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Relations for single and joint moment generating functions of
lower generalized order statistics from generalized exponential
distribution
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Abstract. Distributional and inferential results are derived for ARMA models under the multivariate
exponential power (EP) distribution, which includes the Gaussian and Laplace as special cases. Marginal
distributions are obtained in the important Laplace case, both under a multivariate Laplace distributed
process, as well as a process driven by univariate Laplace noise. Asymptotic results are established for the
maximum likelihood estimators under a full EP likelihood, and under a conditional likelihood resulting
from a driving univariate EP noise distribution. Whenever tractability permits, results are fully worked
out with respect to the MA(1) model. The methodology is illustrated on a fund of real estate returns.

1. Introduction

The concept of generalized order statistics (gos) was introduced by Kamps (1995). A variety of order
models of random variables is contained in this concept. Pawlas and Syznal (2001) introduced the concept of
lower generalized order statistics (lgos) to enable a common approach to descending order random variables
like reversed order statistics and lower record values. In this article we will consider the lgos , which is as
follows:

Let n € N, k> 1, m € R, be the parameters such that
Y=k+n—-r)(m+1) >0, forall 1<r<n.
The random variables X*(1,n,m, k) ... X*(n,n, m, k) are said to be Ilgos from an absolutely continuous

distribution function (df) F' () with the probability density function (pdf) f () , if their joint pdf is of the
form

(T

for  FM1)>a 22> ... > 2, < FH(0).

n—

[TEE)™ f(ij))[F(:L“n)}'H f(wn) (1)

j=1

Note that for m = 0, £ = 1, we obtain the joint pdf for the order statistics and when m = —1, we get
the joint pdf of the k—th lower record values.
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In view of (1), the marginal pdf of r—th Igos is given by

Fx- vy () = (C_l), F@)P " () gl (F(x)). @)

and the joint pdf of r—th and s—th lgos , r < s, is

fX*(T',n,m,k),X*(s,n,m,k)(1'7y) = (T — 1)'C(é_i r— 1)' [F(z)]mf(x)g:nil(F(x))
X[hn(F(y)) = h(F(@)]" " E@)) " fy), 2>, (3)
where 1
r R ™t m # —1
Cror = [[vir Pmlx) =
i=1
—logz , m=—1
and

gm(x) = hp(x) — hyn(l), z€]0,1).

The work of Burkschat et al. (2003) may also be seen for dual (lower) generalized order statistics.

Ahsanullah and Ragab (1999), Raqab and Ahsanullah (2000, 2003) have established recurrence relations
for moment generating functions of record values from Pareto and Gumble, power function and extreme
value distributions.

Recurrence relations for marginal and joint moment generating functions of gos from power function
distribution are derived by Saran and Pandey (2003). Al-Hussaini et al. (2005, 2007) have established
recurrence relations for conditional and joint moment generating functions of gos based on mixed population,
respectively. Khan et al. (2010) have established explicit expressions and some recurrence relations for
moment generating function of gos from Gompertz distribution.

In the present study, we have established exact expressions and some recurrence relations for single and
joint moment generating functions of [gos from generalized exponential distribution. Results for order statis-
tics and lower record values are deduced as special cases and a theorem for characterizing this distribution
is stated and proved.

A random variable X is said to have generalized exponential distribution (Gupta and Kundu, 1999), if
its pdf is of the form

f@)=a(l—e ) e 2>0,a>0 (4)
and the corresponding df is
Flz)=(1—-e*)% x>0,a>0. (5)

Here « is the shape parameter. The location and scale parameters can be added to this model. Without
loss of generality, the location and scale parameters are taken to the zero and unity, respectively. When
«a =1, this distribution corresponds to standard exponential distribution.

It is observed in Gupta and Kundu (1999) that the generalized exponential distribution can be used
quite effectively in analyzing many lifetime data, particularly in place of gamma and Weibull distributions.

For more details on this distribution and its applications one may refer to Gupta and Kundu (2001a, b).
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2. Relations for single moment generating function

Note that for generalized exponential distribution defined in (4)

aF(z) = (" = 1)f(z). (6)

The relation in (6) will be used to derive some recurrence relations for the moment generating functions of
lgos from generalized exponential distribution.

Let us denote the single moment generating functions of X*(r,n,m, k) by Mx«(y n mk) (t) and its j—th
derivative by M)(cj)(r o k)( ).

We shall first establish the explicit expression for Mx« ;. m k) (). Using (2), we have when m # —1

Mm@ = 7 [ F@P ) g (Pl
- (rcill)! J(yr—1,r —1) (7)
where
J@w=éﬁﬂwmwﬂ@%wwmm ®)

b
On expanding ¢°, (F(x)) = [ﬁ“{l - (F(x))mﬂ}} binomially in (8), we get when m # —1

J@@ZA/ﬁﬂW@W”W“U@M% (9)
0
where
_ 1 - u b
A= (m+1)b§(71) ( u )

Making the substitution z = [F(x)]l/a in (9), we find that
1
J(a,b) = aA/ (1- z)*tza[a+U(m+1)+1]f1dz'
0

On using the Maclaurine series expansion

o0

1—,2
p=0

where
), = tt+1)...(t+p—1), p=1,2,...
P 1, p=0

and integrating the resulting expression, we get

=A Z )y : (10)

plla+u(m+1)+1+p/a]
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Now on substituting for J(y, — 1,7 — 1) from (10) in (7) and simplifying, we obtain when m # —1

> r—1 t)p
Mx+(rm k) () = =D m+1r D (-1 ( u )p.[() (11)

p=0u=0 Tr—u +p/OZ]

Applying D’Alembert’s ratio test for convergence, it can easily be seen that Mx-(y . m,k)(t) exists
vV t, —oo <t < oo and is analytic in ¢.

And when m = —1 that

0 r—1
MX*(r,n,m,k)(t) = 6 as Z < )Z 0.

Since (11) is of the form § at m = —1, therefore, we have

1 u<7"_1) k4 (n—7r+u)(m+1)+pla]™

Ms t)=A* -1
X (r,n,m,k)( ) uz::o( ) u (m_|_ 1)r—1

where

°°<7

p!

p=0

Differentiating numerator and denominator of (12) (r — 1) times with respect to m , we get

-1 (n—r—l—u)r 1
M- iy (8) = A7) (=1)"*0 l(r )
X+ (r,n,m, k) (0 Z u Jk+(m—r+u)(m+1)+p/a]

_ *Til 1\ r—1 (T_n_u)ril
=AY (-1 ( u )[k+(n_r+u><m+1>+p/alr'

u=0

On applying the L Hospital rule, we have

it M-y (6) = W%Z_%(l)“(?”u Dy (13)

But for all integers n > 0 and for all real numbers x , we have Ruiz (1996)

Now on substituting (14) in (13), we find that

N
M- (rin =10 (t) = Mz, (1) = & I;Op!(k +p/a)" 1o
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Differentiating Mx« (5, m,x)(t) and evaluating at ¢t = 0 , we get the mean of the r—th lgos when m # —1

oo r—1
r—1 1
E[X* = u - -
[X*(r,n,m, k)] r— DN m+1r1pz:1u22) ( )p(fyr,u—kp/a)
and when m = —1 that
= 1
E[X*(r,n, -1k =E(Z") ="y ————— .
X N = B =k Y s

p=1

Special cases

i) Putting m = 0, k = 1 in (11), the explicit formula for single moment generating function of order
statistics of the generalized exponential distribution can be obtained as

> r—1 o r—1 (t)
Mx, .. (1) CT”ZZ ( )p!(n—r-i-lj-u"‘p/a).

p=0u=0
That is
oo nN—r _ t)
MXru =C,., u( n—r )(—p’
Z;)uz% pl(r+u+p/a)
where
C17":n - n'

CEICE

ii) Setting k = 1 in (16), we get the explicit expression for single moment generating function of lower
record values from generalized exponential distribution, which verify the result of Raqab (2002).

A recurrence relation for single moment generating function for lgos from df (5) can be obtained in the
following theorem.

Theorem 2.1. For the distribution given in (5) and for2<r<n,n>2and k=1,2...,

() € J (G-1)
(1_0[7%)MX-? *(ryn,m, k)() M)g *(r— 1nmk)(t) a,yTMX]*(rnmk)(t)

Proof. From (2), we have

Mt = 7ty [ P@P f(0) g (o)), (19)

Integrating by parts treating [F(x)]""~! f(x) for integration and rest of the integrand for differentiation,
we get

tCT,1 o r—
M+ (r,n,m k) (1) = Mx+ (r—1,m,m.) () = LS / e [F ()] gpy H(F () da,
.

the constant of integration vanishes since the integral considered in (18) is a definite integral. On using (6),
we obtain
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MX*(T7n7m7k) (t) = MX*(T—l,n,m,k) (t)

%/()ooetm[p(x)]wl {(ezl)f(x)} I (F(@))de

(r—1)! e

= MX*(rfl,n,m,k) (t) - (r,n,m,k) (t + 1) - MX*(r,n,m,k) (t)} (19)

Differentiating both the sides of (19) j times with respect to ¢ , we get

Mg’z(r,n,m,k) (t) = M;(jz(rfl,n,m,k:) (t) M(])

vy

(t+1)

X*(r,n,m,k

(G-1) (G-1)
M)g*(rnmk)(t+1)+a X (rnmk)()+7M)(-'7 (rnmk)(t)

Ol’Vr agyr

The recurrence relation in equation (17) is derived simply by rewriting the above equation.

By differentiating both sides of equation (17) with respect to ¢ and then setting ¢t = 0 , we obtain the
recurrence relations for moments of [gos from generalized exponential distribution in the form

E[X* (r,n,m, k)] = E[X* (r — 1,n,m, k)]

[X*jil(rv n,m, k)] - E[¢(X*(T7 n,m, k))]}v

where

p(z) = 27 Le®.

Remark 2.2. Putting m = 0 , k = 1 in (17), we obtain the recurrence relation for single moment
generating function of order statistics for generalized exponential distribution in the form

t () () J (-1)
1- IS MY MY
( a(n—r+1) Ko )= ME L () F a(n —r+41)" Xnoreun w

1 ) G-
o T MR D FIME T (4 1)

Replacing (n —r +1) by (r — 1) , we have

G) (o (1t () o (-1)
M@0 = (1= o) ML 0 - MY
1 .
b (tMP (1) MY (4 1))

a(r—1)
For r =r + 1, the result was obtained by Raqab (2004).

Remark 2.3. Settingm = —1 and k > 1 in Theorem 2.1, we get a recurrence relation for single moment
generating function of lower k record values for generalized exponential distribution in the form

j 1 1
(1= ) MG () = MGy @)+ LMD 0 = (M e+ 1)+ ML+ 1))
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3. Relations for joint moment generating function

Before coming to main results we shall prove the following Lemmas.

Lemma 3.1. For generalized exponential distribution as given in (4) and non-negative integers a, b and
c withm # -1,

(t1)q(t2)p
J(a,0,¢) ;)gpl ¢ (c+1+p/a)jatc+2+(p+q)/al’ .

where

Hah) =[ [ errp@)

X[hn (F(y)) = ho(F(2))]°[F (9)]° f (y)dyd. (21)
Proof. From (21), we have

J(a,0,¢) = /0 " T [P (@)] (@) G la)da, (22)
where

Gla) = [ e FGI iy (23)
By setting z = [F(y)]"/“ in (23), we get

Gla) =Y g

—p! (c+1+p/a)

On substituting the above expression of G(z) in (22), we find that

_ = @2# >~ ti1x a+c+1+p/a 2)dx
J(a,0,c¢) _pz:;)p! (C+1+p/a)/0 M [F ()] TP O f (1) di. (24)

Again by setting w = [F(z)]'/® in (24) and simplifying the resulting expression, we derive the relation given
n (20).

Lemma 3.2. For the distribution as given in (4) and any non-negative integers a, b and c ,

(t1)q
J(a,b,c) = HbZZZ () gle+v(m+1)+1+p/a]

p=0g=0v=0
(t2)p
“Tatctbm+1)+2+ (p+q)/al m# -1 (25)
(t1)q(t2)p -
_b'zz deritp/aatcrzt praja -0 (26)

quO

where J(a, b, c) is as given in (21).
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Proof. When m # —1 | we have

(hn(F(@)) ~ bon (P(a))] = Wll)mu»m“ — (PP
" (m+1) bz < > ()] DB ()],

v=0

Now substituting for [hy,(F(y)) — hm(F(2))]® in (21), we get

J(a,b,c) = erle () (a+(b—=v)(m+1),0,c+v(im+1)).

Making use of Lemma 3.1, we derive the relation given in (25).

When m = -1, J(a,b,c) = 8, as ZZ:O(—l)” (2) =0, so after applying L’ Hospital rule and (15), (26)
can be proved on the lines of (16).

Theorem 3.3. For the distribution as given in (5) and 1 <r < s < e kE=1,2,..., m=#1,

Cs 1
MX*(r,n,m,k),X*(s,n,m,k)(tl,t2) = (’I“ 1)'(5 o m_|_ 1 5—2 Z < )

xJ(m+um+1),s—r—1,7—1) (27)

co oo r—1s—r—1
Csl

:(r—l)(s—r—l m—|—1522222 e

p=0¢g=0u=0 v=0
r—1\[(s—r—1 (t1)q(t2)p
x( u >< v )p! ¢! (Ys—v +p/Q)Yr—u + (P +q) /0] 28)

Proof. From (3), we have

tlz—&-tgy m
MX (ryn,m,k), X (s,n,m,k)(tth) ( — 1 ' S o 1 / / )] f( )

g (F (@) [l (F () = P (F (2))]" 77 [F ()] 7 f (y)dyd. (29)

On expanding g7 !(F(x)) binomially in (29), we get the relation given in (27).

Making use of the Lemma 3.2 in (27), we derive the relation in (28).

Remark 3.4. Putting m = 0,k =1 in (28), the explicit formula for joint moment generating functions
of order statistics for generalized exponential distribution can be obtained as

oo oo r—1s—r—1 u+U _1 s—r—1
MXn—rr-ﬂ,nsz:n (tl, t2 r sn Z Z Z Z < ) ( v )

p=0¢g¢g=0u=0 v=0

(t1)q(t2)p
pq' (n—s+1+v+p/a)n—r+1+u+(p+q)/a]




Khan et al. / ProbStat Forum, Volume 07, October 2014, Pages 85-97 93
That is

oo 00 n—ss—r—1
M) = Cran 550 5 e (" ) (70

p=0g=0u=0 v=0

(t1)q(t2)p

“Plgl (r+ v+ pla)fs+u+ (p+q)/a]’

where
n!
C vy —
P (=D (s—r —Dl(n—s)!
Remark 3.5. Setting m = —1 in (28), we deduce the explicit expression for joint moment generating

function of lower k record values for generalized exponential distribution in view of (27) and (26) in the form

(t1)q(t2)p
M (t1,t2) = k°
(29,2 (B, t2 ;);Jpq' (k+p/a)~r[k+(p+aq)/a]"

and hence for lower records

(t1)q(t2)p
M (t1,t2)
Xr(r), XL(S) 1,02 pzoqzopq' 1+p/a s r[1+(p+q)/a]

Differentiating MX*(r,n,m,k),X*(s,n,m,k)(tla t2) and evaluating at t; = to = 0, we get the product moments
of lgos when m # —1

co oo r—ls—r—1
Csl

E[X*(r,n,m,k)X*(s,n,m,k)] = (7’—1) (S—T—l m+1 P QZZZ Z

p=1g=1u=0 v=0

X (=1)"F (r ; 1) (s B Z . 1) P q (Ys—v er/a)[l%_u +(p+q)/c]

and when m = —1 that
1
E(zZ®zP) =k
( ZZP G4 p/ay ot Gt el

Making use of (6), we can derive the recurrence relations for joint moment generating function of lgos from

(5).

Theorem 3.6. For the distribution given in (5) and for 1 <r<s<n,n>2andk=1,2,..

9

t2 (4,4) (4,5)
(1 N E)MX*<mz,m,k>,X*<s,n,m,k)(tl’ t2) = Mo m k), X (5= 1m,m,0) (112 £2)

(@, (4,5—1)
MXj(rnmk:)X (‘;nmk)(tl’tQ_'_l)+jMXJ(rnmk)X (snmk)(tl’t2+1)}

J_apta-1
+ ai,.ysMX*(r,n,m7k),X*(s,n7m,k)(tl’t2)' <30)

Proof. Using (3), the joint moment generating function of X*(r,n,m, k) and X*(s,n,m, k) is given by
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Cs_ o
MX*(r,n,m,k),X*(s,n,m,k)(tht?) = (7" — 1)| (S l r— 1)' ~/O [F(x)]mf(x)
X g (F(2))J (x)dz, (31)
where

J(z) = / T [y (F(y)) — hin(F(@)) 7 HE ()]~ f(y)dy
0
Solving the integral in J(z) by parts and substituting the resulting expression in (31), we get

MX*(r,n,m,k),X*(s,n,m k)(tlth) = MX*(rn m,k),X*(s—1,n,m,k) (th t2)

et [T e g ()

< [hn(F(y)) = hn (F ()" 7 [F(y)]" dyda,

the constant of integration vanishes since the integral in J(x) is a definite integral. On using the relation
(6), we obtain

M)ﬁé(rnmk)X (snmk)(t17t2 i’r‘n
X*(r,n,m,k),X*(s,n,m,k) tlv 2+
Qs

Differentiating both sides of (32) ¢ times with rebpect to t1 and then j times with respect to to, we get

m,béX s—1,n,m,k) tlat2)
M *(rnmk)X*(snmk)(tlatQ) (32)

(4,4) _ as(6d)
MX*(rn m,k), X*(s,mm,k)(tl’t?) - MX*(r,n m,k),X*(s—1,n,m,k) (tl’t2)

(4.4) J (4,5—1)
Of}/b MX*J(T n,m,k),X*(s,n,m,k) (tl’ t2 + 1) ays MX*J(T n,m,k),X*(s,n,m,k) (tl’ ta + ]')

ta i) )

+aTsMX*(r,n,m,k),st,n,m,k) (tr,t2) + s o M k), X (5. k) (10 E2),

which, when rewritten gives the recurrence relation given in (30).

One can also note that Theorem 2.1 can be deduced from Theorem 3.6 by letting ¢; tends to zero.

Remark 3.7. Putting m = 0, k = 1 in (30), we obtain the recurrence relations for joint moment
generating function of order statistics for generalized exponential distribution in the form

b2 (i.4) )
(1 - O((TL s+ 1))Mxnf'r«Fl,nfs%»l:n(tl’tz) M Xn—riln—st2:n (tl’tQ)
J (irj—1)
+a(n — s + 1) MX?L—T+1,'rL75+1:n (tl, t2)
1 (i.4) (i.§—1)
7(1(’” — s+ 1) {t2 MXn—7‘+1,n—s+1: (t17t2 + 1) +] M Xn—rtl,n—sti: z(tl’tQ + 1)}
That is
o t i o
M(la]) b to) = (1 _ )M@ 2J) toto) — M@ 1,5) ot
X( 1,t2) a(r—1) Xr_1, ( 1,t2) a(r —1) erl,s:n( 1,t2)
1 (i,9) - 1)
+a(r — 1) {tl MXT*l,s:n (tl + 1,t2) + 1 Merl,szn (tl =+ 1,t2)}

as obtained by Raqgab (2004) for r = r + 1.

Remark 3.8. Substituting m = —1 and k > 1 in Theorem 3.6, we get recurrence relation for joint
moment generating function of lower k record values for generalized exponential distribution.
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4. Characterization

Let X*(r,n,m,k), r = 1,2,...,n be lgos from a continuous population with df F(z) and pdf f(x),
then the conditional pdf of X*(s,n,m,k) given X*(r,n,m,k) =z, 1 <r < s <n, in view of (2) and (3), is

— Cs1 m—y,+1
fX*(s,n,m,k)|X*(r,n,m,k)(y|m) - (S o — 1)!Cr—1 [F(l’)]

X (F(y)) = o (F (@) HE ()] f(y). (33)
Theorem 4.1. Let X be a non negative random wvariable having an absolutely continuous distribution
function F(z) with F(0) =0 and 0 < F(z) <1 for all z > 0, then

[e%S) s—1

*(s:n,m 1_elp Vitj
HA R pZO 1;[1 (’Yl-l—j +jp/04)7
l=r r+1 (34)
if and only if
Flz)=(1—-e*)% x>0, a>0.
Proof. From (33), we have
Cs—1

E[etX (S’n7m7k)|X*(r7 n,m, k) = I] - (S - T — 1)'0 71(m + 1)877“71

y Oz v {17 (?gﬁ)(mﬂ)r_T_I (?Ez;)v_ll{:((i))dy (35)
By setting u = ?Ezg = (}:g:i)a from (5) in (35), we obtain

1
B Cn L ) = ) = B = (1= el o (1= )

oo

p(1—e ) !
Z e ) / u7571+p/a(1 _ uerl)sfrfldu7 (36)
0

where

Cs—l

B = .
(s—r—DIC._1(m+1)s—7—1

Again by setting v = u™*! in (36), we get

. B
E tX™*(s,n,m,k) * k) = _
le | X*(r,n,m,k) = z] = ]

oo __—avp gl e
% Z (t)p(l € ) / Uk:1+/1 +n—s— 1(1 _ ,U)s—r—ld,v
0

|
p=0 b
B & ()p(l—e )P I‘(% +n— S)F(S —r)
m+17= p!F(%Jrn—r)

G~ (p(1—e)P
Cr1 2= ! T2 (s + 0/ )
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and hence the relation given in (34).

To prove sufficient part, we have from (33) and (34)

(s—r— 1)!CCT’:Em F 1)1 /Ow eY[(F ()™t — (F(y)™ et

x [F ()]~ fy)dy = [F(2)]"+ H (),

H,(z) = i ()p(1 —e™™)P 1:[( Vrti )

p! o1 e TP/

Differentiating (37) both the sides with respect to z , we get

Csa[F(@)]" f(x)
(s—r—=2)1Cr_1(m+1)

<[F ()]~ f(y)dy = Hy(2)[F ()] + vy He (@) [F ()] 7 f ()

s [ @ = )

o1yt (@)[F@)] 27 () = HY@)[F@)]" + 5y Hy (@)[F@)] 0 (@),
where
Wl e T g

HT,(IE)—];) p! j_1<’yr+j—|-p/o¢)

and
() = S Op( = e (pf) T (e

Hy1(2) — He(z) pg() P jl:ll(%"ﬂ' +p/a)'
Therefore,

f(z) i H/(x) ae™ "

F(x) a 77'+1[Hr+1 I) - H,(m)] T 1— e~ T
which proves that
Flz)=(1-e")" z>0a>0.
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