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ON INEQUALITIES OF JENSEN-OSTROWSKI TYPE

PIETRO CERONE, SEVER S. DRAGOMIR, AND EDER KIKIANTY

ABSTRACT. We provide inequalities of Jensen-Ostrowski type, by considering
bounds for the magnitude of

/ﬂfogdu—f(C)—(/diu—c)f’(C)—%A/ﬂ(g—C)2 du, ¢ € lad),

with various assumptions on the absolutely continuous function f : [a,b] — C
and a p-measurable function g, and A € C. Inequalities of Ostrowski and
Jensen type are obtained as special cases, by setting A = 0 and { = fﬂ gdu,
respectively. In particular, we obtain some bounds for the discrepancy in
Jensen’s integral inequality. Applications of these inequalities for f-divergence
measures are also given.

1. INTRODUCTION

In 1905 (1906) Jensen defined convex functions as follows [18] : f is convex if

; <a+b> _ @+ 1)

(1.1) . .

for all a,b € D(f) (here D(f) is the domain of f). Inequality (1.1) is the simplest
form of Jensen’s inequality. Jensen’s inequality has been widely applied in many
areas of research, e.g. probability theory, statistical physics, and information theory.

Let (Q, A, 1) be a measurable space such that [, du = 1, consisting of a set Q,
a o-algebra A of subsets of €2, and a countably additive and positive measure p on
A with values in the set of extended real numbers. Jensen’s inequality now takes
the following form: for a p-integrable function g : Q — [m, M] C R, and a convex
function f : [m, M] — R, we have

(1.2) f(/ﬂgdu> S/Qfogdu-

Costarelli and Spigler [4] considered the sharpness of Jensen’s integral inequality
(for real-valued convex function f and non-negative function g) by studying bounds
for the discrepancy in Jensen’s inequality. Further inequalities involving the dis-
crepancy in Jensen’s inequality for general integrals are given in [7] and [8]. We
summarise these results in Section 2.

In 1938, Ostrowski [17], proved an inequality concerning the distance between

the integral mean ;1 fab f(t)dt and the value f(z) (z € [a,b]):
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Proposition 1. Let f : [a,b] = R be continuous on [a,b] and differentiable on (a,b)
such that f' : (a,b) = R is bounded on (a,b), i.e., ||f'||,, == sup [f'(t)] < oo.

Then el
b atb\?
(13) ’m)—b_la/ Fyd < |+ (‘2_) 17 (b= a).

for all x € [a,b] and the constant % is the best possible.

Ostrowski’s inequality has been extended to approximate the integral mean of
n-time differentiable mappings and other classes of functions. We refer the readers
to the book by Mitrinovié, Pecari¢, and Fink [16] and the book by Dragomir and
Rassias [11] for these generalisations. In what follows, we recall a generalisation of
Ostrowski’s inequality for twice differentiable mappings.

Proposition 2 (Cerone, Dragomir, and Roumeliotis [2]). Let f : [a,b] — R be a
mapping such that the derivative [’ : [a,b] — R is absolutely continuous on [a,b].
Then, we have the inequality:

[ 1005w 00 (- 50 f’(fc)‘

1(z— 23ty "
24+2(ba)2]( —a)?[| [l o>

(1.4)

for all x € [a,b)].

Dragomir [9] introduced some inequalities which combine the two aforemen-
tioned inequalities, referred to as the Jensen-Ostrowski type inequalities. These
inequalities are established by obtaining bounds for the magnitude of

/Qfogduf«)A(/diuc), Celot],

for various assumptions on the absolutely continuous function f : [a,b] — C and a
p-measurable function g, and A € C. Inequalities of Jensen and Ostrowski type are
obtained by setting ( = fQ gdp and A = 0, respectively. Further Jensen-Ostrowski
type inequalities are given in [3], by investigating the magnitude of:

[toaan=s50)~ [(a=0r ogdu+ 32 [ 6= 02dn. ¢ela

In this paper, we study the magnitude of:

[ reaan-5© ([ o) r© -3 [ 6-0"dn cela

to provide new inequalities of Jensen-Ostrowski type. Our results stem on the use of
the Taylor’s approximation with integral remainders (cf. Lemma 1 of Section 3). We
obtain inequalities with bounds involving the p-norms (1 < p < co) (Section 4), as
well as inequalities for functions with bounded second derivatives and convex second
derivatives (Section 5). An application for f-divergence measure in information
theory are provided in Section 6.

Similarly to the results in [3] and [9], we obtain inequalities of Ostrowski type
by setting A = 0. We provide a generalised version of the Ostrowski inequality
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(1.4) (cf. Proposition 2 above) in the measure-theoretic (and probabilistic) form in
Remark 4.

We obtain inequalities of Jensen type by setting ( = fQ gdu. In particular,
we obtain in Corollary 2, a result on the discrepancy in Jensen’s inequality (cf.
inequality (4.4)), without the assumption of convexity. We connect this result with
the results of Costarelli and Spigler [4] (cf. Proposition 3 of Section 2) in Remark
3. Costarelli and Sprigler noted that the bound in (2.4) is better than (2.3) due
to a stronger assumption of C? smoothness. Under the assumptions of Proposition
3, our result gives a better upper bound than (2.3), although (2.4) still gives the
better upper bound. However, our result holds in a more general setting, that is,
for differentiable functions with absolutely continuous derivatives, in a measure-
theoretic (and probabilistic) form.

2. THE SHARPNESS OF JENSEN TYPE INEQUALITIES

In this section, we recall some results concerning the discrepancy in Jensen’s
inequality.

Proposition 3 (Costarelli and Spigler [4]). Let ¢ : I — R be real-valued convex
function, where I is a connected bounded set in R, and f :[0,1] — I a real-valued
nonnegative function where f € L*(0,1). If ¢ is a C? function, then

(21)  o(f(@) =p(c) + ¢ ()[f(z) — ] + %@” (" (@) [f(z) = ?, = e0,1],

where ¢ = f(xg) which can be chosen arbitrarily in the domain of ¢ such that
f(xo) € I, and c*(x) is a suitable value between f(x) and f(xo). Furthermore,

1
(2.2) / o(f(@)) dx = o) +¢'(c) /

0 0

1

F@)=ddot [ ¢ (e @) f()=c da.

0
The discrepancy in the Jensen inequality is given by the following estimates:

/ o)) da— (/ ) )

1
< Sl [Hf —cllie +I1f —ellii]

(2.3) 0

IN

where Is denotes the domain of ©"';

[anoo(fraw)

L T R [ / (@) — o dx} |

where ¢ is a C%-smooth function.

2.4) 0

AN

IN

Consider the Lebesgue space
L(Q,p) = {f : Q= R, fis y-measurable and / lf ()] dp(t) < oo} .

For simplicity of notation, we write in the text [, wdu instead of [, w(t)du(t).
Dragomir [7] obtained in 2002, the following result on the discrepancy in the Jensen
inequality for general integrals.
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Theorem 1. Let f : [m, M] C R — R be a differentiable convex function on (m, M)
and g : Q — [m, M] so that fog, g, ffog, (f'og)-g€ L(Q,u). Then,

(2.5) 0</Qfogdu—f</ﬂgdu)

S/Qg-(f’og)du—/gf’ogdu/ggdu
<00 - o) | g/ﬂgdu‘dw

Further result on the discrepancy in the Jensen inequality for general integrals is
given in the following result.

Theorem 2 (Dragomir [8]). Let f : I — R be a continuous convex function on the
interval of real numbers I and m, M € R, m < M with [m, M] C I, where I is the
interior of I. If g : Q — R is u-measurable, satisfies the bounds

—co<m<g(t) <M< oo for p-a.e. t €Q
and such that g, fog € L(Q,u), then

(2.6) OS/Qfogdlu_f(/ﬂgd'u>
S(M—/diu> (/diu—m) f,*(AfW):ﬁ(m)

< 3 (M —m) [ (M) — 7L (m)]

where f' s the left and f' is the right derivative of the convex function f.

We refer the readers to [8] for further results on the discrepancy in the Jensen
inequality and their applications to divergence measures.

3. SOME ESTIMATES

We start with the following lemma to assist us in our calculations throughout
the paper.

Lemma 1. Let f : I — C be a differentiable function on I, f' : [a,b] C I > C
is absolutely continuous on [a,b] and ( € [a,b]. If g : Q — [a,b] is Lebesgue p-
measurable on 0 such that fog, g,(g—¢)? € L(Q, p), with fQ dp =1, then

a0 [ segd—r© - ([atn-¢)r©-3 [ -7
—/Q(Q—C)Q</01(1—5)[f”((1—8)C+89)—Md8>dﬂ
_/01(1_5) (/Q<g—<>2[f“((l—s><+sg>—wu)ds,

for any A € C.

Proof. Making use of the Taylor’s expansion with integral remainder we have

(32) f@)=fQ)+@=-0f )+ (x—C)2/0 (1—5)f"((1—-5)C+sz)ds
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for any ¢,z € [a, b]. We observe that for A € C we have
1

(33)  (@—0° [ (A=s)[f"((1—5)(+sz)—Nds

(-0 (1—3)f”((1—s)(+5m)ds—(x—C)Q/\/O (1—s)ds

1

= (-0’
and by (3.2) we get

F@) = Q)+ =0 F () + 3 =)

J
J

(1= 5) " (L= )¢ + sa)ds — 5 (2~ )* A

@0 [ =)l (1) Cs0) — N s
for any ¢,z € [a,b] and X € C. Now, if we replace z with g (¢) € [a, b] we get
(3.4) Fla@®) =1+ gt) =) f(O)+ %)\(g (t) - ¢)°

+ (9 (1) —4)2/0 (1 =) [f" (1= s)C+sg(t) — Alds

for any ¢ € [a,b],t € Q and X € C. If we integrate (3.4) on  and use the fact that
fQ di = 1 we obtain the first result in (3.1) by rearranging the terms. The second
part follows by Fubini’s theorem. O

We denote by 02(g), the dispersion of g on , that is,

o?(g) == /QQQdM— (/ﬂgdu>2=/ﬂ (9—/ﬂgdu>2du-

Corollary 1. Under the assumptions of Lemma 1, we have the following identities
by when ¢ = [ gdu:

(3.5) /Qfogdu—f(/ﬂgdu>—;/\02(g)
Lo o] ([l (10 ) )
Lo ([ [ 00 feon) o

for any A € C.

Remark 1. Following the main idea for some estimates obtained by Costarelli and
Spigler [4], another estimate one may obtain is to consider the mean value form of
the remainder in (3.2)

(36) F@) = FQO+@—0F Q)+ 5O~

where £ is between = and (. By setting z = ¢(¢), and integrate (3.6) on Q, we
obtain

60 [ regan=r@+r©([adu-c)+y [ 11060
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where £ = £(t) is between ¢(t) and (.

Let ¢ : I — R be a real-valued convex function, where [ is a connected bounded
set in R, and f : [0,1] — I a real-valued nonnegative function where f € L(0,1).
Suppose that ¢ is a C? function. Set f = ¢, g = f, and ( = ¢ = f(x9) (7o can be
chosen arbitrarily such that f(zo) € I) in (3.7), we have

| et ar
1 1
—o@©+¢' @ [ @) =0 dot 3 [ (e @)o@) 02 e

where ¢*(z) is between f(x) and ¢ = f(xp). This estimate is given in the paper by
Costarelli and Spigler [4, p. 2] to investigate the sharpness of the Jensen inequality
(cf. Proposition 3).

4. BOUNDS IN TERMS OF p-NORMS

‘We use the notation

p
(/|k P du(t ) 1 ke Ly )

kllap =
esssup [k(2)], p— 00, k € Loo(S, 1)
teQ
and
1 1/p
" (/ If(s)lpds>  p> 1 fe (0,1
[0,1],p ==
os'sup (9. =0 f € La(01),
s€l[0,1

We denote by ¢, the identity function on [0, 1], namely, £(t) = ¢ (¢ € [0,1]); and for
teQ, (€ la,bl, and A € C, we have

ess sup |f"((1—s)C+sg(t)) — Al = /(1= O¢ +£g) — Alo,11,00

s€10,1]

Theorem 3. Let f: I — C be a differentiable function on f, 1 a,b] C I=cC
is absolutely continuous on [a,b] and ¢ € [a bl. If g : Q — [a,b] is Lebesgue -
measurable on Q0 such that fog, g,(g— ¢)* € L(Q, u), with fQ du = 1, then for
any A € C,

an|[ rostu-r©~([atn-c)r©-5n [ @-ta

1 1"
<5 [ =015 (= 0C+t9) = N o

1
Sl = CIB (= 00+ E9) = Mol

IN

L 11
210 = P llanllI7"((1 = ¢ +89) = Mpacllg o 2> 1+ =1

S0 = O lalll” (- 0¢ + tg) -

011,00 |3, 00
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Proof. Taking the modulus in (3.1), we have

a | [ sestn—1© - ([atn-¢)r©-3 [ 6= 0
[Fa=9([a-r1r =9+ s - Na) as
[a-y ([ 0=0 1" (@ =06+ to) = Aoy t) s
[ra=syas ([ @1 @ =06+~ Al i)
= 3 ] @= U= ¢+ £9) = Al

for any A € C. Utilising Holder’s inequality for the p-measurable functions F, G :
Q—C,

IN

IN

1
P q 1 1
/FGdu‘S </ de#) (/ Iqudu) , p>1, —+ 1,
Q Q Q P q

/FGdu' §esssup|F(t)|/ |G| ds,
Q te Q

we get (4.1) from (4.2). O

and

Remark 2. One obtains Ostrowski type and Jensen type inequalities from Theo-
rem 3, by letting A = 0 and ¢ = [, gdp in (4.1), respectively.

Corollary 2. Under the assumptions of Theorem 3, we have the following Os-
trowski type inequality:

‘/Q(fog)du—f(o— </diu—é) f’(C)‘
<1 2(9)+</diu—é)2]-

We also have the following Jensen type inequality:

/Q(fog)duf</ggdu>

which is the best inequality one can get from (4.3).

(4.3)

1

Lo
(4.4) < 1 a0 0*(9)

Proof. We have from (4.1) with A =0

’/ og)du— f(¢)— (/diu—C)f’(C)’
<5 [ 0= P (0= 0+ 16) o di

For any ¢ € Q and almost every s € [0, 1], we have

[F7((1 = s)C +59(t))| < ess sup ()] = 1" Mla,b1,005
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which implies that

1771 =0)¢ +£g)[| 1y 00 = €58 s |F7 (L= 5)C+59(0)| < 1" la.p],00-

Therefore, we have

[sendu=r0 - ([ oan-c)r (c)] < 517 lasnoe [ (9= 07

‘We also note that

[l oo oo
o L) e (Lo
o?(g) + (/diﬂ—() .

and this proves (4.3). By choosing ¢ = [, gdp in (4.3), we obtain (4.4). O

(4.5) / (9— O du

Remark 3. We may also obtained the results in Corollary 2 from (3.7), which uses
the mean value form of the remainder, so that,

(4.6) ’/fogdu G f(C)(/diu—C)‘
< /\f” (g —¢)?

5“f”||[a,b],oo/ﬂ(g—4) m

2
17 o0 <02(g) #( [ gan-c) ) .

Let ¢ : I — R be a real-valued convex function, where I is a connected bounded
set in R, and f : [0,1] — I a real-valued nonnegative function where f € L(0,1).

Suppose that ¢ is a C? function. Set f = ¢, g = f, and ¢ = fo t)dt in (4.6), we

have
/ o) dr— ( / @) dw) ]
S 1 (70~ [ ) dz)2 i,

where I is the domain of ¢”. Furthermore, if ¢ is convex and f is continuous, then
the mean value theorem for integration asserts that there exists xg € [0,1] such

\ /\
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that fol f(t)dt = f(zo) =: ¢, and thus

0 < /Olcp(f(x))dfcp(/olf(w)dx)
(7) < e [ @)~ @0

1
= 51" leellf = ellfo,.

1
< 516" Nrmoe (I = ellfy o + 15 =l )

where the last estimate is given by Costarelli and Spigler in (2.3). Here, our result is
shown to be sharper than the result by Costarelli and Spigler. When, ¢ is assumed
to be C%-smooth, the result (2.4) by Costarelli and Spigler is sharper than our

estimate:
/ o)) dr — ( / () da:)

1 1, !
< 1 el = el — it | [ () - ]
2 0

o
IN

2

1
< §||‘P”||Iz,oo||f_C||[20,1],2'

Costarelli and Spigler provide an example to compare the two bounds given in

(2.3) and (2.4) [4, Example 3.1, p. 5]. In what follows, we recall the example and

provide a comparison to the bound obtained in (4.7). Let ¢(y) = —sin7my and

f(x) = 22, The true discrepancy E between the two sides of the Jensen inequality

is E =~ 0.3612. Using (2.3), the estimate for F is: E < 1.3627.... Noting that
2

infr, " {fol((f(x) —c) dx} = 0, the estimate for E by using (2.4) is the same to
that of (4.7), which is closer to the true discrepancy, that is,

w2 {1 2 1

Loy 2 _ -
B < o lnacellf =l = [ - 3+ ] ~ 0350

Remark 4. We recall the quantity:

/Q(QC)Qdu/Q(g/ﬂgdu)zdu+</ggdug>2.

In the case that Q = [a,b], g : [a,b] — [a,b] defined by g(t) = ¢, and u(t) = 7, we

have
1 b a+b
dp = —— tdt =
Jot=y ] 2

2 2

(o= fo) v (fom=c)
1t a+b\’ a+b\>  (b—a)? a+b\>
:b—a/a (t 2>dt+<C 2> 12 +(C 2)'

and
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Under this assumption, the left-hand side of (4.3) becomes

b_la/abf(t)dtf(g) — (a;b C) f'(C)‘

and the right-hand side of (4.3) becomes

1 " 2 2
S 1 e .00 l/ﬂ (g—/ﬂg@) du + (/diu—é> ]

1 1 b\ 2
= §||f"||[a,b],oo [m(b— a)® + (g — a;‘ )

Thus, (4.3) becomes

1 ’ a+b\ ,
b—a aﬂwﬁ—f@%+@— 5 )f@%

! L C—MQ "
=313 W] (b= a)* 11" |l{a,b),00

for ¢ € [a,b], which recovers the result by Cerone, Dragomir, and Roumeliotis [2]
(cf. Dragomir and Rassias [11, p. 87]), by multiplying the above inequality by
(b — a) and setting ¢ = z € [a, b].

5. INEQUALITIES FOR FUNCTIONS WITH BOUNDED AND CONVEX SECOND
DERIVATIVES

Now, for v,I' € C and [a,b] an interval of real numbers, define the sets of
complex-valued functions [9]

Ua)(7,T) := {h : [a,b] = C|Re {(P — h(t))(h(t) — 7)} >0 for ae. t € [a,b]}

and

+T
A[a,b}(y,F) = {h : [a,b] — (C| ’h(t) — ’YT

1
< 5\1“—7\ for a.e. t € [a,b}}.

The following representation results may be stated [9)].

Proposition 4. For any v,I' € C and v # I, we have
(4) Ulap)(7,T) and Apg (v, T) are nonempty, convex and closed sets;

(”) U[_a,b} (7) F) = A[a,b] (F)/a F); and
iy Ve (0:) = {1 [0.8] = € [(Re(T) — Re(h(1))) (Re(a(9) ~ Re(1)
+ (Im(T") — Im(h(t))) (Im(h(t)) — Im(v)) > 0 for a.e. t € [a,b]} .

We have the following Jensen-Ostrowski inequality:

Theorem 4. Let f : I — C be a differentiable function on I, f' [a,b] C I—>C
is absolutely continuous on [a,b] and ¢ € [a,b]. For some v,T' € C, v # T, assume
that f" € Upap) (7,T) = Do) (,T) . If g : Q@ — [a,b] is Lebesgue p-measurable on
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Q such that fog, g,(g—¢)* € L(Q,p), with [, du =1, then
+T
fonan=r-([atn-c)ro-155 [w-cra
Q Q Q

(5.1) < i|F—7| laZ(g) + (/diu—cfl :

In particular, we have the following Ostrowski type inequality:

/Q(ng)du—f<a;rb>
(o)) )

1 a+b 2
<M=l [Ug(g)Jr(/gdu— > )
Q

and we have the following Jensen type inequality:

(5.3) ‘/Q(fog) dp — f (/diu> - fyzroz(g)‘

1
< Z|F —7lo*(g).

)

Proof. By equality (3.1), for A = % we have

60 [epan- @ ([a-c)r©- 10 [a- 0

=/Q {(g—o?/ols[f”((l—s><+sg)—7;r] ds] .

Since f"” € A[a’b] (7,T), we have

(5.5)

F'(A=5)C+sg) — %

1
<ZIr—
_2| ot

for almost every s € [0,1] and any ¢t € Q. Multiply (5.5) with s > 0 and integrate
over [0, 1], we obtain

(5.6) /0 '

for any t € (.
Taking the modulus of (5.4), we get the following, by (5.6)

[enan=r©-([aan-c)r©-15F [0

S/Q {(Q—C)QAIS
<30 =l [ 6=0%dn

and the proof is completed (note the use of (4.5)). We obtain (5.2) and (5.2), by
setting ¢ = (a4 b)/2 and ¢ = [, g du, respectively. O

r 1 1 1
F((1 = 5)¢ +s9) — 112 dsSle—ﬂ/ sds = ~|T — 1,
2 2 0 4

(1= s)C+ sg) — ’Y;F’ ds} du
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Remark 5. If f' is convex in Theorem 4, then v = f¥(a) and I' = f”(b).
Recall the following definitions of convexity:

Definition 1. Let h: I C R — R be a real-valued function. Then,
(1) h is convex, if for any x,y € I and s € [0, 1], we have

h((1 = s)z + sy) < (1= s)h(z) + sh(y).
(2) h is quasi-convez, if for any x,y € I and s € [0, 1], we have
h((1 = s)z + sy) < max{h(z), h(y)}.
(3) h is log-convez, if for any x,y € I and s € [0,1], we have
h((1 = s)z + sy) < h(z)' " *h(y)*.

(4) for a fixred q € (0,1], h is q-convex, if for any x,y € I and s € [0,1], we

have
h((1—s)z+ sy) < (1 —s)?h(z) + sTh(y).

For further background on these notions of convexity and some integral inequalities
for functions with some convexity properties, we refer the reader to the paper by

Dragomir [10].

Theorem 5. Let f : I — C be a differentiable function on I, f': [a,b] C I — C is
absolutely continuous on [a,b] and ¢ € [a,b]. Suppose that g : Q — [a,b] is Lebesgue

p-measurable on Q such that fo g, g,(g—¢)? € L(Q, i), with Jo dp=1.

(i) If | f"| is convez, then we have
.7 og)du — — dp — !
6.7) [endn= 10~ ([ ain-c) )
1 1
<3 11 [ - 0Pau g [ (=02 oglan].
(ii) If | f"] is quasi-convex, then we have

/Q(fog)du*f(ﬁ) - (/diué> f’(C)‘
(5.8) < 1 Nasroe [ (0= 0

(ii3) If | f"] is log-convex, then we have

(5.9) ‘/Q(fog)du—f(é“)— (/diu—c) I <<)'

UL o gl + 17O Hos(£ (D) — log(ls” o gl)]
< [ o0 oz(177 () — log(|f" o g)]°

)
() If | "] is q-convez (for a fized g € (0,1]), then we have

(5.10) ‘/Q(fog)du—f(o - (/diu—é> Q)

P

1
(q+2)

1

<
qg+1 /g

171 (0= P du+ (9= OP11" ogldu].
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Proof. (i) If | f"| is convex, then

[F7((1 = )¢ +s9(1))
which implies that

1
/ (L=s)|f"((1 = s)¢ + sg(t))| ds

[ (1-s) ds] s >|+[/0 s(l—s)ds} (g(0))
= L7+ gl (o), Torall 1€ Q.
Thus,

[Nia—cr / (1= 8) [f"((1 - $)C + s(t))] ds

dp

1 " M2 1 M2 "o
<O [ =02 dnt g [ = 0P ogldn

The proof is completed by (3.1) with A = 0.
(i) If | f"] is quasi-convex, then

|7 (1= 5)¢ +s9(1))| < max{|f"(O,|f"(g(®)[}, forallteQ
which implies that

1
/0 (L=s)|f"((1 =)+ sg(t)| ds
< [ [a-s ds} max{| (), | (o))

= Smax{If(QLIf (o))}, for all 1 € 0

Thus,

<g—<)2/ (1= ) [7((1 = $)¢ + sg(t))] ds| du

2

The proof is completed by (3.1) with A = 0.
(iii) If |f”| is log-convex, then

[F((L=s)C+sg@®)| < [F(OIIf"(9(®))°, forallt e Q
which implies that

/0 (L=s5)[f"((1 = )¢+ sg(t))] ds

< [ [ a=sir@risaras
 SOL L )]+ 1) Tog(7 (1) — log(Lf” (9(t))D)

< (L= +s[f(g(t))], forall t € Q,

llog(|£(¢)]) — log(| £ (9(1)])]?

]‘ 1" 1" ]‘ 1"
[ (o= max{£/OL1" o sl = 517 oo [ (9= 0P

)

13
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for all ¢t € Q. Thus,

1
[ J@=0? [[a=a 1= 9c+sa0)] as
Q 0

=171+ 17 0 gl + 1f" (O Nlog(lf ()]) — log(l.f” o g])]
< —¢)? dp.
< fo-0 floa(17"()]) — log(|” o o) g
The proof is completed by (3.1) with A = 0.
(iv) If |f”| is g-convex (for a fixed ¢ € (0, 1]), then
(1= 8)¢ + s9) [ < (1= )1 + 57" (9(D)], for all £ € O

which implies that

/o (L=s)|f"((1 =)+ sg(t)| ds

</ (1o g s 1771+ | (1) as| 17" (9(0)

Sy —

Thus,

/Q ‘(g - /01(1 =) [f"((L = )¢ +s9(t))] ds

1 1
S 2 / _ 2 d + 7/
The proof is completed by (3.1) with A = 0.

dp

(9—Q)>f" o gldp.

O

Remark 6 (Jensen type inequalities). Furthermore, we obtain Jensen type in-
equalities by letting ( = fQ gdp in Theorem 5. The assumption of convexity on
|f”| provides refinements for (4.4) (cf. Corollary 2), as shown in the following: If

|f”| is convex, then

/Q(fog)d,u_f(/ﬂgd’u>‘
1 ) 1 2 1"
B[f (/diu> Uz(g)+2/ﬂ<g—/ﬂgdu> |f ogldu]
2
<3 Lf“n[a,mmo%g) Wi [ (9 fLo) dﬂ]

1
= §Hf"||[a,b],ooU2(9)-

IA

We give an example to the above comparison. Let f(t) = e~% and g(t) = t for

€ [1,2]. The true discrepancy in the Jensen inequality is:

2 2 e—1
/etdtf</ tdt)‘eQe?’/Q%O.OOQZLM.
1 1

The estimate for the discrepancy given by Corollary 2 is:

E=

1 ? 3\? 1
<= -t - = =—e 1x0. .
E< 5 max{e "t € [1,2]}/1 <t 2) dt 51¢ 0.015328
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The estimate for the discrepancy given by Theorem 5 is closer to the true discrep-

ancy, that is,
2 2 2 2
1
1 3 / t—§ dt+f/ t—§ e tdt
2 1 2 2 J; 2

1y 1 (5e—13
- - ~ 0.009533.
[126 *3 ( 42 )}

E

IA

Wl = W=

6. APPLICATIONS FOR f-DIVERGENCE

In the same spirit to that of [3], we apply our result to obtain inequalities for
f-divergence measures. One of the important issues in many applications of Proba-
bility Theory is finding an appropriate measure of distance (or difference or discrim-
ination) between two probability distributions. A number of divergence measures
are specific cases of the Csiszar f-divergence and so further exploration of this
concept will have a flow on effect to other measures of distance.

Assume that a set Q2 and the o-finite measure p are given. Consider the set of all
probability densities on p to be P := {p|p Q=R p(t) >0, pr(t) du(t) = 1}.
The Kullback-Leibler divergence [15] is well known among the information diver-
gences. It is defined as:

,_ p(t)
(6.1 Dt .0) = [ po)tox| 20 (o). pacr.
Q q(t)

In Information Theory and Statistics, various divergences are applied in addition
to the Kullback-Leibler divergence. These include the variation distance, Hellinger
distance [12], x?-divergence, a-divergence, Bhattacharyya distance [1], Harmonic
distance, Jeffrey’s distance [13], triangular discrimination [20]. We recall the defi-
nition of y2-divergence, due to its usage in this text:

2
(6.2) D,z (p,q) :=/Qp(t) Kzg) —1] du(t), p,q€P.

For other divergence measures, see the paper [14] by Kapur or the book on line [19]
by Taneja.
Csiszar f-divergence is defined as follows [5]

q(t
(63 1) = [ 20| 53] du@). pacP.
Q p(t)
where f is convex on (0,00). It is assumed that f (u) is zero and strictly convex
at v = 1. By appropriately defining this convex function, various divergences

are derived. The y2-divergence and the above mention distances are particular
instances of Csiszar f-divergence. There are also many others which are not in this
class [19]. For the basic properties of Csiszar f-divergence, we refer the readers to
[5], [6] and [21].

Proposition 5. Let f : (0,00) — R be a convez function with the property that
f(1) = 0. Assume that p,q € P and there exists constants 0 < r <1 < R < o0
such that

(t

t

[}
~—

(6.4) r< <R, forp-a.e. te.

~—

=
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If ¢ € [r, R], then we have the inequalities

65)  1r0) ~ Q) ~ (0= OF O < 317 I moe [Py )+ (¢~ 12

In particular, by choosing { = (r + R)/2, we have

If(p,Q)f<rJ;R> - (1“;}2) 7 (r;R)‘

1
< £
< S0l

(6.6) . 2
+R
DXQ(p7Q)+( 2 1> ]7
and when ( =1,
1
(6.7) 15, 0)] < 17"l ) D (01 0)

Proof. We choose g(t) = ¢(t)/p(t) and noting that [, p(t)du = 1, in inequality
(4.3), we have

/Qf (%) p(t)dp— f(¢) — </Qq(t)du<> f’(C)‘
= s (p,q) = J(C) = (1= O S ()

1 "
< 51 N1 o0 /Q( )
i 2
= 1 lemoe | [ (52 = 1) pto)u (17

1 -
=35 f” r,R],00 /
1 omee | [

= 31 e | [ L8 - 14 (-1
— %||f”||[r7R]700 /Q (p(t) —p(t)) du+(€—1)2]
- %||f"||[nR]m /Q ( - 1) p(t)dp+ (¢ — 1)2}

1
= 31 0 [ Do (20) + (¢ = D7) 5

and this completes the proof. O

Proposition 6. Under the assumptions of Proposition 5, if ' is convex or fY
exists, then we have

‘If(p’ ) - £ - (1 - + O EE

68) < 11 R)~ £20)] [Pyt + (¢~ 1))

for ¢ € [r, R]. Some particular cases of interest are obtained by setting ( = (r+R)/2
and ( = 1.

Dy (pr ) + (¢ = 1)°]
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Proof. When f” is convex, we set v = f/(r) and I' = f”(R) (cf. Remark 5). For the

case where f! exists, we set v and I" appropriately to the values of f (r ) and f”(R),
with v < T. Utilising (5.1) for g(t) = ¢q(¢)/p(t) and the measure fﬂp Ydp =1, we

have
|1 (%3) p(t) du— F(0) ( | atoran - c) 7

FLO+ 2R [ (at) N
L /Q(pw C) p(E) dp

~ .0 - 70 - 1 - o+ LB 5 gy -1y

Loy " q(t) ? 2
<Yy - ) V (29 -1) p(t)dw(c—l)]

= LI R) ~ £20)] [Dyet.0) + (€ - 1.

Note that we make use of the following:

A(%_Cfp(t)d“ - /Q<pg) 2p(t)du—1+(<_1)2

Il
S
/N
7N
E‘Q &
- | =
S— | —
~_

[\v]
|

—
~—
]
S
SN~—

IS
=
+
—
o~

|

—
S—

and this completes the proof. O

Example 1. If we consider the convex function f : (0,00) — R, f(¢) = tlog(?),
then

q(t) . () _ oe (1) _
150.0) = [ o) 500 (50 ) aite) = [ ateyion (55 ) an(v) = Drsan)
We have f(t) = log(t)+1 and f”(t) = 1/t. By Proposition 5, we have the following

inequalities
[Dr(q,p) — Clog(¢) — (1 = ¢)(log(C) + 1)
= [Dkr(g;p) — 1+ ¢ —log(Q)]

1 1

5| s =1 D)+ (-1’

2 z€[r,R] X

1 2

= o [P0+ (¢~ 17,
for all ¢ € [r, R]; and when ¢ = 1,
1

(6.9) 0< Dri(g,p) < 5 Dy (p:)-
Furthermore, by Proposition 6, we have the inequalities:

r+ R

= D) + €17

]qu,p) Clog(¢) — 14 ¢+ T
R—r
<

~ 4rR

[Dyp) + (¢~ 1)°]
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for ¢ € [r, R]; and when ¢ =1,
R—r

(6.10) Dista.n)+ D) < 5D ),
Example 2. If we consider the convex function f : (0,00) = R, f(t) = —log(?),
then
]f(pﬂ):* log( g)du p(t)log (pEDdu() Dxr(p,q)-
We have f/(t) = —1/t and f'(t) = l/t2 and we note that

p(t)
/Qq()du D,2(q,p) + 1.

By Proposition 5, we have the following inequalities

m@m@+bao+§f1

1 1 2 1 )
< - - - = -
2L$%ﬁ]pﬁm@+@ )’] = 53 [Pet.a) + - 1]

for all ¢ € [r, R]; and when ¢ =1,
1 1
(6.11) —5,20:¢(P,0) <0< Drr(p.a) < 55Dy (p:a).

Recall the following inequality from [3]:

1
‘DKL(pv Q) - DXZ(Q7p)’ < ﬁD)f (p7 q))
or equivalently,
1 1
(6.12)  Dy2(a,p) = 53 Dx2(p, @) < Drr(p:a) < Dya(a,0) + 55Dy (. 9)-
Thus, we have the following chain of inequalities:

1 1
—ﬁDXQ(pM]) < Dx2(q,p)—ﬁDx2(p,Q)

IN

Dkr(p,q)

1 1
5,2 D% (p,q) < Dy2(q,p) + 5,2 D (p, ).

Furthermore, by Proposition 6, we have the inequalities:

1 r? + R?
Dk r(p,q) +log(¢) + E -1+ 412 R2

IN

[Dx2 (p, q) + (C - 1)2]

< R® - 2
= 47‘2R2 [D 2(p,q) + (¢ —1) ]7
for ¢ € [r, R]; and when ¢ =1,
R? — 7?2 r2 + R? R? — 72
(6.13) TR < Dkr(p,q) + 2R [D,2(p,q)] < WDXQ (P, q)-
Recall the following inequality from [3]:
r2 + R? R? —¢2
DKL(pa Q) - DXQ(qvp) + W [sz(p7 q)] < WDXQ(,D, q)a
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or equivalently,

R? — 2 r? + R?
Dy2(q,p) — WDXQ (p,q) < Dgr(p,q) + PR [sz (p, Q)]
R2 _ 7,2
(6.14) < Dy:(q,p) + WDXz (; q)-
Thus, we have the following chain of inequalities:
R2 _ 7,2 R2 _ 7"2
—WDX2 (r,q) < Dy2(q,p) — WDXQ (p,q)
r? + R?
< Dkr(p,q) + iR [Dy2(p,q)]
R2 _ T2
< WDX2 (p,q)
R2 _ ,’,,2
< Dy2(q,p) + WDX2 (P, q)-
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