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Abstract

Nonparametric predictive inference (NPI) has been developed for a range of data
types, and for a variety of applications and problems in statistics. In this thesis,
further theory will be developed on NPI for multiple future observations, with
attention to order statistics. The present thesis consists of three main, related
contributions. First, new probabilistic theory is presented on NPI for future order
statistics; additionally a range of novel statistical inferences using this new theory
is discussed. Secondly, NPI for reproducibility is developed by considering two
statistical tests based on order statistics. Thirdly, robustness of NPI is introduced
which involves a first adaptation of some of the robustness theory concepts within
the NPI setting, namely sensitivity curve and breakdown point.

In this thesis, we present NPI for future order statistics. Given data consisting
of n real-valued observations, m future observations are considered and predictive
probabilities are presented for the r-th ordered future observation. In addition,
joint and conditional probabilities for events involving multiple future order stat-
istics are presented. We further present the use of such predictive probabilities
for order statistics in statistical inference, in particular considering pairwise and
multiple comparisons based on future order statistics of two or more independent

groups of data.



This new theory enables us to develop NPI for the reproducibility of statistical
hypothesis tests based on order statistics. Reproducibility of statistical hypothesis
tests is an important issue in applied statistics: if the test were repeated, would the
same conclusion be reached that is rejection or non-rejection of the null hypothesis?
NPI provides a natural framework for such inferences, as its explicitly predictive
nature fits well with the core problem formulation of a repeat of the test in the
future. For inference on reproducibility of statistical tests, NPI provides lower and
upper reproducibility probabilities (RP). The NPI-RP method is presented for two
basic tests using order statistics, namely a test for a specific value for a population
quantile and a precedence test for comparison of data from two populations, as
typically used for experiments involving lifetime data if one wishes to conclude
before all observations are available.

As every statistical inference has underlying assumptions about models and
specific methods used, one important field in statistics is the study of robustness
of inferences. The concept of robust inference is usually aimed at development
of inference methods which are not too sensitive to data contamination or to
deviations from model assumptions. In this thesis we use it in a slightly narrower
sense. For our aims, robustness indicates insensitivity to small changes in the
data, as our predictive probabilities for order statistics and statistical inferences
involving future observations depend upon the given observations. We introduce
some concepts for assessing the robustness of statistical procedures in the NPI
framework, namely sensitivity curve and breakdown point. The classical break-
down point does not apply to our context as the predictive inferences are bounded,
so we change the definition to suit our context. Most of our nonparametric infer-
ences have a reasonably good robustness with regard to small changes in the data.
Traditionally, in the robustness literature there has been quite a lot of emphasis
and discussion on robustness properties of estimators for the location parameters.
Thus, in our investigation of NPI robustness we also focus on differences in ro-
bustness of the mean and the median of the m future observations, and see how

they relate to the classical concepts of robustness of the median and mean.
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Chapter 1

Introduction

Order statistics appear in many statistical problems and are widely applied in
statistical modelling and inference [64]. Thus, a recognizable large body of lit-
erature has been developed to study order statistics [3, 36, 49]. In this thesis,
we present nonparametric predictive inference (NPI) for order statistics of future

observations.

NPI [7, 21] is a statistical framework based on the assumption A, by Hill
[55], as introduced in Section 1.2, with inferences explicitly in terms of future
observations. NPI has been developed for a range of data types, and for a vari-
ety of applications and problems in statistics, risk and reliability and operations
research. NPI for real-valued random quantities has thus far been mostly restric-
ted to a single future observation, although multiple future observations have
been considered for NPI methods for statistical process control [4, 5] and system
reliability [22]. In this thesis, further theory is developed on NPI for multiple
future observations with attention to order statistics. The nature of this thesis is
mostly theoretical with the implementation of the developed methods illustrated
by example applications using data from the literature.

This thesis presents a new probabilistic theory of NPI for future order stat-
istics that takes into account their interdependency. The results from these new
predictive probabilities involving order statistics of m future observations enable

the development of new NPI methods for statistical inference. We present pair-
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wise and multiple comparisons based on future order statistics of two or more
independent groups of real-valued data. This generalizes NPI results for a single
future observation [30]. The new probabilistic theory contributes to development
of NPI for test reproducibility, we consider two tests based on order statistics.
The reproducibility of statistical hypothesis tests is an issue of major importance
in applied statistics: if a test were repeated, would the same conclusion be reached
about rejection of the null hypothesis? NPI provides a natural framework for
such inferences, as its explicitly predictive nature fits well with the core problem
formulation of a repeat of the test in the future. Robustness of the NPI is con-
sidered in this thesis. We have introduced some of the concepts of classical robust
statistics to the NPI method.

The outline of this introductory chapter is as follows. Section 1.1 presents
classical order statistics, and related prediction intervals. In Section 1.2, we
present an overview of the NPI framework and imprecise probability. In Section
1.3 we present NPI for comparing groups. A detailed outline of this thesis is given

in Section 1.4.

1.1 Classical order statistics

Order statistics are important tools in nonparametric statistical inference. If
Xq,...,X, are random quantities, their order statistics are arranged in non-
decreasing order and denoted by X1y < X5 < ... < X(;,). Classical results deal-
ing with order statistics often assume that the X; are independent and identically
distributed (iid) with continuous cumulative distribution function (CDF) F(z)
and probability density function (PDF) f(z) [3], although we will not make this
assumption. Order statistics appear in many practical cases, including robust
location estimates, detection of outliers, goodness-of-fit tests, analysis of censored
data and reliability analysis [3]. Order statistics deal with the properties and
applications of ordered random quantities X () and the functions involving them.

These statistics have many applications, such as extremes that arise in the stat-



1.1. Classical order statistics 3

istical study of floods and droughts, or in the problems of breaking strength and
fatigue failure [36].

In this thesis we consider nonparametric predictive inference for order statistics.
This topic has also been presented from a different perspective, in the classical
literature, which we briefly introduce now.

In classical order statistics, it is assumed that Xy < X < ... < X
represent data observations, and Y(;) < Yy < ... <Y, represent future obser-
vations, where the underlying X and Y populations are assumed to consist of iid
random quantities with the same continuous CDF F(x). A prediction interval
(X(1), X(ja)), for ji,jo € {1,...,n} with j1 < j, is an interval in which future
observations will fall, with a certain probability. Major interest in prediction
intervals was first mentioned in the context of exceedances, such as to answer
the question what is the probability that X;), the j-th in magnitude of n annual
maximum flows at a point in a river, is exceeded u times, u = 1,...,m, in m
future years [36, 49]7 If R(j) is the number of future observations greater than
X(j), then

P(R(G) =) = n<” - 1) [ @y Ry (m)u — F(@))"(F ()" "dF (2)

j=1 u
B n(?: i) <T> /01<F ()T = F(a)" A ()

Thus, v is the number of exceedances and is a positive integer where 0 < u < m.
This distribution of exceedances depends on the variate u and the parameters n, j

and m but not on the CDF F(z). The exceedances probability P(R(j) = u) is;

n—j+u\ (m—ut+j—1
P(R(j) = u) = " 2n§+n51 ) (1.1)
This result also provides the probability that at least v Y’s fall between X))
and X(;,) (1 < j1 < j2 <n). If C(j1,72) is the number of future observations in
X1y, X(ja), then P(C(j1,72) = u) is derived by replacing j by n 4+ 1+ j; — j in
Equation (1.1), [36], to give

Je—ji—14u) (m—u+n+ji—j2
P(C(j1,j2) = u) = - 2( )mu ) (1.2)

m+n
n
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Note here that, in the classical approach, X(;,) and X(;,) are also considered to

be random quantities.

Recent work by Volterman, et al. [83] considered nonparametric prediction
of a subset of order statistics that was based on one or more independent type-
1T right censored samples. They were interested in predicting the unobserved
failures from a type-I1 censored sample. They assumed two independent type-11
right censored samples Xi.,,,..., Xpm, and Yy, < ... < Yy, where 1 <r <m
and 1 < d < n. They assumed that the X and Y values come from the same
absolutely continuous distribution with CDF F and PDF f. They considered
a nonparametric interval for a single X,y (r < s < m) and two order statistics
Xsy and X(s,) (r < 81 < s < m) using the independent Y sample, where all
prediction intervals must be conditional on X,y < Y, for any 1 < k < d. For
the missing s-th order statistic of group X, where r < s < m, the exceedance
probability of two order statistics from independent samples, X(,) < Y{;) is equal

to

Pl < i) - 5 L 2<m) ) (13)

Volterman, et al. [83] have predicted the s-th order statistic of right-censored

I
=)

i

observations in a sample X using the information provided from the independent
sample Y, where all the prediction intervals must be conditional on X,.,, < Yi..
for any 1 < k < n. In the classical order statistics methods, they regard future
order statistics on the sample X and the observations on group Y both as random

quantities [36, 49].

For two sided intervals, the probability of Xy < Y, < X)) < X(s,) < Y
[83] is equal to

s m—so (@~ 1""1 m—1i Z‘+b‘ a—1\ (n b—i—z
P(Xr) < Yia) < X(or) < Xsp) < Y)) = 121 202 (i ;E;E:)l )(7)
i1=r i2 m

(1.4)
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1.2 Nonparametric predictive inference

Hill [55, 56] proposed the assumption A, for prediction of a future observation.
This assumption is suitable for situations in which there is extremely vague
prior knowledge about the characteristics of the underlying distribution of the
observations or, which may be more realistic, in situations in which one explicitly
does not want to use such information. This may occur, for example, if one wants
to study the (often hidden) effects of additional structural assumptions underlying
statistical models or methods. Inferences based on such restricted knowledge have
also been called "low structure inferences’ [45].

To introduce the assumption A, we first need to intrduce some notation.
Suppose that Xi,..., X, X,,11 are real-valued exchangeable random quantities.
Let the ordered observed values of Xi,..., X, be denoted by 1 < 25 < ... < x,,.
For ease of notation, let xy = —oo and z,41 = oo (or when dealing with non-
negative random quantities, we set zo = 0) [58]. Note that z,, 1 does not denote
an observed value for X,, ;1. These n observations divide the real-line into n + 1
intervals I; = (x;_1,2;), where j = 1,...,n+ 1. For a future observation X1,

the assumption A, is

P(Xy41 € 1) = foreach j=1,...,n+1 (1.5)

n +

It is clear that A, is a post-data assumption related to exchangeability
[39]. A natural interpretation of the assumption A, is that it is conditional on
Xq,..., X, and, thus, the next observation X, is equally likely to fall in any of

the open intervals between the sequential order statistics of the given sample [57].

1

If one wishes to allow ties [56], the probabilities =5

can be assigned to the closed
intervals [z;_1, x;] instead of the open intervals [;. Alternatively, ties can also be
dealt with by assuming that such observations differ by a very small amount, a
common method to break ties in statistics [56]. To keep presentation simple we
will assume throughout this thesis that ties do not occur.

The assumption A, is not sufficient to derive precise probabilities for many

events of interest. However, it does provide bounds for probabilities by what is
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essentially an application of De Finetti’s fundamental theorem of probability [39]
or Walley’s concept of natural extension [84]. Weichselberger [87] developed a
formal foundation of interval probability, which is also known as imprecise probab-
ility, in the spirit of Kolmogorov’s axioms. A,y can provide predictive probability
bounds for a future observation without assuming any further assumptions about
the probability distribution. These bounds are lower and upper probabilities in
imprecise probability theory [7, 8]. The lower and upper probabilities for event A
are denoted by P(A) and P(A), respectively [21], and can have several interpret-
ations. From a subjective perspective [84], the lower and upper probabilities for
an event can be interpreted as supremum buying price and infimum selling price,
respectively, for a gamble that pays one if the event occurs and zero if the event
does not occur. From a classical perspective, lower and upper probabilities can
be interpreted as bounds on precise probabilities because of the constrained or
limited knowledge available, or because one wishes not to add further assumptions.
Throughout this thesis, and in the NPI approach in general, the classical inter-
pretation is used [21]. The NPI lower and upper probabilities are the maximum
lower bound and minimum upper bound for the event of interest, based on the
A(ny assumption. For example, the NPI lower and upper probabilities for the

event that X,,,1 € B, given the past data zy,...,x,, where B C R, are

P(X,.1 € B) = nf:l 1{I; C B}P(Xps1 € 1) (1.6)
P(X,41 € B) = %1 H{I;NB# 0}P(Xpsy € 1) (1.7)

where 1{E} is an indicator function which is equal to 1 if event E occurs and
0 else. The lower probability (1.6) is derived by summing only the A,-based
probabilities that must be in interval B; similarly, the upper probability (1.7) is
obtained by summing all the A,)-based probabilities that can be in B.

The theory of imprecise probability [7, 84, 85, 86, 87] makes it clear that
bounds provide valuable information on uncertainty of events caused by restricted

information. For an event A, the precise classical probability is just a special
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case of imprecise probability, when P(A) = P(A) (i.e. the point probability case).
However, the case in which P(A) = 0 and P(A) = 1 represents a complete lack of
information about the event A (the vacuous case). We briefly present some key
aspects of the theory of imprecise probability as relevant to A(,)-based inference
[7]. Generally, in imprecise probability theory, 0 < P(A) < P(A) < 1, the lower
and upper probabilities are conjugated, i.e. P(A) =1 — P(A°), where A is the
complementary event of A, and P(.) is super-additive and P(.) is sub-additive,
i.e. for events A and B such that AN B = (:

P(AUB) = P(A) + P(B)
P(AUB) < P(A) + P(B)

These properties hold for the NPI lower and upper probabilities, as proven by
Coolen and Augustin [7].

NPI has been developed for a range of data types and a variety of applications.
For example, NPI has been presented for Bernoulli data [20, 26|, real-valued data
28, 30, 70], data including right-censored observations [31, 32], circular data [21],
multinomial data [9, 24] and bivariate data [33].

NPI for such inferences requires an exchangeability assumption for the ob-
servable random quantities. This assumption can also be applied in less straight-
forward situations [21]. For example, in case a data set contains right-censored
observations, Coolen and Yan [31, 32] developed a generalization of A,), called
‘right-censoring-A(,)’, and they illustrated its use in inferential problems, mostly
by the corresponding lower and upper survival functions. NPI for Bernoulli ran-
dom quantities [20, 26] is based on a latent variable representation of Bernoulli
data as real-valued outcomes of an experiment in which there is a completely
unknown threshold value, such that outcomes to one side of the threshold are
successes and to the other side failures. The use of A,y provides lower and upper
probabilities for the number of successes in m future trials, based on the number
of successes in n observed trials. NPI for the next observation in case of mul-

tinomial data, with complete absence of knowledge on the number of possible
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categories apart from the information provided by n > 0 observations, is presented

by Coolen and Augustin [24].

1.3 NPI for comparing groups

The NPI approach has been developed for a variety of applications, such as
comparing random quantities that correspond to two or more groups. In classical
statistics comparisons of two or multiple independent groups tend to be formulated
as tests of hypothesis. However, NPI comparisons are explicitly predictive so one
or more future observations for each group can be compared. Throughout this
thesis, and in NPI in general [19, 30], we use the word ’quantity’ instead of
'variable’ following De Finetti [56], and the term ’group’ instead of the more
common term ’population’ since the common view for observations from a single
population is that these are independent and identically distributed (iid), which is
an assumption that we do not make in the NPI framework. In Chapter 3, we show
how pairwise and multiple comparisons can be based on future order statistics
as presented in Chapter 2. Note that, in this thesis we use the term 'multiple
comparison’ for the comparisons of multiple groups, in line with the use of this

term by Bechhofer [13].

The comparison of two groups of real-valued data within the NPI method
was proposed by Coolen [19], considering one future observation for each group.
Similar inferences for lifetime data, including right-censored observations, were
presented by Coolen and Yan [32], and Maturi [69] introduced NPI for comparison
of multiple groups of data including right-censored observations. Further work by
Maturi, Coolen-Schrijner and Coolen [70] presented NPI for comparison of two
groups of real-valued data where the tails of the data were possibly terminated,
leading to small values being left-censored and large values being right-censored.
As an alternative to classical nonparametric precedence tests considering a hypo-
thesis of equal lifetime distributions [10, 43, 73], Coolen-Schrijner, Maturi and
Coolen [35] proposed NPT precedence testing for two groups.
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In many applications of statistics, the purpose is to compare multiple groups of
data or to select the best group. Different methods that are designed particularly
for the problem of selecting the best treatment or the optimal member of some
group are known as selection procedures [47]. Selecting one or more best groups
out of multiple groups under consideration, is a problem that often occurs in
practice. For example, in terms of multinomial data, the researcher might be
interested in selecting the category that has the largest probability of occurrence
[12, 13]. Selection procedures have wide applications in many fields [47]. The first
application of selection procedures was reported in the area of poultry science,
particularly about poultry stocks offered for sale, to breeders, hatcherymen and
potential buyers of chicks. The problem of selecting was first considered by
Becker [14] to select the best chicken stock which has the largest hen-house egg
production. Further, in drug development, a researcher might wish to select the
drug that provides the best response. In advertising applications, specifically
in relation to the problem of selecting a medium for advertising some product,
the decision maker might want to select the most efficient media which reaches
the highest proportion of potential purchasers of that product [47]. Most of the
existing methods for selection are based on hypothesis testing and do not consider
predictive inference [88]. Selection methods based on NPI use predictive inferences
based on past observations and make use of Hill’s assumption A,). Such methods
have been developed by Coolen and van der Laan [30] and Coolen and Coolen-
Schrijner [26]. The NPI method for selection problems has been applied to many
inferences, such as the selection between sources if observations are real-valued
[30], selection of an optimal group of Bernoulli data [26, 27] and selection of a

best category of multinomial data [9].

Coolen and van der Laan [30] proposed the NPI selection method for real-
valued random quantities from different independent sources. Their aim was to
select the source that provides the maximum next observation. This was done by
comparing one future observation from each source. They considered two methods

of selecting a subset of sources. The first method involved the selection of a subset
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of best sources, which is considered to be successful if the next observation from
each source in the specific selected subset of sources is greater than the next
observation from all sources that are not included in the subset. The second
method involved the selection of a subset to include the best source, which is
considered to be successful if the next observation from at least one of the selected
sources is greater than the next observation from all sources that are not selected.
In this thesis, we present similar NPI selection methods but based on the order

statistics of multiple future observations.

1.4 Outline of the thesis

This thesis is organized as follows. In Chapter 2, we present probabilities for
any collection of one or more future order statistics over the intervals I; created
by n data observations, and we derive some properties of these distributions.
The use of these distributions for a variety of inferential problems is presented
in Chapter 3 with main focus on pairwise and multiple comparisons. A paper
presenting the results in Chapters 2 and 3 has been accepted for publication in
Communications in Statistics - Theory and Methods [29]. These chapters have
also been presented at several seminars and conferences, including the Northern
Postgraduate Mini-Conference in Statistics in June 2015 in Durham, a lecture
event on Nonparametric Predictive Inference in Durham in December 2015, and
at the International Conference of the Royal Statistical Society at Manchester
University in September 2016.

In Chapter 4, we develop NPI for reproducibility of two basic statistical
tests based on order statistics, namely a population quantile test and a basic
precedence test. A paper based on this chapter has been accepted for publication
in REVSTAT [23]. This chapter has been presented at a research seminar in
Durham in March 2017 and at the Research Students’ Conference in Probability
and Statistics in Durham in April 2017.

Robustness of NPI is considered in Chapter 5. This involves adapting some of
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the concepts of classical robust statistics within the NPI setting. A journal paper
on this research topic is in preparation.

There are many interesting opportunities to develop and extend the research
presented in this thesis. Some of these are mentioned in the final sections of

Chapters 2 to 5 and in Chapter 6.



Chapter 2

NPI for future order statistics

2.1 Introduction

The development of NPI for real-valued random quantities has thus far mostly
been restricted to a single future observation, although multiple future observa-
tions have been considered for NPI methods for statistical process control [4, 5]
and system reliability [22]. In this thesis, we present several new contributions to
the theory of NPI for future order statistics. We consider m future real-valued
observations, given n data observations, and we focus on the order statistics of
these m future observations.

This chapter derives the core probability results of NPI for future order stat-
istics. These results will enable statistical inference involving order statistics for
m future observations, presented in Chapters 3 and 4, as well as the development
of NPI methods for a range of problems in probability, statistics and related topic
areas, which will be explored in future research. We present the joint probability
distribution for any collection of future order statistics over the intervals created
by the partition of the real-line formed by n data observations. We derive some
properties for this probability distribution and we present its use for several infer-
ential problems. Without making further assumptions, some of these inferences
require the use of lower and upper probabilities, as such this work fits in the

theory of imprecise probability [8, 84] and interval probability [86, 87].

12
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Assume that we have real-valued ordered data 1 < o < ... < x,, withn > 1.
For ease of notation, define xg = —oo and x,,1; = co. The n observations create
a partition of the real-line into n + 1 intervals [; = (x;_1,2;) for j=1,... ., n+ 1.
We assume throughout this thesis that ties do not occur. We are interested in
m > 1 future observations, X, ,; for ¢ = 1,...,m. It should be emphasised
that the future observations X, ; are assumed to come from the same data
collecting process as the n data observations. Note that the use of the indices
n + ¢ does not imply that the X, ,; are ordered in any way, so they are also not
assumed to exceed the largest data observation x,,. We link the data and future
observations via Hill’s assumption A, [55], or more precisely, via consecutive
application of A, Awmt1)s- -, Amym—1). We refer to these generically as the
A() assumptions, which can be considered as a post-data version of a finite
exchangeability assumption for n +m random quantities. The A assumptions
imply that all possible orderings of n data observations and m future observations
are equally likely, where the n data observations are not distinguished among
each other and neither are the m future observations. Let the random quantity
S? be defined as the number of m future observations in I; = (z;_1, ;) given a
specific ordering, which is denoted by O;, of the m future observations among n
data observations, for i =1,..., (”+m>, so that S; =#{X,n €l l=1,...,m}.

n

Then the A() assumptions lead to [28]

P(jﬁj{S}i —sh=ro)=("1") ) 2.)

n

where s¢ are non-negative integers with Y74l s = m. Equation (2.1) implies

that all (”Zm) orderings O; of the m future observations among the n data
observations are equally likely. Another convenient way to interpret the A
assumptions with n data observations and m future observations is to think
that n randomly chosen observations out of all n+m real-valued observations are
revealed, which allow one to make inferences about the m unrevealed observations.

The A() assumptions then imply that one has no information about whether

specific values of neighbouring revealed observations make it less or more likely
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that a future observation falls in between them. For any event involving the
m future observations, Equation (2.1) implies that we can count the number
of such orderings for which this event holds. Generally in NPI, as discussed in
Section 1.2 the lower probability for the event of interest is derived by counting
all the orderings for which this event has to hold, while the corresponding upper
probability is derived by counting all the orderings for which this event can hold
(7, 21].

NPI is close in nature to predictive inference for the low structure stochastic
case as briefly outlined by Geisser [45], which is in line with many earlier non-
parametric test methods where the interpretation of the inferences is in terms of
confidence levels or intervals. In NPI the A ) assumptions justify the use of these
inferences directly as predictive probabilities. Using only precise probabilities or
confidence statements, such inferences cannot be used for many events of interest,
but in NPI we use the fact, in line with De Finetti’s Fundamental Theorem of
Probability [39], that corresponding optimal bounds can be derived for all events
of interest [7]. NPI provides frequentist inferences which are exactly calibrated in
the sence of Lawless and Fredette [66], and it has strong consistency properties

in the theory of interval probability [7].

In NPI the n observations are explicitly used through the A ) assumptions,
yet as there is no use of conditioning as in the Bayesian framework, we do not use
an explicit notation to indicate this use of the data. It is important to emphasize
that there is no assumed population from which the n observations were randomly
drawn, and hence also no assumptions on the sampling process. However, the m
future observations must result from the same sampling method as the n data
observations in order to have full exchangeability. NPI is totally based on the A,
assumptions, which however should be considered with care as they imply e.g. that
the specific ordering in which the data appeared is irrelevant, so accepting A,
implies an exchangeability judgement for the n observations. It is attractive that
the appropriateness of this approach can be decided upon after the n observations

have become available. NPI is always in line with inferences based on empirical
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distributions, which is an attractive property when aiming at objectivity [21].
This chapter is organised as follows. Section 2.2 provides an initial result
which was presented in [28], which only includes the predictive probability for
a single future order statistic. Section 2.2 provides NPI for the r-th future
order statistic to be in any subset of the real values. In Section 2.3, we present
the probability distributions for multiple future observations, while conditional
probabilities given some future order statistics are derived in Section 2.4 along
with some of the properties of these distributions. Section 2.5 presents NPI for
the mean and median of the m future observations and some related inferences.

Section 2.6 presents some concluding remarks.

2.2 NPI for the r-th ordered future observation

The probability distribution of a single order statistic of m future observations
is useful for many inferences, e.g. pairwise and multiple comparisons which will
be presented in Chapter 3. Let X, for r = 1,2,...,m, be the r-th ordered
future observation, thus Xy = X,; for one ¢ = 1,2,...,m and X(;) < X(9) <
..... < X(m). In order to derive the probability distribution for the event that X,
belongs to an interval [; = (z,_1,2;), we count the relevant orderings and use
Equation (2.1). For j =1,...,n+1and r = 1,2,...,m, this leads to

P(Xwy € 1;) = G i)

()

The RHS of (2.2) can be derived as follows, and as illustrated in Figure 2.1. To

(2.2)

the left of X(,), we count the number of ways of ordering r — 1 future observations
among j—1 past observations. This is multiplied by the number of ways of ordering
the remaining m —r future observations among n— (j — 1) past observations to the
right of X(;). The denominator is the total number of ways of ordering m future

observations among n past observations. For this event, NPI provides a precise

n+m
n

probability, since each of the ( ) equally likely orderings of n past and m future

observations has the r-th ordered future observation in precisely one interval /;.
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r—1futureobs. [ X, ] m—r future obs.

— j—1obs. it X n—(j—1)obs.

Figure 2.1: Locations of future and past observations correspond-
ing to the event X,y € I;

As Equation (2.2) only specifies the probabilities for the events that X,y belongs to
interval I;, it can be considered to provide a partial specification of a probability
distribution for X(,). No assumptions are made about the distribution of the

probability masses within such intervals I;.

Analysis of the probability in Equation (2.2) leads to some interesting results,
including the logical symmetry P(X) € I;) = P(X(nt1-r) € In+o—j). For all
r, the probability for X,y € I; is unimodal in j, with the maximum probability
r—1 ) (n+1) <j* < (7’;1;_11) (n+1)+1. The proof of

m—1

assigned to interval /;« with (
these properties is given in Appendix A. A further interesting property occurs for
the special case where the number of future observations is equal to the number
of data observations, so m = n. In this case, P(X) < ;) = P(X4) > z,) = 0.5
holds for all » = 1,...,m. This fact can be proven by considering all (27?)
equally likely orderings. Clearly, in precisely half of these orderings the r-th
future observation occurs before the r-th data observation due to the overall
exchangeability assumption. Although the special case m = n is not explicitly
considered further in this chapter, it plays an important role in the analysis of

reproducibility of statistical hypothesis tests considered in Chapter 4.

It is worth commenting on extreme values, in particular, inference involving
X(1) or X, for a large m compared to the value of n. In these cases, NPI assigns
large probabilities to the intervals [y or [,,;, respectively, which are outside

the range of the observed data and unbounded, unless the random quantities

of interest are logically bounded, e.g. zero as the lower bound for lifetime data.
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This indicates that for these inferences, little can be concluded without making
further assumptions on the probability masses within these end intervals, which
are outside the range of observed data.

For an event X, € I;, the A() assumptions provide precise probabilities.
More generally, interest may be in an event Xy € S, with S any subset of
the real values, for example an interval not equal to one of the I; created by
the data. Generally, NPI provides bounds for the probability for such an event,
where the maximum lower bound and minimum upper bound are lower and upper
probabilities, respectively [7, 8, 84, 86, 87]. This can be regarded as an application
of De Finetti’s ‘Fundamental Theorem of Probability’ [39]. Similar to Equation
(1.6) and (1.7) in Section 1.2, for any subset S of the real values, we can derive
the NPI lower probability

n+1
P(XyeS) = 2; 1{I; € S}P (X € ;) (2.3)
j=
and the corresponding NPI upper probability
n+1
P(XpeS) = Z; ;NS #0}P (Xq € 1)) (2.4)
j=

The probability (2.2) is important and we will use it in Chapter 3 for several
statistical inferences, such as pairwise and multiple comparisons based on the
r-th order statistic of m future observations for each group, and in Chapter 4
for reproducibility analysis of some basic nonparametric tests based on order
statistics. The probability (2.2) and the NPI lower and upper probabilities (2.3)

and (2.4) are briefly illustrated in the following example.

Example 2.1. Suppose that one has n = 8 observations and considers m = 5
future order statistics represented by the random quantities X(;) < ... < X(5).
The NPI probabilities for the events X,y € I for r =1,...,5and j =1,...,9
are displayed in Table 2.1 and Figure 2.2.

Table 2.1 illustrates the obvious symmetry and unimodality. Each probability

has only one local maximum which is indicated in Table 2.1 by *. Figure 2.2 shows
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J | PXel) | PXgely) | PXp €ly) | P(Xy €l)) | P(Xi €1))
1 | 0.38462* 0.12821 0.03497 0.00699 0.00078
2 | 0.25641 0.18648 0.08392 0.02486 0.00389
3| 0.16317 0.19580* 0.13054 0.05439 0.01166
4 | 0.09790 0.17405 0.16317 0.09324 0.02720
5 | 0.05439 0.13598 0.17483* 0.13598 0.05439
6 | 0.02720 0.09324 0.16317 0.17405 0.09790
7 |1 0.01166 0.05439 0.13054 0.19580* 0.16317
8 | 0.00389 0.02486 0.08392 0.18648 0.25641
9 | 0.00078 0.00699 0.03497 0.12821 0.38462*
Table 2.1: P(X) € I;) form =5 and n =8
r=1 r=2 r=3 r=4 r=5
1.00 A
0.754
>
§ 0.504
S
o
0.254 I I
0.00- IIII-__ Illllll-_ -IIIIIII- _-lllllll __-IIII

123456789

123456789

123456789

123456789

123456789

J

Figure 2.2: P(Xy € [;) forr=1,....,5and j=1,...,9

that the probabilities for the event Xy € I for j = 1,...,n + 1 are decreasing,
while they are increasing for X(5) € I;. When r = 3, the probability distribution

m+1

Tandj——lfm

is symmetric around the interval j = 5; this occurs for r = = ";rz

is odd and n is even.

To illustrate the NPI lower and upper probabilities for the event X,) € S, we
consider an artificial data set consisting of the ordered numbers from 1 to 8, so
n = 8. Note that these numbers should not be interpreted as counts, one could
interpret them as ranks of actual real-valued data. The NPI lower and upper
probabilities for event X,y € Sforallr =1,...,mand S = (0,2.5), S = (1.5,4.5),
S =(3.5,5.5), 8 = (4.2,7.5) and S = (6.5, 10) are presented in Table 2.2 for m = 5
and Figure 2.3 for m = 10. The plotted lines for each value of r represent the
intervals bounded by the corresponding NPI lower and upper probabilities, hence

the length of each line is the imprecision for that event. The results clearly
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illustrate the symmetry ie. [P, P](Xa1) € (0,2.5)) = [P, P}(X;) € (6.5,10))

and [P, P|(X() € (3.5,5.5)) symmetric around r = 3. The imprecision for

[P, P](Xq)y € (0,2.5)), decreases as the value of r increases, which is because

P(X(y € I) and P(X(,) € I3) are included in the upper probability but not in

the lower probability, and the probability mass for X, € I, is large for r = 1.

5 =1(0,2.5) S =(1.5,4.5) S =(35,5.5) S =(4.2,75) 5 =(6.5,10)
r P P P P P P P P Jid P
1]0.25641 0.80420 | 0.26107 0.57187 | 0.05439 0.17949 | 0.03835 0.09713 | 0.00389 0.01632
2 | 0.18648 0.51049 | 0.36985 0.69231 | 0.13598 0.40326 | 0.14763 0.30847 | 0.02486 0.08625
31008392 0.24942 | 0.20371 0.55245 | 0.17483 0.50117 | 0.29371 0.55245 | 0.08392 0.24942
4]0.02486 0.08625 | 0.14763 0.30847 | 0.13598 0.40326 | 0.36985 0.69231 | 0.18648 0.51049
51 0.00389  0.01632 | 0.03885 0.09713 | 0.05439 0.17949 | 0.26107 0.57187 | 0.25641 0.80420

Table 2.2: P(X(,) € S) form =5and n =38
$=(025) S=(15,4.5) $=(35,5.5) S=(42,7.5) S=(65,10)
[%]
2
3 075
[
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Figure 2.3: P(X(,y € §) for m =10 and n = 8

2.3 Multiple future order statistics

The joint probability distribution of multiple order statistics of m future observa-
tions is of interest and can also be important for statistical inference. By straight-
forward combinatorial arguments, again counting the number of orderings for
which the event of interest holds and using Equation (2.1), a partial specification

of the probability distribution of any subset of the order statistics can be derived.



2.3. Multiple future order statistics 20

Let R={ry,...,m} C{l,...,m}, withr <ry <...<rpand 1 <t < m. For
any set Ip = {jr,...,Jr,} C{1,...,n+ 1}, with j,, <7, < ... <, the A
assumptions imply the probabilities

P (ﬂ {Xp € 1%}) =

reER

n+m\ " ry+ g — 2 Xﬁ Ty —Tict — L+ Jry — Jriy m-—ry+n—7jp,+1
n ry—1 bale ri —1ri—1 — 1 m—r

Note that, throughout this thesis, a product over an empty set is defined to be
equal to 1; this applied here if ¢ = 1. For the special case of two order statistics,

X and X4 with r < s and with j <[, we have
r+j—2\ (s—r—1+l—j7\ (m—s+n—I+1
P(Xpy € 1, X € 1) = C2) ("im)ﬂ ) (2.6)

The RHS of Equation (2.6) is derived as follows. We count the number of orderings

of r — 1 future observations among j — 1 past observations to the left of X,
multiply this by the number of orderings of s — r — 1 future observations among
[ — j past observations which are located between X(,) and X(,), and multiply
further by the number of orderings of the remaining m — s future observations
among n — (I —1) data observations to the right of X ;). The denominator is again
the total number of orderings of m future observations among n past observations.
The RHS of Equation (2.5) is derived similarly as Equation (2.6) but for two or

more future observations. For the special case j = [, we have

r+j—2Y (m—s+n—j+1
P(Xe) € 1, X € 1j) = () ()

()

(2.7)

Example 2.2. The joint probabilities for the event X € I;, X5 € I; for
7,1 =1,...,9 are given in Table 2.3. We illustrate these probabilities for the same
values n = 8 and m = 5 as used in Example 2.1.

Table 2.3 shows that Z?:l Z?:l P(X) € 1;, X5 € ;) = 1. Comparing Table

(2.5)
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2.3 with Table 2.1 illustrates that ) P(X () € I;, X(5) € I;) = P(X(9) € I;) and

Jj=1

9 P(X(Q) € [j,X(5) € Il) = P(X(5) S Il) The value of P(X(Q) € [j,X(5) € [l)

increases as the value of [ increases. The maximum probability for such an event

occurs for Xy € I3 or X(9) € I4 and X(5) € Iy.

l

J 1 2 3 4 5 6 7 8 9 Total
1 0.00078 0.00233 0.00466 0.00777 0.01166 0.01632 0.02176 0.02797 0.03497 | 0.12821
2 0 0.00155 0.00466 0.00932 0.01554 0.02331 0.03263 0.04351 0.05594 | 0.18648
3 0 0 0.00233 0.00699 0.01399 0.02331 0.03497 0.04895 0.06527 | 0.19580
4 0 0 0 0.00311 0.00932 0.01865 0.03108 0.04662 0.06527 | 0.17405
5 0 0 0 0 0.00389 0.01166 0.02331 0.03885 0.05828 | 0.13598
6 0 0 0 0 0 0.00466 0.01399 0.02797 0.04662 | 0.09324
7 0 0 0 0 0 0 0.00544 0.01632 0.03263 | 0.05439
8 0 0 0 0 0 0 0 0.00622 0.01865 | 0.02486
9 0 0 0 0 0 0 0 0 0.00699 | 0.00699

Total | 0.00078 0.00389 0.01166 0.02720 0.05439 0.09790 0.16317 0.25641 0.38462 1

Table 2.3: P(X() € I;, X(5) € I)) for j,1=1,...,9
O

2.4 Conditional probabilities for future order

statistics

In this section, we present conditional probabilities for events involving a subset
of the future order statistics, given information about another subset of the

future order statistics. Let R = {ry,...,r;} as introduced in Section 2.3, D =

{di,...,d,} withd; <dy <...<d,and 1 < v < m —t, such that RN D = (.

Let Ip = {jay,---,Ja, } C{L,...,n+ 1} with jg, < ja, < ... < jg,. To consider
the conditional probability P (ﬂreR {X(r) € Ijr} | Naen {X(d) € de}), we need
to consider the joint probability for events involving all X, with c€ C' = RU D,
for which we use the notation C' = {cy,..., ¢y}, where ¢; < ¢y < ... < ¢, with
w=t+wv,and Ic = {jey, - Jeu } CTH{L ... on+ 1} with jo, <Jjo, <00 < ey

The A() assumptions lead to the following conditional probabilities

P (TDR{X(T) €} | d@) {Xw € fn})
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P (ﬂreR {X(r) € [jT} N Naep {X(d) € de}) _ P (ﬂcec {X(c) < [jc})
P (ﬂdeD {X(d) € de}) P (ﬂdeD {X(d) € de})
(01;]511*2) « H%U:Q (Cl_Cl;l__clj__jlc_ll_Jc%l) X (mfcw;il;jcmrl)

B (d1+jd1—2) % TTV (di—di—l—l-&-jdi—jdi,l) « (m—dv-&-n—jdv-&-l)
d1—1 1=2 di_difl_l m—dv

(2.8)

In case of interest in one future order statistic X(,), given information about one
other future order statistic X(4), so the general case above with ¢t = v = 1, this

conditional probability for the case r > d with j > [ is

P({Xwenjn{Xyen}) (o))

P (X(T) € I | Xy € [l) = p (X(d) c ]l> - (n—l+1+m—d)

" (39
and for the case r < d with 7 <[ this conditional probability is
P({Xo e ipn{Xaoenf) (V) (")

P (Xwe1) (359

P(Xp€lj| Xa€l)=

(2.10)
For completeness, P (X(,,) cl;| Xa € ]l) =0 if either r >dand j <lorr <d
and j > l,and P (X(g) € I; | X@ € I}) = 1if j = land P (X € I; | X(g) € I) =

0 otherwise.

It is straightforward to show that for the general conditional probability (2.8),
the following property holds

P (ﬂ {Xmel} | N{Xwe fjd}) =P (ﬂ {(XmeL} | N {Xae fjd})

reER deD reR deDpg
(2.11)

where Dr C D consists of the elements of D which in the combined set C' = RUD

have an element of R as a neighbour. Thus,
DR = {Ci eC ‘ c € D and (CZ',1 € Ror Cit1 € R),Z S {1,,?1]}}

where the ‘or’ is of course not strict and events concerning the non-existent cg
or ¢y41 do not hold. Property (2.11) is easily shown to hold as factors for any

d € D such that all its neighbouring values in C' also belong to D appear in both
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the numerator and denominator of Equation (2.8). Although this property is
important in general, its main use may well be in predicting later order statistics
on the basis of early order statistics [79], in which case it is a Markov property
that also holds for order statistics in the classical theory [3, Sect. 2.4]. If d, < r;

and 74, < 7, then

P (ﬂ {XoyeL} | dD; {Xw € de}) =P<ﬂ (X €L} | X, € fm)

reR reR
T‘lfdvfl%*jrl —Jd t 7'2‘*7‘7;7171+jr~*jr',1 m—ri+n—jr,+1
_ ( ri—dy—1 X Hi:Q T‘z‘*ﬁflil ' X m—Te (2 12)
- m—dy+n—jq, +1 '
m—dy

The backward analogue of this result may also be of use, that is if d; > r;, and

Jd; = Jr, then

P (ﬂ {Xmel} | N{Xwe fjd}) =P<ﬂ (X €L} | X € fjd1>
reR deD reR
_ ) s () < (M) 2.13)

d1+jd1 —2
di—1

An interesting special case of the probability (2.9) is inference on a future

order statistic X,) given information about X,._;y, which, by the above Markov
property, also includes the case of additional information on further earlier order
statistics. For j > [,

(r—r+l—l+j—l) (m—r+n—j+l) (m—r+n—j+l)

_ —r+1-1 — _ —
P(X(T) € Ij|X(T—1) € Il) - : r(n—l—i—l—i—m—r—i-nll) : - (n—lfmir—i&)
m—r+1 m—r+1

_ (m-r+1 mﬁ“[n—ﬁﬂ (2.14)

(n—l+m-r+2) 20 In—1l+k

This is equal to the probability for the event that Xy € I;_;11, as given by
Equation (2.2), for the case with n — [+ 1 data observations and m —r + 1 future
observations based on the corresponding A assumption. A more general form
of this result is presented in the following proposition, followed by a special case
given as a corollary. Since the proofs of these properties are straightforward, they

are not included.

Proposition 2.1. For r > d and j > [, the NPI probability for the event that the
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r-th ordered future observation belongs to interval I}, given that the d-th ordered
future observation belongs to I;, as given by Equation (2.9), is equal to the NPI
probability for the event that X _4 € Ij_j41, as given by Equation (2.2), for
n —[+1 data observations and m — d future observations. Similarly, for r < d and
j <, the NPI probability for the event that the r-th future observation belongs
to I;, given that the d-th future observation belongs to [;, as given by Equation
(2.10), is equal to the probability for the event that X4_,y € I;_j;1, as given by

Equation (2.2), for [ — 1 data observations and d — 1 future observations.
Corollary 2.1. The conditional probability (2.9) for j =1 and r > d is,

rd-l m—r—+1+k
o m—r+n—j7+2+k

P(X(T) € Ij‘X(d) S ]j) =

= I PXpow € LIXpor-py €1;)  (2.15)
k=0

That is, the probability for the event that the r-th future observation belongs to
I; given that the d-th future observation belongs to the same interval, is equal to
the product of the probabilities for the events X(,._;) € I; given that X_,_1) € I,
for Kk =0,...,r —d — 1. From Proposition 2.1, this probability is equal to the
probability for the event that X(,_q) € I, as given by Equation (2.2), for n —j+1

data observations and m — d future observations.
Corollary 2.2. The conditional probability (2.10) for j =1 and r < d, is

d—r—1 T+k d—r—1
P(Xye ;| Xg€l)= _ = P(Xip € L\ X, €l
( (r) J| (d) ]) kl;[o rj—14+k kl;[() ( (r4k) ]\ (r+1+k) J)

That is, the probability for the event that the r-th future observation belongs to
I; given that the d-th future observation belongs to the same interval, is equal to
the product of the probabilities for the events X, 1) € I; given that X1k € I,
for Kk =0,...,d —r — 1. From Proposition 2.1, this probability is equal to the
probability for the event that X4_,y € I, as given by Equation (2.2), for j —1

data observations and d — 1 future observations.

If one has information about two future order statistics, on either side of the

X(ry of interest, than a similar result is presented next.



2.4. Conditional probabilities for future order statistics 25

Proposition 2.2. The conditional probability for X,) € I; given that X 4,) € I,
and Xa,) € I, for di < r < dy, is equal to the probability of X, _4,) € Ii—ja 11,
as given by Equation (2.2), for js, — jg, data observations and dy — d; — 1 future

observations.

The proof of proposition 2.2 is straightforward, using Equation (2.8) for the
conditional probability P(X) € I;| X4, € I;

Jdq?

X(ay) € 1j,,) and Equation (2.2)
for the probability for the event that X, _4,) € I;_; ay 1 for j4, — ja, data obser-
vations and dy — d; — 1 future observations.

The information used in the conditional probability (2.8) provides for each X 4,
with d € D, the interval in the partition created by the n observations to which
this future order statistic belongs. One may wish to consider instead information
in the form of precise values for some of the future order statistics. Due to the
nature of NPI, where the A()-based probabilities are assigned to intervals without
further assumptions about their distribution within such intervals, such detailed
information for some order statistics makes no difference to the probabilities
assigned to intervals for other order statistics, except for the obviously required

ordering of the order statistics.

Example 2.3. Suppose that one has n = 2 observations, x; = 4 and xy = 10,
so I} = (—o00,4), I = (4,10) and I3 = (10,00), and consider m = 3 future
observations. Suppose that we are interested in X(3) given either X, € (4,10) or
X(2) = 8. The corresponding conditional probabilities are P(X(3) € (4,10)|X(9) €
(4,10)) = 0.5, P(X(3) € (8,10)|X(2) = 8) = 0.5. The important difference between
these two cases is just based on the more detailed information in the latter case
about X(9) which reduces interval (4,10) for X 3) to (8,10), but it does not affect
the corresponding probability. The absence of this detailed information in the
first case avoids reduction of the interval (4, 10) for X s), but of course the order
X(2) < X(3) has to hold.
O

Analysis of the conditional probability (2.10) leads to an interesting property

of stochastic ordering for the comparison of two different conditional events for the
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same random quantities. Let F}4(j|!) be the conditional cumulative distribution
function (CDF) for X, given X4y € I;, whichfor j =1,...,landl =1,...,n+1,
is defined as
J J
Fa(ill) = P(X( € kL_Jl I X el) = 2_: yE€ LX)  (216)

where Fr|d(n+ 1|l) = 1 and Fy4(1]1) = 1. Let F.(j) be the CDF for X,y € I, i.e.
Fu(j) = Sy P(Xe € 1)

Consider two future order statistics X(,y and X4 with r < d, and intervals
Ij = (xj_1,2) and L1y = (219, 2;1) with j <1 —1. If F4(j|l — 1) > Fa(j]1),
for all j, then X, € I-]X(d € I;_; is said to be stochastically less than X,y €
I;| X4 € I, denoted by Xy € I;| Xy € -1 <o Xy € [;| X € I

Theorem 2.1. For [ =1,...,n+ 1, we have
Fra(G11) =2 Frya(j12) = ... = Fa(jin) = Fa(jln +1)

Therefore, X,y € ;| X@y € I <o Xy € 1j| Xay € I <gt ... <ot Xy € [;| X(g) €

Lot

Proof. We must show that, for all j <[ —1
J J
> P(Xi) € LX) € L) 2 ) P(Xq) € | X(q) € 1) (2.17)
k=1 k=1

Note that the conditional CDF for the event X, € Il_1|X(d) € l;_qis

-1
Fr|d(l — 1|l — 1) = ZP(X(T) c Ik|X(d) S ]l—l) =1

k=1
and the conditional CDF for the event X,y € I;_1|X(q) € [; is
-1
Fr|d(l — Hl) = Z P(X(r) € [k‘X(d) € Il) <1
k=1
A sufficient condition for property (2.17) to hold is if there exists one value w,

such that

P(X(r) S Ik|X(d) S ]l—l) > P(X(T) c Ik|X(d) S ]l) for all k£ <w, (218)
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and
P(X(T) € [k’X(d) € Ilfl) < P(X(T) € Ik’X(d) S [l) for all k> w, (219)

Using Equation (2.10), it is straightforward to show that Equation (2.18) holds if

and only if
r(l—1)
k< 1 2.20
SU-n " (2.20)
Similarly, Equation (2.19) holds if and only if
r(l—1)
k> 1 2.21

r(l—1)
(d-1)

Hence, by defining w, = + 1, the sufficient condition holds.

Example 2.4. Consider n = 8 observations and m = 5 future observations, as
also used in Example 2.1. Table 2.4 presents the conditional probabilities for the
event Xy € I;| X5y € I forall j,1 =1,...,9. Table 2.4 illustrates that Equations

(2.18) and (2.19) hold, namely when wy = 2(1;1), as given in the proof of Theorem

2.1, we have
oo l—1
P(X(2) = [J"X(5) €liq1)> P(X(z) € Ij|X(5) €l) for 7 < TN +1
and
o l—1
P(Xe) € | X5 € L) < P(Xy € Lj| Xy € ) for j = ——+1

Thus, the conditional CDF of Xy € Ij|X(5) € I; is less than the conditional CDF
of X(Q) S IJ|X(5) S ]l—1> then X(Q) S I]|X(5) S [l ZSt X(Q) S []|X(5) S [l—la as
illustrated in Table 2.5.
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i |1 2 3 4 5 6 7 8 9
1 |1 06 04 02870 021428 0.16666 0.13333 0.10909 0.09090
2 |0 04 04 034285 0.28571 0.23809 0.20000 0.16969 0.14545
3 10 0 02 025714 025714 0.23809 0.21428 0.19090 0.16969
4 |0 0 0 011428 0.17142 0.19047 0.19047 0.18181 0.16969
5 [0 0 0 0  0.07142 0.11904 0.14285 0.15151 0.15151
6 [0 0 0 0 0 0.04761 0.08571 0.10909 0.12121
7 10 0 0 0 0 0  0.03333 0.06363 0.08484
8 [0 0 0 0 0 0 0 0.02424 0.04848
9 [0 0 0 0 0 0 0 0  0.01818

Total | 1 1 1 1 1 1 1 1 1

Table 2.4: P(X() € L;|X(s) € 1)
l
jlt 2 3 4 5 6 7 8 9
1[1 06 04 02857 0.2143 0.1667 0.1333 0.1091 0.0909
201 1 0.8 0.628 05000 0.4048 0.3333 0.2788 0.2364
311 1 1 0887 0.7571 0.6429 0.5476 0.4697 0.4006
411 1 1 1 09286 0.8333 0.7381 0.6515 0.5758
501 1 1 1 1 009524 0.8810 0.8030 0.7273
6|1 1 1 1 1 1 09667 0.9121 0.8485
71101 1 1 1 1 1 09758 0.9333
8|1 1 1 1 1 1 1 1 0.9818
o1 1 1 1 1 1 1 1 1

Table 2.5: F2‘5(.]|l) = {czl P(X(Q) < [k|X(5) € [l)

2.5 Median and mean of future observations

In this section, we derive the NPI probability distributions for the median and
the mean of m future observations. These have not yet been considered in NPI,

and will be used in Chapter 5.

2.5.1 The median of m future observations

We denote the median of m future observations by M,,. To keep it simple, we

first consider the case in which m is odd, so M,, = X (mi1); AS it can be derived

straightforwardly by replacing r by mTH in Equation (2.2). Using Equation (2.2),
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Figure 2.4: P(M,, € I;) for n = 100

the NPI probability for the event M,, € I; = (z;_1,z;) is

ML -1\ (n—j+1+ 252
P(My, € Ij) = P(X(mTH) €l;) = ( 21’*5 )( JnfjJrlz )

()

Figure 2.4 illustrates probability (2.22) for n = 100 and for different values of

(2.22)

m. Note that P(M,, € I;) is symmetric around the value I5; for m = 5,31, 51,201
and j = 1,...,101. The lower and upper probabilities for the event M,, > z, if

z#x;for j=1...,n,are
n+1
P(M,, > 2z)=> Uz > 2}P(M,, € I)) (2.23)
j=1
- n+1
P(M,, > z) =Y 1{z; > 2}P(M,, € I;) (2.24)
7=1

The probabilities (2.23) and (2.24) are step functions of z, as illustrated in Figure
2.5 for m = 5 and different values of n. Figure 2.5 shows that as n increases, the

imprecision of the lower and upper probabilities decreases.

More generally, interest may be in the event M,, € Z = (21, 22), in which both
of z1, 2o are not equal to data observations. The NPI lower and upper probabilities
for this event are

n+1

P(M,, € (21,20)) = > H{I; C (21, 22)}P(M,y, € 1) (2.25)

=1
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- n+1
P(Mm c (Zl, 22)) = Z 1{.[3 N (21,22) 7é Q)}P(Mm - I]) (226)

=1

NPI for the median of m future observations is relatively more complex if m

KXot Xeg

is even, in which case M, = 5

. In this case NPI does not provide

precise probabilities for the event M, € I;, but instead the NPI lower and upper

probabilities for the event M, € I; are

B(Mm S Ij) =
n+1n+1

i—1 T Tj— i T
SN Yy < BRI NI <) % P(X (i € Ty Xy € 1)

2 2

i=1 =i

P(M,, €I;)=

n+1n+1

T, 1+x1 T, +x
Sy l)m]ﬂé(z)}xp(x(%)e]i,X(%H)e]l)

i=1 [=i 2 7 2

(2.27)

(2.28)

Example 2.5. Consider an artificial data set consisting of the ordered numbers

from 3 to 50, so n = 48. The lower and upper probabilities for the event that the

median for m = 6,32, 52 and 202 is in interval I; = (x;_, z;) are shown in Figure

2.6. The results clearly illustrate that by increasing the value of m the NPI lower

and upper probabilities for event that the M, € I; increase for nearly all j, apart
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Figure 2.6: [P , P|(M,, € I;) for m = 6,32,52,202, n = 48 and

j=1,...,49

from small and large values of j. The maximum lower and upper probabilities

are achieved for event M,, € Is5, for which the imprecision is also maximal.

Similarly, for m even, the lower and upper probabilities for the event M,, > z,

> 2)

with z # z;, for j =1,...,n, are
(&%+X%w
- 2
n+1n+1

=3 Y1 xz 1+$z 1 ngxl)ZZ}XP(X

i=1 l=1

P

=Xz + Xz

2
n+1n+1

> 2)

—ZZl{ 'IZ 1+xl 1 xz—;xl>m

=1 =1

2.5.2 The mean of m future observations

(2,00) # 0} x P(

O
(m) € ]i;X(%—i—l) €n)
(2.29)
X(%) S Ii,X(%_H) c Il)
(2.30)

We denote the mean of m future observations by u,, and the mean corresponding

to a specific ordering O; of the future observations among n observations by

pt. . When we consider p’ , we must avoid possible probability mass in —oco

or oo, because it affects the mean of the m future observations. We assume
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finite bounds L < R for the data observations and future observations, such that

L <z <...<x, <R, and define o = L and z,,4; = R for the A() assumptions.

The randomness of p, can be considered as a result from not knowing the
ordering O; and the place of the 33'- future observations within each interval I;.
Given the orderings O;, the mean p!, is imprecise, because we do not assume where
the S;- future observations precisely are within interval /;, we remind the reader
that sé. is the number of future observations which, according to ordering O;, are
in interval I;. Thus, based on the A() assumptions, we can only derive bounds
for p,, and for probabilities for events involving ,,,. The maximum lower bound
and the minimum upper bound for the mean p! of the m future observations, for

given ordering O;, are

. 1 ’il ,
e = — Y sixi g (2.31)
Hn =y 2 5%
pio=— Y six; (2.32)
m = !

The expected value for the mean u,, of the m future observations is

(") e
E (i) = Z E(pim|0;)P(O;) = Z Ly,

(")
The maximum lower bound for E(j,,), which is also called the lower expectation,

is

E(pm) = Y. PO, = fomes D20 D 8T
i=1 ( n ) =1 M=
n—+m
1 1 n+1 ( n ) ) 1 1 n+1 m(n«;m)
- n+m 721.‘_1[2 SZA]: n+m 721‘4_1[ ]
(‘;)mjzlj i=1 ! <—;)mjzlj n+1
1 n+1 1 n
_ = , 2.33
n—i—ljz::l%l n+1jz:%)$] (2.33)
n+m . m n+m
In this derivation, the third equality is based on the equality Zi(:f ) 85 = Sl i ) =

(n+1+m— 1

bl >7 which holds for all j, since all orderings O; are equally likely by

Equation (2.1). Similarly, the minimum upper bound for E(u.,), also called the
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-2 1 10
-2 1 2 11 12
-2 1 2 3 4 13 14 15 16 R=18

A: L
B: L
C: L

Table 2.6: Data sets

upper expectation, is

(n+m> n+1

Z P(O)ut, = +1Z$] (2.34)
The NPI lower and upper probabilities for the event u,, > z, are

(")
P > 2) ( ) Z s, > 2} (2.35)

()
Pl > 2) = W) DRITAED (2:30)

n

~l

For any interval Z = (z1, 22) the NPI lower and upper probabilities for the event

Wm € Z are
L) o
P € (21,20)) = &3 S Um <ply <pl, <z} (237)
n i=1
n—+m
)

= Tnam) i 1{(%a %) N (21, 22) # @} (2.38)

Example 2.6. To illustrate the inference involving the mean of the m future
observations given in Equations (2.37) and (2.38), we consider the data sets
given in Table 2.6. It is often of interest to investigate whether the mean of the
future observations falls in an interval (zy, 23), e.g. we want to know if the p,, is
somewhere around the centre of the given data.

Figure 2.7 presents the lower and upper probabilities for the events pu,, €
(21, 22), for m = 2,...,30, corresponding to the datasets in cases A, B and C,
for the events p,, € (2.5,9.5), p € (3.5,10.5) and p,, € (5.5,12.5) respectively.
The behaviour of each probability for the different datasets is quite similar as the
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Figure 2.7: Lower and upper probabilities for the event ui €
(21, 292) for data set in case A, B and C for m =

2,...,30

intervals (z1, z2) for all data sets have the same length. However, it is clear from

the results that the effect of increasing the sample size leads to decreasing the

imprecision, because more information is available.

2.5.3 The expected value of a future order statistic

It may also be of interest to consider the NPI maximum lower and minimum

upper bounds for the expectation of X(,y. As in Section 2.5.2, we assume bounds

L and R for the observations z,...,x,, and for the future observations.

The lower and upper bounds for the expected value of X, are easily derived
by putting all probability masses per interval to the left for the lower bound, and
to the right for the upper bound, which leads to the lower and upper expected

values
n+1
E(Xy) = Y 2 P(Xq) € 1)) (2.39)
j=1
n+1
(2.40)

F(X(ﬂ) = Z.I]P(X(r) c ]])
j=1
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2.6 Concluding remarks

The results presented in this chapter provide new tools for predictive inference
on order statistics of future observations. While some inferences coincide with
classical results on order statistics [3], the explicit use of the A ) assumptions
and restriction to m future observations make the derivation of some results
more straightforward than in the classical framework, where typically both the
data observations and future observations are considered to be random quantities,
sampled from an unknown population probability distribution, with predictive
inference developed through conditioning on the data observations. The use of
lower and upper probabilities widens the range of possible inferences compared to
the classical approach. Several inferences involving future order statistics will be

illustrated in the next chapter, in particular on pairwise and multiple comparisons.



Chapter 3

Statistical inferences involving

future order statistics

3.1 Introduction

In this chapter, we develop statistical methods based on the probability results
presented in Chapter 2, so we consider inference involving future order statistics.
Applications of statistical inference often involve comparison of two or more
independent groups of data, e.g. resulting from two different treatments. In
classical statistics, a popular method is to test equality of parameters in assumed
parametric models, or to use the ranks of the observations in nonparametric
methods, for example Wilcoxon’s or Kruskal-Wallis tests can be used for two or
more independent populations, respectively [46]. These methods assume that the
random quantities for each population are independent and identically distributed.
Comparisons of real-valued observations in NPI have been formulated in terms of
a single future observation from each of two or more groups of data [19, 30]. We
provide a generalisation by considering m future observations instead of a single
future observation.

The key difference between comparison in NPI and classical statistics is in
formulating the question of interest. In classical tests, usually the starting point

is the hypothesis that both groups come from the same distribution, which is

36
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often impractical. The NPI approach does not require a particular hypothesis
to be formulated; it uses a direct approach involving only future observations,
which enables a natural manner of comparison that is particularly well suited if a
decision must be made about, for example, the best treatment for the next units
or individuals [35].

This chapter is organized as follows. Section 3.2 provides a generalisation
of pairwise comparisons as presented by Coolen and Maturi [28], and different
events of interest are considered. Section 3.3 presents the difference between
future order statistics of two independent groups. Section 3.4 extends multiple
comparisons as presented by Coolen and van der Laan [30], by considering the
comparison in terms of the r-th order statistic out of m future observations from
each group using the results derived in Chapter 2. Section 3.5 briefly discusses
some further inferences that could be of interest, namely prediction intervals, the
number of future order statistics in an interval, and the spacing between future

order statistics. The chapter ends with some concluding remarks in Section 3.6.

3.2 Pairwise comparisons

Suppose that we have two independent groups of real-valued observations, X and
Y’; so the values in one group contain no information about the values in the
other group, and their ordered observed values are 71 < o < ... < x,, and y; <
Y2 < ... <ynp,. For ease of notation, let xg = yo = —o0 and z,,41 = Yn,+1 = 0.
Let If = (vj,-1,25,) and I} = (y;,-1,y;,). We focus attention on m > 1 future
observations from each group (i.e. m, = m, = m), so, on X, 4; and Yy, 44 for
1 =1,...,m. The theory presented in this chapter does not require limitation to
the case m, = m,, but it seems to be quite logical when comparing future order
statistics to consider the same number of future observations for each group; the
generalisation to different values for m, and m,, is straightforward.

Suppose that we wish to compare the r-th ordered future observation from

group X to the s-th ordered future observation from group Y, by considering
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Figure 3.1: Locations of probability masses corresponds to lower
and upper probabilities of the event X,y < Y{y), rep-
resented by red dots and black arrows respectively.

the event X,y < Y(,). The inference depends on A assumptions for each group,
denoted by Af) and A?(’.) for group X and Y respectively. The NPI lower and

upper probabilities for this event, based on the Ac(’/’_) and A?.) assumptions per

group, are
Ng+1 ny+1
P(Xpy <Yio) = D > Yy, <yj,—1}P(Xqy € I1)P(Yy) € 17) (3.1)
Jz=1 jy=1
o ng+1 ny+1
P(Xoy <Y) = > > Mazj,1<y;,}P(Xp € I7)P(Y, € 1)) (32)
o= jy=1

The NPI lower (upper) probability is obtained by putting the probability mass
per interval at an end point, for group X at right (left) end point and for group
Y at the left (right) end point. This is illustrated in Figure 3.1. The special case

with 7 = s was earlier presented by Coolen and Maturi [28].

One may wish to compare two groups by taking multiple future order stat-
istics into account. This can be done using the joint probability (2.5) presented
in Chapter 2. For example, suppose that we are interested in comparing two
independent groups X and Y by simultaneously considering the r-th and the s-th
future order statistics from each group. We can use the joint probability given
by Equation (2.6) for any event involving the r-th and s-th future observations
per group. Suppose that we are interested in the event Xy < Y(,), X(5) > Y(y),
with r» < s, which can give insight into the spread of the future observations for
the two groups. The NPI lower and upper probabilities for this event are given

in the following theorem. Of course, such results for different events of interest
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are derived similarly.

Theorem 3.1. The NPI lower and upper probabilities for the event X, <

Y, X(5) > Y(s) are

P(Xir) <Y X > Yio) =

P(X) <Y, Xis) > Vi) =

where

kg,

ne+1 ng+1 ny+lny+1

Z Z Z Z 1{%95 < Yj,—1,T1,—1 > yly}

Je=1le=Jou+1 jy=1 ly=jy
X P(X(T) S Ifz,X(s) S Ii) X P(Y(T) S I?y,ns) S Ill;)
(3.3)

ng+1 ny+1 ny+1 ny+1

D IDINDS

Je=1lz=Jz Jy—l ly—,]y+1

1{353'171 < Yj,, L1, > yzyﬂ}.

X P(X(T) S Ifz,X(s) S Ii) X P(Y(T) S I;'JWY(S) c Ii)

+ Y max [Py, (3.4)

y= 2. > Wy <y, >y Y P(Xy € 17, Xy € 117)

x P(Yy) € I%, Yy € IY) (3.5)

Jy

The proof of Theorem 3.1 is given in Appendix B; the remaining maximisation

for the derivation of the upper probability is also discussed in that appendix.

Another event that may be of interest is X, < Y{;), X(sy < Y{5). The NPI

lower and upper probabilities for this event are

ng+1 ng+1 ny+1 ny+1

B(X(T) < }/(7")7X < YS) Z Z Z Z 1{1:]:0 < y]y—hxlar < yly_l}

Jz=11, ]J,]U ll*]y

XP(X(T) € IfI,X(s) € [;;) X P(Y(r) S []yy,Y(s) € IZ/)
(3.6)

ng+1 ng+1 ny+1 ny+1

P(Xo) <Y, X <Yi) =D > > > Hajo1 <yjpowi—1 <, }

Jo=1lz=ja Jy=1 ly=3y

XP(X(T) S Ijxx,X(s) € Ilyi) X P(Y(T) S [jyy,Y(s) S Ii)
(3.7)

These lower and upper probabilities are derived similarly to those in Theorem 3.1,

39
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but note that, for this event, the upper probability does not require remaining
optimization. We illustrate the NPI pairwise comparisons based on future order

statistics in the following example.

Example 3.1. We consider the data set of a study of the effect of ozone envir-
onment on rats growth [42, p.170]. One group of 22 rats were kept in an ozone
containing environment and the second group of 23 similar rats were kept in an
ozone-free environment. Both groups were kept for 7 days and their weight gains

are given in Table 3.1.

Ozone group (X) Ozone-free group (V)
-15.9 -14.7 -129 -99 -90 -9.0 -16.9 13.1 154 174 17.7 183
6.1 6.6 6.8 7.3 10.1 12.1 19.2 214 21.8 219 224 22.7
14.0 143 155 157 179 204 244 259 26.0 260 26.6 27.3
282 399 441 546 274 285 294 384 41.0

Table 3.1: Rats weight gain data

The NPI lower and upper probabilities (3.1) and (3.2) for the events X,y < Y,
r=1,...,m, are displayed in Figure 3.2. The first row corresponds to the full data
for the cases with m = 5,25, 200, while the second row presents the corresponding
figures with the observation —16.9 removed from group Y. This value could e.g.
be removed because it could be considered as an outlier, so it might be interesting
to see its influence on these inferences. Note that the data for group X and for
group Y both contain two tied observations, at —9.0 and 26.0, respectively. Since
the tied observations are within the same group, we just add a very small amount
to one of them, not affecting their rankings within the group nor with the data
for both groups combined, and therefore not affecting the inferences. This can be
interpreted as assuming that these values actually differ in a further decimal, not
reported due to rounding.

This example shows that these data strongly support the event Xy < Y,
for future order statistics that are likely to be in the middle area of the data
ranges, with the values of the NPI lower and upper probabilities reflecting the

amount of overlap in the observed data for groups X and Y. For extreme future
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Figure 3.2: [P, P](X(y < Y{»)

order statistics the imprecision is very large when m is greater than n, due to the
fact that those future order statistics are quite likely both to fall in the first or
last interval, in which case very little can be said about the comparison of their
values. Deleting the smallest Y value from the data, as shown in the second row
in this figure, has quite some effect on inferences for small values of r, as the lower
parts of the plots in rows 1 and 2 in Figure 3.2 clearly illustrate, but deleting this
possible outlier does not have a noticable effect when larger values of r are used
for the pairwise comparison.

To illustrate pairwise comparison using different order statistics for the two

groups, we consider the case with m = 200 and interest in events X(,) < Y(y.

Figure 3.3 presents the NPI lower and upper probabilities for these events for the
values r = 1,50, 100, 150, 200 and for all s =1, ..., m. Note that here the smallest
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Y observation, —16.9, has been deleted from the data. For r = 1 it is very likely
that Y,y > X(;) for nearly all s, apart from the smallest values of s for which
we get almost vacuous lower and upper probabilities for this event; that means
upper probability of about 1 and lower probability of about 0, so imprecision close
to 1. This reflects that the X data set contains quite a few observations which
are smaller than all Y data values, and also the earlier discussed fact that one
gets much imprecision for extreme future order observations if m is substantially
greater than n, and n,. Note that for » = 200 the effect is very similar, it is very
unlikely that Y4 > X(900) for nearly all s, apart from large values of s for which
we get imprecision close to 1, due to the X group data containing the two overall
largest observations. In Figure 3.3, for r = 1 and r = 50 and s > 80 the NPI
lower and upper probabilities for event Y{,) > X,y are close to one. The plotted
line, which represents the interval bounded by lower and upper probabilities for
each of these events is not shown in the figures, similarly for » = 200, and s < 100,
in which cases P(Y(s) > X(200)) =~ P(Y(s) > X(200)) = 0. The plot for r = 150 may
well be most informative, with e.g. the event X(150) < Y{,) having lower probability

greater than 0.5 already for s from just below 60 onwards.

r=1 r=50 r=100 r=150 r=200

200+

180 ’

160 -

1401
120

» 100
80 1

60 -
40 -
20 -

T T T T T T T T T T T T T T T
0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

Figure 3.3: [P, P](X() < Y(s) for m = 200

The NPI lower and upper probabilities for the events X, < Y(,y, X(5) > Y(y),
with r < s, are presented for these data in Figure 3.4, for m = 100 future obser-
vations for both groups X and Y. The presented cases are for r = 5,10, 25, 50, 75,
and for all s =7+ 1,...,m. The plotted lines in Figure 3.4 start at s =r + 1 as
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Figure 3.4: [P, ](X(,n) < Y, Y < X(S)) for r < s and m =
100

we consider 7 < s. Note that again the smallest Y observation, —16.9, has been
deleted. This event of interest is whether the values Y,y and Y/, will both be in
the interval (X(r), X(s))- For small values of r it is likely that X, < Y(;, as the
X data contain the smallest overall observations. So the results for the case r =5
are largely influenced by the event Y(,) < X(,), which for most values of s is quite
unlikely to happen, yet for large values of s it becomes well possible, reflecting
that the two largest overall data observations belong to group X. Again we see

much imprecision for the extreme order statistics.

Example 3.2. We consider different values of n and m to illustrate their effect
on the NPI inference of pairwise comparisons of the event X,y < Y{,). The NPI
comparisons depend on the combined ordering of the two groups. Let us consider
data from two independent groups X and Y, consisting of an even number n of
observations from each group, with the following ranks; z; < ... <2z <y <

- < Yn < 2241 < ... < zy. The NPI lower and upper probabilities for the
event X(,) < Y{;) are plotted as a function of n in Figure 3.5 for m = 5 and
r=1,...,5, and in Figure 3.6 for m = 100 and r = 1, 25, 50, 75,200. The plotted
line for each value of n represents the interval bounded by the lower and upper

probabilities, so the length of each line is the imprecision for the event X,y < Y{;).
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Figure 3.5: [P, P|(X() < Y{) for m =5
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Figure 3.6: [P, P|(X () < Y{») for m = 100
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Figure 3.7: [P, P|(X() < Y{»y) for n =8

These results clearly show that increasing the number n of data observations
decreases the imprecision for such an event. However, for large m, as illustrated
in Figure 3.6, the imprecision remains high for the extreme future order statistics,
as no assumptions are made about the spread of the probability mass in the end
intervals in both groups.

Figure 3.7 presents the lower and upper probabilities for the event that X,y <

Y, for n = 8 and r = 1, mT“,m, considering different odd values of m. The
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results show that imprecision tends to increase as a function of m, particularly
for the event involving extreme future observations and where m is much greater

than n.

3.3 Differences between future order statistics

of two groups

The pairwise comparison methods presented in Section 3.2 do not provide insight
into the actual differences between these future order statistics. To achieve this,
we generalise this method by considering the event that X,y < Y, + ¢ for 6 € R.
This is similar to the use of the so-called effect size in hypothesis testing, which
is used to quantify a difference between two groups [17]. The generalisations of
Equations (3.1) and (3.2) are as follows,
ng+1ny+1
P(X) <Y +0) = jz_:l ]21 Haj, <yj,1+0}P(Xy € I7)P(Yy) € I7) (3.8)
v=1 jy=

nz+1 ny+1
P(Xy <Y+0)= > > Wzj1 <y, +0}P(Xp € I[)P(Y, € I}) (3.9)

Jo=1 jy=1
The NPI lower and upper probabilities only change if § is large enough to change

the ordering of the yy,...,y,, among the values xi,...,2,, . This change in

ordering can occur for at most n, x n, different values of §. Thus the lower and
upper probabilities of the event that X,y < Y{, + ¢ for fixed r and s can have at
most n, x n, + 1 different values, including the case 6 = 0. As a function of 0,
P(X(yy < Y5 +6) and P(X(,) < Y{;) + 6) are step functions that change value at

ng x n, different values of 6.

Example 3.3. To illustrate the NPI lower and upper probabilities (3.8) and
(3.9), we consider the data set given in Example 3.1, about the effect of ozone
environment on rats growth. We consider m = 10 future observations for both

groups. The smallest Y observation, —16.9, has again been deleted from the
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Figure 3.8: [P, P|(X¢) < Yy +0), m =10

data. Figure 3.8 presents the NPI lower and upper probabilities for the event
Xy < Yy + 9, as a function of 0, for r = 1,3,5,7,10. Figures 3.9 and 3.10
present the NPI lower and upper probabilities for the event X(,) < Y(,) + 9, again
as function of 9, for (r=1,s=3), (r=1,s=5), (r=1s=7), (r=1,s = 10)
and (r = 3,s = 5), in Figure 3.9, and for (r = 3,s = 7), (r = 3,s = 10),
(r=>5,s=7),(r=>5,s=10) and (r =7,s = 10) in Figure 3.10.

r=1,s=3 r=1,s=5 r=1,s=7 r=1,s=10 r=3,s=5
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Figure 3.9: [P, P|(X(y < Y(s) +9), m =10

These NPI lower and upper probabilities are monotonically increasing as the
value of ¢ increases. For these data, the lower and upper probabilities remain
constant for values of 9 less than —57 or greater than 42; in these cases, the two
data sets are completely non-overlapping as all observations for group Y become
less than all observations for group X or vice versa. Thus, the lower probabilities

for this event are equal to 0 for 6 < —57, while the upper probabilities for this
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Figure 3.10: [P, P|(X() < Y(s) +6), m =10

event are equal to 1 for § > 42. Figure 3.8 illustrates that events involving the
extreme future order statistics have high imprecision. [P, P}(Xa) < Y1) + 0)
increase as functions of 9, staring when the largest observations in group Y begin
to exceed the smallest observations in group X. Figures 3.9 and 3.10 illustrate
that events involving the extreme future order statistics, i.e. X1y or X(j¢) or both,
have less imprecision for nearly all §, apart from small values of ¢, i.e. § < —40.
For 0 > —8.6, the plotted line, which represents the interval bounded by lower
and upper probabilities for the event X (1) < Y19y + ¢ is not shown in Figure 3.9,
where the NPI lower and upper probabilities for X ;) < ¥(y09) + 0 are close to one.
Similarly for 6 > 30, the plotted line for the lower and upper probabilities for the
event X3y < Y(7y + ¢ is not shown in Figure 3.10.

3.4 Multiple comparisons

Coolen and van der Laan [30] presented NPI methods for comparisons of multiple
groups with different events of interest formulated in terms of the next future
observation from each group. This included selecting the best group, the subset of
the best groups, and the subset that includes the best group. In this section, we
present similar NPI multiple comparisons methods but based on order statistics of

multiple future observations. We are interested in the question, which group will
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give the maximum r-th ordered future observation or the minimum r-th ordered
future observation? An answer to this question might be useful if one wants to

choose between the groups.

3.4.1 Selecting the best group

First, we consider selecting the best group based on the value of a single future
order statistic. Suppose that there are £ > 2 independent groups, denoted by
X' X2, ..., X% of real-valued observations, and their ordered observed values

are 7{ < x§ < ... <} for each group g = 1,...,k. For ease of notation, let

g
Jg—1»

g

zj ). We are interested in m > 1 future

xj = —00, Ty 41 = o0 and I = (z
observations from each group, so in Xﬁgﬂ- fore=1,....mand g=1... k. As
before, we consider inference based on the A assumptions for each group. We
are interested in the event that a specific r-th future order statistic in group
[, s0 X (lr), is the maximum of all r-th future order statistics X (gr) of the groups
g=1,... k. The NPI lower probability for this event Xér) = maxi<g<k Xf’r) is
derived by

k
 _ g _ l g
P(X{,y = f?gaka(r)) = P(ﬂl{X(r) > X}
<g< p
g#l
! i l l ! l !
= > P((W{X() < XinHX() € L) P(X() € 1)
a=1  g=1
g#l
e i ! 1 1
Z P(ﬂ{X(gr) < le—l})P(X(r) € Ijl)
a=1  g=1
g7l
AR 1 l !
qi=1g=1
g#l
n;+1 k ng+1
YOII > {af, <aj 3 P(XE, € I9)P(X{, € I})
Ji=1 9;% Jg=1
g

v

v

(3.10)

The lower probability is derived by putting the probability mass per interval
at the left end point for the group [, and at the right end point for all other
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groups. By placing the probability mass for each interval this way, the RHS of
Equation (3.10), can actually be attained so it is the maximum lower bound for
the probability for this event, hence it is the NPI lower probability. We use the
notation

m+1l k ng+l
— l l l
£y = P(X(yy = max X(,)) lzl ng ]2_:1 Waf, < ol }P(X{,) € I])P(X{, € I}
g#l !

(3.11)

We can similarly derive the NPI upper probability for the event Xér) =

maXlgggk Xélr) by

P(X{, = max X[ ) = ﬂ{X > X{0}

gsél
n;+1
= Y P( ﬂ{Xg < X(WHX(,y € L)P(X(,y € I})
J=1 g=1
g7l
! ~ l l l
Ji=1 g=1
g#l
n+1 k ng+l
YoOII Y Haf, oy <l }P(XY, € 1) P(X{, € T})

51=1g=1 jg=1
g#l

IN

IN

(3.12)

The upper bound is obtained by putting the probability mass per interval at the
right end point for group [, and at left end point for all other groups. This upper
bound can also be attained and hence is the NPI upper probability, and we use
the notation

n+l k ng+l
P, = P(X(y=max X[ )= > [ > = _, <2l }P(X, € I{)P(X(,y € I})

1<g<k
=9= J1=1 g=1 jg=1
g#l

(3.13)

The lower and upper probabilities for the event that the r-th future observation

from group X' is the minimum of all 7-th future observations from the other groups
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XGy1<g<kso Xér) = min <y<x X7, are derived similarly and are equal to

n+1 k ng+l

P, =P(X{, = fil;%X Z H Z Waf _y > 2l }P(X(, € [[)P(X{, € I)

o

(3.14)
., . +1 k ng+1

P, = P(X{, = 1I<ngl£1kXT Z 1:[ Zj Wa§ >l YP(X{, € [[)P(X(, € I)
= gg =

(3.15)

We will refer to these as the lower and upper probabilities that group [ is the
best of all groups, where ‘best group’ is clearly to be interpreted in terms of the
r-th ordered future observation for each group. We present examples to illustrate

these lower and upper probabilities in Subsection 3.4.4.

3.4.2 Selecting a subset containing only the best groups

In the theory of statistical selection [30, 82] interest is often in subsets of the
groups, for example, for use in screening processes where initially all groups are
involved in tests, but later stages of testing can only involve a subset of the groups
[13]. We consider a subset of the k independent groups with a subset containing
w groups, with 1 < w < k — 1, where w = 1 is the case of a single group as
presented in Section 3.4.1. One logical problem formulation involves selecting a
subset of the groups that is most likely to contain all the w best groups. We now
derive the NPI method for such inferences with the best group in terms of the
value of the r-th ordered value from the m future observations. Suppose that a
subset of the k£ independent groups contains w groups with 1 <w < k — 1. Let
S={l,...,l,} C{1,...,k} be the subset of indices of these w groups, and let
NS ={1,...,k}/S be the subset of indices of the kK —w groups not in this subset.
The NPI lower and upper probabilities for the event IlIélgl X éT) > max X7 (r) are

geNSs
derived as follows. First, we find a lower bound for this probability
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-
P (IlrélélX(r) > max. X( )) P ( ﬂ {X < Ilrélgle( )})
geNS
ny, +1 ny, +1

- Z Z P( ﬂ {Xg <m1nX }|Xl1 GI]l-lll Xé%é%;:)

=1 G,=1 “geNS
l l lw
X P(X(l) € I-lll, (T) € Ijlw)
ny;+1 np,+1 [
l l lw lw

> ) M {x{, <m?%<4} x P(Xgy eIy ... . X5 elr)

I 9eNS

ny, +1 ny,+1 [
— ls l l lw lw
=> ... > IIP(X <??%SJ x P(Xgy €15 ... . X €L" )

in=1 =1 lseNS

ny, +1 Ny, +1

[ ng+1
> Z Z H Z l{m <m1nazjl 1}P(Xg GIg )]
Ji;=1 Jipy=1 | gENS jg=1
l l lw lw
X P(X(l) € 14111 X € I]lw)

This lower bound is obtained by putting the probability mass per interval at
the left end point for all w groups in the subset and at the right end point for
the other k£ — w groups. This construction makes clear that this is the maximum
lower bound, and hence the NPI lower probability which we denote by

_ ; l g
Es = Blyp Xo > 05 X0)

ny, +1 Ny, +1 ng+1

Z Z H Zl{x <m1nx]l I}P(Xg 6]9)

Jl1—1 Jiw=1geENS jg=1

l 1 lw lw
x P(Xgy €15 ,... . X3 € L) (3.16)

Because the groups are assumed to be independent, the joint probability
P(Xé;) € I;lll,. : X(T) € Il *) is equal to the product of the factors P(X(li) € ]jl-lll)

to P(Xé”) € I l-” ) The corresponding upper bound for the event IlI‘lelgl Xér) >

max X (g is derived similarly, leading to the upper probability
9
ny, +1 Ny, +1 ng+1
5 B _
Pg = P(I}gng(r) > glg%%X(r)) = > o> I > Hag < mlnles}

Jiy=1 Jlw=1 gENS jg=1

I I lw lw
P(X{ eIy x P(X( eIl .. X(5 e
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(3.17)

The lower and upper probabilities for the event that the r-th ordered future
observation from each group in the subset is less than the r-th ordered future
observation from all groups not in the subset, such that max X! (ry < min X7 (r)> aI€

les geNs
similarly derived and are equal to

, ny, +1 Ny, +1 ng+1 l

Py = P(r?eaXX(T) < %{%X(r)) = > o> I > e, > max &'y X

g Jiy =1 Jlw=1 geENS jg=1
l ! w w

P(X0) e If)x P(X(y eIl .. X5 € I;)

(3.18)
- ni, +1 Ny, +1 ng+1

Py = P(r?axX(r) < grél]i\%Xfr)) = > o> I > Heg > maxx )X

Ji, =1 Jiw=1 geNS jg=1

P(X?

l lw lw
) € ];79) X P(X(T) € Ijll1 X €1, )

(3.19)

We will refer to these as the NPI lower and upper probabilities for a subset S
containing only the best groups. These inferences will be illustrated in Subsection

3.4.4.

3.4.3 Selecting a subset including the best group

A second common group selection problem for which classical statistical methods
have been presented aims to have the selected subset containing the single best
group. In our case, this is the group which provides the maximum r-th ordered
future observation. We can use the same notation as introduced for the selection
of a subset containing all the best groups. The NPI lower and upper probabilities
for the event that the r-th future observation from at least one of the selected
groups in S is greater than the r-th future observation from all unselected groups
in NS, are derived similarly to the NPI lower and upper probabilities (3.16) and
(3.17), but with the minimum over S everywhere replaced by the maximum over

S in the event of interest. These NPI lower and upper probabilities are
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* l
Py = Plmax Xy > max Xip)

niy +1 Ny, +1 ng+1

= > o> 1T > ey, <max3: _P(X, e 1)

Ji,=1 Jiw=1 geNS jg=1

X P(X(y €I}, Xy € 1) (3.20)

Dl
Py = Plomax Xy > max X(,))

nyy +1 Ny, +1 ng+1

= > o> 1T > ey, 1<maxxls P(XE) e )

Ji,=1 Jiy=1 geENS jg=1

X P(X(hy € I, Xy € L) (3.21)

Similarly, the NPI lower and upper probabilities for the event that the r-th
future observation from at least one of the selected groups in the subset S is less

than the r-th future observation from all nonselected groups in NS, are

ny, +1 Ny, +1 ng+1
Py :B(rlniépXéT) < m}v%X(r)) = > .. Z I > e > mlnxﬁs} X
€ 9€ Jiy =1 w=1geNS jg=1
l w w
P(X0) eIy x P(X(y el ... . X5 e )
(3.22)
. ni +1 Ny, +1 ng+1
= . B
Py = P<I1%I§1X( ) < gIélJl\%X(r)) = > o> 1T > Yy > mlnx )X

Jiy=1 Jiw=1 gENS jg=1

! L
P(X(gr) € I]?q) X P(X(T) € Ijlll’ e ,X( € Iyzw)

(3.23)

These results are also illustrated in Subsection 3.4.4.

The results presented in Subsections 3.4.2 and 3.4.3 can be used in a variety
of ways. For example, one may want to select a subset of minimum size for which
Pg > 0.5, or from all subsets of the same size, one may want to select the subset
with the largest lower probability for the event of interest. There are, of course,
a substantial number of further subset selection problem formulations that could
be considered, including subsets containing the two best groups or criteria based

on multiple future ordered observations. The NPI approach to such problems
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follows steps that are similar to those presented here, investigation of properties

and performance will be of interest but is left as a topic for future research.

3.4.4 Examples

We illustrate the lower and upper probabilities presented in this section by ex-

amples, considering data sets presented in the literature.

Example 3.4. We illustrate some of the above presented NPI methods for mul-
tiple comparisons based on order statistics of future observations, using data from
Coolen and van der Laan [30] with sample sizes n; = 20, ny = 18, n3 = 15 and

ny = 3, as presented in Table 3.2.

Group Data

1 5.01 5.04 5.60 5.78 6.43 6.53 6.96 7.00 7.21 7.58 8.12 8.26 8.27 8.34 8.62 8.66 8.91 8.94 9.05 9.16
2 4.50 4.86 5.10 5.15 5.17 5.34 5.99 6.18 6.72 7.39 7.44 7.46 7.47 7.76 8.38 8.42 8.52 8.81

3 6.84 6.91 7.22 7.24 7.25 7.35 7.55 7.62 7.69 7.98 7.99 8.04 8.08 8.18 8.97

4 4.71 8.20 9.03

Table 3.2: Ordered data for Example 3.4

The NPI lower and upper probabilities for group I = 1,...,4 to be best, in
terms of providing the largest value of the r-th ordered observation from a future
sample of size m = 5, for each group, are presented in Table 3.3, so these are
P, and P; as given in Equations (3.11) and (3.13). These NPI lower and upper
probabilities are also presented, for the case with m = 10 and all r = 1,...,10,
in Figure 3.11. The imprecision in these lower and upper probabilities tends to
be largest for small and large values of r, reflecting the earlier discussed feature
of increased imprecision due to probabilities assigned to the first or last intervals.
Group 3 is most likely to provide the largest future value for » = 1, but is quite
unlikely to provide the largest future value for r > m/2, which appears most
likely to come from Group 4. However, imprecision in these lower and upper
probabilities is largest for Group 4, which reflects the fact that there are only 3
data observations from this group.

As Group 4 only has 3 data observations, it is of interest to consider the effect

on these inferences when this group is deleted. We denote the NPI lower and
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r P, Fl P, FQ Py F?, Py ?4
1 0.0682 0.2732 0.0199 0.1296 0.3798 0.7752 0.1034 0.3804
2 0.1342 0.2946 0.0373 0.1207 0.1818 0.4700 0.2389 0.5883
3 0.1893 0.4216 0.0422 0.1427 0.0543 0.2218 0.3138 0.6753
4 0.1716 0.4922 0.0364 0.1736 0.0185 0.1424 0.3166 0.7268
5 0.1003 0.6010 0.0079 0.2582 0.0105 0.2981 0.1840 0.7965
Table 3.3: P; and P; form =5
=1 =2 =3 =4
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Figure 3.11: P; and P; for m = 10

upper probabilities in this case by El(_4) and Pl(_4), they are presented in Table
3.4 for m = 5 and in Figure 3.12 for m = 10. Of course, as Group 4 was quite
likely to lead to the largest r-th ordered future observation for the larger values of
r, with this group deleted the corresponding lower and upper probabilities for the
3 remaining groups have increased, where particularly Group 1 benefits from the
absence of Group 4. The overall pattern of these lower and upper probabilities
for different values of r, as best seen from Figure 3.12, remains quite similar for
these 3 groups in both cases with and without Group 4, but imprecision has
decreased. This shows that the presence of a group with only few observations
may result in more imprecision for the other groups, so inclusion of a group with
only few observations may reduce the overall quality of statistical inferences for
such selection problems in the following sense. NPI provides exactly calibrated
frequentist inferences in the sense of Lawless and Fredette [66], but it only provides
inferences in terms of lower and upper probabilities. Hence, one can consider the
level of imprecision as a reflection of quality of the statistical inferences, which

remain exactly calibrated both with and without inclusion of Group 4 in this
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, £§_4) ?5—4) £§_4) P§_4) E;(;_4) Fg_4)
1 0.0987 0.3022 0.0311 0.1481 0.6076 0.8682
2 0.2425 0.3569 0.0883 0.1595 0.5079 0.6564
3 04284 0.5504 0.1166 0.2064 0.2891 0.4200
4 0.5239 0.6971 0.1353 0.2587 0.1323 0.2673
5 0.4003 0.7648 0.0744 0.3266 0.1045 0.3865
Table 3.4: P{™ and P\ for m = 5
=1 =2 13
101
o [ I A
8- T — -
7 1 I -
6 1 i -
-] ] = ]
4 — — -
sf— - L
o] — - 1L
1 — -
0.‘25 0.‘50 O.I75 0.‘25 0.‘50 0.‘75 0.‘25 0."50 0.‘75

Figure 3.12: P\ and Pl(_@ for m = 10

example, but less imprecision provides more insight.

Figure 3.13 presents the NPI lower and upper probabilities for pairwise com-
parisons between these groups based on the r-th ordered future observation, for
m = 10 and each » = 1,...,10. So the events considered are XéT) > X(gr) for
l,g=1,...,4and [ # g. It should be noted that NPI lower and upper probab-
ilities for events not included in this figure can be deduced using the conjugacy
property, that is P(A) = 1 — P(A°), for any event A and its complementary
event A°, which holds for NPI-based inferences as discussed in Chapter 1. These
pairwise comparisons also show that Group 3 is most likely to provide the largest
r-th ordered future observation for small values of r, while it is also clear that
the lower and upper probabilities for comparisons involving Group 4 are more

imprecise than for comparisons not involving Group 4, which again results from

the small data set for Group 4.

To illustrate subset selection, we first consider the event that the subset S
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I=1, g=2 I=1, g=3 I=1, g=4 =2, g=3 =2, g=4 =3, g=4
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Figure 3.13: P and P for m = 10

contains all the best groups, as presented in Subsection 3.4.2. Figure 3.14 and
Table 3.5 present the NPI lower and upper probabilities, which are given in
Equations (3.16) and (3.17), for any subset S containing two of the four groups,
for m = 5 in Table 3.5 and m = 10 in Figure 3.14. These results show that the
subset that contains groups 1 and 3 is most likely to provide the largest future
value for » = 1; however, it quite unlikely to provide the largest future value for
r > m/2, which is most likely to come from the subset that contains groups 1

and 4.

We also illustrate the selection of subsets containing the best group, as presen-
ted in Subsection 3.4.3 and for which the NPI lower and upper probabilities are
given by Equations (3.20) and (3.21). The NPI lower and upper probabilities for
any subset S consisting of two of the four groups are shown for m = 5 in Table
3.6, for m = 10 in the first row in Figure 3.15, and for m = 100 in the second row
in this figure. Imprecision is again largest for extreme values of r, and the values
in this table and these figures illustrate the conjugacy relation P(A) = 1 — P(A°).
Note that the NPI lower and upper probabilities for these events with subset
S consisting of three of the four groups can be derived, again by the conjugacy
relation, from the corresponding lower and upper probabilities for such events

with S consisting of a single group, as presented in Table 3.3 for m = 5 and in

Figure 3.11 for m = 10.
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Figure 3.14: Pg and Pg for m = 10

S {1,2} {1,3} {1,4} {2,3} {2,4} {3,4}

Pg Ps Pg Ps Pg Ps Py Ps Pg Py Pg Ps
0.0023 0.2142 0.2613 0.6971 0.0106 0.1751 0.1003 0.3782 0.0033 0.0868 0.0651 0.3750
0.0134 0.0858 0.2014 0.5210 0.0690 0.2311 0.0757 0.2511 0.0248 0.1020 0.1451 0.4230
0.0304 0.1235 0.0948 0.3362 0.2074 0.4458 0.0361 0.1531 0.0518 0.1591 0.1432 0.3407
0.0541 0.2118 0.0388 0.2096 0.3282 0.6159 0.0107 0.0719 0.0739 0.2125 0.0822 0.2248
0.0359 0.2789 0.0196 0.2402 0.2855 0.7050 0.0041 0.0926 0.0521 0.2744 0.0683 0.3227

T W N =3

Table 3.5: Pg and Pg for m =5

S 1.2 1.3} {14} 2.3} 2.4} (3,4}
Lg Py Pg Py Py Py Ly Py Ls Py Ls Py
0.0803 0.3540 0.5380 0.8685 0.1949 05634 0.4366 0.8051 0.1315 04611 0.6460 0.9107
01768 0.3974 0.3483 0.6919 04510 0.7642 0.2358 0.5490 0.3081 0.6517 0.6026 0.8232
0.2437 0.5340 0.2599 05965 0.6630 0.8951 0.1049 0.3361 0.4035 0.7401 0.4660 0.7563
0.2282 0.6108 0.2085 0.5814 0.7074 0.9395 0.0605 0.2926 0.4186 0.7915 0.3892 0.7718
0.1390 0.7175 0.1477 0.7370 0.5193 0.9758 0.0242 0.4807 0.2630 0.8523 0.2825 0.8610

T W N =

Table 3.6: P and Pg for m =5

These NPI lower and upper probabilities can be used in a variety of ways. For
example, one may be interested in a subset of smallest size such that the lower
probability of it containing the best subset in terms of a specific r-th ordered

future observation exceeds a specific value.
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Figure 3.15: P% and Pg for m = 10 and m = 100

Clothl 2} 2f 2} 2f
337 344 369 396
520 537 602 627
233 240 251 278
196 211 248 273
160 185 195 199
442 563 595 606
226 252 297 300

N O T W N+~

Table 3.7: Ordered weight losses (in 0.1 mg).

Example 3.5. The data for this example are presented in Table 3.7; the data are
from Bechhofer et al. [13, p. 84] and were also used by Box et al. [18, p. 277] and

by Coolen and van der Laan [30]. The data are from an experiment conducted

to determine the weight loss for seven types of cloth during a mechanical test.

The measured weight loss is in tenths of a milligram for each cloth following 1000
revolutions on a wear tester.
Based on the given data, suppose we want to choose the cloth with the

smallest weight loss at the r-th ordered future observation. The NPI lower and
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7 7 7 7

P, P, p P, P P, P P
0 0.55556 0 0.55556 0 0.55580 0.00008 0.56975
0 027778 0 027778 0 0.28485 0.00217 0.34172
0 0.11922 0 0.11906 0 0.16437 0.00752 0.25740
0 0 0
0 0 0

0.04540 0.04070 0.18911 0.00900 0.29025
0.10244 0.04485 0.38214 0.00424 0.49790

Ol = W DN |3

Table 3.8: P} and P, for m =5

7 7 7

s by Py Py P; Py
0.00746 0.99559 0 0.55556 0  0.55593
0.12836 098898 0 0.27778 0 0.28315
0.38170 0.98583 0 0.11906 0 0.14221
0 0
0 0

0.53352 0.98898 0.04093 0.10527
0.41310 0.99559 0.05454 0.21775

U= W N |

Table 3.9: P} and P, for m = 5

upper probabilities P and P/ for the event that cloth [ is the best, for [ = 1,...,7,
as given in Equations (3.14) and (3.15), are displayed in Tables 3.8 and 3.9 for
m=>5and r=1,...,5, and in Figure 3.16 for m = 5, m = 10 and m = 100, and
for all  =1,...,m. The results clearly indicate that cloths 2 and 6 are unlikely
to lead to the best r-th ordered future observation, with the upper probabilities
for cloth 6 slightly greater than for cloth 2 for large values of r. Obviously, in
this example, there is a strong suggestion that cloth 5 is the best, as it provides
the highest P/ and P/ that the r-th future ordered statistic is the minimum for

all r-th future order statistics. The rather large difference between the lower and

upper probabilities reflects the fact that there are only few observations available.

All the lower probabilities that are equal to 0 in Tables 3.8 and 3.9 are caused by

all the related observations being larger than all the observations for cloth 5.

Table 3.10 presents the NPI lower and upper probabilities for some subsets,
Py and Pig, for the event that the subset S contains all the best cloths, as given by
Equations (3.18) and (3.19), for m = 5. These NPI lower and upper probabilities
are also presented for the case with m = 10 in Figure 3.17. These results illustrate
that ?%374?577} = 1, because all observations for these four cloths are greater than

all the observations for cloths 1,2 and 6. If we select cloth 1 instead of cloth 7, we
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Figure 3.16: P, and P, for I =1,...,7, m = 5,10, 100

get B’{173’475} = 0 as all the observations in cloth 7 are less than those for cloth 1.

Tables 3.11 and Figure 3.18 present some of the NPI lower and upper probab-
ilities for the event that the subset S contains the cloth that provides the smallest
r-th ordered future observation, as given in Equations (3.22) and (3.23), form =5
in Table 3.11 and for m = 10 in Figure 3.18. The upper probabilities ?Z are all
equal to one as group 5 is included in all these subsets. The results from Table
3.11 and Figure 3.18 can be used to select the best subset. Suppose we want to
select a subset with minimum size for which BE/ > (0.5. Table 3.11 shows that
a subset contains cloths 4 and 5 is the best for r = 4 and r = 5 with P§ > 0.5.
From all subsets of the size three, suppose we want to select the subset with
maximum lower probability for the event mSin X (lr) < r]nvlsn X (97_). Table 3.11 gives

that S = {3,4,5} is the best for » = 4 with P§ = 0.7924.
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N w £ (6] [e2] ~ o] © o
N f ' 1 f ' f f f

n w £ o [e2] ~ © © o
N f f 1 f ' f f f

S {4,5} {3,4,5} {4,5,7} (3,457 {1,3.4,5}
r Py Py Py Py Py Py Py Py Py Py
1 00144 09554 0.0135 0.7340 0.0184 0.8055 0.0850 1 0 0.4113
2 0.1184 0.8731 0.1154 0.7618 0.0521 05769 0.3204 1 0 0.2403
302125 0.8050 0.2381 0.8367 0.0469 0.4440 04118 1 0 0.2045
402074 0.7966 0.2235 0.9002 0.0262 04462 02410 1 0 0.3025
5 01171 0.8700 0.0729 0.9602 0.0053 0.6047 0.0381 1 0 0.5588
—_—/
Table 3.10: Py and Pg for m =5
St {45 (3.45) {457 (3457 {(L3.45)
r Py Py Py Py Pi Py Py Py Pi Py
1T 00173 1 00390 1 00390 1 00878 1 00877 1
2 0193 1 02700 1 02694 1 03767 1 03739 1
304962 1 0585 1 05713 1 06835 1 0.6657 1
4 06696 1 07924 1 07181 1 08803 1 08251 1
5 05735 1 07638 1 06033 1 08834 1 07699 1
—=x/
Table 3.11: Pg and Pg for m =5
S={4,5} S=({3,4,5} S={4,5,7} S=({3,4,5,7} S={1,3,4,5}
0.‘25 O.I50 0.‘75 0.‘25 0.:50 0.‘75 0.‘25 O.I50 O.I75 0.‘25 0."50 0.‘75 0.‘25 0:50 0.‘75
. -/
Figure 3.17: Py and Pg for m = 10
S={4,5} S=(3,4,5} S={4,5,7} S=({3,4,5,7} S={1,3,4,5}
0.‘25 0.‘50 O.I75 0.‘25 O.I50 O.I75 0.‘25 0.‘50 0.‘75 0.‘25 0.‘50 0.‘75 0,‘25 0,:50 0.‘75

Figure 3.18: P% and Py for m = 10
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3.5 Further inferences

The NPI methods for future order statistics presented in this thesis enable a
wide range of further statistical inferences, as long as problems of interest are
formulated in terms of such future order statistics. For example, one can consider
NPI for prediction intervals [44], for the number of future order statistics in an
interval [3, 49], and for spacings between order statistics [3]. These are briefly

discussed next.

3.5.1 Prediction intervals

In many practical situations, it may be of interest to use the observations from
the original sample to construct an interval which contains some order statistics
of future observations with a certain probability [2]. Such an interval is called a
prediction interval e.g. outer prediction intervals can be derived as the interval
between two of the first n observations (or possibly with —oo or co as end points),
say (24, xp) with a < b, such that this interval contains an interval of the future
order statistics [X(,), X(s)] for 7 < s. The corresponding predictive probability is

easily computed using Equation (2.6), and is

P(r, < Xy < X5 < xp) Z ZP n €1, X(s) € ) (3.24)

j=a+1i=j
One may also be interested in a corresponding inner prediction interval of the form
(¢, x4) which is contained in [X(,), X(s)], the corresponding predictive probability
" ¢ ntl

P(Xpy<ae<wg< X)) =Y. Y, P(Xpel;,X,el) (3.25)

j=1l=d+1

One may typically be interested in the shortest outer interval, or the longest inner
interval, for which the corresponding probability (3.24) or (3.25) exceeds a chosen
threshold value, for given r and s. Of course, one may also just want to use these
probabilities directly for inferences on X,y and X(). The idea of such outer and
inner prediction intervals is used by Ahmadi et al. [1] for intervals between future

records. The core problem of the prediction intervals fits well within the NPI
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b
1 2 3 4 ) 6 7 8 9
0.00078 0.00466 0.01632 0.04351 0.09790 0.19580 0.35897 0.61538 1
0 0.00155 0.00855 0.02797 0.07071 0.15229 0.29371 0.52214 0.87179
0 0.00233 0.01243 0.03963 0.09790 0.20668 0.39161 0.68531
0 0.00311 0.01632 0.05128 0.12510 0.26107 0.48951

0O Tk WD~ OoOlR

0

0 0

0 0 0 0 0.00389 0.02020 0.06294 0.15229 0.31546
0 0 0 0 0 0.00466 0.02409 0.07459 0.17949
0 0 0 0 0 0 0.00544 0.02797 0.08625
0 0 0 0 0 0 0 0.00622 0.03186
0 0 0 0 0 0 0 0 0.00699

Table 3.12: P(z, < X(9) < X(5) < ap) forn =8 and m =5

framework for the future order statistics, as presented in this thesis, as it explicitly

focuses on the future order statistics based on the past data observations.

Example 3.6. Suppose we have n = 8 observations and m = 5 future obser-
vations. Table 3.12 presents the NPI probabilities for the event that the outer
prediction intervals (z,,x;) contains an interval of the future order statistics
[(X(2), X(5)), with a < b, a =0,...,8and b = 1,...,9. Comparing Table 3.12
with Table 2.3 shows that P(z;_1 < X(9) < X¢5) < z;) = P(X(2) € I}, X5y € I})
for y =1,...,9. Suppose we want to find the shortest outer interval for which
Pz, < X(2) < X5y < 1) > 0.5. Table 3.12 shows that (1,8) and (2,9) are the
shortest intervals with P(z, < X < X5y < @) > 0.5, no other interval of
length 7 has probability greater than 0.5 for this event. Of course, it may be
logical to choose (2,9) in this case, as the probability for it to contain [X(9), X )]
is larger than for (1,8).

Table 3.13 presents the NPI probabilities for the event that the inner prediction
interval (x.,z4) is contained in [X(9), X(5)], forn =8 m =5, c=1,...,8 and
d=1,2,...,8. Suppose one may be interested in the longest inner interval for
which P(X(9) < 2. < 74 < X(5) > 0.5, then from Table 3.13, the longest inner
interval is (4,6) for which P(X (o) < 24 < 26 < X(5)) = 0.50894.
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d
1 2 3 4 5 6 7 8
0.12743 0.12510 0.12044 0.11267 0.10101 0.08469 0.06294 0.03497
0 0.31002 0.30070 0.28361 0.25641 0.21678 0.16239 0.09091
0 0.49417 0.47009 0.42890 0.36597 0.27661 0.15618
0 0.64103 0.59052 0.50894 0.38850 0.22145

0 ~J O T W N O

0

0 0

0 0 0 0 0.72261 0.62937 0.48563 0.27972
0 0 0 0 0 0.71795 0.56022 0.32634
0 0 0 0 0 0 0.60917 0.35897
0 0 0 0 0 0 0 0.37762

Table 3.13: P(X(9) < 2. < 24 < X(5)) forn =8 and m =5

3.5.2 Number of future observations in an interval

One may also be interested in the number of future observations in an interval
between two data observations. Let C}y = u denote the event that exactly u out
of m future observations are in the interval (z,, ), with 1 <a <b<n+1 and
1 < u < m. The NPI probability for this event is equal to
m—u (@—14+mq b—a—14+u\ [n—b+m—u—mq
R e = N

n+m
o= (")

This probability depends only on the number of intervals in the partition of the

real line created by the data between x, and x;, hence only on the value b — a.

An alternative expression for this NPI probability is

n+a—b+m—u\ [b—a—1+u
ey g O
()

Both these expressions are easily derived by combinatorics using the basic prob-

ability results presented in Chapter 2. For the special case with b = n 4+ 1, so
considering the interval (z,,00), we have
a—14+m—u) (n—a+tu
PC =y = Lo JOET) 21

)

This result is equal to the distribution of the number of exceedances in the

classical theory of statistics [3], although the derivation method differs due to the
different starting points of NPI compared with the classical theory. Analysis of
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this probability (3.27) leads to the logical symmetry
P(Cip =u) = P(ClL_pp = m —u)

foru=0,...,mand a=1,...,n. This will be illustrated in Example 3.7.

We have the following simpler expressions for some special cases. Let us

consider the event C7" ; = 0, so no future observations in interval (z,,00), then

fora=1
" mlin! "
P(C 1 =0)= n+m) =P(C),=m)
and for a = n,
m n m
P(Cn,n—i—l = 0) = n+m = P(Cl,n—i—l = m)

In particular, if m = n,

m n m
P(On,nJrl =0)=,-=05= P(Ol,nJrl =m)

2n

A further interesting event is that at least u future observations are in the
interval (4, 3), denoted by C7 > u. The NPI probability for this event is equal

to:

P(O—oo,a = My, Ca,b =1, C’b,oo =m-—=1- ma)
L =0
i a—l—fmfl) (b—a—l—i—i) <n—b+m—i—mfl)

% —i—mt
my 7 m—i—mp
n—+m
0 n

This probability (3.28) also only depends on the value b — a, we can also write it

3

P( ZLbZU) =

m

~

um

gs
Il

3

I
NE

(3.28)

-
Il

U m,

QN,
Il

as ] )
m (b—(zf 1—|—2> (m—z+n—b+a>

P(CTy > u) = ; i (n+m)m_i

(3.29)

An interesting special case of probability (3.28) for the event that at least u future

observations belong to the interval (—oo, )

P(Cg, > u) = ﬁ: - gn(mgu ) = ;P(X(u) € 1) (3.30)

This gives the same result as the CDF of the probability in Equation (2.2).
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The joint probability for the event X,y € (—00,,), X(s) € (24, xs) is
s—1 m (i1+‘a71> (igfi;tb;aA) (mfizjnfb>
P<X(T) € (_Ooaxa)aX(s) S (xaaxb)) = Z Z . Zn;m) :
(3.31)

This result is equal to the probability in Equation (1.4), given in classical theory of
statistics [83], although the derivation method differs due to the different starting
points of NPI compared with the classical theory. Where as in classical theory
both the data and future observations are considered to be random quantities,
predictive inference involves conditioning on the data observations.

We also derive the expected value for the number of future observations in

interval (x,,xp)

(b—a)m

.32
n+1 (3.32)

m
E(Cqy=u) =Y uP(Cqy=u) =
u=1
As a special case, the expected number of future observations in interval (—oo, xy),

bm

n+17
Gumbel [49], although they use a different setting than NPI.

is which is the same result as the classic mean of exceedances derived by

Example 3.7. Suppose we have n = 8 observations and m = 5 future obser-
vations. The NPI probabilities for the events that there are exactly u future
observations in interval (x,,z9) are given in Table 3.14. This table illustrates
the logical symmetry P(C2q = u) = P(C§_,9 = 5 —u) for a = 1,...,8 and
u=0,...,5, so the last row is equal to the second one in reversed order, the last
column is equal to the first one in reversed order, and so on.

To illustrate the inference in Equation (3.28), Table 3.15 presents the NPI
probabilities for the event that at least one future observation falls in interval
(Tayxp), 1€ C’(‘ib > 1, witha=0,...,8and b =1,...,9. Table 3.15 illustrates
that P(Cy%, > u) depends only on the value of b — a.

Table 3.16 illustrates the probabilities P(Cy , > u), as given in Equation (3.29),
for n = 8 and m = 5, where rows represent the number of the intervals b — a, and

columns represent the number of the future observations v . Comparing Table
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u

a 0 1 2 3 4 )

0 0 0 0 0 0 1

1 0.00078 0.00622 0.02797 0.09324 0.25641 0.61538

2 0.00466 0.02720 0.08702 0.19580 0.32634 0.35897

3 0.01632 0.06993 0.16317 0.26107 0.29371 0.19580

4 0.04351 0.13598 0.23310 0.27195 0.21756 0.09790

5 0.09790 0.21756 0.27195 0.23310 0.13598 0.04351

6 0.19580 0.29371 0.26107 0.16317 0.06993 0.01632

7 0.35897 0.32634 0.19580 0.08702 0.02720 0.00466

8 0.61538 0.25641 0.09324 0.02797 0.00622 0.00078

Table 3.14: P(Cqy = u)
b

a 1 2 3 4 5 6 7 8 9
0| 0.38461 0.64102 0.80419 0.90209 0.95648 0.98368 0.99534 0.99922 1
1 0 0.38461 0.64102 0.80419 0.90209 0.95648 0.98368 0.99533 0.99922
2 0 0 0.38461 0.64102 0.80419 0.90209 0.95649 0.98368 0.99534
3 0 0 0 0.38461 0.64102 0.80419 0.90209 0.95649 0.98368
4 0 0 0 0 0.38461 0.64102 0.80419 0.90209 0.95649
5 0 0 0 0 0 0.38461 0.64102 0.80419 0.90209
6 0 0 0 0 0 0 0.38461 0.64102 0.80419
7 0 0 0 0 0 0 0 0.38461 0.64102
8 0 0 0 0 0 0 0 0 0.38461

Table 3.15: P(Cg, > 1)

3.16 with Table 3.14 shows that P(CZ, > 5) = P(C§_,q = 0) = P(C24 = 5).

Table 3.17 presents F,.(j) = Yi_, P(Xq) € I;), as given in Equation (2.2), for
n=8 m=>5,and r=1,...,5. Comparing Table 3.17 with Tables 2.1 and Table

3.16 illustrates that

P(C}j i >u)=PXweh), u=1,...,5

P(Cg; = u) = Fu(j),

u=1,...,5
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u

b—a 1 2 3 4 )
1 0.38462 0.12821 0.03497 0.00699 0.00078
2 0.64103 0.31469 0.11888 0.03186 0.00466
3 0.80420 0.51049 0.24942 0.08625 0.01632
4 0.90210 0.68454 0.41259 0.17949 0.04351
5) 0.95649 0.82051 0.58741 0.31546 0.09790
6 0.98368 0.91375 0.75058 0.48951 0.19580
7 0.99534 0.96814 0.88112 0.68531 0.35897
8 0.99922 0.99301 0.96503 0.87179 0.61538
9 1 1 1 1 1

Table 3.16: P(Cq, > u)

i RG) By FBG) KRG ()
1 0.38462 0.12821 0.03497 0.00699 0.00078
2 0.64103 0.31469 0.11888 0.03186 0.00466
3 0.80420 0.51049 0.24942 0.08625 0.01632
4 0.90210 0.68454 0.41259 0.17949 0.04351
5 0.95649 0.82051 0.58741 0.31546 0.09790
6 0.98368 0.91375 0.75058 0.48951 0.19580
7 0.99534 0.96814 0.88112 0.68531 0.35897
8 0.99922 0.99301 0.96503 0.87179 0.61538
9 1 1 1 1 1

Table 3.17: F,(j) = Y41 P(X() € It)

3.5.3 Spacings between order statistics

Spacings between order statistics have also attracted interest [3, p.32], they play
a role in many research fields of statistics, for example, goodness of fit tests,
reliability analysis and survival analysis [3, 36, 65]. The NPI approach enables
consideration of spacings between future order statistics. Let W, , = X, — X,
for 1 < r < s < m. We can use the joint probabilities, given in Equation
(2.6), for the event that Xy € I; = (x;_1,x;) and X5 € I} = (w-1, 1), for
J <, for inferences on W, ;, which will mostly be in the form of lower and upper
probabilities. For example, for the event W, ; < w for some w > 0, the NPI lower
and upper probabilities are
ntlntl

PW,s<w) = Y3 Yy —zjo1 <w}P(X) € I;, X €) (3.33)

=1 1=j
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n+1n+1
PW,s<w) = Y > Yoy —z; <w}P(Xy) €1, X €1) (3.34)

=1 1=j

Example 3.8. The data in Table 3.18 are birth weights in grams of 44 babies

born in one 24-hour period in hospital Brisbane, Australia [78].

1745 2121 2184 2208 2383 2576 2635 2846 2902 3034 3116 3150 3166 3208
3278 3294 3300 3334 3345 3370 3380 3402 3406 3428 3428.1 3430 3480 3500
3520 3521 3523 3542 3554 3625 3630 3690 3736 3746 3783 3837 3838 3866
3920 4162

Table 3.18: Data set of birth weights in grams

The NPI lower and upper probabilities for the event W, ; < w, as a function
of w, for w = 0,...,2000 and for m = 25 are displayed in Figures 3.19 for some
events of r and s, corresponding to the full data. Figures 3.20 shows the same
but with the first five observations removed from the data, as these values could
be considered to be outliers, thus it might be interesting to see their influence
on these inferences. The results illustrate that events involving extreme future
order statistics have relatively higher imprecision then events that do not involve
extreme future order statistics. Deleting the first five observations from the data,
as shown in Figure 3.20, has some effect on inferences especially inferences that

involves a small value of r, i.e. r =1 and r = 7.

r=1, s=25 r=19, s=25 r=1, s=7 r=7,s=19 r=7,s=13 r=13, s=19

2000 1

1500

= 1000

5001

0.250.500.75 0.250.500.75 0.250.500.75 0.250.500.75 0.250.500.75 0.250.500.75

Figure 3.19: P, P(W, s < w) for m = 25,n = 44
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r=1, s=25 r=19, s=25 r=1, s=7 r=7,s=19 r=7,s=13 r=13, s=19
20001
1500
Z 10001
500_' /
O_
0.I250.;500.I75 O.I250.;300.I75 0.I250.’I500.I75 0.I250.:500.I75 0.I250.I500.I75 0.I250.I500.I75
Figure 3.20: P, P(W, s < w) for m = 25,n = 39

3.6 Concluding remarks

This chapter has presented NPI for several events of interest including order
statistics, in particular multiple comparisons. We have presented NPI methods
for a range of such inferences, and also illustrated the influence of the particular
choice of the number m of future observations. The main ideas are similar for
other inferences as long as these are explicitly expressed in terms of one or more
future order statistics.

A major research challenge is the generalization of NPI for future order statist-
ics in case of lifetime data containing right-censored observations [83], which will
enable such methods to be created for many medical and engineering applications.
The NPI approach has been presented for right-censored data, leading to predict-
ive lower and upper survival functions that bound the well-known Kaplan-Meier
estimate [31], and related results for multiple comparisons have also been presen-
ted [34], however these were explicitly in terms of only a single future observation.
The development of NPI for multiple future observations and for future order

statistics, based on right-censored data, is a challenging topic for future research.



Chapter 4

NPI for test reproducibility

4.1 Introduction

Reproducibility of statistical hypothesis tests is an issue of major importance in
applied statistics: if the test were repeated, would the same conclusion be reached
that is rejection or non-rejection of the null hypothesis? NPI provides a natural
framework for such inferences, as its explicitly predictive nature fits well with the
core problem formulation of a repeat of the test in the future. For inference on
reproducibility of statistical tests, NPI provides lower and upper reproducibility
probabilities (RP).

In this chapter, the NPI method for reproducibility of statistical tests is
presented for two basic tests using order statistics, namely a test for a specific
value for a population quantile and a precedence test for comparison of data from
two populations, as typically used for experiments involving lifetime data if one
wishes to conclude before all observations are available. Now we use the term
‘population’ within those classical tests, but we do not use it as a concept in NPI
as mentioned in Section 1.3.

Testing of hypotheses is one of the main tools in statistics and crucial in many
applications. While many different tests have been developed for a wide range
of scenarios, the aspect of reproducibility of tests has long been neglected: the

question addressed is whether or not a test, if it were repeated under the same
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circumstances, would lead to the same overall conclusion with regard to rejection
or non-rejection of the null hypothesis. Recently, this topic has started to gain
attention, in particular through the publication of a ‘handbook on reproducibil-
ity’ [6] which provides a collection of papers on the issue. Nevertheless, whilst
hypothesis testing is mainly seen as a frequentist statistics procedure, the clas-
sic frequentist framework is not suited for inference on reproducibility as this is
neither an estimation nor a testing problem. The very nature of reproducibility is
predictive, namely given the result of one test one wishes to predict the outcome
of a possible future test. Coolen and Bin Himd [25] presented NPI for reprodu-
cibility of some basic tests, with more attention to this topic in the PhD thesis
of Bin Himd [16]. These publications also provide a critical discussion of earlier
methods for reproducibility presented in the literature, which is briefly considered
in Section 4.2. This chapter contributes to development of NPI for reproducibility
by considering two tests based on order statistics, namely a one sample quantile
test and a two sample precedence test. Central to these inferences are the NPI

results for future order statistics presented in Chapter 2.

This chapter is organised as follows. Section 4.2 discusses aspects of reprodu-
cibility of statistical tests and explains the NPI perspective on such inferences.
Section 4.3 presents the NPI approach to reproducibility of a basic quantile test.
Section 4.4 considers a precedence test used for comparison of two populations.

Some concluding remarks are given in Section 4.5.

4.2 An overview of test reproducibility

Statistical hypothesis testing is used in many application areas and normally
results in either non-rejection of the stated null hypothesis or its rejection in
favour of a stated alternative, at a predetermined level of significance. Whilst
this procedure is embedded in the successful long-standing tradition of statistics,
a related aspect that had received relatively little attention in the literature until

recently is the reproducibility of such tests: if the test were repeated, would it
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lead to the same overall conclusion?

The reproducibility of a statistical test is an issue that was raised by Good-
man [48] to address some common misunderstandings regarding the meaning of a
statistical p-value. Goodman claimed that the replication probability can be used
to show that the p-value may overstate the evidence against the null hypothesis.
The reproducibility probability for a test is the probability for the event that, if
the test is repeated under similar circumstances as the original experiment, the
test result, which is the rejection or not of the null hypothesis, will be the same
in the repeated test. The focus is usually on the reproducibility of tests where
the null hypothesis is rejected, because significant effects tend to introduce, for
instance, new treatments in clinical applications. However, for a complete view
we believe that also reproducibility of tests that did not reveal significant effects is
important. Reproducibility is an important aspect of the practical significance of
test outcomes and there has been growing interest in the reproducibility probabil-
ity in recent years. In a discussion of Goodman’s study, Senn [76] highlighted the
distinctive natures of reproducibility probability and the p-value. Senn [76] agreed
with Goodman [48] regarding the importance of reproducibility of test outcomes
and the reproducibility probability. However, Senn disagreed with Goodman’s
argument that p-values exaggerate the evidence against the null-hypothesis, and

emphasised differences between the p-value and the reproducibility probability.

Senn [76] also discussed issues with the reproducibility of tests in real-world
situations where a repeated test may be under different circumstances and may
involve a different team of analysts carrying out the test. Shao and Chow [77]
introduced a concept of reproducibility probability (RP) for a given clinical trial.
Shao and Chow estimated RP of a statistically significant result for the t-test, and
argued that a single clinical trial is sufficient if the result from the first clinical trial
is strongly significant. Shao and Chow [77], considered three approaches to study
reproducibility probability; a frequentist approach that depends on estimating the
power of a future test in relation to available test data, a corresponding approach

where RP is associated with a lower confidence bound for the power estimate of the
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second test, and a Bayesian approach. They stressed the use of RP in situations
where evidence in a clinical trial strongly supports a new treatment. De Martini
[40] estimated the reproducibility probability of statistically significant results
(RP) for one-sided and two-sided alternative hypotheses, and defined statistical
tests on the basis of RP estimation. De Martini showed that RP estimation can
be used for testing parametric hypotheses. Specially, it is shown that the point
estimate of RP is greater than half if and only if a null hypthesis is rejected. De
Martini considered two definitions of the RP of statistically significant results,
which are the power of the test and the lower confidence bound of the power. De
Capitani and De Martini [37] considered different RP estimators for the Wilcoxon
rank sum test. In a recent study, De Capitani and De Martini [38] studied RP
estimators for some nonparametric tests, e.g. binomial, sign and Wilcoxon signed

rank tests.

The formulation of the reproducibility problem is not an estimation or a
hypothesis testing problem, which are the main concepts that classical statistics
tends to focus on [37, 38, 40]. It is naturally predictive, so NPI fits well with the
core problem formulation of a repeat of the test in the future. The natural and
straightforward approach of formulating inference on reproducibility probability
as a predictive problem also follows the NPI framework presented in Coolen and

Himd [25] and developed in this chapter.

Methods for addressing reproducibility, proposed in the literature since then,
have mainly shown that the classical frequentist framework of statistics may not
be immediately suitable for inference on test reproducibility. Recently, many
aspects of reproducibility, including some attention to statistical methods, have
been discussed in a volume dedicated to this topic [6]. NPI provides attractive
approaches for inference on test reproducibility, as it is a predictive methodology,

which is in line with the core problem formulation of a possible repeat of the test.

The reproducibility probability (RP) for a test is the probability for the
event that, if the test is repeated based on an experiment performed in the

same way as the original experiment, the test outcome, that is either rejection
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of the null-hypothesis or not, will be the same. In practice, focus may often be
on reproducibility of tests in which the null-hypothesis is rejected, for example
because significant effects tend to lead to new treatments in medical applications.
However, also if the null-hypothesis is not rejected it is important to have a
meaningful assessment of the reproducibility of the test. Note that RP is assessed
knowing the outcome of the first, actual experiment, which consists of the actual
observations, so not only the value of a sufficient test statistic or even just the
conclusion on rejection of the null-hypothesis. This is important as the RP will
vary with different experiment outcomes, which is logical and will lead to higher
RP if the data supported the original test conclusion more strongly. A sufficient
test statistic, if of reduced dimension compared to the full data set, does not
provide suitable input for the NPI method, hence the use of the full data set is

required for the inferences considered in this thesis.

Coolen and Bin Himd [25] introduced NPI for RP, denoted by NPI-RP, by
considering some basic nonparametric tests: the sign test, Wilcoxon’s signed
rank test, and the two sample rank sum test [46]. For these inferences NPT for
Bernoulli quantities [20] and for real-valued observations [7] were used. This
did not lead to precise valued reproducibility probabilities but to NPI lower
and upper reproducibility probabilities, denoted by RP and RP, respectively.
For these tests analytic methods were presented to calculate the NPI lower and
upper probabilities for test reproducibility. To enable NPI for more complex test
scenarios, the NPI-bootstrap method can be used, as introduced and illustrated

by Bin Himd [16] for the Kolmogorov-Smirnov test.

This chapter presents NPI-RP for two classical tests which are based on order
statistics, namely a one sample quantile test and a two sample precedence test.
For these inferences, NPI for future order statistics presented in Chapter 2 is
used. We assume that the first, actual experiment led to ordered real-valued
observations ) < z(2) < ... < Z(n). As we consider an imaginary repeat of
this experiment, we use NPI for n = m future ordered observations, denoted

by X(fl) < X(];) <...< X(fn), with the superscript f used to emphasize that we
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consider future order statistics.

4.3 Quantile test

The quantile test is a basic nonparametric test for the value of a population
quantile [46]. Let , denote the 100 x p-th quantile of an unspecified continuous
distribution, for 0 < p < 1. On the basis of a sample of observations of independ-
ent and identically distributed random quantities X;,7 = 1,...,n, we consider the

one-sided test of null-hypothesis Hy : x, = K2

p VEIsus alternative H; : k, > ng, for

a specified value £J. Under Hy, £ is the 100 x p-th quantile of the distribution
function of the X;, so P(X; < R2|H0) = p. Define the random variable K as the
number of X; in the sample of size n that are less than or equal to lig, that is
K=> 1{X; <x)}
i=1
A logical test rule is to reject Hy if X > /ig, so if K < r — 1, where X, is
the r-th ordered observation in the sample (ordered from small to large), for a
suitable value of r corresponding to a chosen significance level. For significance

level a, r is the largest integer such that

r—1
ny n—i
P(X () > riy|Ho) = (i)p (1-p'<a (4.1)
i=0
For a given data set 1, ..., x,, the test statistic of the one-sided quantile test

as defined above is the number of observations less than or equal to mg, denoted
by
k= Xn: 1{z; < /{2}
i=1
For the value r derived as discussed above, Hj is rejected if and only if £ < r — 1.
For the two sided alternative H; : k), # Hg, Hj is rejected if and only if £ < r—1
or k > s, where r is the largest integer such that P(X) > k9| Ho) < o/2 and s

is the smallest integer such that

1=Ss

P(X(5) < riy| Ho) = Zn: (:L)pi(l -p)"" <a/2 (4.2)
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For large sample sizes the Normal distribution approximation to the Binomial
distribution can be used in order to determine the appropriate value of r (and s).

In such case, the rejection region with Hy @ s, > &) [46], is
k< —=0.54np— z4\/np(l —p)

and for the two sided alternative, Hy is rejected if and only if

kE<np — zajo\/np(l —p) — 0.5 or k>np+ z4/21/np(l —p)+0.5

Based on such data and the result of the actual hypothesis test, that is whether
the null hypothesis is rejected in favour of the alternative hypothesis or not, NPI
can be applied to study the reproducibility of the test. First we consider the case
where k£ < r — 1, so the original test leads to rejection of Hy. Reproducibility of
this test result is therefore the event that, if the test were repeated, also with n
observations, then that would also lead to rejection of Hy. Using the notation for
future observations introduced in Section 4.2, this will occur if X7 (r) > /@0 The
NPI lower and upper reproducibility probabilities for this event, as function of
original test result £ < r — 1, are

n+t1
RP(k) = P(X[)>rlk) =3 1z > )} P(X], € 1)
j=1

n+1

RP(k) = P(X[, > rllk) = Zl{$]>/@}P( Ly eL)

Note that the dependence of these lower and upper probabilities on the value k
is not explicit in the notation used for the terms on the right-hand side, but is
due to the number of data z; that exceed &j. It is easily shown that P(X (J;) >

Kolk) = (X(T > kO|k + 1), which leads to RP(k) = RP(k + 1) for values of k

leading to rejection of Hy.

If the original test does not lead to rejection of Hy, so if £ > r, then reprodu-
cibility of the test is the event that the null hypothesis would also not get rejected
in the future test. The NPI lower and upper reproducibility probabilities for this



4.3. Quantile test

79

event, as functions of k > r, are
n+1
RP(k) = P(X[, <kllk) = > Ha; < KOIP(X] € 1))
"
RP(k) = P(X[) <kllk) = jzl 1{z; 1 < wp}P(X]) € 1))
It is easily seen that RP(k) = RP(k — 1) for values of k such that k — 1 leads to
Hj not being rejected. If an actual observation in the original test is exactly equal
to the specified value Iig, then the NPI method provides a precise reproducibility
probability. We do not consider this further here as the test hypotheses must

always be specified without consideration of the actual test data. Hence this case

is extremely unlikely to occur, but we do briefly illustrate this case in Example

4.1.

The minimum value that can occur for the NPI lower reproducibility probabil-
ities for this one-sided quantile test, following either rejection or non-rejection of
the null hypothesis in the original test, is equal to 0.5. This follows directly from
the formulae for the NPI lower reproducibility probabilities given above, together
with the probability P(X ({4) <z)=P(X (J;) > x,) = 0.5 as explained in Section
2.2. The NPI upper reproducibility probabilities can be equal to one. This occurs
when all observations in the original test are less than /sg, so k = n, in which
case the original test let to Hy not being rejected for all values of r (so for all
order statistics considered), at any level of significance; this reflects that, with no
evidence in the original data in favour of the possibility that the data values can
actually exceed K,g, one cannot exclude the possibility that no future observations
could exceed this value. Note that the corresponding NPI lower reproducibility
probability will be less than one, reflecting that the original data set only provides
limited information, this lower probability will increase towards one as function
of n. The upper reproducibility probability is also equal to one if all observations
in the original test are greater than ng, so k = 0, for which case the reasoning is

similar to that above but of course now with Hy being rejected.

For the two sided test with H; : k), # mg, the original test led to rejection of Hy
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if and only if £k <r —1 or kK > s. Then the NPI lower and upper reproducibility

probabilities, given k, are

RP(k) =

s

(X[, > mU X[ < KOlk) = P(X) > w8Jk) + P(X[, < K5|k)

ol

RP(k) = P(X[],>ruX] <nrlk)

(r) (

> kplk) + P(X[,) < mplk) = P(X[) > k), X[ < wlk)

= P(X (r)

(r)

Suppose /@2 € (-1, %;), then we can write the NPI lower and upper reprodu-

cibility probabilities, given either kK <r —1or k > s as

RP(k) = P(X[) >z UX[) <mialk)=P(X], > wlk)+ P(X]) < zi1]k)
RP(k) = P(X[/) >z 0X]) <mlk)

= P(X[) > zia|k) + P(X]) < ailk) — P(X]) € I, X[, € L|k)

( (r)

where the value k affects the probabilities through the value of 7. Note that the
events X (f )y > Ti and X / (s) < Ti—1 are mutually exclusive events, but the events
X/ (r) > Ti-1 and X (s) < ¥ are not mutually exclusive, as X and X can both
be in same interval I; = (z;_1,z;). If the original test does not lead to rejection
of Hy, so if r < k < s — 1, then reproducibility of this test is the event that
Hy would also not get rejected in the future test, which occurs if X (’;) < /12 and
X (J;) > /{g. The NPI lower and upper reproducibility probabilities for this event,

as a function of k, are

RP(k) = P(X[, <s)nX[) > k) (4.3)
n+1n+1
= >3 Uy < s ma > sIP(X] e 1, X[ e 1)
j=1 I=j
RP(k) = P(X[, <rynX[) > rlk) (4.4)
n+1n+1
= Y > Hay <spm > s}P(X] e 1, X[ e )
j=1 I=j

which is easy to compute using the joint probability distribution (2.6) derived in
Section 2.3.
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The minimum value that can occur for the NPI lower reproducibility probabil-
ities for this two-sided quantile test, for the case of rejection of the null hypothesis
in the original test given either K = r — 1 or k = s, is greater than 0.5. This
follows directly from the formulae for the NPI lower reproducibility probabilities
given either k =r — 1 or k = s, with P(X(f;) > x, U X(’;) <xpqlk=7r—1)>0.5
and P(X(fr) > Teyq U X(fs) < x|k = s) > 0.5. This is because of the two re-
jection regions for Hy, therefore the event here is different than the one for the
one-sided test, as we now sum up the probability masses for the two events
which are X(r) > x, and X(fs) < x,_1 both given £ = r — 1, where the prob-
ability for the event X (fr) > x, is equal to 0.5, as explained in Section 2.2, and
P(X(fs) < zp_1]k =7 —1) > 0. The maximum value that can occur for the NPI
upper reproducibility probabilities for the case of rejecting Hy in the initial test

given either k = 0 or k = n, is equal to 1. This occurs if £ = 0, so all observations

0

p» in which situation the original test led

in the original test are greater than
to Hy being rejected for all values of r, and for £ = n, so all observations in
the original test are less than /ig, in which case the original test led to Hy being

rejected for all values of s.

If Hy is not rejected in the original test, so if s —1 < k < r, then the minimum
value that can occur for the NPI lower reproducibility probability for the event
X(J;) < mg N X(fs) > /{2 is less than 0.5. For k = r, so /{2 € (z,x41), we have
RP(r) = B(X(J;) <z N X(J;) > Tppq) < B(X(J;) < xz,) = 0.5, and for k = s — 1,
S0 K) € (Ts-1,%5), we have RP(s — 1) = B(X(J;) < Xgo1 N X(fs) > x5) < 0.5. The
maximum value that can occur for the NPI reproducibility upper probabilities

for the case where the original test led to not reject the null hypothesis, is less

than 1. This occurs when /4;2 is neither close to x, nor to z,.

Actually, there is an interesting issue about two-sided tests in such scenarios,
that requires some further thought. One could argue that one should only consider
reproducibility for one-sided tests. This is because, in two-sided tests if the original
test leads to rejection of the null hypothesis due to a relatively large value of the

test statistic, one may not consider the test result to be reproduced if a future
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test leads to rejection due to a relatively small value of the test statistic, so in the
other tail of the statistic’s distribution under Hy! On the basis of the combined
evidence of the two tests in such a case, one would probably want to investigate
the whole setting further and not regard the second test as confirming the results
of the first test.

NPI-RP for the one-sided and two-sided quantile tests is illustrated in the

following example.

Example 4.1. Suppose that an original quantile test has sample size n = 15 and
we are interested in testing the null hypothesis that the third quartile, so the 75%
quantile, of the underlying distribution is equal to a specified value k.5, against
the alternative hypothesis that this third quartile is greater than .., tested
at significance level o = 0.05. Using the Binomial distribution for the classical
quantile test, this leads to the rule that Hy is rejected if (g > k(5 and Hy is
not rejected if xg) < K 75

Table 4.1 presents the NPI lower and upper reproducibility probabilities for all
values of k, which is the number of observations in the original test which are less
than k0 ;5. If k& < 7 then the original test leads to Hy being rejected while it is not
rejected for £ > 8. Hence, the NPI lower and upper reproducibility probabilities
are for the events X(fS) > K5 in case of rejecting Hy in the original test and
X (fg) < kg5 in case of not rejecting Hy in the original test. This table illustrates
the logical fact that the worst reproducibility is achieved for k£ at the threshold
values 7 and 8, with increasing RP values when moving away from these values,
leading to maximum NPI-RP values for £ = 0 and k = 15. Because for this test
the threshold between rejecting and not rejecting Hy is between k£ =7 and k = 8
out of n = 15 observations, the NPI-RP values are symmetric, that is the same
for k=jand k =15— 7, for j =0,1,...,7, in Table 4.1.

Table 4.2 illustrates the case if the third quartile by coincidence is equal to one
of the data observations i.e. (j) = k{ 75, which is slightly different as now the NPI-

RP approach leads to precise probabilities instead of lower and upper probabilities.
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The results in Table 4.2 show that the worst NPI-RP for the case of rejecting Hy in
the original test is equal to 0.5. This occurs for the NPI reproducibility probability
at the threshold value k = 7, so k)75 = 2(s), i.e. RP(7) = P(X(5) > wg) = 0.5.
Whereas for the case of non-rejection of Hy in the original test, the minimum
NPI-RP value is greater than a half, i.e. RP(8) = P(X() < x9) > 0.5. The
maximum value that can occur for NPI-RP is not equal to one, in both cases
RP(0) = P(X(s) > 71) < 1 and RP(14) = P(X(s) < #15) < 1. This is because
the value of k§ .5 is equal to either the minimum or maximum observation, so
there is one interval left beyond that observation. Note that here k£ can only take
values from 0 to 14 as again the value of k) ;5 is equal to one of the data values
x;, for j =1,...,15, so if k)75 = x15 then k = 14; there are 14 observations less
than k.- = z15.

RP(k) RP(k)
0.9989 1

RP(k) RP(k) |k RP(k) RP(k)
0.6424 0.7689 | 12 0.9359 0.9749
0.9929  0.9989 0.5 0.6424 | 13 0.9749 0.9929
0.9749  0.9929 0.5 0.6424 | 14 0.9929 0.9989
0.9359 09749 |9 0.6424 0.7689 | 15 0.9989 1

0.8682 0.9359 | 10 0.7689 0.8682
0.7689 0.8682 | 11 0.8682 0.9359

0 3 O

Gl W N~ O

Table 4.1: NPI-RP for third quartile, n = 15 and a = 0.05.

RP k RP k RP

0.9989 | 6 0.6424 | 12 0.9749
09929 | 7 0.5 13 0.9929
09749 | 8 0.6424 | 14 0.9989

09359 |9 0.7689
0.8682 | 10 0.8682
0.7689 | 11 0.9359

T W N = O

Table 4.2: NPI-RP for third quartile, n = 15 and a = 0.05.

Table 4.3 presents NPI-RP values for the quantile test considering the median,
so the 50% quantile, again with sample size n = 15 and testing the null hypothesis

that the median is equal to a specified value - against the one-sided hypothesis
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that it is greater than ) 5, at level of significance o = 0.05. This leads to the test
rule that Hy is rejected if the number k of observations that are smaller than x§ -
is less than or equal to 3, and Hj is not rejected if £ > 4. Note that throughout
this chapter, precise values 0.5 and 1 are presented without additional decimals,
so the values 1.0000 are actually less than 1 but rounded upwards. Of course,
these NPI-RP values are not symmetric, and reproducibility becomes very likely
for initial test results with a substantial number of observations less than k() . But
rejection of Hy, which occurs for k£ < 3 and is often of main practical relevance,
has relatively low NPI-RP values.

RP(k) RP(k)
0.9502 1

RP(k) RP(k) |k RP(k) RP(k)
0.7865 0.8775 | 12 0.9986 0.9997
0.8352 0.9502 0.8775 0.9359 | 13 0.9997 0.9999
0.6743 0.8352 0.9359 0.9698 | 14 0.9999 1.0000
0.5  0.6743 |9 0.9698 0.9873 |15 1.0000 1

0.5 0.6592 | 10 0.9873 0.9954
0.6592 0.7865 | 11 0.9954 0.9986

o 3 O

QL W N~ O

Table 4.3: NPI-RP for median, n = 15 and a = 0.05.

Tables 4.4 and 4.5 present the NPI-RP results for the same one-sided quantile
test on the third quartile for n = 30, at significance levels a = 0.05 and a = 0.01,
respectively. Using the Normal distribution approximation, the test rule for
a = 0.05 is to reject Hy that this third quartile is equal to k§ .5 in favour of the
alternative hypothesis that it is greater than &9 .. if k¥ < 18 and not to reject it if
k > 19, where k is again the number of observations less than ) ;5. For o = 0.01,
Hy is rejected if £ < 16 and not rejected if £ > 17. The change in level of
significance « leads obviously to change of the rejection threshold, with Hy being
rejected for a smaller range of values k in case of smaller value of . Comparison
of these tables with Table 4.1 shows that the larger sample size tends to lead
to slightly less imprecision, that is the difference between corresponding upper
and lower probabilities, this is e.g. shown by considering the upper probabilities
RP(k) for the values of k next to the rejection thresholds, so corresponding to

RP(k) = 0.5.
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RP(k) RP(k) |k RP(k) RP(k) |k RP(k) RP(k)
1.0000 1 11 09651 0.9811 | 22 0.7941 0.8666
1.0000 1.0000 | 12 0.9398 0.9651 | 23 0.8666 0.9210
1.0000 1.0000 | 13 0.9023 0.9398 | 24 0.9210 0.9580
1.0000 1.0000 | 14 0.8503 0.9023 | 25 0.9580 0.9805
0.9999 1.0000 | 15 0.7826 0.8503 | 26 0.9805 0.9923
0.9998 0.9999 | 16 0.6995 0.7826 | 27 0.9923 0.9976
0.9993 0.9998 | 17 0.6038 0.6995 | 28 0.9976 0.9995
0.9981 0.9993 | 18 0.5 0.6038 | 29 0.9995 0.9999
0.9956 0.9981 | 19 0.5 0.6054 | 30 0.9999 1

0.9905 0.9956 | 20 0.6054 0.7056
0.9811 0.9905 | 21 0.7056 0.7941

= © 00 3O Tk Wi+~ Ol

o

Table 4.4: NPI-RP for third quartile, n = 15 and a = 0.05.

RP(k) RP(k) |k RP(k) RP(k) |k RP(k) RP(k)
1.0000 1 11 0.9023 0.9406 | 22 0.9101 0.9483
1.0000 1.0000 | 12 0.8493 0.9023 | 23 0.9483 0.9731
1.0000 1.0000 | 13 0.7805 0.8493 | 24 0.9731 0.9875
0.9999 1.0000 | 14 0.6971 0.7805 | 25 0.9875 0.9949
0.9995 0.9999 | 15 0.6019 0.6971 | 26 0.9949 0.9983
0.9986  0.9995 | 16 0.5 0.6019 | 27 0.9983 0.9995
0.9964 0.9986 | 17 0.5 0.6026 | 28 0.9995 0.9999
0.9916 0.9964 | 18 0.6026 0.6995 | 29 0.9999 1.0000
0.9824 0.9916 | 19 0.6995 0.7852 | 30 1.0000 1

0.9664 0.9824 | 20 0.7852 0.8559
0.9406 0.9664 | 21 0.8559 0.9101

= © 00 O Ol Wi~ O

e}

Table 4.5: NPI-RP for third quartile, n = 30 and o = 0.01.

Tables 4.6 and 4.7 illustrate the NPI lower and upper reproducibility prob-
abilities for the one sample quantile test considering the median, with two-sided
alternative hypothesis H; : ko5 # Kk 5, for n = 20 at significance levels o = 0.05
and a = 0.01, respectively. For Table 4.6, with o« = 0.05, the null hypothesis is
rejected in the original test if £ < 5 or £ > 15 while it is not rejected if 6 < k < 14.
Hence, the NPI lower and upper reproducibility probabilities are for the events
X(J;) > kg5 U X(fl5) < kY 5, given the value of k with either k¥ < 5 or k > 15 in case
of rejection of Hy in the original test, and X(fﬁ) < K5, X(f15) > K 5, given the value

of k with 6 < k < 14 in case of non-rejection of Hj in the original test. The results
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in Table 4.6 show that the minimum value for RP(k), for k leading to rejection of
Hy, namely 0.5006 at both £ =5 and k& = 15, is now indeed greater than 0.5, due
to the two rejection areas for Hy, as discussed before. Moving away from these
threshold values between rejecting and not rejecting Hy leads to increasing values
of NPI-RP, with the maximum value of the upper reproducibility probabilities
being equal to one, which is achieved for £ = 0 and k£ = 20. The minimum value
for RP(k), in case Hy was not rejected in the original test, which is 0.4948 for
both k£ = 6 and k£ = 14, is less than 0.5, as discussed before. Tables 4.6 and 4.7
illustrate that, when we consider the two-sided test for the median, the NPI lower
and upper reproducibility probabilities are symmetric about k = n/2 = 10. The
maximum NPI lower and upper RP values, for £ which leads to non-rejection
of Hy, are 0.8093 and 0.8947 in Table 4.6, and 0.9593 and 0.9813 in Table 4.7,
respectively, which are both achieved at £ = 10.

For the situation in Table 4.7, with o = 0.01, the null hypothesis is rejected
in the original test if £ < 3 or k > 17 while it is not rejected for 4 < k < 16. So
with small o the null hypothesis not rejected for a large range of values k, which
is in line with the same feature as discussed for one-sided tests earlier. Comparing
this table with Table 4.6, the NPI lower and upper reproducibility probabilities
are smaller for values of k for which Hj is rejected and larger for values of k for
which Hj is not rejected. This is logical as the change in the level of significance
obviously leads to change of the rejection threshold.

0.9899 1 7 0.6221 0.7445 | 14 0.4948 0.6325
0.9543 0.9899 | 8 0.7230 0.8274 | 15 0.5006 0.6437
0.8824 0.9543 |9 0.7873 0.8778 | 16 0.6420 0.7753
0.7747 0.8826 | 10 0.8093 0.8947 | 17 0.7747 0.8826
0.6420 0.7753 | 11 0.7873 0.8778 | 18 0.8824 0.9543

0.5006 0.6437 | 12 0.7230 0.8274 | 19 0.9543 0.9899
0.4948 0.6325 | 13 0.6221 0.7445 | 20 0.9899 1

DO = W N~ O

Table 4.6: NPI-RP for median, n = 20 and a = 0.05.
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RP(k) RP(k) |k RP(k) RP(k) |k RP(k) RP(k)
0.9470 1 7 0.8618 0.9219 | 14 0.7742 0.8632
0.8292 09470 | 8 0918 0.9573 | 15 0.6525 0.7747
0.6693 0.8292 | 9 0.9495 0.9757 | 16 0.5000 0.6526
0.5000 0.6693 | 10 0.9593 0.9813 | 17 0.5000 0.6693
0.5000 0.6526 | 11 0.9495 0.9757 | 18 0.6693 0.8292
0.6525 0.7747 | 12 0.9185 0.9573 | 19 0.8292 0.9470
0.7742 0.8632 | 13 0.8618 0.9219 | 20 0.9470 1

UL W N~ O

Table 4.7: NPI-RP for median, n = 20 and a = 0.01.

Table 4.8 presents NPI-values for the quantile test considering the third

quantile, with sample size of 20 and testing the null hypothesis ro75 = K -5

against the two-sided hypothesis that kg5 # K 75 at level of significance o = 0.05.

The original test led to rejection of Hy if £ < 10 or £ > 19 and non-rejection
if 11 < k < 18. Thus the NPI lower and upper reproducibility probabilities are

for the events X(fll) > kY os U X(flg) < K§ .5 in case of rejection Hy in the original

test and X(fn) < K s, X(flg) > K9 .= in case of not rejecting Hy in the original test.

The minimum value for RP(k), for k leading to rejection of Hy, is equal to 0.5006
at k= 10, and 0.5002 at k = 19. The maximum RP(k) is equal to one, achieved
for both £k = 0 and k£ = 20. The smallest values for RP(k) in case Hy was not
rejected in the original test, are 0.4958 at k = 11 and 0.4934 at k = 18, while the
maximum RP(k) for this case is equal to 0.9063, which occurs at k = 15.

RP(k) RP(k) |k RP(k) RP(k) |k RP(k) RP(k)
0.9999 1 7 0.8297 0.8999 | 14 0.7878 0.8828
0.9994 0.9999 | 8 0.7364 0.8299 |15 0.8139 0.9063
0.9971 09994 |9 0.6240 0.7370 | 16 0.7814 0.8887
0.9906 0.9971 | 10 0.5006 0.6255 | 17 0.6774 0.8223
0.9758 0.9907 | 11 0.4958 0.6227 | 18 0.4934 0.6958
0.9473 09758 | 12 0.6146 0.7343 | 19 0.5002 0.7578
0.8999 0.9473 | 13 0.7167 0.8236 | 20 0.7564 1

S ULk Wi~ O

Table 4.8: NPI-RP for third quartile, n = 20 and a = 0.05.
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4.4 Precedence test

As a second example of NPI for reproducibility of a statistical test based on order
statistics, we consider a basic nonparametric precedence test. Such a test, first
proposed by Nelson [73], is typically used for comparison of two groups of lifetime
data, where one wishes to reach a conclusion before all units on test have failed.
The test is based on the order of the observed failure times for the two groups,
and typically leads to, possibly many, right-censored observations at the time
when the test is ended. Balakrishnan and Ng [10] present a detailed introduction
and overview of precedence testing, including more sophisticated tests than the
basic one considered in this chapter. NPI for precedence testing was presented by
Coolen-Schrijner, et al. [35], without consideration of reproducibility. It should
be emphasized that we consider here the NPI approach for reproducibility of a
classical precedence test, so not of the NPI approach to precedence testing [35].

We consider the classical scenario with two independent samples. Let X1y <
X(2) < ... < X(n,) be random quantities representing the ordered real-valued ob-
servations in a sample of size n,, drawn randomly from a continuously distributed
population, which we refer to as the X population, with a probability distribution
depending on location parameter A,. Similarly, let Y1) < Y(g) < ... < Y{,,) be
random quantities representing the ordered real-valued observations in a sample
of size n,,, drawn randomly from another continuously distributed population, the
Y population, with a probability distribution which is identical to that of the X
population except for its location parameter \,. We consider the hypothesis test
for the locations of these two populations is Hy : A\, = A\, versus Hy @ A\; < Ay,
which is to be interpreted such that, under H;, observations from the Y population
tend to be larger than observations from the X population.

The precedence test considered in this section, for this specific hypothesis test
scenario, is as follows. Given n, and n,, one specifies the value of r, such that the
test is ended at, or before, the r-th observation of the Y population. For specific
level of signifance «, one determines the value k (which therefore is a function of

a and of r) such that Hy is rejected if and only if Xy < Y{,). The critical value
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for k is the smallest integer which satisfies
P(Xoy < Vool = (™) B> (i (A B
L =0 J Ny —7J

Note that the test is typically ended at the time 7" = min(X ), Y{,y), with the
conclusion that Hj is rejected in favour of the one-sided alternative hypothesis
H, specified above, if T' = X(;), and Hy is not rejected if T' = Y. It is of
interest to emphasize this censoring; continuing with the original test would make
no difference at all to the test conclusion, but further observations would make a

difference for the NPI reproducibility results, as will be discussed later.

The NPI approach for reproducibility of this two-sample precedence test con-
siders again the same test scenario applied to future order statistics, and derives
the NPI lower and upper probabilities for the event that the same overall test
conclusion will be derived, given the data from the original test. This involves
the NPI approach for inference on the r-th future order statistic Y({) out of n,
future observations based on the data from the Y population, and similarly for
the k-th future order statistic X (J;) out of the n, future observations based on the
data from the X population, where the values of r and k are the same as used
for the original test (as we assume also the same significance level for the future
test). Note, however, that there is a complication: for full specification of the
NPI probabilities for these future order statistics, we require the full data from
the original test to be available. But, as mentioned, the data resulting from the
original precedence test typically have right-censored observations for at least one,
but most likely both populations, and these are all just known to exceed the time

T at which the original test had ended.

Before we proceed, we discuss this situation in more detail as it is important for
the general idea of studying reproducibility of tests. We should emphasize that we
have not come across this important issue before in the literature. There are two
perspectives on the study of reproducibility of such precedence tests. First, one
can study the test outcome assuming that, actually, complete data were available,

so all n, and n, observations of the X and Y populations, respectively, in the
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original test are assumed to be available. Secondly, one can consider inference for
the realistic scenario with the actual data from the original test, so including right-
censored observations at time 1. The first scenario is the most straightforward
for the development of NPI-RP, and we start with this scenario. Then we explain
how this first scenario, without additional assumptions, leads to NPI-RP for the

second scenario.

The starting point for NPI-RP for the precedence test is to apply NPI for
n, future observations, based on the n, original test observations from the X
population, which are assumed to be fully available, and similarly for n, future
observations based on the n, observations from the Y population. Using the
results presented in Chapter 2, with notation adapted to indicate the specific
populations, the following NPI lower and upper reproducibility probabilities are

derived. First, if Hy is rejected in the original test, so x(x) < y(), then

ng+1 ny+1
RP = P(X(y <Yl)= > 3 Wag <yg, n}PX(y € I[P, € 1)
Jz=1 jyzl
(4.5)
7 o 7 ng+1 ny+1
RP = P(X}, < Y(i)) = > Yrg-n< ?/(jy)}P(X(J;c) € ]fz)P(Y(J;) €lj)
Jo=1 jy=1
(4.6)

Note that these RP and RP are conditional on the orderings of the full data from
the original test, which for simplicity we do not include in the notation. If Hj is

not rejected in the original test, so z(x) > y(), then

ng+1 ’I’Ly+].
RP = B(X(];;) > Y({)) = Z Z Wz, > y(jy)}P(X(];g) € ];;)P(Y({) € ]jyy)
Jo=1 jyzl
(4.7)
_ . ng+1 nU+1
RP = P(X(J;) > Y(f)) = > Yz > y(jy—l)}P<X(J;) € I}i;)P(Y(i) €lj)
Jo=1 jy=1
(4.8)

Both in case of rejecting and not rejecting Hy, the maximum possible value of
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the NPI upper reproducibility probability is 1. If Hy was rejected this occurs if
T(n,) < Y(1), While if Hy was not rejected this occurs if z(1y > y(,,), so both cases
lead to maximum reproducibility if the original test data were entirely separated
in the sense that either all observations from the X population occurred before

all observations from the Y population, or the other way around.

In both cases of rejecting or not rejecting Hy in the original test, the minimum
value of the NPI lower reproducibility probability is 0.25. If H, was rejected,
this occurs if y,_1) < z@) and zx) < yi) and Yu,) < Tre). If Ho was not
rejected, this occurs if z4_1) < ya) and y,) < xp) and z¢,,) < Yr41). Both
these smallest possible values for RP result from data orderings that, whilst
leading to a test conclusion, are least supportive for it, together with the fact
that P(X(];) < Ty = P(X(J;) > x()) = 0.5, and similar for Y({), as discussed in
Section 2.2.

The effect of local changes to the combined ordering of the data of the two
populations in the original test is important. Suppose that, for given data for the
X and Y populations for the original test, observations y,) and x(,) are such that
Yw) < T(y) and in the combined ordering of all n, + n, data they are consecutive.
Now suppose that we change these observations, and denote them by %) and
Z(y), respectively, such that they keep their order in the data from their own
population but between them change their order, so Z(,) < ¢,). From Equations
(4.5) and (4.6), the difference between the NPI lower and upper probabilities for
the event X (fk) < Y({,) given y(,) < 7(,) and the NPI lower and upper probabilities

for the same event given Z(,) < ¢, are

B(X(fk) < Y(J;)|y(u) < Z(y)) — B(X(fk) < Y({)L”E(v) < J(w)
ng+1 ny+1
- Z Z 1{x]z < yjy_l}P(X(J;c) € Isz)P(Y(’r) € I]yy)
Jz#v jyFutl
ng+1 ny+1
_[ oY ey, < yjy_l}P(X(fk) e I7)P(Y] el!)

+P(Xfy € IL)P(Y]) € Il )] = —P(X{,) € )PV € I, 1)
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Drv/ f Drv/ fx ~
P(X(y < Yilyw < 2@) — P(X{) <YplTe) < Jw)
ney+1 ny+1

= 3 Y fr, < yjy}mxg;) er )P(Y(gf) ell)
JoFv+1 jyu
ng+1 Tby-l-l

> > Yay, <y, JPXGy € L)PY e 1))

JaFv jy?éu'i‘l

"‘P(X(J;) = [§z+1>P(Y(J;) €li)| = _P(X(fk) < Ifﬁl)P(Y({) €l)

Then this local change to the combined ordering of the data leads to increase of

both the NPI lower and upper probabilities for the event X (fk) < Y(i), that is

B(X(j;;) < Y({)W(U) < x(v)) < B(X(fk) < Y({)ﬁ(v) < g(u)) (4'9)

?(X(};) < Yv(£)|y(u) < x(v)) < P(*X(fk) < }/(]:)u;(v) < g(u)) (410)

This implies that the NPI-RP inferences for the precedence test depend monoton-
ically on the combined ordering of the original test data, which is an important
property to derive such inference for actual tests including right-censored obser-

vations, as discussed after Example 4.2.

Example 4.2. Nelson [74] presents data consisting of six groups of times (in
minutes) to breakdown of an insulating fluid subjected to different levels of voltage.
To illustrate NPI-RP for the basic precedence test as discussed above, we assume
that sample 3 provides data from the X population and sample 6 from the Y
population. These times are presented in Table 4.9. Both samples are of size
10, and we assume that the precedence testing scenario discussed in this section
is followed, so we assume that the population distributions may only differ in
location parameters, with Hy : A\, = A, tested versus H; : A\, < A\,. We assume
that r = 6, so the test is set up to end at the observation of the sixth failure time
for the Y population. We discuss both significance levels a = 0.05 and o = 0.1.

The missing values in Table 4.9 are only known to exceed 3.83.
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X sample | 0.94 0.64 0.82 093 1.08 1.99 2.06 215 257 *
Y sample | 1.34 149 156 2.10 2.12 3.83 * * * *

Table 4.9: Times to insulating fluid breakdown.

For significance level a = 0.05, the critical value is £ = 10, while for a = 0.1
this is k = 9. Therefore, the provided data will lead, in this precedence test,
to rejection of Hy at 10% level of significance but not to rejection of Hy at 5%
level of significance. For both scenarios, the NPI lower and upper reproducibility
probabilities are presented in Table 4.10, for all of the possible orderings of the

right-censored observations. Note that in total 15 observations are available, with

1 value of the X sample and 4 values of the Y sample only known to exceed 3.83.

In Table 4.10, we give the rank, from the combined ordering of all 20 observations,
of the right-censored observation x (), for example when this is 17 it implies that
Yery < T(10) < Yg)- Table 4.10 presents both the results for o = 0.05, in which case
Hjy was not rejected in the original test, hence reproducibility is achieved if Hy is

also not rejected in the future test, and the results for a = 0.01, in which case

Hy was rejected so reproducibility also implies rejection of Hy in the future test.

Note that for o = 0.1 we still assume that y) = 3.83 was actually observed, even
though the test could have been concluded at time gy = 2.57 because x gy < ys)
was conclusive for the test in this case. Table 4.10 shows that the NPI-RP values
are increasing in the combined rank of x(g) for a = 0.05 and decreasing for
a = 0.1, which illustrates the monotonicity of these inferences with regard to
changes in ranks of the data as discussed above, as increasing combined rank of
T (10) provides more evidence in support of Hy, hence in favour of reproducing the
original test result for a = 0.05 but against doing so for a = 0.1. We notice that
the actual rank that x(;9) would have among the 20 combined observations has

substantial influence on the NPI-RP values.
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a=0.05 a=0.1
rank of x(10) | RP RP RP RP
16 0.3871 0.7814 | 0.3885 0.7079
17 0.4746 0.8209 | 0.3490 0.6665
18 0.5496 0.8484 | 0.3215 0.6309
19 0.6019 0.8627 | 0.3072 0.6062
20 0.6290 0.8669 | 0.3029 0.5934

Table 4.10: NPI-RP for precedence test on insulating fluid break-
down data.

Thus far, we have studied reproducibility of the basic precedence test from
the perspective of having the complete data available. In Example 4.2 this was
illustrated by considering all possible orderings for the right-censored data in
the two samples. However, a more realistic perspective is to only use the actual
test outcome, without any assumptions on the ordering of the right-censored
observations. Using lower and upper probabilities, this can be easily achieved by
defining RP as the minimum of all NPI lower probabilities for reproducibility over
all possible orderings for the right-censored observations, and similarly by defining
RP as the maximum of all NPI upper probabilities for reproducibility over all
possible orderings for the right-censored observations. Hence, in Example 4.2,
this leads to RP = 0.3871 and RP = 0.8669 for a = 0.05, and RP = 0.3029 and
RP = 0.7079 for a = 0.1. Of course, this leads to increased imprecision compared
to every possible specific ordering of the right-censored observations, but it is
convenient as no further assumptions about those right-censored observations
are required. Furthermore, to derive the NPI-RP values for this perspective one
does not need to calculate the corresponding values for each possible combined
ordering of right-censored observations, due to the above discussed monotonicity
of these inferences and given in Equations (4.9) and (4.10). Hence, we always
know for which specific ordering of right-censored observations these NPI-RP

values are obtained, that is either with all right-censored observations from the
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X sample occurring before all right-censored observations from the Y sample, or
the other way around, depending on the actual outcome of the original test. This

perspective is illustrated in Example 4.3.

Example 4.3. We consider again NPI-RP for the precedence test as presented in
this section, so with one-sided alternative hypothesis H; : A\, < A,. Suppose that
ng = 10 units of the X population and n, = 8 units of the ¥ population are put
on a life test, where one wants at most two Y units to actually fail, so the value
r = 2 is chosen. Testing at significance level o = 0.05, the critical value is k = 7,
so Hy is rejected if x(7y < y2) while Hy is not rejected if yo) < x(7). Note that,
with the test ending at time min(z(7),y(2)), there are at least 3 right-censored
X observations and at least 6 right-censored Y observations; this leads to large

imprecision in the NPI-RP values.

Table 4.11 presents the NPI lower and upper reproducibility probabilities for
this test, for all possible data in the original test, which are indicated through the
rankings of all observations until the test is ended, in the combined ranking of the
X and Y samples. As indicated, the columns to the left relate to the cases where
Hy is not rejected while the columns to the right relate to the cases where H
is rejected. All these NPI-RP values are calculated using the monotonicity with
regard to the combined ranks of the right-censored observations, as explained
above. These results illustrate the earlier discussed maximum value 1 for RP
and minimum value 0.25 for RP. It is particularly noticeable that the NPI lower
reproducibility probabilities for this test tend to be small, which is not really
surprising due to the large number of right-censored observations resulting from

the choice r = 2.

Table 4.12 presents NPI-RP for the precedence test with alternative hypothesis
Hy : Ay < Ay, considering r = 5, with n, = 10, n, = 8 and testing at significance
level av = 0.05, the critical value is £ = 10. So Hj is rejected in the original test if
all observations in X are observed before ys), i.e. z(10) < ¥y(5), Whereas Hy is not

rejected if y5) < x(10). In case of not rejecting Hy in the original test, there are
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Hj not rejected Hyj rejected
X ranks Y ranks RP RP X ranks Y ranks RP RP
- 1,2 0.4992 1 1-7 - 0.3833 1
1 2,3 0.4951 0.9988 | 1-6,8 7 0.3367 0.8833
2 1,3 0.4970 0.9992 | 1-5,7,8 6 0.2993 0.8425
1,2 3,4 0.4826 0.9924 | 1-4,6-8 5 0.2739 0.8098
1,3 2,4 0.4884 0.9946 | 1-3,5-8 4 0.2593 0.7875
2,3 1.4 0.4903 0.9951 | 1,2,4-8 3 0.2526 0.7748
1-3 4,5 0.4553 0.9733 | 1,3-8 2 0.2504 0.7690
1-4 5,6 0.4075 0.9314 | 2-8 1 0.25 0.7670
1-5 6,7 0.3375 0.8582
1-6 7,8 0.25 0.7509
2-7 1,8 0.3663 0.8375

Table 4.11: NPI-RP for precedence test with n, = 10, n, = 8§,
r=2,k=7and a=0.05.

at most 3 right-censored Y observations and at least 1 right-censored X observa-
tion, while if the original test led to rejection of Hy, there are no right-censored
observations in the X sample and at least 3 right-censored observations in Y
sample. So in the case of rejecting Hy, we have complete data available from
the X sample, but at least 1 right-censored observation in Y sample, and it is
straightforward to derive the NPI lower and upper reproducibility probabilities.
However, if the original test did not lead to rejection of Hy, both samples have
right-censored observations, so the lower and upper reproducibility probabilities
are the minimum and the maximum over all lower and upper reproducibility prob-
abilities respectively, of all possible orderings of the right-censored observations.
Comparing Table 4.11 and Table 4.12 illustrates that increasing the value of r,
which leads to a decrease of the numbers of right-censored observations, leads to

an increase of the values of the NPI lower and upper reproducibility probabilities.
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Hj not rejected Hyj rejected
[P PI(X(g > YE) [P, Pl(X{y) <YE)
X ranks Y ranks RP RP X ranks Y ranks RP RP
- 1,5 0.5000 1 1-10 - 0.4936 1
1 2-6 0.5000 1.0000 | 1-9,11 10 0.4813 0.9936
2 1,3-6 0.5000 1.0000 | 1-8,10,11 9 0.4752  0.9902
1,2 3-7 0.4998 0.9999 | 1-7,9-11 8 0.4723  0.9885
1,3 2,4-7 0.4998 1.0000 | 1-6,8-11 7 0.4710 0.9877
2,3 1,4-7 0.4998 0.9999 | 1-5,7-11 6 0.4705 0.9874
1-3 4-8 0.4992 0.9996 | 1-4,6-11 5 0.4704 0.9872
1-4 5-9 0.4973 0.9985 | 1-3,5>-11 4 0.4703 0.9872
1-5 6-10 0.4919 0.9947 | 1,24-11 3 0.4703 0.9872
1-6 7-11 0.4783 0.9840 | 1,3-11 2 0.4703 0.9872
2-7 1,8-11 0.4048 0.8816 | 2-11 1 0.4703 0.9872
1-9 10-14 0.25 0.7662 | 5-14 1-4 0.25 0.6904
Table 4.12: NPI-RP for precedence test with n, = 10, n, = 8§,
r=>5, k=10 and o = 0.05.
O

4.5 Concluding remarks

The NPI approach to reproducibility of tests provides many research challenges.

It can be developed for many statistical tests, while for some data types, e.g.

multivariate data, NPI requires to be developed further. The test scenarios studied
for particular tests may require careful attention, as illustrated by the different
perspectives discussed for the precedence test in Section 4.4. As mentioned, the
precedence test scenarios discussed in Section 4.4 are very basic. Balakrishnan

and Ng [10] present a detailed introduction and overview of precedence testing,

including more sophisticated tests than the basic one considered in this chapter.

In practice, it is important for such tests, and also in general, to also consider the
power of the test; thus far this has not yet been considered in the NPI approach
for reproducibility of testing. With further development of this approach, we
are aiming at guidance on selection of test methods which, for specified level

of significance, have good power and good reproducibility properties. This may
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often require more test data than needed following traditional guidance, but the
assurance of good reproducibility is important for many applications and may
lead to savings in the longer run by reducing processes, such as development of
new medication, to continue on the basis of test results which may later turn out

not to be reproduced in repeated tests under similar circumstances.



Chapter 5

Robustness of NPI

5.1 Introduction

As every statistical inference has underlying assumptions about models and spe-
cific methods used, one important field in statistics is the study of robustness of
inferences. Statistical inferences are based on the data observations as well as the
underlying assumptions, e.g. about randomness, independence and distributional
models [62]. Since the middle of the twentieth century, many theoretical efforts
have been dedicated to develop statistical procedures that are resistant with re-
gard to outliers and robust with regard to small deviations from the assumed
parametric model [15]. Huber [60] is a significant contributor to the development
of robust statistical procedures. He provided in his graduate level textbook the
basic robustness theory [60]. Further, Hampel [50, 51, 52] made significant con-
tributions to the theory of robust estimation. Hampel, et al. [53] discussed some
properties of robust estimators, test statistics and linear models. In these devel-
opments the primary focus has been on estimating location, scale, and regression
parameters [63]. It is well known that some classical procedures are not robust to
slight contamination of the strict model assumptions [15]. From this perspective
robustness against small deviations from the assumed model and existence of

outliers or contamination, have all been identified as principal issues [63].

In classical statistics, there are several tools used in robust statistics to describe

99
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robustness: the influence function, the sensitivity curve and the breakdown point
(see Section 5.2 for a brief discussion of such tools). These three measures of

robustness are not the only existing ones but they are commonly used methods.

In this chapter, robustness of NPI is presented. This involves adopting some of
the concepts of classical robust statistics within the NPI setting, namely sensitivity
curve and breakdown point. These concepts fit well with the NPI setting as they
depend on the actual data at hand rather than on a hypothetical underlying
assumption. Data may be subject to error occurring during the measurement
process, so a reported value can differ from the true one [41]. Data contamination
refers to errors in data which happen due to human error in collecting and
recording the data, which introduces unintended changes to the original data.
The concept of robust inference is usually aimed at development of inference
methods which are not too sensitive to data errors or to deviations from the
model assumptions. In this chapter, we use it in a slightly narrower sense, as
for our aims robustness indicates insensitivity to a small change in the data and

existence of outliers.

Outliers are generally described as observations that appear to be discordant
with the rest of the data and are not appropriate for the assumed model [11].
One of the important reasons for detecting the presence of outliers is that they
can have a crucial impact on parameter estimates of the model, which may cause
erroneous inference. As a result, removing outliers may improve the accuracy of
the estimators. However, outliers sometimes provide information that may be lost
if the outlier is removed. Bellio and Ventura [15] stated that empirical evidence
shows that good robust procedures behave relatively better than techniques based
on the rejection of outliers. Robustness is a wide topic, and dealing with outliers is
just one aspect of it. We could interpret robustness in two different ways, namely
robustness with regard to small changes in data and robustness with regard to
outliers. Our aim is to explore these two aspects for NPI for future order statistics

as presented in this thesis.

This chapter is organized as follows. Section 5.2 provides a brief overview
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of some concepts used in robust statistics, namely influence function, sensitivity
curve and breakdown point. In Section 5.3 we introduce the sensitivity curve and
breakdown point in the NPI framework. Section 5.4 presents the use of these
tools for NPI for events involving the r-th future observation. In Section 5.5 we
use these tools to explore the robustness of the inferences involving the median
and the mean of the m future observations. In Section 5.6, we briefly present NPI
robustness of further inferences, namely pairwise comparisons and reproducibility

of statistical tests, as presented in the previous chapters.

5.2 Classical concepts for evaluating
robustness

In the literature of robustness, many measures of robustness of an estimator have
been introduced [51, 53]. In this section, we review some concepts from classical
theory of robust statistics, namely the influence function (IF), sensitivity curve
(SC), empirical influence function (EIF) and breakdown point (BP). First, we
consider the influence function (IF), an approach that is due to Hampel [51].
IF measures the influence of infinitesimal perturbations in a distribution on a
statistic. Suppose we have a basic model with CDF F', and G¢ is the CDF with

a point mass at &.

Definition 5.1. For an estimator 7" based on data from a population with CDF

F', the influence function of T" at basic distribution F' is

1B 2 (€) — timg (L= OF + €Ge) = T(F)

e—0 €

(5.1)

Here ((1 —€)F + eGe¢) with 0 < € < 1 is a mixture distribution of F' and G,. This
definition of the IF depends on the assumed distribution as it assesses the effect of
an infinitesimal perturbation in a distribution on the value of the estimator. There

are several finite sample versions of (5.1), the most important being the sensitivity

curve [81], the empirical influence function [53] and the jackknife [71, 72, 75, 80].
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The first two of these we will also consider.

Tukey [81] proposed the sensitivity curve (SC), designed to assess the sensit-
ivity of an estimator with regard to replacement or addition of an observation in
the sample. SC also illustrates Tukey’s emphasis on the nonprobabilistic aspects
of statistics and data analysis. He preferred to rely on the actual data at hand
rather than on a hypothetical underlying population of which it might be a sample
[61]. This is in line with the NPI method, as in NPI we do not consider the hy-
pothetical underlying population. For given data, we do not focus our inferences
on a population from which the data are assumed to come, but on future data
that are exchangeable with given data. There are two versions of SC, one with an
additional observation and one with replacement of an observation [53]. First, we
consider the case where we add an additional observation to the data. Many of
the common estimators and test statistics depend on the sample x4, ..., z, only

through the empirical distribution function [62]

1{w;
Foe) = 21z}
n
Thus we can write T'(F,) = T'(z1, ..., z,) for some estimator 7' [62].

Definition 5.2. Let T,,(X) = T,,(z1, .., z,) denote a statistic of the sample X =
(z1,..,x,) and let T,,41(X,€) denote the corresponding statistic of the sample
x1, .., Tn, & If we replace F' by the empirical function F,, and € by 1/(n + 1) in
(5.1), then the sensitivity curve (SC) is defined as [62]

T (72 Fn + 55:Ge) — T(Fy)

SCul€ T X) = —5 1/(n +1)
= (n+ 1) (Ths1(x1, ..., 20, &) = Tn(z1, ..., x))
= (n+1)(Th(X, ) — Th(X)) (5.2)

SC, (&, T, X) measures the sensitivity of 7, to the addition of one observation
with value £ [62]. The sensitivity curve measures sensitivity of an estimator to a

change in the sample. By contrast, the IF in Definition 5.1 shows what happens
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to an estimator when we change the distribution of the data slightly. There also
exists a version of SC where instead of adding an observation £ to the sample,

one observation x; is replaced by &.

Definition 5.3. We define the SC, if we replace F' by the empirical function F;,
and € by 1/n in (5.1) [62]
T ("L F, + LGe) = T(F)
1/n
= n(Tu(z1..., 21,8, @iq1, 0, 00) = Tp(T1 .0 051, 4, Tig 1, - -+, Tn))

= n(Tu(X,§,1) — Th(X)) (5.3)

SCi(¢, T, X) =

This version of SC measures the sensitivity of T}, to replacing the i-th value in

the sample by an arbitrary value.

Definition 5.4. The empirical influence function of T, for the sample X at ¢ is
E]FZ(€7TH, X) = Tn(xl R £7$i+17 e ,ZL’n) (54)

This E1F; is defined by replacing the i-th value in the sample X by an arbitrary
value ¢ and looking at the output of the estimator [53]. Alternatively, one can
define it by adding an obervation, i.e. when the original sample consists of n
observations one can add an arbitrary value &, ETF(&,T,,X) = Tp(x1, ..., 2,,§).
The EIF gives us an idea of how an estimator behaves when we change one point
in the sample X and no model assumptions are made [67].

In NPI we will adopt the two versions of the sensitivity curve (SC), as these
give more insight than the EIF concept. The concepts defined above are local
measurements, as they in principle examine the effect on an estimator of substi-
tuting a single contaminant for one of the n observations, or of adding a data
point to the sample. In contrast, the breakdown point is a global measurement,
as it gives the highest fraction of outliers one may have in the data before the

estimator goes to infinity [63]. Let X = (z1,...,x,) be a fixed sample of size n.
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We can contaminate this sample in many ways [62]. We consider the following
two; A, replacement and A\, contamination. These will also be considered in the

NPI setting in Section 5.3.

1. )\, replacement: we replace an arbitrary subset of size [ of the sample by ar-
bitrary values yi,...,%, so 1 <1< n [62]. Let X denote the contaminated
sample. The fraction of contaminated values in the contaminated sample

!/

X = (xl-"axl—l7yla"'7yn)7is )\a:%

2. )\, contamination: we add [ arbitrary additional values Y = (y1,...,y;) to
the sample X [62]. Let X " denote the contaminated sample by adding !
arbitrary additional values. Thus, the fraction of contaminated values in

the contaminated sample X' = X UY is \, = HLn

Definition 5.5. Let 7' = (T,,) be an estimator and T(X) be its value at the
sample X. The maximum bias which might be caused by general A\, which is

either A\, or A, is [62]
b X, T) =sup {T'(X,Y) — T(X)} (5.5)

where the supremum is taken over the set of all A-contaminated samples which is

either X' or X".

Definition 5.6. The definition of the breakdown point is
A(X,T) =inf{A|b(\; X, T) = o0} (5.6)

The breakdown point A*(X,T') of an estimator 7" at sample X is the smallest
value of A for which the estimator 7(X,Y’) can have values arbitrarily far from

T(X).

For example, a contaminant in a sample of size n will, if large enough, shift the

sample mean to be large, so the sample mean has unbounded influence function



5.3. Robustness concepts in NPI 105

and breakdown point 1/n. In contrast, the influence of a contaminant on the

sample median is bounded, because 2k — 2 contaminants, whatever their mag-

nitudes, added to a sample of size n = 2k — 1, where k is the position of the

median, can at most shift the sample median from xj to z1 or zo;—1 [11]. However,

as soon as the number of contaminants added exceeds 2k — 2, the sample median
2k—1

can take any value. Thus the median has breakdown point 7= = % and this is

the highest value of the breakdown point which an estimator can achieve [11].

5.3 Robustness concepts in NPI

This section presents a first exploration of the use, and where needed adaptation, of
the robustness concepts discussed in Section 5.2, within the NPI setting. It turns
out that we need to adapt the concepts, but we can keep similar interpretations.

A simple way to study NPI robustness is to contaminate the given data and
then explore its effect on our predictive inference. This approach is straightforward,
gives an intuitive analysis, and is in line with the classic nonparametric robustness
concepts, as they typically assess the influence on statistical inference of an
arbitrary data value either added to the data or replacing an original observation.

We do not look at IF for NPI, as IF depends on the assumed distribution
and in the NPI approach we do not assume any underlying distribution. Also
we do not consider EIF and we consider SC as it gives more insight than EIF.
In our study of the robustness of NPI, we will focus on the sensitivity curve and
breakdown point as they typically rely on the actual data at hand rather than on
a hypothetical underlying population.

From robustness for the NPI perspective, questions of interest include the
following. Does contamination of the given observations influence the predictive
inferences on future order statistics? Is the effect on the predictive inference pro-
portional to the number of contaminants present? How does a single contaminant
effect relate to its magnitude? These questions are similar as in the classical

theory, where they are answered by the SC and BP of an estimator.
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5.3.1 Notation

Let x = {z1,...,x,} be a given sample of real-valued observations and let I(z)
be a predictive inference for future observations, based on the sample z. Such a

sample x can be contaminated in many ways, and we consider two of them.

1. Replacement: We replace a subset of size [ of the data z, z;,,...,x;, by
xj, +0,...,2; + 9, where 1 <[ <n. We denote these contaminated data
by z(j1,..-,751,0). Let I(z(j1,...,71,0)) denote the inference of interest
based on the contaminated data. The fraction of contaminant values in the
contaminated sample z(ji,...,J;,d) is A, = % This includes the special
case [ = 1, where we replace one observation z; of the sample by the value

xj+0, for any real-valued 6. The inference, with this replacement, is denoted

by I(x(j,d)).

2. Additional: We add [ arbitrary additional observations y1, ...,y to the past
data z. We denote these contaminated data by (z,¥1, ..., ¥;). The inference
is denoted by I(z,yi,...,y). The fraction of contaminant values in the

contaminated sample (z,y1,...,y), is \y = Hin

These two ways of contaminating the sample will be studied separately in the
NPI framework. We first focus on the effect of adding ¢ to one of the observations
in the past data, as it is convenient and logical to do this in the NPI method.

The ordered observations of the contaminated sample are denoted by Z; <
... < Zp. Adding ¢ to x; might change its rank from j to [, where { > j for 6 > 0
and [ < j for § < 0 and denote by ;.

5.3.2 NPI concepts for evaluating robustness

In this subsection we introduce and discuss robustness concepts for NPI. We
illustrate their use in the following sections for events involving the r-th ordered
future observation, the median and the mean of the future observations, and
further inferences involving the future observations that have been introduced in

Chapters 2, 3 and 4.



5.3. Robustness concepts in NPI 107

To begin with we consider the case of replacement, substituting a contaminant
for one of the n observations. A simple way to assess the effect of an arbitrary
value ¢ added to one of the data observations on a particular predictive inference
is to compute the difference between the value of the predictive inference with

and without 6 added.

Definition 5.7. The NPI-sensitivity curve (NPI-SC) for a predictive inference

I(z), in case of replacing one observation z; by x; + ¢, is defined by

SCi(z(35,9)) = 1(x(j,0)) = I(z) (5.7)

It can also be of interest to consider nSC(x(7,9)), corresponding to the
classical definition of the sensitivity curve as given in Definition 5.3. We may
multiply SC(z(j,6)) by n, but in our case Equation (5.7) is more straightforward,
and it depends on n, so when n is large we expect SCr(z(j,0)) to become smaller.
However, if one wants to compare sensitivity for different values of n, then one

may need to multiply SC by n.

Example 5.1. To illustrate the use of n.SCr(z(j,0)) and SCr(z(j,)) for the NPI
lower and upper probabilities for the event X,y > 2, we consider artificial data
sets consisting of the ordered numbers from 1 to n, for n = §, 20, 30, 40, ..., 100,
and m = 3 future observations. The effect of replacing 1 < z by 1+ =3, > 2
on the probability of the event that the second ordered future observation X ),
out of m = 3 future observations, is greater than z, where z € Iz, and n is an

even number, is reflected by the NPI-SC

SCP(xpy>2)(2(1,0)) = Pugs(X@) > 2) = Py(Xg) > 2)
= PXg€lny) if 21 <z and 7> 2
SCp(x > (@(1,0)) = Pus(Xe) > 2) = Po(X) > 2)

= PXg€lz) if z1<z and 7>z
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We plot the NPI-SC of [P, P|(X(2) > z) as function of different values of n. Figure
5.1 shows n X SC[B?}(X@)ZZ)@(L J)) and SC[BF](X@)Zz)(g(l, 9)), for m = 3, where
the lower probability is denoted by L P and the upper probability denoted by U P.
The results clearly illustrate that the effect of replacing x; by x; + 0 on the lower

and upper probabilities for event X(9) > z decreases as the value of n increases.
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Figure 5.1: nSCp(x, >2)(2(1,6)) and SCp(x >z (z(1,9))

Definition 5.8. The NPI-SC, in the case of adding an additional observation y
to the data, is

SC[(&,y) = I(:U,y)—f(x) (58>

This NPI-SC}(z,y) assesses the sensitivity of an inference to the position of
an additional observation, so it illustrates the impact of adding an additional
observation y to the sample on the inferences involving future observations. In
Example 5.2, we will illustrate NPI-SC for the event that X,y € I;, as a function
of y where y € I7, for all j* =1,...,n+ 1.

A finite sample breakdown point (BP) was first proposed by Hodges [59], as
"tolerance of extreme values" in the situation of the location parameter problems,
and it was generalized for a variety of cases by Hampel [50]. However, it has not

been applied to situations of predictive inferences where the range of the inferences
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for the future observations is bounded, but it can easily be extended to such
situations. We will modify the concept of BP to fit with the NPI approach. The
maximum value of predictive inferences in terms of lower and upper probabilities
is 1. We introduce a new definition of BP, which we call the c-breakdown point,

and denote by A5(A\, 1, z(d, j1,- .-, 51))-

Definition 5.9. The maximum bias which might be caused by A,-replacement,
is
b(Aa;z, I) = sup|(L(z(j1, .., Ji,0)) — 1(z))]
= sup|(SCr(z(jr, -, 41,9))| (5.9)
where the supremum is taken over the set of all A,-replacement samples z(j1, . . ., ji, 0),
with {j1,...,5} C{1,...,n} for fixed § and given data z. Alternatively, one can

define the maximum bias by adding [ contaminated values to the sample z, so

the maximum bias which might be caused by Ay-contamination is

b(Apsz, 1) = sup|(L(z,y1,...,u) — I(z))]

= sup|(SCr(z,y1,- -,y (5.10)

where the supremum is taken over the set of all A,-contaminated samples (z, y1, ..., y),

with y1,...,y € R of given data z.

Definition 5.10. The c-breakdown point, where ¢ € [0,1], for the case of \,-

replacement, is defined as
N1, (8, 1,1 30) = inf{AabONai 2, 1) > ) (5.11)

where the infimum is taken over all possible fractions A, = % Alternatively, the
c-breakdown point for the case of adding [ observations to the original sample

(Ap-contamination), is

AL, (2, Y5, - -5 y5,)) = Inf{ A |b(Np; 2, 1) > ¢} (5.12)
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l

where the infimum is taken over all possible fractions Ay = .

The c-breakdown point is the smallest fraction of contamination in the past
data that could cause a predictive inference for future order statistics to take
a value at least ¢ away from the value of the initial predictive inference. This
definition includes for, ¢ = 0, the case when any change in the inference caused
by [ contaminated observations, is considered as breakdown point of the inference
of interest. The value ¢ determines how much we allow the inference to change

before its breakdown.

5.4 Robustness of NPI for the rth future order
statistic

To illustrate the use of the robustness concepts for NPI, namely NPI-SC and
NPI-BP as defined in Section 5.3, we first consider the probabilities for events
involving the r-th ordered future observation. We illustrate both ways that the

sample can be contaminated.

5.4.1 NPI-SC for data replacement

To begin with, we explore how a contamination in the data affects the NPI
probability for the event that X,y € I; in Equation (2.2). The probability (2.2)
is only affected by replacing contamination if the indices, £k = 1,...,n + 1, differ.
The effect of replacing an observation z; by z; +¢ = Z;, with 6 € R, on the
probability for the event X, € I, is

SCB(X(T)GIk)(g(.% 5)) = Bg(],(s) (X(T‘) € (i’k,l, 'i.k)) - BI(X(T) € [k)

0 it z; <z, and I <myp
P(X(r) S Ik—l) — P(X(T) S Ik) if T < Ty and Z; > xp
Zi:k+1 P(X(T) S Ii) if Tj =T and 27 > xp

L P(Xy € L) — P(X(py € 1) if xj=2), and &) <y

P(X(y € Ix11) if z;>xz, and Z; € (vp—1,2%)

0 it x;>x, and I >
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The NPI lower and upper probabilities for the event X,y > z are, in some cases,
affected slightly by changing z; to x; + . Let z € I}, = (x)_1, x)), then the effect
of replacing an observation z; by z; + ¢ = #;, with 6 € R, on the NPI lower and

upper probabilities for the event X,y > z, is

SCpx(y>2)(2(5,0)) = Pus)( X > 2) — Po(Xr) > 2)
0 it z;<z and 7; <=z
P(Xqy € Ii) if z;<z and 7; >z

—P(X(y € Iy—q) if x;>2 and &) <z

0 it z;>2 and ;> 2

SCP(x,)>2)(2(1,0)) = Paga)( Xy > 2) = Po(Xr) > 2)
0 if z;<z and 7; <=z
P(Xpy € Iy—y) if z; <z and ;> 2

—P(Xyyely) if z;>2z and ;<2

0 it z;>2 and ;> 2

This NPI-SC depends on the value of » and which interval it falls in, and will be

illustrated in Example 5.2 in Subsection 5.4.4.

5.4.2 NPI-SC for additional data

Suppose we are interested in assessing the effect of an additional observation
on the probability for the event that the rth ordered future observation falls in

interval I;, by considering
SCp(xyer(2:Y) = Play(Xe) € ;) = Po(X) € 1) (5.13)

We let j* be such that y € I;« If the method is robust to the new observation
then P(X() € I;|ly € I;+) should be close to P(X(, € I;) for all r,7,5*. The
intuitive question we should investigate is when the influence is larger, if j* < 7,
or j* = j, or 7* > 57 Thus, this P(X(,) € I;|y € I;+) needs to be studied with
respect to the position of j* and j. The P(X, € I;|y € I;+) can be derived using
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Equation (2.2), as given in Appendix C.

Theorem 5.1. SCp(x,, er,)(2,y) > 0 for j* < j if and only if j < r=Dn+1) and

m

for 7* > jifand only if j > rndl) 4 g

m

The proof of Theorem 5.1 is given in the Appendix D.
The SC for the event that X,) € I;, when we add an additional observation

Yy e ]j* where jr <y and jj+1 = (i’j,jj+1) = (ZL‘j_l,fL'j), is

SCP(X<T)te)(L y) = P(Xq) € fj+1|y € Ij) = P(X € 1)
G+r—=Dmnr+1) 1]

= PXy el

j(n+1+m)
(r—=1)(n+1)—jim
= P(Xy) €l : 5.14
If j* > j, SO i] = [J = (Li’j,l,j'j), then
SCrxer(@y) = P(Xe) € Lily € IF) = P(X(y € )
—7+2 — 1
_ P(Xy €l (n j—l‘— +m—r)(n+ )_1
m—j+2)(n+m+1)
m(j—1)—r(n+1)
= P(Xu €l; : 5.15
Ky €1y) [(n—j—l—Q)(n—i—m—i—l) (5:15)

r(n+1)

If 5 > j and j = + 1 is an integer number then SCp(x, er,)(2,y) = 0,
as illustrated in Example 5.2. If j* = j, so I; now becomes fj U fjﬂ where

jj — (z;_1,y) and _fj+1 = (y,x;), then NPI-SC for P(X(,) € ;) is

SCp(xery(@,y) = [P(X(T) ellye )+ P(Xu el nlye Jj)} — P(X(y € L))

(r—=1)(n+1)—jm m(j—1)—r(n+1)

= P(Xe el l

The NPI-SC measures how a single contaminant, whether added or substituted,

affects an inference of interest, which is in line with SC in classical robustness.

5.4.3 NPI-BP for data replacement and adding

We illustrate the NPI-BP for the lower and upper probabilities for the event

that Xy > 2, where z € (-1, 2;). Suppose we keep 1, ..., 24— fixed and let

jn+1+m) (n—7j+2)(n+m+1)

|
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Tk, ..., Tp g0 to infinity, then the NPI lower and upper probabilities for the event
that Xy > 2, will not change at all. However, when we only keep @1,..., 7,2
fixed and let @x_1,...,2, go to infinity then [P, P|(X( > z) will increase. For
¢ = 0 the minimum fraction of the contaminated values in the contaminated

sample that can cause b(\,; z, [P, P](X() > 2)) > 0, is

NP PI(Xoy > 20,20,k —1,...m)) = k2 (5.16)

n

An effect on such an inference occurs only when the contaminated values lead
to change of the number of the observations that are greater than z. The value
of the c-breakdown point decreases as the value of k increases, where [ is the
interval that z falls in. Similarly, the c-breakdown point for the probability for

the event that X, € I, is =22,

In the case of adding observations to the data, the c-breakdown point for the

probability for the event that X,y € I;, for ¢ = 0, is

MN(P(Xwy € 1), (2, Yjs - ¥5)) = inf{N|b(Ny; 2, P(X() € 1;)) > 0}

. 1
A(P(Xey € 1), (@ypn)) = = (5.17)

Thus, adding a single data observation will change the probability for the event
that X,y € I;. The size of the change varies depending on which order statistic
is considered and in which interval it is, which will be illustrated in Example 5.2.
Similarly, in the case of additional observations to the sample, the c-breakdown

point for the event that Xy > z, for ¢ = 0 is

for ze€ I

AS([Bﬂﬁ](X(r) > 2)7 ($7 yjl)) =

n 4+

Thus, if we add a single data observation, it will change the probability of the
event that Xy > z.

We have only considered the NPI-BP for ¢ = 0 here. In Example 5.2, we will
also illustrate NPI-BP for ¢ > 0.
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5.4.4 Example

We illustrate the NPI-SC and NPI-BP presented in this section by the following

example.

Example 5.2. We consider data set z = {-9,—7,0,2,5,7,10, 16}, and the cor-
rupted sample z(2,¢), where we replace 2o = —7 by =7+ § for § € R.

Table 5.1 presents the NPI-SC for the lower and upper probabilities for the
event Xy > 1, for m =5 and r =1,...,5. These inferences are not affected by
adding 6 < 8 to xs, as x5 + 0 < 1, whereas for 6 > 8 the value x5 + § > 1, which
changes the values of the lower and upper probabilities by an amount P(Xy € Iy),
and P(X(, € I3), respectively. The results illustrate that the largest effect of
replacing xo = —7 by —7 4+ 9, for § > 8, occurs for r = 2 and the smallest effect

occurs for r = 5.

0 <8 0>8
SCp SC SCp SCs
0 0.09790 0.16317
0 0.17405 0.19580
0 0.16317 0.13054
0
0

0.09324 0.05439

0
0
0
0
0 0.02720 0.01166

U W N~ =3

Table 5.1: SCp(x,,,>1)(z(j,9)) for m =5

To illustrate the NPI-BP, we consider the data set z and the case with
m = 5 and interest in event Xy > 1. Figure 5.2 and Table 5.2 present the
NPI-SC for the NPI lower and upper probabilities for Xy > 1 for the values
r =1,...,5, in the case where we keep z1,...,25_; and we added § = 100 to
ZTo_1,...,xg for [ = 1,...,8. The results clearly show that as the value of r in-
creases the effect of replacing [ observations by contaminated values on the NPI
lower and upper probabilities for X,y > 1 is decreasing. If we chose ¢ = 0.15,
as presented by the red line in Figure 5.2, then the maximum NPI-BP for the
event Xy > 1 is when r = 5, whereas the minimum NPI-BP is for which
r = 2. The higher the breakdown point of an inference, the more robust it is.

A(P(Xy > 1),2(2,...,8,100)) = N (P(X@3) > 1), 2(2,...,8,100)) = £ whereas
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the NPI-BP for the lower and upper probabilities for Xy > 1 and the lower
probability for X > 1 is g and for the lower probability for Xy > 1 is one
whereas for upper probability for X4 > 1 does not breakdown. For r = 5 the

inferences did not breakdown.

r=1 r =2 r=3 r=4 r=25
SCp  SCs  SCp SCy  SCp  SCy  SCp SCs SCp  SCp
0.0979 0.1632 0.1740 0.1958 0.1632 0.1305 0.0932 0.0544 0.0272 0.0117
0.2611 0.4196 0.3699 0.3823 0.2937 0.2145 0.1476 0.0793 0.0389 0.0155
0.5175 0.8042 0.5563 0.5105 0.3776 0.2494 0.1725 0.0862 0.0427 0.0163

0 g O =~

Table 5.2: SCp(x,,,>1)(z(9 —1,...,8,100)) for m =5

r=1 r=2 r=3 r=4 r=5

0.8+

0.6

/ 2
[/
soleeeesd / / s et

o 2 4 6 80 2 4 6 80 2 4 6 8O0 2 4 6 80 2 4 6 8
Number of contaminants

Figure 5.2: SCpx,,>1)(@(9 —1,...,8,100)) for m =5

To illustrate the possible effect on P(X(,) € I;) of an additional value y to
the original sample, we consider n = 8 data observations and m = 3 future
observations. Table 5.3 illustrates the NPI-SC for the event that X,y € I, for
j=1,...,9, and for all possible values of y that might fall in [;» = (xj_1, x;-)
for 7 =1,...,9. The results clearly illustrate that the effect of adding y to any
intervals to the left of interval I;, on the NPI probability for X € I;, is the
same, and also if y is added to any intervals to the right of I;.

Figures 5.3, 5.4 and 5.5 illustrate the NPI-SC for the event Xy € I;, for
r=123,7=1,...,9and j* < j, 75 = j and j* > j. These figures illustrate that
SCP(X(T)GIJ.)(L y) is symmetric, i.e. SCP(X(T)te)(L y) = SCP(X(mH_T)GIanj)(L Y),
S0 e.g. SCP(X(l)elg)(L y) = SCP(X(S)eh)(L y) . For all r, the NPI-SC for X,y € I,
is unimodal in 7. Note that the values 0 in Table 5.3, for j = 4 and j5* > 4,
illustrate the property mentioned immediately before Equation (5.15).
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Sk

J
1 2 3 4 S 6 7 8 9

0.1818 -0.0227 -0.0227 -0.0227 -0.0227 -0.0227 -0.0227 -0.0227 -0.0227
-0.0545 0.1500 -0.0136 -0.0136 -0.0136 -0.0136 -0.0136 -0.0136 -0.0136
-0.0424 -0.0424 0.1212 -0.0061 -0.0061 -0.0061 -0.0061 -0.0061 -0.0061
-0.0318 -0.0318 -0.0318 0.0955 0 0 0 0 0

-0.0227  -0.0227 -0.0227 -0.0227 0.0727 0.0045 0.0045 0.0045 0.0045
-0.0152 -0.0152 -0.0152 -0.0152 -0.0152 0.0530 0.0076 0.0076 0.0076
-0.0091 -0.0091 -0.0091 -0.0091 -0.0091 -0.0091 0.0364 0.0091 0.0091
-0.0045 -0.0045 -0.0045 -0.0045 -0.0045 -0.0045 -0.0045 0.0227 0.0091
-0.0015 -0.0015 -0.0015 -0.0015 -0.0015 -0.0015 -0.0015 -0.0015 0.0121

© 00 N O U i W N .

Table 5.3: SCP(X(I)te)(iv y)

<y 3 >j  J=]

- -0.02273  0.18182
-0.05455 -0.01364  0.15000
-0.04242  -0.00606 0.12121
-0.03182 0 0.09545
-0.02273  0.00455  0.07273
-0.01515  0.00758  0.05303
-0.00909  0.00909  0.03636
-0.00455  0.00909  0.02273
-0.00152 - 0.01212

© 00 O Ui W N —H .

Table 5.4: SC’p(Xu)te)(L Y)

r=1

’<i =i i*>j
L]
0.154 .
L]
0.104 .
(_) [ ]
D 0.05- o
L]
I L4 e © o
000 ——————— 1 —:—.—1-—0- =TT T T —.—.——.—0'—’ ———————
L]
-0.05{ o °
123456789 123456789 123458672829

J

Figure 5.3: SCp(x,er(2,y) for n =8 and m = 3.

To illustrate the c-breakdown point A} for the event Xy € I;, we choose
¢ = 0.05 and plot the absolute value of SCP(X(T)te)(L Y1, --.,y) as function of [,
where [ is the number of the contaminated values that have been added to the data
set of size n = 8. These are given in Figures 5.6, 5.7 and 5.8 and Tables 5.5 and 5.6
forr =1,2,3. Forr = 1and j > 3, the probability for the event X(;) € I; does not
break down, whereas for j = 1, \f o5(P(Xq) € 1), (2, Y9, Y10, Y11)) = % = 0.2727
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r=2
i'<i =i >
0.124 i o ® o .
0.08- 3 I I 3
(@)
U)O.04'
OOO——.——. —————————————————————————————————— .——.——
iéé&ézs;ééiéé&ié%ééié;zéé%éé
Figure 5.4: SCp(x yer;)(2,y) for n =8 and m = 3.
r=3
< =i i'>i
0.154 .
0.10- . 1
(@) .
@ 0.05- pan
0.00-——‘——‘—‘——'—’-—.—:—— —.—‘— ——————————— -O—r—‘—‘— ————————
~0.05- Te g
1234506789 1223456789 122345672829
J
Figure 5.5: SCp(xyer(2,y) for n =8 and m = 3.
rl j=1 1 j=2 1 j=3 1 j=4 1 j=
1 2 0.0420 4 0.0468 7 0.0410 7 0.0158 7 0.0047
3 0.0584 5 0.0557 & 0.0459 8 0.0189 8 0.0030
2 7 0.0349 4 0.0442 3 0.0449 3 0.0466 3 0.0416
& 0.0370 5 0.0505 4 0.0547 4 0.0575 4 0.0526
3 7 0.0048 7 0.0145 7 0.0290 7 0.0484 3 0.0497
& 0.0050 & 0.0151 & 0.0302 8 0.0503 4 0.0579

Table 5.5: SCP(X(T)te)(L Yi, ...,y for m =3

and for j = 2, X5 o5(P(X() € L), (z,y9,-..,413)) = -5 = 0.3846. Figure 5.7
presents the absolute value of the NPI-SC for X(9) € I;, where for j = 3,4,5 the
NPI-BP is - = 0.3333, for j = 2 is 1% = 0.3846 and for j = 6 is - = 0.4286.
The probability for the event X5 € I; for j = 1,7,8,9, does not break down
as SCP(X(Q)GIJ.)@, Y1, ---,Ys) < 0.05. Figure 5.8 shows that for r = 3, and j = 4,
Noos(P(X) € 1), (2,99, - - ., 416)) = 15 = 0.5, whereas as j increases the NPI-BP

decreases, such that for j = 8,9, A\j 5(P(X(3) € I;), (z,y9)) = 1/9.
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r 1 j=6 1 j=7 1 j=8 1 j=9
1 7 00203 7 00310 7 0.0370 7 0.0381
8 0.0199 8 0.0317 8 0.038 8 0.0404
2 5 00490 7 0.0415 7 0.0087 7 0.0337
6 0.0572 8 0.0478 8 0.0144 8 0.0290
3 1 00318 1 0.0424 1 00545 1 0.0682
2 0.0538 2 0.0718 2 0.0923 2 0.1154

Table 5.6: SCP(X(T)QJ.)(L Y1, .-.,y) form=3

j=1 j=2 =3 j=4 j=5 j=6 =7 j=8 =9
0.3
0.24
o
0.14 .Q.
° o
e (1LY (11T Ca@rtl WL WL ST L WL T
® . o Y ood
3 (] ® 0000 |  o° o®
001 d be® 000°°% | hescsee, e00000d Lo° o® be®

12345678 12345678 12345678 12345678 12345678 12345678 12345678 12345678 12345678
Number of contaminants

Figure 5.6: SCP(X(l)efi)(g, Yi,...,y) for n =8 and m = 3.

j=1 j=2 j=3 j=4 =) j=6 =7 j=8 [EE)
0.3
0.24
0.14

L] L
o ® . o
ot ® (] ® .
_____ P i _T.__'_'.__'_?‘__ __o"._ imiroaes il fe®ee

0000 | ° . . ° ° ®e

00 be > 3 > o® ...o TTIUNY

12345678 12345678 12345678 12345678 12345678 12345678 12345678 12345678 12345678
Number of contaminants

Figure 5.7: SCP(X(Q)GIi)(g, Yi,...,y) for n =8 and m = 3.
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j=1 j=2 j=3 j=4 - = - _ §
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0.2 1 ..
Ky .
°
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Figure 5.8: SCP(X@)GIZ.)(L Yi,...,y) for n =8 and m = 3.

5.5 Robustness of the median and mean of the

future observations

In the classical robustness literature there has been quite a lot of emphasis on
robust estimation of a location parameter, where typically they compare the
robustness of the mean and the median. In this section, we illustrate the use
of the robustness concepts for NPI, namely NPI-SC and NP-BP, by considering

events involving the median and the mean of the m future observations.

5.5.1 Median of the m future observations

We first examine how contamination in the data affects NPI for an event involving
the median of the m future observations, for m is odd. We consider the NPI-SC
for the lower and upper probabilities for the event M,, < z. We wish to examine
the effect on [P, P|(M,, < z) of adding a contaminant ¢ to one of the observations

x; with j = 1,...,n. Let z € I} = (z4_1, 1), if we add ¢ to z; this becomes

Z; = xj + 0, where 6 € R. The NPI-SC for event M,, < z is

0 it z; >z and ;> 2
. 0 it z;<z and 7; <z
SCp(M,, <) (z(5,9)) =
P(M,, € I) if z; >z and 7; <z
—P(M,, € I;—1) if z;<z and 7 >z
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0 if z; >z and ;> 2

0 if z;<z and 7; <z

SCB(, < (@(4,0)) = . .
P(M,, € Ij+1) if z; >z and 7, <z

—P(M,, €l;) if z;<z and ;> =z

The NPI-SC for lower and upper probabilities for the event M,, < z is a step
function, with the step occurring when the contamination value changes the

number of intervals to the right of z.

Next we consider the NPI-SC for the lower and upper probability for the event
that M,, € (z1,22). Let z; € I and 2z, € I; where k < d. If we add 0 to one
of the data observations, i.e. x; is replaced by Z;, then there are three possible
situations. The effect of adding d to x; is to change the value of the NPI lower
and upper probabilities for the event M,, € (z1, z3), by an amount NPI-SC as

specified for each case below. First, if z; < 2;

SCE(MmE(zl,ZQ))(i(ja 5)) = B@(j,d)(Mm S (21,2’2)) _Bg(Mm S (21722))

0 if I < 2z
- P(Mm € [k> if .CZ'[ c (21, 22)
P(Mm & ]k) — P(Mm < ]d—l) if I > 2o
(5.18)
SCPMpe(an,)(2(1:0)) = Paga)(Mum € (21, 22)) — Py(Mp € (21, 22))
0 if 7 <z
= P(Mm S Ik—l) if T) € (2’1, 22)
P(My, € 1) — P(My, € I,) if 1> 2
(5.19)
Secondly, if z; > 2,
0 if Iy > 2o
SCB(MmG(ZLm))(&(j? §)) = P(M,, € 1) if #; € (21, 29)

P(M,, € I) — P(M,, € Ijsy) if & < =
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0 if I > 2o
SCB(pe (a1, (@(1:0) = P(M,, € Ini) if 7 € (21,2)
P(Mm € [d+1) — P(Mm € Ik> if ;<2

Thirdly, if z; € (21, 22)

0 if € (z,2)
SCp(Mpe(,m)(£(],0) =3 —P(M,, € I;.1) if & > 2z (5.20)
—P(M,, € Is1) if %<2z

0 it & € (z1,29)
SCh(e(my(@(d:0) =3 —P(M,, € 1) if & > z (5.21)
—P(My, €1L,) if &<

So, when the data are contaminated and that contamination does not affect the
number of intervals in (21, 29) then there is no effect on this inference at all, which
is an attractive property. But this is not the same if m is even. The probability
for the event involving the median of the m future observations, where m is even,
given in Equations (2.29) and (2.30), depends on the actual observations and not

only on the ordering of the observations. For example, if we consider the lower
X)X g4

and upper probabilities for the event that M,, > z, where M,, = 5 ,

then the NPI-SC for this event, if we add 4 to z;, are

SCpM>2)(2(],0)) =

n+1n+1
xz 1+xk1 T+ Ty T T

[Z 3 1{( 5 ) 22 P(Xm) € L Xpiny € Ii) (5.22)
=1 k=i

n+1n+1

'rz 1+xk 1 T + Xk
[ZZH ) 2 2}P(X(g) € L Xz 4y € 1)
=1 k=i

SCp,z(2(4,0)) =
n+1n+1 xz ‘l’ 7 mz 1+ 7
[Z 3o (L )0 (2,00) # B} P(X(my € I;y X(m 4y € Ik)]

=1 k=i 2

n+1n+1 xz + T T+
[Z > (=, 5 )N (2,00) # O}P(X () € I, X1 € Ti)
i=1 k=i

(5.23)
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We also consider the c-breakdown point for the NPI lower and upper probabil-
ities for the event M,, > z, where z € I;,. The NPI lower and upper probabilities
for such an event depend only on the number of observations that are greater
than z, so in the sample of n observations, only n — k 4 2 outliers cause these
probabilities to change. The ¢ breakdown point for the event M,, > z is sim-
ilar as presented in Section 5.4, if we replace X,y by M,,, where m is odd, in
Equation (5.16). For m even, the c-breakdown point for the NPI lower and upper

probabilities for the event M,, > z and ¢ =0 is

)\8([27 F](Mm > 2)7£(n7 5)) - 717, for ze€ [k

5.5.2 Mean of the m future observations

We consider the NPI-SC for the mean of the m future observations. It is well
known that the mean of the population in classical statistics is more sensitive
than the median to any change in the data [62]. In this subsection we investigate
the robustness of inferences involving the mean of the m future observations.

To begin with, we consider the NPI-SC for the NPI lower and upper expected
values for fi,,, as given in Equations (2.33) and (2.34). Suppose that one observa-
tion x; is replaced by x; +4, then the NPI-SC for the lower and upper expectation

for the mean of the m future observations is SCg(.)(z(j,9)) = SCg, (2(j,0)) =

o

47+ The lower and upper bounds for the mean of the m future observations given

the ordering O;, as given in Equations (2.31) and (2.32), depend on the value of
s; The NPI-SC for the lower and upper bounds of the p! , for the case that ;49

did not shift from its rank among the observations, i.e. ;1 < x; + 0 < x41, are

: L,

50, (2(4.0) = 5116 (524)
: L,

SC’%(@(),(S)) = %sjé (5.25)

If the value of s = s’ | = 0 then there is no influence at all on the lower and

upper 4, whereas for s5 = m or s%,, = m then NPI-SC of the lower or the upper

bounds for p! , will exceed any bound for ¢ large or small enough.
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The NPI-SC for the lower and upper mean of the m future observations given
the ordering O;, for the case that z; 4 gets another rank than z;, i.e. ; becomes

Ty, for 9 >0 and [ > j or for 6 <0 and [ < j, are

SO (2(7,0)) = - 2 Sl — xk]] (5.26)
SC(a(j 0) = 3 sil —xk]] (5.27)

The NPI-SC for p,,, > z, if ; becomes x; +§ = Z; and § € R, is

SOB(MWZZ) (&(], 6)) - Bg(jﬁ)(:um > Z) - Bg(:um > Z)
(")
= X PO) [, (2(5,0)) > 2} = 1{y, () > 2}
SCB1s)(2(5,0)) = Puiis)(pim = 2) = Pu(tim > 2)
() o
= Y P(O) [Huia(2(j,6)) = 2} — i, (@) > 2}

=1

Special case if z;_1 < x40 < x5, 50 pp, (2(],0)) = pp, () + 25 S , then the NPI-SC

for p,, > z is

0)
SCp(unz2(2(j,6)) = ZP ) [ Mk (2(5,0) > 2} = i, (2) > 2}]

("TJ“) g |
= > PO) ll{[ufw J;;é] > 2} — Ypl, > 2}

=1

(n+m) 5
= Z PO, < 2 < piiy + J;; } (5.28)
(n+m) 4 SiA 5
= 2 PONMO<z—py < sy
I m
("Tf") i
- Y PO < BE ) g
i=1 Sj+1

Similarly, the NPI-SC of the upper probability for this event, is



5.5. Robustness of the median and mean of the future observations 124

(")

SCpunalid)) = 3 PO o[+ 202 o -1 = )
o :
= 3 pogi{o< ME ) < 5 (5.29)

For ¢ > 0, the NPI-SC for the lower and upper probabilities for the event pu,, >
z, as given in Equations (5.28) and (5.29), has three different scenarios. For
some orderings O;, both uf (z) > z and ', (z(j,0)) > z, for other orderings
both p! (z) < z and !, (z(j,0)) < z, and for some orderings p',(z) > z and
tha, (2(4,0)) < z, or p, (z) < z and g, (2(j,0)) > z. The latter orderings lead to
changes in the inference for the mean. This is reflected by Equations (5.28) and

(5.29), only the affected orderings are considered.

The NPI-SC of the lower and upper probabilities for the event p,, € (21, 22)),

SCopfpme(er 220 (@(5:0)) = Py (tm € (21,22)) = Pypim € (21, 22))
g?P 0:)[H{z1 < iy (2(5,6)) < i (2(),9)) < 2}
—Hm<M()u()<@ﬂ

and

SOﬁ(MmE(zlyzQ))(l(j7 5)) = L x(5,9) (Mm € (Zlv Z2>) - Fi(/“bm € (Zlv ZQ))

0
Z:P D[ (@5, 0)), i (2, 6))) O (21, 22) # 0}

(i (), i () N (21, 22) # 0} (5.30)
These NPI-SC will be illustrated in Example 5.3 in Subsection 5.5.3.

The c-breakdown points of the lower and upper bounds of y!,, are

)\z()\avumv (5 jla cee 7jl>) =

)\:()\G?I’LW’H (6 j17 cee 7jl>> -

if s #0

for s} #0 and k=0,..,[

SI—3F
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because if we hold zy,...,z, ; fixed and let x,, go to infinity then p! also goes
to infinity if sj,; # 0 or s} # 0, corresponding to u!, and pf,. However, when
we consider inference involving the mean, we will not let x,, go to infinity, as we
have bounds for the data observations L < z; < ... <z, < R, so will let z,, go
large but within these bounds. So )\j()\a,%,g(é, J1s---,71)) may not be equal to
%. This will be illustrated in Example 5.3 in Subsection 5.5.3.

5.5.3 Comparison of robustness of the median and the

mean of the future observations

A main topic in the classical theory of robustness is comparison of the robustness
of the mean and the median. The mean is typically very sensitive to small changes
in the data whereas the median is more robust.

In our case the inferences that involve the median of the m future observations
depend on the event of interest, for example, the lower and upper probabilities
for the event M,, > z might slightly be affected if the contaminant changes the
number of observations that are less than z, and its effect is a step function, as
will be illustrated in Example 5.3. The c-breakdown point for M,, > z, where

LSH, so the value of NPI-BP for the median decreases as the

z € (Tp_1,Tk), 18
value of k increases.

If we replace z; by Z;, then the inferences of events involving the mean of the
m future observations might be affected by a small change in the data, if s} the
number of future observations in I; given the ordering O; is not equal to zero.

Example 5.3 illustrates the NPI-SC and NPI-BP for inferences involving the mean

and the median of the m future observations.

Example 5.3. To illustrate the NPI-SC for different inferences involving the
median and mean of the m = 3 future observations, we consider the data set
z ={-9,-7,0,2,5,7,10,16}, so n = 8, and the contaminated sample z(2, ),
where we add 0 to zo = —7 and 6 € R. When we consider the mean of the 3

future observations, we set xo = —17 and x9 = 18 as bounds for the observations.
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Figure 5.9 shows the NPI-SC for the NPI lower and upper probabilities for the
events usz > 1, ug € (1,9), M3 > 1 and M; € (1,9) given z, and the contaminated
sample z(2,9). Note that the NPI lower probability for such an event of interest in
these figures is denoted by LP represented by line, and the NPI upper probability
by UP and represented by dotted line. The NPI-SC for us > 1 increases as
the value of —7 + ¢ increases, and the maximum NPI-SC for the lower and
upper probabilities for puz > 1 are 0.1576 and 0.1333 respectively, which occur at
—T749 = 16 which is the largest contaminate value, as § can not go to 25 as we set
R = 18 as upper bound for the observations. The inferences involving the median
of the m = 3 future observations depend on the ranks of the observations, which
are only affected if the number of the observations that are greater than 1, or in
(1,9), changes, so NPI-SC is a step function. The NPI-SC for the NPI lower and
upper probabilities for M3 > 1 are 0.1454 and 0.1273 respectively, which occur at
d > 8. So it is less than NPI-SC for 3 > 1. The NPI-SC for the event us € (1,9)
increases till 6 > 12.3 then for § > 12.3 it decreases to be close to zero. The
maximum NPI-SC for the lower and upper probabilities for u3 € (1,9) are 0.0667
and 0.0909 respectively, and it occurred at 6 = 10.8. The maximum NPI-SC
for the NPI lower and upper probabilities for M3 € (1,9) are 0.1454 and 0.1273
respectively, so it is greater than NPI-SC for pg € (1,9). Table 5.7 presents that
for 6 < 7 and 0 > 19, the inference involving the mean is more sensitive than
the inference involving the median. In contrast for 8 < § < 15.3 the inferences

involving the mean are more robust.

Figure 5.10 and Table 5.8 present the NPI-SC for the NPI lower and upper
probabilities for the events that us > 1, uz € (1,9), M3z > 1 and M3 € (1,9), as
function of an additional value y added to the data z. The results illustrate that
both inferences are sensitive to any additional value where the NPI-SC for the
inference involving the mean increases as function of y, whereas the NPI-SC for
the inference involving the median is a step function. The maximum NPI-SC for
the NPI lower and upper probabilities for the event pz > 1 are 0.0909 and 0.0545,
which occur at y = 17.39, and for M3 > 1 are 0.0606 and 0.0424, which occur at
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NPI-SC NPI-SC
0.14 1 0.14 4
— SC([LP](Mean in (1,9) )) — [LP](M3in (1,9))
---- SC([UP](Mean in (1,9)))  -.r.oeemns, ---- [UP](M3in (1,9))
S 5 0.07
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-10
)
NPI-SC NPI-SC
0144 0.14 4
— SC([LP}(Mean > 1) — [LP](M3in (1,9))
---- SC([UP](Mean >1) ---- [UP](M3 in (1,9))
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Figure 5.9: SCr(z(2,0)) for the events pug > 1, us € (1,9), Mz >
1 and M; € (1,9)

[z > 1 My > 1 13 € (1,9) M € (1,9)
5  SCp SCp | SCp  SCx | SCp  SCy | SCp  SCp
9 -0.0545 -0.0667 | 0 0 |-0.0485 -0.0667 | 0 0
741 -0.0485 -0.0545 | 0 0 |-00424 -0.0545| 0 0
5.82 -0.0364 -0.0424 | 0 0 |-00303 -0.0424| 0 0
-4.23 -0.0303 -0.0364 | 0 0 |-00242 -0.0364| 0 0
2,64 -0.0242 -0.0303 | 0 0 |-00182 -0.0303| 0 0
-1.05 -0.0121 -0.0182 | 0 0 |-00121 -0.0182| 0 0
054  0.0061 0.0061 | 0 0 | 00000 00061 | 0 0
213 00121 00182 | 0 0 | 00000 00121 0 0
372 0.0364 00424 | 0 0 |00242 00364 | 0 0
531 0.0485 0.0545 | 0 0 | 00364 00485 | 0 0
6.9 0.0606 0.0667 | 0 0 | 00424 00606 | 0 0
849 0.0788 0.0848 | 0.1455 0.1273 | 0.0545 0.0727 | 0.1455 0.1273
1008 0.0970 0.1030 | 0.1455 0.1273 | 0.0667 0.0909 | 0.1455 0.1273
11.67 01030 0.1030 | 0.1455 0.1273 | 0.0545 0.0848 | 0.1455 0.1273
129 01091 0.1091 | 0.1455 0.1273 | 0.0545 0.0848 | 0.1455 0.1273
13.26  0.1152  0.1152 | 0.1455 0.1273 | 0.0545 0.0848 | 0.1455 0.1273
14.85 0.1212  0.1212 | 0.1455 0.1273 | 0.0485 0.0848 | 0.1455 0.1273
153 01212 0.1212 | 0.1455 0.1273 | 0.0485 0.0848 | 0.1455 0.1273
1644 01212 0.1212 | 0.1455 0.1273 | 0.0242  0.0667 | 0.0000 -0.0000
1803 0.1394 0.1273 | 0.1455 0.1273 | 0.0182  0.0485 | 0.0000 -0.0000
1962 0.1455 0.1333 | 0.1455 0.1273 | 0.0121  0.0424 | 0.0000 -0.0000
2121 0.1515 0.1333 | 0.1455 0.1273 | 0.0061 0.0303 | 0.0000 -0.0000
228 01576 0.1333 | 0.1455 0.1273 | 0.0000 0.0182 | 0.0000 -0.0000
2439 01576 0.1333 | 0.1455 0.1273 | -0.0121 0.0061 | 0.0000 -0.0000

Table 5.7: SCr(z(2,0)) for

m=3




5.5. Robustness of the median and mean of the future observations 128
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Figure 5.10: SCy(z,y) for the events pug > 1, usz € (1,9), M3 > 1
and M; € (1,9)

y > 1. The maximum NPI-SC for the NPI lower and upper probabilities for the
event us € (1,9) are 0.0530 and 0.0288, which occurs at y = 8. For y < —8.05 the
effects on the lower and upper probabilities for the events pg > 1 and pus € (1,9)
are greater than the effects on the lower and upper probabilities for the events
Mj > 1 and M3 € (1,9). Table shows that for y = —6.46, . .., 8.3 the NPI-SC for
i3 > 1 is less than the NPI-SC for M3 > 1. From adding y < —8.05 and y > 9
the inferences for us > 1 and pg € (1,9) are more sensitive than Mz > 1 and
M; € (1,9).

To illustrate the c-breakdown point, we consider NPI-SC as function of
the number of contaminants present in the data, starting by replacing xg by
rg + 1, then xg and x7 by 3 + 1 and x7 + 5, and so on, until all observations
have been contaminated. Figure 5.11 shows SCpp(,,,51)((j1, - - -, i, 0)) and
SCp Byt (1, - - -5 J1,0)) as functions of the number of the observations that
have been contaminated by adding different value of § to them. The results clearly
show that when we contaminate up to 5 observations, which are 2,5, 7,10, 16 in the
data, to become 11.5,12,12.5, 13,17, the inference involving the median X3 > 1

is not affected at all whereas the inference involving the mean of the future ob-
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ps =1 Ms >1 ps € (1,9) Ms € (1,9)
y  SCp  SC» | SCp  SC» | SC»  SC» | SCp  SCy
-16  -0.1136 -0.1364 | -0.0758 -0.0848 | -0.0606 -0.1167 | -0.0333 -0.0606
-14.41 -0.1091 -0.1273 | -0.0758 -0.0848 | -0.0561 -0.1076 | -0.0333 -0.0606
-12.82 -0.1000 -0.1182 | -0.0758 -0.0848 | -0.0470 -0.0985 | -0.0333 -0.0606
-11.23  -0.0955 -0.1136 | -0.0758 -0.0848 | -0.0424 -0.0939 | -0.0333 -0.0606
-9.64 -0.0909 -0.1091 | -0.0758 -0.0848 | -0.0379 -0.0894 | -0.0333 -0.0606
-8.05 -0.0818 -0.1000 | -0.0758 -0.0848 | -0.0333 -0.0803 | -0.0333 -0.0606
-6.46 -0.0682 -0.0773 | -0.0758 -0.0848 | -0.0242 -0.0576 | -0.0333 -0.0606
-4.87 -0.0591 -0.0636 | -0.0758 -0.0848 | -0.0197 -0.0485 | -0.0333 -0.0606
-3.28 -0.0409 -0.0455 | -0.0758 -0.0848 | -0.0015 -0.0303 | -0.0333 -0.0606
-1.69 -0.0273 -0.0364 | -0.0758 -0.0848 | 0.0121 -0.0212 | -0.0333 -0.0606
-0.1  -0.0182 -0.0273 | -0.0758 -0.0848 | 0.0167 -0.0121 | -0.0333 -0.0606
1.49  0.0000 -0.0091 | 0.0606 0.0424 | 0.0303 0.0015 | 0.1030 0.0667
3.08 0.0182 0.0091 | 0.0606 0.0424 | 0.0439 0.0197 | 0.1030 0.0667
4.67  0.0227  0.0091 | 0.0606 0.0424 | 0.0348 0.0152 | 0.1030 0.0667
5.9 0.0364 0.0227 | 0.0606 0.0424 | 0.0439 0.0242 | 0.1030 0.0667
6.26  0.0409 0.0273 | 0.0606 0.0424 | 0.0439 0.0242 | 0.1030 0.0667
7.85  0.0545 0.0318 | 0.0606 0.0424 | 0.0485 0.0242 | 0.1030 0.0667
8.3 0.0591  0.0364 | 0.0606 0.0424 | 0.0530 0.0288 | 0.1030 0.0667
9.44  0.0636 0.0364 | 0.0606 0.0424 | 0.0394 0.0152 | -0.0242 -0.0424
11.03  0.0727  0.0455 | 0.0606 0.0424 | 0.0303 0.0061 | -0.0242 -0.0424
12.62  0.0818 0.0500 | 0.0606 0.0424 | 0.0303 0.0015 | -0.0242 -0.0424
14.21  0.0864 0.0500 | 0.0606 0.0424 | 0.0258 -0.0076 | -0.0242 -0.0424
15.8  0.0864 0.0500 | 0.0606 0.0424 | 0.0167 -0.0167 | -0.0242 -0.0424
17.39  0.0909 0.0545 | 0.0606 0.0424 | 0.0030 -0.0258 | -0.0242 -0.0424

Table 5.8: SCi(z,y) for m =3

servations is affected. If we choose ¢ = 0.15, then the c-breakdown points for the
lower and upper probabilities for M3 > 1 and for the upper probability for us > 1,
are all equal to 0.875, so breakdown occurs when we change 7 observations out
of 8, whereas the ¢- breakdown point for the NPI lower probability for us > 1 is

0.625, so breakdown occurs if 5 out of 8 observations are contaminated.

Figure 5.12 illustrates the NPI-SC for the events us > 1 and M35 > 1 as
function of the number of contaminants added to the data. The contaminant
values that have been added to the data sequentially are Y = {16.2,16.3,16.4,
16.5,16.6,16.9,17,17.9}. The results show that both inferences involving the mean
and the median are affected by any number of contaminates that have been added
to the data. Again if we choose ¢ = 0.15, the smallest fraction of contaminations
added to the sample that cause SCi(z,yi,...,y) to be greater than 0.15, are
4/12 and 6/14 for the NPI lower and upper probabilities for M3 > 11, and 3/11
and 5/13 for puz > 1. Thus the 0.15-breakdown point for this inference involving
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Moas(P)  Aoas(P) | Aoas(P)  Abas(P)
Ao | 0.875 0.875 0.625 0.875
M | 0.3333  0.4286 | 0.2727  0.3846

Table 5.9: c-breakdown point for ¢ = 0.15.
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Figure 5.11: SCy(z(j1,...,71,9)) for the events pus > 1 and M3z > 1
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Figure 5.12: SCi(z,y1,...,y) for the events uz > 1 and Mz > 1

the median is higher than for this inference involving the mean, as illustrated in
Table 5.9. Comparing Figures 5.11 and 5.12 we can see that contaminating the
data by replacing observations by contaminated values tends to be less affecting
than by adding contamination, as the latter affects the sample size which plays

an important role in our inferences.
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5.6 Robustness of other inferences

In this section we consider the use of the presented tools for robustness, namely
NPI-SC and NPI-BP, for pairwise comparisons and for reproducibility of tests, as
presented in Sections 3.2, 4.3 and 4.4.

5.6.1 Robustness of pairwise comparisons

We investigate the robustness of one of the applications of NPI for future order
statistics for statistical inference problems, as presented in Section 3.2. The NPI-
SC of the lower and upper probabilities for the event that X,) < Y{,y, if we replace
y; by y; + 6, which we denote by ¢, are

0 if y;<zq and ¢ <y

_ P(Y(i) € Ijyy) x P(X(;) € I7) if yj<zq and zq<y
P(Y({) € I}\y) x [P(X(r) € IF)P(X () € I71)] i yj <2a <Tapr
and g < Tgr1 < Ui

SCpx, oy, (5:9))

0 it yj<zq and g <zy
P(Yy € I) x P(X(yy € I, 1) if yj<zg and z4<7q
P(Yyy € I}) x [P(X(r) € I7,)P(X() € I3)] i y; <@a < Tata

and x4 < Tg41 < Ui

The NPI pairwise comparisons for such an event are not sensitive to a small
change in the data, as they only are affected if the change to an observation has
changed the order of the X and Y observations. In the next example we will

illustrate the NPI-SC and NPI-BP for such NPI pairwise comparisons.

Example 5.4. To illustrate the NPI-SC for pairwise comparisons, we consider

the data set of a study of the effect of ozone environment on rats growth, as
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given in Example 3.4. We use this dataset to illustrate the effect of replacing
r9 = —14.7 by —14.7 4+ ¢, for ¢ from —50 to 100, on the pairwise comparisons
based on the events X,y <Yy, r=1,...,m, and m = 5.

Figure 5.13 illustrates what happens to the NPI lower and upper probab-
ilities for the event X < Y{;), if observation x; = —14.7 in the X sample
is replaced by —14.7 + 9. Increasing the value —14.7 to —14.7 + ¢ leads to
decreasing SCp(x,, <v,)(@(2,6)) for § such that the rank of this observation
among the Y group changes. However, if the contaminated value —14.7 + ¢
does not change its rank among Y observations then SCp(x,,, <y, (z(2,9)) =0
and SC?(X(TKWT))@(Z&)) = 0. For § < =30 the NPI-SC for X(;) < Y[y) has
large effect where the other NPI-SC for the other inferences, for r = 2,...,5,
are close to zero. For —1.5 < § < 27 the SCB(X(T)<Y(T))@(275)) = 0 and
SCF(X(TKY(T))@(Q’&)) = 0 for all r, as the value —14.7 + 0 does not change
its rank among Y observations. For § > 27, the effect of the contaminated value
—14.7 4§ increases as the value of r increase. The inferences involving r = 4 and

5 have large NPI-SC when the value x5 + 0 exceeds all the Y observations.

r=1 r=2 r=3 r=4 r=5

0.05 1

SC
0.00 A —\'—\_ —L -— LP

---UP

-0.051

50 0 50 100-50 0 50 100-50 0 50 100-50 0 50 100-50 0 50 100
)

Figure 5.13: SCp(x,, <, (2(2,9)) for m =5

To illustrate the c-breakdown point of these NPI pairwise comparisons, we
consider NPI-SC for X(,) <Y,y for m = 3 and r = 1,2, 3, for the case of adding
the value 100 to [ observations in group X or group Y. This is shown in Figures

5.14 and 5.15 and Tables 5.10 and 5.11. Figure 5.14 illustrates that the absolute
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value of the NPI-SC increases as the value of [, the number of contaminations
in the X sample, increases. If we choose ¢ = 0.05, then the NPI-BP for r = 1
is 10/22, for r = 2 it is 6/22 and for r = 3 it is 5/22, so as the value of r
increases the NPI-BP decreases. Thus the probability for the event X,y < Y,
based on the given data is more robust if we consider » = 1, as it has the highest
0.05-breakdown point.

Figure 5.15 illustrates the NPI-SC for X,y < Y{;), for m = 3 and r = 1,2, 3,
if we replace [ observations from the Y sample by you_; + 100, ..., 923 + 100.
For ¢ = 0.05, the c-breakdown point for the lower and upper probabilities for
the event X(;) < Y{y) is 1. This is because the inference X(;) < Y{;) is most
affected in case of contamination of all y values such that these exceed all X
observations. For r = 2 the NPI-BP is A{ o5(P(X(2) < Y(9)),2(6,13,...,23)) =
11/23 and X 5(P(X(2) < Y(2)),2(6,12,...,23)) = 13/23. However, for r = 3,

No.os([25 P)(X(3) < Yig)),2(0,22,23)) = 2/23, so if we let y9 and yo3 exceed all

the X observations, the inference breaks down.

r=1 r=2 =3

: P
0.50- ),’ ',"’"m sC

LP

/.f f’ - UP
0.25+ )’ ”
I's /
j )’
0.00 4 M u.oo’ mi'
(I) é 1IO 1I5 2IO 6 EI') 1I0 1I5 2I0 (I) é 1IO 1I5 2IO

Number of contaminants

Figure 5.14: [SCp(x,, <y, ((23 = 1,...,22,100))| for m =3

r=1 r=2 r=3
l SCp SCs | I SCp SCy | I SCp SCs
9 0.0454 0.0413 | 5 0.0382 0.0365 | 4 0.0442 0.0447
10 0.0649 0.0599 | 6 0.0813 0.0772 |5 0.1151 0.1151

Table 5.10: The absolute value of SCP(X(T><3/(T))(§(j1,...,jl,100))
for m = 3 and n = 22.
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Figure 5.15: SCp(X(T)<Y<T>)(g(24 —1,...,23,100)) for m =3

l SCp SCs { SCp { SCs |1 SCp SCs

22 0.0315 0.0247 | 10 0.0429 12 0.0458 | 1 0.0243 0.0244

23 0.1376 0.1262 | 11 0.0501 13 0.0513 |2 0.0563 0.0566

Table 5.11: SCp(x,,,<v;,,) (Y1, - - -1, 100)) for m = 3 and n = 23.
O

5.6.2 Robustness of NPI reproducibility probability of

two statistical tests

Based on the given data in the original test and the result of the actual hypothesis

test, that is whether the null hypothesis is rejected or not, NPI can be applied to

study the reproducibility of the test, assuming that the sample size of the actual

test and future test are the same n = m. This seems to be a natural assumption

in order to reflect reproducibility.

To study the robustness of NPI reproducibility of classical statistical tests, we

will only consider one way of contaminating the data which is by replacing one of

the observations by a small contaminant. We do not consider contamination by

adding a value to the data as this would make a substantial change to the test

statistic and could require a different threshold value, which would complicate

the study.



5.6. Robustness of other inferences 135

We consider how a small change in the original data would influence the NPI
reproducibility probability of the test outcome given the original data. But we
have to emphasize the assumption that we only consider a small change to the
data which would not lead to a different result of the underlying test. So to keep
everything simple we assume that we only consider a small change which does

not change the outcome of the original test.

Most of the literature [54, 68] considers the robustness of the test result, so that
if a test is robust then small variations in the data should not be able to reverse
the test decision. In our study, we are interested in exploring the robustness of
the NPI reproducibility probability of the test conclusion, not the robustness of
the original test result. Thus, we will not consider the case where adding ¢ to one
of the observations could change the original test decision from rejecting to not

rejecting the null hypotheses, or the other way around.

First we consider the robustness of the reproducibility of the one-sided quantile
test of Hy : K, = kY versus Hy : K, > £,. The original test leads to rejection of
Hy if and only if £ < r — 1, where k is the number of observations in the original

sample z of size n that are less than /ig. Reproducibility of this test result is
therefore the event that, if the test were repeated, also with n observations, then
that would also lead to rejection of Hy. Let lig € I; = (x4_1, ), then the effect
of adding ¢ to any of the data observations, say z; which becomes Z;, on the

reproducibility of the quantile test for that event is

0 it z; <k, and 7; <k

P(X(T) el if r; <K

N o

SOE(X(T)>H8“€) (£<.]7 5)) = d ~
an X > K

"o 8o
=N o

0 it z; <k

P(Xopy € L) if z; <k

‘ and T; <K
SCf(X(T)>Hg|k) (z(5,9)) = 4 3
and ;> K

"o Qo
"o Q8o

If the original test led to not reject Hy, so if £ > r, then reproducibility of
the test is the event that Hy would also not get rejected in the future test. The
NPI-SC for the NPI lower and upper reproducibility probabilities for X, < /{2
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are

0 it z; >k, and ;> K

= o
=N o

0 it z; <k, and 7, <k
P(Xqy) € ) if z; >k

—P(X(ny €L 4) if z;<r

< o
= o

SCp(x,y <ty (2(J,0)) =

and I; < Kk

"o
"o

and I; >k

"o
=N o

The NPI-SC for the NPI upper probability

0 if x;>k) and I; > k)

‘ 0 it z; < /ig and 7; < /12

SC?(X(T)<R2|I€) (z(5,9)) = _ 0 . 0
P(Xq) € Ita) if z; >k, and ) < K,

—P(Xpyel) if z; <k) and Z; > k)

So the NPI-RP for the quantile test is only affected if the change in the data

changes the value of k, which is the number of observations less than lig.

Example 5.5. We consider the same case as presented in Example 4.1, to il-
lustrate the NPI-SC for the NPI-RP for the quantile test considering the third
quantile, with sample size of 15, and 5% significance level. Let k denote the
number of observations that are less than /@2 based on the contaminated sample
z(j, 0).

Table 5.12 presents, in the first column, the NPI-SC for the NPI-RP for
the event that the future test would also reject Hy if Xg) > k(.5 given all
possible value of k£ in the original test. This NPI-RP for this event is only
affected if k, the number of observations less than k.-, changes, otherwise
SClrpy Bk (2(J,0)) = 0. The size of the effect for such an inference increases
as the value of k increases.

Table 5.12 presents, in the second column, the NPI-SC for the test reprodu-
cibility if the original test did not reveal a significance affect, which is the event
that the future test would also lead to not reject Hy, if X(g) < k{ ;5. The RP for
X(g) < k§.75 is only affected if z; < k) 5 becomes x; + § > k{ 75. The NPI-SC for

such an inference decreases as the value of k increase.
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P(X(8) > g 15lk)

P(X(8) < "38.75’]5)

k k SCrp SCrs |k k SCrp  SCzp
0 1 -0.00600 -0.00110 | 9 8 -0.14238 -0.12656
1 2 -0.01799 -0.00600 | 10 9 -0.12656 -0.09930
2 1 001799 0.00600 | 11 10 -0.09930 -0.06770
3 2 003898 0.01799 | 12 11 -0.06770 -0.03898
4 3 0.06770 0.03898 |13 12 -0.03898 -0.01799
5 4 0.09930 0.06770 |14 13 -0.01799 -0.00600
6 5 012656 0.09930 |15 14 -0.00600 -0.00110
7 6 0.14238  0.12656

Table 5.12: SCrp(2(j,0)) for n = 15.

We next consider NPI-SC for the NPI-RP of the precedence test presented in

Section 4.4. As the NPI-RP inferences for the precedence test depend monotonic-

ally on the combined ordering of the original test data, so the local change to the

combined ordering of the data of the two populations in the original test leads to

change both the NPI lower and upper probabilities for the event of interest.

First we will consider the RP for the case that Hj is rejected in the original

test, so z < Y, then RP = P(Xu) < Y(y) and RP = P(X() < Y(y). The

effects of adding 0 to one of the observations in group Y, say y; which becomes

yj +0 =1, on RP and RP are

0

o P(}/(r) € Ily+1

P(Y]) € I},

Scﬁ(x(k><y(r)) (y(4,9))

0

) X P(X(k) e Ilf)
) X [P(Xy € I7) + P(X iy € 135,,)] if

P(Yyy € 1Y) x P(X ) € I3,,)
P(Y{) € IY) x [P(Xy € I3,1) + P(X(y € I§,5)] i

if
if

and

if
if

and

yj <xg and < xq
yj <zq and zq<7
Yj < Tg < Td+1

Tag < Tat+1 < Yi

Y < Zq and ¢ < x4
y; <xzq and x4 <7
Yj < Tg < Td+1

g < Tgp1 <Y

If Hy is not rejected in the original test, so x(x) > y(), then RP = P(X () >



5.6. Robustness of other inferences 138

Y(y) and RP = P(X () > Y{,)). The effects of adding 6 to y; in group Y, so y;
becomes §j;, on RP and RP are

SCp(x y>Yir) (Y7, 6))

0 if yj <zqg and g < zq
—P(Y], € I!) x P(X) € I3,,) it y;<zg and x4 <
—P(Y] € I}) x [P(Xiy € I5,,) + P(X(py € I5,9)] i 95 <@g < wan

and x4 < Tg41 < Y

Scﬁ(x(k)>1f(r))(g(ja 9))

0 if yj <xg and < zq
—P(Yyy € I}) x P(X () € IF) if  yj<zq and zg <y
—P(Y] € IYy) x [P(X(y € I§) + P(X(py € 15,))] i 95 <24 < 2an

and x4 < g1 < Y

In Example 5.6 we illustrate the effect of a contaminant in X sample on the

NPI lower and upper reproducibility probabilities.

Example 5.6. To illustrate the NPI-SC for the NPI-RP for the precedence test
as presented in Section 4.4, we consider the same data set as in Example 4.2,
with one-sided alternative hypothesis H; : A\, < A,. We consider both significance
levels @ = 0.05 and o = 0.1, and assume r = 6. The critical value is £k = 10
for a« = 0.05 whereas for « = 0.1 it is £ = 9. This precedence test does not
lead to rejection of Hy at 5% significance level and it leads to rejection Hy at
10%. As discussed after Example 4.2, the NPI lower and upper reproducibility
probabilities, by using only the actual outcome without any assumption on the
ordering of the right-censored observations, are RP = P (X (10) > Y(g)) = 0.3871
and RP = P(X(19) > Y(g)) = 0.8669 for o = 0.05. While for &« = 0.1, RP =
P(X9) < Y)) = 0.3029 and RP = P(X(9) < Y(5)) = 0.7079. Let us now assume
that we added an increasing value of § to xo = 0.64, then we examine its effect

on the NPI lower and upper reproducibility probabilities.
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a=0.05 a=01
5 SCrp  SCpp | SChp  SCup
<0.176 0 0 0 0
0.176 — 0.846 | 0.00006 0.00009 | -0.00044 -0.00023
0.872 — 0.898 | 0.00031  0.00031 | -0.00149 -0.00120
0.924 — 1.444 | 0.00092 0.00069 | -0.00337 -0.00355
1.470 0.00711  0.00457 | -0.01501 -0.01748
1.496 — 3.186 | 0.01598 0.00923 | -0.02807 -0.03744
>383 | 006121 0.07502

Table 5.13: SCRP($(2, 5)) for X(lO) > }/(6) and X(g) < }/(6)

Figure 5.16 presents, in the first column, the NPI-SC for the NPI-RP for the
event that X(19) > Y(s), as a function of 6. The results clearly illustrates that NPI-
SC for the NPI-RP for precedence test is a step function, so the NPI-RP is only
affected if o+ & changes its rank among the Y observations. If xo+9 > 3.83 = y,
then x5 4 0 is treated as right-censored observation in the x group, and the lower
and upper reproducibility probabilities are achieved by taking the minimum and
the maximum NPI lower and upper probability respectively, for reproducibility
over all possible orderings for the right-censored. The maximum NPI-SC for
X(10) > Y(g) is achieved when x5 + 0 becomes very large and exceeds ys.

Figure 5.16 presents, in the second column, the NPI-SC for the lower and
upper reproducibility probabilities for the event X9 < Y6, as a function of
0. Increasing the values of 0 such that it affects the x5 + 6 rank among the Y
observations leads to decrease of the value of the NPI-SC. We consider only a
small value of 4, as if 2o+ exceeds yg that will change the original test conclusion
and also the reproducibility probability.

Table 5.13 shows the NPI-SC for the NPI-RP for this precedence test. The
values of NPI-SC are increasing as the value of x5 + 0 increases for a = 0.05, and
decreasing for a« = 0.1. That again illustrates the monotonicity of these inference

with regard to changes in ranks of the data as discussed in Section 4.4.
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alpha=0.05 alpha=0.1
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Figure 5.16: SCrp(2(2,6)) for X(10) > Y(6) and X9 < Y{g

5.7 Concluding remarks

This chapter is a first step towards robustness theory for the NPI setting, and
we looked at some examples involving inferences on future order statistics. We
found that some of the concepts from classical statistics cannot immediately be
applied, because we do not use estimators but specific inferences which are limited
in value between [0, 1]. So, inspired by the classical concepts we have defined new
concepts which are related to NPI. We then explored their use for some inferences
presented in the earlier chapters of this thesis. We had an investigation of the
mean and the median for the m future observations. The inference that involving
the median of the m future observation is a step function, whereas the mean is
affected by a single contaminate, but the size of the effect is close to the median
or less in some cases. For future research it will be of interest to consider other
robustness concepts and questions for NPI, and also, of course, robustness of other

NPI methods.



Chapter 6

Concluding Remarks

In this thesis we have contributed to the development of NPI by considering
multiple future observations for real valued random quantities. We have presented
core predictive inferences of several events of interest involving order statistics of
the future observations. Although some of these inferences agree with classical
order statistics result [3, 36, 49], their derivation is often more straightforward
than for the classical approach due to the use of the A assumptions for prediction
of the m future observations. In the classical approach, typically both the data
and future observations are considered to be random quantities sampled from an
unknown population, and the predictive inference is derived through conditioning
on the given data observations. The NPI framework enables us to use lower and
upper probabilities which extend the range of possible inferences compared to the
classical method. We have also showed how pairwise and multiple comparisons

can be based on such future order statistics.

We have also developed NPI for the reproducibility probability (RP) of stat-
istical tests by considering two basic tests based on order statistics, namely a
quantile test and a precedence test. Some tests may have quite poor RP, the
minimum NPI lower RP is 0.5 for the quantile test and 0.25 for the precedence
test. The precedence test scenarios studied in this thesis require careful attention
as it typically has right-censored observations. Therefore, we have introduced two

points of view for NPI-RP for such a precedence test. First we have assumed that

141
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all the data were available in the original test, considering all possible orderings
of the right-censored observations. Secondly, we defined the lower and upper RP
as the minimum and maximum over all RP values for all possible orderings of the
right-censored data. Obviously, this perspective leads to high imprecision but it
is convenient as there are no assumptions on the right-censored data. The NPI
approach to reproducibility of tests can be developed for many statistical test,
including more sophisticated precedence tests as presented by Balakrishnan and
Ng [10].

A first exploration of robustness of NPI has been presented in this thesis. We
have introduced some well-known concepts of robust tools, namely sensitivity
curve and breakdown point, to the NPI setting. We have modified these two
concepts to suit our context of NPI inferences but we have kept similar interpret-
ations. We have introduced the NPI- sensitivity curve and c- breakdown point
for evaluating the robustness of the predictive inferences. For future research it
will be of interest to consider other robustness concepts and questions for NPI,

and also, of course, robustness of other NPI methods.
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Appendix A

Proof properties of Equation (2.2)

Forallr=1,...,mand j=1,...,n+ 1 we have the obvious symmetry
P(X() € Ij) = P(X(mi1-r) € Inyoj) (A1)

This can be proved straightforward by applying Equation (2.2) to the right hand
side of Equation (A.1),

(m+1—r)+(n+2—j)—2) (n—(n+2—j)+1+m—(m+1—r))

P(X(mi1-r) € Inoyj) = ( (n+2—j)—1 n(n+2—)+1
<m+1—r+n—j) (7"+j—2

wid WD) pix ety

()

[l

Further, one of the properties we want to consider is whether P(X(,) € I;)
is unimodal. The probability distribution function given by Equation (2.2) is
unimodal if and only if it has a mode j* € {1,...,n + 1} such the function is
non-decreasing on (—oo, j*|, while on [j*, 00) it is non-increasing. If j* is a mode
for P(X(,y € I;) then P(X(,y € [;) < P(X( € I7) for all j. The probability for

Xy € I; is unimodal in j, with the maximum probability of X,) € I;- with,

r—1 ) r—1

Yn+1)+1 (A.2)

To prove that the probability in Equation (2.2) is unimodal with the single
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local maximum in interval I}, we divide the proof into two cases. For j < j*,
we show that P(X) € [;_1) < P(X() € I;), and for j > j*, we show that
P(X@) € Ij) = P(X() € i)

Case 1. For 1 <r <m and j < j*
P(Xqy € Ij1) < P(X) € 1) (A.3)

From Equation (2.2), Equation (A.3) is true if and only if

r+j—2\(n—j+1+m-—r r+(G-1)-2\(n=@U-1)+1+m-—r

NSt A | (At
(r+j—2)!(n—j+m—r+1)!(j—2)!(n—j+2)!>1
(r+j=3)n—j4+m—-r+2)!G-D(n—j+ 1! —

(r+j—2)(n—7+2)
n—jt24m—rG-1 ="

S(r=D+0-D)h-j+2)2(n-5+2)+(m—-7)(—-1)

Sm—rj+2r—-n+j—2>mj—m-—rj+r
Sjm—-1)<rm+r—nmn—2+4+m

Sjim-1D<(r-1)n+1)+(m-1)

. _(r=1D(n+1)
I

from the RHS of inequality in Equation (A.2) it is known that j* < % +1

+1 (A.4)

so together with j < j*, Equation(A.4) holds.

Case 2. For 1 <r <mand j > j*
P(X() € 1j) = P(Xt) € [jsa) (A.5)
This is true if and only if
rtj =2\ (n—g+lem—r) r+(G+1)=2\(n—(G+1)+1+m—r
j—1 n—j+1 “\ g+ -1 n—(+1)+1

jn—j+14+m—r) -
m—j+1)(r+75—-1) —
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sSjm—-—r)>n—-—5+1)(r—1)
Sim—jgr>nr—jJr+r—n+j—1

& jm—1) =2 (r—-1)(n+1)
(r—1(mn+1)
(m—1)

By the first inequality in equation (A.2) it is known that j* > % thus

©j= (A.6)

together with j > j* Equation (A.6) holds.



Appendix B

Proof of Theorem 3.1

Proof of Theorem 3.1

The NPI lower and upper probabilities (3.3) and (3.4) are, as always, obtained
by putting the probability masses per interval at end points in order to minimize
or maximize the probability for the event of interest, given the joint probabilities
for the order statistics based on the A,) assumptions. The lower probability given
by Equation (3.3) is derived by summing up the joint probabilities for the events
Xy € I7,X(s) € I} and Y(,) € I;‘-’y,Y(s) € IZ: for which z;, < y;,—1,%1,-1 > U,
and x;,_1 > x;, hold. This follows from putting the probability masses for X,
and Y(,) to the right end points of their respective intervals, and for X () and Y,
to the left end points of their respective intervals. For the case where X(,) and
X(s) belong to the same interval, we can achieve a lower probability of zero for the
event that both Y{,) and Y(,) are between these two ordered future X observations,
due to the fact that the A ) assumptions do not imply any assumptions on the
distribution of such probability masses within an interval between two consecutive

data observations.

The NPI upper probability given by Equation (3.4) is derived similarly, by
putting the probability masses for all 4 ordered future observations at the opposite
end points of the intervals compared to the derivation of the lower probability,
as explained above. However, for the upper probability the case where Y(,) and

Y(,) belong to the same interval must be taken into account. This leads to the
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additional term in Equation (3.4), which actually involves maximisation of the
probability given in Equation (3.5). In this case, Y{,) and Y, can be assumed
to be extremely close to each other, effectively both equal to a value y; € I ;’y.
This is possible due to the flexibility of placing the respective probability masses
at any convenient point within the data intervals. Note that now we do not just
put these probability masses at end points of the interval. The remaining task
is to maximize the term in Equation (3.5) with regard to y; € ];’y, with this
term dependent on whether or not any X group data observations are within
the interval [ ]yy If there are no such X observations, then one can just put the
Y probability mass in this interval at either of its end-points. However, if there
are X observations in the interval I ]yy, then these partition this interval and we
must calculate the term in Equation (3.5) for y; in each of the sub-intervals of
this partition, and finally take the maximum over these values. Clearly, while
this is slightly awkward since there is no closed-form expression for this upper
probability, it is a straightforward algorithm which takes little computational

effort due to the limited number of X values in each Y interval.

v*
X; X X

X, .
. Ji+2
i,

J—1 yirl

Figure B.1: Upper probabilities, taking the case when Y{,), Y{y
fall in the same interval IY

For example, if Y* € (y;,_1,y;,) and there are observations from group X that
fall in this interval I; , as illustrated in Figure B.1, the x observations divided
the interval [Jyy into three intervals (y;,—1, %, ),(2;,, Tj,41) and (x;,41,¥;,), as we
have freedom to put Y* € I at any point in the interval I} . Since we could put
Y™ in any point between these intervals, let us take the middle point. Then we
take the maximum probabilities of these.

max (Pyjy—ﬁ% s Pajy+ajin P(%Hﬂjy ))
2 2 2
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For the case where interval I}“-’ does not contain any observed value from group
X then P(Y(,) €1 ;-’y, Y€l Jyy) can be assigned to any end point in the interval
(¥5,-1,¥j,), as the number of x observations to the right of y;, _; is the same as
the number of the x observations at the right of y; . As we count the number
of z in the right and left y*, it does not matter where the joint probability mass
is assigned in which end point. To be consistent, we also take the medial point

* Yiy—11Yiy

Yy = 2



Appendix C
P(X(, € Ljly € Ij)

The probability P(X() € I ;|ly € I;+) based on n + 1 observations and an observa-
tion added to the left of interval I;, so y € I+ for 5% < j, is straightforward from

Equation (2.2) by replacing n by n+ 1 and j by j + 1,

: ) —1
~ jF+r—1\(n—g+14+m—r\n+m-+1
P(X €1 [+) =

J
(C.1)

Similarly, for j* > j, n is replaced in Equation (2.2) by n + 1 but j is unchanged,

. . ~1
~ j+r=2\(n—jg+24+m—-r\(n+m+1
P(Xy € Lilyelx) = _ .
(X € Lly € Lr) <]—1 )( n—j+2 )( n+1
(C.2)

For j* = 3, we get

P(Xp € Lilyel) = P(Xy €LUlily€ )

= P(X(r) € ]~J|y €l + P(X(T) € I~j+1]y € )

The probability in Equation (C.1) is the same for all j* =1,...,7 — 1. Similarly,
Equation (C.2), is the same for all j5 = j+1,...,n+1. Analysis of the probabilities
in Equations (C.1) and (C.2) leads to the symmetry property P(X(, € Iy €
I;+) = P(X(my1-r) € In_jioly € I;+) for j* < j and j* > j respectively, which can
be proved straightforwardly by replacing » by m+1 —r and j by n — 7 + 2 in
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Equation (C.2), which gives Equation (C.1). Similarly for j* = j

P(X(y € [; ULy € ;) = P(Xms1—r) € Lnojuo U Ln_jialy € In_jia)



Appendix D

Proof of Theorem 5.1

Proof. Proof of Theorem 5.1

We show that for m > 1,

P(X(y € fj+1|y €lp)>P (X(r) € Ij) for 5% <j ifandonlyifj < w
(D.1)
and
i L oo r(nt1)
P(Xpy € Lilye ) > P (X(r) € ]j) for j*>j ifandonlyif j> -
(D.2)
Using Equations (2.2) and (C.1),
P(X( € Lialy € ) > P (X € ;)
j+r—1\ (n—j+1+m—r) (n+m+1 -1
(5T )
itr—2\ (n—j+ltm—r\ (ntm\ "L —
() )
(n+1)(j+r—1) -
jin+m+1) —
—1 1
oj< =D+l (D.3)
m

and

P(Xpy € Iily € I;:) > P (X € 1))
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e
() ()
m+1)(n—j7+2+m-—r) -
m+m+1)(n—j+2) —
Sm+)[nh+)-0G-D+m-n)]=((n+1)+m)((n+1)—(G+1))
r(n+1)

.~ +1 (D.4)
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