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Abstract

This thesis presents Nonparametric Predictive Inference (NPI) for several multiple
comparisons problems. We introduce NPI for comparison of multiple groups of data
including right-censored observations. Different right-censoring schemes discussed
are early termination of an experiment, progressive censoring and competing risks.
Several selection events of interest are considered including selecting the best group,
the subset of best groups, and the subset including the best group. The proposed
methods use lower and upper probabilities for some events of interest formulated
in terms of the next future observation per group. For each of these problems the
required assumptions are Hill’s assumption A, and the generalized assumption
rc-Agy, for right-censored data.

Attention is also given to the situation where only a part of the data range is
considered relevant for the inference, where in addition the numbers of observations
to the left and to the right of this range are known. Throughout this thesis, our

methods are illustrated and discussed via examples with data from the literature.
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Chapter 1

Introduction

1.1 Overview

This thesis presents Nonparametric Predictive Inference (NPI) for several compar-
isons problems. Mainly, we introduce NPI for multiple comparisons in situations
with right-censored observations. Such data typically occur in reliability or survival
analysis, due to several reasons. For example, when interest is in a specific failure
mode for a technical unit, it may fail due to a different failure cause. If multiple
failure modes are of interest, and failure will be due to only a single failure mode,
then this situation is known as ’competing risks’, where an observed failure time is
actually a right-censoring time with regard to all failure modes that did not cause
the failure. Another reason for right-censoring may be removal of units from a life-
time experiment, normally to save time or reduce costs, but this also occurs if, at
some point, one wishes to study in more detail units which have not yet failed in
an experiment. If right-censoring is due to an experiment being terminated before
all units have failed, comparison of different groups of units based on such data is
known as 'precedence testing’. If non-failing units are removed from the experiment
at several possible stages it is known as 'progressive censoring’.

In this thesis, we develop NPI for multiple comparisons for precedence testing,
progressive censoring, and competing risks. It should be emphasized that, through-
out the thesis, unspecified reasons for right-censoring are assumed to be based on

processes that are independent of the residual lifetimes of the censored units. We

1



1.2. Assumption A(,) and imprecise probability 2

also present NPI for situations where the information available consists of precise
measurements of real-valued data only within a specific range, with in addition the
numbers of observations to the left and to the right of this range are known.
Section 1.2 provides a brief overview of some basic aspects of imprecise probabil-
ity and the underlying assumption behind NPI, Hill’s assumption A,). In Section
1.3 we review briefly the main idea of NPI and discuss some applications which
we will refer to later in the thesis. This includes the generalisation of the A, as-
sumption needed to accommodate lifetime data, the so-called assumption rc-Ag,).

Finally, the outline of this thesis is given in Section 1.4.

1.2 Assumption A, and imprecise probability

In this section we briefly overview some basic aspects of imprecise probability and
the underlying assumption behind NPI, Hill’s assumption A, [40]. To introduce
A(ny we first need to introduce some notation. Suppose that Xi,..., X, X, are
real-valued absolutely continuous and exchangeable random quantities. Let the
ordered observed values of X, X5,..., X, be denoted by z; < 2 < ... < x,, and
let zp = —oo0 and x, 11 = oo for ease of notation. We assume that no ties occur,
the results can be generalised to allow ties [42], see also Subsection 1.3.5. Based
on n observations, the assumption A, is that the probability that the next future
observation X, ;; falls in the open interval I; = (z;,2;41) is 1/(n + 1), for each
j=0,1,...,n [40].

Ay does not assume anything else, and can be considered to be a post-data
assumption related to exchangeability [31]. Hill [41] discusses A, in detail. 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’ [31],
which are lower and upper probabilities in interval probability theory [76, 79].

Lower and upper probabilities generalise classical probabilities, and a lower (up-
per) probability for event A, denoted by P(A) (P(A)), can be interpreted in several
ways [21]: as supremum buying (infimum selling) price for a gamble on the event

A, or as the maximum lower (minimum upper) bound for the probability of A that
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follows from the assumptions made. Informally, P(A) (P(A)) can be considered to
reflect the evidence in favour of (against) event A.

Interval probabilities, also know as imprecise probabilities, have been suggested
in various areas of statistics. Recently increasing attention has been given to this
topic area resulting in a series of conferences and a project website (The Society
for Imprecise Probability: Theories and Applications - www.sipta.org). Walley [76,
77] extended the traditional subjective probability theory via buying and selling
prices for gambles, whereas Weichselberger [78, 79] generalised Kolmogorov’s axioms
without imposing an interpretation.

Below we briefly present some elements of theory of interval probability as rele-
vant to A(,)-based inference. According to Weichselberger [78, 79], an axiomization
of interval probability can be achieved by supplementing Kolmogorov’s axioms as
follows:

For a measurable space (€2,.4), a set function p(.) on A satisfying Kolmogorov’s
axioms is called a classical probability. Let IC(2,.A) be the set of all classical prob-
abilities on (£2,.4). A function [P(.); P(.)] on A is called an F-probability with
structure M, if

i) P: A= {[P;P]0<P<P<1} and A [P(A); P(A)],
ii) M= {p(.) € K(Q,A)| P(A) < p(A) < P(A),VA € A} #0,
iii) For all A € A,p(?)rgvl p(A) = P(A) and sup p(A) = P(A).

For every F-probability, P(A) and P(A) are conjugated, i.e. P(A) = 1 — P(A°),

where A° is the complement of A.

1.3 Nonparametric Predictive Inference (NPI)

Inferences based on A,) are predictive and nonparametric, and can be considered
suitable if there is hardly any knowledge about the random quantity of interest,
other than the n observations, or if one does not want to use such information,
e.g. to study effects of additional assumptions underlying other statistical methods.

Nonparametric Predictive Inference (NPI) is a statistical method based on Hill’s
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assumption A,y [40], which gives direct probabilities for a future observable random
quantity, given observed values of related random quantities [1, 21]. NPI has been
developed in recent years, mainly by Frank Coolen and Pauline Coolen-Schrijner and
their collaborators and students, for different applications in statistics, reliability and
operational research.

In NPI uncertainty is quantified by lower and upper probabilities for events of in-
terest. Augustin and Coolen [1] introduced predictive lower and upper probabilities
based on A, as follows:

Let B be the Borel o-field over R. For any element B € B, lower probability
P(.) and upper probability P(.) for the event X,,,; € B, based on the intervals
I; = (zj,zj41) (j =0,1,...,n) created by n real-valued non-tied observations, and

the assumption A,), are

1 .
P(X,,€B)= n—+1|{‘7 1 I; C By

_ 1
P(Xui1 € B) = —— {7 : ;N5 # 0}

where |A] is the cardinality of a set A, i.e. the number of elements contained in A.
In other words, the lower probability P(X,. 1 € B) is achieved by taking only prob-
ability mass into account that is necessarily within B, which is only the case for the
probability mass n+r1 per interval I; if this interval is completely contained within 5.
The upper probability P(X,+1 € B) is achieved by taking all the probability mass
into account that could possibly be within B, which is the case for the probability

%H, per interval [, if the intersection of I; and B is non-empty.

mass

Augustin and Coolen [1] showed that these bounds fit nicely into the framework
of interval probability [78, 79]. They proved that, without adding any further as-
sumptions, these A(,)-based lower and upper probabilities are F-probability with
structure

1 .
M :={p()) € KR, B)| p(Xnt1 € I;) = S =01 T}
By the nature of A,), NPI is a frequentist statistical methodology [1, 40, 41],

which however can be interpreted in a way similar to Bayesian statistics [21, 42].

An important advantage over more established frequentist methods is that NPI does
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not depend on counterfactuals, that is data which were not actually observed but
could have been observed. For example, these are important in hypothesis testing,
which has led to a large literature on frequentist methods for related problems con-
sidering slightly varying experimental procedures. In NPI, as in Bayesian statistics,
the inferences only involve the actual data observed, although a warning is needed
about the fact that, quite obviously, to apply NPI one must be happy with the
exchangeability assumption on the data and future observation(s), which may be

non-trivial depending on the experimental set-up.

1.3.1 NPI for multiple comparisons

For complete data, Coolen [19] introduced NPI for comparing two independent
groups, say X and Y. In classical statistics these tend to be referred to as 'popula-
tions’. Throughout this thesis, we avoid the term ‘populations’ in NPI as we only
consider one future observation and do not make use of any population distribution,
even no assumptions about existence of such a distribution or about a meaningful
population are made. Suppose that Xy,..., X, , X, 1 and Y1,...,Y, Y, 41 are
real-valued absolutely continuous and exchangeable random quantities from X and
Y, respectively. Let their ordered observed values be 1 < z2 < ... < z,, and
Y1 < Y2 < ... < Yn,, and let xg = yo = —o0 and Ty, 41 = Yn,+1 = 00. Again we
assume that no ties occur, the results can be generalised to allow ties [42].

Such comparisons focus on the next future observation from each group. The
NPI lower and upper probabilities for the event that a future observation, X,, 11, of
group X is less than a future observation, Y, 41, of group Y (i.e. X, 11 < Yy 41),
based on n, and n, observations of group X and Y, and the assumptions A,,) for

Xne41 and A, for Y, o1, are

1 Ny  ng
P(X, <Y, = Hz, <y 1.1
_< z+1 y+1> (ngc + 1)(ny + 1) ; ; {x y]} ( )

Nz

_ 1 L
P( X1 < Y1) = {Z > 1w <yt +ne+ny + 1} (1.2)

(ny +1)(ny, + 1) i

where 1{E'} is an indicator function which is equal to 1 if event £ occurs and 0 else.

For these lower and upper probabilities the conjugacy property holds, that is for an
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event F and its complementary event E¢, P(F) =1 — P(E°).

Throughout we assume that information on units from one group does not hold
any information about units from the other group, so X, 41 and Y, 1, are indepen-
dent and data from group X contain no information on Y, 4 and vice versa. We
call this ‘complete independence’ of the groups.

Coolen and van der Laan [25] extended this to compare k > 2 groups with
different events of interest including selection of the best group, the subset of best
groups, and the subset that includes the best group.

Suppose we have & > 2 groups and n; + 1 random quantities from group j,
denoted by Xj; where i; = 1,2,...,n5,n; +1, j = 1,2,...,k, and let for each
group j (j =1,2,...,k) 21 <zj2 <... <y, bethe ordered observed values and
Tjo = —0o0 and z;, 11 = 00. The inference depends on Hill’s assumption A(nj) [40]
for each group j, as described before.

Coolen and van der Laan [25] presented the following NPI lower and upper prob-
abilities for the event that a specific X ,,+1 is the maximum for all next observations

ijnj+17 ] - 1, ey k

1 ny k n;
P (Xz,mﬂ = g%}(k Xj,n]'+1> =% Z H Z 1{553',@']' < i}
[(n;+1) |#=1o-t=!
; L

=

[y

B 1 ng k nj 1
F (Xl””“ T 1955k Xa‘m“) = DI+t < wad Tl

1) |a=1=1 ii=1
(n; +1) _l il I

e

J

Il
R

They also considered selection of a subset of groups such that all the groups in
this subset are ’better’ than all not selected groups, that is the next observation
of each group in the subset is greater than the next observation of all groups not
in the subset. Let S = {ly,ls,...,,,} be a subset of m groups (1 < m < k —1)
from k independent groups and let NS be the complement set of S containing the
remaining k£ — m groups. Then the NPI lower and upper probabilities for the event

that the next observation of each group in S is greater than the next observation of
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each group in NS, i.e. rlmnXl bl > maxX 41, are [25]

P{min X;,, .1 >max X, 11| =
= \es Mt 7 jeng Tmat

Z 1T Z Haji, < minfay )

1jENS |i;=1
(nj +1) leeS j i

::]w

1

J

n;+1
P <I}11§1le+1 > maXX n~+1> = 1 Z:l ljv[s 1"‘2:11{%1 < mm{xl”}}
7 S 1=
Jl;[ (nj +1) lleS J I

bll blm
where the notation E is used for the m sums E E
i1=a y=a  i,=a

les
Using the same definitions of subsets S and NS, we can also be interested in
selecting the subset S that contains the best group. Then the NPI lower and upper
probabilities for the event that the next observation from (at least) one of the se-
lected groups in S is greater than the next observation from each group in NS, i.e.

r?aéxXl ny41 > m]%x Xjjn;+1, are [25]
(S

P (%%XXWH > }Ielj%éXj,njH) = z H Z 1z, < %aéx{xml}}
H( ) ;=0 jeNS |i;=1 i

i les

n;+1
P (m%XXz n41 > maXX n‘+1) = E H 14’21{1’” <maX{37l it

l v
;=1 jJENS i;=1
}3< y i

1.3.2 NPI for right-censored data

In reliability and survival analysis, data on event times, often called lifetime, are
often affected by right-censoring, where for a specific unit or individual it is only
known that the event has not yet taken place at a specific time. An observation
for a unit or an individual is said to be right-censored at ¢ when its lifetime is only
known to be greater than ¢ [48].

The assumption A,) requires fully observed data, and cannot deal directly with
right-censored data. Coolen and Yan [27] presented a generalisation of A, called
right-censoring A, or rc-A(,), which is suitable for right-censored data. In compar-

ison to Ay, rc-A(,) uses the extra assumption that, at the moment of censoring,
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the residual lifetime of a right-censored unit is exchangeable with the residual life-
times of all other units that have not yet failed or been censored. Further details
of rc-A, are given in [27]. To formulate the required form of rc-A,), we need no-
tation for probability mass assigned to intervals without further restrictions on the
spread within the intervals. Such a partial specification of a probability distribution

is called an M-function [27] which is given by the following definition.

Definition 1.1. A partial specification of a probability distribution for a real-valued
random quantity X can be provided via probability masses assigned to intervals,
without any further restriction on the spread of the probability mass within each
interval. A probability mass assigned, in such a way, to an interval (a,b) is denoted

by Mx(a,b), and referred to as M-function value for X on (a,b).

Clearly, each M-function value should be in [0,1] and all M-function values for
X on all intervals should sum up to one. The concept of M-function is similar to
that of Shafer’s ‘basic probability assignment’ [72].

Let Xq,...,X,, X1 be positive, continuous and exchangeable random quan-
tities representing lifetimes. Suppose that there are n observations of group X
consisting of w event times, ;7 < zy < ... < x,, and v(= n — u) right-censored
observations, ¢; < ¢3 < ... < ¢,. Let xg = 0 and z,,1 = oo. Suppose further
that there are s; right-censored observations in the interval (z;,x;11), denoted by
< d <. < céi, so > osi = v. The assumption rc-A,) partially specifies
the NPI-based probability distribution for X,,,; by the following M-function values,

where the random quantity X,, ;1 represents the failure time of one future unit [27].

Definition 1.2. Right-censoring A, (rc-A(,)) partially specifies the probability

distribution for the next observation X,, 1 by the following M-function values,

1 fro, + 1
M = Mx, (i, Ti1) = 1 H BT (1.3)
{rier<z;} cr
% 1 ﬁcr +1
M,ig* = MXnJrl (Ci*; I‘Z’—‘rl) = W H ﬁ/—’ (].4)

Cl:* 1
i {rier<cli}

where : =0,1,...,uand ¢* =1,2,...,s;.
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These M-function values can also be written as (for ¢ = 0,1,...,u and i* =
0, 1, ce 7372)
i Lo s Ne, +1
MXn+l (ti*axi—i-l) = n+ 1(nti*) ¢ H ﬁ—cr (15)
{rier<tic}
where
5 1 if* =0 ie. th =z; (failure time or time 0)
Z 0 ifi*=1,...,s ie. th=c. (censoring time)

and 1. and ﬁt:;* are the numbers of units in the risk sets (still functioning or alive and
uncensored) just prior to time ¢, and t.., respectively. For consistency of notation,
the further definition ng = n + 1 is used throughout. Only intervals of this form
have positive M-function values, and these sum up to one over all these intervals.
Summing up all M-function values assigned to such intervals with the same z;,, as

right end point gives the probability

1 P + 1
P, =P(X,+1 € (v, 74 = —_— 1.6
e e | (16)
{rier<wiy1}

where x; and x;,; are two sequential failure times (and zo = 0, 2,11 = 00). It
should be noted that, throughout this thesis, the product taken over an empty set is
defined to be equal to one. To get more insight in rc-A(,), we provide an illustrative
example in Appendix A.

Below two useful equalities are given which will be used later in the thesis, these

were presented and proven in [27, p. 51].

Lemma 1.1. The following two equalities hold, for all : = 0,1, ..., u,

1 1 1
— _ for s; > 2
<a) Z*Z_Qﬁc?*ﬁc?*l ﬁci ,ﬁ'ci o s =
AN fle. + 1 fle. + 1
b 1+> — ] o 20 _ 1T B B0 for 5> 1.

Ne, e

{rw;<cr<wijy1}

i
Sk (6 : r
= i* {r:xi<cr<c;*}
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1.3.3 NPI for survival function

A commonly used method for summarizing lifetime data is the survival function,
S(t), which specifies the probability that the time to event is greater than ¢. In a
sample of size n, suppose that there are ¢ (¢ < n) distinct event times x1 < o <
-+ < x4. Let h; be the number of events that occur at time z;, and 7, the number
of units in the risk set just prior to time x;. The product-limit estimator of the
survival function, first proposed by Kaplan and Meier (KM) [44], is

s0= 1] (—”n - ’“) (1.7)

iy <t L

The product-limit estimator is also the nonparametric maximum likelihood estima-
tor of S(¢). In the case where there is no censoring, the product-limit estimator
is identical to the empirical survival function, which is obtained by calculating the
proportion of units that have not yet experienced the event by time t.

The NPI lower and upper survival functions based on the rc-A,) assumption for
right-censored data can be considered as predictive alternatives to the Kaplan-Meier
estimator [44], see [27] for detailed discussion and examples.

Below we present new formulae for the NPI lower and upper survival functions,
Sx, ., (t) and Sx,..(t), respectively, as first introduced by Coolen et al. [23]. These
formulae are the simplest closed-form expressions for these lower and upper survival
functions presented in the literature thus far, and as such are likely to be useful in
many applications of NPI in reliability and survival analysis. In this thesis, they are
explicitly used in Chapter 6 and they also presented by Maturi et al. [59].

Before introducing the new simple formulae of the NPI lower and upper survival
functions, the following lemma is needed, for which some further notation is intro-
duced. Let t,, a = 1,...,n, be n different ordered observations, each either a failure
time (J, = 1) or a right-censoring time (J, = 0), and define §y = 1 corresponding to

the definitions ¢ty = 0 and 7y, = g =n + 1.

Lemma 1.2. For all t,, a =0,1,...,n,

L N e e e, +1
()™ + Y @)™ ] T (1.8)

i=a+1 {rita<er<t;}
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Proof. The lemma is proven by induction. First, for ¢, = t,, equation (1.8) is easily
verified both if ¢, is a failure time or a censoring time. Next, form =0,1,...,n—2,

let a = n —m and suppose that equation (1.8) holds for t, = t,_,,

(e, )"+ Z ()" H m T M (1.9)

i=n—m+1 {ritn—m<cr<t;}

This implies that equation (1.8) also holds for t,—1 = t,_pm—1 = tu_(m41), Which is

shown now. The equality that needs to be proven is

_ . —~ e, +1
(ntn7m71)6n7m71 1+ Z (nti)&b ! H ~ :ntnfmfl (110)

£ Ne,.
i=n—m {ritn—m—1<cr<t;}

The left hand side of (1.10) can be written as

1_571777171 =~ 1_‘s’m*'mfl n ~
(T | B S 1 61 Ne,+1
= — e ; —
( ! ) +< ) (7e,,_,.) + E (7t,) | |

n n .
tn—m-1 tn—m-1 i=n—m-+1 {ritp—m<cr<t;}

1—0n—m— ~ 1—0p—m—
( 1 ) | + (ntn_m_l + 1) | "
= ~ - = ntnfm
ntn_m—l ntn—m—l

1 1_6n—m—1 ﬁ/tnimi + 1 1_6n—m—1 ~
== (~ ) + <~—1 (ntnf'mfl - 1)
ntn7m71 ntnfmfl

where the first equality follows from (1.9). Both if ¢,,_,,_1 is a failure time (6,,_,—1 =
1) or a censoring time (0,,—,,,—1 = 0), it follows straightforwardly that this expression

is equal to 7 Hence, by this induction argument equation (1.8) is proven to

n—m—1"
hold for all a = 1,...,n. Finally, for a = 0, so t; = 0 for which J; = 1 and

Ny, = g = n + 1 were defined, equation (1.8) follows directly by
R P i, + 1 el NS e i, + 1
(729) 1+Z(nti)5’ ! H i =1+ (7, )™ 1+Z(nti)6l ! H T
i=1 {rito<cr<t;} T =2 {riti1<er<ti} T

:1—|—ﬁt1:1+n:ﬁto
]

The simple closed-form expressions for the NPI lower and upper survival func-
tions are given by Theorem 1.3. In addition to notation introduced above, let

S R .
tyr1 =ty =zipfori=0,1,...,u—1
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Theorem 1.3. The NPI lower survival function [23] can be expressed as follows,

for t € [t!,t: ;) withi=0,1,...,uand a =0,1,...,s;,

1 Ne, + 1
SXn+1( ) = n——|—1 nté{ lltl}ﬁ—cr (111)

and the corresponding NPI upper survival function [23] can be written as follows,

for t € [z, x;41) Withi=0,1,... u,

I Ne, + 1
St =g ]I =5 (1.12)
{rier <z} cr

Proof. For t € [t.,t! ), the lower survival function, as given in [23], is equal to

§Xn+1< ) SX +1( ) MXn+1<ta’x’L+1 + Z MXn+1( *axl-i-l)

C(4,3*,t%)
T . o, + 1 o o, + 1
T+l ()™ 11 FR > )] 7
{rier<ti} er C (4,5 ,t%) {rier<ti.} o
1 e 1) e, + 1
T+l H Tie () * Z : H
{rer<ti} " (4,8% %) {riti <cp<ti,} e
1 fro, +1
= ST H | ﬁcr Tyi
{r:er<ti}

where Z denotes the sums over all ¢ from 0 to u and over all #* from 0 to s;
C (4% t4,)
such that ti. > t!. Again, t can be a failure time (§% = 1) or a censoring time
(62 = 0). The final equality follows from Lemma 1.2.
Lemma 1.2 is also used to prove formula (1.12) for the NPI upper survival func-

tion [23], which, for t € [z;, x;11), is equal to

Sxpi () = M, (%0, Tig1) + E Mx,,,, (ti, Tiy1)

C(i,i*,mi)
1 /ﬁ/c'r + 1 ~ 61*—1 ﬁcr + 1
REEST S S el ERP DICR A U G
{rer<z;} C(1,8*,x4) {r:xigcT<t;*}
1 Ne, +1 _
n+1 H Ne, ’

{rier<z;}

where E denotes the sums over all ¢ from 0 to u and over all * from 0 to s;
C(i,i*,$i)
such that t;. > x;. O
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Lemma 1.2, and indeed the NPI lower and upper survival functions (1.11) and
(1.12), can also be interpreted along the same lines as the probability redistribution
algorithm for right-censored data as introduced by Efron [35] and also discussed by
Coolen and Yan [27].

1.3.4 NPI for comparing two groups of lifetime data

Coolen and Yan [26] introduced NPI for comparing two independent groups of life-
time data, say X and Y, including right-censored observations. This comparison is in
terms of lower and upper probabilities for the event that a future observation X,,_ 11
of group X is less than a future observation Y, 1 of group Y, based on n, and n,
observations of group X and Y, and the assumptions rc-A,,) and rc-A,,). Suppose
that we have observed u, event times from group X, denoted by 1 < x5 < ... < z,,
and v, (= n, — u,) right-censored observations ¢, ; < ¢;2 < ... < Czo,. Let xg =0,
Tu,+1 = 00, and let s, ; be the right-censored observations in the interval (z;, z;11),
T <y < Gy <o < C < Wiy, S0 Y00 8pi = Uy Similarly, suppose that
there are u, event times from group Y denoted by y; < 12 < ... < y,, and let

Yo = 0 and y,,+1 = 00, and that there are v, (= n, —u,) right-censored observations

cy1 < Cy2 < ... < ¢y, and s, ; right-censored observations in the interval (y;, y;11),
Yj < cpq < o <. <0 < Yj+1, 80 3 Yoy = vy. Then the NPI lower and

upper probabilities for the event X, 1 <Y, 41 are

Uz Uy Sy,j

P(Xppi1<Yn,e1)=) > PXOUzip <y M)+ Wapa< o) . }M). 0 (1.13)
i=0 j=0 iy=1
Uy Uy Sx.,i

P(Xppi1<Ya,e)=) > PISUoi< gy }ME+ Y 1{e) <y JMY. 0 (1.14)
i=0 j=0 iz=1

where the quantities M (M)), Mfg; (MJYZ;) and P (P)) are given by (1.3),
(1.4) and (1.6), respectively. Coolen and Yan [26] derived these lower and upper
probabilities by use of the following lemma, given and proven in [26, 81], which is

also used later in the thesis.
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Lemma 1.4. For s > 2, let J; = (j;,r), with j; < jo < ... < js < 1, so we have
nested intervals J; D Jy D ... D Jg with the same right end-point r (which may be
infinity). We consider two independent real-valued random quantities, say X and Y.
Let the probability distribution for X be partially specified via M-function values,
with all probability mass P(X € J;) described by the s M-function values Mx(J;),
l=1,...,s,80 >, Mx(J;) = P(X € J;). Then, without additional assumptions,

iP(Y < i)Mx(J) < P(Y <X, X € J)) < P(Y <r)P(X € J,)

=1

provides the maximum lower and minimum upper bounds.

1.3.5 Treatment of ties

In NPI it is quite straightforward to deal with tied observations, by assuming that
tied observations differ by small amounts which tend to zero [41]. If such a tie
would occur among different groups, then one can break it similarly in two ways,
different for upper and lower probabilities in such a way that these are maximal
and minimal, respectively, over the possible ways of breaking such ties, without
changing the order of these observations with respect to all other observations [26].
If ties occur between event time and right-censoring time, then as is common in the
literature, the right-censoring time is assumed to be just beyond the event time [44].
Throughout this thesis we deal with tied observations in this way, for more details

we refer to [26, 27, 81].

1.4 Outline of Thesis

The thesis is organized such that each chapter addresses one main inference problem,
and is related to a paper that has been published in an academic journal or which
is in submission. Each chapter is self-contained, with the main problem and the
notation introduced before the core results are presented. The same notation may
be used for different quantities in different chapters, notation introduced in Chapter

1 may also be used.
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In Chapter 2 we introduce NPT for precedence testing for two groups [29]. We
extend that in Chapter 3 to k > 2 groups with focus on different selection problems
[60]. Further extension allowing right-censoring to occur before the experiment is
ended is presented in Chapter 4 [58]. Chapter 5 presents a comparison of two groups
under different progressive censoring schemes [57]. In Chapter 6 we introduce NPI
for competing risks, which is an important topic in reliability [59]. Chapter 7 presents
NPI for comparison of two groups with only a part of the data available [55]. In
the appendix, we enclose the R commands that have been used for calculations.
Despite in some chapters, due to notational complexity we only consider pairwise
comparisons, the R commands provided in Appendix A.1 can be used for more
general events of interest similar to those presented in Chapter 3.

Furthermore, some parts of this thesis have been presented in several confer-
ences and short papers have appeared in related conference proceedings. For exam-
ple, Chapter 2 has been presented at the 5th International Mathematical Methods
in Reliability Conference (Glasgow, UK 2007) [28]. A part of Chapter 3 was pre-
sented at the International Workshop on Applied Probability (Compiegne, France
2008) [52]. Chapter 4 was presented at the International Seminar on Nonparamet-
ric Inference (Vigo, Spain 2008) [53]. Part of Chapter 6 was presented at the 18th
Advances in Risk and Reliability Technology Symposium (Loughborough, UK 2009)
[56]. A comprehensive overview of the main parts of this thesis was presented at the
6th International Symposium on Imprecise Probability: Theories and Applications:

ISIPTA’09 (Durham, UK 2009) [54].



Chapter 2

Comparison of two groups with

early termination

2.1 Introduction

Comparison of lifetimes of units from different groups is a common problem. In this
chapter, we consider the situation where units from two groups are simultaneously
placed on a life-testing experiment, and decisions may be needed before all units
have failed due to cost or time considerations, so the data consist of both observed
lifetimes and observations which are right-censored at the moment the experiment
was terminated.

In classical precedence testing, the experiment is terminated at a certain time or
after a certain number of failures (for a particular group). Epstein [36] first presented
precedence testing, Nelson [63] proposed it as an efficient life-test procedure that
enables decisions after relatively few lifetimes are observed. Balakrishnan and Ng [5]
present an excellent overview, and describe several nonparametric precedence tests
based on the hypothesis of equal lifetime distributions.

As an alternative, we propose Nonparametric Predictive Inference (NPI) for
precedence testing for two groups, with lower and upper probabilities for the event
that the future lifetime of a unit from one group is less than the future lifetime
of a unit from the other group. In Section 2.2, we briefly review some classical

nonparametric precedence tests. Our method is introduced and justified in Sections

16
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2.3 and 2.4 including some special cases and properties. Finally we illustrate and
compare our method with these classical precedence tests via examples in Section

2.5.

2.2 Classical precedence testing

In precedence testing for two groups, units of both groups are placed simultaneously
on a life-testing experiment, and failures are observed as they arise during the ex-
periment, which is terminated as soon as a certain stop criterion has been reached,
so the lifetimes of some units are typically right-censored.

In this section we briefly review some classical nonparametric precedence tests
in the literature, following notations and definitions of Balakrishnan and Ng [5].
Suppose one is interested in comparing the lifetimes of units from two groups X
and Y. Their lifetime distributions are denoted by Fx and Fy, respectively, and n,
and n, are the number of units of group X and Y that are placed simultaneously
on a life-testing experiment. We assume that the experiment is terminated as soon
as the T;h failure of group Y is observed. It should be noted that for the classical
precedence tests, the stop criterion used is relevant due to the nature of frequentist
hypothesis testing, as it influences the sampling distribution of the test statistic,
which is not the case in the NPI approach presented in Section 2.3.

The classical precedence test was introduced by Nelson [63]. One is interested
in testing the null hypothesis Hy that Fx(x) = Fy(z) for all z > 0. Let D; be the
random quantity representing the number of observed lifetimes of group X that are
less than the first observed lifetime of group Y, and let d; be its observed value.
Similar, let D; be the random quantity representing the number of observed lifetimes
of group X that are between the (i — 1) and i'" observed lifetime of group Y, for
t=2,...,1ry, and denote their observed values by d;. The precedence test statistic
Q(r,) is the number of lifetimes of group X that precede the rzh lifetime from group
Y, ie Qu,) = > i’ D;. Under Hy, the distribution of Q) is

. . —1
Q=i =( )P g
. —

J Ty
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The classical precedence test may suffer from the masking effect problem, which
is that the null hypothesis may not be rejected for a certain value of 7, whilst there
may exist a value less than this r, for which the null hypothesis would be rejected
at the same level of significance. To avoid this problem Balakrishnan and Frattina
[4] proposed the mazimal precedence test. The test statistic Uj,,) is simply defined
as the maximum of the D;’s defined above, for i =1,...,r,, ie. Uy,) = max D;.

i=1,...,Ty

Under Hy, the cumulative distribution function of Uy,  is given by

Ng+1y— ydi—r -
P(U(ry)§d|H0)=P(D1§d,...,Dry§d|H0):Z< ! ; y)(”””y) (2.2)

Co Ny — Ty Ny
where Cy is the set of all possible combinations of d;’s (i = 1,...,r,) with d; €
{0,1,...,d} and > 7%, d; < ng.

The standard Wilcoxon’s rank-sum statistic (the sum of the ranks of the X
failures among all failures) is generalised by Ng and Balakrishnan [66]. They intro-
duced three Wilcoxon-type rank-sum precedence test statistics, namely; the min-
imal, mazimal and expected Wilcoron’s rank-sum precedence tests. Let R, (R} )
be the rank-sum of the observed lifetimes of group X that occurred before (after)

the r;h observed lifetime of group Y. Wilcoxon’s rank-sum precedence test statistic

W,

Ty

is the sum of R, and R} . As the exact lifetimes of group X that occurred
after the r;h observed lifetime of group Y are unknown, so R:y is unknown, the
minimal (maximal) value of R and consequently the minimal (maximal) value of
Wilcoxon’s rank-sum precedence test statistic W, is as follows: when all remaining
(ne — Y_;2, d;) observations of group X occur between the ri and (r, + 1) obser-
vation of group Y, then Wilcoxon’s test statistic will be minimal. The test statistic
in this case, called the minimal rank-sum statistic, is
Ty Ty
Winingy = Boy + (ry + > _Di+ 1)+ (ry+ > Di+2)+ ...+ (ry+n,)  (2.3)
i=1 i=1
Let Wpin,r, be the observed value of the test statistic Wiy, Under the null
hypothesis that the lifetime distributions of groups X and Y are the same, the
distribution of Wiy, is given by

Ty o —1
PWoar, =l = 30 ("1 S BT (o)

O Ny =Ty Ty
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where Cyy is the set of all possible combinations of d;’s (1 = 1,...,r,) with d; €
{0,1,...,n.} and > i, d; < n,, for which also Wpin,r, = W holds.

If the n, — Y;2, d; remaining observations of group X occur after the n!"* ob-
servation of group Y, Wilcoxon’s test statistic is maximal. The test statistic in this

case, called the maximal rank-sum statistic, is
Winaxry = By + (ny + > Di+ 1)+ (ny+ Y Di+2)+...+ (n,+n,) (2.5
i=1 i=1

The Wilcoxon’s expected rank-sum precedence test statistic, Wg,. , is simply the
average of Win,, and Wiay,,. Similar to Wi, the distributions of Wiayxr,
and Wg, , under Hy, can be obtained [5]. The distributions of all mentioned test
statistics under the null-hypothesis will be used to obtain the p-values of these tests
later in Example 2.2. For the classical precedence test, this implies that the p-value
of the observed test statistic is P(Q,) > >.i% d;|Hp) where the distribution of
Q(r,) is given by (2.1). For the maximal precedence test, the p-value of the observed
test statistic is given by P(U(,) > d|Hy), where d is the observed value of Uy, and
the cumulative distribution of Uy, ) is given by (2.2). For the Wilcoxon’s minimal,
maximal and expected rank-sum precedence tests, the p-values of the test statistics
are given by P(Wo,, < w,|Hp) where ¢ = min, max, E and w, is the observed
value of the test statistic, with the distributions of the test statistics are given under

Hy [5]. For more details of these more established methods we refer to [5].

2.3 NPI for precedence testing

To introduce NPI for precedence testing we need first to introduce some notation.
Suppose that Xi,..., X,, X411 are positive, continuous and exchangeable random
quantities representing lifetimes. We assume that no ties occur, the results can be
generalised to allow ties [42], see also Subsection 1.3.5.

In precedence testing the experiment is terminated as soon as a certain stop
criterion has been reached. We assume that this stop criterion is expressed in terms
of a stopping time Ty, but if instead a number of failures were used as stop criterion

then this would not affect our method, as it is of no relevance in NPI how Tj is



2.3. NPI for precedence testing 20

determined, as long as Tj contains no further information on values beyond Tj.
When considering a single group of units, let r» denote the number of observations
of Xi,...,X, that occur before the stopping time Tj, so n — r observations are
right-censored at Ty. Let 7 < 9 < ... < x, be the ordered observed values before
Ty, and let g = 0 for ease of notation. In this case, all right-censored observations
are the same which simplifies the use of rc-A,) [27]. For ease of notation, we will
assume that there are no ties between the observed failure times, this ‘tied right-
censoring time’ does not provide any complications, in fact it simplifies the matter
when compared to the general case of varying right-censoring times for which rc-
A(ny provides an inferential approach. The next theorem provides the M-functions

required for precedence testing, which follows from re-A,).

Theorem 2.1. For nonparametric predictive precedence testing with stopping time
Ty, the assumption rc-A(,,) implies that the probability distribution for a nonnegative
random quantity X,,.; on the basis of data including r real and n — r right-censored

observations, is partially specified by the following M-function values:

1
Mx, (w1, @) = T i=1,...,m
1 n—r
Mx, ., (z,,00) = — and My, (Ty,00) = ]

Proof. Since there are no censored data before T, this follows immediately from Def-
inition 1.2 for Mx, , (%;—1,2;) and Mx, , (x,,00). Suppose the n — r right-censored

observations (beyond Tj) are ¢; < ¢3 < ... < ¢p_p, then from (1.4)

]\4)(—7L+1(To,oo):ZMXR+1 Ci=, 00 Z n+1 H ﬁci—Fl

n
T {rier<cpx} e

1 n0r+1{ ﬁc7_+1}
n+l {ric,<To} Cl {r: T0<Cr<Cz*} Me,

1 Ne, + 1
= -1 -
n+1{ * H Ne, }

{r:To<cr<oo}
1

n—r
— e +1—1) =
n g et b=

The fourth equality follows from the fact that the first product is over an empty set,
and by using Lemma 1.1 (b). O
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2.4 NPI for comparing two groups with early ter-
mination

To compare two completely independent groups of lifetime data by the NPI approach
for precedence testing, we use the notation as introduced above, but we add an index
x or y corresponding to the groups X and Y. So, n, and n, units of groups X and
Y are placed simultaneously on a life-testing experiment, and 7, and r, lifetimes
of groups X and Y are observed before the experiment is terminated at time Tj.
So n, — 1, and n, — r, lifetimes of groups X and Y are right-censored at Tj. Let
Ty <xp < ...< Ty, and y; <y < ... <y, be the ordered observed values before
T, from groups X and Y, respectively. And let xq = yo = 0 for ease of notation.

In this section we derive the NPI lower and upper probabilities for the event
that a future observation X, 1 of group X is less than a future observation Y, 1
of group Y. Optimal bounds for the probability of X, 11 <Y, 11, given the data,

stopping time 7T and based on rc-Ag,,) and rc-A(,,), are presented in Theorem 2.2.

Theorem 2.2. For the above scenario, the NPI lower and upper probabilities for

the event X, 11 <Y, 41 are

P(Xy, 41 <Yy 41) = A{Zy Z Ha, <y} +re(ng — ry)} (2.6)

=1 i=1

P(Xp,41 < Yn,41) = A{ZU: i Wi <y} +ry+ (ne +1)(ny — 1y + 1)} (2.7)

j=1 i=1
1

(ne +1)(ny +1)

Proof. The NPI lower probability for the event X, 1 <Y, ;1 given the data and

Ty, ie. P = P(Xp,11 < Yn,11), is derived as follows:

Ty

P = ZP(anH <Yn,41,Yn,41 € (Yj-1,95)) + P( X, 41 < Yo, 41, Yn, 41 € (yryyoo))

j=1

where A =

Ty

> ZP(an-i-l < yj—l) MYny+1 (yj—layj) + P(an-f-l < yry) MYny+1 (yryv OO) +

Jj=1

P(Xp,+1 < Ty) My, ,(1p,0)
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1 ny —
- P(X, 1< yi P(X, 1<y, Y YP(X, 1 <T
ny—i-lz_: (Xn,11< Y 1)+ny+1 (Xno+1<¥Yr,) + ny + 1 (X, 11 0)
> A ZZl{x,<y] 1}—|—Zl{xz<yw}+( )Zl{xi<T0}
Lj=1 i=1 i=1
=4 ZZl{xi <y} +ralny =)
Lj=1 i=1

The first inequality follows by putting all probability masses for Y,, 1 corresponding
to the intervals (y;-1,y;) (j =1,...,7y), (yr,,00) and (Tp, 00) to the left end points
of these intervals, and by using Lemma 1.4 for the nested intervals (y.,,oc0) and
(To,00). The second inequality follows by putting all probability masses for X, 11
corresponding to the intervals (z;_1,2;) (i =1,...,r,), (z,,,00) and (Tp, o) to the
right end points of these intervals.

The derivation of the corresponding NPI upper probability for the event X, 11 <
Y, +1 is given below. The first inequality follows by putting all probability masses for
Y, +1 corresponding to the intervals (y;_1,v;) (j = 1,...,7y), (¥r,,00) and (Tp, c0)
to the right end points of these intervals, using Lemma 1.4 for the nested intervals
(Yr,,00) and (Tp, 00). The second inequality follows by putting all probability masses
for X, 41 corresponding to the intervals (z;_1,2;) (i = 1,...,7), (x,,,00) and

(Th, 00) to the left end points of these intervals.

P = Z P(anJrl < Ynerla Yny+1 S (yjflayj» + P<an+1< Yny+17 YnerlE (yryv OO))
j=1

<D P(Xnor < y) My, (y5-1,95) + P(Xoo11 < 00)My, (4, 00) +

j=1

P(Xn, 41 < 00)My,, . (To,0)

i 1 Ny — T
P(X,, 1< X, 41 < < YP(X, 1<

Ty Tz+1 —_r
< A 1{z,_ By — Ty

$S sty

7j=1 =1
=4 221{331 <yit+ry+(ny —ry +1)(ng +1)

j=1 i=1



2.4. NPI for comparing two groups with early termination 23

These NPI lower and upper probabilities are based only on x; (i =1...,r;), y;
(j =1,...,r,) and T, further information on location as contained in the obser-
vations is not used. As such, this approach can be regarded as a fully predictive
alternative to standard rank-based methods [50]. It is also easy to show that, for
these lower and upper probabilities the conjugacy property holds.

If the stopping time T in the precedence tests, as considered above, does not
affect the experiment, in the sense that all units tested actually fail during the test,
then the results in this chapter are identical to those of NPI for pairwise comparisons
presented by Coolen [19], which is a special case of NPI for multiple comparisons

presented by Coolen and van der Laan [25], see also Subsection 1.3.1.

2.4.1 Special cases

From Theorem 2.2 it follows that if , = 0 and r, € {0,1,...,n,}, that is, the

experiment is terminated before the first observation of group X, we have
P(X,11<Yy11)=0 and P(X,, 11 <Y,11)=1—An,r, (2.8)

This lower probability is zero, reflecting that on the basis of the data one cannot
exclude the possibility that the X observations will always exceed all Y observations.
If r, =0andr, € {0,1,...,n,}, that is, the experiment is terminated before the

first observation of group Y, we have
B(an+1 < Yny-i-l) =A TNy and F(Xng;—i-l < Yny-i-l) =1 (29)

This upper probability is one, reflecting that one cannot exclude the possibility that
the X observations will always be less than all Y observations. The lower and upper
probabilities in (2.9) can also be obtained from (2.8) using the conjugacy property.

If all units of group Y are observed before the first observation of group X, that
is yn, < 71, and the experiment is terminated after the last unit of group Y is
observed (T > ¥y, ), i.e. r, = n,, then, independent of the number of units of group

X observed, we have

P(Xp11<Yy,41)=0 and P(X,,41<Y,41)=1—An.n, (2.10)
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Similarly, if all units of group X are observed before the first observation of group Y,
that is z,,, < y1, and the experiment is terminated after the last unit of group X is
observed (Ty > x,,) then, independent of the number of units of group Y observed,

we have

P(X,, 41 <Yy, 41) = Anyny and P(X, 41 < Yo, +1) =1 (2.11)

2.4.2 Some properties

We now analyze some properties of the NPI-based lower and upper probabilities
derived in Theorem 2.2. Suppose that the stopping time is increased from 7j to 717,
and denote by r; and r; the number of lifetimes of group X and Y, respectively,
observed before 7. The lower and upper probabilities for the event X, 1 <Y, 11,
based on the data, Ty, rc-A(,,) and rc-A,,), are denoted by P(X,, 11 <Yy, 1) and
P(X,, 41 <Y,,+1), while the corresponding lower and upper probabilities for Tj; are
denoted by P*(X,,4+1 <Yp,4+1) and F*(XMH <Yy, +1). We can write 7} =r,+a
and r; = r,+b with a,b nonnegative integers. Using (2.6) the lower probability
P (X, 41<Yp,+1) can be written as:

TyJ”b reta

SN 1w <y} + (e +a)(ny — 1y — )

j=1 i=1

Ty ret+a

J=1 i=rg+1
ry+b ryta
Z Zl{% <y} +aln, —r, —b) —br, (2.12)
j=ry+l i=1

Similarly, using (2.7) the upper probability P (X,, 11 < Y,,+1) can be written as:

T’y+b reta

SN 1w < yibry b +(ne+ Dy —ry—b+1)

j=1 i=1

?*<an+1 <Y, )=A

Ty rz+a

YD Hu<y}+

— ﬁ(Xnm_A,_l < Yny+1) + A

J=1 i=rg+1
ry+b ryp4a
Z Zl{avZ <y} — bna,] (2.13)
j=ry+1 i=1

Theorem 2.3 follows from (2.12) and (2.13).
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Theorem 2.3.

(1) Consider the situation that, for a given data set but with increased stopping
time Tj, r, has increased while r, is unchanged. Then (i) the lower probability
P(X,, 11 < Ynyﬂ) is strictly increasing in 7., except if z, 11 > y,, in which
case the lower probability remains constant, and (ii) the upper probability

P(X,,4+1 < Y,,+1) remains constant.

(2) Similarly, consider the situation that r, has increased while r, is unchanged.
Then (i) the lower probability P(X,, 41 < Y, 11) remains constant, and (ii)
the upper probability P(X,, i < Yy, +1) is strictly decreasing in r,, except if

Tpn, < Yr,+1 in which case the upper probability remains constant.

Proof. We prove part (1), the proof of part (2) is similar. To prove (i), increasing r,
while keeping r, constant implies that a is a positive integer and b = 0. Substituting

= 0 into (2.12) yields

E* (anJrl <Yny+1> :£<an+1 <Yny+1) +A

Zy i o <y;}+ a(ny—ry)]

j=1 i=ry+1
From this it follows that the lower probability is strictly increasing in r, unless n, =
ry and the double sum equals zero, that is, if n, = r, and all z;, i = r,+1,..., 7, +a,
are larger than y, . These two conditions hold when z,, 41 > y,,. To prove (ii),

substituting b = 0 into (2.13) yields

SN 1 < yj}]

j=1 i=ry+1

From this it follows that the upper probability is strictly increasing in r, unless the
double sum equals zero, that is, if x, 1 > y,,. However, z, 4, is by definition larger
than y,, and consequently the upper probability always remains constant in this

case. ]

Theorem 2.3 states that the NPI lower (upper) probability for the event X,,, 11 <
Y,,+1 never decreases (increases) if Ty increases. This is in line with intuition, as
all possible orderings of all lifetimes which are right-censored at Ty are taken into
account, and also with the general idea behind NPI, which is to explore what can

be inferred from data with only few assumptions added.
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2.5 Examples

In this section, two examples are given. Example 2.1 has been created to illustrate
our method presented in Section 2.4 with focus on the special cases of Theorem 2.3.
Example 2.2 presents a comparison of the NPI method with the classical precedence

tests reviewed in Section 2.2.

Example 2.1. Six units each of group X and group Y are placed simultaneously on
a life-testing experiment and their lifetimes are 1, 2, 3, 10, 11, 12 for X, and 4, 5, 6, 7,
8, 9 for Y, so all 6 observations of group Y are between the 3¢ and 4" observations
of group X. Suppose now that we would have terminated the experiment at stopping
time Ty. We calculate the NPI lower and upper probabilities for the event that the
lifetime of a future unit of group X is less than the lifetime of a future unit of group
Y, given the observed lifetimes before Tj for both groups and based on rc-Ag) for
both groups. Table 2.1 and Figure 2.1 show the lower probabilities (2.6) and upper
probabilities (2.7) when Tj increases from 0 to co. As the NPI lower and upper
probabilities may only change when a lifetime of either group is observed, we only

have to consider a finite number of time-intervals.

To Te Ty P P To Te Ty P P
[0,1) 0 0 0 1 [7,8) 3 4 03673 0.7551
[1,2) 1 0 0.1224 1 [8,9) 3 5 03673 0.6939
[2,3) 2 0 0.2449 1 [9,10) 3 6 03673 0.6327
3,4) 3 0 0.3673 1 [10,11) 4 6 0.3673 0.6327
[4,5) 3 1 0.3673 0.9388 | [11,12) 5 6 0.3673 0.6327
[5,6) 3 2 0.3673 0.8776 | [12,00) 6 6 0.3673 0.6327
6,7 3 3 0.3673 0.8163

Table 2.1: NPI lower and upper probabilities for the event X7 < Y7

From Table 2.1 and Figure 2.1 we see that, when increasing r, while keeping
r, constant, the lower probability is stepwise increasing, except for Ty > 9 as then
Tp,41 > Yn,. When increasing 7, while keeping r, constant, the upper probability is

stepwise decreasing. All this is in agreement with Theorem 2.3 and with intuition.
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Figure 2.1: NPI lower and upper probabilities for the event X7 < Y7

For each Ty, % € [P(X7 <Yq), P(X; < Y7)] which can be interpreted as no strong
indication for X; < Y7, nor for Y7 < X7 by conjugacy. Table 2.1 also shows that the
imprecision decreases as the number of observations (or Tp) increases. The interval
[0.3673,0.6327] is symmetric around %, due to the fact that our data are ‘symmetric’
in the order of the observations: first 3 lifetimes of group X, followed by 6 lifetimes
of group Y and then again 3 lifetimes of group X. This interval [0.3673,0.6327] has
been reached already at T, = 9 as at that moment all units of group Y are observed,
implying that the 3 remaining lifetimes of group X must be larger than the largest
lifetime of group Y. For our method only the order of the observed lifetimes is

important, not the magnitude. A

Example 2.2. In this example we compare our NPI approach with the classical
precedence tests reviewed in Section 2.2, using a subset of Nelson’s dataset [64, p.
462] on breakdown times (in minutes) of an insulating fluid that is subject to high
voltage stress. The data are given in Table 2.2.

We compare the lifetimes of units from groups X and Y by calculating the NPI
lower and upper probabilities for the event X;; < Yj;, given the stopping time

Ty, the observed lifetimes of both groups before Tj, and assuming rc-A;gy for both
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Group ‘ Lifetimes
X 0.49 0.64 082 093 1.08 1.99 2.06 215 2.57 4.75
Y 1.34 149 1.56 210 2.12 383 3.97 513 7.21 871

Table 2.2: Lifetimes of two samples of an insulating fluid

groups, with the assumption that both groups are completely independent. These

lower and upper probabilities are given in Table 2.3 and Figure 2.2.

To Ty Ty P P To Ty Ty P P
[0,0.49) 0 0 0 1 [2.10,2.12) 7 4 0.5289 0.8512
[0.49,0.64) 1 0 0.0826 1 [2.12,2.15) 7 5 0.5289 0.8264
[0.64,0.82) 2 0 0.1653 1 [2.15,2.57) 8 5 0.5702 0.8264
[0.82,0.93) 3 0 0.2479 1 [2.57,3.83) 9 5 0.6116 0.8264
[0.93,1.08) 4 0 0.3306 1 [3.83,397) 9 6 0.6116 0.8182
[1.08,1.34) 5 0 0.4132 1 [3.97,475) 9 7 0.6116 0.8099
[1.34,1.49) 5 1 0.4132 0.9587 | [4.75,5.13) 10 7 0.6364 0.8099
[1.49,1.56) 5 2 0.4132 09174 | [5.13,7.21) 10 8 0.6364 0.8099
[1.56,1.99) 5 3 0.4132 0.8760 | [7.21,8.71) 10 9 0.6364 0.8099
[1.99,2.06) 6 3 0.4711 0.8760 | [8.71,00) 10 10 0.6364 0.8099
[2.06,2.10) 7 3 0.5289 0.8760

Table 2.3: NPI lower and upper probabilities for the event X711 < Y7

Table 2.3 and Figure 2.2 show that, for increasing Tj, the lower probability is
increasing when r, increases and remains constant when 7, increases. The upper
probability remains constant when 7, increases and is decreasing when r, increases,
except for r, > 7 when it remains constant due to z,, < y, 41 for such r,, which
illustrates Theorem 2.3. The imprecision is decreasing when more lifetimes are
observed. However, if T, > 4.75, increasing 7, while keeping r, constant does not
lead to less imprecision due to the fact that at that time we have observed all
lifetimes of group X (x,, < y,,+1) and consequently increasing 7, will not give us
more information about the ordering of the lifetimes of groups X and Y.

One could interpret P(X3; < Y1) > % as a strong indication that indeed X;; <
Y1;. From Table 2.3 we see that if we had stopped the experiment at Ty = 2.06

or later, then indeed P(X7; < Yj1) > % Had the experiment been stopped earlier,
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Figure 2.2: NPI lower and upper probabilities for the event X1; < Y71

then the NPI lower and upper probabilities would not suggest a strong preference
between the groups.

To compare this with the classical precedence tests, we test Hy : Fx = Fy
against the alternative hypothesis that Fx(z) > Fy(z) for x > 0, with strict in-
equality for some x. Table 2.4 gives the values of the test statistics and the cor-
responding p-values (between brackets) for r, = 1,...,6, where the restriction to

these values of r, is chosen as these illustrate all relevant issues in the discussion.

Ty 1 2 3 4 5 6
Qery) 5(0.016) 5 (0.070) 5(0.175) 7 (0.089) 7 (0.185) 9 (0.070)
Ury) 5(0.016) 5 (0.033) 5 (0.049) 5 (0.065) 5(0.081) 5 (0.097)
Wiinr, | 60 (0.016) 65 (0.022) 70 (0.033) 73 (0.031) 76 (0.035) 77 (0.029)
We,, | 825 (0.016) 85 (0.036) 87.5(0.067) 82 (0.035) 83.5(0.048) 79 (0.025)
Winaxr, | 105 (0.016) 105 (0.036) 105 (0.086) 91 (0.041) 91 (0.065) 81 (0.024)

Table 2.4: Several nonparametric precedence tests

Table 2.4 shows that the classical precedence test will not reject the null hy-
pothesis of equal distributions at 5% significance level except when the experiment
is terminated after the first lifetime of group Y. The maximal precedence test will

reject the null hypothesis if the experiment is terminated after at most 3 lifetimes
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of group Y. Intuitively, this is logical as we have first observed 5 lifetimes of group
X before the first observation of group Y and no observed lifetimes of group X
between the first and third observation of group Y. In this example, Wilcoxon’s
minimal rank-sum precedence test always rejects the null hypothesis at 5% signifi-
cance level. However, Wilcoxon’s maximal and expected rank-sum precedence tests
reject the null hypothesis only for some values of r,. We saw before that according
to our NPI approach there is an indication that X;; < Yj; when the experiment is
terminated after Ty = 2.06. The results of the classical, Wilcoxon’s maximal and
expected rank-sum precedence tests at this Ty are not in agreement with this but
the maximal and Wilcoxon’s minimal rank-sum precedence tests are. As the NPI
approach is fundamentally different to these hypothesis tests, studying the results
of both might provide useful insights for practical problems. A

2.6 Concluding remarks

The lower and upper probabilities for predictive precedence testing for two groups,
presented in this chapter, fit in the NPI framework and as such they have strong con-
sistency properties in theory of interval probability [1]. This approach provides an
attractive alternative to the more established methods for nonparametric precedence
testing [5], as instead of testing a null hypothesis the inference directly considers a
comparison of the next observations from the groups considered.

When considering the NPI lower and upper probabilities for the event X, 1 <
Y,,+1 as a function of the stopping time Tp, we showed that these probabilities can
only change at observed lifetimes for groups X or Y. In particular, we showed that,
except for one special case, the lower probability is strictly increasing in r, while
keeping r, constant, and the upper probability is strictly decreasing in 7, while
keeping r, constant. As a consequence of this, the imprecision is decreasing as a
function of the number of observed lifetimes and hence as a function of time.

An important issue in statistics is guidance on required design of experiments,
in this situation the numbers of units to be used for both groups and choice of

the stopping time for the experiment. Due to the rather minimal assumptions
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underlying our NPI approach, with the inferences largely based on observed data,
it does not offer a satisfactory solution to this important question. However, once
an experiment is underway, one can monitor the lower and upper probabilities as
presented in this chapter, and one can stop the experiment if one judges these to
indicate a strong enough preference between the two groups. Of course, before any
data become available, one can study some design issues, e.g. the minimum required
number of observations to possibly get a lower probability greater than a half, but
as these would be based on most or least favourable configurations of the not yet

observed data, indications from such studies might be of little practical value.



Chapter 3

Multiple comparisons with early

termination

3.1 Introduction

In Chapter 2 we introduced NPI for comparison of two groups with early termination
of experiments. In this chapter, we consider the situation where units from several
groups (k > 2) are simultaneously placed on a life-testing experiment, and decisions
may be needed before all units have failed due to cost or time considerations.
Balakrishnan and Ng [5] described several nonparametric precedence tests based
on the hypothesis of equal lifetime distributions. In Section 3.2 we briefly describe
some of these classical methods. In Sections 3.3, 3.4 and 3.5 we present NPI for
precedence testing for k£ > 2 groups in order to select the best group, the subset
of best groups and the subset including the best group, respectively. Examples are
provided throughout to illustrate our method and to compare it with the classical

methods. Section 3.6 contains some concluding remarks.

3.2 Classical methods

When the null hypothesis of the equality (homogeneity) of two (or more) popu-
lations (e.g. processes, treatments) is rejected, one may want to identify which of

these populations is the best. Balakrishnan and Ng [5] introduced several nonpara-

32
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metric tests for this selection problem when an early decision is required (called
precedence testing). Below we briefly describe these precedence selection methods
using notation and definitions from Balakrishnan and Ng [5].

Suppose that we have independent random samples from & > 2 different pop-
ulations. Let Xj; (i; = 1,...,n;) be the lifetime of the i;th component of a ran-
dom sample from population 7; with distribution function Fj (j = 1,...,k). We
have N = 25:1 n; units placed simultaneously on a lifetime testing experiment.
The question of interest is to test whether these populations are homogeneous, i.e.
Hy : Iy = F, = ... = F} against the alternative that population m; is the best
(longer life), that is Hya; : F; < F} for all j # i and j = 1,...,k. That is, it can be
concluded that X;, a random quantity representing the lifetime of a unit of popula-
tion i, is stochastically larger than X; (i.e. X; >, Xj) if and only if F;(x) < F;(z)
for all x > 0 with strict inequality for at least one x, consequently F; < Fj.

In precedence testing the aim is to reach a decision before all units have failed.
So the experiment is terminated as soon as the 7;th failure from group ¢ is observed,
where 7; = |[n;q] for i = 1,...,k and 0 < ¢ < 1, where [a] is the largest integer
not greater than a. Consequently, the stopping time Ty can be defined as Ty =
min Xj ), where X; (7 is the 7jth order statistic of sample 1.

1<i<k
Suppose now that the experiment is terminated at sample 4, i.e. Ty = Xj ),

then the ordinary precedence statistic [6] is defined as
*@) — mi @) /0
Q™" = min (Q] /nJ> (3.1)

1<j<k
JFi

where Qg-i) is the number of failures observed before X; ) from the sample j (j =
1,....k, j #i). Small values of Q*® will lead to rejection of the null hypothesis
Hy. In this case one can choose H,; (m; is the best) if and only if (Qy)/nj) = Q)
for j # i and Ty = X, 7,). If for two or more samples the statistic (Q;i)/nj) is equal
to @* then one of the corresponding populations is randomly selected as the best.

Now let Dj(li be the number of failures of sample j that occur between the (s—1)th
and sth failure of group i, s = 2,...,7; and let D](q be the number of failures of

sample j that occur before the first failure of group 7. Let VVj(i) (J=1,...,k, j#1)
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be a random quantity defined by

T

5 1 i ; )4 S g pl
V[/'j() = §nj(nj + 27 4+ 1) — (7 + 1) ZDy(g + ZS Dﬁ(z
s=1 s=1

Then the minimal Wilcozon rank-sum statistic [68] is given by

W — BW| H,)

W*@ = max J J
1<j<k i
;i; \/Var[Wj( | Ho|

where [Wj(i)|H0] and Var[I/Vj(i) |Ho| are the expected value and the variance of the

(3.2)

statistic Wj(i) under Hy. Large values of W*® will lead to rejection of the null
hypothesis, in which case one can choose the alternative hypothesis H4; (7, is the
best) if and only if Ty = X (7,) and (Wj(i) - E[VVj(i)|H0])(Var[Wj(i)|H0])’1/2 = W),
for 5 # 1.

In this chapter we will focus on the balanced-sample case only (n; = n for all
j) when we compare our method with the classical precedence selection procedures,
since these classical procedures may not be effective when the sample sizes vary
much [5, pp. 226, 265]. For the balanced-sample case, the statistics in (3.1) and
(3.2) reduce to @*® = min Q§i) and W*(® = max V[/j(i), over all j = 1,...,k and
Jj # i, respectively. For more details we refer to Balakrishnan and Ng [5]. Tt
should be emphasized that the NPI method presented in this chapter is equally
straightforward to implement for balanced-sample and unbalanced-sample cases.

A somewhat separate, yet strongly related, branch of statistical research is so-
called ‘selection methods’, which also have the explicit target to select a single
‘best” group or population or a subset of groups, along the same lines considered
in this chapter. The two main classical approaches in this field are indifference
zone selection [11, 12] and subset selection [38], which were combined by Verheijen
et al. [75]. Coolen and van der Laan [25] presented NPI methods for selection,
in this chapter we follow the same approach with the generalization to allow early
termination of the experiments, hence linking to the classical concepts of precedence

testing.
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3.3 Selecting the best group

In precedence testing, units of all groups are placed simultaneously on a life-testing
experiment, and failures are observed as they arise during the experiment. The
experiment is terminated as soon as a certain stop criterion has been reached, so
the lifetimes of some units are typically right-censored. We assume that this stop
criterion is expressed in terms of a stopping time Ty, but if instead a number of
failures were used as stop criterion then this would not affect our method, as it
is of no relevance in NPI how T} is determined as long as Ty contains no further
information on the residual event times beyond Tj for right-censored units. In
Chapter 2 we introduced NPI for precedence testing for two groups. In this chapter
we extend NPI to precedence testing for £ > 2 groups in order to select the best
group, the subset of best groups, and the subset including the best group. Again we
use the assumption re- A, required for precedence testing which is given in Theorem
2.1.

Suppose we have & > 2 groups and n; + 1 random quantities from group j,
denoted by Xj; where i; = 1,2,...,n;,n; +1, 5 =1,2,... k. For each group j,
n; units are put on a lifetime experiment and we are interested in the behaviour of
the future random variable X, 1. Therefore, we have N = Zle n; units on the
lifetime experiment and one may want to terminate the experiment at certain time
To. Let 0 =z50 < w1 < zj2 <...<zj,; <Tp< oo be the ordered observed values
(failures) from group j, j =1,..., k.

These observed values from group j produce r; + 2 intervals, where the first r;
intervals are defined by [f] = (zj4,-1,754,), i = 1,...,15, j = 1,...,k, and the
remaining intervals are defined by Iﬁj 1 = (25,,00), Iﬂj 1o = (Tp,00), notice that
these are overlapping. Let L([f]) and U (]fj) be the lower and the upper bounds
for the interval Igj, i =1,...,m;+2,j =1,..., k. That is, L([fj) = 14,1 for
i; =1,...,r;+1 and L(Ifﬁz) = Tp. Similar for the upper bound, U(If]) = T,
for i; = 1,...,r;, and U(Iij+1) = U(Igﬁz) = oo. Here the intervals ]Z]] are open
intervals, but in future when we mention the (left or right) end points we actually
mean the limit end points which are not included in these open intervals.

For our NPI approach we assume rc-A,,) for each group [27]. Beyond the data,
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our method requires the exchangeability assumptions of the random variables per
group to be met. We also assume that groups are completely independent. We
will specify partially the probability distribution for a future quantity, X;, .41, j =
1,...,k, using M-functions presented in Theorem 2.1.

Theorem 3.1 gives the NPI lower and upper probability for the event that the
lifetime of the next observation from one group, say [, is greater than the lifetime
of the next observation from each other group, that is

PO =p (Xl,mﬂ = max Xj,, +1) and PV =P (XZ,WH = max X mﬂ)

1<j<k 1<j<k

Theorem 3.1. The NPI lower and upper probabilities for the event that the life-
time of the next observation from group [ is greater than the lifetime of the next

observation from each other group are

PO — — ZHZl{xﬂj <x“l}—|—(nl—rl)H (3.3)

n: +1 =1 j=11i;=1
]1;[(] ) [ gﬂ

pY = ZH 1+Z1{xw<x“l} P (3.4)

1
(n] + 1) =1 j=1 ij=1 i+
J#

;:1;r

Il
—_

J
Proof. The proof is a special case of the proof of Theorem 3.3, with S (in Theorem

3.3) now only containing group . O

3.3.1 Special cases

In this part, we discuss some special cases of these lower and upper probabilities,

which are easily verified from (3.3) and (3.4).

1. If 7, > 0 and there exists at least one j # [ for which r; = 0, then the NPI
lower probability is P} = 0, since we have not seen any failure from group
j # 1. Hence, we cannot exclude the possibility that we would never see a
failure from group(s) j # [. Further, if r; = 0 then the upper probability pY

is equal to one.
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2. If , =0 and r; > 0 for all j # [, then the NPI upper probability ?(l) is one,
as we cannot exclude the possibility that we would never see a failure of group

[. The corresponding lower probability is

P o — r;
H] 1( H
J#l
Further, if 7, = 0 and r; = n; for all j # [, that is we have observed all units
from each group j # [ and the experiment is ended before we observe any

failure from group [, then the NPI lower probability is

3. If > 0 and r; = 0 for all j # [, so we have not seen any failure for all
groups j # [, then we cannot exclude the possibility that we would never see
a failure of these groups and consequently P = 0. The corresponding upper

probability is
=) T n—r+1

H?:1 (nj +1) m+1

Further, if r; = n; and r; = 0, that is we have observed all units from group
[ and the experiment is ended before we observe any failure from all other
groups, then the NPI upper probability is

—= O n 1
T+ 1) ml

7j=1

4. If rp >0, r; > 0 and @;,, < 21, for all j # [, then the NPI lower and upper
probabilities are

k

—r+1
p(l): T :# (r.+1)+u
L ) k J
H] 1(7% +1) H [Ty +1) 3111 1
J#l J#l

But if z;1 > ;,,, for all j # [, then the NPI lower and upper probabilities are

k

ng—r —( T n—r+1
B(z): k(l ) H% P(): . ! LM 11
Hj:l (nj +1) j=1 H]:1(nj +1) n +
J#l
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3.3.2 Some properties

Now, we study the effect upon the NPI lower and upper probabilities when the
stopping time is increased from Ty to Ty + €, for small € > 0, such that there is only

one extra failure from one group occurs.

Theorem 3.2. (i) If a failure occurs from group [ then the NPI lower probability
P remains constant. However the NPI upper probability ?(l) decreases by

1 1 b
+ =% H(Tj +1)
n +1 Hj:l(nj + 1) j=1
JAl

except when r; = n;, for all 7 # [, in which case the upper probability remains

constant.

(ii) If a failure occurs for group j*, where j* € {1,...,k} \ {l}, then the NPI upper

(@

probability P remains constant. However, the NPI lower probability increases by

S w=n
& H T
Lm0 2

except when 7, = ny, or when at least one r; = 0 for a j # {j*, [}, in which cases

the lower probability remains constant.

Proof. For case i (ii), replace r; (rj+) by 7+ 1 (rj» + 1) in formula (3.3) and (3.4),
then this follows by basic analysis of the lower and upper probabilities of Theorem

3.1. This is similar to the proof of Theorem 3.4. [

Theorem 3.2 is in line with the intuition that the lower probability for a certain
event quantifies the amount of information in favour of the event while the upper
probability quantifies the amount of information against the event. If r; is increased
while leaving all other r; the same, then, when considering the event X;, 11 =
1I£lja<)§€ Xjn,;+1, the amount of information in favour of this event remains the same

but the amount of information against this event increases, except when r; = n;

D)

for all j # I. Consequently, P ¥ does not change but 2 may decrease. For the

same event, when r; for a j # [ increases while all other r;, 7 # j, remain constant,



3.3. Selecting the best group 39

the amount of information in favour of the event increases, except when r;, = n; or
when there exists a j # {l,7*} for which r; = 0, while the amount of information
against the event remains the same. Consequently, P ) may increase but pY does
not change.

At any value of Ty, we can state that the data provide a strong indication that

) for all j # [. Of course, this may not occur,

group [ is the best if PY > P
and we may be happy to have data providing a weak indication that group [ is
the best. It might seem attractive to state that, if B(l) > B(j) and ?(l) > F(j) for
all 7 # [, there would be a weak indication that group [ is the best. Indeed, if
one has to select one group and there is a group for which such a weak indication
of being best holds, then that is the natural candidate. However, such a weak
indication can be very weak indeed, in particular as it can already occur for relatively
small Ty, with P® positive but very small. If such a weak indication holds for
one group, and in addition one judges the lower probability of this group being
best to be sufficiently high, then it seems a reasonable basis for the choice of this
group as being the best. In all these considerations, it is an advantage that the the
difference between corresponding lower and upper probabilities (F(Z) — E(Z)) reflects
the amount of information available, and it decreases if more relevant information
becomes available. If one judges this difference to be too large, or if one judges each
lower probability of a group being best too small to base a choice on the information
available, then clearly one must either get more information, e.g. by continuing the
experiment or try to repeat the experiment with more units, or one could explore
the use of other statistical approaches with more modeling assumptions.

In discussions in the examples in this chapter, we will call one group ‘better’
than another, or ‘best’, if the first of these conditions is satisfied, of course the use
of ‘better’” and ‘best’ must be interpreted with care as these judgments are just based
on direct comparison of one next observation for each group according to the NPI
method.

Below two examples are given to illustrate our method for selecting the best

group and to compare it with the classical methods reviewed in Section 3.2.
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Example 3.1. To illustrate our method for selecting the best group among £k other
groups, we use the data from Coolen and van der Laan [25] as presented in Table

3.1.

Group

1 501 5.04 5.60 5.78 643 6.53 6.96 7.00 7.21 7.58
8.12 826 827 834 862 866 891 894 9.05 9.16

2 450 4.86 5.10 5.15 5.17 534 599 6.18 6.72 7.39
744 746 747 T7.76 838 8.42 8.52 8381

3 6.84 691 7.22 724 725 735 755 7.62 769 7.98
799 804 8.08 818 8.97

4 471 820 9.03

Table 3.1: Data set, Example 3.1

This data set consists of four groups and is used by Coolen and van der Laan
[25] in order to demonstrate the NPI method for selection of the best source and
a subset to include the best source for complete data, so without censoring. We
interpret this data set as the lifetimes of units from 4 different groups. The size of
the groups are n; = 20, ny = 18, n3 = 15 and ny = 3, and Xj;; (i; = 1,...,n;)
represents the lifetime of unit 7; in group j.

A group is considered as the ‘best’ when the lifetime of a future unit from this
group is larger than the lifetime of a future unit from all other groups. Our inference
depends on the data, the rc-A,;) assumptions (j = 1,2,3,4) for each group, and
stopping time 7. Table 3.2 presents the NPI lower and upper probabilities for the
event that the lifetime of a future unit of group ! (I = 1,2,3,4) is larger than the
lifetimes of a future unit of all other groups, as given by (3.3) and (3.4), for stopping
time Ty in several intervals. We denote these lower and upper probabilities by P ®
and ?(l), respectively.

Let us consider the situation when we terminate the experiment at 7, = 5. Until
this point we observed only two failures from group 2 and one failure from group
4, and we have not yet observed any failures from groups 1 and 3. Here all lower
probabilities are equal to zero since for each [, there exists a group j # [ for which

we have not observed a failure yet. Moreover, while the upper probabilities for the
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T Mmoot r3 re | PO P (1) P@ P (2 Pp® P (3) P& P (4)
[4.86,5.01) 0 2 0 1 0 1 0 0.895 0 1 0 0.750
[5.99,6.18) 4 7 0 1 0 0.811 0 0.633 | 0.016 1 0 0.750
[7.00,7.21) 8 9 2 1 0.010 0.627 | 0.006 0.529 | 0.041 0.886 | 0.011 0.750
[7.21,7.22) 9 9 3 1 0.014 0.582 | 0.010 0.529 | 0.046 0.831 | 0.019 0.750
[7.22,7.24) 9 9 4 1 0.018 0.582 | 0.013 0.529 | 0.046 0.777 | 0.025 0.750
[7.46,7.47) 9 12 6 1 0.033 0.582 | 0.019 0.387 | 0.055 0.667 | 0.051 0.750
[7.47,7.55) 9 13 6 1 0.036 0.582 | 0.019 0.340 | 0.058 0.667 | 0.055 0.750
[7.55,7.58) 9 13 7 1 0.041 0.582 | 0.021 0.340 | 0.058 0.616 | 0.064 0.750
[7.99,8.04) 10 14 11 1 0.066 0.543 | 0.029 0.296 | 0.065 0.416 | 0.121 0.750
[8.42,8.52) 14 16 14 2 0.164 0.448 | 0.073 0.244 | 0.077 0.268 | 0.207 0.606
[8.62,8.66) 15 17 14 2 0.171 0432 | 0.075 0.218 | 0.080 0.268 | 0.224 0.606
[8.66,8.81) 16 17 14 2 0.171 0416 | 0.076 0.218 | 0.081 0.268 | 0.234 0.606
[8.81,8.91) 16 18 14 2 0.175 0.416 | 0.076 0.195 | 0.082 0.268 | 0.242 0.606
[8.91,8.94) 17 18 14 2 0.175 0.402 | 0.076 0.195 | 0.084 0.268 | 0.252  0.606
[8.94,897) 18 18 15 2 0.178 0.388 | 0.076 0.195 | 0.085 0.248 | 0.275 0.606
[8.97,9.03) 18 18 15 2 0.178 0.388 | 0.076 0.195 | 0.085 0.248 | 0.275 0.606
[9.03,9.05) 18 18 15 3 0.199 0.388 | 0.076 0.195 | 0.085 0.248 | 0.275 0.582
[9.05,9.16) 19 18 15 3 0.199 0.388 | 0.076 0.195 | 0.085 0.248 | 0.275 0.582

[9.16, c0) 20 18 15 3 0.199 0.388 | 0.076 0.195 | 0.085 0.248 | 0.275 0.582

Table 3.2: The best group: NPI lower and upper probabilities

first and third groups are equal to 1, those for groups 2 and 4 are less than 1, being
equal 0.895 and 0.750, respectively. As no failure is observed from groups 1 and 3,
we cannot exclude the possibility that we will never observe any failures from these
groups and consequently PY—PY -1

At Ty = 6, we still have not observed any failure from group 3, so we cannot
exclude the possibility that we will never observe any failure from this group and

consequently ﬁ@)

= 1. However, the lower probability for this group is now positive
as there is no other group for which we have not observed a failure. For all other
groups the lower probability is still zero as we have not seen any failure yet from
group 3.

From Theorem 3.2 we know that the lower probability never decreases and the
upper probability never increases. For example, consider the situation where the
stopping time Ty is increased from 7.50 to 7.55. At Ty = 7.55, a failure of group
3 occurs. We want to calculate the lower and upper probabilities for the event
X3ns+1 = max Xj, 1. For this case, the lower probability remains constant (2(3) =

1<j<4

0.058), but the upper probability decreases from 0.667 at T, = 7.50 to 0.616 at
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Ty = 7.55, which illustrates Theorem 3.2(i). However, for the event Xj,, 41 =
fgjaél Xjn;+1 the upper probability remains constant (F(l) = 0.582) but the lower
probability increases from 0.036 at Ty = 7.50 to 0.041 at Ty = 7.55, which illustrates
Theorem 3.2(ii).

There are some special cases when all lower and upper probabilities remain con-
stant when a failure occurs from any group. For example, at T, = 9.03 we have
observed all units from all groups except the first group which still has two units
which have not failed. Let [ = 1 and assume we will allow for an extra failure to
occur. Here of course the failure must be from the first group (7p = 9.05). In this
case all lower and upper probabilities remain as they were at Ty = 9.03, as the
amount of information in favour and against the event does not change. In fact, all
lower and upper probabilities do not change anymore after 9.03.

At Ty = 8.81, we have observed failure times of all units from the second group.
Now consider [ = 2 and let the stopping time increase to 8.91, so that we observe
an extra failure of group 1. In this case the lower and upper probabilities remain
constant (P = 0.076 and PY = 0.195). In fact, any failure from other groups
after we have observed failures of all units from group 2 will not affect the lower and
upper probabilities P? and ?(2).

From T = 7.55 on, the fourth group has the greatest lower and upper probabil-
ities. However, from the beginning of the experiment till Ty = 7.22 the third group
has the greatest lower and upper probabilities. Which means that at T < 7.22,
there is a weak indication that group 3 is best, since PY) < pO < ?(j) < ﬁ(g) for
7 =1,2,4, however, there is a weak indication that group 4 is best for Ty > 7.55,
since PY) < PW < pY < P for j = 1,2,3. Also we can note that P remains
equal to 1 for quite a long time, since the first failure from the third group occurs
relatively late.

The imprecision decreases as the stopping time Tj increases, which reflects the
amount of information we have (Table 3.2). For example, we can see that the fourth
group has larger imprecision as there are only a few observations in this group.

A crucial question is how to make decisions using these NPI lower and upper

probabilities. If we observe all units from groups 2, 3 and 4, so for T > 9.03, we see
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that P

< PW and ¥ < PW implying that group 1 and 4 are certainly better
than group 2. Also Y < PY implying that group 4 is better than group 3. It is
still difficult to distinguish between groups 1 and 4. As PY < pW < Y < P
there is a weak preference for group 4. For Ty > 8.62, group 4 is better than group 2
(F(Q) < 2(4)), and for Ty > 8.97, group 4 is better than groups 2 and 3 (ﬁ@) < pW
and F(?’) < 2(4)). However, we have to be careful as group 4 only has 3 observations
and its imprecision is large. Therefore, we will now exclude the fourth group from

the comparison and we will recompute the NPI lower and upper probabilities to

study the effect of the fourth group on the comparison.

Ty ro o1 r3 | PO ﬁ(l) P® f(2) p® 5(3)
[4.86,5.01) 0 1 0 0.895 0 1
[5.99,6.18) 0 0.813 0 0.635 | 0.066 1
[7.00,7.21)

[7.47,7.55)
[7.55,7.58)
[7.99,8.04) 10 14 11 | 0.264 0.561 | 0.117 0.329 | 0.258 0.519
[8.42,8.52) 14 16 14 | 0.354 0.510 | 0.171 0.294 | 0.274 0.411
[8.62,8.66) 15 17 14 | 0.367 0.504 | 0.173 0.277 | 0.279 0.411
)
)
)
)
)
)

0 2 0
4 7 0
8 9 2 | 0.040 0.634 | 0.023 0.531 | 0.164 0.897
9 13 6 | 0.143 0.592 | 0.076 0.365 | 0.233 0.710
9 7

13 0.165 0.592 | 0.083 0.365 | 0.233  0.669

[8.66,8.81 16 17 14 | 0.367 0.499 | 0.175 0.277 | 0.281 0.411
[8.81,8.91 16 18 14 | 0.376 0.499 | 0.175 0.264 | 0.284 0.411
[8.91,8.94 17 18 14 | 0.376 0.496 | 0.175 0.264 | 0.287 0.411
[8.94,8.97 18 18 14 | 0.376  0.493 | 0.175 0.264 | 0.289  0.411
[8.97,9.05 18 18 15 | 0.381 0.493 | 0.175 0.264 | 0.289  0.405
[9.05,9.16 19 18 15| 0.381 0.493 | 0.175 0.264 | 0.289  0.405
[9.16, c0) 20 18 15 | 0.381 0.493 | 0.175 0.264 | 0.289  0.405

Table 3.3: The best group: NPI lower and upper probabilities (without group 4)

Table 3.3 presents NPI lower and upper probabilities (3.3) and (3.4) after we
have excluded the fourth group from this comparison, to study the effect of this
group on our inferences. For example, at T, = 8.42 we observed 14, 16 and 14
failures from groups 1, 2 and 3, respectively. Here ¥ < PW which indicates that
the first group is better than the second group. The second group would be the
worst group for T > 8.62 since then P < PW and P < P®. When observing
all units from all groups, there exists a weak preference for group 1 compared to

(3

group 3 as P® < PV <P '« PY. m addition, the imprecision is slightly larger

for group 3 than for group 1.
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Furthermore, as we can see from Tables 3.2 and 3.3, dropping group 4 leads
to substantial increases in the NPI lower and upper probabilities for both the first
group and the third group, with slight increases in the lower and upper probabilities
for the second group. However, it is still not possible to make a clear decision on
which group will have the largest next observation. Removing the fourth group has
an influence not only on improving the lower and upper probabilities but also on

reducing the imprecision for other groups. A

Example 3.2. In this example, we compare our method with the classical prece-
dence selection methods in order to select the best group. Table 3.4 shows the
natural logarithm of times to breakdown of an insulating fluid at three voltage lev-
els (30kv, 35kv and 40kv), as given by Nelson [64, p. 278]. We will refer to these
voltage levels as groups 7 = 1,2, 3, respectively. Here we have a balanced-sample
case where ny = ny = n3 = 12. Let Xj;. represent the natural logarithm of time
to breakdown for the 7;th unit at voltage level j, ¢; = 1,...,12 and j = 1,2, 3.
Balakrishnan et al. [6] and Ng et al. [68] considered the last two values at level

Group Times to breakdown of an insulating fluid
1 30kv 3.912 4.898 5.231 6.782 7.279 7.293
7.736  7.983 8.338 9.668 10.282% 11.363"
2 35kv  3.401 3.497 3.715 4.466 4.533 4.585
4754 5.553 6.133 7.073 7.208 7.313
3 40kv  0.000 0.000 0.693 1.099 2.485 3.219
3.829 4.025 4.220 4.691 5.778 6.033

Table 3.4: Times (In) to breakdown of an insulating fluid

30kv (group) as real failures although they are in fact censored observations. We
follow their approach, although as these values are larger than all observations for
the other groups, it makes no difference to our approach for any 7Ty < 10.282.

The classical precedence selection procedures normally test the homogeneity of
the lifetime distributions against the alternative that one distribution stochastically
dominates the other distributions (so one population is the best) in terms of their

reliability (longer life). That means, the classical selection procedures are designed
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to test Hy : F1 = I, = F3 in favour of the alternative Hy; : F; < Fj, for all
j#i,j=123.

Here we have k = 3 lifetime samples with equal sample sizes. We will stop
the experiment as soon as the 8th failure (¥ = 8) from any group has occurred
following Ng et al. [68]. So the experiment is terminated at Ty = 4.025, when the
8th breakdown time of group 3 is observed. The test statistic for the ordinary
precedence test, calculated from (3.1), is @*® = min{1,3} = 1 and the p-value of
this test is 0.0256. The minimal Wilcoxon rank-sum precedence test statistic (3.2)
equals W*®) = max{173,168} = 173 and the p-value is 0.0066.

In this case, at significance level 5%, we reject the null hypothesis for both test
statistics @*® and W*®) and therefore we will select the first population (30kv)
as the best, i.e. we reject Hy in favour of H,;. We would get a different decision at
significance level 1%, for which the minimal Wilcoxon rank-sum precedence selection
method leads to rejection of the null hypothesis while the ordinary precedence selec-
tion method does not lead to rejection of the null hypothesis. In such a situation it
is a good idea to apply our method to the data to see whether our method leads to
a ‘best’ or ‘worst’ group. Table 3.5 contains the NPI lower and upper probabilities
that the lifetime of the next observation of group [ (I = 1,2,3) is larger than the

lifetime of the next observation of each other group for certain values of Tj.

ra | P M P® 3 P® PO

To reoor2 P
0.693 0 0 3 0 1 0 1 0 0.771
3.401 0 1 6 0.033 1 0 0.926 0 0.541
4.025 1 3 8 0.130 0.938 | 0.033 0.779 | 0.007 0.393
4.691 1 6 10 | 0.310 0.938 | 0.040 0.575 | 0.011 0.249
4.898 2 7 10 | 0.360 0.901 | 0.062 0.508 | 0.018 0.249
6.033 3 8 12 | 0.467 0.864 | 0.096 0.452 | 0.027 0.128
6.133 3 9 12 | 0.516 0.864 | 0.096 0.398 | 0.027 0.128
7.293 6 11 12 | 0.603 0.834 | 0.123 0.304 | 0.027 0.128
11.363 12 12 12 | 0.636 0.834 | 0.123 0.268 | 0.027 0.128

Table 3.5: The best group: NPI lower and upper probabilities

Table 3.5 shows that, after we have only observed three failures from group 3
(40kv, Ty = 0.693) we cannot make any reasonable decision (B(l) = P® =0 and

Py P = 1) on whether the first or the second group is the best, since we have
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not yet observed any failures from both groups.

However, at Ty = 4.025, when we have observed the 8th failure from group 3, we
have P®) <« P® <« P and P < P < Y but P £ PY or P y PP So,
there is no strong indication to select group 3 as the best group, which is in agreement
with the ordinary precedence test at significance level 1% that one particular group
is the worst. However, there is a weak indication that group 3 is the worst, but this
does not follow from the classical methods.

Here, when we have observed all failures, we have a strong indication that group
1 is the best as 15(2) < B(l) and 15(3) < B(l). In fact this holds already at T, = 6.033.
At Ty = 4.691 we can conclude already that group 1 is better than group 3 as from

®) < PW. Then at T = 6.133, we also have in addition

that moment on we have P
¥ < PW and consequently we have a strong indication that group 1 is the best.
So at Ty = 4.025, our method leads to a conclusion in the line with the minimal
Wilcoxon rank-sum precedence selection method.

In this example we show that the NPI method and the classical precedence tests
do not necessarily lead to the same conclusions, but it is difficult to compare these
two due to the different inferential goals and the different basic underlying assump-
tions. Hence, we do not see these as competing methods for the same problems, but
more as complementary methods that can provide further insight into specific appli-

cations, and which may be more or less suitable depending on the explicit inferential

goal. A

3.4 Selecting the subset of best groups

Suppose that the experiment is terminated at time Ty and our interest is to select
a subset of groups such that all the groups in this subset are ‘better’ than all not
selected groups, that is the lifetime of the next observation of each group in the
subset will be greater than the lifetime of the next observation of all groups not in
the subset. Let S = {ly,ls,...,l,} be a subset of m groups (1 < m < k—1) from k
independent groups, and let N.S be the complementary set of S which contains the

remaining k — m groups.
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We will derive the NPI lower and upper probabilities for the event that the next
observation of each group in .S has longer lifetime than the next observation of each

group in NS, denoted by

— \leS

— S —
P%= P (min X > max X, ,,. and P = P |min X, > max X, ,,.
Ea l,n+1 JENS Jmi+1 les I,ng+1 JENS Jmj+1

These NPI lower and upper probabilities are given in Theorem 3.3, where the fol-

lowing notation is used
ri+2 7’11"1‘2 Tlm +2

o= . Z (3.5)

Zl 1 le—l
leS

Zlm

Theorem 3.3. The NPI lower and upper probabilities for the event that the next
observation of each group in .S has longer lifetime than the next observation of each

group in NS are

ri+2 (S0 Wy, < min{L(I})}}
25 sty les 1] H 1
— Z H . MXl . +1(I ) (3.6)
ii=1 jENS n;+1 leS l
les -
WZH 1 [ 1+ 30 M, < min{U(I)}}
€
= +
;=1 jENS n] + 1
les -

(nj — 1) H{Tp < Ilfg;l{U(Ifl)}}
TLj + ]_

HMXz an(]l ) (37)

Proof. First, we derive the lower probability as follows

l

P (Hlléle 1 > HlaXX n; +1) =P ( ﬂ {Xjn41 < Illéi;le,mH})

JENS
ri+2
- ZP ( m { Jmnji+1 < rlréngl,nHrl}‘Xl,nHl € ”,l € S) HMXl nl+l [l
=1 jENS les
les
ri+2
Zzp<ﬂ {X nj+1<m1n{L Il }}> HMinLH [l
=1 JENS les
les
Uy ey, < minf ()}
’ les K
= Z H . H MXl "z+1 Il
n; +1
=1 jENS les

les
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The first inequality follows by putting all probability mass for X;,,.1 (I € S) as-
signed to the intervals [ill = (z14,-1,21,,) for 4y = 1,..., 1, (21,,,00) and (7}, 00)
in the left end points of these intervals, and by using Lemma 1.4 for the nested
intervals (z,,,00) and (75, 00). The second inequality follows by putting all prob-
ability mass for X;, 1 (j € NS) assigned to the intervals ]f] = (7j4;,-1,2j,,) for
ij=1,...,7j (7jr,,00) and (Tp, 00) in the right end points of these intervals. The
upper probability is obtained in a similar way, but now all probability masses for
the random quantities involved are put at the opposite end points of the respective

intervals, which leads to

P (mlnXl n41 > ]HlaXX n +1) =P ( ﬂ { X1 < rlneinglH})

les
JENS
ri+2
— Z P ( ﬂ {Xjn41 < min Xt HXipsr € 11,1 € S) H Mx,, . (I})
=1 JENS les
les
ri+2
<ZP<D{ ]nj+1<m1n{U ) HMXZWZ+1 ]l
=1 JENS les
les
7“1+2 T'J+2
<3 I D_uriz) < mln{U( D My, D) ] M0 ()
;=1 jENS |i;=1 leS
les

T 1 l i l
i ”ZH i 142 i, <mindU (£ )i+ (ny —ry) L{To <min{U (Z; )1} [[Mx.,,.. (1)
_ l,ng+1 )
y1=1jeNS m : |
les

3.4.1 Special cases

We now present some special cases of the NPI lower and upper probabilities (3.6)

and (3.7).

1. If ;=0 for all [ € S, then the NPI lower probability is

s Ti ny
£ = H jilgnl“—l

n
JENS

and P° = 0 if there exists at least one j € NS for which r; = 0. Since we

have not seen any failure from any group in S, this means that we cannot
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exclude the possibility that we will never see a failure from any group in S,

consequently P =1

2. If r; = 0 for at least one 5 € NS and r; > 0 for all [ € S, then the NPI lower
probability P° = 0 since there exists a group in NS for which we have not
seen any failure. This means that we cannot exclude the situation that we will
never see a failure from this group. Further, if r; = 0 for all j € NS then the
NPI upper probability is

nl—Tl—l—l 1 1
_H n;+1 (1_jg nj+1>+Hnj+1

JENS

3.4.2 Some properties

Now, we study the effect upon the lower and upper probabilities (3.6) and (3.7)
when the stopping time is increased from Ty to Ty + € for small € > 0, such that

there is only one extra failure from one group occurs.

Theorem 3.4. (i) If a failure from group I* € S occurs in the interval (7, Ty + €),
then the NPI lower probability P° remains constant. However, the NPI upper
probability P’ decreases by

1 — 1 i+ 1
H ng—1r + I_HTJ—I—
np + 1 n +1 n; +1

leS\{l*} JENS

except when 7; = n;, for all j € NS, in which case the upper probability remains

constant.

(ii) If a failure from group j* € NS occurs in the interval (Tp, Tp + €), then the NPI
upper probability P” remains constant. However, the NPI lower probability P*

increases by

1 H T H n;—n
T+ +1 SN\ n; +1 1es n+ 1

except when r; = n; for at least one [ € S or when there exists a j € NS\ {j*} for

which r; = 0, in which cases the lower probability remains constant.

Proof. For case i(ii), replace r« (rj«) by 7« =r+1 (7« =7;++1) in formula (3.6)
and (3.7), then this follows by basic analysis of the lower and upper probabilities



3.4. Selecting the subset of best groups 50

of Theorem 3.3. For the sake of completeness we include the detailed proof below.

To reduce notation we use L*(I} )= min L(I}) and U*(I} )= min U(I}). First to
1eS\{1%} les\{1+}

proof case (i),

r+2 Ty* Ty 1{$J ij < mln{L( )}}

Bzfz Z Z HZ n+1leil*+1> +

=1 |[i{x=1jeNSi;j=
leS\{1*}

H Z 1{55]1 <m1n{xl*rl*, Zl }} H Zl{itjl <m1n{xl Tz*7L*([z'll)}}
n—l—l nl*+1 (nl*+1)

JENS i;=1 JENS ;=1

1{x;;,<min{To+e, L*(I})}}(ng=—ri-—1) .
H Z H MXan-H

(nj +1)(ny=+1) K

JjENS i;=1 les\{i*}

ri+2

_pSy Z H Z 1{%1 < mm{xl* Tl*,L*(Ifl)}} N

=1 |jeNSi;j=1 )(nl* + 1)
leS\{l*}
H Z 1{z;;, <min{Ty + ¢, L*(I})}}(npe — 1= — 1)

(n; +1)(ni= +1)

JENS i;=1

H Z {a;, < min{Ty, L*(1})}} (e — 11-) H MXWH(]?)

i
JENS ;=1 (nj +1)(ne- +1) les\{1+}

And since for all I € S\ {I*}, 0 < L(I}) < Ty < a5, < Ty + ¢, and consequently
min{z 7., L*([ill)} = min{7} + e, L*(Il-ll)} = min{75, L*(Ifl)} = L*(Ifl)

then the last term between square brackets will vanish. And,

ri+2 i Tj +2

P =Y |20 IT 2o vzt < min{U)Mx, , (1) +

=1 yx=1jENS ij:1
1S\ {1}

ri+2 *( 7l
L (L) < min{ag 5., US(1) ) ,
My, I
H Z Ny +1 Xj,nj+1< Zj) +

JENS ij=1

rj+2 1{L ]3 < mln{U( e +1) U*<Il >}}

H Z ng + 1 - Mva”jH(]ijj) +

JENS i;=1

CEUL(E ) <min{U (1L o), U (TR (=i —1)

H Z g+ 1 : MXj,njH(Iijj)

JENS i;=1

H M—Xl nl+1 Il
1eS\{1"}
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ri+2 Tj +2

=S 1 , ‘ i} :
i ii=1 |jeNSi;=1
lesS\{l*}
r]-+2
i * /7l l
H Z l{L(]Z])< U (Iil>}MXj,n]- H MXZ ”l+1 I (38)
JENS ij=1 leS\{l*
Now,
ri42 1+ Z W, <U (L) - (n—r)H{To+e<U*(I})}
VL(I)<U* (I M Py— =
Zl { ( )} X]n+1< zj) nj+1
ij

(3.9)

and since 1{Ty + € < min{x- 7., U*(1})}} = 0 for L € S\ {I*} and all i;, we have

b2 1—1—'211{xj7ij< min{z.z,, U* (I}
;::11{[’([@]]) <min{xl*fl*>U*( )}}MXJ nj+1 (I]) - : n; + 1
(3.10)

If U*(I}) # oo, then (3.9) and (3.10) will be equal and consequently the term be-
tween square brackets in (3.8) will vanish. However, for U*(I} ) = oo, the equations
(3.9) and (3.10) reduce to 1 and (r; + 1)/(n; + 1), respectively. Therefore, we can
rewrite (3.8) as

r+2
s 1 ri+1 l I
: (H ) ST
e+ L\ jevs 1 i=r+1 1eS\{I*} l
les\{I*}

ri4+2
) H Z MXl"zH [l

leS\{l*} iy=r;+1
1eS\{I*}

T + 1 1 n—r
! ) II ( — + : — 1’) (3.11)
e\ N1 ™

We used the known identity (3_; a;)(3_;b;) = >_; >, aib; to obtain the final form of
?lf, ie. (3.11). And when r; =n; Vj € NS , it follows from (3.11) that ﬁlf -P°

which completes the proof of part (i).
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And for case (ii),

i+2 Z:jzl 1z, < I'lfégl{L([zll)}}

Bﬁzz H ?”Lj‘i‘l

u=1 | jeENS\{j*}
les
Ve < min{ LU+, < ming L(L))

rit2 2= Wy, < min{ L(T; ) }}

u=1 | jeNS\{j*}
les

). < Iggl{L(ffl)}}
nj* + 1

H MXl,nl+1 (‘[’Lll)
les

1., (1) (3.12)

Since for all [ € S, z1,, < x5, < Tp + ¢, we have 1{z;- 7. < Ilrélgl{[’(lzlz)}} =0
except when i, = r; + 2, VI € S, in which case L(I}) = Ty + € and therefore
;5. <Tp+ e} = 1. Recall that when the experiment is terminated at ;-7 .
(i.e. zj« 7. = Ty + €), we assume that this stopping time is beyond z;. 7 . by a very

small value which tends to zero. We can rewrite (3.12) as

PS _ PS + 1{mj*,fj* < TO + 6} H Z:;:l l{I],lJ < TO + 6} H n,—mr
45 = N + 1 JENS\G) n; +1 o M +1
1 T n; —n
= P54 11 —1] (3.13)
nje + 1 JENS\G) n; +1 o5 +1

and indeed we see that the lower probability Bﬁ is greater than or equal to P~
From (3.13), it is clear that when there exists at least one [ € S for which r, = n,

then Bﬁ = P%. Also Eﬁ = P*® when there exists a j € NS\ {j*} for which r; = 0.

rit? 1370 i, <mindU (I + (=) H{To + e<mindU ()}

-5 Z

Pj* -
i=1jENS\{j*}
les

nj—l—l

14327 o Ko, <1}éi§1{U(ffl)}} ) 7. <I}éisn{U(Ifl)}}

(nmry DT+ cmin U

HMXl,nl+1 (Il ) (3'14)
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Since only a failure from group j* € NS occurs in the interval (Tp, Ty + €), we have

H{Th+e< rlnlgl{U(Ile)}} =1{T) < rlmgl{U(]fl)}}, hence (3.14) can be rewritten as
€ S

55 :PS+”Z+2 H 1+Z£;:11{xj,¢j<r{éiél{U(Ifl)}}—i—(nj—rj)l{T0<rlréi§1{U([le)}}
J — ‘ n;+ 1
ir=1 jENS\{%}
les
Wajor, <min{U(ID}  1{Th< min{U (L)}
les l - les l HMXZ ) +1(]Z{ ) (315)
TLj* + 1 nj* + 1 ny L

les

If rl%lél{U(]iz)} # 00, then 1{Ty < I}élél{U(Iil)}} = Yz 5. < I}élél{U([zl)}}

0, and when Ill’lgl{U(]le)} = 00, we have 1{Tj < Ilmsn{U(]zlz)}} = {aj;. <
€ € J

rlmép{U (1})}} = 1. Therefore, the whole last term in (3.15) will vanish, and conse-

€

quently ?ﬁ — P” which completes the proof of part (ii). O

Example 3.3. We use the data set of Example 3.1 to illustrate our method for
selecting the subset of best groups. A subset S is considered as the ‘best’ when
the lifetime of a future unit from each group in S is larger than the lifetime of a
future unit from each group outside this set, so in N.S. Our inference depends on
the data, the rc-A,;) assumption for group j (j = 1,2, 3,4) and stopping time 7.
To begin, we compute the NPI lower and upper probabilities from (3.6) and (3.7) for
all possible subsets that contain only two groups, so S equal to {1, 2}, {1, 3}, {1,4},
{2,3}, {2,4} and {3,4}, the results for several ranges of values of T}, are presented
in Table 3.6.

For example, at Ty = 4.50 we observe the first failure for group 2. Here all lower
probabilities are equal to zero since there exists at least one j ¢ S for which r; = 0,
which means that we cannot exclude the possibility that we will never observe any
failure from this group. However, the upper probabilities for these events are not
all the same. For example, the upper probability for S equal to {1, 3} is one, since
in this situation we have not observed any failure from any group in S, so there is a
possibility that we would never observe any failure from any group in S. However,
for all subsets S which include group 2, the NPI upper probabilities are less than
one, since in this case a failure from a group belonging to S has occurred which is

an indication against the event of interest.
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To N o 72 p {13} p (1.3} p 14} p (14}
[4.50,4.71) 0 1 0 0 0 0.948 0 1 0 1
[4.71,4.86) 0 1 0 1 0 0.948 0.012 1 0 0.752
[4.86,5.01) 0 2 0 1 0 0.897 0.024 1 0 0.752
[5.60,5.78) 3 6 0 1 0 0.599 0.066 0.873 0 0.646
[6.72,6.84) 6 9 0 1 0 0.395 0.093 0.762 0 0.542
[7.00,7.21) 8 9 2 1 0.010 0.349 0.093 0.635 0.020 0.477
[7.21,7.22) 9 9 2 1 0.010 0.327 0.093 0.604 0.020 0.445
[7.47,7.55) 9 13 6 1 0.025 0.233 0.108 0.499 0.071 0.445
[7.55,7.58) 9 13 7 1 0.028 0.233 0.108 0.476 0.083 0.445
[8.04,8.08) 10 14 12 1 0.036 0.202 0.111 0.359 0.143 0.423
[8.08,8.12) 10 14 13 1 0.038 0.202 0.111 0.339 0.154 0.423
[8.42,8.52) 14 16 14 2 0.059 0.174 0.117 0.308 0.170 0.362
[8.52,8.62) 14 17 14 2 0.059 0.168 0.117 0.308 0.174 0.362
[8.66,8.81) 16 17 14 2 0.059 0.166 0.117 0.305 0.174 0.357
[8.81,8.91) 16 18 14 2 0.059 0.162 0.117 0.305 0.176 0.357
[8.91,8.94) 17 18 14 2 0.059 0.161 0.117 0.303 0.176 0.355
[8.94,8.97) 18 18 14 2 0.059 0.160 0.117 0.302 0.176 0.354
[8.97,9.03) 18 18 15 2 0.059 0.160 0.117 0.299 0.177 0.354
[9.03,9.05) 18 18 15 3 0.059 0.160 0.117 0.299 0.177 0.354
[9.05,9.16) 19 18 15 3 0.059 0.160 0.117 0.299 0.177 0.354

[9.16, c0) 20 18 15 3 0.059 0.160 0.117 0.299 0.177 0.354

Ty rmoore 13 1 | P23 B (2:3} P24 p (24} P 3.4} p (34}
[4.50,4.71) 0 1 0 0 0 0.948 0 0.948 0 1
[4.71,4.86) 0 1 0 1 0 0.948 0 0.711 0 0.751
[4.86,5.01) 0 2 0 1 0 0.897 0 0.672 0 0.751
[5.60,5.78) 3 6 0 1 0.026 0.701 0 0.516 0.021 0.751
[6.72,6.84) 6 9 0 1 0.045 0.565 0 0.399 0.063 0.751
[7.00,7.21) 8 9 2 1 0.054 0.510 0.011 0.399 0.082 0.674
[7.21,7.22) 9 9 2 1 0.058 0.510 0.013 0.399 0.091 0.674
[7.47,7.55) 9 13 6 1 0.058 0.309 0.038 0.274 0.116 0.533
[7.55,7.58) 9 13 7 1 0.058 0.294 0.042 0.274 0.116 0.503
[8.04,8.08) 10 14 12 1 0.060 0.212 0.062 0.248 0.129 0.363
[8.08,8.12) 10 14 13 1 0.060 0.200 0.065 0.248 0.129 0.336
[8.42,8.52) 14 16 14 2 0.063 0.182 0.079 0.200 0.134 0.293
[8.52,8.62) 14 17 14 2 0.063 0.179 0.079 0.191 0.135 0.293
[8.66,8.81) 16 17 14 2 0.063 0.179 0.080 0.191 0.136 0.293
[8.81,8.91) 16 18 14 2 0.063 0.176 0.080 0.185 0.137 0.293
[8.91,8.94) 17 18 14 2 0.063 0.176 0.080 0.185 0.137 0.293
[8.94,8.97) 18 18 14 2 0.063 0.176 0.080 0.185 0.138 0.293
[8.97,9.03) 18 18 15 2 0.063 0.175 0.080 0.185 0.138 0.290
[9.03,9.05) 18 18 15 3 0.063 0.175 0.080 0.183 0.138 0.288
[9.05,9.16) 19 18 15 3 0.063 0.175 0.080 0.183 0.138 0.288

[9.16, 00) 20 18 15 3 0.063 0.175 0.080 0.183 0.138 0.288

Table 3.6: The subset of best groups: NPI lower and upper probabilities
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We can also study the behaviour of the NPI lower and upper probabilities when a
failure from any group occurs. To this end, assume that we terminate the experiment
at Ty = 7. In this situation we have observed 8, 9, 2 and 1 failures from groups 1,
2, 3 and 4, respectively. Suppose that we are interested in the subset S = {1,2}.
In this case, P % = 0.010 and i — 0.349. Suppose now that the stopping
time is increased from 7 to 7.21. In this case a failure occurs from the first group
at time 7.21. We see that, while the lower probability remains constant, the upper
probability decreases from 0.349 to 0.327, which illustrates Theorem 3.4(i). However,
when increasing the stopping time from 8.04 to 8.08, so that an extra failure of group
3 occurs, the upper probability that S = {1,2} is the subset with the best groups
remains constant, but the lower probability increases from 0.036 to 0.038, which
illustrates Theorem 3.4(ii).

Suppose now that we stop the experiment at Ty = 8.97 and that we are interested
in S = {2,3}. Then we have observed all units from all groups in S, but there are 3
units that still have not failed in groups in NS. For Ty > 8.97, the lower and upper
probabilities that S = {2, 3} is the subset with the two best groups will not change
(P23 = 0.063, M- 0.175), which illustrates the special case of Theorem 3.4(ii).
If we change attention to S = {1,4}, also for Ty > 8.97, then the lower and upper
probabilities again remain constant (P 4= 0.177, P Z 0.354) since we have
observed all units from NS, which illustrates the special case of Theorem 3.4(i).

To carry out the comparison to select the best subset, we notice that if we
terminate the experiment at Ty = 8.52, F{M} < P which provides a strong
indicates to exclude {1,2} from being the best. In addition, at T, = 8.97 we can
exclude the set {2, 3} from being the subset with the best groups as P < pita
This may be due to the fact that the second group is included in these sets, since the
second group was the worse group as found in Example 3.1. However, this does not
hold for {2,4} as F{M} * P {14} This happens because this set consists of the best
and the worse group (see the results of Example 3.1). So, we only have a strong
indication that {1,2} and {2,3} are not the best subsets. As P >4 < p{13} <
2{3’4} < 2{1’4} and F{QA} < ]_3{3’4} < F{l’g} < ]_3{1’4} there is a weak indication
that S = {1,4} is the best subset of size 2. A



3.5. Selecting the subset including the best group 56

3.5 Selecting the subset including the best group

In this section we consider a similar scenario as in Section 3.4, with the experiment
terminated at time T but now our objective is to select a subset of groups such that
the group that provides the largest future lifetime is included in this subset. As in
Section 3.4, let S = {ly, s, ..., 1, } be a selected subset of m groups (1 <m <k —1)
from k independent groups and let V.S be the complementary set of S which contains
the k —m nonselected groups. We will derive the NPI lower and upper probabilities
for the event that the next observation from at least one of the selected groups in S
is greater than the next observation from each group in N.S, denoted by

~ _S _
P%=P (max X;,, .;>max X:, 1] and P° =P (max X;,, .1>max X, 1
= "= \es Tt T eng Tt leg UM T eNg It

These lower and upper probabilities are given in Theorem 3.5, using the notation

(3.5) as before.

Theorem 3.5. The NPI lower and upper probabilities for the event that the next
observation of at least one group in S is greater than the next observation of each

group in NS are

[ >0 Wy, < max{L(I})}}
K ™ les " 1
1;[ — 1M, (1) (3.16)

les

a

U

I
M+

-
m
O}

[1+ 2221 Wz, < %%X{U([ffl)}}
+
rNI nj + 1

ol
U
I
M+

i
—

O)

(nj —r)H{Tp < %%X{U(ffl)}}
nj —f- ]_

HMXZ ny+1 (Il ) (317)
les

Proof. This is similar to the proof of Theorem 3.3, but with 'min’ replaced by 'max’

in every step. O]

3.5.1 Special cases

Below we present some special cases of the NPI lower and upper probabilities (3.16)

and (3.17).
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1. If r, = 0 for at least one [ € S, then the NPI upper probability ﬁg =1, since
we have not seen any failure from at least one group in S. This means that
we cannot exclude the possibility that we would never see a failure from such
a group in S. Further, if r, = 0 for all [ € S, then the NPI lower probability is

5 T 1
BS: H nj—ji—l (1_gnl+1)

JENS

which is equal to zero if there exists at least one j € NS for which r; = 0.

2. If r; = 0 for at least one j € NS and r; > 0 for all [ € S, then the NPI lower
probability BS = 0 since there exists a group in NS for which we have not
seen any failure. This means that we cannot exclude the possibility that we
would never see a failure from this group. Further, if r; = 0 for all j € NS,

then the NPI upper probability is

1

so if 7, = 0 for at least one [ € S, then P~ = 1.

3.5.2 Some properties

Now, we study the effect upon the lower and upper probabilities when the stopping
time is increased from Ty to Ty + €, for small € > 0 such that only one extra failure

from one group occurs.

Theorem 3.6. (i) If a failure from group [* € S occurs in the interval (Ty, 7o + €),

then the NPI lower probability P S remains constant, and the NPI upper probability

1 41
H T 1_1—[7’]4—

lesS\{l*} JENS

=3
P~ decreases by

except when r; = n; for all j € NS or when there exists a [ € S\ {I*} for which

r; = 0, in which cases the upper probability remains constant.

(i) If a failure from group j* € NS occurs in the interval (Tp, Tp + €), then the NPI

upper probability P” remains constant, and the NPI lower probability P S increases
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by

1 ’f’j Tl+1
1—
nj« + 1 H nj+1< Hnl+1>

JENS\{j*} les
except when r; = n; for all [ € S or when there exists a j € NS\ {j*} for which

r; = 0, in which cases the lower probability remains constant.

Proof. For case i (ii), replace r; (rj+) by rm + 1 (r; + 1) in formula (3.16) and
(3.17), then this follows by basic analysis of the NPI lower and upper probabilities
of Theorem 3.5, see the proof of Theorem 3.4. O]

It can easily be shown that the NPI lower and upper probabilities for selecting the
subset of best groups, given by (3.6) and (3.7), cannot exceed those for selecting
the subset including the best group, given by (3.16) and (3.17). This follows from
]-{xj,ij < I;élgl{‘}} < 1{$j7ij < I{leaSX{O}} and ]_{To < I{élgl{‘}} < 1{T0 < r?eaSX{.}},

where ‘o” refers to L(1}) or U(I}).

Example 3.4. Consider again the data set from Example 3.1, which we also used in
Example 3.3. The NPI lower and upper probabilities for the event that the lifetime
of the next observation from at least one group in S is greater than the lifetime
of the next observation of each group in NS, are calculated from (3.16) and (3.17)
at different stopping times Ty for all possible subsets containing 2 groups and are
presented in Table 3.7.

At Ty = 4.5, which is the moment when we observe the first failure (group 2),
all lower probabilities are zero and all upper probabilities are one, which is different
from the case when we select the subset of 2 best groups (Example 3.3), since for that
case there were some upper probabilities which are less than one. This is because at
Ty = 4.5, whichever subset of 2 groups we consider, this subset will always contain
at least one group for which we have not seen any failure, so there is no evidence
against the possibility that this subset can still contain the best group.

For example, for S = {1,3}, the lower probability at Ty = 4.71 is 0.013, while
the corresponding upper probability is one. At Ty = 4.71 we have seen failures from
groups 2 and 4. Therefore, we cannot exclude the possibility that we will not observe

any failure from any group in S. In fact, the upper probabilities for the sets that
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To rmoore o1y o | P2 P2 pasy pSH pray it
[4.50,4.71) 0 1 0 0 0 1 0 1 0 1
[471,486) 0 1 0 1 0 1 0.013 1 0 1
[4.86,501) 0 2 0 1 0 1 0.026 1 0 1
[5.60,5.78) 3 6 0 1 0 0.956 | 0.078 1 0 0.965
[6.72,684) 6 9 0 1 0 0.869 | 0.117 1 0 0.930
(684,6.91) 6 9 1 1 | 0013 0869 | 0117 0987 | 0025  0.930
[7.00,7.21) 8 9 2 1 | 002 0828 | 0.117 0965 | 0049  0.909
[7.21,7.22) 9 9 2 1 0.026 0.808 0.117 0.961 0.049 0.898
[747,7.55) 9 13 6 1 | 0073 0737 | 0.159  0.882 | 0200  0.898
[7.55,7.58) 9 13 7 1 | 0083 0737 | 0159  0.865 | 0232  0.898
[8.04,808) 10 14 12 1 | 0120 0695 | 0.168 0760 | 0419  0.890
[8.08,8.12) 10 14 13 1 | 0139 0695 | 0.168 0742 | 0453  0.890
[8.42,852) 14 16 14 2 | 0267 0624 | 0271 0648 | 0520  0.834
[8.52,8.62) 14 17 14 2 0.267 0.613 0.279 0.648 0.550 0.834
[8.66,8.81) 16 17 14 2 | 0.267  0.588 | 0279  0.624 | 0550  0.829
[8.81,891) 16 18 14 2 | 0267 0576 | 0.286 0624 | 0568  0.829
[8.91,894) 17 18 14 2 | 0267 0563 | 0286 0613 | 0568  0.827
[8.94,897) 18 18 14 2 | 0.267 0549 | 0286  0.603 | 0568  0.826
[8.97,9.03) 18 18 15 2 | 0270 0549 | 0286 0589 | 0587  0.826
[9.03,9.05) 18 18 15 3 | 0.293 0549 | 0.308 0589 | 0587  0.826
[9.05,9.16) 19 18 15 3 0.293 0.549 0.308 0.589 0.587 0.826

[9.16,00) 20 18 15 3 | 0293 0549 | 0308 0589 | 0587  0.826

T o ors o | @R PEI | pEay Y| pEay pBA
[450,471) 0 1 0 0 0 1 0 1 0 1
[471,48) 0 1 0 1 0 1 0 0.987 0 1
[486,501) 0 2 0 1 0 1 0 0.974 0 1
[5.60,5.78) 3 6 0 1 | 0035 1 0 0922 | 0.044 1
[6.72,6.84) 6 9 0 1 0.070 1 0 0.883 0.131 1
(6.84,6.91) 6 9 1 1 | 0070 0975 | 0013 0883 | 0131  0.987
[7.00,7.21) 8 9 2 1 | 0091 0951 | 0035 083 | 0172 0974
[721,7.22) 9 9 2 1| 0102 0951 | 0040 0883 | 0192 0974
[747,755) 9 13 6 1 | 0102  0.800 | 0.118  0.841 | 0263  0.927
[7.55,7.58) 9 13 7 1 | 0102 0768 | 0.135  0.841 | 0263 0917
[8.04,808) 10 14 12 1 | 0110 0581 | 0240 0832 | 0305  0.871
[8.08,8.12) 10 14 13 1 0.110 0.547 0.258 0.832 0.305 0.861
[8.42,852) 14 16 14 2 | 0166 0471 | 0352 0729 | 0376  0.733
[8.52,862) 14 17 14 2 | 0166 0450 | 0352 0721 | 0387  0.733
[8.66,8.81) 16 17 14 2 | 0171 0450 | 0377 0721 | 0412  0.733
[8.81,891) 16 18 14 2 | 0171 0432 | 0377 0714 | 0424  0.733
[8.91,894) 17 18 14 2 | 0173 0432 | 0387 0714 | 0437  0.733
[8.94,8.97) 18 18 14 2 0.174 0.432 0.397 0.714 0.451 0.733
[897,9.03) 18 18 15 2 | 0174 0413 | 0411 0714 | 0451  0.730
(0.03,905) 18 18 15 3 | 0174 0413 | 0411 0692 | 0451  0.708
[0.05,9.16) 19 18 15 3 | 0174 0413 | 0411  0.692 | 0451  0.708

[0.16,00) 20 18 15 3 | 0174 0413 | 0411 0692 | 0451  0.708

Table 3.7: The set including the best group: NPI lower and upper probabilities
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contain group 3, i.e. {1,3}, {2,3} and {3,4}, will be one until Ty = 6.84 (i.e. the
time at which we observe the first failure from group 3). The lower probabilities for
the sets that do not include the third group, i.e. {1,2}, {1,4} and {2,4}, are zero
until 7Ty = 6.84.

To study the behaviour of these NPI lower and upper probabilities, let us consider
the situation when the stopping time 7} is increased from 7 to 7.21, and let S = {1, 2}
be the set of interest. At time 7.21 a failure of group 1 is observed. Here, the lower
probability remains constant as the amount of information in favour of this event
remains the same. However, the upper probability decreases from 0.828 to 0.808 as
the amount of information against this event has increased (Theorem 3.6(i)). When
we consider S = {2, 3}, with Tj increasing from 7 to 7.21, then the upper probability
remains constant, but, the lower probability increases from 0.091 to 0.102, as the
amount of information in favour of this event now increases (Theorem 3.6(ii)).

At Ty = 8.97 we have observed failures of all units from groups 2 and 3. If the
set of interest is S = {2,3}, we see that the lower and upper probabilities remain
constant for Ty > 8.97 since we have observed all units of all groups in S (special
case Theorem 3.6(ii)). Also, if the set of interest is S = {1,4}, the lower and upper
probabilities remain constant since we have observed all units from all groups in N.S
(special case Theorem 3.6(i)).

At the time when we have observed all units from all groups, i.e. Ty = 9.16, we
have a strong indication that the set {1,4} is better than {1,2} and {2,3}, in the

sense that it is more likely that {1,4} contains the best group since
0.549 = PP < pUOA — 0587 and 0.413 = PP < P8 — 0587

In fact the set {1,4} has the highest lower and upper probability when all failure
times have been observed for all units from all groups. However, we have a weak

indication that {1,4} is the set which contains the best group since we have

We can exclude {2, 3} from the comparison from 7T, = 8.42 onwards, since P

P4 Also the set {1,2} can be excluded from T = 8.91 onwards since P <
P {14} A
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Example 3.5. In this example all NPI procedures that have been introduced in
this chapter are illustrated, so we consider selecting the best group (Section 3.3),
selecting the subset of best groups (Section 3.4) and selecting the subset including
the best group (Section 3.5). We consider subsets that contain three groups as
well as subsets that contain one or two groups. Due to space limitations only the

stopping times T at which we exclude a subset or a group from the comparison are

reported.
Group breakdown times

1 7.74 17.05  20.46 21.02 22.66 43.40 47.30 139.07 144.12 175.88 194.90

2 0.27 0.40 0.69 0.79 2.75 3.91 9.88 13.95 15.93 27.80 53.24
82.85 89.29 100.58 215.10

3 0.19 0.78 0.96 1.31 2.78 3.16 4.15 4.67 4.85 6.50 7.35
8.01 8.27 12.06 31.75 32,52 3391 36.71 72.89

4 0.35 0.59 0.96 0.99 1.69 1.97 2.07 2.58 2.71 2.90 3.67
3.99 5.35 13.77 25.50

5 0.09 0.39 0.47 0.73 0.74 1.13 1.40 2.38

Table 3.8: The times to breakdown (in minutes) at five voltage levels

We use a data set also used by Lawless [48, p. 3], which consists of the times to
breakdown (in minutes) of electrical insulating fluids at seven voltage levels. These
data were originally studied by Nelson [65], who particularly studied the accelerated
life testing nature of the data. We do not attempt to model the explicit effect
of accelerated life testing but just use these data to illustrate the NPI methods
presented in this chapter. We will use only five out of these seven voltage levels in
this example, see Table 3.8, to illustrate our method. More precisely, we exclude
the first two voltage levels from the original data set since they contain relatively
few units compared with the other voltage levels. Again let X;; represent the
time to breakdown for unit 7; at voltage level j, which we refer to as group j, with
i = 1,...,n; and j = 1,...,5 representing voltage level 30, 32, 34, 36 and 38,
respectively. The corresponding sample sizes are 11, 15, 19, 15 and 8, respectively.
In this data set, the range of times to breakdown vary from 0.09 at voltage level 5
to 215.10 at voltage level 2.

Let us consider selection of a subset of 3 groups, so we have 10 different possible
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subsets: {1,2,3}, {1,2,4}, {1,2,5}, {1,3,4}, {1,3,5}, {1,4,5}, {2,3,4}, {2,3,5},
{2,4,5} and {3,4,5}. Of course, there are also 10 possible subsets containing 2
different voltage levels: {1,2}, {1,3}, {1,4}, {1,5}, {2,3}, {2,4}, {2,5}, {3,4},
{3,5} and {4,5}.

We start considering selection of the subset of 3 best groups. When we have
observed all units from all groups we will select the subset {1, 2,3} as the subset of
best groups with NPI lower and upper probabilities P23t — 0.337 and ps_
0.535, respectively. Actually we can conclude the same result (i.e. {1,2,3} as the
best subset) at an early stage. In fact, already if we stopped the experiment at
To = 6.5 we would select the set {1,2,3} as the best subset among all ten subsets,
see Table 3.9. Note that, at this point we still have not observed any breakdown
from the first group while we have observed already the breakdown times of all
units from group 5. Table 3.9 explains how we can establish an early decision from
the beginning. For example, at Ty = 2.38, we have observed all breakdown times
for units from group 5 and we have not observed any breakdowns from the first
group, and therefore we will exclude any set that contains group 5 from being the
best. Moreover, at Ty = 2.90 we can exclude 7 of the 10 subsets from comparison of
becoming the best subset. At this time, the subsets {1,2,3}, {1,2,4} and {1, 3,4}
remain in the comparison process. Figure 3.1 shows a pairwise comparison between
the best subset {1,2,3} and the two second best subsets {1,2,4} and {1, 3,4}, for
different 7. We can see that at Ty = 3.99, F{1’2’4} < 2{1’2’3} and at Ty = 6.50,
ﬁ{173,4} < £{1,2,3}'

Consequently, if we terminate the experiment at Ty, = 6.5 we get the same
decision as when we would have observed all units from all groups. Doing that
would lead to a much shorter testing time, and we can keep 9 units out of 15 from
group 2, 9 out of 19 from group 3, 2 out of 15 from group 4 and all units from group
1 to be possibly used for other purposes.

Now we consider selecting a subset of 3 groups that includes the best group.
Table 3.10 shows that 4 out of 10 subsets could be excluded from the comparison at
Ty = 13.77, and a fifth subsets at Ty = 25.5. Unlike the case of selecting the subset
of best groups, there are three sets {1,2,3}, {1,2,4} and {1,2,5} which cannot be
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Figure 3.1: The subset of best groups: NPI lower and upper probabilities for Ty < 10
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To r1 re 13 r4 715 Set(s)out Pairwise comparison with {1,2,3}

160 0 4 4 5 7 {245 0123=P" o pl23st _g131
197 0 4 4 6 7 {345 0126=P " < pl23h _( 154

(2,3,5)  0.145 = P 2% o p123t _ 154
207 0 4 4 7 7 {145} 0153=P " pl23 _gq77
238 0 4 4 7 8 {1,2,5} o0114=P" < past 900

(1,3,5) 0139 =P o p{123} _ 900
200 0 5 5 10 8 {2,3,4) 0235=P % o pl23 _gar5
399 0 6 6 12 8 {1,24} 0202=P " o pl2s_g31
650 0 6 10 13 8 {1,3,4) 0326=P """ < p{123} _ 398

Table 3.9: The subset of best groups: pairwise comparison with {1,2,3}

excluded from any time onwards. Consequently, we do not have a strong indication

to select one of these three sets as the set that is most likely to include the best

group as even when we have observed all units, we have ?{1’2’4} £ p 23
{125} 4 plizs)

and

In Table 3.11, the stopping times at which we exclude a group from being the
best group are reported, where the NPI lower and upper probabilities are calculated
from (3.3) and (3.4). As we can see from Table 3.11, we can exclude group 5 from
being the best group already at Ty = 6.5, at which time 0.112 = F(5)< P =0.124.
Groups 4 and 3 can be excluded at Ty = 12.06 and Ty = 31.75, respectively, as then
we have 0193 = P < PM — 0197 and 0.288 = P¥ < P = 0.310. In addition,
when we have observed breakdown times of all units from all groups (or even before,
i.e. at Tp = 82.85) we can conclude that the first group is the best since PL > pY
for | = 2,3,4,5. At Ty = 82.85 we can exclude the second group from being the
best group (where 0.378 = ?(2)< PO = 0.391) which may explain the situation of
being {1,2,3}, {1,2,4} and {1,2,5} to be the subsets that contains the best group
since these contain the best group and the second best group (i.e. group 2).

Suppose, for example, that we terminate the experiment at T, = 25.5. From
Table 3.10 it follows that in this case we can exclude 5 of the 10 subsets from
being the subset that includes the best group, therefore, the sets {1,2,3}, {1,2,4},
{1,2,5}, {1, 3,5} and {1, 3,4} will remain under comparison. At the same time (at
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To = 25.5), see Table 3.11, we can exclude groups 4 and 5 from being the best group,
therefore we still have groups 1, 2 and 3 under comparison. This explains why any
set that contains two of these groups is still under consideration for being the set
that includes the best group. However, this is not the case for {2,3,5} and {2, 3,4}

since the first group (the best) is not included in them.

Ty ri Ty r3 14 75 Set(s)out Pairwise comparison with {1,2,3}

535 0 6 9 13 8 {3,4,5) 0685=P " o pII _g717

988 1 7 13 13 8 {245} 0696=P " < p{I23 _g7117
1377 1 7 14 14 8  {2,3,5) 0751=P "% < pLI3 _ 0769

2,3,4) 0762 =P - pa2sk _ o769

2550 5 9 14 15 8 {1,4,5) 0803=P " o p23 _gg11
7280 7 11 19 15 8 {1,3,5) 0811=P P o p23 _g11
139.07 8 14 19 15 8 {1,3,4} 0809=P " o pZ3 _ g1

Table 3.10: The subset including the best group: pairwise comparison with {1,2, 3}

To r, re 13 14 715 group out Pairwise comparison with group 1

650 0 6 10 13 8  group5 0112=P% <« p® —0.124
1206 1 7 14 13 8  group4 0193=P"Y < P® —0.197
3175 5 10 15 15 8  group 3 0288 =P < PM = 0310
8285 7 12 19 15 8  group 2 03718=P <« PM — 03091

Table 3.11: The best group: pairwise comparison with group 1

Now let us consider the case of selecting the subset of 2 best groups. From
To = 8.27 onwards, see Table 3.12, all subsets except {1,2} and {1, 3} are excluded
from being the subset of 2 best groups. Here we have a strong indication to exclude
these subsets since their corresponding upper probabilities are less than P {1’2}, but
there is only a weak indication that {1,2} is the best subset of 2 best groups since
pit3 o p{12y F{l’g} < ﬁ{lﬁ}‘

From the one-group comparison, see Table 3.11, at Ty = 8.27 the fifth group can
be excluded (in fact this can be concluded already for Ty > 6.5) as P <PW. In
addition, we exclude the fourth and the third group at 7Ty = 12.06 and Ty = 31.75,

respectively. That may explain why, when considering subsets consisting of two
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To r 12 r3 rg 75 Set(s)out Pairwise comparison with {1,2}
°071 0 4 4 9 8 {45  0051=P" < pt2 — 0064
200 0 5 5 10 8 {25} 0.079=P < p{2 — 0086
316 0 5 6 10 8 {350 0082=P"" < pl2 _g102
415 0 6 7 12 8 {15} 0122=P" < pi2 _q137
48 0 6 9 12 8 {341 0155=PY o pU2 _g172

2,4y 0168=P " < p2 _ o172
827 1 6 13 13 8 {14} 0243=P"" < p{12 — 256
2,3} 0251=P % < pl2 — 0956

Table 3.12: The subset of best groups: pairwise comparison with {1, 2}

groups (Table 3.12) the subsets that contain the fifth group can be excluded from

Ty = 4.15. However, by the end of the experiment we do not have a strong indication

to choose between the subsets {1,2} and {1, 3} for selecting the subset of best groups.

With regard to selection of the subset of 2 groups that includes the best group,
from Ty = 32.52 onwards (Table 3.13) the subsets {2, 3}, {2,4}, {2,5}, {3,4}, {3,5}

and {4,5} are excluded from being the subset including the best group. Here we

have a strong indication that these subsets can be excluded since their corresponding

upper probabilities are less than P {1’~2}, but there is only a weak indication to select
{1, 2} as the subset including the best group since 2{171} < B{f’%} < B{f’g} < B{ﬁ}
and P L pitH b pia

To ri Ty r3 r4 715 Set(s)out Pairwise comparison with {1,2}
535 0 6 9 13 8 {45} 0283=P " < pUA _ 0315
827 1 6 13 13 8 {35} 0438=P " p2 _ 51
1206 1 7 14 13 8 {34} 0455=P Y < pl2 _ 484
2550 5 9 14 15 8 {24} 0516=P " < pU _ 547

(2,50 052=P > < p{l2 _ 547
3252 5 10 16 15 8  {2,3)  0592=P" < pUI —ge01

Table 3.13: The subset including the best group: pairwise comparison with {1,2}

On the other hand, at Ty = 8.27 we can exclude only the subsets {3,5} and

{4,5} from being the subset including the best group. In the one-group comparison

(Table 3.11), we exclude group 5 from being the best group already at Ty = 6.5.
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However, while {2,5} contains the fifth group, it is still under comparison until
To = 25.5. With respect to {1,5}, and by the end of the experiment, there is no
strong indication to exclude this subset from being the subset including the best
group although this subset includes the best (group 1) and the worst group (group
5). Note that this subset was excluded at Ty = 4.15 from being the subset of 2 best
groups (Table 3.12). Actually we excluded all subsets that contain the fifth group
from being the subset of best groups at Ty = 4.15, which is even before we would
decide to exclude the fifth group from being the best group (one-group comparison,
Table 3.11) at Ty = 6.5.

At Ty = 6.5, we see from Table 3.9 that we can select {1,2,3} as the subset
of best groups containing 3 groups. However, at this time, we see from Table 3.12
that we do not have a strong indication to select one subset for being the subset of
best groups among {1, 2}, {1,3}, {1,4} and {2, 3}, although {1, 2}, {1,3} and {2, 3}
are subsets of {1,2, 3}, but the subset {1,4} contains only one group from {1, 2, 3}.
Later, at Ty = 8.27 we exclude the subset {2,3} (C {1,2,3}) from being the subset
of best groups.

At Ty = 25.5, see Table 3.10, we do not have a strong indication to select one
of {1,2,3}, {1,2,4}, {1,2,5}, {1,3,4} and {1, 3,5} as the subset including the best
group. Here all possible 3-group subsets which include the best group (i.e. group 1)
are still under comparison except for {1,4,5}, which contains the two worst groups
(i.e. groups 4 and 5) according to Table 3.11. However, we exclude the subset
{1,4,5}, at Ty = 25.5 from being the subset including the best group. However at
this time (Table 3.13) we do not have a strong indication in favour of selecting one
of {1,2}, {1,3}, {1,4}, {1,5} and {2,3} as the subset including the best group.
At Ty = 25.5, the subset {2,3} is also still under comparison for being the subset
including the best group while group 1 (the best group) is not included in this
subset. However, at least all subsets that include group 1 (the best group) are still
under comparison for the subset including the best group when breakdown times

have been observed for all units on test. A
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3.6 Concluding remarks

In this chapter we have presented NPI for comparison of several groups through
experiments that may be terminated before the event of interest has been observed
for all units. This work generalizes the NPI approach for selection presented by
Coolen and van der Laan [25], with close links to methods for precedence testing
which are explicitly developed to deal with such early termination.

We note that when the stopping time increases from T to Ty + € such that only
one extra failure occurs from one particular group, the lower probability remains ei-
ther constant or increases and the upper probability remains constant or decreases.
Hence, when T} increases to Ty + €, the imprecision remains constant or decreases.
It is shown that the lower probability for a certain event can be interpreted as quan-
tifying the amount of information in favour of the event while the upper probability
can be interpreted as quantifying the amount of information against the event.

The NPI method presented here is not considered to be a competitor for es-
tablished classical methods for precedence testing and selection, but it provides an
interesting alternative which may be suitable particularly in cases where interest is
explicitly in a future observation from one or more selected groups. It may well
be the case that these different methods lead to quite different conclusions, so care
must be taken about the actual inferential conclusions. As always, applying a variety
of suitable statistical methods to a practical problem might give valuable insights
into the problem and the different methods, where differences typically occur due
to different underlying assumptions and explicitly different inferential goals of the

methods.



Chapter 4

Comparisons of lifetime data with

early termination

4.1 Introduction

Coolen and Yan [26] introduced NPI for comparison of two groups of lifetime data
that contain right-censored observations, using the suitable rc-A,) assumption per
group. However, they did not consider situations with more than two groups, nor
the effect of early termination of the lifetime experiment. In Chapters 2 and 3
we presented NPI for comparison of groups of data with early termination of the
experiment, say at time T, but all observations prior to T were required to be actual
failure times, so no right-censoring was possible apart from the right-censoring at T
of all units that had not yet failed. In this chapter we generalise that by developing
NPI for comparison of multiple groups of lifetime data including right-censored
observations, and with possible early termination of the lifetime experiment.

A short overview about the classical precedence tests is given in Section 4.2. The
NPI lower and upper probabilities for comparing k groups in order to select the best
group, with possible early termination of the lifetime experiment, are presented in
Section 4.3, and this approach is illustrated and discussed via examples in Section

4.4. Some concluding remarks are given in Section 4.5.

69
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4.2 Classical precedence tests

Suppose we have k > 2 independent groups, for group j (j = 1,...,k) n; units are
placed on a lifetime experiment, and let their random times to failure be denoted
by Xj1,..., X, In classical statistics, it is typically assumed that these random
quantities are independent and identically distributed, with continuous distribution
function Fj. Several nonparametric tests have been proposed in the literature for
comparing k groups of units placed simultaneously on a lifetime experiment [15, 16].

Classical precedence testing methods consider the null hypothesis Hy : Fi(x) =
... = Fi(z) for all z, which is tested against several alternative hypotheses, e.g. the
most general alternative H; : Fi(x) # Fj;(z) for at least one pair of ¢ and j and
some value of z. Another alternative hypothesis that has been used is the one-sided
alternative Hy : F;(x) < Fy(z), with strict inequality for at least one ¢ = 2,3,...,k
and some x [16]. This is of particular use in applications where one wants to com-
pare a control population, with distribution function £}, to other populations, with
distribution functions F5, ..., F}, to test if any of the other populations are better
than the control population. Tests for several alternative hypotheses are presented
in [15, 16]. For given p € (0,1), these tests typically depend on the statistics
Ujp = njﬁ’jﬁ’fl(p), 7 =2,3,...,k, where Fj denotes the Kaplan-Meier estimator of
F;(z) [44] and F7'(u) is the Kaplan-Meier quantile function corresponding to .
The asymptotic distribution of some functions of these statistics Uj, are given in
[16], which also presents more details of such nonparametric precedence tests.

Let us consider one of these precedence tests proposed by Chakraborti and Desu

[15] where, for a test of size a, one may reject Hy in favour of Hy if
k

V= (N&)> (Up—nip) < —2a (4.1)

j=2
where N = Z§:1 n;, and z, is the upper 100a-percentile of the standard normal
distribution. Let x; ;) be the (distinct) ith largest failure time from group j, also let
hji and ng, . be the number of failures and the number of units at risk, respectively,

at ;). Then, under Hy, 67 = (N/ny) (1 — (n,/N))* J? + Zﬁzz(nj/]\f) ij’ where

. n; hj; |
N=0-p> > —F— ),J=1,---,k-

iwj,(i)ﬁﬁ’*l(p) nmj,(i)(nxj,(i) - hji
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In the NPI approach presented in this chapter, no null hypothesis is tested.
Instead, different groups are compared by considering one further unit from each
group, the lifetime of which is assumed to be exchangeable with those of units that
were actually tested for the corresponding group. The NPI approach uses lower
and upper probabilities to quantify the uncertainties involved with the comparisons
of such random quantities, this enables meaningful inferences without the need for

further assumptions.

4.3 NPI for lifetime data with early termination

In this section, we consider a life-testing experiment to compare units of £ > 2
groups, which are assumed to be completely independent, with the experiment start-
ing on all units at time 0. The experiment can be terminated before all units have
failed, say at time T}, which is assumed not to hold any information on residual time-
to-failure for units that have not yet failed. We also allow right-censoring to occur
before the experiment is stopped, due to a censoring process that is assumed to be
independent of the failure process. So we consider both right-censored observations
in the original data and right-censoring due to stopping the experiment at 7y. For
group j (j = 1,..., k) n; units are in the experiment, of which w; units fail before (or
at) Tp, with ordered failure times x;; < ... < z;,, < Ty, and ¢j; < ... < ¢j,, <Tp
are right-censoring times (we assume no tied observations for ease of notation, gen-
eralization is straightforward as discussed in Subsection 1.3.5). Let z;o = 0 and
Tju,41 = 00. Let s;;. be the number of right-censored observations in the interval
(455 Tji,41)5%5 = 0,...,u; — 1, with z;;, < cz-fl <...< Cj{sj-,ij < Zj,41. Similarly,
let s;,,, be the number of right-censored observations in the interval (z;,,Ts), with
Tju, < €4 < ... < C%]-,uj < Ty and 377 554, = vj, 50 nj — (u; + v;) units from
group j are right-censored at Tj.

To compare the k groups, we consider a hypothetical further unit from each
group which would also have been involved in this experiment, with X, y; the
random failure time for the further unit from group j which is assumed to be ex-

changeable with the failure times of the n; units of the same group included in
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the experiment. The assumption rc-Ag,;) implies the M-function values for Xj, 1

presented in Theorem 4.1.

Theorem 4.1. For NPI with lifetime data containing right-censored observations,
and with early termination of the experiment at time Ty, the assumption rc-A, )
implies that the following M-function values apply for X, 1, on the basis of data

consisting of w; failure times and (n; — u;) right-censored observations:

- 1 Nie  +1
J o — | | G~
Mz‘j - MXj,nv-&-l (xJ,Zﬁ QZJ,Z]'-H) - ~
! n; +1 Njc;.n
{rejr<wji;} ’

-1 ~
, . 1 Nie  + 1
~ 7C5,r
M . = My i) = ——— 7 || o
4 . . Jdi+1 @ =
ot = Moty Do) = 5y M, N

; n; — (u; +v; Njei, +1
M%o = MXj,anrl (T07 OO) = M H jj*—

n; +1 Njc:
J {r:cj»<To} D€
where 7; = 0,...,u;, t; =1,...,s;;, and nj.,  and n &, are the number of units
oty

from group j in the risk set just prior to time ¢;, and c;-ftj, respectively. Also

: 1 e +1
szj = P(Xj,nﬁl € (xj,ijuxj,i]-—l-l)) = H ]j—
nj + 1 nj,c- i
{ricjr<wji; i} i
P%O - P<va”j+1 € (T(]? OO)) = MXj,njﬂ (TOa OO) = M%o'

Proof. This is similar to the proof of Theorem 2.1. For group j, suppose there are

wj(=n;—u;—v;) right-censored times beyond 7p, denoted by ch3< < c;‘f‘iuj. Then,

2 1 & 1 e, 41

. TO . 7,Cj,r
Mx.n_ 1(710700)— Mx.n' 1(C'i’f7oo)_ — T TE—
Jmi+ Jmi+ J»
j — J j n; + 1 — nj 1o - Njc;,
ir= = g% {T:ij<cj3;}
- wj ~

— 1 H nj70]',r + ]- 1 H nj7c].m + ]_

n; +1 i e Z n. 1 i

J {ric.<To} DG =10 {r:T0<Cj,T<c?2*} 3:Cj.r
4

J— 1 H njvcjﬂ‘ _'_ 1{ H nj’cj,'r + 1 _ 1}

n; +1 N o N e,

J {r:cj<To} 2:C,r {r:To<c;,<oo} J:C4,r
1 Nie. +11|_

= H LG R o+ 11

n; +1 N, VLN

{T‘ZC]',T<T0} 17T
The fourth equality follows from Lemma 1.1, and ﬁj Jo =My — uj — ;. ]
%51
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In this chapter we restrict attention to the events Xj,,+1 = lrgax Xjm;+1, for
<<
I =1,...,k, where the NPI lower and upper probabilities, presented in Theorem

4.2, are specified with the use of Theorem 4.1.

Theorem 4.2. The NPI lower and upper probabilities for the event that the next
observed lifetime from group [ is the maximum of all next observed lifetimes for

the k groups in the experiment, with one future lifetime per group considered, i.e.

rO=p (lemﬂ = max X n.+1) and PV =P (Xl nl = Max X] n+ ), are

1<j<k 1<5<

uy k Uj 51,1
PO D Hwgi < )P M, +ZH Zl{:vm+1<cm}Pf M}, o+
;=0 | j=1 [i;=0 ti=1 j=1|i;=0
J#l J#l
k uj )
My, [T i< To} P (4.2)
j=14;=0
j#l
=> P H{Z Wy, < 2} M + 30D ey < an} M, +
=0  j=1 \i;=0 i;=0t;=1
L
1{T, < g;l,ilﬂ}M%o} + PL (4.3)

Proof. First, we write the probability for the event of interest as

k
PO =p (Xl,nﬂrl = max X] i+ > =P ﬂ {Xini1 < X }

1<y
<j< j=1
i#l

= Z P m { Jynj+1 < Xl,nl+17Xl,nl+1 € (ﬂflﬂ‘l, wl,il—‘rl)} —+

;=0
J#l

k
ﬂ {X',nj+1 < Xin+1, Xin41 € (To, OO)}
j=1
J#l
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The NPI lower probability is derived as follows

Uy Styi
P(l) = Z P ﬂ { Jmnjtl < I ” +ZP ﬂ { Jmji+1 < C;ftz} Mill»tl +
3=0 t=1
J#l J#l
ﬂ g1 < To} M%O
J#l
u; k Sl,ig
— HP(X]nJ+1<$l” +ZHP J"+1<Cltz)Mllztz —|—
11=0 | j=1 t1=1j=1
J#l J#l
k
T2 (Xjm,41 < To) My,
j=1
J#l
uy k| uj Sy
> 111D Hajs e <wna P (M4 H Zl{% i 1<0ly YPLI MY b+
=0 j=1{14;=0 =1 j=1]1;=
J#l J#l
k Uj '
I 1D i < To} P2 | My,
j=1 |i;=0
J#l

The first inequality follows by putting all probability masses for X, correspond-
ing to the intervals (x;;,, 1 ;41), for 4 = 0,1,... 1, and (Tp,00), in the left end
points of these intervals, and by using Lemma 1.4 for the nested intervals. The
second inequality follows by putting all probability masses for X, i1, for j =
L,...,k,j # 1, corresponding to the intervals (x;;,,x;;,11), with (i; = 0,1,...,u;),
and (T}, 00), in the right end points of these intervals. The NPI upper probability is
obtained in a similar way, but now all probability masses for the random quantities

involved are put at the opposite end points of the respective intervals, then

k
< ZP ﬂ { i+l < xl:il+1} Pilz +P ﬂ {Xj:”j+1 < OO} P%o
=1

4;=0 =
J;ﬁl J#l
u; k
i Jmi+1 L +1 To
1;=0 7j=1
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It is easily seen that the value of Tj only influences these lower and upper prob-

abilities through the values of u;. If w; = 0 then PV

= 1, while if u; = 0 for at
least one j # [ then PY = 0. If the experiment is terminated before a single unit
has failed, then P = 0 and PV =1 for all groups. These extreme cases illustrate
an attractive feature of these NPI lower and upper probabilities in quantifying the
strength of statistical information, in an intuitive manner that is not possible with
precise probabilities. If Ty increases, B(l) never decreases and ]_3(” never increases,
and they can only change if further events are observed as we will see later in the
examples.

If the experiment is not ended before event times for all units have been observed
(whether the units have failed or were right-censored), then the terms including 7
in (4.2) and (4.3) disappear, and we get an extension of the results by Coolen and

Yan [26], who only considered NPI for comparison of two groups of lifetime data.

In this case, the NPI lower and upper probabilities are

ug k Uuj Sl,il k Uj
) — . A pd l N il j !
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Another special case occurs if there are no right-censored observations before Ty,
then these results are identical to those presented in Chapter 3 (Section 3.3). One
can study these lower and upper probabilities, given in Theorem 4.2, in detail fol-

lowing the same argument as in Chapters 2 and 3.
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4.4 Examples

In this section, two examples with data from the literature are presented to illustrate
our method, and in the second example we also briefly discuss a classical precedence

testing alternative for the same data.

Example 4.1. We use a data set from Desu and Raghavarao [33, p. 263], represent-
ing the recorded times (months) until promotion at a large company, for 19 employ-
ees in k = 3 departments, which we refer to as ‘groups’ in line with terminology used
throughout this chapter. The data are as follows: For group 1: 15,207, 36,45, 58, 60
(ny = 6), for group 2: 12,257,28 30",30", 36, 40,45,48 (ny = 9), and for group
3: 307,40,48,50 (ng = 4), where ‘4’ indicates that the employee left the company
at that length of service before getting promotion, hence this can be considered to
be a right-censored observation. One could argue about whether or not this right-
censoring process is independent of the promotion process, but as we only use this
data set to illustrate our new method, and have no further circumstantial informa-
tion, we do not address this in more detail. We consider at which department the
data suggest that one needs to work the longest to get a promotion. In this example,
as we are looking at maximum time till promotion, the ‘best group’ in terminology
from Section 4.3, of course actually represents the department where one has to
work the longest to achieve a promotion. This data set contains tied observations,

we deal with them as discussed in Subsection 1.3.5.

To ur  u2 U3 PO P p® P P® P
0,12 0 0 0 0 1 0 1 0 1
[12,15) 0 1 0 0 1 0 0.9029 0 1
[15,28) 1 1 0 0 0.8629 0 0.9029 0.0114 1
[28, 36) 1 2 0 0 0.8629 0 0.7974  0.0243 1
[36,40) 2 3 0 0 0.7140 0 0.6591  0.0887 1
[40, 45) 2 4 1 0.0678 0.7140 0.0248 0.5398 0.1135 0.8332
[45,48) 3 5 1 0.0813 0.6148 0.0315 0.4341 0.1969 0.8332
[48,50) 3 6 2 0.1670 0.6148 0.0315 0.3542 0.2161 0.7475
[50, 58) 3 6 3 0.2392 0.6148 0.0315 0.3542 0.2161 0.6617
[58,60) 4 6 3 0.2392 0.6148 0.0315 0.3542 0.2161 0.6617
[60, c0) 5 6 3 0.2392 0.6148 0.0315 0.3542 0.2161 0.6617

Table 4.1: The best group: NPI lower and upper probabilities
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Figure 4.1: The best group: NPI lower and upper probabilities

We use these data to illustrate the NPI method proposed in this chapter, for
which we also wish to illustrate the effect of possible early termination of a lifetime
experiment. To enable this, we now assume that the recorded times until promotion
are all measured from the same moment in time, and we consider the effect on our
inferences if, instead of having the complete data as given above, the differences in
time to promotion were studied after T months. In this case, all observations that
are larger than Ty are replaced by right-censored observations at Tj. For several
values of Ty, the NPI lower probabilities PY and NPI upper probabilities ﬁ(l), for
[ =1,2,3, are presented in Table 4.1. For all values of Tj until it is greater than the
largest observation in the data set (60), these NPI lower and upper probabilities are
also displayed in Figure 4.1. At no value for T}, the data indicate strongly that one
of the groups leads to longest time to promotion.

As mentioned before, Ty only influences the NPI lower and upper probabilities
considered here via the u;, so the actually observed failure times, in the sense that,
for increasing 7j, these lower and upper probabilities for each group are constant
except when Tj increases past an observed w;. For example, for 15 < Ty < 28,
the NPI lower and upper probabilities for all three groups remain constant since no

observed failure times are in this interval, even though there are two right-censored
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observations in this interval. These right-censored observations affect the NPI lower
and upper probabilities with larger values of T}, at later failure times, as the jump
sizes in these functions will increase. At Ty = 28, when the experiment would include
the failure time 28 for a unit of group 2, the upper probability for group 2 decreases
and the lower probability for group 3 increases. However, the lower probabilities for
groups 1 and 2 still remain 0 for T, = 28, as there has not yet been an observed
failure for group 3 at that moment in time, so the data do not exclude the possibility
that units in group 3 would never fail. If the experiment is ended before the first
failure of a particular group occurs, as is the case for group 3 at Tg less than 40
in this example, then the extreme case corresponding to these lower probabilities
for groups 1 and 2, according to the NPI M-functions, allows the probability mass
related to failure for units of group 3 to go to infinity, which explains why the lower
probabilities for groups 1 and 2 remain equal to 0 until T increases past 40, the
smallest time at which a unit of group 3 fails.

If the experiment is stopped at Ty € [15,50), both the lower and upper proba-
bilities for group 3 are greater than the lower and upper probabilities, respectively,
for groups 1 and 2, as discussed before one could argue that this provides a weak
indication that group 3 leads to the longest times until promotion. However, the
large imprecision in these lower and upper probabilities indicates that the evidence
for such a claim is weak, so care must be taken when formulating any conclusion
along these lines. For larger values of Tj, such that event times for most units have
been observed in the experiment, group 3 has most imprecision remaining, which

reflects that there are only few observations for group 3. JAN

Example 4.2. In this example we use a data set considered by Lee and Desu
[49], which gives leukemia remission times (in days) for patients undergoing three
different treatments, so k& = 3, and the numbers of patients per treatment are
ny = 25, ng = 19 and ng = 22. The data are given in Table 4.2, where ‘+’
again denotes that an observation is right-censored. In this example, ‘better’ means
that a treatment leads to larger remission times. This data set was also used by

Chakraborti and van der Laan [16] to illustrate precedence testing, with Treatment
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Treatment 1 Treatment 2 Treatment 3
4 5 9 10 10 8 10 10 12 8 10 11 12+ 23
12 13 20t 23 28 14 20 48 70 25 25 28 28 31
28 28 29 31 32 75 99 103 1611 31 40 48 89 124
37 41 41 57 62 162 169 195 199+ 143 159t 190t 196F  197F
74 100 139 258t 269 | 217t 220 245F 205T  219F

Table 4.2: The remission times (in days) of leukemia patients

1 considered as a control treatment, and with focus on the median of the remission
times for the control treatment, i.e. F;'(0.5) = 29.39, F(29.39) = 0.3334 and
F3(29.39) = 0.4207, consequently the value of V', from equation (4.1), is —0.975.
They tested the null hypothesis that all treatments have the same effect, against
the alternative that at least one of Treatments 2 or 3 is better than Treatment 1.
They concluded that, at 5% significance level, there is no evidence that any of the
Treatments 2 or 3 is better than Treatment 1.

This data set also contains tied observations and we deal with them in the same
manner as discussed in Subsection 1.3.5. Table 4.3 presents the NPI lower and upper
probabilities for the events that Treatment [ (I = 1,2,3) is the best, i.e. Treatment
[ leads to larger remission times than the other two treatments, for a number of
times Ty at which the experiment could have been stopped, where as before all
units for which no event had yet been observed at Ty would be considered to be
right-censored at Tj. If we stop the experiment any time before 162 (i.e. Ty < 162)
then we have a weak indication that treatments 2 and 3 are better than treatment
1, since P < PU and Y < pY for j = 2,3. However, if we consider, for
example, the case where the experiment would have been stopped at T, = 162,
then the data would provide a strong indication that Treatments 2 and 3 are both
better than Treatment 1, since Y < PY) for j = 2,3. Of course, as these NPI
lower (upper) probabilities never decrease (increase), the same indication holds if
the experiment would have continued beyond time 162, no matter if or when it
would have stopped. This is an interestingly different conclusion than that reached
by Chakraborti and van der Laan [16], and is a good indication of the importance of

using several statistical methods simultaneously. It should be noted that, if in this

example the experiment is not terminated before an event for each unit has been
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Ty w1 us  u3 Jo) o P@ 3 P® pe)
[5,8) 2 0 0 0 0.9232 0 1 0 1
[8,10) 3 1 1 0.0019 0.8851 0.0045 0.9505 0.0053 0.9570
[10,11) 5 3 2 0.0103 0.8102 0.0139 0.8535 0.0253 0.9156
[11,13) 6 4 3 0.0201 0.7734 0.0243 0.8059 0.0396 0.8741
[13,20) 7 5 3 0.0246 0.7366 0.0281 0.7586 0.0571 0.8741
[20, 23) 7 6 3 0.0291 0.7366  0.0281 0.7113 0.0681 0.8741
[23,25) 8 6 4 0.0380 0.6992 0.0408 0.7113 0.0776  0.8339
[25,28) 8 6 6 0.0559 0.6992 0.0592 0.7113 0.0776  0.7536
[28,31) 12 6 8 0.0703 0.5598 0.1155 0.7113 0.1066 0.6772
[31,37) 14 6 10 0.0826 0.4927 0.1674 0.7113 0.1189 0.6034
[37,40) 15 [§ 10 0.0826 0.4592 0.1793 0.7113 0.1250 0.6034
[40,48) 17 6 11 0.0876 0.3934 0.2232 0.7113 0.1362 0.5678
[48,57) 17 7 12 0.0992 0.3934 0.2417 0.6823 0.1501 0.5351
[57,62) 18 7 12 0.0992 0.3624 0.2550 0.6823 0.1559 0.5351
[62,70) 19 7 12 0.0992 0.3313 0.2682 0.6823 0.1618 0.5351
[70,74) 19 8 12 0.1047 0.3313 0.2682 0.6558 0.1773  0.5351
[74,89) 20 9 12 0.1091 0.3015 0.2803 0.6304 0.2004 0.5351
[89,99) 20 9 13 0.1125 0.3015 0.2985 0.6304 0.2004 0.5085

[99,103) 21 10 13 0.1173 0.2750 0.3093 0.6069 0.2225 0.5085
[103,162) 22 11 15 0.1260 0.2510 0.3510 0.5848 0.2450 0.4664
[162,169) 22 12 15 0.1291 0.2510 0.3510 0.5664 0.2581  0.4664
[169,195) 22 13 15 0.1322 0.2510 0.3510 0.5480 0.2713  0.4664
[195,220) 22 15 15 0.1353 0.2510 0.3510 0.5302 0.2840 0.4664
[220, 00) 22 14 15 0.1404 0.2510 0.3510 0.5226 0.2840 0.4664

Table 4.3: The best group: NPI lower and upper probabilities

recorded (so Ty > 269), then the NPI lower and upper probabilities corresponding
to Treatment 3 have the largest imprecision, which is caused by the fact that for this
treatment more observations are right-censored, particularly the larger observations,

than for the other treatments. YA

4.5 Concluding remarks

This chapter has introduced NPI for comparing k£ > 2 independent groups of units
placed simultaneously on a lifetime experiment, with the possibility that the exper-
iment is ended before all event times have been observed. For each unit, the event
time recorded, if it happens before the experiment is ended, is either the time of

an observed failure or a right-censoring time. Where classical frequentist methods
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in statistics tend to base such comparison on hypotheses tests, the NPI approach
directly compares random failure times of further units from these groups, which are
assumed to be related to the observations per group through the assumption A,).

We consider it an advantage that, as clearly shown in Examples 4.1 and 4.2 for
smaller values of Ty, corresponding NPI lower and upper probabilities may differ so
much that they do not point towards clear decisions. This makes clear that, in order
to derive stronger guidance, more information is needed, which in this application
area would imply to either continue the experiment or to repeat it with more units
involved. Of course, if there are no possibilities to gain further information, the
wide bounds do not lead to indecision, but they just make clear that the data
and method used do not strongly indicate a preference for any of the groups. In
this case, the data and NPI method may still provide some weak indications to
support a specific choice, whereas alternative statistical methods, if they lead to a
null hypothesis of ‘equal probability distributions’ not being rejected, would provide
very little guidance on what group to choose if one must do so.

We only considered comparison of different groups by focusing on a single group
being best, defined in terms of maximum value of the random lifetime for a future
observation. Generalization to consider subsets of groups, either such that they
contain the best one or that all selected groups are better than all not-selected

groups, is achievable along the lines of Chapter 3 and Coolen and van der Laan [25].



Chapter 5

Progressive Censoring

5.1 Introduction

One topic that has led to a substantial literature in frequentist statistics involving
right-censored data is progressive censoring [3, 47|, where, during a lifetime experi-
ment, non-failing units are withdrawn from the experiments. This could be done to
save cost or time, but it may also be useful, at the moment a unit fails, to study the
unit in detail in comparison with units in the same experiment that have not failed,
to get better knowledge about the underlying cause of failure [61, 67]. There may
also be specific circumstances which cause some units to fail due to reasons unre-
lated to the experimentation [18], and it may occur that an individual or unit drops
out of the study before the end of the experiment [3], which also makes progressive
censoring schemes useful. Several progressive censoring schemes have been consid-
ered in the literature, including progressive Type-I censoring, progressive Type-II
censoring [3] and Type-II progressively hybrid censoring [46].

In this chapter we present Nonparametric Predictive Inference (NPI) for com-
parison of two groups under different progressive censoring schemes. Section 5.2
provides a short overview of progressive censoring schemes for as far as required in
this chapter. In Sections 5.3, 5.4 and 5.5 we present the main results of this chapter,
namely the NPI lower and upper probabilities for the event that the lifetime of a
future unit from group Y is greater than the lifetime of a future unit from group

X, under the three different progressive censoring schemes discussed in Section 5.2.

82
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The main focus is on the progressive Type-II censoring scheme, as it has received
most attention in the literature, for which the results stated are proved in detail.
However, we also briefly present NPI for the two other schemes, the proofs of these
follow the same lines of reasoning as for the progressive Type-II censoring results
and are not included in full detail. NPI for these scenarios, and for a few related
situations, is illustrated and discussed via an example, and the chapter ends with

some concluding remarks in Section 5.7.

5.2 Progressive censoring schemes

This section provides a brief overview of three progressive censoring schemes, called
progressive Type-I censoring, progressive Type-II censoring and Type-II progres-
sively hybrid censoring. In a progressive Type-I censoring scheme, see Figure 5.1(a),
n units are placed on a lifetime experiment. Of these n units, r fail during the
experiment, we assume ( in order to simplify presentation of the approach presented
in this chapter) that they fail at r different failure times x; < 25 < ... < z,. At
m times T} < Ty < ... < T, some further units may be randomly withdrawn
from the experiment, leading to right-censored observations for their corresponding
lifetimes. At such a time 7} (j = 1,...,m) where progressive censoring is taking
place, let R; denote the number of units that are removed from the experiment
without having failed. We assume that the experiment finishes at time 7}, hence
Ty, >z, and R,, = n —r — Z;:ll R;. For use later in this chapter, we define s;
to be the number of failures between the consecutive right-censoring times 7};_; and
Tj, 808 =#{Tj-1 <a; <T;:i=1,....,r} (j =2,...,m), and s; is the num-

ber of failures before T;. Then the data from this experiment, under a progressive

m
J=1

Type-1 censoring scheme, consist of 7 = )" s; observed failure times and n — r
right-censoring times.

In a progressive Type-II censoring scheme, see Figure 5.1(b), the number of units
to be observed to fail is fixed, let this number be r. At each observed failure time,
which we again assume to be r different times =7, < x5 < ... < x,, some further

units which have not failed are randomly removed from the experiment, and at the
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Figure 5.1: Three different progressive censoring schemes

last failure time x, all the remaining units are removed from the experiment. Let R;
denote the number of units that have not failed but are removed from the experiment
at failure time x;, fort=1,...,r, then R, =n —1r — Z;:ll R;. The data consist of
the r observed failure times z; < x5 < ... < x,., together with the numbers of units

with right-censored lifetimes at each of these failure times, which information we

denote by R= (R1, Ra, ..., R,). Some special cases of this censoring scheme occur
if r =n, then R; = 0 for all ¢ = 1,...,r, which means that there is no censoring
actually occurring, and if we have R; = 0 forall:=1,...,r—1and R, = n—r then

we obtain a conventional Type-II censored sample with censoring only due to the
experiment being stopped before all units have failed. A special case of progressive
Type-II censoring is the ‘throw away scheme’, presented by Cohen and Clifford [17],
in which a fixed number of units is withdrawn from the experiment at each observed
breakdown time. Such special cases are not highlighted further in this chapter, but
are briefly considered in Example 5.1.

In a progressive Type-II censored experiment, it might take a very long time
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to reach the prefixed number r. Therefore, it may be attractive to consider an ex-
periment which is ended as soon as either r failures have been observed, or at a
specific time, say T', whichever occurs first. In the latter case, the lifetimes of all the
remaining units in the experiment at time 7" are right-censored at this time, in addi-
tion to the right-censored lifetimes of units that were progressively censored during
the experiment at different failure times before 7. This scenario is called Type-II
progressive hybrid censoring, and is a mixture of progressive Type-II censoring and
conventional Type-I censoring, see Figure 5.1(c). Let z; denote the largest observed
failure time prior to 7', and again we assume that no failures coincide, so the ob-
served failure times are 1 < 19 < ... < x; <T. At x;, for i =1,...,J, R; units
are randomly withdrawn from the experiment. Finally, all the remaining Ry units
are withdrawn from the experiment at time 7', so Ry =n — J — Z;le R;.

As mentioned above, one may be interested in comparing two independent pop-
ulations or treatments, say X and Y. For example, X may refer to a control group
and Y to a new treatment group [7], where statistical inference would be aimed
at investigating whether or not Y can be considered to provide an improvement
compared to X. Most classical statistics methods presented in the literature [7],
including several nonparametric methods, approach such comparison problems by
hypothesis testing. In particular, they tend to assume continuous cumulative dis-
tribution functions for the random quantities of interest, say F'(-) corresponding to
X and G(+) corresponding to Y, and test the null hypothesis that the two groups
X and Y are the same with regard to the random quantity of interest, so they test
Hy : F(z) = G(z), for all z, against the hypothesis that group Y tends to have
greater lifetimes than group X, expressed via the stochastic dominance hypothesis
H, : F(z) > G(x) with strict inequality holding for at least one x. The approach
presented in this chapter is fundamentally different, with comparisons formulated
directly in terms of a future observation for each of the two groups considered, a
method which does not involve testing of hypotheses.

We focus on the progressive Type-II censoring scheme, for which in the literature
two cases are considered, depending on whether progressive censoring has been ap-

plied to only one group or to both groups. In the first case, the progressive Type-II
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censoring scheme applies to only one group, say group Y, and it is assumed that the
data from group X result from an experiment without progressive censoring, but
which is also ended when the experiment of group Y ends, at failure time g, from
group Y, so the group X data consist of failure times prior to 3, and right-censored
lifetimes at y,., resulting from standard Type-II censoring at y,.. For this case, Ng and
Balakrishnan [5, 67] have proposed several tests, including the weighted precedence
test, the weighted maximal precedence test and the maximal Wilcoxon rank-sum
precedence test as extensions of classical precedence tests that are suitable for this
scenario. Bairamov and Eryilmaz [2] considered exceedance statistics for the same
setting.

As the second case, one considers the situation with progressive Type-II censoring
applied independently to both groups X and Y. Recently, Balakrishnan et al. [7]
introduced a precedence test based on placement statistics with progressive censoring
for both groups. The proposed precedence test statistic, ), is basically the number
of failures from group X that precede the sth (1 < s < r,) failure from group Y,
where 7, is the number of failures from group Y. Two further precedence tests are
proposed by Balakrishnan et al. [8, 9] for progressive censoring in both samples. The
first is a Wilcoxon type rank-sum precedence test, T{, ), where all censored items
are assumed to fail immediately after the censoring occurs. Then T{,,) is defined as
the sum of the ranks of the X observations in the combined sample (i.e. X and Y
combined together) [8, 9]. The second test statistic, Q,), is based on the Kaplan-
Meier estimator [44] of the cumulative distribution functions F' and G. Let @; be
the number of failures from group X between the (j — 1)th and jth failure from
group Y for which F’(acz) > G(yj), for j =1,2,...,r, where yy = 0. Then,

_ "y 1
Q(ry) = ZQ] + 5@@+1
j=1

where the @, 1 is obtained by assuming that the remaining unobserved failures
from group X (i.e. the failures from group X that greater than y,, ) occur before
the censored items from group Y at y,, for which F(z;) > é(y,.y+1), where ¥, 11 is
taken as the (r, + 1)th progressive Type-1I censored order statistic with progressive

censoring scheme (RY,..., ) _;,0,n,—7,—1— Z;gl RY). For the null distributions
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of these test statistics and for more details we refer to [8, 9]. The NPI approach is

compared to these methods in Example 5.1.

5.3 NPI for progressive Type-1I censoring

For the progressive Type-II censoring scheme, n units are placed on a lifetime ex-
periment, and for r of these units actual failure times are observed during the ex-
periment, while at each observed failure time for one of these r units, some of the
remaining units may be withdrawn from the experiment, until the r-th failure time
when the experiment is ended, and hence all remaining units are removed from the
experiment. We can consider the n — r progressively censored units (according to
the scheme R = (R1, Ra, ..., R,)) as being grouped in blocks, each consisting of
units censored at a specific observed failure time. Hence, this leads to all censored
units in one block to be censored at the same time, which is dealt with by rc-A,) as
described below. For ease of notation, we assume throughout that there are no ties
between the observed failure times, the tied right-censoring times do not provide
complications and actually simplify the approach as discussed below. In addition,
we use xg = 0 and z,,1 = co. The following theorem provides the M-functions re-
quired for NPT applied to comparison of lifetime data under the progressive Type-II

censoring scheme, together with the total probability mass assigned to the interval

(% sz‘+1)~

Theorem 5.1. To apply NPI to data from an experiment with a progressive Type-
IT censoring scheme with R= (Ri, Ry, ..., R,), the assumption rc-A,) implies that
the probability distribution for a nonnegative random quantity X,,.; on the basis
of data including r real and (n — r) progressively censored observations, is partially
specified by the following M-function values, for ¢ =0,1,...,r,
1 ﬁn—k—Zi_llRl—l—l 51)
ntlin—k-3 R+l

R,
n—i—Y_Ri+1

MX(% Tiy1) = MXHH(%%H) =

MX(xf,2i1) = Mx, ., (v, 21) = [ MX(z;,241) (5.2)
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+

where z; is used to indicate a value infinitessimally greater than z;, which can
be interpreted as representing the lower bound for the interval that would contain
the actual lifetimes for all units censored at z;. Then the total probability mass
assigned to the interval (z;, z;41) is the sum of the two M-functions corresponding
to (w;, zi11) and (a7, 2;11) (for i =0,1,...,7), and is given by
1 {4n—k=SF'R+1

II =1 (5.3)

PX (2, 2i41) = P(Xng1 € (4, 441)) =
n+1k:1 n—k—ZleRl-i-l

Proof. We can write the observations, both failure times and right-censoring times,
of n units from group X as given below, in which we assume that all observations are
different values for ease of presentation, but for tied right-censored observations one
can derive the exact NPI results as limiting situation with the difference between
such right-censoring times becoming infinitesimally small. We follow Coolen and
Yan [27] in assuming, which is also standard in the wider literature, that coinciding
failure and right-censoring times are actually such that the latter is slightly larger

than the failure time. Let the data be
0<a1 <] <...<Cp <2<} <..<ch <z3<...

<< <A< <y <mg <..<z, < <...<dp <00

For the setting considered in this chapter, c} is actually the right-censoring time of
the [;th unit censored at z;, for i =1,...,rand l; =1,..., R;.

For any block k (k=1,....,7), 7, < cf < ... < cfk <...< c’j%k < Thyt, ﬁc;ck is
the number of units at risk at ¢ , that is 'cmfk =n—k—(,—1)— 31" R;. Then,

and from (1.3),

_ i1 Re 7, +1
1 A +1 1 y
MX 1y L1 = 2 = -
(@i, Tiv1) n+1 H e, n+1HH T
{k)ZCk<ZEi} k=11=1 g

1 ﬁn—k—zf;leH
ntlidn—k—30" R+1

similar, and from (1.6),

1 1 Ao +1 1 ﬁn—k—zf_fRZJrl

PX(sz‘axi—f—l) = — = =
Te ntlpSn—k =, R+

n+1

{k:ck<mit1}
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since MX(JI:_,IZ‘_H) = PX(ZEZ',IZ‘_H) — MX<CCZ‘,ZL'Z‘+1>, then
1 ﬁn—k—zf—f}zlﬂ
n+1 kzln—k'—z;glel—i-l

R;

M* (], 240) = -
(7, +1> n—Z—Z;ZIRl—i—l

]

In this section we present NPI to compare two groups, say X and Y, when one
(or both) is (are) progressively censored. Throughout, we consider the two groups
to be completely independent. In NPI, the comparison of groups X and Y is in
terms of lower and upper probabilities for the event that a single future observation
from group Y is greater than a single future observation from group X, where lower
and upper probabilities are used in order to keep inferential assumptions, added to
the data observed, restricted.

Suppose that we have two independent groups, X and Y, consisting of n,
and n, units, all placed on a lifetime experiment. Units of both groups are pro-
gressively Type-II censored with the schemes R* = (R¥ R, .. ., R? ) and Ry =
(RY,RS, ..., Rf{y). In practice, for example, group X could be a control group, with
a new treatment applied to units in group Y, and the aim might be to draw con-
clusions on whether or not the new treatment group tends to provide improved
lifetimes. Given the data, Pi“?, Rvy, and with the appropriate assumptions rc-Ag,,)
and rc-A,, for the respective groups, Theorem 5.2 presents the NPI lower and up-
per probabilities for the event that the next future observation from group Y, Y, 11,

is greater than the next future observation from group X, X,,_.1.

Theorem 5.2. The NPI lower and upper probabilities for the event that the next
future observation from group Y is greater than the next future observation from

group X, under the progressive Type-II censoring scheme for both groups, are

P (Vo1 > X 41) = Z {Z Wiy <y} P (i, Iiﬂ)} P (y;,y;41)  (5.4)

=0 =0

P (Yo > Xo1) = ) {Z H{z; < yj+1}PX($z‘al’z‘+1)} PY(yj,y;41)  (5.5)

j=0 =0

with PX and PY according to equation (5.3).
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Proof. The NPI lower probability for the event X, 1 <Y, 11, given the data and

progressive Type-II censoring schemes R* and RY, is derived as follows:
Ty
P = P(X,,4< Yny+1) = P(Xp,41 < Yny+1,Yny+1 € (yj>yj+l))
j=0
> ZO {P(Xp,41 < 4;) M (y5,yj41) + P( X1 <yl )M (y) ,yj51) }
j:

= > P(Xn,41 <) {MY (yj,y551) + MY (y] ,yj1) }

J=0

= ZOP(XMH < yj)PY(yjayj—H)
j:

Z()Z%l{l’iﬂ <y }P* (@i, 1) PY (y5, yj41)
j=0i=

v

The first inequality follows by putting all probability masses for Y,, ;1 corresponding
to the intervals (y;,y;4+1) and (y;, y;j41) (j = 1,...,7,) to the left end points of these
intervals, and by using Lemma 1.4 for the nested intervals (y;, y;+1) and (y;r, Yjt1)-
The second inequality follows by putting all probability masses for X, i corre-
sponding to the intervals (x;,z;11) and (z;,2;41) (i = 1,...,7,) to the right end
points of these intervals. We should notice that P(X,, 11 < y;) = P(Xp,41 < ¥;)
since the R? units that are right-censored at y; do not cause these probabilities to
be different due to the assumption of an infinitesimal difference between yj and y;,
and due to the fact that the M-functions in NPI are generally assigned to open
intervals between observations.

The NPI upper probability is obtained in a similar way, but now all probability
masses for the random quantities involved are put at the opposite end points of
the respective intervals. We should notice that 1{z;” < y;31} = 1{z; < yj11} by

arguments similar to those used in the derivation above for the lower probability.

Ty

P = P(Xp41 <Ya1) = P(Xnat1 < Yoi1, Ya1 € (Y5, Yj41))

j=0
Ty
S ZOP(XH,—&-I < yj+1>PY(yj7yj+1)
j=

Ty

< ZOPY(?/jayj+1);){1{$i<yj+1}MX(Ii,$i+1)+1{$j<yj+1}MX(fﬂf,9Uz‘+1)}

]:

= z:OZ%PY(yjaijrl)l{xi < Yjr1} {MX(iUi,OCiH) + MX(OC;F,JEZ‘H)}
j=01i=

= > > Hui< yj+1}PX(Ii,iUz‘+1)PY<yj7yj+1)

§j=0i=0
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The use of these NPI lower and upper probabilities is illustrated in Example 5.1.
Next we present the NPI lower and upper probabilities for the two other progressive
censoring schemes discussed in Section 5.2, for these all ingredients required for the
complete derivations are provided, but detailed proofs are not presented as these

follow the general lines of the proof above.

5.4 NPI for progressive Type-1 censoring

In a progressive Type-I censoring scheme for n units on a lifetime experiment, as
discussed in Section 5.2, R; units are withdrawn from the experiment at 7} (j =
1,...,m), and for a total of r = ZTZI s; units the actual failure times will be
observed, where s; is the number of observed failure times between 7;_; and T}.

Again assuming no ties among the observed failure times, the data can be written

as
/Rj—l /Rj Rjn
<Tia <z <--<al <Ty<ai™ <. <ol <Tjn<..
where xfj is the i;th observed failure time between T;_; and 7 (i; = 1,...,s;,
j=1,...,m). For this situation, the NPI approach for comparison of two groups,

X and Y, similarly as presented in the previous section, is as follows. Let

H Zl 150 — Zf_ll Ry +1

B; =
n+1 1131 211Rl+1
then the M-functions corresponding to a progressive Type-I censoring scheme, are

(forj=1,...,mandi; =1,...,s;)

MX(()?x%):Bl ) MX(If $z‘+1) Bj—l )

M (Tj,21™) =

R o
= - J - Bj,1 , PX([L'] I’]

=3 st — i i+l ’
where 7" (27 ;) is the first (last) failure time observed after (before) we removed
R; units at time T}, and where xs 1= = 2" and 27 = .

Now we consider two groups X and Y under such a progressive Type-I censoring

scheme, with right-censoring times 77 (a = 1,...,p)and T/ (b=1,...,q), such that
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RZ (RY) units of group X (Y) that have not failed are withdrawn from the experi-

ment at 77 (7). Then the numbers of failures from both groups are r, = Y >_ s?

and r, = > 1 s/, where s? (s}) is the number of failures between the consecutive

right-censoring times 77 | and 777 (7} , and 7}/). The NPI lower probability for the

event X, 1 <Y, 11 in this situation is

q sh
P = Z Z P ng+1 < yzb)MY(yzbu yzb—i-l) + P(X'fl +1 < Ty)MY<Tl§/7 b+1)
b=1 ip=1

where

P(Xn,1 < ZZl{xl 11 < PRl a4)

a=1 1,=0

and the corresponding NPI upper probability is

sy

P Z Z P ng+1 < ylb+1)PY (y1b7 ylb+l)

b=1 1,4=0

where

a=1

P Sq
P(Xpp1<)=) {Z Haf < IMX(af,2f )+ {T7 < ~}MX(T5”,:6§‘“}}

ia=0
As mentioned before, detailed justification of these results follows the same lines as
the proof in the previous section. The special case where such progressive censoring
is only applied to one of the two groups also follows straightforwardly, and will be

briefly illustrated in Example 5.1.

5.5 NPI for Type-II progressively hybrid censor-
ing

Under this scheme of progressive censoring, that was also introduced in Section 5.2,
one only observes the J failure times which occur prior to time 7', and at failure
time x; (i = 1,...,J) R; units that have not failed are removed, and finally the
experiment is ended at time 7T, when the Rp remaining units are removed from
the experiment. For this progressive censoring scheme, we can use the same M-

functions as given in (5.1) and (5.2) for the intervals (x;, z;11) and (z;7, z;11), where
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i=0,1,...,J, 2 = 0 and ;47 = oco. However, for the additional interval (T, 00),

the M-function value is

1 Ry k=R +1

n+l|n—J-S7 Ri—-Rr+1|sn—k—3, Ri+1

M (T, 00) =

This also leads to the same formula (5.3) being appropriate for the probability
PX(x,241), fori=0,1,...,J—1, while for the last interval we have PX(x;,00) =
MX(zy,00) + M*(z},00) + M¥(T, ).

NPI for comparison of two groups, X and Y, under such Type-II progressively hy-
brid censoring with (R{, R3,..., RY , R}.) and (R{, R}, ..., ng, RY.,), respectively,
is again based on the NPI lower and upper probabilities for the direct comparison
of one future observation from each group, so for the event X, 1 <Y}, 1. For this

censoring scheme, these NPI lower and upper probabilities are

Jy
=0
where J
P(Xn,41 <) =Y Waigr < FPX (25,11
1=0
and
Jy
P = ZP(anH < Y1) P (Y5, yj11) + P(Xq1 < 00) MY (T, 00)
j=0
where
Ja
P(Xp,1 <) =Y Way < 3P (g, v} + {1{T" < -} — Ha,, < JIMX(T*, )
=0

Detailed justification of these results is again similar to the proof given for the
progressive Type-II censoring scheme, and this case is also illustrated in Example
5.1.

Finally, let us briefly comment on what could be considered a special case of the
progressive censoring schemes described above, namely if we just decide to terminate
the lifetime experiment at a certain time point, say Ty, which could be a specific
failure time, and with no other censoring applied. In this case, we have Rr =

,0,..., and Rv = ,0,..., , Where R* =n,—r, an =Ny, —Ty.
0,0 Ry dR 0,0 R}fy here R} d Rﬁ{y y—Ty. NPI
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for comparison of two groups under this setting, co-called precedence testing, was
presented in Chapter 2, whereas the generalization of such results to several groups
was presented in Chapter 3. This precedence testing scenario is also included in

Example 5.1.

5.6 Example

In this section, an example is given to illustrate the NPI approach for comparison

of two groups of lifetime data under several progressive censoring schemes.

Example 5.1. In this example, we use a subset of Nelson’s dataset [64, p. 462] on
breakdown times (in minutes) of an insulating fluid that is subject to high voltage
stress. The data are given in Table 5.1, for both groups there are 10 units involved
in the experiment, hence n, = n, = 10. This data set was also used in Chapter 2

to illustrate the NPI approach for precedence testing (Example 2.2).

Group ‘ Lifetimes
X 0.49 0.64 082 093 1.08 1.99 2.06 215 257 4.75
Y 1.34 149 156 2.10 212 3.83 397 5.13 7.21 8.71

Table 5.1: Lifetimes of two samples of an insulating fluid

Ng and Balakrishnan [67] used this data set to illustrate the weighted prece-
dence and weighted maximal precedence tests, when progressive Type-II censor-
ing is assumed to be applied to group Y. In their example, under the scheme
Ry = (3,0,0,0,2), only 5 breakdown times from group Y are observed, for the other
5 units the observations are right-censored. They assume that the three units with
actual observed breakdown times 2.10, 3.83 and 3.97 are instead removed from the
experiment at the first breakdown time (y; = 1.34), and that the two units with the
largest actual breakdown times, 7.21 and 8.71, are removed from the experiment at
the fifth breakdown time, which then is y; = 5.13. So for all units of group X the
actual breakdown times are observed, and such times are observed for 5 units from
group Y, at times 1.34, 1.49, 1.56, 2.12 and 5.13. Ng and Balakrishnan [67] derived
the weighted precedence test statistic as equal to 67, with p-value 0.009 for the test
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of the null-hypothesis that both groups’ breakdown times are equally distributed,
and the weighted maximal precedence test statistic is equal to 50 with corresponding
p-value 0.006. Therefore, they conclude that there is a strong indication to reject
this null-hypothesis, even with this specific result of progressive censoring applied
to the Y group. Their analysis concludes that there is substantial evidence in the
data to support a claim that breakdown times for group Y tend to be significantly
larger than for group X.

Below we present the NPI results for this example, applying different progressive
censoring schemes. We consider several cases with (mostly) progressive censoring,
some in which it is applied only to group Y as done by Ng and Balakrishnan [67],
and some cases with such censoring applied to both groups. We present the NPI
lower and upper probabilities that group Y is better than group X, as before in the
direct predictive sense by comparing one future observation from each group, Xi;
and Y3, in this example. Of course, the appropriate assumptions rc-Ag) are again

made per group, and it is assumed that the groups are completely independent.

Case A: Progressive Type-11 censoring applied to group Y

Consider the same setting as used by Ng and Balakrishnan [67] and described above,
with three units withdrawn from the experiment at the first observed breakdown
time for group Y (at y; = 1.34), and two units for this group withdrawn at the last
observed breakdown time, y5 = 5.13, so with Ry = (3,0,0,0,2). It is also assumed
that all breakdown times for the units from group X are observed. So, with y°
denoting a right-censored observation at time y, the data actually used in this case

are

X :0.49,0.64, 0.82,0.93,1.08, 1.99, 2.06, 2.15, 2.57, 4.75
Y 1 1.34,1.34% 1.34¢,1.34¢,1.49, 1.56, 2.12, 5.13, 5.13¢, 5.13¢

For this specific situation, the corresponding NPI lower and upper probabilities, as
presented in Section 5.3, are P (Yj; > Xy1) = 0.6139 and F(Yn > X1;1) = 0.8052.
These values could be interpreted as pretty strongly supporting the explicit event
of interest here, namely that if we would get one future value for each of these two

groups, under exchangeability assumed per group, then the lower probability that
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Y11 would be greater than X;; will be substantially larger than 0.5, which might be
interpreted as reflecting a strong indication in favour of this event. This conclusion
is in line with the test results by Ng and Balakrishnan [67] for exactly the same case.
As this conclusion actually turns out to follow in each of the cases below (this is not
necessarily the case in general, of course), it is not repeated nor further discussed
there, and the NPI results are just given for illustration without further detailed

discussion.

Case B: Progressive Type-1I censoring applied to groups X and Y
Suppose that the progressive Type-II censoring scheme is applied to both groups X
and Y, with B* = (3,1,1,0,0) and RY = (3,2,0,0,0) and resulting in the following
data,

X :0.49,0.49° 0.49°, 0.49° 0.64, 0.64°,0.93, 0.93¢, 2.06, 2.15

Y 1 1.34,1.34° 1.34¢,1.34°, 1.56, 1.56°%, 1.56¢, 2.10, 3.83, 7.21

If we calculate the test statistics proposed by [7, 8, 9], using notation as introduced
in Section 5.2, we have P(3) = 4, P5) = 5 and T(5) = 70. To calculate Q(5), we need
to calculate the Kaplan- Meier estimator of F'(z;) and G(y;) as follows.

F(0.49) = 0.10, F(0.64) = 0.25, F(0.93) = 0.44, F(2.06) = 0.72 and F'(2.15) = 1

G(1.34) = 0.10, G(1.56) = 0.25, G(2.10) = 0.50, G(3.83) = 0.75 and G(7.21) = 1

Since @1 =3, Q2 =0,Q3 =1, Qs =1, Q5 = 0 and Qs = 0, then Q) = 5.
Using the near 5% critical values and the exact level of significance summarized in
(7, 8, 9], we do not reject the null hypothesis for P3), P5) and Q(5) at significance
level 5%, however we reject the null hypothesis for T(5) at significance level 5%.

The NPI results for the comparison of these two groups of breakdown times are

P (Y1 > X11) = 0.5448 and P (Y1, > X11) = 0.8678.

Case C: Type-II progressively hybrid censoring applied to groups X and Y
In this example, a progressive Type-II censoring scheme is applied to groups X and
Y, with B* = (2,1,0,1,0,0) and B = (1,2,0,3). However, the experiment will be

ended at T' = 2.11, making this a Type-II progressively hybrid censoring scheme as
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discussed in Section 5.2. Suppose that the resulting data from this experiment are

as follows,
X 1 0.49,0.49°,0.49°, 0.64, 0.64¢, 0.93, 1.99, 1.99°, 2.06, 2.11¢

Y : 1.34,1.34° 1.49, 1.49° 1.49°, 2.10,2.11¢,2.11¢, 2.11¢, 2.11°

Then the corresponding NPI lower and upper probabilities are P (Y} > Xq1) =
0.5148 and P (Y;; > X;;) = 0.8744.

Case D: Progressive Type-1 censoring applied to group Y

In this case, some units of group Y are removed from the experiment before break-
down, at different times, say at T = (T3, Ts, T3) = (1.5,3.5,5.5). Suppose that one
unit is removed at T} = 1.5, three at T, = 2.5, and one at T35 = 5.5, and let us
assume that this leads to the following data for group Y: 1.34, 1.49, 1.5¢, 1.56, 2.10,
3.5¢, 3.5¢, 3.5¢, 3.83 and 5.5°. We assume that no progressive censoring is applied to
group X. The corresponding NPI lower and upper probabilities for the comparison

of groups X and Y are P (Yy; > X1;) = 0.6364 and P (Y1, > X;;) = 0.8244.

Case E: Throw away censoring scheme applied to groups X and'Y

Suppose that the ‘throw away scheme’, as briefly discussed in Section 5.2, is ap-
plied to both groups X and Y, with one unit withdrawn each time, hence Rr =
(1,1,1,1,1) and Rv = (1,1,1,1,1). Suppose further that the actually observed
breakdown times (and corresponding right-censoring times) under this scheme are

as follows,
X :0.49,0.49° 0.64,0.64°,0.93,0.93,1.08, 1.08¢, 2.06, 2.06°

Y 1.34,1.34¢ 1.56, 1.56°% 2.10, 2.10°, 3.83, 3.83¢, 7.21, 7.21°

Then the corresponding NPI lower and upper probabilities are P (Y;; > Xy1) =
0.5333 and P (Y;; > Xi;) = 0.9291.

Case F: Precedence testing
Precedence testing can be considered as a special case of progressive censoring, as

briefly explained at the end of Section 5.5, the corresponding NPI results for this
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approach are presented in Chapter 2. Suppose that the breakdown of insulating
fluids experiment is terminated as soon as the fifth breakdown from group Y is
observed, i.e. at time y5 = 2.12. Then the breakdown times of five units from group
Y are right-censored at that time, together with three units from group X. Then
P (Y > Xy1) =0.5289 and P (Y;; > X11) = 0.8264.

Case G: Complete data

Let us end this example by considering NPI comparison of these two groups of
breakdown data using the complete data as presented in Table 5.1, so without
any (progressive) censoring scheme applied. NPI for such a comparison of complete
data from two groups was already presented by Coolen [19], and is also easily derived
from the results in this chapter by obvious choices for the censoring schemes, namely
RY = R?; = 0 for all ¢ and j, and hence r, = n, and r, = n,. For this situation, the

NPI results are P (Y}, > X;;) = 0.6364 and P (Y;; > X11) = 0.8099. A

5.7 Concluding remarks

In this chapter, we introduced NPI for comparison of two groups of lifetime data
under several progressive censoring schemes. The NPI method has the attractive
feature that it is applicable whether progressive censoring is adopted for one group
or for both groups, and also for different censoring schemes. We have restricted
attention to two groups, but the methods presented here are quite easily generalized
to multiple groups, along the lines of the NPI methods for selection presented in
Chapters 3 and 4. Although the ideas for such a generalization are indeed straight-
forward, deriving analytical expressions of the corresponding NPI lower and upper
probabilities becomes somewhat tedious, it is more attractive to develop software
routines that perform such calculations for any specific M-functions specified per
group, and for any number of groups. In fact one can use the R commands provided
in the appendix of this thesis for such purposes since it can be used for comparison

of several groups and with different selection events of interest.



Chapter 6

Competing Risks

6.1 Introduction

In reliability, failure data often correspond to competing risks [13, 71], where several
failure modes can cause a unit to fail, and where failure occurs due to the first failure
event caused by one of the failure modes. Coolen et al. [23] introduced Nonparamet-
ric Predictive Inference (NPI) to some reliability applications, including lower and
upper survival functions for a future unit, illustrated with an application with com-
peting risks data. They illustrated the lower and upper marginal survival functions,
which are restricted to a single failure mode. In this chapter, the main question
considered is which failure mode will cause the next unit to fail, or for example in
survival analysis terminology, which disease causes the next individual considered to
die. From now on, terminology from reliability will be used, so events considered are
failures of units, but the methods proposed are of course more generally applicable.

In this chapter, NPI lower and upper probabilities are presented for the event
that a future unit, say unit n + 1, will fail due to a specific failure mode, based
on data consisting of times of failures resulting from competing risks for n units.
It also illustrates the effect of grouping different failure modes together, and some
special cases and features are discussed. This approach uses NPI for right-censored
data as presented by Coolen and Yan [27], see also Subsection 1.3.2. The use of
lower and upper probabilities to quantify uncertainty has gained increasing attention

during the last decade, short and detailed overviews of theories and applications in

99
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reliability, together called ‘imprecise reliability’, are presented by Coolen and Utkin
24, 74].

Some aspects of competing risks are briefly reviewed in Section 6.2. Section
6.3 presents NPI for the competing risks problem. In Section 6.4 we consider the
special case of two failure modes which leads to some interesting results. The NPI
method is illustrated by some examples in Section 6.5. NPI can also be applied
for different censoring mechanisms, which is illustrated in Section 6.6 for competing
risks inferences under progressive censoring. Some concluding remarks are given in

Section 6.7.

6.2 Competing risks

In competing risks, several failure modes can cause a unit to fail. Throughout this
chapter, we assume that each unit cannot fail more than once and it is not used any
further once it has failed, and that a failure is caused by a single failure mode which,
upon observing a failure, is known with certainty. Tsiatis [73] showed that failure
data resulting from such competing risks cannot be used to identify dependence
between the failure modes. Effectively, this means that such data can only be used
to learn about the marginal distributions, which are the distributions of failure
times restricted to single failure modes, for which all failures caused by other failure
modes lead to right-censored observations. Throughout this chapter we assume that
the failure modes are independent, inclusion of assumed dependence would be an
interesting topic for future research, but cannot be learned about from the data as
considered here as shown by Tsiatis, and NPI has also not yet been developed to
take dependence into account.

In this chapter, we consider competing risks, with £ distinct failure modes that
can cause a unit to fail. It is further assumed that such failure observations are ob-
tained for n units. As is common in study of failure data under competing risks, for
each unit k£ random quantities are considered, say 7} for j = 1,..., k, where T} repre-
sents the unit’s time to failure under the condition that failure occurs due to failure

mode j. These T are assumed to be independent continuous random quantities,



6.3. NPI for Competing Risks 101

which implies the assumption that the failure modes occur independently, and the
failure time of the unit is 7' = min(7}, . .., T}). Therefore, each unit considered can
have one failure time and it will be known with certainty which failure mode caused
a failure. Hence, for the T} corresponding to the other failure modes, which did not
cause the failure of the unit, the unit’s observed failure time is a right-censoring
time.

In a sample of size n, suppose that there are ¢ (¢ < n) distinct failure times
Ty < 29 < ... < m¢. Let h;; be the number of units that failed due to failure
mode j at time x;, and n,, be the number of units at risk at z;. Then, the marginal
distribution function of 7}, also called the Cumulative Incidence Function (CIF)[70],

F;(t), can be estimated as

R hij

Fi(t) an%ﬁ o Slai) (6.1)
where S(t) is the Kaplan-Meier (KM) estimator given by (1.7). For the case of
comparing two competing risks, i.e. two failure modes only, Kochar et al. [45] dis-
cussed several tests from literature to test whether the difference between the two
corresponding CIFs is different from zero.

In the competing risks literature (e.g. [30, 70]), one often consider a bivariate
random quantity (7', C'), where C' is an indicator which equals 0 if the observation
is censored and therefore 7' is the censoring time, or C' = j where j represents the
failure mode that caused the failure, in which case T is the failure time due to failure
mode j [30]. NPI has not yet been developed for such bivariate random quantities,

which is an interesting challenge for future research.

6.3 NPI for Competing Risks

For the NPI approach, let the failure time of a future unit be denoted by X, 1, and
let the corresponding notation for the failure time including indication of the actual
failure mode, say failure mode j, be X, 11 (so X,+1 corresponds to an observation
T for unit n+1, and X ,+; to T}, according to the notation in the previous section).

As the different failure modes are assumed to occur independently, the competing
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risk data per failure mode consist of a number of observed failure times for failures
caused by the specific failure mode considered, and right-censoring times for failures
caused by other failure modes. Hence rc-A(,) can be applied per failure mode j,
for inference on X ,,4+1. Let the number of failures caused by failure mode j be u;,
Tj1 < Tjp < ... < Tjy;, and let vj(= n — u;) be the number of the right-censored
observations, ¢;1 < ¢j2 < ... < ¢ju,, corresponding to failure mode j. Again we
assume that no ties occur, however we deal with ties as discussed in Subsection
1.3.5. For notational convenience, let z;0 = 0 and x;,,,1 = oco. Suppose further
that there are s;;, right-censored observations in the interval (2, 7;4,+1), denoted
by cj{l < cé{z <. < cé{sj’ij, SO E?jj:o 554, = v;. It should be emphasized that it is not
assumed that each of the n units in the data set actually has failed. If a unit has not
failed then there will be a right-censored observation recorded for this unit for each
failure mode, as it is assumed that the unit will then be withdrawn from the study,
or the study ends, at some point. The random quantity representing the failure time
of the next unit, with all k£ failure modes considered, is X,, 1 = 1§ji£k Xjnt1. Before
introducing the NPI lower and upper probabilities for the event of interest, the NPI
M-function values for X;,11 (j = 1,...,k) following from Definition 1.2, are given

below.

Definition 6.1. The NPI M-functions for X ,+1 (j =1,...,k) are

1 571 Ne. +1
I =— 2

— ()"
J
n+1 i i
{T:c]-,r<tj{2.*}

J

okl

M (50 i) = M, (e, Tgia1) =

where i; = 0,1,...,u;, 15 =0,1,...,5;; and
e R . . .
5i _ 1 if;=0 ie. tjy=uzj, (failure time or time 0)
i = 3 ;.
J f ook . 3 15 R 7 . .
0 ifd=1,...,5 ie tiis = Cil (censoring time)

Again n,, and ni; are the numbers of units in the risk set just prior to times c,

jﬂ';

and tj.ji,f, respectively. The corresponding NPI probabilities are
v

A 1 N, +1
VI — A o - I I G T 7
P (I]alj7x]ﬂj+1) - P(ijj-&-l € (xj,lﬁ‘r],lj-ﬁ-l)) - n+1 7 (63)
e . Cj,r
{ricjr<wjij+1}
where z;;. and x;; 1 are two consecutive observed failure times caused by failure

mode j (and z;0 = 0, j,;11 = 00).
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In this chapter, the main event of interest is that a single future unit, called the
‘next unit’, undergoing the same test or process as the n units for which failure data
are available, fails due to a specific failure mode, say mode [. NPI lower and upper
probabilities for this event are derived, for each [ = 1, ..., k. The following notation
is used for these NPI lower and upper probabilities, respectively, for the event of

interest.

’ 1<j<k

PO = B(Xln+1 = min Xj n+1> =P | Xint1 < mm Xjnt1
<5<
j#

Y _ P (Xl nil = min Xjn+1> =P | Xip41 < min Xjnt1
1<j<k

’ 1<5<
i#l
These NPI lower and upper probabilities for the event of interest are presented in

the following theorem.

Theorem 6.1. The NPI lower and upper probabilities for the event that the next

unit will fail due to failure mode [ are

u; k
l .
PO=3%" Zl{xl,z’l+1<1%1gk{t SYP @, o) | ] M2 jz*a%,zﬁl) (6.4)
Cl(j, ij,i;f) Zl:(] ]#l ;
S 2] k
z Z Zl{tz i < mm {1’]1 MY tlz » Ll +1 H (@j,;5 %j5,+1) (6.5)
Ci(j, i) | =04 = J;él }

j#
where Z denotes the sums over all i from 0 to sj4; and over all i; from 0 to
Ci(d, 45, 73)
u; for j =1,...,k but not including j = [. Similarly, Z denotes the sums over

Cl(j7 ij)
all ¢; from 0 to u; for j = 1,...,k but not including j = .

Proof. The NPI lower and upper probabilities (6.4) and (6.5) are derived as the

sharpest bounds, based on the relevant rc-A,) assumptions, for the probability

P=Pr Xl,n+1<lglji£kX j,n+1 _Z P Xl n+1< Hlln {X],n—i—l} ﬂ{X] n—&-le(l’] i Zj, z]—l-l)}

A1 Cl(]7 ZJ) ) J=1
J# J# oy
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First consider the lower probability (6.4), which is derived as the sharpest general
lower bound for the above probability P,

k
P > E: P X < min {¢7. 3 | [ M7 (6., 25,

= oWl In+1 1§]Sk{ j,zj} L (jﬂj’ ]77/j+1)
1\J %5, Zj G#l JA:
J#l

uy k

. ij 1 ]
> Y (D Hman < oin {45 PP (i T | QA CPETeY
Ci(j, iz, i) [ =0 AL i=1

i#l
The first inequality follows by putting all probability masses for each X, ,+1 (j =
1,...,k and j # 1) assigned to the intervals (t;{i;,a:j,iﬁl) (i =0,...,uj and i} =
0,1,...,55;) at the left end points of these intervals, and by using Lemma 1.4 for
the nested intervals. The second inequality follows by putting all probability masses
for X;,11 in each of the intervals (t;fi;7$l7il+1) (i =0,...,ypand i =0,1,...,5.;)
at the right end points of these intervals. The upper probability is obtained in a
similar way, but now all probability masses for the random quantities involved are
put at the opposite end points of the respective intervals, when compared to the

derivation of the lower probability which leads to

k
p< Y r KX < i {5,41} 1P @i, 21,40)
)

G, i5) ; Jj=1
J#l .
J#l
u; Sl k
i : 1(yi j
< E E E 1{%; < lgalgk{xj,ijﬂ}}M (tlfil*axz,nH) HPJ (@55 Tjis4+1)
Ci(G, i) | u=01ir=0 Gl j=1

J#l

6.4 Two competing risks

Before illustrating and discussing this method in examples in Section 6.5, let us
consider the special case of the competing risks problem in which there are only
two failure modes (so k = 2), say modes [ and j, and in which each of the n units
considered actually fails due to one of these two failure modes. Therefore, any unit
which fails due to failure mode [ leads to a right-censored observation for failure

mode j, and vice versa. In this case, the number of failures due to failure mode [
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(7) is equal to the number of right-censored observations for failure mode j (1), so
v = u; and v; = u;. Let R; (R;) be the set of ranks of all ordered failure times due
to failure mode ! (j), so R; € {1,2,...,n} and R; = {1,2,...,n} \ R;. The NPI

lower and upper probabilities for this scenario are presented in Theorem 6.2.

Theorem 6.2. The NPI lower and upper probabilities (6.4) and (6.5) for the event
that the next unit will fail due to failure mode [, in case of only two failure modes,

[ and j, are

po_ ! e L ghntlon (6.6)
n+1 Ng, v +1 mn+1 n+2—nmr
r€ERy () reER;

- @ 1 ﬁj(r) 1 n—|—1—7"j
P =1- =1- 6.7
n+1 +1 n+1zn+2—7’j (6.7)

T‘jERj Tj.(r4) ri€ER;

Proof. In the case of two competing risks, the NPI lower probability (6.4), i.e. P ) —
P( X 11 < Xjn,;+1), becomes

Uj sz

=y > {Z W41 < tj-fi;}Pl(xz,z‘mxl,iﬁl)} M‘j(tj-fi;:%,iﬁl) (6.8)

i;=0t=0 \i;=0
Above we have assumed that all n units considered have actually failed due to one
of these two failure modes. As any failure of a unit due to failure mode [ leads to
a right-censored observation for failure mode j for that unit, and vice versa, then
Ti(r) = Cir) (T ) = Curyy) for mp € Ry (ry € Rj). Let E denote the sums

C(ij 7"‘;’01'»01))

over all 4; from 0 to u; and over all 4} from 0 to s;;; such that t;jﬁ > Cj(r)- Then
)

the NPI lower probability (6.8) can be written as

= Z Pl(xl:(rlfl)’xlf(rl)) Z M ( ]Z 7xj7ij+1)

rieRy C(ljvZ 1S3, (Tz))
o Z P xl (ri—1), L1, (Tl)> S J'ﬂ+1(c‘7 (”))
rER;

1 fly 41 1 fie, + 1
:Z<n+1 11 ;z )<n+1ncﬂ’“l> 11 ;3—])

’I"lERl {T:Cl,r<$l,(rl)} Lr {T:Cj7T<Cj,(rl)}

-3 (1) (e oo n

mMeER,;

B 1 Zn—l—l—m
n+1 n+2—r
rERy
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The second equality and the second term in the third equality follow immediately
from the definition of the lower survival function [23] and its simplest closed-form
(1.11) derived in Chapter 1, respectively. The fourth equality in this derivation
results from the fact that, with all units assumed to fail due to one of the two failure
modes considered, and () = ¢j ) and x; ;) = ¢, for all 7 € Ry and r; € Ry,

the two product terms combine into a single product over all first 7, — 1 observations.

n+1
n+2—r;’

This product simplifies to and 7., oy = N F 1 —r; completes the justification
of the fourth equality.

The corresponding NPI upper probability (6.7) can be derived similarly, but it is
easier to do so by use of the conjugacy property, PY -1 P(Xin1 > Xjnj11) =

1-— B(j) where

- n+1 n+2—r;
TjERj

is of course obtained directly from the above expression for P!, [

Furthermore, the imprecision for the event considered here, in this special case of
competing risks with only two failure modes and all n units actually having failed,
does not depend on the number of failures caused by each failure mode nor on their

ordering. This is implied by the following theorem.

Theorem 6.3. The imprecision for the above scenario is equal to

0 1 n+1 1
I sion=pP" —pW® — =
mprecision ] ;21 ;

Proof. For this situation with two failure modes and all n units failing due to one

of them, the imprecision is
Imprecision = 1 — Dyp

n+1-mn n+1-—r;

_l_ - 4

n+1 Zn+2—rl Zn—l—Q—rj
r€Ry; T’jERj

n

n+1-—1
_n+1;n+2—z

1 " 1 1wl

The second equality follows directly from Theorem 6.2. ]
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It should be emphasized that these attractive properties of the NPI results in
the case of two competing risks do not generalize to more than two competing risks,
due to the fact that the product terms in the NPI lower and upper probabilities
(6.4) and (6.5) only disappear for this case with two failure modes and all n units
actually having failed.

The formulae (6.6) and (6.7) enable the derivation of some interesting results
of the NPI approach in this specific setting, with only two failure modes and all n

units actually having failed. Consider the following two specific scenarios in detail:

(A) all failures due to failure mode j come first, followed by all failures from failure
mode [, meaning that the u; failure times of failures due to mode j are all smaller
than the wu; failure times of failures due to mode [. In this case, the NPI lower and
upper probabilities for the event that the next unit will fail due to failure mode [

are
uy n

1 1 —= (1), A 1 i
pOA = d PV =1-
= n—i—lzi—l—l an n+1,Z it 1

=1 i=u;+1

(B) all failures due to failure mode ! come first, followed by all failures from failure
mode j, in which case the NPI lower and upper probabilities for the event of interest

are
n Uj

1 i —O.B 1 i
p0.B _ d PV =1-
= n—i—l,zli—l—l an n+12¢+1

1=u;+ =1

These NPI lower and upper probabilities follow straightforwardly from the general
expressions (6.6) and (6.7) for these two special cases. Because erLl is increasing in
i, these results imply that case (A) leads to the minimal NPI lower and upper prob-
abilities when all possible orderings of u; failures due to mode j and w; failures due
to mode [ are considered, while case (B) leads to the maximal NPI lower and upper
probabilities in this setting. More generally, these results imply a nice monotonicity
result, namely that the NPI lower and upper probabilities (6.6) and (6.7) increase

whenever any failure caused by failure mode [ would move to an earlier place in the

ordering. This is illustrated in Example 6.1 in Section 6.5.
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6.5 Examples

In this section three examples of NPI for competing risks are presented to illustrate
the method and to discuss some of its properties. Example 6.1 is a small example
which serves to illustrate the results presented in Section 6.4. Examples 6.2 and
6.3 involve a substantial competing risks data set from the literature, with different
groupings of failure modes and also including some units which did not fail at all
during the study, hence leading to right-censored observations for each of the failure
modes considered. This will illustrate a further important aspect of NPI in this

setting, and will also lead to a conjecture.

Example 6.1. Consider an experiment in which five units are subjected to two
failure modes, FM1 and FM2, which are competing risks in the manner discussed
in this chapter. Suppose that all five units are observed to fail, and that three units
fail due to FM1 and two units due to FM2. So the failure times of the three units
failing due to FM1 are right-censored observations for FM2, and the failure times of
the two units which fail due to FM2 are right-censored observations for FM1. As all
five units actually fail during the experiment, no further right-censored observations
occur in this example. Suppose that there had actually been a sixth unit in the
experiment, and this was randomly selected before the start of the experiment as
the unit for which the failure information would not be revealed to us. The method
presented in this chapter provides inferences for the event that this sixth unit fails
due to FM1 or due to FM2 (instead 'will fail’ could be used, if the inferences are
interpreted as involving a future unit undergoing the same experiment, both are
convenient ways to think about the setting and inferences).

In this NPI approach, the actual failure times of the five units are not important,
only their ordering with regard to failure modes is important. Of course, NPI can
also be used for inference on the actual failure time of the sixth unit, for example
by considering the event that this unit will not fail before a specified time, in which
case the failure times of the five units are explicitly used, not only their ordering
with regard to the failure modes, this is briefly illustrated for Examples 6.2 and 6.3

at the end of this section. There are 10 possible orderings for the failure modes FM1
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and FM2, with three units failing due to FM1 and two due to FM2. The NPI lower
and upper probabilities that the sixth unit fails due to FM1, for the ten possible

orderings of the two failure modes, are given in Table 6.1.

FM Orderings | P(XFM! < X['M2)  P(XEFM! < X['M2)
O, |1 1 1 2 2 0.3972 0.8056
O, |1 1 2 1 2 0.3833 0.7917
Os [1 1 2 2 1 0.3556 0.7639
O, [1 2 1 1 2 0.3750 0.7833
Os [1 2 1 2 1 0.3472 0.7556
Os |1 2 2 1 1 0.3333 0.7417
O; 2 1 1 1 2 0.3694 0.7778
Og [2 1 1 2 1 0.3417 0.7500
Oy |2 1 2 1 1 0.3278 0.7361
Opw |2 2 1 1 1 0.3194 0.7278

Table 6.1: NPI lower and upper probabilities for the sixth unit to fail due to FM1

Consider the ordering Oy, in which the three failures due to FM1 happen before
the two failures caused by FM2, and which corresponds to case (B) discussed in
Section 6.4. The NPI lower and upper probabilities for the event that the sixth unit
fails due to FM1 are, for this ordering O, greater than the corresponding lower
and upper probabilities for all other orderings of the failure modes. On the other
hand, ordering O, in which the two failures due to FM2 happen before the three
failures caused by FM1, and which corresponds to case (A) in Section 6.4, leads to
the minimum lower and upper probabilities, over all orderings, for the event that
the sixth unit will fail due to FM1. Table 6.1 also illustrates the monotonicity result
mentioned in Section 6.4, namely that the NPI lower and upper probabilities for
the next unit to fail due to FM1 increase if any failure caused by FM1 moves to an
earlier place in the ordering.

The NPI lower and upper probabilities for the event that the sixth unit fails due
to FM2, for the different orderings of the failure modes for the data, follow from
those for FM1 reported in Table 6.1 by the conjugacy property [1, 76], i.e.

PG X =1 POC M <X, PO <X <1- PO <X,
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Consider, for example, the ordering Os, for which the corresponding NPI lower and
upper probabilities that the sixth unit fails due to FM1 are 0.3472 and 0.7556, while
for this unit to fail due to FM2 they are 0.2444 and 0.6528. On the basis of these
NPI lower and upper probabilities alone, one could conclude that there is a weak

indication that failure due to FM1 is more likely than due to FM2, as
P(XEM < XEM?2) = 0.3472 > 0.2444 = P(XJM? < XEMY)

and

P(XEMY < XEM?) = 0.7556 > 0.6528 = P(XFM? < XFMY)

One could speak about a strong indication for the event that failure of the sixth
unit will be caused by FM1 if P(XFM! < XFM2) > P(XEM2 < XIML) which does
not occur for any of the orderings in this example. Finally, the imprecision in this
example, for all orderings of the two failure modes, is equal to 0.4084, illustrating

the property presented in Theorem 6.3. A

Example 6.2. In this example and in Example 6.3, a well-known data set from the
literature [48] is used to illustrate some aspects of the NPI method for dealing with
competing risks. The data contain information about 36 units of a new model of a
small electrical appliance which were tested, and where the lifetime observation per
unit consists of the number of completed cycles of use until the unit failed. These
data are presented in Table 6.2, which also includes the specific failure mode (FM)
that caused the unit to fail. In the study, there were 18 different ways in which
an appliance could fail, so 18 failure modes, but to illustrate the NPI method this
number is reduce to two (groups of) failure modes in the current example, while
grouping into three failure modes is considered in Example 6.3, after which the
differences between these examples are discussed. Three units in the test did not
fail before the end of the experiment, so for these units right-censored observations
(2565, 6367 and 13403) are recorded for all failure modes considered, indicated by
‘-’ for the failure mode in Table 6.2.

The two most frequently occurring failure modes in these data are FM9, which

caused 17 units to fail, and FM6 which caused 7 failures. It is considered how likely
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# cycles FM # cycles FM # cycles FM

11 1 1990 9 3034 9
35 15 2223 9 3034 9
49 15 2327 6 3059 6
170 6 2400 9 3112 9
329 6 2451 ) 3214 9
381 6 2471 9 3478 9
708 6 2551 9 3504 9
958 10 2565 - 4329 9
1062 5 2568 9 6367 -
1167 9 2702 10 6976 9
1594 2 2761 6 7846 9
1925 9 2831 2 13403 -

Table 6.2: Failure data for electrical appliance test

it is that the next unit, say unit 37, would fail due to FM9, assuming it would
undergo the same test and its number of completed cycles would be exchangeable
with these numbers for the 36 units reported. In this example, all failure modes
other than FM9 are grouped together, and these are jointly considered as a single
failure mode, which enables illustration of the NPI approach with 2 failure modes,
FM9 and, say, ‘other failure mode’ (OFM). There are still three units that do not
fail, and hence for which there are only right-censored observations (RC). For clarity,

the data corresponding to this definition of failure modes are presented in Table 6.3.

FM9 | 1167 1925 1990 2223 2400 2471 2551 2568 3034 3034
3112 3214 3478 3504 4329 6976 7846

OFM | 11 35 49 170 329 381 708 958 1062 1594
2327 2451 2702 27Y61 2831 3059

RC 2565 6367 13403

Table 6.3: Failure data for electrical appliance test: FM9, OFM and RC

When the theory for NPI for competing risks data was presented in Section 6.3, it
was assumed that there were no ties to avoid notational difficulties. In this example,

however, there are tied observations, as two units have failed after 3034 completed
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cycles, both failed due to FM9. To deal with this, it is assumed that there is a
small difference between these values, such that their ordering does not change with
regard to observations of units in other groups. It is actually assumed that one
of these two units failed after 3035 completed cycles. Implicit in the NPI method
for competing risks data is that a failure time observation caused by one failure
mode is simultaneously a right-censored observation for all other failure modes.
This situation is dealt with in the NPI approach, as is common in many statistical
approaches, by assuming that the right-censoring time is just beyond the failure
time. The three right-censored observations, for units that were not observed to
fail during the experiment, also lead to tied observations for the two failure modes
(FM9 and OFM) considered, as for both the right-censoring times coincide. This is
also dealt with by assuming that for one of the failure modes this event occurred
fractionally later than for the other failure mode, and then the lower and upper
probabilities for the event of interest are calculated by considering the minimum
and maximum of the lower and upper probabilities, respectively, corresponding to
the different possible orderings of these ‘un-tied’ right-censoring times.

The NPI lower and upper probabilities for the event that unit 37 will fail due to
FM9 are

P(XEMY < XQFMY = 0.4358 , P(XEM9 < XQFM) = 0.5804

while the corresponding NPI lower and upper probabilities for unit 37 to fail due to
OFM are

P(XOIM < XEM9) = 04196, P(XSM < XEM9) = 0.5642

These lower and upper probabilities satisfy the conjugacy property [1, 76], which is
due to the fact that, implicit in our method, it is assumed that the experiment on
unit 37 would actually continue until it fails, and this is assumed to happen with
certainty. On the basis of these NPI lower and upper probabilities, the data could
be considered to contain a weak indication that the event that unit 37 will fail due
to FM9 is a bit more likely than for it to fail due to another failure mode, with all

the other failure modes grouped together as done in this example. A
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Example 6.3. This example uses the same data as Example 6.2, but the failure
modes are grouped differently. Both FM9 and FM6 are considered separately, with
17 and 7 units that failed due to them, respectively, and all other failure modes are
grouped into one ‘other failure mode’ (OFM). For clarity, the data used here are

given in Table 6.4.

FM9 | 1167 1925 1990 2223 2400 2471 2551 2568 3034 3034
3112 3214 3478 3504 4329 6976 7846

FM6 | 170 329 381 708 2327 2761 3059

OFM | 11 35 49 958 1062 1594 2451 2702 2831

RC 2565 6367 13403

Table 6.4: Failure data for electrical appliance test: FM9, FM6, OFM and RC

The NPI lower and upper probabilities for the event that unit 37 will fail due to
FM9, due to FM6 or due to OFM, are

P(X5M <min {X5M6 X 9P =0.3915 , P(X5,M <min {X M6 X$FM) =0.5804
P(X4M0<min (XM X9F)=0.1749 , P(X5,0<min (XM X9 =0.3279
P(XPFM <min {XM8 XIMR)=0.2265 , P(X$5Y <min X6 XLM9) =0.3808

Since

= Y

P (XM < min {X5M0 X2 ) > P (XM < min { XM, X2V )

one could interpret the data as providing a strong indication that unit 37 is more
likely to fail due to FM9 than due to FM6, in this setting with all other failure
modes grouped into OFM. For example, if a person were to follow a subjective in-
terpretation of lower and upper probabilities in terms of prices for desirable gambles,
in line with Walley [76], then these lower and upper probabilities would imply that,
for any price between 0.3279 and 0.3915, this person would be willing both to buy
the gamble which pays 1 if unit 37 fails due to FM9 and to sell the gamble which
pays 1 if unit 37 fails due to FM6. A quick look at the data may perhaps lead to
some surprise that FM6 is not the more likely one to lead to failure, as it has caused

relatively many early failures. However, one must not forget that it only caused
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failure of 7 out of the 36 units tested, the comparisons would be very different if the
data were not competing risks data on the same units but completely independent
failure times per group, see Chapter 4. Similarly, a strong indication that unit 37 is

more likely to fail due to FM9 than due to OFM can be claimed because

P (X5 < min { X0, XZFM ) > P (XM < min { XM, XZM9Y)

It is interesting to compare the results presented in Examples 6.2 and 6.3, as
they illustrate some features that are very different in statistics using lower and up-
per probabilities when compared to methods using precise probabilities. The NPI
lower and upper probabilities for the event that unit 37 will fail due to FM9 are
[0.4358,0.5804] in Example 6.2, where all other failure modes are grouped together,
and [0.3915,0.5804] in Example 6.3, where FM6 is taken separately with all further
failure modes grouped together. Hence, in the latter case, there is more imprecision
in these upper and lower probabilities, while data are represented in more detail.
This increase in imprecision, actually the fact that these upper and lower proba-
bilities are nested with more imprecision if data are represented in more detail, is
in line with a fundamental principle of NPI proposed and discussed by Coolen and
Augustin [22] in the context of multinomial data. This leads to the conjecture that,
for such competing risks data, if more failure modes are treated separately instead
of grouped together, then lower and upper probabilities for an event that the next
unit’s failure is caused by a specific failure mode are nested, with imprecision in-
creasing with the number of failure modes used. This conjecture has not been proven
generally, due to the complexity of the expressions involved, but we strongly believe
it to hold and all examples explored are in line with it.

One could also have considered the question whether or not unit 37 will fail due to
FM9 from a basic Bernoulli variables perspective, taking only into account that of 33
observed failures so far (neglecting the 3 units with right-censored lifetimes), 17 failed
due to FM9. NPT for Bernoulli random quantities [20] leads to lower probability
17/34 = 0.5 and upper probability 18/34 = 0.5294 (note also that these bound
the empirical probability 17/33 = 0.5152), which lie inside the intervals created
by the lower and upper probabilities for this event in Examples 6.2 and 6.3. This

is also in line with the observation that a more detailed data representation leads
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Figure 6.1: NPI lower and upper survival functions for unit 37

to increased imprecision in the NPI approach. This Bernoulli data representation
would, of course, not enable any inferences with regard to actual failure time.

The two NPI upper probabilities for the event that unit 37 will fail due to FM9,
for the cases with all other failure modes grouped together (Example 6.2) and with
FM6 separated (Example 6.3), are both equal to 0.5804. This is a consequence
of the fact that this upper probability is realized with the extreme assignments of
probability masses in the intervals created by the data in accordance to the lower
survival function for FM9 and the upper survival function for the other failure
modes. With all failure modes assumed to be independent, the upper survival
function for the other failure modes combined is actually the same, whether or not
FMG6 is considered separately, this was discussed by Coolen et al. [23], who presented
individual NPI lower and upper survival functions and also considered the data used
in Examples 6.2 and 6.3, but they did not develop the NPI method for multiple
comparisons that underlies the NPI method for competing risks presented in this

chapter.
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To end discussion of Examples 6.2 and 6.3, it is useful to illustrate the NPI lower
and upper survival functions that have been mentioned in these examples but which
have not yet been presented. We can obtain these lower and upper survival functions
using the simplest closed-form (1.11) and (1.12) derived in Chapter 1. Figure 6.1
shows the NPI lower and upper survival functions for unit 37 for three situations,
for which the upper survival functions are identical hence only the lower survival
functions differ. The lower survival function Sy, results from total neglection of
the information on different failure modes, hence just by applying rc-Ae) [27] with
33 observed failure times and 3 right-censoring times. The lower survival function
§§gf corresponds to the situation with two (groups of) failure modes in Example
6.2, and is derived by multiplying the lower survival functions which are conditional
on the given failure modes. Similarly, the lower survival function §§gf corresponds
to the situation with three (groups of) failure modes in Example 6.3. These lower
and upper survival functions show a similar nested structure, related to the level
of detail of the data representation, as was discussed above for the event that FM9
causes the failure of unit 37.

Figure 6.2 shows the NPI lower and upper survival functions for unit 37 condi-
tioned on the specific failure mode, for FM9 and for FM6, corresponding to Example
6.3. For example, §§¥9 and g;ﬁfg are based on rc-Ase) applied with the data set
with the 17 failure times related to failures caused by FM9 treated as actual failure
time observations, and the other 19 observations in the data set as right-censored
data, and similar for FM6. This figure nicely illustrates the effect of the relatively
many early failures due to FM6, and the fact that there are far fewer failures due to
FM6 than due to FM9 is reflected in far greater imprecision (the difference between
corresponding upper and lower survival functions) at larger times. Note that, in the
NPT approach based on rc-A,), the lower survival function is always equal to zero
beyond the largest observation, no matter if this is an observed failure time or a

right-censored observation, while the upper survival function remains positive, this

is discussed in more detail by Coolen and Yan [27]. A
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Figure 6.2: NPI lower and upper conditional survival functions for unit 37

6.6 Progressive Type-II censoring

In Chapter 5 we introduced NPI for comparing two groups of lifetime data under
progressive censoring schemes, with careful discussion of different schemes and com-
parison to other frequentist approaches for such data. There we did not consider
progressive censoring combined with competing risks data, which we briefly discuss
in this section, and illustrate in an example which is based on Examples 6.2 and
6.3 in Section 6.5. The progressive censoring scheme considered here is known in
the literature as ‘progressive Type-II censoring’ [3, 47|, see also Chapter 5, for other
progressive censoring schemes one can follow the same approach, a flexibility which
is one of the advantages of NPI when compared to the more established frequentist
statistical methods.

In progressive Type-II censoring, at each failure time regardless of the failure
cause, some randomly chosen non-failing units may be removed from the experiment.

Adding such possible censored data to the competing risks scenario presented in
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this chapter, the competing risks data per failure mode can consist of a number
of observed failures caused by the specific failure mode considered, right-censored
observations for failures caused by other failure modes, right-censored observations
resulting from removing some non-failing units at failure times of other units (due
to the progressive censoring scheme), and general right-censored observations due to
unknown failure modes or other reasons, as was also allowed earlier in this chapter.
The key thing here is that right-censored data of any kind are dealt with in the
same manner, per failure mode, in NPI for competing risks, so effectively there is no
difference in the way NPI for competing risks data deals with right-censored data
of the last two types discussed, which are right-censored observations for all failure
modes. In the case of tied observations, we deal with them in the same manner as

discussed in Subsection 1.3.5.

Example 6.4. Suppose that, in the tests of the electrical appliances leading to the
data in Examples 6.2 and 6.3, it had been decided that, in order to learn more
about the physics underlying common failure modes, 3 non-failing units were to be
removed from the experiment as soon as the third failure due to the same failure
mode occurs, enabling detailed comparison of the condition of the failed units with
units that did not yet fail. Assume that the non-failing units withdrawn from the
experiment are selected randomly from those still in the study. At time 381, when
the third failure caused by FM6 occurs, three non-failing units would be withdrawn,
hence leading to three right-censored observations at that time. Assume that the
unit which in the original data (Table 6.2) failed at time 1990 due to FM9 was one of
the three withdrawn at time 381, and that the unit failing at time 2223 is the third
one failing due to FM9. Then a further three units are withdrawn at that moment
to enable detailed study of the processes underlying FM9 through comparison with
non-failed units. Suppose that this process leads to the data presented in Table 6.5,
where as before right-censoring times are indicated by ‘- for failure mode.

If, in analogy to Example 6.2, all failure modes other than FM9 are grouped
together and jointly considered as one failure mode OFM, then the NPI lower and
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# cycles FM # cycles FM # cycles FM

11 1 1167 9 2568 9
35 15 1594 2 2761 6
49 15 1925 9 2831 2
170 6 2223 9 3034 9
329 6 2223 - 3034 9
381 6 2223 - 3112 9
381 - 2223 - 3214 9
381 - 2327 6 3504 9
381 - 2400 9 4329 9
708 6 2471 9 6976 9
958 10 2551 9 7846 9
1062 5 2565 - 13403 -

Table 6.5: Failure data for electrical appliance test under progressive censoring

upper probabilities for the event that unit 37 will fail due to FM9 are
P(XEMY < XQFMY = 0.4658 , P(XEM9 < XQFM) = 0.6258

Note that these NPI lower and upper probabilities are not nested when compared to
those in Example 6.2, which is due to the fact that now the information per failure
mode is really different. If, as in Example 6.3, failure modes FM9 and FM6 are
considered separately, with all the other failure modes grouped as OFM, then the
resulting NPI lower and upper probabilities for the events that unit 37 will fail due
to FM9, due to FM6 or due to OFM, are

P(X3M <min {X5;M0 X0 ) =0.4109 , P(X3," <min {X5;70 X5} ) =0.6258

P(X3M0<min (X5 X0 ) =0.1668 , P(X3."%<min {X5;") X3 ) =0.3349

P(XSM <min {X35;M6 X5M%)=0.1906 , P(XH <min {X5M8 X M%) =0.3593

These NPI lower and upper probabilities are again not nested in a specific general
way with the NPI lower and upper probabilities in Example 6.3. However, they
show the same nested behaviour as discussed in Example 6.3 with regard to the
NPI lower and upper probabilities for the event XEM® < XOFM in this setting with

OFM including FM6. A
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6.7 Concluding remarks

In this chapter, NPI for competing risks has been presented, with focus on the
event that the next unit will fail due to a specific failure mode. Some specific
properties and special cases are discussed and illustrated via examples in Section
6.5. As such, NPI is widely applicable and it is usually straightforward to implement
different censoring scenarios, as briefly discussed and illustrated in Section 6.6 for
a specific progressive censoring scheme. Developing NPI to take into account the
dependence between failure modes could be an interesting and challenging topic for

future research.



Chapter 7

Comparison with terminated tails

7.1 Introduction

There are many situations in statistical practice where the information available
consists of precise measurements of real-valued data only within a specific range,
with in addition the numbers of observations to the left and to the right of this range
available. This can be due to many reasons related to experimental design or some
problems with regard to data collection. For example, a lifetime experiment may be
ended before all units have failed in order to save costs and time, see Chapters 2 and
3, or very small measurements may not be available in risk analyses due to limits
of detection of the measurement method. It may also be the case that complete
data are available, but that the statistician choses to disregard the precise values
of very small or very large observations, often called ’outliers’; due to doubt about
the collection or recording of the data. A further possibility is that only a part of
the data range is considered relevant for the inference, as may occur for medical
diagnostics tests.

Coolen and Yan [27] presented the assumption rc-A,) which is suitable for right-
censored data, see also Subsection 1.3.2. As part of the justification of rc-A,),
Coolen and Yan [27] introduced and justified what they called the assumption fl(n),
which follows from A, and was suitable for data with the upper tail terminated.
In Section 7.3, we will use this assumption, together with similar arguments for

lower tail termination, to derive the assumption related to A, that is suitable and

121
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appropriate for the kind of data considered in this chapter. The assumption rc-
Ay is suitable for data sets with multiple right-censored observations at different
time points. We do not combine terminated tails with such further right-censorings
within the non-terminated part of the data, doing so would not cause difficulties but
it adds little to the presentation of the main ideas and results in this chapter. An
obvious solution is to develop a software package (e.g. in R) to enable calculation
of the NPI lower and upper probabilities for such a scenario. The R commands for
comparing two groups, provided in the appendix of this thesis, can be used as a
starting point.

For the problem considered in this chapter, namely Nonparametric Predictive
Inference (NPI) for comparison of two groups of real-valued data with terminated
tails, we consider the two groups to be completely independent and apply the suitable
A(ny assumption per group, as the basis of our inference. We present NPI lower and
upper probabilities for the event that the value of a future observation from one
group is less than the value of a future observation from the other group.

In Section 7.2, two classical tests are briefly reviewed. The specific details of
NPI for real-valued data with terminated tails are presented in Section 7.3, followed
by the general results for pairwise comparison with such data in Section 7.4. Some
special cases are discussed in Section 7.5, and an example is provided, in Section
7.6, to illustrate the theory presented in this chapter. Some concluding remarks are

made in Section 7.7.

7.2 Classical methods

There are several robust techniques in the literature for comparing two independent
groups. In this section we briefly review two methods for such comparison, following
[37, 80] in definitions and notation. The so-called Yuen-Welch test [82] is based on
comparing the corresponding sample trimmed means of the two groups, it tests
the null hypothesis that the two groups have equal trimmed means. Suppose n,
and n, are the numbers of observations from group X and Y, respectively. Let

be the amount of trimming from both tails, then the remaining observations from
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both groups are h, = n, — 2 |yn,| and h, = n, — 2 [yn,|, where |a] is the largest
integer not greater than a. The trimmed means, calculated from these remaining
observations, are denoted by z; and ;. The Yuen-Welch test statistic is
T _ Tt — Yt
=2
Vdy +d,
where d, = (n, — 1)s3, /he(hy —1) and dy, = (n, — 1)s3, /hy(hy —1). The quantities

52 . and si)y are the Winsorized sample variances, calculated from the sample where

the trimmed observations from the left (right) tail are given the same value as
the smallest (largest) observation from the non-trimmed observations. Under the
null hypothesis, this test statistic 7', has approximately a t-distribution with the
following degrees of freedom,

. &2 2 N\
UT7:<dx+dy)2 <h —1+h zl)
z y

One may want to compare the two groups by testing the null hypothesis that
P(X <Y) =0.5. The well known Wilcoxon-Mann-Whitney test [51] can be used
for this setting. In the case of unequal variances and with ties occurring, one may
use the modified version of the Wilcoxon-Mann-Whitney test proposed by Brunner
and Munzel [14], in which for tied observations the midranks (the average of their
ranks) are used. Let M} (i =1,...,n,) and M] (j =1,...,n,) be the midranks of
X and Y within the pooled sample, let M, and M, be the corresponding means of
these midranks, and let V' and V;/ be the midranks of X and Y within each sample.

Then the Brunner-Munzel test statistic is

The distribution of B is approximately a t-distribution with the following degrees

2 -1
Ug = 5. + i 5. + Sgy
b Ny Ny ni(n, —1)  n2(n, —1)

For more details and for R commands functions, which can be used in calculation,

of freedom,

we refer to [80].
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7.3 NPI with terminated tails

To present NPI for data with terminated tails we need to introduce some notation.
Suppose we have cut points L < U for group X. These cut points divide the n
observations into three parts, where observations which are less than L are not
observed but their number is known, say | = #{z;|z; < L,i = 1,...,n}, and
similarly for observations greater than U, with u = #{x;|z; > U,i =1,...,n}. The
observations between L and U (inclusive) are fully available and their number is
r=#{x|L <x; <Uji=1,...,n}, sol+r+u=n. Throughout this chapter, it is
assumed that the values of L and U do not hold any further information about the
observations in the tails. We should emphasize that when we terminate the data via
the two cut points, we do not remove the observations totally from the comparison
but we only delete any information about the actual position or location of the
terminated observations. So all information that we use about the observations on
the left (right) of L (U) is that their observed values are less (greater) than L (U).

We denote the r observations between these cut points by
—oo<L§x(1)<x(2)<...<x(T)§U<oo

where x(;) is actually the (I 4 ¢)th ordered observation of the whole data set. The

data structure is illustrated in Figure 7.1.

L U
[ H H u
—o0 LT Ty ... TE . ) 00
Figure 7.1: Data structure with terminated tails
For ease of notation, let x() = —00 and z(,;1) = 00, of course these can be set

at any other known bounds for the range of possible values for the observations,
for example z(g) is set to zero when the inferences involve lifetimes. We should
emphasize here that x(,,1) is not the first observation to the right of U. Again, we
present the results assuming no ties in the data, but the method deals easily with

ties as discussed in Subsection 1.3.5. To avoid a further complication, we assume
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throughout this chapter that there are observations in the interval [L, U], so r > 0.
The following theorem gives an assumption directly related to A,), and indeed

implied by A,) taking the specific nature of the reported data into account.

Theorem 7.1 (The assumption Af;)). The assumption Aff@) is that the probability
distribution for a real-valued random quantity X, i, on the basis of the data ter-
minated at two cut points L and U as described above, is partially specified by the

following M-function values:

1

n-+1
(—o0,L) = 4 My, (Uoo)= "
0, =T an X (U, 00 = o i1

n+1($(i)7$(i+1)) = , 1=0,1,...,r

Proof. The justification of Aftn) is similar to the justification of fl(n) given by Coolen
and Yan [26], but that assumption is only for termination of the upper tail of data,
which they then build upon to enable dealing with general right-censored data.
Suppose that we actually had all n observations, and were interested in inference on
Xnt1. Then A,y would assign probability mass 1/(n + 1) for X, to each interval
of the partition of the real-line created by the data. With [ observations left of
L, yet without any further assumptions on where these observations are, it is clear
that a probability mass of [/(n + 1) has to be constrained to (—oo, L). In addition,
there is a probability mass 1/(n+ 1) between the largest observation to the left of L
and (1), the smallest observation in the interval [L, U]. Again, without any further
assumptions, this probability mass can only be assigned to (—oo, z(1)), or, of course,
(2(0), (1)) if another lower limit, x (), of the range of possible values for X, ; is
known. The arguments for the assignment of probability masses at the upper tail
are identical. For the intervals (x(;), 2(4+1)), ¢ = 1,...,r — 1, which are within [L, U],

this assignment is fully in line with the regular assumption A,). ]

The cut points L and U can arise from practical aspects of the experiments or
data collection, or they can be chosen by the statistical analyst, for example to
guard against influence of outliers which may be due to measurement or recording
errors. It is crucial that they do not hold information on the observations in the

tails, apart from this there are no restrictions on how they are chosen. For example,
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they could be chosen to terminate the data by a certain percentage from either a
single tail or from both tails. One could argue that any combination of cut points
together with explicitly observed values between the cut points may contain some
information about data in the tails, for example related to extreme value theory in
statistics [32], but this would always result from additional assumptions, as is always
the case with such extrapolation. In NPI, we typically try to minimize additional
assumptions, hence we make no assumptions about location of observations in the
terminated tails at all. It should be emphasized that, although by terminating the
tails of the data we are focusing on only a part of the real-line, this is only for
as far as the data are concerned. The inferences for the future observation X, .4
are explicitly over the whole real-line (or known part of that, e.g. the non-negative

values for lifetimes).

7.4 Comparing two groups with terminated tails

Suppose that Xi,..., X, , X, 11 are exchangeable real-valued random quantities
from group X and Y1, ...,Y,, , Y, 1 are exchangeable real-valued random quantities
from group Y, with complete independence of the two groups. We use similar
notation as in the previous section, adding an index to indicate the specific group.
Let L, < U, be the cut points for group X and L, < U, for group Y. For each
group, these cut points divide the data per group into three parts. For group X
(Y), there are [, (l,) observations which are only known to be less than L, (L,),
uy (u,) which are only known to be greater than U, (U,), while the r, (r,) ordered

observations between the cut points are fully known and denoted by
—00 < Ly <xy <w9) < ... < xpy) S U, <00

—oo<Ly§y(1)<y(2)<...<y(ry)§Uy<oo

Let 2(0) = y(o) = —00 and Z(, 1) = Y(r,+1) = 00
The NPI method for comparison of groups X and Y is explicitly in terms of future
observations X, 1 and Y;, 1, for which we assume A’E’;z) and A’E’;y), respectively, so

their M-function values follow from Theorem 7.1. The NPI comparison of these two
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groups is based on the sharpest bounds for the probability for the event X, 1 <
Y,,+1 that are in agreement with these M-function values, without making any
further assumptions. These bounds are lower and upper probabilities [1, 76, 79],
denoted by P = P(X,,, 41 < Y;,+1) and P=P(X,, 1< Yy, +1), respectively. These

NPI lower and upper probabilities are given in Theorem 7.2.

Theorem 7.2. Based on data with terminated tails as discussed above, the NPI

lower and upper probabilities for the event X, 1 <Y, 1, are

P=A Z{lw HLs <ypt+ Z Hzg) < ym}} +
=1 i=1
uy{lx 1{LI < Uy} + i 1{$(i) < Uy}} (7.1)
=1
P=A sz{ux 1{Ux < y(j)} + TZT 1{1‘(1-) < y(j)}} + ly{ux 1{Ux < Ly} +
=1 i=1
S 1{ag < B}t 04 n) + ( + D+ )| (72)
=1

where A = ((n, +1)(n, + 1)) 1.

Proof. The M-function values for X, +1 and Y, 41, based on the assumptions A
and Aé%y), respectively, together with the n, (n,) observations for group X (Y), are,

according to Theorem 7.1,

1 :
Man+1(x(i)7x(i+1)) = 1 1=0,1,... 7,
o w
ManJrl(_OO;LJ;) = - 1 and ManJrl(UCC?OO) — - 1
1 :
MYny+1(y(j); y(j+1)) = n——|-1 , J = O, 1, sy Ty
Yy
! U
M —00, L) = —* d M U -
Yny+1( 00, Ly) ny + 1 an Yny+1( y» 00) ny + 1

The probability for the event X, 11 < Y, 41, ie. P = P(X,, 41 < Y, 41), can be

written as

P =P (Xn,+1 <Yn41,Yn41 € (—00,Ly)) + P (Xp, 41 < Y41, Yn, 41 € (Uy,))

+ Y P (Xo1 < You1, Yo, 1 € (40, yin))
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The NPT lower probability for the event X,, 11 <Y, 1 is obtained as follows:

P> P(X,,41 < —oo)nyli 1 + jﬁ;P(Xnﬁl < y(j))ny 1 + P(Xp,41 < Uy)nyui 1
> A Zy {lz HLe <y} + Z W <y} + e H{oo < y(j)}} +
=0 i=0
Uy {lm 1{L, < U} + sz iy < Uyt +uy 1{oo < Uy}}
i=0
=A i{lx 1{Lm<y(j)}+i1{a:(i)<y(j)}}+uy{lx 1{Lx<Uy}+i1{x(i)<Uy}}
j=1 i=1 i=1

The first inequality follows by putting all probability masses for Y,, ;1 corresponding
to the intervals (—oo, Ly), (y(), Yi+1) ( = 0,...,7y) and (U, 00) to the left end
points of these intervals, and by using Lemma 1.4 for the nested intervals. The
second inequality follows by putting all probability masses for X, 1 corresponding
to the intervals (—oo, L), (@), T@u41)) (¢ = 0,...,7r;) and (Ug, 00) to the right end
points of these intervals. The upper probability is obtained in a similar way, but now
all M-function masses for the random quantities involved are put at the opposite

end points of the respective intervals, which leads to

Ty

l U
P<P(X, 1 <L Y P(Xp 41 < Ypinn) —— + P(X, 11 < Y
— ( z+1 y)ny + 1 + J;O ( z+1 y(]“rl))ny + 1 + ( z+1 OO)ny + 1
l 1 uy, + 1
= P(X,, 41 <L z P(X,. 11 <y Y
(Xnpt1 y)ny—|—1+; (Xnpt1 y(])>ny+1+ny+1
< Al {zx 1{—0c0 < Ly} + > g < Ly} +u, 1{U, < Ly}} +
i=0
Z {lx 1{—00< y(j)}+z Hazp < yy) b+ ue H{U< y(j)}}+(uy+1)(nm+1)
j=1 i=0
Al {z Vo < L)+, 10 < Ly}} 5 {z o < ) +
i=1 j=1 Li=1

up KU, < y(j)}} + (b + 1)y +1y) + (uy + 1)(ng + 1)

]

It is straightforward to show that these NPI lower and upper probabilities satisfy
the conjugacy property. These NPI lower and upper probabilities are the most
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conservative lower and upper bounds that correspond to all possible orderings of
the data in the terminated tails. Hence, if L, or L, increases, or U, or U, decreases,
the number of data in the terminated tails can increase (it cannot decrease), which
could lead to decrease (but not increase) of the lower probability (7.1) and to increase

(but not decrease) of the upper probability (7.2).

7.5 Special cases

An advantage of presenting the general result of this chapter, in Section 7.4, is that
many important inferential problems are special cases of such comparisons with
terminated tails, hence the NPI comparison methods for such special cases follow

immediately from Theorem 7.2. In this section, we briefly discuss four special cases.

1. Equal lower and upper tails termination.
If L, =L, =L and U, = U, = U, then the NPI lower probability (7.1) and
upper probability (7.2) are

D= AN Uag <up) Ll +uy) + e,
Lj=1 i=1

P o= AN Hap <ypt+ G+ Dy +ry) + (uy + 1) (n, + 1)
Lij=1 =1

This situation enables a straightforward analysis of the numbers of observations in
the two groups for which the exact information could be deleted by terminating
the tails, whilst still achieving P > 0.5, which might be interpreted as a strong
indication that X, 1 < Y, 41. Such a study can be relevant from the perspective
of robust inference, this is briefly discussed in Section 7.7. Suppose that n, = n, = n,
and that the data within the interval [L, U] are maximally supportive for the event
Xng+1 < Yy, 41, meaning that the corresponding NPI lower and upper probabilities
P and P are maximal over all possible configurations of the data for groups X
and Y over this interval. It is easily seen and verified that this holds if all z;’s in
[L, U] are less than all y;’s in this interval. For this situation, P > 0.5 if and only if
(n—ug)(n—1,) > 0.5(n+1)2 For example, this implies that for n = 20 observations

from each group, one could have P > 0.5 if [, = 5 and u, = 5, if the x;’s in the
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interval [L, U] were all less than the y;’s in that interval, but if either I, or u, were
greater than 5, this would not be possible anymore. A further special case of interest
is if the tails were cut off in this manner, with also u, = [, = ¢. Then the above
necessary and sufficient condition for P > 0.5 to be possible (for the maximally
supportive data) reduces to ¢ < (1 —+/0.5)n —+/0.5 = ¢(n). Although this is only a
rather weak result, it does provide some insight into the amount of data that can be
cut in the manner studied in this chapter, in order to still possibly get a strong result
for the comparison of the two groups. Stated differently, if the tails termination leads
to the exact information for more observations to be discarded than ¢(n) from both
tails of both groups, then a strong indication of preference for one group over the
other (P > 0.5) cannot follow anymore within the NPI framework. Of course, in
most situations the data within the interval [L, U] will not be maximally supportive
for the event X, 11 <Y, 41 in the way considered here, and generally the number
of observations that can be deleted by terminating the tails without affecting the

inference of interest must be separately studied for each specific data set.

2. No lower tails termination, equal upper tails termination.

If there is no lower tail termination for both groups, so L, = L, = —oo and hence
l; = 1, = 0, while the upper cut points for both groups are equal, U, = U, = U,
so with u, = n, — r, and u, = n, — ry, then the NPI lower and upper probabilities
(7.1) and (7.2) are coincide with those obtained in Chapter 2 (Theorem 2.2) for the

application of NPI for the comparison of two groups based on precedence testing.

3. No upper tails termination, equal lower tails termination.

If there is no upper tail termination for both groups, so U, = U, = oo and
Uy = uy = 0, while the lower cut points for both groups are equal, L, = L, = L, so
with [, = n, —r, and [, = n, —r,, then the NPI lower and upper probabilities (7.1)
and (7.2) are

i Ty Tx

Po= A Hag <ygl+ryle
| j=1 i=1

P o= A Y Mg <yyt+ o+ Dny+ (ng + 1)
L j=1 i=1
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This case is important in situations where exact values in the lower tails cannot be
determined, which particularly occurs if measurement equipment has a lower limit
of detection. For example, this frequently occurs in risk assessment with regard to,
for example, food safety and environmental impact of chemicals, where small traces
of chemicals may not be detectable but should still be considered, in particular
in situations of exposure to multiple chemicals. A first study into the use of NPI
in such risk assessments, focusing on a basic exposure model and also considering
combination of NPI for some random quantities with Bayesian methods for others,

has recently been presented by Montgomery [62].

4. Tails termination for one group.

Suppose that the lower and upper tails are terminated for one group, say X,
whilst for the other group, Y, tails are not terminated so all observations from
group Y are available and L, = —o0, U, = o0, l, = u, = 0 and r, = n,. Then the

NPI lower and upper probabilities (7.1) and (7.2) are

P = A Zi:l{x <yt + s Zl{L < Yy) ]

]17,1

P = A ZZI{I <y(J}+U$ZI{U$<y(j)}+ny(l$—|—1)+(n$+1)

Lj=1 i=1

Moreover, if for group X only the lower tail is terminated, so U, = oo, u, = 0 and

l, = ng — ry, then these NPI lower and upper probabilities become

P = A ZZI{JJ )<yj)}+< _rz>i:1{[/w<y(j)}]

Lj=1 i=1 j=1

P=a Zzl{%‘)<Z/(j>}+ny(nx—m+1)+(nx+1)

Lj=1 i=1

An important example from medical statistics where this case occurs is inference
involving a partial area under the Receiver Operating Characteristic (ROC) curve,
which is used to evaluate the accuracy of a diagnostic test which yields ordinal or
continuous test results [34, 69]. The ROC curve can also be used to compare the
accuracy of two or more continuous diagnostic tests. The use of ROC curves for

diagnostic tests can also be considered within the NPI framework, where focus on a
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partial area under the ROC curve relates to the methods in this chapter with tails
termination for one group. Work on this topic is ongoing and we aim to present the
results soon elsewhere.

To end this section, it is worth mentioning the situation without tails termina-
tion, so with complete data for both groups, as presented by Coolen [19]. This is
also a, rather trivial, special case of the general results presented in this chapter,
with L, = Ly, = —o0, U, = U, = 00, l, = uy, = l, = uy, = 0, rp, = n, and r, = n,,
for which the NPI lower and upper probabilities (7.1) and (7.2) are reduced to the

formulae (1.1) and (1.2), in Chapter 1, respectively.

7.6 Example

The following example is used to illustrate the presented NPI approach for compar-
ison of two groups with terminated tails and to discuss the special cases mentioned

above.

Example 7.1. We consider a data set used by Nelson [64, p.462], which gives the
breakdown times of units from 6 different groups. In this example, only the first
two groups are used to illustrate the NPI method for pairwise comparison with tails
termination. The data for these groups are presented in Table 7.1 and Figure 7.2.
Both groups consist of 10 observations, so n, = n, = 10. The first unit of group X
has a reported breakdown time of 0.00, we interpret this as a very small but positive

breakdown time.

X 000 0.18 055 066 071 130 163 217 275 10.60
Y 031 066 154 1.70 182 189 217 224 4.03 9.99

Table 7.1: Breakdown times of units from groups X and Y

Figure 7.2 shows that there are 4 observations (1 in group X, 3 in group Y) which
may be considered as outliers, using the established rule-of-thumb to highlight ob-
servations as possible outliers if they are more than 1.5 times the interquartile range
below (above) the first (third) quartile of the data. The NPI approach presented

in this chapter considers the lower and upper probabilities for the event that the
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Figure 7.2: Breakdown times of units from groups X and Y

breakdown time of a future unit from group X, say Xi;, is less than the breakdown
time Y7, of a future unit from group Y. For both groups the inferences are based
on the assumption Aftm) in combination with the respective data per group, and of
course the breakdown times are non-negative.

If we consider the complete data without any tails termination, then the NPI

lower and upper probabilities [19] are

P(X11 < Y1) =0.5372, P(Xy; <Yyp)=0.7273

If one instead considers the event Y;; < Xj;, then the NPI lower and upper proba-
bilities are

B(}/u < Xll) = 02727, P(Yil < X11) = 0.4628

which is in line with the conjugacy property for lower and upper probabilities [76].
The fact that P(X3; < Y11) > 0.5 can be interpreted as a strong indication that
group Y is better, in the sense of leading to longer breakdown times, than group X.
This data set contains two pairs of tied observations, at 0.66 and 2.17. To deal with
this, we follow the argument mentioned in Subsection 1.3.5.

Let us consider termination of these data by setting cut points L, = 0.5, U, = 9
and U, = 10, so we terminate one observation from the upper tail from each group

and one observation from the lower tail from group Y. This just means that for these
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observations the exact value is not taken into account, which might have happened
if indeed the measurements in these tails were not available, or for example if one
would have severe doubts about the accuracy of observations in these tails. The

corresponding NPI lower and upper probabilities are

B(Xll < Y11> = 05207, P(Xll < 3/11) = 0.7355

Now suppose that we want to exclude the effect of the 4 possible outliers as
discussed above, which can for example be achieved by cut points L, = 0.5, U, = 4

and U, = 10, This leads to NPI lower and upper probabilities

B(Xll < }/11> = 05207, P(XH < 5/11) = 0.7438

Compared to the situation discussed above with U, = 9 and the other cut points the
same, one more observation is now terminated from the upper tail of group Y. The
effect of this is that the NPI lower probability for the event Xi; < Y;; remains the
same, but the NPI upper probability increases, so the imprecision (P — P) increases
due to more observations being terminated. Again, there is a strong indication that
group Y is better than group X.

If all units were put simultaneously on the lifetime experiment and this is ter-
minated at time 4, so U, = U, = 4 with no termination of the lower tails, then for
all units with observations greater than 4 the actual observations would not have
been available, instead we would only have right-censored observations at time 4 for

these units. The corresponding NPI lower and upper probabilities are

P(Xy, < Yiy) = 05372, P(Xy; < Yip) = 0.7438

This lower probability exceeds 0.5, hence one may reach the same conclusion as
discussed above for the case that the experiment had not been terminated. By
terminating the experiment at time 4, 3 units have not broken down and could
possibly be used for other purposes, and, possibly more importantly, reducing the
time of the experiment may lead to cost savings. Actually, we could have ended the
experiment earlier while still getting the lower probability greater than 0.5 (and this

could not decrease by running the experiment longer), as e.g. ending the experiment
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at time 2.18, so with U, = U, = 2.18, would lead to 5 units not having broken down
and NPI lower and upper probabilities

P(Xy;, < Yi1) = 05207, P(Xy; < Yi1) = 0.7603

If the experiment had been ended before time 2.17, the NPI lower probability for
the event X;; < Y7; would be less than 0.5. For example, with U, = U, = 2.16 the

NPI lower and upper probabilities are

_P(Xll < lel) = 0.4959, P(X11 < lel) = 0.7769

If we terminate both tails of the data at the same cut points for both groups,
for example with L, = L, = 0.5 and U, = U, = 4, then two units would have been
terminated from the lower tail of group X and one unit from its upper tail, while
for group Y one unit would have been terminated from its lower tail and two units

from its upper tail. Then the corresponding NPI lower and upper probabilities are

B(Xn < }/11> = 0.5207, P(Xll < 5/11) = 0.7438

These discussed cases illustrate that, as discussed at the end of Section 7.4,
the NPI lower (upper) probability is maximal (minimal) when all observations are
exactly included in the comparison, while deleting some of the exact information
leads to increased imprecision. This example also makes clear that varying the cut
points may have no, or only a very small effect on the actual inference. Clearly,
the lower and upper probabilities considered can only change if a change in cut
point is such that it leads to more or fewer observations in the terminated tails. For
example, for any specific cut point U, between 2.75 and 10.60 in this example it does
not matter that the actual largest observation of group X was 10.60, the inferences
would have been the same if it were any larger value.

Before ending this example it is interesting to report some results of the classical
methods presented in Section 7.2. For the Yuen-Welch test, Ty09 = 1.67 and 1.0 =
1.24 with corresponding p-values 0.141 and 0.235, respectively, so at 5% significance
level we do not reject the null hypothesis that the trimmed means of the two groups
are equal. The same conclusion is obtained from the Brunner-Munzel test where

B = 1.21 and the p-value is 0.244. A
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7.7 Concluding remarks

In this chapter we have introduced NPI for comparison of two groups of real-valued
data with tails termination, which brings together a number of important applica-
tions of statistics. The main contribution of this chapter is in simultaneously dealing
with possible termination of the lower and upper tails, which was not considered
from the NPI perspective before, and which enables several important special cases
to be brought together as shown in Section 7.5. We have kept presentation relatively
basic, there are several generalizations which are important for statistical practice,
and which are relatively straightforward but which require far more complicated
notation. For example, the NPI approach presented here can quite easily be gen-
eralized to comparison of more than two groups, and it is also conceptually easy
to deal with further right-censored observations within the data by using the more
general M-functions following from rc-A, [27].

The problem considered in this chapter could be considered as a special case of
pairwise comparison based on interval-censored data, such that each observation is
only known to belong to an interval (which may be a single point or open-ended).
The NPI approach for this general problem is not straightforward, and provides an
exciting challenge for future research. The main problem is that the assumption
rc-Ag,) does not have a straightforward generalization to deal with finite upper
bounds for the interval-censored data nor for dealing with (partially) overlapping
intervals corresponding to different observations. One could derive bounds for the
probabilities of interest by assuming that the data for one group are as large as
possible and for the other group as small as possible, and then apply the method of
Coolen [19] for such specifically assumed data, but that would lead to wide bounds
as it would neglect the exchangeability of censored data with other observations
from the same group.

There are interesting links between NPI and methods from the robust statistics
literature (see e.g. [10, 39, 43]). The NPI method for pairwise comparisons for real-
valued data presented in this chapter only takes the ranks of the non-terminated
observations into account, and as such it is insensitive to outliers even without tails

being terminated. By terminating the tails, the focus shifts explicitly to the informa-
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tion in the non-terminated part of the data, which has some conceptual similarities
to robust statistics procedures such as trimmed means. However, our method does
not disregard the fact that there are observations in the terminated tails and it takes
the numbers of such observations into account, making such tails termination differ-
ent from truncation of the tails, which refers to situations where such numbers are
not available. As illustrated in Example 7.1, one can study how many observations
can be in the terminated tails in order to still get similar inferences, in particular

we considered the NPI lower probability for the event of interest to still exceed 0.5.



Chapter 8

Conclusions

In this thesis we have presented Nonparametric Predictive Inference (NPI) for several
comparisons problems. We introduced NPI for comparison of multiple groups of data
including right-censored observations. Different right-censoring schemes discussed
are early termination of an experiment, progressive censoring and competing risks.
Several selection events of interest are considered including selecting the best group,
the subset of best groups, and the subset including the best group. We also discussed
the situation when only a part of the data range is considered relevant for the
inference, with in addition the numbers of observations to the left and to the right
of this range available. In the appendix, we have included the R commands that have
been used for calculating NPI lower and upper probabilities for different multiple
comparison problems.

NPI is a fully nonparametric statistical approach, which explicitly does not use
any information or assumptions about the random quantities of interest other than
the relevant A, or rc-A,) assumptions per group. These inferences have a frequen-
tist justification, but explicitly use the available data and do not require the use of
counterfactual data (i.e. data that could have occurred, under a specific experimen-
tal set-up, but which did not occur), which for example happens in many frequentist
methods for hypothesis testing.

Our method has the advantage that the comparison is not based on testing the
hypothesis of equality of the distributions, which, although a well established ap-

proach in classical statistics, is a somewhat surprising starting point as the reasons
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for making a comparison of different groups may make it very unlikely that ob-
servations from all groups would actually have identical distributions. In addition,
in both cases of rejection or not of such a hypothesis, it is not clear what such a
conclusion implies for the next future observation. Application of our method leads
to lower and upper probabilities for certain events of interest, which enables con-
servative decisions by basing these on the worst possible situation for the event of
interest.

A further advantage is related to the similar general advantage of statistical
methods that adhere to the likelihood principle, for which stopping rules tend not
to affect the inferences, and is a direct consequence of the fact that no hypotheses
are being tested, hence no counterfactual data play any role. Of course, one must
be happy to accept the assumptions, related to exchangeability, underlying NPI. In
addition, one does not have to restrict attention to specific censoring schemes as
presented in this thesis, as censoring can take place at any time without causing
problems for the NPI approach, as long as the censoring mechanism is independent
of the lifetime random quantities, and as long as one can reasonably assume complete
independence of the groups being compared.

As for any new statistical method, it is important to consider how it can be
applied. Of course, the assumption A,y per group is crucial, if for example the data
or knowledge about underlying processes are such that one does not consider the
exchangeability assumption, implicit to A,), to be appropriate, then this method
should not be applied. All classical nonparametric methods in such applications tend
to agree with this exchangeability assumption, but require additional assumptions
(e.g. similarities in the probability distribution functions corresponding to different
groups). One may well think that, in most applications, there is knowledge about the
process and groups considered that can or should be taken into account, which NPI
does not take on board. However, in all cases NPI can be considered to be a ‘base-
line method’,; it provides inferences without further assumptions or information, and
this enables, for example, useful study of the outcomes of other statistical methods.
If other methods lead to conclusions which differ substantially from those following

from the NPI approach, then this will be due to the assumptions underlying the
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other method, which may often not have been made under complete awareness but
more for mathematical convenience. Also, it is important to be aware of the fact
that problems which appear to be identical are often formulated in substantially
different manners in different statistical methods, with each method affected by
specific features of the data. As such, we would strongly recommend the use of
several statistical methods for a problem of interest, followed by careful study of the
resulting inferences. If these all point in the same direction, then one can have great
confidence in the inferences, but if not the value of such an extensive study may
well be even greater, as detailed understanding of the different outcomes is likely to
provide more insight in the data and the actual inferential problem, as well as in
the different methods used.

The results presented in this thesis show how NPI can be applied to a variety
of problems which have been considered in the literature, mostly from classical
frequentist perspective and which are of great relevance in many applications. Most
of these problems involve multiple comparisons, and generally NPI provides exciting
opportunities for such problems via explicit focus on the next future observation per
group.

In addition to applications to a wider variety of problems, there are many re-
search challenges for the further development of NPI. These include the option to
base inferences on more than one future observation per group, which is conceptu-
ally easy although one must not forget to take account of the fact that these future
observations are inter-dependent. An interesting challenge is the requirement to
formulate appropriate predictive events of interest for a variety of inferential prob-
lems, which in this thesis was a rather straightforward comparison of the single next
observations per group. Often, however, such predictive inferences may be more
in line with intuition than established statistical methods such as hypothesis test-
ing. More generally, development of NPI for multivariate situations, including data
with covariates, is a key challenge that promises exciting research opportunities, the

results of which are strongly needed to enhance wide applicability of NPI.



Appendix A

An illustrative example of rc-A<n>

The following example is provided to illustrate the assumption rc-Ag,, the full
theory is presented by Coolen and Yan [27].

First, suppose we have n = 5 observations which create 6 intervals, and all
5 observations are failure times. Then the assumption A implies that the next
observation Xg will fall in any one of these intervals with probability 1/6.

Now suppose that one of these observations is right-censored at time ¢, so we
have 4 failure times, then Ag) cannot be used directly but we can use rc-Ags),
which is explained in detail in Figure A.1. As first step, shown in Figure A.1(a),
the probability masses for the intervals created by the 4 failure times are equal
to 1/6. There is also a probability mass 1/6 spread over the interval (c,00) since
all we know, without making any further assumptions, that the lifetime of this
observation will be at any point beyond ¢ (see fl(n) assumption in [27, p. 32]). We
assume non-informative censoring, which means that the residual lifetime of this
censored observation is independent of the censoring process. Therefore, one can
apply A(g) but with the starting point shifted from 0 to the censoring time c, see
Figure A.1(b) (see shifted-A, assumption in [27, p. 33]). This gives 3 equally likely
possibilities for the actual lifetime of the censored observation, say x., see Figures
A.1(b.1-b.3). In the case of Figure A.1(b.1), for example, this censored observation
falls somewhere between (¢, x3), so the probability mass for X4 that was assigned to
the interval (x5, x3) (in Figures A.1(a-b)) would now be reassigned to the interval

(2, z.) instead. Moreover, the probability mass that was carried forward by the
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censored observation, ¢, would now be assigned to the interval (z.,x3). Without
further assumptions, x. is in (¢, x3) with probability 1/3, so a probability mass
equal to 1/18 will be assigned for Xg to belong to the interval (¢, z3). For the case
where the censored observation falls between (z3,x,), Figure A.1(b.2), or between
(24,00), Figure A.1(b.3), the explanation is the same. So the rc-A) assumption

results by combining these probabilities per interval as shown in Figure A.1(c).

(oI
(NI

Figure A.1: rc-A(s) with one censored observation

Let us now consider the case with two censored observations and 3 failures.
Using the same first argument as above (i.e. the 121(5) assumption) leads to Figure

A.2(a). That is each censored observation carries forward probability mass 1/6.
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Figure A.2: rc-A(s) with two censored observations

Again by applying the shifted—fl(g,) assumption, the probability mass corresponding
to the first censored observation, c;, is divided equally to the intervals to the right
of ¢;. And since there is another censored observation, ¢y, and all we know about
the lifetime corresponding to this censored observation is that it will be at any
time beyond ¢y, then this probability mass resulting from ¢; will be assigned to the
interval (¢, 00), see Figure A.2(b). Now there is a total probability mass 1/6+1/18
assigned to the interval (cg, 00). Again by applying the shifted—fl(g,) assumption, this
probability mass will be divided equally to the sub-intervals in (c2,00), see Figure
A.2(c). Then by using the same argument as above (i.e. Figure A.1), the rc-As)
assumption results by combining these mass probabilities per interval as shown in
Figure A.2(d). This can also be interpreted along the same lines as the probability
redistribution algorithm for right-censored data as introduced by Efron [35] and also

discussed by Coolen and Yan [27].
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R programs

B.1 NPI for multiple comparison of lifetime data

# NPI for comparing several groups (complete data, right censoring, precedence,

# progressive, competing risks).

# Data consist of a list of groups, X11, X22,..., each of them is a matrix where
# the first column is the lifetime and the second column is the state of this

# observation;1 if failure & O if censored.

# S is the set of best group(s) or that includes the best group, e.g. S<-c(1,2,3).
# The length of S is three groups however one can easily extended, i.e. repeat

# the related commands.

# data<-1list(X11,X22, ...)

best.select <-

function (data, S)

{
k <- length(data)
jk <- 1:k
NS <- jk[-S]

1s <- length(S)
1ns <- length(NS)
X.c <- function(X) { # to get the censored data
ifelse(length(X[X[, 2] == 0, 1) > 2, x1 <- X[X[, 2] ==
0, 1[0, 11, x1 <= X[X[, 21 == 0, 1[1D)

return(x1)
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X.u <- function(X) { # to get the failure data
ifelse(sum(X[, 2] == 1) == 1, x1 <- X[X[, 2] == 1, 1[1],
x1 <= X[X[, 21 == 1, 1[, 1)

return(x1)

Xul <- function(X) { # all censored, no failure occurs
ifelse(sum(X[, 2] == 1) == 0, Y <- Inf, Y <- cX.u(X),
Inf))

return(Y)

Xt0 <- function(X) {

Y <= c(0, X[, 11D

return(Y)
}
data0 <- lapply(data, Xt0) # add zero to the lifetime tO
data.u <- lapply(data, Xul) # to get failure data
m2 <- function(data) { # create all possible values

XX <- NULL

for (i1 in 1:length(datal[1]1]1)) {

for (i2 in 1:length(datal[2]1]1)) {
XX <- rbind(XX, c(datal[[1]]1[i1], datal[2]1][i2]))

}

return (XX)
}
m3 <- function(data) {

XX <- NULL

for (il in 1:length(datal[1]1])) {

for (i2 in 1:length(datal[[2]])) {
for (i3 in 1:length(datal[[3]1])) {
XX <- rbind(XX, c(datal[1]]1[i1], datal[[2]]1[i2],
datal[3]1][i31))

3

return (XX)
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# calculate the product terms to use later for Mfun and prob
cond <- function(X, y) {
P1 <- NULL
n <- nrow(X)
Xc <= X.c(X)
ncc <- function(X, cr) { # calculate the term in the product term
(sum(X[, 1] >= cr) + 1)/sum(X[, 1] >= cr)
}
cr.obs <- Xc[Xc < y]
n.cr.obs <- length(cr.obs) # calculate the condition under the product term
ifelse(n.cr.obs == 0 | sum(X[, 2] == 0) == 0, P1 <- 1,
for (j in 1l:n.cr.obs) {
P1[j] <- ncc(X, cr.obs[j])
)
P3 <- prod(P1)/(n + 1)
return(P3)
}
# calculate Mfun and prob
Mfun <- function(X) {
Y <- rbind(c(0, 1), X)
ny <- nrow(Y)
Mu <- NULL
for (i in 1:ny) {
Muli] <- (sum(X[, 1] >= Y[, 11[i1))~ (Y[, 2][i] -
1) * cond(X, Y[, 1][i])
}
return(Mu)
}
Prob <- function(X) {
Y <- Xul(X)
ny <- length(Y)
P4 <- NULL
for (i in 1l:ny) {
P4[i] <- cond(X, Y[il)
3

return(P4)
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# To calculate X<Y times M-function or Prob
funl <- function(X, Y, MP) {
d <- matrix(0, length(X), length(Y))
for (i in 1:length(Y)) {
for (j in 1:length(X)) {
dlj, 1] <- sum(X[j] < Y[i])

}
dl <- MP Y% d
return(dl)
}
MM <- lapply(data, Mfun)
PP <- lapply(data, Prob)
# m=1
if (1s == 1)
XL <- unlist(dataO[S])
if (1s == 1)
XU <- unlist(data.u[S])
if (1s == 1)
MMS <- unlist(MM[S])
if (1s == 1)
PPS <- unlist(PP[S])
# m=2
if (1s == 2)
XL <- m2(data0[S])
if (1s == 2)
XU

A
|

m2(data.ulS])
if (1s == 2)

MMS <- m2(MM[S])
if (1s == 2)

PPS <- m2(PP[S])
# m=3
if (1s == 3)

XL <- m3(dataO[S])
if (1s == 3)

XU <- m3(data.ulS])
if (1s == 3)
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MMS <- m3(MM[S])

if (1s == 3)

PPS <- m3(PP[S])

ifelse(ls == 1, prod.M <- MMS, prod.M <- apply(MMS, 1, prod))

ifelse(ls == 1, prod.P <- PPS, prod.P <- apply(PPS, 1, prod))

# compute the minmum in subset best case

ifelse(ls == 1, Min.XL <- XL, Min.XL <- apply(XL, 1, min))

ifelse(ls == 1, Min.XU <- XU, Min.XU <- apply (XU, 1, min))

# compute the maximum in subset include the best case

ifelse(ls > 1, Max.XL <- apply(XL, 1, max), Max.XL <- XL)

ifelse(ls > 1, Max.XU <- apply(XU, 1, max), Max.XU <- XU)

# Select the best groups & the subset include the best

Lprob <- function(y) {

}

sl <- NULL
ifelse(lns == 1, sl <- funl(unlist(data.u[NS]), y, unlist(PP[NS])),
for (j in 1:1ns) {

sl <- rbind(sl, funi(data.u[NS][[j1], y, PPINSIL[[j]11))

b
ifelse(lns > 1, Z <- sum(apply(sl, 2, prod) * prod.M),
Z <- sum(sl * prod.M))

return(Z)

Uprob <- function(y) {

}

s2 <- NULL

ifelse(lns == 1, s2 <- funl(unlist(dataO[NS]), y, unlist(MM[NS])),
for (j in 1:1mns) {

rbind(s2, funl(dataO[NSI[[jl1], y, MM[NSI[[j11))

s2 <
b
ifelse(lns > 1, Z <- sum(apply(s2, 2, prod) * prod.P),
Z <- sum(s2 * prod.P))

return(Z)

print (c("Lprob.best", "Uprob.best", "Lprob.include", "Uprob.include"))

return(round(c(Lprob(Min.XL), Uprob(Min.XU), Lprob(Max.XL),

}

Uprob(Max.XU)), 4))

### END ###
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B.2 NPI for comparing two groups with termi-

# NPI for comparing two groups, Terminated tails (Y is the best group)

nated tails

ttfun <-

function (X, Y, Lx, Ux, Ly, Uy)

{

# Data & choose the cut points

nx <- length(X)

ny <- length(Y)

nly <-
nuy <-
nry <-
nlx <-
nux <-

nrx <-

sum (Y
sum (Y
sum (Y
sum (X
sum (X

sum (X

Yr <- Y[Y >=

Xr <- X[X >=

Mlx <-
Mrx <-
Mux <-
Mly <-
Mry <-

Muy <-

funl <- function(X, Y,

d <- matrix(0, length(X), length(Y))

< Ly)
> Uy)
>> Ly & Y <=
< Lx)
> Ux)
>=Lx & X <=
Ly & Y <= Uy]
Lx & X <= Ux]

nlx/(nx + 1)

Uy)

Ux)

rep(1, nrx)/(nx + 1)

nux/(nx + 1)

nly/(ny + 1)

rep(1, nry)/(ny + 1)

nuy/(ny + 1)

MP) { # To calculate

for (i in 1:length(Y)) {

3

for (j in 1:length(X)) {

dl <- MP %x% d

return(di)

}

# Lower and Upper prob. that Y is the best

YU <- c(Yr, Uy)

XL <- c(Lx, Xr)

dlj, il <- sum(X[j]1 < Y[il)

X<Y times M-function
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YL <- c(Ly, Yr)
XU <- c(Xr, Ux)
Lprob <- sum(funi(XL, YU, c(Mlx, Mrx)) * c(Mry, Muy))
Uprob <- sum(funl (XU, YL, c(Mrx, Mux)) * c(Mly, Mry)) + ((nx +
1) * (ny + 1))°(-1) * ((nlx + 1) * (nly + nry) + (nuy +
1) * (nx + 1))
return(round(c(Lprob, Uprob), 4))
}
### END ###
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