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Fisher information in ordered data: A review

GANG ZHENG*, N. BALAKRISHNAN' AND SANGUN PARK?

Fisher information is a fundamental concept of statisti-
cal inference and plays an important role in many areas of
statistical analysis. Research in Fisher information in order
statistics started around 1965 by John Tukey. Recently, the
research in this area has been extended from classical order
statistics and Type-I and Type-II censored data to other sit-
uations, including hybrid censoring, random censoring, pro-
gressive censoring, record values, and concomitants, with
new applications in genetic linkage analysis. In this article,
we provide a comprehensive review of various developments
concerning the theory and applications of Fisher informa-
tion in ordered data, show how Fisher information provides
insight into properties of many statistical procedures involv-
ing order statistics.
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1. INTRODUCTION

Fisher information is a fundamental concept in statis-
tical theory and applications. In classical inference with a
random sample, for example, Fisher information appears in
the Cramer-Rao lower bound for unbiased estimators [85].
In many situations with a non iid sample, Fisher informa-
tion also plays an important role. For example, consider a
linear estimate of location using several sample percentiles
[66, 25]. The optimal percentiles that minimize the variance
of the linear unbiased estimate are equivalent to ones that
contain the maximal Fisher information about the location
parameter. In genetic linkage analysis using sib pairs [52],
statistics based on extreme discordant sib pairs are more
powerful than those based on a random sample of sib pairs.
The Fisher information now provides insight as the extreme
discordant sib pairs contain more Fisher information about
the linkage parameter, the recombination fraction, than ran-
dom samples with equal sample size.
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Calculation of Fisher information contained in a random
sample is simple [85]. We focus on calculation of Fisher in-
formation in many situations involving ordered data. Order
statistics of a random sample (X7, ..., X,,) from a paramet-
ric distribution Fp(z) are denoted as X1, < -+ < Xy,
where 6 is a vector of parameters. Although the defini-
tion of Fisher information in these nonstandard situations
is simple, the calculation of Fisher information is not triv-
ial, as order statistics are correlated and not identically dis-
tributed. The research of Fisher information in order statis-
tics started with Tukey [94]. He examined the sensitivity
of asymptotic efficiency in inference using consecutive or-
der statistics (X1.p, ..., Xg:n) when another order statistic
Xkt1.n was added or Xy, was deleted. The sensitivity that
he derived is related to the asymptotic Fisher information in
order statistics, which has important applications in asymp-
totic inference using L-statistics, spacings, and Type-II cen-
sored data [26, 6, 70, 30]. Mehrotra et al. [68] simplified the
calculation of exact Fisher information in Type-II censored
data (X1.n, ..., Xgmn). Park [74] derived an alternative ap-
proach to simplify the calculation of Fisher information in
Type-II censored data by using the Markovian property of
order statistics, which can be applied to obtain Fisher infor-
mation under progressive censoring [106]. The computation
of Fisher information in censored and truncated data was
studied by Escobar and Meeker [35] with applications to life
testing. Iyengar et al. [60] studied Fisher information in a
single order statistic and examined when it contains more
Fisher information than a single random sample. Zheng and
Gastwirth [101] generalized the results of Mehrotra et al.
[68] to any collection of order statistics. The connections
between the exact and asymptotic Fisher information in or-
der statistics were obtained by Takahashi and Sugiura [93]
and Zheng [97]. Asymptotic Fisher information and the re-
currence relations of Fisher information were further studied
by Park [75, 76]. Recently, the research in Fisher informa-
tion in order statistics has been extended to other situations,
including records and concomitants. Fisher information pro-
vides insight into properties of many statistical procedures
in these areas and characterizes properties of the underlying
distributions.

We review Fisher information in ordered statistics from
a known parametric distribution with unknown parameters
and illustrate how the Fisher information in ordered data
provides insight into properties of genetic linkage analysis
using selected sib pairs. The exact Fisher information in
order statistics, ranked set samples, hybrid censored data,
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randomly censored data, and other ordered data is discussed
in Section 2. Asymptotic Fisher information and its re-
lation with the exact Fisher information and applications
are given in Section 3. Section 4 summarizes the charac-
terizations of distributions using Fisher information in or-
der statistics. Applications are given in Section 5. We fin-
ish in Section 6 with discussion and future research in this
area.

2. EXACT FISHER INFORMATION IN
ORDERED DATA

2.1 Definition

Let X = (Xkl:nan2:n7 e 7ka:n), 1 <k < <
k. <n, be a collection of m order statistics from a random
sample of size n from a population with cumulative distri-
bution function (cdf) Fy(x) and continuous density function
fo(z), where 6 is a vector of parameters. The likelihood func-
tion of Xy, is proportional to [30]

(1)

f’fl"'kvn:n(xkl’ s vka)

m m—+1
0.8 H fe(mki) H {Fg(fbkl) - Fe(xkifl)}ki_kiil_lv
i=1 i=1

with —oco = @y, < g, < -+ < 2g,,, < Ty, = 00. Its cdf
is denoted as Fi,...k,,.n- Under the same regularity condi-
tions of Abo-Eleneen and Nagaraja [2], the Fisher informa-
tion (FIM) about the parameter 6 contained in Xy, is given
by

(2)  Ikykyekpn(0) = //(% logfk1k2~~km;n)T
(%log fklkzu.km;n)dFklmkmm.

To distinguish (2) from the asymptotic FIM discussed later,
we refer to (2) as the exact FIM. In the following we focus
on a scalar parameter 6. The results for the FIM matrix
are readily obtained.

2.2 Exact Fisher information in order
statistics

Directly calculating Iy, k,...k,,.n (0) from (2) is tedious and
involves calculation of multiple integrals. Our approaches
for calculating Iy, ky.-k,,.n(0) depend on FIM decomposi-
tions and have three major advantages. Firstly, they sim-
plify and unify the calculation that can be applied to other
ordered data such as randomly censored data, concomitants
and progressive censoring. Secondly, they provide new prop-
erties and applications of FIM in order statistics. Thirdly,
they link the exact and asymptotic FIM which lets us define
the asymptotic FIM from Iy, j,...k,,.n(0) rather than from
studying asymptotic variances.
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The first approach is to decompose Iy k,...k,, .n(f) as a
linear combination of 7;; = E{¢g(Xi:n)Pe(X;:n)}, where
oo(x) = Olog fo(x)/00 [68, 101]. We can show that
Ik kg -k, m(0) involves the moments of the following three
extended hazard functions [68]

B Fj(z;)
hi(i) = — #g(x)
hale) = et
_ Fylay) = Fy(a)
hs(x;, ;) = FZ(xj) - FZ(xi)’

and that these moments can be expressed as a linear com-
bination of 7;; where Fj = 0F/06. For example,

n—1 n
2
i=s+1j=i+1

A simple example is FIM in all n order statistics,

(XI:’IH LRI Xn:n)7
(3) Ilnn(g) = ZZTM = Z’Tii
i=1j=1 i=1
n/o:o{%logfg(x)}zng(x).

For the exponential family of distributions fo(z) =
alz)exp(8T () — C(9)), ¢o(z) = T(z) — C'() and
Tij = E{T(Xin)T(Xjin)} — C"(O) E{T (Xicn) + T(Xjin) } +
{C(0)}*.

In general, a matrix approach is useful for this FIM de-
composition. Define an nxn symmetric matrix 7 = (7i; ) nxn,
where 7;; is given before. From (3), I1...,.n (0) is the trace
of 7, tr(7). To illustrate the use of 7, we consider the FIM
contained in two tails of order statistics (the smallest s or-
der statistics and the largest n — ¢ + 1 order statistics),
(X1 ooy Xsn; Xeeny ooy X ), denoted by In..st...non(6),
s < t. First, we partition the matrix 7 into a 3 x 3 ma-
trix 7 = (79)343, where 71, 722 and 7% are s x s,
(t—s—1)x(t—s—1),and (n—t+1) x (n—t+1) diagonal
submatrices, respectively, corresponding to the three blocks
of consecutive order statistics: by = (X1.n, ..., Xsn), b2 =
(Xst1my-- -, Xe—1m), and by = (X, ..., Xppn). Blocks by
and b3 are two observed tails while by is censored. Accord-
ingly, I1...st...n:n (6) is the sum of three parts, where the first
and third parts, corresponding to the observed blocks by
and by, are tr(t!') = 37 | 7; and tr(733) = 3, 7, re-
spectively. The second part, corresponding to the censored
block by, equals the sum of the off-diagonal elements of 722
multiplied by 1/(t — s — 2), the inverse of the size of the



censored block minus one. Thus,
0) = ZTH +Zm
Z Z Tij-

i1=s+1j=14+1

4) L.

s tmn:n(

tfs—

In summary, when the block is observed, the trace of the
corresponding diagonal submatrix is calculated, while the
sum of off-diagonal elements multiplied by a constant is
used when the block is censored. For example, consider a
random sample of size 10 from the normal distribution with
the location parameter 6. Then 7;; = E(X;.10X,:10), which
can be found using Harter and Balakrishnan [51]. The FIM
contained in the first three order statistics and last three
order statistics can be obtained using (4) as 123 8910:10 =
10 — 2(7’44 + 7'55) + 2(27‘45 + 2746 + Tu7 + 7'56)/3 = 9.4239.
Applying the matrix approach to the Type-II censored data,
(X1, .+, Xsm), which are usually observed in life testing
and to the order statistics in the upper tail, (X;.p, .- ., Xnon)s
we have

s n—1 n
(5) Ilsn(ﬁ) = ZT”—'_% Z Z Tij)
i=1 ST S
2 t—2 t—1
(6) Itn n 2 Z Z Tij + ZT“
=1 j=i+1

Notice that, from (4), (5) and (6), Ii.st..un(8) #
I..s:n(0) + Ii.nn(0). This property would not be eas-
ily obtained by calculating FIM using (2). The reason
that the above matrix decomposition holds generally for
I ke ki, (0) is the Markovian property of order statistics
(see David and Nagaraja [30]: pp. 17-20).

The second approach is to decompose Ig k,...k,,.n(0) as
a linear combination of I;;(0) (see Park [74, 76]). Let A;
and Ay be any two sets such that A; (A2 # 0 and in
be the indicator function of the set A. Then i, A, =
1A, +i4, — iAl Ay If the elements of A; and A, are or-
dered ranks of order statistics, then the Fisher informa-

tion has the same decomposition, I, U Ay (0) = La,:n(0)+
Ta,n(0) — IAlﬂAzzn(g)' For example, A; = {1,...,t} and

= {s,...,n}, s < t. Then I1..n:n(0) = L..t:n(0) +
Is.nn(0) — Is..t.n(0). Likewise, the FIM contained in the
sample median X,,.,, (n = 2m — 1) may be written as

= Ismmn(0) + It (0) — Is...t:n (0)

—

for 1 < s <m <t < n.In general, let A; be a set of ordered
integers such that A; (N A; # ¢, and A = Ule A;. Then the

following FIM decomposition holds:

k k—1
IA:n(e) = Z IAzn(e) - Z IA,Lv ﬂAiJrl:n(g)’
i=1 i=1

Applying (7), Ik ky-k,,:n(0) can be decomposed as linear
combinations of double integrals I;;., ().

The second approach actually uses the conditional FIM
in order statistics. Note that Iy..,.,(0) = I1..n(0) +
Igiq.m)sin(0), where Igiq.. .50 (0) is the conditional FIM
in Xsy1m,--->Xnm given Xg.,,, which is written as
Iiy.m)sn(0) = (n — s)E{ga(X(s))}, where

go() = /°° { % log 1) foly) 4

2

1— Fg(x) } 1-— Fg(l’)
This result is easy to use for life time distributions as the
hazard function is used. It can also be used to obtain the
asymptotic FIM in Type II censored data. For example,
for the exponential distribution with a scale parameter 6,
I 1. pjsin(0) = (n — s)/6? by the lack of memory property.
Hence, I;...c.n(8) = s/62. Several applications of this result
will be discussed later.

It is well-known that there are several recurrence rela-
tions and identities between cdf’s of order statistics. FIM
decompositions can be instantly written in terms of recur-
rence relationships [74]. Two examples using the recurrence
of cdf’s of order statistics are given here. From Cole [28],
Frno1=""F.pn+ 5 Fry1:, which yields the FIM decom-
position: nly...pp—1(0) = (n—r—1)11...;n(0) +711...rp1.0(6).
Using Srikantan [89],

(7)

n—1

Frp1 = Z (71)iin+rci—1,n—r—1Cn—1,iF1:i7

i=n—r

where C;; = /(317 — 9)1), L.n,(8) can be written in
terms of FIM in the smallest order statistic as I,..,(f) =
St (D) TG g 1O i 10:4(6), where I4(6)
is calculated using Efron and Johnstone [33], who studied
the FIM in a random sample in terms of the hazard function

ho(z) = 110%(:()%)

as

(8) L (6) = /OO {369 log fo(x )}deg(x)

_ /m{ge log hg(x) } Py (z).

As the hazard function of Xi., is n times that of X,
I.,(0) = E{0log hg(X1.,)/00}?. The last FIM decomposi-
tion shows that the FIM in Type-II censored data, I...,-.,, (6),
is determined by the FIM in the smallest order statistics
{111(9),1 = 1, PN ,n}.

Iyengar et al. [60] studied the FIM in a random sample
from weighted distributions with density function f§’(z) =
w(z)fo(x)/E{w(X)}, where fo(z) = a(z) x exp(0T(z) —
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C'(6)) belongs to the exponential family of distributions. The
density of a single order statistic Xg., is a weighted distri-
bution. For the exponential family of distributions fp(x),
they proved that the FIM in Xj., is greater than that in a
random observation X from the density fg(z) if and only if
(k—1)log Fy(x)+(n—k)log{l—Fy(x)} is a concave function
of #. Applying this result to the normal distribution with a
location parameter 6, they showed that Ij.,(0) > I1.1(0)
for k = 1,...,n. It follows that >} Irn(0) > 1. (6),
which is the strong subadditivity property of information
[38, 62]. In Section 2.3, we show that the subadditivity prop-
erty of FIM holds in general and has applications to ranked
set sampling.

The above FIM decompositions can be readily ex-
tended to the multiparameter case. For example, for § =
(01,...,0m), let 75 = (73 (w0, V))mxm be an m x m matrix
with 7 (u,v) = E{¢s,(Xin)de,(X;mn)}, where ¢g, (z) =
0log fo(x)/00,. Then, we only need to replace all 7;; in (4),
(5) and (6) by (735 + 75:)/2.

2.3 Fisher information in ranked set samples

Ranked set sampling (RSS) is an efficient alternative to
simple random sampling (SRS) when sampling units are dif-
ficult and/or expensive to measure but easy to rank without
actual quantification; for example, the heights of trees. In de-
structive analysis, the sampling unit can be measured only
after it is destroyed but it may be ranked visually without
being destroyed. The RSS has wide applications in ecologi-
cal studies, industrial statistics, biostatistics, and statistical
genetics. Many statistical procedures using RSS are shown
to be more efficient than those using SRS with the same
sample size [23]. A RSS of size k consists of independent or-
der statistics obtained from k independent replications. At
the ith replication, a SRS of size k is identified and ranked
ascending without actual measurements as X(i),..., X(x)
where only X ;) is retained for actual measurement. The set
size k is usually small, 2 < k < 5, as the ranking may be
imperfect without measuring. To get a larger sample size,
the previous procedure is repeated m times, so the sample
size is n = mk. The RSS is then denoted as X(y);, ..
for j = 1,...,m. When the ranking is perfect, X(;); has the
same distribution as the ith order statistic X;.; for all j.

For parametric inference, FIM in n = mk RSS is the
sum of FIM in each of m samples, me:l I,.(8), as they
are independent, while FIM in SRS of size n is nl;.1(0) =
mkl.1(0) = mlIy.. . (6). Here, I is used to indicate that
the ranking may not be perfect. Stokes [91] and Chen [22]
proved that Zle I, (0) > Ik (0) for any ranking model
including ranking errors. Under perfect ranking, this is the
subadditivity property of FIM (Section 2.2). Zheng [100]
showed that the subadditivity property of FIM in RSS holds
more generally S/ I*,(0) > I,...x(f), 1 < s <t <k, for
any ranking model. These results show that FIM in RSS is
always more than that in SRS with the same sample size,

- X(k)j
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which provide insight into the properties of parametric in-
ference using RSS compared with SRS. Balakrishnan and
Li [14, 13] considered the ordered ranked set sample (viz.,
the order statistics that arise from a RSS) and discussed
the best linear unbiased estimate (BLUE) based on such an
ordered RSS and its relative efficiency compared to those
based on RSS; they also compared these two schemes in
terms of Tukey’s linear sensitivity measure as well as the
FIM. In particular, they have shown that the ordered RSS
has a higher linear sensitivity compared to the RSS which
simply implies that the BLUE based on the ordered RSS are
more efficient than the BLUE based on the RSS.

2.4 Fisher information in hybrid censored
data

In most life-testing experiments, we can not continue the
experiment until the last failure is observed. So, the experi-
ment is usually terminated when either a pre-fixed censoring
time C' arrives (corresponding Type-I censoring scheme) or
when the rth failure is observed (corresponding to Type-II
censoring scheme).

The Fisher information about 6 in the Type-I censored
data, wherein the censoring time is a constant to be C, is
well-known [44] to be I+(0) as

Io(0) = ”/Oc{ge log hg(z)}zng(x),

while the Fisher information in the Type-II censored data
can be obtained from the Fisher information in order statis-
tics.

Type-I censoring scheme has the merit that the termina-
tion time of the experiment is guaranteed, but the level of
efficiency may be too low or too high since we are uncertain
about the number of failures. On the other hand, Type-II
censoring scheme has the merit that the level of efficiency
is guaranteed (since the number of failures to be observed
is fixed in advance), but the experiment may be terminated
too early or too late since the exact time of the rth failure
is uncertain. For these reasons, we need another censoring
scheme where both efficiency level and termination time can
be controlled. For this specific purpose, a hybrid censoring
scheme, which is a mixture of Type-I and Type-II censoring
schemes, has been proposed; see, for example, Epstein [34],
Chen and Bhattachayya [21], Gupta and Kundu [46] and
Childs et al. [27]. In the Type-I hybrid censoring scheme,
the experiment is terminated when either the rth failure
or a pre-fixed censoring time C' comes first. In the Type-
IT hybrid censoring scheme, the experiment is terminated
when either the rth failure or the censoring time C' comes
later.

The Fisher information in the Type-I hybrid censored
data, where the censoring time is min(X,..,,, C'), can be ob-



tained [96] as

Imin(XTm,C) (9)
C o 2

and the Fisher information in the Type-II hybrid censored
data, where the censoring time is max(X;.,,C), can be ob-
tained [78] as

Imax(XTm,,C) (9) = IC(Q) + Ilrn(e) - Imin(XTm,,C) (9)

However, the efficiency level of the experiment under the
Type-I hybrid censoring scheme may be still too low. To
overcome this, we can let the experiment continue until at
least rth failure (r < s) comes, which is called a general-
ized Type-I hybrid censoring scheme. In a similar manner,
the experiment under the Type-II hybrid censoring scheme
may be terminated still too late. To overcome this, we can
terminate the experiment if a censoring time Cy (C; < C3)
comes, which is called a generalized Type-II hybrid censor-
ing scheme; see Chandrasekar et al. [20].

The Fisher information in the generalized Type-
I hybrid censored data where the censoring time is
max (X, min(C, Xs.p,)) [simply denoted by rV (C' As)] can
be obtained [79] as

Imax(XT:n,min(C,Xsm,))(9)
= Ilrn(e) + Imin(C,Xsm)(Q) - Imin(C,XT;n)(e)a

and the Fisher information in the generalized Type-
I hybrid censored data where the censoring time is
min(max(C1, X,.n—1), C2) can be obtained as

Imin(max(cl,Xr;n),c'g)(o)
= max(claXr:n)(e) + ICQ (9) - max(C2,XT:n)(9)
= 1c0,(0) + Lnin(Ca,x,.) (0) = Imin(cy, X,0) (0)-

2.5 Fisher information in randomly censored
data

Random censoring is commonly encountered in survival
analysis. Let X and Y be lifetime and censoring variables
with cdf’s Fy(z) and Gy (y) and densities fp(z) and gg(y), re-
spectively. Note that, under noninformative censoring, the
censoring distribution G is independent of 6. Informative
censoring, however, may also occur in applications. For ex-
ample, late-stage cancer patients may be given higher doses
of drug who are more likely to be censored due to poor
compliance to the treatment with high drop out rates. Un-
der random censorship, one only observes Z = min(X,Y)
and an indicator 6 = I(X < Y'). Denote the likelihood func-
tion for the pair (Z,6) as L(6; z,0). Under some regularity
conditions, the FIM about 6 contained in (Z,0) is defined

as 1%°(0) = E{0log L(0; Z,5)/00}2, which has been stud-
ied in parametric inference of survival data by Miller [69],
Abdushukrov and Kim [1], Prakasa Rao [84], Gastwirth and
Wang [43], and Zheng and Gastwirth [102].

In practice, n pairs are observed in
(Z1:m, (5[1]), RV (Zn;m 5[n]), where 7., <
are order statistics and dp;) is the indicator for Z;.,. First,
the FIM in n pairs (Zi.n,d};)),4 = 1,...,n can be written
as I7° (0) = nI%9(6). The FIM decompositions still hold
for FIM in randomly censored data [104]. For example, for
the median survival time Z,,.,,, we have

IZ2.0) = 170, (0) + IZ° .. (0) — 17, (9).

In general, let IkZl__,km (0) be the FIM in any censored data
(Ziyms - - - s Zk,,.n) without the indicators. Then, by FIM de-

compositions,
1203 (0) = IZ ., (0) + Ay, (0),

where Ay, ...k, (0) > 0 and the equality holds if and only
if the hazard functions of X and Y are proportional, i.e.,
fG/(gF) is independent of #, which is referred to as the
Koziol-Green random censoring model (KGM) [64, 29, 24].
Thus, under KGM, whether or not an observation is cen-
sored contains no FIM about 6.

Under KGM, Hollander et al. [57] noticed that the asymp-
totic variance of the nonparametric estimator of the sur-
vival function F can decrease as the degree of censor-
ing increases. FIM provides insight into why censoring im-
proves the efficiency of the estimate. Under KGM and in-
formative censoring, the censored data (Z,d) may contain
more Fisher information than the uncensored data X, e.g.,
172 (0) > I, (). The insight was given by Zheng and
Gastwirth [102], who showed that I%°(9) > I*(#) if and
only if

0 2 _
9) /{%log hg(x)} go(x)Fy(x)dx
9 2
> /{% log hg(m)} fo(x)Go(x)dx.
The FIM in X, I (), can then be written as

w o= [ [ rog (@)} fole)da

o 2
— [{g5lozho(@)} fu()Gow)iz
0 2 G
+ /{% loghg(ac)} fo(2)Go(x)dx,
where the first term on the right hand side of (10) is the
FIM in X lost due to censoring and the second term is the
FIM in X not lost due to censoring. Under KGM, the cen-
soring variable Y contains FIM [ {d1log hg (2)/00}* go(a)dz,
among which [ {8log hg(x)/90}> go(x) Fp(x)da is contained
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in (Z,0). Note that (9) indicates that, under KGM when the
FIM contributed from the censoring variable Y is more than
the FIM in X lost due to censoring, the randomly censored
data contain more FIM than uncensored data.

2.6 Fisher information in other ordered data

The research of FIM in order statistics has been extended
to other ordered data, including record data [3, 4, 55, 92, 53],
concomitants [2], and Type-II progressive censoring [106].
The FIM in these ordered data is more difficult to calculate
as their likelihood functions are more complicated than that
of order statistics in (1). Here, we provide a brief review of
recent developments.

One example of record data is Olympic high jump records
studied in Carlin and Gelfand [17]. The upper (lower) record
data consist of a sequence of observed records, each of which
is greater (less) than the previous record, and the record
times to observe the records. Let T; and R; be the ith
record time and upper record value. Given a random sam-
ple of (X1,...,X,), we have T} = 1 and Ry = X;, and
T; = min{j > T;_1;X; > Xr, ,} and R; = Xq, for i > 2.
Lower records can be defined similarly. See Arnold et al.
[7]. Ahmadi and Arghami [3, 4] and Hofmann and Nagaraja
[55] all discussed the FIM contained in n record values and
compared it with the FIM in a simple random sample of n
observations. By considering discrete populations and weak
record values (which are values that are at least as large
as the previous record), Stepanov et al. [92] derived an ex-
act expression for the distributions of such weak record val-
ues and the FIM contained in n weak records. Finally, Hof-
mann and Balakrishnan [53] discussed the k-record values,
which are the kth largest (or smallest) value yet seen in the
original sequence (originally introduced by Dziubdziela and
Kopociniski [31]), and derived the Fisher information con-
tained in such k-record values.

Concomitants arise from ranking bivariate observations
{(X;,Y;) : ¢ = 1,...,n}, where all X;’s are ranked. The
Y wvalue corresponding to the ith order statistic X;., is
a concomitant, denoted by Y[;. Concomitants appear in
many applications. In bivariate life testing, (X,Y") are life-
times of two components of a tested item but X is first
observed. In survival analysis, Y is the indicator whether
or not the observation is censored. It also has applications
in ranked set sampling [90]. Abo-Eleneen and Nagaraja
[2] studied the FIM in a single concomitant Y;; and ap-
plied the results to various bivariate exponential distribu-
tions. In Section 2.3, FIM decompositions were applied to
randomly censored data {(Zk,:n,0[k,));- - > (Zkpins Open)) }-
Likewise, these properties of FIM can be extended to
{(Xkyn, Yia1)s -+ s (Xkpins Yii,)) } and to obtain asymptotic
FIM.

Type-II progressive censoring extends Type-II censoring
and has many applications in life testing [10]. In Type-II
censoring, the first m outcomes of n > m tested items are
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observed. In Type-II progressive censoring, immediately af-
ter observing the ith outcome at time denoted by X;.;n.n, ¢ =
1,...,m—1, R; surviving items are randomly removed from
the test. When the mth outcome is observed at time X,,..m:n,
the rest of the items, R,, = n— Ry —---— R,,,_1, are removed
from the test. The Type-II progressive censored data consist
of X1.memem = (Xtwmeny - -+, Xonemen ). When R; =0 for i =
1,...,m—1and R,, = n—m, it reduces to the usual Type-II
censored data. Denote by Xi...rmim = (X1imems -« Xeomen )
the first r outcomes from Type-II progressive censoring. The
decomposition of FIM using the conditional FIM can be ap-
plied to I1..;mm:m(0), FIM in Xi..ppmm. Zheng and Park
[106] showed that Ii...mm:n(0) = Timn(0) + Iojima (0) +
o+ + Iyj(r=1):m:n(0), where, using the hazard function h,
Ly(s—1ymn(0) = [{0loghg(x)/00} fsm:n(x)dz and the
densities fs.m.n(x) were explicitly given in Balakrishnan
et al. [11]. When applying the results to the exponential
or Weibull distributions with a scale parameter, we have
Ii..rimin (9) =71l (0) .

3. ASYMPTOTIC FISHER INFORMATION

3.1 Asymptotic Fisher information and
inference

Consider a block of consecutive order statistics Xz =
(Xsimy -+, Xtn) of a random sample from cdf Fy(z). The
mean vector and covariance matrix of Xg; are denoted
by p = E(Xs) and ¥ = Var(Xy), respectively. For a
scalar parameter # and some real valued numbers ¢ =
(c1,...,¢—s41), Tukey’s linear sensitivity [94], S(Xs;0),
was defined as S(Xy;6) = sup {(cTu)?/cTSc}. S(Xg;6)
was introduced as a measure of efficiency for unbiased L-
estimators for location-scale family distributions. In fact,
for the location parameter, Nagaraja (1994) showed that,
when s/n — ps and ¢/n — p; as n — oo, S(Xy;0) is ap-
proximately the FIM contained in all observations between
the (100p;)th and (100p;)th sample percentiles of n obser-
vations. The multiparameter version of Tukey’s linear sensi-
tivity was studied by Chandrasekar and Balakrishnan [19].

Like Tukey’s linear sensitivity, asymptotic FIM in order
statistics was usually obtained from the asymptotic relative
efficiency of large sample inferences. Here are some exam-
ples. For location-scale family distributions, the asymptotic
FIM in consecutive order statistics was obtained as the in-
verse of asymptotic variances for L-statistics [26] and for
asymptotically most powerful rank tests [95, 40, 88, 49, 101].
It is also obtained from inferences using Type-I censored
data [36] and Type-II censored data [50, 61, 16, 98, 75] and
other censored data [106].

We give a formal definition of asymptotic FIM, which
is indeed equivalent to those obtained from large sample
inferences mentioned above, but not limited to location-scale
distributions studied, for example, by Chernoff et al. [26].
Denote Ijg,17(f) = I1.1(6) as the FIM in a single observation.



We first consider Type-II censored data (Xi.p, ..., X;.,) and
its FIM I...,-., (). Suppose r/n — p € (0,1) as n — oo. The
asymptotic FIM contained in the lower 100pth percentile of
Fy(x) is defined as

.1
I[O:P](G) = lim _Ilrn(e)

n—oo N

(11)

The proportion of FIM contained in the lower (100p)th per-
centile is Ijg ) (6)/1]0,1)(9). For example, for the exponential
dlstrlbutlon with scale parameter 0, 021;...,..,(0) = r (Sec-
tion 2.2). Thus, 621 ,)(0) = p and Ijgp(6)/Ij0.1](0 ) =p.
So, the proportion of FIM contained in the lower (100p)th
percentile is exactly p. In general, the asymptotic FIM con-
tained in k blocks grouped by percentiles [p1, ¢1], . - ., [Pk, k]
denoted by IU(c [pi,qi](G), is defined as the limit of FIM in

k blocks of consecutive order statistics standardized by n.
By this definition, for example, the asymptotic FIM con-
tained in the median of the distribution is If; 91 /2(0) =
limy, — 00 Imni2m—1(0)/(2m—1). The FIM decompositions can
be directly applied to the asymptotic FIM, e.g., Ijg ,(0) +
I[p71](9) = 1[071] (9) + I[P:P] (0), where I[P,P] (9) is the asymp-
totic FIM in the (100p)th percentile.

3.2 Calculating asymptotic Fisher
information

To calculate the asymptotic FIM from the matrix de-
composition, we only need the following results [93, 97]. Let
r/n—pé€(0,1) and s/n — g € (0,1) as n — oo and g > p.
Under some suitable conditions,

lim — E Tii =
n—oo M

FYa) 9 2
o) {89 log fo(x )} fo(z)dz
“q) o

{/ Ly 0070 )dx}'

When applying the above results to Type-II censored data,
we have

ZZ

i=r j=i+1

lim ——
n—oo n(s — r)

F~'(p)
12 100 = [ {gleeh@]) i

+1%{/ l(p)%fe() }2

which was obtained by Halperin [50] and Bhattacharyya [16]
from asymptotic inference using Type-II censored data. For
location-scale distributions, it was also obtained in Tukey
[94] and Nagaraja [70] from linear sensitivities, Chernoff
et al. [26] from asymptotic inference for L-statistics, and
Zheng and Gastwirth [101] from the correlation of the most
powerful rank test for censored data. Ijg,)(f) can also be
obtained from the decomposition Iy.....,(0) = I1...nun(0) —

Iy 1..n)rin (0) [75] and from the FIM in Type-I censored data
[36]. Expressing (12) in terms of the hazard function hy of X,

F'p) g 2
Tj0.p) (0) Z/ {89 log ho(x )} Jo(z)dz
one extends (8) to Type-II censored data [98]. The FIM
in terms of reversed hazard functions are obtained by
Gupta and Kundu [48]. Takahashi and Sugiura [93]
also studied the rate of convergence for (11). Suppose
r/n =p+o(n~?*7) and v € (0,1/2) is a constant. Then
Lo (0) /n—Ijg 5 (0) = O(n=/2+7). A similar convergence
rate holds for Iuk

o, [piad]

We mention Lfévo simple uses of asymptotic FIM.
In the first example, consider Type-II censored data,
Xiny- ooy Xpm, from cdf Fp(x). When r/n — p € (0,1),
under some regularity conditions, the maximum likelihood
estimate (MLE) of 0 satisfies n'/2(—0) KA N(0,p/I1p 1) (6)).
For example, the first 18 of 23 ordered numbers of million
revolutions of ball bearings before failure are listed here:
17.88, 28.92, 33.00, 41.12, 45.60, 48.80, 51.96, 54.12, 55.56,
67.80, 68.64, 68.64, 68.88, 84.12, 93.12, 98.64, 105.12, 105.84
[67]. Gupta and Kundu [47] indicated that the data can be
fitted by the exponentiated exponential distribution with
pAf fo(z) = aB {1 — exp(—z/B)}*~ exp(—/8), where
a > 0,8 > 0 are parameters. The MLEs for the parame-
ters using the data are & = 3.1953 and 3 = 45.5663. Let
p = 18/23. Thus, I (&) = .0978, Ijg 5 (3) = .001129, and
Iio ) (&,3) = .008765 [99]. In the second example, consider
the percentiles F~1(p;) < -+ < F~!(pg), which are called
k optimal spacings if the variance of an asymptotically best
linear unbiased estimator for location-scale distributions
based on these k percentiles is minimized [73, 26, 66, 25, 12].
To find optimal k spacings is equivalent to finding k per-
centiles that contain most FIM. Using FIM decompositions,
the asymptotic FIM contained in any k percentiles is given
by

k F~Y(pis1) 2
1 +1) 9

I = - -
U'I::l[p“m](e) ;Piﬂ _pi{/F 80f( )dm} ’

where pg = 0 and pi+1 = 1. Thus, the concept of optimal
spacings is not limited to location-scale distributions when
asymptotic FIM is used. Moreover, using the exact FIM, it
is easier to obtain the asymptotic FIM in general situations
than deriving the asymptotic variances.

L(pi)

4. CHARACTERIZATIONS BY FISHER
INFORMATION IN ORDER STATISTICS

Characterization problems have received considerable at-
tention in the literature (see Kagan et al. [63], Azlarov and
Volodin [9], Prakasa Rao [83], Rao and Shanbhag [86]).
The results of exact and asymptotic FIM in order statis-
tics enable us to characterize some distributions using FIM.

Fisher information 107



Let T be the fixed censoring time. Then, Type-I censored
data contain all order statistics up to time T, that is,
Xip <+ £ Xpp £ T and X, 41, > T. The FIM con-
tained in Type-I censored data is equivalent to the asymp-
totic FIM in Type-II censoring Ijg () with p = F~Y(T)
[36]. Gertsbakh and Kagan [44] and Zheng [98] studied char-
acterizations of lifetime distributions F'(z/60) or F(x —6) by
FIM in Type-I and Type-II censored data, respectively, and
showed that the proportion of FIM in the first pth percentile
is a constant p, i.e., Ijg)(0) = plj11(0), if and only if F is
the Weibull distribution when 6 is the scale parameter or
the extreme value distribution when 6 is the location pa-
rameter. Moreover, the hazard function can be factorized
as hg(z) = u(z)v(0) if and only if Iy...,..,(0) = r11.1(0) for
any n > 1 and 1 < r < n. Recently, Hofmann et al. [54]
improved this condition for the factorization of the hazard
function as I1.,(0) = I1.1(0) for any n > 1 and further
obtained similar characterizations for the reversed hazard
function and for record values. On the other hand, Zheng
and Gastwirth [104] showed that results to those of Gerts-
bakh and Kagan [44] and Zheng [98] also hold for randomly
censored data.

It is known that a parent distribution is uniquely de-
termined by the moments of its order statistics {E(X;.,) :
i = 1,...,n} or its subset [18, 82, 8, 58]. The FIM in
order statistics cannot uniquely determine a parent dis-
tribution. For example, order statistics from normal dis-
tributions N(6,1) and N(6 — 1,1) contain the same FIM
about 6. Park and Zheng [80], however, studied the condi-
tion under which the FIM in order statistics can uniquely
determine the parent distribution. Let Fy be the cdf of X.
Define o} (u) = {8F9($)/39}|w:Fe_1(u) for w € (0,1) and
ab(0) = af'(1) = 0. For location and scale parameters,
o (u) = —f(F~(u)) and af (u) = —6~1F~! (u) f(F~!(u)),
respectively, which have applications in robust linear es-
timators [42]. Define n(Fy) = (af)?. For the distribu-
tion function F, I,flmkm:n((‘)) is FIM in m order statistics
from cdf F. Then, using FIM decompositions, for n > 1,
I @) =IE . (0)if and only if n(Fy) = n(Gp). The
result also holds for asymptotic FIM. The function n(Fp) can
be used to define an equivalence relation, which yields the
following results for location-scale distributions. For the lo-
cation (scale) parameter, any two subsets of order statistics
with the same ranks contain the same FIM if and only if
Gz —0)=F(x—0—c) (G(z/0) = F(x/(|c|0))) for some

constant c.

5. APPLICATIONS

5.1 Location-scale distributions and BLUE

For symmetric distributions, the middle order statistics
and the tails of order statistics seem to be more informa-
tive about the location and scale parameters, respectively.
Zheng and Gastwirth [101, 103] studied this problem for
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the normal, logistic, Laplace and Cauchy distributions using
asymptotic FIM, and the results were applied to selecting
order statistics for BLUE for these parameters.

Which block of ordered data contain most FIM about
the location parameter? Consider the FIM I, ;1 ,1(6) of the
four distributions, where ¢ > 0 is the percentage of data
and is fixed. The results show that p = (1 — ¢)/2 (the mid-
dle portion of order statistics) maximizes I, ;4 (€) for nor-
mal, logistic and Laplace distributions. The result does not
hold for the Cauchy distribution. However, the 50% of mid-
dle order statistics contain more than 85% of total FIM
for all four distributions. For the scale parameter, consider
the FIM in two tails I[p,p+q/2]U[l—p—q/2,1—p](9) with fixed

g > 0. The results show that, using at least 30% of or-
der statistics (¢ > 0.30), the extreme two tails (p = 0)
from normal, logistic and Laplace distributions contain the
most FIM about the scale parameter. For the Cauchy dis-
tribution, I[p7p+q/2] U—p—a/2.1-1] (9) is maximized when the

mid-tails are used, p = (1 —¢q)/2. Table 1 reports the FIM in
two-tails for the scale parameter and in the middle portion
of order statistics for the location parameter for Cauchy,
Laplace, logistic and normal distributions. Overall, 40% of
order statistics in two-tails contain more than 80% of total
FIM. However, the middle 40% of order statistics only con-
tain 28%, 37%, 40% and 80% of FIM about the scale param-
eter for normal, logistic, Laplace and Cauchy distributions,
respectively [101]. Applying these results to BLUE for the
scale parameter, for example, the extreme order statistics
can be selected (the mid-tails for Cauchy). For a small sam-
ple size n = 12, the relative efficiencies, defined as the ratio
of the variances of two estimates, one using the extreme
30% order statistics and the other using all order statistics,
are over (.85 for normal, logistic and Laplace distributions,
but only 0.50 for Cauchy distribution using the 30% mid-
tails. Through simulation studies, it has been observed that
a large sample size of n = 48 is needed to have the relative
efficiency over 0.85 for Cauchy distribution using only 30%
mid-tails.

5.2 Robust estimates

Small sample quick robust estimators for the mean using
three order statistics or percentiles, Tukey’s trimean (TRI)
and Gastwirth’s estimate (GAS), have been studied in the
literature [41, 5, 59, 56, 81]. In practice, the true distribu-
tion underlying the data is often unknown while a family
of plausible distributions may be identified. A robust esti-
mator has high efficiency for each possible distribution. The
efficiency robustness is measured by the lowest efficiency of
the estimator across the whole family of distributions. The
higher the minimum efficiency, the more robust the estima-
tor is.

As quick estimators, TRI and GAS use only three or-
der statistics at the (25th, 50th and 75th) and (333rd,
50th and 66ird) percentiles, respectively. When the sam-
ple size n is odd, they are written as TRI = 0.25X|,, /4., +



Table 1. Percentage of total FIM contained in two-tails (scale
parameter) and middle order statistics (location parameter)

Percentage Two-tails Middle
Distribution of data (scale) (location)

Cauchy 30% 64.1% 86.9%
40% 79.9% 89.4%

50% 90.5% 91.6%

Laplace 30% 92.1% 97.1%
40% 95.9% 99.0%

50% 98.1% 99.7%

Logistic 30% 94.1% 89.1%
40% 97.5% 92.7%

50% 99.5% 95.5%

Normal 30% 96.8% 78.7%
40% 98.8% 83.1%

50% 99.6% 87.1%

0.50X(n+1)/2:n+0.25Xn+1_[n/4]:n and GAS = 0.30X[n/3]:n+
0.40X (1,41)/2:n + 0.30X,,41_[n/3):n, Where [z] indicates the
largest integer contained in z. The three order statistics used
are all within 25th and 75th percentiles, which cover more
than 85% of the total FIM in data about the location pa-
rameter of normal, logistic, Laplace and Cauchy distribution
from light to heavy tails, as mentioned earlier. Zheng and
Gastwirth [101] calculated FIM in the location parameter in
three order statistics including the median for n = 19 and
found the minimum percentage of total FIM in three order
statistics across the four distributions. We use ranks to rep-
resent the three order statistics. Then the order statistics
(X5:19, X10:19, X15:19) in TRI and (Xe:19, X10:19, X14:19) in
GAS are represented by (5,10,15) and (6,10,14). The mini-
mum percentage of FIM in three order statistics (2,10,18),
(3,10,17), (4,10,16), (5,10,15), (6,10,14), and (7,10,13) are
80%, 82%, 83%, 85% (TRI), 85% (GAS), and 81%, respec-
tively. Note that TRI and GAS contain the highest mini-
mum percentage of FIM when the true distribution is un-
known. Thus, calculating FIM in order statistics provides
insight into some robustness properties of these quick esti-
mators.

5.3 Genetic linkage analysis

Haseman and Elston [52] studied linkage analysis between
genes and a quantitative trait locus (QTL) using random
samples of sibling pairs. Recent research shows that the
power detecting linkage is substantially enhanced when se-
lected sib pairs are used (see, Risch and Zhang [87]). One
type of selected sib pairs is discordant sib pairs (DSP), where
one sib’s trait value is in the top percentile of the trait distri-
bution while the other is in the lower percentile. Zheng and
Gastwirth [105] extended a parametric model of Haseman
and Elston [52] for the abstract value of trait difference be-
tween two sibs and calculated the FIM about some parame-
ters contained in DSP. However, they did not study the FIM

about the linkage parameter, the recombination fraction in
DSP, which will be discussed here.

Let (X7, X2) be quantitative traits of two sibs in a fam-
ily. Assume that the trait is controlled by an unknown
gene (QTL) with two alleles M and N with frequencies
p = Pr(M) and ¢ = Pr(N) = 1 — p. Each sib has one
of three genotypes MM, M N and NN. Haseman and El-
ston [52] proposed the regression model for the trait X as
X = pu+ g+ e, where u is overall mean and g is the ran-
dom genetic effect defined as ¢ = a,d, —a for QTL geno-
type MM, MN, NN, where a > 0 and d € (—o0,00) are
unknown parameters. The error e has zero mean and vari-
ance o2. We only observe sibling marker information and
not their QTL. One important quantity for linkage analy-
sis is the proportion of alleles shared identical-by-descent
(IBD) by a sib pair. This proportion is denoted as m; at
the QTL and 7, at the marker. Parental genotypes at the
marker are required in order to figure out the IBD propor-
tion at the marker. We assume the complete information
of sibling and their parental genotypes at the marker, de-
noted by I,,,, as Haseman and Elston [52], are available to
determine m,,. The recombination fraction r € [0,0.5] was
introduced by the joint distribution of (¢, 7,,) [52]. Link-
age corresponds to 7 < 0.5. We use a 1-1 transformation
Y =12+ (1 —r)? € [0.5,1], where linkage corresponds to
¥ > 0.5.

Zheng and Gastwirth [105] extended the parametric
model of Haseman and Elston [52]. Let Z = | X7 — X[ be the
absolute value of the trait difference of two sibs. The likeli-
hood of Z depends on I,,. For illustration, we only consider
parental mating type (MT) Ay As x A; Ay and sib-pair geno-
types (SP) As Ay — A1 Ag, ie, I,, = {mating type = MT =
AgAg x A1 Ag;SP = As Ay — A Ao} for all sib pairs, which
is I, type 3 given in Zheng and Gastwirth [105] (Table 2).
We also consider the additive genetic model, so d = 0 and
assume o2 = 1. Then the likelihood of a sib pair can be
written as a mixture distribution

3
f(Z) = f(z|p7a7¢7lm) = sz(p7w‘lm)fz(zva)a

i=1

where fi(z;a) = ¢(2), f2(z1a) = é(z —a) + (2 + a),
fa(z;a) = ¢(z — 2a) + ¢(z + 2a) and ¢ is pdf of the stan-
dard normal distribution, and wy (p, ¥|I,,) = ¥ (p* + 4p?¢* +
a")/2 + (1 = pq), wa(p,¥|1) = 2pq(p* + ¢*)¥ + pq, and
w3(p, Y|I,) = p?¢*ip. A similar version of f(z|p,a,, )
was mentioned in Haseman and Elston [52]. Denote the
cdf of Z by F(z) = F(z|p,a,¥,1,). Zheng and Gast-
wirth [105] considered the FIM using the marginal likelihood
>.1,, f(zlp,a, ¢, Ln) Pr(ly) = g(z|p, a), which was indepen-
dent of the linkage parameter 1. Thus, they only examined
the FIM in DSP about other parameters (a,p). For using
FIM to explain why power of linkage analysis is substan-
tially increased when DSP is used, we need to calculate
FIM in DSP about . Thus, we use f(z|p,a,, ;). For
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Table 2. Percentage of total FIM about 1) in DSP and ARE
using DSP relative to random samples of same size. The top
panel has p = 0.10 and the bottom panel has p = 0.30

% of total FIM ARE
a P Top 20%  Top 10% Top 20%  Top 10%
1.0 0.68 69.45% 41.99% 347% 420%
0.90 64.92% 35.97% 325% 360%
1.5  0.68 76.10% 47.97% 381% 480%
0.90 71.02% 40.35% 355% 404%
1.0 0.68 88.37% 86.99% 442% 870%
0.90 98.28% 87.06% 491% 871%
1.5  0.68 62.04% 59.22% 310% 592%
0.90 75.03% 64.32% 375% 643%
n independent sib pairs, we calculate Z;, i = 1,...,n and

rank them as Zy., < .-+ < Z,.,. The DSP corresponds
to largest order statistics of Z;. This selection of DSP was
also considered by Fullerton et al. [39]. Let 8 = (p, a,v) and
Ii—511(0) = (Iuw,s)3x3 be the FIM matrix about 6 contained
in the top (100s%) percentile. From Section 3, we have

T = [ {gpee r}{ Fyros )} dr(e)

As
+1is{ 0 %f(z)dz}{ 0

where A, is the 100(1 — s)% percentile solved from
F(As) = 1 — s. Then the FIM matrix in all data is
I10,1)(0) = (Luv,1)3x3. We find the inverse of these FIM
matrices, denoted as (iyy,s)sxs and (iyy,1)sx3. The per-
centage FIM i331/is3s about ¢ contained in DSP is
evaluated. The ARE using DSP [the top (100s%)] relative
to random sib pairs with the same sample size is given by
100(i33,1/%33,5)/s%. These results are presented in Table 2.

Table 2 shows that n discordant sib pairs contains at
least three times more FIM about the recombination frac-
tion than n random sib pairs. For example, when the minor
allele frequency at QTL is p = 0.30, a = 1 and the re-
combination fraction » = 0.2 (¢» = .68), the top 10 DSP
contain about 87% of the total FIM about r in 100 random
sib pairs. Table 2 also shows that the more extreme sib pairs
are, the higher the percentage of FIM relative to the sam-
ple size is. Thus, discordant sib pairs are more informative
than random sib pairs. These results provide insight into the
findings of Risch and Zhang [87] that the power of testing
linkage substantially increases when extremely discordant
sib pairs are used. Other methods for increasing power of
linkage analysis using selected sib pairs were reviewed by
Feingold [37].

A
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6. DISCUSSION AND FUTURE RESEARCH

Fisher information plays an important role in inference
with non-random samples. In this article, we have reviewed
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properties of exact Fisher information in order statistics
based on their decompositions. The asymptotic Fisher in-
formation in order statistics is defined using the limit of de-
compositions of the exact Fisher information. Results have
been extended to other censored data, e.g., concomitants,
randomly censored data, and progressively censored data,
and have been used to characterize some parametric distri-
butions. Several applications of exact and asymptotic Fisher
information have been given, which provide insight into ro-
bust or optimal properties of inference based on ordered
data.

Research on Fisher information in order statistics has pri-
marily focused on univariate order statistics. In many appli-
cations, bivariate samples are usually observed, e.g. life test-
ing, and genetic data analysis. Fisher information has been
studied for special bivariate samples (X;.,, Y};)), i = 1,...,n,
where Y[i] are concomitants of order statistics X;.,,. Gen-
eral results are not available and ordering bivariate samples
is not trivial [15]. Different methods of ordering bivariate
data and inference based on them can be compared through
Fisher information in the ordered bivariate data.

For random samples, Fisher information is related to
Kullback-Leibler information [65]. Kullback-Leibler infor-
mation in order statistics has been recently studied by
Ebrahimi et al. [32] and Park [77]. The relationship of
Fisher information and Kullback-Leibler information in or-
der statistics and selected percentiles are of interest in the-
ory and applications. In this review, we have focused on the
expected Fisher information in order statistics. However, in
practice, the observed Fisher information in order statistics
may be used while making inference based on ordered data.
So, properties of the observed Fisher information in different
censored samples are worth studying. Ng et al. [71, 72] stud-
ied the inference under progressive censoring. The FIM may
be used to design an optimal progressive censoring scheme
where the removal may be determined to maximize the FIM
in the censored data.
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