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COMPARISON OF ORDER STATISTICS IN A RANDOM SEQUENCE
TO THE SAME STATISTICS WITH I1.I.D. VARIABLES

JEAN-LOUIS BON! AND EUGEN PALTANEA 2

Abstract. The paper is motivated by the stochastic comparison of the reliability of non-repairable
k-out-of-n systems. The lifetime of such a system with nonidentical components is compared with the
lifetime of a system with identical components. Formally the problem is as follows. Let U;, i = 1,...,n,
be positive independent random variables with common distribution F. For \; > 0 and p > 0, let
consider X; = U;/\; and Y; = U;/p, @ = 1,...,n. Remark that this is no more than a change of scale
for each term. For k € {1,2,...,n}, let us define X., to be the kth order statistics of the random
variables X1, ..., X,,, and similarly Y%.,, to be the kth order statistics of Yi,...,Y,. If X;, i = 1,...,n, are
the lifetimes of the components of a n+1-k-out-of-n non-repairable system, then Xjy., is the lifetime of
the system. In this paper, we give for a fixed k a sufficient condition for Xy.,, >st Yk.» where st is the
usual ordering for distributions. In the Markovian case (all components have an exponential lifetime),
we give a necessary and sufficient condition. We prove that X., is greater that Yj., according to the
usual stochastic ordering if and only if

1<i <i9<...<ip<n
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1. INTRODUCTION

In reliability theory, a system of n identical independent components is usually said k-out-of-n when it is
functioning if and only if at least k of the components are functioning. In this case, there are n— k failures. Such
systems are getting more and more frequent in industrial processes. For example, a given parameter (presence
or not of a train, temperature, ...) might be controlled by several devices and the decision rule used to fix the
value of this parameter is of type k-out-of-n. This reliability notion is, in fact, the same as the order statistics
notion. If the lifetimes of the components are independent identically distributed (i.i.d.) random variables
X1, Xs, ..., X,, then the lifetime of the n+1-k-out-of-n system is exactly the kth order statistics (denoted Xy.,,)
of the random variables X;, i =1,...,n.
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Let us now describe the practical problem which motivated this paper. We consider a n+1-k-out-of-n system
where the n components have independent exponential lifetimes X7, ..., X,,, but not necessarily identically
distributed. We denote Aq, ..., \,, the respective parameters of these exponential lifetimes. The problem is to
compare this system with an equivalent system with i.i.d. components. Practically, when we have to replace
many different components (from different factories) by identical components (from the same factory), we need
to guarantee the same quality.

Let us denote by Y1, ..., Y, the random lifetimes of the identical components with the common parameter pu.
The problem of comparison is equivalent to the following one. What are the values of y which characterize the
stochastic inequality Xy.p, >st Yin, t.6. IP(Xgn > t) > P (Y > ¢), VE>07

A general result on the stochastic comparison of order statistics was obtained by Pledger and Proschan [6],
in connection with the Schur’s majorization (see Marshall and Olkin [4]). In our context, this result provides a
sufficient condition which can be written as follows:

_)‘1+)‘2++)\n
H= n

= Xk:n Zst Yk:n-

More recently, Khaledi and Kochar [3] studied the case k = n and proved that

o= \n/ >\1)\2>\n = Xn:n Zhr Yn:n;

where hr denotes the hazard rate ordering. See Shaked and Shantikhumar [7] for an overview of the different
notions of ordering.

Here we extend this results referring to stochastic ordering which gives the comparison of survival functions.
With the exponential assumption, we propose a necessary and sufficient condition on the parameters for the in-
equality Xg.n >t Yin, k= 1,2, ...,n. More generally, we give sufficient conditions for the stochastic comparison
in the case where the distribution F' is not exponential.

2. ELEMENTARY SYMMETRICAL FUNCTIONS

First, let us introduce some notations and recall some results about elementary symmetrical functions.
Let x = (21, 22, ..., &), n > 1 a vector with positive components. For j € {1,2,...,n},

Sj (X) = Z Ty 1'1'2...1‘ij (1)

1<y <ip<...<i;<n

is the jth elementary symmetrical function of the positive x1, zo, ..., Ty.
As usual Sp(x) =1, and Sj(x) =0, for j > n.
For p,q € {1,2,....,n}, p # ¢, we denote xP = (...,Tp_1,Tpt1,...) € (0,00)" ! and x»? = (xF)? € (0,00)" 2.
Therefore
Sj(xp) = Z Tiy Tig---Ti (2)
i1,...% € {1,...,n}\ {p}
’il<i2<...<ij

is the jth elementary symmetrical function obtained without the component of number p and

Sj(xP1) = Z Ty Ty - T (3)

i1y eyij € {1,.on}\ {p, q}
1 <2 < ... <1y
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is the jth elementary symmetrical function made without p and ¢. In the case where all coordinates of x are
equal to m, we have

5160 = (1 )t )

These functions satisfy the elementary relations:

Sj(x) = pSj-1(x") + 95(xP) (5)
and
Sj(x) = 2pxgSj—2(x"9) + (T + 24)Sj—1(x"7) + G5 (x9). (6)
Moreover we define L
mj<x>=< il sj<x>>J (") xi ™)
(5) (5) £o

the jth symmetrical mean, j = 1,2, ...,n. These different averages are classical and satisfy the well-known Mac
Laurin’s inequalities (see Hardy, Littlewood and Pélya [2]):

my(x) > ma(x) > ... > my(x).

Two special cases are of interest. If j = 1 and j = n then mi(x) = W and m,(x) = /x1T2... 2,
are the arithmetical and geometrical means. In order to compare the elementary symmetrical functions of two
different vectors, we shall use the following lemma.

Lemma 1. Let x = (21, ..., Tm) and 'y = (Y1, ..., Ym) be two vectors such that 0 < x; < y; for alli=1,..,m. If
re€{0,1,....,m— 1} then

Sr41(x) < Sr1(y) (8)
Sr(x) Sp(y)
Moreover, if there exists ig so that x;, < y;, then the inequality (8) is strict.
Proof. Let r be an integer, 0 < r < m. It is sufficient to prove that the symmetrical function ~, : (0, 00)™ —
(0,00), vr(x) = S;—Eg‘) is strictly increasing in .
The property is clear for r = 0. Let us consider 7 > 0. Since S,41(x) = 215, (x!) + Sy41(x!) and S, (x) =

215r—1(x') + S-(x!) we have
2

a%" (X) _ (ST(X ))

8:51
Oyr

The relation 52=(x) > 0 is equivalent to:

- T*l(xl)sﬂrl(xl) )
(Sk(x))?

2
(Se(x"))” > Spo1(x)Sppa(x"),
for x! = (z2,...,m,). But this is an immediate consequence of the Newton inequalities (see Hardy, Littlewood
and Pdlya [2]). O
In the sequel, we shall use the following consequence of Lemma 1.

Corollary 1. Let x = (21, ...,Zm) and 'y = (Y1, ..., ym) be two vectors with m positive components such that
a< z—l <B, i=1,2,....,m, where 0 < a < 3. Then, for r € {0,1,....,m — 1}, the next inequalities are true:

Sr(y) o Srn(y)

50 = S = F

509" 9

and at least one of these inequalities is a strict inequality.
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The assertion follows easily by replacing the pair (x,y) by (ax,y) and (y, 8x) in the above lemma.

Remark. We give also an elementary result about the comparison of two fractions. The proof is omitted.
If a,b,c,d, e, f are positive with § < £ < % and § < % then

a+c< c+e
b+d d+f

(10)

In order to prove our main results, we present a sufficient condition to recognize the minimum value of a
symmetrical function. This result is interesting by itself and, to the best of our knowledge, it is new.

Lemma 2. Forn > 1, let ¢ : (0,00)" — (0,00) be a symmetrical and continuously differentiable mapping, and
k an integer, 1 < k < mn. Let us assume that, for any vector x = (z1,...,x,) € (0,00)", with x, = minz; and
Tq = maxz; we have:

Zx) P

ox ox
Tp < Ty = L < o 11
e -
Then, for any x = (1, ...,xy,) € (0,00)™, the following inequality holds:
V(@1 ooy ) > Y(Mg(X), .oy mp (X)), (12)
—_—

n times

Proof. The case k =1 is well-known (see, for example, Marshall and Olkin [4]).
Now we suppose k > 1. For a fixed vector x = (21, ...,2,) € (0,00)" let consider a = minx;, b = maxz;, m =
mg(x) and m = (m,...,m). Inequality (12) is an equality for a = b.

——

n times
Let us assume a < b. Then m € (a,b). We consider the compact subset K of (0, 00)™:

K ={t = (t1,t2, ... tn) € [a,b]" | mi(t) = m}.

Clearly, x and m belong to K. From Weierstrass’s theorem it follows that the continuous mapping 1 reaches
an absolute minimum on the compact K on some point u = (uy, uz, ..., u,) € K.

Now let us assume u # m. In this case, there exists p, ¢ € {1,2,...,n} such that a < u, = minwu; < maxu,; =
uq < b. Rewriting condition my(u) = m from relation (6), yields to

UptiyS—2(0P?) + (up + 1) Sk—1 (uP?) + Sy (uP?) = < n ) ok

The equation Si_a(uP?)2% + 2S;_1(uP?)z + Sy (uP?) = ( Z mF has a positive solution in z which is de-

noted z. Clearly u, < 21 < uq. For ¢ € [uyp, 1), let us consider the function g(¢) defined on [up, z1) by the
relation:

tg(t)Sp—2(uP?) + (t + g(t))Sk—1(uP?) + S (u”?) = ( Z > m".
We have g(u,) = uq and more generally:

( Z > mF — tSp_1 (uP7) — Sj,(uP9)
tSk_2(uP:1) + Si_1(ur-9)

g(t) = € (21,ug), Vt € [up,z1).
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Let us denote by u(t) the vector with the components wu,(t) = t, uq(t) = g(t) and u;(t) = u,; for i €
{1,2,...,n}\ {p,q}. We have u(t) € K and

Sp(u(t)) = ( Z )mk, Vit € [up, 21).

The continuously differentiable decreasing function g has the following derivative:

gt = —ge—— (13)

Now let us consider the continuously differentiable function ¢ : [up, 21) — R, ¢(t) = ¥(u(t)).
From relation (13) we obtain:

o e
o O 9 o OS, o, (1) g (u(t)
¢'(t) = a—%(u(t)) + a—%(u(t)) g'(t) = a—xp(u(t)) <g—f’;(u(t)) - gi’; (u(t))) -

But, from assumption (11), it follows that ¢’(u,) < 0. Hence, there exists € > 0 such that u, + ¢ < 21 and
¢'(t) <0, Vt € [up,up+¢). Therefore, Y(u(t)) < ¢(u(uy)) = ¥(u), for any t € (up,u, + ). This gives the
contradiction. Then the unique minimum point of ¢» on K is m and the relation (12) follows. (I

Remark. The assumption (11) can be replaced by the following more restrictive assumption:

) ™
Vx € (0,00)" Vi,je{l,...,n} wiFx; = (v;—x;)| 5g ~ 25 > 0.
o, (X) D (X)

In the case k = 1, one obtains again a well-known sufficient condition of Schur convexity (see Marshall and
Olkin [4]).

3. THE MAIN RESULTS

This section is concerned with the characterizations of the comparison between a system with different lifetime
components (X;) and a system with i.i.d. lifetime components (Y;).
Formally, let X and Y be two random variables with support IR*, having the survival functions Fx = 1 — Fy
and Fy, respectively. Fx and Fy are assumed to be continuously differentiable.

The variable X is said stochastically larger than Y (denoted X >4 Y) when Fx (t) > Fy(t), ¥Vt > 0.

The following theorem provides sufficient conditions for the stochastic comparison between the same order
statistics in two sequences of independent random variables.

Theorem 1. Let Uy, Us,...,U, be i.i.d. positive random variables with the common distribution function F

having a positive non-increasing hazard rate h(zx) = f}ﬁ), z € (0,00).

For a vector A= (A1, ..., \n) with positive components and k € {1,...,n},

mov=((3) X I

|J|=k i€J
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is the kth symmetrical mean of A. Let us define X; = U;/N; and Y; = U;/my(N) for all i € {1,...,n}. Let
us denote by Xg., (resp. Yin) the kth order statistics of (Xi,...,X,) (resp. (Y1,...,Yn)). If % is an

increasing function on (0,00), then
Xk:n st Ykn

Proof. From the definition, the random variable X; has the distribution function Fy,(t) = F(\it), t >0, i =
1,2,...,n.
First, let us consider the case K = 1. The random variables X;., and Yi., have the survival functions

Fx,., (t) = [Ti=, F(\it) and Fy,, (t) = (F(%t})n respectively. From (logf) = —h with h a non-
increasing function, it follows that log F' is a convex function. Thus, from Jensen’s inequality we get Fx,. (t) >
Fy, ., (t), Vt >0, and the conclusion is proved for k = 1.

Let us assume now k > 1. The survival function of Xj.,, is:

_ _ k—1 . — _ no - k—1 F()\Zt)
Fxp,)= > > (TI[Fot) ) [ [ FOwt) HF()\Zt)' | HF(M) . (14)

3=0|J|=j \ieJ i'gJ

Let us consider the functions y : (0,00) — (0,00), y(z) = L) and 4 : (0,00)" — (0,1),

350 Si(y(@1), - y(@a))

V(X1 ey ) =

For t > 0 we have Fx,. (t) =v(A1t, ..., A\ut).
Similarly, F'y,,, (t) = ¥ (mg(At), ..., mg(At)). To obtain the conclusion Xj.p, > Y., it is sufficient to prove

n times
the following property of the symmetrical and continuously differentiable mapping :

Pa1s e 0) 2 YK oo (%)), ¥ X = (21, s ) € (0, 00)™ (15)
—_—

n times

For x = (z1,...,x,) € (0,00)", we use the notation y = y(x) = (y(z1),...,y(x,)) and y; = y(x;). The function
1 has the following partial derivatives:

[ Y @) TTies (4 9 { (14 90) 241 S50 (v*) = [14 X020 (06851 () + 55 0°))|
Dy T [T (1 + y(a:)?
L) Sal)
L+ y(zs) TTin (14 wi)

= —h(x 7&%1(}’5) s = n
= —h(zs) Tty 1,...,n. (16)

We denote z, = minz; and z, = maxx;. Let us assume that x, < z,.
For k < n, using relation (16), we get:

oy 9y
Orp _ Orq (x) = ; (h(x )Sk—l(yq) _ h(x )Sk—l(yp))
% %;h [T (1 +vi) Y Sk_1(x9) P S 1(xP)
v (h o ISE2 (P 0) + S (y™)
[T=: (1 + i) Y 2y Sk—a(xP) + Sp_1 (xP:1)

— h(x
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Since z — ——@)__ is assumed to be an increasing function on (0, 00), we have & < %2 and
z(1—-F(x)) ’ ’ Tp Tq

Lo BB yie {1,.n}\ {pya).
Tp Ty Xq
Corollary 1 can be applied for m=n—-2, r=k—2, a = g—p, = i—" and the following inequalities hold:

Yp Sk-2(y"9) _ Sk=1(Y") _ Yg Sk—2(y™?)
Tp Sk—2(xP ) Sk—1(xP1) T x4 Sp—2(xP9)

Moreover, at least one of these inequalities is strict. Hence, from relation (10) the next inequality follows:

YpOr-2(y"?) + Se1(79) _ YgSh—2(y"?) + Ser (y79)
TpSk—2(xP0) + Sp_1 (xP9)  24Sk_o(xP9) + Si_1(xP9)

But h is a positive non-increasing function. Thus, 0 < h(z4) < h(zp). Therefore, from (17), we get:

"
W) )

oy < Oxq
as S
ax: (x) ax:: (%)

Hence, inequality (15) may be deduced from Lemma 2 and the conclusion follows.
It is worth to note that equation (17) cannot be used for kK = n. But, in this case, using equation (16), we get

9% ekl ]
oy Oxq Yi Yp Yq
o5y — s | =m0 1 5 (h( g) T — (xp)—) < 0.
( 63;1, Bg;q ) Hi:l(l + y’b) i;ép,q X Zp l‘q

And the conclusion follows from Lemma 2. O

One important field of application concerns the exponential distribution (see below). But the result is more
general. We give an example of a distribution function which satisfies the assumptions of Theorem 1.

Ezample. For a > 1, let us define the distribution function F(z) = 1 — —(le)a, x > 0. We have h(z) =
F(a)) = 117> © = 0. The function g : (0,00) — (0,00), g(z) = z(i(lifgz)) = (IHQG_I has the derivative

1+(1+x)” Lax—1)

g'(x
v'(

F(
)= . But v(x) = 1+ (1 +2)* Y ax — 1) is a positive function on (0, co), since v(0) = 0 and
x) = (a - 1) (1+ :c)a 2> 0, V2 > 0. Therefore h is a decreasing function and g is an increasing function
on (0,00

Theorem 1 can be naturally applied to the comparisons of Markov systems in reliability. Let us consider
a system which is composed of n components and is considered failed when k& components are failed. Let us
assume that the failure rates of the components are constant. With such properties, the system is a n+1-k-out-
of-n Markov system. If the system is starting as new, the lifetime of the system is nothing but the kth order
statistics of the exponential lifetimes of the components.
The next theorem gives a necessary and sufficient condition for the stochastic comparison of the lifetimes of

two n—+1-k-out-of-n Markov systems in kth order statistics language. This result supplements the known results
on this subject.

Theorem 2. Let X;, i = 1,...,n, be independent exponential random wvariables with respective parameters
ANi>0,i=1,2,...,n. Let Y;, i =1,2,..,n, be independent exponential random wvariables with the common
parameter p > 0. For k € {1,2,....,n}, let us denote by Xk.,, the kth order statistics of the random variables
X1, X9, ..., X0, and similarly let us denote by Y., the kth order statistics of the random variables Y1,Ys, ..., Y,.
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Then

1 k
Xkin st Yen if and only if  p > ( Z ) Z H)"L ’

|J|=k ic€J

Proof. We shall denote by F(z) =1 —e~*, x > 0, the exponential distribution function with parameter 1.
At first, let us assume that Xg., >st Yim, t.e. Fx,., (t) > Fy, (t), Vt > 0. The survival function of the
random variable X}.,, can be written as:

n
Fx,, () =1—e ' 2iary g;(eht 1, e —1).
Jj=k

Using the Taylor’s expansion about 0, we obtain:
Fx,., ) =1=5Sk\1, ..., \)tF +o(tF), t— 0.

In the same way, we have:

Fy,, () =1— ( Z ) pFt* Fo(t*), t— 0.

Therefore, Sk(A1, ..., A\n) < ( Z > p*. This can be rewritten as p > mg (A1, ..., Ap).

Conversely, suppose that p > mg(A1, ..., Ay). Since the survival function of Yy, is clearly decreasing in p, it
suffices to prove the assertion Fx, (t) > Fy,  (t), V¢ >0, for g =mg(A1,..., A\n).
The exponential distribution function F has a constant hazard rate h(z) = 1, V x > 0. Moreover the function

;c(lli(;zx)) = <=1 j5 increasing on (0,00). Hence, the exponential distribution F satisfies the assumptions of

Theorem 1. Clearly, the distribution function of the random variable X; is Fx,(t) = F(\it), t >0, i =1,...,n.
Similarly, we have Fy,(t) = F(ut), t > 0. Then, applying Theorem 1 we get the conclusion Xy., >gt Yiin. O

The practical interest of this result is to give precise production constraints on the components of a k-out-of-n
system. For example, in the case of replacing several components with well-known failure rates (A;); by identical
components, the previous theorem gives an exact value my,1—x(\) for the characteristic of the new components
in order to preserve the reliability. This result was known for k = 2, it has been proved by Paltdnea [5]. In
the same spirit, Bon and Péaltdnea [1] have obtained necessary and sufficient conditions about comparisons of
convolutions of exponential variables.

4. NUMERICAL EXAMPLES

The previous results can be illustrated as follows. Let us consider n exponential independent random variables
X, with parameter \; and Xj.,(A) the kth order statistics. Let us denote by Y., (m;(A)) the kth order statistics
of n exponential independent random variables ¥; with common parameter m;(\), j=1,...,n.

The survival functions of X, (A) and Yi.,(m;(N)), j = 1,...,n are plotted in Figure 1. It can be clearly seen
that

Fxinov 2 Fypm;oy) < 1<k (18)

In Figure 2, we give an example of a distribution which satisfies the assumptions of Theorem 1 such that this

ordering is true again:
1
Flz)=1—————, 2>0.
(z) CESVEE
If we consider a distribution function with an strict increasing hazard rate (usually named IFR) then the
assumptions of Theorem 1 are not satisfied. Figure 3 refers to an IFR Weilbull distribution. It can be seen that

inequality (18) does not hold.
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Comparison of 3:6 order statistics in exponential samples

o |
10°<3<102
m; (1) =0.0046
2 mj(A) = 0.0042
ms(%) =0.0036
m4(A) =0.0027
& ms(1) =0.0016
2 o©
§ 3 me(1) = 9e-04
E F(x) = exp(-X)
®
2
g - |
» © 5
o
o
AN
o |
o
T T T T I
0 200 400 600 800
time

FIGURE 1. The exponential case for n = 6 and k = 3.

Comparison of 3:6 order statistics

o |
F(x)=——
) (x+1)2
@ 104<n<10™
2 o
S o 7 6
o
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=
s < |
@ @ 5
my
S m m
o
g -
T T T T I
0 200 400 600 800
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FIGURE 2. The case of the distribution function F(x) =1— (z +1)~2 for n = 6 and k = 3.
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Comparison of 2:6 order statistics in Weilbull-IFR samples

o |
[ee}
©
2 o |
9o o
3
c
=]
s
2
s < |
s ©
P 104 <<
F(x) = exp(- (x/100)%)
o |
o
T T T T I
0 200 400 600 800
time

FIGURE 3. The case of an IFR Weilbull distribution for n = 6 and k = 2.
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