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ABSTRACT

This dissertation deals with non- and semi-parametric Bayesian inference of gap-
time distribution with recurrent event data and simultaneous inference of component
and system reliabilities of coherent systems data. Recurrent event data arise from
a wide variety of studies/fields such as clinical trials, epidemiology, public health,
biomedicine (e.g. repeated heart attack, repeated tumor occurrences of a cancer pa-
tient). In Chapter 2 we develop nonparametric Bayes and empirical Bayes estimators
of the survivor function F = 1 — F, of the gap-time distribution by assigning a
Dirichlet process prior on F. We develop a closed form estimator of F as well as a
procedure to sample from the posterior measure and thus construct point-wise cred-
ible intervals. Semiparametric Bayesian inference of the gap-time survivor function
with the effect of covariates of a correlated recurrent event in the presence of censor-
ing is considered in Chapter 3. A frailty model is considered to allow the association
between inter-occurrence gap-times. We assign a gamma process prior on the base-
line cumulative hazard function Ay and parametric prior distributions on the finite
dimensional parameters associated with covariates and frailties. We derive the con-
ditional posterior distributions of the unknown parameters of interest from the joint
posterior distribution and employ Gibbs sampling techniques to obtain samples from
the joint posterior distribution. In Chapter 4 we focus on nonparametric Bayesian
inference of reliability of coherent systems which are prevalent in many settings such
as in mechanical, engineering, military, and financial systems. In our nonparametric
Bayesian approach we assign independent partition-based Dirichlet (PBD) priors, on

the component distribution functions. A simultaneous inference procedure of compo-

www.manaraa.com



nent and system reliabilities is developed. Bayesian paradigm provides a more general
estimator in the sense that we can recover corresponding nonparametric estimators

as a limiting case of our developed estimators both in recurrent event and reliability

settings.
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CHAPTER 1

INTRODUCTION

1.1 ANALYSIS OF RECURRENT EVENT DATA

Determination of an unknown distribution is one of the most important problems
in Statistics. In many studies we only observe one event for a subject and infer-
ence is based on a single event setup. For example, in medical research an HIV
patient is observed from the beginning of the treatment to the occurrence of a par-
ticular condition or death and the event time is denoted by T'. Various models and
methods (parametric, non-/semi-parametric, and Bayesian) have been considered for
the analysis of survival data (lifetime data) based on single event settings and their
asymptotic properties are well established. However, in many situations an event
(e.g. tumor occurrences, heart attack) could occur repeatedly for the same subject
over the monitoring period. Such an event is called a recurrent event in the literature.

Recurrent event data are prevalent in a wide variety of studies/fields such as
clinical trials, epidemiology, public health, biomedicine, psychology, reliability, and
engineering. For instance, in clinical trials/medical research we could observe re-
current events when a patient diagnosed with cancer tends to relapse over time or
when a patient is repeatedly admitted to a hospital. Examples of recurrent events
in the reliability engineering settings, are repeated failures of a deployed (mechani-
cal/electronic) system and the occurrences of cracks in concrete structures, among
others. In recurrent event analysis, interest usually lies in modeling the dependence of

the occurrence of recurrent events on the covariates, so that inference can be carried
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Figure 1.1: Pictorial representation of the MMC periods in minutes, (Censored: Red
Crossed Sign)

out on the effects of covariates on the recurrent event process.

In the recurrent event data accrual scheme, a subject is monitored over a period
[0, 7], where 7 is some administrative time or study termination time. The monitoring
period could be random, governed by an unknown distribution G(t) = Z(1 < t).

Event-times are indexed by the calendar time s as well as the inter-event gap-times
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=
L J

End of follow-up

Figure 1.2: Pictorial representation of the occurrences of a recurrent event for a
subject with K = 3 event occurrences.

Table 1.1: General form of data accrual in recurrent events

| Unit | # Occurrences: K; | Successive Gap-Times | Length of Study Period |

1 K, T, Tho, - -, Tk, T
2 K2 T217 T227 R 7T2K2 T2
n Kn Tnla Tn2a ce aTnKn Tn

t. Denote the calendar times of event occurrences by
0=5 <S5 <...< S8k,
where S is the time of k-th event, and the inter-event gap-times by
T, Ty, ..., T with T, =Sy —Sk_1,k=1,2,3,....
The number of event occurrences is
K =max{k €{0,1,2,...}: S, <7}

Note that the last event (event that traverses 7) is right censored by 7 — Sk, that
is, Tx+1 > 7 — Sk. Figure 1.1 is a pictorial representation of the occurrences of a
recurrent event of 19 individuals from a study concerning the small bowel motility (see
Husebye et al. (1990)), while Figure 1.2 is a pictorial representation of recurrent event
occurrences for a subject with K=3. This recurrent event data, hereafter referred as

ed to illustrate the estimators developed in Chapter 2.
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Table 1.2: Random Observables

’ Unit \ Vector of Observables ‘
1 Dl:(K17T117T127-~-7T1K1;7—1_SlK1>
2 DQI (KQ,T217T227...,T2K2,7'2—SQKQ)

n Dn = (Kn7Tn17Tn27--~aTnKnaTn_SnKn)

A layout of data accrual is given in Table 1.1 when n units are in the study.
The end of monitoring times 7;,2 = 1,2,...,n are IID from a common distribution
function G. Random observables for the n units in the recurrent event setup is as

given in Table 1.2

1.1.1 Models for Recurrent Event Analysis

There are several models and methods such as the complete intensity approach based
counting process (Andersen and Gill (1982)), the marginal rate approach (Pepe and
Cai (1993); Wei et al. (1989)), and the inter-event gap-times approach (e.g., Pena
et al. (2001)) used for the analysis of recurrent event data. The main difference
between various proposed methods is the function that is modeled or the parameter
of interest (see Miloslavsky et al. (2004a)). Assume the covariate process X(s) for
an arbitrary subject over the monitoring period [0, 7] is observable and denoted by
{X(s) = (X1(s), X2(s),...,X4(s)) : s < 7}. To review some of the commonly used
models in the literature, we assume s < 7 and let
N(s) = iI(S’j <s)and Y(s)=I(1 > s),
j=1
which are also known as the counting process or the jump process and the “at-risk”

process, respectively. The full information just before s is denoted by

S =N, V), Z(t): t < s},
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which is also known as the filtration or history of the stochastic process just before
time s, where A (s) = {N(t) : t < s}, Z(s) ={Y(t) : t < s}, and Z°(s) = {X(1) :

t <s}.

1.1.1.1 AG model (1982)

The intensity process of the counting process N(t) is defined as
E[dN(t) | Ai-] =Y (At | Hi-), (1.1)

where A\(t | 7#_) is the instantaneous probability of the process N (t) jumping at time
t conditional on .#%_. The AG (Andersen and Gill (1982)) model is the most com-
monly used model for the intensity of a continuous counting process and is described
in detail in Gill (1980), Andersen and Gill (1982), and Andersen et al. (1993) and is

given by

At | ) = Mt | X (1) = Molt) exp(BX (1)), (1.2)

where Ao(t) = limy_,o w is the baseline hazard rate function of gap-time

(baseline) distribution function Fj at time ¢ and (3 is a vector of regression coefficients.
Note that from the formulation (1.1), it is clear that the intensity function depends
on the past history of N. If the intensity process (e.g., 1.2) does not depend on
N then the successive gap-times are assumed to be independent. The dependence
between recurrent events can be addressed by incorporating frailty models in the full
intensity process. In the frailty model one of the common assumptions is that given
the unobserved frailty, successive gap-times are independent. Alternative models
such as marginal models and proportional rate models have been developed by some

authors to avoid the specification of dependence structure.
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1.1.1.2 Marginal Models

Wei et al. (1989) (WLW) considered a marginal model in their analysis of the bladder
cancer data. Their method models the marginal distribution of each failure time
without considering the dependency structure among event times for a subject. In
their approach each event or event type is modeled as a separate strata. The intensity

function for the kth event is
Me(s | X(8)) = Mor(s) exp[B' Xi(s)], k=1,2,..., K,

where X (s) denotes the value of the covariate vector X(s) at the kth event occur-
rence. Wei et al. (1989) provides event specific estimates as well as overall estimates.
The overall estimate is the weighted average of the event-specific estimates such that
the corresponding weighted average of the robust variance is the smallest possible.
However, Cook and Lawless (1997) pointed out that the ‘WLW’ model is only valid
when censoring is independent of event type or event occurrences. This approach
is cumbersome when the number of recurrent event occurrences K is large. In the
‘WLW’ method subjects who are censored before (k—1)th event occurrence can be at
risk for the kth event without having experienced (k— 1)th event which seems unreal-
istic and difficult to interpret. Pepe and Cai (1993) included the term Nj_;(t—) =1
in the filtration for the right-censored data to avoid the problem of being at risk of

having kth event without having experienced (k — 1)th event.

1.1.1.3 Proportional Rate Model

Lawless and Nadeau (1995a), Lawless et al. (2001), and Lin et al. (2000) are among
others who considered modeling the rate of recurrent events by using a proportional
rates model. The parameter of interest of their approach is the rate of N(t) and is

defined as

EIN(t) | AZ] = Y (t)m(t) (1.3)
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where 7 = {2 (t) : t < s} and m(t) is the rate of event occurrences in the process

of N(t). Lin et al. (2000) consider the proportional rate model given by
EIN(Q@) | AZ] = Y (t)mo(t) exp(57(1))

where my is a nonnegative baseline rate function and ~+*(¢) is a known function of

S

1.1.1.4 A General Class of Models

Penia and Hollander (2004) proposed a general class of models for recurrent event

analysis with the intensity function given by

A(s | W = w, X(s) = 2(s)) = wo[€(s)]p[N] (s—); @]y [8a(s)].

7

This general class of models simultaneously incorporates the effect of covariates
through the link function ), association among the event occurrences for a sub-
ject through the unobserved frailty W, the effect of accumulated event occurrences
through p(-;a), and the effect of intervention after event occurrences through the
effective age processes &(-). They considered semiparametric inference for a gen-
eral class of models for recurrent event data based on gap-time formulation. In the
estimation procedure Pena and Hollander (2004) and Pena et al. (2007) used mod-
ern tools such as counting process and martingale theory to develop the estimators
with their asymptotic properties. In a simple setting (when gap-times are IID) with
Y[ X] = exp[B'X] the intensity function associated with kth gap-time distribution
is given by
Me(s ] X) = No(s — Sk_1) exp[B X].

In this case the at risk process is Y (s) = I{Sk_1 < s < S}.

Some of the above models have been compared using real and simulated data,

yielding different results as illustrated by Therneau and Hamilton (1997) and Th-

erneauand. Grambsch(2000), among others. The framework of the AG model is
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more widely used for multiple event and recurrent event analysis due to its efficiency
as Therneau and Grambsch (2000) concluded. However, as Kelly and Lim (2000)
pointed out, it is unclear which model is suitable for the analysis of recurrent events

but they prefer the framework of the AG model over the marginal model.

1.1.2 Bayesian Inference with Recurrent Event Data

The classical form of making inference is to assume that F' belongs to a parametric
family characterized by a finite number of parameters and then estimate the parame-
ters using the likelihood approach. However, the resulting inference will be erroneous
if the assumed parametric form is misspecified. In contrast, the Bayesian paradigm
provides more general estimators in that nonparametric Bayes estimators often are
in the form of a linear combination of prior means and the classical nonparametric
estimators. Consequently, we can obtain the corresponding nonparametric estimators
as a limiting case of Bayes estimators. In addition, Bayes estimators are robust with
respect to misspecification of prior measures or distributions. Susarla and Van Ryzin
(1976) studied the nonparametric Bayesian estimation of the survival function in sin-
gle event settings by assigning a Dirichlet process prior on F. One can view Susarla
and Van Ryzin (1976)’s estimator as a Bayesian counterpart of the Kaplan and Meier
(1958) estimator of F. Kalbfleisch (1978) considered nonparametric Bayesian anal-
ysis of single event survival time data by assigning a gamma processes prior on the
baseline cumulative hazard function Ag(t) = [3 \o(u)du.

Nonparametric Bayesian inference with recurrent event data has not yet been
completely developed. Sinha (1993) considered semiparametric Bayesian inference
of multiple events time data, while Ouyang et al. (2013) considered semiparametric
Bayesian inference with recurrent event data. The main interest of their analysis is
to assess the effects of treatments on the event time. However, in this dissertation

we develop nonparametric and semiparametric Bayesian inference of the inter-event
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gap-time distribution with recurrent event data.

First, we consider nonparametric Bayes (NPB) and empirical Bayes (NPEB) es-
timation of the inter-event gap-time survivor function. NPB and NPEB estimators
are developed under the assumption that the gap-times are IID from some common
distribution F' and gap-times and monitoring times are mutually independent. In our
nonparametric Bayesian approach, we assume that F' has a Dirichlet process prior
with parameter «, a non-null finite measure; see Ferguson (1973) and Sethuraman
(1994) for the early development of the Dirichlet process prior. The resulting poste-
rior first moment of F is our nonparametric Bayes estimator of F' under the integrated

squared-error loss function
L(F,F) = [1F(t) - F)Pat, (1.4)

where F'(t) is an estimator of F(t).

Assigning a Dirichlet process prior on F' also requires us to specify a parameter
«, which is a measure such that a(—o0,t]/a(R) is the prior mean of F(t). However,
instead of specifying o based on subjective beliefs, we may estimate it using the ob-
served data. The resulting Bayes estimator of F is referred to as an empirical Bayes
estimator (cf.,Robbins (1956)). We also developed an empirical Bayes estimator of
the gap-time distribution function in recurrent event settings. Details of the nonpara-
metric Bayes and empirical Bayes inference procedure of the gap-time distribution
are presented in Chapter 2.

In biomedical applications IID assumptions are somewhat restrictive as the gap-
times could be correlated. Moreover, in many biomedical/epidemiological applica-
tions or clinical trials the primary interest is whether the treatment is effective in
reducing event occurrences. Thus, there is a need to develop methodology for the
correlated gap-times to assess the effect of the treatment on the gap-times.

Secondly, we consider a semiparametric Bayesian inference of correlated gap-times

with-recurrent-event.data. To model the correlation between gap-times for a subject
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we consider a frailty model. In our approach we assume an unobserved frailty random
variable W | v ~ Ga(v,v) with unit mean and variance 1/v. It is assumed that gap-
times and monitoring times are mutually independent. Given the unobserved frailty

variable W' = w, we assume gap-times Tj,7 = 1,2,..., are IID from a distribution
F(t| W =w) = Fy(t)" = exp(—wh(t)),

where Fy(t) and Ay(t) are the baseline survival and cumulative hazard function, re-
spectively. Denote by X the observable covariate of interest. We consider the intensity

function defined by
Mt | W =w,X =x) = A(t)wexp(fTx).

The parameters of interest are Ay, 3, and v. We model Ay non-parametrically, in
particular, assign it a gamma process prior and assume parametric priors for S and
v.

To recall the definition of the gamma process prior let V() be a stochastic process
with V(o0) < oo and 0 =ty < t; < ... < tyy < ty41 = 00 are partition points of
[0,00). Assume that the increments {V(¢1),V(t2) — V(t1),...,V(tas1) — V(Eum)}
are independent and have independent gamma distributions with shape parameters
{C¢(t1),C(t2) — C(t1), .-, C(tars1) — C(tar)}, where € is a nondecreasing function with
((00) < co. Then V(¢) is called a gamma process.

Following Kalbfleisch (1978) and Sinha (1993) we assign a gamma process prior
on the baseline cumulative hazard function Ag(¢). Assume the prior distributions
of f and v are a multivariate normal distribution and a gamma distribution with
known hyper-parameters, respectively. Conditional posterior distributions of Ay, 3,
and v are derived to facilitate the Gibbs sampling procedure. Credible intervals of
the parameters of interest are obtained from the posterior samples. From our Bayes
estimator of the baseline cumulative hazard function we can recover a Breslow-Aalen

type-estimator.of the baseline cumulative hazard function as a limiting case. We
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illustrate our methodology by analyzing two real data sets. Chapter 3 contains the

details of the semiparametric Bayesian inference procedure with recurrent event data.

1.2 RELIABILITY OF A COHERENT SYSTEM

It is of interest to assess the risk of failure and the reliability of systems in many
settings, for instance, in mechanical, engineering, military, and financial systems.
The statistical analysis of the reliability of technical systems emerged just after World
War I when it was used to compare the operational safety of one-, two-, and four-
engine airplanes. The theoretical basis of the statistical methods for analyzing the
quality of industrial components and systems was laid down by Walter Shewhart,
Harold F. Dodge, Harry G. Romig, and Walter Deming at the beginning of the
1930’s. However, such methods were not brought into use to any great extent until
the beginning of World War II. Prior to the advent of the use of statistical reliability
and quality control methods, it was the case that even systems with a large number of
high quality components often did not achieve their desired reliability (cf., Rausand
and Hgyland (2004)). After World War II more sophisticated products/systems were
produced with an increasing number of parts/components, for example, televisions,
computers, intercontinental ballistic missiles, spacecraft, communication satellites,
passenger and military aircraft. Consequently, there is a critical need to be able
to assess the risk and reliability of complicated systems. For more details about the
history and development of reliability theory, see Knight (1991) and Villemeur (1992).

Precise and reliable knowledge of the performance of deployed systems enables
an informed assessment of risk and failure of the system that could potentially save
lives, enhance wealth, and prevent destruction. It is therefore imperative to have
probabilistic and statistical inferential methods to assess the risk and reliability of
systems.

Assume n identical systems each with K independent components are in the study.
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The structure function of a reliability system is defined by ¢ : {0,1}* — {0,1} such
that ¢(x) indicates whether the system is in a functioning state (¢(x) = 1) or is
in a failed state (¢(x) = 0). Denote the component lifetime survivor functions by
Fi(t) = Pr{T; > t},j = 1,2,..., K. If the component lifetimes are independent, then

the system survivor function could be expressed in terms of the system’s reliability

function via
Fy(t) = ho(Fi(t), Fy(t), ..., Fk(t)). (1.5)

More details of the structure function of a coherent system and the reliability function
is given in Chapter 4.

In the nonparametric Bayesian framework we develop an estimation procedure
by assigning a partition-based Dirichlet process prior (Sethuraman and Hollander
(2009)) on F' when system lifetime data are available. Similarly in the autopsy
model when component lifetime data are available we estimate the distribution for
each component by assigning an independent PBD prior. Therefore, simultaneous
estimation of component reliabilities and system reliability is performed by plugging
in the estimates of component reliabilities in (1.5). We evaluate the performance of
the developed nonparametric Bayes estimators through simulation studies in terms
of biases and RMSE’s functions and compare with the corresponding nonparametric
Doss et al. (1989) estimators. The Doss et al. (1989) estimator of the system reliability
function is a limiting case of our proposed estimator.

We now outline the contents of this dissertation. In Chapter 2 we develop a
methodology for nonparametric Bayes estimation of the gap-time distribution with
recurrent event data. Chapter 2 is a pre-print version of the article published by the
Journal of Nonparametric Statistics in 2014, available at http://www.tandfonline.com
/doi/full/10.1080/10485252.2014.906744. In Chapter 3 we develop a semiparametric
Bayesian inference of gap-time distribution with recurrent event data. In Chapter

4 we develop a nonparametric Bayesian inference of reliability of coherent systems.
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Technical results of Chapter 2 and Chapter 4 are gathered in Chapter 2 and Chapter

4 appendix, respectively. Chapter 2 appendix also contains the copyright permission

to reprint the Chapter 2.
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CHAPTER 2
NONPARAMETRIC BAYES ESTIMATION OF GAP-TIME

DISTRIBUTION WITH RECURRENT EVENT DATA!

Abstract

Nonparametric Bayes estimation of the gap-time survivor function governing
the time to occurrence of a recurrent event in the presence of censoring is
considered. In our Bayesian approach, the gap-time distribution, denoted by
F', has a Dirichlet process prior with parameter . We derive nonparametric
Bayes (NPB) and empirical Bayes (NPEB) estimators of the survivor function
F = 1— F and construct point-wise credible intervals. The resulting Bayes
estimator of F extends that based on single-event right-censored data, and
the PL-type estimator is a limiting case of this Bayes estimator. Through
simulation studies, we demonstrate that the PL-type estimator has smaller
biases but higher root-mean-squared errors (RMSE’s) than those of the NPB
and the NPEB estimators. Even in the case of a mis-specified prior measure
parameter «, the NPB and the NPEB estimators have smaller RMSE’s than the
PL-type estimator, indicating robustness of the NPB and NPEB estimators.
In addition, the NPB and NPEB estimators are smoother (in some sense) than

the PL-type estimator.

'A.K.M. F. Rahman, J. Lynch and E. A. Pefia. 2014. Journal of Nonparametric Statistics.
http://www.tandfonline.com/doi/full/10.1080,/10485252.2014.906744.
Reprinted here with permission of publisher.
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2.1 INTRODUCTION

One of the most important problems in Statistics is the determination of an unknown
distribution, equivalently an unknown probability measure, governing a probability
space. In its most classical form, there is a random sample 13,75, ..., T, which
are independent and identically distributed (IID) from a distribution F' which is
only known to belong to the space of distribution functions §. The nonparametric

estimator of F'is the empirical distribution function (EDF) defined by

Fo(t) = :lizl{:n <thteR,

where [{-} is the indicator function. From the works of Kolmogorov (1933), Smirnov
(1948), Glivenko (1933), Cantelli (1933), and Donsker (1952), the consistency of F,
to F and the weak convergence of the process W, (t) = {\/n[F,(t) — F(t)] : t € R} to
a zero-mean Gaussian process are well-established.

Starting with the seminal work of Kaplan and Meier (1958), the estimation of
F was also undertaken when the sample data are right-censored. Thus, instead
of observing T, T, ..., T,, one is only able to observe (Z1,01), (Z2,02),...,(Zn,dn),
where §; € {0, 1} with the interpretation that ¢; = 1 means that T; = Z;, while §; = 0
means that T; > Z;. In this setting, the nonparametric estimator of F' is the so-called
product-limit estimator (PLE), also called the Kaplan-Meier estimator (KME), given
by

Fot)y=1-1]

v<t

-5

] ,teR,
where [] means product-integral, and where the processes N = {N(¢) : t € R} and
Y ={Y(t):t € R} are defined via
N(@t)=> I1{Z; <t;6;, =1} and Y(t)=> I{Z >1t}.
i=1 i=1

From the works of Kaplan and Meier (1958), Efron (1967), Breslow and Crowley

(1974).and Gill (1980, finite-sample and asymptotic properties of this PLE are well-
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established, in particular, its consistency and the weak convergence to a Gaussian

process of the process W,,.

Ferguson (1973) introduced the Dirichlet process probability measure on the space
of distribution functions. This Dirichlet process was then used as a prior measure
over the space §, and a nonparametric Bayes estimator of F' was developed in the
complete data setting where T1,T5, ..., T, are observed. This Bayes estimator, which
is obtained under an integrated squared-error loss function, is a convex combination
of the empirical distribution function and the prior estimate of F' under the Dirichlet
process prior. With right-censored data, Susarla and Van Ryzin (1976) obtained the
nonparametric Bayes estimator of F', also under integrated squared-error loss, when

a Dirichlet process prior is assigned on F.

Recurrent event data sets arise from a wide variety of studies/fields such as clinical
trials, epidemiology, public health, biomedicine, psychology, reliability and engineer-
ing. Examples are repeated tumor occurrences in cancer patients (Byar (1980)),
successive seizures in epileptic patients (Albert (1991)), recurrent small bowel motil-
ity in gastroenterology study (Aalen and Husebye (1991)), and repeated warranty
claims or failures in manufactured equipments (Kalbfleisch et al. (1991)). The de-
velopment of statistical models and methods for analyzing recurrent event data is of
crucial importance. For instance, Proschan (1963), Gill (1980), Vardi (1982), Sellke
(1988), Aalen and Husebye (1991), McClean and Devine (1995), Soon and Woodroofe
(1996), Wang and Chang (1999), Ghosh and Lin (2000), Pena et al. (2001), Cook
and Lawless (2002), Nelson (2003), Lindqvist (2006), Pena et al. (2007), Stocker and
Pena (2007), Adekpedjou et al. (2010), and Gjessing et al. (2010), have dealt with
inferential problems with recurrent event data. However, nonparametric Bayesian
inference with recurrent event data has not yet been completely developed. Susarla
and Van Ryzin (1976) studied nonparametric Bayesian estimation of the survival

function given a right-censored data in single event settings using a Dirichlet process
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prior. Sethuraman and Hollander (2009) considered nonparametric Bayes estimation
for repair models using a partitioned-based prior. In addition, Robbins (1956), first
formally introduced the notion of an empirical Bayes approach. Following Robbins
(1956), Korwar and Hollander (1976) and Susarla and Van Ryzin (1978) dealt with
a nonparametric setup of empirical Bayes estimation of survival function for single
event complete and right-censored observations, respectively. Significant works on
a parametric empirical Bayes approach appeared in a series of paper by Efron and
Morris (1972, 1973, 1976).

In this paper, we consider nonparametric Bayes estimation of the inter-event gap-
time survivor function when recurrent event data is available. For our purpose we
assume that the successive inter-event times (gap-times) for the ¢th unit, denoted
by {Tj,j = 1,2,...}, are independent and identically distributed (IID) nonnegative
random variables with a common distribution function F. However, the ith unit will
only be observed over [0, 7;] where 71,79, ...,7, are IID with a common distribution
function G. It is assumed that 7, and {7};,j = 1,2,...} are mutually independent.

For the ¢th unit the number of observed event occurrences is
K; =max{k € {0,1,...}: Six <7},
where S;p = 0 and Sy, = Z?Zl Tij,k=1,2,..., and the observable random vector is
D; = (7, Ki, Tin, Tia, - . ., Tike,, i — Sik,)-

It should be emphasized that this observable random vector has more complicated
distributional characteristics owing to the sum-quota accrual constraint which states

that for each i = 1,2,...,n,
Sik, <1 < Sik; + Tiki41-

In particular, given K; > 1, Tj; does not any more have an F survival function. Aside

from thiss (Ligs Liogesws iz, ), given K; = k;, are not any more independent of each
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other since ZJKZ"I T;; < 7;. This distributional complexity distinguishes recurrent-
event problems from the conventional single event settings. Note that 7, — Sk, is the
right-censoring variable for T}k, 1. This is the same recurrent event model considered
in Pefia et al. (2001) where a nonparametric PL-type estimator of ' was obtained.
Their estimator extended the single event Kaplan and Meier (1958) product-limit
estimator to the recurrent event setting.

In our nonparametric Bayesian approach, we assume that F' has a Dirichlet pro-
cess prior with parameter «, a non-null finite measure; see Ferguson (1973) and
Sethuraman (1994) for the early developments of the Dirichlet process prior. The
idea implemented in deriving our nonparametric Bayes estimator of F' mimics that
of Susarla and Van Ryzin (1976), where the first step is to update the Dirichlet pro-
cess given all the complete observations. In the second step we then compute the
posterior moments of F when the right-censored observations are also given. The
resulting posterior first moment of F' is our nonparametric Bayes estimator of F un-
der an integrated squared-error loss function. In addition, instead of specifying the
prior parameter «, we also employ empirical Bayes ideas where we utilize the data to
estimate a. The estimator resulting from this approach is referred to as an empirical
Bayes estimator; see Robbins (1956) and Casella (1985). It will be seen that both
the nonparametric Bayes and empirical Bayes estimators have smaller root-mean-
squared errors (RMSE’s) than the PL-type estimator. Results of simulation studies
will further indicate that the nonparametric Bayes and empirical Bayes estimators
are robust in the sense that they do not suffer severely from a mis-specified prior
measure parameter o. Moreover, the RMSE’s of the empirical Bayes estimator is
smaller than that of the PL-type estimator even in this mis-specified case.

We outline the contents of this chapter. In Section 2.2, we recall some results about
Dirichlet processes and then derive the nonparametric Bayes estimator of F = 1 — F

and construct point-wise credible intervals of F. Section 2.3 establishes that the
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PL-type estimator is a limiting case of the nonparametric Bayes estimator. It is
also established that the Bayes estimator is a linear combination of the prior mean
distribution @ = a/a (R, ) and the PL-type estimator. In Section 2.4, results of our
simulation studies are presented. In this section the biases and root-mean-squared
errors (RMSE’s) of the Bayes and the empirical Bayes estimators are compared with
those of the PL-type estimator. Biases and RMSE’s of Bayes and empirical Bayes
estimators under a mis-specified prior are also examined, which will demonstrate
the robustness of the Bayesian estimator. Section 2.5 provides an illustration using
the gastroenterology data in Aalen and Husebye (1991). Section 2.6 provides some

concluding thoughts. An appendix gathers the technical proofs.

2.2 NONPARAMETRIC BAYES ESTIMATION

2.2.1 Mathematical Setup

In the sequel, all random entities will be defined on a basic probability space given
by (Q,,), where & is a o-field of subsets of the space Q2 and is a probability
measure on the measurable space (2, .o7). Generic elements of Q will be denoted by
w’s. § will denote the collection of all distribution functions on & whose supports
are subsets of [0,00), and this is endowed with a o-field of subsets, ., generated by
the finite-dimensional cylinder sets. Z(«) will denote a Dirichlet process on (§,.%)
with parameter «, a non-null finite measure on (R, %, ), as introduced in Ferguson
(1973). The number of units or subjects in the study will be denoted by n. We now
formally describe the Bayesian statistical model of interest.

Let F': (Q,9/) — (§,7) and G : (&) — (§,F) be F-valued stochastic
processes which are independent and with F' ~ Z(a) and G ~ Z(a), where o and
o' are non-null finite measures on (R, %A,). For j = 1,2,...;i = 1,2,...,n, let

T+ () = Ry, By) and 7« (Q, ) — (Ry, B+), such that, given (F,G),
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{T};}s are independent and identically distributed (IID) with distribution F', {r;}s
are IID with distribution G, and {7;;}s and {7; }s are independent. We do not observe

completely the {T};}s, rather we observe, for each i =1,2,...,n,

Di - (T%KMEhEQ;---;EK“Ti_SiKi), (21)

k
where S; = 0, Sik:ZEj,k‘:l,Q,...; and K; = max{k € {0,1,2,...}: Sy <7}

j=1

The observable D; is the recurrent event data as considered in Pena et al. (2001).
The independent Dirichlet processes Z(«) and Z(«), which are probability measures
governing F' and G, serve as the nonparametric priors on the underlying distributions
F and G in the context of the Bayesian setting considered in this paper. Our goal is
to obtain a nonparametric Bayes estimator of F'| given D = (D, D,,...,D,), under

the integrated squared-error loss function

~

L(F,F) = / [F(t) — F(O]Pdw(t), (2.2)

where w : [0,00) = R is a pre-specified weight function and F(t) is an estimator
of F(t). In our approach we will consider w(t) = ¢, so that under the loss function
(2.2), the posterior mean function is our Bayes estimator of F'(-), the estimator that
yields the minimum Bayes risk.

We recall the definition of a Dirichlet process and some of its basic properties as
obtained in Ferguson (1973).
Definition 1: Let a be a non-null finite measure on (R, %, ), where %, is the Borel
o-field on [0, 00). We say that the random probability measure P on (R, %, ) is a
Dirichlet process with parameter « if for every k = 1,2, ... and measurable partition
(B1, Ba, ..., Bg) of R, the joint distribution of the random vector (P(By), ..., P(Bg))
is a Dirichlet distribution denoted by ®(a(B)),...,a(B:)) £ D(a). The associated
random distribution function F(t) = P((—o0,t]),t € R, is then also said to be a

Dirichlet process.
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Definition 2: Let P be a random probability measure on (R, %.). Then (11,75, ...,
T,) is said to be a random sample of size n from P if, for any m = 1,2,..., and mea-

surable sets Ay, As, ..., A, C1,Cy, ..., C,, we have
P{TyeCh,....,T, € Cy | P(A1),...,P(An), P(C1),...,P(Cn)} = [[ P(C)), as..
j=1

Result 1: Let P be a Dirichlet process on (R, %, ) with parameter o. If T is a
sample of size one from P, then, for any A € £, ,

a(A)

P(TeA = ()

Result 2: Let P be a Dirichlet process on (R, , %) with parameter o« and T, T, . . .,
T, be a sample of size n from P. Then, the conditional probability measure of P,
given 11,75, ...,T,, is a Dirichlet process with parameter o + 7" ; 0. That is, if
P~ 2 (a), then

P (T,Ty,....,T,) ~ 9 (a—i—ZéTi) , where dr(A) = I{T € A}.
i=1

2.2.2 Nonparametric Bayes Estimator of F

Recall that random observables for the n subjects are D = (D, Ds,...,D,,), where
D, is defined in (2.1). Observe that 7; — S;k, is the right-censoring random variable
for Tk, +1, so that the last observation for each unit is always right-censored. Clearly,
Tik,+1 € [TF,00), where T = 7, — Sik,,i = 1,2,...,n. We use {t;}’s as the realized

values of {T;}’s. For i =1,2,...,n, we define
0ij=1,7=1,2,...,K;; dir;+1 = 0.
One may represent the observable random variables for all the n units according to
{06, T35), i=1,2,....,n; j=12,...,K;, K;+1}.

That is, if 6;; =1, then T};’s are complete (uncensored) observations, while if §;;=0,

then 1 is-a-right-censored observation.
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Want expectation of h(Z)

or

given

M (X.Y) O B1XB,
Qx, )z

Knowing X 00 B,, update Qg into Qzx([B,)
and Qypz into Qyyx, z(0Z, By).

Qzx([By) H Quix. 2(HZ, By

Find expectation of h(Z) given Y OB,
under the above distribution laws of Z and Y.

Figure 2.1: Graphical representation of Lemma 1.

We update the prior measure by deriving the distribution of P, given (7;, K; =
k’h,—ril = tilaﬂ = t’i?v s 7,—TiK-

(3

= tik,, Tikye1 > Ti — Sig,;t = 1,2,...,n), or, equiv-
alently, P | (Th = ti,Tie = tio,.... Tk, = tin;s Sits < Tis Tigy1 € [tF,00)0 =
1,2,...,n). This will be done in two steps. Step 1 uses the crucial Proposition
1, which demonstrates that the posterior measure is still a Dirichlet process under
the renewal process setting given all the uncensored (complete) observations. In order
to prove Proposition 1, we first prove a more general lemma on conditional expecta-
tion. A special case of the Lemma will then be applied to establish Proposition 1.
Using the results in Proposition 1, Proposition 2, Proposition 3, and Proposition 4

below, Theorem 1 will establish the nonparametric Bayes estimator (2.5). The proofs

of these results are gathered in the Chapter 2 appendix.
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Lemma 1: Let (2,47, P) be a probability space and let (Z,X,Y) : (Q, &) —
(ZX T XY 0(ZLx X x¥)). Let Q7 be the probability measure induced by Z, and

let Q(x,v)|z be a version of the conditional joint probability measure of (X, Y") given Z.

Let h: (Z,0(Z)) — (R, %) with E[|h(Z)|] < oco. Then, for By x By € 0(Z x %),

Ezq.() [h(Z) | (X,Y) € (B1 x By)]
(XY)NZ~Qx,v)z(+|2)
= EzqQ,x(1B) h(Z)|Y € By,

Y(Z,X)~Qy(z,x)(|2,B1)

where Qz x(- | By) is a conditional probability measure of Z given X € B, and
Qy|zx)( | z, B1) is a conditional probability measure of Y given Z = z and X € B;.
Corollary 1 follows immediately from Lemma 1 with X 1Y | Z.

Corollary 1: Under the condition of Lemma 1, if (X, Y) are independent conditional
on Z, then

Ez~q,() [h(2) | (X,Y) € (By x By)]
(XY)Z2~Q(x,v)z(]2)

= EZNQZ|X(-|31) [h(Z) | Y € BQ].
Y|Z~Qy z(:12)

Corollary 2 is a specific version of the Corollary 1, which will be applied to prove the
Proposition 1.

Corollary 2: Let P be a random probability measure on (R, %) which is a Dirich-
let process with parameter «, denoted by Z(«a) = Z,. Let T}, T> be random variables
such that, given P, Ty and 75 are independent with (7} | P) ~ P and (13 | P) ~ P.
Let h be a measurable function of P with [ |h(P)|Z(dP) < co. Then,

iid [h(P) | (Tl = tlaTQ € BQ)]

P~Za;(Th,T2)|P~P

= Epegyis s mip~p [M(P) | T2 € Byl

In the sequel, we use an abbreviated notation where Ep..g, [...]=Epug, [.-]
T T,.. |P <P
So in particular, Epvg,. [...] =Ep.g,. [.. ]
Ti11|P~P

Proposition 1: Let P be a Dirichlet process on (8, %) with parameter . Given
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P let T;;,5 =1,2,...; 1 =1,2,...,n, be IID from P. Let 7;,¢ = 1,2,...,n, be IID
from G. For i = 1,2,...,n, let K; = max{k € {0,1,2,...} : Sy = Z?Zl Ti; < 7i}.

For a measurable function h : (§,.#) — (R, #) with Ep_g(a) | h(P) |< oo, we have

Ep oM P) | (1i, K; = ki, Tix = i1, Tio = i, ..., Ti, = tig,,i = 1,2,...,n)]

= EpN@(a*)[h(P) | (T%k,--&-l - [t:, OO),i = 1, 2, e ,n)]](Sml S Ti),

where o* = a4+ >, ZJ 1073,

In step 2, instead of deriving the posterior distribution and then obtaining the
moments of h(P), we directly derive the moments of h(P), given all the right-censored
observations, i.e. the moments of h(P) | (Tig,+1 € [tf,00);i = 1,2,...,n), where Pisa
Dirichlet process with parameter o* = a+3_"" ; Z?i:l ds,,- The conditional distribution
is invariant under any permutation of the censored observations. More specifically,
we obtain the conditional moments of h(F(u)) | (Tix,+1 € [tF,00);i = 1,2,...,n),
where F(u) = P([u,00)). We define the processes Y+ = {Y*(t) : t € R} and
Y ={Y(t):t € R} via

n oo n K;
IZZ[(T’U>Z€,TZ— ij— 1>t Z[Z[ T;J>t +I( — zK1>t)]

i=1j=1 i=1 |j=1
(2.3)
and
n oo n K;
=> N 1Ty > t,i=Sijo1 > t)=>_ D I(T; > t) + I(1i — S, > t)| (2.4)
i=1j=1 i=1 |j=1

Jj=
where Yt (¢) and Y (t), respectively, denote the number of events (censored and un-
censored) such that event times are strictly greater than ¢ € R and greater than or
equal to t € . In the statements below, E = Ep.g,+) and T(”})’s are the ordered
censored times.

Proposition 2: Let 0 = T, < Ty < ... < T, < T, = oo be the partition

points on R, = [0,00) and Ay, ..., A, be nonnegative integers. Then
m m m—+1
E H(P[T]*7 H B]a Z Br + )\r—l)
j=1 j=1 r=j+1
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- ‘) for i 172 res)
where 3; = « [T(jfl),T(j)) or j=1,2, ..., m+1l, ¢ = )

I'(a)'(b)
T'(a+b) *

and B(a,b) =

Proposition 3: Let ' = 1 — I be a Dirichlet process with parameter a* = a +
>y Z?;l dt,,- Then, for u € R,

E[lir@w)<1-w 1= P[T}, 00)]
E[[TiL, P[T},00)]

P{F(u) > w|Tjg, 41 € [TF,00),i =1,2,...,n} =

Proposition 4: If Tj ;) < u < T for I = 1,2,....,m + 1, and T = 0 and

T*

(mt+1) = 00, then, for v =1,2,...

E [(F(u))”ﬂ}kﬁl €T, 00),i=1,2,... ,n}

_ a(u,00) +s+YH(u)] | { T(5),00) + s + Y(T75)
H{[ aRy)+s+N ][H{ alT(),00) + 5+ Y (1) - )‘j}]}

where N =n+ 37, k; and A; is the number of events censored at time T7;.
Theorem 1, which provides the nonparametric Bayes estimator, follows immediately
from Proposition 4 by letting v = 1.
Theorem 1: Let F = 1 — F have a Dirichlet process prior on (R, %, ) with param-
eter a. Then, under the loss function (4.8) with w(t) = ¢, the nonparametric Bayes
(NPB) estimator of the survival function F(u) is given by
Faps(u) = E[F(u) | Ty = tyj, Tigior € [TF00)i=1,...,n55 =1,..., K]
+( ! a[Ty Y (Tt
- { s ] 11 { e, o) Ry }} (25

= ) 0 ()

for u € [T(’;_l),T(’;)), [=1,2,....,m+1.

Though the proposed estimator (2.5) is notationally similar in form to the Susarla
and Van Ryzin (1976) estimator in the single event setting, it does have intrinsic
differences since in the recurrent event setting the data structure is different than for
the single event setting. For instance, the risk process Y (¢) and Y'(¢) as defined in

(2.3) and (2.4), respectively are different than those of the Susarla and Van Ryzin
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(1976). Moreover, frequentist properties of the estimator ]:; Npp in (2.5), such as
biases, variances, and RMSE’s, are quite different, owing to the sum-quota constraint.
For instance, this constraint induces dependencies on the observed gap-times for each
unit and renders the K;’s to become informative about F. See, for example, the
impact of these distributional properties for the PL-type estimator in Pena et al.
(2001).

Theorem 2 develops the posterior variance of F(u) which is also useful for con-
structing credible intervals for F'(u).
Theorem 2: Let F' = 1 — F have a Dirichlet process prior on (R, %, ) with param-

eter a. Then, the posterior variance of the survival function F(u) is given by

UJQVPB(U) = FNPB(U) X

s

Jj=1

al
T

T(),00) + Y (7)) + 1 } - ] 2.6
()’

—F
00) + Y (I})) +1= X wes(u)

fOl" u G [T&—l)?T&))’ l — 172, .« o 7m+ ].

2.2.3 Posterior Measure

In the derivation of the Bayes estimator in (2.5), we avoided obtaining directly the
posterior measure of F, given the recurrent event data. Instead, we obtained the
estimator by directly computing the posterior expected value of F, and the result-
ing estimator is in closed-form and is exact. There is a way, however, to obtain an
approximation of the Bayes estimate via sampling from the posterior measure. The
posterior measure of F' turns out to be a mixture of Dirichlet measures, though the
mixing coefficients are somewhat cumbersome to obtain. In Theorem 3 below we
present a representation of this posterior measure which will enable us to readily
take samples from this posterior measure. We could then obtain the mean, standard
deviations, and percentiles of these posterior samples, and via this approach we are

able to.construct-approximate credible intervals for F.
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Theorem 3: Let P ~ Z(a) on (R4, B+ ) and B* = (By, Ba, ..., By, Bint1) be a mea-
surable partition of ®,. Then the posterior measure of P, given {T;; = t;;, Tix,+1 €

[tr,00),i=1,2,...,n;5 =1,2,..., K}, satisfies

QZ{P(%*) €B|Tz’j:tij7Tiki+1 - [t:,OO),Z':1,2,...,n;j:1,2,...,k‘i}

O‘/ Yot [al_1< Zyj)] dy,
where P(#*) = (P(By),P(B2),...,P(Bn+1)) and P(B)) = y,af = o*(B)), B, =

m+1)

Note that if A; is the number of observations censored at tf;), then
@{P(c@*) €B | T;'j = tijvj_’ikq;-i-l S [t:,OO),Z = 1,2,. .. ,’I’L}
l A
m41" a*_l
o [y T ol (1 - Zyj) dy. (2.7)
j=1

Therefore, the density function associated with posterior measure (2.7) is

m l M

* m -1 a;—1
h(y) oyt I | (1 - Zyj) , (2.8)

=1 j=1
which is also proportional to the so called generalized Dirichlet distribution (see
Connor and Mosimann (1969)). We may now take samples from h*(y) given in (2.8)
to construct point-wise credible intervals for F(u). To sample from the posterior

measure, following Grego et al. (2013), we consider the transformations
Zl:Yi_l_Yz—i-l_F---—{_Ym—i—lal: 1,2,...,m+1.

Define,
Z11

W, =
! 7

A=1,2,...,m.

Simplification yields that

m—1
Vi=1-W,Y,=Wi(1-Wa),.... Y =1=W,) [[ W), Yor1 = HW (2.9)
j=1
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Straight-forward derivations show that Wi, Ws, ..., W,, have independent Beta dis-

tributions with
Wy ~ Beta(Ay,af), Wy ~ Beta(As, 3), ..., W, ~ Beta(A,, ), (2.10)

where A; = a*[t{;),00) + X7 Aj,7 = 1,2,...,m. One may now take samples of
Wi, Wa, ..., W,,, and then obtain Y3,Y5s,...,Y,,11 using (4.14). The approximate
posterior mean and point-wise credible intervals of F(u) could then be obtained and
constructed, respectively.

Another analytical representation of the nonparametric Bayes estimator of F' is
given below. For any j € {1,2,...,m,m + 1}, let u € B; and we want to estimate
F(u) = P((—o0,u]). Note that for any A € %, P(A) = X7 [P(By)P(A | By)l.
Since P ~ Z(a), then

P(#*) and Pp,, Pg,, ..., Pg,,, Pp,,, are independent and Pp, ~ Z(ap,),

m—+1

with ap, (A) = a(AN By). Therefore, the nonparametric Bayes estimator of F'(u) is

Flu) = iy + By { 2 1)

where the expectation is with respect to the posterior measure given in Theorem 3,

EY] = E

j-1 o 1T 4
1 — W, — R ..

2.2.4 Empirical Bayes Estimator of the Survival Function F

Consider (P;;,T35), j = 1,2,...;¢ = 1,...,n, be a sequence of pairs of indepen-
dent random elements. The random probability measures {F;;} have common prior
probability measure P given by Dirichlet process Z(«). Given P,;,T;; has proba-

bilityaneasute Lysmsee-Robbins (1956), Korwar and Hollander (1976), and Susarla
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and Van Ryzin (1978) for the early developments and nonparametric setup of em-
pirical Bayes approach. For 7 = 1,2,...;¢4 = 1,...,n, the common marginal sur-
vival function of the {T};} is 2(T;; > t) = E[Z(T;; > t) | P;j| = E[P;(t,00)]
= a(t,00)/a(Ry) = a(t,co). Our goal here is to estimate & empirically, where
a = a(Ry)a. In life testing/survival analysis problems one of the common choices of
& is the Weibull or exponential survivor function; see Susarla and Van Ryzin (1976),
Sethuraman and Hollander (2009). For example, let a(t,00) = [exp(—tf#). Then
the marginal survivor function of Ty, 2(11; > t) = a(t,00)/a(R;) = at,0) =
exp(—t#). For the recurrent event data, the analogue of the empirical estimator of
survivor function is the Pena et al. (2001) PL-type estimator. We estimate 6 by
equating some percentile of the PL-type estimator survival curve to the @, since the
PL-type estimator is estimating the common marginal survival function of {7;;}. For
instance, let M* be the median estimate from the PL-type estimator survival curve.
Then solving exp(—M*0) = .5, yields an estimate of 6, denoted by §. One can have
a maximum likelihood (ML) estimate of 6 from the likelihood associated with the
prior mean function. However, we observed that with an empirical estimate of 6,
the resulting empirical Bayes estimator is robust, whereas with a ML estimate of 6,
the resulting empirical Bayes estimator is not robust with respect to a mis-specified
prior. This will be seen in the simulation studies section.

We also estimate S = «(R, ), the precision of the prior belief. To this end, let
T1,Ts,...,Ty denote the observed uncensored events of {7};} and assume that « is
non-atomic. Now, P ~ Z(a) implies that P | (Ty,...,Ty-1) ~ Z(a+ M1 6r).
Thus

Oé(Tl,...,TM_l)—i-M—l

P T e{lr,.... Ty} | Th,. . Ti) = alRy) + M —1
N -

M-

Therefore, (T ¢ {11, ..., Ty} | T, -, Ty-1) = %. We define Bernoulli
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random variables Dy =1 and for M = 2,3, ...,

0 if Ty €{Th,...,Tar1}

1 if TM ¢ {Tl,. .. aTM—l}

Dy =

Using Theorem 25.3 of Sethuraman (2008), we know that D;,..., Dy, are indepen-

dent, and Z(Dy =1 |Ty,...,Ty-1) = %. From Theorem 27.1 of Sethura-

man (2008), it follows that

loi/I(IJWD)i — a(R;) with probability 1. (2.12)
As a result, an estimate of 3 is given by 3 = M. D;/log(M), where S, D; is the
number of distinct uncensored observations. Thus, the resulting o with the 6 and
3 is an empirical estimate of a, e.g., a(t,00) = Bexp(—té)) and the corresponding
empirical Bayes estimator of F is given by

- ~Ja(u,00) + YT (u) A[T), 00) + Y(T75)
Fnpep(u) = { a(R,)+ N 1;[ { a[l(), 00) + Y (17;) — Aj}} |

Empirical Bayes estimation offers some safeguards against the possible misspec-
ification of the prior measure. Instead of specifying the parameter(s) of the prior
measure, we empirically estimate them by utilizing observed data. It will be seen
in the simulation studies that even in the case of a mis-specified prior measure, the
empirical Bayes estimator of F' demonstrates smaller root-mean-squared error than

the Bayes and PL-type estimators.

2.3 PL-TYPE ESTIMATOR IS LIMIT OF BAYES ESTIMATOR

We can recover the PL-type estimator in the recurrent event setting from our non-
parametric Bayes (NPB) estimator (2.5). To this end, let T/,i = 1,2,..., N, de-
note the ordered (increasing magnitude) observed values of T;;,j = 1,2,..., K,

and Tig,41 = 7 — Sig,, @ = 1,2,...,n, so that 0 < T] < T) <,..., < Ty. Let
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Nt(w) = SN I(T! < w,5, = 1), where 6, = 1 if T is an uncensored (complete)
observation, and 0 otherwise. Then the PL-type estimator in Pena et al. (2001) is

Fprn() = ][ {1-%} - 11 {?(S;;)}

w<u w<u

where Y (w) and Y (w) are defined in (2.3) and (2.4), respectively.
Theorem 4: If Oé(%_i_) — O, then ﬁNPB(“) — EPLE(U)'
Moreover, we can also express ;_7 ~vpp(u) as a linear combination of the ﬁ pre(u) and

the prior mean function, a, as follows:
Prvpp(u) = | A00) +Y* (W) ﬁ o1, 00) + Y (1)
_ a(R l a(T(;),00) + Y (T(;)
o (T, 00) + Y (T(5) — A

{ N } rl[ Y({ITG) — A5 allf), 00) + Y(I)
a®Ry)+NJ; Y(T%)  a(Tf),00) + Y(T) — A | |

(J

where @(u, 00) and F pre(u), denote the prior mean function and PL-type estimator,
respectively.

From the above representation it is clear that if a(%,) is small relative to NV,
little weight is given to the prior estimate of F', hence .ﬁNpB(u) and ﬁNpEB<u) will
be dominated by the estimate based on the data (}%pLE(u)) rather than &(u,o0).
Note also that with this representation, we are immediately able to get the result

that

Fprp(u) = a(sleiglao Fypp(u).

2.4 SIMULATION STUDIES

Simulation studies were carried out to examine the biases and root-mean-squared
errors (RMSE’s) of the nonparametric Bayes estimator (labeled NPBayes) Fypp(u)
and empirical Bayes estimator (labeled EmpBayes) Fypgg(u), as well as the Product-

Limit estimator (labeled PLE) F pre(u) under the IID inter-event time model. Simu-
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lated biases and RMSE’s were obtained for equally spaced values of u;,7 = 1,2, ..., 20,
of duration time u over the interval [0,1] based on 1000 replications for n=20, where
the inter-event times were generated from an exponential distribution with parameter
¢ = 6. To compute }A_?NPB(U) we use the prior measure a(u, 00) = fexp(—(fu)?) with
0 =6,y =1, and § = 20, [that is, § times an exponential survivor function with
parameter ] and where § may be viewed as the precision of the prior measure. Note
that in this case & will coincide with the true F. Empirical estimates, denoted by 0
and 4, of the parameters # and v of the prior measure « are obtained by equating
the marginal survival function of T}, (T > u) = exp(—(fu)?) to the approximately
50" and 25 percentiles of the ]? pre(u) survival curve. One can choose different
percentiles to equate with the marginal distribution since the resulting empirical es-
timates of I are not sensitive to the different choices of percentiles. It is also easy
to have ML estimates of 6 and v, but the corresponding empirical Bayes estimator
is not robust in the case of a mis-specified prior. More specifically the RMSE’s of
the resulting empirical Bayes estimator with the ML estimate(s) are higher than the
empirical Bayes estimator with 6 and 4 in the case of a mis-specified prior (graph is
not included here). We kept a record of the empirical estimates of 6 and ~ in the
simulation studies which demonstrates that §<~N(6.02,.34) and 4~N(1.01,.15) for
1000 replicates where the true parameters are # = 6 and v = 1. An estimate of ( is
obtained by 5 = N, D;/log(N) using (2.12). With the resulting estimate of 6, ,
and (3, the empirical Bayes estimate, F ~vpeg(u), is obtained by replacing a(u; 6, )
by @(u;0,v) = Bexp(—(uf)?) in (2.5). By examining Figure 2.2, it is evident that
both the ]? vpp(u) and F ~vpep(u) possess smaller biases and smaller RMSE’s than
the F pre(u) when the mean of the prior measure @(u, o) coincides with the true
F(u) or the mean of the prior measure does not differ significantly from the true
distribution function.

We also investigated the biases and RMSE’s in the case of a mis-specified prior
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Figure 2.2: Simulated biases and RMSE’s of }%NPB(u), E’NPEB(U), and ﬁpLE(u).
Simulation parameters were n = 20 and 6 = 6 with 1,000 replications.

parameter, that is, when & differs from the true data generating distribution F. In
particular, IID gap-times (inter-event times) were generated from the Weibull model
with scale parameter # = 6 and shape parameter v = 2. However, we assume a prior
measure given by a(u,00) = Sexp(—6u) (S times an exponential survivor function
with parameter 0) instead of a(u,00) = Sexp(—(Au)?). Figure 2.3 compares the
three estimators by demonstrating the effect of the precision parameter 5 on biases
and RMSE’s when the prior measure is mis-specified. By examining Figure 2.3, it
is obvious that 1%’ pre exhibits negligible biases which are smaller in magnitude than
the biases of f‘ ~pg and approximately equal to the biases of ]§ ~pep. However, with
£ =1, the RMSE’s of ff'NpB(u) are smaller than j%’pLE(u) for larger values u and
almost identical for smaller values of u. In addition, the RMSE’s of the empirical
Bayes estimator ﬁ” vpes(u) (Figure 2.3) are smaller than the }% pre(u) for a mis-
specified prior.

As suggested by one of the reviewers and also recommended by the associate

editor, to investigate further the robustness of our proposed estimator we generate
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Figure 2.3: Simulated biases and RMSE’s of Fypp(u), Fypep(u), and Fprp(u).
Simulation parameters were n = 20, § = 6 and v = 2 (Weibull (6,2)) with 1,000
replications. Mis-specified prior parameters a(u,o0) = fexp(—6Qu), with § = 6 and
£ =1, 10, 20 respectively.
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Figure 2.4: Data: Correlated gap-times with sample size n = 20 and 1,000 repli-
cations. Simulated biases and RMSE’s of the estimators Fypg(u), Fypes(u) and
Fprp(u). Mis-specified prior parameters a(u, 00) = 3 exp(—6u), with § = 3 and 8 =
1, 10, 20 respectively.
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data such that for each unit gap-times are correlated by using a frailty model. More
precisely, let Wi, Wy, ..., W, be a vector of IID positive-valued random variables from
Gamma(v,v) with unit mean and variance 1/v. Given the unobserved frailty variable
W;, we assume that the successive inter-event times (gap-times) for the ith unit,
denoted by {T;;,j7 = 1,2,...}, are IID nonnegative random variables with a common
distribution function F(- | W;) with F(u | W) = [Fo(u)]", where Fy(u) is the baseline
survivor function. Note that unconditionally, the gap-times are dependent with the

marginal survivor function of 7;; being

_ — w 14 Y
Pl = ElRW") =[]

where Ag(u) is the baseline cumulative hazard function of Fyy. For the ith unit, given
W, gap-times are generated from a Weibull distribution with shape parameter 2 and
scale parameter 1/6W;. For Biases and RMSE’s functions we use our proposed es-
timator based on the assumptions that gap-times {7};} are IID from F' and hence
the model is mis-specified as the generated gap-times are correlated. In addition, we
assume a prior measure given by a(u, 00) = fexp(—0u) with § = 3 (5 times an expo-
nential survivor function with parameter 6) instead of a(u, 00) = fexp(—(fu)?) with
6 = 6 and v = 2. Thus, we have model mis-specification as well as mean function of
the prior measure mis-specification. Even with these two types of mis-specifications,
Figure 2.4 demonstrates that F vpp(u) and F ~vpep(u) have equal or smaller RMSE’s
than }A_fj pre(u) for smaller values of the precision parameter §. Moreover, 1%’ Npe(U)
demonstrates smaller RMSE’s than 1? pre(u) even for larger values of precision pa-
rameter. This simulation study further demonstrates that the proposed estimators,
in particular, f’ ~peg(u), are robust estimators.

When the prior measure « is mis-specified, a larger magnitude of the precision
parameter § produces larger biases and RMSE’s for the I% ~pg(u). Therefore, if one
is not confident about his/her prior measure belief, a smaller value of § can offset the

possible.effect-of a.mis-specification. Simulation results presented in Figure 2.3 and
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Figure 2.4 demonstrate that the nonparametric Bayes and empirical Bayes are robust
estimators in the sense that they do not suffer significantly due to a mis-specification

of the prior measure.

2.5 APPLICATION TO SMALL BOWEL MOTILITY DATA

We implemented the three survivor function estimators fA_’—'NpB(U), }A_W vpeeg(u), and
Z% pre(u) for the gastroenterology data from a study concerning the small bowel motil-
ity (see Husebye et al. (1990)). The data and its description are available in Aalen
and Husebye (1991), where they estimated the mean length of the migratory motor
complex (MMC) period. Pena et al. (2001) also applied their PL-type estimator,
ﬁ_’ pre(u), to the same data. In order to apply the estimators to the gastroenterology
data, it is necessary to check the IID assumption. However, the renewal assumption
for each subject in the above study is reasonable as established by Aalen and Huse-
bye (1991, p. 1229) where they stated that the “consecutive MMC periods for each
individual appear (to be) approximate renewal process.”

We computed the survivor function estimates ;Npg(u), E’NPEB(u), and IA_?’pLE(u)
of the inter-event time distribution for the gastroenterology data (MMC data). The
resulting estimates are presented in Figure 2.5. Though the graphical representation
of all the three estimates of the survivor function looks very similar, a magnified
view (graph is not given here) demonstrates that the estimates of F vpp(u) and
E’NPEB(U) are smoother than the estimate of ﬁ_’pLE(u) in the sense that the former
two are non-step functions with smaller jump sizes than the latter. To obtain the
nonparametric Bayes survivor function estimate we assumed a Dirichlet process with
prior measure a(u,00) = fexp{—(u/6)"} with 5 = 20, § = 120, and v = 2 (Figure
2.5, left graph). One can choose any other values of the parameters 6 and v with the
associated value of the precision parameter 5. For empirical estimates, equating the

marginal survivor function of T, 2(T > t) = exp{—(u/0)"} with the 50" and 25"
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Figure 2.5: Survival function of NPBayes, Empirical Bayes and PLE and 95% point-
wise credible intervals for the MMC' data set with prior a(u,00) = fexp{—(u/0)"}
with (3,0,v) = (20,120, 2) (left side graph), (3,6,v) = (1,60, 1) (right side graph),
and &(u, 00) = fexp{—(u/0)7} with 3 = 15, § = 119, and 4 = 1.76.

percentiles of the ]§ pre(u) survival curve we obtain 0 ~ 119 and A4 ~ 1.76. Again
using (2.12) we estimate 8 by 3 = SN, D;/log(N) ~ 15, where ", D; denotes the
number of distinct failure times. The resulting estimate f%’ ~vpp(u) with the estimated
parameters, B, 0, and 4 is the empirical Bayes estimate ;_7 vpeg(u).

Using the estimates of the survival curve of the inter-event time distribution, we
obtained the corresponding mean MMC period length (in minutes) to be u(f% PLE)
= 104.12, ,LL(;’NPB) = 102.83, and ,u(f’NpEB) = 104.76. For this data set, the three
methods of analysis yielded almost the same estimates for the mean MMC period
length. We also used another prior parameter a(u,00) = exp{—(u/0)"} with g = 1,
6 = 60, and v = 1, which is significantly different from the previous prior measure.
However, the resulting nonparametric Bayes estimate, empirical Bayes estimate, and
PL-type estimate look almost similar as shown in Figure 2.5 (right graph). In this
choice of parameters we assumed that we are not confident enough about our prior

measure and hence we set the precision of the prior parameter to be small, namely
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Figure 2.6: Survival function of NPBayes (labeled NPBayesExact), prior mean func-
tion (labeled PriorMean), posterior mean function (labeled PostMean, based on sam-
ple), and 95% pointwise credible intervals (dotted line: using exact variance, solid
line: using sample from posterior) for the MMC data set with prior «o(u,00) =
Bexp{—(u/0)"} with (5,60,7) = (20,120,2) (left side graph), (3,6,v) = (1,60,1)
(right side graph).

B = 1. The mean MMC period length of ﬁNpB for this choice of prior is 103.60,
which is close to the other estimates.

In Figure 2.5, 95% point-wise credible intervals are also plotted which are based
on 1000 samples of W’s and thus of Y’s from the posterior measure given in Theorem
3. In Figure 2.6, we observe that the posterior mean of F' based on the samples
from the posterior measure utilizing (4.14), (2.10), and (2.11) and from the closed-
form expression of the nonparametric Bayes estimator (2.5) of F' coincides with each

other as expected. We also compute point-wise credible interval (dotted lines) using

~

F(t) £1.966, where 6 as given in (2.6). It turns out that the width of the point-wise
credible interval is narrower when we take samples from the posterior measure rather
than using the exact variance formula (2.6). Figure 2.6 demonstrates that credible

intervals based on samples from the posterior measure is more precise and accurate.
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2.6 CONCLUDING REMARKS

The nonparametric Bayes estimator }% ~vpp(u) developed in this paper extended the
single-event Susarla and Van Ryzin (1976) nonparametric Bayes estimator and serves
as a nonparametric Bayesian counterpart of the PLE in Pena et al. (2001) under the
recurrent event settings. Both the nonparametric Bayes and empirical Bayes estima-
tors are smoother than the PL-type estimator in that the jumps at the time of events
(uncensored time), are smaller for the nonparametric Bayes and empirical Bayes
than the PL-type estimator. Also, the PL-type estimator is a step function, while
the nonparametric Bayes and empirical Bayes estimators are non-step (piece-wise
non-constant) function with jump discontinuities at the time of events. In addition,
RMSE’s are smaller for Bayes and empirical Bayes estimators than the PL-type es-
timator when the mean of the prior is approximately close to the true distribution
function, or, for other choice of prior with smaller value of precision parameter 5 (e.g.
B=1).

To compute the PL-type estimator F pre(u), one need not know the exact times
of censoring (in the ordered data set), but rather one only needs the number of obser-
vations censored in between two uncensored observations. One of the consequences
of this is that, given the PL-type estimator, it is not possible to recover the exact
censoring times. In contrast, to compute ]:; vpp(u) and 1?7’ ~vpep(u), one needs the
number observations censored in between uncensored observations as well as the ez-
act times of censoring. Thus, the Bayes and empirical Bayes estimators accommodate
the ezact times of censoring. Note that given the nonparametric Bayes estimator, it
is possible to recover the distinct censoring times.

Except in the simulation studies, we did not consider here the models for corre-
lated inter-event gap-times since the manuscript is already long. In a forthcoming

manuscript we will be considering nonparametric Bayesian inference with correlated
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gap-times and in the presence of covariates.
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CHAPTER 3
SEMIPARAMETRIC BAYES INFERENCE OF GAP-TIME

DISTRIBUTION WITH RECURRENT EVENT DATA !

Abstract

Recurrent event data arise from a wide variety of studies/fields such as clinical
trials, epidemiology, public health, biomedicine (e.g. repeated heart attack, re-
peated tumor occurrences of a cancer patient). Semiparametric Bayes inference
of the gap-time survivor function with the effect of covariates of a correlated
recurrent event in the presence of censoring is considered. A frailty model is
considered to allow the association between inter-occurrence gap-times. We
assume that for a subject or unit given the unobserved frailty variable W = w,
the inter-occurrence gap-times {7}, j > 1} are IID with some distribution
function F(- | W = w). In our procedure, we assign a Gamma process prior on
the baseline cumulative hazard function Ay and parametric prior distributions
on the finite dimensional parameters associated with covariates and frailty.
We derive the conditional posterior distributions from the joint posterior dis-
tribution of the unknown parameters of interest and employ Gibbs sampler
techniques to obtain samples from the joint posterior distribution. Simulation
studies demonstrate the effectiveness of the developed method. The Pefia et
al’s (2001) estimator of F' for correlated recurrent event data without covari-
ates is a special case of our developed estimator with the precision parameter

of the gamma process prior tending to zero.

LA K.M. Fazlur Rahman and Edsel A. Pefia. To be submitted to Biometrics.
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3.1 INTRODUCTION

Recurrent events frequently arise in biomedical studies involving subjects with some
treatable diseases (e.g. asthma, leukemia, tumors) with or without immediate risk
of death. Examples of recurrent events are re-occurrence of a tumor in bladder can-
cer patients (Byar (1980)), repeated mammary tumor occurrences in carcinogenesis
studies (Gail et al. (1980)), successive seizures in epileptic patients (Albert (1991)),
and repeated hospitalizations of a patient with cardiovascular disease. The primary
research interest in recurrent event analysis is to investigate whether the treatment
is effective in reducing the hazard rate of further re-occurrence of an event.

Several models and methods have been considered for the analysis of recurrent
event data. These models include complete intensity approach (e.g., Andersen et al.
(1993); Prentice et al. (1981)), the marginal rate approach (Pepe and Cai (1993);
Lawless and Nadeau (1995b); Lin et al. (2000)), and the inter-event gap-time approach
(e.g. Pena et al. (2001); Pena et al. (2007)). The main differences between the
various methods proposed is the function that is modeled or the parameter of interest.
Methods based on the gap-time formulation are intuitively more appealing because
they address questions, such as the distribution of time to next event occurrence for
a subject who has already experienced some events.

The analysis of recurrent event data based on gap-times yields estimates of re-
gression coefficients as well as an estimate of the gap-time distribution function. In
many biomedical /epidemiological applications we may only be interested in the ef-
fects of covariates on the event occurrences. However, in reliability settings one may
also be interested in the baseline survivor or baseline cumulative hazard function as
well as the effect of covariates on the hazard rate of event occurrences. The Bayesian
paradigm provides more general estimators in the sense that nonparametric Bayes

estimators often are in the form of a linear combination of the prior measures and
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Figure 3.1: Graphical representation of a recurrent event mammary tumors dataset
(Gail et al. (1980)). A sample of the mammary tumors data where first 23 units are
in the treatment group and the remaining are in the control group.
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the corresponding nonparametric estimators. Rahman et al. (2014) considered non-
parametric Bayes estimation of a gap-time distribution with recurrent event data
assuming the gap-times are independent and identically distributed (IID) from some
distribution function F'. In biomedical applications 1ID assumptions are somewhat
restrictive as the gap-times could be correlated.

In this chapter, we consider semiparametric Bayesian inference of correlated gap-
times with recurrent event data. Consider an arbitrary subject (subscript omitted)
in the study for the occurrence of a recurrent event over the monitoring period [0, 7],

where 7 could be a pre-specified study termination time or some other random termi-

nation time. Denote by 57, 95,95, ..., the successive calendar times of event occur-
rences and 17, 15, T3, . . ., the successive inter-event gap-times of the event occurrences,
so that

T‘j:Sj_ijl,j:LQ,g,---, WlthSoEO

Denote by
K =max{k € {0,1,2,...,}: S, <7}

the number of event occurrences for a subject within the monitoring period. It is
assumed that gap-times and monitoring times are mutually independent. Let W be
an unobserved random variable from the Gamma distribution with shape and rate
parameter equal to v. A frailty model is considered to accommodate the correlation
between gap-times of the recurrent event for a subject. That is, given W = w, we
assume that gap-times 73,7 = 1,2,3,..., are IID from F(- | W = w). Denote the
g-dimensional observable covariate vector by X = (X7, Xs, ..., X,).

We consider the intensity function defined by
Mt | W =w,X =x) = M\(t)wexp(87x),

where \g(t) is the baseline hazard function of the distribution Fy and S is a vec-

tor of regression coefficients. The parameters of interest are the baseline cumulative
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hazard function Ag(t) = [5 Ao(u)du, regression parameter associated with covariates
B, and the frailty parameter v. The Baseline hazard function A\(-) is specified non-
parametrically while 5 and v are finite dimensional parameters. In our Bayesian
approach, following Kalbfleisch (1978) and Sinha (1993), we assign a gamma process
prior on Ag(-) and parametric prior distributions such as the multivariate normal and
Gamma on  and v, respectively. The conditional posterior distributions of Ay(-), 3,
and v are derived from the joint posterior distribution. Though W is unobservable,
we need to replace it by an estimator because the conditional distribution of Ag(+),
and thus the closed form posterior mean of Ag(:), involve W. We employ Gibbs
sampling techniques to sample from the joint posterior distribution. Under an inte-
grated squared error loss function posterior means are our Bayes estimators. Credible
intervals of the parameters of interest are readily available from the posterior samples.

The Breslow-Aalen type estimators of the baseline cumulative hazard function can
be recovered as a limiting case of our proposed estimator. The proposed estimators
are robust in the sense that the parameter estimates is not sensitive to choice of the
prior distribution. Simulation studies demonstrate the effectiveness of the developed
procedure. Biases and root mean-squared errors of the baseline survivor functions
are also examined for different combinations of parameters and sample sizes.

The rest of this chapter is organized as follows. In Section 2, we describe the
frailty model for the gap-time distribution. In Section 3, we define notation, derive
likelihood and conditional posterior distribution of the parameters of interest with
MCMC tools. Section 4 includes simulation studies where we assess performance
of the proposed estimators in terms of their bias, standard deviation and MCMC
convergence. In Section 5, we use bladder cancer data analyzed by Wei et al. (1989)
and Gail et al. (1980)’s mammary tumors data to illustrate our methodology. Section

6 provides some concluding thoughts.
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3.2 FRAILTY MODEL

Consider n units are in the study and let Wy, W5, ... W, be independent and iden-
tically distributed (IID) positive-valued random variables known as frailties from a
parametric distribution H(w;v). More precisely, the W;’s are assumed to be an
IID gamma variables with unit mean and variance 1/v; that is W; ~ Ga(v,v),i =
1,2,...,n. Note that the mean of the W; is taken to be 1 to make v identifiable.
Given the unobserved frailty variable W;, we assume that the successive inter-event
times (gap-times) for the ith unit, denoted by {7};,7 = 1,2, ...}, are IID nonnegative

random variables with a common distribution function

w

F(t|W=w)=[F)] =exp(—who(t)),

where Fy(t) and Ag(t) = [ No(u)du with \o(t) = dg)o(%) are the baseline survivor
function and cumulative hazard function, respectively. Note that conditionally, gap-
times { 7}; } are independent, but unconditionally they are dependent. The ith unit
will be observed over [0, 7;] where 71,75, ...,7, are IID with a common distribution

function G. It is assumed that 7, and {7};,j = 1,2,...} are mutually independent.

The marginal survivor function of {T;; } is therefore given by

F(t) = E[F,(t)"] = [VJAO@]

A smaller value of v is an indication of stronger correlation between gap-times whereas
a larger value of v suggests weaker correlation between gap-times. For instance, when

gap-times are governed by the exponential distribution with Ay (t) = nt, then,
Corr(Ty1,Ti2) = 1/v,v > 2.

Similarly, in the presence of observable covariates X = x, given W = w, we assume

{T;j,j =1,2,...,} are IID with common distribution

wexp(5Tx)

F(t|W=w,X =x) = Ft)]

= exp [—w exp(ﬁTx)Ao(t)} .
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Therefore we consider the intensity function defined by
it | Wi, X5) = Wiko(t) exp(BTX5), (3.1)

where [ is a vector of parameters associated with the covariates. For the 7th unit the

number of observed event occurrences is

K; =max{k € {0,1,...} : Sy <7},
R

where S;o = 0 and S;, = Ele T;;,k=1,2,..., and the observable random vector is

D: = (Ti7X-i7 Ki?ﬂhﬂ% cee 7ﬂK¢‘7Ti - SZK})
3.3 BAYESIAN INFERENCE

3.3.1 Likelihood

In general we consider the case s < oo and let B;(v) = v — S, ) be the backward

i
N/ (v—

recurrence time. Define the counting process and “at risk” processes via

3

(2

N(s) = I{S;; <s,5;; <7} and Y (s) = I{r; > s},
7j=1

respectively. Let D* = {D}}?,. Then, following Jacod (1975) or section II.7 of
Andersen et al. (1993) define the conditional likelihood function over [0, s] by
L(S | D*, Wl, WQ, e ,Wn)

-1 H IT [Wiexp(8" X0 r(Bi(o))] W“}

exp{—VVieXp(ﬁTXi) /O | YiT(v))\o(Bi(v))dv} (3.2)

Since in our Bayesian procedure we will assign a Gamma process prior on Ag(-) we

need to further simplify our likelihood function for posterior calculations.

48

www.manharaa.com



Following Pena et al. (2000), we can write

Si SAT;
_ / " I(r > v)ho(v)dv + I(7; > v)do(v)dv
j=1 Sij—1 iNT ((snry)-)
NI (A=) g
= > I(T;; > v)Ao(v)dv
=1 70
(sAT:)=S, 1 ((sAT3)-)
+ ; I((s A7i) = S,pi (5 A i) =) = 0)Ao(v)dv
0 i
s | NI ((snmi)=)
—[| X HTyz b+ HsAm) = Syl(s Am)=) 2 v} Ao(v)do
0 s

where

Yi(s,0)= Y. Ty >v}+I{(sAm)— Sint (snr)—) 2 v}

=1
When s — o0,

Yi(s,v —>2:I{TUZU}-I-I{7'Z Sik, > v} =Yi(v).

7j=1
In fact the above relation holds true when s > 7. Let t(),%(),...,txs be the M
partition points on Ry = (0,00) with ¢y = 0 and t(ar41) = oo such that Y;(s,v) is

constant within each subinterval (t(;_1),%(;]. Define
Ao(At(j)) = Ao(t(j)) — Ao(t(j_l)),j =1,2,...,.M,M + 1.

Then,
M+1

/0 Yi(s,0)do(0)do = 3 Yils, 1) Ao(At )

=1

Similarly, we can write the product integral as a finite product as follows.

T(atg))

}NT(M 1;[ [W exp(BT X;) Ao (At J))] ,

H Wexpﬂ Xi)Ao(Bi(v))
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where

N/ (At(y) = N (tg) = N (t-1)

Let s > maxi<;<,{7;}. Then, using the above notation we can rewrite the likelihood

(3.2) function as follows
L(Ao('),ﬂ,V | D*,Wl,WQ,...,Wn) = HL“ (33)

where

L; = Li(AO(');va | D:7M)

B Hﬂﬁl [Wi exp(87X;)Ao(At () Ng(At(j))}

j=1

exp {—Wi exp(6'X;) 2_:1 K(tm)/\o(ﬁtm)”- (3.4)

3.3.2 Prior Specifications and Conditional Posteriors

The unknown parameters of interest are (Ag(-), v, 3), however, we also derive the
conditional distribution of the unobservable frailty vector Wy, Wy, ... W, as those
will be involved in the Bayes estimator of Ag(:). Following Kalbfleisch (1978), we

assume Ag(-) has a gamma process prior
AO() ~ ggc,AS():

where Aj(-) is a completely known mean intensity function and c¢ is a precision of the

prior measure. Then,

Ao(Aty) ~ Ga(cAg(At(y), c).

We use the notation 7(Ag(At(;))) to indicate the prior distribution of Ag(At(;)) and

so on. That is

m(Ao(At(y))) = Ga(cAg(Atyy),e), i =1,2,...,M + 1. (3.5)
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We consider the prior of v as a Gamma distribution with a known shape v and scale n
and the prior of 5 as the multivariate normal distribution with a known mean vector

ts and a variance-covariance matrix Xz denoted, respectively, by
m(v) = Ga(y,n) (3.6)
and
m(B) = Ng(ps, Xg)- (3.7)

Using (3.3) and priors (3.5), (3.6), and (3.7) we define the joint posterior distribution

of {AO()7 v, B} Via?

p(Aol-), W, 1.5 | D*) zH VB W e(Ae(Dr)m(8).  (38)
Let

ri = exp(B7X;) /0 " Yi(0)Ao(dv) = exp(FTX,) Zl [Yi(t)Mo(At))]
and

ri(ty) = exp(87X0)Yi(t()-
Define N(At(;)) = Y0y [N (t) — Nl (t-1)] - Clearly Nl(s) = K; for s > 7.
Then, the conditional posterior distributions follow:
p(Mo(At () | W, v, §)
x Ga(N(At(j)) + CAS(At(j)), c+ Z Wﬁ;‘(t(j))),j =1,2,...,.M+1. (3.9
i=1

Under an integrated squared-error loss function we obtain

~ M+1NA- A5 (At
Ro(t | W, 8,0) = 3 |METw) + chi(Aty)

=1

Ity <t 3.10
i Wirk(t)) +c (ty = 1) (3.10)

This is not yet an estimator of Ag(t) since W;’s are unknown. However, we can obtain

W, to replace W; using the following conditional posterior distribution.

p(VVZ | AO(')?”? B)

o< W exp(=Wiry)gw, (w; | v) o Ga(v + Ky, v +1),i=1,2,...,n, (3.11)
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where gy (w; | v) oc WYt exp{—W;v}. Clearly W; can be updated via

7

— 14 Kz
W=
v+

i=1,2,...,n, the posterior mean of W;. (3.12)

Thus, we have a closed form estimator of Ay(t | -) given by

Ml (At ) + Ay (At )

Ko(“ﬁ»’/): Z

j=1 WT( )+C

I{tg) < 1) (3.13)

We can recover the Breslow-Aalen type estimator of the baseline cumulative hazard
function from our estimator by letting the precision parameter ¢ — 0. The conditional

posterior distribution of the frailty parameter v is given by
p(l/ | AO()’W’/B) OCLm(VaﬁaAO)ﬂ-(V)v (314)

where the marginal likelihood L,, is defined by

o= T 10w, 8201 Wi = g wii] 1]

i=1

l MK +v) I/V‘|
(ri +v)KtT'(v) |

The conditional posterior distribution of 3 is given by
DB | Wi o) o oxp |3 K(57) = 3= Wi n(9) (3.15)
i=1 i=1

where 7(3) is as defined in (3.7).

3.3.3 MCMC Sampling

The conditional posterior distribution of Ay and W;,i = 1,2,...,n as given in (3.9)
and (3.11), respectively, are in closed form and thus easy to draw samples or one
can update the estimators (3.10) and (3.12) in the Gibbs sampling algorithm. For
v we employ Metropolis-Hastings (MH) algorithm to sample from the conditional
posterior (3.14). We sample [ from the conditional posterior distribution (3.15) em-
ploying adaptive rejection sampling (ARS) (Gilks and Wild (1992)) since (3.15) is a

log-concave function. The MCMC algorithm follows:
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e Step 0: Start with initial
AD), WO O apd O
e Step 1: Update
Rol- | WO, 50).
Alternatively we could take samples from (3.9).

e Step 2: Using MH algorithm we sample v from
p(v | Ao(+), W, 8) &< Lin(v, B, Ao () (v).
More precisely, we propose
vl =) = eap(log(v™™) + €), where e ~ N(0,02),
that is, the proposal density of v is a log-Normal density,

q(V | v,0%) = InN(log(v®™), 02),

v

and accept it with probability
r(Ki+v) ()
(ri+v) Kt T()

I'(K;+v v)¥
o [ e (v)g(v | v, 02)

n
i=1

m()q(v |V, 07)

min < 1,

curr

where v°“"" = v. Usually o2 is chosen small for example o2 = 0.5%.

e Step 3: Update W;,1 =1,2,...,n using

V4T

Alternatively we could take samples from (3.11).

e Step 4: Sample £ from

mﬂmmmwmmﬂimmmﬂm—iMnﬂm
=1 =1

employing adaptive rejection sampling (ARS) since the conditional posterior

ncave function. Repeat steps 1-4 until convergence.
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Bias, variance, and credible intervals of the parameter of interest are immediately

available from the posterior samples.
3.4 SIMULATION STUDIES

3.4.1 Simulation Design

Simulation studies are performed to evaluate our proposed method and properties of
the parameter estimators numerically. More precisely, the goals of these studies are:
(i) to examine the effects of the sample size (n) on the distributional properties of
the estimators; (ii) examine bias, variance, and root mean-squared errors (RMSEs)
of the baseline survivor function (pointwise); and (iii) examine the convergence of the
MCMC algorithm. We describe the settings for different simulation parameters with
their priors.

Baseline cumulative hazard function with priors: We generate the baseline cu-
mulative hazard function Ag(:) associated with the gap-time from the Weibull dis-
tribution with unit scale and shape parameter, v € {1.1,0.9}. We specify Aq(+)
nonparametrically and consider m(Ag(At)) = Ga(cA§(At),c), where Aj(t) = ¢ (cu-
mulative hazard function from the unit exponential distribution) and ¢ = 0.1. In this
case the prior is misspecified. We also assign another prior which is a naive estimator
of Ag(t) given by
& l N(At;)

As(t) = 2

J=1

Z"lY(t(j))} Ity <1). (3.16)

Covariates with priors for regression coefficients: We generate two covariates X,
and Xs, where X; is a binary variate taking 0 or 1 with probability 0.5 and X, ~
N(0,0.5?) with X; and X, independent. The regression parameters are set to be
(B1, B2) = (—1,1). Priors of 51 and (5 are denoted by 7(51) = N(—.5,1) and 7(52) =

N(.5,1), respectively. Note that
p(ﬂl \ W7 A07 /627 I/) X eXp [ﬂthrt - eXp(ﬁl)rtrt] ’/T(ﬁ) = eKtTt eXP[_H rtrt]ﬂ<5)7 (317)
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where 6 = exp(f), Ki+ = total number of events occurrences for the treatment
(X1 = 1) group and 74y = Yieprey (Wiexp(B2X2:) J5° Yi(v)Ao(dv)] . With a non-
informative flat prior for 31, the above conditional distribution (3.17) is proportional
to the Gamma distribution with shape K., and rate r,.. Similarly,

Pl | W ) o exp |0 K = S lesp(aXarad | (), (315)
where r; = W;exp(61X1:) 57 Yi(v)Ao(dv). Clearly, both (3.17) and (3.18) are log-
concave function. Thus, in the MCMC sampling we employ adaptive rejection sam-
pling (Gilks and Wild (1992)) algorithm for the log-concave function to sample from
(3.17) and (3.18).

Frailty component with a prior: The parameter v of the gamma distribution generat-
ing the frailty variable W is set to be {2,5}. Prior for v is defined by w(v) = Ga(2,.5).
Censoring variate: We consider censoring variable 7;,4 = 1,2,...,n are IID from a
continuous uniform distribution U(1,5).

Sample size: We choose n € {100, 200,300} to examine the impact of different sample
sizes on bias, variance, and convergence of the parameter estimators.

For each combination of these simulation parameters, we compute the mean and
standard deviation of the estimates of the parameters and averaged pointwise biases
and RMSEs for the baseline survivor function based on 100 data sets. We set the
end of monitoring time to 7 = 5 and thus we only need to compute the cumulative

hazard function over the interval (0, 5].

3.4.2 Simulation Results

Table 3.1 summaries the mean values and standard deviations, of the sampling dis-
tributions of the estimators of (1, B2, and v for each combination of v € {1.1,0.9},
v € {2,5}, and n € {100,200, 300}. In the discussion of the simulation results we will

examine the effect of changing n, changing v and changing v on the distributional
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properties of the estimators of 3, v, and biases and RMSEs of the estimator of the

baseline survivor function Fj.

Table 3.1: Summary of Simulation Results

n v oy B 65 9%CP B, 6y 9%CP 0 6, 95%CP
100 2 1.1 -097 023 084 095 020 087 274 083 0093
200 2 1.1 -0.97 013 089 096 0.16 088 230 0.56 0.96
300 2 1.1 -0.99 011 094 098 010 094 213 035 0.8
100 5 1.1 -098 017 088 098 018 088 516 131 098
200 5 1.1 -1.00 013 090 098 0.10 094 551 1.36  0.99
300 5 1.1 -1.01 010 092 099 0.09 095 538 140 0.96
100 2 09 -098 019 090 095 019 093 269 093 094
200 2 0.9 -0.99 015 093 097 014 093 235 068 0.94
300 2 0.9 -0.99 010 095 098 013 095 222 045 0.95
100 5 09 -098 018 095 095 018 091 531 148 0.94
200 5 0.9 -0.99 012 097 097 011 092 523 1.37 0.94
300 5 0.9 -1.00 010 0.99 098 010 094 520 1.30 0.95

As is expected the standard deviation decreases when the sample size increases
for all combination of the parameters v € {2,5} and v € {1.1,0.9}. For n = 100
with v = 2 there is a considerable bias for the estimate of v. Larger values of v
(e.g., ¥ = b), resulting into a weaker correlation between gap-times, contributing to
a smaller standard deviation for the parameter estimates of $; and (3,. However,
for v = 2, its standard deviation increases as the sample size increases. For all
combination of parameters values with sample size 200 and 300 the estimates are
close to the true parameters.

We also investigate the point-wise biases and RMSEs of the baseline survivor
function for different combination of parameter values and the resulting graphs are
presented in Figure 3.2. As the sample size increases the biases and RMSEs decreases.
While generating the gap-times we consider both increasing failure rate (IFR) and
decreasing failure rate (DFR) Weibull baseline distribution with shape parameter
v = 1.1and v = 0.9, respectively. However, here we report the result for v = 1.1 with

different sample sizes. Convergence of MCMC algorithm are checked by “CODA”
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Figure 3.2: Simulated biases and root mean-squared errors (RMSE) for the estimator
of the baseline survivor function Fj as the sample size increases | n=100 is red and
solid; n=200 is blue and dotted; n=300 is purple and dashed]. Weibull shape v = 1.1.

(Plumber et al. 2012, http://cran.r-project.org/web/packages/coda/coda.pdf) pack-
age available in R. As the sample size increases the estimators converge to the true

parameters at a faster rate.

3.5 DATA ANALYSIS
We illustrate our methodology using the mammary tumors data given in Gail et al.

(1980) and the bladder cancer data available in Wei et al. (1989). First, we will
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analyze mammary tumors data where the gap-times are the time between tumor
occurrences in 48 rats in that 23 of them are in the treatment group and the other 25
are in the control group. The only covariate is the treatment. That is X = 1 indicates
that the subject is in the treatment group and X = 0 means that the subject is in
the control group. The main objective of their analysis is whether the treatment
is effective in reducing the hazard of tumor occurrences. Gail et al. (1980) analyze
each gap-time separately (e.g. first gap-times for all units and so on) ignoring the
recurrent nature of event occurrences and the possibility of correlation between gap-
times. More details of the data set and a description of the clinical trials are given

in Gail et al. (1980).

Table 3.2: Summary estimates for the mammary tumors data

Parameter Estimate Std 95% Credible Interval

S (Treatment)  -0.660  0.17 (-0.996, -0.333)
v 4586 1.8 (2.071, 9.651)

In our Bayesian analysis we consider two priors for the baseline cumulative hazard
Ao(+) such as Gamma process prior with known mean intensity Aj(t) = 7,y = 1.1
with ¢ = 0.1 and the empirical prior given in (3.16). We assume 7(3) = N(—1,1)
and m(v) = Ga(2,.5). We choose distinct ordered censored observations as partition
points and the end of study time is t;; = 122. However, the length between two
successive partition points can be very small such as one unit. The choice of partition
length is not sensitive to the estimates of the parameters. To obtain estimates of the
parameters of interest we follow the algorithm given in MCMC sampling section.
Note that for one dimensional binary covariate with non-informative flat prior the

conditional posterior.distribution of exp(f) = [’ is the Gamma distribution with
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Figure 3.3: Survivor function of the treatment group (solid line) and control Group
(long dash line) with credible intervals. Dotted lines are credible interval for the
treatment group and dashed line are credible intervals for the control group.

shape parameter K., = total number of tumor occurrences for treatment group and
the rate parameter 7,y = >;cny [Wi fo© Yi(v)Ao(dv)] . Adaptive rejection sampling
also yields identical result.

The parameter estimates associated with the treatment and the frailty random

variable with standard deviation and credible intervals are presented in Table 3.2.
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We obtained 3 = —0.66, 6 = 0.17 and the 95% credible interval is (—0.99, —0.33).
The estimate of S with its credible interval indicates that the treatment is effective in
reducing the hazard rate of tumor occurrences. The estimate of v suggests that gap-
times are not strongly correlated. Survivor function estimates with credible intervals
are presented in Figure 3.3, where upper curve (solid line) is the survivor function
with 95% credible intervals (dotted lines) for the treatment group, while lower curve
(long dashed line) is the survivor function with 95% credible intervals (dashed line)
for the control group. Figure 3.3 demonstrates that there is no clear evidence that
the treatment group has a higher survival rate than the control group as the credible

intervals are overlapped.

Table 3.3: Summary estimates for the bladder cancer data

Variable Parameter Estimate Std 95% Credible Interval

rx B, 036 019 (-0.740, 0.003)
size By 001 006 (-0.130, 0.100)
number B3 0.14 0.05 (0.040, 0.240)
frailty v 630 300 (2210, 13.800)

The second biomedical application is the bladder cancer data analyzed by Wei
et al. (1989), which is also available in survival package (Therneau and Lumley (2009))
in the R library. These data include the times to re-occurrences of tumors of bladder
cancer patient for n = 85 subjects. Three covariates of interest are X, the treatment
indicator (0= placebo; 1= thiotepa); Xs, the size (in centimeter) of the largest initial
tumor; and X3, the number of initial tumors. For our estimation purpose we assume
similar priors for the parameters 5 and v such as Normal and Gamma distributions,
respectively.

The summary of the parameter estimates (bladder cancer) is presented in Table
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3.3. The estimate of ; (treatment) indicates that there is no clear evidence that the
treatment is effective in reducing the bladder tumor occurrences since the credible
interval includes zero. The initial size of the largest tumor is not a significant factor
for reducing or increasing tumor recurrences. Estimates of 33 with its credible interval
suggest that initial number of tumor occurrences is an indication of increasing number
of tumor re-occurrences. The estimates of survivor function for the treatment group
and control group are computed at the mean values of Xy and X3 and Figure 3.4 is
the resulting survivor function graph. Figure 3.4 seems to indicate that the thiotepa

(treatment) group has a higher survival rate than the control group.

3.6 CoNCLUDING REMARKS

In this chapter, we developed a semiparametric Bayesian inference procedure of the
gap-time distribution with recurrent event data. This is a more general framework
in the sense that the Breslow-Aalen type estimator of the baseline cumulative haz-
ard function is a limiting case of our estimator by letting precision parameter tends
to zero. In our procedure, we are able to assess the effects of treatment on event
occurrences as well as estimate the baseline survivor function which is often an in-
terest in reliability engineering applications. The proposed estimation procedure can
easily be implemented as the baseline cumulative hazard function has a closed form
estimator and the estimates of the parameter associated with covariates and frailty
are easily implemented by ars() and by Metro-Hastings() package in R, respectively.
Credible intervals are immediately available from the posterior samples. Through the
procedure we are able to obtain the individual frailties. A frailty greater than one
indicates that the individual is more prone to event occurrences and vice-versa. A
larger value of ¥ is an indication of weaker correlation between gap-times. Simulation
studies demonstrate that parameter estimates are robust to some misspecification of

the prior distribution.
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In our procedure we assumed that censoring is independent of recurrent events.
In many situations, however, there exists a terminal events (e.g. death), which pre-
vent the occurrences of future events. Moreover it is often the case that the terminal
event is strongly correlated with recurrent event occurrences. In particular, increasing
the number of event occurrences could potentially increase the risk of death. Thus
noninformative termination assumption may not be appropriate in some situations.
Miloslavsky et al. (2004b) showed that regression parameter estimates in the recur-
rent event analysis are biased when dependent termination is ignored. One way of
accommodating the dependent termination is to consider the joint modeling of recur-
rent event and terminal events. One of my future research goals is to a develop joint

Bayesian inference procedure of recurrent and terminal events.
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CHAPTER 4
NONPARAMETRIC BAYES ESTIMATION OF RELIABILITY

OF A COHERENT SYSTEM !

Abstract

Simultaneous estimation of system and components reliabilities is considered
when independent partition-based Dirichlet (PBD) priors are assigned on com-
ponent lifetime distributions. Denote the lifetime of component j in the i-th
system by {Tj;,7 = 1,2,3,...,K} and the end of system monitoring time
by {r,i = 1,2,...,n}. Assume that {Tj;,7 = 1,2,3,...,n} and {7,i =
1,2,...,n} are IID with distribution F; and G, respectively, and with {T};}s
and {7;}s mutually independent and T;; and T;; also independent for j # [. In
our nonparametric Bayesian approach we assign independent partition-based
Dirichlet (PBD) priors, Z(c;), on Fj,j = 1,2,..., K, with the parameter «;
being a non-null finite measure on R,. We derive the nonparametric Bayes
estimator of component reliabilities, Fj =1—F;forj=1,2,...,K, and an
estimator of the system reliability function Fy(t) = hg(Fi(t), Fi(t),. .., Fk(t)),
where ¢ is the structure function of the system. The estimator of the system
reliability function presented in Doss et al. (Annals of Statistics, 1989) is a spe-
cial case of our estimator, obtained by letting o;(®4+) — 0 for j =1,2,..., K.
Through simulation studies, we demonstrate that the nonparametric estimator
has smaller bias, but higher root-mean-squared errors (RMSE) than our pro-

posed estimator. Even when the prior mean functions do not coincide with the

LA K.M. Fazlur Rahman and Edsel A. Pefia. To be submitted.
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true distribution functions, the Bayes estimator has smaller or equal RMSE
than the nonparametric estimator with a smaller value of precision parameter,
indicating robustness of our estimator. In addition, our proposed estimator is

smoother in some sense than the Doss et al. (1989) estimator.

4.1 INTRODUCTION

The lifetime of a sold/deployed system is a common interest for both the client and
manufacturer as it is a meaningful measure of the quality of a system. Therefore it
has been of interest to assess the risk of a failure and the reliability of systems in
many settings, for instance in the mechanical, engineering, biomedical, military, and
business areas. Precise and reliable knowledge of the performance of deployed systems
enables the informed assessment of the risk and failure of the system that could
potentially save life, wealth, and prevent destruction. It is therefore imperative to
have probabilistic and statistical inferential methods to assess the risk and reliability
of systems.

We begin with a brief review of relevant published literature, followed by some
notations and definitions relevant to reliability of coherent systems. Meilijson (1981)
considered estimation of I’ based on system failure times together with components
failure times (autopsy statistics), whereas Moeschberger and David (1971) considered
estimation of F’ under IID assumptions in the competing risk framework. Estimation
of F' under rank set sampling when systems on the test are k-out-of-K systems is
considered by Kvam and Samaniego (1994) and Stokes and Sager (1988). Estimation
of load sharing properties in a dynamic reliability system is considered by Kvam and
Pena (2005). Joint estimation of components and system reliabilities is considered by
Doss et al. (1989). In addition, inferential problems to assess the risk and reliability
of systems has, among others, been considered by Barlow and Hunter (1960), Barlow

and Marshall (1967), Barlow and Proschan (1969, 1986), Barlow (1984, 1985, 1986),
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Boyles et al. (1985), El-Neweihi et al. (1978), Esary and Proschan (1963), Esary et al.
(1971, 1970), Hollander and Proschan (1984), Hollander and Pena (1995, 1996a,b,
2004), Langberg et al. (1981), and Pena and Hollander (2004). However, most of these
works considered frequentist parametric/semi-parametric or nonparametric inference
of system reliability.

The classical form of making inference is an ideal situation when the parametric
assumptions of the distribution function match with the true distribution function
but it becomes worse in the case of a misspecified parametric family of distribu-
tions. However, in the nonparametric Bayesian framework we can incorporate our
prior knowledge in developing a robust estimation procedure to assess the reliability
of a coherent system, which is still in development stage in the reliability litera-
ture. Thus it is worthwhile to develop Bayesian inferential methods to assess the
risk and reliability of components and coherent systems and to compare their perfor-
mance with existing methods. In our nonparametric Bayesian framework, we assign
a partition-based Dirichlet prior (Sethuraman and Hollander (2009)) on F' and the
resulting posterior measure is also a partition-based Dirichlet measure. We develop a
robust estimation procedure where our estimator of F' is closed form and exact, and
is a linear combination of the prior mean function and a corresponding nonparamet-
ric estimator. We define some notation and recall some definitions associated with
coherent structure and system reliability based on Barlow and Proschan (1981).

A reliability system is composed of a finite number of components, with each
component possibly a subsystem itself. For a reliability system with K components,
denote the state vector of components by x = (z1, 22, ..., 2k), with ; € {0,1} such
that x; = 1 if component j is functioning and z; = 0 if component j is not functioning.
The structure function of a reliability system is defined by ¢ : {0, 1} — {0,1} such
that ¢(x) indicates whether the system is in a functioning state (¢(x) = 1) or is

in a failed state (¢(x) = 0). A reliability system is said to be a coherent system if
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the structure function ¢(x) satisfies the two conditions that (i) it is nondecreasing in
each argument, that is a change of state of one and only one component from a failed
state to a working state should not cause the system to change from a working state
to a failed state, and (ii) each component is relevant in the sense that, for each j €
{1,2,..., K} there exists an x € {0, 1} such that 0 = ¢(x,0;) < @(x,1;) = 1, where
(x,0;) = (z1,...,2j-1,0,2j41,...,2x) and (x,1;) = (z1,...,2j-1, L, Zj41, ..., TK).
See Barlow and Proschan (1981) for a comprehensive treatment of coherent system
reliability.

A series system and a parallel system are two common examples of coherent

reliability systems with respective structure functions

K
¢56T(X) = min{xlv T, ... 7$K} = H €
j=1
and
K K
¢par(X) = max{ml,xg, e ,J}K} = H xr; = 1 — H(l _ :L‘j)'
Jj=1 j=1

The coherent structure function of a more general k-out-of-K system is ¢p.x(z) =
I(Zfil x; > k) with I(A) = 1 or 0 depending on whether event A does or does
not hold, respectively. Clearly, a series system (K -out-of-K system) and a parallel
system (1-out-of-K) are two extreme cases of k-out-of-K systems. A simple example
of another coherent structure is a 3-component series-parallel system (Figure 4.1) with
the structure function, ¢g,(x1, x2, x3) = min{x;, max{xs, x3}}. This system functions
as long as component 1 and at least one of component 2 and 3 are functioning.

Let X} be the random variable indicating whether component £ is in a functioning
state or not, and let p; = Pr{X; =1},j=1,2,..., K. Let (X3, X5, ..., Xg) be inde-
pendent random variables, and define X = (X3, Xy, ..., Xg) and p = (p1,p2, ..., PK)-

The reliability function associated with a structure function ¢ is defined by

he(p) = E{6(X)} = Pr{¢(X) = 1}.
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T

Figure 4.1: Three Component Series-Parallel System

The reliability function for a series system is hge.(p) = Hszl pj, while for a parallel
system, it is Aper(p) = 1 — [1)2; (1 — p;). On the other hand, the reliability function
for the series-parallel system (Figure 4.1) is hg,(p1, p2, p3) = p1[1 — (1 — p2)(1 — p3)].

The reliability function for the more general k-out-of K system is
K .
hk:K(p) = Z H Pj]'

These reliability functions represent the probabilities that the systems are functioning
as a function of component reliabilities. Therefore it is useful to consider the com-
ponent and system lifetimes. Let T = (11,T5,...,Tk) be the vector of component
lifetimes and S be the system lifetime. For a given time ¢, the state vector of com-
ponents is denoted by X(t) = (I(Ty > t),I(Ty > t),...,I(Tx > t)), hence the state
of the system at time ¢ is given by ¢(X(¢)). As a result {S > t} = {o(X(t)) = 1}.

Therefore the system lifetime survivor function is given by

Fy(t) = Pr{S >t} = Pr{o(X(t) = 1} = E{o(X(¢))}.

Denote the component lifetime survivor functions by F;(t) = Pr{T; > t},j =
1,2,..., K. If the component lifetimes are independent, then the system survivor

function could be expressed in terms of the system’s reliability function via

Fy(t) = ho(Fi(1), Fa(t), ..., F(t)). (4.1)
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Assume n identical systems with the same structure function ¢ are in the study.
We monitor the ith system over a period of time [0,7;], where 7; could be some
administrative time or some other time not related to the component failures. Denote
by Sy, S5, ..., .S, the system lifetimes and by 7, 7, . . ., 7,, the end of monitoring times.
However, we may not observe all of the system failure times as the monitoring period
of the i-th system terminated at 7;, rather we only know that lifetime exceeded 7; if
the system is still functioning at time 7;. The random observable for the n systems

will therefore be

(V,e) = ((V1,e1), Va,€2), ...y (Vi €)), (4.2)

where V; = min{S;, 7z} and ¢, = I{S; < 7;}. A nonparametric estimator of system
reliability function based on right-censored system lifetimes (V,¢€) is the Kaplan and

Meier (1958) estimator also known as the Product-Limit estimator (PLE) given by

Rprp(t) = 1;[t l1 — A}i\ég’)] = 1;[t P;(S)] teR, (4.3)

where [] means product-integral, and the processes N = {N(s) : s € R} , Y =
{Y(s):s e R}, and YT ={Y(s) : s € R} are defined via

N(s) = zn:I{VZ— <sj =1} Y(s)= zn:f{‘/; > s}, and YT(s) = XH:I{Vi > s}.
i=1 i=1 i=1 4)

Doss et al. (1989) developed a PL-type estimator of the system reliability function
when component failure times are available by exploiting the relationship between the
system reliability function and the component reliabilities, given in (4.1). The idea
implemented here is to use the j-th component’s right-censored data to estimate
F;,j=1,2,...,K, and then plug in these estimates in (4.1). In Doss et al. (1989)’s
approach, each system is monitored until it failed so that they observed all the system
failure times. Note, however, that any component’s failure time could be right-
censored. In our approach, the monitoring times could be fixed or random, and hence

we.may.-not-observe.all the system failure times. Thus in our settings with autopsy
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statistics of component lifetimes, the random observables for both the system and
component failure times consist of complete and right-censored times.
Let T;; denote the lifetime of component j for the ¢-th system. Define Z;; =

min{7T;;, S}

iy and 6 = I(Ty; < min{S;, 7}). The right-censoring variable for 7T;

*

involves S};, where S;

e - is the lifetime of the original system with j-th component func-

j
tioning uninterruptedly. Note that S7; is independent of 7;; but depends on the struc-

*

ture function. We can view the random variable S}; from the simple three-component
series-parallel system as shown in Figure 4.1 where right-censoring variable for T} is
S} = max{T5, T3}, which is assumed independent of T}. Similarly, the right-censoring
variables for Ty and Ty are S5 = min{7},73} and S§ = min{T}, 7>}, respectively.

Denote by F' the distribution of system lifetimes and assume F' has partition-
based Dirichlet (PBD) prior measure (Sethuraman and Hollander (2009)) which is
defined formally in Section 4. The posterior distribution of F' given the right-censored
observations of system lifetime is also a PBD. Under an integrated squared error
loss function, the Bayes estimator of F' is the posterior mean. In a similar fashion,
assigning an independent PBD prior measure on each component distribution function
we estimate the distribution /reliability function for each component. Therefore joint
estimation of component reliability and system reliability is obtained by plugging in
the estimates of component reliability in (4.1).

We outline the contents of this Chapter. In Section 2 we review definitions and
results for the PBD prior and also develop some results to estimate the component
and system reliabilities. In Section 3 we drive the nonparametric Bayes estimator of
system reliability and jointly estimate the component reliability and system reliability.
We also explore the relationship between our proposed estimator and corresponding
PL-type estimator. Section 4 includes simultaneous studies for correctly specified
priors and misspecified priors and compares between proposed and PL-type estimators

in terms of bias and RMSE function. Section 5 is an illustration of the developed
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estimators with a randomly generated data set. An appendix gathers the technical

proofs.

4.2 PARTITION BASED DIRICHLET PRIOR AND POSTERIOR MEASURE

The partition based prior is a general class of priors introduced by Sethuraman
and Hollander (2009) in the context of repair models. However, this prior can be
used/extended as a nonparametric prior of the unknown distribution function F' in
different data settings including single event with right-censored, interval-censored,
and truncated data settings. To define formally the notion of the partition based
(PB) prior and some relevant results, let (£, .o/) be a measurable space where &/
is the o-field of subsets of the space 2" and let & be the class of all probability
measures (p.m.s) on (2, o). Let J be the class of all pm’s on (£,.%) where
S =c{P:PA)<rAea,0<r<1}).
Dirichlet Process Probability Measure: Following Ferguson (1973) or Sethu-
raman (1994), let a(-) be a non-null finite measure on (£, .o7). A random prob-
ability measure (p.m.) on (Z,.7) is said to be a Dirichlet probability measure
if for any measurable partition, & = {By, Bs,..., By} of 2, the distribution of
P(#) = (P(By),P(Bs),...,P(B,,)) is the finite dimensional Dirichlet distribution
P(a(By),...,a(By,)). Such a p.m. will be denoted by Z,,.
Partitioned Based (PB) Measure: The partition based prior is a random mea-
sure restricted to a partition. Following Sethuraman and Hollander (2009), let
B = (B1, Ba, ..., By,) be ameasurable partition of the sample space 2". For H € 2,
and P ~ H, the law of total probability gives

P() = ZZIPBI(')P(BI) = ZZIP(' | B)P(B1)
where Pp is the restriction of P to B defined by Pg(A) = P(AN B)/P(B) for all A,

B € &/. Pg is a restricted probability measure such that Pgp(B) = 1.
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We call H(#,h,¥) a partition based (PB) distribution if the following conditions
hold:

(a) The real random vector P(#) = (P(B), P(B2),...,P(By)) and restricted

random p.m.s Pp,l =1,2,...,m, are all independent.

(b) (P(By),P(B2),...,P(By)) has the pdf ch(y) on the simplex R™ = {y : y; >

0,l=1,....,m;> ",y = 1}, where c is a normalizing constant and P(B;) = y;.
(c) =G x...xGp; P, ~Gi,l=1,2,...,m .

Partition Based Dirichlet (PBD) Measure: Let «(-) be a finite measure on
(2, 47). For any non-empty set B € & with «(B) > 0, let ag(A) = a(AN B) for
Al A€ o UG = Doy X ... X Doy, , then H(B,h,9) = D(A, h,a) will be referred

to as a PB Dirichlet (PBD) measure. In this case,
P2 o) & oo
hy) = Mz o) )Hyz o (4.5)

is an m-dimensional multivariate Dirichlet distribution with parameter o = (o, g, . . .,
Q) where o = a(B)).

The following result is a restatement of Lemma 1 of Sethuraman and Hollander
(2009) regarding %, representation as a PBD distribution, 2(4, h, «).
Result 1. Let a be a finite measure on (27, %) and let & = (By, Ba, ..., By) be a
measurable partition of 2. Let oy = a(By) for [ = 1,2, ..., m, and h(y) is as defined
in (4.5). Then 9, = Z(%, h,«a).

Let 8 = (B, Ba, ..., By;,) be a measurable partition of 2~ and let
%* = (B17 s 7BT—17 BT17 BT27 B?“+17 EIR) Bm)

be a finer partition of 2". Then Z(4, h, «) can be expressed as the PBD, (%, h,, «)
with an explicit expression of h, as shown in Theorem 1 of Sethuraman and Hollan-

der(2009)... We. restate-the theorem as Result 2 here without proof. Consequently
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the results derived here holds true for any arbitrary partition. Thus we can choose
any partition of 2", but in practice we choose the partition by looking at the right-
censored and/or left-truncated data for computational simplicity.

Result 2. Let Z = (By, Bs, . . ., B,,) be a measurable partition of 2" and consider the
PBD (%, h, ) where h is a pdf defined in (4.5) on the simplex R™ and « is a finite
measure on (2, o) with a(B,) > 0 for r =1,2,...,m. Split the set B, as B,, UB,,
with a(B,,) > 0, «(B,,) > 0such that . = (By, Bs, ..., By_1, B, Bry, Bri1, ..., Bi)

is a measurable partition of 2 . Let

h*(ylv oy Yr—15Yr s Yoy Yrd1s - - - aym)
a(Bry)—1 a(Br,)—1
y?"l( 2 y?’2( 2)
= C*h(y17'"7y7’—17y7”ﬂy7"+17"'aym) a(Br)—1 )
Yr

where ¥, = y,, +¥, and ¢, is a normalizing constant. Then, Z(%, h, «) = D(B., hs, ).

Suppose that T} is a complete observation and P | T3 ~ P. Then the posterior
measure of P given T} is given as Theorem 1.
Theorem 1. Let P have a PBD prior measure, Z(%, h, a) and T; be a sample from
P such that T} | P ~ P. Let = (B, ..., B),) be a measurable partition of .Z" and
r be an index of {1,2,...,m} such that 77 € B,. Then the posterior distribution of
P, given T, is also PBD, 2(%,h*, a*), where h*(y) « h(y)y, and a* = o + o
Proof: The proof follows from the Theorem 3 of Sethuraman and Hollander (2009)
with T} | P ~ P = Py, that is, P(Z") = y1+...+ym = 1. Thus, the denominator of
the Theorem 3 of Sethuraman and Hollander (2009) becomes 1. Hence the theorem
is proved. []

Suppose that T5 is a right-censored observation and we only know that 7, € A
and A is the union of some sets in the partition B = (By, Ba, ..., By,), so that A
satisfies

A=Up,B, forsome FE,C{l1,2,...,m}. (4.6)
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Theorem 2 follows from the Theorem 1 of Grego et al. (2013), which shows that
when the prior is a PBD, given the right-censored observations, the posterior is also
a PBD.
Theorem 2. Let P have a PBD measure 2(%,h,«) and let T be a sample of
size one from P such that Ty | P ~ P and T, € A, with A as defined in (4.6).
Then the posterior measure of P, given T, € A, is also PBD, Z(%, h**,«) where
h*(y) o< h(y)ya and ya = > jcp, wi- Hence the theorem is proved. O

Theorem 2 is obtained when A is a union of sets in the partition 4. When A is not
necessarily a union of sets in the partition %, we can form a larger partition %,, with
restriction set A to the initial partition % which will ensure that A is a union of sets
in the partition ... It follows from the Result 2 that (%8, h, @) = D(PBex, Bsse, Vs ).
Therefore, whether A is the union of sets of the partition 4 or not Theorem 2 holds.

Let T1,T5,...,T, be a random sample from P such that (T; | P) ~ P,i =
1,2,...,n. Without loss of generality, assume that 71,75 ...,7T,_,,, are the uncen-
sored (complete) observations and Ty, Tays - Iy are m distinct right-censored
observations, where 177" = T,,_,,4+;,© = 1,2, ..., m. Consider Ty, Ty, - Ty be the

partition boundaries such that
B = (B1,Bs,...,Bn, Bni1) (4.7)

is a measurable partition of (0,00), where B, = (T(*;_l),T(’;)],l =1,2,3,...,m, and
B = (T(%),T(’;Hl)) with 75 = 0 and T(;,, ;) = co. The posterior measure of P
given all the censored and uncensored observations is given as Theorem 3.

Theorem 3. Let P have a PBD prior measure, (%, h, ), where 4 is as defined in
(4.7). Let Ty, Ty ..., Ty, Ty Ty - T be a sample from P with 17,715 ...,T,_,

being the ordered uncensored observations and T¢}), T, . . ., T(;,) being the m right-
censored observations. Then the posterior measure, P | (11,75 ..., Th—m, Ty Ty -
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T(*m)) is the PBD, 2(4, h*, a*), where
m+1 nem m | m+1 m+1 . m [ m+1
) o) | T 0| TS ) o [TLoe 1150 ).
=1 =1 |j=l+1 =1 =1 |j=l+1
and o =a+ X" o
Proof: Repeated application of Theorem 1 for complete observations and repeated

application of Theorem 2 for right-censored observations together yield the desired

result. O

4.3 NONPARAMETRIC BAYES INFERENCE OF SYSTEM RELIABILITY

4.3.1 System Reliability Based on System Data

Recall that the random observables for the system lifetimes are ((V1,€1), (Va, €2), .. .,
(V,€,)) where V; = min(S;,7;) and ¢, = I(S; < =) for ¢ = 1,2,...,n. As-
sume that there are m right-censored observations and n —m complete observations.
To distinguish right-censored observations from complete observations, let {V/ i =
1,2,...,n—m} be the n—m complete observations (¢; = 1) and {V}",j =1,2,...,m}
be the m right-censored (¢; = 0) observations. Let V(*i), Vigy, - V(“;n) be the partition
boundaries such that

% - (Bla BQ, ey Bm, Bm+l)

is a measurable partition of (0,00), where B, = (V(f_l), V(’{)],l =1,2,3,...,m, and
Bt = (Vi Viyny) with Vi) = 0 and Vj;,,,) = oo. Our goal is to develop a
nonparametric Bayes estimator of F'(t) = P((0,t]) = P when a PBD process prior is
assigned on F' and the right-censored system lifetimes are available. Let P have PBD
prior measure, Z(%4,h,a), where a = (a1, a2, ...,0n, @ni1) and o = a(B)),l =
1,2,....,m + 1. Then the posterior measure of P is given in Corollary 1, follows
directly from the Theorem 3.

Corollary 1. Let P have PBD prior (%, h,a) and ¥ = (V{, V{, ...,V _ . V1), Vi3,

—m>

1)
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.» V() is a random sample from P with V{i), V), ..., Vj;,) being the m right-
(P | 7), is also a PBD

censored observations. Then the posterior measure, P*

measure, Z(%4,h*, a*), where

m—+1 e , m m+41 m—+1 m m—+1
W (y) o< hy) T |wi= "B T l > yJ] S H | ]H [ > yj]
=1 =1 | j=l+1 =1 | j=I+1

and o = a + 315" oy
We obtain a nonparametric Bayes estimator of F', given a vector of random ob-

servables ¥, under the integrated squared-error loss function
L(F,F) = [[F(s) = F(s)ds, (48)

where F(s) is an estimator of F(s).

Suppose that we want to estimate F'(t) where t € By, (I = 1,2,...,m,m + 1).
Note that P(-) = 4! Pg.(-)P(B;) where P(%) and {Pg,} are independent. Under
the integrated squared-error loss function (4.8), the nonparametric Bayes estimator
of F(t) is the posterior mean which is

) -1

F(t) = E[PT((0,1])] = ]Z_:l E(Y;)+EM) [ (BN (0,t]) /e (By)] (4.9)
where the expectations of Y are under the pdf proportional to h*(y). Therefore, an
estimate of the system reliability function is ]:;(t) =1- ﬁ(t) Forj=1,2,....,m,m+
1, E(Y;) is given by

h*(y)d
E(Y;) = M (4.10)
J h(y)dy
To see E(Y;),j = 1,2,...,m,m + 1, and thus an estimator of F in closed form
we also define the following processes
N; =Y I(V;€ B =1) and A=Y I(V;y =V, (4.11)
i=1 =1

J=12,....mym+ 1, with \,,,.1 = 0.

Lemma 1. Let Y(¢),Y*(¢), and N;,A;,j = 1,2,...,m,m + 1, be the processes
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defined in (4.4) and (4.11), respectively. Then,

By, = Lul' &y _ Gilf + 11 =) M1=12,....m+1)
I [ h(y)dy Cilag, \,1=1,2,... . m,m+1)
_|a(B)) + N(B)) ﬁ a(Viy,00) + YT(Vi5) + A
L oa®)+n oV, 00) + Y (V)

)
i=1

where

Cilay +I(l=j),\,1=1,2,... . m+1)

(B) + Il =), o[V, 00) + Z Ar) ]

r=l+1

The nonparametric Bayes estimator of system reliability function F(t) = 1 — F(t) is
given as Theorem 4, which follows from the expression (4.9) using Lemma 1.
Theorem 4. Let P have PBD prior, 2(%4,h,«a),and ¥ = (V{,..., V! _ | Vi Vs
V(’:n)) be a vector of observables. Then for any t € B; C %4, the nonparametric Bayes
estimator of F'(t) is given by

-1

Fyps(t) = 3° B(Y)) + E(Y)a" (BN (0,1]) /o (By)

’

= S ;) + i) | O LD MR 0.0)

where E(Y)),l =1,2,...,m,m+1, is given in Lemma 1 and ¥ as defined in Corollary

1.
Equivalently,
Fyps(t) = n_il: E(Y;) + E(Y)) [Q(Bl & (ZE’;)[; j: xggi)m t, Oo))] : (4.12)

The PL-type estimator in (4.3) is a limiting case of the proposed nonparametric Bayes

estimator Fypp (t) when prior measure o — 0, as given in Theorem 5.

Theorem 5.

= Rt 0 =~
Fnpp(t) % Rprg(t).

7
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4.3.2 Pointwise Credible Intervals

To construct pointwise credible intervals for F (t), we take sample from the posterior
measure given in Corollary 1. The density function associated with the posterior

measure is given by

m+1

Al
m m+1 m l
* n—m 4/ :n. —1 Ot*—].
W (y) oc h(y) 1 [yzzi—l TVieB 1T [Z yi] oyt TT " (1 — Zyj) :
=1 =1 [i=l+1 =1 =1

(4.13)
where o = a + >377" dyy, which is also proportional to the so-called generalized
Dirichlet distribution (see Connor and Mosimann (1969)). To sample from the pos-

terior measure, consider a well known transformations
Xl :}/2+§/2+1+...+Ym+1,l: 1,2,...,m+1.

Define,
_ X

Wi X,

JA=1,2,...,m.

Simplification yields that
m—1 m
Yi - 1 - Wl,Yé - W1(1 - WQ),.. . ,Ym = (1 - Wm) H Wj, Ym+1 - H I/I/J (414)
j=1 j=1
Straight-forward derivations show that Wy, Wy, ..., W,, have independent beta dis-

tributions with
Wi ~ Beta(Ay, a), Wy ~ Beta(As, a3), ..., Wy, ~ Beta(A,, al,),

where A; = o[V, 00)+ 37 Aj = V{5, 00)+N([V5), 00))+270 A j = 1,2,...,m.
One may now take samples of Wy, Wy, ... W,,, and then obtain Y1,Y5,...,Y,,11 us-
ing (4.14). An approximate posterior mean and thus nonparametric Bayes estimate

and point-wise credible intervals of F(t) follows from the posterior samples.
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4.3.3 Joint Estimation of System and Components
Reliabilities

We now consider the joint estimation of component and system reliabilities when n
identical systems each with K components are under study. Denote the lifetime of
component j in the i-th system by {7};} and let (0, 7;] be the monitoring period for
the i-th system. Assume that {7};,i = 1,2...,n} are IID with distribution Fj, and
{T};} and {7;} are independent, T;; and T} are also independent for j # I. Recall

that the random observables for the j-th component are
{(le,él]),Z = 1,2,...,n},j = 1,2,...,[(.

We assign independent PBD priors on £}, 5 = 1,2,..., K and obtain nonparametric
Bayes estimators of F},j = 1,2,..., K, given the random observable {(Z;;,4;;),i =
1,2,...,n} for the j-th component. Without loss of generality assume that first
n —m; are the complete observations and last m; are the right-censored observations
for the j-th component. To distinguish the censored observations from the complete

observations, define Z{j = Z;; it 0;; = 1 and Z}; = Z;; if 6;5 = 0. Then the observables

for the j-th components are {7}, Zy;, . . ., Zjl_mjj, VAIVAS NN Z;jj}.
To specify a measurable partition of (0,00) for Fj, let 2o Liaygo -+ Limyyy Pe
the partition boundaries so that
f%j = (Blja sz ) ijj7 ij+1j) (4~15)
is a measurable partition of (0, c0), where
with Z,), = 0 and Z(, ,;); = oo. Define Fj(t) = P;((0,7]) and P;(By) = Yi;.

We assume that the random probability measure P; has a PBD prior measure,

D (B;, hj, aj), where

O[j = (Ozlj,Oégj, — .,Oémjj,Oéijrlj), Wlth Cklj = Oéj(Blj>,l = 1,2, Ce ,mj + 1, (416)
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mj—f—l 1 mj—i—l
h; = h(y;) —c]Hya”_, 0<y; <1, I=1,....mpm;+1, > y;=1
=1

(4.17)
with normalizing constant c¢;. Then the posterior measure given in Corollary 2 follows
from the Theorem 3.

Corollary 2. Let P; have PBD prior, Z(%;, hj,a;) and {Z1;, Zy;, ..., Zp . AT
oy Z(*mj)j} be a random observable from P; with {Za)j,Z&)j, . ,Zz‘m,)j} are

Z/

right-censored observations. Then, the posterior measure, P; = (P; | (21, Z;, - - -,

139

Lo Ziyj Ziayjo - -+ Zirmy);)), 18 & PBD measure, 2(%;, b}, o), where

gs gy O
mj+1 n m; ) mj | m;+1
h; = h*(y;) o< hi(y;) H yl 1(Z;;€Bi5) I > vy
=1 |I'=1+1
and
o = oy + Zl 6%.
O

Under the integrated squared-error loss function (4.8), a nonparametric Bayes

estimator of the j-th component distribution function is

E;(t) = BIP;((0,1])] = i Eyrj) + E(yy) |} (By 1 (0,1])/a(By)]

r=1

where the expectation of y; is under the pdf proportional to h*(y;) and for [ =
1,2,...,m;,m; + 1 is given by

Sy (y;)dy;
S (yj)dy;

Therefore an estimate of the j-th components reliability function is given by F () =

E(Yy) = (4.18)

1 - }A?J(t) Applying Lemma 1 and Theorem 4, we can then obtain a closed form
estimate of the reliability function for each component and denote those by Fj, j =
1,2,..., K. Therefore an estimate of the system reliability function can be expressed

in terms of the components reliability function using (4.1) is

1

A A A

F (1) = he(FL(t), Fa(t), ..., Fx(t)). (4.19)
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Denote the corresponding Doss et al. (1989) PL-type estimator of system reliability

function by

Ry(t) = hg(Rypre(t), Ropre(t),. .., Rk pre(t)), (4.20)

where ]éj,pLE(t),j =1,2,..., K, are the PL-type estimators of the components re-
liability function as defined in (4.3). The Doss et al. (1989) estimator (4.20) is a
limiting case of our proposed estimator (4.19) when the prior measure o; — 0 for
each j = 1,2,..., K, as given in Theorem 7. The proof of Theorem 7 follows from
Theorem 5.

Theorem 7.

4.4 MONTE CARLO STUDIES

4.4.1 Simulation Studies I: Prior Mean Function Coincide

with True F

Simulation studies were carried out to examine the biases and root-mean-squared er-
rors (RMSEs) of the proposed nonparametric Bayes estimator of the system reliability
function based on system lifetime data, denoted by F ~vpe(t) (labeled BayesSys), and
components lifetimes data, denoted by F »(t) (labeled BayesPhi), as well as corre-
sponding nonparametric (PL-type) estimators denoted by Rpr £(t) (labeled PLESys)
and R,(t) (labeled PLEPhi). We consider the three component series-parallel system
(Figure 4.1) with component lifetimes, T;; ~ Exp(¢,), j=1, 2, 3; § = (1,2,1.5), and
monitoring time 7; ~ Exp(1). Simulated biases and RMSEs are obtained at the 5th,
10th , ..., 95th percentile of the true data generating distribution based on 1000 repli-
cations for n=30, and compared with the corresponding nonparametric estimators.
To compute ]?d,(t) we assign independent prior measures a;(t,00) = f; exp(—6,t)

with 6 = 1,0, = 2,05 = 1.5 and 8; = 10, j=1, 2, 3, on the component distribution
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Figure 4.2: Simulated biases and RMSEs of the estimators F ~vpe(t) (labeled

BayesSys), Fy(t) (labeled BayesPhi), Rpp(t) (labeled PLESys), and Ry(t) (labeled
PLEPhi). Simulation parameters are n = 30, lifetimes (3-component series-parallel
system) from Exponential distribution with rate § = (1,2,1.5), and with 1,000 repli-
cations.

functions Fj, j = 1,2, 3, respectively. That is, each prior measure is 3; times an ex-
ponential survivor function with parameter ¢;, where 3; may be viewed as a precision
of the prior measure. Note that in this case the prior mean functions, a; coincide
with component true reliability functions Fj, j =1,2,3. To compute ;_7 vpa(t) we
also assign a similar prior measure with # = 1 and § = 1. In this case the prior
mean function does not coincide with the true distribution of system reliability. Even
for the simple case, when components distributions are all exponential, the system
lifetime distribution is no longer exponential distribution.

Figure 4.2 demonstrates that both F ~pa(t) and F »(t) possess larger biases but
smaller RMSEs than the nonparametric estimators Rprp and ﬁm respectively. By
examining Figure 4.2, it is evident that F » demonstrates smaller biases and RMSEs
than fA_W ~pp(t) and Rppp exhibits slightly larger bias and RMSE than }’%¢. Among all

the four estimators F'4(t) demonstrates smallest RMSEs. Therefore the Bayes estima-
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tor of system reliability function, F4 based on the component lifetimes data and thus
components reliability functions outperforms other estimators. However, in practice
it is unlikely that our prior measure will coincide with the true distribution function.

So we carried out other simulation studies when prior measures are misspecified.

4.4.2 Simulation Studies II: Prior Mean Functions do not

Coincide with True F

We also investigated the biases and RMSEs in the case of misspecified prior mea-
sures, that is, when a; differs from the component true lifetime generating distribu-
tions Fj, 7 = 1,2,3. In particular, for each component, IID lifetimes are generated
from the Weibull distribution with scale parameter ¢; and shape parameter v; with
0= (1,1,1),7 = (2,1.5,1.2) and random monitoring 7; ~ Exp(1). However, we as-
sign prior measure o (t, 00) = f; exp[—0,t] instead of a;(t, 00) = f5exp[—(0;t)] with
6= (1,1,1), and 5 = (1,1,1) such that &; is proportional to an exponential survivor
function and thus the prior mean function differs from the true data generating distri-
bution for each component. We also choose 5 =(10,10,10) and (20,20,20) to examine
the effects of precision parameter 5 when priors are misspecified.

From Figure 4.3, it is obvious that for a smaller value of the precision parameter,
namely § = (1,1,1), F »(t) has smaller RMSE than R4(t) even in the case of mis-
specified prior measures. As the precision of the prior measure [ increases, ]§ o(t)
demonstrates higher biases but smaller RMSE’s than }§¢(t) except for smaller values
of t. Figure 4.3 therefore indicates that nonparametric Bayes estimator F s(t) is
robust in the sense that it does not suffer significantly due to a misspecification of
the prior measures. When prior measures are misspecified, a larger magnitude of the
precision parameter [ produces larger biases and RMSE’s for the Bayes estimators
lg_’ » and lg_’ ~pg. The effect of misspecification can be restrained by choosing smaller

values.of the precision. parameters.
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Figure 4.3:

BayesSys),

PLEPhi).

(Weibull(6,
w), with 6 = (1,1,1) and 8 =

Bexp(—

Simulation parameters are n

Simulated biases and RMSEs of the estimators F ~pi(t) (labeled

F4(t) (labeled BayesPhi), Rppp(t) (labeled PLESys), and Ry4(t) (labeled
30, 0

7)) with 1000 replications.

Mis-specified prior measures
(1, 1, 1), (10, 10, 10), (20,20,20).

84

(1,1,1) and ~

(2,1.5,1.2)
a(u,00) =

www.manharaa.com



Time

Time

2 | «== PlePhivs. BayesPhi & | == PlePhi vs. BayesPhi
= = NPBSys vs. BayesPhi = e BayesSys vs. BayesPhi
L
L4

o o

N '/ N
> 4 >
3 3
5 7 5
kel 4 k]
T .~ TR
2 . 2
8 =~ 8
[ [
4 - o« -

- = ~ -
- PR —— —3

o he S

=i 4

w | |

o o

T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

Relative Efficiency

25

2.0

15

1.0

0.5

—| === PlePhivs. BayesPhi
= = BayesSys vs. BayesPhi

0.8 1.0 12 1.4

Time

Relative Efficiency

1.0

0.5

-
~ .
/- e
T T T T T
0.0 0.2 0.4 0.6 0.8

Time

T T T
1.0 12 1.4

Figure 4.4: Asymptotic relative efficiency: true prior mean (top left), misspecified
prior mean with 8 =1 (top right), 5 =10 (bottom left), and 8 = 20 (bottom right).

tion are obtained. Relative efficiency of Fiypp(t) and F,(t) is defined by

Relative efficiencies of different types of estimators of the system reliability func-

VaT'(FNPB (t))
Var(Fy(t))

Var(Fy(1) . However, Fig-

Similarly relative efficiency of Ry(t) and Fj(t) is defined by Var(Ra(0)

ure 4.4 is based on RMSEs since Bayes estimators are biased. From Figure 4.4 (top
left and right), it is evident that Bayes estimator Fj(¢) is more efficient than the
nonparametric estimator R4(t) both in the case of correctly specified prior measures

and misspecified prior measures with smaller values of precision parameters.
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4.5 ILLUSTRATIVE EXAMPLE

We illustrate the proposed estimators with a randomly generated data set and com-
pare it with nonparametric (PL-type) estimators. Again, we consider the three com-
ponent series-parallel system (Figure 4.1) for data generation purposes. Assume
that T;; ~ Weibull(¢;, v;), 0§ = (1,1,1),7v = (2,1.5,1.2), and monitoring times,
7, ~ Exp(1). Assign prior measure «;(t,00) = f;exp[—(0;t)?] with § = (1,1,1),
v=(1,1,1) and g = (1,1,1) (right figure), that is, prior measures are misspecified.
With = (1,1,1), v = (2,1.5,1.2) and 5 = (10,10,10) (left figure) prior measures are
correctly specified. Figure 4.5 demonstrates that nonparametric Bayes estimators of
system reliability function, in particular, Fj;(¢), perform better than other estimators
and is closer to the true reliability function than the other estimators. The right
panel of Figure 4.5 indicates that Bayes estimators are robust in the sense that the

effect of misspecification is not severe with smaller values of parameters 3; .

4.6 (CONCLUDING REMARKS

The nonparametric Bayes estimator F +(t) developed here served as a Bayesian counter
part of the Doss et al. (1989) estimator R4(t). The Doss et al. (1989) estimator is a
limiting case of our proposed estimator 1%’ »(t). Bayes estimators of system reliability
function are smoother in some sense than the corresponding nonparametric estima-
tors. Simulation studies demonstrate that F »(t) yields smaller RMSEs than Ry(t).
Simulation studies further demonstrate that (Figure 4.2 and Figure 4.3) F s(t) and
Ry(t) perform better than Fiypp(t) and Rppp(t), respectively, in terms of RMSEs.
Nonparametric Bayes estimators are robust in the sense that the effect of misspecifi-
cation of prior measures is not severe with smaller values of precision parameters.
The PBD prior is an elegant nonparametric prior which provides succinct poste-

rior calculation. Given the observations (left-truncated, interval-censored, and right-
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Figure 4.5: Reliability function of Fypp(t) (labeled NPBSys), Fy4(t) (labeled
NPBPhi), Rppg(t) (labeled PLESys), and Ry(t) (labeled PLEPhi) and the true dis-
tribution (labeled True). Priors are a(u,00) = fexp{—(u/0)"} with § = (1, 1, 1),
= (2, 1.5, 1.2), 5 = (10,10,10) (left side graph), 8 = (1,1,1),y = (1,1,1),5 = (1,1,1)
(right side graph)

censored ), the posterior measure is also a PBD measure when we assign a PBD prior.
We derived closed form estimators as well as developed a procedure to sample from the
posterior measure. Moreover, a PBD prior can conveniently handle left-truncated,
interval-censored, and right-censored data. However, we did not consider here the

case when data are left truncated as well as right-censored.
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APPENDIX A

CHAPTER 2 PROOFS AND COPYRIGHT PERMISSION

A.1 PROOFS

Proof of Lemma 1: For any C € o(%),

_ Je Qviz(Y € By | 2)Qz(dz)
[ Qyiz(Y € By | 2)Qz(dz)

QZ|y(Z eC | Y € Bg)

Bz, [MZ)| Y € By = Jh(2)Qyz(Y € Ba | 2)Qz(dz) (A.2)

[ Qy1z(Y € By | 2)Qz(dz)

Qzixy) [C | (X,Y) € (By X By)]
 Quxy(ZeC,X € B,Y € By)

n Q(ny)(X € B,Y € Bg)

. fC Q(X,y)|Z(X € Bl,Y € By | Z)Qz(dz)

[ Quxyyz(X € B1,Y € By | Z)Qz(d2)

_ Jo I, @xiz(dx | 2)Qyiz,x)(Y € By | 2,3)Qz(d?)
[ 5, Qxz(dz | 2)Qyyzx)(Y € Ba | 2,2)Qz(dz)
_Je@vizx)Y € By | 2,2)Qx1z(X € B | 2)Qz(dz)
B fQY|(Z,X)(Y € B, | Z7$)QX|Z(X € By | 2)Qz(dz)

Qxiz(XeB1[)Qz (d2)
Jo @vizo (Y € Bz | 2,2) |7 Q))(clzz(XGBlllw)QZz(de

- Qx|z(XEB1|2)Qz(d2)
[Qvizo(Y € By | 20) [ foJ.ZZ(Xeﬁnw)c;Z(dw)]

_ Jo Qvizx)(Y € By | 2,2)Qzx(dz | X € By)
JQvizx)(Y € By | 2,%)Qzx(dz | X € By)

Therefore, QZ|(X,Y) [C | (X, Y) € (Bl X Bg)]

_ JeQvizx)(Y € By | 2,2)Qzx(dz | X € By)
JQvizx)(Y € By | 2,2)Qzx(dz | X € By)

(A.3)
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S Ezequ0) [M(Z) | (X,Y) € (B x By)]
(X7Y)|ZNQ(X,Y)|Z('»'|Z)

_ JhE)@vizx)(Y € By | 2,7)Qzx(dz | X € By) (AA)
JQvizx)(Y € By | 2,2)Qzx(dz | X € By) '

Comparing (A.3) with (A.1) one can write
QZ|(X,Y) [C | X e Bl,Y € BQ] = Q*Z|Y ( | Bg) where Q*Z =7~ QZ|X ( ‘ Bl)
Comparing (A.2) and (A.4) we conclude that

Ezqz() [(Z) | (X,Y) € (B1 x By)]
(X7Y)|ZNQ(X,Y)|Z('7'|Z)
- EZ"’QZ\X('|Bl) [h(Z) | Y € By,

Y|(Z,X)~Qy|(z,x)(-12:B1)

This completes the proof. [J

Proof of Proposition 1: It suffices to prove the Proposition for n = 1 and Ky = kq,
since the Proposition would then follow upon repeated application of the case with
n = 1. Note that {m, Ky = ki, Th1 = ti1, T2 = t1o,..., Tk, = ti,} = {T11 =
ti, - Ty = tig, Sty < 710 < S = {Tu =ty Ty = tigy, Sy <

71, Tk, 41 € [11 — S1k,, 0) }. Once we observed that K7 = k; on [0, 71], then Sy, <7

holds. It is also sufficient to prove the Proposition for k& = 1. For t1; < 7,
Epcg@[h(P) | (11, k1 =1,T11 = t11)]
=Ep.g()[M(P) | (T11 = t11,Tha > 1 — t11)]
= Ep~g(ars, )M P) | Tia > 71 —ti] [using Corollary 2]
It follows that, for ¢t =7 — S, >0,
Ep o) [MP) | (11, K1 = ki, Ty = t, ..., Thiy = tig,)]

=E [W(P) | Tk, 41 € [t7,00)].

Prg(atY 0 81y))
By repeated application of the above result, it then follows that
EPN@(a)[h(P) | (Ti7 K’L = ki;ﬂl = t’il; 7—%2 = ti27 s 77—’72ki = tlkmz = 17 27 s 7n)]

= Ep~g(@[h(P) | (T41 € [t,00),1= 1,2, ,n){ (s, <73).
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This completes the proof of the Proposition. [J

Proof of Proposition 2: The proof of this result is motivated by the Lemma 2 of
Susarla and Van Ryzin (1976). Consider the partition [0,77), [T, T5), ..., [T, o)
on R;. Define V; = P[T; |, T;) for j = 1,2,...,m,m + 1, then (Vi,V;,...,V},) ~
DB, -+, Bmy1) where 8; = o*[T7 |, T7) for j =1, 2, ..., m+1 and z;ﬂ;llxg = 1.
Clearly P[T},00) =1—Vi, P[T5,00) =1—-V; = Va,..., P[T},00) =1-%7, V.

m

cE

j=1

I

1—ZVJ
Jj=1 =

1- Z;ﬂ 1 Y m m m . m
B // / Z _1_[1[va 1](1 - Z Uj)’Bm“_ldmdvg ... dvu,
j=1 j=

=cE

where m-tuple integration is carried over the simplex {(v1,v2,...,0,): 0 < v; <
1,¥M", v; < 1}, Integrating first w.r.to v, then vy, _y,...,v;, respectively, and at
each stage using the result [;'¢7"(a — ¢)" 'dw = a?™" 1 B(v,n), for 0 < a < 1 and

v,m > 0, we obtain

B[P

Jj=
-3 g m
:// = pm =t Bm =1 ZU] YmertAn =Ly, L dvydo,
0 =
= BB, Bnt1 + Am)-
1— ;:1:—12vj ﬂ 1 ﬁ _1 m—1 A
/ R / ’Ull U (1 — ’Uj)ﬁm+1+ﬁm+ m_ldvm_l ... dvedvy
0 s
m m+1
H Bj, D (Br+ A1)
j=1 r=j+1

Proof of Proposition 3: The proof of this result is analogous to Lemma 1 of Susarla
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and Van Ryzin (1976).

P{F(u) > w|Tix, 41 € [T}, 00),i =1,2,...,n}
P{F(u) > w,Tig, 11 € [Tf,00),i=1,2,...,n}
B P{Tix, 11 € [T7,00),i =1,2,....n}
EIP{F() > 0, T € [17,00) lipgupng PIT,00) i = 1, )]
E[(Z{Tik,+1 € [T},0)|P[T}, 00),i=1,2,...,n}]

 Elljpysuw [T PIT7, 00)]

- E[[l%, P[T}, 00)]

_ Ellipaw<i—w [T, P17, 00)]
BT, P17, o))

[using definition 2]

Proof of Proposition 4: The proof of this Proposition is analogous to Corollary 1
of Susarla and Van Ryzin (1976). We assume that 1y, 7 = 1,2,...,m+ 1, are the

distinct ordered censoring event time of 77,7 = 1,2,...,n. For any random variable

F € [0,1], we have
E{(F(u)),/'Tle+1 €I}, 00),i=12,...,n}

1 _
= / P{F(u) > w|Tig,+1 € [I7,00),i=1,2,...,n}dw” (using Fubini’s theorem)
0

o B Tipay<iw) Ty PITY, 00) | dw”
- E [T, P[T7, 00)]

E | fy Iir<i-wdw” T, PIT;, 00)]
E [T, PIT7, 00)]

E :fol—F(u) dw” ;;:1 P[T;‘, OO)]

E [T, P[T7, 00)]

_ E[(Plu,00))" TIi, P[T7, 00)]

N E ([T, P[T7, 00)] '

Therefore,
3 . E |(Plu, )" I, (P[Tf, 00))N
E{(F(u))'/l’]’le_’_l € [T;*,OO),Z: 1;2;..-,71} = [ - J - (]))\‘ ],
B[ (P75, 00))
(A.5)
where m is the number of distinct censoring events and \;,j7 = 1,2,...,m, are the

number of events censored at times 17} Using Proposition 2, we have

m+1 m m m+1

[I TBHE | TI(PIT}, 00))™ | =T(a*(R)) [T BB, D (Br + M)

j=1 r=j+1
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Replacing 03; by o*[T(;_;),1(;)) for j = 1,2,...,m + 1, in the above we get

m+1 m
H (o™ [T, TG) B U T(y,00))
j=1 r=j

Again applying Proposition 2 with the partition points 0 = Ty < Ty, - <Tp <
u < T(l+1)7 e, < T(’;n) < T(jnH) = oo on R and associated exponents Ay, ..., A\, v, Aj41,

., Am, respectively, we get

m+1 m
H L [Ty, T (@ [Ty, w))T (o [u, T ) ) E | ( )" TI( PTG, 00 j]
];él—i—l =
l m
o (Ry)) H{ T(io1), 1), *[T&);OO)*'V‘FZN)}
j=1 =)
{B [T(J 1) J)) [TJ)’ 00) + ZAT)}
j=l+2 r=j
{B o [T, u), [u, 00) +v + Z)\ }
r=I+1
{B(O!*[u,T(7+1)),a*[T();+1),OO)+ Z )‘7")} (A7)
r=Il+1
Using the results from (A.6), (A.7) and B(a,b) = (2 +$) and canceling common

terms, we obtain from right hand side of (A.5)

E [(Plu, 00))" TTJ, (P[T(;), 00)) |
E [} (P[5, 0)) |
[(a*[u,00) + v+ l+1 A Dlar[TG),00) + 350 4 Ar) }
)

I'(a* [“ 00) + 3L A) T[T, 00) + v+ 00 A

ILI [T, )+u+2;’17':j>\7«)‘ L(a*[T(5), 00) + 7L Ar)
o | Dler[I7),00) + 3500 M) T[Ty, 00) + v+ 300 )

Using the result T'(a + v) = T'(a) [I%Zi(a + s) for a > 0 in the above equation and
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L.H.S. of (A.5
1:[ (u, 00 —l—s—i—ZJ LA IL[ [Ty, 00) + 8+ 370 A
. @*[T(z )+ s+ A o | @[Ty, 00) + s+ 0L A
_ a(u,00) + s+ Y*(u l O‘[T(y 00) + s + Y(I(5)
i M]g{ |

a[Tf),00) + s+ Y(17;) afTf;_q),00) + 5+ Y (T(;_y))
with o* = a+ >, ZJ 1 07;, and the definition of Y'*,Y", and N. Rearranging the

terms of the denominators in the R.H.S. gives the result that

E[(F(w)” | Tig1 € [T},00),i=1,2,...,n]
_H l a(u,00) + s+ Y (u ] 15 00) + 5 + Y (175)) ,
a¥y) +s+ N aTm, 00) + s+ Y(T;) — N

Proof of Theorem 2: The posterior variance of F is

Il

J=1

UIQVPB(U) = E[(F(U’))2 | T'Z'j = tij;T%Ki—{—l € [T’l*,OO),Z = 17' .- ;naj = 17' - 7K1]_

_ 2
[E[F(u) | Ty = tij, Ticn € [T7,00),i = 1, omij =1, K)]| .

Plugging v = 2 and v = 1 in Proposition 4, we obtain the expressions for the poste-
rior second moment and first moment of F(u), respectively. Therefore the posterior

variance of F'(u) is

_z a(u,00) +Y*(u) +1 oI5, 00) + Y(I{5)) +1 =2
= Fwrslu) (9’1‘,+)+N+1 11 {aTg;), 00) + Y (T7) + 1A, }] = Fwpslv)

3 a(u 00) +YH(u) +1 ! Of[TJ)v 00) + Y (1(;)) + 1 =

Jj=1

J=1

This completes the proof. [J
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Proof of Theorem 3: It follows from Proposition 1 that
P | (,IZ,,J :tij,i = 1,2,,7’1,,] = 1,2,...,]%) ~ @(a*)

where o = a+31" ZJ 1 0r,;- Without loss of generality assume that 1y, € [tf;,, 00).
Then,

P{P(#") € B | T, € [tyy,00)} ox Z{P(#") € B, Tw, € [t{1),0)}
=E[2 (P(#") € B, Tuy, € [t)),) | P)]
= E[2{Tu, € [t}),00) | PYH(P(#") € B)]

= E|[P([t}y), 0))(P(#") € B)]

oc/ [mﬂ (1- yl)] dy,

since 3711y, = 1. Repeating the above procedure for all right-censored observations

we obtain

;@{P(%*) €B|ﬂj :tijynki+1 € [t:,OO),Z: 1,2,...,7’L}

l
oc/ g™ [yf‘l_l (1 - Zyj)] d
j=1

This completes the proof. [J

Proof of Theorem 4: When a(R,) — 0, then the nonparametric Bayes estimator

a(u,00) + Y (u

~ - ¢ ) X 00) + Y(T(*'))
Fypp(u) = { a(R)+ N H {a(T(]), o0) + Y (1¢;) — )‘j}}

V¥ (u) | 7%5)
¥ E[{—T )< Aj} . (A)

(4)
§;=0

Let i(u) be the largest integer such that T}, < u. Then

5,=1 5,20

J<i(u)
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Now, using the above results in the right-hand side of (A.8) and replacing 77;) by 7(;
for 6; = 0, we get

Y*(u) | Y(T5) }
N ngO{Y(T(’;.)) )

3<i(u) J
5;=1

Y(/(jj’;(lji) Aj} B {Y+<T;>}.

! Y (TY) } {YJ“(Tf)} =
j j
= = Fpre(u).
vyt L (v
6;=0 0;=1
This completes the proof of the Theorem. [
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APPENDIX B

CHAPTER 4 PROOFS

B.1 PROOFS

Proof of Lemma 1:

Jyih*(y)dy  Cilaf +I(l=j), N, l=1,2,...,m,m+1)
fh*(Y)dy B Cj(aZ‘,)\l,lz1,2,...,m,m—|—1) 7

where Cj(af +I(l=j), N, 1 =1,2,...,m,m+1)

B(Y;) =

r=[4+1

m+1 m m+1 Al

Z/%H{ ]H[Z y] dydys . . . dyy,

m :n+1_1 m l Al
_/y]H yl (1_Zyr> H [1—2%1 dyldygdym

r=1
fi1o1 . _gmol ! Al
—/ /yal_l ;2—1”‘%]- ...yf:l__ll H [I—ZyT] dyrdys . . . dy,—1
1-Sm-t m oy m
/O e Yot [1 - Zyr] Ay
r=1

m
[integrate first w.r.t. y, over the simplex {(y1,ya,...,ym): 0 <y; <1,> y; <1}
j=1
l

m 2
= Blan, anpr + Am / /H i ll—Zyr] dyrdys - . . Ay
R hrthnct
/O 1 Ym" -1 ll - Z yT]

Then integrating w.r.to y,,_1,...,y1, respectively, and at each stage using the result

dymf 1

Jo 7 (a—t)T dt = a7 B(v,n), for 0 < a < landv,n > 0, and B(y,n) = %,

we obtain

Cilaf+I(l=74), N, 1=1,2,....m,m+1) =[]

B (af +1(l =j), ”il [y + Ar—l])]

r=l+1
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Cilaf+I(l=7),\,l=1,2,... . mm+1)
Cilaf,\,l=1,2,...,mym+1)

0 (B (of + 100 =5), S [of + A

I [B (e, X o + A

_ la(Bj) + N(Bj)] f {a(V&‘yOO) +Y (V) + )\l}

a1 | | e o v

B(Y;) =

Proof of Theorem 5: We can recover the PL-type estimator from our nonparametric
Bayes (NPB) estimator }A?NPB. To this end, let V;**,i = 1,2, ..., n, denote the ordered
(increasing magnitude) observed values of V;,7 = 1,2,...,n, so that 0 < Vj* < Vj* <
s, <V Let Ni(w) = S0, I(V* < w,e, = 1), where ¢, = 1 if V** is an

uncensored (complete) observation, and 0 otherwise. Then the PL-type estimator

~ ANT(w) } {Y+ (w) }
Rpre(t) = {1 - = ) B.1
PLE Et Y(U)) Et Y(U)) ( )
where Yt (w) and Y (w) are as defined (4.4)
When
= N0, )N B) T ) YVE) + A
a—0,F " —
e
€;=0
Therefore when o« — 0 jump size at time ¢ is
ANTH] |5 [YVE) + A
F(t) — F(t—) = [ ] AL B.2
| o B U o
e;=0

Let i(t) be the largest integer such that Vi) <¢. Then

AN(t) 1 {Y*(VG;‘)} lANT(t)l

T ARG NS
B R} il s
) jga{Y(VG?)} jgﬂ{Y(V(’;;)} Ve |
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Now (B.2) implies that

yrvi) YHVE) | L [ANT@®) Y (VE)
) {Y(Vf‘*>} I {Y(VGS‘)} lw(t)]jgt){y*(v&a‘)}

J<i(t) J<i(t)
€=l €;=0 e;=0
) YHV) [ANT(t)] _ANT()
iy L YOVE) LY@ 1Y)

;=1

This implies that the jump is only at the complete observations and the jump size

AN(1)
Y (@)

is which is exactly same as the PL-type estimator. Therefore as a(Ry) — 0,
PL-type estimator is a limiting case of the proposed nonparametric Bayes estimator.

This completes the proof of the Theorem. [
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