GENERALIZED NON-SYMMETRIC DIVERGENCE MEASURES AND
INEQUALITIES

INDER JEET TANEJA AND PRANESH KUMAR

ABSTRACT. In this paper we shall consider one parametric generalization of some non-
symmetric divergence measures. The non-symmetric divergence measures are such as:
relative information, x2—divergence, relative J-divergence, relative Jensen-Shannon di-
vergence and relative arithmetic and geometric divergence. All the generalizations con-
sidered can be written as particular cases of Csiszar f-divergence. By putting some con-
ditions on the probability distributions, the aim here is to obtain relationships among
the relative divergence measures of type s. The particular cases of these bounds lead us
to very interesting cases.

1. INTRODUCTION

Let

n
Ty =< P=(pi,pospn) [P >0,> pi=1p, n>2

i=1
be the set of all complete finite discrete probability distributions. There are many in-
formation and divergence measures existing in the literature on information theory and
statistics. Some of them are symmetric with respect to probability distributions, while
others are not. Here, in this paper, we shall work only with non-symmetric measures.
Through out the paper it is under stood that the probability distributions P, Q) € I,,.

1.1. Non-Symmetric Divergence Measures. Here we shall give some non-symmetric
measures of information. The most famous among them are y%—divergence and Kullback-
Leibler relative information.

e Y?’—Divergence (Pearson [15])

n

(L) Pl = 3 Bl s

i=1 i iz @i
and

~ (¢ —pi)’ @
(1.2) QP =) F—==>" L1

i—1 Di i Pi
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e Relative Information (Kullback and Leiber [12])

(1.3) K(P||Q) = Zpl In(_* biy
and
(1.4) K(Q||P) = Zqz In(:* &y

e Relative Jensen-Shannon Divergence (SleOH [17], Sgarro [16])

2p;
(15) F(P|IQ) = Zp”“(ﬁqi)
and

2q
(1.6) F(Q||P) = Zqzln(ﬁ_pi).

e Relative Arithmetic-Geometric Divergence (Taneja [23])

(1.7) G(P||Q) = i (]%) In (%)

=1

and

(1.8) G(O||P) = i (1%) In (%)

=1

e Relative J-Divergence (Dragomir et al. [8])

(19) DIPIIQ) =3 - 0t (22

i=1
and

(1.10) DQIP) = 3 (-t (202

2p;

The above measures are written in pairs, and generally one is adjoint of another and
vice-versa, for example, K(Q||P) is the adjoint of K(P||Q) and vice-versa. Here we
understand by non-symmetric measures, when P is changed by ) and vice-versa we get
the different expression, that is, for example, K(P||Q) # K(Q||P). The same is true with
the other measures. It is not so in case of symmetric measures. The symmetric versions
of the above measures are given by

(1.11) V(P[Q) = x*(PIQ) + x*(QIIP),

(1.12) J(Pl|Q) = K(P[|Q) + K(Q[|P)
= D(P[|Q) + D(Q]|P),
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(1.13) I(Pl|Q) = % [F(PIIQ) + F(QI[P)]

and

(114) T(PYQ) = 5 [G(PI[Q) + G(Q|IP)].
After simplification, we can write

(1.15) J(P||Q) = 4[I(P[|Q) + T(Q[|P)]

and

(1.16) D(Q||P) = [ (Pl|Q) + G(PlQ)]-

Dragomir et al. [9] studied the measures (1.11). We call it [22] by symmetric chi-
square divergence. The measure (1.12) is well known Jeffreys-Kullback-Leiber [11, 12] J-
divergence. The measure (1.13) is Jensen-Shannon divergence studied by Sibson [17] and
Burbea and Rao [2, 3]). The measure (1.14) is arithmetic and geometric mean divergence
studied by Taneja [19]. More details on some of these divergence measures can be seen in
Taneja [18, 19] and in on line book by Taneja [21].

In this paper our aim is to work with one parametric generalizations of non symmetric
divergence measures given by (1.1)-(1.10). Some of these generalizations are introduced
for the first time in this paper. We shall call these generalizations by non-symmetric
divergence measures of type s.

2. NON-SYMMETRIC DIVERGENCE MEASURES OF TYPE S

In this section we shall introduce one parametric generalization of the measures given
by (1.1)-(1.10). The generalization of the measures (1.1)-(1.4) is already known in the
literature and is studied by many authors. Here we shall call it by relative information of
type s and is given by

e Relative Information of Type s
KPIIQ) = [sls = 0 [ et~ 1] s 200

ﬁ) s=0

7

n

(2.1) o,(PllQ) = § K(QIIP) = 2.

=1

¢; In
K(P||Q) =Y piln

(
> (P—) s=1

for all s € R.
The measure (2.1) admits the following particular cases:

(1) 1 (P|Q) = 5x*(QIIP).

(i) Bo(P|Q) = K(Q||P).

(ii) (I)l/Q(P“Q) = 4[1 — B(P[|Q)] = 4h(P||Q).
(iv) ®(P||Q) = (P||Q)

(v) ©2(P||Q) = 5x*(PlQ).



4 INDER JEET TANEJA AND PRANESH KUMAR

The measures B(P||Q) and h(P||Q) appearing in part (iii) are given by

(2.2) B(P|Q) = v/piti

and
1 n
(2.3) h(PHQ)Zl—B(PHQ):52(\/@—\/@)2
i=1
respectively.

The measure B(P||Q) is famous as Bhattacharyya [1] coefficient and the measure
h(P||Q) is known as Hellinger [10] discrimination.
From the above expression (2.1), we observe that ®5(P||Q) = ®_1(Q||P) and ®,(P||Q) =

Do (QI|P).

Now we shall present new one parametric generalization for the measures given by
(1.5)-(1.8). These generalizations unify the measures given by (1.5) and (1.7) and (1.6)
and (1.8) respectively.

e Unified Relative JS and AG — Divergence of Type s

Let us consider the following unified one parametric generalization of the measures (1.5)
and (1.7) simultaneously.

(FG.PIQ) = st — 1) [ (2) 1] s 200
24)  QPIQ) = F(PIQ) = X piin (24 ), 5=0
G(PIIQ) = 3 (252 n (2552, s=1

The measure (2.4) admits the following particular cases:

(1) Q1 (PIQ) = A(P]|Q).

>
>

(ii) Qo(PHQ) (PHQ)

(iii) Ql/g(PHQ) =4[1- B (P||H£2)] = 4n (P 2£9).
(iv) 2 (P|Q) = G(P]|Q).

(v) 2(PlIQ) = sx*(QIIP).

The expression A(P||Q) appearing in part (i) is the well known triangular discrimina-
tion, and is given by

n

(25) APlQ) =3 L)

= Pita ‘
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The adjoint of Q4(P||Q) is given by

(Fe.QIP) = o5 -7 [ S (252) ~ 1] s 0
(26)  %QIP) = FQIIP) = zqzln(%) s=0
G(Q||P) = ; (2t I (%) s=1

The measure (2.6) can also be obtained from (2.1) by replacing p; by p”“ql It admits
the following particular cases:

(i) @1(QIIP) = ;A(P|Q).

(i) 2(Q|P) = F(Q|P).

(ii) Ql/2(Q||P> =4[1-B(52Q)].
(iv) 2(Q[|P) = G(Q||P).

(v) Q(QIIP) = 5x*(P|Q).

e Relative J-Divergence of Type s

We shall propose one parametric generalization of the relative J-divergence measures
given by (1.9) and (1.10). These generalizations are given by

DAPIQ) = (5= ) S =) (522) L s £1

1

DPIQ) = £ - a)n (355). s=1

=1

The adjoint of (,(P||Q) is given by
n s—1
DUQIP) = (s =) Y (i —p) (552) s £1

(2.7) G(PlIQ) =

(2.8) G(QIP) = n =,
DIQIIP) = X (6= p)n (%552 s=1

for all s € R.

The measures (2.7) and (2.8) admit the following particular cases:

(i) Go(Pl|Q) = G(QIP) = A(P[|Q)-

(i) G(P[|Q) = D(P[|Q).

(iif) G (QIIP) = D(Q]|P).

(iv) G(PIQ) = 5x*(PIQ)-

(v) GQIIP) = 3x*(QlIP).

Thus we observe that the measure relative information of type s, ®(P||Q) contains in
particular the classical measures such as: Bhattacharyya coefficient, x*— divergence and
Hellingar discrimination. The unified relative JS and AG — divergences of type s, Qs(P||Q)
and Q,(Q||P) contains in particular the triangular discrimination and x*— divergence,
while the relative J-divergences of type s, (s(P||Q) and ((Q||P) yield in particular the
triangular discrimination and x?— divergence.
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The measure (2.1) can be seen in various papers. The measures (2.4) and (2.5) are new
and are introduced for the first time here. The measure (2.7) can be seen in the work of
Dragomir et al. The measure (2.8) is the adjoint of (2.7) and is written for the first time
here. Some interesting properties of the generalized relative divergence measures can be
seen in the recent work by authors [13, 14].

In this paper our aim is to relate these generalized measures of type s with each other.
In order to do so, we shall make use of the Csiszar f-divergence and its property recently
studied by Taneja [24].

3. CsI1SZAR f—DIVERGENCE AND ITS PARTICULAR CASES

Given a function f : [0,00) — R, the f-divergence measure introduced by Csiszér [4] is
given by

(31) Cy(PlIQ) = qu (%)

for all P,@Q € T,,.

It is well known in the literature [4, 5| that if the function f is conver and normalized,
i.e., f(1) = 0, then the Csiszdr f—divergence C¢(P||Q) and its adjoint Cr(Q||P) are
nonnegative and convex in the pair of probability distribution (P,Q) € T'y, x T',.

The generalized measures given in Section 2 can be written as particular cases of Csiszar
f-divergence (3.1). These particular cases are given by the following examples.

Example 3.1. (Relative information of type s). Let us consider
[s(s—1)] " [z°—1—s(z—1)], s#0,1
(3.2) ¢s(r) =< x—1—Inx, s=0 ,
l—rz+zlnx, s=1

for all z > 0in (3.1). Then C(P||Q) = ®,(P||Q), where O4(P||Q) is as given by (2.1).
Moreover,

(3.3) ¢ (z) = {(3 -1 Nt =), s#1

3 Inz, s=1"
and
(3.4) ¢! (x) = 2°72

S

Thus we have ¢”(z) > 0 for all x > 0, and hence, ¢4(z) is convex for all z > 0. Also,
we have ¢4(1) = 0. In view of this we can say that relative information of type s is
nonnegative and convex in the pair of probability distributions (P, Q) € I';, x I',,.

Example 3.2. (Relative JS and AG - divergence of type s). Let us consider
s(s—1)7" [z (52) —z—s(525)], s#0,1
(3.5) Yo(x) = 52 —2In (L), s=0
() (). =1
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for all x > 0 in (3.1). Then C¢(P||Q) = Qs(P||Q), where Q,(P||Q) is as given by (2.4).

Moreover,

(=D ) — 1]+ 5 1= 1)) s#00
(36)  wle) = = i (22). 5=0
%[1—x_1+ln(%)], s=1
and
. B L r+1 5—2

Thus we have ¢”(xz) > 0 for all x > 0, and hence, 1s(z) is convex for all z > 0. Also,
we have ¥4(1) = 0. In view of this we can say that relative JS and AG — divergence of
type s is nonnegative and convez in the pair of probability distributions (P, Q) € I',, x I',,.

Example 3.3. (Adjoint of Relative JS and AG — divergence of type s). Let us consider

[s(s =D [(5) = 1= s (57)], s#01
(3.8) vs(z) = —+1n(m+1) s=0 ,

12x+x+11n(x42r1)’ s=1

for all z > 0 in (3.1). Then C;(P||Q) = Qs(Q||P), where Q,(Q||P) is as given by (2.5).

Moreover,

(3.9) () = {(5 —7 () T -], s 2

2 In (£, s=1
and
1 /z+1\""?
3.10 g) = =
(3.10) =1 (57)

Thus we have v”(x) > 0 for all > 0, and hence, vs(z) is convex for all x > 0. Also,
we have vs(1) = 0. In view of this we can say that adjoint of relative JS and AG -
divergence of type s is nonnegative and convex in the pair of probability distributions

(P,Q) €T, x Ty

Example 3.4. (Relative J-divergence of type s). Let us consider

(3.11) e(r) = {(5 — 1)z —1) [(%“)S‘ —~ 1} . s#£1

(z—1)In (2, s=1

for all z > 0 in (3.1). Then C;(P||Q) = (s (P||Q), where (s (P]|Q) is by (2.6).
Moreover,

(3.12) ¢ (z) = {1(5U —D () T s-1)! [(“771)87 — 1} . s#1
iﬁ—i—ln(i), =1
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and

(3.13) o= (%3 1)83 =)

2

Thus we have /(x) > 0 for all z > 0 and 0 < s < 4, and hence, () is convex for all
x> 0and 0 < s < 4. Also, we have &(1) = 0. In view of this we can say that relative
J-divergence of type s is nonnegative and convex in the pair of probability distributions
(P,Q) €T, xT, forall and 0 < s < 4.

Example 3.5. (Adjoint of relative J-divergence of type s). Let us consider

D CEDREEIC S R
(3.14) (7)) = {(1—:5)111(2—*;}), s=1"

for all z > 0 in (3.1). Then C¢(P||Q) = (s (Q||P), where (, (Q||P) is as given by (2.7).

Moreover,

G15) ()= {xéﬁn () == (5 -], s#1

ek —n (22, =
and
e+ 1\ [(4—s)z+s
1 ! = -

Thus we have ¢”(z) > 0 for all z > 0 and 0 < s < 4, and hence, ¢s(z) is convex for all
x> 0and 0 < s < 4. Also, we have ¢5(1) = 0. In view of this we can say that adjoint
of relative J-divergence of type s is nonnegative and conver in the pair of probability
distributions (P, Q) € T',, x T',, for all 0 < s < 4.

4. INEQUALITIES AMONG GENERALIZED RELATIVE DIVERGENCES

In this section we shall relate the relative divergence measures of type s given by (2.1),
(2.4), (2.6)-(2.8). This comparison is based on the following theorem recently developed
by Taneja [24].

Theorem 4.1. Let fi,fo : [ C Ry — R two generating mapping are normalized, i.e.,

f1(1) = fa(1) = 0 and suppose the assumptions:

(i) f1 and fy are twice differentiable on (r, R);
(ii) there exists the real constants m, M such that 0 < m < M and

(4.1) < B < ) > 0, e e ()
) (x

then we have the inequalities:

(4.2) m Cp, (P||Q) < Cp, (Pl|Q) < M C, (P||Q).

We shall apply the above theorem to establish inequalities among the relative diver-
gences of type s. These inequalities are given in the following propositions.
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Proposition 4.1. We have the following inequalities among the measures Qg(P||Q) and
.(P[|Q):

1 1\"?
D e )

1 [R+1\"7
S Q(PIQ) < Jpr < 5 ) O(P|Q), s+t<1, t<—1

and

1 (R+1\""
a0 (B el

1 [(r+1\?
0,(P||Q) < O(PQ), s+t>1, t > —1.
T

Proof. Let us consider

" 1 1 s—2
(45) gws,@)(x)ﬂf,ﬁg:%tﬂ (;) Lz € (0,)

t

where 7 (z) and ¢} (x) are as given by (3.7) and (3.4) respectively.
From (4.5) one has

5—2
, B x+1 z(t+1)+t+s—1
(4.6) Iowoon (7)== ( 21 ) 12 (z + 1)
>0, t<—1,5+t<1
<0, t=2—-1,s+t>1
In view of (4.6) we conclude the followings
4.7 = inf
(4.7) m gmw%@ﬂ)
[ () shr<neco
4R%+1(21) s+t=1,1>—1
and
(4.8) M= sup g, o) (@)
z€[r,R)
_ 4Rt+1( ) sttt —1
4Tt1+l(r)s ) S+t>]—7t>_1

Now (4.7) and (4.8) together with (4.2) give the inequalities (4.3) and (4.4). O
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Proposition 4.2. We have the following inequalities among the measures Qg(Q||P) and

®,(P|Q):
1 1 s—2
O (Tg ) wrio)
s—2
Q,(QI1P) < 4th 5 (R;H) ,(Pl|Q), s>t t <2
and

(4.10) 4Rt 5 (R+ 1) @, (P[|Q)

1 [(r+1\*"?
SL@QIP) < 53 < 5 ) O(PlQ), s <t t =2

Proof. Let us consider

vl (x) 1 z4+1\°"7
(a.11) Hononle) = 55053 = (57 a0

where v”(z) and ¢ (x) are as given by (3.10) and (3.4) respectively.
From (4.11) one has
NP a(s—t)+2—t [>0, s>t t<2
(4.12) Gy o (@) = x+ (s —1t)+ , s>t '
0t 2 drt-tx+1) <0, s<t, t>=2
In view of (4.12) we conclude the followings
(4.13) m= It Gw.e0()
r 5—2
N SIREINET
me (5) 7, s<tt>2
and
(4.14) M= sup g, ()
z€[r,R|
= ()7 sz
s (BN, st =2

Now (4.13) and (4.14) together with (4.2) give the inequalities (4.9) and (4.10). O

Proposition 4.3. We have the following inequalities among the measures (s(P||Q) and
&.(Pl|Q):

(4.15) (Tgl>s_3 (%) o,(P||Q)

<ariar< ()T (e aria

0<s<4,t<2,s>t+1
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and
R+1\"° (sR+4—s
(4.16) (T) <W) ®,(P|Q)
P11\ fsr+4—s
<CS(PHQ)<( 5 ) (W) P, (P[|Q),
0<s<4,t>22, s<t+1.

Proof. Let us consider

, = € (0,00)

¢ (z) 4+ 1\ P sz +4—s

4.1 = =

(4.17) igan) (@) 7 (x) 2 Apt—2

where £ () and ¢} (z) are as given by (3.13) and (3.4) respectively.
From (4.17) one has

(4.18) Il o0 (@) = 4xt—1(1x Y (x ; 1) 7 [s(s — t)a®
+(—s*+8s— At — Az + (2—t)(4—s)].

Reorganizing (4.18), we can write

(4.19) T (@) = T (1x = <x > 1) [5(s — t)a?

+((4(s—t)—(5—2)2)w+(2—t)(4—s)]
<0, 0<s<K4,t>22, s<t

Again reorganizing (4.18), we can write

(4.20) Tlerin (@) = 4xt_1(1x - (x ; 1) [s(s — 1)

+(s(d—s)+4(s—t—1))z+(2—1t)4—9)]
>0,0<s<4,t<2, s>t+1.

In view of (4.19) and (4.20) we conclude the followings
(4.21) m= It g0 @)
(1) el 0< s <4, 1<2, 5241
(BH) Pl 0<s<4, t22 s<t+1
and
(4.22) M = sup g, 40 (7)
z€[r,R|
(BE) P elitins 0<s<4, 22, s<t+1

o
N

r+1\5—3 sr4+4—s
2 4rt=2

s<4, <2, s>t+1

11
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Now (4.21) and (4.22) together with (4.2) give the inequalities (4.15) and (4.16). O

Proposition 4.4. We have the following inequalities among the measures (s(Q||P) and

O(P||Q):

r+1\"7 ((4—s)r+s
(4.23) < " ) (W) P,(P[|Q)

R+1\"7" ((4—5)R+s
< G(QIIP) < (W) (W) D (P|]Q),
0<s<4 t<—1, s+t<1

and

R+1\"7 ((4—3)R
(4.24) (%) (%) ®,(Pl|Q)

<eQIP) < (7"“) ( B el

<4, t>-1, s+t =2

Proof. Let us consider

, x € (0,00)

s (z) c+1\" (4-s)T+s

4.25 == =

( ) g(gs#)t)(x) ;/(37) 21 Qtt2

where ¢/ (x) and ¢} (x) are as given by (3.16) and (3.4) respectively.
From (4.25) one has

(4.26) e (@) = W(; o (:c 24;; 1)5— [(s — 4)(t + 1)
+(s* = 8s+8—4dt)x +s(1 —s—1)].

Reorganizing (4.26) we can write

(4.27) Gl o (@) = xt+1(;+ = (wg;l) (s —4)(t + 1)a?

+(s(s—4)+42—s—t)z+s(l—s—1t)]
<0, 0<s<4, t>2—-1, s+t =2,

Again, reorganizing (4.26) we can write

(4.28) G, o (@) = xtﬂ(;-;- o (ZZ 1) (s —4)(t + 1)a?

+((s=2°+41-s—t))z+s(l—s—1)]
207 0<8<47 t<_17 8+t<1
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In view of (4.27) and (4.28) we conclude the followings

4.29 — inf
(4.29) m I?R]g@s@)()

s—3 (4—
_ {(%) G0
- R4+1\5—3 (4—s)R+s
(%) 0<

4Rt—2 Y
and
(4.30) M = sup g(,4,)(2)
z€[r,R]
5—3 (4—s s
[y
(53) 7 g, 0

Now (4.29) and (4.30) together with (4.2) give the inequalities (4.23) and (4.24). O

2r

Proposition 4.5. We have the following inequalities among the measures Q5(Q||P) and

(Pl|Q):
(4.31) (7”;1) %(PIQ)
s—t
QJQW%g}#“(Egi) U(Pl|Q), s> -1, t> —1.
and
(4.32) R (Rgl) 0 (P||Q)

r4+1\"""

<@ < (T30 Pl s< L st

Proof. Let us consider

vl (x) z+ 1\
(4.33) onsola) = S5 =t (121)ae (0.0
t

where v”(z) and 9} (z) are as given by (3.10) and (3.7) respectively.
From (4.33) one has

e+ 1\ (at (x(14s)+ (1+1)
(4.34) oo = (557) )
>0, s>—1,t>-1
<0, s<—1,t<—1
In view of (4.34) we conclude the followings
(4.35) m = 1{1f I, ) (@)
AR (=2 R P |
R (M)S s<—1,t<—1
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and
(436) M = sup g(’Usﬂ/)t)(x)
z€[r,R]
CfREELT s 1>
t+1( )5 s<—1,t<~1

Now (4.35) and (4.36) together with (4.2) give the inequalities (4.31) and (4.32). O

Proposition 4.6. We have the following inequalities among the measures (s(P||Q) and

u(PlQ):

(4.37) ! (“2”) (s 4-5)PlQ)

1 1
< G(P||Q) < R (RT+> (sR+4—s)(P||Q), 0<s<4, t>—1.

Proof. Let us consider

1 1

where &(z) and 94 (x) are as given by (3.13) and (3.7) respectively.
From (4.38) one has
1 s—t—1
( —2|— ) [s(s +1)2?

x
+s(t—s+6)z+ (t+1)(4—s)]
s<4,t>—1.

)S_H (sz+4—s), x € (0,00)

t
4, / ==
(4.39) Jieown\®) = 77

>0,0<

In view of (4.39) we conclude the followings

(4.40) m = Inf g

_ <T;1)5"1(3r+4—5), 0<s<4,t>—1
and
(4.41) M = sup g, ) ()

z€[r,R]

R 1 s—t—1
_Rm( 2+_) (sR+d—s), 0<s<4,t>—1

Now (4.40) and (4.41) together with (4.2) give the inequalities (4.37). O



INFORMATION INEQUALITIES 15

Proposition 4.7. We have the following inequalities among the measures (s(Q||P) and

2(PllQ):

wo (% 1) (4= are)

2r
<c@im < () (B2 gy
t

2R
0<s<4 t>s t(d—s)=6s—s"—4
and
R+1\""'((4—s)R+s
s—t—1
<@ < (") () arie),

2r r

0<s<4, t<s, t(4—s)<63—32—4

Proof. Let us consider

(4.44) sty (T) = - <x+ 1)S_H (W) e e0ed)

V() 2z x

where ¢s(z) and () are as given by (3.16) and (3.7) respectively.
From (4.44) one has

s—s2—4
s—s2—4

)

4 1 s—t+1
(4.45) Yoo (T) = <x il ) [(4+4t — st — 6s+ s*)z + s(t — )]
0 >
0 ) <

—5) =6
—5)<6
In view of (4.45) we conclude the followings

4.46 — inf
(4.46) m zég’m%,wo(x)

()77 (S2) o<s<a s,

2r r
t(4—s)>6s—s*—4

(B (UE), 0<s <4, t<s,

R
t(4—s)<bs—s>—4

\
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and

(4.47) M = sup g, ()
z€[r,R]

( S—t— —s s
(B () 0<s <4tz
t(4—s)>6s—s*—4

(577 (=) o<s<a s
t(4—5s)<6s—s*—4

\

Now (4.46) and (4.47) together with (4.2) give the inequalities (4.42) and (4.43). O

Proposition 4.8. We have the following inequalities among the measures (s(P||Q) and
Q(Q|IP):

(4.48) (7"31) C (sr 44— 9 %(QIP)

carlo < () prea-snln),

0<s<4, s>t s(t—s+6)=>4(1+1)
and

R+1

(4.49) (T)_ (R4 4—$)0,Q||P)

r+1

) Grea-on@lr)
0<s<4, s<t, s(t—s+6) <4(1+1).

< GIPIIQ) < (

Proof. Let us consider

(4.50) Geoom (@) = =) _ ( 1

) 5 > (st +4—35), € (0,00)

where &;(z) and v(x) are as given by (3.13) and (3.10) respectively.
From (4.50) one has

1 z + 1 s—t—2
450 @ = (37) -
+(—4t — 44 st + 6s — s7)]
>0, 0<s<4, s>t s(t—s+6)=>4(1+1)
<0, 0<s<4, s<t, s(t—s+6)<4(1+1)
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In view of (4.51) we conclude the followings

4.52 — inf .
(4.52) m= inf g, ()

( (%)s_t_1 [sr+4 —s],

(B " sR+4 -],

and

(4.53) M = sup g, v)(7)
z€[r,R|

(B sR4 4 — ],

(%)S_t_1 [sr+4—s],

\

Now (4.52) and (4.53) together with (4.2) give the inequalities (4.48) and (4.49).

0<s<4, s>t
s(t—s+6)=4(1+1)

0<s<4, s<t,
s(t—s+6) <4(1+1)

17

O

Proposition 4.9. We have the following inequalities among the measures (s(Q||P) and

Qu(QIIP):

(454 1 (R+1

Rerl

s—t—1
< G(QIP) < ! <T i 1) [(4—$)R+ s %U(Q||P),0< s <4, t>—1.

Ts—i—l

2

Proof. Let us consider

159 s =55 = (5) T (AR rene

v (2) 2

) - ar+sne)

$S+1

where ¢s(z) and v, () are as given by (3.16) and (3.10) respectively.

From (4.55) one has

(4.56) Gl () = ﬁ (‘”_“> s - At + 1)



18 INDER JEET TANEJA AND PRANESH KUMAR

In view of (4.56) we conclude the followings

4.57 = inf
(4.57) m = Inf g (®)

R+1\"""((4—s)R+s
and
(4.58) M = sup g, ()

z€[r,R]
r+1\" (A= s)r+s
Now (4.57) and (4.58) together with (4.2) give the inequalities (4.54). O
Proposition 4.10. We have the following inequalities among the measures ((Q||P) and
G(Pl1Q):
1 (R+1\""/(4—s)R+s

4.59 R —_— P

L (r+1\""((4d=s)r+s
< GQIIP) < — —_— PllQ), 2<s<4, 2<t< 4

Proof. Let us consider

Q@) 1 <w+ 1)“ ((4—S)x+s

450 sea@ =5 = (5 S e 00)

where ¢;(z) and & (x) are as given by (3.16) and (3.13) respectively.
From (4.60) one has

, A 1
(4.61) Iz (@) = (T) 202z + 1)t + 4 — )2
[t +1)(s —4)2° + (t(s +4)(s — 5) + 2t*(2 — 5)) 2°
+ (s(t=5)(t+4)+25°(2—t)) z+ s(s +1)(t — 4)]
<0,2<s<4, 2<t <4

In view of (4.61) we conclude the followings
m =

4.62 inf
(4.62) o Yot (T)
1 (R+1\""[((4—s)R+s
— Lo %) 2<s<4, 2<t<4

RS+1< 2 ) (tR+4—t VIR
and
(4.63) M = sup g, ()

z€[r,R]

s—t
_ 1 (r+l Moo)rts) e act<a
retl 2 tr+4—1
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Now (4.62) and (4.63) together with (4.2) give the inequalities (4.59). O

5. INEQUALITIES AMONG CLASSICAL MEASURES

We shall present the inequalities showing relationship among the classical measures.
These inequalities are developed from the propositions established in Section 4. In some
cases we have combined these in order to have a single inequality. These inequalities we
have divided in subsections according to measures given in Section 1.1.

5.1. Bounds on Chi-square Divergence. We have following bounds on Chi-square
divergence and its adjoint given in (1.1) and (1.2):

e Fort = 3,5 =2in (4.9) or in (4.15) one gets

(5.1) 8rvi h(PI|Q) < *(PllQ) < SRVER h(P||Q).
eFort =2 s=—1in(44) ort =2 s = 0in (4.24) or (4.49) or in (4.54) or
t=—1, s=2in (4.31) or in (4.37) one gets
(5:2) A < eerlie) < B i)
eFort=3 s=2in (4.4) or in (4.24) one gets
(5.3) WPIIQ) < XA(QIIP) < —=h(P]|Q).

RJ‘ T

elfort=—-1, s=—1in (43)orin (49)t=—-1, s=01in (4.15) ort =2, s=—11in
(431)ort =2, s =01in (4.37) or in (4.43) or t = —1, s = 2 in (4.43) or in (4.54) one
gets

(5.0 H(55) st < eaim <3 (FH) aio)

eFort=2 s=2in (4.4) orin (4.24) or in (4.31) or in (3.37) or in (4.54) or in (4.59)
ort=—1, s=21in (4.9) or in (4.15) one gets

(55 S (PlIR) < X(QIIP) < - (PlQ)
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5.2. Bounds on Relative Information. We have following bounds on relative infor-
mation and its adjoint given in (1.3) and (1.4):

eFort=1, s=21in (4.9) or in (4.15) one gets
1

(56 SEV(PIQ) < K(PIQ) < 5 (PIIQ).

e Fort=1, s=2in (4.4) or in (4.24) one gets

2 2

(57) SXQIIP) < K(PQ) < S@lIP)

e Fort =0, s=21in (4.9) or in (4.15) one gets

= (PIIQ) < K(QUIP) < 5 5 (PIQ)

)

e Fort=0, s=2in (4.4) or in (4.24) one gets

(5.9) SCQIP) < K@IIP) <

| 2

X (QIIP).

5.3. Bounds on Relative JS-Divergence. We have following bounds on relative JS-
divergence and its adjoint given in (1.5) and (1.6):

elort=0, s=—1in (4.31)ort=0, s=0in (4.37) or in (4.43) one gets

R+1 r+1
— A A(P||Q).

(5.10) sp APlQ) < F(PIQ) < —

elort=2 s=0in (44)ort=0, s=2in (4.31) or in (4.37) one gets

ACPIIQ) < F(PIIQ) < 5 (PIIQ),

(5.11) SRR+ 1) D)

efort=—1, s=0in (4.3)ort =0, s =2 in (4.43) one gets

512 () v < reie <5

2
2
P).
) el
e Fort=1, s=0in (4.4), one gets

1 1
(R+—1)2K(P||Q> < F(PllQ) < 1)

(5.13) K(P||Q).

efort=—1, s=01in (4.31) or t =0, s =0 in (4.49) or in (4.54) one gets

1 R+1
TEA(PIQ) < F(QIIP) < FAPQ).

(5.14)
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efFort=—-1, s=0in(49) ort=2, s=0in (4.31) or t =0, s =2 in (4.54) one gets

5.15 r (N i) < Faip) < B (SR) eonr
513 3() v@in < rain < g (5 el
e Fort =0, s =01in (4.9) one gets
r\? R \?
(5.10) (1) m@Ip < Fair) < (55 ) K@ie)
e For t =0, s =0 in (4.31) one gets
(5.17) r F(P||Q) < F(Q|[P) < R F(P||Q).

5.4. Bounds on Relative AG-Divergence. We have following bounds on relative
AG-divergence and its adjoint given in (1.7) and (1.8):

e Fort =1, s=1in (4.4) one gets
2 2

(5.18) mh(PHQ) <G(PlIQ) < mh(PHQ)-
efort=1 s=—-1in(431)orint =1, s =0in (4.37) or (4.42) one gets
R+1\° r+1\°
(5.19) () sl <ol < (“5) Ao

efort=2 s=1in(44)ort=1, s=2in (4.31) or in (4.37) one gets

1
e VI S OPIQ) € e ¢ PliR)

(5.20) prETe

efort=—-1, s=1in (4. 3)ort =1, s =2 in (4.43) one gets

X (QIIP).

r

(5:21) 4(r+1)

9 R
X (QHP) < G(PHQ) < m

e Fort =1, s=1in (4.4) one gets

1 1

(5.22) mK(PHQ) <G(P||Q) < mK(PHQ)-

e Fort =0, s=1in (4.4) one gets

1 1

(5.23) mK(QHP) < G(P||Q) < 20r + 1)

K(QI|P).
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e Fort =1, s=01in (4.31) one gets
R+1 r+1

(5.24) Bl r@ip) < arlio) < S P@ie).
e Fort =3, s=1in (4.9) one gets
2r\/r 2RVR
(5.29 I (PlIQ) < 61QIIP) < Sy ().

elfort=—-1, s=1in (4.31)ort=1, s=0in (4.49) or in (4.54) one gets

(5.20 (1) seie <ciair < (111) s

efort=1 s=2in (454)ort=—1, s=1in (4.9) ort =2, s =1in (4.31) one gets
7,3 R3

(5.27 @I <GP < P
eFort=1, s=1in (49) one gets

(5:23) ST K PIQ) < GQIP) < 5 K (PIQ)
e Fort =0, s =1 in (4.9) one gets

(5.29) ST KQIIP) < GQIP) € QP
e Fort =0, s =1 in (4.31) one gets

(5:30 D pepli) < creiip) < T pepg)

e Fort=1, s=11in (4.31) one gets
(5.31) r’G(PlIQ) < G(QIIP) < R*G(P||Q).
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5.5. Bounds on Relative J-Divergence. We have following bounds on relative J-
divergence and its adjoint given in (1.9) and (1.10):

e Fort = —1, s =1in (4.37) one gets

(5.32)

e Fort =2,

(5.33)

efort=-1, s=1in

(5.34)

e For t =0,

(5.35)

e Fort =0,

(5.36)

e Fort=1,

(5.37)

e Fort=1,

(5.38)

(r+1)(r+3)

(R+1)(R+3)

U3 A plig) < DpQ) < LI 5 py )
s =1 in (4.49) one gets

STV (PIQ) < DPIQ) < 5 PlQ)

(4.15) or t =2, s — 1 in (4.37) one gets

LS elp) < DPIQ) < S e D ealip)
s=11n (4.15) one gets

L ki) < o) < T D))
s =1 in (4.37) one gets

'+ 3F(PIIQ) < DIPIIQ) < R(R +3)F(PI|Q)

s =11in (4.37) one gets

2r%(r + 3)
ﬁG(PHQ) <

s =1 in (4.49) one gets

2(R+ 3)
R—HG(QHP) <

p(p|jg) < ZEWEL3)

D(PIQ) <

)

(r+3)

G(QIIP).

e Fort = —1, s =11n (4.43) or in (4.54) one gets

(5.39)

(R+1)(3R +1)

(5.40)

e Fort =2,

(5.41)

SOl Dawie) < pip) < S DA pg)
o Fort =2, s = lin (4.24) or in (4.54) one gets
ST (PlIQ) € D@IP) < gy (PlIQ).
s = 11in (4.42) one gets
potIhe@IP) < D@IP) < @l

(r+1)(3r+1)
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e Fort =1, s =1 in (4.24) one gets

(5.42) AR (PIQ) < D@IIP) < 2K (PQ)
o Fort=0, s=1in (4.43) one gets

(5.43) PLELR(PIQ) < D@IIP) < T R(PYQ)
o Fort =0, s =1in (4.54) one gets

(5.44) ML p@llp) < p@llP) < T P@IIP)
o Fort=1, s=1in (4.43) one gets

(5.49 2t Dawie) < paip) < 22 Vo)
o Fort=1, s=1in (4.54) one gets

(5.46) LGP < D@IIP) < 3R ol)

The inequalities given above are summarized in the following table:

A [ NA
v 6162

Xz | (5.3) ] (5.4)

(5.5

K, | NC | NA | (5.6) | (5.7)
Ky, | NC | NA | (5.8)|(59) | NC
F NA | (5.10) (5.11) (5.12) (5.13)] NA
F NA | (5.14) NA | (5.15) NA | (5.16) (5.17)
G1 | (5.18) (5.19) (5.20) (5.21) (5.22) (5.23) NC' | (5.24)
Go | (5.25) (5.26)) NA | (5.27) (5.28) (5.29) (5.30)| NC' | (5.31)
D, NA | (5.32) (5.33) (5.34)) NA | (5.35) (5.36)| NA | (5.37) (5.38)
Ds | NA | (5.39) (5.40) (5.41) (5.42)] NA | (5.43) (5.44) (5.45) (5.46) NA

h A X1 X2 Ky K, Fy F Gy Go D, D, ‘

Legend:
NC— Not considered here;
N A— Not available here.

We can obtain bounds referring to “NC” and “NA”. Some of these bounds can be

seen in Taneja [23].



INFORMATION INEQUALITIES 25

Now se shall express some of the inequalities given above in the unified form, that is,
some of the above inequalities can be written as

(5.47) r<n.(P||Q) <R, u=1,2,...,21,

where

hPIQ)

_ VAE(PIQ) - /A(PIIQ)
N )
w(rlie) = YO

_ /APQ)
m(P||Q) = {5/4X2(QHP) _ {'/A(PHQ)
N

V(PlIQ)
TR
m(PlQ) =2 (g‘“'g)),

_ VXA(PIQ)
D= AR@IP)
m(PIQ) =25

A(PQ)
1Pl = Srplo) - APlQ)

_ 2F(P[Q)
mi(Pl|Q) = \/X2(QHP) ~ \/QF(PHQ)’
moPIQ) = ¥ K<Pll@;(; ”¢Ql>”(PIIQ),
m(Pllo) = SF@ |§<>P - QA))(PHQ)

_ FQIIP)
i VEQIIP) - /FQ[P)
ma(PlIQ) = Sl D)

F(PllQ)
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) AP
me(P||Q) = 4\/G(P||Q) — \/A(PHQ)7
B 4G(P|Q)
mr(Pl|Q) = 2(Q||P) — 4G(P||Q)’
K(Q||P) — 2G(P||Q)
ms(PllQ) = ——oamia)
nalPI0) 4\/G(QH]2(I_3H\£2)A(PHQ)’
)
20 (Pl|Q) = K(P||Q) —2G(P||Q)
and
_ veElIr)
n2a1(Pl|Q) = G(PHQ)

Here v = 1 stands for (5.1), u = 2 for (5.2), u = 3 for (5.3), u =4 for (5.4), u =5 for
(5.5), u = 6 for (5.6), u =7 for (5.7), u = 8 for (5.8), u =9 for (5.9), u = 10 for (5.10),
u =11 for (5.12), u = 12 for (5.13), v = 13 for (5.14), u = 14 for (5.16), u = 15 for (5.17),
u = 16 for (5.19), u = 17 for (5.21), u = 18 for (5.23), u = 19 for (5.26), u = 20 for (5.28)
and finally u = 21 stands for (5.31).

Remark 5.1. (1) From the table we observe that there are some inequalities among
the mesures not considered here, such as: among K(P||Q) and K(Q||P); F(P||Q)
and G(P||Q); F(Q||P) and G(Q||P). These are given by

K(P(Q)
(5.48) "< o <P
F(PIQ)
49 "< 2P - Fee) <
and
550 L 26@IP) - F@IP) _

FQIIP)
The inequalities (5.48) can be seen in Taneja and Kumar [26] and the inequali-
ties (5.49) and (5.50) are given in Taneja [25].

(13) In view of inequalities appearing in (5.47), (5.49) and (5.50), we have the following
two sequence of inequalities:

551 GAPIQ) < 5FPIQ) < GIPlIQ) < (3E@IP) or Q)
and
552 GAPIQ) < GFQIP) < G@IP) < (SK(PIQ) or 2P(PIQ))
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