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Abstract: We provide a new extension of the exponential distribution with an emphasis on the
practical elements of the model. Six different classical estimation methods were applied and compared.
The main test was evaluated on complete data using four sets of data. Additionally, four applications
and the derivation of the new Nikulin statistic test for the new probability model under the censored
situation are described. Both tests were evaluated through simulation experiments on complete data
and on artificial and censored data. In addition, a set of simulation experiments were presented,
which were used and employed to evaluate the original statistical test and the new modified statistical
test based on statistical controls in the evaluation processes.

Keywords: assessment; goodness-of-fit; reliability data; data modeling; Nikulin-Rao-Robson; validation;
testing; right censored data
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1. Introduction

The Nikulin-Rao-Robson (N-RR) test statistic is a measure of the goodness of fit of a
statistical model to a set of data. The N-RR test is a general test that can be used to assess
the fit of a wide range of statistical models, including survival models, regression models,
and time series models. The N-RR test statistic can be used to compare the fit of different
statistical models to the same data. This can help in model selection by identifying the
model that provides the best fit to the data. The N-RR test statistic can be used to assess the
goodness of fit of a statistical model to the data. If the N-RR test statistic value is small, it
indicates a good fit between the model and the data. On the other hand, if the N-RR test
statistic value is large, it indicates a poor fit between the model and the data. The N-RR test
statistic can be used to detect outliers in the data. Outliers are data points that do not fit
the general pattern of the data and can have a significant impact on the fit of the model.
The N-RR test can identify these outliers and help to improve the fit of the model. The
N-RR test statistic can be used to diagnose problems with a statistical model. If the N-RR
test statistic value is large, it can indicate that the model is mis-specified or that there are
problems with the assumptions of the model. The N-RR test statistic can be used to assess
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the fit of time series models. Time series models are used to analyze data that are collected
over time, and the N-RR test can help to identify the best model to use for the data. The
N-RR test statistic is a valuable tool in statistical analysis and can be used in a wide range
of applications. It is particularly useful for model selection, assessing the goodness of fit of
a model, and diagnosing problems with a model. Based on the extreme importance of the
N-RR test, we are excited to apply the test and to present a modified N-RR version of it
and harness it in statistical modeling and in the theory of testing statistical hypotheses in
this work.

As is common for many probability distribution researchers, we will not approach this
new distribution with the usual method in this work. For example, we will not pay as much
attention to the traditional study of the new distribution, not because it is unimportant, but
rather because we are more interested in the real-world applications of the mathematical
and statistical modelling, as well as a sizable portion of the distribution’s verification
using censored data. We will omit a collection of theoretical mathematical features, a huge
number of algebraic derivations, and related theories in order to highlight the importance
and adaptability of the new distribution, as well as its wide range of applications in
statistical and mathematical modelling and the handling of controlled data.

In order to effectively model and evaluate real-life data that cannot be fully repre-
sented by existing distributions, a new probability distribution may be required. New
distributions are created for a variety of reasons, including for addressing certain data traits
or characteristics, enhancing the precision of simulations or forecasts, or offering more
adaptable modelling alternatives. New distributions can also result in improvements in
statistical theory and its use. When current distributions fall short of accurately describ-
ing the properties of real-life data, a new probability distribution may be required. This
may occur when the data exhibits distinct traits or properties that cannot be explained by
pre-existing distributions, such as asymmetry, heavy tails, or multi-modality.

To provide a better match to the data and boost the precision of statistical analysis,
forecasts, or simulations under these circumstances, a new distribution may be created.
Depending on the particular application or issue being solved, a new distribution’s mo-
tivations can change. To represent the distribution of financial returns or exceptional
occurrences, for instance, new distributions may be created in the field of finance. To model
the distribution of gene expression levels in biology, new distributions may be created.
New distributions may be created in engineering to simulate the distribution of material
strength or fatigue life.

In this context, we must mention briefly some details about the emergence of the new
distribution and how it was derived and formed to be useful to researchers in this field to
help them present other similar and possibly more flexible distributions. Following Aryal
and Yousof [1], the cumulative distribution function (CDF) of the quasi-Poisson-exponential
(QPE) distribution can be expressed as:

Fβ(x) =
1

1− C(−β)
{1− exp[−βγ(x)]}|β∈R−{0},x>0, (1)

where γ(x) = 1− γ(x), C(−β) = exp(−β), and

γ(x) = exp{−x[1− exp(−x)]}.

The corresponding probability density function (PDF) can then be expressed as:

fβ(x) = βγ(x)
1

1− C(−β)

[x− 1 + exp(x)]
exp{β[x + γ(x)]} , (2)

for all β ∈ R−{0}, x > 0. The hazard rate function (HRF) of the new model can be obtained
from hβ(x) = fβ(x)/

[
1− Fβ(x)

]
. The exponential distribution and new flexible extensions

of it have drawn the attention of many academics. These scholars are also interested in the
applications of these new extensions in a variety of scientific fields, including engineering,
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insurance, medicine, reliability, actuarial science, and others. The purpose of devising a
new distribution is ultimately to offer a more precise and adaptable tool for modelling and
analyzing data, which can result in a better comprehension of the underlying mechanisms
and improved decision-making. To determine whether a new distribution can accurately
characterize the data and forecast the future, it is crucial to thoroughly assess its attributes
and compare them to those of existing distributions.

In this work, a modified version of the Nikulin-Rao-Robson (N-RR) test from the
quality of fit test for real data is presented. The method of creating the new test was
presented first with all its related algebraic derivations and theoretical results. Secondly,
the test was applied to uncensored real data. Finally, the modified test was applied to some
censored real data sets. In this context, it is worth pointing out that some recent works
closely related to the subject of the statistical hypothesis tests, such as Yousof et al. [2]
(distributional validation of the exponential extension under a modified goodness of fit
test with applications to censored and complete data) and Emam et al. [3] (for the right
censored Bayesian and non-Bayesian validation and testing).

When exploring the flexibility of a new probability distribution, it is important to
consider the characteristics of the data being modeled and to compare the new distribution
to other commonly used distributions to determine its suitability for the task at hand.
The flexibility of a distribution can also be improved by combining multiple distributions
in a mixture model or by using transformations to model non-standard data patterns.
In this work, we will test the flexibility of the new distribution from several aspects,
including theoretical aspects (mathematical and statistical) and practical and applied
aspects (statistical modeling and statistical hypothesis tests).

It is worth noting that the first thing that students care about is exploring the density
function and the failure rate function graphically. This is what we will give great attention
to in the following lines. Figure 1 gives some plots for the new PDF (left graph) and HRF
(right graph) for the QPE model. According to the Figure 1 (the left graph), it is seen
that the new PDF can be asymmetric density with one high peak, asymmetric density
with one wide peak and asymmetric density with heavy tail to the right. According to
the Figure 1 (the right graph), it is seen that the new HRF can be increasing-constant and
upside down-constant.

Mathematics 2023, 11, x FOR PEER REVIEW  4  of  28 
 

 

As indicated earlier, the current distribution has only one parameter; however, it has 

proved  its  importance and  flexibility compared  to many distributions  that have a 

greater number of parameters, such as Marshall–Olkin exponential, the beta expo‐

nential,  the Marshall–Olkin  Kumaraswamy  exponential,  and  the  Kumaraswamy 

Marshall–Olkin exponential. 

VI. Introduce a new distribution with a small number of parameters suitable for model‐

ing real data with outliers, as shown in the Section 4.2. 

VII. Although the new distribution is not bimodal, the new distribution proved its appli‐

cation ability in the statistical modeling processes for bimodal data, and this feature 

gives an added advantage and a new characteristic of the distribution and indicates 

an  important aspect of the flexibility of probability distributions (see Figure 1 (the 

middle right graph for relief times data) and Figure 4 (the middle right graph for the 

survival times data)). 

VIII. Employing  the new probability distribution  in  the modeling domains of complete 

and right censored data. 

IX. Harnessing the new distributions in the modeling processes is imperative in most of 

the applied statistical work, and in this work, we did that by using an old well‐known 

goodness‐of‐fit test and using a new modified goodness‐of‐fit test, and we presented 

evidence and arguments  that support  the  importance of  the new distribution and 

also support the new modified test. 

X. By exploring the statistical literature in the field of probability distributions and their 

applications, we will, in fact, find a lot of new distributions and a lot of routine work 

in the way it is presented and in its applied content. Therefore, in this work, we were 

very keen to present a new distribution and to study it in a thorough study, theoret‐

ically and practically. In fact, simply presenting a new distribution is not an interest‐

ing matter. Thus, we studied the new distribution from a variety of aspects, and those 

related to the mathematical side, and those related to the modeling side, including 

those related to estimation and simulation processes in various ways, including those 

related to statistical hypothesis tests, and related to statistical modeling for censored 

data, validation tests, and quality of fit. 

 

Figure 1. PDF (the left panel) and HRF (the right panel) for the QPE model. 

2. Main Properties 

There are many mathematical properties associated with probability distributions 

that are important to understand. Some of the most important properties include quantile 

function, moments, mean, variance, moment generating function (MGF), and incomplete 

moments. Understanding  these mathematical properties  is  crucial  for  several  reasons. 

Firstly, they allow us to compute various statistical measures that can help us understand 

the behavior of a random variable.   
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The main motives behind introducing this new distribution can be listed in the follow-
ing main points:

I. Introduce a new probability distribution with one parameter since the statistical
literature has dozens of probability distributions but not many of them have one
parameter. The less distribution parameters the better in applied modeling, estimation,
simulation experiments, etc.



Mathematics 2023, 11, 1308 4 of 26

II. Introducing a new probability distribution with mathematical properties that are easy
to derive and easy to calculate and apply. In the current distribution, as will be shown
later, all its mathematical and statistical properties are found in specific formulas,
except for the quantile function. However, the new statistical packages help a lot in
overcoming this problem with numerical methods and solutions. Numerical methods
(and the numerical solutions they provide) have become necessary to study in such
cases to overcome some of the complex formulas that researchers may face.

III. Presenting probability distributions whose density function has a heavy tail to the
right or to the left and accommodates other forms that indicate the flexibility of the
new distribution. In many fields, such as finance, economics, physics, and engineering,
heavy-tailed distributions are important because they more accurately reflect real-
world phenomena where extreme events are more frequent than would be predicted
by a normal distribution.

IV. Assessing many classical estimation methods under the new distribution, whether
through simulated experiments or through practical applications on real data.

V. Employing the new distribution in statistical modeling processes to be a suitable
alternative to many of the well-known distributions found in the statistical literature.
As indicated earlier, the current distribution has only one parameter; however, it
has proved its importance and flexibility compared to many distributions that have
a greater number of parameters, such as Marshall–Olkin exponential, the beta ex-
ponential, the Marshall–Olkin Kumaraswamy exponential, and the Kumaraswamy
Marshall–Olkin exponential.

VI. Introduce a new distribution with a small number of parameters suitable for modeling
real data with outliers, as shown in the Section 4.2.

VII. Although the new distribution is not bimodal, the new distribution proved its appli-
cation ability in the statistical modeling processes for bimodal data, and this feature
gives an added advantage and a new characteristic of the distribution and indicates
an important aspect of the flexibility of probability distributions (see Figure 1 (the
middle right graph for relief times data) and Figure 4 (the middle right graph for the
survival times data)).

VIII. Employing the new probability distribution in the modeling domains of complete
and right censored data.

IX. Harnessing the new distributions in the modeling processes is imperative in most of
the applied statistical work, and in this work, we did that by using an old well-known
goodness-of-fit test and using a new modified goodness-of-fit test, and we presented
evidence and arguments that support the importance of the new distribution and also
support the new modified test.

X. By exploring the statistical literature in the field of probability distributions and their
applications, we will, in fact, find a lot of new distributions and a lot of routine work in
the way it is presented and in its applied content. Therefore, in this work, we were very
keen to present a new distribution and to study it in a thorough study, theoretically
and practically. In fact, simply presenting a new distribution is not an interesting
matter. Thus, we studied the new distribution from a variety of aspects, and those
related to the mathematical side, and those related to the modeling side, including
those related to estimation and simulation processes in various ways, including those
related to statistical hypothesis tests, and related to statistical modeling for censored
data, validation tests, and quality of fit.

2. Main Properties

There are many mathematical properties associated with probability distributions
that are important to understand. Some of the most important properties include quantile
function, moments, mean, variance, moment generating function (MGF), and incomplete
moments. Understanding these mathematical properties is crucial for several reasons.
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Firstly, they allow us to compute various statistical measures that can help us understand
the behavior of a random variable.

For example, the mean and variance can help us describe the central tendency and
variability of a probability distribution. Secondly, these properties allow us to make
predictions about the behavior of a random variable in the future. In this paper, although
we focus a lot on the practical and applied aspects in the areas of statistical modeling
and applications on data that are diverse in nature and in their functional form, in this
section, we will also review some of the mathematical properties of the new distribution in
order to cover this important aspect of this work. In this section, we look into the quantile,
generating, and full moments as well as some other mathematical aspects of the new model.
It may be more effective to use established algebraic expansions than to directly compute
parts of this family’s structural features by numerically integrating its density function.

2.1. Quantile Function

The importance of the quantile function lies in its ability to provide important infor-
mation about the distribution of a random variable. Specifically, the quantile function can
be used to calculate a wide range of statistical measures, including the median, quartiles,
deciles, and percentiles of a distribution. This makes it a useful tool for describing the shape
and variability of the distribution. The quantile function has many applications in different
fields. The quantile function is an important tool in statistics and data analysis, with a wide
range of applications in different fields. It provides important information about the distri-
bution of a random variable and can be used to estimate a variety of statistical measures
and make important decisions based on data. When U ∼ U(0, 1), then F(X) = U implies:

x[1− exp(−x)] = −log
(

1− log{1− u[1− C(−β)]}
β

)
(3)

By solving non-linear Equation (3), we can generate data from the proposed model.
The quantile function is used in quality control to set tolerance limits and control charts for
manufacturing processes. It can be used to ensure that products meet specifications and
minimize defects. The quantile function is used to estimate risk and calculate value-at-risk
(VaR) in finance. The VaR is a measure of the potential loss in value of a portfolio of
financial assets, and it is calculated using the quantile function. The quantile function is
often used in exploratory data analysis to identify patterns and relationships in data. It can
be used to identify outliers, estimate the central tendency and variability of a distribution,
and compare different groups of data.

2.2. Asymptotic Analysis for CDF, PDF, and HRF

Asymptotic properties are important in many areas of mathematics, including prob-
ability theory and statistics. In general, asymptotic properties describe the behavior of a
mathematical function or a sequence of numbers as the input grows arbitrarily large or
small. In probability theory and statistics, the asymptotic properties of statistical estimators
and test statistics are of particular interest. The importance of the asymptotic properties
lies in the fact that they allow us to make statistical inferences using large sample sizes.
Asymptotic results provide valuable information about the behavior of a statistical estima-
tor or test statistic as the sample size increases, and this information can be used to derive
important statistical properties and make inference on the population. The asymptotic
results of CDF, PDF, and HRF as x → 0+ are given by:

Fβ(x) ∼ βx2

1− C(−β)
, fβ(x) ∼ 2βx

1− C(−β)
and hβ(x) ∼ 2βx

1− C(−β)− βx2 .

The asymptotics of CDF, PDF, and HRF as x → ∞ are given by:
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1− Fβ(x) ∼ 1
C(β)− 1

(exp{[β− βexp(−x)]} − 1),

fβ(x) ∼ β

C(β)− 1
exp{[β− βexp(−x)]}exp(−x),

hβ(x) ∼ β
exp{[β− βexp(−x)]}

exp{[β− βexp(−x)]} − 1
exp(−x).

These results above show the effect of parameter β on left tail and right tail. Asymptotic
consistency is a fundamental property of statistical estimators. It states that as the sample
size increases, the estimator approaches the true value of the parameter being estimated.
This property is important because it ensures that the estimator will converge to the true
value in the long run.

Asymptotic efficiency is a measure of the precision of a statistical estimator. It states
that the estimator that has the smallest asymptotic variance is the most efficient. This prop-
erty is important because it allows us to compare the performance of different estimators
and choose the most precise one. Asymptotic theory is used to derive the distribution of
test statistics, such as the t-test or F-test, as the sample size increases.

2.3. Moments and Incomplete Moments

Moments and incomplete moments are important statistical tools that are used in
a wide range of applications, including physics, engineering, economics, and finance.
They are mathematical functions that provide information about the shape, location, and
variability of a probability distribution. The nth power of the random variable, where the
expected value is taken with respect to the probability distribution. First, the PDF of the
QPE model can be expressed as:

fβ(x) = ∑∞
},τ=0 ∑τ

ς=0 w},τ,ςx}+τ+nexp[−x(}+ ς + 1)][(1 + (x− 1)exp(−x))], (4)

where

w},τ,ς = (−1)ς+τ βτ+1C(−β)

}!τ![1− C(−β)]

(
τ
ς

)
.

Then based on (4), we can derive many of the relevant properties of the new model.
Let µ′n,X =

∫ ∞
0 xn f (x)dx denote the nth moments of X. Then, using Equation (4), we

can obtain:

µ′n,X = ∑∞
},τ=0 ∑τ

ς=0 w},τ,ς


1

(}+ς+1)}+τ+n+1 Γ(}+ τ + n + 1)

+ 1
(}+ς+2)}+τ+n+2 Γ(}+ τ + n + 2)

− 1
(}+ς+2)}+τ+n+1 Γ(}+ τ + n + 1)

. (5)

Incomplete moments are similar to moments, but they involve integrating over only
part of the range of the random variable. The nth incomplete moments of X. Then, using
Equation (4), we can obtain:

mn,X(y) = ∑∞
},τ=0 ∑τ

ς=0 w},τ,ς


1

(}+ς+1)}+τ+n+1 γ(}+ τ + n + 1, y(}+ ς + 1))

+ 1
(}+ς+2)}+τ+n+2 γ(}+ τ + n + 2, y(}+ ς + 2))

− 1
(}+ς+2)}+τ+n+1 γ(}+ τ + n + 1, y(}+ ς + 2))

, (6)

where γ(s, Q) =
∫ Q

0 ts−1exp(−t)dt denote the lower incomplete gamma function. The
importance of moments and incomplete moments lies in their ability to provide information
about the properties of a probability distribution. Specifically, they can be used to calculate
a variety of statistical measures, including the mean, variance, skewness, and kurtosis of a
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distribution. In addition, moments and incomplete moments are used in the construction
and analysis of statistical models.

For example, in physics, moments are used to describe the spatial and temporal distri-
butions of particles, while in finance, moments are used to model stock price movements
and calculate risk measures. Incomplete moments are also used in a variety of applications,
such as image processing, where they are used to describe the intensity distribution of
pixels in an image.

2.4. The MGF

The MGF is an important mathematical tool in probability theory and statistics. It
provides a powerful method for analyzing probability distributions and making statistical
inferences in a wide range of applications. Let MX(t) =

∫ ∞
0 etx f (x)dx denote the moment

generating function of X. Then, using Equation (4), we can obtain:

MX(t) = ∑∞
},τ=0 ∑τ

ς=0 w},τ,ς



[
1

}+ς+1−t (}+ ς + 1)
]}+τ+n+1

+
[

1
}+ς+2−t (}+ ς + 2)

]}+τ+n+2

−
[

1
}+ς+2−t (}+ ς + 1)

]}+τ+n+1

. (7)

The MGF is used to derive the sampling distribution of a statistic. For example, it
can be used to derive the distribution of the sample mean or sample variance, which are
important statistics in statistical inference. The MGF is used to model financial variables
and estimate financial parameters.

2.5. Residual Life Function

The residual life function, also known as the remaining life function, is a function used
in reliability theory to describe the probability that an item will fail in a given time interval,
given that it has survived up to a certain time. The residual life function can be defined
as the conditional survival probability, given that the item has already survived up to a
certain time. The residual life function is a useful tool in many areas where the analysis of
reliability/survival data is important. The nth moment of the residual life can be derived
as:

mn(t) =
1

1− Fβ(t)

∞

∑
},τ=0

τ

∑
ς=0

c},τ,ς


1

(}+ς+1)}+τ+n+1 Γ(}+ τ + n + 1, t(}+ ς + 1))

+ 1
(}+ς+2)}+τ+n+2 Γ(}+ τ + n + 2, t(}+ ς + 2))

− 1
(}+ς+2)}+τ+n+1 Γ(}+ τ + n + 1, t(}+ ς + 2))

,

where c},τ,ς = w},τ,ς ∑n
r=0

(
n
r

)
(−t)n−r and Γ(v, t) = Γ(v) − γ(v, t). The residual life

function can be used to predict when a machine or component is likely to fail. By monitoring
the condition of a machine and calculating the residual life function, maintenance personnel
can determine when to perform maintenance or replace the machine before it fails. The
residual life function can be used to analyze product warranties. Manufacturers can use
the function to estimate the likelihood of failure of their products during the warranty
period and adjust the warranty terms accordingly. The residual life function can be used
to analyze reliability/survival data in medical research. For example, it can be used to
estimate the probability of a patient surviving a certain amount of time after a medical
treatment or diagnosis. The residual life function can be used to calculate the expected
remaining life of an insured item or person, which can be used to determine insurance
premiums. The residual life function can be used to determine the optimal time to replace
or retire assets, such as buildings, vehicles, or machinery. By predicting the residual life of
the asset, managers can optimize the use of the asset and minimize costs.
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2.6. The Reversed Residual Life Function

The reversed residual life function, also known as the exceedance probability function,
is the complement of the residual life function. It describes the probability that an item
will fail before a given time, given that it has already survived up to a certain time. The
reversed residual life function is a valuable tool in many applications where the analysis of
probabilities associated with time-to-event data is important. Then, the nth moment of the
reversed residual life of X becomes:

Rn,X(t) =
1

Fβ(t)

∞

∑
},τ=0

τ

∑
ς=0

C},τ,ς


1

(}+ς+1)}+τ+n+1 γ(}+ τ + n + 1, t(}+ ς + 1))

+ 1
(}+ς+2)}+τ+n+2 γ(}+ τ + n + 2, t(}+ ς + 2))

− 1
(}+ς+2)}+τ+n+1 γ(}+ τ + n + 1, t(}+ ς + 2))

,

where C},τ,ς = w},τ,ς ∑n
r=0 (−1)r

(
n
r

)
tn−r. The reversed residual life function is often used

in reliability engineering to analyze the reliability of complex systems. It can be used to
estimate the probability of a system component failing before a specified time, given that
it has already operated for a certain period. The reversed residual life function can be
used in risk management to estimate the probability of an event occurring within a given
time frame. This can be used to assess the risk associated with a particular activity or
investment. The reversed residual life function can be used in quality control to estimate
the probability of a defect occurring within a specified time period. This can be used
to set quality control standards and to ensure that products meet quality specifications.
The reversed residual life function can be used in environmental analysis to estimate the
probability of an environmental hazard occurring within a given time frame. This can be
used to assess the risk associated with environmental hazards, such as natural disasters,
pollution, or climate change. The reversed residual life function can be used in finance
and investments to estimate the probability of a financial asset or investment performing
poorly within a specified time period. This can be used to assess the risk associated with
particular investments and to make investment decisions based on the estimated probability
of returns. For more details about other new mathematical properties.

3. Estimation and Assessment

In the statistical literature, there are many statistical methods that are used in es-
timation processes. The imperative to use a particular method and prefer a particular
method is constrained by the new probability distribution. In this part of the paper, we will
present comprehensive simulation studies and use them to compare the methods with each
other. Through these comparisons, we will try to judge the performance of these methods
(through the behavior of their estimators) by increasing the sample size. The maximum
likelihood estimation (MLE), the Cramér–von Mises estimation (CVME), the ordinary least
square (OLSQ) estimation method, the weighted least square (WLSQ) estimation, and the
Kolmogorov estimation are six non-Bayesian estimation techniques that are covered in this
section (KE). Several MCMC simulation studies are carried out to compare the conventional
methods. The results are presented in Table 1 (β = 0.3), Table 2 (β = 1.2), and Table 3
(β = 2.5). The numerical assessments are performed depending on the mean squared errors
(MSEs). First, we generate N = 1000 samples of the QPE model.

Table 1. MSEs under β = 0.3.

n MLE OLS WLS CVM Moment KE

50 0.25030 0.24381 0.27054 0.23614 0.33289 0.27121
100 0.12121 0.11887 0.12193 0.11704 0.15141 0.12384
200 0.06021 0.06017 0.06822 0.06121 0.07235 0.06315
300 0.04003 0.04002 0.04559 0.04218 0.04965 0.04224
500 0.02354 0.02411 0.02665 0.02504 0.03126 0.02509



Mathematics 2023, 11, 1308 9 of 26

Table 2. MSEs under β = 1.2.

n MLE OLS WLS CVM Moment KE

50 0.25532 0.25173 0.26247 0.27340 0.31672 0.27380
100 0.13060 0.13337 0.14453 0.12982 0.15810 0.14834
200 0.06509 0.06791 0.07288 0.06506 0.07908 0.07320
300 0.04236 0.04155 0.04517 0.04380 0.05097 0.04436
500 0.02530 0.02624 0.02824 0.02728 0.03223 0.02746

Table 3. MSEs under β = 2.5.

n MLE OLS WLS CVM Moment KE

50 0.31999 0.33138 0.32409 0.36573 0.37736 0.37287
100 0.16430 0.18758 0.18922 0.17463 0.18264 0.20350
200 0.07683 0.08428 0.08907 0.08744 0.09733 0.09216
300 0.05202 0.05647 0.05943 0.05968 0.06420 0.06269
500 0.03047 0.03702 0.03684 0.03819 0.03966 0.03969

Based on Tables 1–3, it is seen that for all estimation methods, the performance of the
method improves when n→ +∞ . For example, we can highlight the following results:

(1) The MSE|β = 2.5 for the MLE method stating with 0.31999|n = 50 and ending with
0.03047|n = 500;

(2) The MSE|β = 2.5 for the OLSQ method stating with 0.33138|n = 50 and ending with
0.03702|n = 500;

(3) The MSE|β = 2.5 for the WLSQ method stating with 0.32409|n = 50 and ending with
0.03684|n = 500;

(4) The MSE|β = 2.5 for the CVMS method stating with 0.36573|n = 50 and ending with
0.03819|n = 500;

(5) The MSE|β = 2.5 for the moment method stating with 0.37736|n = 50 and ending
with 0.03966|n = 500;

(6) The MSE|β = 2.5 for the KE method stating with 0.37287|n = 50 and ending with
0.03969|n = 500;

(7) The method of MLE is still the best method, despite the diversity and abundance of the
other classic methods, as shown in Tables 1–3. This assessment is based primarily on a
comprehensive simulation study, as shown in Tables 1–3. This section uses simulation
studies to assess various estimating approaches rather than to contrast them. However,
this does not exclude the use of simulation to contrast various estimation approaches.
However, actual data is frequently used to evaluate various estimating techniques,
which is why we will describe four examples exclusively for this function. To compare
the rival models, there are further two more applications.

4. Numerical Studies
4.1. Comparison with Existing Methods

The process of preferring a particular estimation method over another must be subject
to comparisons, and this comparison will certainly be subject to numerical results, whether
for simulation experiments or applications on actual data. In this aspect, we will present a
good set of comparisons to examine the different estimation methods and compare them,
but through applied modeling operations on real data. This modeling, as will be seen in
this aspect, will be through two sets of real data; this data has certain characteristics, and
these groups have been carefully selected because the statistical literature has many data
sets that can be applied to.

The first data set is called the failure time data, which represents the lifetime data
relating to relief times (in minutes) of patients receiving an analgesic. The relief times data
was recently analyzed by Ibrahim et al. [4], Al-Babtain et al. [5], and Shehata et al. [6],
among others. The second data set is called the survival times (in days) of 72 guinea pigs
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infected with virulent tubercle bacilli. For more reliability data sets, see Wang et al. [7],
Wang et al. [8], Zhang et al. [9], and Xu et al. [10]. This data was recently analyzed by
Ibrahim et al. [4], Al-Babtain et al. [5], and Shehata et al. [6], among others. Table 4 gives the
application results (the Kolmogorov–Smirnov (KS) statistic and its p-value) for comparing
methods under the relief data.

Table 4. p-values for comparing methods under the relief data.

Method β K.S p Value

ML −3.74140 0.24686 0.17462
LS −2.92506 0.20278 0.38332

WLS −3.79664 0.25135 0.15970
CVM −2.94830 0.20094 0.39460

Moment −2.41894 0.24598 0.17768
KE −2.77326 0.21510 0.31302

Table 5 lists the application results (p-value) for comparing methods with the re-
lief/survival data. Based on Table 4, it is seen that the CVMS method is the best with
a p-value = 0.39460 (K.S = 0.20094), then the OLSQ method with a p-value = 0.38332
(K.S = 0.20278). Based on Table 5, it is seen that the ML method is the best with a
p-value = 0.66842 (K.S = 0.08551), then the ML method with 0.59476 (K.S = 0.09067).

Table 5. p-values for comparing methods with the relief/survival data.

Method β K.S p Value

ML −2.09206 0.09067 0.59476
LS −1.90356 0.10705 0.38132

WLS −2.16387 0.08551 0.66842
CVM −1.90964 0.10651 0.38759

Moment −1.88017 0.10914 0.35771
KE −2.08576 0.09119 0.58722

4.2. Comparison with Competing Models

1. Several competing models will be compared to the QPE distribution’s fit, includ-
ing the exponential (E), Odd Lindley exponential (OLE), Marshall–Olkin exponen-
tial (MOE), moment exponential (ME), Burr–Hatke exponential (BHE), generalized
Marshall–Olkin exponential (GMOE), beta exponential (BE), Marshall–Olkin Ku-
maraswamy exponential (MOKE), and Kumaraswamy Marshall–Olkin exponential
(KMOE) distributions. More competitive models may be developed using the results
from Aboraya [11], Aboraya [12], Aboraya [13], Refaie ([14–18]), Refaie et al. [19],
Korkmaz et al. [20], Karamikabir et al. [21] and Khalil et al. [22]. However, many
flexible families can be used for generating some new useful exponential version
based on the new proposed model (see Eliwa et al. [23], El-Morshedy and Eliwa [24],
and Refaie et al. [19]). Following Salem et al. [25], one can also model an actuarial
data using the new model.

For comparing models, we consider the Cramér–von Mises (CVMS) and the Anderson–
Darling (AD). We investigate the skewness–kurtosis plot (or the Cullen and Frey plot) in
these applications for assessing initial fits of theoretical distributions, such as normal,
uniform, exponential, logistic, beta, lognormal, and Weibull. Plotting and bootstrapping
are both employed for greater accuracy. The scattergram plots, the “nonparametric Kernel
density estimation (N-KDE)” method for examining the initial shape of the insurance claims
density (see Zárate and Cepeda [26] for more new related tools), the “Quantile–Quantile
(Qu–Qu)” plot to visually assess whether a data set follows a particular distribution, such as
a normal distribution, and it represents quantiles of the data set against the corresponding
quantiles of the theoretical distribution), the “total time in test (TTT)” plot for examining the
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initial shape of the empirical hazard rate function (HRF), and the “box plot” for identifying
the extreme data were also presented.

Figure 2 gives the box plot (the first row, the left graph), Qu–Qu plot (the first row, the
right graph), TTT plot (the second row, the left graph), N-KDE plot (second row, the right
graph), the Cullen and Frey plot (third row, the left graph), and scattergrams (the third row,
the right graph) for the relief times data.
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Figure 2 gives the estimated PDF (E-PDF) (the left graph) and estimated CDF (E-CDF)
(the right graph) for relief times data. Figure 3 gives the Kaplan–Meier survival (KMS) plot
(the left graph) and Pr–Pr plot (the right graph) for relief times data. Based on Figure 2
(first row), the relief data has only one extreme observation; based on Figure 2 (second
row, the left graph), the HRF of the relief times is “monotonically-increasing HRF”; based
on Figure 2 (second row, the right graph), N-KDE is bimodal and right skewed with an
asymmetric shape; based on Figure 2 (third row, the left graph), the relief times data do not
follow any of the theoretical distributions, such the normal, uniform, exponential, logistic,
beta, lognormal, and Weibull.
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Figure 3. E-PDF (left panel) and E-CDF (right panel) for relief times data.

Figure 3 (E-PDF (the left graph) and E-CDF (the right graph)) and Figure 4 (KMS plot
(the left graph) and Pr–Pr plot (the right graph)) clearly indicate that the new model fits
these data, as the experimental results agreed with the practical results, which was shown
in Figures 3 and 4. Table 6 lists the MLEs and SEs for the relief data under the maximum
likelihood method.
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Table 7 lists the AD and CVMS for the relief data under the maximum likelihood
method. Based on Table 7, we conclude that the proposed lifetime QPE model is much
better than all other mentioned models with AD = 0.573 and CVMS = 0.097, thus, the
new lifetime model is a good alternative to these models in modeling the relief times data
set. As is clear from these results, the new distribution showed its superiority over all
the competing distributions in modeling the relief times data, which is bimodal and right
skewed with an asymmetric shape.
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Table 6. MLEs and SE for the relief times data.

Models MLE and StErs The MLEs (Corresponding
SEs)

E(β) MLE 0.52555
StErs (0.1172)

OLE(β) MLE 0.60444
StErs (0.0536)

ME(β) MLE 0.95042
StErs (0.15041)

BHE(β) MLE 0.52635
StErs (0.11833)

MOE(α,β) MLE 54.474, 2.316
StErs (35.582), (0.374)

BE(a,β,b) MLE 81.633, 0.5419, 3.5138
StErs (120.411), (0.336), (1.414)

MOKE(α,β,λ,b) MLE 0.1342, 33.251, 0.571, 1.666
StErs (0.333), (57.86), (0.667), (1.881)

KMOE(α,β,λ,b) MLE 8.868, 34.827, 0.2988, 4.8978
StErs (9.15), (22.31), (0.24), (3.18)

BXE(α,β) MLE 1.1635, 0.3207
StErs (0.334), (0.036)

QPE(β) MLE −3.740625
StErs (1.036281)

Table 7. AD and CVM for relief times.

Models AD CVMS

E 4.603 0.962
OLE 1.347 0.222
ME 2.764 0.529
BHE 0.624 0.105
MOE 0.849 0.144

BE 0.738 0.124
MOKE 0.655 0.128
KMOE 1.189 0.195

BXE 1.396 0.257

Figure 5 gives the box plot (first row, the left graph), Qu–Qu plot (first row, the right
graph), TTT plot (second row, the left graph), N-KDE plot (second row, the right graph),
the Cullen and Frey plot (third row, the left graph), and scattergrams (third row, the right
graph) for the survival times data. Figure 6 gives the E-PDF (the left graph) and E-CDF
(the right graph) for survival times data. Figure 7 gives the KMS plot (the left graph) and
Pr–Pr plot (the right graph) for survival times data. Based on Figure 5 (first row), the
reliability/survival data has four extreme observations; based on Figure 5 (second row, the
left graph), the HRF of the survival times is “monotonically-increasing HRF”; based on
Figure 5 (second row, the right graph), nonparametric Kernel density estimation is bimodal
and right skewed with an asymmetric shape; based on Figure 5 (third row, the left graph),
the survival times data do not follow any of the theoretical distributions, such the normal,
uniform, exponential, logistic, beta, lognormal, and Weibull. Figure 6 (E-PDF (the left
graph) and E-CDF (the right graph)) and Figure 7 (KMS plot (the left graph) and Pr–Pr plot
(the right graph)) clearly indicate that the new model fits these data, as the experimental
results agreed with the practical results, and this was shown by Figures 6 and 7.
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Table 8 lists the MLEs and SEs for the reliability/survival data under the maximum
likelihood method. Table 9 lists the AD and CVMS for the reliability/survival data un-
der the maximum likelihood method. Based on Table 9, we conclude that the proposed
lifetime QPE model is much better than all other mentioned models with AD = 0.589
and CVMS = 0.098, thus, the new lifetime model is a good alternative to these models in
modeling relief times data set. These findings clearly demonstrate that the novel distribu-
tion outperformed all other distributions in simulating the survival times data, which is
bimodal, right skewed, and asymmetric in shape.

Table 8. MLEs, StErs, and CIs for the survival times data.

Models MLE and StErs The MLEs (Corresponding SEs)

E(β) MLE 0.5401
StErs (0.0631)

OLE(β) MLE 0.38153
StErs (0.0212)

ME(β) MLE 0.92534
StErs (0.0777)

BHE(β) MLE 0.54419
StErs (0.0644)
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Table 8. Cont.

Models MLE and StErs The MLEs (Corresponding SEs)

MOE(α,β) MLE 8.783, 1.381
StErs (3.559), (0.188)

GMOE(λ,α,b) MLE 0.18, 47.64, 4.47
StErs (0.072), (44.91), (1.334)

KE(a,β,b) MLE 3.3041, 1.1002, 1.0372
StErs (1.1064), (0.763), (0.614)

BE(a,β,b) MLE 0.8074, 3.4616, 1.33139
StErs (0.69614), (1.003), (0.862)

MOKE(α,β,λ,b) MLE 0.0083, 2.716, 1.986, 0.099
StErs (0.003), (1.3163), (0.784), (0.05)

KMOE(α,β,λ,b) MLE 0.3732, 3.4783, 3.306, 0.2991
StErs (0.135), (0.863), (0.779), (1.112)

BXE(α,β) MLE 0.48437, 0.21349
StErs (0.06144), (0.01229)

QPE(β) MLE −2.19453
StErs (0.45686)

Table 9. AD and CVM for survival times.

Models AD CVMS

E 6.531 1.253
OLE 1.944 0.334
ME 1.523 0.256
BHE 0.714 0.115
MOE 1.185 0.177

GMOE 1.025 0.168
KE 0.745 0.157
BE 0.977 0.152

MOKE 0.791 0.137
KMOE 0.614 0.149

BXE 2.955 0.518
QPE 0.589 0.098

5. Construction of N-RR Statistic for the QPE Model

Hypothesis testing is a statistical method used to determine whether a given hypoth-
esis about a population is true or false, based on a sample of data. When dealing with
right-censored real-life datasets, which means some of the observations have only a lower
limit or only a time-to-event is known but the event has not occurred yet, there are several
methods available to conduct hypothesis testing. One common method is the Kaplan–Meier
estimator, which is a non-parametric approach used to estimate the survival function of
the population from the censored data. The Kaplan–Meier estimator can be used to test
hypotheses about the survival curves of different populations or to compare the survival
curves of a single population under different conditions.

Another approach to hypothesis testing under right-censored data is to use the Cox
proportional hazards model. This model is a semi-parametric method that can be used
to estimate the hazard function of a population and to compare the hazard rates between
different populations or different conditions within the same population. The Cox pro-
portional hazards model does not require any assumptions about the distribution of the
survival times, making it a flexible and widely used method for hypothesis testing in
survival analysis. In addition to these methods, other techniques, such as parametric
survival models, Bayesian methods, and accelerated failure time models, can also be used
for hypothesis testing under right-censored real-life datasets. The choice of method will
depend on the specific research question, the nature of the data, and the assumptions
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made about the underlying distribution of the survival times. Hypothesis testing under
right-censored real-life datasets requires careful consideration of the available methods and
the assumptions made about the data. It is essential to choose the most appropriate method
based on the research question and the nature of the data, to ensure accurate and reliable
results. Hence in this work, the N-RR test statistic is chosen for checking the distributional
validity for the complete data. Moreover, a new modified N-RR version is presented for the
right censored datasets.

The significance of right filtered data comes from the fact that the censoring thresh-
old has an impact on how the response variable’s underlying distribution is estimated.
Censoring could provide results that are skewed or false if it is not properly taken into
account. Hypothesis testing is an important statistical tool for evaluating claims about a
population based on a sample of data. In the context of censored data, hypothesis testing
can be used to make inferences about a population when some of the observations are not
fully observed or missing, which is known as censoring.

Censored data can arise in various ways, such as in survival analysis, where the length
of time a subject survives is recorded, but the exact time of death is unknown. In this case,
censored data may result from subjects who are still alive at the end of the study or when
the event of interest has not yet occurred. In such situations, standard statistical methods,
such as t-tests and ANOVA, may not be appropriate because the censored data can bias the
results and lead to incorrect conclusions. Hypothesis testing for censored data, on the other
hand, takes into account the censoring information and provides more accurate inferences.

For example, one can use the log-rank test, which is a commonly used hypothesis test
in survival analysis, to compare the survival times of two or more groups. The log-rank
test accounts for the censored data by considering only the times at which events occur and
not the times at which they are censored. In conclusion, hypothesis testing for censored
data is crucial in accurately making inferences about a population when some of the data is
missing or not fully observed. It helps researchers to account for the censoring information
and make more informed decisions based on the data available.

The N-RR test statistic, which is based on differences between two estimators of the
chance to fall into grouping intervals, is a well-known modification of the conventional
chi-squared tests in the case of full data. One estimate is based on the empirical distri-
bution function, and the other is based on maximum likelihood estimations of the tested
model’s unobserved parameters using ungrouped beginning data (see Nikulin [27] and
Nikulin [28]), and Rao and Robson [29]). The N-RR statistic, a natural adaption of the Pear-
son statistic for the entire dataset, was introduced by Nikulin [27] and Nikulin [28]), and
Rao and Robson [29]. Bagdonavičius and Nikulin [30], as well as Bagdonavičius et al. [31],
suggested changing the N-RR statistic to take into account random right censored real-life
data. For newer test statistics see with some applications, see Chaturvedi and Kumar [32]
and Noughabi et al. ([33] and [34]).

For the QPE model in the current study, we recommend creating a modified chi-square
test. To test the theory, Nikulin [27] and Nikulin [28]), and Rao and Robson [29] created the
N-RR statistic Y2 as follows:

H0 : Pr{x} ≤ x} = Fβ(x), x ∈ R,

where a sample belongs to a parametric family. Then due to Nikulin [27] and Nikulin [28]),
and Rao and Robson [29], the N-RR statistic can be expressed as:

Y2(β̂) = X2
n
(

β̂
)
+

1
n
∗ LT(β̂)(I

(
β̂
)
− τ

(
β̂
))−1L

(
β̂
)

where τ
(

β̂
)

gives the information matrix for the grouped data, and

X2
n
(

β̂
)
=
( ς1 − np1

(
β
)√

np1
(

β
) ,

ς2 − np2
(

β
)√

np2
(

β
) , . . . ,

ςd − npd
(

β
)√

npd
(

β
) )T
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τ(β) = d(β)Td(β),

d(β) =

[
1
√

p}

∂p}(β)

∂µ

]
r×s

∣∣∣∣∣(}=1,2,··· ,d and ς=1,2,··· ,s),

then

L(β) = (L1(β), . . . , Ls(β))T with Lς(β) =
r

∑
}=1

ς}
p}

∂p}(β)

∂βς
,

where β̂ is the MLE of β and the estimated Fisher information is I
(

β̂
)
. The Y2

n statistic has
(d− 1) degrees of freedom and follows the χ2

d−1 distribution. Consider a set of observations
x1, x2, · · · , xn that are collected in }1, }2, · · · , }d (these d subintervals are mutually disjoint:
}τ = ] aτ,d − 1; aτ,d]). The intervals }τ’s limits for aτ,d are determined as follows:

pτ(β) =
∫ aτ,d

aτ,d−1
fβ(x)dx

∣∣∣∣( τ=1,2,··· ,d),

and
aτ,d = F−1

(τ

d

)∣∣∣(τ=1,··· ,d−1).

The vector of frequencies is created by dividing the data into intervals of }τ ,
ςτ = (ς1, ς2, · · · , ςd)

T , where:

ςτ =
n

∑
}=1

1{x}∈}τ}

∣∣∣∣∣(τ=1,...,d).

In this work, we construct an N-RR test statistic as a modified goodness-of-fit test to
see if the used data is distributed in line with the QPE model in the case of an unknown
parameter β.

6. Uncensored Distributional Validation of QPE Model

This section is allocated for the uncensored distributional validation of QPE model; the
uncensored distributional validation is performed by focusing on both sides of statistical
modeling (simulation studies and applications on real data).

6.1. Uncensored Simulation Study

To verify the assertions made in this paper, we carried out a thorough investigation
utilizing numerical simulation. In order to test the null hypothesis, H0, that the sample
belongs to the QPE model, we thus created the N statistics of 12000 simulated samples with
n = 25, n = 50, n = 150, n = 350, n = 600, and n = 1000. For different theoretical levels
(ε = 1%, 2%, 5%, 10%), we calculate the average of the non-rejection numbers for the null
hypothesis Y2 ≤ χ2

ε (d− 1). Table 10 shows the corresponding empirical and theoretical
levels. It is clear that the determined empirical level value and its equivalent theoretical
level value are fairly similar. As a result, we draw the conclusion that the suggested test is
excellent for the QPE distribution.

Table 10. Empirical levels and corresponding theoretical levels (ε = 1%, 2%, 5%, 10%) and N = 12000 .

n↓ & ε→ ε1 = 1% ε2 = 2% ε3 = 5% ε4 = 10%

n1 = 25 0.9935 0.9825 0.9525 0.9031
n2 = 50 0.9922 0.9818 0.9518 0.9021
n3 = 150 0.9920 0.9811 0.9513 0.9011
n4 = 350 0.9907 0.9807 0.9507 0.9009
n5 = 600 0.9904 0.9803 0.9506 0.9006

n6 = 1000 0.9901 0.9802 0.9503 0.9004
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6.2. Uncensored Real-Life Applications
6.2.1. Uncensored Strengths of Glass Fibers Data Modeling

The data set was created by researchers at the UK National Physical Laboratory
and consists of 63 measurements of the strengths of 1.5 cm glass fibers (see Smith and
Naylor [35]). Assuming that our QPE model can match the strengths of 1.5 cm glass fibers
data, we can determine the MLE using the BB technique as β̂ = 3.7548457. The estimated
Fisher information may be written as follows using the value:

I
(

β̂
)
= 1.0252458

After calculating, we provide Y2 = 12.286301 for the crucial value and χ2
5%(6) = 12.59159

for the N-RR test statistic, respectively. We can state that our QPE model can satisfactorily
represent data of 1.5 cm glass fibers.

6.2.2. Uncensored Gene Expression Breast Cancer Data Modeling

We use breast cancer gene expression data, specifically gene expression from breast
tumors, to demonstrate the utility of our QPE model. This information may be found in
R under the “breastCancerNKI” package. An eSet containing the gene expression data
from a study on breast cancer (see Yousof et al. [36]). The MLE using the BB algorithm and
“breastCancerNKI” package is β̂ = 6.378412. The estimated Fisher information is given by

I
(

β̂
)
= 0.9965843

After calculation, the crucial value is χ2
5%(9) = 16.918988 and the N-RR test statistic

Y2 is 15.096543. We can assert that the gene expression data for breast cancer can effectively
match our QPE model.

6.2.3. Uncensored Breaking Stress of Carbon Fibers Data Modeling

This data collection contains 100 carbon fiber fracture stresses (in Gba) from Nichols
and Padgett [37] explanation. Assuming that our QPE model can fit the strength data of
1.5 cm glass fiber, we can obtain the ML using the BB algorithm is β̂ = 4.20457. Using the
value, we calculate and obtain the Fisher information as follows:

I
(

β̂
)
= 2.045781.

After calculation, the critical values for the N-RR statistical test were Y2 = 11.351487
and χ2

5%(6) = 12.59159. We can be sure that the 1.5 cm glass fiber data can be accurately
simulated by our QPE distribution.

6.2.4. Uncensored Heat Exchanger Tube Crack Data Modeling

The crack data was taken from Meeker and Escobar [38] and comprises of testing per-
formed until fractures appeared in 167 comparable turbine components at 8 predetermined
intervals.

Time of inspection: 186, 606, 902, 1077, 1209, 1377, 1592, 1932
Number of fans found to have cracks: 5, 16, 12, 18, 18, 2, 6, 17

Using previously collected N-RR statistics, we tested the null hypothesis that our
QPE distribution has no effect on these data. Using R programming and the BB ap-
proach, we computed the MLE β̂ = 2.321102 (see Ravi (2009)). Here, the estimated Fisher
information is:

I
(

β̂
)
= 1.9513542.

Then, Y2 = 20.0499512 is the result we get. The critical value for significance level
is set at ε = 5% and χ2

1%(12) = 21.02607. Since the N-RR statistic for this model (Y2) is
smaller than the critical value, we can say that the data accurately match the QPE model.
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7. Censored Distributional Validation of QPE Model

When the parameters are unknown and the data are censored, we use the test statistic
based on a variation of the N-RR statistic to confirm the adequacy of the QPE model. We
adjust the Nikulin [27] and Nikulin [28]), and Rao and Robson [29]. Bagdonavičius and
Nikulin [30] and Bagdonavičius et al. [31] test for a QPE model since the failure rate follows
a QPE distribution. Consider,

H0 : F(x) ∈ F0 =
{

F0
(
x, β
)
, x ∈ R1}.

The QPE distribution’s survival function and cumulative hazard function are as follows:

Sβ(x) = 1− 1− exp[−βγ(x)]
1− C(−β)

∣∣∣∣β∈R−{0},x>0 and >0,

and

ΛQPE(x, β) = −ln
[
Sβ(x)

]
= −ln

{
1− 1

1− C(−β)
{1− exp[−βγ(x)]}

}
.

With this selection of intervals, we have a constant value of eτ,X = Eς,X/ς for every
τ. Intervals can be computed repeatedly since the inverse hazard function of the QPE
distribution lacks a defined shape. Let } τ = (aτ−1, aτ,d], where:

0 =< a0,d < a1,d . . . < aς−1,d < aς,d = +∞|ς〉s.

The estimated value of aτ,d(X) may be expressed as follows if x(}) is the }th element
in the ordered statistics

(
x(1), . . . , x(n)

)
, and if:

âτ,d = Λ−1

[(
Eτ,X −

h−1

∑
l=1

Λ
(

x(l), β̂
))

/(n− h + 1), β̂

]
,

where Λ−1 is the inverse of the cumulative hazard function Λ and

Eτ,X = (n− h + 1) Λ
(
âτ,d, β̂

)
+

h−1

∑
l=1

Λ
(

x(l), β̂
)
= ∑

h:Xh>aτ,d

Λ
(
aτ,d ∧ xh, β̂

)
−Λ

(
aτ−1, β̂

)
, Eτ =

n

∑
h=1

Λ
(
xh, β̂

)
where aτ,d(X) are random data functions, and the eτ,X predicted failure rates for the k
chosen periods are equal. The modified N-RR test statistic can then be expressed as:

Y2
ε (n, r− 1) = ZT Ŝ−1Z

where Z = (Z1, . . . , Zς)
T , Zτ = 1√

n

(
Uτ,X − eτ,X

)∣∣
( τ=1......,ς), and Uτ,X reflect the total

number of failures that have been observed over these times, which can be used to test
for hypothesis H0. The test statistic from Nikulin [27] and Nikulin [28]), and Rao and
Robson [29]. Bagdonavičius and Nikulin [30] and Bagdonavičius et al. [31] is written
as follows:

Y2
ε (n, r− 1) =

ς

∑
τ=1

(Uτ,X − eτ,X)
2 1

Uτ,X
+ QW,G,

where
QW,G = ŴTĜ−1Ŵ, Ŝ−1 = Â−1 + ς̂−1 ÂxĜ−1ς̂Â−1

Ĝ =
[
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For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
n2 = 50 0.9928 0.9814 0.9522 0.9014 

n3 = 150 0.9921 0.9811 0.9512 0.9010 
n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 
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For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
n2 = 50 0.9928 0.9814 0.9522 0.9014 

n3 = 150 0.9921 0.9811 0.9512 0.9010 
n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 
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For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
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n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 
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square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
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result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 
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,β̂(x

Mathematics 2023, 11, x FOR PEER REVIEW 22 of 28 
 

 

where 𝑄ௐ,ீ = 𝑊෡ ்𝐺෠ିଵ𝑊෡ , 𝑆መିଵ = 𝐴መିଵ + 𝜍̂ିଵ𝐴መ௫𝐺෠ିଵ𝜍̂𝐴መିଵ 𝐺෠ = ሾℊෝ௟௟ሗ]௦×௦ = 𝓀෠ − 𝜍̂𝐴መିଵ𝜍்̂ 

𝜍ప̂௝ = 1𝑛 ෍ 𝜌𝓀 𝜕𝜕𝛽 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧𝓀:௑೓∈𝓀ഓ  

𝑈ఛ,௑ = ෍ 𝜌𝓀,    𝐴መఛ = 𝑛ିଵ𝑈ఛ,௑𝓀:௑೓∈𝓀ഓ  

𝑊෡ఐ = ෍ 𝜍ప̂௝చ
ఛୀଵ 𝐴መఛିଵ𝑍ఛ,          𝑙𝑙ሗ = 1, . . . . . , 𝑠  

𝓀෠௟௟ሗ = 𝑛ିଵ ෍ 𝜌𝓀௡
𝓀ୀଵ

𝜕𝜕𝛽௟ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 𝜕𝜕𝛽௟ሗ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 
and 

ℊෝ௟௟ሗ = 𝓀෠௟௟ሗ − ෍ 𝜍ప̂௝𝜍௟̂ሗచ
ఛୀଵ 𝐴መఛିଵ 

For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
n2 = 50 0.9928 0.9814 0.9522 0.9014 

n3 = 150 0.9921 0.9811 0.9512 0.9010 
n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 

)
]

and

Mathematics 2023, 11, x FOR PEER REVIEW 22 of 28 
 

 

where 𝑄ௐ,ீ = 𝑊෡ ்𝐺෠ିଵ𝑊෡ , 𝑆መିଵ = 𝐴መିଵ + 𝜍̂ିଵ𝐴መ௫𝐺෠ିଵ𝜍̂𝐴መିଵ 𝐺෠ = ሾℊෝ௟௟ሗ]௦×௦ = 𝓀෠ − 𝜍̂𝐴መିଵ𝜍்̂ 

𝜍ప̂௝ = 1𝑛 ෍ 𝜌𝓀 𝜕𝜕𝛽 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧𝓀:௑೓∈𝓀ഓ  

𝑈ఛ,௑ = ෍ 𝜌𝓀,    𝐴መఛ = 𝑛ିଵ𝑈ఛ,௑𝓀:௑೓∈𝓀ഓ  

𝑊෡ఐ = ෍ 𝜍ప̂௝చ
ఛୀଵ 𝐴መఛିଵ𝑍ఛ,          𝑙𝑙ሗ = 1, . . . . . , 𝑠  

𝓀෠௟௟ሗ = 𝑛ିଵ ෍ 𝜌𝓀௡
𝓀ୀଵ

𝜕𝜕𝛽௟ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 𝜕𝜕𝛽௟ሗ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 
and 

ℊෝ௟௟ሗ = 𝓀෠௟௟ሗ − ෍ 𝜍ప̂௝𝜍௟̂ሗచ
ఛୀଵ 𝐴መఛିଵ 

For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
n2 = 50 0.9928 0.9814 0.9522 0.9014 

n3 = 150 0.9921 0.9811 0.9512 0.9010 
n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 

=

Mathematics 2023, 11, x FOR PEER REVIEW 22 of 28 
 

 

where 𝑄ௐ,ீ = 𝑊෡ ்𝐺෠ିଵ𝑊෡ , 𝑆መିଵ = 𝐴መିଵ + 𝜍̂ିଵ𝐴መ௫𝐺෠ିଵ𝜍̂𝐴መିଵ 𝐺෠ = ሾℊෝ௟௟ሗ]௦×௦ = 𝓀෠ − 𝜍̂𝐴መିଵ𝜍்̂ 

𝜍ప̂௝ = 1𝑛 ෍ 𝜌𝓀 𝜕𝜕𝛽 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧𝓀:௑೓∈𝓀ഓ  

𝑈ఛ,௑ = ෍ 𝜌𝓀,    𝐴መఛ = 𝑛ିଵ𝑈ఛ,௑𝓀:௑೓∈𝓀ഓ  

𝑊෡ఐ = ෍ 𝜍ప̂௝చ
ఛୀଵ 𝐴መఛିଵ𝑍ఛ,          𝑙𝑙ሗ = 1, . . . . . , 𝑠  

𝓀෠௟௟ሗ = 𝑛ିଵ ෍ 𝜌𝓀௡
𝓀ୀଵ

𝜕𝜕𝛽௟ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 𝜕𝜕𝛽௟ሗ 𝑙𝑛ൣ𝜆𝓀,ఉ෡ (𝑥𝓀)൧ 
and 

ℊෝ௟௟ሗ = 𝓀෠௟௟ሗ − ෍ 𝜍ప̂௝𝜍௟̂ሗచ
ఛୀଵ 𝐴መఛିଵ 

For the QPE model, we compute each element of the 𝑌ఌଶ(𝑛, 𝑟 − 1) statistic. The chi-
square limit distribution of the statistic 𝑌ఌଶ(𝑛, 𝑟 − 1) has a degree of freedom of 𝑑𝑓 =𝑟𝑎𝑛𝑘(𝑆) = 𝑡𝑟𝑎𝑐𝑒(𝑆ିଵ𝑆). If 𝐺  is not degenerate, 𝑑𝑓 = 𝜍 . If 𝑌ఌଶ(𝑛, 𝑟 − 1) > 𝜒ఌଶ(𝑟) (where 𝜒ఌଶ(𝑟) is the quantile of chi-square with 𝑑𝑓 degrees of freedom), the estimated signifi-
cance threshold is rejected. If this is the case, the hypothesis is rejected. The major element 
of the 𝑌ఌଶ(𝑛, 𝑟 − 1) test statistic of the QPE model is 𝜍௟̂௝, which is easy to be derived. 

7.1. Censored Example via Simulation Study under the N-RR Statistic 𝑌ఌଶ(𝑛, 𝑟 − 1)  
In this section, a censored simulation under the N-RR statistics 𝑌ఌଶ(𝑛, 𝑟 − 1) is envis-

aged under a generated sample (𝑁 = 12,000) and censored at 25% with 𝑑𝑓 = 5 group-
ing intervals. We calculated the average value of the null hypothesis’ non-rejection num-
bers for different theoretical levels (𝜀 = 1%, 2%, 5%, 10%), where 𝑌ଶ ≤ 𝜒ఌଶ(𝑟 − 1). Table 
11, which compares the theoretical and empirical levels, shows how closely the value of 
the calculated empirical level equals the value of the corresponding theoretical level. As a 
result, we infer that the custom test is perfectly matched to the QPE model. 

Table 11. Simulation results for the empirical levels versus  the corresponding theoretical  levels for 𝜀 = 1%; 2%; 5%; 10% and 𝑁 = 12,000. 

n↓ & ε→ ε₁ = 1% ε₂ = 2% ε₃ = 5% ε₄ = 10% 
n1 = 25 0.9930 0.9828 0.9529 0.9026 
n2 = 50 0.9928 0.9814 0.9522 0.9014 

n3 = 150 0.9921 0.9811 0.9512 0.9010 
n4 = 350 0.9915 0.9804 0.9504 0.9007 
n5 = 600 0.9905 0.9802 0.9503 0.9004 

n6 = 1000 0.9903 0.9801 0.9501 0.9002 

These results lead us to the conclusion that the empirical significance level of the 𝑌௡ଶ 
statistics, at which it is statistically significant, corresponds to the theoretical level of the 

−
ς

∑
τ=1

ς̂ıj ς̂ ‘
l
Âτ
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For the QPE model, we compute each element of the Y2
ε (n, r− 1) statistic. The chi-

square limit distribution of the statistic Y2
ε (n, r− 1) has a degree of freedom of

d f = rank(S) = trace
(
S−1S

)
. If G is not degenerate, d f = ς. If Y2

ε (n, r− 1) > χ2
ε (r)

(where χ2
ε (r) is the quantile of chi-square with d f degrees of freedom), the estimated signif-

icance threshold is rejected. If this is the case, the hypothesis is rejected. The major element
of the Y2

ε (n, r− 1) test statistic of the QPE model is ς̂l j, which is easy to be derived.

7.1. Censored Example via Simulation Study under the N-RR Statistic Y2
ε (n, r− 1)

In this section, a censored simulation under the N-RR statistics Y2
ε (n, r− 1) is envis-

aged under a generated sample (N = 12000) and censored at 25% with d f = 5 grouping
intervals. We calculated the average value of the null hypothesis’ non-rejection numbers for
different theoretical levels (ε = 1%, 2%, 5%, 10%), where Y2 ≤ χ2

ε (r− 1). Table 11, which
compares the theoretical and empirical levels, shows how closely the value of the calculated
empirical level equals the value of the corresponding theoretical level. As a result, we infer
that the custom test is perfectly matched to the QPE model.

Table 11. Simulation results for the empirical levels versus the corresponding theoretical levels for
ε = 1%; 2%; 5%; 10% and N = 12000.

n↓ & ε→ ε1 = 1% ε2 = 2% ε3 = 5% ε4 = 10%

n1 = 25 0.9930 0.9828 0.9529 0.9026
n2 = 50 0.9928 0.9814 0.9522 0.9014
n3 = 150 0.9921 0.9811 0.9512 0.9010
n4 = 350 0.9915 0.9804 0.9504 0.9007
n5 = 600 0.9905 0.9802 0.9503 0.9004

n6 = 1000 0.9903 0.9801 0.9501 0.9002

These results lead us to the conclusion that the empirical significance level of the Y2
n

statistics, at which it is statistically significant, corresponds to the theoretical level of the
chi-square distribution on degrees of freedom. This suggests that the proposed test can
successfully fit the censored data obtained from the QPE distribution.

7.2. Censored Applications under the N-RR Statistics Y2
ε (n, r− 1)

Modeling right-censored data using probability distributions refers to the process of
fitting a statistical distribution to data that have some observations that are only partially
observed or censored. Right-censored data are data where the censoring occurs at the
right tail of the distribution, meaning that the exact value of the censored observations
is not known, but only that it is greater than a certain threshold. In survival analysis,
right-censored data are often encountered when studying time-to-event outcomes, such as
the time until a disease progresses, the time until failure of a mechanical component, or
the time until a customer churns. There are various probability distributions that can be
used to model right-censored data, including the exponential, Weibull, log-normal, and
log-logistic distributions. The choice of distribution depends on the nature of the data, the
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underlying assumptions about the population, and the scientific questions being asked.
Once a distribution has been chosen, the parameters of the distribution can be estimated
from the data using maximum likelihood estimation. This involves finding the parameter
values that maximize the likelihood of observing the data given the distribution. Once the
parameters have been estimated, the distribution can be used to make inferences about the
population, such as calculating survival probabilities, hazard rates, and median survival
times. In conclusion, modeling right-censored data using probability distributions is a
powerful tool for making inferences about time-to-event outcomes in survival analysis.
It allows researchers to account for the censoring information and make more informed
decisions based on the data available.

7.2.1. Example 1: Lung Cancer Data

Consider the censored lung cancer data of the North Central Cancer Treatment Group
where n = 228 and the number of censored observations = 63 (see Yousof et al. [39] and
Emam et al. [3]). By using the maximum likelihood estimation method and making the
assumption that the data are distributed according to the QPE distribution, we can estimate
the vector parameter Y as follows: β̂ = 5.000674. We use r = 8 as the number of classes.
The test statistic Y2

ε (n, r− 1) items are displayed as follows:

âj,b(X) 92.086 171.584 216.125 283.169 355.404 456.477 685.183 1022.3174

Ûj,x 29 30 35 31 32 25 28 18

ej,x 2.1904 2.1904 2.1904 2.1904 2.1904 2.1904 2.1904 2.1904

The estimated information ς̂1j(X) and the estimated information I
(

β̂
)

via Fisher are
as follows:

ς̂1j(X) 0.4751 0.6044 −0.8376 0.7715 0.8731 −0.0039 0.9222 0.2467

and I
(

β̂
)
= 7.935548. The critical value for the chi-squared test is χ2

5%(d f = 8) = 15.50731.
Using the previous results, we realize that the estimated statistic for the recommended test
is Y2

0.5(228, 7) = 14.55517. Because the tabular value of the Y2
0.5(228, 7) statistic is higher

than the calculated value, we can say that our hypothesis H0 is accepted. In light of all this,
we conclude that there is a 5% probability that the data on lung cancer will differ from the
QPE distribution. Therefore, we can accept the null hypothesis that the data of times to
infection of lung cancer follows the QPE distribution.

7.2.2. Example 2: Capacitor Reliability Data

Consider the censored reliability data of Yousof et al. [39] and Emam et al. [3] where
n = 64 and number of censored observations = 32. Assuming that the data are distributed
using the QPE distribution, the maximum likelihood estimator β̂ is β̂ = 1.918385 with r = 8.
The statistical test Y2

ε (n, r− 1) has the following components:

âj,b(X) 346.1486 469.347 587.697 679.108 1078.874 1089.357 1102.161 1106.444

Ûj,x 11 15 6 10 6 5 6 5

ej,x 3.62266 3.62266 3.62266 3.62266 3.62266 3.62266 3.62266 3.62266

The estimated information ς̂1j(X) and Fisher’s estimated matrix I
(

β̂
)

are:

ς̂1j(X) 0.40132 0.64441 −0.96358 −0.73841 0.26485 0.83212 0.60845 0.97468

and I
(

β̂
)
= 1.664958. The value of the statistical test Y2

0.5(64, 7) = 12.152003 is determined.
χ2

5%(8) = 15.50731 > Y2
0.5(64, 7) is the crucial value. We arrive at the conclusion that the

life statistics for glass capacitors is updated using the QPE model. Therefore, we can accept
the null hypothesis that the data of capacitor follows the QPE distribution.

7.2.3. Example 3: Aluminum Reduction Cells Data

The data of Whitmore [40] considered the times of failures for 20 aluminum reduction
cells, and the numbers of failures in 1000 days units were: 0.468, 0.725, 0.838, 0.853, 0.965,
1.139, 1.142, 1.304, 1.317, 1.427, 1.554, 1.658, 1.764, 1.776, 1.990, 2.010, 2.224, 2.279*, 2.244*,
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2.286* (the value where “*” refers to the censored observations). Assuming that these data
are distributed in accordance with the QPE distribution, the maximum likelihood estimator
β̂ is β̂ = 4.955685. We select r = 4 the number of classes. The element of the test statistic
Y2

ε (n, r− 1) are given as:

âj,b(X) 0.9603 1.19069 1.7004 2.2945

Ûj,x 4 3 5 8
ej,x 1.3792 1.3792 1.3792 1.3792
K̂1j 0.39477 0.38625 0.29814 0.84079

The estimated information ς̂1j(X) and Fisher’s estimated matrix I
(

β̂
)

are:
ς̂1j(X) 0.39477 0.38625 0.29814 0.84079

and I
(

β̂
)
= 0.8319468. Then, we can consider the value of the test statistic Y2

0.5(20, 3) =
9.063811. The critical value is χ2

5%(4) = 9.4877 > Y2
0.5(20, 3); we decided that the data of

aluminum reduction cells is in concord with the QPE model. Therefore, we can accept the
null hypothesis that the data of aluminum reduction cells follows the QPE distribution.

7.2.4. Example 4: Cancer Data

The data considered below (was conducted by the Northern California oncology
group) was used by Efron [41] for logistic distribution. The survival times in days for the
patients (n = 51) are (7, 34, 42, 63, 64, 74*, 83, 84, 91, 108, 112, 129, 133, 133, 139, 140, 140,
146, 149, 154, 157, 160, 160, 165, 173, 176, 185*, 218, 225, 241, 248, 273, 277, 279*, 297, 319*,
405, 417, 420, 440, 523*, 523, 583, 594, 1101, 1116*, 1146, 1226*, 1349*, 1412*, 1417). We use
the data after reworking the survival times in months (where one month= 30.438 day). The
maximum likelihood estimator β̂ = 6.054218. We select r = 7 as the number of intervals.
The elements of the test statistic Y2

ε (n, r− 1) have been presented as follows:

âj,b(X) 2.753 5.100 9.779 21.004 37.183 44.457 46.903

Ûj,x 7 7 20 10 2 3 2

ej,x 1.9788 1.9788 1.9788 1.9788 1.9788 1.9788 1.9788

The estimated information ς̂1j(X) and Fisher’s estimated matrix I
(

β̂
)

are:

ς̂1j(X) 0.1975 0.4437 0.7948 0.3367 −0.8791 −0.4777 0.881

and I
(

β̂
)
= 2.901657. After calculating, we find Y2

0.5(51, 6) = 10.61845. The critical value
χ2

5%(7) = 14.06714 > Y2
0.5(51, 6) = 12.948765; this dataset can be properly modeled by

means of our QPE model. Therefore, we can accept the null hypothesis that the arm-
head and neck cancer data follow the QPE distribution. However many real datasets
can be obtained from Alizadeh et al. [42], Merovci et al. ([43,44]), Elgohari et al. [45],
Yousof et al. [46],

8. Conclusions

The quasi-Poisson exponential (QPE) model, a new adaptable variation of the exponen-
tiated exponential model, is introduced and studied in this article. We examine, describe,
and apply six established estimating techniques. When modelling data sets for relief times
and survival times, the new model performs better than many existing comparable models.
However, the reader can read more results by reading the article and the applications; the
following results can be highlighted in particular:

• Despite the variety and richness of the other classic approaches, the maximum likeli-
hood method is still the most efficient and reliable of the surviving classic methods.
For statistical modeling and applications, the Bayesian technique and the Maximum
Likelihood method are advised.

• The proposed lifetime quasi-Poisson exponential model performs considerably better
than the other discussed models in modelling the asymmetric bimodal right skewed
relief data with CAIC = 36.198, CBIC = 38.19, CCAIC = 36.904, CHQIC = 36.587,
CAD = 0.2891, CCVMS = 0.0494, K.S = 0.12901, and p-value = 0.8932, thus, the new
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lifetime model is a good alternative to these models in modeling the relief times data
set. As is clear from these results, the new distribution showed its superiority over all
the competing distributions.

• The proposed lifetime quasi-Poisson exponential model outperforms all previous
specified models in describing the asymmetric bimodal right skewed reliability/survival
data with CAIC = 202.08, CBIC = 206.6, CCAIC = 202.258, CHQIC = 203.897, CAD = 0.562,
CCVMS = 0.0949, K.S = 0.0792, and p-value = 0.7572, thus, the new lifetime model is a
good alternative to these models in modeling the relief times data set. In view of these
results, the new distribution shows its superiority over all the competing distributions.

• Two real data applications are evaluated in a censored scenario; the first data is
reliability data on capacitors, and the second data is information about lung cancer
(medical data). We came to the conclusion that the suggested test can successfully
fit censored data from the quasi-Poisson exponential distribution as a result of these
applications.

• For the uncensored distributional validation under the QPE model, we have the
following results:

• For the uncensored strengths of glass fibers data: Y2 = 12.286301 < χ2
5%(6) = 12.59159,

we can state that our quasi-Poisson-exponential model can satisfactorily represent the
uncensored data of 1.5 cm glass fibers.

• For the uncensored gene expression breast cancer data: Y2 = 15.096543 < χ2
5%(9) =

16.918988, we can assert that the uncensored gene expression data for breast cancer
can effectively match our QPE model.

• For the uncensored breaking stress of carbon fibers data: Y2 = 11.351487 < χ2
5%(6) =

12.59159, we can be sure that the uncensored 1.5 cm glass fiber data can be accurately
simulated by our quasi-Poisson exponential distribution.

• For the uncensored heat exchanger tube crack data: Y2 = 20.0499512 < χ2
1%(12) =

21.02607, we can state that our quasi-Poisson exponential model can satisfactorily
represent the uncensored heat exchanger tube crack data.

• For the censored distributional validation under the QPE model, we have the following
results:

• For the censored lung cancer data: Y2
0.5(228, 7) = 14.55517 < χ2

5%(8) = 15.50731, we
can state that the quasi-Poisson exponential model can satisfactorily represent the
censored lung cancer data.

• For the censored reliability data: Y2
0.5(64, 7) = 12.152003 < χ2

5%(8) = 15.50731, we can
say that our quasi-Poisson exponential model can satisfactorily represent the censored
reliability data.

• For the censored reduction cells data: Y2
0.5(20, 3) = 9.06381 < χ2

5%(4) = 9.4877, we
can claim that the quasi-Poisson exponential model can satisfactorily represent the
censored reduction cells data.

• For the censored reduction cells data: Y2
0.5(51, 6) = 10.61845 < χ2

5%(7) = 14.06714,
we can state that the quasi-Poisson exponential model can satisfactorily represent the
censored reduction cells data.
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