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Abstract The dual generalized order statistics is a unified scheme which contains the well known decreasingly ordered
random variables such as (reversed) order statistics, lower record values and lower Pfeifer record values. In this article,
characterization results on Gompertz-Verhulst distribution through the conditional expectation of dual generalized order
statistics based on non-adjacent dual generalized order statistics are given. These relations are deduced for moments of
reversed order statistics, order statistics and lower record values. Further a characterization result through the truncated
moment is also derived.
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1. Introduction

Models of ordered random variables are important and received a great attention from many researchers during
the past century. These models are order statistics, sequential order statistics, record values, Pfeifer record values,
progressively censored order statistics and generalized order statistics, see M. Q. Shahbaz et al. [1].

Kamps [2] has proposed generalized order statistics (gos) as a unified models of ordered random variables which
produce several models as a special case. The comprehensive model for ordered random variables in ascending
order is generalized order statistics. Often it happen that the sample is arranged in descending order for example
the life length of an electric bulb arranged from highest to lowest. In such situations the distributional properties
of variables cannot be studied by using the models of ordered random variables. The study of distributional
properties of such random variables is studied by using the inverse image of gos and is popularly known as dual
generalized order statistics. The dual generalized order statistics (dgos) was introduced by Burkschat et al. [3] as
a unified model for descendingly ordered random variables like reverse order statistics, lower record values and
lower Pfeifer record values.

The characterization of probability distributions is mainly useful in the area of goodness of fit tests, which is
helpful in the construction of statistical tests. The book by Kagan et al. [4] provides the reader a good idea of
the different types of properties which have been used for the characterization. Further it is a valuable source of
information about the whole field of characterization of probability distributions.

Characterization of probability distributions play an important role in probability and statistics. A probability
distribution can be characterized by several methods. In recent years there has been a great interest in the
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characterization of probability distributions through conditional expectations. For example, the development of
the general theory of characterizations of probability distributions by conditional expectations began with work of
Kotlarski [5], Talwalker [6] and Galambus and Kotz [7] are notable.

Further the development on the characterization of probability distributions by conditional expectations continued
with the contributions of many authors among them, Gupta and Ahsanullah [8], Zora et al. [9], Khan et al. [10]
and Gupta and Anwar [11] among others.

Several authors have utilized the concept of dual generalized order statistics in characterization of distributions
including Ahsanullah [12, 13], Mbah and Ahasanullah [14], Khan et al. [15, 16], Faizan and Khan [17], Tavanagar
[18], Khan and Faizan [19], Khan and Khan [20] and Khan and Khan [21].

The dual generalized order statistics (dgos) or sometimes called lower generalized order statistics (lgos) is a
combined mechanism of studying random variables arranged in descending order. The technique was introduced
by Burkschat et al. [3] and is defined in the following.

Let F(x) be an absolutely continuous distribution function (df) with the probability density function (pdf)
f(x). Further, let n € N, n.> 2, k>0, m = (m1, ma,......mp_1) € R""L, M, = 3"~ 'm;. Such that 5, =
k+n—r+M,>0, Vre{l,2,...,n—1}. Then X/(r,n,m,k), r=1,2,....,nare called (dgos) if their joint

pdf is given by, ) B

i=1
for F7Y(1) > z1 > 29 > ... > 2, > F7H0).
Here two cases may be considered:

11 Casel:m;=m; =m,i,j=1,2,...,n— 1
The probability density function of the r** — dgos is given by,
Cr_ _ r—
3 ooty (&) = 1y @ (@) g (@), —00 < < 00, @

th th

and s""—dgos is given by,

5 .5 ) (02 ) = gy (PO (@) g (P (@)

The joint probability density function of the r

% [ (F(y)) — b (F(@))) " [F )]~ (), —00 <y < < ox. 3)
The conditional pdf of X' (s,n,m, k) given X (r,n,m, k) =x,1<r <s<n,is
_ Cea (B - (Fy)m ) ()
fslr(y|$) = Cra(s—r—1) (m + 1)s—"—1[F (z)]r+ f(y)ay <z @
where,
Croq = H%‘»%‘ =k+n—i)(m+1),
=1
_mLxm+1 , M 7é -1
i) = { T
and

gm(x) = hp(z) — A (1), 2 € ]0,1).
12Casell: v; #v;,i#ji,j=1,2,...,n— 1L
The probability density function of the rt* — dgos is given by,

T

fX=(r,n,77z,k)(‘T) = Cr—lf(x) Zai (T) [F(‘r)]%_la —0 <z <0 (5)

i=1
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The joint probability density function of the 7" and st —dgos is given by,

Py, - @ 1) = Cot S 0l (s) [”y)} S a @ FEr L S0

S F(z)| = F(z) F(y)
where
- 1
ai(= ] ——— v#w,1<i<r<n 7
szam 07
and
; z 1 .
al” (s) = 11 o Yi#v, r+1<i<s<n. (8)
J=rar VT

The conditional pdf of X' (s,m,m, k) given X' (rynymyk)=2,1<r<s<mn,is

s i—1
~ Cs—1 (r) F(y) E f(y) 9
fSlT(m) - Cr1 i;l ai (S) |:F (x) F (x)7 T > Y. ( )
If m=0, k=1, then X (rym,m, k) reduces to (n—r+ 1)th order statistic X,,_,1., from the sample

X1, X5,---, X,, and when m — —1 then X' (r,n,m, k) reduces to r*" lower k record values.

1.3 Gompertz-Verhulst distribution
A continuous random variable X is said to have Gompertz-Verhulst distribution if its distribution function
(df) F(x) and probability density function (pdf) f(z) are given, respectively,

F(z)=[1—pe ", <z < 0. (10
@)= arpe ™ (1—pe )" B <o < . an
where § = @ and p, A and o > 0. The above model was used by Gompertz and Verhulst known to compare

human morality tables and to represent populations growth, see Gompertz [22] and Verhulst [23, 24, 25].

The pdf of Gompertz - Verhulst distribution can take different shapes. It is unimodal for o > 1 and reversed ‘J’
shaped for o < 1. Further, the density function of Gompertz- Verhulst distribution is log-convex if o <1 and
log-concave if o > 1. It has an increasing hazard function if o > 1 and decreasing hazard function if o < 1
and for o = 1 the hazard function is constant. Putting p = 1 in (10) Gompertz -Verhulst distribution reduces to
exponentiated exponential distribution. For detailed study and properties of Gompertz- Verhulst distribution one
may refer to Ahsanullah et al. [26].

It appears from literature that no attention has been paid on the characterization of Gompertz —Verhulst distribution
through conditional expectations of dual generalized order statistics and truncation moment.

Throughout the paper, we consider the Case II and then deduce it for Case L.

2. Characterization Results based on Conditional Expectations

In this section, we derive the conditional expectations of dual generalized order statistics from the Gompertz -
Verhulst distribution.

Yi £, i £7, ,i=1,2,...,n—1

Theorem 2.1: Let X (rymn, m, k), r=1,2,....... n be the rt* dual generalized order statistics from a
continuous population with df F(z) and the pdf f(z). Thenfor1 <r <s <mn,

BIE(X (s,n,mm, KX (In,im, k) = 2] = € (2) agy + byl =7, 7+ 1 (12)
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if and only if
F(z)=[1-pe ™", <2< o,

where,

As|r = Hf:r-&-l %’(Ii»ﬂ P bs\r = %[1 - as\r} and g (y) =e M

Proof: We have from (9),

S

Ble{X (s,n,m, k)} | X (I,n,mm, k):x]:/;(is—l 3 aga(s)exy{g%

Cr_—
r—1 i=r+1

S

=== 3 a7 () /ﬁ [ﬁiéyi};’iiyidy

Cr_
[

—Ay o
Let, U = [ﬁggﬂ :[}:gg,iz} from (9) in (14)

S

1
= Gt Z agr) (s) l/ {1 —uw (1- pe_’\m)}uw_ldu.
0

Cpe
(ke — P

After simplification we have,

E[E{X/ (S,TL,TT% k)}|X/ (l,n,’ﬁ’L, k):.’b]_ H X 67)‘5”4_1

This proves the necessary part.
To prove the sufficiency part.
Let, ) )
E[E{X (s,n,m, E)}|X (I,n,m, k) = x] = g5)r(x)

Using the result Khan et al. [16],

fl@) 1 9 (2)
F(z) Vg1 | Gsprsr (@) — g (2) |

Therefore,
f(x) ape AT

F(z)  [1-pe ]

- 11

EIE{X (s,n,7m, KX (I,n,m, k) = 2] = agpe ™ + by

(13)
" fy)
| Fee o
ary;
14+ ay;
(15)
(16)

Integrating (16) on both the sides with respect to x between (3, y), the sufficiency part is proved.

Remarks

i) At p = 1, Theorem 2.1 reduces to the characterization result for exponentiated exponential distribution.
ii) Setting m = 0, k = 1 in (12), we obtain the characterization results for Gompertz- Verhulst distribution based

on reversed order statistics as,
! ! 7)\
Blg{ X | Xy = 2] = as|r€ T+ bslr
where,

S

a(n—1i+1)

asr = [1 l+am—it1)

1
abs\r = 7[1 - as|’r]~
i=r+1 P

And for order statistics,
E[g(anerl:n) | anrJrl:n = 'T] = as|re_k$ + bs|r7
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as X;:n = X,_r41.n Where X,., is the r** order statistic.
iii) Letting m — 1 in the (12), we obtain the characterization results for Gompertz- Verhulst distribution based on

lower record values as,
E[E (XL(S) | XL(’I‘)) = 33} = as|7‘ei/\x + bs|r7

ak \7 1
Qs|lr = <1—|—ak> 7bs|r:; [1_ as\r]~

iv) Putting m =0, k=1, s=n and [ =n — 1 in equation (12), we get characterization results for Gompertz-
Verhulst distribution based on left truncated moment of order statistics as follows,

where,

E(X
EE(X) | X 2 a] = BE (X | Xnoron = ) = 20,
Theorem 2.2: Let X' (ryn, m, k), r=1,2,....... n be the rt* dual generalized order statistics from a

continuous population with df F(z) and the pdf f(z). Thenfor1 <r < s <t < mn,
BIE{X (s,n,m, k) | X' (In,m, k) = 2] = ay[EIE{X (s,n,m, k)| X (I,n,m, k) =] + by

Jd=r,r+1 (17)

if and only if
F(a)=[1-pe ™", B<a< o, (18)

where
t . —
Atls = Hi:erl % s bspr = %[1 - at|s} and§(y) =e Ay

t

ay; 1
Qt|r = H - = Qy|sAsr, bt\r = 7[1 - at\r]-
i=r 41 1+ ay P

Proof: For the necessary part, in view of Theorem 2.1, we have
BIE{X (t,n,m, k) | X (ryn,m, k) = 2] = agpe ™ 4 by,

/ / e 1 1
EE{X (t,n,ﬁl, k) | X (’I",’I’L,ﬁl, k) = l‘} = at|sas|r[€ A 7] + =

pp
1 1
= 4|50y {6)‘“; — ] + -

pl p

e 11 1] ags 1
:a’t\s a’s|7'6 -——|+t -] -+ -
rl p PP

= ay EBIE{X (t,n,m, k) | X (ryn,m, k) = a]+bys
EIE(X (t,n,m, k) | X (ryn,m, k) = 2]= ayBIE{X (t,n,m, k) | X (r,n,m, k) = a]+by,

Hence the necessary part is proved.
For sufficiency part, we have

o1 - () T [ FW]T W)
= Lo [ erg] row
i=r+1
e o o [T [FWTT f)
— ay, i:rzﬂai (s)/ﬁ e {F(x)] b, (19)
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Differentiating (19) with respect to = and rearranging we get,

t

ctf—l CL(-T) 67)\1’_61‘/7—1 ) va(_T) Ief)\y F(y) ’YLf(y)
DL S Al e - S S @/ﬁ [F@} dy

-1 i=r+1 i=r41 F (y)

S

—a Cs—1 a<r) s €7>\y . Cs—1 > va(‘r) s xef,\y F(y) B f(y)
I 2 al () 1 2 ()/5 {F(m)} F(y)dyl'

r—1 Cr

1=r+1 i=r+1
After noting that
S
Z GET) (S) =0,¢ =411,
1=r+1
ol () = (141 —vi)al” (1),
We get,
t x Yi
-1 (r) “hy F(y)} f ()
Y a; (T / e [ —dy
oy 2900 VRG] E)
t x Vi
Ct—1 (r) —A\y F(y) f ()
“Yry1—— Yia; (t)/ € [ ey
Hg ; 1 , ¢ Fw] Fw
i z Vi
_ Cs—1 (r) / -y |:F(y):| f(y)
= Q4| | Vr a;’ (s e —Zdy| .
t]: lv . ;1 (s) ; )| Fay®
s T Vi
Cs—1 (r) -y F(y) f(y)
—ag|s [Vr41 Via; (S)/ e { Fady
! l e, ; 5 F(z)] F(y)
That is,
Vr+1 [gt|7" (:L') — Gt|r+1 (:L’)] = Q¢|sVr+1 [gs|r ((E) — Ys|r+1 (l’)] )
where,
gs)r (z) = [E[E{X (s,n,m, k) | X (r,n,m, k) = 2]
or,
t|r (l‘) — Qt|sY9s|r (I) = Gt|r+1 (l‘) — Qt|s9s|r+1 (‘T) = Gts (I) — Qt|sY9s]s (I) = bt|s~

Noting that, g5 (z) = e~**, we have
gy|s () = at|s€_)\ac + by
ie.,
BIE{X (s,n,m, k) | X (ryn,mm, k) = 2] = agse™® + byjs.
Using the result Khan et al. [16],

E[g{XI(S,nJh, k) |X, (T,n,’l’h, k) - l‘] = Gt|s ('7;)7

implies,
F (x) — e* f; A(u)du,

A = { Gy () 1 |

Vet | Ges+r (W) — gyys (u)

where,
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we get,
F(z)=[1-pe ", 8 <z < 0.

and hence the Theorem.

Remarks

v) Putting s = r in (17), Theorem 2.2 reduces to Theorem 2.1.

vi) At m = 0, k = 1 in Theorem 2.2, we get the result for order statistics,

BlE{(Xrn)} | Xen = y]= Qr|s ElE{(Xsn)} | Xeon = ¥l +br|s

ooaj 1
Qr|ls = H 1+a bs\r = ;[1 - ar\s]'
j=s

vii) It may be seen that when v; # y; but m; = m; = m.

a(,r) = ; 1) 1
c 0=y O e
1 r—i 1
Ry S VI )

and consequently (5) will reduces to (2) and (6) to (3).

3. Characterization Results based on Truncated Moments

Following theorem contains characterization result for Gompertz- Verhulst distribution based on truncated
moments.

Theorem 3.1: Suppose an absolutely continuous (with respect to Lebesgue measure) random variable X has the
df F(z) and pdf f(x) for z > 0 such that f () and E(X|X < x) exist then

E(X | X <z)=g(x)n(x) (20)
where, )
n(z) = /(o) g(z) = z(1 = pe™) _ J5 (1= pe™*)du
F('T)’ )\Ozpe*)“'” (]_ — pef/\w)ail )\ape*)\iv (1 _ pef/\z)afl
if and only if
f(@) = Aape ™ (1—pe )" B <z < o0

Proof: We have,

E(X|X <) / uf (u A?p) / ue™4 (1 — pe>) " du. Q1)

B

Integrating (21) by parts treating e =** (1 — pe*/\”)af1 for integration and rest for the integrand for differentiation,
we get,

1 xr
EX|X<z)=—"_z(1—pe —/ 1-— pe_m)o‘du} . (22)
(XX <) = s { (=) = [
After multiplying and dividing by f(x) in (22), we have the result given (20)

z(1 — pe?7) fg (1= pe ) %du f(@)

E(X|X<zx)= _
( | - ) )\Oépef)‘z (1 _ pef)\m)o‘_l )\Oépeikz (1 _ pef)\r)o‘_l F(.’L‘)
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E(X|X <z)=g(x)n(r).

To prove the sufficiency part, we have from (20)

o) 1) [ PN
/ uf () du = LT /Buf(u)dU—g()f( ). 23)

Differentiating (23) on both the sides with respect to x, we have

’

of () = g () f () + g(@)f (2).

Therefore,
I Ahsanullah et al. [27]
f@) z—g () (a —1)Ape e
= =|-A+—T 24
f(@) g9(z) e | &4
where,

o — AT
g (x) =z +g(x) {—H((l_l;i”m)] .

Integrating both sides in (24) with respect to =, we get,

a—1

fa)=ce™ (1 pe™7)

Now, using the condition, ffooo flx)dz =1

1 x
f—/ e (1= pe )" dx
€ Js

11

¢ ap\

This proves that,
f(z) = hape™* (1 — pe*)‘w)ail, B <z <oo.

Remark

viii) Putting p = 1, in Theorem 3.1 we get the result for exponentiated exponential distribution as obtained by
Ahsanullah et al. [27].

4. Conclusion

Characterization of Gomertz-Verhulst distribution has been considered by conditional expectations based on
non-adjacent dual generalized order statistics and truncation moment. These characterization results are useful
in the field of ordered random variables. Findings of this paper will be useful for researchers in the fields of

applied sciences, population studies and further enhancement of research in the field of distribution theory and its
applications.
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