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In the reliability context, the geometric distribution is a natural choice to model the
lifetimes of some equipment and components when they are measured by the number of
completed cycles of operation or strokes, or in case of periodic monitoring of continuous
data. This paper aims at investigating how the heterogeneity among the parameters affects
some characteristics such as the distribution and hazard rate functions of spacings arising
from independent heterogeneous geometric random variables. First, refined representations
of the distribution functions are provided for both the second spacing and sample range
from heterogeneous geometric sample. Second, stochastic comparisons are carried out on
the second spacings and sample ranges for two sets of independent and heterogeneous
geometric random variables in the sense of the usual stochastic and hazard rate orderings.
The results established here not only fill the gap on the study of stochastic properties of
spacings from heterogeneous geometric samples, but also are expected to be applied in
the fields of statistics and reliability.

Keywords: geometric distribution, hazard rate ordering, majorization, sample range, second
spacing, usual stochastic ordering

1. INTRODUCTION

As the discrete counterpart of the exponential distribution, the geometric random variable
X with parameter 0 < ¢ < 1, is given by the probability mass function

P(X=Fk) =pd*', k=1,2,...,

where p = 1 — ¢. This model is characterized by the lack of memory and the constant hazard
rate properties. It is well known that the exponential distribution is widely referenced
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probability law as the simplest choice used in reliability and life testing for continuous
data. When the lifetimes of some equipment and components are measured by the number
of completed cycles of operation or strokes, or in case of periodic monitoring of continuous
data, the geometric distribution is a natural choice instead of exponential distribution. In
the literature, the geometric random variable plays a special role in stochastic modeling
and has received much attention. For instance, [7] modeled the fatigue failure of aircraft
wing by geometric distribution. [9] studied the order statistics from geometric distribution
and their relation to inverse sampling and reliability of redundant systems. [2] pointed out
the maximum order statistics from heterogenous geometric samples could be used in the
engineering models, such as wireless broadcast transmission systems.

Let Xq,..., X, be independent random variables with possible different distributions.
Denote the ith order statistic by X;.,, and the ith spacing by X;.,, — X;—1.n, 2 =1,...,n,
with Xj., =0, and the sample range by X,., — X1.,. Spacings and their functions are of
great interest in many areas. For instance, the sample range plays an important role as one
of the criteria for comparing variabilities among distributions in statistics, while spacings are
used in goodness-of-fit tests, outlier detection and characterization of distributions. In the
context of reliability, spacings correspond to times elapsed between failures of components
in a system, etc. Therefore, it is important to study the stochastic properties of spacings
under different models. In the past decades, a surge of research has appeared on stochastic
comparisons of spacings and sample ranges arising from independent exponential samples.
Especially, considerable attention has been paid recently to studying how the heterogeneity
affects some distribution characteristics of exponential spacings and ranges, including their
distribution functions and the (reversed) hazard rate functions. Interested readers may
refer to [5,6] for an elaborate review. However, if the random sample comes from discrete
variables, the distribution theory of spacings becomes very complicated due to the existence
of ties, and few literature was devoted to studying this topic.

For ease of reference, let us recall some stochastic orderings for discrete random variables
and the notion of majorization that will be used in the sequel. Let X and Y be two non-
negative discrete random variables taking values on the set of natural numbers N. Let
N, =N\ {0}, R = (—o0, +00) and R_ = (—00, 0]. The notation “=" is used to express that
the both sides of the equity have the same sign. Throughout this paper, the term increasing
is used for monotone non-decreasing and decreasing for monotone non-increasing.

DEFINITION 1.1: X is said to be greater than Y in:

(i) the usual stochastic ordering (denoted by X >4 Y) if P(X > k) > P(Y > k) for all

ke N;

(ii) the hazard rate ordering (denoted by X >p, Y) if P(X > k)/P(Y > k) is increasing
in k € N;

(iii) the reversed hazard rate ordering (denoted by X >, V) if P(X < k)/P(Y <k) is
increasing in k € N;

(iv) the likelihood ratio ordering (denoted by X >),) if P(X = k)/P(Y = k) is increasing
in k€ N.

It is well known that both of the hazard rate ordering and reversed hazard rate ordering
imply the usual stochastic ordering. For comprehensive details on the theory of stochastic
orderings and their applications, one may refer to [12]).
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The concept of majorization, which is quite useful in establishing various inequalities,
will be also employed to describe the difference in parameter vectors of random geomet-
ric samples in our discussion. Let x1., < --+ < z,., be the increasing arrangement of the
components of the vector = (z1,...,z,).

DEFINITION 1.2: A vector x is said to majorize another vector y = (y1,...,¥yn) (denoted
m . .
by € = y), if Y0 Tin =D iy Yin and Y0 Ty < Y1 Yi for j=1,...,n—1.

Recall that a function ¢ : R™ — R is said to be Schur-convex [Schur-concave] if o(x) >

[<]e(y) whenever @ g y for « and y in R". For a comprehensive exposition on theory and
application of the majorization order as well as Schur-convex (Schur-concave) function, one
may refer to [10].

The following two lemmas concerning majorization and Schur-convex functions are quite
useful in developing our main results in the sequel.

LEMMA 1.3: [10] Let ¢(x) be symmetric and have continuous partial derivatives for & =
(z1,--+ ,x,) € D™, Dis an open interval. Then ¢ : D" — R is Schur-convex [Schur-concave],
if and only if

(s =) (25 - 205 > <o,

for € € D" such that z; # x; with 1 <7 < j <n.

LEMMA 1.4: [3] If T C R is an interval and g: I — R is a convex function, then ¢(z) =
it g(z;) is a Schur-convex function of @ = (21, ..., %) on I"™.

To the best of our knowledge, there are few papers in the literature handling the
stochastic properties of order statistics arising from heterogeneous geometric samples such
as [1,8,13], but none of their work exists for spacings. To fill this gap, this paper focuses
on providing refined representations of the distribution functions of the second spacing
and sample range arising from heterogeneous geometric sample, and then investigating how
the heterogeneity affects some characteristics such as the corresponding distribution and
hazard rate functions. Let Xi,...,X, be a sequence of independent geometric variables
with respective parameters qi,...,q,, and let Y7,...,Y,, be another sequence of indepen-
dent geometric variables with respective parameters ¢, ..., ¢;. Denote ¢ = (¢1,. .., ¢,) and
logg = (logq,...,logq,). For the case that both samples are heterogeneous, we prove
that the majorization order between logq and logg* implies the usual stochastic order-
ing between Xs., — X1., and Y., — Y7.,, and the majorization order between q and g*
implies the usual stochastic ordering between X,., — X1., and Y,,., — Y1.,,. Let

1/(n—1)
1 n n 1 n
q= EZH% and q:ﬁth
i=1 j#i i=1
Under the assumption that ¢f =--- = ¢ = ¢, it is further shown that, in the sense of

hazard rate ordering, Xs., — X1., is larger than Y., — Y7., if ¢ < ¢, whereas X5.,, — X1.,, is
smaller than Y5, — Y1., if ¢ > @max = maxi<i<yn ¢;, and X,,., — X1, is larger than Y., —
Y1., according to the usual stochastic ordering if ¢ < q.

The remainder of the paper is rolled out as follows. Section 2 discusses the ordering
properties of the second spacing from independent heterogeneous geometric variables in the
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sense of the hazard rate and usual stochastic orderings. In Section 3, sufficient conditions are
provided for the usual stochastic ordering between the sample ranges arising from two sets
of independent and heterogenous/homogeneous geometric variables. Section 4 concludes the

paper.

2. SECOND SPACING

In this section, stochastic comparisons are carried out on the second spacings arising from
independent heterogeneous geometric samples. We start our discussion by presenting the
explicit representation of survival function of second spacing arising from independent
heterogeneous geometric sample.

PROPOSITION 2.1: Let Xq,...,X, be a sequence of independent geometric random vari-
ables with respective parameters qi, ..., q,. Then, it follows that, for k € N

n k n
i—1 i I —qi
P(XZ:n - Xl:n Z k) 1 Hnl Iq Z qk Za
i=14" ;1 i

and
H;L 1qi 1—%
1_H1 1Qz . qi

P(X2:n - Xl:n = 0) = 1=

PrOOF: Note that, for k € N,

P(XZ:n - Xl:n Z k) = (XZ:n - Xl:n Z kaX2:n - Xl:n > O)

Z P(X2:n - Xl:n Z k7X2:n - Xl:n > O;Xlzn = Xz)
1

i

P(X2:n - Xl:n Z k‘X2:n - Xl:n > O;Xlzn = X1)

I

=1

X P(Xom — X1 > 0, X1 = X5). (1)

First, it can be observed that, for any fixed i € {1,...,n}
P(XQ:n*Xl:n >OaX1:n:Xi): Xj >X17]7él)

—

P(Xj>Xi:]€,j7éi)

(]2 T0]e

1_(]1 1Hq]

1 VE)
~ ey e
E - 1j=1
_1l-g H]‘:l 4q;
= o (2)
¢ 1- Hj:l q;

Notice that the random variable Zl := [Xom — X1n| Xoin — X1 > 0, X1, = X;] is the
smallest order statistic from the independent random variables Z J[.Z] = [X; - Xi|X; > X|]

b
I

—_
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for j=1,...,n and j # 4. From the memoryless property of the geometric distribution, it
is known that ZJ[-Z] has the same distribution as X; for j =1,...,n and j # 4. Let X]Mn 1
be the jth order statistic from {X1,..., X, } \ {X;}. Therefore, ZI/) has the same survival
function as Xk]nfl, that is,
P(201 > ) = Pl = k) =T o (3)
J#

For k = 1,2, ..., substituting (2) and (3) into (1), we get

P(Xo — X1p > k) = ZHkll [l @ _ T ¢ anl—qz'.

Pl 4 1—1_[?:1% e P e B
On the other hand,
P(X2:n - Xl:n = 0) =1- P(XQ:n - Xl:n 2 1)

Il @ 1—a
1_1_[1 19 = @

3

=1—-

Thus, the proof is completed. |
Now, we are ready to state the first main result of this section.
THEOREM 2.2: Let X1,...,X,, be a sequence of independent geometric random variables

with respective parameters q1, ..., ¢, and let Y7, ..., Y, be another sequence of independent
geometric random variables with respective parameters ¢j,...,q,. Then,

logq ; 1Og q* = Xom — Xiin 26t Youn — Y.
Proor: By making the transformations \; = logg; and A} =loggq; fori =1,...,n, we have

A = A* Tt s trivial that P(Xs., — X5., > 0) = P(Ya.,, — Y1.,, > 0) = 1. Then, for any k €
N, the survival functions of Xs., — X1., and Y., — Y7., can be written, respectively, as

PLODHEPA l—e
P(Xoim — X1 > k) =
(Xoin = X1in 2 k) = T AZ
and
kz711 nlfe;k
P(}/2:n_Y1:7LZk) 1—¢ )\*Z ek)\j

We need to show the inequality

Xn:l—eAi >Xn:1—e:
POV oFAT

=1 =1

As a result, it is enough to show that

n

1—eh
$1(A) :ZTi

i=1
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FIGURE 1. Ratio of the survival functions of Xs.3 — X;.3 and Y5.5 — Y7.3.

is Schur-convex in A € R”. Note that, for all z € R_,

(1 —e*)e ™ 2 —kx 2 (1—k)x

T =k“e — (k - 1) e( ) Z 0,
which means (1 — e®)e™** is convex in € R_. Now, upon using Lemma 1.4, the desired
result follows. |

As the illustration of Theorem 2.2 above, the next example shows that the result in
Theorem 2.2 cannot be strengthened to the hazard rate ordering.

Ezample 2.3: Let X1, X5, and X3 be independent geometric random variables with param-
eters (q1,q2,93) = (0.15,0.2,0.6), and let Y7, Y5, and Y5 be another set of independent
geometric variables with parameters (¢, q3,q5) = (0.15,0.3,0.4). Clearly, it can be veri-
fied that (log(0.15),10g(0.2),10g(0.6)) > (log(0.15),10g(0.3),l0og(0.4)). The ratio of survival
functions of X5.5 — X7.3 and Y5.3 — Y7.3 is plotted in Figure 1, from which it can be seen that
the ratio is always larger than 1, but the corresponding curve is firstly increasing and then
decreasing in k € N,. This implies that there is usual stochastic ordering but no hazard
rate ordering between Xs.3 — X1.3 and Ys.3 — Yi.3.

However, the hazard rate ordering between the second spacings can be established in
the case wherein one random sample is heterogeneous and the other is homogeneous. They
are presented in the following two results.

THEOREM 2.4: Let X1,...,X,, be a sequence of independent geometric random variables
with respective parameters q1, ..., ¢,, and let Y7, ..., Y, be another sequence of independent
and identically distributed (i.i.d.) geometric random variables with a common parameter g.
Thena if q < Q7 we have X2:n - Xl:n Zhr Yr2:n - Yl:n7 here q = ((1/71) Z?:l H;;éz qj)l/(n_l)'
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PRrROOF: Denote by Ax (k) and Ay (k) the hazard rate functions of Xs.,, — Xy., and Ya,,, —
Y1.n, respectively. Then, from Proposition 2.1 we have

)\X(O) _ P(XQ:n - Xl:n - 0) —1_ H:‘Lzl qi & 1- qi
P(X2:n - Xl:n Z 0) 1-— H?:l q; q;

=1
and for k € N,
P(X227’L - Xl:n Z k) - P(X2:n - Xl:n 2 k + 1)
P(XQ:n - Xl:n Z k)
H?:l qi Z?:l % Z?:l 1_1_eqi H;‘lyﬁi q;j

q
=1- —1- ;
Zn 1—q; Zn 1—q;
i=1 13 i=1 k
q; q;

Ax (k) =

Similarly, it can be observed that

1— n n—1_ n
M (O) =1-n—2 L 1o —L,
q —q —q

and for k € Ny, Ay (k) =1 —¢" L. To establish the desired result, it needs to prove that
Ax (k) < Ay (k) for k € N, which is equivalent to showing that

1—q;
>ict q;cql H;L;éz 4aj

T > ¢, for k>1, (4)
IR
and
1-TTs, @ ~ @ —  1-q

We first prove the inequality (4). Without loss of generality, it is assumed that g1 > -+ > g,,.
By noticing that (1 —t)/t* is decreasing in ¢ € (0, 1) for any k € N, we have

1-— 1-— 1—
le < sz <...< k‘]n )
ql q2 q'n

Further, based on the fact

n n n
H%‘SH% "'SHQJ‘

J#1 J#2 j#n

IN

and the Cebysev’s sum inequality (see [4]), it then follows that

n

Z % ﬂzz: qﬁ“ EZH%

a;
-1 & j#i i=1 i=1 j#i

n

Hence, it suffices to show that

1 n n
D9 | R
i=1 j#i

which is readily guaranteed by the assumption.
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Next, we prove the inequality (5). From the well-known MacLaurin’s inequalities (see
[4]), we have ¢ > ([]\, g;)"'", or equivalently, " > [T, ¢i- For any fixed 0 < a < 1, one
can see that the function ‘1‘:5 is decreasing in t € (0,1). Then, the left-hand side of inequality
(5) satisfies

H?:l qi zn: 1—gq o H?:l di z”: (1 _ 1)

1-TI @ ~ a 1T @ ~\a

Vil | T ey
1_H?:1Qi a 1_‘jn )

=N

From the assumption ¢ < ¢, inequality (5) follows immediately by observing the function
(xn=t —2™)/(1 — ™) is increasing in x € (0, 1). Thus, the proof is completed. |

The following corollary, easily seen from the proof of Theorem 2.4, can be used to
compare the second spacings arising from two sets of homogeneous geometric samples in
the sense of the hazard rate order.

COROLLARY 2.5: Let Xq,...,X, and Y1,...,Y, be two sets of i.i.d. geometric variables
with respective parameters q and q* such that ¢ > q*. Then, Xo., — X1.n Zhr Youn — Y1in-

THEOREM 2.6: Let X7i,...,X, be a sequence of independent geometric variables with
respective parameters qi,...,q,, and let Y7,...,Y,, be another sequence of i.i.d. geomet-
ric variables with a common parameter gq. Then, if ¢ > quax, we have Xo., — X1, <pr
Yo.n — Y1, here guax = maxi<i;<n ¢i-

PRrROOF: According to the proof of Theorem 2.4, it suffices for us to show

17 .
> i qf [T} a5

TRy <qg"l, fork>1 (6)
2im1 g
and
n n —1 n
/ ) 1—q; n—1_
le}l Ql q’L S nq nq . (7)
-6 &= w 1—gq
The inequality in (6) is apparent, and hence we only need to show the inequality in (7).
Let
e ~1-a
A1y qn) = izl )
B e ) T B
In the following, we will prove that A(qi, ..., ¢g,) is increasing in each component ¢; € (0, 1),
for i =1,...,n, which in turn implies that
—1 n
" —q
A(Qla"'aqn) S A(q77Q) :nﬁ
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Upon taking the partial derivative of A(qy, ..., ¢,) with respect to ¢1, we have

OA(qrs - an) Tl =Tl @) 1T e [T @i XL: 1—gq

2
9 (=TI @) -1 4
_ I, a % i
1 - H:‘L—l qi ql

_ H?:z di Z 1-— d4i H?:z q;
(1 - H:L:1 Qz 2 i—1 1 - H?:l Qi)

n n
1—q 1-T1", @
Sgnz ql_ /L=1ql

o G il
_ZI_Qz+qu_1
i—a i
Zququi_n'
i=2

Let

V(ga, -, qn) —Zq +qu—n

=2

It suffices to show ¥(ga,...,q,) >0 for all 0 <g; g 1, 7 =2,...,n. For any index j €
{2,3,...,n}, we have

o0V (qa,...,qn
(Qzalq _ +qugo
a4 J i#1,j
Therefore, ¥(gs, ..., ¢y) is decreasing in ¢; € (0,1), j = 2,...,n. Then, it holds that
U(ga, o orq0) > (1., 1) = 0.
Thus, we know that A(qi,...,¢,) is increasing in ¢;. The proof of the increasing of

A(q1y. . yqn) in ¢, i =2,...,n — 1, is similar. Thus, we complete the proof. |

As a direct consequence of Theorems 2.4 and 2.6, we can obtain an upper and lower
bounds on the hazard rate function of the second spacing from any heterogeneous geometric
sample in terms of that from i.i.d. geometric variables. We now present a numerical example
to illustrate this fact.

Ezxample 2.7 Let X, Xo, and X3 be independent geometric variables with parameters
(q1,42,93) = (0.5,0.6,0.7). Then

3
%ZHqJ = 0.5972.

i=1 j#i

0
I

Now, Let Y7, Y5, and Y3 be a set of i.i.d. geometric variables with common parameter
q=0.59, and Zy, Z5, and Z3 be another set of i.i.d. geometric variables with common
parameter ¢pa.x = 0.7. Figure 2 plots the hazard rate functions of Xs.3 — X7.3, Yo.3 — Y7.3,
and Zo.3 — Z1.3, that is, Ax (k), Ay (k), and Az(k), k € N. It can be seen that, Ax (k) ranges
between Ay (k) and Az (k), and Ay (k) is always above Ax (k) and Az (k). This implies Zo.3 —
Z1:3 Znr X2.3 — X1.3 > Yo3 — Y13
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k

FIGURE 2. Hazard rate functions of Xo.3 — Xl:g, Yo.3 — )/1:37 and Lo.3 — 41.3.

3. SAMPLE RANGE

This section carries out stochastic comparisons of sample ranges arising from heterogeneous

or homogeneous geometric samples. In what follows, we let A}, = {1,2,...,n} and denote
the cardinality of some finite set Z C N, by |Z]. Let X1, ..., X,, be a sequence of independent
geometric variables with respective parameters qi,...,¢,. Denote by L the length of the

first tie, that is, L := |{1 <i <n, X; = Xj.,}|. Define the event E7 as

Er:= {X] = X1 < lerjr\l/ir{IXl’j € I}

Besides, the event {X; = Xy, =i < Hj\lflI{ Xi,j € T} is abbreviated to {E7 = i} for some
IEN\T

1 € N. The following result provides an explicit representation for the distribution function
of sample range from a sequence of independent and heterogeneous geometric variables.

ProprosITION 3.1: Let Xi,...,X,, be a sequence of independent geometric random vari-
ables with respective parameters qi, ..., q,. Then, it follows that
k+1 k+1
I (- ¢~ T (g —a;)

P(Xn:n - Xl:n < k) = ke N. (8)

1- H?:l 4j 7

ProOOF: For some fixed |Z| = m, we have

K

P(Xnn - X < k7L = m,EI) = P(Xnn — X < kaL = m,EI = Z)

1

o
Il

:iH1—qj I[ Pl+1<X;<k+9)
i=1jeT FENN\T

=2 110-ad™ 1] @ -a™)
i=1jeT JEN\T
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I T 1 O

jer U FEN\T i=1j=1

e | e | R

1—H]1qj o U ez

[T (1 —qj) g — gt
171_[] 195 JENAT I—g;

Consequently, the distribution of X,,.,, — X1., can be written as

P<X7ln - Xl:n S k) = Z P(Xnn — Xl:n S k7L = m)
- Z Z P(Xn:n — X1 < k7 L= m, EI)

- z Z ZP(Xn:n*Xl:nSk,L:m,EI:i)

m=1 ICNn,\I|:m =1

k+1
_H —q;) Z Z H 4 —4 9)

J j=1 i m=1TICN,,|Z|=m jEN,\T I=q

_ H?=1(1*Qj) ﬁ 1+q _Q;C+1 _ﬁ(b q;c+1
1-11 ¢4 1—gq; 1

q] j=1 - qj

1- H?:l 4q; j=1 1- a; j=1 11— qj
. H?f1(1 - (I;Hl) - H?fl(‘b - (I;Hl)
1 H?:l 4aj
Thus, the proof is completed. |

Now, we present a result stating that more heterogeneity among the geometric random
variables will result in larger sample range in the sense of the usual stochastic ordering.

THEOREM 3.2: Let Xi,...,X, be a sequence of independent geometric variables with
respective parameters qi,...,q,, and let Y7,...,Y,, be another sequence of independent
geometric variables with respective parameters g7, ..., q;. Then,

m

q= q* - Xnn — X1in Zst Yo — Yin-

ProoOF: In light of Proposition 3.1, it suffices to prove that

| e e | Y T )

P(q) = T
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is Schur-concave in ¢ = (q1,...,q,) € (0,1)". From Lemma 1.3, we need to prove
0P 0P
(%“%’)( aé:]) —aéj)> <0, forany1<i#j<n.

Note that, for i # j,

m\ (000 o)
() (52 5)
[Ha-a* -Tl@ - ] (¢j—a) [[ @
=1 =1

I#i,5

n

+ [(k+1)q H g™+ (1= k+1d)) [[(@—a™)

I#j I#5
H gt = (1= Ek+0d) [[(@—a™ (1—qu>
[ I#i =1
= Ay (k) + (k+1) (1—qu>
where
= [T =¢* - T(@—a* ] (—a) [ @
=1 =1 14,5
HQl—qlkH H(QZ—qlkH (1—Hfﬂ>
14 [ =1
and

—%H ) qu a—q*) —qu gt +quq —gth).

l#7 l#j l#1 11

Without loss of generality, assume that ¢; < g;. Then, we need to show that A;(k) > 0 and
As(k) > 0. First, it is easy to check that A;(0) =T, (1 —q)(g; — ¢;) > 0. For k € Ny,
from the observation

n n n n n n n
H gt qu_qllc+1 Hl_qk+1 H‘Ilnl—fh 1_HQIH1_QI
I=1 I=1 =1 I=1 =1 I=1
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n

n n
e H (1-q) @) [T a+ |[]@-a*" - [(@-a"™
=1 l#i,j l#7 1#1

n

= [[@—a™0—¢H0 =) g —a)+ H (@ — a7 ) g — a7t

1#4,5 l#i,j

-0 -)g—a)+a—a —q+aT

=qjai— g+ —dfy
=qq [¢f (1 —¢f) =g (1 —q))] > 0.

Next, we prove Ag(k) > 0, which can be acquired from

n

Ao(k) = [¢F(1— ™) —gf =™ T = ™)

Y
n
— [ (e — ™) = (g — ™)) [] (@ — ™)
I#4,5
n
> [ - —gr =™ ] (@ — o)
l#1,j
n
@ —-d™ =g -] [[@—a)
l#i,j

EA-d) -t - =g — ) + (g — o)
=q¢f(1—q)—qf(1-q;)>0.
Thus, we finish the proof.

Here is an example as the illustration of Theorem 3.2

Ezample 3.3: Let (X1, X2, X3) be a vector of independent geometric variables with param-
eter vector (q1,q2,q3) = (0.8,0.6,0.2) and let (Y7,Y3,Y3) be another vector of independent

geometric variables with parameter vector (¢7, ¢3, ¢5) = (0.6,0.6,0.4). Clearly, (q1, g2, ¢3) =
(47,45, q3). The distribution functions of X3.5 — X1.3 and Y3.5 — Y7.3 are plotted in Figure 3,
from which it is seen that the distribution function of Y3.3 — Y7.3 is always larger than that

of X3.3 — X1.3. Hence, X3.3 — X1.3 >4 Y3:3 — Yi.3.

In what follows, we turn to investigate the case wherein one sample is homogeneous
and the other is heterogeneous. Before proceeding to the main result, we recall a very useful

lemma due to [11].

LEMMA 3.4: Let © C R be a subset of a real line and U be a nonnegative random variable
having a cumulative distribution function belonging to a stochastically ordered family P =
{H(:|0),0 € ©}; that is, for 01,605 € ©, H(:|01) >« H(:|02), whenever 61 < 0. Suppose a real
function ¢ (u, ) on R - O is measurable in u for each 6 such that Eg[)(U, )] exists. Then,
Eo[¢(U, 0)] is decreasing in 6, if 1 (u, 0) is decreasing in 6 and increasing in w.
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0.8 -

——P(Xo3 — X3 < k)

—% -P((Y23 — Y13 < k)

=]

FIGUrRE 3. Distribution functions of X3.3 — Xi.3 and Y3.3 — Yj.3.

First, the monotonicity of the distribution function of sample range from i.i.d. geometric
sample is investigated with respect to the parameter ¢. This reveals that the usual stochastic
ordering of geometric random variables is closed under the formation of ranges, and hence
is independent of interest.

LEMMA 3.5: Let Xq,...,X, and Y7,...,Y, be two sets of i.i.d. geometric variables with
respective parameters ¢ and ¢* such that ¢ > ¢*. Then, X,,., — X1.n >st Yonn — Yin-

PROOF: According to Equation (9) in the proof of Proposition 3.1, the distribution function
of the sample range arising from Xi,..., X,, can be written as, for k € N,

[M]=

P(Xnn — X1 < k) - P(Xnn —Xip < ka L= m)

3
I

I
M:

Z P(Xnn - Xl:n S kaL = m,EI)

3
Il
H

q" (1_q>m ( kyn—m
Z 1-4")
1 7c N

£ [0)e% (5 oo

m=1

Denote by P(L = m|q) the probability of the event {L = m} (the length of the first tie
equals m) when the underlying geometric random samples have common parameter g.
Observing that the distribution function of the random variable L belongs to the family
P ={H(-|q),q € (0,1)} with probability mass function

e - () (57)
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0.95 T T T T T T T T T
D
09
~  P(X33—Xi3<k)
0.85 - P(Y33—Y13<k) T
1 1
8 9 10

FIGURE 4. Ratio of the distribution functions of X3.3 — X;.3 and Y3.3 — Y7.3.

such that Y _ P(L = m|q) = 1, we get

here, (L, q) = (1 — ¢¥)"~L. On the one hand, for any 1 > q; > g2 > 0, it holds that

n T 1— m
PL=mla) _ (il (52)  qa-a) CEn
P(L=mlg) (n) & (1—7@)’” (1—q') [@(l—q)
m/ 1—q3 q2
is decreasing in m € N,,. Thus, we know that H(:|¢1) <j; H(-|¢2), which in turn implies that
H(-|g1) <st H(:|g2). On the other hand, it is plain that ¢ (m,q) = (1 — ¢*)"~™ is decreasing
in ¢ € (0,1) and increasing in m € N,, for any k € N. Upon applying Lemma 3.4, we know
that E, [¢(L, q)] is decreasing in ¢ € (0,1). Hence, the proof is completed. [ |

Combining Theorem 3.2 and Lemma 3.5, the following result can be obtained.

THEOREM 3.6: Let Xi,..., X, be a sequence of independent geometric variables with
respective parameters q1,...,q,, and let Y7,...,Y,, be another sequence of i.i.d. geometric
variables with a common parameter ¢q. Then, if ¢ < g, we have X,,.,, — X1.n, st Yon — Yiin-

PrROOF: Let Z1,...,Z, be a sequence of i.i.d. geometric variables with a common parameter
G- From Theorem 3.2, it holds that X,., — X1.n >st Zn:n — Z1.n- On the other hand, the
result of Lemma 3.5 implies that Z,,., — Z1., >st Ynn — Y1.n since ¢ < ¢. Thus, X,,.,, —
Xl:n Zst Yn:n - 1/ln u

At the end, we illustrate the result in Theorem 3.6 by one example, which also give a
negative answer for the question whether the result can be improved to the reversed hazard
rate ordering.
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Ezample 3.7 Let Xy, X5, X3 be a sequence of independent geometric variables with
respective parameters (q1,¢g2,¢3) = (0.1,0.6,0.8), and let Y7,Y5,Y3 be another sequence of
independent geometric variables with parameters (¢}, ¢35, ¢3) = (0.5,0.5,0.5). It is easy to see
that (0.1,0.6,0.8) =, (0.5,0.5,0.5) and ¢ = ¢f = ¢ = ¢5 = 0.5 = (@1 + ¢2 + ¢3)/3. Figure 2
plots the ratio of distribution functions of X3.3 — Xy.3 and Y3.3 — Y7.3, which indicates that
the ratio is smaller than 1 but not monotone in k € N. Hence, X,,., — X1:n Zih Yoin — Yiim,
while Xn:n - Xl:n zst Yn:n - }/171

It is still an open problem whether X,,.,, — X1.,, >nr Yo.n — Y1., holds.

4. CONCLUDING REMARKS

Spacings are of great interest in many areas such as statistics and reliability. Due to the
complex distribution theory of spacings for discrete random variables, few work has been
done on the stochastic properties of spacings from geometric random variables. To fill this
gap, this paper studies the ordering properties of the second spacings and the sample ranges
arising from independent and heterogeneous geometric variables in the sense of the usual
stochastic and hazard rate orderings.

To conclude the paper, it is also of interest to study the ordering properties of the
general spacings X;., — X1., and the simple spacings X;., — X;_1., from a heterogeneous
geometric sample X1,...,X,, for i =1,...,n, which are worth further investigating and
left as open problems.
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