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Abstract

In this paper, we introduce the minimum dynamic discrimination information (MDDI)
approach to probability modeling. The MDDI model relative to a given distribution G is
that which has least Kullback—Leibler information discrepancy relative to G, among all
distributions satisfying some information constraints given in terms of residual moment
inequalities, residual moment growth inequalities, or hazard rate growth inequalities. Our
results lead to MDDI characterizations of many well-known lifetime models and to the
development of some new models. Dynamic information constraints that characterize
these models are tabulated. A result for characterizing distributions based on dynamic
Rényi information divergence is also given.
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1. Introduction

Laplace’s principle of insufficient reason says to distribute probability uniformly in the
absence of any constraint on the probabilities. The maximum entropy (ME) principle extends
this to the production of probability models close to uniform, which are least sensitive to
information other than that explicitly taken into account via some moment constraints (Jaynes
(1957), (1982)). The minimum discrimination information (MDI) or minimum cross-entropy
principle is a generalization of the ME principle for the development of models close to any given
distribution, instead of the uniform distribution (Kullback (1959), Shore and Johnson (1980)).
Recently, a maximum dynamic entropy (MDE) procedure for developing lifetime models has
been proposed. This may be viewed as an extension of the ME principle in the case that the
information is given in terms of hazard rate growth inequality constraints (Asadi et al. (2004)).
The ME and MDI procedures (i.e. those based on the corresponding principles) use the calculus
of variations, while the MDE procedure uses differential inequalities and hazard ordering. In this
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paper, we introduce the minimum dynamic discrimination information (MDDI), or dynamic
minimum cross-entropy, approach to probability modeling. In this procedure, models are
derived using simple residual moment inequalities, differential residual moment inequalities,
as well as differential hazard rate inequalities. This generalizes the MDE procedure.

Closeness between two distributions F' and G with nonnegative supports is measured by the
Kullback-Leibler discrimination information

fx)
g(x)

o
KU:@=[;f@H% dx, (1)
where f is the probability density function (PDF) of F, g is the PDF of G, and F is absolutely
continuous with respect to G. The discrimination information K (f : g) is greater than or equal
to 0, but it is not symmetric, and G is referred to as the reference distribution.

An important application of (1) is Kullback’s MDI principle for probability modeling and
statistical inference. The MDI principle of modeling considers the moment class of distributions

Qp, ={Fo: Ef[T;(X) |0]=0;, j=0,1,...,J}, 2)

where X is a random variable with PDF f, T;(X) are functions integrable with respect to f
with To(X) = 69 = 1, and 8 = (61, ...,0;) is a vector of moment parameters. The MDI
model F* € QF, with reference to G has the PDF f* that minimizes K (f : g).

Recall that the MDI principle is also referred to as the minimum cross-entropy principle.
The Shannon entropy of a distribution F' (Shannon (1948)) is defined by

HU)=—A F) log £ (x) dx

The ME model is the distribution whose PDF f* maximizes H(f) subject to the set of
constraints in (2). When G is uniform, the MDI and ME procedures are equivalent.

When F is a lifetime distribution and the current age of the item must be taken into account,
the set of interest for studying information is not the entire support; rather, the set of interest is
the residual lifetime of the item, {x: x > ¢}. The discrimination information function of two
residual life distributions F(x;t) = Pr(X <x | X >t)and G(x;t) =Pg(X <x | X > 1),
corresponding to two lifetime distributions F and G, is given by

S0
g(x;1)

K(f:g:0)=K[f(x;1):g(x;1)] =/ f(x; 1) log dx, 3
t

where f(x;t) = f(x)/F(t) and g(x; t) = g(x)/G(t) denote the residual PDFs for x > 7, and
F(t)=1— F(t) and G(t) = 1 — G(¢) are the survival functions.

It is clear that for o = inf{r: F(t) = 1}, we have K(f : g;t9) = K(f : g). By (3), foreach
t, K(f : g;t) possesses all the properties of the discrimination information function (1). If
we consider 7 = {r: ¢t > 0} as an index set, then K (f : g; t) provides dynamic discrimination
information ranging over 7. The Shannon entropy of the residual lifetime distribution is defined
similarly:

H(f;t)=H[f(x;D] = —/ S(x; 1) log f(x; 1) dx.
t

Several authors have studied information functions that take age into account (Ebrahimi
(1996), Ebrahimi and Kirmani (1996a), (1996b), Di Crescenzo and Longobardi (2002),
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Belzunce et al. (2004), Asadi et al. (2004)). Consideration of age has led to some important
insights about lifetime models, such as an information characterization of the proportional
hazards model (Ebrahimi and Kirmani (1996a)) and MDE characterizations of various lifetime
models, including some mixture distributions, for which no other maximum entropy formu-
lation is available (Asadi e al. (2004)). Some tests of distributional hypotheses based on
dynamic information measures have been developed for reliability analysis (Ebrahimi (1998),
(2001)). When the subject of study is an interval other than a lifetime (e.g. a search time or an
unemployment period) the present time point plays the role of ‘age’. More generally, dynamic
measures are applicable to any continuous distribution with positive support. Examples include
wage distribution, where the minimum wage is the source of the dynamics in the information
measures, and the distribution of the amount of a natural resource such as oil, where the
remaining amount in an oil field is of primary interest and the amount extracted introduces the
dynamics into the information measures.

It is natural to think of the dynamic extensions of the MDI and ME principles in terms of
the residual moments. The mean residual life function is defined by

% /loo F(x)dx if Ij“(t) >0,

pr(@) =EX —1| X >1]=

However, the mean residual life uniquely determines the lifetime distribution; that is,

t
Fay = 1O exp{—/ ! dx}. (4)
wr(t) 0 mrx)
Consequently, the MDI and ME procedures for developing models subject to residual moment
equations do not extend to the dynamic case. However, developing lifetime models subject to
residual moment inequalities is feasible.

In Section 2, we present results for developing MDDI and MDE models based on residual
moment inequality constraints. In Section 3, we give results for MDDI modeling based on
hazard rate growth inequality constraints, and also present a result that extends MDDI modeling
to the case in which closeness is measured by the information divergence of order « (also known
as Rényi information) between two distributions (Rényi (1961)).

2. Mean residual life constraints

Consider a set of distributions Q2r = {F'}, where F has PDF f and is absolutely continuous
with respect to a reference distribution G that has PDF g. The MDDI model in QF relative to
G is F*, with PDF f* such that K (f* : g;t) < K(f : g;t) forall + > 0. That is, among all
the residual PDFs f(x; t) induced by all members of Qf, the MDDI model F* € Qp is that
whose residual PDF f*(x; ) retains its MDI property for all # > 0.

The following theorem gives the properties of the MDDI distributions in classes of distribu-
tions with mean residual life inequality constraints.

Theorem 1. Let Qr = {F: ur(t) < q(t)} be a compact set of distributions, where F is
absolutely continuous with respect to a reference distribution G. Let F* € Qp be such that
wrx(t) = q(t). If log(f*(x)/g(x)) is decreasing and concave then F* is the MDDI distribution
relative to G. The same result holds, with Qp = {F: ur(t) > q(t)}, if log(f*(x)/g(x)) is
increasing and convex.
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Proof. We will prove the case in which pr (1) < g(t). First, note that

fx:n)
(,t)

/ £ 1) log d+/ £ ) log

] ( ; )
Zfz J s Dlog g(x; 1) d

where the inequality is due to the fact that the second integral in (5) equals K (f : f*;¢) > 0.
This gives

dx

K(f g,t>—/ Fx: 1) log

fon

5
Jfrx: 1) ©)

K(f:g:0) — K(f* gr>>/ f(xt)lg /f(xt)lgf ))
f f()

/ S xs t)log
> 0.

Since log(f*(x)/g(x)) is decreasing and concave and up(t) < q(t) = wup=(t), the last
inequality follows from Theorem 3.A.13 of Shaked and Shantikumar (1994). The proof for
Wwr(t) > g(t) is similar.

When G has auniform PDFover {x : 0 < x < b}, theresidual life PDF g (x; ¢) is also uniform
over {x: t < x < b} and the MDDI model reduces to the MDE model. The MDE model in a set
of distributions Qp = {F} is the distribution with PDF f*(x) such that H(f;t) < H(f*;t)
forall + > 0.

Corollary 1. Let QF = {F: up(t) < q(t)} be a compact set of absolutely continuous
distributions. Let F* € Qp be such that pp=(t) = q(t). If f*(x) is increasing and log-
convex then F* is the MDE distribution. The same results holds, with

QF ={F: ur@) =z q@)},

if f*(x) is decreasing and log-concave.

Applications of the above results include the identification of classes of distributions based
on mean residual life inequality constraints, where the well-known models are MDDI and/or
MDE, and the development of MDDI and MDE models for classes of distributions whose mean
residual life functions are bounded (above or below) by a given function g (¢). Any continuous
function ¢ (#) with the following properties is the mean residual life function of a distribution

function F:
e 0=<¢q@) <o0; (6)
e ¢q(0)>0; 7N
o 4J(O+1>0; (®)

if g (t9) = O for some f¢ then ¢ (¢) = O for all r > ry;

if g(¢) > 0 for all r > O then foo(l/q(t)) dr = ©)
0
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For any function satisfying (6)—(9), we can obtain a unique distribution given by (4). Then,
for any reference distribution, the conditions of Theorem 1 can easily be verified by comparing
the first and second derivatives of the two densities: f(x)/g(x) is increasing or decreasing if

dlog f(x) - dlog g(x) or dlog f(x) - dlog g(x)

(10)
dx dx dx dx
respectively, and log( f (x)/g(x)) is convex or concave if
d’1 d?1 d’1 d’1
og f(x) > ogglr) og f(x) - ogg(x)’ (11
dx? dx? dx? dx?
respectively. Under the conditions of Corollary 1, the right-hand sides of both (10) and (11)
equal 0.
The natural choice of reference distribution in lifetime analysis is the exponential distribution
with PDF
ge(x; 1) = Ae ™M, A>0, x>0. (12)

For the exponential reference distribution, the right-hand side of (10) equals —A and the right-
hand side of (11) equals 0. That s, log(f (x)/ge(x)) is concave or convex if f (x) is log-concave
or log-convex, respectively. Furthermore, K (f : ge) is well defined if F' has positive support,
finite entropy, and finite mean. These conditions hold for all distributions presented in this
paper.

Example 1. This example illustrates several applications of the above results, summarized in
Table 1.

(a) Let g(t) = p for all 7. It is clear that g (¢) satisfies (6)—(9). Then (4) gives the exponential
distribution with PDF f(x) = (1/ M)e_x/ ®. The exponential distribution PDF is decreasing
and log-concave. By Corollary 1, this is the MDE model in the class of distributions with mean
residual life wr(t) < u.

(b) Letg(t) = B + at fort < oo, where o, 8 > 0 and g(oc0) = 0. It is clear that g (¢) satisfies
(6)—(9). Then (4) gives the generalized Pareto distribution with PDF shown in Table 1. This PDF
is decreasing and log-convex, so Corollary 1 is not applicable. However, for the exponential
reference distribution (12), log( f (x)/ge(x)) is increasing and convex when A > 2a+1)/8. By
Theorem 1, in the class of distributions with mean residual life g (#) > B+ a1, the generalized
Pareto distribution is therefore the MDDI model relative to the exponential distribution with
A>Qa+1)/B.

(c)Letg(t) = a/(B +1). Itis clear that (6), (7), and (9) are satisfied when «, 8 > 0, and (8) is
satisfied when ,32 > «. Then (4) gives a distribution with PDF shown in Table 1. This PDF is a
combination of the PDFs of the normal and generalized normal distributions. It is log-concave
when 82 > 3a. It is well known that log-concavity is equivalent to strong unimodality and
implies that the distribution has increasing failure rate.

(i) This PDF is decreasing when 2 > 3a. By Corollary 1, it is the PDF of the MDE model
in the class of distributions with mean residual life ur(t) < /(B +1).

(i1) For the exponential reference distribution (12), log(f (x)/ge(x)) is decreasing and con-
cave when A < B(8% — 3a)/[a(B8% — «)]. By Theorem 1, in the class of distributions
with mean residual life ur(t) < «/(B + 1), this is the PDF of the MDDI distribution
relative to the exponential distribution with A < B(82 — 3a)/[a (8% — a)].
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TaBLE 1: MDE and MDDI models relative to the exponential distribution, with mean residual life
inequality constraints, for the densities shown.

Parameter restrictions

Mean residual inequality constraint

MDE MDDI: ge(x; 1)
Exponential: f*(x) = %e_"/“ with u > 0
urp@) <p None None
Generalized Pareto: f*(x) = aT—i—l <1 + Zx)l/az witha, 8 >0
wr(t) > B+ at Not applicable A > Zaﬂ—i— !

82/2a 2
Generalized normal combination: f*(x) = S [M —

1]6’(1/2‘)‘)("+‘3)2 with0 < a < B2

B o
2
-3
e < 2 B> Prie asbl 230
r+B a(f —a)
1 X
Extreme-value-type combination I: f*(x) = <feﬂx - ﬂ)eﬂ"e(l/“ﬁ)(l_eﬁ ) withaf < 1
o
3-4/5 1-
wr(t) < ae™P! apf < V5 A< l1-ap B
2 o 1—ap
1 1 x
Extreme-value-type combination II: f*(x) = Py |:*(V +ef¥)2 — gefx e(1/aB)(—yBx—e/)
y o
withy > 0,a8 <2y
o [3(y —aB) V3B
wr(t) < T af <y /\Smm{T,T
1)eh*
Half-logistic: f*(x) = % witha, 8 >0
1 _ l—«a
wr(t) < — (o +efylog(l + ae P a<l a<l, A< B
af 1+«

Mixture of exponentials: f*(x) = afre P + (1 —a)Bre P withO <a <1, B1, B2 >0

afyle P+ (1 — )y e P!
ae Pt + (1 —a)eFat

wrt) > Not applicable A > max{B1, B2}

The extension to the case ¢(1) = «/(fo + Bi?) is straightforward, and other models may
be developed similarly. For example, let g(t) = r(¢t)/s(t) > 0, where r(t) = :’; o it
and s(t) = 2?2:0 B jtf are polynomials of degrees n; and nj, respectively, such that n; <
ny, aofo > 0, oy, Bn, > 0, and (d/dt)(r(¢)/s(t)) > —1. It can be shown that g (¢) satisfies
(6)—(9). Then (4) gives a distribution with PDF

o[ (sx) 2 dq s(x) * s5(v)
ro=gCe) ~a Gl 1 o)
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For suitably chosen r(-) and s (-), this PDF satisfies the conditions of Corollary 1 and Theorem 1
for a given reference distribution G, and, thus, new MDE and MDDI models can be developed.

(d) Let g(r) = aeP". It is clear that (6), (7), and (9) are satisfied when «, 8 > 0, and (8) is
satisfied when o8 < 1. Then (4) gives a distribution with the extreme-value-type combination I
PDF shown in Table 1. It is easy to show that this PDF is log-concave.

(1) It can be shown that this PDF is decreasing when o < (3 — NGYS By Corollary 1,
it is the PDF of the MDE model in the class of distributions with mean residual life
pr(t) < ae Pl

(i) For the exponential reference distribution (12), log(f(x)/ge(x)) is decreasing when
A< —af)/a— B/(1 —apf). By Theorem 1, in the class of distributions with mean
residual life ur(r) < ae P!, this is the PDF of the MDDI distribution relative to the
exponential distribution with A < (1 — af)/a — B/(1 — apB).

(e) Letq(t) = a/(y + eP!). Tt is clear that (6), (7), and (9) are satisfied when «, B > 0, and
it can be shown that (8) is satisfied when o < 2y. Then (4) gives a distribution with the
extreme-value-type combination II PDF shown in Table 1.

(1) It can be shown that this PDF is decreasing and log-concave when ¢ < y. By
Corollary 1, it is the PDF of the MDE model in the class of distributions with mean
residual life up (1) < o/ (y + eP?).

(i) For the exponential reference distribution (12), log( f (x)/ge(x)) is decreasing and con-
cave when A < min{3(y — af)/a, +/38/2}. By Theorem 1, in the class of distributions
with mean residual life (1) < a/(y + eP!), this is the PDF of the MDDI distribution
relative to the exponential distribution with A < min{3(y — «f)/«, V3B/2).

(f) Let g(r) = (1/ap)(a + eP)log(l + ae™P"). 1t is clear that (6)—(9) are satisfied when
af > 0. Then (4) gives the half-logistic distribution with PDF shown in Table 1. The PDF is
log-concave.

(1) It can be shown that this PDF is decreasing when o« < 1. By Corollary 1, it is the
PDF of the MDE model in the class of distributions with mean residual life wg (1) <
(1/aB) (o + Py log(1 + ae "),

(i) For the exponential reference distribution (12), log(f(x)/ge(x)) is decreasing when
A < B(l —a)/(1 + «). By Theorem 1, in the class of distributions with mean residual
life up() < (1/af)(a+ eﬂt) log(1 + ae_ﬂ’), the half-logistic distribution is the MDDI
distribution relative to the exponential distribution with A < 8(1 — «)/(1 + «).

(g) Let
aBle P (1 —a)By e P
ae Pt + (1 —a)e=Po!

q(t) =

It can be shown that (6)—(9) are satisfied. Then (4) gives the mixture of two exponential

distributions with PDF shown in Table 1. This PDF is decreasing and log-convex, so Corollary 1

is not applicable. However, for the exponential reference distribution (12), log(f (x)/ge(x)) is

increasing and convex when A > max {8, 8>}. By Theorem 1, in the class of distributions with

mean residual life

afile P 4 (1 — )y te P
ae Al 4+ (1 —a)e= P!

wr(t) =

)
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the mixture of two exponential distributions is the MDDI distribution relative to the exponential
distribution with A > max{8, f2}.

(h) The exponential distribution is the MDDI distribution relative to all distributions shown
in Table 1. If log(f(x)/ge(x)) is decreasing and concave or increasing and convex, then
log(ge(x)/ f (x)) isincreasing and convex or decreasing and concave, respectively. We therefore
have the following results.

(1) In the class of distributions Qr = {F: ur(t) > u}, the exponential distribution is the
MDDI distribution relative to the generalized Pareto distribution and the mixture of two
exponential distributions shown in Table 1.

(i) In the class of distributions Qr = {F: up(t) < wu}, the exponential distribution is the
MDDI distribution relative to the generalized normal combination, the extreme-value-
type combinations I and II, and the half-logistic distributions shown in Table 1.

The convexity or concavity condition on log(f*(x)/g(x)) in Theorem 1 may be difficult
to meet when G is a lifetime distribution such as the gamma distribution. Our next theorem
provides a solution to this problem by using the constraints on the mean residual life and its
growth.

Theorem 2. Let

Hrp® _ 4’0 }
wE) — q(n)

be a compact set of distributions, where F is absolutely continuous with respect to a reference
distribution G and a prime denotes differentiation. Let F* € Qp be such that up«(t) = q(t).
If f*(x)/g(x) is decreasing then F* is the MDDI distribution relative to G. The same result
holds, with

Qp = {Fi wr() < q(),

QF = {F: wr(t) > q(1), addd <10 }

nr(t) = q(@)
if f*(x)/g(x) is increasing.
Proof. The proof follows the same steps as did the proof of Theorem 1. Here, however, the

last inequality is obtained by noting that the conditions of Theorem 2 imply hazard ordering
(see Theorem 3).

Corollary 2. Let

Qp = {Fi wr(t) < q(@), me®) q_(t)}

wr(t) = q(0)
be a compact set of absolutely continuous distributions. Let F* € QF be such that (L p=(t) =

q@). If f*(x) is increasing then F* is the MDE distribution. The same result holds if f*(x) is
decreasing and

SF = {F5 wE(t) = q(1), Ke®) q_(t)}

wr() — q(t)
Example 2. Consider the gamma distribution with PDF

v

A
ge(X; A, v) = I )x”_le_M, A, v>0, x >0. (13)
v

Here, K (f : g¢) is well defined if F' has positive support, finite entropy, finite mean, and if
Es[log X] < oo. These conditions hold for all distributions presented in this paper.
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TaBLE 2: MDDI models relative to the gamma g, (x; A) and exponential (v = 1) distributions, with mean
residual life and growth inequality constraints, for the densities shown.

Mean residual inequality and growth constraints ~ Parameter restrictions on MDDI: gg(x; A, v)

1
Exponential: f*(x) = —e /" with u > 0
o

nE() <p,  wp() =0 A<B, vzl
or as above with the inequalities reversed or as above with the inequalities reversed

a+1 R
Generalized Pareto: f*(x) = B (1 + Bx) withoa, B >0

A —av—a—1)2

ur®) =B +at, pp) <a 260 +v<l, v<l
B2 /2« 2
e
Generalized normal combination: f*(x) = T[M _ 1:|e—(1/2a)(x+ﬁ>z Wwith 0 < o < B2
o
Lt 1 23
WE() < ——, MF()z—qu(t) kiwiﬂ2>3a, v>1
t+8 nr(@) o a(f” — o)
or as above with the inequalities reversed or as above with the inequalities reversed

1 X
Extreme-value-type combination I: f*(x) = <7eﬁ" — ﬂ)eﬁ"e(l/"‘ﬂ)(l_elS dwitha, B> 0,af <1
o

bt 1 —aB)? —
,UIF(t)SOCe_ﬂl, Loz_ ASM, v>1
wr () a(l —ap)
1 1 x
Extreme-value-type combination II: f*(x) = e |:7(]/ +ef¥)2 — gefx e(1/aB)(1—yBx—e’)
y o
withy > 0, af <2y
et 3(y — 3
pr s~ MO P asminf30 =00 VB,
y +ebt W) o a 2
P~
Half-logistic: f*(x) = % witha, 8 > 0
1
HF@) < oo + ") log(1 + ae™#"), |—o
o
A<|—— 1 —A 1
W _ - p —<1+a>’3’°‘<’ V> A
wr() ~ 1+ae™P pup()
or as above with the inequalities reversed A>pB, v<l

Mixture of exponentials: f*(x) = af1e P1* + (1 —a)Boe P* withO <a < 1, 1,8 > 0

We (@) _4d0
wr @) ~ q()
or as above with the inequalities reversed or as above with the inequalities reversed

wr(t) < q(), A=B1, A=p, v=>1
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Table 2 shows the classes of distributions with mean residual life inequality and mean residual
life growth rate constraints, where the distributions shown in Table 1 are the MDDI distributions
relative to the gamma distribution with PDF g¢(x; A, v). Note that, in Table 2,

afy e P 4 (1 — o) pre P2
ae Al + (1 — a)e=h!

q(t) =

The gg(x; A, v) column in Table 2 shows the parameter restrictions for f*(x)/ge(x) to be
decreasing or increasing. MDDI models relative to the exponential distribution with PDF
ge(x; 1) are recovered by letting v = 1 in the parameter restrictions of gg(x; A, v). Simpler
restrictions on the exponential parameters, A > (2« + 1)/ and a8 < y, can be obtained for
the generalized Pareto and for the extreme value type-II distributions, respectively. We note
that the lack of a convexity or a concavity restriction in Theorem 2 also allows us to reverse
the mean residual life inequalities for the exponential, the generalized normal combination,
the half-logistic, and the mixture of exponential distributions. Reversing the inequalities gives
new classes of distribution in which these models are the MDDI distributions relative to the
exponential distribution. The new classes are subsets of the complements of the classes of
distribution shown in Table 1.

3. Hazard growth constraints

In this section, we give a result that generalizes the MDE procedure using differential
inequality constraints for the hazard rate developed in Asadi ef al. (2004). In general, for
any distribution F* with PDF f and corresponding hazard function Ar(¢) = f(t)/(1 — F(2)),
the relative growth of the hazard function is given by

Mp@)  f(0)

= + Ar(1). (14)
Ap(@)  f(0)
For any distribution with PDF f*(x), we can identify a set of distributions Qr = {F} such that
/ ! ! /
Kp(t) _ M) Kp(t) _ X (0) s

< or > ,
Ap() — Aps(1) Ap(t) = Ap=(1)

where the right-hand side of each inequality is given by (14). Solution of the differential in-
equalities (15) with appropriate initial conditions gives a A g+ (¢) that dominates or, respectively,
is dominated by A g (¢) for all distributions in Q2. Thus, by relating the dynamic entropy and
the hazard rate of distributions in Qr, H(f*; ) dominates H (f, t) and one can use it to identify
QF for which a given f*(x) is the MDE model.

Note that the hazard function is the rate of growth of the mean residual life, i.e.

14 (e (1)

, t > 0.
ur(t)

Ap(t) =
Thus, a set of differential inequality constraints may also be expressed in terms of a set of mean
residual life constraints. However, the constraints can be in more complicated forms, including
second-order differential equations.
Asadi et al. (2004) gave a result that relates hazard rate ordering with the dynamic entropy
ordering for distributions with monotone densities. Our next theorem provides a generalization
of Theorem 1 of Asadi et al. (2004) that facilitates the derivation of various MDDI models.
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Theorem 3. Let Qr = {F: Ap(t) < r(t)} be a compact set of distributions, where F is
absolutely continuous with respect to a reference distribution G. Let F* € Qf be such that
Ap<(t) = r(t). If f*(x)/g(x) is decreasing then F* is the MDDI distribution relative to G.
The same result holds, with QF = {F: Ap(t) > r(t)}, if f*(x)/g(x) is increasing.

Proof. The proof for A (t) < r(¢) follows the same steps as did the proof of Theorem 1.
Here, the last inequality is obtained by noting that hazard rate ordering implies that the residual
lifetimes are stochastically ordered and that f*(x)/g(x) is decreasing in x. The proof in the
increasing case is similar and is given in Ebrahimi and Kirmani (1996b).

When the reference distribution is uniform, Theorem 3 reduces to the result of Asadi et al.
(2004) for dynamic entropy ordering of distributions with monotone densities. This result is
applicable for many suitable choices of reference distribution, including well-known lifetime
models such as the exponential, gamma, Weibull, and Pareto distributions.

Since, for v = 1, the gamma distribution PDF (13) reduces to the exponential distribution
PDF (12), it suffices to identify the MDDI models relative to the gamma distribution in the
classes of distributions with hazard rate growth constraints. MDDI models relative to the
Weibull and Pareto distributions can be obtained via transformation of the results for exponential
distributions, as will be shown in the sequel.

Our next example derives numerous well-known lifetime distributions as MDDI models
relative to the gamma distribution. Most of them are also MDDI models relative to the
exponential distribution.

Example 3. Tables 3 and 4 show hazard rate constraints that define classes of distribution
where well-known distributions are MDDI models relative to the gamma distribution with PDF
g¢(x; A, v). The differential inequality constraints shown in these tables are from Asadi et al.
(2004), with two exceptions. For Pareto type I11, the right-hand side of the differential inequality
for the evolution of the hazard function is adopted from Hamedani (2005) and the differential
inequality for the log-normal distribution is a new result. Since the log-normal distribution is
not monotone, it was not included in Asadi et al. (2004); however, the proof for the log-normal
distribution is similar to the proof of Proposition 3.3 of Asadi et al. (2004). The types and
complexities of the differential inequality constraints were discussed in Asadi et al. (2004).
Since the hazard functions of the log-normal and half-normal distributions are not available in
closed form, the right-hand sides of the differential inequality constraints for these distributions
include their hazard functions A z+(¢). For all other distributions listed in Tables 3 and 4, the
differential inequality constraints have closed forms. Note that, in Table 4,

ala —A)
Ay g =maxql, 2 — ——— 1,
B
5 _ (@ + 1 —pv)?
BT a1l =)
A —av—a—1)2
C = )
o, B, 4B +v

Table 3 shows the restrictions on the parameters required in order to guarantee the mono-
tonicity of the likelihood ratio f*(x)/gg(x). In this table, setting v = 1 in the parameter
restrictions gives the parameter restrictions for guaranteeing monotonicity of the likelihood
ratio with exponential reference distribution f*(x)/ge(x).
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TaBLE 3: MDDI models relative to the gamma g (x; A) and exponential (v = 1) distributions, with hazard
rate growth inequality constraints, for the densities shown.

Hazard rate growth constraints Parameter restrictions on MDDI: go(x; A, v)
Exponential: f*(x) = Be™P* with 8 > 0

Ap(0) =8, A1) <0 A<B, v>1

or as above with the inequality reversed or as above with the inequalities reversed

Mixture of exponentials: f*(x) = afre P1* + (1 — a)Bre P2 with0 <a < 1, B1, 2 > 0

AF(0) =af) + (1 —a)Ba,

/ A=p, vzl
fr<ir® <. —LD >0 -y
- T AR — B2 T
or as above with the inequalities reversed A>pB, v>1
1ef~
Half-logistic: f*(x) = % witha, 8 > 0
p(0) = 2 AQ”(’)>,3 AF(D) =0 r< (1298 1 A+ p+1
= X0, >pB— > <({— B, a<l, v>
d Y0 d 11a)f ¢
or reverse the first inequality s B v<l

and drop the last constraint

Minimum of exponential and Pareto (type III): f*(x) = (« + B(x + D)e P (x + —@+D

witha, f >0
Ap()=a+ B, Ap@) =8, A< B .
)x/ (t) 1 S ) v Z
— L < ——(r () - B)
Ar@®)—B 7 «
or as above with the last inequality reversed A—v>a+28, v <min{l, A}

2
Extreme value (Gumbel): f*(x) = aeB/0x exp{ O%(1 - e(ﬁ/"‘)")} with0 < 8 < o2

M (t
F()>é Afot—é, v>1

hr(0) =, AR(t) T« o -

Minimum of exponential and extreme value: f*(x) = (B1e* + B2) exp{—pBax — B1(e* — 1)}
with B1 > 0, B2 > 1

M (1) o P

Ar(0) = B1 + B, A<B—1, v=>1

ke T ()
1 2
Log-normal: f*(x) = ————e¢ (logx)"/2
¢ / 2 x
M () logt + 1
AR0) =0, > ap(r) - —=——— Asvet, v>1
r(0) ) = F+(1) ; ve’, v
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TaBLE 4: MDDImodels relative to the exponential ge (x; A) and gamma g, (x; A) distributions, with hazard
rate growth inequality constraints, for the densities shown.

Parameter restrictions
MDDLI: ge(x; A)  MDDL: gg(x; A, v)
Weibull: f*(x) = afx® e P witha > 1, B >0

Hazard rate growth constraints

e (1) _ e 1

Ap(t) — t

or reverse the first inequality and replace
the constraint in the PDF with o, 8 < 1

Ar(l) = apf, Not applicable A<aB, v=a+Ai

Not applicable A>af, v<(1-pBa

Linear failure rate: f*(x) = (¢ + Bx) exp{—(ax + %ﬂx2)} with) < B < o?

AP =a, M) =B A<a-—— A<a, Appa=<v=<2

Pareto type II: f*(x) = af®(x + B)~“TD witha > 1, > 0

A (2 Ap(t 1
rrp(0) =, r (1) < - a0 )\za—’— Bypya <1, v=1
AF(1) o B
1 —1ja—2
Generalized Pareto: f*(x) = ad ; (1 + %x) witha, f >0
a+1 M (@) o 20+ 1
Ar(0) = , < — Ap(t A > Ca. <1
F( ) '3 )»F(l‘) o+ 1 F() ﬂ o, B,A,v
2
Half-normal: f*(x) = 1/*67)62/2
T
Ap(0) ,/2 A/F(t)>x ) L Not applicabl >1+4 1,2
= -, > * —_ = ot a 1caole V= 1
F - () F ) pp 1

Table 4 shows more complicated cases. For the Weibull and half-normal models, the
monotonicity condition can not be satisfied by g.(x; A). For other models, the parameter
restrictions for a gamma reference distribution are complicated and simpler restrictions, for an
exponential reference distribution, can be obtained as shown in the table.

Table 5 shows several other distributions that, by Theorem 3, can be obtained as MDDI
distributions relative to the exponential and gamma distributions. The constraints for these
distributions have very complicated forms and, thus, are not listed.

Finally, noting that if log f(x)/g¢(x) is decreasing or increasing then log g4 (x)/ f (x) is
respectively increasing or decreasing, we can apply Theorem 3 to derive the gamma model
as the MDDI distribution relative to those listed in Tables 3-5 for which K (g, : f) is well
defined. Consider the class of distributions with the following hazard rate growth constraints,
where A . (¢) is the hazard rate of the gamma distribution, i.e. Ar (1) = Ao,

om0+ 27D ) a1
M) | : =

Ap(t -1
F) §AF*(t)+(at—)—1 fora < 1.
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TaBLE 5: MDDI models relative to the exponential ge(x; A) and gamma g¢(x; A, v) distributions, with
hazard rate growth inequality constraints on the PDF f.

Direction of inequality

Density
8e(x; 1) gg(x; A, v)

Beta prime: f(x) oc x*~1(1 + x)~@+F) > >
F: f(x) o x®/27 (B + ax)~(@th)2 > >
Generalized inverse Gaussian: f(x) oc x5~ le=(@x+£/x)/2 > >

Inverse Gaussian: & = —%, oa=p/y? > >

Levy—Smirnov: & = —%, a=0, =1 > >
Generalized normal: f(x) o x@~le=(/B)° < <
Inverse gamma: f(x) o x ¢ le=A/x > >
Inverse generalized normal: f(x) o x—a—le=(B/)? > >
Toranzos: f(x) xge_(l/z)(“‘*ﬁx)z, £E>0 Not applicable <

As in the log-normal and half-normal cases, the right-hand sides of the differential inequality
constraints include the gamma hazard rate. Under the parameter restrictions shown in Tables 3
and 4, the gamma distribution is the MDDI model relative to the respective distributions shown
in these tables.

It can be shown that many of the distributions in Tables 3—5 have the MDDI property relative
to the Weibull and Pareto distributions. In addition to the extreme value distribution, the
minimum of the exponential and extreme value distributions, and the log-normal distribution,
all distributions listed in Tables 4 and 5 (except the beta prime distribution, in the latter case)
are MDDI models relative to the Weibull distribution, subject to some parameter restrictions. It
can also be shown that, except for the log-normal distribution, all distributions listed in Table 3,
the linear failure rate and Pareto type-II distributions shown in Table 4, and all distributions
listed in Table 5 are MDDI models relative to the generalized Pareto distribution, subject to
some parameter restrictions.

Theorem 4. Let Y = ¢(X) be a one-to-one transformation. Then

K(fy 84500) =K(f*:g:0) <K(f:g1)=K(fp:8p50(1)), (16)

where

fi0) = f1 @™ (»‘¢

1
gaw—g@1@»‘¢(”'

Proof. The proof follows from the fact that K(f : g) is invariant under nonsingular
transformations (Kullback (1959)).
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This result allows us to produce new MDDI models F}, with reference Gy, in the new
classes of distribution obtained by the following transformations of the hazard constraints:

dg~'(1)
dr

M, wp@ 7t @) |dg ()| | d%p7 (1)/dr?

AE, (1) Ap(¢~l(@)) | dr dgp=1(r)/dt
The parameter restrictions for the transformed reference and MDDI models are found from
the fact that fy(y)/g¢(y) is decreasing or increasing in y if and only if
fo® _ @ ') | )/dy? £ _ @' o)
o)~ g@ ') | do~l(y)/dy fo) ~ 8@ 1)

9

Apy (1) = dp(p™! (r))‘

7)

d’p~1(y)/dy?
d¢~1(y)/dy
(18

respectively.
The following example discusses some important applications of the properties of the
transformation outlined above.

Example 4. Weibull, Pareto, and linear failure rate distributions can be obtained by one-to-one
transformations of the exponential distribution. Figure 1 illustrates transformations from an
exponential random variable X to random variables that have these distributions. Their PDFs
are

gw(yh, 1) = Aty e ™, y=0,41>0,

gp(yi A, T) = AT (T 4 y)~HHD, y>0,x1>0,
Y2 72
g (y;m,y) = (v +ny)e” PYT@0 0y >0y >0,

where n = 2A/band y = \/an,a,b > 0.

The MDDI models relative to these distributions can be obtained from the MDDI models,
relative to the gamma distribution, listed in Tables 3 and 4 via transformations of the exponential
random variable shown in Figure 1. An important implication of the transformation invariance
in this case is that the constant hazard property of the exponential distribution may be too
restrictive, and we may seek to develop models that are as close to a distribution with a more
flexible hazard function as a given model is to the exponential distribution. For example, we
may develop a model that is as close to the Weibull distribution (with a power hazard function)
as the extreme value distribution is to the exponential distribution. The solution is F, (Z‘W with
PDF

2
FL, ) = aryT By exp{%(l _ ewaw)},

obtained by applying ¢w to the extreme value PDF shown in Table 3. By the invariance property
(16), we have K(fdj‘W cgw;t) = K(f* : ge; t) forall t > 0. Furthermore, the new distribution
F (;‘W is the MDDI model relative to the Weibull distribution in a new class of distributions
that can be obtained using (17), an appropriate initial condition, and the parameter restrictions
imposed by (18).

Next, we develop a result that generalizes the MDDI approach to the information divergence
of order o (Rényi (1961)) between two distributions, defined by

Ko(f:9) =

! 1log/Oo Fe0g % (x) dx,
0

o —
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¢p(x) =t —1) Pareto type 11
gp(x; A, 7)

Weibull pw(x) = x!/7
gw(x; A, T)

Y

exponential
ge(x3 2)

Piir(x) = a +bx — Ja

linear
failure rate

gir(x; v, n)

FIGURE 1: Derivation of reference distributions via transformations of the exponential distribution.

where o # 1. It is well known that limy—1 Ko (f : g) =: K1(f : g) = K(f : g). Also,
Ki12(f : g)is symmetricin f and g.

The Rényi divergence between two residual distributions with densities f(x; t) and g(x; t)
is given by

1
a—1

Ko(f :g:0) = IOg/OO A 0g ™ (0 dx.
t

Itisclearthat K, (f : g;0) = Ko (f : g)and K (f : g;t) = K(f : g; 1).

Theorem 5. Let Qr = {F: Ap(t) < r(t)} be a compact set of distributions, where F is
absolutely continuous with respect to a reference distribution G. Let F* € QF be such that
Aps(t) = r(0). If Mp(x)/Ap(x) > g'(x)/g(x), where g is a PDF then, for a > 1, F* is the
MDDIo model in QF relative to a distribution G with PDF g. The same result holds, with
QrF ={F:ar@) 2r@®)}, if Vp(X)/Ar(x) < g'(x)/g(x).

Proof. We give the proof for the case of Ar(t) > r(¢). A similar argument can be used in the
case of Ap(t) < r(t). Since Ap(¢t) > r(t) forallt > 0 and Ap=(¢) = r(¢), by Theorem 1.B.2
of Shaked and Shantikumar (1994), we have

[F(X)]“<[F_*(X)]“
Foyl “LFo] "

The condition )JF (x)/Ap(x) < g'(x)/g(x) implies that

a—1 * a—1
[—’\F XD x Zt:| zE[—AF o) ‘ v zt]
g“_l(X*) go‘_l(Y*)
a—1 *
> E|:)LF*—(Y) Y* > t]’
gx =l (¥*)
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where X* and Y* have survival functions F¢ and F*“, respectively. From the last inequality,
we obtain

JZ g T @ dx T 08! () dx
F*0G* Yy —  FemGele)

That is,

Kot(f* 18 t) < Ko(f i g5 1),
Remark 1. For 0 < o < 1, we can use the same argument to show similar results for Qf =
{F: xp(t) <r(t)}, where A (x)/Ar(x) < g'(x)/g(x), and QF = {F: Ap(t) > r(t)}, where
M) /Ap(x) = g'(x)/g(x).

Example 5. Let G be the exponential distribution with PDF (12). Then the condition of
Theorem 5 is A’ (x) /Ap(x) = —A. Some examples of MDDI« models listed in Tables 3 and 4
are as follows. Note that 6 is used here in place of the distributional parameter .

(a) The Weibull distribution is the MDDIo model in

(F:ap() <0971}, 6>1,
(F:ap(t) =071}, 0<0 <.

(b) The linear failure rate distribution is the MDDI« model in

{F:Ap(@) <0+ Bt}, 6 >1,
{(F: Ap(t) >0+ p8t}, 0<0 <.

(c) The extreme value distribution is the MDDIw model in

(F: Ap(t) <0eB/0y 9> 1,
(F:Ap(t) = 0eB/01) 0<6 <1.

(d) The half-logistic distribution is the MDDI« model in

. e’
{F)\,F(I)Sm, 0>1,
Qp =
peb!
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