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Abstract. Harris family of distributions models lifetime of a series system when
the number of components is a positive random variable. In this paper, we reveal
several stochastic comparisons in the Harris family with different tilt parameters
and different baseline distributions with respect to the usual stochastic, shifted sto-
chastic, proportional stochastic and shifted proportional stochastic orderings. Such
comparisons are particularly useful in lifetime optimization of reliability systems.
We shall also present two bounds for a Harris family survival function conditioned
on its tilt parameter which are useful when aging properties are considered. Our
results generalize several previous findings in this connection.

1. Introduction

To cover a wide range of data such as those with a high degree of skewness and
kurtosis, Marshall and Olkin (1997) and Aly and Benkherouf (2011) introduced two
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special families of distributions. In their approaches, they considered a baseline
distribution and extended it to a new and more flexible distribution. The resulting
classes are called Marshall-Olkin and Harris family of distributions, respectively.

The methods of generating Marshall-Olkin and Harris distributions are basically
the same. They proceed as follows: Let Y7,Y5,... be a sequence of independent
and identical (iid) random variables (rv) with a common distribution function (df)
F and survival function (sf) F = 1 — F. Let X = min{Y3,Ya,..., Yn}, where N
is a positive integer valued rv independent of the Y;’s with probability generating
function (pgf)

Py(t)=E@tN)=> t"P(N=n), tel0,1].
n=0
Then, X can be considered as the lifetime of a series system with iid component

lifetimes Y7, Y, ..., Yy and a random number N of components. The sf H of X has
the representation

H(z) =Y [F(x)]"P(N =n),
n=0
so that ~ -
H(x) = Py(F(x)). (L1)

Assuming N to be a geometric rv, Marshall and Olkin (1997) introduced the so-
called Marshall-Olkin distribution. Aly and Benkherouf (2011) used the Harris

pgf

fsk y1/k
1— sk } ’
introduced by Harris (1948), and generated the Harris family of survival functions
H as

PN(S;a,k):{ k>0, 0<6<1, 6=1-06, (12

_ P 1/ i
H(m;G,k):( b (x)x)) . k>0, 0<f<oco f=1-0. (13)

1—0Fk(
The df F'in (1.3) is called the baseline df and ¢ is called the tilt parameter. It is
easy to see that hazard rates corresponding to I and H(-; 0, k), namely, rp = f/F
and rg(.;0,k) = h(.;0,k)/H(.;0,k), are related by

re(r)
1—0Fk(x)’
Clearly, rg(z;0,k) exceeds rp(z) when 0 < # < 1 and it is smaller than rp(x)
when 6 > 1. They coincide when 6 = 1. Clearly, for k = 1, pgf (1.2) reduces to the
positive geometric pgf which leads to the Marshall-Olkin distribution.

Recently Batsidis and Lemonte (2015) discussed several results in connection
with behavior of the failure rate function for Harris family and discussed certain
related stochastic orderings. Al-Jarallah et al. (2014) presented a proportional haz-
ard version of Marshall-Olkin family of distribution as [H(.;#,1)]” and investigated
likelihood ratio ordering in this model.

Recall that in many applied situations and, in particular, in lifetime systems we
need to compare two or more rv’s with each other. Comparing only the means
(expectation ordering), variances (dispersion ordering) when the means are equal
or any other quantitative measures are not adequate. Indeed, in some cases these
measures do not exist at all. Therefore, various more useful types of stochastic

ra(x;0,k) = —00 < 2 < 00, 0<f<oo E>0. (1.4)
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orderings are employed in terms of their survival functions, hazard rate functions,
mean residual functions, and other suitable functions of probability distributions.
These methods are much more informative than those based on only few numerical
characteristics of the underlying distributions. Comparisons of distributions based
on such functions usually establish partial orders among rv’s. They are called
stochastic orderings which play a great role in statistical inference and applied
probability. Frequently, they are applied in contexts of Risk Theory, Reliability,
Survival Analysis, Economic and Insurance. For example, recently Eryilmaz and
Tutuncu (2015) investigated relative behavior of a coherent system with respect to
another coherent system using stochastic orderings and Torrado (2015) investigated
stochastic properties of the smallest order statistics from Weibull distributions. In
Economics, Zhou et al. (2013) developed a new algorithm using stochastic orderings
to reduce the search space of maintenance strategies and to enhance the efficiency of
optimization algorithms. Nanda and Das (2012) investigated stochastic orderings
in Marshal-Olkin family of distributions. Gui (2013) compared Marshall-Olkin
power log-normal distributions using stochastic orderings. Ghitany and Kotz (2007)
investigated reliability properties of extended linear failure rate distributions using
stochastic orderings. Stochastic comparison of different distributions with their
mixtures were the concern of Alamatsaz and Abbasi (2008), Jazi and Alamatsaz
(2010) and Jazi et al. (2011). Huang and Da (2012) used stochastic orderings to
compare members of Marshall-Olkin family.

Recently, Batsidis and Lemonte (2015) were concerned with the behavior of
the failure rate function and some stochastic order relations in the Harris family;
namely,they compared H(-;6,k) with H(-;1,k) = F. In the present paper, these
results are extended to the case when the tilt parameters may also be different,
i.e., we compare Hp, (;a, k) and Hp,(-; 8, k) with respect to various stochastic or-
derings. In particular, we address the usual stochastic orders, various (reversed)
hazard rate orderings as well as likelihood ratio orderings (see, e.g., Shaked and
Shanthikumar, 2007) to study the stochastic orderings of the Harris family. On one
hand, a Harris family distribution can be used as the distribution of the lifetime of
a series system and, on the other hand, it is a function of a tilt parameter. Thus, a
proper choice of the tilt parameter can play an important role in optimizing the cor-
responding system’s lifetime. In particular, to choose a better model, here, we shall
study whether or not certain stochastic orders between the component lifetimes are
preserved by the corresponding systems and, more interestingly, vice versa; which is
useful in application when the components are not observable. Our results enfold all
findings on stochastic orderings of Huang and Da (2012) as special cases who used
stochastic orderings to compare members of the Marshall-Olkin family. Recently,
Abbasi and Alamatsaz (2015+) investigated preservation properties of stochastic
orderings by transformation to Harris family with the same tilt parameters. In
Section 2, we introduce various types of stochastic orderings used in the sequel. In
Section 3,we discuss the preservation of certain stochastic orderings of the baseline
distribution after a transformation to the Harris family under certain conditions on
the tilt parameters. In Section 4, using certain aging concepts, we discuss existence
of moments of a Harris family distribution and obtain two simple bounds. Notice
that Harris family contains all distributions obtained by Marshall-Olkin’s method.
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2. Stochastic Orderings

Throughout the manuscript, we assume that X and Y are rv’s with df’s F' and
G, sf’s F and G, probability density functions (pdf) f and g, hazard rate functions
rr and rg, reversed hazard rate functions 7p and 7, and supports Sx and Sy,
respectively. Further, we denote the left and right endpoints of the supports of
ar.v. X by lx and ux, respectively. We use the terms increasing in place of
non-decreasing and decreasing in place of non-increasing. First, we recall some
stochastic orderings and present their relations in Table 2.1. For details, we refer
to Nakai (1995), Brown and Shanthikumar (1998), Lillo et al. (2001), Shaked and
Shanthikumar (2007), and Jarrahiferiz et al. (2013).

Definition 2.1. Stochastic orderings:

(i) X is smaller than Y in the usual stochastic ordering, denoted by X <, Y, if
F(z) < G(z), Yz € (—00, ).

(ii) X is smaller than Y in the likelihood ratio ordering, denoted by X <;, YV, if
% increases in z in Sx |J Sy

(ii) X is smaller than Y in the hazard rate ordering, denoted by X <, Y, if
rr(x) > re(x), Vo € (—oo, 00).

(iv) X is smaller than Y in the reversed hazard rate ordering, denoted by X <.,
Y, if fp(x) < 7g(x), Vo € (—oo, 00).

Definition 2.2. Shifted stochastic orderings:
(i) X is smaller than Y in the up likelihood ratio ordering , denoted by X <;,4+ Y,

if [ X—t] X >t <Y, for all ¢ > 0, or, equivalently, if % increases in

X € [ly,uX — t].
(ii) X is smaller than Y in the down likelihood ratio ordering, denoted by X <;,.;

Y, if X < [Y —t|Y >, for all t > 0, or, equivalently, if g(ft&f) increases in

x € [lx,uY 715].

(iii) X is smaller than Y in the up hazard rate ordering (up reversed hazard rate
ordering), denoted by X <p,1 (<ppp)Y, if forallt > 0, [X —¢ [ X > t] <p, (<)Y
or, equivalently, if % (%) increases in « € (—oo,uy ), for all ¢ > 0.

(iv) X is smaller than Y in the down hazard rate ordering (down reversed hazard
rate ordering), denoted by X <p,y (<pp))Y, if for all ¢ > 0, X <p, (Spp)[Y — 1|
G(t+=) (G(t-‘rac)

F(z) F(z)

Y > t] or, equivalently, if ) increases in « > 0, for all ¢ > 0.

Definition 2.3. Proportional stochastic orderings:

Let X and Y be continuous and non-negative rv’s. Then, X is smaller than Y in
the proportional likelihood ratio ordering (plr) (proportional hazard rate ordering
(phr), proportional reversed hazard rate ordering (prh)), denoted by X <, (<ppr
s <prn)Y, if for all 0 < A < 1, AX < (<Spyp, <)Y or, equivalently, if 9(Az)

N f(@)
(Cj;fécf';), Cj,((f))) increases in z for all 0 < A <1 (for details, see Ramos Romero and

Sordo Diaz, 2001 and Belzunce et al., 2002).

Jarrahiferiz et al. (2013) have introduced shifted proportional likelihood ratio or-
dering (shifted proportional hazard rate ordering) for continuous and non-negative
rv’s as follows:
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Definition 2.4. Shifted proportional stochastic orderings:
(i) X is smaller than Y in the up proportional likelihood ratio ordering, denoted

by X <pimp Y, if [X —t | X > t] <p» Y or, equivalently, fg((tfz) is increasing in

x € (ZX—t,uX—t)U(lTYﬂTY),for allt>0and 0 < A < 1.

(ii) X is smaller than Y in the down proportional likelihood ratio ordering,
denoted by X <, Y, if X <, [Y —¢ | Y > t] or, equivalently, if % is
increasing in z > 0 for all ¢ > 0 and 0 < A < 1.

(iii) X is smaller than Y in the up proportional hazard rate (up proportional
reversed hazard rate) ordering, denoted by X <pnr4 (Sprnp)Y, if [X — ¢ [ X >
G(Ax) (G()\x)
F(t+z) ‘F(x+t)

t] <phr (Sprn)Y or, equivalently, if
allt>0and 0 < A < 1.

(iv) X is smaller than Y in the down proportional hazard rate (down proportional
reversed hazard rate)ordering, denoted by X <pprp (Sprn)Y, if X <ppr (Sprny

)Y —t|Y > t], or, equivalently, if GQtt) (GArtt)

is increasing in x € (0, 4X), for
g py

) is increasing in « > 0 for all

F(x) F(x)
t>0and 0 < X\ < 1.
Slr = Shr = Sst ShrT = Shr = Sst
f f
<ot = Sprir = Senp = S = Spirt = Spart = Zhrt
3 3 I 3 3 I I
Splr = Sprh = Srh ~ Slr ~ Splr = Sphr = Shr
f f i fr f f ()
Spirl = Sprhl = Seny < Siry < Spirl = Sprrl = Sary
U 3
<st ~ <rh Shr¢

TABLE 2.1. Some useful relations among various types of stochas-
tic orderings

3. Preservation of stochastic orderings in the Harris family

Suppose that Y7 and Y5 are two Harris rv’s with df’s Hy and Hs with tilt pa-
rameters a and [, hazard rates rg, and rg, and baseline rv’s X; and X5 with df’s
Fy and Fy, respectively. Then, for any z, o > 0, § > 0 and k£ > 0, pdf’s, df’s and
hazard rate functions associated with H(x;.,k) in (1.3) are given by

a%fl(x) /3%f2(1’)
(1~ aF"(x) (1= BE;" () +

hi(z;a, k) = , ho(z; B, k) = (3.1)

=

— I 1
Hy(wak) =1 - [T

L Hy@iBk) =1- [T (32)

1—af,"(2) 1=PR ()
and
T X T X
i (wak) = — 0O ek = @ (3.3)
1—@F1 (.’E) 1—5F2 (l‘)

respectively.



470 S. Abbasi et al.

In this section, we study preservation properties of several stochastic orderings
of the baseline distribution by its corresponding Harris family distribution. Huang
and Da (2012) showed that usual stochastic, hazard rate, reversed hazard rate and
likelihood ratio orderings are preserved by a transformation to the Marshall-Olkin
family, i.e., for k = 1 in (1.3). In what follows, their results are generalized to the
case k > 0.

3.1. Stochastic ordering.

Theorem 3.1. i) Let « < 8. If X1 <g Xo, then Y7 <4 Ys.
i) Let B < a. If Y1 <4 Ya, then X1 <q Xo.

Proof: i) For any x and k > 0, we should show that, given Fy(z) < F5(z) we have
Hy(x; o, k) < Hy(x; 8, k) or, equivalently,

aFf(x) \# BEF(x) \* aFf(x) BE¥(x)
(1 - dﬁf(x)) = (1 - BQF%C(.%‘)) 9z aFF(z)/ 1- ﬁ?ﬁék(m) =k

Now, we can write the ratio as

Cort _ oFf@)(- BR )
S B0 - aFf (@)
_ oFf(@) - aFf (@) F () + 0fFf (@) FE ()
BFf(x) — BFY () F (1) + afFf () F5 ()
_ aFf@)(1 - Ff(@) + aBFE@) P (e). 5.4
BEE(2)(1 = Ff(x)) + afFf () F5 (2)

But,

(
= oFf(2) - F5(x) < (8- a)F(2)(1 - F{ (). (3.5)

Clearly, since X; <y X means that, for any k > 0, Ff(z) < F¥(z), the left hand
side of Eq (3.5) is non-positive. Now, if o < /3, the right hand side is non-negative.
Consequently, we have Y7 < Y5.

ii) Now, consider (3.5) with 8 < «. Then, it follows that, Y7 <, Y2 implies
X1 <4 Xo. U

The following counterexample shows that the usual stochastic ordering is not
preserved by a transformation to the Harris family when a > .

Counterexample 3.1. Let X; and X, be two Lomax rv’s with sf’s F)(x) =
(1+0.3z)~% and Fy(z) = (1 + 0.4z)72, > 0, respectively, so that X; <y Xo.
Figure 3.1 illustrates that, e.g., for « = 4, § = 1.2, k = 2, and some values of =z,
Hy(z;0,k) > Ha(z; 8, k), Le., Y1 £ Yo.
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FIGURE 3.1. Tllustrating H;(z;4,2) £ Ha(z;1.2,2) for the Lomax
base distributions.

3.2. Hazard rate orderings.

Theorem 3.2. i) Let § > max{a,1}. If X1 <prrr (Sphrs <hrts <nr)X2, then
Yl >phrt ( phr; <hrT7 <hr>Yv2

i) Let « > 1 and 0 < 8 < 1. If V1 <pprr (Sphrs <trts <nr) Y2, then X1 <pprt
(Sphr: ShT‘Ta Shr)XQ-

Proof: First note that the usual stochastic order is implied by all the above hazard
rate orderings (see Table 2.1) discussed in the theorem. Thus, we have Ff(z) <
Fl(x) for any k > 0.

i) By Definition 2.4 (iii), X1 <pnrt+ X2 implies that rp, (z+1t) > /\TFQ()\JS) 0 for
any z, allt > 0 and all 0 < A < 1. Since F is decreasing, we have Ff(z+t) < Ff(z)
andFZ( ) < F¥(\x). Fora> 1l and 8 > «, weget 1 —aFf(x+1t) <1-—BFF(Ax)
or, 1— aF}C(xH) > 1—5Fk(,\ ok Hence, by Eq. (3.3) and Definition 2.4 (iii), we have
that Y1 Sphrt YQ

For0 <a<1landB>1,wehavea > 0and 3 < Osothat aFf(z+t) > BEYF(Ax)
or, 1 —aFf(z+t) < 1— BFy(Az) which yields — aFk(x+t) > ﬁFk(M) > 0.
Therefore, by Eq. (3.3) and Definition 2.4 (iii), we conclude that Y7 <ppr+ Ya.

ii) By Definition 2.4 (iii), Y7 <ppr+ Y2 implies that ", (x+1t) > Arg,(A\x) >
for any x, all ¢ > 0 and all 0 < A\ < 1. Thus, by Eq. (3.3),

rr (z+1) S 1—aFf(z+1)

Mg, (Ax) = 1—BFF(z)
Since a > 1 and 0 < 3 < 1, we have aFf(z +t) < BF¥(\x) or, 1 — aFf(z +1t) >
1 — BF¥(A\x) which yields that the right side of Inequality (3.6) is greater than or
equal to 1. Thus, by Inequality (3.6), rg (z+1) > Arpg, (Az) and thus, Xy <ppr+ Xo.

(3.6)
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With proper choices of t(= 0) or A = 1 or both, proofs of the other parts are
immediate. U

The following counterexample shows that up proportional hazard rate ordering
is not preserved by transformation to the Harris family when 8 % max{a, 1}.

Counterexample 3.2. Let X; and X5 be two Erlangian distributed rv’s with
sf’s Fi(z) = (1 + 2z)e™2® and Fy(z) = (v + 1)e™® and hazard rate functions
rr(z) = 11% and rf,(v) = 77, for x > 0, respectively. For any 0 <A <1,¢>0
and z we have rp, (x +t) > Arg,(Az). Thus, by Definition 2.4 (iii), X1 <pprt
X,. Figure 3.2 shows that in four different situations where § * max{a,1},
Hy(\x; B, k)/Hy(z +t;a, k) is not increasing in x or, equivalently, for some values
of z, ry, (v + t;a, k) # Mg, (Az; B, k), i.e., up proportional hazard rate ordering is
not preserved by transformation to Harris family when 8 # max{a, 1}.

() a=1 and 0=p=1

FIGURE 3.2. Showing that Ha(\z; 3,2)/Hi(z + t; a,2) is not increasing
in z when 8 < max{a, 1}.

Theorem 3.3. i) Let 0 < a <1 and 8> 1. If X1 <phry (Spry)Xo, then Y1 <ppry
(Shry)Yo,
ZZ) Let 0 < ﬂ <1 anda>1. Ile Sphrj, (Shri)}é; then X, Sth, (ShT-J')XQ.

Proof: i) By Definition 2.4 (iv), X1 <ppr; X2 is equivalent to rp, () > Arp, (Ax+1t)
for any x, 0 < A < 1 and t > 0. Furthermore, for 0 < o <1 and 8 > 1, and any
k >0, we have aFf(z) > BFE(A\x +1t), or 0 <1 —aFf(z) < 1— BF¥(x +t) which
yields 175[}31;@(13) > [y S peaey > 0. Thus, by Eq. (3.3) and Definition 2.4 (iv) we
conclude that Y7 <ppr) Yo.

ii) By Definition 2.4 (iv), Y1 <ppr) Y3 is equivalent to rg, () > Arg, (Ax +1t) for
any £, 0 < A <1 and ¢>0. Thus by Eq. (3.3),

T (2) 1— dF’lk(x)
Arp,(Ax+t) = 1—BFFAx +1t)

Since @ > 1 and 0 < 8 < 1 for any k > 0, we have aFf(x) < BF§(Ax +t), or
0 <1-—aFf(r) >1— BFf(x +t) which implies that the right side of Inequality

(3.7)
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(3.7) is greater than or equal to 1 and consequently rp, (z) > Arp,(Ax +t). As
required.

With the choice of A = 1, proofs of down hazard rate orderings are immediate.

O

The following counterexample shows that down proportional hazard rate order-
ing is not preserved by transformation to the Harris family when o and 8 do not
satisfy the conditions of Theorem 3.3.

Counterexample 3.3. Let X; and X5 be two exponential rv’s with hazard rates
3 and 2, respectively. For any 2, 0 < A <1 and t > 0 we have rp, (z) > rr,(A\x +1t).
Thus, by Definition 2.4 (iv), we conclude that X; <pp,; X2. We see that for
some values of 0 < A < 1, a, # and t > 0, such that a and 5 do not satisfy

the conditions of Theorem 3.3 (for example: take a = 8, A = 0.9, t = 0.1 and
0<pB <1, % is not increasing in x or, equivalently, for some values of
z, r, (x50, k) # Mg, (Ax +t; 8, k), i.e., down proportional hazard rate ordering is
not preserved by transformation to the Harris family.

3.3. Likelihood ratio orderings.

Theorem 3.4. i) Let 0 < a <1 and 8 > 1. If X1 <pirr (Spir, <irt, <ir) X2, then
Yl >plrt ( plr <l7T7 <l7)}/2

i) Let 0 < B <1anda> 1. If Y1 <pirr (Spirs <trts <ir)Ya, then X1 <pirr (Spir
aglr'l‘v SZT)XQ

Proof: i) By Definition 2.4 (i), we have to show that, for all 0 < A <1, ¢ > 0 and

k>0, % is decreasing in z. But, by Eq. (3.1),

hi(x +tiak) (a)% filz ) ( 1—BF§(M))>£+1’

ha(Az; B, k) B fohx)  \1—aFF(z+t

and X; <p¢ Xo implies that, forall 0 <A <1 and ¢t > 0, h ((Hf)) is decreasing in

x. Further, we have

i( 1 — BF¥F(\x) )

de\1—aFf(z+1t)
_ kaBE " @ + ) Fy Q) [fa(a + ) Fa(A\x) — Mfo(Aa) Fy (2 + t)]

(1 - aFf(z))?
E[BAf2(Az) Fy~t(Aa) — afi(z + ) FF~Ha + 1)
(1-aFf(z))? '
Using that up proportional hazard rate ordering is implied by up proportional
likelihood ratio ordering (see Table 2.1), the first term in Eq. (3.8) is non-positive.
Moreover, for 0 < o < 1 and 8 > 1, the second term is also non-positive. Thus,
since both terms of Eq. (3.8) are non-negative, we have the result.
ii) By Definition 2.4 (i), for all 0 < A < 1,¢ >0 and k > 0, % is decreas-

ing in x, i.e., for any x <y, hi(y + t; o, k)ha(Ax; B, k) < hy(z + t; o, k)ha(Ay; B, k).
So, by Eq. (3.1), we have

[1—aF1(x+t)} [1—ﬁFz( )}%<f1(x+t) F2(\y)
L—alf(y+t) 1— BFF(A\x) fo(Az) fily+1t)

N (3.8)

(3.9)
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By decreasing property of sf’s, we have Ff(y +t) < Ff(x +t). If a > 1, then
aFf(y+1t) > aFf(z +t) and 1 —aFf(y +t) > 1 — aFF(z +t). Thus, the first
factor in the left side of Inequality (3.9) is greater than or equal to 1. Moreover, if
0 < B < 1, since sf is decreasing, we have also 1 — SFF(\z) < 1 — BEF(\y). Thus,
the second factor in the left side of Inequality (3.9) is greater than or equal to 1.
So, we conclude that the right side of Inequality (3.9) is greater than or equal to 1
and by Definition 2.4 (i) we have the result.

With proper choices of t(= 0) and A = 1 or both, proofs of the other parts are
immediate. O

Theorem 3.5. i) Let 0 < a <1 and g > 1. If X1 <pir) (<iry) X2, then Y1 <pipy
(Siry)Ye.
ZZ) Let 0 < <1 and a > 1. Ile Spirl (<lr¢)}/27 then X1 < Spirl (<l7nJ')X

Proof: i) By Definition 2.4 (ii), we have to show that for all ¢ > 0, 0 < A < 1 and

k>0, % is decreasing in z. By Eq. (3.1), we have

hi(zionk) (g) £ hi@) (1 — BEf(\z + t>)%+1 (3.10)
hg()\m—f't;ﬂ,k) 5 fz()\$+t) 1707F1k(:17) ’ '
Thus, since X7 <pi; X2 implies that, for all £ > 0 and 0 < A < 1, fQ{i\(ﬁrt) is

decreasing in x and both factors of Eq. (3.10) are non-negative, it is sufficient to

show that (%W)%H, or %W, is decreasing in z. But, we have
] e

i(l —BF‘Q’“(Aa:+t))

de 1—aFf(z)

_ k;o?BFf_l(x)Ff_l(/\x + )[f1(z) Fa(x +t) — Afo(Az + 1) Fy ()]

(1 - afFf(z))?
[Wz(Aw+ HFy Az +t) — afi () FF ()]
T aF Q) . (3.11)

The first term in Eq. (3.11) is non-positive because down proportional hazard
rate ordering is implied by down proportional likelihood ratio ordering (see Table
2.1). Moreover, for 0 < o < 1 and 8 > 1, the second term in Eq. (3.11) is also
non-positive. Thus, we have proved the result.

ii) By Definition 2.4 (ii), for all 0 < A < 1, t > 0 and k > 0, %
decreasing in z, i.e., for all <y, hi(y; a, k)ha(Ax + t; 5, k) < hi(x; o, k)ha( Ay +
t; 8,k). So, by Eq. (3.1), we have

{l—aFf(x)]%{l—Bﬁ’f(Ay+t)%< filz)  falAy +1)
1— aFF(y) 1— BEF(\z +1) = oAz +t) fi(y)

By the decreasing property of sf, we have Ff(y) < Ff(z) . If a > 1, we have
1—aFf(y) > 1—aFf(z). Thus, the first factor in the left side of Inequality (3.12)
is greater than or equal to 1. Moreover, if 0 < § < 1, since sf is decreasing, we
have 1 — BFF(Ax +1t) < 1 — BEF(A\y+1t). Thus, the second factor in the left side of
Inequality (3.12) is greater than or equal to 1. Hence, the right side of Inequality
(3.12) is greater than or equal to 1 and by Definition 2.4 (ii) we have the result.
By choosing A = 1, proofs of the other parts are immediate. (I

(3.12)
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The following counterexample shows that up proportional likelihood ratio or-
dering is not preserved by transformation to Harris family when the conditions of
Theorem 3.4 on o and 3 are not satisfied.

Counterexample 3.4. Let X; and Xg be two Rayleigh rv’s with pdf’s fi(z) =

6T exp(a—g;) and fa(z) = 55z exp(5os 08) respectively. For all 0 < A <1 and ¢t > 0,

f;;&;‘;) is decreasing in z, thus by Definition 2.4 (i), X1 <pir¢ X2. We can show

that for some values of o, 5, 0 < A < 1 and t > 0 not satisfying the condition in
Theorem 3.4 (for example, take « = 5,t =0.01, A\ =0.9and 0 < 5 < 1), %
is not decreasing in z, i.e., up proportional likelihood ratio ordering is not preserved
by transformation to the Harris family in this situation.

The following counterexample shows that down proportional likelihood ratio
ordering is not preserved by transformation to the Harris family when a and 5 do
not satisfy the conditions of Theorem 3.5.

Counterexample 3.5. Let X; and X5 be two rv’s with pdf’s fi(z) = % exp(%)

and fa(r) = §exp(—%), respectively. For all 0 < A < 1 and t > 0, f;(c;\(;lt) is

decreasing in x, thus by Definition 2.4 (ii), X1 <p; X2. Again we see that for
some values of 0 < A < 1, «, § and ¢t > 0 which do not satisfy the condition in

Theorem 3.5 (for example, take « = 5,t =5, A =0.9 and 8 > 1), % is not

decreasing in x, i.e., down proportional likelihood ratio ordering is not preserved
by transformation to the Harris family.

3.4. Reversed hazard rate orderings. Huang and Da (2012) have investigated the
preservation of hazard rate ordering by transformation to Marshall-Olkin family
but have remained silent in the reversed hazard rate orderings. In what follows, we
complete their study by considering preservation properties of up reversed hazard
rate, proportional reversed hazard rate and up proportional reversed hazard rate
orderings in Marshall-Olkin family. For the general case of k > 0, i.e., Harris family,
the result remains as a conjecture to be proved.

Theorem 3.6. Let o < min{f3,1} and k = 1. If X1 <prnt (Spris <rnp) X2, then
Yl >prht ( prh; rhT)YQ'

Proof: For any 0 < A <1, ¢t > 0 we have

__ aFy(z+t) B 2
Hi(z+tol) 1= Ganemy F0%) +5
Hy(Ax; 8,1) 1 BP0
2( xaﬁv ) 1 (1—5}‘2(Ax)) (m—i—t) +a
By Definition 2.4 (iii), we have to show that, for any 0 < A < 1, ¢ > 0, %

is decreasing in x. Now,

fi(z+t) Afa(Az)} + [anl(r-H) _ @ﬁkfz(kr)]

af
i(H1(x+t;Ox, 1)) _ BO@)F (D) [Fl(ert) D) F?(x+t) F3 (\a)
dz \ Hy(Ax;5,1) (e +9)°
(3.13)
Fl(I+t)

Thus, since X1 <prnt X2 is equivalent to > 00) being decreasing in x for any
0 <A <1andt >0, the first term in the numerator of Eq. (3.13) is non-positive.
Moreover, the stochastic order is implied by up proportional reversed hazard rate
ordering (see Table 2.1), so Fy(x) < Fy(z) and, by the monotonicity of df3, it follows
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that Fo(Az) < Fi(z +1t), for any 0 < A <1 and ¢ > 0. Thus, if @ < min{g, 1}, the
second term in the numerator of Eq. (3.13) is also non-positive. This completes
the proof.

With proper choices of t(= 0) or A(= 1) or both, proofs of the other parts are
immediate. O

Counterexample 3.6. Let X; and X5 be two exponentially distributed rv’s with
sf’s Fi(z) = ¢78 and Fy(x) = e~** for x > 0, respectively. In this case, for any
0<A<1,t>0, f)};(w;;t)) is decreasing in x. Thus, by Definition 2.4 (i), X1 <pirt Xo.
Since up proportional reversed hazard rate ordering is implied by up proportional
likelihood ratio, we conclude that X; <4+ X2. It can be observed that for some
values of «, 8,0 < A <1 and ¢ > 0 not satisfying the condition in Theorem 3.6 (for
example, take « =9, ¢t =0.3, A\=0.8 and 0 < § < 1), Ho(A\z; 8,1)/H1(z + t;, 1)
is not increasing in x, i.e., up proportional reversed hazard rate ordering is not
preserved by transformation to Harris family when a ¢ min{3, 1}.

4. Aging properties

We should point out that in many practical problems, when using a sample data
set, we are able to obtain some life information such as the mean and variance
of the life distribution. But the exact value of the reliability function can not be
easily obtained. However, it is still helpful to derive some bounds for a reliability
function based on the known information. These bounds can tell us the scope of
the reliability of products and provide a basis for further improvements. In this
section, we obtain two bounds for survival functions conditioned on the tilt random
parameter, which are useful in distinguishing the failure probability of a component
after a time t.

Proportional failure rate was defined by Singh and Maddala (1976) and was
called generalized failure rate by Lariviere and Porteus (2001). The generalized
failure rate is defined as gp(x) = xrp(z). A rv X has increasing generalized failure
rate (IGFR) property if gr(z) is increasing in x such that F(z) < 1. IGFR is
useful and frequently used in recent pricing, revenue and supply chain management
literature. Now using the concept IGFR, we discuss existence of moments of a
Harris family distribution.

Theorem 4.1. Let X and Y be two non-negative rv’s corresponding to F(.) and
H(.;0,k) in Eq. (1.3) with @ > 1, respectively. Suppose that X has the IGFR
property and lim,_, o, gr(x) = 1, where 1 is possibly infinite. Then, E(Y™), n > 0,
is finite if, and only if, | > n.

Proof: 1f @ > 1, then 1 — §F*(x) is decreasing in z. Thus, by the IGFR, property

”F(z)) is increasing in w, i.e., Y has IGFR

of X, we have gy(z) = argy(x) = T (2

property. Moreover,

Am gu(z) = lim % = Jim zrp(z) =1
Thus, by IGFR, property of Y, it follows that E(Y™) is finite if, and only if, [ > n
(see Theorem 2 in Lariviere, 20006). O

In the following, we provide certain bounds for sf of a Harris family distribution
using concepts of increasing (decreasing) failure rate (IFR) (DFR) and increasing
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(decreasing) average failure rate (IFRA) (DFRA) properties. In reliability, these
aging properties are applied to examine how a component or a system improves or
deteriorates with age. A non-negative rv X with hazard rate rz(.) has IFR (DFR)
property, if rp(x) is increasing (decreasing) in x and has IFRA (DFRA) property
if (—1/x)log F(x) is increasing (decreasing) in x.

Theorem 4.2. Let X and Y be two non-negative rv’s corresponding to F(.) and
H(.;0,k) in Eq. (1.3), respectively. Suppose that X has IFR property, pus = fooo t*dF(t)
and As = ps/T(s+ 1), s > 1. Then, we have

1
] & 1/s
7 oxn( Tk V_p ) < ps' o,
H(x;0,k) > <e"p(£76)“’) ek
0, x>,
Proof: By Eq. (1.3), H(x;0,k) = (W)%. Since X has IFR property, by

Corollary 6.3 in Barlow and Proschan (1975), we have F~*(z) < exp(;{—’/cs), for all

/

T < u; . Thus, the assertion follows. O

Theorem 4.3. Let X and Y be two non-negative rv’s corresponding to F(.) and
H(.;0,k) in Eq. (1.3), respectively. Suppose that X has IFRA (DFRA) property
with p-th quantile §,. If 0 >1 (0 < 6 < 1), then,

. > (S)exp(—ax),  w<§,
H($597k) { g (2) exp(—aw)7 X Z fz,
fq

k
where o = fgf%klog(m), g=1-p.

Proof: If X has IFRA (DFRA) property with p-th quantile &,, then by Theorem
6.1 in Barlow and Proschan (1975)

_ > (g) ex (—am), x < &p,
F(x){ < (2) exi(—oﬁ?), x 2z 5177

where o = log(F(&,))" V¢, ¢ = 1 —p. Since, if # > 1 (0 < 6 < 1) and X has
IFRA (DFRA) property, then Y also has IFRA (DFRA) property (cf. Theorem 8
1

in Abbasi and Alamatsaz, 2015+) and since H(&,;0,k) = (i‘g;k)ﬁ, we have the

results. O
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