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Abstract

In this article, the problem of estimating parameters, reliability function, and hazard function
of the Nadarajah-Haghighi distribution under progressively type-II censored samples are studied.
The maximum likelihood and Bayesian estimators under squared error, LINEX, and general entropy
loss functions are derived for parameters and some survival time parameters namely reliability and
hazard functions. We used Lindley’s approximation to obtain the Bayesian estimators. Asymptotic
confidence intervals, for unknown parameters, are constructed using the observed Fisher information
matrix. A numerical example using the real data set is presented to illustrate the proposed methods.
Monte Carlo simulation study is conducted to compare the performance of the estimators in terms of
their mean square error. The Monte Carlo simulation analysis shows that in most cases, the Bayesian
method have a better performance than the standard maximum likelihood method.

Keywords: Maximum likelihood estimation, Bayes estimation, reliability function, progressively
order statistics, hazard function.

1. Introduction

In lifetime studies we are often faced with limitations such as time and cost. There are several
ways to meet these restrictions. One of these methods is the use of censored data.In many life-
testing experiments and reliability analyses (medical, biological, or industrial applications), there are
situations in which experiments are terminated before failure times of all items are observed. Some
experimental units are removed from experimentation before failure of all items is observed. For
example, individuals in some clinical trial, may drop out of the study for personal reasons in the
middle of the trial or in an industrial experiment, some of the units may break accidentally. In such
cases, we have complete information only on part of the sample. On all the units which have not
failed, we have only partial information about the sample. Data obtained from such experiments are
called censored data. Censoring is common in life-testing work and reliability studies because of time
limits and other restrictions on data collection. There are several types of censored data.

The readers can find some studies about censored data in Sindhu and Hussain (2020), Zhang
and Gui (2019), Sindhu et al. (2016), Lodhi et al. (2021) and Sindhu et al. (2017). In this paper,
we consider an advance scheme of censoring called progressive type-II censoring which expanded by
Balakrishnan and Aggarwala (2000). Under this scheme, n units are placed on the lifetime test at
time zero and only m units observed until end of test. Immediately after the first failure at time 1,
R of the n — 1 surviving units are randomly withdrawn from the test. The remainingn — 1 — R;
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units continue to work. At the time x5 the second failure has occurred and Ry of the n — 2 — Ry
surviving units are censored, and so on. Finally, at the time of the m-th failure, all of the remaining
R,, =n—m—R;—---— R,,_1 units are censored and the experiment terminates. Then x1, ..., z,,
are values of Xi.m:m, ..., Xm:m:n Whose called the progressively order statistics (POS). Figure 1
shows a perspective for this scheme.

Censored units R, R, R; Ry Ry
Surviving Units n fll—l—len—Z—R]—sz n—m+1—R|—...—Rm,|f
Failure times ( X1 X X3 I\/ X1 Xm

Figure 1 A perspective for a POS data

Let (X1.mmn, - - - » Xomim:n) be @ POS sample with scheme (Ry, ..., R,,) and x = (21, ..., Zm)
be its corresponding observation. The associated likelihood function (LF) of x is given by Balakrish-
nan and Aggarwala (2000), as

L(F;X):c]gl_[f(xi)[l—F(xi)}Ri7 1 <0 < Ty (1)
i=1
where ¢, =n(n—1—Ry)--- (n—m+1—R;—---—R,,_1) is the normalized constant and f(.) and

F'(.) are the probability density function (PDF) and cumulative distribution function (CDF) of random
variable X, respectively. In this paper, we use the Nadarajah-Haghighi distribution (extension of the
exponential distribution) CDF as the baseline for the discussed scheme and our focus is to obtain
the Bayesian estimations of the parameters, reliability, and hazard function of Nadarajah-Haghighi
distribution.

A random variable X has the Nadarajah-Haghighi (NH) distribution with parameters « and A if
its CDF is given by

Fla,\)=1-— AT 50, a, A > 0, 2)

where o and A\ are scale and shape parameters, respectively. The corresponding PDF to (2) is as
follows:

fla,\) = aX(1+ Az)* el =A™ 0 5 00 o, A > 0. (3)
20T T T T T 2.0
f(x, 1.5, 1.3)
15 — f(x,0.3,1.9) i 15 i
S S B

f(x,15.1,0.09) h(x, 0.5, 1.8)
— f(x,0.08, 8) — h(x,0.9,0.9)
1.0 f(x;1.1,1.1) i 1.0 h(x,1.3,0.5)

. — h(x,1.1,09)
— h(x, 3.1, 0.06)
_
0.0 : 0.0
0.0 05 1.0 15 20 0 10 20 30 40 50

Figure 2 The PDF (left panel) and hazard rate function (right panel) of NH distribution for different
parameters values.

Also, the hazard rate (HR) function and reliability function of the NH distribution are given by

H(z) = aX(1+ A z)*, R(z) = 1~ (A",



Reza Azimi and Mahdy Esmailian 281

The NH distribution is introduced by Nadarajah and Haghighi (2011) as an alternative to the
gamma, Weibull, and exponentiated exponential distributions in lifetime studies. This is an extension
of exponential distribution as a special case with a« = 1. The different shapes of the PDF and HR
of NH distribution are illustrated in Figure 2 to some values of several parameters. Figure 2 show
that the PDF of NH distribution can be right-skewed and HR function of NH distribution can be
increasing, decreasing, and constant depending on the parameter values.

The Weibull distribution is useful in analyzing and modeling the lifetime, particularly when the
data are censored, which is very common in most life testing experiments. From Singh et al. (2014),
Nadarajah and Haghighi (2011), and Kumar et al. (2017) it is observed that the NH distribution is a
good alternative for the Weibull distribution and provides a better fit than it for several life data such as
daily rainfall data, failure times of the air conditioning system of an airplane data and bladder cancer
data. So, the NH distribution and, consequently, the results of the present study can be used effectively
in analyzing some lifetime data in the field of biological and medical applications, especially in the
different censoring schemes.

For NH distribution, Singh et al. (2014) considered different estimation procedures (classical and
Bayesian) under progressive type-II censored data with binomial removals. Sana and Faizan (2019)
considered the Bayes estimation based on upper record values. They derived different Bayes estimates
under squared error, balanced squared error, and general entropy loss functions by using Jeffreys’
prior information. Selim (2018) made a statistical inference about the two unknown parameters of
NH distribution based on record values. Kumar et al. (2017) establish recurrence relations for the
single and product moments of order statistics from the extended exponential distribution. Kumar
and Dey (2017) derived the exact explicit expressions as well as recurrence relations for the single,
product, and conditional moments of generalized order statistics from the extended exponential (EE)
distribution. MirMostafaee et al. (2016) established the exact explicit expressions as well as several
recurrence relations for the single and product moments of record values from the NH distribution.
In addition, they discussed confidence intervals for the unknown parameters and prediction intervals
for future records. Kumar et al. (2019) derived the recurrence relations for the single and product
moments based on progressively type-II right censored order statistics for the EE distribution. In
addition, they obtained maximum likelihood estimations of EE parameters under progressively type-
II right-censored order statistics. For different methods of estimation based on NH distribution and
inference about other lifetime distributions, the readers are referred to Sindhu et al. (2021), Almarashi
et al. (2022), Ashour et al. (2020), Sindhu and Atangana (2021), Alhussain and Ahmed (2020),
and Sindhu et al. (2020).

The contents of this paper are organized as follows. LF of POS data is obtained in Section 2.
Also, the maximum likelihood (ML) estimators of parameters, reliability, and hazard rate functions
are derived in section 2. In section 3 the asymptotic confidence interval estimations of the parameters
are obtained. Section 4 is played the Bayes estimation under some loss functions and Lindley’s
approximation method is discussed to evaluate these Bayes estimators. In section 5 we fit the NH
distribution to a real data. In Section 6 we make the simulation study to investigate the precision of
the estimators obtained in Sections 3 and 4. Finally, in the last section, we provide some conclusions.

2. Maximum Likelihood Estimation

In this section, we find the maximum likelihood estimators (MLEs) for the NH distribution,
based on the POS sample. Let (X1.mum, - - -, Xmom:n) be @ POS sample withdrawn NH distribution
with scheme (R, ..., R,,) and x = (z1,...,x,,) be its corresponding observation. Substitution of
(2) and (3) in (1), the associated LF is given by

Lo, A\;x) o H o (1 + Aay) @t et~ (HHAz) % pRi[1= (1A
i=1
x am™A\e~ E;';I(R,;—s-l)(l-i-)\zi)"‘e((y—l)E;';l 10g(1+)\:c,i). )
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The associated log-likelihood function is given by
m m
L, A\;x) o< mlog(a) +mlog(N) + (o — 1) Zlog (1+ Az;) — Z (R; +1) (1 + A\a;.)”
=1 i=1
The normal equations to estimate the unknown parameters may obtained by equating the first

partial derivatives £(c, \; x) with respect to « and A to zero. The corresponding likelihood equations
for o and )\ are obtained as

my E log (1 + Ax;) E R; +1) (1 + Ax;)log (1 + A\x;) = 0, 5)
«
i=1 =1
and
m i s (a—1)
- -1 — Dz, (1 =
)\-i-(a )E T ag (Ri + V)i (1 + Azy) =0. (6)

The MLEs of parameters « and \, say & and 5\, respectively, are simultaneous solutions of
Equations (5) and (6). These equations do not yield explicit estimators for « and A, and hence (5) and
(6) must be solved by numerical methods in order to obtain the MLE of the « and A. Furthermore, by
the invariant property of the MLE, the MLEs of the reliability function R(¢) and HR function H ()
are given by

R(t) = !~ (HA0% ©)
and
H(t) = A1+ At)*7 1, ®)

respectively.

3. Asymptotic Confidence Interval Estimation

Let u = (a, A) be the parameter vector of NH distribution. Also, £(«, A; x) be the Log likeli-
hood function of NH distribution. Then, the Fisher information matrix of the parameters p is given
by

azl(a,)\;x) 82€(a7)\;x)
H(p) = E T 9a? T 9o
) = )
_(aNx) 9%(a\x)
X0 OX2
where
0% 0(o, \; x m - o
% = = DT (Re 1) (1 Aw)* (log (1+ Aai)?
i=1
0%0(a, \;x) m - x? “
— 2 = —(a—-1 —_— -1) (R, +1)x 1 AL; ,
N2 A2 (Oé )Z (1+)\LE7) Oé ; + + l')

M:i Ti : i(R + D (1 4+ Ax)* 1+ alog(1 4 Axy)].

If we denote the MLE of u = (a, A) by 1 = (&, \), the observed information matrix is then
given by

0% Nx)  0%0(a %)
R a2 DO
I(p) = )
_32E(a,)\;x) 3%0(a,\;x)

XD T o p=p
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and hence the variance covariance matrix of MLEs is given by

Var(a) Cov(d, )
IHp)=1| o
Cov(A &) Var(N)

The approximate (1 — ¢)100% confidence intervals for the parameters « and \ are

d:l:z% Var(d), )\:I:z% Var(\),

where z¢ is the % quantile of the standard normal distribution.
2

4. Bayes Estimation
4.1. Loss functions, prior and posterior distribution

In this section, we obtain Bayes estimators of the unknown parameters «, A, reliability function
R(t), and HR function H (¢) under symmetric as well as asymmetric loss functions such as squared
error (SE), LINEX and general entropy (GE) loss functions. One symmetric loss function is the SE
which is defined as Lgp (p, &) = (i — M)Q , where f1 is a Bayes estimator of ;. The Bayes estimators
under the SE loss function are the mean of the posterior distribution. One asymmetric loss function
is the LINEX, due to Zellner (1986).

The LINEX loss function can be expressed as Ly (u, i) = eSB=#) — € — p) — 1,€ #
0, where [i is a Bayes estimator of j and, it is obtained from its posterior distribution as i =
7% log (E [6*5“|X]) , where & # 0 is an arbitrary real number. Another useful asymmetric loss

function is the GE, proposed by Calabria and Pulcini (1996), defined as Lgg (i, ft) o (%) -

7log (%) — 1, where 7 # 0 is an arbitrary real number. The Bayes estimator of 1 with respect to

1
GE loss function obtained from its posterior distribution as i = (E [p~7|X]) 7. Suppose that the
unknown parameters « and \ are distributed independently gamma distribution as

d(,
e a>0,a,b>0, m(A) = o)

a—1

Ae7le™ @ N> 0,¢,d > 0.

The joint prior distribution of parameters v and A can be written as
m(a, \) o T(a)m(N\) oc ot LembapeTemdA, ©)
From (4) and (9), it follows that the joint posterior distribution of o and A is given by

Lo, AX)m (e, A)

(0 AX) = s XX, AdadA

Therefore, the Bayes estimators of parameters «, \, reliability function R(t), and HR function H ()
under the SE loss function are given by

Jo " Jo eL(a, \X)7(a, \)dad)
I35 IS L, AX) (o, A)dadA

OAZSE [Oé|X] (10)

fooo 157 AL(a, AX) 7 (v, A)dad
157 J7 L, AX)7(a, N)dadA

1)
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; = Iy Jo~ R@t)L(a, A[X)7(a, N\)dad)

R(t)sp = E[R(t)[X] = OfO Ofo @ K)o Ndadh (12)
and

H(t)sg = E[H(t)X] = I Jo" H(t) L, \X)m(a, A)dodX 03

I fo aA\X m(a, \)dad\

Furthermore, the Bayes estimators of parameters «, A, reliability function R(t), and HR function
H (t) under the LINEX loss function are given by

e —ta I JsT et Lia, AX)m(ar, N)dadA
b = 5 log [E (e |X)} 5 Lo { T Ta X m(a, Ndadh } (14)
o1 e _ IS JT e Lo, AX)m(a, A)dovd A
A= glos [E(e |X)}_ 51 [ IS 52 La, AX)m(a, A)dadA } (15)
sy 1 _eR) -1 I —fR<t>L(a NX)7 (e, N dadA
R(t)L = ¢ log {E (e \X)} Y log{ T T Lo NX) (@ Ndadr }, (16)
and
. -1 eH( —1 IS e “EHM (e, \X)7(a, A)dadA
H(t) = ¢ log [E( \X)} ; log[ =T O“\|X P\ } (17)

Finally, the Bayes estimators of parameters «, A, reliability function R(¢) and HR function H ()
under the GE loss function are given by

ot R a L AX) (e, Ndad) |
aon = [ («7IX) <0f0 Oj;) L(or, AX) (@, N)dad ) ’ (15

= (fo o XL X <aak>dadk>*, (19

dop = [E (VTN J2 7 Lo AX)m (e, ) dd\

1

Ao = 1 (W) | = (PR R o
and
f(tas - [£ (10 7x)] 7 = (fo fo = _a AO‘X”((; S‘C’lizlim> o
0 0 ’

From (10)-(21), we observe that the Bayes estimators are of the form of ratio of two integrals, which
cannot be simplified into a closed form. However, using the developed approach by Lindley (1980),
one can approximate these Bayes estimators into forms containing no integrals.
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4.2. Lindley approximation

From the previous subsection, we have observed that all Bayes estimators of any function of
parameters « and A, say 7(c, \), are in the form of ratio of two integrals, which the simplified
closed forms are not available. For evaluation of the ratio of two integrals, Lindley (1980) gave an
approximation method. To illustrate this method, consider the ratio of integral defined as:

fo fo (a0, A X) (v, A) dav dA

CX) = I fo (a, )\|X ym(a, ) da dX

(22)

Applying Lindley’s approximation, the integral fraction of G(X) as defined in (22) can be ap-
proximated as

IR N s ) s
GX) = n(G,\)+ 3 [(7711 + 2Mi01)611 + (T2 + 20102) 612 (23)
+(N21 + 20201 )G21 + 22 (T2 + 2720%)
+(f611 + 12612) L1 (£, 8) + (7161 + 2692) La(f,6) |,

where & and ) are the MLE of a and ), respectively. Also 6;; is the (i, j)-th element of the observed
variance-covariance matrix I~ (j1) as computed in section 3. Other expressions are given by

ov a—1 o c—1
= 1 = — = — = — = —
v =log[m(a, \)], 11 % - b, s Y 3 d,
Ll(lza o) = €30011 + 2521012 + 512022,
Ly(l,6) =1 1011 + 2019615 + Lo3092. (24)
on o _ 82 _ 62 _ 6277 — &

M= %9a 2= mﬂhl = a2 M2 = gapx: 121 = groa: 122 = g3

lag = ZHGedx) — 2m SV (R 4 1)(1+ Aa)® (log(1 + Aa))°
3 . i 2!,63 “ 1 3
/ :Bl(a,)\,x)zzﬂ -1 7 _1 _2 ’ l
03 E B T (a ) ; 7(1 ) aa (@ ; Az;)?
_3(aNx) S (RZ + 1)1‘12 _ _ - 72
512 - DON2 - ; (1 i )\1'7;)270‘ |:1 2c + (1 OZ)CK log(l + )\.’Ih :| ZZI 1 ¥ ey )
3 X m o—
Uy = ZHGA) — SRy 4 1)z (1 4+ Aay)* 1 (log(1 + Azy)) [2 + a(log(1 + Azy))] -

4.3. Approximate Bayes estimators under SE loss function

In Equation (22) if we take n(a, \) = «, then gy = 1,72 = 11 = N12 = 721 = 722 = 0. By
substituting above relations in Equations (23) and (10) respectively, the approximate Bayes estimator
asg of auunder SE loss function is obtained as

1 1 1 ~ 1 A
bsgp =0+ (aa b) o11 + <C)\ d) &12+§&11L1(€a&)+55-21142(&6)' (25)

In Equation (22) if we take n(a, \) = A\, then e = 1,11 = m11 = M12 = 721 = 722 = 0. By
substituting above relations in Equations (23) and (11) respectively, the approximate Bayes estimator
Asg of A uunder SE loss function is obtained as

“ « -1 1 1 p 1 5
)\SE:)\_I’_ <ad _b) 021+ (CA d> 6'22+50/\'12_[/1(6,0/\')-’—55'22[/2(5,6'). (26)
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For obtaining the approximate Bayes estimator of R(¢) under SE loss function, by setting
n(a, \) = R(t) = e!~(1+N" in Equation (22) we have,

m = —eUHAT (1 L A log(1 + At),
no = —ate! ~HAT (1 4 Aot
i = R0 (14 X (1420 — 1) flog(1 + ]2,
2 o
Mo = 5otk = ei_(“”\t) (14 At)*~1 [log(1 + At)] t[er (1 + At)™ — 1) — 1],
Moo = eI~ UFADY (14 A1) o220 a (14 At)* — 1) + 1].

. Now, by substituting above relations in Equations (23) and (12) the approximate Bayes estimator
of R(t)sg under SE loss function is obtained as

R(t)se = el-(1HAD? + % [(7711 + 2/ 01)611 + (1o + 27102)612 27
+(721 + 27201)621 + (22 + 27j202) G2z
(611 + 72612) L1 (€, 6) + (1621 + flada2) La (L, 57)]
Similarly, for obtaining the approximate Bayes estimator of H (¢) under SE loss function, by
setting (o, \) = H(t) = aX (1 + A)*" ", in Equation (22) we have,

= A1+ X)* Halog(l + At) + 1),

ne = a(l+ M)*"2(alt + 1),

m1 = A1+ At)* log(1 + At) (alog(l + At) + 2),

ma = (1+ At)272 (2art + a(at + 1) log(1 + M) + 1),
Moz = (v — 1)at(1 4+ M\t)* 3 (art + 2).

Now, by substituting above relations in Equations (23) and (13) the approximate Bayes estimator of
HR function under SE loss function, noted by H (¢)s g is obtained as
) . N6l 1 o R o
H(t)sg = &\ (1 + )\t) t3 [(7711 + 2 1)611 + (The + 20102) 612 (28)
+ (121 + 27201 )G21 + (faz + 27)202) 522
+(M611 + M2612) L1 (0, 6) + (621 + M2622) La((, 6)|.

4.4. Approximate Bayes estimators under LINEX loss function

In Equation (22) if n(a, \) = e 5%, then gy = —&e 5% m; = E2e75Y gy = nyo = Moy =
122 = 0. By substituting above relations in Equations (23) and (14) respectively, the approximate
Bayes estimator &z, of o under LINEX loss function is obtained as

ar = délog<l+g{<§2<adlb)>&112<05\1d>612

—611L1(£,6) — 521 Lo (0, &)} ) : (29)

In Equation (22) if n(a, A\) = e %A, then ny = —&e 5 moy = 27 ) = nio = Moy =
n22 = 0. So by substituting above relations in Equations (23) and (15) respectively, the approximate
Bayes estimator Ay, of A under LINEX loss function is obtained as

;\L = X_210g<1+§|:<§_2<6§1_d>)&22_2<0,g1_b>&21

—619L1(£,6) — 692 Lo (4, &)} ) . (30)
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For obtaining the approximate Bayes estimator of R(t) under LINEX loss function, in Equation

(22) assume that n(a, \) = e ¢E(®) = e=6 "% Then from (24) we can write

m = &(1+ At)*log(1 + )\t)e[—ﬁel’“““a—(1+/\t)a+1]7

e = at(l + At)a—lel=¢e' T —(man 4]

M= [((14 M) = 1)eMH07 —eg(1 4 Ao (—el=ee! ™ -20074))

XE(1 4 M) [log(1 + At)]?,

Tz =121 = [a(l +At)* log(1 + At) (A7 — e€) — A [arlog(1 + At) + 1}}

Xft(l + /\t)oz—l (—6_5617(“%5)“_2(1+,\t)0<+1) ’

o = [0 (a[(1+ M) — 1] +1) — eag(1+ Ar)e] (—emte! "4 2000741
xalt?(1 + M)*2.

Now, by substituting above relations in Equations (23) and (16) respectively, the approximate
Bayes estimator R(t), is obtained as

. 1 _eelm+ind 1 A . A
R(t)L = 75 IOg (6 £ -+ 5 [(7711 —+ 2771V1)011 —+ (7712 —+ 27]11/2)0’12 (31)
+(f21 + 27201 )G21 + (22 + 272D2) G20

+(in611 + f2612) L1 (£, 6) + (1621 + Thad22) La(f, 6)})

Similarly, for obtaining the approximate Bayes estimator H (), of HR function H (¢) under the
LINEX loss function, in Equation (22) assume that n(a, \) = e~ $7(®) = e—6AI+A) T Thep
from (24), we easily write following.

m = aX(1+ M) Llog(1 + At) (—e*akfﬂﬂt)“‘l
No = a€(1+ M) 2(1 + art) (—e—akfﬂﬂt)“”)
m1 = aX§(1+ At)*2[log(1 + At)]Qe—W(l“t)‘H (QXE(1+ A)™ — At — 1),
Mo = N1 = ( —tA(L 4+ At) — (14 art)log(l+ At)[ — aAé(1+ A)> +1+ At])
X a€ (1 + At)a3e NN
Tas = a€(1 + At)@—te—oAE+A) [ag(mf)au FaM)? — (a— D1+ M2 + aAt)]

By substituting above relations in Equations (23) and (17) respectively, the approximate Bayes
estimator H (t)y, is obtained as

~ 1 _eas L,\@—1 17 . o R A
H(t)L = 75 log (6 £ A(1+/\t) + 5 [(7711 + 27]11/1)0'11 + (7712 + 2’/]11/2)0'12 (32)

+(fl21 + 27201 )F21 + (N22 + 27202) 522
(611 + 12612) L1 (0, 6) + (1621 + T2622) La (€, @})-
4.5. Approximate Bayes estimators under GE loss function
In Equation (22) if n(a, \) = a7, then , g1 = —1a~ D 5 = 7(7 + 1)a= "2y =

M2 = N21 = N22 = 0. So by substituting above relations in Equations (23) and (18) respectively, the
approximate Bayes estimator &, 4— ¢ g of a under GE loss function is obtained as
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Gop = &{14— TA{(Tfl—2[“f1—bD&H—2<CT1—d)&12 (33)
24 a & A

In Equation (22) if n(a, A) = A7, then 5 = —7A~HD) oy = 7(7 + DA g =
mz = n21 = nu1 = 0. By substituting above relations in Equations (23) and (19) respectively, the
approximate Bayes estimator A\g g of A under the GE loss function is obtained as

2 N T T+1 c—1 a—1
A = M1+ — — —2|—— —d| | a2 — 2 — —bo 34
o { 2/\[( A [ A Dm < a )M oo

-

—6’12L1(g75') - 6’22L2(£7 &):| }

For obtaining the approximate Bayes estimator of R(¢) under GE loss function, in Equation (22)
assume that n(a, \) = R(t)~7 = (e!~(0+A)") ™" Then from (24) we can write

n = 7(1+ M) log(1 + At) (el_(l"‘”)a)iT ,

2 = art(l 4 AL (el =UHAT) TT

mi = 7(1+ ) [log(1+ At)) (e =) T (7(1 4+ A)® + 1),

M2 = N1 = THAL + 1)@~ 1 (el =AD" 77 ([a log( At + 1)] (7(1+ At)* + 1) + 1),
Noo = art?(\t +1)272 (el_()‘t+1)a)77 [aT(At+1)* + a —1].

Now, by substituting above relations in Equations (23), and (20) respectively, the approximate
Bayes estimator R(t)c g is obtained as

e\ 7T 1 N A N NN
R(t)cg = { (617(1“‘” > + 5{(7711 + 27101)011 + (T2 + 20102) 012 (35)

+(N21 + 27201 ) 621 + (22 + 2122) 622

_1
=

+(611 + 2612) L1 (€, 6) + (621 + faGa2) La(l, 6)} }

Similarly, the approximate Bayes estimator H (t)cr of HR function under the GE loss function
is obtained by setting n(c, \) = H(t)™" = (aA (1 + M)t )" in Equation (22). Then from (24)
we can write

_ T(a)\(1+>\t)"‘71) o (a log(l-l—)\t)—i-l)

m = o
7(1+art) (aA(14A0)>71) 77
n2=- PYEESY)) )

(ax(1+20* 1) 7 (147+ar log(14At) (24 log(1+)\t)))

b

M1 = o2
ma =T7(1+ M)*"2(aX(1 + )\t)“_l)_(ﬂ_l) [T+ aX(T — 1)t + ar(1 + at) log(At + 1)],

_r(axan* ) T [r(14adn? £Ar 2t arn) +1]
T22 = N (ATA0)2 .

b
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Now, by substituting above relations in Equations (23) and (21) respectively, the approximate Bayes
estimator H (t)g g is obtained as

- L4 cqa-n\TT Ly L .
H(t)GE = l(o&k[l-ﬁ-)ﬂf] 1) +5{(7711+2771V1)O'11+(7]12+2T)11/2)O'12 (36)

+(f21 + 21201 )G21 + (22 + 2M202) G20

Y

+(M611 + M2612) L1 (0, 6) + (71621 + Had2) La(f, 3)}1

5. Real Data Analysis

In this section, we analyze a data set due to Lee and Wang (2003) for the purpose of illustration.
This data set represents remission times (in months) of a random sample of 128 bladder cancer pa-
tients. For this data set, 128 failures are observed. Kumar et al. (2019) showed that NH distribution
is an appropriate model for this data set. So, we can assume that this data set comes from NH dis-
tribution and accordingly, we make inferences on the unknown parameters «, A, reliability function
R(t), and HR function H (t). We used m = 88 artificial progressive type-II censoring sample from
n = 128 bladder cancer patients generated by Alhussain and Ahmed (2020).

The 88 generated data are as follows:

0.08, 0.2, 0.4, 0.5, 0.51, 0.81, 0.9, 1.05, 1.19, 1.26, 1.35, 1.4, 2.02, 2.02, 2.07, 2.26, 2.46, 2.64,
2.69, 2.75, 3.02, 3.31, 3.57, 3.64, 3.7, 3.82, 3.88, 4.18, 4.26, 4.33, 4.34, 4.5, 5.09, 5.17, 5.32, 5.34,
5.49,5.62,5.85, 6.25, 6.54, 6.93, 6.94, 7.26, 7.28, 7.32, 7.39, 7.59, 7.62, 7.63, 7.66, 7.87, 8.26, 8.53,
8.65, 8.66, 9.02, 9.22, 9.47, 10.34, 10.66, 10.75, 11.25, 11.64, 11.79, 12.02, 12.03, 12.07, 12.63,
13.11, 13.8, 14.24, 14.76, 14.77, 14.83, 15.96, 16.62, 17.12, 17.36, 19.13, 20.28, 22.69, 23.63, 25.74,
25.82,26.31, 46.12, 79.05,

with Ry = R = R3 = R4y =10and R; = 0 for: = 5,--- ,88. Table 1 provides the MLE and
Bayes estimates of a, A, R(t = 1) and H (t = 1) relative to SE, LINEX (¢ = —2) and GE (7 = —1.5)
loss functions for this sample, when the hyperparameters a = 150,b = 0.2,¢ = 160,d = 0.2 are
used for prior parameters. The parameter estimates, estimates of the reliability function R(t) and HR
function H(t), and 95% asymptotic confidence intervals for parameters o and \ are presented in Table
1. Figure 3 is a contour plot of the log-likelihood function of these data. The plot indicates that the
maximum of the log-likelihood function is at (o« = 0.9720, 5 = 0.1099), as showed in the Table
1. Figure 3 indicates that the estimate of the survival function of NH distribution is very close to the
Kaplan-Meier estimator. Therefore, the NH distribution provides a closer fit to the empirical survivals
for the bladder cancer data set.

Table 1 Estimates «, A, R(t) and H (¢) for the bladder cancer data set based on the NH distribution

Bayes Estimates under the loss function

parameters ~ MLE SE I GE 95% ACI
« 0.9720 3.2012 0.0472 2.6267 (0.8458, 1.0982)
A 0.1099 0.0665 0.0647 0.0611 (0.0859, 0.1339)

R(t) 0.8987  0.706  0.7090 0.6938
H(t) 0.1065 0.3330 0.2934 0.2770




290 Thailand Statistician, 2025; 23(2): 279-297

log - likelihood

-414.80
-417.24
s(t)
(0.972037,0.10993 -419.68 — Kaplan-Meier
[ ]
\ = NH
-422.12 \:
-424.56 3
-427.00 b

-429.44

t
a 20 40 60 80

Figure 3 Contour plot of the log-likelihood function(left panel) and Kaplan-Meier and fitted survival
function of NH distribution(right panel) considering the data from the bladder cancer patients

6. Simulation Study

In order to compare the estimators of parameters, reliability and HR functions of NH distribution,
Monte Carlo simulations were performed utilizing 2000 progressively type-II censored samples. The
performance of all estimators (Bayes and MLE) for parameters o and A, reliability and HR functions
is compared numerically in terms of their mean square error (MSE) values for different combinations
of n, m and different censoring schemes. All of the computations were performed using Mathematica
10 software. Program code is available if needed. Applying the algorithm of Balakrishnan and
Aggarwala (2000), we used the following steps to generate a progressive type-II censored sample
from the NH distribution, and then, we get the estimations of the parameters.

1. Simulate m independent exponential random variables 71, Zs, ..., Z,,,. This can be done us-
ing inverse transformation Z; = —In(1 — U;) where (Uy,- - - ,Up,) are independent standard
uniform random variables.

_ Z z z Zi o

2. Set X; = 2L + prymny = s die ey gy s B SRR vy oy ey g fori =1,2,...,m.

Then (X1, -+, X,,) is a progressively type-II censored sample from the standard exponential
distribution.

3. LetY; = F~ (1 —exp(—X;)), fori = 1,2,...,m, where F~1(.) is the inverse CDF of the NH
distribution. Then Y7, -- .Y}, is the required progressively type-II censored sample from the
NH distribution function F(.).

4. The MLEs of the parameters « and A were obtained by iteratively solving Equations (5) and
(6) using the NMaximize function of Mathematica 10. Also, we compute the MLEs of the
reliability function R(¢) and HR function H (t), by (7) and (8), respectively.

5. The approximate Bayes estimates &g, AsE, I%(t)SE and ﬁ(t)SE based on the SE loss func-
tion, are computed from (25), (26), (27) and (28).

6. The approximate Bayes estimates ¢z, AL, IA%(t) ; and H (t)r, based on the LINEX loss func-
tion, are computed from (29), (30), (31) and (32).

7. The approximate Bayes estimates g, \eE, R(t)g g and H (t)aE based on the GE loss func-
tion, are computed from (33), (34), (35) and (36).
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8. Above steps are repeated by 2000 times. Then we estimate the mean and then, we compute the
MSE as

2000
1 2

MSE = oo 3 (si(0) — s(0)",

where s(p) is the true value and s;(9) is the i-th estimate of s(p) evaluated at . In all of the
above cases the prior parameters chosen as a = b = ¢ = d = 0.1, which yield the generated
values of a = 0.05, A = 0.35, R(t = 1) = 0.984995 and H (t = 1) = 0.0131589 as the true
values. In Table 2, the censoring scheme (5*4, 25%0) means (4, 4, 4,4,4,0,0,0,0, 0,0, 0, O,
0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,0, 0). In Table 4 the estimated lower bound of asymptotic
confidence intervals for parameter A in most cases is negative values. Since A > 0, we get all
of the negative values as 0* = 0. The simulation results are summarized in Tables 3-6.

7. Conclusions

In this article we have considered the inference of the NH distribution based on progressively

type-II censored samples. We discussed the ML and Bayes estimators for parameters « and ), relia-
bility function, and HR function. Asymptotic confidence intervals are also obtained for parameters.
The Bayes estimators are discussed under symmetric loss function SE and asymmetric loss functions
LINEX and GE. We used Lindley’s approximations to compute the approximate Bayes estimates. A
simulation study was conducted to examine the performance of the different estimators under differ-
ent sample sizes and different censoring schemes. In addition, the bladder cancer data set from Lee
and Wang (2003) were analyzed by using the NH distribution.
Based on simulation results, we observe that in most cases, the MSEs for all of the estimators (MLE
and different Bayes estimators) decrease when the sample size n and effective sample size m in-
creases. It is observed from Table 3 that the approximate Bayes estimate of o under the GE loss
function (&gp with 7 = 0.5) is better than the other estimates in most cases (the average of ap-
proximate Bayes estimates of « under the GE loss function (&g g with 7 = 0.5) are close to the true
parameters and it has the smallest estimated MSEs as compared with the other estimates). From Table
4, it is clear that the approximate Bayes estimator of parameter )\, under the LINEX loss function AL
with £ = 2) ) are close to the true parameters and it has the smallest estimated MSEs as compared
with other estimates (approximate Bayes estimates under SE and GE loss functions and MLEs). From
Table 53, it is clear that the MLEs of reliability function R(t), is close to the true parameter and it has
the smallest estimated MSEs as compared with the other estimates. From Table 6, it is clear that the
approximate Bayes estimator of HR function H (¢), under the GE loss function (H (t)¢g, ™ = 0.5
) is close to the true parameter and it has the smallest estimated MSEs as compared with the other
estimates. It is observed from Tables 3 and 4, the average length of asymptotic confidence intervals is
decreased as the sample size is increased. The results of the application of the NH distribution on re-
mission times in bladder cancer patients in the presence of progressive type censoring are interested
since they will enable the use of the methods presented in this paper in various application issues
such as cancer data modeling. The current work can also be extended to other censored data such as
balanced joint progressive type-II censoring, generalized order statistics, and progressive sequential
order statistics.
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Table 2 Different sampling schemes

Different sampling schemes (D) n m R;
1 50 30 (5%4,25*0)
2 50 30 (12%0,5%4,13*0)
3 50 30 (4,2,2,22%0,4,4,2,2,0)
4 50 30 (29*0,20)
5 50 40 (5%2,35%0)
6 50 40 (17*0,10%1,13*0)
7 50 40 (30*0,10*1)
8 50 40 (5,37*%0,5,0)
9 50 50 (50*0)
10 80 50 (5%6,45*0)
11 80 50 (22%0,6%5,22*0)
12 80 50 (44%0,6*5)
13 80 50 (15,48*0,15)
14 80 65 (21*0,5%2,5,38*0)
15 80 65 (60*0,5*3)
16 80 65 (64*0,15)
17 80 80 (80*0)
18 110 80 (10,10,5,5,76*0)
19 110 80 (19*0,10%3,51*0)
20 110 80 (70*0,10*3)
21 110 80 (10,41*0,10,36*0,10)
22 110 95 (5*1,80*0,10%1)
23 110 95 (93*%0,7,8)
24 110 95 (32%0,5%3,58*0)
25 110 110 (110*0)
26 150 50 (20*0,5%20,25*0)
27 150 50 (40*0,10*10)
28 150 50 (50,48*0,50)
29 150 100 (28*0,5%10,62*0)
30 150 100 (99*0,50)
31 150 100 (50*1,50*0)
32 150 150 (150*0)
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