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Abstract

In this paper, we derive the exact expressions as well as recurrence relations for single and prod-
uct moment of generalized record values from NH distribution. These relations generalize the results
given by MirMostafee et al. (2016). Further, we characterize the given distribution through conditional
expectation, recurrence relations and truncated moments.

1 Introduction

A generalization of the exponential distribution was introduced by Nadarajah and Haghighi (2011), which can
be used as an alternative to the gamma, Weibull and exponentiated exponential distributions. The attractive
feature of this distribution is always having the zero mode and yet allowing for increasing, decreasing and
constant hazard rate functions. Lemonte (2013) called this distribution defined by Nadarajah and Haghighi
(2011) also as the NH distribution.

A random variale X is said to have a NH distribution, if its probability density function (pdf) is of the
form

fx) =001 +2)"teap{l — (1 +2)}, >0, 6>0 (1)

and the corresponding distribution function (df) is
Flz)=1—exp{l—(1+2)"}, z>0,0>0. (2)
Note that for NH distribution defined in (1)
(14 z)f(z) = 0[1 — In F(x)]F(x), (3)

where
F(z)=1- F(x).

The exponential distribution arises when 6 = 1.

The concept of record values was introduced by Chandler (1952). An observation is called a record if
its value is greater (or less) than all the previous observations. Record values are used in a wide variety
of practical situations, such as industrial stress testing, meteorological analysis, hydrology, seismology, oil,
mining surveys, sports and athletic events. For a survey on important results in this area one may refer to
Ahsanullah (1995), Kamps (1995), Arnold etal. (1998) and Ahsanullah and Nevzorov (2015). Dziubdziela
and Kopcoifiski (1976) have generalized the concept of record values of Chandler (1952) by random variables
of a more generalized nature and called them the k-th record values. Later, Minimol and Thomas (2013)
called the record values defined by Dziubdziela and Kopcoinski (1976) also as the generalized record values,
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since the r-th member of the sequence of the ordinary record values is also known as the r-th record value.
By setting k£ = 1, we obtain ordinary record statistics.

Kamps (1995) and Danielak and Ragab (2004) pointed out in reliability theory that in some situations
record values themselves are viewed as outliers, then the second or third largest values are of special interest.
For statistical inference based on ordinary records, serious difficulties arise if expected values of inter arrival
time of records is infinite and occurrences of records are very rare in practice. This problem is avoided once
we consider the model of generalized record values.

Let {X,,, n > 1} be a sequence of independent and identical distributed (iid) continuous random variables
with df F(x) and pdf f(z). Then for a fixed positive integer k > 1, the sequence of k-th upper record times
{Uﬁk), n > 1} is defined as Nevzorov (2001):

U =k
and for n > 1,
U —mindi-isu® x> X
np1 =mingg g > U, X5 > U™ —k+1:U08 [ -

The sequence {Y,«Sk),n > 1}, where erk) = X, is called the sequence of generalized upper record values

(k-th upper record values) of {X,,,n > 1}. Note that for £k = 1, we have vy = Xu, , n > 1, which are the
record values of {X,,,n > 1} as defined in Ahsanullah (1995).
The pdf of Vi) and the joint pdf of V) and V¥ are given by (Dziubdziela and Kopcoiniski (1976),
Grudziaen (1982))
kTL

fyw @) = oy F@P F@P 7 f@), n>1, (4)
fyw yw(@,y) = m—1) (]:ln_ m 1) [—In F(m)]’”_lé(é))
x[InF(z) = F(y)]" " "FW)* ' fly), z<y, 1<m<n, (5)

and the conditional pdf of ngk) given Y,Ef ) = x, is

knfm

oo Wlo) = ¢ o Fa) —In P! z <y. (6)

n—m—1)!
Properties of the k-th upper record values of {X,,,n > 1} have been extensively studied in the literature,
see for instance Dziubdziela and Kopcoifiski (1976), Deheuvels (1982, 1988), Grudzien (1982), Grudzien and
Szynal (1997). For some recent developments on generalized record values with special reference to those
arising from exponential, Gumble, Pareto, generalized Pareto, Burr, Weibull, Makeham, Gompertz, modified-
Weibull, exponential-Weibull, additive Weibull and Kumaraswamy log-logistic distributions carried out by
Grudzien and Szynal (1983,1997), Pawlas and Szynal (1998,1999,2000), Paul and Thomas (2015,2016),
Minimol and Thomas (2013, 2014), Khan and Khan (2016), Khan et al. (2015,2017) and Singh et al. (2019a,b)
respectively.

In this paper we mainly focus on the study of generalized upper record values arising from NH distribution
and discussed exact explicit expressions as well as several recurrence relations satisfied by single and product
moments. In addition, conditional expectations and recurrence relations for single moments of generalized
record values and truncated moment are used to characterize this distribution.

2 Relations for Single Moments

In this section, we derive the exact expressions for single moments of generalized upper record values and
recurrence relations in the following theorems.
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Theorem 1 For the distribution given in (2), fix a positive integer k > 1, form > 1 and j =0,1,...

i ekkn n-1 j nitjouv1(n—1\ (F\Tlu+(5)+ 1,k
B0 = ot e (1) () )
Proof. In view of (4), we have
i_ k" <o 11y
EW@)_O%JNA 2/ [— In F(z)]"HF(2)]F  f(x)de, n > 1
Now using (2), we get
J k" > n 1 j n n—1[i -
E(Y,™) (n—l)'/o {1 - F(2)}7 — 1) [~ In F(2)]" 7 [F (@) f(x)da. (8)

On applying binomial expansion in (8), we find that

By Z () /Om“ ~InF(2)]? [~ n F(2)]" ' [F(2)]* f(z)da. (9)

After substituting ¢ = [1 — In F(z)] in (9), we get
E(y(k))] _ Li(*l)]iv .7 /oo t%(tf 1)n716k(1*t)dt
" (n— 1)l = Oy
n—1 j . )
_ ek km Z i n-{—j—u—v—l n—1 J / tuts ekt gt
(n—1) (n—1)! U v) )i

u=0 v=0

In view of result on generalized incomplete gamma function obtained by Chaudhry and Zubair (1994), we
may obtain the result given in (7). ®

Remark 1 At 6 =1 in (8) and then substituting t = —In F(x) in the resulting expression, we have

j k" * itn—1 - L'(j+n)
(k)\J _ j+n—1 kt _
Eml)_m_m/ B et =

which verifies the result obtained by Kamps (1995) for exponential distribution.

Remark 2 Setting k =1 in (7), we get the exact moments of upper records from NH distribution as obtained
by MirMostafaee et al. (2016), forn=s and j = 1.

Theorem 2 For the distribution given in (2), fix a positive integer k > 1, form > 1, n >k and j =0,1,...

Meg@pe - mrPym]. o)

, . i+ 1 . .
BOGEYH = B0+ S (B0 + By =0

Proof. From (4) and (3), forn > 1 and j =0,1,..., we have

[E0Y + B0y
= G, PEmEErT @M - F

e I A ) ) R R S T R an
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Now, (10) can be seen by noting that in view of Khan et al. (2017)

: , jkn-l o 8 _ _
B, — B,y = (Zf"_ ol / o = I F ()] F(2))da.

Remark 3 (i) Setting k =1 and 6 = 1 in (10), we deduce the recurrence relations for single moments of
upper records from exponential distribution as established by Pawlas and Szynal (1998).

(ii) Putting k = 1 in (10), we get the recurrence relations for single moments from standard NH distribution
as obtained by MirMostafaee et al. (2016).
3 Relations for Product Moments

In this section, we derive the recurrence relations for the product moments of generalized upper record values
in the following theorem.

Theorem 3 For the distribution given in (2) and m > 1, m >k andi,j =0,1,...,

E[(v, 1) (v F),)7)

= L {mEey k)
1 i : {k E[(Y(k) Yty k)] mE[(Y(k))lH(Yn(ﬁﬂ ]} _ E[(Yék))i+1(yrszk+)1)j}. (12)
andforlgmgn—2 andi,7 =0,1,...,
E[(Y) (V)]
= {m ) YY) 4k B((Y, (k))z+1(yn(_)l>j]}
{k B )T+ m B O 3O} - B T v @y )
), for m <mn — 1, we have

+1
Proof. From (5) d (3
B[V (V)] + Bl ()]

- = _1)9:71_ 5 / /ajy —In F(2)]"

x[1 = In F(2)]n F(z) = In F(y)]" =" [F(y)]* " fy)dwdy

0K"

ey | Y @I i P~ F

X[F(y)]“f(y)d:cdw(m_l) 9:”_ —T / / 'yl [~ In F(z)]™
x[In F(x) = In F(y)]" =" F(y)]" f(y)dady

= = 1)!f:nm 0 /OOO v [EW)) f(y) L (y)dy
T 1)!%5”_ S /Ooo v [FWI* f(y)I2(y)dy. (14)

where ,
Li(y) = /o 2 [—In F(z)]™ ! [In F(z) — In F(y)]" "™ 'du.
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Integrating I (y) by parts, we get

_ (r=-m-1) ya:il—nfxm’lnf:c—nf nem—2 (@) .
nw = O [ e m @ ) - ) i)
_(m—l) yxi-s-l_n*xm—Qn*x_n* n—m—1 ]f(x) .
F e Em P@ R P - P L i) (15)
Similarly
_ (nimil) yxilin’xmn’xin’ n7m72f($) T
B = O [ e P F@) - m ) ()
o m y$i+1—n7$m_1n7$—n7 n—m—1793) .
T | I EE@ T I ) - PP ), (16)

Substituting I (y) and I2(y) in (14) and simplifying the resulting expression, yields the result given in (13).
Now putting n = m+1 in (13) and noting that E[(Y,Slk))i(Yn(@k))j] = E[(Y,ﬁlk))i”], the recurrence relations
given in (12) can be easily be established. m

Remark 4 (i) Setting j = 0 in (13), we deduce the recurrence relations for single moments from NH
distribution as obtained in (10).

(ii) Setting k =1 and 6 =1 in (13), we deduce the recurrence relations for product moments of upper record
values from exponential distribution as obtained by Pawlas and Szynal (1998).

(iii) Setting k = 1 in (13), we deduce the recurrence relations for product moments of upper record values
from NH distribution as obtained by MirMostafaee et al. (2016).

(iv) Setting k = 1 and j = 0 in (13), we get the recurrence relations for single moments of upper record
values from NH distribution as established by MirMostafaee et al. (2016).

4 Characterization

This section contains the characterizations of NH distribution, we start with the following result of Lin
(1986).

Proposition 4 Let ng be any fized non-negative integer, —oo < a < b < oo and g(x) > 0 an absolutely
continuous function with g (x) # 0 a.e. on (a,b). Then the sequence of functions {(g(x))" e~ 9®) n > ng} is
complete in L(a,b) iff g(z) is strictly monotone on (a,b).

Theorem 5 Fix a positive integer k > 1 and let j be a nonnegative integer. A necessary and sufficient
condition for a random variable X to be distributed with pdf given by (1) is that

Byy + BEEpn] - Elayeys - ey, o)
n

i+l

B, ) = B0+ =

n
form=1,2,... andn > k.

Proof. The necessary part follows from (10). On the other hand if the recuerrence relations (17) is satisfied,
then on rearranging the terms in (17) and using Khan et al. (2017), we have

o | ol @ R (e
o k"

- <n€kl>'/w o[~ F(2)]"[F(2)]*dz + o
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F(z)] — H[F(x)]}dx ~0

Alam et al.
which implies

0 k.’fL

(n—1
It now follow from the above proposition with
(1+2)f(2) = 0[1 — In F(a)]F (=)

—In F(x)

. /Ooo o’ [—In F(x)]"~ [F(x)]k—l{u + ) f(z) — 0[— In F(z)]]
g(x)
(19)

L
+1

that
which proves that f(z) has the form as given in (1). =
k

Theorem 6 Let X be a non-negative random variable having an absolutely continuous df F(x) and F(0) =0
n—l
) ,l=m,m+1, m>k

and 0 < F(z) <1 for allxz > 0. Then
Bl ™) = 2] = eap{1 - (1 + )"}
F(z) =exp{l — (1+2)%}, >0, >0,

if and only if
where
£(y) = exp{l = (1 +9)"}.
Proof. From (6), we have
EEYM|(Y) = a]
ko > - o0 vn—m—1 [ F @)1 ()
= 1— (149 InF(z) - F(y)]" " "= s 2
ey L el G F@) —wmEar T [T R @)
_ - . .
By setting u = ggi; = Z;ggigiiz;% from (2) in (20), we have
)y ((y ) kn oy [ S—
EE(Y DY) =a] = o 1)'exp{1 —(1+4+2)"} | v’ [-1nuy du. (21)
—m—1 0
We have Gradshteyn and Ryzhik ((2007), p — 551)
1
r
/ [~Inz* " tde = M, w>0,v>0. (22)
0 vh

On using (22) in (21), we have the result given in (19).
To prove sufficient part, we have
/ eap{l = (1+ )" = F(y) + I F(2)]" " F ()] f(y)dy = [F(@)]* gum (@), (23)

kn—ﬂl

gnlm(x) = [exp{l — (1 + x)@}] (m>n—m

(n—m—1)!

f(z)

(n—m —2)! F(x)

- / T enp{l - (11 )"} I F(y) + In F(a)""2(F(y)]* £ (y)dy
= G @)F@)]F =k gop (@) [F(2)]* f(2)

where
Differentiating (23) both sides with respect to x, we get

k’ﬂfm
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~k Gufan 1 (D) @) = gy (@) F (@] =k gujon (@) [F (@] (@),
Therefore, /
f(IE) _ gn|m(x) . . 0—1
() klgnme1 (@) — goym(@)] O(1+ )", (24)
where

’

Gnpm (#) = =0(1 +2)" " eap{l — (1+ x)e}(kiﬂ)n_my

Injm+1(Z) = Gnjm (@) = %exp{l —(1+ x)"}(ki“)n—m,

Integrating both the sides (24) with respect to = over (0,y), the sufficiency part is proved. ®

Theorem 7 Suppose an absolutely continuous (with respect to Lebesque measure) random variable X has
the df F(x) and the pdf f(x) for 0 <z < oo, such that f'(x) and E(X|X < z) exist for all x. Then

E(X]X <) = g(z)n(x), (25)
where
") =
and
x Jy exp{l — (1 +1)%}dt

g(.’E) = _9(1 + 56‘)9_1 0(1 —+ ;1;)9_1 el‘p{l — (1 + 56)9}

if and only if
f@) =01 +2) teap{l - 1 +2)}, 2>0,0>0.

Proof. From (1), we have

B(X|X <) = F?x) /Omt(l + )0 Leap{l — (1 +)° }dt. (26)

Integrating (26) by parts treating "*~lexp{1 — (1 +¢)?}’ for integration and rest of the integrand for differ-
entiation, we get

E(X|X <z)= F(lx) [m{1 —exp(1— (1+2)%)} — /036{1 —exp(1— (1 +t)9)}dt] (27)

After multiplying and dividing by f(z) in (27), we have the result given in (25).
To prove the sufficient part, we have from (25)

[ttt = g(a) o) (28)
0
Differentiating (28) on both the sides with respect to z, we find that

g'(@)f(x) + g(z)f'(z).

8
=
5
SN—
Il

Therefore,

= Y [Ahsanullah, et al. (2016)]

= O-DA+2)"t—00+2)1, (29)
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where

J@) =z—g@)[O0-1)1+z)"" —0(1+2)""].
Integrating both the sides in (29) with respect to z, we get
fla)=c(l+2)" teap{l — (1 +2)°}.

Now, using the condition fooo f(z)dz = 1, we obtains

f(x) =01+ ) teap{l — (1 +2)}, x>0 6>0.
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