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Abstract. As an application of the improved Cauchy-Schwartz inequality due to Walker
(2017), we obtain an improved version of the Cramer-Rao inequality for randomly
censored data derived by Abdushukurov and Kim (1987, pp. 2171-2185). We derive
a lower bound of the Bhattacharya type for the mean square error of a parametric
function based on randomly censored data.
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1 Introduction

Suppose that ¢ and 1) are random variables defined on a probability space with distri-
bution functions F(x, 0) and G(x, 0) respectively where 6 € ® C R. Further suppose that
Y;, 1 <i < nare independent and identically distributed (i.i.d.) as the random variable
Y and 7n;,1 < i < n be iid. random variables distrbuted as the random variable 7.
Define (; = min(y;, ;) and 6; = I(; < 1;),1 < i < n where I(A) denotes the indicator
function of a set A. Suppose that ¢; and 7; are not observable but ((;, 6;) is observable for
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1 <i < n. The data (C;, 6;),1 < i < nis termed as randomly censored data and is common
in studies in survival analysis and reliability. It is assumed that the random variables
Y;, 1 <i < ns are independent of the censoring random variables n;,1 <i < n.
Abdushukurov and Kim (1987) obtained a lower bound for the variance of an unbi-
ased estimator of the parameter 0 based on the data (C, 6). They have derived analogues
of the Cramer-Rao and Bhattacharya (1946) bounds in the uncensored case. Wyckoff
and Engelhardt (1980) derived Cramer-Rao lower bounds for estimators based on data
obtained from Type II censoring. Eubank and LaRiccia (1982) and Crow and Shimi
(1982) studied the problem for Type I censoring. In a recent work, Walker (2017)
obtained an improved version of the Cauchy-Schwartz inequality. Cramer-Rao type
integral inequalities for uncensored data in the Bayesian framework were derived in
Prakasa Rao (1991, 1992) among others. Cramer-Rao type integral inequalities for
randomly censored data were derived in Prakasa Rao (1995) extending the work of
Abdushukorov and Kim (1987) to obtain lower bounds for the Bayesian risk. Our aim
in this paper is to obtain improved Cramer-Rao and Bhattacharya lower bounds for
randomly censored data using the results in Walker (2017). As an application of the im-
proved Cauchy-Schwartz inequality, Walker (2017) derived an improved Cramer-Rao
inequality. Improved Cramer-Rao type integral inequality and an improved sequential
Cramer-Rao type integral inequality were obtained in Prakasa Rao (2018a,b).

2 Preliminaries

In the sequel, we assume that the distribution functions F(x, 0) and G(x, 0) are absolutely
continuous with densities f(x, ) and g(x, 0) respectively. It is easy to see that the
random variables (;,1 < i < n are independent and identically distributed random

variables with the distribution function
H(x,0) =1 - F(x,0)G(x, 0),

where F=1-Fand G=1-G. Suppose that the densities f and g are differentiable
with respect to 6 up to k times. Let f @ denote the i-th derivative f with respect to 0
and ¢ denote the i-th derivative of ¢ with respect to 0. Let

g9(x,0)
g(x,0)

fO(x,0)
f(x,0)

Suppose the following regularity conditions hold:

AD(x, 0) = and u%(x,0) =
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(65))

(C2)

(C3)

The derivatives f @(x,0) and g(i) (x, ) with respect to 0 exist fori =1,...,kand

f IfO(x, O)ldx < co and f 189(x, O)ldx < oo.

[o¢]

Let ¢(0) be a real-valued function of the parameter 6 and suppose that ¢(0) is
differentiable k times with respect to 0. Let ¢()(0) denote the i-th derivative of
$(0) with respect to 0. Suppose that ((, ) is an estimator of the function ¢(0)
based on the observation (C, ). Let Eg[(i)(C, 0)] = y(0). Observe that

f d(x, y)h(x, y, O)dv(x, y) = (6), 2.1)
Rx{0,1}

where
h(x,y,0) = [G(x, 0) f(x, O))[F(x, 0)g(x, O)]' V.

is the joint density function of the random vector (C, 0) and v(x, y) is appropriate
o-finite measure on R x {0, 1}.

Suppose the integral on the left side of the equation (2.1) is differentiable k-times
with respect to 6 under the integral sign.

In particular, it follows that

f O, Ph (x, y, O)dv(x, y) = y(0),i =1,...,k, (2.2)
Rx{0,1}
where ‘
hO(x,y,0) = ih(x, y, 0).
0
Suppose that

EglAD(y, 0)? < 0o and Eglu®?(n, )] < co.
Consider the random variable

| B L O, 0)GE(C, 0) ~ gL, O)FUN(C, 0)
seo0)= Y e e -0 e b

j=0

where 5 5
£ () -2 F (i) =2
FY(x, 0) 891.F(x, 0) and G"(x,0) 30 G(x, 0).
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(Cs)

Define
ST(C,6,0) = (S1(C,6,0), ..., S(C,6,0)),

where ST denotes the transpose of the vector S.

(C4) Suppose the matrix
1(6) = Eo[S(C, 6,0)ST(C,6,0)] = (Z:j(0))kxks

is positive definite where

RPN N0 (5 9)R6-0 = (j-m)
1,0) = ZZ(;)(,L)[IMJI (x, 0) f"(x, 0)GI=I(x, 0)GU (x,Q)der

=0 m=0 f(x,0)G(x, 0)
. f"" 70 031 OFO(, OF M (x,6) | |
= 3(x, O)F(x, 6)

The set {x : G(x,0)f(x,60) = 0} U {x : F(x,0)g(x, 6) = 0} does not depend on the
parameter 0.

Let us first consider the case k = 1. The following theorem is due to Abdushukurov
and Kim (1987) generalizing the Cramer-Rao inequality for the randomly cen-
sored data.

Theorem 2.1. Suppose the conditions (C1) — (Cs) hold and the estimator qAb(C, 0) is an
unbiased estimator of the function (p(0). Then

[p ()1

Var($(C, 0)) = 70)

(2.3)

Remark 1. A Bayesian version of the result stated above was obtained in Prakasa
Rao (1995). An improved version of this result will be derived later as an
application of the improved Cauchy-Schwartz inequality due to Walker (2017).

The following theorem, again due to Abdushukurov and Kim (1987), generalizes
Theorem 2.1 to the case k > 1 and it is an analogue of the Bhattacharya bound in
the uncensored case. They have also characterized the class of distributions for
which equality is attained in the equation (2.3) and in the inequality (2.4) given
below.
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Theorem 2.2. Suppose the conditions (C1) — (Cs) hold and the estimator ¢(C,0) is an
unbiased estimator of the function ¢(0). Then

k
Var@(c,6) = Y ¢P(0)p(0)15(0), (24)
ij=1

where
(T (0 = (Ti(0)).L-

3 Improved Cauchy-Schwartz Inequality

Walker (2017) obtained an improved version of the Cauchy-Schwartz inequality
which implies the following probabilistic version.

Theorem 3.1. (Walker’s inequality) If X and Y are random variables defined on a
probability space (Q3, F, P) with finite second moments, then

IE(XY)P? < E(X?)E(Y?) — (EX)|\/Var(Y) = |[E(Y)| Var(X))>2. (3.1)

In particular, if the random variable Y has mean zero but positive variance, then
it follows that

IE(XY)P? < E(X?)E(Y?) — |[E(X)PE(Y?) = Var(X)E(Y?). (3.2)

Hence
[E(XY)P?

2 2
EOC) 2 (ECOY + =t

and we have the following corollary.

Corollary 3.1. If X and Y are random variables defined on a probability space (Q, ¥, P)
with finite second moments and if E(Y) = 0, then

[EXY)P

2 2
EOC) 2 (ECO) + —E 7

(3.3)
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Walker (2017) indicated that the inequality derived in Theorem 3.1 is an improved
inequality over the Cauchy-Schwarz inequality. For instance, if Y is a standard
normal random variable and X is a random variable with mean p and variance
02, then the Cauchy-Schwarz inequality shows that

[E(XY)]* < E(X})E(Y?) = u? + 02,
where as the improved Cauchy-Schwarz inequality implies that
[EXYV)P? < 0%,

which is a strict improvement over the earlier inequality.

We now discuss some applications of the inequality derived in Corollary 3.1.

4 Main Results

The following lemma is proved in Abdushukurov and Kim (1987).

Lemma 4.1. Suppose the conditions (C1) and (Cs) hold. Then, almost everywhere on
R x {0, 1}, there exist derivatives hV(x,y, 0) forall 0 € @ and fori=1,...,k

0 _ S SO 06w 0) g, )P, 6)
00y 0) h(x’y’e);(j)[y foocwe U 20 OF, 0)
(4.1)
Let ‘
S (1 OGN, 0)
51i(C,6,0) = B = ,i=1,...,k, 4.2
wEo 0= L e amcs v 2
and _
| v (N o 8TPCOFCO).
szl(c,é,e)_;;(j)[(l 5) “COFCo li=1,...k (4.3)
Define
SD(,8,0) = (S11(C,6,0), ..., (L, 6,0)),
and

S@(C,6,0) = (521(C,6,0), ..., S%(L,6,0)).
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Note that
S(C,6,0) = SV, 6,0) + SP(,6,0).

We will first obtain an improved version of the inequality derived in Theorem 2.1
due to Abdushukurov and Kim (1987). Let

X

F(x,0) =Po(C<x,6=1)= f G(t, 0)f(t, 0)dt,

and .
G'(x,0) =Pg(C<x,6=0) = f F(t,0)g(t, O)dt.
Observe that
F'(x,0) + G*(x,0) = H(x,0) = 1 - F(x, 0)G(x, 0),x € R,
and
F(00,0) + G*(e0,0) =1,
where
F*(00,0) = lim F(x, 0) = Py(6 = 1) = Eg[0],
X—00
and

G'(e0, 0) = lim G(x, 0) = P(5 = 0) = Eg[1 - 5]

Let us first consider the case k = 1. Suppose that ¢(C,6) is an estimator of the
parametric function ¢(60) and suppose that

ElP(C, 0)] = y(6), 60 € ©.
Note that
[ oyt 00z, = 100
Rx{0,1}
Then, by Lemma 4.1, it follows that
5(C,6,0) = 511(C,6,0) + 5:1(C, 6, 0),

where

_h(l)(C,é,Q) B f(l) GO
=oese SV F et

s =5,
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and
g(l) F(l)

@ =5, =(1-0)— + .
S So1 = ( 5)[g+F]

Note that

foo f(l)(x, 0) . G(1)(x, 0)
—00 f(xl 6) G(X, 6)
f fO(x, 0)G(x, 0)dx + f GO (x, ) f(x, O)dx
d

%E@[é].

E¢[511(C, 6,0)] 1dF(x, ) (4.4)

Similarly, we get that

EalSn(C,6,6)] = S5Eol1 - o1 “5)

Combining the above equations, it follows that
E[S(Cé@)]—iE [6]+iE [1-6]=0 (4.6)
0 7 Yy - 89 0 86 7] — U. .

This equation was derived in Abdushukurov and Kim (1987). We include it
here for completeness. Applying Corollary 3.1. with Y = S(C,6,0) and X =
P(C, 0) — ¢(0), it follows that

2
Eo([$(C,0) = $(O)F) = (EolH(C, 8) = p(O)])* + 'Eéﬁ;' : (47)
Observe that
E(XY) = Egl((C, 6) — p(0))S(C, 6, 0)] = Egld(C, 6)S(C, 6, 0)] (4.8)

=7(0).

Hence we obtain the following inequality for randomly censored data improving
the inequality proved by Abdushukurov and Kim (1987).

Theorem 4.1. Suppose the conditions (C1) to (Cs) hold. Then, for all 0 € ©,

A A M(E)12
Eo(IB(C, 8) - O)) = (EolB(C, 8) — b(O)])2 + Ee[y )]

[S%(C,6,0)] “2)
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(Co)

We will now consider the case k > 1. In addition to the conditions (C1) — (Cs),
suppose the following condition holds.

Suppose the random functions S;(C, 6, 0) are linearly independent. Define the
function

k
Q(L,6,60) = B(C,8) - 7(0) - ), 4iSi(,5,6),

i=1

where g;,1 <i < k are to be chosen. From the arguments given earlier, it follows
that
EolSi(C,6,0)]=0,i=1,... k.

Since Eg[(f)((:, 0)] = y(0), it follows that Eg[Q(C, 6, 0)] = 0. Observe that

VarglQ(C, 6, 0)] = Eo(IQ(C, 6, 0)1%) (4.10)

k
= fR {OHMS(X/ y) —r(6) —Zqisi(x, y, O)1*h(x, y, 0)dxdv(x, y).
o i=1

Suppose we choose g; such that Varg[Q(C, 6, 0)] is minimum. This will imply that
qi,i =1,...,k should satisfy the equations

oVarg[Q] _

0,i=1,...,k 4.11
aqi ( )

Under the conditions (C1) — (Cs), the system of equations given above reduce to
the system

k
fR {01}[<Z>(x, y)—y(@)—z qiSi(x, y, 0)IW(x, y, O)dxdv(x,y) = 0,j = 1,... k. (4.12)
X, i=1

Solving these equations, by applying integration by parts, it can be checked that

y(f)(g)

k
Z qi fR Si(x,y,0))Si(x,y, O)h(x,y, O)dxdv(x,y)  (4.13)

i=1 X{O,l}

k

q:2:i(0),
1
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using the conditions (C;) and (C5) and the relations 1) = S jh, 1< j < kfrom Lemma 4.1
Since the matrix ((Z;;(6)))ixx is positive definite by assumption, there exists an inverse
matrix ((Z; /(0)))kxk and the linear system of equations (4.12) has the solution

k
g = Z YO T(0),1=1,...,k
j=1

Substituting these values of g;,1 = 1, ..., k, into the expression for the function Q, we
obtain that

k
Q'(C,5,6) = B(L,6) = (0) = Y, SiL, 5,0y N(O)T1(6). (414)
i,j=1
It can be checked that
VarglQ'(C,6,0)] = Eo(IQ'(C,6,0)F)

k
Eo([B(C,8) = y(O)P) - Y 00N (0)1(6)

ij=1

Hence L
Eo([B(C ) =1 O)P) 2 Y OO0 (0);1(0), (4.15)
ij=1
and we obtain the following result.

Theorem 4.2. Suppose the conditions (Cy) to (Ce) hold for all 6 € ©. Then, for any estimator
B(C, 6) of the parametric function ¢(0) with expectation y(0),

k
Eo([B(C, 8) = $O)P) = [$(0) - y(OF + ) | (0 (0)T5(0), (4.16)

i,j=1

where ~
(T 50k = (L i(0)))jons-

This result generalizes the result of Abdushukurov and Kim (1987) from unbiased
estimators to arbitrary estimators by the obvious relation

Eo([P(C, 0) = p(O)) = (Ea([D(C, 0) = p(O)])* + Varg(d(C, 0)).
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Remark 2. It would be interesting to investigate whether Walker’s inequality can be
extended to higher dimensions.
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