 0 - 0
gi’j—lﬁi,lw-’si,jfl (S’*J_l) < Skvg—ligk,ls-wgk,i—l Gk,0) < gi,j—l:fi,l

Gip}

seeesSi -1
and for every k, 1 <k <m, the sets / ,f B are defined (cf. Section 2.2) by

I,f’ri’B = {i, 1<i<m|
] ~ 6 ~ 0
N ~ ~ PN ~ ~ < g ~ ~ :
Sl!Ni(S);Si,l»~--asi.Ni(s) (s”N’ (S)) < gk,f—l:skl,.--,Su_l (Sk,lz) —= glvNi(5)§Si,l>-~-15i,N,-(s) (T A s)}

Moreover, as in Appendix A for any set / we denote by |/| its cardinality. As the function
x — x(1 —x)k, k € Ny with x € [0, 1], is maximised at x = 1/(k + 1) we see that equation (B.5)
is maximised at

1

0,7,B
|kg|+|l ©

[
Ao =
+ 1
Notice that this NPMLE coincides with the one given in Section 2.2 if the derivatives of the
effective functions w.r.t. observational time are equal to one, because we have the relations

EE 1+ 1 =110 and |17 = (107,

Appendix C: Identifiability in Examples 2.1 and 2.2

First note that the distribution of (S, $2) (or (T, 7)) is the same under Kijima I or Kijima
II models; see Examples 2.1 and 2.2. Indeed, the joint distribution of (7, T1) is defined by its
density function

gy (t.n) = F) f(n+ (1 =0)n)/S((1 = 0)n) Ly =01 (10)-

for (11, 1) € Ri_. Here f is an unknown probability density function with support [0, co) (S is
the corresponding survival function) and € is an unknown Euclidean parameter in [0, 1]. Let px
be the Lebesgue measure on R¥ (k > 1). Proving the identifiability of (6, f) requires to show

the following one-to-one property: g(T@I ;2) g(Tel ;2) ua-a.e. implies (8, f) = (8, f). The fact that
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f = f is straightforward by integrating gﬁ :J;Q)(tl, tp) with respect to 7, on R. Thus, identifiability
reduces to proving that @ = 6 results from

flo+A=0n)/S(A-0)n)=f(o+1—0n)/S((1—0)t),  me-ae.  (C.1)
Integrating (C.1) with respect to , on [s, 00) leads to
S(s+ (1 =0)1)/S(1—0)n)=S(s+1—Dn)/S((L—Dn),  po-ae (C.2)
Using (C.1) (with £, = s) and (C.2), we obtain
AMs+A—0)t)=2r(s+1—0)t), po-a.e. (C.3)

Now suppose that there exists a nonempty open interval (a, b) such that A is one-to-one on (a, b).
Let 6 # 6. Then for any pair (s, ¢1) quantities s + (1 — 6)#; and s 4+ (1 — 0)#; belong to (a, b)
simultaneously if and only if

a—(1-0)t;<s<b— (11—,
a—1-=0)<s<b—(1-0).

For the latter to hold, we must have

b—a

a—(1-0vo<b—1—-0A01 < t1<|§ o

Then for o almost all (t1,s) € {(x,y) e RZ|x < (b —a)/Id —0l,a— (1 -0 Vhx <y <
b—(1—60A0)x} wemusthave s +(1 —0)t; =s+ (1 — é)tl. Hence, 6 = 6 which proves the
semi-parametric identifiability of Kijima I and Kijima II models whenever the first two failures
can be observed.
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