Technical Report No. 5/04, September 2004
ON CHARACTERIZING DISTRIBUTIONS BY CONDITIONAL
EXPECTATIONS OF FUNCTIONS OF GENERALIZED ORDER
STATISTICS

M.I. Beg and M. Ahsanullah



ON CHARACTERIZING DISTRIBUTIONS BY
CONDITIONAL EXPECTATIONS OF FUNCTIONS
OF GENERALIZED ORDER STATISTICS

M.I. BEG! AND M. AHSANULLAH

Unwversity of Hyderabad and Rider University

Let X(1,n,m,k), X(2,n,m,k),..., X(n,n,m, k) be n generalized order statis-
tics from an absolutely continuous (with respect to Lebesgue measure) distribution.
We give characterizations of distributions by means of E{¢(X (s, n,m, k))| X (r,n,m, k)
=z} = g(z) and E{¢Y(X(r,n,m,k))| X (s,n,m,k) =z} = g(z),s > r under some
mild conditions on ¥(.) and g(.). It is shown that most of the known characteri-
zation results based on conditional expectations are special cases of the results of
this paper.

1. Introduction. Let X7, X5, ... X,, be a random sample of size n from
an absolutely continuous (with respect to Lebesgue measure) distribution
function (df) F(z) and the corresponding probability distribution function
(pdf) f(z). We will take the support of F(z) = (a, 3), where a = inf{x €
R, F(z) > 0} and § = sup{x € IR, F(z) < 1}. Ferguson (1967) introduced
the characterization of distributions based on the linearity of regression of
adjacent order statistics E(X,11.,|X,, = x) and its dual E(X, | X410, = ),
where X, < Xy, < ... < X,, denote the corresponding order statistics.
The characterization of distributions by the regression of non-adjacent order
statistics was obtained by Wesolowski and Ahsanullah (1997). They gave the
characterization of distributions by the following relation

E(X, 10| Xyn =) = ax +b.

Dembinska and Wesolowski (1998) gave further generalization by character-
izing distributions by means of the equation

E(X,yjn|Xrn =2) =ax +0.

They used a result of Rao and Shanbhag (1994) dealing with extended version
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of the integrated Cauchy functional equation. The same result was proved
earlier by Lopez-Blazquez and Moreno-Rebollo (1997) by using solution of a
polynomial equation, see also Franco and Ruiz (1997). It may be remarked
that Rao and Shanbhag’s (1994) result is applicable only when the condi-
tional expectation is a linear function.

As for the reverse order, Ferguson (1967) raised the question whether
the linearity of F (X, ,|X,12, = x) characterize distributions. Pudeg (1990)
solved what Ferguson (1967) pointed out. Dembinska and Wesolowski (2000)
characterized distributions using the relation

E(X,n|Xitjn =2) =ax+0.

Suppose that {X;,7 > 1} is a sequence of independent and identically
distributed (iid) random variables with absolutely continuous (with respect
to Lebesgue measure) df F'(z) and pdf f(x). Let Ry = Xi, Ra, ... be the upper
record values of the sequence. Nagaraja (1977) characterized continuous
distributions by using the relation

E(R,1|R, =) =ax + 0.

Wesolowski and Ahsanullah (1997) extended the result of Nagaraja (1977)
to non-adjacent record values. They characterized distributions by using the
relation

E(R,2|R, = ) = ax + .

Nagaraja (1988) also characterized distributions by means of
E(R:|Ryy1 =) =ax +0D.

Other characterizations based on conditional expectations of non-adjacent
record values are given in Ragab (2002), Wu (2004) and Wu and Lee (2001).
Lopez-Blazquez and Moreno-Rebollo (1997) and Dembinska and Wesolowski
(2000) characterized distributions by means of the relation

E(R,4j|R, =x) =ax +,
as well as its dual under different set of conditions.

Gupta and Ahsanullah (2004) characterized distributions separately for
order statistics and record values by means of E{)(X,2,)|X,n = 2} = g(2)
and E{¢Y(R,+2)|R, = x} = g(z), respectively.
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Let X(1,n,m,k), X (2,n,m,k),...,X(n,n,m,k) be n generalized order
statistics. Then it is known that many ordered variables including order
statistics, record values and k-record values are special cases of generalized
order statistics. Thus, it will be interesting to characterize distributions
based on generalized order statistics and to deduce the corresponding results
of order statistics and record values as special cases. Keseling (1999) gave
characterization of exponential distribution under the condition

E{(X (r + 1, m,m, k) — X (r, n,m, k)| X (r.n, m, k) = 2} = c.

where c¢ is a constant. The general problem is to characterize distributions
by means of

E{@/)(X(T +J,n,m, k))|X(T7 n,m, k) = JZ} = g(l‘)7

under some appropriate conditions on ¥(.) and g(.). Ahsanullah and Raqab
(2004) proved that for j = 2, the above relation uniquely determines the
distributions. The problem of characterization of distributions by means of

E{p(X(r +j,n,m, k)| X (r,n,m, k) = x} = g(x),
and its dual
E{(X(r,n,m, k)| X (r + j,n,m, k) = x} = g(x),
for 1 <r <n-—j, 7> 1, are unsolved.
In this paper we give general solution of these problems under some mild
conditions on ¢(.) and g(.). It is shown that most of the known characteriza-

tion results based on the conditional expectations of order statistics, record
values and generalized order statistics are special cases of the results of this

paper.

2. Main Results. Suppose X (1,n,m, k), X(2,n,m,k),..., X(n,n,m, k)
(k> 1, mis a real number > —1), are n generalized order statistics from an
absolutely continuous (with respect to Lebesgue measure) df F(z) and pdf

f(z). Their joint pdf fio (%1, 29,...,2,) can be written as (see Kamps
(1995), pp. 50-51)
(2.1)

R 2 T (F )™ 1) (F ) ),
fio. n(x,zo, .. 2,) = F7H0) <o <m<...<z, < F7'(1)

0, otherwise
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where F(z) =1—F(z) and v =k+ (n—j)(m+1), j=1,2,--- ,n.

The generalized order statistics are introduced by Kamps (1995) as a uni-
fied model for ordered random variables which includes among others order
statistics, record values and k-record values as special cases. If m = 0 and
k =1, then X(r,n, m, k) reduces to the r-th order statistic and (2.1) is the
joint pdf of the n order statistics X;, < X,, < ... < X,,. If k =1 and
m = —1, then (2.1) is the joint pdf of the first n upper record values from
a sequence of iid random variables with df F'(x) and pdf f(x). For details of
order statistics and upper record values, see David and Nagaraja (2003) and
Ahsanullah (2004), respectively.

Integrating out xy, 22, ..., %1, Tpry1, ..., and z, from (2.1), we get the
pdf frnme(x) of X(r,n,m, k), 1 <r <n (see Kamps (1995), p. 64) as

(2:2) Frmma(2) = s (@) ) gl (P (@),

T
where ¢,_; = 1= 755

{ A==, w1

—In(1 — ), m=—1, z€[0,1)
and
——L (1 =)™ m#£-1
— m+1 )
fin () { —In(1 — x), m=—1, x €[0,1).
Note, since limmq_l[ﬁ(l — (1 —=2)™Y] = —in(1 — z), we will write

gm(x) = [(mil) (1—(1—z)™)], for all z € [0,1) and for all m with g_;(z) =

limuy,——1gm(x).

The joint pdf of X (r,n,m,k) and X(s,n,m,k), 1 <r < s <mn, is given
by (see Kamps (1995), p. 68)
(2.3)
fr,s,n,m,k’(xvy) = %(F(x))mf(:p)gz;l(]?(m))

X[ (F(y)) = han(F (@) HF ()" f (), © <.
Noting, m+1—-, = (m+1)—k—(n—r)(m+1) = —~,1, the conditional pdf

of X(s,n,m,k) given X(r,n,m,k) =z, 1 <r < s <mn, have the following
form

Frami(012) = =2 (F()) — h(F ()]

(E(y)rs—?

(2.4)
X Fayrrd W) <y
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We first prove a lemma which plays the pivotal role in our main re-
sult. We denote by E{#(Y)|X = z}, the conditional expectation of a
function of X(s,n,m,k) given X(r,n,m,k) = z, 1 < r < s < n, ie.,
E{(X(s,n,m, k)| X (r,n,m,k) = x}, where ¢(.) is an absolutely continu-
ous and strictly monotonic function.

LEMMA 2.1. If for two consecutive valuesr andr+1, 1 <r <s—1 < mn,

Gelrnm () = E{p(Y)|X = x}
is finite and differentiable for all real x, then

(2.5) Gojrnm(7) _ @)

7r+1[gs|r,n,m,k(x) - gs\r—i—l,n,m,k(x)] F('T)
forall x € (a, B), o =inf{x : F(z) > 0}, B = sup{x : F(z) < 1}, where

%((z) is the failure rate.

~

PROOF. We have

L)X =2} = [ 00 i (ola) dy

Using (2.4), we get
(2.6)

(F@) " goprmmi(®) = [ T B (F () — o (F ()]

X(F(y)) ' f(y) dy

Differentiating both sides of (2.6), with respect to x, we get

Vet (F(@)) " gaprnmoi (2) (= £ () + (F ()7 Gy e ()
(2.7) = [ s b (F (9)) = han(F ()72

X gz (=h (F(2)))(F ()1 f(y) dy
Observe that —h,(F(x)) = (1 — F(z))™*" and hence L [—h,,(F(x))] =

o m+1 dx
—f(x)(F(x))™. Using relation ¢, = ¢,_17,41, equation (2.7) becomes

_’77“4-1(F(x))WT+1_195|T,n,m,k(x)f(x> + (F(x))7r+lg;\r,n,m,k(x)
= _71”-5-1(F<x))7r+2+mf($)gs|r+l,n,m,k(x)-

Further, using relation v, + m = 7,11 — 1, the above equation gives
Vr+1 (F(m))A/TJrl_lf(x) (gS\T,n,m,k(I) - gs|r+1,n,m,k(x)) - (F(x))wr+lg;|r,n,m,k('x>
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and hence,

g;|r,n,m,k(x) _ f(x)
7r+1[gs|r,n,m,k(x) - gs\r-i—l,n,m,k (.Z‘)] F(Jj)
for all z € (o, ), a =inf{z: F(z) > 0}, § = sup{z: F(x) < 1}. 0

COROLLARY 2.1. If gsjrnmp(®) = Gsrpmi V(T) + bsrnm ks

where agypmi > 0 is a real number and bs ;. m i 15 some constant, then

as,r,n,m,kw,(x) f(.’]?)

7r+1[(as,r,n,m,k - afs,r—f—l,n,m,k)w(x) + (bs,r,n,m,k - bs,r+1,n,m,k)] B F((L’) .

COROLLARY 2.2. For order statistics (with k = 1 and m = 0), if
gs|r,n,0,1(x) = Qs n,0,1 1/1($) + bs,r,n,(),la then

as,r,n,O,l @ZJ’(ZL‘)

(n—71) (s rn.01 = Csr41,1,01)0(T) + (bs .01 — Dsrt1m,01)]

and gS‘T,TL,O,l(:C> = E{w<XS,n)|XT‘,7L == x}, S > T.

_f
- F

COROLLARY 2.3. For record values (with k = 1 and m = —1), if
gs|r,n,fl,1($) = Qs rn,—1,1 ?/1(33) + bs,r,n,—l,l; then

Qs rmn,—1,1 1/)/(1)) f(l‘)

[(as,r,n,—l,l - aSJ’-’-Ln,—l,l)qu}(x) + (bs,r,n,—l,l - bs,r+1,n,—1,1)] B F(.Z')

and ggjrn,—1,1(2) = E{¢(R;)|R, = x}, s > 1.

If {X/s,7 > 1} are iid from the exponential distribution F(z) = 1 —

exp{—z}, x > 0, denoted by E(0,1), then X(s,n,m,k) 2 ) %, where

2 denotes equal in distribution and Wy, Wy, ..., Wy are iid with W; € E(0,1).
(see Ahsanullah (2000), p. 86-87). Also,

X(s,n,m,k)]X(r,n,m,k) g X(r,n,m,k)—i— Z %

j=r+1 Vi
and hence,

o1
E{X(s,n,m,k)|X(r,n,m k) =2} =x+ > —.

j=r+1 1i

1

S
If we take ¥(z) = z, then as,pmi = 1 and bs,pmr = J=ri1 oy
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For order statistics (withm =0and k = 1), v; =n—j+1, X(r,n,0,1) =
Xim, X(s,n,0,1) = X;,, and

E(Xsu|Xon=2) =2+
j;ln_j—i_l
If s=r+1, we get

1

n—r

E(Xr+l,n|Xr,n = ZL‘) =7+

For record values (with m = —1 and k = 1), 3, = 1, X(r,n,—1,1) =
R., X(s,n,—1,1) = Rs and

E(Rs|R, =z) =2+ (s —71).
If s=r+1, we get
E(R,1|R, =2) =2+ 1.

Suppose X (1,n,m, k), X(2,n,m,k),...,X(n,n,m, k) are n generalized
order statistics from a Pareto distribution with df F(z) = 1 — S H)a, r >
0, a > 0. It can be shown that

1+X(5,n7m7l{;) 4 (1+[/’1)1/71(1+‘/2)1/72...(1+‘[9)1/75’

where V;’s are iid with F(z) =1 — m, x>0, a>0. Also,

X(s,n,m, k)| X (r,n,m, k) £ (14 X(r,n,m, k))(1 4 Vi)V
x (14 ‘/:r_+2)1/'7r+2 (L VY =1
and hence
E{X(s,n,m, k)| X (r,n,m,k) =z} = (1+x) S — 1]

] r+1 ay;—1
— 0] &
l.HJ =r+1 avy; —1+H] r+1 ay; 1

For order statistics (withm =0and k =1),y; =n—j+1and for s > r,

a(n 1
E(Xsn|Xrn = JI) (1 +I) _7 =r+1 04(75373&_)) -1
= z]]¢ L’H)%-H aln—j+1) _ 1

J=r+1 a(n—j+1) j=r+1 a(n—j+1)
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For record values (with m = —1 and k = 1), 7; = 1 and for s > r,

E(R,R, =2) = xH] =r+1 q— 1+H] =r+1 a— 1_1
= (=) "4+ ()" =1, a> 1.

a—1 a—1

For power function distribution with cdf F(z) =1— (1 —2)*, 0 <z <
1, a >0,

1 - X<57n7m7 k) g (1 — U1>1/’71(1 — UQ)I/WQ e (1 — Us)l/'ys,
where U;’s are iid with df Fi(z) =1— (1 —2)* 0 <z <1, a > 0. Also,
X(57n7m7 k:)|X(r,n,m, k) g 1- (1 - X(T,n,m, k))(l — UT+1)1/7T+1
X(l — UT+2)1/’YT'+2 - (1 — Us)l/’ys

and hence

E{X(s,n,m, k)| X(r,n,m, k) =z} =1— (1 —x) %5

J =r+1 avy;+1
— 7y anj
=7 HJ =r+1 avy;+1 +1 - J =r+1 ay,;+1"

For order statistics (withm =0and k =1),y; =n—j+1and for s > r,

—j+1 ° —Jj+1
(X, 0| X = ) _xH afn—j+1) +1_H O‘(n.]‘i‘) .
jerpan—j+1)+1 e an—j+1)+1

For record values (with m = —1 and k = 1), 7; = 1 and for s > r,

E(Rs|R, =) = xH;=r+1 o%&-l +1- jz’"‘H OCL‘H

= ()1 -G

THEOREM 2.1. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are n generalized order statistics from an absolutely continuous (with respect
to Lebesque measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{¢(X<S7 n,m, k))|X(r7 n,m, k) - CL’} = gs|r,n,m7k<x)



for two consecutive values r andr+1, 1 <r<s—1<n and gs|r7n7m7k(x) 18
finite and differentiable for all real x, then

F(z) = exp {— /; My nmi (1) du}
forallz € (o, 3), a =inf{z: F(x) >0}, § = sup{x: F(x) < 1}, where

/
X
My (%) = Gejrnm s (7) |
%”+1[gs|r,n,m,k(x) - gs|7‘+1,n7m7k<l’>]

PROOF. By Lemma 2.1,

!/
T

i(l‘) _ gs|r,n,m,k( ) — ]\48’74@’”%]{:(%)7 say.

F(l‘) ’Y’r—l—l[gs|r,n,m,k(x) - gs|r+1,n,m,k(x)]
Thus .

InF(z) = —/ My pmx(u) du
and hence .
F(z) = exp {—/ M m g (1) du}

for all z € (o, 0), a = inf{z: F(z) > 0}, f = sup{z: F(x) < 1}. 0O

In case of adjacent generalized order statistics we require only one condi-
tional expectation in Theorem 2.1. For s =r 4 1,

gs|r+1,n,m,k<x) = gr+1|r+1,n,m,k<x> = E{¢<X(T + 17 n,m, k))’X(T + 17 n,m, k) = Q:}
= Y(z)

and hence we have the following theorem.

THEOREM 2.2. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are n generalized order statistics from an absolutely continuous (with respect
to Lebesgue measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{Tﬂ(X(T + 17 n,m, k))|X(T7 n,m, k) = I‘} = gr-l—l\r,n,m,k(x)a

1 <r <n and gri1jpnmi(x) is finite and differentiable for all real x, then

inl _ o v g;'+1|r,n,m,k(x> }
F<x) a exp{ /O‘ ’77’+1[gr+1|r,n,m,k(x) - @Z)(ZE)] du
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forall z € (o, ), a =inf{x: F(x) >0}, §=sup{z: F(x) < 1}.

PROOF. We have from (2.6)

_ B _
Gt (@) (@) = [ et m)(F )" f(y) dy.
Differentiating the above equation with respect to x, we obtain

Irstranane (@) (F (@)™ = Y1 Grafrmam () (F(2))74 7 f(2)
= —Ynt(a)(F(2)) 7 f()
which gives
g;+1|r,n,m,k<x> _ f(l')
7r+1[gr+1|r,n,m,k(‘r) - w(x)] F(ZE)

and hence
— z g;+1|r,n,m,k(a‘j) }
F(z) = expl — d
@ “”p{ ) st v "
forall x € (a, B), a =inf{x: F(z) >0}, = sup{z: F(z) < 1}. 0

Furthermore, for a gap two also, we can get our characterization result in
terms of only one conditional expectation but we have to assume gshn,m,k(aﬁ)
to be twice differentiable not once. We now have the following theorem.

THEOREM 2.3. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are n generalized order statistics from an absolutely continuous (with respect
to Lebesque measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{p(X(r+2,n,m,k))|X(r,n,m, k) =2} = griojrnmi(®),

1 <r <n and grioppmi(x) is finite and twice differentiable for all real x,

then N
F(z)= exp{—/ h(u) du}

forall x € (a,B), a = inf{z : F(x) > 0}, f = sup{z : F(z) < 1} and

r(x) = h(z) is the solution of the equation

g;+2|r,n,m,k<x) T’(ZL’) - (ryT—l-l + ’7T+2>g;'+2|r,n,m,k<x)r(x> - g;/+2|r,n,m,k(x)
Y1 Y42 (0(T) = Gryaprnm k(%)) (7(2))%,
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where r(z) = %((2))

PROOF. We have from (2.6)

Gr+2lrmmi () (F ()74 / Vri1 Y20 () e (F (y)) — han(F (2))]
< (F(y))+~" f(y) dy.

Differentiating the above equation with respect to z, we get
Irs2lrnm i () (F(2) 74 = Y1 Gl i () (F(2)) 7 f(2)

= —/f %+1%+2¢(y)(F(:C))m(F(y))wrlf(x)f(y) dy,

which gives

g;+2|r7n,m,k<x><F<x>>%+2<T(1x>> 1y (2) (Fi() 72

- /j Yes1 Y2 (W) (F ()72 fy) dy.

Differentiating once again with respect to x, we obtain

) = o2 () F (@)L f () ()

0 st () (F ()7 (. @)

r(x
Tralrnm i (2) (F ()27 () ()) = V190 2frnm k (T) (F ()72

+ 7T+17r+29r+2\rnmk( )( ( ))’Yr+2 1f( )
Ve V2t (2) (F ()27 f (),

which gives

)
(

gr+2|rnm k<x> ((xz)) + (fyTJrl + ’7T+2)g;“+2|r,n,m,k(x)r(x)

(2.8)
9 aprmmte () = Ve 1Vr2(V(2) = Grgalrnm i (2)) (r(2))?.

With known functions () and g,4o)pn,mk(x), the above equation can be
written as

(2.9) r'(z) = H(x,7(x)).

We assume r(x) and r/(z) are continuous (equivalently, f(z) and f'(x) are
continuous) in z € («,3). Then H(z,r(z)) as well as df(lx)H(:v r(x)) are

continuous. Thus, the solution of r(x) = h(z) is unique satisfying given
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boundary conditions (see Rabenstein (1966), Theorem 1, p.375). Let r(z) =

h(z) be the unique solution of (2.8), then h(z) = % and hence

F(z)= exp{—/ h(u) du}
for all z € (a, B), a =inf{z: F(z) > 0}, f = sup{z : F(z) < 1}. We will
use the boundary conditions F'(«) = 0 and F(3) = 1 to select the particular
solution of A(x). 0O

Suppose ¥(x) = T, griojrnmr(®) = x4+ bo, b > 0, then we obtain from
(2.8)

) Ot 2 (@) = b0 (@),

which gives

(2.10) (@) = = (Y1 + 7%42) (1(2))” + b0 Y1 Y (r(2))
and hence r(x) = % is the unique solution of (2.10).

The above relation gives a characterization of the exponential distribution.
Note, for the exponential distribution F'(z) = 1 — exp{—x/c}, x > 0 we
have r(xz) = 1/0 and

E{X(T + 2’ n,m, k:)|X(T7 n,m, k) = ,ZU} =+ U(f}/r-i_l + 77"""2) ]
Yr+1Vr+2

For the general case (i.e., for a gap more than two), in terms of single
conditional expectation, the problem becomes more complicated because of
the resulting differential equation. Hence, we use Theorem 2.1.

2.1. Applications.

Most of the known characterization results based on conditional expec-
tations of order statistics, record values and generalized order statistics can
easily be deduced as special cases of Theorem 2.1, Theorem 2.2 and Theorem
2.3. We mention few.

1. If we take ¢(z) = =, s = v+ 1, Gritppnmi(®) = Grgipnmp T +

b1 mm With m = 0 and k = 1, then using Theorem 2.2, we get the result
of Ferguson (1967) for order statistics.
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2. If we take ¥(z) = 2, s = r+ 1, gitjrnmi(®) = Grirrnmr T +
brsirnmpi With m = —1 and k = 1, then using Theorem 2.2, we get the
result of Nagaraja (1977) for record values.

3. If we take ¥(z) = 2, 5 = r + 2, griornmi(®) = Gryornmr T +
brt2.rnmk With m =0 and k = 1, then using Theorem 2.1 (or Theorem 2.3),
we get the result of Wesolowski and Ahsanullah (1997) for order statistics.

4. If we take ¥(x) = x, s = 7+ 2, Griopmi(T) = CGri2rnmi T +
brtornmpi With m = —1 and k£ = 1, then using Theorem 2.1 (or Theorem
2.3), we get the result of Ahsanullah and Wesolowski (1998) for record values.

5. If we take ¥(x) = &, gsjrnmk(T) = Gsrnmp T+ bsrnmp With m =0
and k£ = 1, then using Theorem 2.1, we get the result of Dembinska and
Wesolowski (1998) for order statistics.

6. If we take 1/1(1’) =, gs\r,n,m,k(x) = Asrnmk T 1 bs,r,n,m,k with m = —1
and k£ = 1, then using Theorem 2.1, we get the result of Dembinska and
Wesolowski (2000) for record values.

7. Gupta and Ahsanullah (2004) gave expression for E{¢(Xgis.)| Xen =
z} and E{Y(Ry+s)|Rr = x}. They were successful in giving unique solutions
for s = 2 by using relation E{¢)(Xy1sn,)|Xkn = 2} = g(z) for order statistics
and by E{¢(Rk.s)|Rr = x} = g(x) for record values. Their results are
special cases of Theorem 2.1 (or Theorem 2.3) with s =2 (m =0, k =1 for
order statistics and m = —1, k = 1 for record values).

8. In Keseling (1999) the exponential distribution is proved to be the
only continuous distribution with constant regression

E{p(X(r+1,n,m,k)) — X(r,n,m, k)| X(r,n,m,k) =z} =c

and 1(.) is a real monotonic function, using the result of Rao and Shanbhag
(1994) for order statistics. This can be easily deduced from Theorem 2.2 with
s=r+1and gr+1‘nn,m,k(m) =2 + byg1rn,mk- Keseling considered m # —1.

9. Ahsanullah and Raqgab (2004) proved that
E{p(X(r +2,n,m, k)| X (r,n,m, k) =z} = g()

uniquely determines the distributions. Their result is a special case of The-
orem 2.1 (or Theorem 2.3) with s = + 2.
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3. Characterizations by reverse ordering. In this section we will
characterize distributions by means of

(3.1) E{Y(X(r,n,m,k))|X(s,n,m,k) =2} = grjspnmir(r), 1 <7 <s<n.

From (2.2) and (2.3), the conditional pdf of X (r,n, m, k) given X (s,n,m, k), 1 <

r < s < mnis given by

— = r—1
s—1)! m | 1=(F m4+1
Srismami(ylz) = W(F(y)) ((y))}

(m+1)
32 Ca0)) e t5) Lkl R I RSV N M
X D) } 1_@@”mﬂ] fly), y<=z
Note that (Fy)
: 1—(F(y)™ —
. = —InF
limy,— 1 [ (m+ 1) ] InF(y)
and o " o »
F(y))"t — (F(z))™ — —
limp,— 1 [< ) m +<1) (z) ] =InF(y) — InF(z).
We will use (3.2) for all values of m and take the limiting values for m = —1.

We now have the following lemma.
LEMMA 3.1. If for two consecutive values s—1 and s, 1 <r < s—1<mn,

gr|s,n,m,k($) = E{QZ}(Y”X = ZE'}

is finite and differentiable for all real x, then

(3.3) Grjsnom.t () _ i+ O(F ()" f(x)

(s = Dgris—1mmk () = Grjsmm.i ()] [1 = (F(x))m+]
forallx € (o, 8), a =inf{z: F(x) >0}, = sup{z: F(z) < 1}.

PROOF. We have
EWIX =2} = [ ) fammi(ylz) dy

Utilizing (3.2), we get

— s—1
1—(F(z))mt?! s—1)!
|:((m(+)1)):| Grisnmk(T) = J3 ¥(y )T)rl)'

_ s—r—1
— m —(F m4+1 F m+1_ (F(g))m+1
x(F(y)™ |- ((Wfi)f) } [( = (m+(1)( ) f(y) dy

(3.4)

14



Let ¢(x) = [%]5—17 then differentiating both sides of (3.4) with re-

spect to x, we get

g;|s,n,m,k(x)¢(x> + gr|s,n,m,k(l‘)¢l(x) = (S - 1)gr\s—1,n,m,k(x)
(35) (I m+1 5—2 —_

x|SR (@) e)

On simplification , we get from (3.5)

smme@) + Grisnmn (@) |55 = [S52] 9o tmmi(@)

x [ (F) (o)

and hence

Irismm k() (m + 1)(F(x))"f (x)

(S - 1>[gr\s—1,n,m,k<x> - gr|s,n,m,k<x)] B [1 - (F
for all z € (o, ), a = inf{x: F(x) >0}, B = sup{z: F(z) < 1}. 0

COROLLARY 3.1. If grjsnmk(T) = Grsnmik V(&) + brspm ks

where ay s pmi > 0 15 a real number and by g m i 15 Some constant, then

Qr s n,m,k W( )
(S - 1)[(&T,s—l,n,m kE— Qrsnm k) ( ) + (brs 1nmk — br,s,n,m,k)]

_ (m+ )(F@)" (@)
1= (Fla)m™1]

COROLLARY 3.2. For order statistics (with k = 1 and m = 0), if
gr|s,n,0,1<x) = Gy sn,0,1 w(ﬂl?) + br,s,n,(],la then

Ay s.n,0,1 ’Qb/(ﬂf) f(l’)
(S - 1)[(ar,5—1,n70,1 - ar,s,n,O,l)w(fL‘) + (br,s—l,n,O,l - br,s,n,O,l)] F(:E)7

which is the retro-hazard function and g,jsn01(2) = E{Y(X,n)|Xsn =
T}, s>

COROLLARY 3.3. For record values (with k = 1 and m = —1), i
gr|s,n,—1,1(x) = Qrsn,—1,1 ?ﬂ(l’) + br,s,n,fl,la then

ar,s,n,—l,l ¢/($)
(S - 1)[((17“,5—1,71,—1,1 - ar,s,n,—1,1)¢(x) + (br,s—l,n,—l,l - br,s,n,—l,l)]
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S 1
and gyjsn,-1,1(2) = E{¢(R,)|Rs =}, s > .

THEOREM 3.1. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are n generalized order statistics from an absolutely continuous (with respect
to Lebesque measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{¢(X(T7 n,m, k))|X(Sa n,m, k) - CL’} = gr\s,n,m,k(x)

Jor two consecutive values s —1 and s, 1 <r < s—1<n and grjs pmi(T) is
finite and differentiable for all real x, then

B , 1/(m+1)
F(SL’) = [1 — exp {/ Mr,s,n,m,k(u) dU}]

forallz € (o, 3), a =inf{z: F(x) >0}, § = sup{x: F(x) < 1}, where

g:‘|s,n,m,k (‘r)

(S - 1)[gr|s—1,n,m,k(x) - gTIS,n,m,k‘(I)]‘

Mr,s,n,m,k (JI) =

PROOF. By Lemma 3.1,

m+ 1) (F(z))™f(x risnm(T)
T = Tt~ gy~ Mrenma(a) o
Thus
1 = (P = [ M)
and hence 1)
F(z) = [1 —exp {/: M, s pmr(w) duH
for all z € (o, 8), a = inf{z: F(z) > 0}, § = sup{z: F(x) < 1}. O

In reverse order case also, for adjacent generalized order statistics, we
require only one conditional expectation in Theorem 3.1. For s =r + 1,

gr|371,n,m,k(x) = gr|r,n,m,k(x) = E{w(X(T7 n,m, k))‘X(T, n,m, k) = 33'}
= Y(z)
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and hence we have the following theorem.

THEOREM 3.2. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are n generalized order statistics from an absolutely continuous (with respect
to Lebesque measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{¢(X(T7 n,m, k))|X<T + 17 n,m, k) = l} = gr\rJrl,n,m,k(x)a

1 <7 <n and grjri1,n,mi() is finite and differentiable for all real x, then

— _ B g:‘\r—l-l,n,m,k(‘r) v
F(z) = ll —erp {/x rly(z) — gr|r+1,n,m,k(517)] dUH

forallx € (o, 8), a =inf{z: F(x) >0}, B = sup{z: F(z) < 1}.

PROOF. We have from (3.4)

1 — (F(x)™*
m+1

1— (F(y)"+!
m+1

«

| - [reo@or| ] f(w) dy

gT|r+1,n,m,k ($) [

For m = —1, we will take the limiting values (see p.11). Differentiating the
above equation with respect to x, we obtain

1 — (F(z))™*
m—+1

1 <F<x>>m+11”

‘| + gr\r—i—l,n,m,k(x)r [ m+ 1

g;“|r+1,n,m,k(x) [

1 — (F(a))™*!
m+1

< (F(a))" f(z) =rw<x><F<x>>M[ ] ).

which gives

(m+DE@)"™f(@) _ Inrrimnm(®)

[1 = (F(x))™+] (@) = Grir1n.m k()]

and hence

— . 8 97/"\7‘+1,n,m,k(u) oy
F(z) = ll T erp {/I Tp(w) = Grpr1,m,mnk (1)) dUH

for all z € (o, 8), a = inf{x: F(x) > 0}, = sup{z: F(x) < 1}. 0

Furthermore, for a gap two in reverse order case also, we can get our
characterization result in terms of only one conditional expectation but we
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have to assume g,(s nm.k (x) to be twice differentiable not once. We now have
the following theorem.

THEOREM 3.3. Suppose X(1,n,m,k), X(2,n,m,k),..., X(n,n,m,k)
are ngeneralized order statistics from an absolutely continuous (with respect
to Lebesque measure) df F(x) and pdf f(x). If for an absolutely continuous
and strictly monotonic function (.),

E{WXOB n,m, ]{Z))|X(T’ + 27 n,m, k) = .’IJ} = gr\r+2,n,m,k($)a

1 <r <nand grionmi(T) is finite and twice differentiable for all real x,

then B ) -
F(z) = [1 ~exp {/ h(u) duH

forall z € (a, ), a = inf{z : F(z) > 0}, 8 = sup{z : F(z) < 1} and
v(x) = h(x) is the solution of the equation

g1/"/|r+2,n,m,k(x)

1 V(z) 1

U(l’) + 2(T + 1)g1/"|r+2,n,m,k<x) - g1/"|r+2,n,m,k(x) |} + U2<l’>
+ T(T + 1)gr|r+2,n,m,k(x)v(x) = 7"(7’ + 1)¢($)U($),

m~+1)(F(x))™ f(x
where v(x) = ( [Y—E(F(i);ihﬁ )

PROOF. We have from (3.4)

1—@@Wﬂ”;/w

gr|r+2,n,m,k<x) [ m+ 1

F—wwww“wwww“4ﬂmml

m+1 m+1

X

Let p(z) = %, then the above equation becomes
(3.6)
T

Irir+2,mami () (p(2)) ™+ = / r(r4+1)(y) (F ()™ (e)" (e(z)—e() f(y) dy.

o

Differentiating (3.6) with respect to x, we get
(p(x))™*

ED] 4 4 Do)y

= [+ DR P (o) () d

«

g;‘\r+2,n,m,k (ZL‘) [
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Differentiating the above equation with respect to x, we obtain

7"+1
g7"|7“+2nmk: [ ] +(r+1) gr‘ﬂrznmk( x)(p(z))"
7’+1
/ T
- dhrrammste) [ D ]w D)
+ (T—i— 1)gr|r+2nmk( )(90 I )

= r(r+ Do) (F ())m(w(x)) (;1;),

which gives

]+av+w¢HMmmw

g7lﬂ|r+2,n,m,k<x)

gvlﬂl|r+2,n,m,k (I) [

] @) 1004 Vst

= r(r+ 1)(z) [@W] .

Let v(z) = £
) ®
equation

(3.7)

1" ’ 2
;U), then o/ (z) = &8 [‘p (x)} and we obtain from the above

Tirsommr @) 557 + 20+ D2 mm @) = Ghiyromms(@) [1+ 2]

+ (4 Dgrprzmmi(@)v(z) = r(r + 1)y (z)v(z).

With known functions ¢(x) and gyjr12.nmk(), the above equation can be
written as

@) = Glaola), ofa) = 28 _ 1 D))
38) @) =Gl el), vie) = T = T RS

We assume that v(z) and v'(z) are continuous (equivalently, f(x) and f’(z)
are continuous) in z € («a,3). Then G(z,v(x)) as well as vdz (x,v(x))

are continuous. Thus, we have an unique solution for v(z) satlsfylng given
boundary conditions (see Rabenstein (1966), Theorem 1, p.375.). Suppose
v(x) = h(x) is the unique solution of (3.7), then

(m + 1)(F(@))" f(x)
[1— (F(a)™1]

1/(m+1)
F(x) = ll — exp {/j h(u) duH
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for all z € (a, B), a =inf{z : F(z) > 0}, f = sup{z : F(x) < 1}. We will
use the boundary conditions F'(«) = 0 and F(3) = 1 to select the particular
solution of A(x). 0O

Suppose Y(r) = &, Grrr2nmr(®) = x — b, b > 0, then from (3.7) we
obtain

V()

2(r+1) — [14—” @)

] +r(r+1)(z —bv(x) =r(r+ av(r),

which gives

o(x)
v(z)

(3.9) =2r+1—r(r+1)bv(z).

Under the assumption that v(x) and v'(z) are continuous for all x € («, ),

we have v(x) = %, the unique solution of (3.9). Hence,

(m + DFE@) @) 2041
(1= (F(z)m+]  r(r4+1)b b>0. (3.10)

In case of order statistics for a gap two with m = 0, we get

(2r+1)z
Flz) = e
(x) = cexp { r(r+1)b
Since F(a) =0 and F(f) = 1, we must have

(2r 4+ 1)(x — p)
r(r+1)b

F(:U):exp{ },xe(a,ﬂ);a:—oo,ﬁ<oo.

For the general case (i.e., for a gap more than two) in reverse order case
also, in terms of single conditional expectation, the problem becomes more
complicated because of the resulting differential equation. Hence, we use
Theorem 3.1.

3.1. Applications.
In reverse order, most of the known results based on conditional expec-
tations of order statistics, record values and generalized order statistics are

special cases of Theorem 3.1, Theorem 3.2 and Theorem 3.3. We mention
few.
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1. If we take ¢($) =T, s =T+ 17 gr\rJrl,n,m,k(x) = Arr+inmk T +
by r+1mmk With m = 0 and k£ = 1, then using Theorem 3.2, we get the result
of Ferguson (1967) for order statistics.

2. If we take ¥(z) = x, s = v+ 1, Grpttnmi(T) = Grriyinmpe T +
brri1mmpi With m = —1 and k = 1, then using Theorem 3.2, we get the
result of Nagaraja (1988) for record values.

3. If we take ¥(x) = 2, Grisnmi(T) = Grspmi T+ brsnmp With m =0
and £k = 1 (with m = —1 and & = 1), then using Theorem 3.1, we get
the result of Dembinska and Wesolowski (2000) for order statistics (record
values).

4. If we take @Z)(I) =z, s =r+1 gr\rJrl,n,m,k(x) = Qrr+inmk T+
brrt+1.nmk, then using Theorem 3.2, we get the result of Keseling (1999) for
generalized order statistics. Keseling considered m # —1.
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