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Multivariate modeling and analysis based on the multivariate normal distribution is
well established and widely used. However, when the marginal distributions have only
a positive support, such as time-to-event models, that are positively skewed, often the
multivariate normal theory and resulting approximations fail. Accordingly, over the last fifty
years, thousands of papers have been published suggesting many ways of generating families
of positive support multivariate distributions, such as gamma, Weibull and exponential.
As evidenced by recent literature, this quest is still rigorously pursued even today. In
this dissertation, we provide a large and flexible class of multivariate gamma distributions
that contains both absolutely continuous and discontinuous distributions on the positive
hypercube support. All of these models are applicable to the area of reliability and survival

modeling.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Multivariate survival or reliability analysis refers to the multivariate modeling of the
different times to multiple events that are recorded on the same experimental unit. In such
cases, when more than one time-to-event is observed for each individual under study, it is
reasonable to assume that the event times are dependent. However, it is common practice
to assume “working independence” (see Lawless (2003) [56] for example) where each event
is analyzed separately, while ignoring this dependence (effectively treating them as inde-
pendent events). This seemingly pragmatic approach can lead to confusing interpretations
and incorrect results. Carpenter et al. (2006) [12] showed that ignoring dependence be-
tween variables comes at a great cost in terms of bias, mean square error (MSE), and other
objective criteria in the bivariate exponential case.

This idea is quite intuitive, because ignoring dependence requires maximizing the wrong
or misspecified likelihood function. That is, the maximum likelihood estimators (MLE’s) of
the parameters based on the marginal likelihoods are not necessarily the same as the MLE’s
derived from the joint likelihood.

Another problem with ignoring dependence is that such an analysis would require one to
adjust for the multiple testing problem. In clinical trials, the Food and Drug Administration,
for example, routinely requires conservative adjustments for multiple endpoints such as a
primary endpoint of time-to-death due to a brain tumor, and a secondary endpoint of

time-to-recurrence of the tumor after surgery.



Because the marginal distributions are of positive support and often very positively
skewed, treating the observations as multivariate normal can lead to incorrect results and/or
convergence issues. For example, the multivariate mixture model is used in many appli-
cations for unsupervised classification. Hougaard (2001) [37] advises cautions using the
multivariate normal when the underlying distribution does not apply to it.

Also, these methods can be computationally intensive (see Borovkov and Utev (1984)
[7], Chen (1982) [14], Mclachlan and Peel (2000) [67], Johnson and Wichern (1998) [48] )
even if the underlying latent populations are multivariate normal. In fact, Mclachlan and
Peel (2000) [67] provide a whole chapter on mixture models for failure time data.

Therefore, over the last fifty years there has been great interest in deriving and char-
acterizing multivariate distributions with positive support and skewed marginals. A few of
the many widely known references are from Arnold (1967) [2], Barlow and Proschan (1965)
[5], Fang (1990) [24], Furman (2005) [28], Gosh and Gelfand (1998) [30], Hanagal (1996)
[32], Hougaard (2000) [36], Hougaard (2001) [37], Joe (1997) [44], Kotz et al. (2000) [53],
Lee (1979) [57], Lu and Bhattacharyya (1990) [59], Marshall and Olkin (1967) [61], Mathai
and Moschopoulos (1991) [63], Mathai and Moschopoulos (1992) [64], Moran (1969) [69],
Sivazlian (1981) [76], and Walker and Stephens (1999) [79].

In this dissertation, we provide a large and flexible class of multivariate gamma dis-
tributions that contains both absolutely continuous and discontinuous distributions on the
positive hypercube support. All of these models are applicable to the area of reliability and
survival modeling. Also, since this theoretical research resulted from a real world application

we provide methods for parameter estimation for a variety of applications.



1.2 Research Question

Our focus is on generating multivariate survival and reliability models with specified
marginal distributions of the same family, i.e., exponential, Weibull and gamma. One
common use of these models, in survival analysis, is to examine the survival times of patients
in medical or biological settings, based on factors such as treatment, age, education, to
predict the time to death, or time to certain events. In the industrial engineering setting,
the study of time to failure of devices, machines or components in a system, are referred
to as reliability analysis. Although the applications are very different, these models can be
used in both contexts of survival and reliability analysis.

Our approach to creating a dependence structure between multiple events, is to in-
directly associate the random variables (r.v.’s) linearly with latent, unobservable r.v.’s.
Specially, let p be some fixed integer, and Xo, X1, ..., X}, be r.v.’s with specified distribu-
tions of the same family, say f(z|f), that are linked through the mutually independent r.v.’s

Z1, Z, ..., Zy in the following way:

X =a; X0+ Z; (11)
where a;’s are some nonnegative constants, and Z; independent of Xy for i = 1,2,---,p.
Note that Xq, Z1, 25, -, Z, are considered latent, unobservable r.v.’s , that generate the
observable multivariate vector X = (X1, X, -+, X,)".

Much of the research in this dissertation is on the derivation and characterization of the

classes of distributions of Zi, Zs,---, Zp, that produce the specified marginal distributions



of X1, Xs,---, X, respectively. We derive and study estimators of the parameters under
the resulting dependence structure.

Interestingly, if we treat the latent variables, Xo, Z1,- -, Z,, as missing observations,
then methods based on conditional expectation and/or expectation-maximization (EM)
algorithms have great potential in estimating the parameters associated with the latent
population. We develop such approaches as well as a missing value substitution techniques
in improving our estimates of the parameters of the marginal distributions and parameters
associated with the latent terms.

Since in this dissertation we focus on a new multivariate gamma distribution, in the
sections that follow, we review the univariate gamma and other multivariate gammas in

their various forms found in the literature and in practice.

1.3 The Univariate Gamma Distribution

Positively skewed distributions on a positive support occur quite often in practical
applications such as in reliability and survival analysis. Lawless (2003) [56] gives some
examples of the most common models, and their applications. The gamma family of dis-
tributions is right tailed, and seems a natural choice for positive valued distributions with
heavy tails. It is widely used in reliability and survival. For example, the gamma dis-
tribution is used in statistical studies of times between earthquakes. So estimation of its
parameters is very important.

The gamma distribution belongs to the class of exponential distributions on the real

line with respect to Lebesgue measure. See McCullagh and Nelder (1989) [66] for example.



This family plays an important role in many areas of probability and statistics through the
normal, exponential, gamma, Poisson, binomial distributions, and many other ones.

The exponential family distribution is a large class that allow us to handle a wide
category of distributions, and many of the properties are similar to the normal distribution.
Lehmann(1986) [58] gives some results for that class of distributions.

McCullagh and Nelder (1989) [66] give some examples of models where the gamma
distribution is used in the regression structure under generalized linear model (GLM). GLM
allows a unified theory for many models in practical statistics, including models for gamma
responses and survival data.

We consider the univariate three parameter gamma distribution X, denoted here as

Ga(u, A\, a). If p =0, we denote the two parameter gamma distribution X as Ga(\, «).

Definition 1.1 The three parameter gamma distribution, see Cohen and Whitten (1986)
[16] and Billingsley (1986) [6] for examples, is defined by the density function
IxCips A a) it € (u,00) = fx(t;pu, A\, @) € RT of the three parameters p € R, A > 0 and

a>0 given as

«

m(t - N)ailei)\(tiu)[[,u,oo) (t) (1'2)

fX(t; :U’aAaa) =

where
pER, A>0, and a > 0 are the location, scale and shape parameters, respectively.

oo
INa) = / 2 Ye™%dx is called the gamma function.
0

The three parameter gamma distribution is also known as Type III of distributions

in the Pearson’s system of distributions. Rather than considering the distribution at the



origin, it is sometimes more appropriate to shift it on the real axis, allowing the domain to
be [u, 00), as it is done in (1.2). The scale parameter A is also called the rate or inverse scale
under inverse parametrization. The smaller the value of A, the wider the spread, and vice
versa. Whereas for the normal distribution, the scale parameter is the standard deviation.

When 0 < a < 1, the distribution has a vertical asymptote. When « > 1, the distribution
a—1
DY
and pdf, respectively.

has a mode at + 1 and heavy tails. See Figure 1.1 and Figure 1.2 below for the cdf
o 1
The gamma function I'(a) = / 2 te ™ dr  with F<2> = /7 is the normalizing
0
constant of the distribution, and satisfies the relation oI'(a) = I'(aw + 1). The incom-
1

t
plete gamma is defined as I(a,t) = 1_‘()/ 2 te™®dz, as in Lawless (2003) [56], and
@) Jo

o0

INa,t) = m / 2% te™®dx s called the complementary incomplete gamma function.
@) J

Several special cases of the gamma , such as the Erlang or the exponential, exist, and

are widely used. The gamma distribution of (1.2) with location at the origin and scale 1 is

known as the standard exponential distribution. Most statistical packages, such as SAS®

and S-Plus generate standard exponential distributions. Its pdf is:
f@) = Xe ™, where A >0, and t > 0. (1.3)

The displaced exponential is the exponential shifted by some value p, denoted exp(u, \)

and defined as

fit) = )\e_’\(t_“), where A > 0, and ¢t > p. (1.4)
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Figure 1.1: Graph of gamma pdf

The Erlang distribution is also a particular case of the gamma distribution where the

shape parameter « in (1.2), is a positive integer value, denoted here as n. Its pdf is:

n

f) = () (t —p)"te M e R where A > 0, and n € N. (1.5)

The Erlang distribution is often used to model the waiting times in queuing systems,
particularly in the case of telephone traffic engineering. The Erlang distribution is the
probability distribution of the waiting time until the n*" arrival in a one-dimensional Poisson

process with intensity A\. The case n = 1 reduces to the exponential distribution. The



Gamma cdf with lambda=1/2,
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Figure 1.2: Graph of gamma cdf

exponential distribution is the difference between successive occurrences of events given by
a Poisson process.

Another interpretation due to Barlow and Proschan (1965) [5], explains the Erlang
distribution as the waiting time until failure by a random shock in a device. The device
fails when there are exactly a shocks that occur randomly over time, o € N, at a Poisson

rate with parameter A. That is the convolution of o exponential distributions.

10



1.3.1 Properties

The class of gamma distributions which includes the exponential, the Erlang and the
Chi-Square distributions, is widely used in applied and theoretical statistics. Unlike the
normal distribution, the gamma distribution is asymmetric, and cannot be distinguished
by its mean and variance alone, known as first and second moments, respectively. In
addition to the mean and variance, this distribution is characterized by its third and fourth
order moments known as skewness and kurtosis, and by higher moments. See Grove and
Coddington (2005) [31] for example.

The expected value of the gamma distribution in (1.2) and its variance are

EX = % +p and Var(X) = %, (1.6)

respectively.
The probability that an event of interest has not occurred by time x, the survival or

reliability function, is given by

Sx(x) =1- Fx(x) :1—I<0¢;)\(:r—,u)>, (1.7)

1 t
where I(a,t) = F()/ e %z,
@) Jo

The instantaneous rate of occurrence of an event, also called hazard function, or failure

rate function, is obtained from (1.7) and is defined as:

11



and the cumulative hazard rate is

H(z) = / " hw)du = —log S(z). (1.9)

The hazard function (1.8), for the gamma density in (1.2), is increasing when a > 1
from 0 to A, decreasing when a < 1 from oo to A, and constant when o = 1 (exponential
case).

Many authors have recognized the importance of modeling and studying the hazard
function (1.8) or the cumulative hazard rate (1.9). For example, Cox (1972) [20] used the
hazard function to get estimators of the effects of different covariates on the times to failures
of a system, by his famously proposed Cox proportional hazard model.

Balakrishnan and Wang (2000) [4] showed that the estimation problem for the three
parameter gamma has always been a challenging and interesting one, in particular when the
shape parameter « is small (less than 2.5). As the shape v — oo, the gamma distribution
in (1.2) approaches normality.

Another property related with the gamma pdf is that it is closed under scalar product.

More precisely, if X ~ Ga(u, A\, ), then

Y =X ~ Galon, 3,0) (1.10)
for all ¢ > 0,
1 2 e)e
e frlv) = fx(%) T (F{C)) (y — cp)Le e lmem)

12



The Laplace transform of (1.2) is given by

Lx(t) = e—“t<Ait>a. (1.11)

Some advantages of the gamma distribution are in the simple forms of its density (1.2)
and its Laplace transform (1.11) further discussed in Example 2.2.

Another important property is that in the Erlang type distribution, G(u, A, m) can be
thought of as the sum of m independent distributions that are each displaced exponential

m
as in (1.4) with parameters p; and A such that Z i = [
i=1

More precisely, if ~ X; ~ exp(u;, A) i¢=1,2,---,m, then X = zm:Xi ~ G(Em: iy A, ).
Dudewicz and Mishra (1988) [23], and Billingsley (1986) [6] shovv:;i1 that a 81;11 of inde-
pendent gamma r.v.’s with same location and scale parameters p and A, is again a gamma
r.v. with the added shape parameters. The class of distributions {Ga(u, A,m); m € N}
is then additive as its sum operation is well defined. This is analogous to the informally

defined multiplicative distribution for distributions that have a well defined multiplicative

operation.

1.3.2 Estimation of Parameters

Since the gamma distribution has many applications and is widely used, obtaining
reliable estimates of its parameters is a key issue, especially since the gamma can model
a variety of hazard functions. There are several methods of estimation such as graphical
methods, methods of moments, the least squares method, and the maximum likelihood

method.

13



The estimations of the shape and scale are affected if the location has to be estimated
using method of moments. Refer to Bowman and Shenton (2002) [9] for an example.
The location parameter u, in most cases non-negative, is typically called the threshold
parameter. Here, it is interpreted as the minimum possible lifetime and can be estimated
by the minimum order statistics, as the condition z > p must be always satisfied, although
it is only an MLE in the exponential case. Note that Balakrishnan and Wang (2000) [4]
also considered a general linear combination of the order statistics,

=30 GiZ(3),
where x(1), Z(9), "+, Z() are the order statistics from a given sample of size n.

However, as mentioned for example in Bowman and Shenton (1988) [8], there is a high
degree of deviation of the estimates from the parent distribution if one uses the method
of moments. In exploratory data analysis, the sample mean and the sample standard de-
viation are two quantities often computed as measures of center and spread, respectively.
In the normal distribution case, the population mean and variance are mathematically in-
dependent, and the sample mean and variance are known to be statistically independent.
However, in the non normal case, the population mean and variance are often linked math-
ematically (See McCullagh and Nelder (1989) [66]), i.e. the higher the mean, the higher the
standard deviation, and in fact the sample mean and sample variance are not independent.

The coefficient of variation establishes a similar independence property for the gamma
case. The population coefficient of variation, C'V', for a distribution X with mean px and
standard deviation ox is defined as C'V = %. Estimates are obtained for example by
Hwang and Huang (2002) [41], among other authors. They derive the results, establishing

that the sample mean X and the sample variance S? are unbiased estimators of (1.6),

14



respectively. (See Hwang and Hu (1999)[39] and Hwang and Hu (2000)[40]). We recall from

Dudewicz and Mishra (1986) [23] and Casella and Berger (1990) [13], that the independence

of the sample mean and sample standard deviation characterizes the normal distribution.

Theorem 1.2 establishes a similar characterization for the gamma distribution through the
Sn

sample coefficient of variation C'V,, = <
n

Theorem 1.2 Suppose that n > 3. X1, Xo,..., X,, are independent Ga(p, \, &) r.v.’s iff

X,, and CV,, are independent.

Proof: Proved in Hwang and Hu (1999) [39]. 0
Hwang and Hu (1999) [39] use this characterization to obtain estimates of shape and
scale parameters for the gamma distribution. They showed that these new estimators
perform better that the MLE, and the method of moments estimators for a sample of size
n < 25.
Using (1.2), the likelihood function based on an independent identically gamma dis-

tributed random sample X7, X, -+, X,, of size n is called , is given by:

A"O‘ - 3P
(:U’a)‘ a H A i #)I(,u,oo)(xz)
1:1

The likelihood is viewed as a function of the parameters u, A, and a conditioned on
the data. To ease the computations, one often deals with the logarithmic of the likelihood,

and the log likelihood is given as

I, A\, a) = nalog\ — nlog I'(a) + (o — 1 Zlog )\Z(Ii—u).

15



Based on the strong law of large numbers or ergodic theorems, the maximum likelihood
estimators have useful properties such as consistency and sufficiency. They achieve the
Cramér-Rao minimum variance asymptotically. They have the smallest variance among all
possible estimators asymptotically as the sample size increases. In other words, MLE’s are
statistically efficient and given better and often more reliable estimates than the method of

moments.

1.4 Literature Review

Several approaches and models have been suggested and developed for constructing the
multivariate gamma distribution by many authors such as Johnson and Kotz (1970) [45],
Hougaard (2001) [37], Marshall and Olkin (1967) [61], Tanner (1996) [77], Moran (1969)
[69], Mathai and Moschopoulos (1992) [64], and Walker and Stephens (1999) [79].

Defining the multivariate gamma distribution can be quite intuitive, but properties are
difficult to illustrate. That could explain why numerous versions of multivariate gamma
distributions are proposed in the literature. In particular, various forms of bivariate models
have been described from combinations of independent gamma distributions. Johnson et
al. (1997) [53] gives a coverage of a useful variety. One approach is to start with certain
desirable statistical properties in the univariate case, and build the multivariate extension
through various mechanisms. We take one such approach in this dissertation. See for
example Mathai and Moschopoulos (1991) [63], Gaver and Lewis (1980) [29], and Hanagal
(1996) [32]. Another approach, which defines the multivariate gamma from the bivariate,
is not as straightforward, since many bivariate gamma do not have a natural extension

to multivariate dependence. For example, see Marshall and Olkin (1967) [61], Marshall

16



and Olkin (1983) [62], and Sivazlian (1981) [76]. In fact, Marshall and Olkin (1967) [61],
and Marshall and Olkin (1983) [62] proposed an approach that does not extend to the
multivariate case easily. Sivazlian (1981) [76] gives a form of multivariate gamma with
independent structure.

Walker and Stephens (1999) [79] define a multivariate family of distributions on RY.
in the context of survival analysis. It includes the Weibull, with interesting properties for
which the marginal distribution is of the same family, with a flexible relationship between
the components, straightforward analysis, and is applicable for censored data. As they
stated, the extension to the multivariate setting has proved quite problematic. Our goal
is to solve that problem and maintain these properties as well in our construction of the
multivariate gamma distribution.

Another classical multivariate gamma is known as Cheriyan and Ramabhadran’s gamma
distribution and is given in Kotz et al. (2000) [53]. It is a multivariate additive distribution
which is a simple case of the one we define in (1.1) where the nonnegative constant is taken
to be unity. Results for this distribution are also noted in Mathai and Moschopoulos (1991)
[63], which they further extend.

Henderson and Shimakura (2003) [34] presented a version of multivariate gamma dis-
tribution with gamma marginal distributions and correlation matrix without a closed form
for the density. Moreover, the estimation of parameters and asymptotic properties are not
well studied in those cases.

One needs to develop a multivariate gamma distribution that can be used in modeling
processes, such as those defined by Marshall and Olkin (1983) [62] for the bivariate logistic

model, or the bivariate exponential model by Mardia (1970) [60]. These methods and

17



others are given in Coles and Tawn (1994) [19], where it is shown how statistical methods

in the multivariate context may be applied to problems of data analysis in the extremes in

particular.
As we said earlier, for the multivariate normal X = (X, Xo,---,X,), with p x
p positive definite covariance matrix ¥ having Var(X;) = o? (1 < i < p) as diago-

nal elements of ¥, Chen (1987) [15], among others, obtained a characterization of X as

UX,X)=1, where
Var[g(X)]
E[Vig(X)XVg(X)]
Here C is the class of measurable functions g : R? + R such that E[g(X)]? < oo and

U(X,X) = supgec

Var[g(X)] > 0 and Vg(X) represents the gradient operator.

Then for the multivariate gamma, U (X, ) > 1. While in the Gaussian case, where the
correlation matrix and the marginal distributions completely specify the joint distribution,
those two components (correlation matrix and marginal distributions) do not induce a
unique joint distribution for correlated gamma r.v.’s.

We cannot arbitrarily set X such that the marginal distributions are gamma, i.e X; ~
Ga(0, ), ;) for i = 1,---,n, and Corr(X;, X;) = pj; € [-1,1] for 1,5 € {1,2,---,n}.
The difficulty arises from the fact that the mean and variance/covariance cannot be modeled
arbitrary as in the normal case, because in the gamma case, the {p;;}i1<i j<n are functions
of the shape parameters. This is true for all multivariate gamma motivated in the literature
to date.

Using the spirit of the multivariate normal density, several versions of the multivari-

ate gamma can be found. Fang and Zhang (1990) [24] describe a family of multivariate
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distributions called p-dimensional r.v. X = (X1, X», -+, X,)" with symmetric Kotz type

distribution (KTD) denoted as X ~ KT D (p, Xpxp, @, m, 3) where
e 1 represents the location vector in RP,
® Y, «p is the positive definite covariance matrix,
e « is such that a > (2 —p)/2,
e m>0and 3 >0.

It is defined as having a joint density of the form

fx(x) = Gl [(x = "B (x = w)])*Fexp{ = m[(x — ) = (x — )},

where C,, is the normalizing constant given by,

B @F(p/g)mp/%ﬂa*l)/ﬁ
P a2 (p/2B8 4 (a —1)/p)’

When g =1,aa =1, and m = %, we obtain the multivariate normal distribution.

Using Fang and Zhang (1990) [24] approach, and modifying the multivariate normal,
we hope to have properties similar to the multivariate normal. We define the square root
of a vector as the square root of its components. We introduce the type of multivariate

gamma as follows:

fx(x) = GylEI7 [(mlx — pu)VPE (mlx — )27

x exp { — [(m[x — p) V25 (m]x — p])*2)7}.
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Taking 8 = 1,m = (\/a1, -+, /)", we have the form of the multivariate gamma
distribution. When the X;’s are independent, we have the desired form. The result is
not obtained when there is dependence. This multivariate gamma is an example of the

multivariate dispersion model introduced by Jorgensen (1987) [49].

1.5 Marginal, Conditional and Joint Distributions

Here, we review the relevant concepts of marginal, joint and conditional distributions
that are referred to frequently in this dissertation. These concepts can be found in text-
books such as Feller (1971) [25], Dudewicz and Mishra (1988) [23], Folland (1999) [26], and

Kallenberg (2002) [51]. We also define the concept of conditional independence.

Definition 1.3 Let (2,A,P) be a probability space, i.e. Q is a set, A is a o-algebra, a
family of subsets of Q and P is a mapping, P : A — [0,1] such that (1) P(Q2) =1 and (i)

if {An,n € N} disjoints sets in A, then P(,, An) = > neq P(An).

Definition 1.4 Let B(R) be the Borel c—field generated on R. A random variable (r.v.) X
is a measurable function on a probability space, i.e. X is a mapping X : @ — R such that

for every B € B(R), X~ 'B € A.

Definition 1.5 The cumulative distribution function (cdf) of X is a function Fx, also
denoted as F' if there is no confusion, F': R — [0, 1] defined as

F(z)=(PoX Y ((~00,2]) = P(X <z), z€R.

The cdf is a nondecreasing, right continuous, and has the following limits:

limg . o F(x) =0 and lim, .o F(z)=1.
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For a fixed integer p € N, the joint cumulative distribution of p—r.v.’s, or p—variate
denoted X = (Xi,---,X,)" is an extension of the above concept, and is defined on a
probability space (2,4, P). When Q = RP, the joint cdf of X is defined as F' : R? — [0, 1]

by:

F(zy,-xp) = P(Xy <21, Xp S ). (1.12)

The joint cdf is right continuous, and satisfies the following:

liny, oo F(21, -+ @iy ooy @p) = F(1, -+ Tim1s Tig1s -+ Tp),s
which is the joint distribution of the remaining p — 1-variates and

limg, .. zp——oo F(21,-,2p) =0 and  limg, ..z, oo F(x1, -, 2p) = 1.

The marginal cdf of Xj, with 1 < k < p, is defined as

F(x) = Mgy oz g g, ap—oo F(zy, -, zp).

The p—r.v’s. are said to be independent if (1.12) can be written as

F(zy,--- aﬂUp) = Fx, (71) - “FXp($p)>
and then F(X;---X,) = F(Xy)--- E(X)) provided that all the expectations exist. In addi-
tion, the r.v.’s {g;(X;),1 < < p} are independent. It is also known that uncorrelated r.v.’s
can be deduced from independence, but uncorrelated does not always imply independence.

Another concept that is useful is that of conditional distributions.

Definition 1.6 Suppose (X1, X2, -+, X,,)" is a random vector. The conditional distribu-
tion of (X1, Xa, -+, Xy), with 1 < k < p, given (Xgs1,,Xp), is given by the ratio of

the joint distribution of all the r.v.’s over the joint marginal distribution of the conditioned
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r.v.’s. It is given by:

. le,X2,~--7X,, (331, T, ,xp)

X Xy (T 15t Tp)

le,XQ,.--,Xk|Xk+1,...,Xp (96‘1, Loy T |Th415" l‘p)

9

provided that fx, ., ..x,(Tks1, -+, 2p) > 0, where f could be a pdf or a pmf.

Definition 1.7 The p—uvariate vector X = (X1,Xo,---,X,)" is said to be conditionally

independent, conditioned on a variable, say Xo, if

f(@1, w2, 2plre) = fi(w1|zo) f2(2l0) - - - fp(2p|T0). (1.13)

where f;(-|zo) represents the conditional pdf of X;, i =1,---,p given Xj.

(1.13) is equivalent to F(x1,x2, -, zp|xo) = Fi(x1|xo)Fa(a2|zo) - - - Fp(ap|zo)

where Fj(-|zg) represents the conditional cdf of X;, for i=1,---,p given Xj.

Theorem 1.8 The joint density of (Xo, X1,...,Xp) satisfying (1.1) is expressed as:
P
f(xo, 21,22, -, xp) = f(x0) Hfzi(l“z‘ — a;xo).
i=1

and (X1, Xo,- -+ ,Xp)' are conditionally independent given the latent variable Xg.

Proof: Using the independence of Z;’s, i = 1,..,p, of each other and of X, we have that
the joint density of Xo, Z1, Z2,--+,Z, , given as:

f(xo, 21,22, 2p) = fwo) f(21) f(22) -~ f(2p)-
Hence based on the linear transformation X; = a; Xg+ Z; <= Z; = X; — a; Xy, fori =

1,2,..,p, we have that:

f(xo,w1,m2,---,2p) = f(zo)f(x1 —a1xo)--- f(zp — apzo)
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P

= f@o) [[ fz (x: — aixo).

=1

From Definition 1.7, (X7, Xo,--- ,Xp)’ given Xy are independent as the conditional

distribution of (X1, Xa,---, X,)" given X is:

f(x()?xlax% o 7:6]9)

f(x0)

= fz,(x1 — a120) f2,(22 — azxo) - - - fz,(xp — apwo)

p
= | fz. (i — aixo)
i=1

flx, 0, xplag) =

p
= [ /x(@ilzo).
=1

0
Note that, given xg, a;zg plays the role of a location parameter. So x; > a;xg for all
1 =1,2,---,p. In Chapter 3, we see that when z( is unknown, a possible estimate for it is

the minimum of the z;/a;’s, i=1,---,p.

Definition 1.9 : The random vector X = (X1, Xo,---, X)) is multivariate gamma if its
components X;, i=1,---,p, marginally are of gamma family following the structure de-

scribed in (1.1), and each subset of X has a multivariate gamma form.

1.6 Thesis Outline

In this dissertation, we are concerned with the three parameter gamma distribution.

The characterization of the joint gamma distribution of X = (X1, X»,---,X,,) based on

(1.1):
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e has Mathai and Moschopoulos (1992) [64] as a special case and a more flexible linear

structure,

e has Iyer et al. (2004) [43] as a special case both in terms of structure and dimension,

e has Nadarajah and Kotz (2005) [72] as a special case,

e and shares similar properties to the Marshall and Olkin (1967) [61] model, that in-
cludes the continuous and discontinuous portions. Marshall and Olkin’s expression
for the bivariate exponential model has received a lot of attention due to its allowance

for the simultaneous failure of several system components induced from a fatal shock.

We provide different inference procedures for the parameters, and characterize location-
scale families of multivariate gamma distributions. The marginal distributions are tradi-
tional location-scale gammas, and their joint distribution contains absolutely continuous
classes, as well as, the Marshall-Olkin (1967) [61] type of distributions with a positive
probability mass on a set of measure zero. MLE’s are developed in the bivariate case.

The dissertation is organized as follows. In Chapter 2, we start with preliminary
materials and fundamental concepts used in these new classes of survival and reliability
models. In Chapter 3, we derive and characterize the generalized multivariate gamma
distribution. The continuous case of the multivariate gamma is studied in Chapter 4. In
Chapter 5, a discontinuous case of the multivariate gamma, in the form of multivariate

exponential, is given.
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CHAPTER 2

PRELIMINARIES

The necessary mathematical concepts for this dissertation are concentrated in this
chapter. We review the notions of Laplace transforms (See Feller (1971) [25], Abramowitz
and Stegun (1972) [1], and Billingsley (1986) [6]) and Dirac delta (See Cohen-Tannoudji et
al. (1977), and Khuri (2004) [52]), infinite and stable distributions (See Feller (1971) [25],

and Hougaard (2000) [36]).

2.1 The Laplace Transform

The Laplace transform (the equivalent concept of moment generating function) is used
in many areas of statistics, probability theory, and risk analysis. We are interested in the
Laplace transform associated with real arguments. The characterization by the means of

the real Laplace transform does not presume the existence of moments

Definition 2.1 If X is a r.v. defined on Ry with cdf Fx, satisfying P(X = 0) < 1, then
its Laplace-Stieltjes transform (LST) is the function valued in R defined in Abramowitz and

Stegqun (1972) [1] as:

Lx(s) = Be™ :/0 e dFx(x). (2.1)

Here are some properties associated with the LST:

e existence: the integral in (2.1) is with respect to Lebesgue-Stieltjes integration. In our

cases of positive support distributions, (2.1) always exists. In fact, 0 < Lx(s) < 1.

" [ x

e Lx(s) is infinitely differentiable, and o (s) exists for all n € N.
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e For m € N, the m' moment of X is given by EX™ = (—1)’"Lg§")(0).

e additivity: the LST of the sum of independent r.v.’s is obtained by taking the product
of the LST of the individual r.v. For X1, ..., X,, independent r.v.’s, then X = > | X;

has LST:
n n n
Lx(s)=FEeX =E H esXi = H EesXi = H Lx,(s).
i=1 i=1

1=1

e the LST can be defined for a p—variate distribution, say X = (X1, Xa,...,X,)" as:

Lx(s) = Be (X1t +5X0) for s — (51,59, sp) € RE.

e uniqueness: if X; and Xp are two r.v.’s such that Ly, (s) = Lx,(s) then fx,(z) =
fx,(x),for all x except on a set of measure 0. Therefore, the LST completely charac-

terizes the distribution.

The LST helps in the computations and in the linear combinations of r.v.’s associated

with some distributions.

Example 2.2 If X ~ Ga(u, A\, «) with pdf (1.2), then its LST is given by (1.11), as:

Lx(s) = t/‘ e—sw 2 (z — p)* e M@ gy
I

I'(e)
00 P
— 6_5“/ e—s(:c—p,) ($ _ M)a—le—)\(a:—,u)dx
n I'(e)
o \a
- gw/’ 2 — )OO @) gy
— es,u/ “ taflef()\Jrs)tdt
o I(a)
— e SH A” /OO ()‘ + S)Qtaflef(/\Jrs)tdt
A+s)*Jo (o)
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The gamma distribution, shifted at the origin, with unit mean has LST

1

Lx(t) = 6_/” (H—t/a

(e}
) ettt — o= WFDE Ge 0 s o0

Example 2.3 : Let X1, X, -+, X, n > 1, be independent r.v.’s distributed as Ga(ji, \, o)

n n

for1 <i <mn. It is well known that X = X1+ Xo+--- X,, has density Ga(z iy A, Zai).
i=1 i=1

This is easily shown using LST. The Laplace transform of the gamma distribution X;, i =

1,---,n, given in Example 2.2 becomes:
A \™
Ly (s)=eH| —— | .
x(s) =e ()\ + s)
Using the properties of the LST, we have

P
n n A\ P, A g
L — L. — —SHi — o5 =1 Hi
w0 =1L =1 (535) = (55)

n n

=X~ Ga(z ,ui,)\,Zai).
i=1 i=1

In the remaining cases, we consider situations where the \’s are different. When two
or more of the gamma distributions have same parameter A\, we can add the r.v.’s to obtain

another gamma distribution with the same parameter A\, but a different shape parameter.

Example 2.4 Suppose X and Y are independent discrete and positive support continuous

distributions with pmf and pdf p(z) and f(y), respectively. Then

ny(s) = EG_SXY = Amze—smyf(y)p($)dy

=S ( In e‘“yf(y)dy>p(:v)

x

= ) Ly(sz)p(x).
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We later use Example 2.4 in the case when X is a Bernoulli random variable with
probability p, and Y is a positive support distribution. In that case, we have that:
Lxy(s)=p+ (1 —p)Ly(s).
We are also interested in the sum of r.v.’s. For two continuous r.v.’s X7 ~ f; and

Xy ~ fo, their sum, X = X7 + X5y, has density obtained from the joint pdf as:

/ / 131,:172 dl’ldxg

The convolution of two functions f,g : R — R is the function

(f *9)(a / F()g(x — byt
If the r.v.’s are independent, the density of their sum is the convolution of their densi-

ties, and can be represented as below.
Theorem 2.5 Assume that X1 and Xo are independent r.v.’s defined on Ry with pmf/pdf

f1 and fo, respectively. Then X = X1 + Xa has density

Fx(@) = (fux fo)(x /'ﬁ Vfaola — t)dt

Proof: Proved in Hunter and Nachtergaele (2001) [38] 0
However, a lot of work can be alleviated as the LST of X in Theorem 2.5 is given by:

Lx(t) = Lx,(t)Lx,(t), and is recognized in some distributional form.

Example 2.6 Consider X to be the sum of two iid of exponential type r.v.’s with parame-
X

ter X\. Then fx(x / f1t) fa(x — t)dt = / e MAe 2@ g = N2ge . which is a
0

Ga(0, A, 2).
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Theorem 2.7 For X; ~ Ga(p1, A\, 1) and Xo ~ Ga(ug, A2, a2), the rv. X = X1 + Xo
has a gamma distribution Ga(uy + po, A, 1 +a2)  iff A1 =X =\
ATING?
(A1 +8)*1(Ag + )22
If A1 # A2, then the LST is not representative of a gamma distribution.

Proof: The LST of X is given by Ly (s) = e~ (#1+12)s

Considering the case where A1 = Ao = A, then the LST and the density of the sum X =

X1 + X5 become:

- (12)’

A+ s
fx(a) = F?a)(x—u)

where a = a1 + a2 and p = p1 + po. O

oz—le—)\(x—u)

We generalize this above result later in Theorem 3.3. The sum of independent gamma
distributions with same scale parameter gives a gamma distribution with same scale para-
meter with the location and scale updated. In that sense, the gamma distribution follows
an additive property. Mathai and Moschopoulos (1992) [64] use this property to generate

their class of multivariate gamma distributions.

2.2 The Dirac Delta Function

Another important collection of tools that we use are the properties of the Dirac dis-
tribution, sometimes referred to as the Dirac delta function. See Cohen-Tannoudji et al.

(1977) [18], and Khuri (2004) [52].

Definition 2.8 Dirac delta function at the point ¢ € R, is a point mass distribution denoted

Oc, and we say that a r.v. X has point mass 6. distribution at c if its pmf is given by

e}

f(zle) =dc(x) =0(x—c)=0 if zH#e¢c, and / f(zle)dx = 1. (2.2)

— 00
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The integral notation in (2.2) is not mathematically justified. ¢ is not rigourously
defined as a function, but as a distribution, and there have been several references on this
function. Cohen-Tannoudji et al. (1977) [18] gives a complete discussion.

Despite its name, the Dirac delta function is not a function in the classical sense. One
reason for this is that because the function f(z) = d(z), and g(z) = 0 a.e. , are equal
almost everywhere, yet their (Lebesgue) integrals are different. See Folland (1999) [26]
and Rudin (1976) [74]. Another reason is that it is singular. Instead, it is said to be a
distribution. It is a generalized idea of functions, and can be used inside integrals. The well
known mathematician Laurent Schwartz gave it in 1947 a rigorous mathematical definition
as a linear functional on the space of test functions D, the set of all real valued infinitely
differentiable functions with compact support on R such that for a given f(z) € D, the
value of the functional is given by Kallenberg (1986) [50], and Hunter and Nachtergaele
(2001) [38]. Such linear functionals are called generalized functions or distributions. For
this reason, the delta function is more appropriately called Dirac’s delta distribution. Thus,
the value of the Dirac delta function d, is defined by its action of a function f(z) € D when
used in integral as in formula (2) in Khuri (2004) [52].

The theory of distributions in mathematics has been highly developed, and as a result,
the Dirac delta function is well established and accepted in mathematics as a generalized
function or distribution. Note also that it has been modified from the original version
defined by Dirac in 1920.

It is well known that the Heaviside step function is an antiderivative of the Dirac

distribution. The Heaviside step function, also called unit step function, see for example
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Abramowitz and Stegun (1972) [1], is a discontinuous function defined as

z 0, ifz<0;
H(z) = / d(t)dt = (2.3)
- 1, ifx>0.

The value of the Heaviside function at 0 is sometimes taken to be 0, or % (most popular
for symmetry purposes) or 1. Here, we take it to be 0.

Both Dirac and Heaviside functions have been used in a variety of fields of science and
engineering. Their use in statistics is relatively new. For another reference see the paper
by Pazman and Pronzato (1996) [73].

The Dirac delta function is a very useful tool in approximating tall narrow spike func-

tions (also called impulse functions), and the following integral

| r@sts = bl = $10)
for any (test) function f(z), is more a notation for convenience, and not a true integral.
It can be regarded as an ”operator” or a linear functional on the space of (test) functions,
which gives the value of the function at 0. It is important to see that the integral is simply
a notational convenience, and not a true integral.

More details are given in Kallenberg (1986) [50], Williamson (1962) [80], Au and Tam
(1999) [3] and Shilov and Gurevich (1977) [75] for examples. So as a distribution, the Dirac

delta function §(z — s) is a pdf with mean median and mode s, c¢df H(z — s), variance and

skewness 0 satisfying the following:

. /Za(ax)dx:/i:a(u)ﬁzéé'
5

o i(ax) = @

o
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eme/aQ

o 6(x) = lim 8,(x) where 5(1(3;):&\1/%

as limit of a normal distribution.

To end this review, we note the following results:
¢c>0, H(cx)=H(x),
Hz—-a)=1—-H(—z+4+a)=1—H(a—x) and

/H(x—a)dxz(x—a)H@—a).

The Dirac delta distribution can be thought as the limit case of a distribution whose
density must be concentrated at the origin point. So for a r.v. X with Dirac density
§(x —¢),c >0, the LST is given by Lx(t) = e .

The moments for the Dirac delta function 6, are given by: EX* = ¢*, Var(X) =0,
and its characteristic function is given by ¢(t) = €.

The Dirac function provides a very helpful tool in mathematical statistics as it provides
a unifying approach in the treatment of discrete and continuous distributions and their

transformations. We give two examples in each case below.

Example 2.9 Khuri (2004) [52]
Suppose X is a discrete r.v. that takes values ai,as, -, a, with corresponding probabili-
ties p1,p2,- - -, Pn, respectively. Assume that Y ;" p; = 1. Then the pdf p(x) of X can be
represented as p(x) =Y i pid(x — a;).

For example, if X ~ B(n,p) where B(n,p) is the binomial distribution, then

p(x) =31 p'(1 —p)""'0(x — i) and the k' noncentral moment of X is given by

n

/ 2Fp(x)dx = sz/ 26(x — a;)dx = akp;.
i=1

00
—o0 —00 i=1
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Example 2.10 Khuri (2004) [52]

1
Let X1 and Xo be independent r.v. distributed as X1 ~ Ga(A = 5,04) and Xy ~ Ga(\ =

1
—,0). The joint distribution of Y = X1 and Z = X1+ Xo can expressed as:
) X1+Xo

fly,z) = /_OO /_Oo f(x1,x2)5[xla_tx2 —ylo(z1 + @2 — 2)dw1dzs
1 o0

a—lef%(:rlerz)

_ g1 >
- o ), 4,

€1
X(S(m — y)6[$1 — (Z — LUQ)]divl
= ; > B8—1,, _ a—1_ -tz " X2
- F(a)r(ﬁ)zoﬂrﬁ/o xy (2 —x2) em 2% o yldxs
1

a—1 B—-1 a+B-1_ -1z
- 1-— z e 2%,
Twr@zs? Y

The cumulants are alternative ways of summarizing the properties of the r.v.’s specially
when the moments are not easily obtained. The moments of X are not directly related to
the moments of aX + b, for @ and b positive constants. The moments of X = X; + X
do not have simple relation with the moments of X; and X5. The idea is then to use the

cumulants.

Definition 2.11 The function k(s) = log Lx(—s) is called the cumulant generating func-

tion of X.

o0

Expanding x(s) in its power series, k(s) = Z

i=1

cumulant of the distribution X. The cumulant generating function allows one to relate the

Ri 5 . . .
— s, gives coefficients r; called ith
il

cumulants to the moments. It allows us to characterize infinitely divisible LST’s which is

given in Subsection 2.3. See Feller (1971) [25].
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2.3 Infinite Divisibility

There are important results obtained from the concept of infinite divisibility which have
many applications in the theory of limit distributions for the sum of independent r.v.’s. In
general it is difficult to determine whether a given distribution is infinitely divisible or
not. We would like to consider what conditions are required for the pdf of the gamma
distributions and its mixture to be infinitely divisible. We also consider the exponential
distribution.

We first give notations and a definition. Let the symbol 2 denote equality in distribu-

. d . . .
tion, and — denote convergence in distribution.

Definition 2.12 Consider a random vector X . Its distribution is said to be infinitely divis-

ible if for every n € N there exist iid random vectors Xpn1, Xpo, -+, Xnn with Zk Xk 4 X.

In other words, an infinitely divisible r.v. X has pdf f(zx) that can be represented as the

sum of an arbitrary number of iid r.v.’s X1, Xo, -+, Xy, with cdf F,, , that is:
XLX 4+ X0+ -+ X,

hence the term infinitely divisible. Borrowing from Billingsley (1985) [6] pp. 383-38/, the

distribution F of X is the n-fold convolution F, x F, x - - - x F, where F, is the distribution

function of X;, 1 <i<n.

We use that property of infinitely divisible to characterize the distribution of the un-
known r.v. from a linear relationship as given in (1.1).
Two simple examples of infinitely divisible distributions are the Poisson distribution

and the negative Binomial distribution.
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Definition 2.13 : A function ¢ on the interval I = [0,00) is completely monotone if it
possesses derivatives ™ at all orders which alternate in sign, i.e. if

(—1)”¢(")(s) >0, for all s in the interior of I, and n=0,1,2,...
Theorem 2.14 ¢ is completely monotone iff ¢ is the Laplace transform of some measure.

Proof: See Feller (1971) [25]. O

For two real valued functions ¢1 and ¢o that are completely monotone, so is their
product and their compositions, when appropriately chosen.

It is important to note that any completely monotone probability density function is
infinitely divisible. See Feller (1971) [25]. Moreover, if ¢ is completely monotone on [0, co)
and ¢(c) = 0 for some ¢ > 0, then ¢ must be identically zero on [0, c0).

All Erlang type distributions are infinitely divisible. The Erlang distribution defined
in (1.5), is infinitely divisible in the sense that it can be represented as the sum of n
independent r.v.’s with a common distribution. (See Feller (1971) [25] pages 176-177). In
fact, n need not be an integer as the gamma can be expressed in a canonical form of an
infinitely divisible distribution.

Notice that the distribution of the sum of mutually independent gamma r.v.’s with
different scale parameters, is not gamma, even if they are mutually independent. Rather,
it is described as a mixed gamma with mixing shape parameter. Using ideas from Mathai
and Moschopoulos (1991) [63] and Mathai and Saxena (1978) [65], we characterize the

distribution of the sums in Chapter 4.
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2.4 Stable Distributions

There are many results about the limit theorems. See Kallenberg (2002) [51] and
Billingsley (1986) [6]. We study the class of positive stable distributions. The results could
also apply to distributions other than gamma. Here we introduce the necessary definitions
and recall limit laws for the joint distribution of the sum of independent distributions from

Feller (1971) [25].

Definition 2.15 (Stable distribution, Feller (1971) [25]) Let Xo, X1, X2, -+ be an iid se-
quence of r.v.’s with common distribution F'. The r.v. Xq is stable or the distribution F
is stable (in the broad sense) if for each n there exist constants ¢, > 0 and v, such that
Sh, 4 cn X0 + Yn, where S, = X1 + Xo + -+ + X, and F is not concentrated at one point.

We say F' is stable in the strict sense if the above holds with ~, = 0.

Stable distributions are a rich class of probability distributions that allow one to gen-
eralize the Central Limit Theorem (CLT), replacing the assumption of finite variance with
a less restrictive condition on the infinite variance. For data with heavy tails, stable distri-
butions should fit better than a normal distribution.

From Definition 2.12 above, the two r.v.’s X and S,, are of the same type as

fs, () = fx<$ ‘7").

Cn

Stable distributions can be characterized with the concept of domain of attraction.

Definition 2.16 (Domain of Attraction, Feller (1971) [25]) The distribution of the inde-
pendent sequence of r.v.’s X1, Xa,- - belongs to the domain of attraction of a r.v. Xg with

distribution F, if there exist norming or scaling constants a, > 0 and b, such that

S. Xi+Xo+--+X
= b, = 1+ A2+ + n—bni>Xo as n — oo.
an an,
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The above definition is different from Definition 2.12 in the sense that there is not
equality in distribution, but convergence in distribution. In fact, Billingsley (1985) [6] page
389, gives a more restrictive version of Definition 2.13, where for each n, there exit constants
an > 0 and b,, such that % — b, has same distribution as the iid r.v.’s X1, Xo,---, X, , and

n

calls it stable. Also, the distribution of Xg is not necessarily the same as the distribution of

the sequence. Finally, this definition recaptures the CLT when we take a sequence of r.v.’s
3/2

n

with mean p and variance 0%, where a, = ~— and b, = a with Xy being the standard
o

normal distribution. The definition also states that similar limit theorems are possible for

distributions without variance, that is stable distributions.

The next result states the equivalence of Definition 2.12 and Definition 2.13.

Theorem 2.17 A r.v. Xy with distribution F' possesses a domain of attraction iff it is

stable.

Proof: Given in Feller (1971) [25]. 0

Hence the non-degenerate limiting distribution of a sum of gamma distributions must
be a member of a stable class.

However, gamma distributions are not stable, although they are infinitely divisible.
Stable distributions are infinitely divisible, but not the opposite. For another example,
consider the case of the Poisson distribution. The Poisson distribution, although infinitely
divisible, is not stable (See Billingsley (1986) [6] Section 28 page 389). The class of infinitely
divisible distribution is larger than the class of stable distributions. That leads us to explore

other possibilities.
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Consider now two independent gamma distributions X1 ~ Ga(p1, A1, 1) and Xy ~

Ga(pg, A2, az). The graph of the joint distribution is given below in Figure 2.1.

Figure 2.1: Graph of bivariate gamma distribution

We characterize the multivariate gamma distribution in the next chapter.
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CHAPTER 3

THE MULTIVARIATE GAMMA

In this chapter, we propose and characterize a quite general multivariate gamma dis-
tribution, with specified three parameter gamma marginals of Type III in the Pearson’s
system. We introduce some notations and basic concepts of multivariate gamma distribu-
tions. Because a multivariate distribution function is completely characterized by its mean,
variance and covariance structure, we give these properties. We also propose a series of pa-
rameter estimation techniques that can be adapted to special classes of distributions such
as those discussed in Chapter 4 (Continuous class) and Chapter 5 (Fatal shock).

Multivariate gamma distributions belong in the class of multivariate lifetime distri-
butions, since all the components of the random vector have positive support and their
marginals follow a typical lifetime distribution. Hougaard (2000) [36] among other authors
give many applications of the multivariate lifetime distributions. As he mentioned, the field
has gaps and is still growing both in theory and application.

The bivariate exponential, one simple case of bivariate gamma, plays a fundamental role
in survival and reliability analysis because of its adaptation to many practical situations.
The complexity of the model, in its notation and estimation technique, increases with the
number of components. Within this framework, Moran (1969) [69], among other authors,
had also described a form of a bivariate gamma process and given estimation techniques
of one parameter using the other variate as a control. It has been difficult to work with
until the development of proportional hazard models or frailty models. See Cox (1972)

[20], Ghosh and Gelfand (1998) [30] and Hougaard (2000) [36] to mention a few. However,
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we do not deal with the proportional hazard model here, since it is primarily used for the
univariate survival case. In fact, Cox’s proportional hazard model, sometimes considered as
nonparametric, is typically treated as multivariate in only the recurring events situations,
such as monitoring times until repeated hospitalizations of the same individual, or repeated
failures of a device in a system. Our model is truly multivariate in the sense that the
associated parameters are mathematically independent and we can model components with

different means and variances.

3.1 Properties and Characterization

In the next definition, we formally define our multivariate gamma that was briefly

described in (1.1).

Definition 3.1 : Let Xo, Xy,..., X, gamma r.v.’s with shape parameters «;, scale para-
meters \; and location parameters p;, i.e X; ~ Ga(ui, \i,a;) for i = 0,1,...,p as given
in (1.2). Let Zy,Zs,...,Z, be mutually independent r.v.’s satisfying X; = a; Xo + Z; for
some a; > 0 and Z; independent of Xg for i =1,2,...,p. We define the joint distribution
of the random vector X = (X1, Xo,...,X,)" as the multivariate gamma distribution for a

fized integer p.

Although the density function is not explicitly expressed in Definition 3.1, we can study
various properties of the multivariate gamma distribution by using the linear relationship
given in (1.1), and the fact that Z;, ¢ = 1,..,p, are independent of each other and of Xj.
Note that the distribution of Z;, ¢ = 1, .., p, has not been specified. As we will explain later,
depending on the choice of the constants a;, the distributions of Z; take on many forms. In

fact, in some cases, Z; is a gamma, and in other cases, Z; is a mixture of distributions.
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The linear correlation between X; and the latent term Xy is expressed as:

CO'U(XZ', X())
\/Var(XZ-) \/Var(Xo) ’

IO(XZaXO) =

where Cov(X;, Xo) = E(XoX;) — E(Xo)E(X;) is the covariance between X and X;, and

Var(Xo) and Var(X;) denote the variances of Xy and Xj, respectively.

Note that if the Z; were degenerate, say Z; = b;, or P(Z; = b;)) = 1, b; € R, i =

1,2, ..,p, then the linear correlation, a measure of linear dependence, would be perfect. That

is Z; = bj = X; = a;Xo + b;, which gives p(Xo, X;) = %1, or more precisely p(X;, X;) =

sgn(a;a;). The degenerate case is the only case where |p| = 1.

This linear relation (1.1) seems to be natural as pointed out and motivated in Carpenter

et al. (2006) [12], where properties for the exponential model are given. Similarly, from

this structural relationship, we derive the following values of the means, variances, and

covariances:

Var(Z;)
Cov(X;, X;)

Cov(Z;, Zj)

(674 «
E(X;) —aiE(Xo) = (; - az‘)\%) + (i — aipo), (3.2)
% (3.3)

l 2 (67 20 (673 ai)\i 2
Var(X;) —ajVar(Xo) = 2 %2 >0 <= o > ( o > , (3.4)
i 0
« NN @

a;ajVar(Xo) = aiaj)\—g —= p(X;, Xj) = aiaj)\—zj a(-]oz-’ (3.5)

0 0 VX
0, (3.6)

fori#£j, 4,5=1,.,p.
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It is clear from Definition 3.1 and Equation (3.5) that X; and X;, i #j, i,5=1,..,p,
are positively correlated. This is a restriction in our model, but not unusual in this field.
See He and Lawless (2005) [33] for more examples of positive correlations in lifetime data.
Also, note that (3.1), (3.3), (3.4) and (3.5) can be more concisely expressed in the mean

vector of the mean of X:

/
(6751 (65) Qap
E(X):<)\+M17)\+M277)\+Mp 5 (37)
1 2 D
the variance/covariance matrix:
o1 a1a2%8 a16,% Mo aia ara
)\% 12)\(2) lp)\% )\%QO 142 lp
ag ag . [} 2B o o
5 asal )\(2) )\% agap )\(2) B o asal )\% 0 (Igap
= — F )

of v : s

2
@ .. ag ap .. Ag ap

0 0 P P

and the correlation matrix:
ag Jataz Nt
. @ Jaqas g NCDYT
=
5 .
apaiApAi L ApGp—1ApAp—1 )\7%
/apa1 QpOp—1 g

For X; ~ Ga(ui, \i, ;) for i = 0,1,---,p, based on the LST given in (2.1) and using

the binomial theorem, we have the following;:

A" Lx; (s) o~ (m\ [dF(\i +s)7 [ dmRem s
2 ey (M PR Y] e

Setting s = 0, we have that
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- )\CH-k m— k(a) 7
w1=3 () :
where (a); = a(a+1)---(a+k—1).

The moments and cross-moments are given for m and [ € N, by:

m
E(X]") = BlaXo+Z)" =) <:’f) al EX§EZ" T
r=0
m m r r
= 3 (1) ez ()t o
r=0 k=0
and E(szXJl) = FE(aiXo+ Z)"(a; X0 + Z;)"
m m 1 I
j— — 1—
= EZO <r>agxgzgn 2‘6 (S)Q;XSZj s
m m l
= > ) (T) (S>a£a§EX6+sEZ;"TEZ§S’ P44, i,5=12,....p.

r=0 s=0

The LST has many helpful properties as discussed in Section 2.1. In particular, in this
dissertation, we use it for many of the derivations of the distributions of the latent variables.

The multivariate LST for any p-variate random vector X defined in (1.1) is:

-s’X —p 8: X4
Lx(s) = FEe = Fe~ =1
Py
= Ee_ ’L:IS a2X0+Z EH als’LX()e_sz i
P, p
_ g HE :on(zaisi) 120
3 i=1 =1

p

LX Sl
N <ZaZ$l> H LX() azsz
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for s = (s1, s2,...,sp), regardless of the underlying distributions as long as the LST exists.

If Xo ~ Ga(po, Ao, ap), then the above becomes

P )\ ag P L (8)
Lols) — eHo Pyais 0) Lx(s) -
X( ) ‘ <)‘0 + Z?:l a;Sg i—1 LXo(aiSi) ( )
Note that from the above, the LST of Z; is:
Lx,(s) :
Lz,(s) = — =1,2,.,p. 3.9
Zz(s) LXU(aiS)a fOT ] y @yes P ( )

As long as Lz in Equation (3.9) is completely monotone as in Definition 2.13, the
conditions of Definition 3.1 are satisfied, and the marginals are gamma. Equation (3.9)
will be used extensively throughout this dissertation, but for now we present an important
theorem that gives some properties on the scale and shift transformations of the multivariate

gamma distribution given in Definition 3.1.

Theorem 3.2 The class of multivariate gamma distributions based on Definition 3.1 is
closed under scale transformation in the sense of products with diagonal matrices with pos-

itive entries, shift transformations, and under finite independent convolutions.

Proof: Consider a multivariate gamma X = (Xi,---,X,)’, and let C' = (¢;)i=1,.p be a

diagonal matrix with positive entries. Set Y = CX. Then we have that

P
Ly(s) = EeSY = gem s

P p
— FEe™ P cisi(aiXo+Zs) _ EHe_aiCiSiXOe_CisiZi
=1
P, p p p
— EeXo i_jaicisi HEe—cisiZi — LXO(E aicis;) HLZi(Cisi)
i=1 i=1 =1
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= g Ho Pf:1 a;icis Ao 0 L Lx,(cisi)
Ao + Zle a;CiS; ey LXg (ai Cisi)’
for s = (s1,$2,...,5p), which is of the same form as in (3.8). The mean FY = CEX and
the variance is expressed as: Var(Y) = C'Var(X)C.
Let d = (di,d2,---,dp) and W defined as: W = (Wy, Wy, -, W,) = X +d =

(X1 +d1, X2+ do, -+, Xp+dp). Then, we have the following:

P P
LW(s) = Ee_S’W — Be~ =15Wi _ pe— =1 si(Xitdi)

P, P, P, p
— Ee~ =1 sidie— iz Si(aiXo+2Zi) Ee~ i=1 sid; H e—aisiXoe—siZZ—
=1

P, P, p
— e i=1 sidiEe—Xo 1 Qi8S H Ee—8ii
1=1

Pp p p
= e =iy (3 ais) [ [ La(si)
=1

=1

P P ag P .
= ¢ imisidig=ho flai5i< 20 > Lxi(si)

o+ 0 ais; 1 Lx,(aisi)
. Pf_lwuoai)si( Ao ) 7 Lx(s)
Ao+ Diraisi) % Lxg(aisi)’
which is of the same form as in (3.8). So the multivariate gamma is closed under shift
transformation of the form W = X 4 d.
Consider now n independent p-variate gamma distributions X;=(X;1, Xjo, -+, Xip)'

fori=1,---,n, and set

X=X+ --+X,= (XH_|_..._|_Xn1,X12_|_...+Xn27...,X1p+...+an)/_

, P
Lx(s) = Ee ¥ Xit-4Xn)  — pe iy si(Xit+Xni)
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p
- HEe*Si(X“*'”*XM) = Lx,(s) - Lx,(s),
i=1

which has the form of n product of (3.8). 0
Recall that the distribution of Z; has not been specified, but its LST is given in (3.9). In
the next theorem, we state a very interesting property, as it gives a necessary and sufficient

condition for all the latent variables Z; to be of the gamma type distributions (1.2).

Theorem 3.3 Suppose that for some a; >0, i=1,...,p, X; ~Ga(\;i,o;) 1=0,1,...,p,
are related as in Definition 3.1 with Z;, i=1,...,p; then

A
ZiNGa()\i,ai—ao)<:>ai:)\—9 and pl':P(ZiZO):O.

)

A
Proof: From the expression of a; = )\—0 and the result in (1.10), we have that a; Xy ~
i
Ga(\;, ap). Since X; ~ Ga()\;, ), it follows from Example 2.3 (the additive property of the
gamma distribution) that Z must be distributed as Z; ~ Ga(\;, a; — ).

Conversely, assume that Z; ~ Ga(\;, a;—agp). Then from Example 2.2 and the independence

between Xy and Z;, we have that:

Le(0) = L (a0 = Lo (0 = (20) = (52) (32)

)\o—i-ait )\i+t )\i-l-t
Ao A . .
Hence o T ail = X jL o and solving for a; gives
Ao + a;t A+t a;t t Ao
o by TN e

Mathai and Moschopoulos (1991) [63] among other authors made use of this particular

coefficient of linear relationship between two gamma distributions, and developed properties,
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approximations, and inequalities based on that particular model. In this dissertation, we
allow for more general representations.

In Chapter 4, we examine further this specific form, and call it the continuous class of
distributions. In all other cases where the conditions of Theorem 3.3 are not satisfied, we call
that form the “fatal shock” class, because there is a positive probability of simultaneous
or proportional occurrences. In the Section 3.2, we focus on the characterization of the
distribution of Z;, i = 1,2,..,p in the fatal shock class. This last type of distributions is
further studied in Chapter 5.

All the Z;’s take on similar structures. To simplify the notations, without lost of

generality, we drop the indices, and we rewrite (1.1) as:

Y =aX +Z, for some a > 0, (3.10)

where Y, X, a and Z in (3.10) play the role of X;, Xy, a; and Z; in (1.1) respectively.

A simple computation shows that the cdf of Z is:

P(Z<z) = PY —aX <2)

Since

J R T R e ) I T Tt



001 —_
_ 1_/Z Ix (U Py )y,

the cdf can be further simplified as

1—

P(Z<z) = P(Y =aX)+—

N RO

where P(Y = aX) = P(Z = 0) is the probability of proportional occurrence.
Note that if the conditions of Theorem 3.3 are not satisfied, then

P(Y =aX)=P(Z =0) > 0. In Section 3.2, we further characterize the distribution of Z.

3.2 The Fatal Shock Model

In this section, we study the form of the distribution of Z obtained in (3.10) for a

Ao

general a > 0 where a # ~
i

Suppose that X and Y are distributed as X ~ Ga(u, A\, a) and Ga(p', o', \'), respec-

tively. Assuming a linear relationship as in (3.10), and from Equation (3.9), where a is some

positive constant, and Z is independent of X, the LST of Z becomes:

_ LY(S) _ (u—p)s N o A+ as\”
La(s) = Lx(as) ¢ N+s A '

All distributions Z satisfying this relation (3.10) for all a € (0, 1), are called members

of the self decomposable r.v.’s. See also Gaver and Lewis (1980) [29].
Previously, we have studied the properties of the r.v. Z, derive its LST in (3.9), mean
in (3.2), variance and covariance in (3.4) and (3.6), respectively. However, the form of the

distribution of Z has not been given. In the next theorems, we give the required forms that
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the distribution of Z must take on to give gamma marginals. We state the main theorems,

and start with the Erlang case defined in (3.10).

Theorem 3.4 FErlang type distributions.
Let X ~ Ga(p, A\, @) and Y ~ Ga(p/, N, d’) such that o,/ € Nya < o and as in (3.10), Z
1s independent of X. Then Z is the shifted sum of independent:
e « r.u.’s, each being product of Bernoulli and exponential distribution with parameter
N,

e and of o/ —a gamma r.v.’s with scale X' and shape k=1,..,a/ — a.

Proof: Using the Laplace transform technique, we have:

Ly(s) _ T N (X + as)®

L = A S L
2(3) Lx(as) A (N + s)o
— e*(N*M)S )\la/ ()‘ + as)a 1
o ()\/ + S)a ()\/ 4 s)a/*a

By the theorem of expansion in partial fractions, with « instead of o/ — «,
6%

1 _ C
(P Y Gy

where C}, are real numbers.

k=1
Hence:
N Ao N \F
Ly(s) = e~ (7t o [p+ (1 _p)LY(S)} — )\’k</\’+s> '
/ )\ 3
where Ci, k = 1,2,...,a' — «, are constant and p = ay. Based on the properties of the

LST from Section 2.1, we have that [p + (1 - p)Ly(s)] is the product of Bernoulli and
exponential r.v.’s as discussed in Example 2.4 and in Carpenter et al. (2006) [12]. So

a

p+ (1 —p)Ly(s)| is the product of @ independent of those terms.
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a'—« k
C N
Also, since the LST of a sum of functions is the sum of their LST, then g —/2 < ; >
P NEAN + 5
is the LST of the sum of o/ —a gamma distributions.

The special case of the exponential where @ = o/ = 1 has been studied in Carpenter et
al. (2006) [12], and by Iyer et al. (2002) [42]. A similar result in the gamma context has

been given in Carpenter and Diawara (2006) [11].

Theorem 3.5 Suppose X ~ Ga(u,\, ), with « € N, and Y ~ Ga(u/, N, ') as in (5.10),

and o < /. Then Z is the sum of two r.v.’s:
e a Ga(p—p' N, o/ —«) and

e another distribution which is the sum of a independent r.v.’s each of which is a product

of a Bernoulli and an exponential with parameter X .

Proof: From the expression of Ly,
/ a / o —a
Ly(s) = i()wl— as) oli=i)s A ,
A (N+s) N+s

the result follows. 0

Also, assuming Z = X9 — aX1, and using the Taylor approximation of
0 (_1)n+1

log(1+s) = Z

n=0

n+1
CES

the cumulants of Z are obtained as

logLz(s) = logLx,(s)—logLx,(as)

= allog(l—i—j)—aﬂog(l—%)
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— (n+1)! (n+1)! "X
o - (_l)nJrl n+1 a \ni1 1 n+1
,12()(”+1)'8+ [al(kl) ' a()\z) +}

Another characterization of Z is obtained by considering several cases for the Ga(u, A, )

and Ga(p/', N, o).

Corollary 3.6 Let « = o' € N, then Z is a shifted sum of « independent r.v.’s, each being

a product of a Bernoulli with mean (1 —p) and an exponential with parameter X', where the

value of the shift is yu — p'.

Proof: a € N. Then the LST of Z can be expressed as:

(N +s)

= e (1 )

s [N+ “
La(s) = e M “S>]

/

)\’+s)+p} '

Theorem 3.7 Suppose X ~ Ga(p, A\, ), and Y ~ Ga(p/, N, d’) as in (3.10), with o < o,

and assume that (o + 1] < o'. Then Z is is the sum of

o [a+ 1] independent r.v.’s, each being a product of a Bernoulli with mean (1 — p) and

an exponential with parameter N
i GG(H - Hlv >‘/’ of — [a + 1])

e Ga(0,\/a,|a+1] — «)

o1



Proof:

/ [a+1] / o/ —[a+1] a—[a+1]
Ly(s) = i)\ + as oli=it)s A A+ as
AN+ N +s A

and notice that:

A+ as a—[a+1] B A [a+1]—a
A - [A+as '
U

In fact, instead of assuming [a+ 1] < ¢/, it suffices to assume that [a+ €] < o/ for some

e €[0,1].

Theorem 3.8 Suppose X ~ Ga(u,\, ), and Y ~ Ga(y/',N,a/) as in (3.10), with o =

o' ¢ N, then Z does not have the LST of some measure.

Proof: a ¢ N The explicit formula in terms of the LST is

N tas)] ™ T ox e [Aas]e T
w0 = o) bl e

The question we have is how to interpret

A+ as a=la]
el
A+as]?
However, set ¢(s):[ S ], where § = a — [a] € [0, 1].
B—1
(1) B g A‘F(IS
o) = 5525

62 (s) = B(B — 1)<?\>2 [At\as}ﬁﬂ

oM (s)=BB—1)---(B—n+ 1)<‘;\>n[)m:\asr_n,

52



So ¢(0) = 1, and has derivatives that alternate in sign. However, by Theorem 2.14,
from Feller (1971) [25], (—1)"¢(s) <0, for all n =0,1,2,... ¢ is not completely monotone.

We have that ¢ is not the Laplace transform of some probability distribution. 0

Theorem 3.9 Let X ~ Ga(u, \,a) andY ~ Ga(p', N, ') such that « € N, o/ € Ry, o/ <

a and as in (3.10). Then Z has LST of some measure iff o« =d/.

Proof:

_Lv(8) s [N T (Atas)®
La(s) = - N+ s X\

_ ou-)s [)\’ (A + as)] “ [)\ + as] o ‘

A (N +s) )

. A+as]® . . .
The expression [ 3 ] is completely monotone iff o < o/. Since o < «a
must be satisfied also, then «a = <’. 0

We have seen that the distribution of Z takes on many different forms depending on the
parameters that are given. In Theorem 3.3, we found the only case where the latent variable
is of continuous gamma type as the marginals. This case is further studied in Chapter 4.
The results from Theorem 3.4 up to Theorem 3.9 give the various forms that the distribution
of Z can take. Theorem 3.4 and Theorem 3.5 are similar, as they express the distribution
of Z as a sum of product of Bernoulli and exponential, and that of gamma r.v.’s. The
special case, given in the Corollary 3.6, states that the Erlang case where @ = o’ € N,
leads to just the product of a Bernoulli and exponential. These results give alternative
ways of characterizing the distribution of the latent variables, an opportunity to replace the
unconditional expectation, density by the unconditional expectation, density. That allow

to increase the efficiency in the variance covariance matrix of parameters. In all those cases,
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a < o is a required condition for the model validation. The Theorem 3.7 shows that there
must be an integer value between o and o' to justify the gamma marginals for Y and X in
the Equation (3.10). If there is no such integer value between v and o/, then Z does not
have the LST of some measure. It is not be represented by a distributional form. Theorem

3.9 confirms that finding in the sense that it gives back the result obtained in Corollary 3.6.

3.3 The Multivariate Gamma

The previous section overviews the possible forms of distribution that Z, based on
Equation (3.10), can take. Our primary goal is to obtain the multivariate gamma form of
X as in Definition 3.1. That means we need to study the distribution of Z = (21, Zs,-- -, Z))
based on Equation (1.1) and Definition 3.1.

In Chapter 4, we study the case where the latent variables Z; are all of gamma types
as in the result obtained from Theorem 3.3. In that case the probability of proportional
occurrence is p; = 0, for ¢ = 1,2,..,p. Many authors have suggested that formulation.
Mathai and Moschopoulos (1991) [63] use that form to give a version of multivariate gamma.
They give properties of such model in terms of means, variance and covariance of parameters,
approximations, and inequalities. In this dissertation, we have proposed a general model as
in Definition 3.1 of a multivariate gamma, that simplifies to the one proposed by Mathai
and Moschopoulos (1991) [63], and Mathai and Moschopoulos (1992) [64]. Nadarajah and
Kotz (2005) [72] derive a linear combination of exponential and gamma r.v.’s. They assume
that there is no probability of simultaneous occurrence between X; and Xy. However, as
given in the famous paper by Marshall and Olkin (1969) [61], that is not meaningful in

“shock model” conditions. Our model captures the shock model that Marshall and Olkin
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(1967) [61] studied in the simple case of the multivariate exponential distribution. That
lead us to elaborate on the multivariate exponential distribution, and the results are given
in Chapter 5.

When a; = i\\i‘), ,i=1,2,..,p in Equation (1.1), then X reduces to multivariate gamma
proposed by Mathai and Moschopoulos (1991) [63]. We give the form of the joint distribution
of Z in the next chapter, its interprtation and estimation procedures of its parameters.

Iyer et al. (2002) [42] and Iyer et al. (2004) [43] dealt with the case of positive fixed
a;’s in the one dimensional case assuming that X and X; are exponential with parameters

Ao and A;, ,i=1,2,..,p, respectively. Carpenter et al. (2006) [12] showed that the density

of Z; is then expressed as:

f2:(2) = pid(2) + (1 = pi) fx,(2) L (z>0), (3.11)

where p;, = P(Z; = 0) = aii‘—é, i = 1,2,..,p and J is the Dirac delta function given in
Equation (2.2). The result from Carpenter et al. (2006) [12] is an adaptation of Corollary
3.6, and the multivariate form of the distribution of Z is given in Chapter 5.

Based on the multivariate form of Z, we derive the form of the multivariate distribution
of X. We then avoid problems that many authors, say Fang and Zhang (1990) [24] and
Walker and Stephens (1999) [79] for examples, run into when trying to characterize the
multivariate gamma distribution. We have a close form expression, a feature that was
difficult to derive from Henderson and Shimakura (2003) [34]. The expression is not simple,
but it is tractable in contrast to what Mathai and Saxena (1978) [65] have suggested in

terms of infinite series.
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3.4 The Autoregressive Model

In this section, we focus on another approach to obtain a model similar to the direct
linkage. This is an important extension to the multivariate distribution with correlation
structure following the first order autoregressive scheme as stated for further research in
the conclusion of Minhajuddin et al. (2003) [68]. In some applications, the parameter of
interest depends on time. Time series could then be applied to the phenomena which is
described linearly as

Xy =a; Xy 1+ 2y for teN.

Brockwell and Davis (1996) [10] describe a similar model with some fixed a; = a, |at| <
1 and the Z; are iid normal with EZ? = 2. That gives that F(X;|F;_1) = aX;_1 where
Fi_1 is the set of measurable information up to time ¢ — 1.

Let X; denote the observation at time ¢. The sequence of r.v.’s (X7, Xo, - - -) is known as
a time series. A graph of X; against t = 1,2, - - - is a time plot, and can reveal trends (upward,
downward, variant) or seasonal variation. A model for a time series is described by the joint
distributions of the r.v.’s (X, Xo, -+, X},), which is P(X; < x1, Xo < xo,---, X, < z,) for
every integer n =1,2,...

However, in practice, only partial information (such as mean, variance) may be avail-
able. Also, we cannot write the joint density as the product of the marginal densities since
independence between the X;’s is not a workable assumption in our case. The time series

model appears in the class of self decomposable distributions.

Definition 3.10 A r.v. X is called self decomposable if for every 0 < a < 1, there exists a

r.v. Z = Z(a) independent of X such that X LaX + 2.
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Some desirable properties follow:

e Self decomposable r.v.’s are contained in the class of infinitely divisible r.v’s. See

Feller (1971) [25].

e The time series version is Xy = aX;_1 + Z; where Z; are independent of each other of

of X5, s<t.
e If a — 0, then X; are independent. If a — 1, then X; are perfectly dependent.
Joe (1997) [44] chapter 8, discusses some special cases.

o If X is exponential with mean 1, then Z is a mixture of a point mass with weight a

and the exponential with mean 1.

e If X is an Erlang distribution Ga(6,1), 8 € N, then Z is again a mixture Z =

0, with prob. a’;
Erlang Ga(j,1), with prob. p;
where pj, 1 < j <0, are prob. from binomial (6,1 — a).

0, with prob. a’;
o If X is Ga(f,1),0 € R—N, then ¢ =

Ga(j,a), with prob. p;,

where pj, j > 1, are prob. from negative binomial (0,a), p; = SEIQZL&])) a®(1 —a).

The class of linear relations is quite large, and may contain unobservable factors.
Among the alternatives, we consider the compound autoregressive model given by X =
(X¢)e>o0-

Since the beginning of time series analysis, one popular model assume that the variable

X, of the process is related to its past development and on a random disturbance sequence
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Z,, which is not related to the past. The process is called a Markov process if the densities

of Xy are normally distributed.

Definition 3.11 The process X is called a compound autoregressive process of order p,
denoted CAR(p) if and only if the conditional distribution of X; given X;—1 admits the
conditional Laplace form:

E[G_SXt|Xt,1] — e—althl—a2Xt72—~~~—apXt7p+b

where a; = a;(s)i=1,...,p and b = b(s) are functions of the admissible values s in R.

Our goal is to represent the data based on our probability model (1.2) and on this
family of model (1.1). Then it becomes possible to estimate parameters, check for goodness
of fit, and use our understanding of the mechanism to generate adjustments.

We assume that Xy = aX;_1+ Z;,t =1,2,... where Z; are independent, and also each
Z; is independent of X for each t’ < t.

If Z = {Z;}; were normally distributed with mean 0 and variance o2, then the model
would be an autoregressive model, denoted AR(1), and the Z; are commonly referred to as
white noise. The process would then be stationary linear if |a| < 1.

Here, we have that:

Xy = aXpa+Zi=a(aXi2+Zi1)+ 2 = a*Xi—o+aZi_1 + 7

= dXo+d ' Z1+d 22+ +aZi 1+ Z,
t—1

= d'Xo+ > d"Z
k=0

Therefore yu; = EX; = a! EXo + 22;10 a*EZ,_,
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and Var(X;) = a?Var(Xo) + Z};}) a®*Var(Z,_y).

Also, it follows that:

Cov(Xipyg, Xt) = Cov(aXiyk—1+ Zt, Xt) = aCov(Xigp—1, Xy)
= a?Cov(Xppp_o, X)) = = akCOU(Xt,Xt)
= d"Var(Xy)

The dependence decreases with the lag. That is, as k increases, (X¢4x, X¢) has less depen-
dence. We would like the model to be stationary. The process X = (Xn)(nzo,m,...) and its
k shift, 0, X = (X;4%)n=0,1,2,.., share similar similar properties, and we write: X < 0. X.

We say that X is weakly stationary if it satisfies the following two properties:
1. the mean of X; does not depend on ¢
2. for each k =1,2,---, Cov(X¢i, X;) does not depend on t.

This weakly stationarity property is achieved only if « =1, and £Z; = 0.
Rather than considering only nonnegative values of £, one could consider a shifted
sequence on Z.

Assume that Xg = aX_1+ Zp and that X_1 = aX_5+ Z_; and so on... It follows that:

t—1 t
X, = dXo+ > d"Z p=a'X 1+ d" 7y,
k=0 k=0

00
= Z CLth_k;.
k=0
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o0
Then X; = Z " Z_p.
k=0
For the series X to be stationary, i.e its mean and covariance independent of t, the

required condition is that of absolute summability of the coefficients {ak}k:0,172,..,_ i.e.

(0.9} oo
Z a¥| = Zak < 00. This is achieved if and only if |a| = a < 1.
§=0 j=0
Let us denote the coefficients a* as ¢j. Then X; = Z;‘io Ok L.
Moreover, if we can express Z; in terms of X;’s, then we say that the process is in-
oo
vertible. This is achieved, and we can express Z; = Zﬂ'th_j, where myp = 1, m =
j=0
—a, and m; =0 for j> 1.
The compound autoregressive process defined earlier in terms of the Laplace transform

with autoregressive path dependence can be expressed as:

E[estt|Xt_1] — efathflstt

and the log of the conditional Laplace transform is a linear function of X; 1.

3.5 Summary

In this chapter, we have generated a general class of multivariate gamma distributions.
We call it generalized gamma distribution, not because the marginals are the generalized
gamma distribution as defined in Kotz et al. (2000) [53], but because it generates two very

distinet and broad subclasses of distributions:

e The continuous class model, where the latent variable is of the same gamma family. We

study that class in Chapter 4. This class has no discontinuities in the joint densities.
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e The fatal shock model, where all marginal distributions are gamma, but all the latent
variables are gamma mixtures, and there are discontinuities due to the probability of
simultaneous occurrence. In Chapter 5, we study that model under the exponential

case, because of the wide use and applications of the exponential distributions.
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CHAPTER 4

THE CONTINUOUS CASE MODEL

This chapter studies the continuous class of the model given in Chapter 3. The latent
variables are all continuous, and of specific same family gamma type distributions. Our goal
is to find the joint multivariate density of the latent variables Z;’s defined in (1.1), assuming
that the conditions of Theorem 3.3 are satisfied, that is the Z;’s are independent gamma
distributed for ¢ = 1,2,..,p. Nadarajah and Kotz (2005) [72] describe the distribution of
the linear combinations of exponential and gamma type r.v.’s. Our approach is different
as the mariginal distributions are specified, and the coefficients a; in (1.1) are chosen such
that the Z;’s are of the same family of gamma distributions, for ¢ = 1,2,..,p. Methods of

estimations of parameters associated with the latent variables are also proposed.

4.1 Definition of Model

Mathai and Moschopoulos (1991) [63] considered a multivariate gamma model where
the dependence structure is obtained by adding a factored common r.v. to every univariate
marginal, exploiting the additive property. In their following paper [64], they consider an
additive form of gamma distributions with common scale parameter. In Kotz et al. (2000)
[53, page 468], a model in reliability applications is described as a system where a failing
component is replaced by an identical one so that the process never stops until the total
items in the system fail.

The Definition 3.1 is in the spirit of the Mathai and Moschopoulos (1991) [63] mul-

tivariate gamma with a flexible dependence structure for non-symmetric and nonnegative
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support. It provides a model fit for many situations. A slightly similar idea has been sug-
gested by Hougaard (1986) [35], where the class of multivariate lifetime distributions had
a dependence created by an unobserved quantity. We next recall the definitions and most
important properties of the multivariate gamma distribution in the sense of Mathai and
Moschopoulos (1991) [63]. The distribution of the sum with any shape and scale parame-
ters is also analyzed.

Note that X in Definition 3.1 does not necessarily follow the multivariate gamma
unless we pick appropriate values for the a;, i=1,2,---,p, as it is proved in Mathai and
Moschopoulos (1991) [63] and (1992) [64].

If ag — 0, then Xg — 0 a.s., and then the multivariate gamma consists of n indepen-
dent gamma distributions.

Carpenter et al. (2006) [12] marginally defined the X;’s as exponential, and showed that
Z; is then a product of a point mass and an exponential distribution. Despite the theoretical
universality, the difference is in the concept. They start from a bivariate distribution, say
X1 and Xy, and derive the conditional distribution of the associated Z;, whereas in most
general situations, one describes the joint distribution of Xy and X; with Z; known.

Mathai and Moschoupolos (1992) [64] showed that for X = Zy, Z1, Zs, - - -, Z),, mutu-
ally independent gamma r.v.’s with parameters such that Xo = Zy ~ Ga(ug, Ao, ap) and
Z; ~ Ga (,ui — i—z/\i,)\i,ai — a0> for i = 1,---,p, then X; satisfying X; = a;Xo + Z; for
a; = i—é, are also gamma distributed as X; ~ Ga(u;, Ai, ;). This result is now in this
dissertation an application of Theorem 3.3. We next give some properties and the form of

the multivariate density function.
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4.2 Properties

Some important features, as in Section 4.1, follow from Equation (3.8) and Equation

(3.9) of the Laplace transform Lx.

Ao >a0 P Lx.(si)

Pp
L S — 6_/"/0 i—=1 AiSi ( .
x(s) Ao+ D0 ais; paley Lx,(a;s;)

LXi (52)

And then, it is sufficient to explain the nature of
Lx,(aisi)

. We next present two

important theorems of this chapter.

Theorem 4.1 The joint pdf of the multivariate gamma X = (X1, Xo,---,X,) based on
Definition 3.1, when X; ~ Ga(pi, Ni,;), i = 0,1,---,p is explicitly given in terms of
hypergeometric series ( the Lauricella function of type B) in the special case where Z;, 1 <

1 < p, are gamma type.

Proof:
We follow the ideas in Mathai and Saxena (1978) [65].
Assume that Z; ~ Ga(u;, N, af) for i = 1,2,---,p. Using the idea from Mathai and

Moschopoulos (1991) [63], the joint density of Xg, Z1,- -, Z), is given as:

f(@o,21,-++,2p) = Clxo— po)™ texp{—Xo(ro — o)}

p
x [ [(zi — i) exp{—Xizi — pf)}
=1

/
_N e AT
where C = Tao) Lli=1 T
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Even in the simplified case, integrating out xg is possible only in very special cases as
it is noted in Krzanowski and Marriot (1994) [54].

Now putting z; = z; — a;xg, we have that the joint density of (Xo, X1, Xo, -+, X)) is

given by:
g(wo, w1, wp) = Clxo — o)™ tewp{=Ao(zo — po)}
p
x [ [ (@i — aiwo — p)*teap{=Ni(w; — aiwo — pi)}.
i=1

1
Set ug = wg — po and u; + po = — (x; — pp) for 1 < i < p.
py

(2

Then the density of can be written as:

p
-1 _
g(ug,ur, -, up) = C’Haf’ ug” 1eacp{f)\0u0)}

i=1
d /
X 1_[(uZ — up)® texp{—Na;(u; — uo), }

i=1
where 0 < ug < min{ui,---,up}
The joint density of (u1,---,up) is available by integrating out ug. Hence
min{u,,up} L - ) 4
glur, - up) = Cl/ ug® ™ exp{—Aouo) }(ur — uo)™ " -+ (up — ug)*”
0

x exp{—[ANa1(u1 —ug) +--- + /\;,ap(up — )] }dug

P
ol —
where C'1 = C’Haiz .
i=1
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It follows that the density depends on the different forms of the k! possible orderings

of ur,ug, -, up. For example u; < up < --- < up,. We have

glur,-yuy) = cl{Hu }/ gt exp{—Aguo) }(1 = =)7L (1= =)
(75} Up
x exp{—[Narur(1 — —2) + -+ X apup(1 — —2)] bug.
(51 Up
Set y = %0 Then the above is expressed as:
uq
1
glur, -+ up) = 01{Hu “0/ y*texp{—Aou1y)}
0
= x(1—y)7hx (1= )l (1= )
u9 Up

u u
= xexp{—[ANaui(1 —y) + Ayagua(1l — u*;y) et )\;,apup(l - ;ly)]}dy-
P

Expanding the exponentials in series form, we obtain:

P
-1
glur, - up) = Cl{Hu?l

/\0U1 (—Njaiug)™ (=Apapup)™
SIS )

To T1

1
% / yOlOJrTO*l(l . y)a’1+r171 % (1 N ﬂy)o/frrgfl . (1 N ﬂy)a;ﬂrrpfldy
0 U2 Up
P /
r_ T r
_ Cl{Hu?l 1 utlxo % (oo +70) (04,1 +71)
F(ag + 19+ +71)
/\0U1 (=MNajur)™  (=Apapup)’
X PR
>33 “ “
ro T
U U
><FD(oz0+r0;a2+7“2,-~-,ap+rp;a0+ro+a’1+r1;u—1,‘-~,u—1),
2 D

where Fp is sometimes referred to as the Lauricella function of n variables.
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The theorem is proved when substituting back x; in terms of w;.

Recall that Lauricella Fp, or more precisely F j(jn), is a function of n variables and n+2

parameters defined by the power series as:

[e.9] [e.9]

(n) . . e _ (a)m1++m2 (bl)ml T (bn)mn mq!
D I S e
mi1= My = n

We have a characterization in terms of an infinite sum of distributions. The question
of how to generate variates from this distribution is then raised. Also relevant is how to
implement a fit for this distribution. To answer these questions, a further study is then
needed. We want to obtain another representation although we can tell by now that there
is no unique way of expressing the joint density of a set of correlated gamma marginals.

Note from the above theorem, relations between means and variances of X; and Z; can

be obtained. In particular,

~

L — e — a and ¥ _ % a'%
My = [ 10 )\;_A’L 1)\0’

Hence
& .90
Vo= A Y
vy g2a9
A? Y
and
o . 00)2
/I ()\i az)\o)
Y= Tap 2o
A? (Y]
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However, in order to obtain a better parameter estimates, a more tractable version of
the joint density is desired.

The notion of frailty is used as a measure of general random effect. Vaupel et al.
(1979) [78] gave a description of frailty as a measure of susceptibility to all causes of death
in heterogeneous populations, with applications assuming gamma distributions, based on
the advantages of the gamma in the simple forms of its density in Equation (1.2) and its
LST in Example 2.2.

In the particular case where X; ~ Ga(puy = 0, 1,00 = 1) and Xo ~ Ga(pue =

1
0, Ao, a9 = 5), the density of the sum X = X; + X5 can be expressed as:

() = Ve P22 A

2
where I is the Bessel function of first kind and zero order
t2 t t6
To(t) = 1—*_22_‘_22-42—1_22-42-62_‘_

The result of the convolution of n independent gammas, is given by Moschopoulos

(1985) [70], and is as follows:

fX(g;) = H?:l )\?Z T n 11042—1 —An xz ? 11 al) [()\ — )J?]k
(3 i) k' Yk "

where the coefficients b; are obtained recursively by:

1, 1 =2 Ao — \s
_ : A e B et
bi = ko bi— 1(P L) (—k); j oo with - G; Ai — Ai—1 '
Zj:o Ifr C 123747”'7’”)

'( p laP)J

Moschopoulos (1985) [70], and Furman and Landsman (2005) [28], give an interpretation

of the distribution of X as a sum of gamma distributions the location being at the origin.
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Theorem 4.2 The distribution of the sum X is a mized gamma with miring shape para-
meter given by a+ K and scale parameter \pqp = max{A1,---, Ay} where « =3 % | «; and
K is a non negative integer r.v. with distribution

pk:f(k):Cdka k=0,1,2,..

C=TI, (20) and do=1, dp=EYF 57 aj(1— 2 ) dyy
i.e f(x) = Zio:[)pkfyk (x)v Y ~ Ga(/\maza o+ k)
Proof: See Furman (2005) [28]. 0

In the case of the sum of two gamma X; ~ Ga(A1,a1) and Xo ~ Ga(Ag, a2), the
distribution of X = X7 4+ X5 is given as:

0o )\‘)‘1)\0‘2
f(m) = Zk:opkfyk (1’), Pk = Cdk7 C= )\z111+g¢2

mazx

do:l, dlzal(l— A1 )+a2(1—)\/\2 )

)\maz max

dy = Blon(1 = 32) + az(1 = 22)] + Dar (1 - 22-)% + ag(1 — 22-)?7]

A’rna,:L' ATVHZ(L‘ Amaw >\ma1,

dp = %Zle 21;21 (1 — A )idkfi, for k> 3.

Amaz
Yi ~ Ga(Amaz, 01 + ag + k).

The form of the exact distribution Theorem 4.1, and in Theorem 4.2, in an infinite
series, is quite complicated in practical situations. Because the sum involves an infinite
number of distributions, there is a need in developing a mathematically tractable theory
and result. We consider some results in the gamma cases, and explain the case of the

exponential distribution.

4.3 Estimation Procedures

Because of the complexity of the likelihood, no MLE can be done in the usual way

in estimating model parameters. Alternatives for the MLE have been suggested by many
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authors such as Cohen and Whitten (1986) [16] and Cohen and Whitten (1988) [17]. They
used method called modified moments estimators or modified MLE. Our approach builds
the probability criteria from the EM algorithm. It can be used to compute the MLE
for incomplete data. Disregarding the missing data is usually not safe. After separating
the data into missing and non missing, we start by taking a guess of parameters within
a corresponding domain. The idea is to replace the missing value by its expectation or
predicted score given the starting guessed parameter values. We use an expected value
of the likelihood function, computed using sufficient statistics, in turn computed from the
data, and maximize the likelihood function to obtain new parameter estimates. From the
famous paper by Dempster et al. (1977) [22], the basic EM theorem states that improving
the expected log likelihood leads to an increase in the likelihood itself /(0] X) = log L(6] X).
The data X = (Xyps, Ximis) has 2 parts: an observed part denoted as X,ps and a missing
part we denote as X,,;s and is assumed to follow a gamma distribution with unknown
parameter 6, i.e. its pdf is expressed as in (1.2).

The idea is to fill in the missing values and iterate. Each iteration is done in two steps:
the expectation (or E step) and the maximization (or M step).

At the expectation or E step, we find the conditional expectation of the log likelihood

function for the complete data denoted here as X given the observed data say X s, i.e.

Q010" = E | log £(X]0)|0%, X ops | -

The next step of the EM algorithm, the M-step, is to maximize the ) function; i.e. we
find the parameter § = 6! maximizing Q(6|6*)). The EM algorithm guarantees that the

likelihood function is increased by increase of the function Q.
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The EM algorithm has a generalization called generalized EM (GEM), where in the M
step, one finds only a value # such that Q(8|6)) is strictly increasing in k.

The density in our example is of multivariate type. Using ideas from Mathai and
Moschopoulos (1991) [63], the likelihood function can be thought as a sum of p terms. One
idea is to maximize each term separately.

The data vectors X; = (z1, x2j, -+, 2pj) € RP for j =1,---,n are observed and what
are missing (unobserved) is the group of units Xo = (o1, o2, - -, Zon). We wish to calculate
the ML estimates of 6.

There are pn +n = n(p + 1) observations, and among them pn are observed and n are
missing.

Then setting 0 = (1o, Ao, @0, f1, My Q1,5+ fps Ap, ), & vector of 3(p+ 1) parameters,

the log likelihood is

1(6]X) log H 9(woj, T1j, -+, Tpil0) = Zlog [9(w0j, 715, -+, 7p)|0)]
j=1

Jj=1

= nlogC + Zlog [(zo; — ug)aoflexp{—)\g(azoj — o)}

j=1
p !
X H(ﬂﬁzg — Q%o — Mé)ai_l@ﬂﬁp{*)\;(ﬂfij — a;%o; — ;) }]
i=1
n
= nlogC + Z [(ovo — 1) log(zoj — to) — Ao(xo; — o)
j=1

P p
+10g{H(9?z‘j — azro; — )} + log{H e~ Ni(@ig —aiTo; —p) ]
=1 i=1
n

= nlogC + (ag — 1) Y log(zo; — o) — Ao > _(woj — po)

s =1
n p n p
+ 3 Y (af = Dlog(wiy — aiwo; — pf) = > > Nilwij — agwo; — p1f),
j=1 i=1 =1 i=1
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bS]

a; p
whore ©=[[ s and logC = Y- {atog(h) ~loe(Clan) ).
i=0 !

=0

The log likelihood is not linear in the data. The sample and arithmetic means are
jointly sufficient and complete statistics for the parameters of the data. See Casella and

Berger (1990) [13]. They are functions of:
n n
Zl‘i]’, and injxi/j, ’i7i/: 1,"',]).
j=1 j=1

We wish to calculate

Elxojlaig, waj, - apil,  j=1,---n
Ex,,[log(woj — po)l, j=1,2,--,n
Ex,lzij — ajxo; — i), i=1,2,---,p, j=1,2,---,n
Ex,[log{x;j — a;xoj —pi}], i=1,2,---,p, j=1,2,---,n

~

COU(ij’l'ljvaja"'7l'pj;ﬂ?2)a jzl""vn

Using the same idea as the Bayes theorem, which states that

f(xO‘X) _ f(l'O,X) _ f(xo)f(xh;o),

f(x) f(x)
we have that the conditional density of xg; given x = (z1j, z2;, -+, xp;) for j =1,2,---,n,
is given by:
($0' _ uo)ao_le_)‘o(mOj_”o)G(wo',X)
f<m0]|xlj7x2J77xpj) = xmin 2 1 >\ ( . ) 2
Ll (@oj — po)aotem olw0s =) G (25, x)dxq,
where

e the denominator represents the joint distribution of the j* response vector,

man

— min: Tij
o M =minj—1 2. p{77}
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o G(woj,x) = [0 (wij — aiwoj — )i~ te~Nil@ia—aimo;=pi)

It is then not possible to just have the conditional density of the observed data. We
cannot separate the component likelihood of the known parameter from the variance com-
ponent parameter. This complexity of the conditional density of xg; given x1;, x9j,- -, p;
for 5 = 1,2,---,n, (not available in closed or simple form), prevents us from using the
EM algorithm. The problem is in the integration. To go around this problem, we could
approximate the integral or we could replace xg; by a reasonable estimate. Based on the
following relations,

Tij — Zij

$¢j:ail’oj+zij<:>l‘oj:T, for 1=1,2,---.p, and 1=12--- n.
i

Considering the minimum of the z¢; is a natural idea one could use, i.e.

o fwi — 2
To; = Mmin I
i=1,..,p Qg

In other words, the x;’s are estimable based on the nature of the structure. And hence the

parameters (g, Ag, a9 are then estimated.
(67 [

Now replace z;; by E(zj) = SVl airo + i — a;po- Then
i 0

o
. Tij—xr—Mi
Toj = Minj—1_, {a; } + (i‘g + ,LL()).

So

Tij — - — M o
. 1] i 7 0

E(xo;) = S Vi al .

€0 ig}{{p{ o } + </\0 ﬂm)
T Q.
Elog(xo; — po) = log ['min {W} + <ao>].
i=1,..,p a; Ao

. LTij — % — M Qg
Elog(xij — a;xo; — ;) = log [wz’j — a; min {} + < + o ) — pil-
i=1,..,p a; Ao
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Hence,

QOlo*—1)y = E{Z(HH(]“_I),:B)}

= nlogC+(ag—1) Y Elog(xo; — to) = do Y E(xo; — o)

j=1 j=1
P n
+ Z Z — DElog(wij — aixo; — i) — »_ > NiB(wij — aizo; — ;)
i=1 j=1 i=1 j=1
Tij — S — Wi Qo
= nl 1))y 1 — A =
v s S g {2 E
n a;
B R v 2
—A L R =0
03 | i {5
j_l
P @
. Tig = N, — M Qg
—i—ZZ ; — 1) log [azm ai(inln {)‘}—i-()\—i-,uo))—m}
P i=1,..,p a; 0
P n T — % — o
_ZZ)\i 2y —a;( min § 22 TP (00 ) <
P i=1,..,p a; )\0

(1) _ (@D \F=D) 1) (o) (0m1) (b)) (D) (D) Gy

where 6 sl Q1 AL T Ty, 0p Ty Ap T

Then using maximum likelihood, find
k k k k k k k k k
H(k) = (lu’((] )7)\6 ),Oéé )’,U«g )7)\5 ),Oég )7 T ):U’I(J )7)‘£ )aaé ))/
that maximizes Q(A|9*~1)).

So in here, the parameters are computed iteratively. The following steps are suggested

to get the MLE’s of the parameters:

e step 1: update the unknown values xg; for each iteration along with the parameters

of interest.
e step 2: find estimates for pg, Ag and «ay.

e step 3: find estimates for u;, \; and a; for 1 < i < p.
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Continue the process at to convergence, when there is no much difference gained in the
next iteration. The vector of parameters 6 = (o, Ao, @0, (11, A1, a1, -+ +, fp, Ap, @)’ has two
components: § = (01,602) where 01 = (0, Ao, o) and 02 = (p1, A1, 1, fip, Ap, @p)’ 18
estimated by MLE for 0, fixed.

We continue the iterative process until some stopping criteria is reached. Although
the process seems very similar to the EM algorithm, it is not based on the conditional
distribution. It seems nevertheless very related to the EM algorithm. The estimation
is performed by a generalization of the EM algorithm which Tanner (1996) [77] called
the Expectation-Solution (ES) algorithm. For the ES algorithm, the M-step of the EM
algorithm is replaced by a step requiring the solution of an estimating equation, which
does not necessarily correspond to a maximization problem. The ES algorithm is a general
algorithm for solving equations with incomplete data. These authors used this algorithm
to fit a mixture model for independent and correlated data. The use of mixture of densities
gives more flexibility to the model the distribution. With this approach, we have a method
to calculate the variance-covariance matrix of the parameters.

The Markov Chain Monte Carlo (MCMC) allows the simulation of many complex and
multivariate types of random data. It also deals with calculating expectations, finding
conditional expectations for maximizing likelihood in missing data patterns, predicting the
missing data based on a normal distribution. Although the assumption of normality is not
always a negative aspect (specially when the missing information is not too large), this new
estimation technique can provide better answers as the values g are not missing at random.

To understand a statistical model, one idea would be to simulate many realizations

from that model, and study it. For example, consider a r.v. X with pdf f(z) and a
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function g such that F(g(X)) = / g(x) f(x)dzx is difficult to integrate. The integral can be

X
approximated after n realizations, x1, 9, -, Ty, of X by the following sum:
1 n
n Z 9(;).
=1
In our example, the joint density has the form f(x) = f(xo, 21,22, -, xp), and we are

interested in some features of the marginal density. Assume we can sample the p + 1 many

univariate conditional densities:

f(xolz1, 22, -+, 2p)
f(x1|330,x2,---,xp)
f($2|9507$1aI35"'axp)
f(xp‘$07$171’27""$P*1)'
Indeed
f(xo, 1, -+, 2p)
f(@glzo, z1, -+ g1, Tppy1, -+ @ =
( | ; ; y ’ +1 ) p) f(l'o,xl,"‘,mk—laxk—i—l?"":Z:P)
A" 1= )
= T — Ao L e 'k T aito
F(ak)( )

which is a gamma distribution with location ajzg and parameters o and \j denoted here

as ay and \g, respectively.

So choose arbitrarily p initial values: 1 = $§0),J}2 = a:g)), cee Ty = ;1:;5,0).

Then create

) (0))

° 9381 by drawing from f(:xo‘g;go), LT

(1) 1) _(0) (0>)

e z;’ by drawing from f(xl\mé LTy, Tp
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° xgl) by drawing from f(m\w(()l)wfgl)?x:(’?)? o ’xl(’[)))

° x}(ol) by drawing from f(xp!:vél),xgl),ﬂfg)v o ’x(l) )

This is one Gibbs pass through the p 4+ 1 conditional densities that gives values
H 1
(a:é ),azg ),.CCg ), e ,mj(ol)).

Thus, we can take the last n of g values after many Gibbs passes and we set that:

m4n

1 )
B(Xo) =~ .
i=m

The Monte Carlo EM algorithm is an important sampling technique to generate random
variates to construct Monte Carlo approximations.

As said earlier, the identification of parameters is an important topic. We have proposed
a novel procedure to identify the parameters which uses ideas of the EM algorithm, with a

computation cost not so large.
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CHAPTER 5

THE MULTIVARIATE EXPONENTIAL

The multivariate exponential plays an important role in survival and reliability analysis.
Marshall and Olkin (1967) [61], Joe (1997), Ghosh and Gelfand (1998) [30], and Hougaard
(2000) [36], to mention a few authors, gave several examples to motivate this research
problem. In this chapter, we focus on the multivariate exponential distribution. More
specifically, we consider the p—variate X1, X, - - -, and X, be fixed marginally as exponential
r.v.’s with hazard rates Ai, A2, ---, and )\, respectively. Then by introducing two types of
latent non-negative variables, Xo and Z1, Zs, - - -, and Z,, statistically independent between
themselves and of Xy, a linear relationship is formed between Xy and X;, X, -, X, as in
(1.1). Note that this structure was introduced in Chapter 3, and is a special family within
the generalized gamma distribution.

We focus on the exponential class of distributions because of its importance in the
literature. This class is large, and includes the continuous (examined in Chapter 4) and
discontinuous cases. We also study the bivariate case approach where X is unobserved,
and missing, and lay out the joint density function along with the joint survival function.
We also developed estimators for the parameters associated with the model. Carpenter et
al. (2006) [12] defined a similar approach at the univariate level. They characterize through
Laplace transforms, the distribution of the latent variable in the exponential case as mixture
of a point mass at zero and an exponential with hazard rate A; as shown in Corollary 3.6.
Note that when Z; = 0, there is a positive probability that X; is proportional to Xy with

proportionality constant a;, i.e. P(X; = a;Xo) >0, i=1,...,p.
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We show that our model possesses the property of conditional independence in Def-
inition 1.7 and Equation (1.13), given a random latent effect. Hougaard (2000) [36] calls
this random latent effect frailty. Frailty models are common in describing the dependence.
See Vaupel et al. (1979) [78], Hougaard (2000) [36], and Henderson and Shimakura (2003)
[34]. Hougaard (1986) [35] and Hougaard (2000) [36] consider the random latent effect
as parameter, and we are treating it as latent variable. As described in Carpenter et al.
(2005) [12], the joint distribution is not absolutely continuous. The multivariate survival
data of the experiment gives multiple events and involves several members or components
in a system.

The multivariate lifetime distributions by Hougaard (2000) [36], has a dependence
created by an unobservable quantity. This is a typical scenario we adopt here also. Hougaard
(1986) [35] proposed a continuous multivariate lifetime distribution where the marginal
distributions are Weibull (continuous) and does not allow the property of simultaneous or

proportional failures of individuals or components.

5.1 The Multivariate Exponential

In this section, we give our version of the p—variate exponential distribution through

Definition 5.1. We study its various properties, and characterize its density function.

Definition 5.1 Let Xy, X1,---, X, be exponential r.v.’s as in (1.3) with scale parameters
Xi, 0<i<wp. LetZ;, i=1,..,p, beindependent r.v.’s satisfying (1.1). We define the joint

distribution of X = (X1, Xa,---, X)) as the p—variate exponential distribution.
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From Equation (3.7), the mean of X is given as

1 1 1Y)
EX)=(—, —, . 5.1
( ) (Al’)\Q’ 7>\p>’ ( )

and the variance/covariance matrix is given as

)\2

/\—(21) ai1as e aiap
A
1 aai 2 . 20y
0 . . .
A3
apal e apGp—1 T}Q)
From (5.2), the correlation matrix is given as
)\(2) a1a2/\1)\2 s alap)q/\p
2
1 agal)\g)\l )\0 cee agap)\g)\p
P= 13
)‘O
2
apal)\p)\l s apap,l)\p)\p,l )\0

Note that since we consider the exponential case, the shape parameters o; = 1 in (1.2)
for i =1,2,..,p. From Theorem 3.4 and Equation (1.1), the LST of Z; is

A

Lz (s)=pi+ (1 —pi)Lx,(s), with p;= al-)\ )
0

1=1,2,..,p.

That is Z; is a mixture of Bernoulli r.v. with probability p; and exponential r.v. with

parameter A; as in Example 2.4.
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From Equation (3.11), the conditional survival function of X; given Xy, is obtained as

S(t|l‘0) = P(XZ > t‘l’o) = P(aifL‘o + Zi > t|{L‘0) = P(Zi >t — (IZ'SL‘()|ZL‘0)
= / fz,(z)dz = / [pié(z) +(1- pi))\,-e_)‘iz dz
t—a;To t—a;xo
= pz'/ d(z)dz + (1 —pi)/ e %z
t—a;xo t—a;xzo

= pz(l - H(t - CLiQS’O)) + (1 - pi)e_Ai(t_ai:CO)’ i = 17 Ry 2

where H is the Heaviside function defined in Equation (2.3).
From the conditional independence property and (1.13), the joint conditional survival

function is

S(x1, -+, xplzg) = H [pi(l — H(x; — a;jzp)) + (1 — pl-)e_’\i(m"_“im)] . (5.3)
i=1

The distribution of the minimum lifetime distribution X ;) = min{, — e, —
al ag ap
can be derived directly from (5.3) and from properties of the Heaviside function in Equation

(2.3). It is given as

P(X(l) > t‘:(}())

X; ?
HP(CL; > t‘xo) = l_IP()(Z > ait‘.%'()>

i=1 i=1

|
.:E

.
Il
a

[pl-(l — H(.%‘Z — 1‘0)) + (1 _ pi)e—)\iai(azi—xo) ]
Note that, as we should expect,

S5(0,0,---,0) =1 and S(oc0,00,---,00) =
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The Equation (5.3) above is quite interesting and could be deduced intuitively from
the nature of the conditional distribution. It also captures the method of copula that many
authors have suggested. According to that method, the joint survival function of X1, ---, X,

is represented as:

S(x1, 2, ,zp) = C(P(X1 > 1), P(X2 > x2),- -+, P(X}, > zp))

= C(SXI ($1)v SXQ (xQ)’ T SXp (xp))7

where C'(u1, ug, - - -, up) is a copula: a function mixing the univariate survival function uy, us
and u,. For example, Hougaard (2001) [37] proposed the following copula function C' at

the bivariate level:

Cluy,uz) = exp | — {(—Inuy)? + (= Inug)?}/7

with 8 > 1 coefficient of association. The case 8 = 1 corresponds to the independence
between uy and us.

There are some problems associated with the form of the copula, as it can lead to
misrepresentation of the association. The false estimation of # could then lead to false
estimates for the parameters of interest.

Taking the derivative of the i*" survival function in Equation (5.3), and using Equation

(2.3), the conditional density is given by

Fxaxe®) = pid(t— aiwg) + (1 — pi)Nie M40 =1, p. (5.4)
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and from (5.4), the conditional expectation is

EXi\Xo (XZ) = /0 thi|X0 (t)dt

x o
= pi/ t(;(t — CLZ'ZC(])dt + (]_ — pi) / )\ite_ki(t_aimo)dt
0 a; o
1 1 .
= pia;zo + (1 *pi)(y + a;xo) = a;jzo + (1 *pi)y, t=1,..,p.
T A

Note that taking the expectation of the above with respect to Xg gives

1
EX; = Ex,Ex,x,(Xi) = Exy[piaizo + (1 — pz‘)(y + a;ro)]

1

= ;— 1— i) (— _
P+ (=5 + 1)
a; 1
= — 1— i) —
N, PPy
1
= )\71'7 Z:]-v")p)

since p; = ai)\—;, confirming earlier results in Equation (5.1) and in Carpenter et al. (2006)
[12].

Although the joint density of (Xo, X1, X2, -+, X,) is easy to find (see Equation in
proof of Theorem 1.8), the density of (X1, Xa,---,X,)" is not. However, we can study the
density of (Xo, X1, X2,--+,X,) through the latent variables Z1, Z,- - -, Z,, with relative

ease. Using the independence of the Z;’s, i =1, 2,.., p, between each other and of Xy, and

Theorem 1.8, we have that:

p
f(fL‘o, L1y ,:L'p) = )\06_/\0$0 H |:p15(l’1 - al'IL‘o) - (1 - pi))\ie_ki(xi_aix0)1($i>aim0) s (5.5)
=1
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To demonstrate the complicated form of the above density, we give the explicit form
in the case of three r.v.’s X1 = a1 X9 + Z1, Xo = asXo + Z3, and X3 = a3 Xy + Z3. Hence,

Equation (5.5) becomes:

f(o, 21, m9,23) = f(wo)f(21 — arzo) f (w2 — azwo) f (w3 — aswo)

= f(zo)[p10(z1 — a1zo) + (1 — p1) fx; (21 — a120) L (2 >ay20)]
[p26(22 — azwo) + (1 — p2) x5 (T2 — a220) (23> arae)]
[p3d(z3 — azwo) + (1 — p3) fxs (23 — a370) (23> a500)]

= f(zo)[p1p2psd(z1 — a120)0(xe — asxo)d(xs — asxo)
+p1(1 — p2)p3d(x1 — ar1xo)d(x3 — asxo) fx, (T2 — aszo)
+p1p2(1 — p3)d(x1 — a1x0)d(x2 — azxo) fx, (x3 — azxo)
+p1(1 = p2)(1 — p3)d(x1 — arzo) fx, (w2 — azwo) fx5 (23 — azwo)
+(1 — p1)p2psd(x2 — azxo)d(x3 — asxo) fx, (x1 — ar1xo)
+(1 = p1)(1 — p2)psd(as — aszo) fx, (x1 — a170) fx, (T2 — azwo)
+(1 = p1)p2(1 — p3)d(x2 — azxo) fx, (x1 — a170) fx5 (23 — azwo)

+(1 —p1)(1 = p2)(1 — p3) fx, (1 — a120) fx, (X2 — asxo) fx, (3 — azxo)].

Coming back to the multivariate form obtained from Equation (5.5), there are 2P terms

in the sum expressed from the power set of P, the set of subsets of {1,2,---,p}. Hence,
P
fleo, o, mp) = Y DAy " PAG (@A, — aay To) - 0(za ) — aa,, To)
|A|=k,AcP

X f(zo)(X —pac,)---(L—=pag )
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X fa

M (“fn - aA?nxO) o fag (fop—m - aAfp—me)’

where A is a subset of P, with k elements, 0 < k < p, denoted as Ay, A2y, -, Ay,

and we then can deduce the subset A° = {1,2,...,p} \ A, whose elements are denoted as
c c .. C
(1),A(2), ,A(p_k). Hence,
P
f(.’E(), A PR )xp) = Z pA(l) T 'pA(k>6(xA(1) - CLA<1)I0) e 6($A(k) - aA<k)$0)
|A|=k,AcP

X(1=pag,) - (L=pac )

7}\Ac T pcC 7}\Ac T pcC
S Ao e - e ‘0 e e -
0AAG) " MGk
—(No—aac Age —m A e
we PoTaag Ragy Trmaag  Aag )eo.
Therefore the joint density of (X7, X»,- -+, X,)" the multivariate exponential is obtained

by integrating the above expression with respect to xg, giving

p—1
_ PAqy " "PAg) o FAqy)  TAw) o TAg-y  TAw
fl@n, - zp) 5( - ) - )
) ybp) —
Amkacp o) %Me Aq) g Agey e
$(1=pac V(1= pac
( pA(l)) (1 —pac )
_>\ (& c _>\ (& (&
xAodag, -+ Aae e A e M- M -n
1 p—k
T A
~(Ao—ane Age ——age  Age )1
Ye ™0 o=k " Ao—r) A
PYSYREED
'4
+ 1—p)---(1—
(T=p1)---( pp)Ao—al/\l—---—a,,Ap

we MTL ... 6—/\pxp(1 _ e—(/\o—alh—“'—aﬂp)w)’

where ¢ = min; <xz> .

a;
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Similarly, to get the unconditional survival function, one would derive it from (5.3),

and therefore compute

oo P
(@1, a2, 3y) — / TT Sil0) fxo (o) o
0 =1

oo P
= )\0/ 1T [pi(l — H(zi — agwo)) + (1 — py)e M m0i0) | = 2070 g,
0 =1

As we can see, we cannot interchange integration and product in this above expression,
and then there are substantial number of cases, 2P precisely, to consider in order to find the
survival function. We discuss the case of p = 2 in the next section and explain each of the
components of the survival in that bivariate case. We also obtain estimates of the unknown

parameters in that case.

5.2 The Bivariate Exponential Model and MLE

In this section, we study the bivariate case of the multivariate exponential distribution
of the previous section. The bivariate exponential distribution from Definition 5.1 can be
expressed as:

Xi=a1 Xo+ 21 ; (5.6)

Xo = asXo+ 2o

Then, from Carpenter et al. (2006) [12], the joint density of (Xo, X1) is given by

P1fxo(70)0(21 = arzo)

f(xo, 1) =
(1 = p1) fxo(@0) fx (71 — a120) (2 5a120) >
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fgg=%2

—Xoxo
) al

P1Aoe

(1 —pl))\o)\lef)‘oxoef)‘l(xlfale), if g < % ,

A2

A
where p1 = a3 )\—1 Similarly based on the expression Xo = a9 Xo+ Z5, we have for py = agA—,
0 0

P2fx,(70)0 (22 = azzo)

f(xo,22) =

(1 = p2) fxo(®0) [x5 (T2 — a220) [ (2y>an20) >

—XoZo ; _ T2
, if zg = -

p2Aoe

(1 — p2)Aghge A0%0e=A2(@2=a2z0) = if 2 < 2,

Hence, using the independence between Xg, Z1, Z5 and Theorem 1.8, the joint density

of (Xo, X1, X2) related as in (5.6), is given from (5.5) by:

f(.?U(),.Z’l,iL‘Q) = )\0€_>\0x0 |:p1(5(x1 — alxo) + (1 — p1)fx1 (.1‘1 — al.l‘())[(x1>a1x0):|

X [p25($2 —agwo) + (1 — p2) fx, (z2 — a2$0)1(x2>a2x0)]
= P1P220€ "0 —a120)0 (s —anro)

+p1(1 — p2)Xoe 7 fx, (22 — a2%0)0(y —ayo)

(1 = p1)padoe 7 fx, (21 — a120) 8y —asao)

(1= p1)(1 = p2)Xoe 0% f, (21 — a10) Fxo (T2 — 0220) (21 > 0120 20> a50) -

The expression f(xg,x1,x2) is one way to obtain an estimate for xzp or the parameter

r] T x x
associated with it, Ag. Let’s assume that ¢ = min(l 2) L

(I1’ a9

ay az
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(1) 1 s if 217 — 0
Also, set r;’ = I(Zli:()) =

I(ml =a1x0) —

0 ,if z; #0,
@) 1 , if 295 = 0
and 7’,L» = I(ZQZ.:O) = I(Izzazl‘o) =
0 s if 2924 75 0.

Then the full likelihood function based on a random sample of size n is the product of

n contributed likelihoods and is given as:

TEI)TZ(Q)

L(Ao, A1, A2) = H[Plpﬁ\oerxo’}

| (1*1”(1))1”?2)
X pl(l _p2))\o/\267()‘0’a2/\2)9302‘e*)\gx%

x| (1= pl)p2)\0/\1€()‘Oal)‘l)xme}‘lx”}

ril)(lfrf))

- (1—rMya—r)
> (1 _ p1)(1 _ p2)>\0)\1)\26—()\0_¢11)\1_02)\2)500i€_/\1x1i6_)\2x2i

- A o
= a1a9 L 2€_>\O$0i:|
i=1 Ao
1)y,.2)
A\ (I=r;)r;
X |a M (Ao — aQAz)e_(AO_@’\”‘”Oie_’\””]
L Ao
W2
_ r,(1—=r;")
X |ag Ao (Ao — ap )y )e~ Pomarn)zoi g=diaws
L~ Mo
B3P
X ;\02 (Ao — a1 A1) (A2 — az)2)

A—rMya—r?)
> e*()\oﬂn/\l*azkz)ftmef)\lxue*)\ﬂzi

PLome g
_ a1a2)\1)\2 e_)\o Z.560“”51)7”1(2)
Ao
P 1)y, (2)
1(1_7’5 T P P
X <G1a2 )\/1\>\2> (Ao — agA2) 1= g=(o=azde) w0 (1-r()r?
0
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(=) P P
11 7 1
x<a1a2>\1)\2 (Ao — a1A1) (1= = Co=a1dn)woir (1]
Ao
P ) @)
(A== p P
><<)‘1)‘2 M (=) =he e (1Y)
Ao

P
we—Qo—adi—aza)  woi(1-r{) (11

Hence,

P @ P NONYPY
Lo, AL, A2) = a; " ay’ ;02
P

P
(Ao — azA2) i(l_rgl))e_(/\o_”h) s oi(1=r

)71 —>\0 xoiT§1>T,E2>

(13,2

P

P
()\0 — alAl) i(lfTEQ))e*(AofalAl) ; TOiT (1)( 52))

P P
67}\1 2-331,‘(177‘2(2))6*)\2 1-9321'(1*1”,51))

F)
o~ Qo—adi—az)s)  woi(1-r{)(1-r?))

Hence the log likelihood is

A1 A
/\0

LL(Ao, A1,A2) = log(a; Zr + log(as Zr + nlog( )

+1log(Xo — aiA1) Z(l - 7“( ') +log(Ao — azhe) > - i)

i

(Ao — arh1) me 1 =rP) = o =) D w1 = )
—/\1233111—7" )\221‘211—7’1

—()\0 — al)\l — (I2)\2 Zin 1 — Tfl))( — ’I“,EQ)),

OLL _ n  3(1- r®) M r)

d —— = —
a 8)\0 )\0 )\0 - al)\l )\0 — ag)\g
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— Z :col-rgl)(l — TZ@)) — Z xoi(1 — 7“2(1))7“2(2)
=it =) =)

2(1—7’(2)) Z(l—r(l)) (1) (2)
- _ " ) 4 % i o i 1 — \ .
)\0 + /\0 — a1>\1 + )\0 — az)\g Z$O ( T’Z rl )

Similarly

OLL n (1 -r?) ) )
—_— = _— Z 1 - Z 1 -
W oy ay g —a1/\1 +a12m0 r Zml r

OLL
So setting v 0 gives
1

(2)
0= m S @, Sieu =)
3 i _ ; 1 — 4 _ 7 7 ,
Ao — a1 a1\ * - zoi(l =) ai
d —8LL = ﬁ—aizi(l_r(l))—i-a T 1—r T 1—7’(1)
an D 2 oy 25 0i E 2

LL
So setting %)\ = 0 gives
2

+
Ao — a2 a2 - a

S-r) _ n S woi(1 -ty — > w2i(l— 72(1)).

(2 (1)
LL (1 = 7 (1 —
Now setting %/\ = 0, and substituting values for M and M gives

0 /\0 — al)\l )\0 — ag)\g

1 1 i 1 _ Zz {:L’gi(l — Tgl)) — agxoi(l — Tfl))}

)\0 ai\ as g asmn
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1r1(1 — r®y - a1zo; (1 — r@ 20 (1 — (2
_ZZ{ ( 7 4 . i i i

ain n

_ L1 Yo Se0-n) et - )
al)\l (12)\2 ain asn n

VR S DTGt 0 IR W SO DI (C e ) NP WIET(E ek s )

a1 A1 n as Ay n n

The above likelihood equations can be used to estimate Ag, A1 and Ao if the xg;’s,
1 <i < n, were known. We address this question, by developing estimators of these latent
terms, and use results that were obtained previously in Section 4.3. It is worth noting that
no approximations has been used here in contrast with the technique used in Chapter 3 and
Chapter 4.

To develop the unconditional MLE, we integrate out xg from the joint density f(xq, z1, z2),

and we have that:

f(@1,22) = / f(wo, 1, 22)dx0
o
= pipo / A0 M08 0 a1 20) S (3 —ano) A0
+p1(1 — p2) / Aoe 0% frv, (22 — a220) I (2 >aw0) (21 —ar o) 4T0
+(1 = p1)p2 / Aoe 0% fr (21 — a120) I (2, >ar20)O (2 —anio) 4T0
+(1 =p1)(1 —p2) / Ao i, (21 — arzo) fx, (w2 — a220) (2154 22 5.0) A0
= mpp2PartAy + pi1(1 — p2)PartAs

+(1 — p1)paPartAz + (1 — p1)(1 — pa) PartAy,

where PartA; = //\05_)\01;05(:01—111130)6($2—a2x0)d‘r0
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1 —AoT
— )\0/6 Ao Oé(ﬂ_xo)é(%_xo)dafo

aias ay

1
aia2

X2
/\oe 0‘12(5921_922 3
( )
ap ap

- or

L Aoe A0 21 1)
x x
aiaz 0 (ﬁii)

PartAy = /)\O@onofxg (xg — a2x0)1(12>a2w0)5(x1,alxo)dxo
1 —Aox
= al/)\oe 0 0fX2($2 _a2$0)1(x2>agmo)6(%7x0)d1’0

1 %L T
= —)\06 0%y fX T2 — Qg— I z]
a1 1 a1) (@2>a25;

zy

1 A _Na(wa—a?l)
= —)\0)\26 Oap e "2V Ray z
a; ("E2>CL2H

(:EQ >a9 %)

= i)\0)\2(3_%(/\0_(12/\2)6_)‘2:‘”21
al a
1 — 21 (Ng—azA2)

= —)\0)\26 ap \OTH2A2 €_>\2$21 T2 %1
a (G >a)

= i)\0>\2e_>‘““e_’\””e*%o‘ofal)‘rw)ﬂ)
ai
1 _ _ oy

= —)\0)\26 )\19016 >\2$2€ A ¢I(“L2>5L1),
al ag ~ ap

Tz o,

az " ay

where Y= min(wl, x2> and A\ = A\g — a1\l — az)s.

ay a2

Similarly, PartAs = /)\06_/\03:0]0)(1(.731 —alxo)I(x1>alx0)5(I2_a2x0)d$0

= — /\oe*)\oxole (xl — alxo)I(m>a110)5(%_%)dm0

a2
1 —Ao22 L2
- ag — =
aQ)\Oe le(.Il ai as )I(x1>a12—§)
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and Partds, =

2

1 “X02 X (z1—a122)
= 672)‘0)‘16 “2e 2 I(m1>a1%)
1 —22(Ng—a1\1) _
= —JXo)\ie ag M0=@1 A1) Az
a2

(z1>a1 %)

1 —22(Ng—a1\1) —
= —Xo)\ie ay Po—a1 1)e Ay p
a2

T T
(>32)
1 _ _ —22(\g—a1 A\ —as\
= T A\g\e MNPl ay (Mo—ar1Ar—az Z)I(ﬂ>2)
as a1~ az
1 _ _ e
= 7)\0)\16 )\1(1716 >\2$26 A wl(ﬂ>ﬂ)a
a9 a1~ ag

—Xox
/Aoe 0% fx, (21 — a120) fx, (T2 — @2%0) L (2 a1 20,09 > azwo) 420
4 A A A
/ Ao Age 0%0 e~ 1(z1—a120) ,— 2($2*a220)d$0
0

%)
/ A0A1A2ef)\1m1e*)\QxQef()\ofal/\l7a2)\2)x0d$0
0

(P *
)\0/\1)\26_)‘13616_)‘2:02/ 6_)‘ xoda?o
0
AoA1A2
—Q¢€

)\* 7)\11167)\2x2 (1 _ e*)\*(p)'

Hence the expression for the joint density becomes:

f(xlv l’g)

= Dpip2

Ao
a1a

—No X2
(& az (S x x
(2122
1 *
+p1(1 —p2)a*)\0/\2€_/\1x16_’\2z26_)‘ T
1 ag al
1 _ _ e
_|-(1 _pl)p2;2A0A1€ All‘le )\21’26 A @I(%>%)

Ao .
+(1—p)(1 = pg)%e_/\l”ﬁe—/\zm(l PN ?),

1 X2

where ¢ = min(, ) and A" = Xy — ai\1 — asha,

ap asz

with a similar form as in previous section.
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Based on a random sample of size n denoted (x11,21), (12, 222),*, (T1n, Tan), let’s

define
1 lf Toi = L1y < T2j . 1 1f Tos = T4 < Tij .
1 ’ J a; — a2’ 2 ’ 07 ag — ayp’
TJ(' )= ' * and T](- ) = ? ' Then
ip T15 25 i T25 15
0, if o ar 0, if a > ar

Lo, A h2) =[] F@ay, )
j=1

P,

n
Ao Aoz g
=H Pip2 e 2
L ajaz

Tj(.l)(l—rj(.Q))

[ 1 N
p1(1 — p2)—Aohge MT1emN2T2em AP

)\*

ay
]. (177‘(,1))7-(2)
* J J
(1 = p1)p2—Aohje More 2PN
L ag
_ Wy @
- AN e a0

In order to obtain estimators, the log likelihood is:

I(Ao,A1,A2)  =log L(Ap, A1, A2)
_ (1),.(2) {4 log( ) — 1 o
ST rr? log(pips) +log(Ae) — log(araz) — Aoy
+ 7}(1)(1 - 7"1(2)) [bgpl(l —p2) +log Ao + log Ay — log a1 — Ajx1; — Aowo; — )\*%’]
+ (1-— rl(l))r?) {log(l —p1)p2 +1log Ao +log A1 — logag — A\jz1; — Aawa; — )\*goz}
+ (1-— 7“1(1))(1 — 7"1(2)) [log(l —p1)(1 — p2) + log \g + log A1 A2 — log A*

—)\1.’E1i — )\2$2i + IOg(l — G_A*@i):| .
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Assume that p; and py are fixed known constant. Then

ol .| 1 (1) @n |1
- E e = S I — —
a)\o r’L T’L )\0 SD + T'L ( 7"1 ) AO (70

. o 1) 5 (1)y,.2) L
Similarly, o % r (=1 —2u+arp] + (1 —1r;7)r; [)\—1 — 115 + a1p;
pie— NP
B DI G Y S L 2 L
+(1 ri )(1 Ti )[)\ + )\* x11+ 1—8_)\*501‘

= o= ) a0 =) 4 (1))

i

1 1) M @, L et
)\1(1—7“ )+ a1l = )1 =) (5 + 7o)
So setting a@)\l =0 and 88/\[ =0 gives
1 0

o= AP
1 2 wic

1
Zwu 1-— 7“ Z( )) —a1<pz[ (a )(1 —7‘(2)) +(1 _7”@(1))7“52)} _ )\7(1 B Tz(l))’
1
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2 () 1
and hence — G—Ilell—r +ZSD@ al)\121—r ,

1 B 1 .21711(1—’/“ ; 901 i 1 (l_rz(l))
or )\O—Cblzi: +Z al/\lzi: n ’

ol
A similar formula can be obtained by taking W and setting it equal to zero.
2

ol 1
By % rl(l)(l —7?) [>\2 — T + aggoi] +(1— rl(l))r?)[ — Z9; + a2
oA i
(1) 2 L G2pie
+(1_Ti )(1_7‘ )|:)\ +>\* 2Z+1—€_>‘*‘Pi:|

= Sl a0 =)+ (-0

o~ AP
L1 ) fap1 = Dy - ) (1 + 2 )
>\2 —e

ief)‘*ﬁoi
So, as Z(l - 7“1(1)) (2)) ()\ + 1('0_6_/\*%> =

S a1 =) — a0 = o)+ (0= = S0 =)

n_ 1 (1D @ L@ 1 @
and hence, )\O_GQZi:xgl(l T HZ:W% T s zl:(l ),

(
1 1 x9;(1 — r - % i 1 (1—r

or — = — -
™ ag; Z am; .

This above equation gives estimate of the parameter associated with the unknown

latent variable xz.
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The distribution of the minimum is also exponential, so the need to characterize its

X X
distribution. For X(;) denoting the minimum between 21 and —2, we have, based on the
a a2

independence of X1|zg and Xs|zo that:
P(X(l) > t’xo) = P(X1 > alt’l‘o)P(Xg > agt’xo). (5.7)

Equation (5.7) is obtained from Theorem 1.8 and the fact that Xi|zg and Xs|zo are
independent. But Xj|zp and Xa|zg are not identically distributed. So we cannot use the
results in say Dudewicz and Mishra (1988) [23] of the minimal order statistic. Hence, we

need to find P(X; > a;t|zg) for i =1, 2.

P(X; > ajtlzg) = Plajxo+ Z; > ait|xo)
= P(Z; > ai(t — zo)|zo)
= [ gatoas
= /OO [ 0(z) + (1 —pi))\ie_)‘izi] dz;
= p/oo 0(zi)dz; + (1 —pi) N /Oo e My

a;(t—zo)

From the above, we can deduce the conditional density of X;|z¢ which is:

d
FXileo(t) = _%P(Xi > agt|zo) = pid(t — o) + (1 — pi) Aje~ @hilt=20),

97



. d
Our goal is to find  fx ,|x,(t) = —ﬁP(X(l) > t|zp).

So from Theorem 1.8, the hazard function of the minimum lifetimes is given by:
P(Xy >tlzo) = P(X1> ait|zo)P(X2 > ast|ro)
= [pl(l — H(t—x0))+ (1 - pl)e‘”)‘l(txo)}
[pg(l —H(t—x))+ (1 — pg)e_”&(t_m)}
= pip2 (1 — H(t— $0)>
+p1(1 — p9) (1 —H(t— xo)) e~ a222(t=20)

+(1 = p1)p2 (1 —H(t- $0)> e~ (t—zo)

(1= p1)(1 = pp)e” (o)),

Hence the conditional density of X ;) given Xp is:

d

fxalao(t) = —ﬁp(X(l) > tlzo)

= p1p20(t — xo)

+p1(1 - p2) [w — gl e 4 (1 — H(1 xo))az)\ze_a2’\2(t_“)]

FL= U B0 = an)e 0 4 (1 Bt = e )

+(1 = p1)(1 = p2) (a1 A1 + aghg)e (@rArFa2da)(i=ro)

= p1p26(t — 7o)
+p1(1 = pa)d(t — mg)e 2 2lmw0)

+(1 = p1)pad(t — mg)e” M=)
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+(1 = p1)(L = p2) (s + aphg)e (rieara)t=eo)

where the underlined expression is zero by definition of the Heaviside function in Equation
(2.3).

oo
Note that / fxlzo (t)dt =1. Also,
— 0o

E(X(1)|ac0) = / thu)\Io(t)dt

= plpg/ to(t — xo)dt

+p1(1 - p2)/ t5(t — xo)e—azh(t—fvo)dt
—o0
+(1 - p1)p2/ to(t — $0)6_a1)‘1(t_x0)dt
+(1 —p1)(1 —m)/ (@1 A1 + ashg)e(@a+azra)(t—z0) gy

= pipexo + p1(1 — p2)xo + (1 — p1)pezo + (1 —p1)(1 —p2)<

(1 —p1)(1 —p2)
al)\l + ag)\g '

— 42
a1 + agAz2 0>

(1 —=p1)(1 —p2)
(11)\1 —|—CL2)\2

So, E(X(1)|$0) = x9 +

1—p1)(1—po
Hence, EX() = Ex,E(X)|z0) = E(Xo) + E [( alAll)Jf . )]

1 (1 —p1)(1 —p2)
EFEXHy=—+F .
M Y |: a1A1 + as o

Another way to obtain F'X () using the densities is as follows:

fX(1),X0 (tv l’o) = fX(U\XU (t)on (.le())
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= pip2roe M0T0G(t — o)
+p1(1 — po)Age om0 a2A2(=20) 5 (1 )
+(1 — p1)pgz\oef’\oxoefal)‘l(t*IO)(S(t — x0)

+(1 — pl)(l — pg))\()(al)\l + ag/\g)ei)‘oxo67(a1)\1+a2)\2)(t7x0)(5(t — {L'()).
Hence the form of the density of the minimum order statistic is:

fX(1)(t) = / fX(1)7X0(ta IEo)dﬂfo

= P1p2>\o/ e N5 (t — o) dag

+pi(1 - Pz))\o/ e Mom0em R0 (1 — ) dag
+(1 - pl)pon/ e om0 MM 5 (¢ — 3)dag

t
+(1 - pl)(l - pQ))\O(al/\l + ag)\g) / e*)\oxoe*(a1)\1+a2)\2)(t710)5(t _ xo)da?o
0
= pipahoe M
+p1(1 — pg))\oef)‘ot

+(1 = p1)p2roe
Ao(a1 A1 + ag)2)

+(1 =p1)(1 —p2) o e O

)\*
= )\OG_AOt + (T —p1)(1 - p2)[)\0(a1>\1)\:— a2)2) (1- e_)‘*t)e—(alAlJraz)\Q)t _ )\06_)‘0t]
A
= )‘Oe_Aot + (I —=p1)(1 —p2) )\S |:(a1)\1 + az)\z)e_(al)‘1+a2>‘2)t — Aoe_kot} .
Hence
1 Ao 1 1
EX(l) = /\0 + (1 _pl)(l _p2)ﬁ |:CL1/\1+CL2)\2 — )\():| .
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Recall that:

P(Xi > milwo) = Plaiwo + Zi > wi|wo)

= P(Zi > z; — aizolro)

= /:O fz,(2)dz

i~ T0

= [ e+ - poneea:

i~ A0

- p/ d(z)dz + (1 —pi))\i/ e N7 dz

T;—a;To Ti—a;To

= Di [1 — H(z; — aixg)} + (1 — py)eNil@imaizo)

Hence Fly, o (z:) = P(X; < wilvg) = 1— P(X; > z4]70)

= piH(xi - ail'o) + (1 — pi) |:1 — 6_)‘1'(331'—!11'270)] )

And, F($17x2’370) = {le(xl — a1x0> + (1 _ p1) |:1 _ 6)\1(x1a1x0):| }

X {p2H($2 — (12.%0) + (1 — p2) [1 _ e—>\2($2—a2a:0):| }
= p1p2H(JL‘1 — alwo)H(x2 — a2x0)

+p1(1 — p2)H (21 — a120) {1 - e—>\2(fc2—azxo)]
+(1 = p1)p2H (x2 — azxo) [1 — e—>\1(z1—a1x0)]

it - ez [1 - ]
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Also, F(zi,00|zg) = lm F(z1,x2|x0)
To—00

= pip2H(x1 — a120) + pr(1 — p2)H(x1 — arzo)
+(1 = p1)p2 [1 — 6)‘2(““”0)} + (1 —=p1)(1 —p2) [1 — eh(mm:m)}

= pi1H(z1 —ai1zo) + (1 —p1) [1 — e‘Al(Il—alxo)] )
Similarly, F(oo,xa|lxg) = poH(xo — agxo) + (1 —p2) [1 _ e/\2($2a220):| ‘

Hence S(z1,2z2|x0) = 1+ pipeH (21 — ar1z0)H (z2 — asxo)
—pip2H (21 — arz0) — p1(1 — po) H(x1 — ayazg)e 2(#27e20)
—A1(z1—a1zo)

—p1p2H (72 — agzo) — (1 — p1)p2H (v2 — azzo)e

+(1 _ p1)(1 _ p2) |:1 _ e—>\1($1—01$0):| [1 _ e—>\2($2—a2$0):|

_(1 _ p1) |:1 _ eAl(xlalfo)] _ (1 _ p2) [1 _ e>\2(ffc2azwo)] )

We have proposed a very general bivariate exponential class distributions, which in-
cludes all the work considered in Chapter 3 and in Chapter 4. We have described the form
of the joint distribution and survival functions. The distribution of the minimum has been
characterized. Estimations of the parameters are given based on the likelihood equation.
We have done all that retaining the form of the marginal exponential distribution, and the
fatal shock idea as in Marshall and Olkin (1967) [61].

These results are not easily generalized to the p-variate gamma distribution case. One

reason is that there is no need to approximate the likelihood function in the multivariate
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exponential in contrast with the results obtained from Chapter 4. In the next section, we

examine a simulated example to illustrate our proposed model.

5.3 Simulation Example

In this section, we perform a simulation study of the multivariate exponential to exam-
ine the properties of various estimators of the parameter from the latent distribution, .
We focus on Ag because it is an important portion of the correlation structure, and all of
the parameters associated with Xy through X, can be easily estimated marginally, which is
well documented in the literature. We examine the multivariate exponential given in (1.1)
and (1.3) for various dimensions, from p =2 to p = 5.

Based on 10,000 replications of sample size 50 each, of (X1, Xa, ..., X)), we choose all
a;’s to be 1, A\g to be 1, and solving for A\; w.r.t. p, we have that \; = §>\0 = p. Separate

i

simulations are done for p = 0.05,0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90 and 0.95.

Results for the bias and MSE are presented in Table 5.1 and Table 5.2, respectively.
Bias0y and M se0s represent the bias and MSE for 3\\0 = 1/Zo, where Zog = >, | x;, if the
latent unobservable values, xg1, ..., Zon, were actually known. It is important to point out
that Xo is not observable. However, if these values were observable, then }\\0 would be MLE
and the best unbiased estimator for Ag. Therefore, the performance of :\\0 serves as a good
benchmark to compare with all other estimators described in this chapter, which are based
on approximations. More precisely, if we denote i, to be the minimum of z1/a; up to

xp/ap for p=2,..,5, then

1 1
BiasOy = — — X9 and DBiasl, = = — Aop, respectively,
T

0 Tming
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and the MSE are

MseOy = Bias03 and Msel, = Biasli.

x4 represents the difference between the estimates and the true value of .

Tdiffsq represents the MSE of the difference.

P Bias0y Biasly Biasls Biasly Biasls o Tomin Tdif f

0.05 | -0.011197 | -0.574 | -0.39937 | -0.28855 | -0.17101 | 0.98249 | 1.23238 | 0.24989
0.10 | 0.009905 -0.421 | -0.23330 | -0.12258 | -0.06381 | 0.99339 | 1.08727 | 0.09389
0.20 | 0.010300 | -0.24054 | -0.08718 | -0.05341 | -0.01757 | 1.01166 | 1.03754 | 0.02588
0.30 | 0.038332 | -0.12648 | -0.01558 | -0.01427 | -0.00735 | 1.02107 | 1.02898 | 0.00791
0.40 | 0.032919 | -0.06926 | -0.01205 | 0.01867 | 0.00780 | 1.00860 | 1.01026 | 0.00166
0.50 | 0.014231 | -0.04644 | 0.02828 | 0.02922 | 0.01344 | 1.00713 | 1.00778 | 0.00065
0.60 | 0.002170 | -0.03026 | -0.01516 | 0.00538 | 0.00991 | 1.01039 | 1.01066 | 0.00027
0.70 | 0.017750 | 0.00292 | 0.02846 | 0.03072 | 0.03005 | 0.99122 | 0.99122 | 0.00001
0.80 | 0.003247 | -0.00332 | -0.01022 | 0.03713 | 0.00960 | 1.01068 | 1.01068 | 0.00000
0.90 | 0.0223014 | 0.02106 | 0.01377 | 0.00629 | 0.02209 | 0.99810 | 0.99810 | 0.00000
0.95 | -0.009249 | -0.00944 | 0.03343 | 0.00253 | 0.00857 | 1.00892 | 1.00892 | 0.00000

Table 5.1: Table of Bias and Estimation of x( for different correlations

From Table 5.1, when the number of variates increasing, the bias reduces in magnitude.
That is something we could expect as the prediction of g becomes more accurate with the
higher number of variates. In fact, each one gives partial information about xg.

Also, as p increases, the estimate of g becomes more efficient.

It is also observable that the bias becomes satisfactory with higher correlation for the
2, 3, 4 and 5 variates.

We also present the MSE table of the estimates in Table 5.2.
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M se0q

Msels

Msels

Msely

M sels

Ldif fsq

0.05
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
0.95

0.018739
0.019985
0.018835
0.020357
0.020278
0.019973
0.019373
0.031892
0.017505
0.018066
0.015202

0.33305
0.18484
0.07029
0.02646
0.02136
0.01946
0.01839
0.02974
0.01730
0.01788
0.01517

0.16586
0.06545
0.02061
0.01864
0.02126
0.02365
0.01619
0.01811
0.02042
0.01857
0.02429

0.090732
0.030232
0.016686
0.021683
0.020382
0.027534
0.016020
0.029901
0.029010
0.019959
0.027867

0.044181
0.020013
0.019382
0.022462
0.017916
0.022398
0.021058
0.023984
0.020515
0.022949
0.018026

0.45044
0.12077
0.02934
0.00687
0.00080
0.00022
0.00026
0.00000
0.00000
0.00000
0.00000

These estimated values show the effectiveness of the proposed estimation techniques de-

veloped. As we see from the Table 5.2 of MSE, the difference does appear to be consistently

Table 5.2: Table of MSE of zg for different correlations

small, although the high values of correlations do appear to give lower MSE’s.

The algorithm to the proposed estimation is not difficult to implement, maybe time

consuming. We implemented it using SAS® program.
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CHAPTER 6

CONCLUSION

In this dissertation, we defined and characterized a new multivariate generalized location-
scale family of gamma distributions with potential applications in survival and reliability
modeling. This family possesses three-parameter gamma marginals (in most cases) and it
contains absolutely continuous classes, as well as, the Marshall Olkin type of distributions
with a positive probability mass on a set of measure zero. Interestingly, the variables mak-
ing up the multivariate vector were made linearly related indirectly through a collection
of latent random variables and the multivariate distribution is not necessarily restricted to
those with gamma marginal distributions. Maximum likelihood estimators and estimators
based on the EM algorithm were proposed for the unknown parameters, and, in addition,
methods were given to estimate the latent terms in the model.

We have shown that this distribution is shift invariant, closed under finite independent
convolutions, and closed under scale transformations. We have also shown that our model
has as special cases those models proposed by Mathai and Moschopoulos (1991) [63], Iyer
et al. (2002) [42], and Iyer et al. (2004) [43], and corrected some of their omissions.

The possible implication of this work is enormous. It takes into account the non iid
properties of real data. Assuming that a;’s are unknown is their structures will add a lot
more applications to the model. Further investigations of the shapes parameters will allow
a characterizations of more distributions. The estimation techniques can be refined, and
that will improve a lot in statistical decision approach. Extending the model to include

censoring is an attractive option for several applications.
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