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Abstract

This thesis considers Nonparametric Predictive Inference (NPI) for ordinal data and
accuracy of diagnostic tests. We introduce NPI for ordinal data, which are categor-
ical data with an ordering of the categories. Such data occur in many application
areas, for example medical and social studies. The method uses a latent variable
representation of the observations and categories on the real line. Lower and upper
probabilities for events involving the next observation are presented, with specific
attention to comparison of multiple groups of ordinal data.

We introduce NPI for accuracy of diagnostic tests with ordinal outcomes, with
the inferences based on data for a disease group and a non-disease group. We intro-
duce empirical and NPI lower and upper Receiver Operating Characteristic (ROC)
curves and the corresponding areas under the curves. We discuss the use of the
Youden index related to the NPI lower and upper ROC curves in order to deter-
mine the optimal cut-off point for the test. Finally, we present NPI for assessment
of accuracy of diagnostic tests involving three groups of real-valued data. This is
achieved by developing NPI lower and upper ROC surfaces and the corresponding
volumes under these surfaces, and we also consider the choice of cut-off points for

classifications based on such diagnostic tests.
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Chapter 1

Introduction

In recent years, nonparametric predictive inference (NPI) has been developed as a
frequentist statistical framework which requires only few modelling assumptions and
considers one or more future observations instead of a population. It is a statistical
method based on Hill’s assumption A,y [42]. NPI uses lower and upper probabilities
for uncertainty quantification, and has strong consistency properties within theory of
interval probability [20]. As NPI does not aim at inference for an entire population
but instead explicitly considers one or more future observations, this provides an
attractive alternative to standard methods of frequentist statistical inference.

In this thesis we introduce NPI for ordinal data and for accuracy of diagnostic
tests. In many applications with categorical data, the categories are ordered, e.g.
different levels of severity of a disease, in which case such data are also known as
ordinal data [1]. It is important that such knowledge about ordering of categories
is taken into account. The NPI method for such data uses an assumed underlying
latent variable representation, with the categories represented by intervals on the
real-line, reflecting the known ordering of the categories and enabling application
of the assumption A(,). We introduce NPI for multiple comparisons of groups of
ordinal data.

The evaluation of the accuracy of a diagnostic test is crucial in many research
fields such as medical imaging and machine learning. NPI for accuracy of diagnostic

tests with ordinal data and real-valued data is presented and discussed.
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In Chapter 2, we summarize some background literature relevant to the topics
considered in this thesis. Some classical approaches for analysis of ordinal data
are briefly reviewed. This is followed by some background information about the
diagnostic accuracy of tests, which is relevant for Chapters 4 and 5. The general

ideas of NPI are introduced and NPI for ordinal data is discussed.

In Chapter 3, we present NPI for multiple comparisons and subset selection for
ordinal categorical data. For events which are of most practical interest, closed-form
formulae for the NPI lower and upper probabilities are derived. Some special cases
are discussed and illustrated with examples. The results in this chapter are also
presented in the paper "Nonparametric predictive inference for ordinal data”, which
has been accepted for publication in Communications in Statistics - Theory and
Methods [25]. This paper introduces NPI for ordinal data as presented in Chapter
2 of this thesis together with multiple comparisons which is the topic of Chapter 3
of this thesis.

Chapter 4 begins with a summary of the main concepts for ordinal diagnostic
tests from the literature. We introduce NPI for accuracy of diagnostic tests with
ordinal outcomes, with the inferences based on data for a disease group and a non-
disease group. We introduce empirical and NPI lower and upper ROC curves and
the corresponding areas under the curves. We discuss the use of the Youden index
related to the NPI lower and upper ROC curves in order to determine the optimal
cut-off point for the test. The results of this chapter have been presented at the
4th International Conference of the European Research Consortium for Informatics
and Mathematics Working Group (ERCIM 2011) on Computing and Statistics held
in London, UK [36] and they are presented in the paper ”"Nonparametric predictive
inference for accuracy of ordinal diagnostic tests”, which has been accepted for

publication in Journal of Statistical Theory and Practice [35].
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In Chapter 5, we first review classical methods for the ROC surface with three-
groups of diagnostic tests. We present the NPI approach for assessment of accuracy
of diagnostic tests involving three groups with real-valued data and we consider the
choice of cut-off points for classifications based on such diagnostic tests. This is
achieved by developing NPI lower and upper ROC surfaces, which are bounds to
the empirical ROC surface. The volumes under these surfaces are also presented.
For inferences on diagnostic tests, interest tends to be explicitly in future use of such
tests, so a predictive approach seems attractive for such assessments and choice of

cut-off points. A paper present the results in this chapter is in preparation.

We summarize our main results with some concluding remarks in Chapter 6. In
the appendix, we enclose the proofs of some theorems in Chapter 3. Throughout
this thesis, our methods are illustrated and discussed via examples with data from
the literature. All the calculations have been done using the statistical software R

version 2.15.0 (www.r-project.org).



Chapter 2

Introduction to literature

In this chapter we introduce the concepts from the literature that provide relevant
background information for the topics considered in this thesis. Section 2.1 contains
a brief overview of some classical methods for the analysis of ordinal data. An intro-
duction to the concepts of the accuracy of diagnostic tests, including the Receiver
Operating Characteristic (ROC) analysis, is given in Section 2.2. These concepts
will be used in Chapters 4 and 5. Section 2.3 provides the main theory and concepts
of Nonparametric Predictive Inference (NPI). Section 2.4 introduces NPI for ordinal

data as presented by Coolen et al [26].

2.1 Ordinal data

In practice, ordinal data scales are prevalent in medical research and public health
disciplines. For example, severity of an injury, degree of recovery from an illness
and amount of exposure to a potentially harmful substance may all be measured
on ordinal scales. Statistical methods for the analysis of ordinal data have received
considerable attention. Excellent overviews of established statistical methods for
ordinal data are presented by Agresti [1] and Liu and Agresti [45]. In what follows,
we briefly introduce some classical statistical methods for ordinal data.

Everitt [37] discussed classical methods for analysis of contingency tables when
columns and rows have ordered categories. For example, classification categories

can be assigned numerical values, which allows the variables to be quantified and

4



2.1. Ordinal data 5

regression methods to be used. Log-linear models for tables with ordered categories
are also discussed. For more details we refer to Everitt [37]. A popular approach
to analysis of classification tables is to test the null hypothesis of independence
using the Chi-squared test, but in particular it is interesting to know how strong the
association between groups is, which can be considered by the use of odds ratios.
For more details we refer to Agresti [1].

Chen et al [15] presented multiple testing for ordinal data, considering an r X ¢
contingency table in which the categories are ordered. They tested the null hypoth-
esis that log odds ratios are zero against the alternative that not all are zero, and
also one-sided alternatives were studied. As test statistics, Fisher’s exact statistic
and Pearson’s Chi-square statistic were used.

Another way to analyse contingency tables with ordered categories is order-
restricted inference based on inequality constraints for parameters that recognize
the ordering, as presented by Agresti [1,2]. He used the constraint that ordinal log
odds ratios are non-negative. First, the r x 2 table is considered with ordered rows,
where the rows are independent binomial samples, with n;; successes in n; trials
with parameters m;, for i = 1,...,r, where n;; = n, — n;; and n = >, n;. The null
hypothesis Hy : m; = my = - -- = 7, is tested against the order-restricted alternative
H,:m <m< -~ <morH, :m >m>---2>m. Let p, = n;/n; denote
the sample proportions, under Hy the maximum likelihood (M L) estimator of 7; is
the overall sample proportion of successes p = > n;;/n for all i. If the r sample
proportions satisfy p; < ps < --- < p,., then the cl)rder—restricted M L estimators of
the m; are m; = p;. The likelihood-ratio test statistic (LR) for this test, suggested
by Robertson et al [56], is

~

: v : 1 —7
G*I10) =2 ni log— +2Y ny log :
020 maog'y 2 e s

(2.1)

where I denotes the null hypothesis of independence and O the order-restricted
alternative hypothesis with p-value i waP (X%, = G*(I|0)us). Robertson et al [56]
provided tables of wy. Order-restriciztli inference for 2 x ¢ tables with ordered columns
is also presented in [1]. In general, for r x ¢ tables with ordered rows and columns,

the order-restricted inference becomes complex as there are various order-restricted
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alternatives, for more details we refer to Agresti [1]. In the NPI method presented
in this thesis, we do not test any hypotheses and it does not matter how large r and

c are. We will compare the above method with our method in Chapter 3.

2.2 Diagnostic accuracy

Diagnostic accuracy relates to the ability of a test to discriminate between different
conditions. The evaluation of the accuracy of a diagnostic test is crucial in many
research fields and applications areas such as medicine and machine learning [12,60].
Parametric and nonparametric methods have been developed for the analysis of
diagnostic tests that yield results which may have only two values (binary tests),
or a value in a finite number of ordered categories (ordinal tests), or real values
(continuous tests) [55,73]. The ROC curve is one of the established tools for assessing
the accuracy of a diagnostic test and the area under the ROC curve can be used
as a summary index for diagnostic accuracy [55,73]. Fawcett [38] presented a clear
introduction to ROC curves and related concepts.

As an example of application, Metz [49,50] provides a variety of studies in which
ROC analyses have been employed in medical imaging. ROC analysis is used for
medical image quality in terms of the ability of human observers or computer algo-
rithms to use image data to classify patients with respect to any particular disease.
Good recent overviews of statistical methods for ROC curves were presented by Zhou
et al [73] and Pepe [55], considering both parametric and nonparametric approaches
to inference on ROC curves and diagnostic accuracy.

To introduce the ROC curve, we use the following notation. Let X]’:, withi = 0,1
and j = 1,...,n%, be the observed continuous test results for the non-disease and
disease groups, respectively, with n’ and n! the sample sizes of the two groups
and Fy, Fy the corresponding cumulative distribution functions (CDFs) for the non-
disease and disease groups. We assume that the two groups are fully independent,
in the sense that any information about one or more X]Q, does not provide any

information on one or more X!, and the other way around. Using a cut-off point

VR

(threshold value) ¢, a test result is called positive if it is above the value ¢ and
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negative if below or equal c. The ROC is the plot of the true positive fraction (T'PF')
and false positive fraction (FPF) in the unit square, where TPF = P(X' > ¢) is
the probability that the test result is positive, given that the condition (disease)
is present and FPF = P(X° > ¢) is probability of a positive test result for an
individual without the disease. The ROC curve is constructed by plotting the points
(FPF(c),TPF(c)) for ¢ € (—00,00).

Using the empirical CDF's as estimates of the CDF's of X° and X!, respectively,
the empirical ROC curve is the plot depicting (1— Fy(c), 1 — Fi(c)) for ¢ € (—o0, 00)

44,55, 73] where
. " I(XY < ¢)
Fo(e) =) ——5— (2.2)
j=1
1
. 2 I(X] <)
R -3 1O =0 23
j=1
The area under the ROC curve (AUC) is a global measure of the test accuracy
between the two groups. Generally, the AUC is equal to the probability that a
randomly chosen individual from the non-disease group has a test result that is lower
than that of a randomly selected individual from the disease group, i.e. AUC =
P(X" < X1). Higher AUC values indicate more accurate tests, with AUC = 1 for

ideal tests and AUC = 0.5 for uninformative tests [44, 55, 73].

There are many medical diagnostic situations in which the disease status has
more than two groups. Therefore, the ROC methodology was extended to three-
group diagnostic problems by constructing a three-dimensional surface. Mossman
[51] proposed the concept of ROC' surfaces for three groups of disease, so with
three possible diagnostic outcomes. The volume under the ROC surface (VUS) is a
direct extension of the AUC and it is a global accuracy measure of a test to classify
subjects in three groups. The interpretation of the VUS is similar to the AUC,
namely it is equal to the probability that three random measurements, one from each
group, appear in the correct order [52,71]. Nakas and Yiannoutsos [53] considered
nonparametric estimation of the VUS using several methods including bootstrapping
for the estimation of the variance of the VUS. A nonparametric Bayesian approach

for estimating the ROC surface has been presented by Indcio et al [47]. Parametric
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estimators for the ROC surface and the corresponding VUS were presented by Beck
[9].

2.3 Nonparametric Predictive Inference

The statistical method used in this thesis uses lower and upper probabilities to quan-
tify uncertainty [20,31]. In classical probability theory a single precise probability
P(A) is used for each event A, satisfying Kolmogorov’s axioms. However, when
information is vague or conflicting, a unique probability distribution may be hard
to identify. In this case, imprecise probability is an alternative approach which re-
places the single probability P(A) with an interval specified by its bounds, called the
lower and upper probabilities and denoted by P(A) and P(A), respectively, where
0 < P(A) < P(A) < 1. The idea to use interval probabilities dates back at least to
the middle of the nineteenth century [11,31].

Nonparametric predictive inference (NPI) [4,20] is based on the assumption A,
proposed by Hill [42], which gives direct probabilities for future observations based
on observed values of related random quantities. Let Xi,...,X,, X, be real-
valued absolutely continuous and exchangeable random quantities. Let the ordered
observed values of X7, X5,..., X, be denoted by ;1 < 2o < ... < z, and let
x9 = —oo and x,;1 = oo for ease of notation. We assume that no ties occur; ties
can be dealt with in NPI by assuming that tied observations differ by small amounts
which tend to zero [43] but it is not relevant in Chapters 3 and 4 as in the assumed
latent variable representation we assume that no ties occur (as discussed later in
next section). In Chapter 5, we avoid complications, particularly with regard to
notation, by assuming that the data do not contain any ties (we discuss this further
in Chapter 5).

For X, 1, representing a future observation, based on n observations, A, [42]

1

partially specifies a probability distribution by P(X,41 € I; = (zi-1,2:)) = ;35

fori =1,...,n+ 1. Ay) does not assume anything else, and can be considered
to be a post-data assumption related to exchangeability [33]. Inferences based on

Ay are predictive and nonparametric, and can be considered suitable if there is
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hardly any knowledge about the random quantity of interest, other than the n
observations, or if one does not want to use such information. A, is not sufficient
to derive precise probabilities for many events of interest, but it provides bounds for
probabilities via the ‘fundamental theorem of probability’ [33], which are lower and
upper probabilities in interval probability theory [20,65,67,68].

In NPI, uncertainty about the future observation X, is quantified by lower and
upper probabilities for events of interest. As we mentioned before, lower and upper
probabilities generalize classical (‘precise’) probabilities, and a lower probability
P(A) for event A in NPI can be interpreted as the maximum lower bound for the
probability of A that follows from the assumptions made [20]. Similarly, an upper
probability P(A) for event A can be interpreted as the minimum upper bound for
the probability of A. In NPI, we wish to explore application of A, for inference
without making further assumptions. So, NPI lower and upper probabilities are the
sharpest bounds on a probability for an event of interest when only A, is assumed.
Informally, P(A) can be considered to reflect the evidence in favour of event A and
the corresponding upper probability P(A) can be interpreted by considering that
P(A) reflects the evidence against event A, so in support of the complementary event
A°. Augustin and Coolen [4] proved that NPI has strong consistency properties
in the theory of interval probability [65,67,68], it is also exactly calibrated [46],
and it never leads to results that are in conflict with inferences based on empirical
probabilities.

Direct application of A, for inferential problems is only possible for real-valued
random quantities [16,32]. However, by assuming latent variable representations and
variations to A(,), NPI has been developed for other situations, including Bernoulli
data [18] and multinomial data [22]. A latent variable representation can also be
used for ordinal data, as shown in the following section. Ordinal data and multino-
mial data differ in the important fact that the data categories are not ordered for
multinomial data but they are logically ordered for ordinal data (the difference will
be discussed further in Section 2.4).

While it is natural to consider inference for a single future observation in many

situations, one may also be interested in multiple future observations. This is pos-
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sible in NPI in a sequential way, taking the inter-dependence of the multiple future
observations into account [3]. For example in NPI for Bernoulli quantities this was
included throughout [18] and dependence of specific inferences on the choice of the
number of future Bernoulli observations was explicitly studied in the context of
comparison of proportions by Coolen and Coolen-Schrijner [24]. In this thesis, new
developments for NPI for ordinal data and accuracy of diagnostic tests are presented
with attention restricted to a single future observation, leaving generalization to mul-
tiple future observations as an interesting challenge for future research. Throughout
this thesis, we present empirical probabilities and, where appropriate, inferences
based on these, in order to compare them with the NPI results. These empirical
probabilities coincide with the nonparametric maximum likelihood estimates in the
scenarios considered, and are generally bounded by the corresponding NPI lower

and upper probabilities.

2.4 NPI for ordinal data

NPI for categorical data with a known number of possible categories, yet with no
ordering or other known relationship between the categories, has been presented
by Coolen and Augustin [22]. The inferences about the next observation are based
on a latent variable representation using a probability wheel, with the assumption
that each category is only allowed to be represented by a single segment of the
wheel, where a segment is defined as a single part of the wheel. The NPI lower
and upper probabilities with regard to the next observation are further based on a
circular version of A, [19] and optimisation over all configurations of the probability
wheel that are possible corresponding to the data and this so-called circular-A,)
assumption. Baker [5] presents several further developments and applications of
NPI for non-ordered categorical data, including consideration of sub-categories and
application to classification problems. For further details of NPI for non-ordered
categorical data we refer to Coolen and Augustin [22].

In many applications the categories are ordered, e.g. levels of severity of a disease,

in which case such data are also known as ordinal data. It is important that such
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knowledge about ordering of categories is taken into account, this section presents
NPI for such data. The method uses an assumed underlying latent variable repre-
sentation, with the categories represented by intervals on the real-line, reflecting the
known ordering of the categories and enabling application of the assumption A,).
This section summarizes results from [25,26] who introduced NPI for ordinal
categorical data in terms of lower and upper probabilities. In case of ordinal data,
suppose there are K > 2 categories which have a natural fixed ordering C < Cs <
. < Ck and there is a known number of observations in each category, say ny
in category C} for k = 1,..., K. Let n be the total number of the observations, so
n = f ng. A latent variable representation of the observations on the real-line is
used k(?.le. observations per category are represented by corresponding values on the
real-line). Using this method the category CY is represented by the interval IC} for
k= 1,..., K, so in this case there are K ordered intervals IC}, ..., [Ck forming a
partition of the real-line. We assume that the n observations are represented by
1 < ... < Ypn, and those in Cj are also denoted by y;? for j = 1,...,n;. Let
X,1+1 denote the random quantity representing a future observation and Y, ; be
the latent variable on the real-line corresponding to the future observation X, .1,
so the event X, 1 € Oy corresponds to the event Y, € ICy. This allows A, to
be directly applied to Y,,.1, and then transformed to inference on the categorical

random quantity X, [26]. The ordinal data structure is presented in Figure 2.1.

Data‘ Ol T T Ok T T CK
mo Com

Latent variable

Figure 2.1: Structure for ordinal data and latent variables

The NPI lower and upper probabilities for general events of the form X, ,; € Cr
have been derived with Cp = (U, Cr and T C {1,..., K}. It is assumed that T’
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is a strict subset of {1,..., K}, as the event that a future observation falls into any
of the K categories is necessarily true and has NPI lower and upper probabilities
both equal to one. The lower probability is super-additive and upper probability is
sub-additive [65], so the derivations of these do not follow straightforwardly from
the NPI lower and upper probabilities for the events involving single categories.

Using the assumption A,y for ¥, in the latent variable representation, each
interval I; has been assigned probability mass 1/(n + 1). Although the values y; are
not exactly known since they only exist in the latent variable representation, the
number of these y; values in each interval IC} is known. It should be emphasized
that the intervals I; are, as before, intervals between consecutive latent points y;
and y;, and with the number of such points in each interval IC} known, it is therefore
also known how many intervals I; are fully within each ICY.

To derive the NPI lower probability for the event X, ,; € Cr, the NPI lower
probability for the corresponding latent variable event Y,,,1 € ZCr is derived, where
ICr = Uper ICy and T C {1,..., K}. To derive this lower probability, one calcu-
lates the sum of all probability masses assigned to intervals I; that are fully within
ZCr, so in effect one minimises the total probability mass assigned to ZCr. So, the

NPI lower probability is
n+1

P(Xyi1 € Cp) = P(Vyy € TCy) = HLH 21: {1,  TCy) (2.4)
where 1{A} is equal to 1 if A is true and equal to 0 else. As the exact locations of
the intervals IC} are unknown, this may appear to be vague, yet the fact that the
number of y; values within each interval ICj is known suffices to get unique values
for these NPI lower probabilities.

The corresponding NPI upper probabilities are derived by maximising the total
probability mass that can be assigned to ZCr, so by summing all probability masses
corresponding to intervals I; that have a non-empty intersection with ZCr . Hence,

the NPI upper probability is
n+1

P(Xp1 €Cr) = P(Yoy1 €ICr) = %H Z {L;NICr # 0} (2.5)
=1

From the perspective of frequentist statistics, the NPI lower and upper prob-

abilities (2.4) and (2.5) can be considered as ‘confidence statements’, in the sense
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that repeated application of this procedure will lead to correct predictions of the
event X, 1 € Cr in a proportion that, in the limit, will be in the interval [P(X, 11 €
Cr), P(X,41 € Cr)]. Of course, to achieve this result the method should only be
applied in cases where the assumption A, is reasonable. This would, for example,
not be the case if the data show a clear patterns, e.g. for time series when the order

of the data is important and informative.

2.4.1 Special cases

The first special case of these inferences concerns the event X, ., € Cr, with Cr
consisting of adjoining categories, so the corresponding union of intervals ZCr forms
a single interval on the real-line in the latent variable representation. For this case
simple closed forms for the NPI lower and upper probabilities are available. Let
T = {s,...,t}, with s,t € {1,..., K}, s < t, excluding the case with s = 1 and
t = K for which both the NPI lower and upper probabilities are equal to one.
Let Cs,+ = UZ:S Cy, ICs, = UZ:S ICy, and let ng , = kXt:Snk Using the notation
(x)* = max(z,0), the NPI lower and upper probabilities (2.4) and (2.5) for such

events are
% ifl<s<t<K
P(Xp+1 €Csy) = P(Y11 € ICs,) = (2.6)
% ifs=1lort=K
(X1 € Cot) = P(Yomr € TC) = 2t i cs<i< i (2.7)

Of course, the case with s = t gives the event that the next observation belongs to
one specific category.

The second special case for which closed-form expressions are available for the
NPI lower and upper probabilities occurs if n;, > 0 for all k € {1,..., K}, so there
are observations in all K categories. One needs to consider if C; and C'x are in Cr
(so IC} and ICk in ZCr) and to take account of all pairs of neighbouring categories
which are both included in Cp. Let pp = S5 " 1{r,7 + 1 € T} be the number of

neighbouring pairs of categories included in Cr, and ep = 1{1 € T}+1{K € T} +pr
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the number of extra intervals. Furthermore, sy is the number of categories in Cfr.
Then the NPI lower probability (2.4), with 7" a strict subset of {1,..., K}, is

Y (ng—1)+er
nr — St +er

P(Xpi1 €Cr) = P(Yyy € ICp) = X5 — = (2.8)

and the corresponding NPI upper probability (2.5) is

Yo +1) —pr
nr + St —pr

P(Xpi1 €Cr) = P(Yyy € IC7) = XL — —— (2.9)

The NPI lower and upper probabilities presented in this section satisfy the fol-

lowing properties:

1. The conjugacy property

B(Xn+1 S CT) - 1 - P(Xn_l,_l S CTC>

for al T C {1,...,K} and T°¢ = {1,..., K}\T, which follows from 1{I; C
ICr}y+{,NIC; #0} =1foralli=1,...,n+1.

2. The NPI lower and upper probabilities (2.4) and (2.5) bound the corresponding

empirical probability for the event of interest. This means that

B(Xn-i-l € OT) < % < F(XR_H € OT) (210)

Property (2.10) can be considered attractive when aiming at 'objective inference’,
and the possibility to satisfy this property is an important advantage of statistical

methods using lower and upper probabilities [19].

Example 2.1. Suppose there are K = 7 ordered categories, C; < ... < (%, and

n = 17 observations as presented in Table 2.1.

Category 01 CQ 03 04 05 06 07
Observations 2 3 0 5 2 1 4

Table 2.1: Data
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T P P nr/n
{1} 2/18 3/18 2/17
(3} 0/18 1/18 0/17
(4} 4/18 6/18 5/17
{5} 1/18 3/18 2/17
{6} 0/18 2/18 1/17
(7 4/18 5/18 4/17
(6,7} 5/18 6/18 5/17
{1,2,3} 5/18 6/18 5/17
(3,4,5} 6/18 8/18 7/17
(2,4,6) 6/18 11/18  9/17
(1,47} 10/18  14/18  11/17
(3,4,6,7} 9/18 12/18  10/17
{4,5,6,7} 12/18  13/18  12/17
(2,3,5,6) 4/18 8/18 6/17

{1,2,5,6,7}  12/18  14/18  12/17

Table 2.2: NPI lower and upper probabilities

Table 2.2 gives the NPI lower and upper probabilities for several events Yis € Cr,
together with the corresponding empirical probability nr/n. It is clear that these
lower and upper probabilities are bounds for the empirical probability and they
also show that the difference between corresponding upper and lower probabilities
is not constant. This difference is called imprecision, denoted by A, and it provides
insight into the link between these lower and upper probabilities and the amount
of information available [24,65], namely large numbers of observations lead to small
imprecision. The lower and upper probabilities for the events with T consisting of
a single category or a group of adjoining categories are also illustrated. The first
special case is used when T is {6,7}, {1,2,3},{3,4,5} and {4,5,6,7}, the rest of
Table 2.2 is calculated directly from the main formula (2.4) and (2.5). In addition, it
is clear that these NPI lower and upper probabilities satisty the conjugacy property,
for example P({1,4,7}) =1 — P({2,3,5,6}).

To illustrate the second special case, we change the data in Table 2.1 by adding
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one observation to category 3 taken from category 4. Table 2.3 shows the new data

Category

C1 Oy

Cs

Cy

Cs

Cs

Cr

Observations

2 3

1

4

2

1

4

Table 2.3: Data

and Table 2.4 gives the NPI lower and upper probabilities for these data. It is

T P P ny/n
(1} 2/18 3/18 2/17
(3} 0/18 2/18 1/17
{4} 3/18 5/18 4/17
{5} 1/18 3/18 2/17
{6} 0/18 2/18 1/17
(7 4/18 5/18 4/17
(6,7} 5/18 6/18 5/17
{1,2,3} 6/18 7/18 6/17
{3,4,5} 6/18 8/18 /17
{2,4,6} 5/18 10/18 8/17
{1,4,7} 9/18 13/18  10/17
{3,4,6,7} 9/18 12/18 10/17
{4,5,6,7} 11/18  12/18  11/17
(2,3,5,6} 5/18 9/18 6/17
{1,2,5,6,7}  12/18  14/18  12/17

Table 2.4: NPI lower and upper probabilities

clear that the second special case can be applied for {2,4,6}, {1,4,7}, {3,4,6,7},
{2,3,5,6} and {1,2,5,6,7} in Table 2.4. For example, {3,4,6,7} has np = 10, sy =

47pT = 27€T = 3.

A



Chapter 3

Multiple comparisons for ordinal

data

3.1 Introduction

In this chapter we introduce NPI multiple comparisons for ordinal data, including
two different problems of subset selection for groups of ordinal data. Methods for
multiple comparisons, including subset selection, have been studied extensively in
the statistics literature [8,41,64]. Similar NPI methods for multiple comparisons,
with some important variations, have been presented for real-valued data [16,32], for
proportions data [23,24] and for lifetime data including right-censored observations
29,30].

As before, we assume that there are K ordered categories. Suppose that there
are J > 2 independent groups and n/ observations for group j (j = 1,...,J) of
which nJ are in category Cy, k=1,..., K. Son = ilnj = Z;le Zszl nl, and let

]:
nh, = Z',;:S nj, where s < t. The assumption of ‘independence of the groups’ means

that any information about a random quantity in one group does not provide any
information about a random quantity in any other group. We apply the A,-based
inferences per group to consider one future observation from each group. Let X fl it
denote the next observation from group j and let the corresponding latent variable
be denoted by Y7, ey

In Section 3.2 we derive the NPI lower and upper probabilities for the event

17
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that the next observation from group j, X fl j41 18 less than (or equal to) the next

observation from each of the other groups, Xfl l=1,...,J, 1 # 7.

I

Thereafter, we divide the multiple groups into two non-empty subsets of groups,
S and S° Again we apply the A(,)-based inferences per group to consider one
future observation for each group. In Section 3.3 we derive the NPI lower and upper
probabilities for the event that all these future observations for groups in S are less
(so in terms of categories ‘further to the left’) than all the future observations for
groups in 5S¢ In Section 3.4 we consider the variation that at least one of the future
observations for groups in S is less than all the future observations for groups in
S¢. The group which provides the smallest next observation is also called the best
group in this chapter. In Section 3.5 we discuss how to use these NPI lower and
upper probabilities for selecting the best subset. Our method is presented in terms
of minimum next observation(s), in practice we may be interested in the maximum

next observation(s), this is briefly discussed in Section 3.6. This chapter ends with

concluding remarks in Section 3.7.

3.2 Selecting one group

In this section we present NPI for selecting a single group from J groups by deriving

the NPI lower and upper probabilities for the event that the next observation of

group j, X/, 41> 18 less than the next observation from each of the other groups,
Xl

b L=1,...,J, 1 # j. We use the notation Xijﬂ < Xl
Xj

i € Gy oand XL, € Gy for ky, ko€ {1,... K} with k;j < k;, so X; will

for the event

be in a category to the right of X;, and similar for Xijﬂ < Xi Two specific

l+1
configurations of the probability masses in the intervals that are important for what
follows, are defined by putting all the probability masses at the left endpoints (L)

or at the right endpoints (R), so

J
ngy+1 B
PL(X7 Cc.)=PLy’ ezc.)={ ™W+1 o=l 31
( nit1 € S»t) - ( niv1 € S’t) o n’ (3:1)
s,t

ni +1
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and
ngt .
T if 1<s<t<K
PR}, €Cot) = PR €TC) =1 T ++ . (3.2)
— if t=K
ni +1

where if ¢ = s we have C,; = C, and nJ , = n]. Probability (3.1) corresponds to the
situation where, in the latent variable representation of the categories and the data,
all probability masses for the next observation following from the A,y assumption
are put at the left endpoint per interval (left configurations) . Similarly, probability
(3.2) corresponds to the situation with all these probability masses put at the right

endpoint per interval (right configurations).

Theorem 3.1 gives the NPI lower and upper probabilities for the event that the
next observation of group j, Xi j11» 18 less than the next observation from each of

the other groups, X!,  forl=1,...,J1# j, denoted by

nl4+1

< _ J ; l
P =P (an+1 < s Y an+1>

and

5< a5 . 1
P =P(X’ min X',
J nit1 < =1, 05 L

We use the notation Cyp = {Cl, ... ,C’b}.

Theorem 3.1. The NPI lower and upper probabilities for the event that the next

observation of group 7 is less than the next observation from each of the other groups

are
[K—1 J
Py =A Z <n 11 n@l,K) (3.3)
=1 1=11#j
o [K—1 J J
P4 ( I <nz+1,K+1>)+ [T thesn| 6o
L k=1 1=11#j I1=11#j5
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Proof. The NPI lower probability is derived as follows. Firstly observe that

. _ z z
i (Xij+1 < l:l?&?l#]’ X”l“) ( ﬂ { w1 <X l+1}> (3.5)

I=11#j

By the law of total probability, Equation (3.5) is equivalent to

ZP( ﬂ { nl+1 > X J+1}’ nit1 ) P(XZL]+1 € Ck) (3'6)

k=1 1=1 1]
In this derivation, we use the assumptions A,y for all groups with assumed inde-
pendence of the J groups. To get the lower bound we put the probability mass per
interval at the endpoints; for the group j of interest at the right endpoint and for
all other groups at the left endpoints, by using (3.1) and (3.2), as we are interested
< X!

in the lower bound for the probability of X’ This probability must be

nd 41 byt

as small as possible, which happens if X7 is as large as possible and X' is as small

as possible, so we used the right configuration for Xijﬂ. So, fork=1,..., K —1,
P(X,,  €Cy)>Pr (X, €C). (3.7)
For k£ = K, since we are interested in all the cases where Xj- b < X 1y (e if
anrl € Uk then it is impossible for Xlzﬂ to be greater than XJJH)
J
P ( () {(Xb>X),  FIX),, € CK> =0. (3.8)
I=1 1]

Using (3.6), (3.7) and (3.8), we get

K-1
: !
i (XZ““ 1o, 1£] X”“fl) =z ZP ( ﬂ { X > XJJH} |X]]+1 )

k=1 I=11#j
x Pk (XZLJ'H € Cy)
K-1 nj J
B jjl P( ﬂ (X € Ck+1,K)>
P 1=1 I#j5
(3.9)
Using the independence of the groups Equation (3.9) is equivalent to
K-1 j J
n, z
n+1 H 'P (Xnip1 € Crsri) (3.10)
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Using the the left configuration for the groups [,1 # j for k =1,..., K — 1 leads to
P (XL, €Chiix) > PY(Xhiyy € Ciiik) (3.11)

Using (3.10) and (3.11), we get

K-1 j J
: ! T L (vl
P (XZLJ+1 _, y an+1) = » | | P (an+1 € Ck+1,K)

1=1,....J, I# — nd +1 11 T
K-1 J K !
£ (50
k=1 n+1 I=11#£] \f=k+1 n'+1
K—1 J
=4 ("?c H M1 K) (3.12)
k=1 1=11#j

Formula (3.12) is the maximum lower bound for P { X7, < min X!
ML g
which can be achieved and therefore it is a lower probability [65], so the NPI lower

probability is

k =11

a8 (1 ) s

The corresponding NPI upper probability is obtained by putting the probability
masses per interval at the other endpoints; for group j at the left endpoints, and

for all other groups at the right endpoints. The upper bound for the probability for

the event X7, Ciaq min X!, | can be derived as follows:
+ 1:1 ..... DY +
J : l l
P (an+1 < i an+1) - ( m {Xp <X l+1}>
e =114

K
:ZP< N { Lo> XL XD e >><P(an+1€(]k)
k=

K-1
< P( ﬂ { n+1>XJJ+1}| n]+1 k>XPL( JHGC’k)
lll;é]

+P ( L > XD HIXD € CK> x PF (X7, €Ck)  (3.14)
1=11#£j

K-1
- Z ( ﬂ { ni+1 > ijJrl} |X£J'+1 €C ) X PL (X J41 € Ck) (315)

k=1 1=11#]
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.7
- e < ﬂ { nl+1 = X]J+1} RTINS Ck)
=2 ! I= 11;&]
n! +1
; ﬂ { nl+1 > XJJ+1} |X7JLJ+1 (316)
nf +1 I=1 1]
K1 J i+ J
3 l ny +
= Y H P(X 1€Ck+1[( i+ H P n+1€CQK)
k=2 1=11#j 1.4 z;sg
K-1 nj J {
< J'—ikil [T P* (X €Chir) + iy P (X4 € Co)
= I=11#j 1, 1)
— f[ Kz_:l n' nhe +1 n1+1 ﬁ Z n' nhe +1
N c~nd + 1 i \ror n+1 nt+1 nJ +1 11 n! —l— 1 nt+1
(3.17)
[K-1 K A J K
=AD" 1 (Z nlf+1>+(n{—l—1) 11 (Zn§+1>
Lk=2  I=11#j \f=k+1 I=11#£j \f=2
[K-1/  J
—A (ni 11 (nk+1K—|—1>+ [T (hx+1) (3.18)
L k=1 I=11#j I=11#j

This is the minimal upper bound which can be justified and it can actually be

attained, so this upper bound (3.18) is the upper probability [65]

K—-1 J
Z(ni H (nk+1K+1>+ H (nh e +1)

k=1 I=11#£j I=11#£j

?<

J

A

(3.19)

Similarly to the derivation of the lower probability, to go from (3.14) to (3.15) we
<X, ni4+1
and Equation (3.17)

use that, when X?. = € Ck, the probability of the event X’ is zero. We

ni+1 ni+1

get Equation (3.16) by using the left configuration for an .

by using the right configuration for the other groups. ]

It is also of interest to consider the event that the next observation from group
J X,
X!

nit1» 1s less than or equal to the next observation from each of the other groups,

wipq for I =1,....J, 1 # j. The NPI lower and upper probabilities for these
events, are denoted by
pPs=P (Xj. = min X, +1>

.....

and

.....
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These are given in Theorem 3.2.

Theorem 3.2. The NPI lower and upper probabilities for the event that the next

observation from group j is less than or equal to next observation from each of the

other groups are

J K J J
Pi=Alni I (+1)+) (n{C 1T nZK) + 11 n%] (3.20)
R k=2 \  I=11%j -y
3 K /T J
Py =AY (n; II (nhx+ 1)) + [ ('+1) (3.21)
k=1 I=1 1] ——y

where A = [H}Ll (n/ + 1)}

The derivation of the NPI lower and upper probabilities in this theorem is similar

to the proof of Theorem 3.1. The detailed proof is given in Appendix A.1.

3.2.1 Empirical probabilities

Let us consider the same cases as in Theorems 3.1 and 3.2, but now in terms of

empirical probability, with E P the notation for empirical probability. So, let EP]-<

be the empirical probability for the event that X7 < l min 2 X!, this is given by
j

777777

J
EP;f =P (XJ <, min Xl) =P ( M (X' < X’})

=1 1#£j

K-1 J
= p(ﬂ {Xl>Xj}|XjeCk>><P(XjeCk)
l

k=1 I=11#j k=1 I=11#j
K1 K-l J K
=2 Il P =30 1 | X
k=1 I=11#j k=1 I=11#j \f=k+1
1

i)

Il
Il <
= —
3
.
—
¥ =
LN |
——
3
>
0
—
A
o

<

Similarly, the empirical probability for the event X7 < X! for all [ # j, EP]-S, is
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J
By = P (0 = pin, X') = ( RS Xl})

=1 I£5

_ip< (J] {Xlsz}|XjeCk> x P (X' € Cy)

k=1 1=11#j
:ZE P( M {x 2X3}|X360k> :ZE P( M (x eCkK>
k=1 1=11#j k=1 =1 14§
K ni; J l K ni: J K nlf
3L reean -4 1T (%%
k=1 1=11#j k=1 I=11#j \f=k
1 K ‘ J
= [Z {n{C H nf“(}] (3.23)
Hnj k=1 1=11#£j

3.2.2 Examples

We illustrate the lower and upper probabilities presented in this section via examples,

considering data sets presented in the literature.

Example 3.1. The data of this example are taken from Simonoff [59]. The inde-
pendence was rejected for this data set and the outlire identification and Robust
estimation show that small cars are more likely to be predictive to have good relia-
bility, whereas the medium ones are more likely to be average [59]. We use this data
set to illustrate the NPI lower and upper probabilities and the empirical probabilities
presented in this section. There are 7 groups of cars with 3 categories representing
levels of predicted reliability: Below average, Average and Above average, which we
label as categories C, Cy and (3, respectively. The data are given in Table 3.1. We
are interested in the event that the next observation of group j, for j € {1,...,7},
is less than (or equal to) the next observation from each other group, so this event
indicates lower predicted reliability for the next car from group j. Using the results
in this section, and with the appropriate assumption A,y per group, the lower,
empirical and upper probabilities are given in Table 3.2.

Table 3.2 shows that group 5 (Coupe) has the largest lower probability and upper

probability to give the smallest next observation, ( so the next car from group coupe
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Predicted reliability
Group j | Cars type | Below Average Above | Total
1 Small 4 3 10 17
2 Medium 4 19 9 32
3 Large 1 8 4 13
4 Sporty 5 3 6 14
5 Coupe 4 3 2 9
6 Minivan 6 5 3 14
7 SUV 3 10 5 18

Table 3.1: Data: Predicted reliability for 7 type of cars

Growp j | P;  EPS P, A% P$  EPF P; A%
1 0.0205 0.0324 0.0460 0.0255 | 0.2377 0.2598 0.3060 0.0683
0.0097 0.0156 0.0236 0.0139 | 0.1664 0.1966 0.2363  0.0699
0.0059 0.0093 0.0209 0.0150 | 0.1159 0.1472 0.2224 0.1065
0.0369 0.0585 0.0773 0.0404 | 0.3557 0.3924 0.4392 0.0835
0.0534 0.0845 0.1077 0.0543 | 0.4401 0.5078 0.5647 0.1246
0.0501 0.0793 0.1007 0.0506 | 0.4417 0.4945 0.5385 0.0968

0.0136 0.0216 0.0334 0.0198 | 0.2023 0.2370 0.2913 0.0890

N O Ot e W N

Table 3.2: Selecting one group: NPI lower and upper probabilities (Example 3.1)

is more likely to has lower predicted reliability), and also has the largest imprecision
AF = P; — PS, namely A= 0.0543 and AS = 0.1246. This large imprecision
reflects the fact that this group has the smallest number of observations, whereas
the smallest imprecision is for the second group in the case (<). In the case (<) the

first group has the smallest imprecision AT = ?IS — PT =0.0683.

Example 3.2. The data of this example are given in Table 3.3 and were used by
Simonoff [59] to study statistical methods for tables with ordered categories. The
data describe the relationship between the condition of books and the strength of the
paper in the books. The rows are ordered in increasing strength of the paper, whereas

the columns are ordered in increasing level of deterioration. Simonoff fitted several
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models to these data. For example, the column effects model which indicated that
books in worse condition have weaker paper. This example illustrates our methods
when there are large numbers of observations. Most of the data are in one category,

which leads to big differences in the NPI lower and upper probabilities for (<) and

(<) cases.
Degree of book deterioration
Intact Slight Moderate Extreme

Group j | Strength (o Cy Cs Cy Total
1 1 fold 181 14 18 43 256
2 2-4 folds 140 6 1 15 162
3 5-15 folds 44 2 0 0 46
4 > 15 folds | 369 7 0 0 376

Table 3.3: Data: degree of book deterioration and strength of the paper

Groupj |  P§ EPF P; A¥ Ps  EPS P, AS
1 |0.000075 0.000078 0.000136 0.000061 | 0.7043 0.7070 0.7082 0.0039
2 | 0.00019 0.00020 0.00035 0.00016 | 0.8589 0.8642 0.8651 0.0062
3 | 0.00068 0.00071 0.00085 0.00017 | 0.9362 0.9566 0.9575 0.0213
4 | 000164 0.00169 0.00262 0.00098 | 0.9788 0.9814 0.9815 0.0027

Table 3.4: Selection one group: NPI lower and upper probabilities (Example 3.2)

Table 3.4 gives the NPI lower and upper probabilities for the events that the next
observation of the selected group j is less than (or equal to) the next observation
from each of the other groups. It shows that the Bj< are all close to zero, because
most observations in all groups are in the first category, whereas most ng and ?jg
are close to one, also because most observations in all groups are in the first category.
For example, if we consider the first group, Bf < E’PlS < Flg are all close to 0.7,
as there are 181 observations from 256 in the first category. These lower, empirical
and upper probabilities increase as the number of observations in the first category
increases, for example P < EPS < Ff are all close to 0.98. Of course, if all the

observations for one group j are in the first category, then ?jg = EPjS = 1 while ng
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would be closed to one. Group 1 is most unlikely to give the next observation smaller
than that for all other group (the next book with good condition), while group 4 (>
15 folds) has the largest lower and upper probabilities to give such a smallest next
observation (so the next book with more than 15 folds is more likely to be in good

Xl

min g1

I=1,....4, I#1
as both lower and upper probabilities for the first group are close to zero, and the

condition). The smallest imprecision appears for the event X!, <

= min X!, . which reflects the small

. S 3
largest imprecision is for the event X~ |

3+1

number of observations in the third group.

Example 3.3. Table 3.5 comes from the same study of book deterioration in Exam-
ple 3.2 but now the rows represent preservation strength. This example illustrates
our methods when there are some groups with small numbers of observations and

others with large numbers of observations.

Degree of book deterioration
Intact Slight Moderate Extreme
Group j Strength (& Cy Cs Cy Total
1 Repair 27 1 2 0 30
2 Microfilm 50 6 3 34 93
3 Restore 7 0 1 30 38
4 No preservation 676 22 13 0 711

Table 3.5: Data: degree of book deterioration and preservation strength

Table 3.6 gives the lower, empirical and upper probabilities for the event that
the next observation of the selected group j is less than (or equal to) the next
observation from each of the other groups, in order to compare the four groups.
From Table 3.6 it can be seen that the smallest lower probability is P35 = 0.0004,
due to the fact that most of the observations for group 3 are in the last category,
so this group is unlikely to be the best group (so the next book from restore group
is unlikely to be in good condition). The largest lower probability is Bf = 0.9509,

as group 4 has most observations in the first category and no observations in the
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last category, P, is near to one for the same reason, so group 4 is the best group
when aiming at the smallest next observation (so the next book from this group is
more likely to be in good condition). Moreover, the largest imprecision is Af =
0.0324, which reflects that the first group has the smallest number of observations,

while the smallest imprecision occurs for group 4 which has the largest number of

observations.
Growpj | Pf EPS Py AF | PS  EPS P, AT
1 0.0158  0.0169  0.0178 0.0020 | 0.8719 0.9010 0.9043 0.0324
2 0.0021  0.0022  0.0030 0.0009 | 0.5322 0.5379 0.5429 0.0107
3 0.0004 0.00042 0.0006 0.0002 | 0.1795 0.1842 0.2052 0.0257
4 0.0340  0.0365 0.0483 0.0143 | 0.9509 0.9523 0.9530 0.0021

Table 3.6: Selection one group: NPI lower and upper probabilities (Example 3.3)

3.2.3 Special cases

1. If there are only two groups to be compared, so J = 2, then Equations (3.3),
(3.4), (3.20), and (3.21) lead to, with A = [(n' + 1)(n% +1)] ",

K—1 K
_P(Xrlbl—i-l < X22+1) =A Z nlf: Z "?‘

K
P(Xp <X2ay)=A n,, Zn?—knl—n}(JrnQ—n%—l—l

n

K K
P(Xp S X5)=A() ni> nj+nj+nk
f:

K K
P(Xp <Xhy)=A ZniZn}+nl+n2+l

These results for J = 2 were presented by Coolen et al [26].
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2. If there are only two categories, K = 2, the NPI lower and upper probabilities
, —1
presented in Theorems 3.1 and 3.2 become, with A = [H;le (n? + 1)} ,

r J
P5 = A |nj H nl
I=11#j
r J J J
P;:A nj H (ny+1) + H (ny+1) Al(n]+1) H (nh +1)
I=11#j I=11#j I=11#j5
r J J
ps=Aln [] W'+D+m+1) [ né]
L =11 I=1 1]
§ r J J
P;=A|(n+1) H(nl—l—l)—l—né H(n2+1)
L I=11#jg I=11#j

These are identical to the NPI lower and upper probabilities for comparison
of proportions presented by Coolen and Coolen-Schrijner [24]. They presented
the NPI lower and upper probabilities for the event that the number of suc-
cesses in m future trials from one group exceeds the number of successes in m
future trials from the other group, using the same latent variable representa-

tion as we do for ordinal data but with only two categories.

3. The lower probability Bf as given in (3.3) is zero if either ni = 0 for all

kE=1,...,K —1 (so all the observations for group j are in the last category
J
Ck)orif J] n§<:+1,K = 0, which occurs if for one or more I, [ # j, nj_ 4 ;o =0,

1=1 1]
for every k = 1,..., K — 1. The corresponding NPI upper probability F; does

not simplify greatly from Equation (3.4) for the first case, only terms with
ni = 0 disappear from the formula. If nﬁcH’K =0,k=1,..., K — 1, for all

groups [ # j, then
—1

Zni +1
k=1

4. The lower probability (3.20) P is zero in two cases. First, if nk = 0 for group

F; A (3.24)

jfork=1,...,K —1 and nk = 0 for at least one group other than group
7; this is easily seen from the proof of Theorem 3.2 in Appendix A.1. The
corresponding NPT upper probability (3.21) is

J

IT e+ + ] &'+ 1)
I=11#]

I=11#£j

P;=A|n] (3.25)
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, J
Secondly, if n{ = 0 and [[ nj, =0, forallk =2,...,K (ie. nj =0
1=11#j
for at least one group [ # j), then the corresponding NPI upper probability

(3.21) is

(3.26)

i( f[ (nhx +1 >+ ﬁ(nl—i—l)

k=2 I=11#£j I=11#j

5. The upper probability F; as given in (3.4) is one in the following case. Suppose
the set of categories {1, ..., K} is split up into {1,...,k;} and {k; + 1,..., K},
with n] = 0if k € {k+1,...,K} and nk = 0, if k € {1 . k;} for all

l:1,...,j,l%j,sointhiscasenﬁ—anandn = Z . Then
k=1 f=ki+1
ki J K J
_ A l
PealSd 11 (30 we) T (z)
k=1 I=11#j \f=k+1 I=11#5 \f=

Asnl =0,if ke {l,... k}, foralll=1,... 5,1 # ],

C ks K K
P =A > H (an+1>—|— 11 <Zn§+1>

k=1 I1=11#j \f=k =114 \f=
r J J

=A|n’ H n'+1) + H n' +1)

I=11#j I=11#j

T J

=A| ] W'+ @+ =A|]J07 +1)| =1 (3.27)
Li=1I#£j J=1

In this case, the corresponding NPI lower probability (3.3) is

kz{n n s nf} I «| -4 ﬁn]

k=1 I=11#j f=ki+1 =1 l#j
(3.28)

P-4 -

6. The upper probability ﬁjﬁ as given in (3.21) is one in the following case.
Using the same notation as above, suppose we have k; € {1,...,K} and

the set is split up into {1,...,k;} and {k; +1,..., K}, with nfc =0if k €

{ki+1,. K}andnk—Olka{l ki — 1}, foralll=1,...,j,1l#j. In
this case n’/ = Z n) and n! Z nk, and
k=1 f=k;

in; f[ (inf+1>+ IT »+1

k=1 I=11#j =1 1#£j




3.2. Selecting one group 31

Asnh =0,if ke {1,... ks —1},forall 1=1,...,j, [ #]

Py =AY ) H (an+1>+ IT »+1

k=1 =112 \J= I=11#j
B J J

=A H n'+1 H (nl+1)

—1 14 I=1 1)

rJ J

=A (n'+1) (n/ + Hn]+1
L1=1 12 =1

In this case, the corresponding NPI lower probability (3.20) is

P =A|n] f[ (nl+1)+ini H (inf>+ f[ (an)]

L =1 = I= 11;&3 I=1 1]
i J

=Aln H (n'+1) + Z n H nt + H (an)] (3.29)
L =11 k=2 I=11#j I=1 1

3.2.4 Examples for special cases

We illustrate the lower and upper probabilities for the special cases presented in
Subsection 3.2.3 by some examples. We start by considering the first special case,
comparison of two groups, this is followed by several examples for the other special

cases.

Example 3.4. We use the data set of Example 3.1 to illustrate the first special
case. We consider pairwise comparison of all pairs of groups of these data, the NPI
lower and upper probabilities are presented in Table 3.7.

For example, the NPI lower and upper probabilities for the event that the next
observation of the first group (Small) is less than (or equal to) the next observation
of the fifth group (Coupe) are P(X1s < X7) = 0.144 and P(X}; < X},) = 0.217. In
other words, the NPI lower and upper probabilities for the event that the next car
from small cars group has lower predicted reliability than the next car from coupe
group are 0.144 and 0.217, respectively. The NPI lower and upper probabilities for
the event X{g < X7, are not in this table, but these can be calculated using the

conjugacy relation P(A) = 1 — P(A°), so P(X}s < X3)) = 1 — P(X}, < X)) =
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j Small (I =1) Medium (I = 2) Large (I = 3) Sporty (I = 4)
Small 1 0.234, 0.256, 0.295  0.238, 0.272, 0.318  0.200, 0.227, 0.263
Medium 2 | 0.407, 0.445, 0.469 0.268, 0.298, 0.346  0.303, 0.360, 0.369
Large 3 | 0.369, 0.421, 0.460 0.217, 0.240, 0.299 0.271, 0.313, 0.362
Sporty 4 | 0.351, 0.399 , 0.433 0.337, 0.373, 0.412 0.343, 0.396, 0.443
Coupe 5| 0.456, 0.536, 0.572  0.421, 0.483, 0.530 0.429, 0.339, 0.571 0.360, 0.429, 0.473
Minivan 6 | 0.474, 0.538, 0.567  0.430, 0.475, 0.511  0.438, 0.505, 0.552  0.373, 0.429, 0.467
. SUV 7 | 0.406, 0.454, 0.485 0.278, 0.302, 0.345 0.286, 0.325, 0.384  0.305, 0.345, 0.386
j Coupe (I =5) Minivan (I = 6) SUV (I=7)
Small 1| 0.144, 0.169, 0.217  0.152, 0.172, 0.211  0.219, 0.225, 0.287
Medium 2 | 0.176, 0.201, 0.264  0.178, 0.199, 0.244  0.247, 0.269, 0.309
Large 3| 0.150, 0.179, 0.257  0.152, 0.176, 0.238  0.207, 0.235, 0.301
Sporty 4 | 0.207, 0.246, 0.300  0.218, 0.250, 0.293  0.316, 0.357, 0.400
Coupe 5 0.273, 0.325, 0.380 0.395, 0.463, 0.516
Minivan 6 | 0.2667,0.318, 0.380 0.404, 0.456, 0.498
SUV 7| 0.184, 0.216, 0.284  0.189, 0.214, 0.267
Table 3.7: Lower, empirical and upper probabilities for the event X T]l i1 < X fl 1

1-0572=0.428 and P(X < X)) =1 - P(X, < X&) =1—0.456 = 0.544. Tt is
clear from this example that the small number of observations in each group leads

to large imprecision.

A

Example 3.5. This example illustrates the second special case when K = 2. Table
3.8 shows the number of heart operations on children under one year old at 12
medical centres, which are a part of data presented by Spiegelhalter et al [61]. This
data set was also used to illustrate the NPI comparison method for proportions
data presented by Coolen and Coolen-Schrijner [24] with, C; and C5 representing
the number of mortalities and number of surviving patients.

Table 3.9 shows the results of comparing multiple groups when there are two
categories, so K = 2. It is clear that the largest lower probability occurs for the

min X!

min X!, and X}, = Ligs S
I=1,...0 T

=1, J 11 L ni+l ©

first group, for both events X, | <

this group is more likely to give the smallest next observation than any other group.
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Groupj | C; Cy Total | Group j | C; Cy Total
1 43 138 181 7 27 226 253
2 27 173 200 8 57 312 369
3 26 131 157 9 28 186 214
4 15 127 142 10 31 153 184
5 36 181 217 11 67 673 740
6 49 368 417 12 32 236 268

Table 3.8: Heart operations mortality data for 12 medical centres

Group j | P5 P; A% BJ-S ?]-S Ajé

0.0468 0.0506 0.0038 | 0.3876 0.4004 0.0128
0.0234 0.0257 0.0023 | 0.2854 0.2982 0.0128
0.0298 0.0327 0.0029 | 0.3160 0.3295 0.0135
0.0177 0.0200 0.0023 | 0.2563 0.2705 0.0142
0.0299 0.0324 0.0026 | 0.3162 0.3287 0.0125
0.0200 0.0217 0.0017 | 0.2678 0.2790 0.0112
0.0180 0.0197 0.0017 | 0.2572 0.2694 0.0122
0.0274 0.0296 0.0022 | 0.3048 0.3161 0.0113
0.0226  0.0248 0.0474 | 0.2813 0.2939 0.0126
0.0304 0.0332 0.0028 | 0.3188 0.3318 0.0130
0.0150 0.0161 0.0011 | 0.2409 0.2514 0.0105

0.0204 0.0223 0.0019 | 0.2698 0.2818 0.0120

© 00 N O Ot s W N

o
N = O

Table 3.9: NPI lower and upper probabilities (special case 2)

These results are equal to the results from nonparametric predictive comparison of
proportions which were presented by Coolen and Coolen-Schrijner [24], as we use

the same latent variable representation if K = 2.

A

Example 3.6. In this example we illustrate the special cases 3, 4, 5 and 6 from
Subsection 3.2.3 by using the data set in Table 3.3, but with some changes applied
to the data to show the special cases. Throughout this example the event of interest

is that the next observation of the first group is less than (or equal to) the next
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observation from each of the other groups. Table 3.10 illustrates the special case
3 when n¥ = 0 for k = 1,..., K — 1, so these data lead to the lower probability
(3.3) PF = 0. The corresponding NPI upper probability (3.4) P; = 7.44 % 1077,

Furthermore, this table is also related to special case 4 for the event X}Ll b =

min X! asni =0 for k=1,...,K — 1 and nk = 0 for at least one group I,

=1, D
[ # 1. Therefore, the lower probability (3.20) Bf = 0, with corresponding upper

probability (3.25) P = 0.003896.

Degree of book deterioration
Intact Slight Moderate FExtreme
Group j Ch Csy Cs Cy Total
1 0 0 0 256 256
2 140 6 1 15 162
3 44 2 0 0 46
4 369 7 0 0 376

Table 3.10: Data: degree of book deterioration (special cases 3 and 4).

Table 3.11 shows also special case 3 as n§<;+1,K =0,k=1,..., K —1 for the third
group, so the lower probability (3.3) Py = 0 with corresponding upper probability
(3.4) Py = 4.58 % 10~°. Also Table 3.12 shows this special case as Ny =0k =
1,..., K —1 for all [ groups, so the data in this table lead to lower probability (3.3)

Py = 0 with corresponding upper probability (3.24) P =2.88%107".

Degree of book deterioration
Intact Slight Moderate Extreme
Group j & Cy Cs Cy Total
1 181 14 18 43 256
2 140 6 1 15 162
3 46 0 0 0 46
4 369 7 0 0 376

Table 3.11: Data: degree of book deterioration (special case 3).

Table 3.13 shows the special case 4 as nj = 0 and nﬁc,K =0, k=2,...,K for

[ = 3. So these data lead to lower probability (3.20) BIS = 0 with corresponding
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Degree of book deterioration
Intact Slight Moderate Extreme
Group j o Cy Cs Cy Total
1 181 14 18 43 256
2 162 0 0 0 162
3 46 0 0 0 46
4 376 0 0 0 376

Table 3.12: Data: degree of book deterioration (special case 3).

upper probability (3.26) FIS = 0.00394.

Degree of book deterioration
Intact Slight Moderate FExtreme
Group j Ch Csy Cs Cy Total
1 0 195 18 43 256
2 140 6 1 15 162
3 46 0 0 0 46
4 369 7 0 0 376

Table 3.13: Data: degree of book deterioration (special case 4).

Finally, the data in Tables 3.14 and 3.15 relate to the special cases 5 and 6,

respectively. For Table 3.14, the upper probability (3.4) ﬁf: 1 with corresponding

lower probability (3.28) Py = 0.9664, which illustrates special case 5. For Table 3.15,

the upper probability (3.21) ?f: 1 with corresponding lower probability (3.29) PF=

0.9874, which illustrates special case 6.

Degree of book deterioration
Intact Slight Moderate FExtreme
Group j Ch Csy Cs Cy Total
1 181 75 0 0 256
2 0 0 141 21 162
3 0 0 44 2 46
4 0 0 7 369 376

Table 3.14: Data: degree of book deterioration (special case 5).
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Degree of book deterioration
Intact Slight Moderate Extreme
Group j o Cy Cs Cy Total
1 181 75 0 0 256
2 0 146 1 15 162
3 0 46 0 0 46
4 0 376 0 0 376

Table 3.15: Data: degree of book deterioration (special case 6).

3.3 Subset containing all best groups

In this section we consider J independent groups denoted by Gi,...,G s, so no
information about any aspect related to one or more group(s) contains information
about any aspect of the other groups. We divide these multiple groups into two
non-empty subsets of groups, S and S¢, and we apply the A(,)-based inferences per
group to consider one future observation for each group. We derive the NPI lower
and upper probabilities for the event that all these future observations for groups in
S are less (so in categories ‘further to the left’) than all the future observations for
groups in S¢ Let S = {ji,...,jw} C {1,...,J} be the selected subset containing
w groups, for 1 <w < J —1, and let S¢ = {1,...,J} \ S be the subset of the not
selected groups (i.e. the complementary subset to .S) which contains J — w groups.

The NPI lower and upper probabilities for the event that the next observation
of each group in S is less than the next observation from each group in 5S¢, denoted
by

Ps="P (maxXijJrl < grelggXil+1)

jes

and

—_— = .
— J oyl
Pg=P (maxanJrl < min an+1)

jes
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These are given in Theorem 3.3, we use the following notation for the left and
right configurations
n,+1 if k=1

L = , (3.30)
n, if k=2,....K

nl if k=1,...,K—1

R, = ; _ (3.31)
n,+1 if k=K

Theorem 3.3. The NPI lower and upper probabilities for the event that the next
observation of each group in S is less than the next observation from each group in

the complementary set S¢ are

K-1
Z Z Hn]+1 HPL Xll+1 ECMW—HK) (3.32)

kj,=1 je€S lese

K-1
?;- Z Z H ]+1HPR +1€CMW+1K) (333)

ki, =1  kj,=1 j€S lese

where My = max{k;,,...,k;,} and with the sums over k; = 1,..., K — 1 for all
jES:{jl,...,jw}.

Before we prove these results in general, we present the proof for a case of four
groups, as this is easier with regard to notation and explaining all steps well. Let
there be four groups and suppose we are interested in the subset which contains
groups 1 and 3, so S = {1,3} and S¢ = {2,4}. We derive the NPI lower and upper
probabilities (3.32) and (3.33) for the event that the next observations of groups 1
and 3 are both less than the next observations from both groups 2 and 4. The lower

probability can be derived as follows, where we use the notation My, = max {k;, k3},

_ J l
P (inelng < ImnX l+1) =P (ﬂ {gnz%)éX < X, +1}>

lese

=P ({anﬂ > maXXfL]H} ﬂ {Xn4+1 > maXXfL]H})

g
K K ' .
>y ({ Ko s 1 Kb > g, mx;meokj})
ki=1 ks=1 ’ j=1,3

k3
( niy1 € Ckl? n3+1 < Cks)
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AV
=
L
=

1
) : A . .
P ({anﬂ > jIrzlzlau??injH} ﬂ {Xn4+1 > jII:léli%Xij+1} | ﬂ {Xfwrl € C’k‘j}>

1 j=1,3

Bl

2
Il
—

X

S

T o
i

(Xrlll+1 € Ok17X23+1 S Ck;3)

0
>

3

N, . 4
(nl + 1) (n3 -: 1) P (X732+1 < CMW“:K) P (Xn4+1 € CMW+1,K)

>

K
Il
>

w
Il
—_

v
0
=
7 N
3
Rl

n3
) (n3 I_t 1) PY (X721 € Chyrx) PV (Xayy € Crysii)

K-1 K-1 1 3
n n
+ ( ky ) ( k3 ) PL (X22+1 € Ck3+1,K) PL (Xs4+1 € Ck3+1’]()

K-1 Kk 1 3 K 2 K 4
S () ) 2
nt+1 nd+1 n?+1 +n4+1

= =k1

k1=1 ks3=1 f=k1+1 f=k1+1
K-1 K-1 nl n3 K n2 K nA
k k f f
. 9) (#5) X 75 2 - 531
P nt+1 nd+1 Pt n?+1 Pt n*+1
Equation (3.34) is the maximum lower bound for P (max Xijﬂ < min Xilﬂ) which
j=13 1=2,4
can be achieved, so the NPI lower probability is
Pligy =
K-1 Kk K K-1 K-1 K
S oo T (X 4)+ X 5 ohoi T ¥
k=1 ky=1 =24 \f=ki+1 ki=1 ky=ki+1 =24 f=ky+1
(3.35)

with A = [H?:l (n? + 1)}1. In the derivation of this lower bound, we use the
assumption A,y for group j, with assumed independence of the groups. The first
inequality follows by putting the probability mass per interval for groups 1 and 3
at the right endpoints. The term for category K disappears from the summation

because if X’

w1 € COk,j = 1,3, then the probability of the next observations of

group 2 and 4 being greater than the next observations from both groups 1 and 3
is zero. The second inequality contains two terms; one when k; > k3 and the other
when k; < k3. Moreover, we get Equation (3.34) by using the left configuration of
the latent variable representations for groups 2 and 4.

The corresponding upper probability for this event is again derived similarly but
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by putting the probability masses at the opposite endpoints,

P (imlbéX i1 < mlnX l+1) =P (ﬂ {I%%SXX i1 S X +1}>

leSe

= ({anH >maxXiJ+1}ﬂ{X,ﬁ4+1 >maXXiJ+1}>
K K . . .
=2, 2.7 ({X > §n%?§Xim} M {Xﬁm > §n%?§Xim} [ {X0 € %})

7j=13

x P (X,ELlJrl S CkngSJrl € Ck’d)

< P ({Xn2+1 > ?1211>§X 1} ﬂ {X34+1 > jni%XfﬂH}| ﬂ (X, € ij}>

=13

X PL (X 149 c Ckla n3+1 S Ck3)

1 (nd+1 3 nk 1 ops
=y () (5
nl+1\n3+1 & n3+1 nl+1 nd+1 — n3+1

o -
x P (Xn2+1 € CMW+1 K) P (Xn4+1 € CMWJFLK)
1) (md+1) , (ni+] Kzl ni, \, (il Kzl n,
nt+1 n3+1 nt+1 nd+1 n3+1 nt+1

ks=2 k1=2

K-1 K-1

23 () (35)

P (X52+1 € CMW+1,K) P (X$4+1 € CMW'*-LK) <*)

(3.36)

In the next step Equation (3.36) becomes more complicated as we will take the right

configuration for groups 2 and 4, so it is useful to use the notations Lij and Ri], in

the rest of the proof as follows:

L % K-1 L K-1 k Li-
< 1 i J
o <) S B S

1=2 k3=2;j=1,3

X PR (X22+1 S Ckl-FLK) PR (Xﬁz;_,_l S Ck1+1 K)

()RR 3 ()

k1=2 ks=k1+137=1,3

X PR <X72L2+1 S Ck3+17[{) PR (Xﬁ4+1 € Ck3+1,K)



3.3. Subset containing all best groups 40
J K l
S () I (2 )
j=1,3 =24 \f=ki+1
K l
l
34 \jetrg1 ! t1
K—-1 ki K 1
R
f
- > )
k1=2 k3:2j:1,3 ( + > ( :2,4 (f:k1+1 n _I_ 1
i K-1 3 K l
) 2 ) (I (2
nl+1 — n3+1 n +1
4=

=24 \f=ks+1

K-1 K-1 Li K le
- 3.37
* . <n9+1><H (Z nl—l—l)) ( )
k1=2 ks=ki1+1j=1,3 1=2,4 f=k3+1

Formula (3.37) is the minimal upper bound which can be achieved for

N\

P (gnalng < m%ri X! Wy +1>’ so the upper probability is

K
< [ 3 l
P (I2) T (X #)vaXa 1l (3 #)
j=1,3 1=2,4  \f=ki+1 k=2 1=2,4 \f=ki+1
K-1 1 ' K K-1 K
XTI (X #)) X T (3 m)
k1=2 k3=2j=1,3 1=2,4 \f=ki+1 k3=2 1=2,4 \f=ks+1l
K-1 K-1 ' K
+ (1) 11 (Z R;> (3.38)
k1=2 ks=k1+175=1,3 1=2,4 f=k1+1

, -1
again with A = [szl (n? + 1)} .

We now prove Theorem 3.3 for the general case, along the same lines as above.

Proof. We derive the NPI lower probability (3.32), with My, = max{k,,,...,k;,}.

P (I?eachfle < ElelgrgXél+l> =P (ﬂ {X I > maxX +1}>

leSe jes
K K
B ! j j ;
_Z.. P(ﬂ {an+1>m£§<X }]X]+1€ij,]65>
k=1 k=1 lese
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K-1 K-1
! / i
> Z P(ﬂ{Xz+1>I§laSXXJ }|Xij+160kj,j€S>
k:j1=]. kj,=1 lesSe
R
X HP n]+1 S ij)
JES
K-1 ,
— Z 1T J+1HP<{ n+1>r§1§§<X +1}‘Xij+1€ij7j€S>
kj,=1  kj,=1 j€S lese
(3.39)
K—1 K-1
— Z n9+1 HP n+1ECMW+1K)
kj =1 w=1 JES lese
K-1 '
L
> Z H oy + H P (X, +1 € Cry+1,K) (3.40)
kj,=1  kj,=1 j€S lese

We stop at this step, as many terms have to be written to get the final formula.
However, this can be easily computed with the statistical software R. In this deriva-
tion, we use the assumptions A, for all groups with assumed independence of the
J groups. The term for categories C'x disappears from the summations because for

any combination, if one or more X’ j € .5, are in the last category Ck, then the

ni+17

> maXX +1} is zero. Inequality (3.39) fol-

probability for the event () {X 1

lese
lows by using the right configuration for groups j € .5, so by putting the probability
masses per interval for all groups in S at the right endpoints and for all groups in

S¢ at the left endpoints in the latent variable representation, using Equations (3.30)

and (3.31). The corresponding NPI upper probability (3.33) is

P (I?E%XX]JH < mmX l+1) =P (ﬂ {X i > maxXiJH})

lese
Iy (m NN WIS
leSe
X H P n3+1 € Ck]‘)
jES

K-1 K-1 . A
< ) Z P (ﬂ {Xrlzl—i-l > meagiXim} [ X1 € Cyid € S)

kjlzl kjwzl lese /

X HPL n3+1 € ij)

JjES
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K1

B k=1 Zl H n/ + 1 zl_S[c P (s & Caaa) -
K—1

< Z H oy + 1 H PR (XL, € Caryrri) (3.42)
Ky =1 1 jes lese

This upper probability is also derived by using Equations (3.30) and (3.31) with the
assumed independence between different groups. Inequality (3.41) follows by putting
the probability mass per interval at left endpoints for groups 7 € S in the latent
variable representation. Equation (3.42) is quite complicated as we have to consider
all combinations where one or more Xi it1» J € 5, are in the first category, but
it can easily be computed using the statistical software R. Because the expressions
in (3.40) and (3.42) are sharp, in the sense that they are attained for the specified
configurations, they are the optimal lower and upper bounds for the probability of
interest under the assumptions made, and hence they are the NPI lower and upper

probabilities for the event considered. O

It can also be of interest to consider the event that the next observation of each
group in S is less than or equal to the next observation from each group in the com-

plementary set S¢. We denote the NPI lower and upper probabilities for this event by

<
PS = P | max X’ <m1nXl
-5 T\ jeSs ni4+l = leSe +1

and

Py =P (r?e%xan+l < mln an+1

These are presented in Theorem 3.4.
Theorem 3.4. The NPI lower and upper probabilities for the event that the next

observation of each group in S is less than or equal to the next observation from

each group in the complementary set S¢ are

P5 = Z Z H ni + 1 H P (X141 € Coty ) (3.43)

L=1 jes lese

s = Z Z H H PR (X%, € Cry o) (3.44)

kj, =1 jes leSc
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where My = max{kj,,...,k;,} and with the sums over k; = 1,..., K for all j €

{1,

Proof. The lower probability (3.43) is derived as follows:
P (I?EaSXX i1 < ?61}91;1)( l+1) =P (lgc {X i 2 %IE%XX +1}>
K
kj, =1

<ﬂ { nl+1 > maXX } |an+1 € ijv.] S S)

lese

K
)
H nJ-i-lEOk)
JES
K .
Z (ﬂ{ ni+1 >I§1€a§(X +1}‘X1]1J+1€C’€j7j€5)

lese

'MN

] w =

X HPR nH—l € Ck‘j)

]GS
K .
- Z (m {Xilﬂ = I?Eachin} |Xn1+1 € ChsJ € S)
ki =1 —1 jes't lese
'«
:ZZ H ]+1 HP XL € Cuny )
kj =1 kj,=1 je€S lese
K
Z Z H nJ + 1 H PL +1 € CMW K) (3.45)
kj =1 kj,=1 je€S leSe

The upper probability (3.44) is derived as follows:

P (r;leagX i S Illelgch l+1) =P (ﬂ {X 4 2 IzleaganJ-i-l})

lese

K K
— Z Z (ﬂ { z+1>maxXJJ+l|XJ]+lEij,jGS}>
kj =1 o =1 lese
P (XnJJrl € Ck? )
S

IA
[M] =
NGB

P(ﬂ {Xn+ >r§1§§<X]]+1] nJHGCk].,jES})

>
Il

—_
>
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K K
= Z Z LH ni —|— 1 H r (ﬂ { nit1 2 I]](lSLXXJJ+1|X]J+1 €ChyJ € S})]
kj=1 k=1 lese  \lese
K K
k=1

nl+1 S CMW, )

1 jes z Se
K K
sz~~z I TP (s < o 3.0
ki =1 w=1 J€ES lese

]

These lower and upper probabilities are derived similarly to the lower and upper
probabilities (3.32) and (3.33) but with < everywhere replaced by <, and the K
terms in the summation that were equal to zero in (3.32) and (3.33) are now not
equal to zero, giving some additional terms in the summation. Equations (3.45) and
(3.46) can be easily computed using R.

To explain the notation and steps in this proof in more detail, we present the

case with four groups in Appendix A.2.

3.4 Subset containing the best group

An alternative event that may be of interest in multiple comparisons is that the next
observation of at least one group in S = {j1,...,juw} C {1,...,J} is less than the
next observation of each group in 5S¢, so that S contains the group with the minimal
next observation. The NPI lower and upper probabilities for this event are denoted
by

P =P (mmX] < min X!, 1)

jes — AL T gcge
and

?; =P (IHIIIX i < mln an+1>

JES
These lower and upper probabilities are given in Theorm 3.5, using notation Lij

and R‘,ij as defined in (3.30) and (3.31).

Theorem 3.5. The NPI lower and upper probabilities for the event that the next

observation for at least one of the selected groups is less than the next observation
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from each group in the complementary set S¢ are

g;:z >S5 HMHPL O (4D

= kj,=1 j€S lese
—<
PSl:Z Z H J_|_ HPR n+1€CMw+1K) (3.48)
=1 j€S lese
where M,, = min{k,,,...,k;,} and the sums are over k; = 1,..., K for all j €
{jla s 7jw}-

Proof. The proof of this theorem is similar to the proof of Theorem 3.3, with ‘max’
replaced by ‘min’ everywhere and ‘My’ replaced by ‘M, . Moreover, here all K
terms remain in the summation, as there is only one term which is equal to zero,

namely when the next observation from all groups in S are in the last category

Ck. O

The corresponding NPT lower and upper probabilities for the event that the next
observation of at least one group in S is less than or equal to the next observation
of each group in 5S¢, denoted by £§1 and F;l, respectively, are similar to (3.47) and
(3.48) but with M,, + 1 replaced by M, in the events involving the groups in S°¢ in
the probabilities on the right-hand side.

For more detailed explanation, we give the proof of Theorem 3.5 for the case

with four groups, S = {1,3} and 5S¢ = {2, 4}, in Appendix A.3.

Example 3.7. The data in Table 3.16, taken from [1, 2], refer to a clinical trial
involving 802 patients who experienced trauma due to sub-arachnoid haemorrhage
(SAH). There are four treatment groups (J = 4), representing a control group and
three groups corresponding to different dose levels. The Glasgow outcome scale is
presented by five ordered categories (K = 5).

The inequality-constrained test discussed in Section 2.1 is applied to test the
null hypothesis Hy : m; = my = w3 = w4 against H, : my > w9 > w3 > my, with
categories Cy — (5 are combined to illustrate the inequality-constrained test for
binomial parameters. The test statistic, as given in Equation (2.1) is G*(1|0) = 3.27
and has p-value 0.095, so the null hypothesis is not rejected if significance level 0.05
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Glasgow outcome scale
Treatment Death Vegetative Major Minor Good Total
Group (j) State Disability  Disability ~Recovery
Ch Cy Cs Cy Cs

Placebo (1) 59 25 46 48 32 210
Low dose (2) 48 21 44 47 30 190
Medium dose (3) 44 14 54 64 31 207
High dose (4) 43 4 49 58 41 195

Table 3.16: Sub-Arachnoid Haemorrhage (SAH) data

is used. For the full 4x5 table the inequality-constrained test shows evidence of
association with p-value = 0.002 [1].

We apply our NPI method by considering explicitly the next patient for each
group. We use this data set to illustrate the NPI lower and upper probabilities for
the events discussed in this section and Sections 3.3.

Table 3.17 presents the NPI lower and upper probabilities (3.32), (3.33), (3.43)
and (3.44) for the event that the next observation of each group in S is less than (or
equal to) the next observation of all groups in S¢, so S contains the groups which
provide the smallest next observations, which in this example actually implies the
worst outcomes in real-world terms. We present the results for all subsets S to
illustrate the new approach presented in this chapter. Of course, some such subsets
may not be of much practical interest, for example it may be more logical to consider
subsets consisting of neighbouring groups than other subsets, restricting attention
to such subsets, if deemed appropriate, is straightforward. For S containing only a
single group, group 4 (High dose) has the smallest lower and upper probabilities of
providing the minimal next observation (so worst outcome) while group 1 (Placebo)
has the largest lower and upper probabilities for this event. The NPI lower and upper
probabilities for these events are not monotone if S increases, which is logical as the
events corresponding to increasing subset S are not such that one implies the other.
As the event r?eagx Xijﬂ < grelgrcl XrlLl+1 implies the event r?eegx Xijﬂ < grelég Xfllﬂ and
because there are multiple observations of each group in each category, the NPI lower

and upper probabilities £§ and F; are greater than P and ﬁ;. The imprecision
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is less than 0.01 for all events considered, reflecting the substantial numbers of data

for all four groups.

Subset (S) | P§  Ps AS | Ps  Ps  AS
{1} 0.1883 0.1947 0.0064 | 0.4298 0.4378 0.0082
{2} | 01661 0.1721 0.0060 | 0.3958 0.4044 0.0086
{3} |0.1281 0.1332 0.0051 | 0.3380 0.3460 0.0080
{4} | 01155 01204 0.0049 | 0.3171 0.3247 0.0076
{1,2} 0.1441 0.1497 0.0056 | 0.3224 0.3317 0.0093
{1,3} |0.1164 0.1214 0.0050 | 0.2818 0.2005 0.0087
{1,4} | 0.0977 0.1021 0.0044 | 0.2531 0.2572 0.0041
{2,3} 0.1051 0.1097 0.0046 | 0.2618 0.2700 0.0082
{2,4} 0.0879 0.0920 0.0041 | 0.2312 0.2389 0.0077
{3,4} | 0.0721 0.0757 0.0036 | 0.2011 0.2081 0.0070
{1,2,3} |0.1935 0.2008 0.0073 | 0.4304 0.4490 0.0096
{1,2,4} 0.1477 0.1539 0.0062 | 0.3719 0.3814 0.0095
{1,3,4} |0.1356 0.1417 0.0061 | 0.3388 0.3478 0.0090
{2,3,4) | 01266 0.1322 0.0056 | 0.3185 0.3269 0.0084
Table 3.17: SAH data: rjneaécXij b < (HminX],

Before we consider other events, we introduce a variation to this data set to

illustrate our approach further. The changed SAH data set in Table 3.18 has the

same numbers per group as the original data in Table 3.16, but the numbers per

category are changed such that for groups 1 and 2 the numbers in C; and C5 are

substantially increased while those in Cy and C5 are decreased, and for groups 3 and

4 this change is the other way around. This leads to the outcomes being far worse

Glasgow outcome scale
Group (j) Ci Cy C3 Cy4 (5 | Total
Placebo (1) 8 55 46 & 12| 210
Low dose (2) 78 41 44 17 10 | 190
Medium dose (3) | 5 4 54 74 70 | 207
High dose (4) 3 4 49 78 61| 195

Table 3.18: Changed SAH data
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for groups 1 and 2 than for groups 3 and 4, which is clearly reflected by the NPI
lower and upper probabilities presented in Table 3.19.

Subset (S) | P§  Ps AS | Ps  Ps  AS
{1} | 03391 03493 0.0102 | 0.6442 0.6537 0.0095
{2} | 02953 0.3047 0.0094 | 0.5958 0.6051 0.0093
{3} | 00129 00151 0.0022 | 0.0630 0.0694 0.0064
{4} | 00100 00122 0.0022 | 0.0537 0.0603 0.0066

{1,2} 0.5755 0.5897 0.0142 | 0.7953 0.8100 0.0147
{1,3} 0.0427 0.0467 0.0040 | 0.1488 0.1568 0.0080
{1,4} 0.0396 0.0436 0.0040 | 0.1430 0.1511 0.0081
{2,3} 0.0326 0.0361 0.0035 | 0.1200 0.1271 0.0071
{2,4} 0.0305 0.0340 0.0035 | 0.1142 0.1215 0.0073
{3,4} 0.0025 0.0029 0.0040 | 0.0172 0.0188 0.0016
{1,2,3} 0.2786 0.2880 0.0094 | 0.6017 0.6126 0.0109
{1,2,4} 0.2856 0.2952 0.0096 | 0.6090 0.6195 0.0105
{1,3,4} 0.0293 0.0324 0.0031 | 0.1082 0.1150 0.0068
{2,3,4} 0.0272 0.0299 0.0027 | 0.0894 0.0952 0.0058

< (<) min X!,

Table 3.19: Changed SAH data: mag(Xij+1 S)min X,

j€

The imprecision varies now more for the different events than was the case for
the original data, even though the numbers of observations are the same. This is
due mostly to the fact that some of the lower and upper probabilities are now very
small while others are closer to 0.5. Typically, if corresponding lower and upper
probabilities are both close to either 0 or 1, the imprecision tends to be smaller
than for lower and upper probabilities which are close to 0.5, when based on similar
numbers of data. One might compare this typical behaviour of imprecision with the
variance p(1 — p) for a single Bernoulli- distributed random quantity in the classical
setting, if the success probability p is known. This variance is maximal for p = 0.5
and decreases to zero when p goes to 0 or 1. However, imprecision reflects lack of
information which is different to the stochastic variability reflected by the variance.

One detail of Table 3.19 that is of interest is seen by comparing the lower and
upper probabilities for subsets including either group 3 or group 4. When considering

S of size 1 or 2, the lower and upper probabilities for S with group 3 included are
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slightly larger than those with group 4 included. However, for S = {1,2,3} and
S ={1,2,4} the effect is the other way around, so adding group 3 to groups 1 and
2 increases these lower and upper probabilities less than adding group 4. This is
just a consequence of the detailed data, such an effect did not occur for the original
data above. It shows again that there are no straightforward monotonicities in this

approach, of course this is a reflection of the data.

Subset (S) | PS5, Ps AL | PS5 Pa AL
{1} | 01883 0.1947 0.0064 | 0.4208 0.4378 0.0082
{2} | 01661 0.1721 0.0060 | 0.3958 0.4044 0.0086
{3} | 01281 0.1332 0.0051 | 0.3380 0.3460 0.0080
{4} | 01155 0.1204 0.0049 | 0.3171 0.3247 0.0076

{1,2} 0.4204 0.4296 0.0092 | 0.7090 0.7173 0.0083
{1,3} 0.3705 0.3796 0.0091 | 0.6641 0.6727 0.0086
{1,4} 0.3545 0.3635 0.0090 | 0.6481 0.6568 0.0087
{2,3} 0.3432 0.3519 0.0087 | 0.6365 0.6455 0.0090
{2,4} 0.3273 0.3359 0.0086 | 0.6204 0.6295 0.0091
{3,4} 0.2827 0.2910 0.0083 | 0.5704 0.5796 0.0092
{1,2,3} 0.6753 0.6829 0.0076 | 0.8796 0.8845 0.0049
{1,2,4} 0.6540 0.6620 0.0080 | 0.8668 0.8719 0.0051
{1,3,4} 0.5956 0.6042 0.0086 | 0.8279 0.8339 0.0060
{2,3,4} 0.5620 0.5702 0.0082 | 0.8053 0.8117 0.0064

Table 3.20: SAH data: r]%igxg;j b < (minX],

Table 3.20 presents the NPI lower and upper probabilities for the event that the
next observation for at least one of the groups in S is less than (or equal to) the
next observation of each group in 5S¢ so this means that S contains the group with
the worst next outcome and this illustrates the results presented in this section.
Table 3.20 corresponds to the original SAH data in Table 3.16. Table 3.21 presents
the NPI lower and upper probabilities for the same events but with the changed
SAH data from Table 3.18. The lower and upper probabilities in these tables are of
course monotonously increasing if S is expanded, as for example the event that the
subset {1,2} contains the smallest next observation implies that this also holds for

the subset {1,2,3}. For these events the conjugacy property is nicely illustrated,
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for example in Table 3.20 the NPI lower probability for the event that S = {1,2}
contains a group leading to the smallest next observation (with equal observations
for the groups in S¢ allowed) is equal to 0.7090, and the NPI upper probability for
the event that S = {3,4} contains the strictly smallest next observation is equal to
0.2910 =1 —0.7090. For S containing only a single group, the values in Tables 3.20
and 3.21 are equal to the corresponding values in Tables 3.17 and 3.19 as the events
are identical. The change in the data is clearly reflected in the different values in

these two tables.

Subset (S) | PS5, P AL | PS5 Pa AL

{1} 0.3391 0.3493 0.0102 | 0.6442 0.6537 0.0095
{2} 0.2953 0.3047 0.0094 | 0.5958 0.6051 0.0093
{3} 0.0129 0.0150 0.0021 | 0.0630 0.0694 0.0064
{4} 0.0100 0.0122 0.0022 | 0.0537 0.0603 0.0066

{1,2} 0.8817 0.8932 0.0115 | 0.9712 0.9756 0.0044
{1,3} 0.3674 0.3775 0.0101 | 0.6741 0.6837 0.0096
{1,4} 0.3623 0.3722 0.0099 | 0.6691 0.6787 0.0096
{2,3} 0.3213 0.3309 0.0096 | 0.6278 0.6377 0.0099
{2,4} 0.3163 0.3259 0.0096 | 0.6225 0.6326 0.0101
{3,4} 0.0244 0.0288 0.0044 | 0.1068 0.1183 0.0115
{1,2,3} 0.9397 0.9463 0.0066 | 0.9878 0.9900 0.0022
{1,2,4} 0.9306 0.9370 0.0064 | 0.9850 0.9871 0.0021
{1,3,4} 0.3949 0.4042 0.0093 | 0.6953 0.7047 0.0094
{2,3,4} 0.3463 0.3558 0.0095 | 0.6507 0.6609 0.0102

Table 3.21: Changed SAH data: min Xy < ()min X,

We briefly consider what happens if, with the same data, some of the groups
or some of the categories are combined. In Table 3.22 the original SAH data are
presented following combination of groups 3 and 4 (now just called group 3) and
also combination of categories 2 to 5 into a single category ‘not death’ (now just
called category 2). The corresponding NPI lower and upper probabilities for the
event that the next observation for each group in S is less than (or equal to) the
next observation for all groups in S¢ are presented in Table 3.23.

The main difference with the original results in Table 3.17 is that the differences
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Group j | C; C5y | Total

1 99 151 | 210
2 48 142 | 190
3 87 315 | 402

Table 3.22: Combined SAH data

Subset (S) | P§ ~ Ps A5 | Ps  Ps  AS

{1} 0.1625 0.1669 0.0044 | 0.6982 0.7045 0.0063
{2} 0.1406 0.1449 0.0043 | 0.6701 0.6765 0.0064
{3} 0.1149 0.1178 0.0029 | 0.6331 0.6399 0.0068

{1,2} 0.0549 0.0572 0.0023 | 0.7970 0.7998 0.0028
{1,3} 0.0449 0.0465 0.0016 | 0.7589 0.7643 0.0054
{2,3} 0.0388 0.0404 0.0016 | 0.7311 0.7360 0.0049

Table 3.23: Combined SAH data: mas);Xij
j€

+1 < (<) }ggchleH-l

between the P§ and F; and the corresponding £§ and F§ have become substan-
tially larger. This is due to the grouping of categories 2 to 5, which of course leads
to far fewer opportunities for future observations of different groups to be different,
as now all observations in the new category 2 cannot be distinguished. Of course,
group 1 is still worst in the sense of giving the largest lower and upper probabili-
ties of the next observation being ‘death’, and the combined group 3 is best in this
respect, reflecting that the original groups 3 and 4 were both better than groups
1 and 2. Most important, however, is to be aware that the NPI lower and upper
probabilities for specific events depend on the representation of all the groups and
categories.

Finally, Table 3.24 presents the NPI lower and upper probabilities for the com-
parison of groups 1 to 3 after group 4 is removed, using the data from Table 3.16.
So now no information of group 4 is taken into account and it does not appear in
either S or S It is clear by comparing Table 3.24 to Table 3.17 that deleting group
4 leads to increased NPI lower and upper probabilities for the events represented,
which is logical as group 4 not longer ‘competes’. The imprecision also seems to

have increased a bit, but this is most likely due to the lower and upper probabilities



3.4. Subset containing the best group 52

moving a bit closer to 0.5. This may actually mask an effect in the other direction,

as removing a group will probably have the effect of reducing imprecision a bit [32].

Subset (S) | P§  Ps A | Ps  Ps  AS

{1} 0.2621 0.2692 0.0071 | 0.4931 0.5014 0.0083
{2} 0.2334 0.2402 0.0068 | 0.4578 0.4664 0.0086
{3} 0.1850 0.1911 0.0061 | 0.3963 0.4045 0.0082

{1,2} 0.2595 0.2673 0.0078 | 0.4860 0.4954 0.0094
{1,3} 0.2258 0.2333 0.0075 | 0.4365 0.4457 0.0092
{2,3} 0.2082 0.2152 0.0068 | 0.4094 0.4181 0.0087

Table 3.24: SAH data without group 4: r;leaécXin < () }ggg szlﬂ

A

Example 3.8. In this example we illustrate our methods when we have a small

number of observations in each group. The data are presented in Table 3.25.

Categories
C, Cy, C3 C, Cs | Total
Gy | 9 6 4 1 1 21
Go | 8 4 4 2 1 19
Gs | 1 1 5 6 7 20
Gy | 1 1 5 8 6 21

Table 3.25: Data: Small number of observation

The NPI lower and upper probabilities for the event that the next observation
of each group in S is less than (or equal to) the next observation of all groups
in the complementary set, as presented Section 3.3, are given in Table 3.26. The
conclusions from Table 3.26 are in line with those discussed for Example 3.7 and as
given in Table 3.17, but Table 3.26 shows more imprecision than Table 3.17, due to
the substantially smaller numbers of observations in Example 3.8 than in Example

3.7.
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Subset (S) | P§  Ps AS | Ps  Ps  AS

{1} 0.2683 0.3561 0.0878 | 0.5837 0.6685 0.0848
{2} 0.2287 0.3086 0.0799 | 0.5349 0.6171 0.0822
{3} 0.0183 0.0412 0.0229 | 0.0796 0.1394 0.0598
{4} 0.0184 0.0415 0.0231 | 0.0800 0.1403 0.0603

{1,2} 0.4434 0.5630 0.1196 | 0.6440 0.7700 0.1260
{1,3} 0.0469 0.0864 0.0395 | 0.1394 0.2134 0.0740
{1,4} 0.0482 0.0895 0.0413 | 0.1436 0.2193 0.0757
{2,3} 0.0331 0.0672 0.0341 | 0.1070 0.1733 0.0663
{2,4} 0.0343 0.0700 0.0357 | 0.1097 0.1773 0.0676
{3,4} 0.0032 0.0107 0.0075 | 0.0186 0.0409 0.0223
{1,2,3} 0.2307 0.3144 0.0837 | 0.5144 0.6106 0.0962
{1,2,4} 0.2562 0.3447 0.0885 | 0.5480 0.6411 0.0931
{1,3,4} 0.0298 0.0628 0.0330 | 0.1084 0.1756 0.0672
{2,3,4} 0.0226 0.0511 0.0285 | 0.0797 0.1376 0.0579

Table 3.26: Small data: max X7, < (<) min X
; nJ+1

nas min X (Example 3.8)

3.5 Subset selection

In this section we discuss selecting a subset according to any criterion in terms of
the NPI lower or upper probabilities presented in previous sections. For example,
we may be interested in selecting a subset of minimal size for which Py > 0.5. In
addition, if multiple subsets with the same size satisfy this criterion, we may chose
the subset with the largest lower probability. Selection problems are common in
statistics and several methods have been presented [8,41,64]. For example, they are
used in screening experiments where, to end up with a small number of preferred
treatments, one starts with all those available, then after a number of observations
one wishes to continue with only a subset of all treatments, which should be likely
to contain (all) the best treatment(s). Such subset selection will be discussed in

detail in two examples.

Example 3.9. In this example we use Table 3.19 to select a subset which has NPI
lower probability for the event that the next observation of each group in S is less

than (or equal to) the next observation of all groups in the complementary set greater
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than 0.5. From Table 3.19 we can see that groups 1 and 2 have the largest lower

probabilities and also only the subset {1,2} has lower probability greater than 0.5

for the event max X i < () gn}qn X i In addition, any subset containing groups
s [SIol

J+1 L1

1 and 2 also has the largest lower probability for the event r?eag{ X 7]1 i S grelgn X TZL L1
£{§1,2,3} = (0.6017 and 2{51,274} = 0.6090. Using Table 3.19, if we want to choose the
subset of size 2 which contains all the worst groups, then we will choose S = {1,2}.

Furthermore, table 3.21 shows that again the subset {1,2} has the largest lower
probability for the event Ijnelgl X, < () min X!i1s Py = 0.8817 and B{SLQ} =
0.9712, so it is the best choice for the subset of size two, which contains the worst
group, considering the event that the next observation for at least one of the selected
groups is less than the next observation from each group in the complementary set
S¢. For subsets of size 3, again the subsets {1,2,3} and {1,2,4} have the largest

lower probabilities and we choose the subset {1,2,3} as the best subset containing

the worst group, where £{<17273} = 0.9397 and B{SLQ’?)} = 0.9878 .

Example 3.10. The data in Table 3.27 were presented by Agresti [1], and describe
the relationship between children’s mental health status and parents’ socio-economic
status (SES) for 1660 residents of Manhattan. Various models were fitted for these
data, for example a row and column effects model which indicated positive associa-
tion [1]. The children’s mental health status is presented in 4 categories; well, mild
symptoms, moderate symptoms and impaired.

We consider all possible subsets for this example to illustrate our method, in
practice one may wish to restrict attention to some of these subsets. Tables 3.28
and 3.29 give the NPI lower and upper probabilities for the event that the next
observation for at least one of the selected groups is less than (or equal to ) the
next observation from each of the non-selected groups, as presented in Section 3.4,
for all possible subsets of sizes 2, 3, 4 and 5. The results from these tables can be
used to select the best subset. For example, if we want to select the subset with
size 2 that has NPI lower probability greater than 0.6 for the event that the next

observation for at least one of the selected groups is less than or equal to the next
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Mental Health
SES | Well Mild Moderate Impaired | Total
Ch Cy Cs Cy
A 64 94 58 46 262
B 57 94 54 40 245
C 57 105 65 60 287
D 72 141 7 94 384
E 36 97 54 78 265
F 21 71 54 71 217

Table 3.27: Mental health and parents’ socio-economic status

observation from each of the non-selected groups, then subset {1, 2} will be the best
choice. Clearly, the lower and upper probabilities increase with extending subsets.
Finally, the particularly large number of observations in this example is reflected by

small imprecision.
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Subset (S) | PS5, Psi AL | PS5 P AL
! 0.10081 0.1047 0.0039 | 0.3849 0.3920 0.0071
(2} 0.0959  0.0997 0.0038 | 0.3807 0.3882 0.0075
{3} 0.0785 0.0818 0.0033 | 0.3339 0.3407 0.0068
{4} 0.0735 0.0763 0.0028 | 0.3211 0.3271  0.0060
{5} 0.0515 0.0541 0.0026 | 0.2610 0.2677 0.0067
{6} 0.0357 0.0381 0.0024 | 0.2045 0.2116 0.0071
{1,2} 0.2338 0.2410 0.0072 | 0.6396 0.6479 0.0083
{1,3} | 0.20908 0.2166 0.0068 | 0.6070 0.6153 0.0083
(1,4} | 02029 0.2094 0.0065 | 0.5977 0.6057 0.0080
{1,5} 0.1733 0.1794 0.0061 | 0.5542 0.5629 0.0087
{1,6} | 01516 0.1574 0.0058 | 0.5155 0.5247 0.0092
(2,3} | 02041 0.2108 0.0067 | 0.6018 0.6103 0.0085
(2,4} | 01972 02037 0.0065 | 0.5923 0.6006 0.0083
{2,5} 0.1681 0.1741 0.0060 | 0.5485 0.5574 0.0089
2,6} | 01465 0.1522 0.0057 | 0.5098 0.5192 0.0094
(3,4} | 01750 0.1809 0.0059 | 0.5576 0.5657 0.0081
{3,5} 0.1471  0.1526  0.0055 | 0.5116 0.5204 0.0088
{3,6} 0.1265 0.1318 0.0053 | 0.4709 0.4801 0.0092
{4,5} | 01410 0.1463 0.0053 | 0.5009 0.5094 0.0085
{4,6} | 01208 0.1257 0.0049 | 0.4597 0.4685 0.0088
{5,6} 0.0960  0.1007 0.0047 | 0.4077 0.4174 0.0097
{1,2,3} | 0.3866 0.3956 0.0090 | 0.7918 0.7986 0.0068
{1,2,4} | 03771  0.3862 0.0091 | 0.7847 0.7916 0.0069
{1,2,5} 0.3376  0.3460 0.0084 | 0.7527 0.7600 0.0073
{1,2,6} 0.3074 0.3155 0.0081 | 0.7254 0.7332 0.0078
{1,3,4} | 0.3459 0.3548 0.0089 | 0.7599 0.7672 0.0073
{1,3,5} | 0.3082 0.3164 0.0082 | 0.7264 7341  0.0077
{1,3,6} 0.2795 0.2873 0.0078 | 0.6977 0.7058 0.0081
{1,4,5} | 02998 0.3080 0.0082 | 0.7184 0.7262 0.0078
{1,4,6} | 02715 02793 0.0024 | 0.6895 0.6976 0.0081
{1,5,6} 0.2380 0.2454 0.0074 | 0.6515 0.6602 0.0087
{2,3,4} 0.3398  0.3485 0.0087 | 0.7546 0.7620 0.0074
{2,3,5} | 03024 0.3105 0.0081 | 0.7207 0.7285 0.0078

Table 3.28: Subset containing the best group:

NPI lower and upper probabilities
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Subset (S) | PS5, Pa AL | PS5 Ps AL
{2,3,6} 0.2738 0.2816 0.0078 | 0.6920 0.7002 0.0082
{2,4,5} | 0.2942 0.3023 0.0082 | 0.7127 0.7205 0.0078
{2,4,6} | 0.2659 0.2736 0.0077 | 0.6836 0.6918 0.0082
{2,5,6} 0.2328 0.2401 0.0073 | 0.6452 0.654  0.0089
{3,4,5} 0.2668 0.2746 0.0078 | 0.6845 0.6926 0.0081
{3,4,6} | 0.2424 0.2473 0.0049 | 0.6540 0.6624 0.0084
{3,5,6} | 0.2084 0.2153 0.0069 | 0.6138 0.6229 0.0091
{4,5,6} 0.2014 0.2082 0.0068 | 0.6043 0.6134 0.0091
{1,2,3,4} | 0.5826 05923 0.0097 | 0.8993 0.9040 0.0047
{1,2,3,5} | 0.5315 0.5403 0.0088 | 0.8743 0.8792 0.0049
{1,2,3,6} 0.4906 0.4991 0.0085 | 0.8537 0.8590 0.0053
{1,2,4,5} 0.5199 0.5291 0.0092 | 0.8682 0.8735 0.0053
{1,2,4,6} | 04796 0.4884 0.0088 | 0.8474 0.8529 0.0055
{1,2,5,6} | 0.4343 04424 0.0081 | 0.8191 0.8250 0.0059
{1,3,4,5} 0.4808 0.4902 0.0094 | 0.8478 0.8535 0.0057
{1,3,4,6} | 0.4426 04515 0.0089 | 0.8250 0.8319 0.0060
{1,3,5,6} | 0.3994 04077 0.0083 | 0.7963 0.8028 0.0065
{1,4,5,6} | 0.3897 0.3982 0.0085 | 0.7892 0.7959 0.0067
{2,3,4,5} 0.4753 0.4844 0.0091 | 0.8426 0.8484 0.0058
{2,3,4,61 | 04371 04458 0.0087 | 0.8206 0.8267 0.0061
{2,3,5,6} | 0.3943 0.4023 0.0080 | 0.7905 0.7971 0.0066
{2,4,5,6} 0.3847 0.3930 0.0083 | 0.7834 0.7902 0.0068
{3,4,5,6} | 0.3521 0.3604 0.0083 | 0.7590 0.7662 0.0072
{1,2,3,4,5} | 0.7884 0.7955 0.0071 | 0.9619 0.9643 0.0024
{1,2,3,4,6} | 07323 0.7390 0.0067 | 0.9459 0.9485 0.0026
{1,2,3,5,6} | 0.6729 0.6789 0.0060 | 0.9237 0.9265 0.0028
{1,2,4,5,6} | 0.6593 0.6661 0.0068 | 0.9182 0.9215 0.0033
{1,3,4,5,6} | 0.6118 0.6193 0.0075 | 0.9003 0.9041 0.0038
{2,3,4,5,6} | 0.6080 0.6151 0.0071 | 0.8953 0.8992 0.0039

Table 3.29: Subset containing the best group:

NPI lower and upper probabilities



3.6. Maximum next observation 58

3.6 Maximum next observation

The multiple comparisons have so far been presented in terms of minimum value(s) to
be in the set S, but the same approach can be used if interest is in maximum value(s).
One can turn around the order of the K categories and return to a formulation in
terms of minimum value(s), or for some events one can of course just exchange the
roles of S and S to return to an event of interest in terms of minimum value(s).
One can also derive the NPI lower and upper probabilities directly, along the same
lines as done for the minimum values above. The NPI lower and upper probabilities
for the event that the next observation from each group in S is greater than the
next observation from each group in 5S¢ are denoted by

Pz = P min X7, >maXX,
= —\jes TWHL T qege Tl

and

_> —_—
Py =P (r]rgéan i > maXX l+1)

These are given in Equations (3.49) and (3.50), respectively and derived in detail in
Appendix A 4.

K K
P = Z Y H o TP (X € Cuane) (3.49)
kj,=2 j€S lese
P = Z Z H pYa ST P (Xl € Cratya) (3.50)
kj,=2 jES lese

where M,, = min {k:jl, ki b

The NPI lower and upper probabilities for the corresponding event with ‘greater
than or equal to” are derived by replacing M,, — 1 by M, in Equations (3.49) and
(3.50). The NPI lower and upper probabilities for the event that the next observation
of at least one group in S is greater than (or equal to) the next observation of all

> (>)max X!, ., follow from Equations (3.49) and (3.50)

C
groups in S maxX i1 max X, 1)

by replacing ]\4z by M, in those equations.
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Example 3.11. Consider again the data set described in Example 3.7 (Changed
SAH data) and given in Table 3.18. The NPI lower and upper probabilities for the
event that the next observation from each group in S is greater than (or equal to)

the next observation from each group in S¢ are given in Table 3.30.

Subset (S) | PZ. ?g* AZ. P3. ?E* AZ.

{1} 0.0272  0.0299 0.0027 | 0.0894 0.0952 0.0058
{2} 0.0293 0.0324 0.0031 | 0.1082 0.1150 0.0068
{3} 0.2856  0.2952  0.0096 | 0.6090 0.6195 0.0105
{4} 0.2786  0.2880 0.0094 | 0.6017 0.6126 0.0109

{1,2} 0.0025 0.0029 0.0040 | 0.0172 0.0188 0.0016
{1,3} 0.0305 0.0340 0.0035 | 0.1142 0.1215 0.0073
{1,4} 0.0326 0.0361  0.0035 | 0.1200 0.1271 0.0071
{2,3} 0.0396 0.0436  0.0040 | 0.1430 0.1511 0.0081
{2,4} 0.0427  0.0467 0.0040 | 0.1488 0.1568 0.0080
{3,4} 0.5755  0.5897  0.0142 | 0.7953 0.8100 0.0147
{1,2,3} 0.0100 0.01217 0.0022 | 0.0537 0.0603 0.0066
{1,2,4} 0.0129 0.01504 0.0021 | 0.0630 0.0694 0.0064
{1,3,4} 0.2953 0.3047 0.0094 | 0.5958 0.6051 0.0093
{2,3,4} 0.3391  0.3493 0.0102 | 0.6442 0.6537 0.0095

Table 3.30: NPI lower and upper probabilities: Ijnelg Xin > (>) ?é%}f XﬁLlH

It can be seen from Table 3.30 that groups 3 and 4 give the largest lower and
upper probabilities for the event that the next observation of each group in subset

S is greater than the next observation from each group in the complementary set

S¢ (min X7
JjeSs

i1 so any subset containing these groups will be likely to

> max X'
leSe ™
give the maximum next observation. Clearly, subset {3,4} gives the largest lower

l+1>7

and upper probabilities as it has more combinations for the event that the next
observation of each group in subset S is greater than the next observation from each

group in the complementary set S°.
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3.7 Concluding remarks

In this chapter NPI has been presented for multiple comparisons for ordinal cate-
gorical groups. Although the data look like contingency tables, we do not test for
the independence but we consider inferences for future observations based on the
available data, which is an attractive alternative approach to the classical methods
which typically test hypotheses. Our results hold for a single future observation
for each category. If interest is in more future observations, the NPI approach is
possible too but it has not yet been developed; this is an interesting topic for future
research. It is also possible to combine NPI lower and upper probabilities with util-
ities in a decision theoretic framework, which will often be relevant in applications
with ordered categorical data. A further topic of interest is the possibility to use
other latent variable representations to model specific relations between different
categories. For example, there may be applications where a 2-dimensional latent
variable representation is suitable for the categories. This would require the devel-
opment of NPI for 2-dimensional random quantities, which is also an interesting

research challenge.



Chapter 4

Accuracy of ordinal diagnostic

tests

4.1 Introduction

In this chapter we introduce nonparametric predictive inference (NPI) for accuracy
of diagnostic tests with ordinal outcomes, with the inferences based on data for a
disease group and a non-disease group. The evaluation of the accuracy of a diag-
nostic test is crucial in many application areas, in particular for medical diagnoses.
Traditional statistical methods tend to use concepts like ‘sensitivity’ and ‘speci-
ficity’ to express such accuracy, and these are combined into the Receiver Operating
Characteristic (ROC) curve, which has become a popular methodological tool which
provides insight into the quality of the test. Sensitivity, specificity and the ROC
curve are properties of assumed underlying populations and their probability distri-
butions, and are estimated from available data, in line with the traditional frequen-
tist approach to statistics. The data consist of observations of test outcomes for two
groups, one consisting of individuals known to have the disease or other condition
of interest, the other consisting of non-diseased individuals. The predictive nature
of NPI can be attractive for diagnostic tests as one may wish to consider explicitly
the quality of the test for one or more future individuals. Recently, Coolen-Maturi
et al [27] introduced NPI for accuracy of diagnostic tests which have real-valued

outcomes, and also for tests with binary outcomes [28].

61
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In many medical applications, as well as in other areas, diagnostic tests with
ordinal outcomes appear, so the test gives a result in one of several ordered categories
[1,7]. In this chapter, NPI for such ordinal diagnostic tests is presented, using the
NPI approach for ordinal data which was presented in Section 2.4 [25]. Section 4.2
provides a brief introduction to ordinal diagnostic tests. In Section 4.3 we explain
how the usual empirical estimator for the ROC curve for ordinal diagnostic tests
can be generalized to empirical lower and upper ROC curves. NPI lower and upper
ROC curves for ordinal diagnostic tests are introduced in Section 4.4, where also the
use of the Youden index for determining an optimal cut-off point for the diagnostic
test is discussed. In Section 4.5 the areas under the NPI lower and upper ROC
curves are presented, and it is shown that these are equal to the NPI lower and
upper probabilities for correctly ordered future observations from the non-disease
and disease groups. Section 4.6 presents two examples to illustrate and discuss the
new approach presented in this chapter, and Section 4.7 presents some concluding

remarks.

4.2 Ordinal diagnostic tests

We consider a diagnostic test with ordinal test results, meaning that the test outcome
for each individual indicates one of K > 3 ordered categories, denoted by ' to Ck
and representing an increasing level of severity with regard to their indication of
the presence of the disease (or other condition) of interest. We assume throughout
this chapter that error-free data are available on individuals in two groups according
to known disease status, with presence of the disease (‘disease group’) indicated by
D =1 and absence of the disease (‘non-disease group’) by D = 0. The notation for
the numbers of individuals for each combination of disease status and test result is
introduced in Table 4.1. Throughout this chapter the disease (non-disease) group is
indicated by a superscript 1 (0).

We will assume that thereisa k € {1,..., K} such that a test result in categories
{Cy, ..., Ck } is interpreted as indicating presence of the disease (‘positive test result’)

and a test result in categories {C1,...,Cx_1} as indicating absence of the disease
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Diagnostic test result
Condition status | C; ... Cp_1 Cr ... Cg | Total
D=0 nd ooml o nd ool | onl
D=1 ni ... mng, np ... nk| n!
Total n ... Ng_1 Nk ... NK n

Table 4.1: Ordinal test data

(‘negative test result’) [69,73]. Study of an appropriate choice of the value k, called
the ‘cut-off (point)’ or the ‘threshold’; is a main goal for statistical inference in
this scenario. The sensitivity (sens) of a diagnostic test is the probability that
the test result is positive given that the disease is present, it is also called the
true positive fraction (T'PF) (it is also known in the literature as the true positive
rate). The specificity (spec) of a diagnostic test is the probability that the test
result is negative given absence of the disease. The false positive fraction (FPF)
is the probability of a positive test result for an individual without the disease, so
spec = 1 — FPF. Let random quantity X' denote the test result for an individual
of the disease group and X the test result for an individual of the non-disease
group, then with given cut-off point k¥ we have TPF (k) = P(X! € {C4,...,Ck})
and FPF(k) = P(X° € {Cy,...,Cx}).

The unbiased empirical estimators of TPF (k) and FPF (k) for k € {1,..., K}
are [73]

K
1
TPF,(k) = ﬁZnil (4.1)
i=k
1 K
FPF.(k) = — Y nf (4.2)
n
i=k

4.2.1 ROC curve

The receiver operating characteristic (ROC) curve is a popular tool for describing
and comparing the accuracy of diagnostic tests. The ROC curve in case of ordinal
diagnostic tests applied to a disease group and a non-disease group, is defined as

follows.
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Definition 4.1. The ROC' curve in case of ordinal diagnostic tests is defined by the
points (FPF(k),TPF(k)) fork € {1,..., K+1}, where (FPF(1),TPF(1)) = (1,1)
and (FPF(K + 1), TPF(K + 1)) is defined as (0,0).

It should be emphasized that both F'PF (k) and T'PF (k) are decreasing functions
of k. In between these K + 1 points the ROC curve can be defined by straight line
segments linking all pairs of neighbouring points, which is attractive with regard to
properties of the area under the ROC curve as explained below.

The empirical ROC curve [55], based on estimators (4.1) and (4.2), is defined at

the points corresponding to kK =1,..., K 4+ 1, with the end-points as above, as
ROC.(k) = (FPF.(k), TPF.(k)) (4.3)

and the full empirical ROC curve is again usually defined by linking these points
ROC. (k) for neighbouring values of k by straight line segments.

4.2.2 Area under the ROC curve (AUC)

The area under the ROC curve, the AUC, reflects the intrinsic diagnostic capability
of a test and it can be estimated nonparamatrically or parametrically [73]. An ideal
test and an uninformative test have AUC equal to 1 and 0.5, respectively. The AUC
is equal to the probability that a randomly chosen individual from the non-disease
group has a test result that is lower than that of a randomly selected individual
from the disease group [52,73]. For discrete-valued test results, as is the case with

ordinal data, the AUC is equal to [55]
1
AUC = P(X" < XY + 5P(XO =X (4.4)

where XY < (=)X! denotes that X° belongs to a category which is smaller than
(equal to) the category to which X! belongs, in the ordering of the categories C; <
... < Ck. The second term on the right-hand side of Equation (4.4) corresponds
to the definition of the ROC curve as a straight line segment in between the points

corresponding to neighbouring values of k£ as explained in the following proof.
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Figure 4.1: Area under the ROC curve

The proof of Equation (4.4) is as follows, this proof is an extended version of the
proof provided in [55], which we present because of its connection to the area under
the NPI lower and upper ROC curve which will be discussed in Section 4.5. The
AUC can be calculated by summing the area of trapezoids which form the ROC
curve as shown in Figure 4.1. The area of trapezoid T} is equal to w [% (a+ b)]
where w is the width of 7T}, and is equal to

w=P(X°€{Cy, ..., Cx}) — P(X° € {Chy1,...,0x}) = P(X° € C}) = i

n0
where P(X° € {C}, ..., Cx}) = FPF(k) and P(X° € {Cps1,...,Cxc}) = FPF(k+1).
The values a and b are the lengths of the parallel sides P(X! € {Cy,...,Ck}) and
P(X' € {Cyi1,...,CK}), respectively, where P(X' € {C},...,Cx}) = TPF(k) and
P(X' € {Cy11,...,Ck}) = TPF(k +1). The area of T}, is equal to
P(X° € Cy) [1/2 P(X" € {Ck, ...,Ck}) + 1/2 P(X' € {Chy1, ..., Ck})]
=P(X°e€Cy) [1/2 P(X" € C) + P(X' € {Chy1, ... Ck})]

By summing the areas of all K trapezoids we get the area under the ROC curve,

AUC =Y P(X" € C)P(X" € {Chi1, .., C}) +1/2) P(X° € Cp)P(X' € Cy)

k=1 k=1
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AUC = P(X° < X') +1/2P(X° = X1)

which is Equation (4.4).
In terms of the FPF(k) and TPF(k), the AUC can be expressed as

AUC =) %(TPF(I{:) +TPF(k+1)) x (FPF(k) — FPF(k+1)) (4.5)

k=1
An unbiased empirical estimator of the AUC for the ordinal setting discussed in
this chapter, which is related to the Mann-Whitney statistic for comparison of two

distributions, is [73]

| X ol K
_ oM 1
AUC, = o E n; ( 5 + E nj> (4.6)
i=1 j=i+1

4.2.3 Youden’s index

To fully define the diagnostic method, a value of the cut-off point £ must be de-
termined such that the test provides good discrimination between the disease and
non-disease groups. One popular approach is to maximise Youden’s index [39, 72],

which is defined by
J(k) = sens(k) + spec(k) —1 =TPF (k) — FPF (k) (4.7)

which is the maximum vertical distance from the curve to the diagonal line from
(0,0) to (1,1) [58].

The optimal cut-off point, based on Youden’s index, is the value of k which
maximises J(k), so which maximises the sum of sensitivity and specificity [40, 57].

An empirical estimator of J(k) is
Jo(k) =TPF.(k) — FPF.(k) (4.8)

J.(k) is equal to one if the two groups are completely separated and zero if there is

complete overlap between the groups.

Of course, there are other optimality criteria, for example to take into account
the severity of consequences of wrong diagnoses, we refer to [73] for more details and
leave further investigation of the use of other criteria within the NPI framework as

a topic for future research.
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4.3 Empirical lower and upper ROC curves

As explained in the previous section, the empirical ROC curve for ordinal diag-
nostic tests is logically defined at K + 1 points, namely by the points ROC, (k) =
(FPF.(k), TPF.(k)) for k =1,..., K + 1. In between these points, however, al-
though the tradition is to define the full ROC curve by connecting the neighbouring
points by straight line segments, one could consider another approach that is more
in line with the general ideas of lower and upper probabilities, namely by considering
the set of all possible ROC curves that go through these K + 1 points and defining
the maximum lower bound and minimum upper bound of this set as the empirical
lower and upper ROC curves, respectively. This is of interest in its own right, but
particularly also for comparison with the NPI lower and upper ROC curves which
we will introduce in Section 4.4. This is all illustrated in examples in Section 4.6.
When plotting the points ROC,(k) = (FPF.(k),TPF.(k)) for k=1,.... K +1
in the unit square, any ROC curve that goes through these K + 1 points must
be a non-decreasing function, and all such non-decreasing functions can be ROC
curves. Therefore, the maximum lower bound, which we call the empirical lower
ROC curve for ordinal diagnostic tests and denote by ROC,, is the step-function
with TPF value equal to TPF(k+1) for all FPF € [FPF(k+1), FPF(k)), and the
corresponding empirical upper ROC curve, denoted by ROC, is the step-function
with TPF value equal to TPF(k) for all FPF € (FPF(k+ 1), FPF(k)]. These
empirical lower and upper ROC curves are equal to the empirical ROC curve at the

points (FPF.(k),TPF.(k)).

It is also of interest to consider lower and upper empirical estimators for the
AUC, denoted by AUC, and AUC,, which are defined to be the areas under the
ROC, and ROC., respectively. These are easily proven to be equal to

1 K K
AUC, = —= > 0] ( > n;> (4.9)

i=1 j=i+1

| K K
YVito 0 1
AUC, = " E n; (E nj> (4.10)
i=1 =i
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These are unbiased estimators for P(X° < X') and P(X° < X*), respectively, and
AUC, = (AUC, + AUC.) /2.

4.4 NPI lower and upper ROC curves

To introduce NPI for the ROC curve for ordinal tests, the same latent variable setting
and data notation as in Figure 2.1 in Section 2.4 and Table 4.1 are used. We now
consider the outcome of the ordinal diagnostic test applied to one further (‘future’)

individual from the disease group, represented by the random quantity X }L and

141
to one further individual from the non-disease group, with random outcome X, 41
For these random quantities we make the assumptions A1) and Aoy, respectively,
for the assumed underlying latent variable representation as discussed in Section
2.4, given the data for each group. We should emphasize here that we assume these

two groups to be fully independent, which can be interpreted in the sense that no

information with regard to one group contains information about the other group.

To define NPI lower and upper ROC curves, we first define NPI lower and upper

true and false positive fractions.

Definition 4.2. For k € {2,..., K}, the NPI lower true positive fraction T PF (k)

and the corresponding NPI upper true positive fraction TPF (k) are defined by

K
1
TPFE(k) = B(X,;He{ck,...,c[{}):anZ;n; (4.11)
J:
_ _ 1 K
TPF(k) = P(X;me{ck,...,oK}):an (2;nj1-)+1 (4.12)
J:

For k=1, we define TPF(1) =1 and TPF(1) = 1.

In addition, for use in the definition of an end-point of the ROC curves, we define

TPF(K +1) =0 and TPF(K + 1) = 0.
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Definition 4.3. The NPI lower false positive fraction FPF (k) and the correspond-
ing NPI upper false positive fraction FPF (k) are defined, for k € {2,..., K}, by

i (4.13)

()

And further we define FPF(1) = 1, FPF(1) = 1 and FPF(K + 1) = 0,
FPF(K +1) = 0. The Equations (4.11) - (4.14) are derived by the first special
case (2.6) and (2.7) presented in Section 2.4. It is straightforward to show that, for
all ke {1,..., K + 1},

FPF(k) = P(X%., €{Ch,....Ck}) =

FPF(k) = P(Xpoq €{Ck,...,Cx}) = (4.14)

FPF(k) < FPF.(k) < FPF (k) (4.15)

and

TPF(k) < TPF,(k) < TPF(k) (4.16)

ROC curves in the ordinal setting represent the pairs (FPF(k),TPF(k)) for
kE=1,..., K+ 1, all non-decreasing functions that link these points can be ROC
curves for such a diagnostic test with ordinal outcomes applied to a disease group and
a non-disease group. Using the NPI lower and upper false and true positive fractions,
we can consider the set of all ROC curves with FPF(k) < FPF(k) < FPF(k) and
TPF(k) < TPF(k) < TPF(k) for k = 1,...,K + 1, and links between these
points as discussed. The NPI lower and upper ROC curves are defined as the
maximum lower bound and the minimum upper bound, respectively, of this set of
ROC curves. It is easy to verify that the NPI lower ROC curve ROC' goes through
the points (FPF(k), TPF(k)) and has TPF = TPF(k + 1) corresponding to all
FPF € [FPF(k+ 1), FPF(k)). Similarly, the NPT upper ROC curve ROC goes
through the points (FPF(k), TPF(k)) and has TPF = TPF (k) corresponding to
all FPF € (FPF(k+ 1),FPF(k)]. These NPI lower and upper ROC curves are
illustrated in Figures 4.2 and 4.3, which support the proofs of the main results in
Section 4.5, and also in the examples in Section 4.6. It is also easy to verify that

the NPI lower and upper ROC curves bound the empirical lower and upper ROC
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curves, which in turn bound the empirical ROC curve. This can be denoted by

ROC < ROC, < ROC, < ROC, < ROC (4.17)

where, for example, ROC < ROC|, denotes that the NPI lower ROC curve ROC

lies entirely below or on the empirical lower ROC curve ROC, in the (FPF,TPF)-

square. This will also be illustrated in the examples in Section 4.6.

Let us introduce Youden’s index corresponding to the NPI lower ROC curve, for
k=1,...,K, as
J(k)=TPF(k)— FPF(k) (4.18)

and Youden’s index corresponding to the NPI upper ROC curve, for k =1,... K,
as

J(k) = TPF(k) — EPE(k) (4.19)

For k = 1, we have J(1) = J(1) = 0. It follows that, for k =2,..., K,

— 1 1
= 4.2
T = I8 + o + (4.20)
Relations (4.15) and (4.16) imply, for all k =1,..., K,
J(k) < J(k) < J(k) (4.21)

Relation (4.20) implies that J(k) and J(k) are maximal for the same value of k.
However, the inequalities (4.21) do not imply that J.(k) is also maximal for the

same value of k, although in many applications this is the case.

4.5 Areaunder the NPI lower or upper ROC curve

As discussed before, the area under an ROC curve has a nice interpretation due to
its relation to the probability of correct ordering of one random observation from
each of the non-disease group and the disease group. For the areas under the NPI
lower and upper ROC curves, similar results are derived in this section, which allows
a particularly attractive interpretation of these areas due to the predictive nature

of NPI, with inferences directly comparing one further individual from each group.



4.5. Area under the NPI lower or upper ROC curve 71

Because NPI is exactly calibrated from frequentist statistics perspective [46], these
areas under the NPI lower and upper ROC curves provide meaningful insight into
the accuracy of the ordinal diagnostic test if it were applied to one individual from
each of the non-disease group and the disease group.

We denote the area under the NPI lower ROC curve ROC by AUC and the area
under the NPI upper ROC curve ROC' by AUC'. Of course, (4.17) implies that

AUC < AUC, < AUC, < AUC, < AUC (4.22)

Theorems 4.1 and 4.2 provide the important relations between AUC and the NPI
lower probability P(X%,, < X} ,,) and between AUC and the NPI upper proba-
bility P(X%.,

diagnostic tests via the ROC curves is fully consistent with the established ROC

0+1

< X +1)- These show that the NPT approach to accuracy of ordinal

theory. These NPI lower and upper probabilities were presented by [25], it is impor-
tant to emphasize that these NPI lower and upper probabilities are for two different
events, which correspond to the probabilities for which the empirical AUC, and
AUC,, given by (4.9) and (4.10), are unbiased estimators, as discussed in Section
4.3.

Theorem 4.1. The area under the NPI lower ROC curve ROC, denoted by AUC,
is equal to the NPI lower probability for the event that the test result Xgo 4 for
a further individual from the non-disease group falls into a lower ranked category
than the test result X!, o for a further individual from the disease group,

| K-1

K
— E 0,1 __ 0 1
k=1 j=k+1

Proof. Figure 4.2 shows a typical empirical ROC curve ROC, and the corresponding
NPI lower ROC curve ROC. The area under the ROC' consists of K rectangular
blocks R; to Ry, from right to left as illustrated, of which Rx actually has area
zero. The area Ry corresponding to category k, k = 1,..., K, adds a rectangular

0 0
area of size ngil x TPF(k+ 1) to the total area under ROC, where ngil is equal to

FPF(k) — FPF(k+1)=P(XY.4 € {Ck,....Cx}) — P(X 0.1 € {Cit1,---,Cr})

n
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and TPF(k + 1) = P(X},,, € {Cks1,....Ck}). Summing these areas for blocks
Ry, ..., R gives AUC as in Equation (4.23), by

=

-1

=

-1

MH

0 K
n

AUC = k_«TPF 1) =

uc anH* (k+1) E:

2

=
Il

(4.24)

The second equality in Equation (4.23) is the first special case in Subsection 3.2.3.

TPE(1) a.n

ROC

ROC ~__

TPF(k+1) = = = = = = = =
N —

1

I

I
I
! :
v IR :
r !
| 1
| 1
X 1

1
FPE(k+1) FPF(k) FPE(1)=1

&
0,0)

Figure 4.2: The area under the NPI lower ROC' curve

Theorem 4.2. The area under the NPI upper ROC curve ROC, denoted by AUC,

is equal to the NPI upper probability for the event that the test result X%, for

0+1

a further individual from the non-disease group falls into a lower or equally ranked

category than the test result X, 44 for a further individual from the disease group,

K K
= 1 0,1 0 1 5
AUC = (n0 + 1)(n' + 1) ;;nkn] +n +n +1 _P(X 041 §Xn1+1)

(4.25)
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TPF(1) 2 (1,1)
ROC\ i \
! ROC,
i
TPE(K) {--=--=--=--- —
, o R,

i
L
[
e
i

I

FPF(k+1) FPF(k) FPE(1)

Figure 4.3: The area under the NPI upper ROC curve

Proof. Figure 4.3 shows a typical empirical ROC curve ROC, and the corresponding
NPI upper ROC curve ROC. The area under the ROC' consists of K rectangular
blocks R; to Rk, from right to left as illustrated. The area of block Ry, k €
{2,..., K} is equal to

(EPE(k) ~ FPE(k + 1)) x TPF(R) = " x

1 K
1
j=k
The area of block R; is

[FPF(1) - FPF(2)] x TPF(1) =

Summing these areas for blocks Ry, ..., Rx gives AUC as in Equation (4.25), by

:n?+1+i ny
nd +1 nd+1 nt+1
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K

_ 1 (Y + (' + 1)+ nf [(Z H+1

(n?+1)(n' +1)

_ nl [(anl) +1

L k=1
1 -
:(n0+1>(n1+1) ndnt +nd + nt +1+;]ankn +an—n1 n' +1)
= - Zann +n’+n' +1 (4.26)
(n® (n'+1) ==

The second equality in Equation (4.25) is the first special case in Subsection 3.2.3.
O

It is important to emphasize that the areas under the NPI lower and upper ROC
curves, as given in Theorems 4.1 and 4.2, are indeed equal to the NPI lower and
upper probabilities given in these theorems. This is in contrast to the areas under
the empirical lower and upper ROC curves, as given by (4.9) and (4.10), which
are unbiased estimators of the corresponding probabilities. In the latter case, those
probabilities are considered to be properties of assumed underlying populations,
while in NPI the inferences are directly predictive, so in terms of the future obser-
vations, hence this conceptually important difference in the interpretation of these

areas under the respective ROC curves.

A further interesting fact is that the conjugacy property of NPI lower and upper
probabilities, that is P(A) = 1— P(A°) for any event A and its complementary event
Ac [4], leads to

P(Xp14y < Xpoy) = 1= P(Xpoy, < Xpiyy)

so the lower probability on the left-hand side is actually the area above the NPI
upper ROC curve ROC' in the unit-square, and similarly

F(Xrlﬂ-s-l < X20+1) =1- B(XSO-H < Xil—&-l)

so the upper probability on the left-hand side is the area above the NPI lower ROC

curve ROC' in the unit-square.
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4.6 Examples

In this section, two examples are given to illustrate the NPI lower and upper ROC
curves presented in this chapter, together with the empirical lower and upper ROC
curves and the areas under these curves. The first example has small numbers of

observations per group, the second has relatively large numbers of observations.

Example 4.1. Table 4.2 presents data on a diagnostic test with outcomes on an
ordinal scale with five categories and involving the use of gallium citrate imaging to

identify the focal source of sepsis [48,73]. The empirical estimates of FPF(k) and

Imaging results (V)

Disease status 1 2 3 4 5 Total

No disease (D=0) |11 2 3 1 3 20
Disease (D =1) 12 6 3 1 18 40

Table 4.2: Results of gallium citrate imaging

TPF(k) for k =1,...,5, given by Equations (4.1) and (4.2), are presented in Table
4.3.

k 1 2 3 4 )
FPFE(k) |1 0.4286 0.3333 0.1905 0.1429
FPF.(k) |1 0.4500 0.3500 0.2000 0.1500
(k) |1 04762 0.3810 0.2381 0.1905
(k) |1 0.6829 0.5366 0.4634 0.4390
TPF.(k) |1 0.7000 0.5500 0.4750 0.4500
TPF(k) |1 0.7073 0.5610 0.4878 0.4634

Table 4.3: NPI lower, upper and empirical FPF and T PF

The area under the empirical ROC curve, as given in Equation (4.6), is AUC, =
0.6638. Using Equations (4.9) and (4.10), the areas under the empirical lower and
upper ROC curves are AUC, = 0.5338 and AUC, = 0.7938, respectively.
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The NPT lower and upper F'PF and TPF, as given in Equations (4.11) - (4.14),
are also presented in Table 4.3. These clearly bound the corresponding empirical
FPF and TPF. The NPI lower and upper ROC curves, ROC and ROC as intro-
duced in Section 4.4, are presented in Figure 4.4, together with the empirical ROC
curve and the empirical lower and upper ROC curves as introduced in Section 4.3.

It is clear that these are nested as indicated by Relation (4.17).

1.0

0.8

TPF

04

—— empirical

emp lower
emp upper
NPI lower
NPI upper

0.2

0.0

0.0 .2 0.4 0.6 0.8 1.0

FPF

Figure 4.4: Five (lower and upper) ROC curves

The area under the NPI lower ROC curve is AUC = 0.4959, which is equal to
the NPI lower probability P(X3 < X},) = 0.4959. The area under the NPI upper
ROC curve is AUC = 0.8084, which is equal to the NPI upper probability P(X3, <
X}) = 0.8084. By the conjugacy property of NPI lower and upper probabilities,
these values imply P(X}, < X9) = 0.1916 and P(X}; < X9,) = 0.5041. The areas
under the five ROC curves in this example illustrate Relation (4.22).

The fact that the NPI lower AUC is just under 0.5 could be interpreted as there
not being clear evidence that this diagnostic test is effective, but as clearly almost
the entire range of values [AUC, AUC| = [0.4959,0.8084] is larger than 0.5 one
would expect the test to be at least of some use. The fact that this range is quite

large is due to the relatively few observations in this example, together with the
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inclusion of outcomes in the same categories in the NPI upper probability but not
in the NPI lower probability, and the fact that there is quite substantial overlap
between the data for the non-disease and disease groups.

Let us finally consider Youden’s index for the choice of optimal cut-off point
k to define the diagnostic test which best discriminates between the non-disease
and disease groups on the basis of these data. Table 4.4 presents the values of
Youden’s index J.(k) for the empirical ROC curve together with Youden’s indices
corresponding to the NPI lower and upper ROC curves, J(k) and .J(k), respectively.
These indices are all maximal for k£ = 5, leading to the optimal diagnostic test being
such that an outcome in category C5 indicates disease while categories C; — Cy

indicate non-disease.

k 1 2 3 4 5

J(k) | 0 0.2067 0.1556 0.2253 0.2485
Je(k) | 0 0.2500 0.2000 0.2750 0.3000
J(k) | 0 0.2787 0.2277 0.2973 0.3205

Table 4.4: Youden’s indices J.(k), J(k) and J(k)

JAN

Example 4.2. This example has been created to briefly illustrate, in comparison
to Example 4.1, the effect of more data on the inferences presented in this chapter.

The data used for this illustration are presented in Table 4.5.

Test results (X)
Disease status 1 2 3 4 5 6 7 8 | Total

No disease (D=0) |20 25 30 15 11 10 8 5 | 124
Disease (D =1) 1 7 10 14 13 30 35 40| 160

Table 4.5: Created data

The NPI lower and upper FPF(k) and TPF(k) are presented in Table 4.6,
together with empirical values FPF,(k) and TPF,(k). The NPI lower and upper
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k 1 2 3 4 5) 6 7 8
FPF(k) |1 0.8320 0.6320 0.3920 0.2720 0.1840 0.1040 0.0400
FPF.(k) | 1 0.8387 0.6371 0.3951 0.2742 0.1855 0.1048 0.0403
FPF(k) | 1 0.8400 0.6400 0.4000 0.2800 0.1920 0.1120 0.0480
TPF(k) |1 09255 0.8820 0.8199 0.7329 0.6522 0.4658 0.2484
TPF.(k) | 1 0.9312 0.8875 0.8250 0.7375 0.6562 0.4687 0.2500
TPF(k) | 1 09317 0.8882 0.8261 0.7391 0.6584 0.4721 0.2547

Table 4.6: NPI lower, upper and empirical FPF and TPF (created data)

ROC curves, ROC and ROC, are given in Figure 4.5, together with the empirical
ROC curve. The area under the NPI lower ROC curve is AUC = 0.7198, which is
equal to the NPT lower probability P(X%, < X{s) = 0.7198. The area under the
NPI upper ROC curve is AUC = 0.8247, which is equal to the NPI upper probability
P(XV. < X1) = 0.8247. Tt is clear that there is substantially less imprecision (i.e.
distance between corresponding upper and lower curves and probabilities) in this
example than in Example 4.1. This is due to the substantially larger numbers
of observations in both the disease and non-disease groups. As the area under
the NPI lower ROC curve is greater than 0.5, these two groups can be quite well
distinguished. Table 4.7 presents the values of Youden’s index J. (k) for the empirical
ROC curve together with Youden’s indices corresponding to the NPI lower and upper
ROC curves, J(k) and J(k), respectively. These indices are all maximal for k& = 6,

leading to the optimal diagnostic test being such that an outcome in category Cg—Cy

indicates disease while categories C; — (5 indicate non-disease.

k 1 2 3 4 5 6 7 8

J(k) | 0 0.085 0.2420 0.4199 0.4529 0.4602 0.3538 0.2004
Je(k) | 0 0.0925 0.2504 0.4298 0.4633 0.4708 0.3639 0.2097
J(k) | 0 0.0997 0.2562 0.4341 0.4671 0.4744 0.3681 0.2147

Table 4.7: Youden’s indices (created data)
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Figure 4.5: Lower, upper and empirical ROC curves (created data)

4.7 Concluding remarks

This chapter has introduced NPI for accuracy of diagnostic tests with ordinal out-
comes, with focus on analysis based on the ROC curve. NPI lower and upper ROC
curves for this scenario have been introduced, and it was proven that the areas
under these curves correspond to NPI lower and upper probabilities in a manner
that is consistent with the traditional theory of ROC curves. A general attractive
feature of NPI is that it is a frequentist statistics framework which is exactly cali-
brated [46], for any number of observations, so it can be applied in all scenarios and
is particularly useful if there is little information about underlying population dis-
tributions, or if one explicitly does not wish to take such information into account.
In this chapter only a single further individual from each group has been considered,
NPI enables inference on multiple future individuals per group, taking into account
the inter-dependence of these individuals [3]. This provides an interesting topic for
future research. First NPI for ordinal data must be developed for multiple future
observations, this can be followed by application to the scenario considered in this

chapter, where the explicit focus on multiple further individuals requires careful
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consideration of the events considered to express diagnostic accuracy.

It should be emphasized that the results presented in this chapter are explicitly
aimed at a single further patient from each group, so they are not aimed at decisions
for multiple future individuals. If one gets new information, for example on further
patients to which the test is applied, this can be included in the data set and
the analysis can be repeated, clearly providing a statistical method that is fully
adaptive to the data. One could argue against the use of inferential methods which
are explicitly valid for single future observations only, so here to support the choice
of treatment method for a single future patient. But for many practical situations
such a method is of direct relevance as one may explicitly have to make a decision for
a single future patient. It may also be useful to consider such inferences jointly with
the more traditional population-based statistical inferences, which typically require
either stronger modelling assumptions or the use of hypotheses tests, the outcomes
of which are often quite difficult to interpret.

This introduction of NPI for accuracy of ordinal diagnostic tests has only consid-
ered the basic aspects of the theory. In applied clinical experiments there are many
factors that must be taken into account in the statistical approach used to analyse
the test results [55,62,73]. This leads to many research challenges for NPI and its
application, with for example the development of NPI for regression models being

required to enable co-variates to be taken into account.



Chapter 5

Three-group ROC analysis for

continuous data

5.1 Introduction

In this chapter, the NPI approach is presented for three way Receiver Operating
Characteristic (ROC) surfaces. ROC curves have been used to measure the accuracy
of diagnostic tests in discriminating between two groups, for example non-disease
and disease in medical applications. Recently, ROC methodology was extended to
three-group diagnostic problems by constructing a three-dimensional surface [34,51,
53]. The volume under the ROC surface, VUS, is a direct extension of the area
under the ROC curve (AUC). It is a global accuracy measure of a test to classify
subjects in three groups. The interpretation of the VUS is similar to the AUC, it
is equal to the probability that three random measurements, one from each group,
appear in the correct order [52,71].

Section 5.2 gives an introduction to the concepts of ROC surface for three-group
diagnostic tests. The NPI lower and upper ROC surfaces and the volumes under
such surfaces are considered and discussed in Section 5.3. In Section 5.4 we present
three examples to illustrate and discuss the NPI lower and upper surfaces presented
in this chapter. This chapter is finished with some concluding remarks in Section

9.5.

81
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5.2 ROC surface for three-group diagnostic tests

In this section, we consider diagnostic accuracy when the diseases have three ordered
groups (classes). Such classifications are quite common, for example Wians et al [70]
use three groups for iron deficiency related anemia. Non-pregnant women with
anemia and a ferritin concentration less than 20 pg/l were considered to have iron
deficiency anemia (I DA), the ones with anemia and a ferritin concentration greater
than 240 ug/l were considered to have anemia of chronic disease (AC' D), while the
ones with a ferritin concentration between 20 and 240 pg/l were considered to belong
to the intermediate group [63]. Therefore, it is important to have a good diagnostic
test which can discriminate between the disease groups, as patients at different
disease groups needs different treatments. In the three-group case, the ROC' surface
is generated in three dimensions by considering all possible diagnostic test values.
In what follows, we illustrate the definition and construction of a nonparametric

ROC surface as introduced by Nakas and Yiannoutsos [52,53].

Let there be three independent ordered groups of disease, represented X, Y and
Z. Let 1,29, ..., x,, denote the observed test results on n, subjects from group X ;
Y1, Y2, ---» Yn, the observed test results on n, subjects from group Y and 21, 29, ..., 2y,
the observed test results on n, subjects from group Z. The test results for different
groups are assumed to be independent. Suppose that a continuous diagnostic test
is used for the discrimination of the patients from these groups, we assume that
measurements from group X tend to be lower than those from group Y, which in turn
tend to be lower than those from group Z. Let F}, F}, and F. be the corresponding
cumulative distribution functions (CDF's) for the test outcomes of the three groups
of disease.

In the case of continuous data, two ordered decision threshold points ¢; < ¢y are
needed in order to classify three groups of disease. A diagnostic decision for each

patient is based on the following rule:

Denote the whole set of observations for the test result as T =T, ..., Ty, 4ny+n,-

1. If T; < ¢; then subject j is classified into group X.

2. If ¢y < T < cy then subject j is classified into group Y.
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3. If T} > ¢, then then subject j is classified into group Z.

This procedure is applied for all subjects, so for all 7 = 1,...,n, +n, + n,. The
correct classification probabilities for the three groups can be computed for a pair

of thresholds (c1, ¢2),

1. pr = P(X < ¢1) = Fy(c1) is the probability of correct classification of a subject
belonging to group X,

2. pp=P(c1 <Y < ¢3) = Fy(ca) — Fy(cq) is the probability of correct classifica-
tion of a subject belonging to group Y,

3. p3 = P(Z > ¢3) = 1 — F.(co) is the probability of correct classification of a
subject belonging to group Z.

Using these probabilities for correct classification of subjects in the different groups,

we can define the Receiver Operating Characteristic (ROC) surfaces as follows.

Definition 5.1. The ROC' surface is constructed by plotting the points

P = {(p17p27p3>’ 0< P1,D2,P3 < 1} (51)

for all possible real valued c¢; and co with ¢; < o

The functional form of the ROC surface can be obtained by writing p, as a

function of p; and ps3 [47,53,63], as follows.
Definition 5.2. For 0 < p;,p3 <1,

F,

ROC(p1,p3) = Oy(le(l —p3)) — F,(E (1)) if FoY(p) < F7H1 —ps)

otherwise
(5.2)

where F'~1(p) is the inverse function of F for p € [0, 1].

For continuous CDFs, F,, F, and F,, these two definitions lead to the same
ROC surface [53]. But they do not always lead to the same ROC surface for non-

continuous CDFs. Throughout this chapter, we will use Definition 5.2 to develop the
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NPT analysis for the ROC surface. Development of NPI corresponding to Definition
5.1, and comparisons of the results with those presented in this thesis, is left as a
topic for future research.

A nonparametric estimator of the ROC surface can be obtained by replacing all
the distribution functions in (5.2) with their empirical counterparts [9,47], so that

the empirical ROC surface can be constructed as the plot consisting of the points

(p1, max(0, ROC,(p1, p3)), ps) (5.3)

where ROC, (p1,p3) = (1 —p3)) — F,(E; Y (py)) for 0 < py,ps < 1, with

‘ (5.4)
X if pe(%,n’—z], i=1,...n,
and
. —oo if p=0
Fip) = | (55)
2 if pe(n—,n—z], l=1,...n,
where 7 < 29 < --- < z,, and 23 < 29 < --- < 2,.. The empirical cumulative

distribution functions F,, F, and F, are defined by [52, 54]

b=y M=o (5.6

A=Y =g 57)
CIEI pELEL 5:5)

=1

where I(A) is the indicator function, which is equal to one if A is true and zero

otherwise.

5.2.1 Volume under the ROC Surface (VUYS)

The volumes under the ROC Surface (VUS) has been proposed as a summary mea-
sure for the ROC surface and can be used as a global measure of the three-group
discriminatory ability of the test under consideration. The VUS equals to the prob-

ability that three randomly selected measurements, one from each disease group,
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have the correct ordering X <Y < Z, which is a straightforward generalization of
the two-dimensional ROC curve and the AUC [51,52] as reviewed in Chapter 2. An
unbiased nonparametric estimator of the VUS is given by [52, 53]

ng Ny

VUS = ! ZZZI(% < y; < z) (5.9)

Ny My T
TUYTTE =1 j=1 1=1

Equation (5.9) gives the proportion of all possible three-patient combinations
from the data that are ordered correctly. The VUS can vary from zero to one. It is
about 1/6 if the diagnostic test outcomes for the three groups completely overlap,
in which case the test is of little use. If there is perfect separation of the test
results for the three groups, so x; < y; < z for all measurements, then VUS=1.
In practice, ties between measurements may occur, in that case I(z,y,z) can be

defined as follows [52,53|

(

1 if r<y<z

1/2 if z<y=zorx=y<z
Ty =1 Y Y Y (5.10)
1/6 if z=y==z

\ 0 otherwise

In this chapter, we assume that no ties occur in the data. Ties can be dealt with
in NPI by assuming that tied observations differ by small amounts which tend to

zero [43].

5.2.2 Cut-off point selection in three-group classification

The selection of optimal cut-off points ¢; and c¢o, also called the threshold values,
is of course an important of aspect of analysis of the quality of a diagnostic test.
Several approaches for the selection of the optimal cut-off points for ROC analysis
have been considered [40,57], one of these approaches is Youden’s index [72] which
we will use in order to select the optimal cut-off point. As mentioned in Chapter
4, in case of two groups this index is defined as J(c) = sens(c) + spec(c) — 1, for a
given cut-off point ¢, and the optimal cut-off point is the value of ¢ which maximises

J(c) [39,40,54,72].
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Nakas et al [54] extended the optimal cut-off point selection method based on
Youden’s index to the ROC analysis with three groups. The three-group Youden’s
index given by Nakas et al [54] is

Js(cr,c2) =p1+p2+ps=P(X <c1)+Plai <Y <) —P(Z <)+ 1

= Fy(c1) + Fyca) — Fycy) — Fulca) + 1 (5.11)

The optimal cut-off points are the values of ¢y, ¢o which maximise J3(cq, ¢2), and
these can be used for the diagnoses. Js(c1, ¢a) is equal to 1 if the three distributions
F,,F, and F, are identical and J5(cy, c2) = 3 if the distributions F}, F}, and F, are
perfectly discriminated, so if P(X < Y < Z) = 1. The empirical estimator for
Js(c1, ¢2), using the empirical CDFS for F,, F, and F, is equal to

A A

J3(er,e0) = Fx(cl) + Fy(co) — Fy(cl) — FZ<02) +1 (5.12)

5.3 NPI analysis for the ROC surface

Recall that X, Y and Z are continuous random quantities representing the test
results for the three disease groups, which can e.g. be disease, intermediate and
healthy. To develop the nonparametric predictive inference (NPI) approach for
this analysis, let X, 1, Y, 41 and Z,,, 11 be the next future observations from these
groups, respectively. We apply A,y per group, so we need to introduce the following
notation. The ordered observed values of Xy, Xo,..., X, , are denoted by z; <
Ty < ... < T, and let 1y = —oo and =z, 41 = oo for ease of notation. For

Xpn,+1, representing a future observation from group X, the assumption A,,) is

P(X,,+1 € (xio1,2y)) = n:H for i = 1,...,n, + 1. Similarly, let the ordered

observed values of Y1,Y,,...,Y, be denoted by y; <y <... <yy,, and yo = —00

and y,, 41 = oo. For Y, i, representing a future observation from group Y, A,

gives P(Y,, 11 € (Yj-1,95)) = ny1+1 for j =1,...,n,+ 1. And finally, let the ordered

observed values of 7, Zs, ..., Z,. be denoted by 21 < 25 < ... < z,_, and 2y = —00
and z,,41 = oco. For Z,_ 1, representing a future observation from group Z, A,

gives P(Z,.+1 € (z1-1,21)) = ﬁ fori=1,...,n,+ 1.
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Notice that, the NPI lower and upper cumulative distribution functions for

Xn,+1, at c# xy, foralli=1,... n,, are

S I < o)

F (¢)=P(X, 4 <c)="= 5.13

F.(c)=P(Xp,41 <¢) P (5.13)
S Iz < ¢) + 1

Fo(¢) = P(Xp,41 <) == (5.14)

ng +1

at ¢ = xy, F(1;) = Fo(x;) = —=, 50 at the data observations the NPT lower and

upper CDF's are identical. The NPT lower and upper CDFs for Y,, 41 and Z,,_,, are
similar and denoted by £ y,Fy, F,and F..

5.3.1 NPI lower and upper ROC surface

To define NPI lower and upper ROC surfaces according to Equation (5.2) in Defi-

nition 5.2, we follow the process illustrated in Figure 5.1.

F.”L'
£, —
/5
T, Lp1) T(p)
£,
F. PR : T
I,
1 — pgp-mmmmmmmmmmmmmmoee oo -

Z(1-ps)  Z(1-ps)

Figure 5.1: Construction of NPI lower and upper ROC surfaces
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In NPI we have lower and upper CDFs, so the inverse CDFs in Equation (5.2)
are not uniquely defined any more. For a value p; € [0, 1], we can define the interval
(g(m),f(m)) such that, for every precise CDF which is entirely between F_, F',, the
inverse function value at p; falls within this interval. These values z,) and T,
are the points at which the NPI lower and upper CDFs F_ and F, change value,
hence they are equal to the observed values, or possibly —oco or +oc.

From the first graph in Figure 5.1 it is clear that
Em(g(pl)) <p1 < Fx(f(pl)) (515)

So z(,,y and T(,,) take on consecutive the observed values w1,...,z,, and —oo
and +o0o. While at these points F_(z;) = Fy(x;) :#H,i =1,...,n; + 1, so there
i1
ng+1

is precision, for the open intervals (z;_1, ;) there is imprecision, so F (z) =

and F,(r) = g for € (i, 1),

All different p; € [0,1], lead to n, + 1 pairs (z,,), T(p)), Which are equal to

(1, x;) for py € (;;Lll,nxﬂrl) i=1...,n,+1 Ifp = S5 fori=1,...n,

then (z(,,), T(py)) = (Ti-1,Ti1), we neglect this further as it does not influence the
volume under the ROC surface.

Similarly, from the third graph in Figure 5.1, it is clear that
F (20 py) <1=ps < F.(Za_py) (5.16)

Here z(,_,,) and Z(1—,) take on consecutive the observed values z1, ..., z,, and —oo

1—p3

and 400, at these points F_(z) = F.(z) = #, l=1,...,n,+ 1 there is precision

-1
ny+1

but for the open intervals (z_1,z) there is imprecision, with F_ (z) = and

F.(z) = # for z € (211, 21)-

All different 1 — ps € [0, 1], lead to n, + 1 pairs (z(1_,), Z(1-ps)), Which are equal

-1 l
ny+1’ ny+1

to (z-1,2) for 1 —p3 € ( ) l=1,...on,+1. If1—pg = # for
l=1,...,n, then (24_,,) Za-ps)) = (21-1, 2141), We neglect this further as it does

not influence the volume under the ROC surface.

Now we know the intervals for the inverse values of the NPI lower and upper
CDFs for group X and Z, we complete the generalization of Equation (5.2) by deriv-

ing the corresponding bounds for ROC;(py, p3), where we also take the imprecision
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in the lower and upper CDFs F, and Fy into account. To derive the lower bound
ROC (p1, p3), we take the minimal range resulting from the imprecise inverse CDF's
as discussed above, 50 (T(y,), Z(1_p,)), as long as z_,,) > (), and we take the
minimal probability mass for Y, i, which has to be in this interval, this leads to

Definition 5.3.

Definition 5.3. The NPI lower ROC' surface is defined by

F(z0 ) — Fy@en)  if Ey(2a_py) = Fy(@p)

otherwise

ROC(p1,p3) = (5.17)

To derive the upper bound ROC,(p1,p3), we take the maximal range resulting
from the imprecise inverse CDF's, so (g(pl),z(l_m)), as long as Z(1-p,) > Z(,,), and
we take the maximal probability mass for Y, y1 which has to be in this interval, this

leads to Definition 5.4.

Definition 5.4. The NPI upper ROC' surface is defined by

ROC Fy(Zapy) — E, (2 if zo ) < Z
ROC(p1,p3) = v(Zaop) = Ey(26) o 2y < Za-p)

0 otherwise

(5.18)

These functions ROC (p1,p3) and ROCs(p1, p3) are the tightest bounds can be
derived and justified for the ROC surface for the three-group diagnostic tests in the
NPI framework.

5.3.2 Volumes under the NPI lower and upper ROC sur-

faces

The volumes under the NPI lower and upper ROC surfaces are denoted by VUS

and VUS|, respectively, and these are given in Theorem 5.1.
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Theorem 5.1. The volumes under the NPI lower and upper ROC surfaces are

ne+1ny+ln,+1
V_IJS =A Z Z Z I(ZL’l < Yj-1 AN Y; < Zl—l) (519)
i1 =1 =1
[ne+1ny+1ln,+1
m =A Z Z Z I(l’ifl < Yj Nxi_1 <z N Yj—1 < Zl)] (520)
=1 =1 =1
where A = (nz+1)(ny1+1)(nz+1)‘

Proof. The volume under the NPI lower ROC surface is derived as follows, where

{A}" = max{A,0} and 33" indicate the sums over pairs of values for p; and ps
b1 P3
such that one value for p, is taken from each interval (-*

+1,n+1)for2—1 S ng+1

——)1l=1,...,n,+1. As the function

and one value for p; from each interval (n iy +1

ROC,(p1, p3) is constant for all values p; € (n i ’H) and p3 € (nl;rlw - +1) it

does not matter which values for p; and ps within these intervals are actually used

in the calculations.

VUs = (n +1 5 2= 2 ROCu(p1,ps) (5.21)
* p1 P3
(ng _|_1 (n, +1) ZZ {Ey 1—ps) Fy(f(m»}—i_ =
n:+1:j+1

(n—l—ln—i-lZZ{F am) = Fy(a)} =

i=1 =1
Tilrf:l ny 1 1y < 1) Z I(y; <) +
(ny +1) n+1 — = n, + 1 ny + 1

Ng+1n,+1 n+1 n+1
ii ]yl yJSZl_:L)_ijl (yj—1 < )
(ng +1) n+1 — ny +1 ny, +1

ne+1ny+ln,+1

(nz +1)(ny +1 )(n. + 1) ZZZ{] < zen) = Iy < @)}

=1 j=1 I=1

Ng+1 ny+1 n,+1

AN D D Ty <ama Ay > xz)] (5.22)

=1 j=1 I=1
So, in calculating the volume under the NPI lower ROC surface, we only take into

accont the intervals (x;_1,x;), (yj—1,v;) and (21, 2;), which are totally separated,

with z; < y;_1 < y; < z-1. Equation (5.21) follows from the definition of the
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volume under the surface. Equation (5.22) follows from the fact that for two events
E; and E,, the equality £y — Ey = Ey A ES holes. Similarly, the volume under the
NPI upper ROC surface is

_ 1
VUS = (n T T Z;%:ROC (p1,p3) =

(nz + 1 nz + 1 ZZI < z (1-p3) {F 1 pa)) _E‘y(g(pl))} =
p3

p1

ng+1ln.+1

(na +1n+1 > D i <) {Fy(a) - Ey(xia)} =

i=1 =1

%liljx 1<z Z?ilIQJjSZZ)"f‘l_Z?ilIQJiji—l) _
(1 +1 (n,+1) -

i ny—|—]_ ny+1

notlnatl S Iy <) X5 Iy < @)

SPINEEES : -
(ng —|—1 (n,+1) = = ny +1 ny +1

ne+1 nU+1 n.+1

(ne +1)(n,, : Z DD i <a) Iy <a) = Iy < @)} =

i=1 j=1 I[=1

1 ne+1 ny+1 n.+1

T Dy DT D) 2 2o 2o et € 20 Ul <Ay > )} =

=1 =1 I=1
ne+1Ny+1ln,+1 ]

Z Z Z I(zion <yj ANz <z ANyjmr < )

=1 j=1 I=1
So, to get the volume under the NPI upper ROC surface, we count all combinations
of the intervals (x;_1,;), (y;—1,y;) and (%1, 2), for which there are x € (x;_1,x;),

y € (yj—1,y;) and z € (2_1, %), such that z < y < z.

5.3.3 NPI cut-off points selection

Corresponding to Youden’s index, as presentd in Equation (5.11) in Subsection 5.2.2,
we introduce the NPI cut-off points selection. In order to do this, we use the NPI
lower and upper probabilities for correct classification into the three groups. The
NPI lower probability for correct classification into the first group is

nil(:vi <o)

B(an—kl < 01) = E;p(Cl) = ZZlnT (5.23)
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and the NPI upper probability for correct classification into the first group is

i=1

]_D(an-f—l <c)=Fola)=

5.24
— (5.24)

ny
Let ny(c1,e2) = Y, I(c1 < y; < ¢g). The NPI lower probability for correct
j=1
classification into the second group is

Pler <Yy 41 <) = {”y(i{b’y 6-231_ U {E,(c2) = Fyer)}" (5.25)

The corresponding NPI upper probability is

— ny(cr, o) +1

P(Cl < Ynerl < CQ) =2 =F (02) — E (Cl> (526)
ny + 1 Y Y

Finally, the NPI lower probability for correct classification into the third group is

Nz

Z[(Zl§62>+1

P(Zns1>0)=1-P(Zy 1<) =1-F.) =1- = 1 (5.27)
nZ
and the corresponding NPI upper probability is
Z I(z < )
Pllpa> ) =1- P ase)=1-E(a) =1- " (529)
n,
We introduce the NPI lower value for Youden’s index as
J3(er,c0) = P(Xn,41 S 1) + Pler < Yo 1 < 2) + P(Zn 41 > ¢2)
= F (1) + {F,(c2) = Fy(en)} +1—F.(co) (5.29)
and the corresponding NPI upper value for Youden’s index as
73(01, CQ) = ?(anJrl < Cl) +F(Cl < Yny+1 < 02) + F(anJrl > CQ)
= Fo(c1) + Fylea) = Fy(c1) +1 = F(¢2) (5.30)

From Equations (5.23)-(5.28) it straightforwardly follows that, for ¢; and ¢y not
equal to any of the observations w1,...,%n,, Y1,...,¥n,, 21, -, 2Zn,, and assuming

that there is at least one observation y; in (1, ¢2),

— 1 2 1

3(01,02) _3(01,62) + - T 1 + n, T 1 + n, T 1 ( )
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Therefore, maximising, J;(cy,cs) and Js(cy, cp) over such values of ¢y, ¢y gives the
same solution. Because the NPI lower and upper probabilities within the equations
(5.29) and (5.30) are step functions, with steps only occuring at the observed data
values, considering J;(c1, ¢o) and Js(cy, ) at values ¢;, ¢, with at least one of these
being equal to one of the data observations is easy to do. It is easy to show for all
C1, Ca,

Jy(er,02) < Js(cr, ) < Ts(er, 02) (5.32)

with empirical Youden’s index Js(cy, ¢2) as given in Equation (5.12).

5.4 Examples

In this section, three examples are given to illustrate the NPI lower and upper ROC
surfaces and the volume under these surfaces, as presented in this chapter. The data
for the first example are simulated from normal distributions. The second example
uses data from the literature. Throughout this section, we use the notation S, for

ROC(p1,ps3), Sy for ]?O\C’S(pl,pg) and Sy for ROC,(py, p3) in the Figures.

Example 5.1. In this example we simulated data from normal distribuations as fol-
lows: 20 measurements from X ~ N (0, 1), 24 measurements from Y ~ N(1,1.1) and
22 measurements from Z ~ N(1.3,1.4). The boxplots of these data are presented
in Figure 5.2 and the probability density functions of these three distributions are
plotted in Figure 5.3.

The NPI lower ROC surface, as defined in Section 5.3 is plotted in Figure 5.4(c).
The volume under this NPI lower ROC surface is equal to 0.3091. The corresponding
NPI upper ROC surface is plotted in Figure 5.4(a). The volume under this NPI
upper ROC surface is equal to 0.4267. Figure 5.4(b) present the empirical ROC
surface, the volume under it is 0.3854. These values of the volumes under these
ROC surfaces indicate that the test is of some use, as they are greater than 1/6, but
the test does not manage to achieve correct classification for a quite large proportion
of the subjects. It is clear from Figures 5.2 and 5.3 that particularly the data for

Y and Z groups have substantial overlap, which will lead to substantial risk of
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Density

valles

Figure 5.3: Probability density functions for simulated data (Example 5.1)

misclassification for both groups, reflected in the empirical and NPI lower and upper
ROC surfaces.

Although it is not easy to see in Figure 5.4, the empirical ROC surface is every-
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where between the NPI lower and upper ROC surfaces.

The plots of ROC surfaces in this section are given with p; and ps both equal to
0 at the right-back corner, while at the left-front corner, both p; and ps are equal
to 1. This is indicated by arrows in the figures.

The maximum value of Youden’s index for the empirical ROC surface in this
example is equal to 1.6258, which occurs for (¢p,co) = (0.1293,1.7715) and also
for (c1,c9) = (0.7014,1.7715). The corresponding NPI lower and upper Youden’s
indices J,(c1, o) and Js(cy, cp), are equal to 0.1293 and 1.6862, respectively, which
both occur for (¢p,co) = (0.1293,1.7715). Using these values for ¢; and cs, a test
result of less than or equal to 0.1293 (or 0.7014) leads to the decision to classify the
patient to group X. If the test result is greater than 0.1293 (or 0.7014) and less than
or equal to 1.7715 then the decision is group Y. Finally, if the test result exceeds
1.7715 then the decision is group Z.
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Figure 5.4: Upper, empirical and lower ROC surfaces for Example 5.1
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Example 5.2. The n-acetyl aspartate over creatinine (NAA/Cr) is a diagnostic
test used to discriminate between different levels of human immunodeficiency virus
(HIV) in patients [14,54,71]. Nakas et al [47,54] used the NAA/Cr test to dis-
tinguish between HIV patients. The NAA/Cr levels were available in a study
of 135 patients, of whom 59 were HIV-positive with AIDS dementia complex
(ADC), 39 were HIV-positive non-symptomatic subjects (NAS), and the other
37 were HIV-negative individuals (NEG) . The NAA/Cr levels are expected to
be lowest among the ADC group and highest among the NEG group, with the
NAS group being intermediate to the other two, so the anticipated ordering is
ADC < NAS < NEG [14]. Figure 5.5 shows the boxplots of these data. These

2.2

2.0

18
|

NAA/Cr levels

1.6

14

12

ADC NAS NEG

Figure 5.5: Boxplots of NAA/Cr levels of ADC, NAS and NEG groups

boxplots show strong overlap between the different groups, particularly between
the NAS and NEG groups (groups Y and Z, respectively). We consider these data
particularly because they were also used by Nakas et al [47,54] to illustrate ROC
surfaces, but the main overlap is likely to lead to quite poor diagnostic accuracy.
Example 5.3 will illustrate the application of our new approach to a situation with
groups that are less overlapping. The NPI lower ROC surface is plotted in Fig-
ure 5.6(c). The volume under this surface is VUS = 0.2524. The corresponding
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NPI upper ROC surface is plotted in Figure 5.6(a), the volume under this surface
is VUS = 0.3131. Figure 5.6(b) presents the empirical ROC surface, the volume
under it is 0.2879. These values of the volumes under these ROC surfaces indicate
also that the test is of some use, as they are greater than 1/6, but the test does not
manage to achieve correct classification for a quite large proportion of the subjects.
It is clear from Figure 5.5 that particularly the data for the Y and Z groups have
substantial overlap, which will lead to substantial risk of misclassification for both
groups, reflected in the empirical and NPI lower and upper ROC surfaces.

The maximum value of Youden’s index for the empirical ROC surface in this ex-
ample is equal to 1.4362, which occurs for (¢1, ¢2) = (1.76, 2.05). The corresponding
NPI lower and upper Youden’s indices values are J,(cy, co) = 1.3803 and J3(cy, )=
1.4732, which both occur for the same values of ¢; and ¢y as for the empirical ROC
surface. So, using these values for ¢; and ¢y, a patient with test result less than or
equal to 1.76 is classified into the ADC' group, while a test result over 2.05 leads
to classification into N EG group. Test results in between these two values leads to
classification into NVAS group. In this example there is small imprecision due to the

large data sets.

A

As Examples 5.1 and 5.2 both involved data that overlapped quite a bit, we now

give a small example with data that are more separated.

Example 5.3. This example consider data in the same range as for Example 5.2,
with n, = n, = n, = 10, where the data are more separated. The data are given in

Table 5.1.

NAA/Cr levels

X | 128 143 1.52 1.53 155 157 1.6 1.63 1.66 1.64
1.65 1.68 1.71 176 1.78 1.79 180 185 1.86 1.87
Z 183 1.84 183 189 190 193 196 199 2.06 2.08

).<

Table 5.1: Separated data
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(a) Upper ROC surface

Sy

(b) Emprical ROC surface

o

(c¢) Lower ROC surface

Figure 5.6: Upper, empirical and lower ROC surface for Example 5.2
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The NPI lower ROC surface is plotted in Figure 5.7(c). The volume under this
surface is VUS = 0.6235. The corresponding NPI upper ROC surface is plotted
in Figure 5.7(a), the volume under this surface is VUS = 0.9421. Figure 5.7(b)
presents the empirical ROC surface, the volume under it is 0.93. These values of the
volumes under these ROC surfaces indicate that the test is good for discriminating
between the three groups.

The maximum value of Youden’s index for the empirical ROC surface in this
example is equal to 2.7, which occurs for (c1,ce) = (1.64,1.78) and also for (1, )
= (1.66,1.78). The corresponding NPI lower and upper Youden’s indices J;(cq, ¢2)
and Js(cy, ), are equal to 2.3636 and 2.7273, respectively, both occur for the same
values of ¢; and ¢, as for the empirical ROC surface. Therefore, a test result of less
than or equal to 1.64 (or 1.66) leads to the decision to classify the patient to group
X. If the test result is greater than 1.64 (or 1.66) and less than or equal to 1.78 then
the decision is group Y. Finally, if the test result exceeds 1.78 then the decision is
group Z. The small data sets in this example, leads to large imprecision than in

Examples 5.1 and 5.2.

5.5 Concluding remarks

NPI lower and upper ROC surfaces are presented in this chapter for the evaluation
of the diagnostic accuracy in three-class classification problems. The corresponding
volumes under the NPI lower and upper ROC surfaces have been derived. The
choice of cut-off points for such classifications by maximisation of Youden’s index
is presented. Attention has been restricted to Definition 5.2 for the ROC surface,
however, for non-continuous cumulative distribution functions, as is the case for
the empirical and NPI ROC analysis, this definition does not always lead to the
same results as Definition 5.1. We aim to develop the NPI approach also related to
Definition 5.1, and to compare this with the results presented in this chapter. Only
real-valued data were considered in this chapter, we also aim to develop such ROC

surfaces for ordinal data, this is an interesting topic for future research.
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(a) Upper ROC surface

(b) Emprical ROC surface
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(c¢) Lower ROC surface

Figure 5.7: Upper, empirical and lower ROC surface for Example 5.3



Chapter 6

Concluding remarks

This chapter provides a brief summary of the main results presented in this thesis
and some important challenges for future research. In this thesis we have presented
Nonparametric Predictive Inference (NPI) for ordinal data and for accuracy of di-

agnostic tests.

In Chapter 3, multiple comparisons and subset selection for ordinal categorical
data were presented. The method uses a latent variable representation of the ob-
servations and categories on the real line. NPI lower and upper probabilities are
presented for several events involving the next observation, including selecting one

group, the subset of best groups, and the subset including the best group.

In Chapter 4, we introduced NPI for accuracy of diagnostic tests with ordinal
outcomes, with the inferences based on data for a disease group and a non-disease
group. The empirical and NPI lower and upper Receiver Operating Characteristic
(ROC) curves and the corresponding areas under the curves were presented and
it was proven that these are nested, with the latter equal to the NPI lower and
upper probabilities for correctly ordered future observations from the non-disease
and disease groups. The use of the Youden index related to the NPI lower and upper
ROC curves was discussed in order to determine the optimal cut-off point for the
test.

When diagnostic tests have categorical outcomes, these are not always ranked as

assumed in Chapter 4. For unordered categorical data, NPI has been developed [22]
102
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and it has already been applied to category selection [6]. There is an interesting
opportunity to apply that method to problems involving diagnostic tests, particu-
larly if a loss function can be identified that quantifies the consequences of wrong
diagnoses. Such a loss function can also be useful for deciding the optimal cut-off
value for the ordinal tests in Chapter 4, based on other criteria than the Youden’s
index. It seems particularly attractive that such a loss function would explicitly
be for the possible consequences to a further individual from either the disease or
non-disease group, which may be easier to elicit from medical experts than in terms

of proportions of assumed underlying populations.

In Chapter 5, NPI lower and upper ROC surfaces have been proposed for the
evaluation of the diagnostic accuracy in ordered three-class classification problems
as a direct generalization of the NPI lower and upper ROC curve for two groups.
The volumes under the NPI lower and upper ROC surfaces have been considered.
Only real-valued data were considered, we aim to develop such ROC surfaces for

ordinal data in the future.

A more established approach for nonparametric inference is bootstrapping, which
can of course be applied for the inferential problems considered in this thesis. How-
ever, if the data contain categories with zero observations, which may well occur for
smaller data sets, such categories will also never appear in the bootstrap samples,
while in the NPI approach presented here the positive upper probabilities for such
outcomes reflect that they are not deemed impossible on the basis of the data. At
the same time, the NPI lower probabilities for such categories are zero, reflecting
that the data do not provide strong evidence in favour of such observations to oc-
cur. Not surprisingly, in case of large data sets the NPI and bootstrap methods
will give very similar conclusions when looking a single observation ahead for each
group. However, if one is interested in multiple future observations, which is as
mentioned above left as a topic for future research, then the NPI method treats
these as mutually dependent while bootstrap methods typically assume these to be
mutually independent, both given the data. An NPI alternative to bootstrapping is

currently being studied with focus on real-valued data. It will be interesting to also
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develop such NPI-bootstrapping methods for ordinal data, and apply it to problems

of multiple comparisons and diagnostic accuracy.

The NPI approach has the obvious limitation that a substantial number of ob-
servations are required in order to get small imprecision, yet the fact that larger
imprecision reflects limited availability of data is a natural reflection of the fact that
the approach makes only few modelling assumptions. If there are only few obser-
vations and the NPI approach does not indicate a clear answer to an inferential
problem due to large imprecision, this is a strong indication that other methods,
which use stronger modelling assumptions, may be needed, or one should attempt

to collect more data.

The inferences presented in this thesis used only a single future observation from
each group. NPI enables inference on multiple future observations per group, de-
veloping this for ordinal data with similar application to multiple comparisons, is
an interesting topic for future research. Once NPI for ordinal data has been devel-
oped for multiple future observations then further study of methods for diagnostic
accuracy for multiple future individuals per group is an interesting topic for future
research. Also for accuracy of diagnostic tests with real-valued data, with either 2
or 3 groups, consideration of multiple future observations provides a nice research

challenge.
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Multiple comparisons

A.1 Proof of Theorem 3.2

Proof. The NPI lower probability is derived as follows:
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Equation (A.1.6) can be written as

K J j

> ni 1 A(nkﬁK +1)| + (nj - 1) (A.L7)
k=2 I=11#]

(A.1.7) will be the result if we put probability P# (X! 141 € Cix)=1in(A15). O

A

A.2 Proof of Theorem 3.4 in case of four groups

Suppose we have four groups and we are interested in selecting the subset which
contains two groups 1 and 3, so S = {1,3} and S¢ = {2,4}. We derive the NPI
lower and upper probabilities for the event that the next observations of group 1
and of group 3 are both less than or equal to the next observation from group 2 and
from group 4. The NPI lower and upper probabilities for the event maXX i S

mlnXl
=24 "l

(3.35) and (3.38) but with < everywhere replaced by <. The lower probability is

are derived similarly to the lower and upper probablhtles in Equatlons
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derived as follows:

!
P (gnzlmgX] < mlanlH) =P (ﬂ {I?Eag'(Xj <X l+1}>

lese

- ({xa 2 s O {2 msa )

K K
=y Yr <{X§2+1 > jnz%xim} N {X;;+1 > maXXfL]H} () {X., €C)
ki=1 ks=1 ’

7=13

K
>3 Y p ({X > oy X7, }ﬂ {Xn4+1 > i X, } N
ki=1 kz=1 j=1,3
x PR (Xpiyy € Cryy X2y € Ciy)
= Z Z 7 : 1 P (X22+1 S CMW,K) P (Xs‘l—i-l € CMW,K>
ki=1 ks3=1j5=1,3 n +
K K Ri
Z Z Z J ] 1 PL <X72LQ+1 S CMW7K) PL (Xﬁ4+1 € CMW7K)
Fiml ka—1j=13 \"" T
S Ri' L (2 L (y4
— Z | e + - P* (X2, € Cyi) P* (Xpayy € Chyi)

K K Ri: , , . \
+ Z Z H nJ +1 P (X 241 S Ck:%K) P (Xn4+1 € Ckg,K)
. ©
(>

k‘1=1 k3=1 ]=1 122,4 f=k‘1
K K J K l
Rl L
j f
X s ()| (2
ki=1 ks=k1+1j5=1,3 =24 f=ks
K k1
< l
P-4l XL () 11 (2)
k1=1 ks=1j=1,3 =24 f=k1

SR I I ()

1=2,4 \f=ks

X/

ni+1

ECk}

(A.2.8)

)
)



A.2. Proof of Theorem 3.4 in case of four groups 117

4

A —1
i1 (0 + 1)} . The corresponding upper

where My, = max {ky, k3} and A = [H

probability is derived as follows:

K K
-3 e ({reezmea N (x| Q<

j=1,3

K K
<Y 3w ({X > X K 2 a0, b 00 <)

k1=1 kz=1 j=1.3
X PL (Xil—‘rl S Ck17X23+1 € Ck3)
K K Lij 2 4

- Z Z ' ni 4+ 1 P (Xn2+1 € CMW,K) P (Xn4+1 S CMW,K)
k1=1 kz=1 ]=1,3

<> 2. | 1 P (X321 € Ctyic) P (Xapy € Caayy i)
ki=1 ks=13j=1,3
Kk Li- . o

=30 S TT (g ) PR (X € Cu) PP (X € Cru)
ki=1 ks=1;=1,3

J

% > P (X741 € Cryic) PH(Xpagy € Cryre)

o
[~ |
—

-

k1=1 ks=k1+135=1,3
K k J K l
2O ()| I (L)
ki=1 k3=1j5=1,3 =24 f=k1
K J K
Ly, R
3 f
Xy ()| (s
k1=1 ks=k1+1j5=1,3 1=2,4 f=k3
B K ki K
—< i .
PSS T () 1T (Lm)
ki1=1 ks=1j5=1,3 1=2,4 f=k1

(A.2.9)

Y T(xa) 11 (1m)

f=ks 1=2,4 f=ks

-1
where My, = max {k1, k3} and A = [H4 (n? + 1)] .

j=1

)
)



A.3. Proof of Theorem 3.5 in case of four groups 118

A.3 Proof of Theorem 3.5 in case of four groups
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vation is less than or equal to the next observations from all not selected groups
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The lower probability (3.49) can be derive as follows:

P (rjnelngn a1 > maXan+1> =P (ﬂ {an+1 < mlanJ+1})

JE

leSe
= Z Z (ﬂ { 1<Ijnei§1Xij+1}’Xiulec’%’jES)
leSe
17 (X, €c) (A.4.14)
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k’jl =2 kjw =2 lese
HPL n]+1 c Ok7) (A415)
JjES
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— Z Z ({Xflurl<%i§1Xij+1}]Xn]+lGckj,]ES)
k=2 kjy,=2 lesc
K K
— “e P X’le E CLMw—l)
k§::2 k§;2 LIS nJ _|_ 1 l]e;[c +1
K K LJ
> Z o Z H ni —+1 H PR n’+1 € Mw—l) (A.-4.16)
kjy=2  kj,=2 jES + lese

where M,, = min{k;,,...,k;,}. The corresponding NPI upper probability is de-
rived similarly by putting the probability masses per interval at the endpoints, for
the groups j € S at the right endpoints and for all other groups [ € S¢ at the left
endpoints in the latent variable representation. These lower and upper probabilities
are similarly derived and justified as Equations (3.32) and (3.33). In these formu-
las the summations start from the second category as the probability of the event
min X7, > max X

jes miHl T cge Tni4d
category.

is zero when one or more of X7, +1»J € 5 are in the first



