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In this paper, we review some recent results on the stochastic comparison of order
statistics and related statistics from independent and heterogeneous proportional haz-
ard rates models, gamma variables, geometric variables, and negative binomial variables.
We highlight the close connections that exist between some classical stochastic orders and
majorization-type orders.

1. INTRODUCTION

Order statistics and related statistics have received considerable attention in the literature
as they play an important role in many areas including statistical inference, goodness-of-fit
tests, reliability theory, economics, and operations research. Let X;.,, denote the ith order
statistic arising from independent random variables X7,..., X,, having possibly different
probability distributions. A lot of work has been done in the literature on order statis-
tics for the case when the underlying variables are independent and identically distributed
(i.i.d.). Due to the complexity of the distribution theory in the case when samples are
non-i.i.d., only limited results are available in the literature; see, for example, David and
Nagaraja [15], Balakrishnan and Rao [4,5], and Balakrishnan [3] for a comprehensive dis-
cussion on order statistics arising from independent and non-identically distributed (i.ni.d.)
random variables.

In this review paper, we discuss the existing results placing special emphasis to recent
developments on stochastic comparisons of order statistics from various samples. Inciden-
tally, Kochar [27] and Boland, Shaked, and Shanthikumar [11], Boland, Hu, and Shaked [10],
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Khaledi and Kochar [25], and Kochar and Xu [30] have all presented reviews on this topic
earlier up to 1998, 2002, and 2007, respectively. In Section 2, we focus on stochastic compar-
isons of order statistics and sample ranges from proportional hazard rates (PHR) models.
Sections 3 and 4 are devoted to stochastic comparisons of order statistics from gamma,
geometric, and negative binomial samples.

We first recall some notions of stochastic orders, and majorization and related orders
which are most pertinent to the discussions in this paper. Throughout the paper, the term
increasing is used for monotone non-decreasing and similarly decreasing is used for monotone
non-increasing.

1.1. Stochastic Orders

DEFINITION 1.1: For two random variables X and Y with densities fx and fy, and dis-
tribution functions Fx and Fy, respectively, let Fx =1—Fx and Fy =1 — Fy be the
corresponding survival functions. Then:

(i) X is said to be smaller than Y in the likelihood ratio order (denoted by X <y, Y) if

fy(z)/ fx(x) is increasing in x;

(ii) X s said to be smaller than Y in the hazard rate order (denoted by X <y, Y) if
Fy(x)/F x(x) is increasing in x;

(i) X is said to be smaller than'Y in the reversed hazard rate order (denoted by X <,;, Y')
if Fy(x)/Fx(x) is increasing in x;

(iv) X is said to be smaller than Y in the stochastic order (denoted by X <Y ) if
Fy(z) = Fx(z);

(v) X is said to be smaller than Y in the increasing convex order (denoted by X <icx Y')
if [ Fx(z)dz < [[°Fy(z)dz for all t;

(vi) X is said to be smaller than'Y in the mean residual life order (denoted by X <mnY')

if EXy < EYy, where Xy = (X — t|X > t) is the residual life at age t > 0 of the random
lifetime X .

DEFINITION 1.2: The random vector X = (X1,...,X,,) is said to be larger than another

st
random vector Y = (Y1,...,Y,) (denoted by X = Y ) in the multivariate stochastic order if
E[¢(X)] = E[¢(Y)]

for all increasing functions ¢. It is well known that multivariate stochastic order implies
component-wise stochastic order. For elaborate details on various stochastic orders, one
may refer to Shaked and Shanthikumar [42] and Miiller and Stoyan [38].

One of the basic criteria for comparing variability in probability distributions is the
dispersive order.

DEFINITION 1.3: A random wariable X is said to be less dispersed than another random
variable Y (denoted by X <aisp Y') if

F'w) = F ' u) <G ') — G Hu)

for0<u<wv<1, where F~' and G~ are the right continuous inverses of the distribution
functions F' and G of X and Y, respectively.
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A weaker variability order, called the excess wealth order, is defined as below.

DEFINITION 1.4: X is said to have less excess wealth than'Y (denoted by X <ow Y) if
/ F(t)dt < / G(t)dt, 0<p<1.
F~1(p) G~1(p)
Then, the following implications are well known:

X Sdisp Y —= X <ow Y = Var(X) < VaI‘(Y)

DEFINITION 1.5: X is said to be smaller than Y in the convex transform order (denoted by
X <. Y) if GTYF(x) is convex in x on the support of X.

DEFINITION 1.6: X is said to be smaller than'Y in the star order (denoted by X <, Y ) if
G~YF(x)/x is increasing in x on the support of X.

The convex transform order as well as the star order are scale invariant. The star order
is also called the more IFRA (increasing failure rate in average) order in reliability theory.
Tt is known from Marshall and Olkin [36] that

X <Y = cv(X) <cv(Y),

where cv(X) = y/Var(X)/E(X) is the coeflicient of variation of X. Detailed discussions on
these two orders can be found in Barlow and Proschan [8] and Marshall and Olkin [36].

1.2. Majorization and Related Orders

We will use the notion of majorization in our discussion as it is quite useful to establish
inequalities. Let z(;) <--- < x(,) be the increasing arrangement of the components of the
vector X = (21,...,2p).

DEFINITION 1.7:

(i) A vectorx = (x1,...,2,) € R" is said to majorize another vectory = (y1,...,Yn) €

m
R™ (written as x =y) if

J J
Zx(z‘) < Zy(i) forj=1,...,n—1,
i=1

i=1
and 3372, @) = i Y
(ii) A vector x € R" is said to weakly supermagjorize another vector'y € R" (written as

x=y)if
J j
Zx(i) < Zy(i) forg=1,...,n;
i=1 i=1

(iii) A wvector x € R"™ is said to weakly submajorize another vector y € R" (written as
X =wy)if

n

n
Zl‘(i) > Zy(i) forj=1,....n;

=7 =7
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p
(iv) A vector x € N7 is said to be p-larger than another vectory € R (written asx =y )

if

J
1=

J
T < Hy(i) forj=1,...,n.
1 i=1
(v) A wector x € R is said to reciprocal majorize another vector y € R (written as

x = y) if

I I
22 forji=1,... n.
i=1 L (i) i=1 Y()

Those functions that preserve the majorization ordering are said to be Schur-convex.

m w P w
Evidently, x = y implies x > y, and x = y is equivalent to log(x) = log(y), where log(x) is
the vector of logarithms of the coordinates of x. It is known that

W P rm
Xry=—=Xry=—Xry

for any two non-negative vectors x and y. For more details on majorization, p-larger and
reciprocal majorization orders and their applications, one may refer to Marshall, Olkin, and
Arnold [35], Bon and Paltanea [12], and Zhao and Balakrishnan [49].

2. PHR CASE

Independent random variables Xy,...,X,, are said to follow the PHR model if, for i =
1,...,n, the survival function of X; can be expressed as

Fi(z) = [F(2)]™,

where F(z) is the survival function of some baseline random variable X. If r(¢) denotes
the hazard rate function of the baseline distribution F', then the survival function of X is
given by

Fi(z) = exp{—\;R(z)}

for i =1,...,n, where R(z) = [ r(t)dt is the cumulative hazard rate of X. Many well-
known distributions are special cases of the PHR model such as exponential, Weibull, Pareto,
and Lomax distributions. A classic example of such a situation is when the components
have independent exponential distributions with respective hazard rates (A1,...,A,). In
reliability engineering and system security, it is of great interest to study the effect on the
survival function, the hazard rate function and other characteristics of order statistics when
the vector (A1,...,A,) gets changed to another vector (A},..., A%).

2.1. Comparisons Between two Heterogeneous PHR Samples

Pledger and Proschan [40] were the first time to deal with this problem, and they established
the following result.

THEOREM 2.1: Let (X1,...,X,) be a vector of independent random wvariables with propor-
tional hazard rate vector (Ai,...,\n), and (X5,..., X)) be another vector of independent
random variables with proportional hazard rate vector (A}, ..., \%). Then,

Ay An) = (AL, ) = X =5t X (2.1)
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Proschan and Sethuraman [41] strengthened this result from componentwise stochastic

order to multivariate stochastic order, that is, under the same setup as in Theorem 2.1,
they proved that

m st
Ao An) = A = (X Xon) = (XEs o X5, (2.2)

In the case of Weibull distributions with common shape parameter o and scale parameter
vectors (Ar, ..., An) and (A],..., %), it follows immediately from (2.2) that

m st
AL, A = (DY, (D)) = Xims e X)) = (X s, X050 (2.3)

Khaledi and Kochar [26] also provided a similar result in the Weibull case as follows.

THEOREM 2.2: Let (X1,...,X,) be a vector of independent Weibull random variables with
common shape parameter a < 1 and scale parameter vector (A1,...,\,), and (X7,..., X})
be another vector of independent Weibull random variables with common shape parameter
a and scale parameter vector (\,...,\). Then,

m st
My ) = (A, ) = (X, eey Xn) = (X oo, X00)-

Khaledi and Kochar [26] also compared the smallest order statistics from heterogeneous
Weibull samples and obtained the following stronger results:

e An) = (N5 o AS) = Xy 2 X5, for0<a <1

and
MLyees An) = (AL AD) = Xpi < X5, fora > 1.

For the exponential case, Khaledi and Kochar [23] partially improved the ordering
property in (2.1) by weakening the sufficient condition as

1%
()\la---v)\n) i( Ia7)‘;;):>Xnn Zst X

nmn’ (2'4)
while Khaledi and Kochar [25] extended the result in (2.4) from the exponential case to
the PHR model, but they also showed there by means of a counterexample that the result
in (2.4) may not hold for other order statistics. Moreover, as asserted in Kochar and Xu [30],
the result in (2.4) cannot be strengthened to the hazard rate order or the reversed hazard
rate order. Dykstra, Kochar, and Rojo [17] proved, in the exponential framework, that

MLyees An) = (AL A = Xy > X0 (2.5)

With the help of a counterexample, Boland, EL-Neweihi, and Proschan [9] showed
that (2.1) cannot be strengthened from the usual stochastic order to the hazard rate order;
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but for the case when n = 2, they established, in the exponential framework, that

(A1, A2) = (AT, A3) = X2 2 X5 (2.6)

Dykstra et al. [17] further improved (2.6) from the hazard rate order to the likelihood ratio
order as

(A1, A2) = (AT, A3) = Xao 21 X500 (2.7)

Joo and Mi [21] gave some sufficient conditions under which the hazard rate order in (2.6)
holds. Specifically, they proved, under the condition A\; < A7 < A5 < Ay, that

(Ala)‘Q) i ( T’)‘g) - X212 Zhr X5:2‘ (28)

Zhao and Balakrishnan [50] covered all the results in (2.6)—(2.8) and established the
following two equivalent characterizations.

THEOREM 2.3: Let (X1, X2) be a vector of independent exponential random variables with
respective hazard rates A1 and o, and (X7, X3) be another vector of independent exponen-
tial random variables with respective hazard rates \i and \5. Suppose A1 < A7 < A5 < Aq.
Then,

(i)
(A1, A2) = (A1, A3) <= Xoio 21 [Zon] Xowos (2.9)
(i)
P
(A1, A2) = (AT, A3) == Xo:2 Zhe [Zst] X3 (2.10)

As an immediate consequence of Theorem 2.3, we have the following corollary.

COROLLARY 2.1: Let (X1, X3) be a vector of independent exponential random variables with
respective hazard rates \y and A2, and (X7, X3) be another vector of independent exponential
random variables with common hazard rate \. Suppose A < max(\y, \a). Then,

(1) A Z % <~ X2:2 er [Zrh]XSQ;
(i) A > VA <= Xai > [Zat] X5

Remark 2.1: In fact, the result in Corollary 2.1 is valid without the assumption that A <
max (A1, \2). Let Z) [Z,] be the second order statistic of a random sample of size 2 from
an exponential distribution with common hazard rate A [u]. Assume A < p. We then have
Zy > Z,, from Theorem 1.C.33 of Shaked and Shanthikumar [42]. Based on this fact, it can
be concluded that the result in Corollary 2.1 is also valid for the case when A > max(A1, A2).

Remark 2.2: Theorem 2.4 of Joo and Mi [21] stated the condition in Part (i) of Theorem 2.3
as a sufficient condition for the hazard rate order, but they left the case A\; + Ay > A} + A3 as
an open question. It can be seen that Part (ii) of Theorem 2.3 provides a complete answer to
this problem since it establishes the characterization condition Aj A2 < AfA3 for the hazard
rate order which does include the condition A\; + Ao < A7 + A3 as a special case. For example,
let (A1, A2) = (2,7) and (A}, A5) = (3,5). We then have Aj Ao < AJAS and Ay + Ao > AT + A5,
and in this case we see from Figure 1 that Xo.0 >, X5.5.
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h(t;2,7)

0 0.5 1 1.5 2 2.5 3

FIGURE 1. Plot of the hazard rate functions of two lifetimes of parallel systems with expo-
nential units, where h(¢; a, b) denotes the hazard rate function for the case with exponential
parameter vector (a,b).

The results in (2.9) and (2.10) can also be extended from the exponential case to the
PHR model as follows.

THEOREM 2.4: Let (X1, X2) be a vector of independent random wvariables with respective
. . —=A A
survival functions F' and F°, and (X}, X3) be another vector of independent ran-

dom variables with respective survival functions h and e . Suppose A1 < AT < A5 < Aa.
Then,

(i)
(A1, A2) = (AT, A5) = Xoo 21 X5o;
(i)
P
(A1, A2) = (AT, A3) = Xoo > X5

Zhao and Balakrishnan [51] established the following result for the mean residual life
order.

THEOREM 2.5: Let (X1, X2) be a vector of independent exponential random variables with
respective hazard rates \y and A2, and (X7, X3) be another vector of independent exponential
random variables with respective hazard rates A7 and \5. Suppose Ay < A7 < A5 < A\y. Then,

()\1,)\2) ()‘Tv)\Q) = X2:2 >l X5.9-
Remark 2.5: If Ay < A7 < A5 < Ag, Theorem 2.3 states that A\; + A2 < A7 + A5 and Aj A <
ATAS are necessary and sufficient conditions for Xs.o >y, X355 and Xo.0 >y X35, respec-

tively. It can be seen that Theorem 2.5 provides a sufficient condition for the mean
residual life order which includes the condition AjAy < AJA3 as a special case since
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h(t;3,4)
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h(t:2,6.5)
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0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

FIGURE 2. Plot of the hazard rate functions of two lifetimes of parallel systems with expo-
nential units, where h(¢; a, b) denotes the hazard rate function for the case with exponential
parameter vector (a,b).

0(t;2,6.5)
0.45 | ]

0.4 1

0.35 | 1

0.3} O(t;3,4) ]

0.25 ]

0 0.5 1 1.5 2 2.5 3

FIGURE 3. Plot of the mean residual life functions of two lifetimes of parallel systems with
exponential units, where ¢(t; a,b) denotes the mean residual life function for the case with
exponential parameter vector (a,b).

rm

(A1, A2) § (A1, A5) implies (A1, A2) = (AT, A\5). For example, let (A1, A2) = (2,6.5) and
(A1, A3) = (3,4). Then, we have A1 + Xy > A} + A5, Ada > AfA3, and - + & > Ai + %
and while X9.0 >p, X3.9 does not hold, Xo.0 >y X3.5 does hold, as can be seen in Figures 2
and 3.
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Also, the following result is an immediate consequence of Theorem 2.5.

COROLLARY 2.2: Let (X1, X5) be a vector of independent exponential random variables with
respective hazard rates \y and o, and (X7, X3) be another vector of independent exponential
random variables with common hazard rate A. Then,

2
)\Zi@X22 mrlX22

A1 A2

The following result extends Theorem 2.5 to the PHR model.

THEOREM 2.6: Let (X1, X2) be a vector of independent random wvariables with respective
—=A —=A
survival functions ' and F°, and (Xl,XQ) be another vector of independent random

variables with respective survival functions F and F . Suppose Ay < A < A5 < Ao. Then,
if the baseline distribution F is decreasing failure rate (DFR), we have

(A1, A2) = (AT, A3) = X0 > X5

Zhao and Balakrishnan [55] stochastically compared the variability between the maxima
in terms of the dispersive order and the excess wealth order, and established the following
result.

THEOREM 2.7: Let (X1, X3) be a vector of independent random variables with respective
survival functions " and sz} and (Xl,X2) be another vector of independent random

variables with respective survival functions F and F . Suppose A < AF < A5 < Ao, If
the baseline distribution F is DFR, then

(i

(At A2) = (A1, A3) = Xoo Zaip X
(i

(A, Aa) = (A1, A3) = X 2w Xio.

Joo and Mi [21] pointed out that the hazard rate order between two maxima does
not necessarily hold in the case when A\; < A} < Ay < \5. Da, Ding, and Li [14] gave a
sufficient condition for the hazard rate order to hold in this case, and established, under the
exponential setup and the condition A\; < A < Ao < A3, that

(A1, A3) g (A, A2) [or equivalently, A1 + A5 < A + Ao] = Xo.0 =1 X3, (2.11)

Yan, Da, and Zhao [46] discussed this problem further and strengthened the result in (2.11)
as follows.

THEOREM 2.8: Let (X1, X2) be a vector of independent random wvariables with respective

. . —=A —=A .
survival functions F' and F™°, and (X7,X3) be another vector of independent random
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A AL —A
variables with respective survival functions F~* and F*. Suppose A1 < Aj < Ag < A3,
Then,

(i)
(AL AL) = (A5, o) [or equivalently, A\ + N5 < N5+ Xo] = Xow 21 Xk
(i)
(A1, A3) § (A1, A2) [or equivalently, 22 > ]
PV

] - X2:2 Zhr X;;2~

Presented below are some numerical examples provided by Yan et al. [46] which demon-
strate the main results in Theorem 2.8. For ease of descriptions, let iy, x,) (%) and f(x,, x,)(?)
denote the hazard rate and density functions of the maximum from two independent
exponential random variables with respective hazard rates A1 and .

EXAMPLE 2.1:

(a) Set \y =2, Ao = 4.5, AT =4 and \5 = 6. It may be easily verified that the assumption
in Part (i) of Theorem 2.8 is satisfied. So, we have Xo.0 >1y X5.5. This coincides with
what is displayed in Figure 4(a);

(b) Set Ay =2, Ay =4.5, A} =2.05 and X5 =8. The assumption in Part (i) of
Theorem 2.8 is wviolated, and Figure 4 (b) shows that the likelihood ratio function
f2,4.5)(t)/ f(2.05,8)(t) has a locally decreasing trend, which means Xo.5 F1 X3.5 and
Xo:o Fir X35

(c) Set A\ =2.05, \y =8, \f =4 and X = 11. Although the assumption in Part (i) of
Theorem 2.8 is not satisfied, as seen in Figure 4(c), Xa.0 > X3.5 still holds.

EXAMPLE 2.2:

(a) Set Ay =2, Ao =3, A} = 2.4 and N5 = 3.4. It can be readily seen that the assumption
in Part (ii) of Theorem 2.8 is satisfied. So, we have h(g 3)(t) < h(2.4,3.4)(t). This
coincides with what is displayed in Figure 5(a);

(b) Set A\ =2.4, Ao =34, A} =2405 and N5 =5. The assumption in Part (ii) of
Theorem 2.8 is violated, and Figure 5 (b) shows that hs.4 3.4)(t) and h. 405, 5)(t)
cross each other;

(¢) Set Ay =2, Aoy =3, A7 =2.405 and \5 = 5. Although the assumption in Part (ii) of
Theorem 2.8 is not satisfied, as seen in Figure 5 (c), h(2.405,5)(t) is still above hs, 3)(t)
for allt > 0.

Remark 2.4: It can be seen from Examples 2.1 (c) and 2.2 (c¢) that the conditions of
Theorem 2.8 are sufficient but not necessary for the likelihood ratio and hazard rate orders
between Xs.9 and X3, respectively. Also, by extensive empirical check, we observed that
these sufficient conditions are somewhat stringent.

OPEN PROBLEM 1: Are there sharper sufficient conditions than those presented in
Theorem 2.87 It will be of interest to find better sufficient conditions or even equivalent
characterization conditions for the likelihood ratio and hazard rate ordering results stated
in Theorem 2.8 to hold.
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FIGURE 4. Plots of likelihood ratio functions considered in Example 2.1.

The following counterexample is given to illustrate that the result in Part (ii) of
Theorem 2.8 cannot be strengthened from the hazard rate order to the likelihood ratio

order.

EXAMPLE 2.3: Set A\ =1, Ao =80, A} = 1.5, and A5 = 115. As can be seen in Figure 6, the
likelihood ratio function between Xo.o and X3., decreases locally, which means Xo.o %1 X3.9,
and X2:2 zlr X;Q.

2.2. Comparisons in Multiple-Outlier PHR Models

Now, let X;,...,X, be independent random variables following the multiple-outlier
exponential model with parameters

()‘17"'3A17>‘27"'7)‘2)a
—_— ——

p q
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25t o S~

hazard rate function
hazard rate function

— he2,5)(t); --- h2.4,3.4)() — h(2.4,3.4)(t); --- h(2.405,5)(t)
©,
I/\
25l .

hazard rate function

— ha,3y(t); --- h(2.405,5)(t)

FIGURE 5. Plots of hazard rate functions considered in Example 2.2.

where p + ¢ =n, and Yi,...,Y, be another set of independent random variables following
the multiple-outlier exponential model with parameters

(A, AT AL, AS).

p q

Here, by an exponential distribution with parameter A, we mean the distribution with
survival function

F(t) = exp(—=At), t>0,A>0.

Then, Kochar and Xu [32] established the following interesting result for the star ordering.
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F1GURE 6. Plot of the likelihood ratio function decreasing locally.

THEOREM 2.9: Under the above multiple-outlier setting, we have

A Al
EZEZXI@:TLZ*Y]C:WJ fork:la"'an7
A T Ay

where A\g) = max{Ai, A2} and A1y = min{A;, Ao}

As stated in Kochar and Xu [32], the condition in Theorem 2.9 is very general. For
example, it includes any of the following conditions:

() (Ao ho) = (A1 A9);
(b) (log(M),log(A)) = (log(A), log(A3));
(©) (1/A1,1/A2) = (1/X5,1/A5).

The following example, due to Kochar and Xu [32], provides a counterexample to show
that the result in Theorem 2.9 cannot be extended to the general case when the n parameters
are all different.

EXAMPLE 2.4: Let (X1,X2,X3) be a vector of independent exponential variables with
parameter vector (1,2,9), and (Y1,Y2,Y3) be another vector of independent exponential
variables with parameter vector (1,5,6). Then, it is clear that

(1,2,9) = (1,5,6).
Howewver,
CV(X3:3) = 0.815396 < 0.921265 = CV(}/3;3)7
which implies that Xs.3 %, Ys.3.
As a direct consequence of Theorem 2.9, the following corollary shows that order

statistics from multiple-outlier exponential model are more skewed than the corresponding
statistics from the homogeneous exponential model in the sense of star order.
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COROLLARY 2.3: Let Xy,...,X,, be independent random variables following the multiple-
outlier exponential model with parameters

(A, ooy A g, A2),
—_———— ——
p q
where p+q =mn, and Y1,...,Y, be an i.i.d. random sample from any exponential distribu-
tion. Then,

Xiin 24 Yin fO?“kZ 1,...,n.

Upon using Corollary 2.3, Kochar and Xu [32] presented the following equivalent
characterization results.

THEOREM 2.10: Let X1,...,X, be independent random variables following the multiple-
outlier exponential model with parameters

(A, oe o A1, A, ooy Aa),
—— ——
P q
where p+q=mn, and Y1,...,Y, be a random sample from an exponential distribution with
parameter X. Then:
(i) if
1 1/k
3 n PN (=P ikl
A> N = A
|0 O]
LEL
where
Ly ={l: max{k —n+p,0} <! <min{p, k}},
we have,
Xk::n zdisp Yk::n — Xk::n zhr Yk:n — Xk::n Zst Yk::n;
(i) if
PV o I yyimmeker (1
- Zn—j—i—l Z (=1) n—=k
Jj=1 j=n—k+1
—1
()G )i
X . . ’
i, N \J —m mA1 + (5 —m)Aa
where
M; = {m : max{j —n+p,0} < m < min{p, j}},
we have,

Xk:n Zew Yk:n — Ean > EYk:n-

They also discussed the general case of PHR models and presented the following results.
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THEOREM 2.11: Let Xy,...,X,, be independent random variables following the multiple-
outlier PHR model with survival functions

/\1 *Al )\2

FN,. PR

);

p q

where p4+q=mn, and Y1,...,Y, be a random sample from a distribution with survival
function F)\. If F is DFR, then

(i)
A > 5\ — Xk:n Zdisp Yk:n§
(i)
A > 5\ - Xk:n Zew Yk:n~
It can be seen that the results in Theorem 2.11 extend the corresponding ones in
Theorem 2.10 from exponential case to the PHR models. Along these lines, Zhao and Bal-

akrishnan [54] recently discussed the likelihood ratio order (reversed hazard rate order) and
the hazard rate order (usual stochastic order) and obtained the following results.

THEOREM 2.12: Let X4,...,X,, be independent random wvariables following the multiple-
outlier exponential model with parameters

Ay A g,y A2),
—— ——

p q

where p+q=mn, and Y1,...,Y, be another set of independent random wvariables following
the multiple-outlier exponential model with parameters

(AT, AT AL, D).
—— —
p q
Suppose A1 < A7 < A5 < Ay, Then,
(i)
()\17' . '7>\17>\23 s '7>\2) i (ATa .. w)\*l(a)‘;a c a)‘;) <~ Xn:n er [Zrh}Yn:n;
— —— S—— ——

p q p q

P
(>\17"'7>‘17>\27"'7)\2) t (>\>1k37 T7A;75A;) — X?’ITI Zhr [Zst}ynmn
—— —— —— ——

p q p q

The following example, due to Zhao and Balakrishnan [54], illustrates the validity of
the results in Theorem 2.12.
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6 5 l‘O 1‘5 2‘0
FIGURE 7. Plot of fx../fv.. when p=2, q=3, A =0.05, \y = 0.28, A} = 0.11, and
A2 = 0.26.

EXAMPLE 2.5:

a) Setting p=2,q=3, A\] =0.05, \y =0.28, A3 = 0.11 and Ao =0.26 in Part (i) of
1 2
Theorem 2.12, we find

(0.05,0.05,0.28,0.28,0.28) = (0.11,0.11,0.26, 0.26, 0.26).

Figure 7 presents the plot of the ratio of the two density functions from which it can be
seen that fx,.(t)/ fyv..(t) is increasing in t € Ry, which is consistent with the result
in Part (i) of Theorem 2.12.

(b) Setting p=2,¢q=3,A\1=1/8, \y1 =4, A5 =1/2 and =2 in Part (i) of
Theorem 2.12, we find

P
(1/8,1/8,4,4,4) = (1/2,1/2,2,2,2),

but the g order does not hold between these two vectors. Figures 8 and 9 present
plots of the ratios of two density and survival functions, respectively, from which it
can be seen that fx..(t)/ fv...(t) in Figure 8 is not monotone while Fx, _(t)/Fy,..(t)
in Figure 9 is increasing in t € Ry.. These are consistent with the result in Part (i)
of Theorem 2.12.

For the PHR models, we have the following analogous results.

THEOREM 2.13: Let X1,...,X, be independent random variables following a PHR model
with survival functions

([(F@), .. [F@) [F@),... [Fa)),

p q
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0.16

0.6 0.8 1 1.2 1.4 1.6 1.8 2
FIGURE 8. Plot of fx../fyv,, when p=2,¢=3, A =1/8 Ay =4, A5 =1/2, and \y = 2.

200

175 ¢

0 5 1‘0 1‘5 2‘0
FIGURE 9. Plotof Fx. . /Fy,, whenp=2,¢=3, A\ =1/8 A\ =4, \j = 1/2, and \y = 2.

where p+q=mn, and Y1,...,Y, be another set of independent random wvariables following
a PHR model with survival functions
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Suppose A1 < A} < A5 < Xo. Then,

(i)
(/\17...,)\17)\2,...,>\2) i( T,..., T, ;,,)\3):>Xnn Slr Yn:n;
S— —— S—— ——

p q P q
(ii)
1

()\17"'7)‘1))‘27"'5)‘2) E ()\91«7’ T7)‘337>\§) :X'ﬂ:n Shr Ynn
— —— — —

p q p q

OPEN PROBLEM 2: Similar to likelihood ratio order [reversed hazard rate order] and hazard
rate order [usual stochastic order] mentioned above, it would be also of interest to check
whether, under the condition A\; < A7 < A5 < Ao, the result

rm
()\la-~-7)\1a)\27"'7A2)>__( Ty---a T7A§7"'7A§)$X’n:nzmTIKL:TL
—— —— —— ——

p q P q

holds.
Next, we present a result for the dispersive order.

THEOREM 2.14: Let X4,...,X,, be independent random wvariables following the multiple-
outlier exponential model with scale parameters

(A, ey A g,y A2),
—_———— ———
p q

where p+q=mn, and Y7,...,Y, be another set of independent random wvariables following
the multiple-outlier exponential model with scale parameters

(AT, ATLAS, L AS).

p q

Suppose A1 < A7 < A5 < Ao. Then,

P
(A17~'-;A17)\27"'7)\2) i( Tv'-w T? ;77)\;):>Xnn Zdisp Ynn
S— —— —— ——

p q p q

PRrROOF: From Part (ii) of Theorem 2.12, it follows that

p
()\1,...,)\1,)\2,...,/\2) t( T,..., T,)\S,,/\S)ﬁXnn Zst Ynn
—_——— ———— —_——— ———
P q P q

Since the assumption satisfies the condition in Theorem 2.9, we also have
Xn:n Z* Y”Li’ﬂ'

On the other hand, it is known from Ahmed et al. [1] that, for two continuous random
variables X and Y, if X <, Y, then

X<g Y =X Sdisp Y.
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From these facts, we therefore can conclude that
Xn:n Zdisp Ynn

The above result can be readily extended to the general case of PHR models as follows.

THEOREM 2.15: Let X1,...,X, be independent random variables following a PHR model
with survival functions

([F@), .. [F@) [F@)P, ..., [Fa)),

p q

where p+q=mn, and Y1,...,Y, be another set of independent random wvariables following
a PHR model with survival functions

(PP, [F@)N [F@)], . [F@)).

Suppose Ay <A} < A5 < Xo. If F is DFR, then

P
()\17"'7)‘17>\27"'7>\2) t ()‘T77>\#{7 ;u7)‘;) :Xn:n Zdisp Ynn
S—— —— —— —

p q p q

OPEN PROBLEM 3: Similar to dispersive order mentioned above, it would be of interest to
see whether, under the condition A1 < A7 < A5 < Ao, the result

()\17~'~a)‘17)‘27-~'7>\2) rgn ()‘T77>\17A377)\;):>Xnn Zew Yn:n
—_———— ——— —_———— ———
p q p q

holds.

2.3. Comparisons Between Heterogeneous and Homogeneous PHR Samples

Let X1,..., X, be independent exponential random variables with X; having hazard rate
N, fori=1,...,n. Let Y7,...,Y, be another random sample of size n from an exponential
distribution with hazard rate Aam = Y., Ai/n, the arithmetic mean of \;’s, and denote by
Y,..n the corresponding largest order statistic. Dykstra et al. [17] then proved that

Xn:n Zhr Yn:n and Xn:n Zdisp Yn:na (212)
which was strengthened by Kochar and Xu [29] as
Xn:n 2l }/n:n- (213)

Khaledi and Kochar [23] strengthened the result in (2.12), under a weaker condition, by
proving that if Z;,..., 7, is a random sample of size n from an exponential distribution
with hazard rate Agm = ([]/—, A:)*/", the geometric mean of \;s, then

Xn:n Zhr Zn:n and Xn:n Zdisp Znn (2‘14)

Subsequently, Kochar and Xu [29] and Khaledi and Kochar [26] extended the results in (2.13)
and (2.14) from the exponential case to the general PHR case as follows.
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THEOREM 2.16: Let X1, ...,X,, be independent random variables having survival function
F)‘i,i =1,...,n. Let Y1,...,Y,[Z1,...,Z,] be a random sample with common survival

function F)\am [F/\gm] . Then,
(1) Xn:n er Ynna
(11) Xn:n Zhr Znna
(111) X’I’L:n zdisp Zn:n; ZfF is DFR.

The next example, due to Khaledi and Kochar [26], shows the DFR condition in Part
(iii) of Theorem 2.16 can not be dispensed with.

EXAMPLE 2.6: Let X7 and X5 be independent random wvariables with X; having survival
function

Filzx)=(1-2), 0<z<1, i=1,2
Let Y1 and Yy be independent random variables with common survival function

1/2
)

G(z) = (1 —z)Mr2) 0<z<l.

If \y =1 and \o = 4, then we have
Var(Xsq.2) = 73/720 < 11/225 = Var(Ya.2),
from which it can be concluded that Part (iii) of Theorem 2.16 may not hold for the case when

F, the baseline distribution, is not DFR. Notice that here F', being a uniform distribution
on (0,1), is IFR.

The following corollary can be directly obtained from Theorem 2.16.

COROLLARY 2.4: Let Xq,...,X, be independent Weibull random variables with X; having
shape parameter o and scale parameter \;, fori =1,....n. Let Z1, ..., Z, be an independent
Weibull random sample with common shape parameter o and scale parameter Agr,. Then,

(1) Xn:n Zhr Zn:n fOT all o > O,’
(ii> X > disp Znm if0<a<1.

In this connection, Fang and Zhang [18] recently considered the case when o > 1 for
the dispersive order and established the following result.

THEOREM 2.17: Let Xq,...,X, be independent Weibull random wvariables with X; having

shape parameter a and scale parameter \;, fori=1,...,n. Let X{,..., X} be an indepen-
dent Weibull random sample with common shape parameter « and scale parameter X\. If
a > 1, then

(T 2
a2 X

min

- Xn:n Zdisp X:;;na

where Amin = min{Ay, ..., A\, }.
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OPEN PROBLEM 4: Upon noting that

(T A"
)\a—l —

min

can we establish, similar to the result for the hazard rate order in Part (i) of Corollary 2.4,
under the setup of Theorem 2.17, the result that

A > Agm = Xpin Zdisp KXo for all o > 07

no

Suppose Aj = --- = X* = \. For the exponential case, Bon and Paltanea [13] provided
the necessary and sufficient condition on A for Xj., >4 X, of the following form:

-1
Xk:n st X]:n < A > (Z) Z )\il R )‘lk

1<y < <ip<n

Kochar and Xu [31] proved that the largest order statistic from heterogeneous exponential
variables is more skewed in the sense of convex transform order than that from homogeneous
exponential variables, which is quite a general result as there is no any restriction on the
parameters. They also proved the following two characterization results in this regard:

Xn:n Zdisp X;;n = A > Agm
and
Xn:n Zew X:;n = A > )\ewv

where
—1

i=1 k=1 1<j1 < <jp<n Lui=1 >\ji

Mao and Hu [34] generalized the above results and established the following characteriza-

tions.
THEOREM 2.18: Let X1,...,X, be independent exponential random variables with respec-
tive hazard rates A1, ..., \,, and X{,..., X be i.i.d. exponential random variables with a

common hazard rate \. Then,

(1) Xpm =1 Xy = X >mn Xy = A > Aam;

(i) Xnm 2w X5 = X >0 Xo = X Zdisp X = A > Agm;
(iii) Xnn Zmil Xpp.p = Xon Ziex Xpo = X Zew Xpip € A 2 Aews
(iv) Xy <order Xpipy <= A < minyj<;<p A;, where <grger denotes any one of the orders
<> <hrs Soms St and <gigp.

Recently, some attention has been paid to ordering results concerning the second order
statistic of exponentials, viz., the lifetimes of the (n — 1)-out-of-n systems, which are com-
mounly referred to as fail-safe systems; see Barlow and Proschan [7]. Paltanea [39] proved
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that
D AN
X2:n Zhr X%‘n = A > )\hr = Isii=n (215)
n
2)
and
min A;
X 1<i<n
X2:n Shr X2;n = A S )\u == 71, (2‘16)
n —

where A; =377, A\j — \;. Zhao, Li, and Balakrishnan [57] obtained the corresponding
characterization on the likelihood ratio order as follows:

1 A(3) — A(1)A(2)
Xop 21 Xoy <= A > A\p = 2A(1 , 2.17
=l e T R TV (217)
where A(k) =Y AF k=1,2,3, and
Xown <ir X;n — X < A\, (2.18)

As an immediate consequence of (2.17) and (2.18), the following result compares the
corresponding second order statistics in terms of the likelihood ratio order for the case

when both exponential samples are heterogeneous. If X, ..., X,, are independent exponen-
tial random variables with respective hazard rates Aq,...,A,, and X7, ..., X are another
set of independent exponential random variables with respective hazard rates pq, ..., tn,
then

n

; — Imax
z;’uz 1<1<n'uz
1=

)\lr < Moy = e X217l er Xgn (219)

n—1

Zhao and Balakrishnan [48] presented the following characterization for the mean residual
life order as

2n —1
X2 n Zmrl X2 i A > )\mrl - ( : ) 5 (2.20)
-1
n(n—1) (Z _n >
n=1 Z
where A = Y7 | A;, and moveover
Xoin <mrl Xo. <= A < Ay (2.21)

As a consequence of Theorems 2.20 and 2.21, the following result, similar to (2.19),
provides a comparison of the second order statistics in terms of the mean residual life order
for the case when both exponential samples are heterogenous:

)\mrl < My = X2 n mrl X2 n-
Remark 2.5: Note that the characterization results in (2.15), (2.17), and (2.20) in terms of

the hazard rate order, likelihood ratio order and mean residual life order, respectively, are
all under the same setup. Therefore, based on these three characterizations and the fact
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0.14

0.17

(t:1,10,40)

0(t:3,8673)

0(t:3,12.241)

0(:3,15.5667)

0.1 0.2 0.3 0.4 0.5 0.6

=}

FIGURE 10. Plots of mean residual life functions of Xs.3 from three exponentials with
hazards (1,10,40) and Ya.5 from i.i.d. exponentials with parameter A\, = 5.5, Ay = 8.673,
Anr = 12.2474, and A\, = 15.5667.

that the likelihood ratio order implies the hazard rate order which in turn implies the mean
residual life order, the following interesting inequalities can be obtained between different
means:

)\mrl S /\hr S )\lr S )\am- (222)

For example, for the non-negative vector (A1, A2, A3) = (1,10, 40), we have
Aurl & 8.673,  Ane ~ 12.2474, Ay ~ 15.5667, A = 17,

which support the order in (2.22).

EXAMPLE 2.7: Let (X1,X2,X3) be a wvector of independent exponential random wvari-
ables with hazard rate vector (1,10,40). Denote by o(t;1,10,40) and r(t;1,10,40) the
corresponding mean residual life and hazard rate functions of the second order statis-
tic Xa.3. Let (Y1,Ys,Y3) be another vector of i.i.d. exponential random wvariables with
common hazard rate A, and denote by ¢(t;3,\) and r(t;3,\) the corresponding mean
residual life and hazard rate functions of Ya.3. Figure 10 presents the mean residual
life functions of Xo.3 and Ys.3 for X taking Ay = 5.5, A = 8.673, Any = 12.2474, and
Air = 15.5667. It can be seen that the best bounds for ¢(t;1,10,40) are o(t;3, Amn) and
o(t; 3, \), with the former being the best approzimation near the origin and the latter
having the same limit as (t;1,10,40). In Figure 11, we have presented the corre-
sponding hazard rate functions. Clearly, the best bounds for r(t;1,10,40) are r(t;3, Anr)
and r(t;3, ), but if A= Ay, the hazard rates r(t;1,10,40) and r(t;3, A1) are not
comparable.
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30
T(t:3,15.5667)
25t I'(t;3,12.2474)
20
I'(t:3,8673)
15+
T'(t:1,10,40)
10+
51

0 0.1 0.2 0.3 0.4

FIGURE 11. Plots of hazard rate functions of Xs.3 from three exponentials with haz-
ards (1,10,40) and Yas.3 from i.i.d. exponentials with parameter A\, = 5.5, A\ = 8.673,
Anr = 12.2474, and A, = 15.5667.

Zhao and Balakrishnan [52] and Zhao, Li, and Da [58] discussed the dispersive order
and excess wealth order, respectively, and established the characterizations

X2:n zdisp X;n = A Z )\hra (223)
Xoin Zew X;n <= Xo.p >l X;n < EXy., > EX;n = A2 )\mrla (2'24)
and
X2;n <ew Xékn e X2:n Sdisp Xékn — A\ < )\u' (2.25)
In fact, we can establish the following general result for the exponential case.
THEOREM 2.19: Let X1,...,X,, be independent exponential random variables with respec-
tive hazard rates A1, ..., \p, and X7 ,..., X} be i.i.d. exponential random variables with a

common hazard rate A. Then,

(i) Xowm 210 X5, <= Xouy 2m X5, = A 2 Aips

) Xoon 2 X3, = Xom 26t X5, <= Xowm Zdisp X3y <= A > Anrs
(ili) Xowm >mr X3, <= Xomy Ziex X3, = Xomy Zew X5, <= A 2 Al

) Xon <order Xa., <= A < Ay, where <grder denotes any one of the orders <p, <pr,
<oy Srl, Zdisp, and <ew-

PRrROOF: (i) We only need to prove that Xo.,, >, X5, = A > A, Since X, has its
distribution function as

n

Fx,,(t)=1=> e ™ +m-1)e™ >0,
i=1
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and its density function as

n

Fxon () = Nie™™ — (n = 1)Ae™™, £ >0,

i=1

by applying Taylor’s expansion at the origin, we get

fxgm(t)lnl ZAQ] tlnl ZAS %+ o(t?),
i=1
and
Fx,, (t) = % [ n—1)A ZAQ £2 4 o(t2).
Thus,
- 1A A3
fe 2 Z

Fx, () 1
o (n—1A E A2
and likewise,
fxz (t) 2
« (t —z2n_ L — — — (2n— 1)\ 1).
X2 n( ) FXSWL (t) t ( n ) +0( )

Since Xo.n, >, X3, implies rx, , (t) > rx; (t) for all t > 0, we have

(n—1A ZA?’

A> - [21\(1) + A(?’Q) “AWAR))
o — 1 A2(1) — A2
(2n —1) [(n — 1)A Z A?
The results in (ii), (iii) and (iv) can all be readily obtained from (2.15)-(2.25). |

The following theorem, due to Zhao and Balakrishnan [52] and Zhao et al. [58], presents
the analogous results for the general case of PHR models.

THEOREM 2.20: Let Xq,...,X, be independent random variables with X; having survival
function F)\i fori=1,...,n. Let X{,..., X} be a random sample with common survival
function . If F is DFR, then

(1) A Z )\hr - X2:n Zdisp Xék:n;
(ll) A Z >\mr1 — X2:n ZeW X;:n;
(iif) A < Ay = Xoun <disp X3op-

Finally, we turn our attention to the sample ranges. Let Xi,...,X,, be independent
exponential random variables with X; having hazard rate \; for i =1,...,n, ¥7,...,Y,
be a random sample of size n from an exponential distribution with hazard rate A\,,, and
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Z1, ..., Z, be another random sample of size n from an exponential distribution with hazard
rate Agm. Then, Kochar and Rojo [28] proved that

Xn:n - Xl:n Zst Yn:n - Yl:n- (2-26)
Subsequently, Khaledi and Kochar [24] improved this result as
Xn:n - Xl:n Zst Zn:n - Zl:n~

Kochar and Xu [29] strengthened the result in (2.26) from the usual stochastic order to the
reversed hazard rate order as

Xnm — X1 21h Yon — Y.
Genest, Kochar, and Xu [19] further proved that
Xnin — Xiom 20 Yo — Y1 and - X — Xiin >disp Yon — Y-
The following theorem, due to Mao and Hu [34], presents two characterizations.

THEOREM 2.21: Let Xq,...,X, be independent exponential random variables with respec-
tive hazard rates A1, ..., \p, and X7 ,..., X} be i.i.d. exponential random variables with a
common hazard rate \. Then,

(i)
Xn:n - Xl:n er X:Ln - Xik;n — Xn:n - Xl:n Zrh X:LTL - Xf;n

< A > dam;

Xnin — X1 Zorder X:Ln - Xikn = A< min i
1<i<n

where <grder 18 any one of the orders <ir, <pr, <ih, and <g.

Under the setup of Theorem 2.21, Zhao and Li [56] presented the following equivalent

characterization:
Xn:n - Xl:n Zst X:;;n - Xf;" = A 2 /\range—sta (2'27)
where
1 —1
\ B (H?=1)\i) /(n—=1)
range—st — )\7 .
am

As an immediate consequence of (2.27), we can get a simple upper bound for the
distribution function as

P(Xnn - Xl:n S LC) S (]- - e—)\range,stw)”fl 5 X Z 0.

The counterexample below, due to Zhao and Li [56], demonstrates that the result
in (2.27) cannot be strengthened to the reversed hazard rate order.

ExAMPLE 2.8: Consider (Xi,Xs,X3), an independent exponential random wvector with
hazard rate vector (A1, A2, A3) = (5.5,5.5,40), and (Y1,Ys,Y3), d.i.d. exponential random
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variables with the hazard rate vector Arange—st = %
distribution functions of R3(X) = X3.5 — X1.3 and R3(Y) = Y3.3 — Y1.3, respectively. Then,
we have

. Denote by Fr,(x) and Fgr,y) the

Fr,(x)(0.06)
BT~ 0.761353 > 0.742005 & — LT
Fry(v)(0.05) Fry(v)(0.06)

Thus, the ratio % is not increasing with respect to x > 0, which implies X3.3 —
RN

X1:3 Zrn Yaig — Yis.

Recently, Xu and Balakrishnan [44] proved that the sample range from heterogeneous
exponential variables is stochastically larger than that from a homogeneous exponential
sample in the sense of the star order, that is, under the setup of Theorem 2.21, we have

Xn:n - Xl:n > X:;n - an (228)

As a direct consequence of (2.28), the following result provides a bound for the coefficient
of variation for the range of heterogeneous exponential samples:

n—1 1
Zk:l k2
n—-11 -
Zk:l k
With the help of (2.28), Xu and Balakrishnan [44] also presented the following
characterizations.

CV(Xn:n - Xl:n) 2

THEOREM 2.22: Under the setup of Theorem 2.21, we have
(i)

Xoin — Xiom Zne X2 — X0 = X — X1 > X0, — X5
= Xnin — X1in Zdisp Xpon — X1on
<= A 2> Arange—st;

(i)
Xoin = Xt Zow Xin = X = E(Xpin — K1) = E(XL,, — X7,.)

= A > )\rangefewv

where
-1

n—1 1 n 1 1
)\range—ew = Z E Z(il)kle Z Zk a ZZ:l )\k

k=1 k=1 1<j1 < <jp<n Lai=1 /\ji

OPEN PROBLEM 5: In the case of general spacings, Xu and Balakrishnan [44] conjectured
that

Xk:n - Xl:n 2y X]:n - Xik;n'
As mentioned by them, the key step will be to prove that
Xk:n 2* X]:;nv

which has been shown to be true for the multiple-outlier exponential models by Kochar and
Xu [32], but the general result remains open.
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For the PHR case, Kochar and Xu [30] established the following result.

THEOREM 2.23: Let X1,...,X, be independent random wvariables with X; having survival
. =i . . .
function F°" fori=1,...,n. Let X,..., X} be a random sample with common survival
. 7)\81'1]
function F~™". Then,
Xn:n - Xl:n Zst X:Ln - Xik

N

We also have the following result for the PHR models which compares the sample range
and the largest order statistic.

THEOREM 2.24: Let X1,...,X,, be independent random variables with X; having survival
. =i . . .
function F°" for i =1,...,n. Let X7,...,X}_; be a random sample of size n —1 with

. . 7)\ran e—st .
common survival function F™"""* " If F is NWU, then

Xnn*X1n>stX

n—ln—1-

ProOF: Let H(x) = —log F(z) be the cumulative hazard of F. The NWU property
of F implies that F(z +y) > F(z)F(y) for x,y >0, which is actually equivalent to
H(z+vy) < H(x)+ H(y) for z,y > 0. From David and Nagaraja [15], the distribution of
R(X) = X,.n — X1.p 18 given by

n

Frox (@ Z / NIF )P f ) [[F @ = [Fu+ )% )du

J#i

_ Z/ e MW )H( N H(W) _ =3 Huta)) gy,

J#i

< Z)‘i H[l — e_’\fH(”’)]/ r(u)e” Zi= MW gy
i=1 i 0

n

Z Z 1 H 1 _ e—/\jH(ac)]

'

for & > 0, where r(u) is the hazard rate of F. For convenience, we us the simpler notation
A = Arange—st- From (2.27), it is known that

Z ZZ 1 f[ 1-— e—Ajm] < (1 _ e—j\z)n—l

b i

for z > 0. Replacing « with H(z) in the above inequality, we get

n

3 s T e < - et 220

J#l

for z > 0. It can be readily observed that the right hand side of (2.29) is the distribution
function of X* which yields the desired result. |

n—ln—1»
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3. GAMMA CASE

Gamma distribution is one of the most commonly used distributions in statistics, reliability
and life-testing. It has also been widely applied in actuarial science since many total insur-
ance claim distributions have similar shape to that of gamma distributions: non-negatively
supported, skewed to the right and unimodal. Let X be a gamma random variable with
shape parameter r and scale parameter \. Then, X has its pdf as

T
flayr,A) = ) " lexp(=Az), z>0.
It is a flexible family of distributions with decreasing, constant, and increasing failure rates
when 0 < r <1, r=1and r > 1, respectively. Now, let X;,..., X, be independent gamma
random variables with X; having shape parameter r and scale parameter \;, i =1,...,n,
and X7,..., X be another set of independent gamma random variables with X} having
shape parameter r and scale parameter A;. Then, in this section, we describe some ordering
results between order statistics from these two sets of random variables.

3.1. Comparisons Between two Heterogeneous Gamma Samples

Hu [20] proved under the scale model framework that, if 0 < < 1, then

m st
A An) = (AT AL) = (Ko Xoen) = (X0 X)) (3.1)

It should be mentioned here that the result in (3.1) was also proved independently by Sun
and Zhang [43], who also established that

e An) = N5 AD) = X > X0 (3.2)

and
Ayeo s dn) = (A, ) = Xy <ot X7, forr>1.

The result in (3.2) was further strengthened by Khaledi, Farsinezhad, and Kochar [22] as

dye o An) 2 (A A5 = Xy o0 Xi. (3.3)

Obviously, the results in (3.1) and (3.3) extend the corresponding results in (2.2) and (2.4)
from the exponential case to the gamma case. Recently, Misra and Misra [37] obtained the
following interesting result for the reversed hazard rate order.

THEOREM 3.1: Let (X1,...,X,) be a vector of independent gamma random variables with
common shape parameter r and scale parameter vector (Ai,...,\n), and (X7,..., X¥) be
another vector of independent gamma random variables with common shape parameter r
and scale parameter vector (A, ..., \5). Then,

(AL, An) = (AL AL) = X 2 X
It can be seen that the result in Theorem 3.1 extends the corresponding result in (2.5),
established earlier by Dykstra et al. [17], from the exponential case to the gamma case.
For the two-dimensional case, Zhao [47] established the following two results for the
likelihood ratio and hazard rate orders.
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THEOREM 3.2: Let (X1, X3) be a vector of independent gamma random variables with com-
mon shape parameter r and scale parameters A1 and o, and (X7, X3) be another vector of
independent gamma random variables with common shape parameter r and scale parameters
AT and N3, respectively. Suppose Ay < A7 < A5 < Ag. Then,

(i)

w
(A1, A2) = (AT, A5) == Xow 21 X35
(i)
p .
(A1, A2) = (AT, A3) = Xoo 2ne Xoo, ifr <1

As an immediate consequence of Theorem 3.2, we obtain the following corollary.

COROLLARY 3.1: Let (X1,X2) be a vector of independent gamma random variables with
common shape parameter r > 0 and scale parameters A1 and Aa, and (X7,X3) be another
vector of independent gamma random variables with common shape and scale parameters r
and A, respectively. Then,

(i)
S At

A

- X2:2 er X;;Q;

(i)
A> VA = Xoo >ne X5, ifr <1

In order to illustrate the result in Theorem 3.2, we provide the following two numerical
examples taken from Zhao [47].

EXAMPLE 3.1: Let (X7, X2) be a vector of independent heterogeneous gamma random vari-
ables with common shape parameter r = 0.5 and scale parameter vector (1,4). Denote by
h(t;1,4) the corresponding hazard rate function of the maximum order statistic Xo.o. Let
(Y1,Y5) be a vector of independent heterogeneous gamma random variables with common
shape parameter r = 0.5 and scale parameter vector (2,3.5), and denote by h(t;2,3.5) the

corresponding hazard rate function of Ya.o. We then have 1 <2 <3.5<4 and (1,4) g
(2,3.5). It can be seen from Figure 12 that h(t;1,4) < h(t;2,3.5) which is in accordance with
the result of Part (i) Theorem 8.2. Let (Z1, Z3) be a vector of another set of heterogeneous
gamma random variables with common shape parameter r = 0.5 and scale parameter vector
(2,2.5). Denote by h(t;2,2.5) the corresponding hazard rate function of Za.o. Note that the

condition in Part (i) of Theorem 3.2 does not hold even though we have (2,2.5) g (2,3.5),
and in this case we cannot compare the hazard rate functions as seen in Figure 12.

ExAMPLE 3.2: Let (X1, X2) be a vector of independent gamma random variables with com-
mon shape parameter r = 0.5 and scale parameter vector (2,8). Denote by h(t;2,8) the
corresponding hazard rate function of the mazimum order statistic Xo.0. Let (Y1,Y3) be a
vector of two independent gamma random variables with common shape parameter r = 0.5
and scale parameter vector (4,4), and denote by h(t; 4,4) the corresponding hazard rate func-
tion of Ya.o. Figure 13 presents the hazard rate functions of Xo.o and Ya.o. It can be seen
that h(t;2,8) < h(t;4,4) which is in accordance with the result in Part (ii) of Theorem 3.2.
Let (Z1,7Z5) be a vector of two independent gamma random variables with common shape
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3.5

21 h(t:2,3.5)

lr h(t:1,4)

0 1 2 3 4 5

FIGURE 12. Plots of hazard rate functions of Xs.o from two gamma distributions with
common shape parameter 0.5 and scale parameter vector (1,4), Ys.0 from two gamma dis-
tributions with common shape parameter 0.5 and scale parameter vector (2,3.5), and Zs.o
from two gamma distributions with common shape parameter 0.5 and scale parameter
vector (2,2.5).

parameter v = 0.5 and scale parameter vector (3.5,3.5), and denote by h(t;3.5,3.5) the
corresponding hazard rate function of Zs.o. It is clear that the hazard rate order does not
hold between Xo.0 and Zs.o as seen in Figure 13.

Zhao and Balakrishnan [53] compared stochastically the maxima in terms of the
dispersive and star orders.

THEOREM 3.3: Under the same setup as in Theorem 3.2, we have

p
(A1, A2) = (AT, A3) = X2 >aisp [>4] Xooo;

(1/ A0, 1/X2) = (1/A1,1/23) = Xoip 24 X3,

The following example, due to Zhao and Balakrishnan [53], shows the dispersive order
in Part (i) of Theorem 3.3 cannot be extended to the general case when n > 2.

ExAMPLE 3.3: Let (X1, Xo, X3) be an independent exponential random vector with parame-
ter vector (0.1,2,9), and (Y1, Ys,Y3) be another independent exponential random vector with

https://doi.org/10.1017/50269964813000156 Published online by Cambridge University Press


https://doi.org/10.1017/S0269964813000156

434 N. Balakrishnan and P. Zhao

6
5 L 4
ht:i4,4)
4 L 4
h(t;35,35)
3, 4
Zr hi(t;2,8) 1
1, 4

0 1 2 3 4 5

FIGURE 13. Plots of hazard rate functions of Xs.5 from two independent gamma distri-
butions with common shape parameter 0.5 and scale parameter vector (2,8), Ys.o from
two gamma distributions with common shape parameter 0.5 and scale parameter vector
(4,4), and Zs.5 from two gamma distributions with common shape parameter 0.5 and scale
parameter vector (3.5, 3.5).

parameter vector (0.1,4,5). It is clear that

(0.1,2,9) = (0.1,4,5).

Now, when X; ~ Ezp(0;),i=1,2,3, are independent random variables, it can be readily
shown that (see Arnold, Balakrishnan, and Nagaraja [2])

6010, 0103 0203 010203

E(X3.3)=0,+6:+035— — -
( 3‘3) 1 2 3 01 + 65 01 + 03 0y + 65 0105 + 0103 + 0505

and
2 2 2 2

E(X§:3) = 29% + 29% + 2‘93 T 1 1 T 1 1 1 + 3 1 1\2°

o +a) G+e) (G+e) (Gtreg+e)?

By using these expressions, in this case, we find the variances of X3.3 and Y3.3 to be

Var[Xs.s] = 99.5619 < 99.8326 — Var[Va.s),
which implies that Xs.3 Faisp Y3:3-

Remark 3.1: As in the case of dispersive order, one may also wonder whether the result in
Theorem 3.3 can be extended to the general case when n > 2, say for the star order. In
this regard, Example 2.4 in the preceding section can serve as a counterexample to give a
negative answer.
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4

3.5
h(1:3.33)

3 L
95 h(e:12.312.312)

2 L
Lot h(:1,2,6)

1,
0.5

0 1 9 3 4 5

FIGURE 14. Plots of the hazard rate functions when r» = 0.5.

3.2. Comparisons Between Heterogeneous and Homogeneous Gamma Samples

Recently, Balakrishnan and Zhao [6] established the following result for the gamma case.

THEOREM 3.4: Let Xy,...,X, be independent gamma random variables with X; having
shape parameter r and scale parameter \; for i=1,...,n, and Yy,...,Y, be a random
sample of size n from a gamma distribution with shape parameter r and a common scale
parameter X > Agm. If r <1, then

Xn:n Zhr Ynn

As a direct consequence of Theorem 3.4, we can obtain an upper bound on the hazard
rate function of X,., from heterogeneous gamma variables in terms of the hazard rate
function of Y., from an i.i.d. gamma sample. The following numerical example, due to
Balakrishnan and Zhao [6], can be used to illustrate this fact.

EXAMPLE 3.4: Let (X1, X2, X3) be a vector of independent heterogeneous gamma random
variables with common shape parameter v = 0.5 and scale parameter vector (A1, A2, A3) =
(1,2,6), and h(t;1,2,6) denote the hazard rate function of Xs.5. Let (Y1,Y2,Y3) be an i.i.d.
gamma random sample with common shape parameter 0.5 and scale parameter 3 (the arith-
metic mean of (1,2,6)), and let h(t;3,3,3) denote the hazard rate function of Ys.3. Let
(Z1, Zo, Z3) be an i.i.d. gamma random sample with common shape parameter 0.5 and scale
parameter /12 (the geometric mean of (1,2,6) ), and let h(t; v/12, V/12, v/12) denote the haz-
ard rate function of Zs.3. Figure 1/ presents a plot of the hazard rate functions of these three
largest order statistics, which can be seen to be in accordance with the result of Theorem 3.4.
It can also be seen that the upper bound given by h(t; /12, /12, V/12) is better than that
offered by h(t;3,3,3).
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3
h(t:3,3,3)
2.5+
o | h(t;\12,312,312)
1.5t

h(t:1,2,6)

0.57

0 2 4 6 8 10

FI1GURE 15. Plots of the hazard rate functions when r = 3.

OPEN PROBLEM 6: A natural question that arises is whether the result in Theorem 3.4
also holds for the case when the shape parameter is larger than 1. It is possible that this
may be true as can be seen in Figure 15 (the hazard rate plots under the same setup as in
Figure 14, but the shape parameter is now 3), but it remains as an open problem.

OPEN PROBLEM 7: Moreover, it would be interesting to see whether the result in
Theorem 3.4 can be established for the likelihood ratio order. For the exponential case,
such results have been derived by Khaledi and Kochar [23] and Kochar and Xu [29].

4. DISCRETE CASE
4.1. Geometric Case

The geometric distribution is the discrete counterpart of the exponential distribution since
they both possess lack of memory property and constant hazard rates. For a geometric
random variable X with parameter p € (0,1), the probability mass function is given by

P(X =k)=p(1-p)*, keNg={0,1,2,---}.

Mao and Hu [34] proved the following result for this geometric case.

THEOREM 4.1: Let Xq,..., X, be independent geometric random variables with parameters
Diy---sDn, and X7, ..., X be another set of independent geometric random variables with
parameters pi,...,p}, respectively. Then,

1%
(pla ce. 7pn) = (P? - ap:;) — Xn:n Zst X;:n

The result in Theorem 4.1 is an analogue of (2.4). Mao and Hu [34] further showed that
Theorem 4.1 might not hold for other order statistics by using the following counterexample.
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ExAMPLE 4.1: Let (X, X2, X3) be a vector of independent geometric variables with param-
eter vector (p1,pa,p3) = (0.01,0.1,0.9), and (X7, X5, X3) be another vector of independent
geometric variables with parameter vector (pi, p5,p5) = (0.1,0.2,0.5). Then, we have

p
(Pl,anPS) = (ptvpgapg)
But, observe that
P(X1.3 > 1) =0.081 < 0.360 = P(X}5 > 1),
which implies that X1.3 #st Xi.5-

Moreover, they also used the following counterexample to show an analogue of (2.5)
does not hold for the reversed hazard rate order under the geometric framework.

EXAMPLE 4.2: Let (X1, X2, X3) be a vector of independent geometric variables with param-
eter vector (p1,p2,ps3) = (0.2,0.4,0.8), and (X7, X5, X5) be another vector of independent
geometric variables with parameter vector (pi,p5,p5) = (0.4,0.4,0.6). Then, we have

m

(p1,p2,p3) = (P}, D5, D5).

Howewver,
Pxia) _ g 456 < 3580 — DXl
Fx,,(0) Fx:_(0)
and
Pxia®) 35185 19831 = 2X5s®)
Fx,,(2) Fx: . (2)

which imply that X1.3 % X7.3-

Recently, Xu and Hu [45] further proved the following multivariate stochastic order
result.

THEOREM 4.2: Under the same setup as in Theorem 4.1, we have

(log(1 —p1),...,log(l —p,)) =w (log(l —p7),...,log(l —p))
— (Xlzrm e >Xn:n) tst (Xf;nv e aX;;n)

The following corollary is a direct consequence of Theorem 4.2.
COROLLARY 4.1: Let X1,...,X, be independent geometric random wvariables with param-

eters pi,...,pn, respectively, and Yq,...,Y, be i.i.d. geometric random variables with a
common parameter p. Then,

p > Dcg - (Xl:n, AR Xnn) tst (H:n7 v aYn:n)a

where

n 1/n
pcg_l{H(lpi)} :
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The following result, due to Mao and Hu [34], compares the largest order statistics from
heterogeneous and homogeneous geometric samples in terms of the likelihood ratio order.

THEOREM 4.3: Let Xy,...,X, be independent geometric random variables with parameters
Ply--sPn, respectively, and Yi,...,Y, be i.i.d. geometric random wvariables with common
parameter p. Then,

p > Pcg — Xn:n > Ynn

They also pointed out that the reversed hazard rate order (and hence the likelihood
ratio order) does not hold between X,,.,, and Y;,.,, under the condition p > pam = % Z?:l i
even though it does hold for the corresponding exponential case; see Kochar and Xu [29].
Moreover, they left the question whether the hazard rate order holds between X,,.,, and Y,,.,,
under the condition p > p,n as an open problem. Du, Zhao, and Balakrishnan [16] recently
answered this problem partially for the case when n = 2 by proving the following result.

THEOREM 4.4: Let Xq, Xo be independent geometric variables with parameters py, pa,
and Xy, X3 be another set of independent geometric variables with parameters pi,ps,
respectively. Suppose p1 < pi < p5 < pa. Then,

P
(p1,p2) = (p1,05) <= X222 Znr Xop <= Xo2 >4 X5

Next, we present a numerical example to illustrate the results established in
Theorem 4.4.

EXAMPLE 4.3: Let (X1, X2) be a vector of independent geometric variables with parameter

vector (p1,p2) = (1/6,1/2), and h (k;1/6,1/2) be the corresponding hazard rate function of

X, Let (X7,X3) be another vector of independent geometric variables with parameter

vector (py,ps) = (1/4,1/5), and h(k;1/4,2/5) be the corresponding hazard rate function of
p

X35, It can be readily seen that (pi,p1) = (p3,p2). Figure 16 presents plots of the hazard

rate functions of these two maxima, which are in accordance with the result in Theorem 4.4.

Du et al. [16] also examined the likelihood ratio order of the maxima in two multiple-
outlier geometric samples.

THEOREM 4.5: Let X1,..., X, be independent geometric variables with parameters
(pla s P, P2, ap2)7
—_— ——
T q

where 7+ q=mn, and Yq,...,Y, be another set of independent geometric variables with
parameters

(pTa see 7p91«,p§’ ... 7p;)a
—— ——
r q
respectively. Then, if p1 < pi < p5 < ps and
(—=log(l —p1),...,—log(l —p1),—log(l — pa),...,—log(l — p2))
r q
= (=log(1 = pi),..., —log(l = pi), —log(l = p3), ..., —log(1 = p3)), (4.1)

r q
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0.25

h(k;1/4,2/5)
0.2
0.15 | hk;1/6,1/2)
0.1
0.05

0 5 1o 15 20 25 30
FIGURE 16. Plots of the hazard rate functions of the maxima of geometric variables with
parameter vector (1/6,1/2) and (1/4,2/5).

we have
Xn:n er Ynn

Since the likelihood ratio order implies the hazard rate order, the result in Theorem 4.5
can be used to compare the hazard rate functions of the maxima from two multiple-outlier
geometric samples. The following example, from Du et al. [16], illustrates this point.

ExXAMPLE 4.4: Let (X1, X2,X3) be a vector of independent geometric random variables
with parameter vector (1/6,1/6,2/7), and h(k;1/6,1/6,2/7) be the corresponding hazard
rate function of Xs.3. Let (Y1,Ya,Y3) be another vector of independent geometric random
variables with parameter vector (1/5,1/5,1/4), and h (k;1/5,1/5,1/4) be the corresponding
hazard rate function of Yz.3. It can be readily verified that condition (4.1) in Theorem 4.5
1s satisfied in this case. Figure 17 presents plots of the hazard rate functions of these two
maxima which are readily seen to be in accordance with the result of Theorem 4.5.

4.2. Negative Binomial Case

The negative binomial distribution is one of the important distributions in statistics, and
has wide applications in reliability theory, engineering, game theory, quality control, and
communication theory. For a negative binomial random variable X with parameter (r,p) €
(0, +00) x (0, 1), the probability mass function is given by

k—1
P(X = k) = (”k >pr(1 “ o), keNo={0,1,2,...}.
Let X1,...,X,, be a set of independent negative binomial random variables with param-
eters (k1,p1),-.., (kn,pn), respectively, and let X7,..., X be another set of independent
negative binomial random variables with parameters (k7, p7), ..., (kX,pk), respectively, Xu
and Hu [45] then obtained the following two results.
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0.25}
h(ki1/5,1/5,1/4)
0.2} -
0. 15}
h(ki1/6,1/6,2/7)
0.1
0.05}

0 5 10 15 20 2 30
FIGURE 17. Plots of the hazard rate functions of maxima from two geometric samples with
parameter vectors as (1/6,1/6,2/7) and (1/5,1/5,1/4).

THEOREM 4.6: Ifk; =k =k fori=1,...,n, then

p
(pla s 7pn) =~ (pia ce. 7p;;) — Xn:n Zst X;;na

P
I=p1,...;1=pp) = (1 =pl,....1 =py) = X1 <o0 X7,y fork>1;

(log(1 = p1),...,log(1 = pn)) =w (log(1 — p7),...,log(1l —py))
:>X1:n st Xik;ny f07"0<k§ 1.

THEOREM 4.7: Ifp; =pf =p fori=1,...,n, then
(kla sy kn) iw [t](kqv ceey k;:) — Xn:n Zst X:L;n[Xl:n Sst an]
It is apparent that the result in Part (i) of Theorem 4.6 extends the corresponding one
in Theorem 4.1 from the geometric case to the negative binomial case. Also, Xu and Hu [45]

gave the following result which can be readily derived by using Part (iii) of Theorem 4.6
and Theorem 2 in Ma [33].

COROLLARY 4.2: Ifk; =k =k € (0,1] fori=1,...,n and pf = --- = p; = p, then
pzpcg = Xprin >t X::TN r=1,...,n.

Xu and Hu [45] also displayed, with the help of a counterexample, that the result in
Corollary 4.2 does not hold for the case when k; > 1 fori=1,...,n.
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