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OSTROWSKI AND TRAPEZOID TYPE INEQUALITIES
RELATED TO POMPEIU’S MEAN VALUE THEOREM

PIETRO CERONE!, SEVER S. DRAGOMIR?3 AND EDER KIKIANTY%*

ABSTRACT. In this paper, some new Ostrowski and trapezoid type inequal-
ities, which are related to Pompeiu’s mean value theorem, are obtained for
absolutely continuous functions. Some applications to special means and in-
equalities for f-divergence measures are also given.

1. INTRODUCTION

In 1946, Pompeiu [29] derived a variant of Lagrange’s mean value theorem, known
as Pompeiu’s mean value theorem (cf. Sahoo and Riedel [33, p. 83)]).

Theorem 1. For every real-valued function f differentiable on an interval [a,b]
not containing 0 and for all pairs x1 # x2 in [a,b], there exists a point & between
x1 and x9 such that

(1) vy f (12) — 2o f (1)

Tl — T2

=f&)—¢&1(9).
In 1938, Ostrowski [26] proved the following estimate of the integral mean:

Theorem 2. Let f : [a,b] — R be continuous on [a,b] and differentiable on (a,b)
with | f'(t)] < M < oo for allt € (a,b). Then, for any x € [a, b], we have

2
1 x — ofb

The constant % s best possible in the sense that it cannot be replaced by a smaller
quantity.

b
) |f<x>b_1a/ () de

Inequality (2) is referred to, in the literature, as the Ostrowski inequality.
Inequalities providing upper bounds for the quantity

(xa)f(a)ﬂbx)f(b)‘bia/abf(” "

3) o

, z € [a,b]

are known in the literature as the (generalized) trapezoid inequalities. Cerone and
Dragomir [7] proved the following result:

Theorem 3. Under the assumptions of Theorem 2, we have

—a a — X b
S L Y

@ 1 x — atb ?
< 4+<b—2> M(b—a),

for any x € [a,b]. The constant % 18 best possible.
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It is important to note that the bounds in inequalities (2) and (4) are the same.
Cerone [6, Remark 1] stated that there is a strong relationship between the Os-
trowski and the trapezoidal functionals which is highlighted by the symmetric
transformations amongst their kernels.

In the next theorem, Pompeiu’s mean value theorem is utilised in order to provide
another approximation of the integral mean. Throughout the text, we denote by ¢,
the identity function: ¢(x) = z, for all z € [a, b].

Theorem 4 (Dragomir, 2005 [13]). Let f : [a,b] — R be continuous on [a,b] and
differentiable on (a,b)with [a,b] not containing 0. Then for any = € [a,b], we have

the inequality
1 x,%"‘b
z e
" 4+<ba> 17 = F e

b
a ‘; f / £() dt
By using a mean value theorem, Popa [30] obtained a generalization of (4).

(5)

The constant % 1s best possible.

Theorem 5. Let f : [a,b] — R be continuous on [a,b] and differentiable on (a,b).
Assume that « & [a,b]. Then for any x € [a,b], we have the inequality

(520
(6) )
< i+<“b_;> (b=a) 1]~ taf Il

where by, (1) =t — a, t € [a,b].

Pecari¢ and Ungar [27] have proved a general estimate with the p-norms, where
1 < p < o0, which for p — oo gives Theorem 4.

t) dt

Theorem 6. Let f : [a,b] = R be continuous on [a,b] and differentiable on (a,b)
with 0 < a < b. Then for 1 < p,q < co with l + l = 1 we have the inequality

at+b f(z)
i /f 1) dt

(7) < PU (z,p) |f = ££'ll,

for x € [a, b], where

1 2—q _ 42—4q 229 _ gl+agl—2q 1/q
PU (z, = (b—a)r " ( a4 4 )
@p) = (- [ 0 2@ 0" 0 200+q
N ( p2—9 — 24 N 22-9 _ b1+qI1—2q>1/q
(1-29)(2-¢q) (1-2¢9)(1+q)

In the cases (p,q) = (1,00), (00, 1) and (2,2), the quantity PU(x,p) has to be taken
as the limit as p — 1,00 and 2, respectively.

We refer the readers to Acu and Sofonea [1] and Acu et al. [2], for other in-
equalities in terms of the p-norms of the quantity f — £, f’, where £, (t) = t — a,
t € la,b], and a ¢ [a, b].

Throughout the text, for any positive numbers a and b, we denote by A := A(a, b)
the arithmetic mean of a and b; G := G(a,b) the geometric mean of a and b; and
H := H(a,b) the harmonic mean of a and b, given by:

A(a,b):a;b; Gla,b) = Vab, H(a,b) = 2ibb
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Some recent inequalities of Ostrowski type related to Pompeiu’s mean value
theorem can be summarised in the following theorem:

Theorem 7 (Dragomir, 2013 [15]). Let f : [a,b] — C be an absolutely continuous
function on the interval [a,b] with b > a > 0. Then for any z € [a,b] we have

ft)
T b—a/ di
A

o lf = e <1og (5)+ ;x) if f =" € Luc[a,b],

Cl1f = £ 11,Cyla,b;2) 7, if f—Lf € Lyla,b], p>1

(2(1]—1)(b—a) b
, 7+ ab — 2ax
Sl - el (S,

where ¢ > 1 is such that % + % =1 and

(8)

IA

if f—Lf € Ly[a,b],.

a

a272q + b272q _ 2x272q

1
(9) C’q(a,b;x):W(bﬁ-a—%c)-i- g —1)
We also refer the readers to the related results and their applications to the special
means by Dragomir [14].

In this paper, we give refinements of the inequalities in Theorem 7 in Section 2.
We also present similar results for trapezoid inequalities in Section 3. In Section 4,
we apply these inequalities to compare the special means, in the same spirit to the
applications given in Dragomir [14, Section 4]. Finally, in Section 5, the application
for inequalities for f-divergence measures is established.

, g>1.

2. OSTROWSKI TYPE INEQUALITIES
We start with the following refinement of Theorem 7 for the case of the co-norm:

Theorem 8. Let b > a > 0 and f : [a,b] — C an absolutely continuous function
on [a,b]. Then for any x € [a,b] we have

(10) 'ff)(b—a)—/ab@dt
o6 (2) = Z2 070 = Sl + [ =108 (1) 170~ Pl
P <log (%) A_x) 1€ = fll{a,bl,00

The constant 2 is best possible.

IN

AN

Proof. We use the Montgomery identity for the absolutely continuous function g :
[a,b] — C:

b T b
1) g@)®—a) / o(t) dt = / (t — a)g'(t) dt + / (t — byg' (1) dt,

where z € [a,b]. If g(t) = f(t)/t, then ¢'(t) = (f'(t)t— f(t))/t?; and with this choice
of g, (11) becomes:

G /f

b p—
- / t t2“ £ s de [ (o8- f0)] dr

x

(12)
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Taking the modulus in (12) we get

(@) ()
(13) ‘ . / i

zt b

x

$t—a 1 1 x x—a
= Zdat—a | Sdt=1 (7)— ;
/ / t a/a 12 o8 a T
bp—t bfac <b>
—log|—].
. 12 T T

Making use of (13) we get the first inequality in (10). Furthermore,

x a b
[log(a)— ] = [a,x],w+[$—1og( )} 1€ = .00
— b—
o (2) = 22+ 227 g ()] 1 Sl
— 2 (1o (5) + 225170 Sl

Now we prove the sharpness of the constant. First, we assume that the inequality
holds for a constant K > 0 instead of 2, i.e.

Af
10 [0 [ 5] <o o (2) 4 2) 0

Choose f(z) =1 in (14) and thus, (f'¢ — f)(z) = —1, and now we have

(15) ‘i(b—a)—log (2)‘§K<10g<2>+A;x>.

We let z = a in (15) to obtain

However,

and

IN

1 b a A—a
~(b—a) -1 — < K|[] —
a( @) Og(a)‘ - (Og(G>+ a )
1 a b—a K |[b—a b
= K{zk’g(b)* % }—2[ . ()}
which asserts that % >1,ie. K > 2 as desired. O

Remark 9. The function ¢(z) = log(xz/G) + (A — x)/z is minimal for z = A,
which can be verified by the derivative tests, since ¢ is differentiable on [a,b] for
b>a>0,as follows: ¢'(z) =1/x — A/z* = 0 yields z = A is the stationary point,
and further ¢”(A) = A=2 > 0 shows that it is a minimum.

Corollary 10. If x = A, then we get

(16) |f€4A) / I 4

< 2t0g () 17~ Sl
If x = G, then we get

b
(17) @(b—a) —/ @dt

A-GY, .,
<2 (258) el



OSTROWSKI AND TRAPEZOID TYPE INEQUALITIES 5

o [ 0] <o g () 4 4
Remark 11. If we put f(¢) = £(¢t)h(t) = th(t), ?
th 2

Then, (f¢— f)(t) = t[h(t) + th'(t)] —
we get the Ostrowski inequality

b
h(z)(b— a) —/ h(zx)dt

x T—al 9 b—=x b 9
o (2) = 22| 0 e+ |5 =108 (2 1 o
x A—z 2.
2 (1og (£) + 222 140
We recall the definition of the incomplete beta function:
B(z,a,b) = / w11 —wu)’ L du,
0

to obtain a refinement of Theorem 7 for the case of the p-norms (1 < p < o),
which is given in the next theorem.

If x = H, then we get

(18)

] 172 = flle.

en we get f'(t) = h(t) + th/(¢).
t). From (10), for any = € [a, b],

h(t) =

(19)

IN

IN

Theorem 12. Let b > a > 0, f : [a,b] — C be an absolutely continuous function
on [a,b] and 1 < p < oo. Then for any x € [a,b] we have

- [ H0

90 < o [13(1 q—1,q+1) = Bla/r,q—1,q+1)]" 15 = Fllfa.1.0
(20) +1lzT[B(1,1—2q,1+q) B(x/b,1~ 26171+1(I)]q 1€ = fllizb).p
S {aTq[B(l,q—1,q+1)—B(a/x,q—1,q+1)}5

4077 [B(1,1-2¢,1+q) — Bl/b,1-2q,1+ Q)]ﬂ

[a,b],p>
where q is the Holder’s conjugate of p, i.e. 1/p+1/q=1.

Proof. Observe the following inequalities by taking the modulus of (12) and Holder’s
inequality for p > 1 and its Holder’s conjugate ¢,

/fdt

b —
g/ (W= fOde+ [ 250 P 0 - r0)] de

T t—a)d E b b—1t)? %
< (/a (tzq)dt> ||fl€_f||[a,x]ap+ (/c ( t2q) dt) ||f/£—f||[:r,b],p'

1/q
We evaluate the integrals ([ (t — a)?/t2¢ dt)l/q and (fj(b —t)2/t2a dt) in the
following. We have

T _ 4\q z
/ (t—a) :/ (lfgyidt
. 1% q L/t
T —2
O
(21) o NN et
1
:al—q/ u?™? (1 —u)? du
=a'"![B(Lg~ Lg+1)~ Bla/r.q~1q+1)]
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and thus

(L

We also have

(t —a)

124

E. KIKIANTY

1
dt) =a' 7 [B(lig—1,q+1) ~ Bla/w,q—1,q+1)]7.

Q=

2¢,1+ q)]

dt) 1€ = fllizb).p

b b q —2q
(b—1t)? / t t _
= 1—7 - q
/ﬂc e dt ) A , b~ 4dt
b q —2q
t t 1
— pl—a 1— - Z -
(22) b / ( b) (b) p
1
:blfq/ w2 (1 —u)? du
— ' [B(1,1 - 2¢,1+q) — Bla/b,1 —
and thus
b (b—t)1 ‘ 1-g 1
/ gt ] =0T [B(L1-20.1+q) ~ Bla/b,1 —2g.1+ ).
Therefore,
b
)—/ G
o U
T(t—a) \* P bty
< (/a Tdt 1£0 = fllia.a.p + T
S a%‘? [B(l,q—l,qul)fB(a/x,q—l,qul)]E ||f/€7f||[a,x],p
+077 [B(L,1 24,14 q) — B(z/b,1 =24, 1+ )]* |0~ flliws)p
< [ﬁ[B(l,q—1,q+1>—B<a/x,q—1,q+1>ﬁ

+b e [B(L,1—2¢,1+q)

which completes the proof.

B(a/b,1 = 24,1+ Q7] 170 = [ap1.

d

Remark 13. When p = ¢ = 2 in Theorem 12, we have the following inequalities

for all x € [a, b]:

b
‘ff:)(b—a)—/ 0

< ( / dt) TR +< /b 0=
— < —3t? +3at m)% 17€ = flliae),2 + <?ﬂ52;33btb2 b
B ( 3az ) £ — f||[”]2+<(l’3;£>3)% 15— fllf,p),2
< K(xgaxg) >% ) ((bgzx?s)é .

dt) 1€ = fllfz,0,2

%
) 1£€ = fllz,0.2

Finally, a refinement of Theorem 7 for the case of the 1-norm can be stated as:
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Theorem 14. Let b > a > 0 and f : [a,b] — C an absolutely continuous function
on [a,b]. Then for any = € [a,b] we have

\mma)fm@

b—
—JUE Fla,ern + —5— SN~ Fllaa, when z>2a

[a,2] when x < 2a

— 4ax + 4ab

¢ —
< TN flana

Proof. We have the following by Hoélder’s inequality

‘ E: a)—/abfit)dt
/a (bt - <t>|dt+/:b2

(t—a) (b—1)
( Clas 2 17— flia,ep1 + tren[i}g] 2 10— AIPRE

t€la,x]

IN

()t — f(t)] dt

IN

Using the derivative test, we obtain that when z < 2a, the function ¢ +— (¢ — a)/t?
attains its maximum at ¢ = 2a, i.e. 1/(4a); otherwise, when > a, the maximum
is achieved at t = x, i.e. (z —a)/x?. The maximum of t — (b — t)/t? is achieved
at t = x as it is a decreasing function on [z, b], thus the maximum is (b — x)/22.
Therefore, we now have

b
\@mw%/ﬁw

< 7||f€ f”[am ! 7f||[w,b],1, when z > 2a
- b—x
—5 I~ fllizp1,1, when z < 2a
4dax + 4ab
—”f £~ fllja,p),1, when x> 2a
< b 4a$
when x < 2a
z? 4ax+4ab
< 4ax2 Hflf - fH[a,b],la

where the last inequality follows by the fact that

2 T x2? 4az? 4az?

_ _ — 9.2 2 _
b a<b aJr(x 2a) x? — 4ax + 4ab

and this completes the proof. O

3. TRAPEZOID TYPE INEQUALITIES

In this section we consider similar results (as described in Section 2) for trapezoid
inequalities. We start with the inequalities in terms of the oo-norm.
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Theorem 15. Let b > a > 0 and f : [a,b] — C an absolutely continuous function
on [a,b]. Then for any = € [a,b] we have

b
(24) @(b—xﬂﬂaa)(x—a)—/ @dt
_ b\ b
< [%‘ “log (z)] 1= Fllia,eho0 + [log (x) - bﬂ 1= Flle .00
< 2 {log (G) +2 ;IH} 1€ = fll{a,5),00-

T
The constant 2 is best possible.

Proof. We have the trapezoid identity for absolutely continuous function g : [a, b] —
C

b b
(25) g()(b—z) + g(a)(z —a) - / g(t)dt = / (t—a)g'(t) dt

where x € [a, b].
If g(t) = f(t)/t, then ¢'(t) = (f'(t)t — f(t))/t?; and with this choice of g, (25)
becomes:

b by
(26) %b)(b—xw@(x—a)—/ @dt:/ I o)

Taking the modulus in (26) produces

f(b) f(a) 0]
T(b—x)+7(ac—a)—/a Tdt

|t — |

b
< / S 0= ()] de

_ by o
= [ ZH o= solas [0 o]

t 12

Yr—t e
< [ IR A+ [ A1 Fln

= [ g ()] 150 Altaaroe + [rog (2) = 2] 15 Sl

x

b b
() () e

G r—H
= 2{1og(x)+ i }lf’ffha,b]m'

Now we prove the sharpness of the constant. First, we assume that the inequality
holds for a constant M > 0 instead of 2, i.e.

f(b) f(a) b f(t)
-0+ M0 -0- [

IN

(27)

G x—H
< M{log(x>+ = }Ilf’f—fll[a,w,w

Choose f(z) =1 in (27) and thus, (f'¢ — f)(z) = —1, and now we have

(28) ‘(b ;b“)x ~log (Z)’ <M (10g (f) + 2z ;IH> .
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We let x = a in (28) to obtain

h— _G
‘ a—10g<b>' < M(log(G>+a 2’4)
b a a G2
A
1 b a(a) — ab M b b—a
= M|=1 b 27 =2 i
[2 Og(a>+ ab ] 2 [Og(a> b ]’
which asserts that % >1,i.e. M > 2 as desired. O

Remark 16. The function ¢(z) = (x — H)/H + log (G/z) is minimal for x = H,
which can be easily verified by the derivative tests, since v is differentiable on [a, b]
for b > a > 0, as follows: ¢/(z) = 1/H — 1/ = 0 yields © = H is the stationary
point, and further ¢ (H) = H~2 > 0 shows that it is a minimum.

Remark 17. Note the similarity of the bounds in Theorems 8 and 15. Observe
the first upper bound of (24) and let a = z, x = b in the first term, and z = a,
b = x in the second term, we get

2 o (1) |17 e + o (%) -

which is the first upper bound in (10) of Theorem 8.
Corollary 18. If we take x = A, then we get

LIfb) | fla f(t)
s [+ 5 oo [P
A-H A
< 2]f 1og( )} 150~ Flliessoo
If we take x = G, then we get

f(b) f(a) b F(t)
-6+ MG -a- [

a

a
} 172 = Fllnegc

(29)

(30) < (G H)

1£€ = fllfa,b1,00

If we take x = H, then we get

@(b—HHM / O 4

ey |1 : < 2105 (5 ) 170~ e

Remark 19. If we put f(¢t) = £(t)h(t) = th(t), then we get f'(t) = h(t) + th'(t).
Then, (f'¢ — f)(t)t?h'(t). From (24), for any x € [a,b], we get the trapezoid in-
equality

h(B)(b— @) + h(a)(z — a) — / h(t) dt

T — b b—x
(32) < [ . log( )] Hﬁh/”[a 2,00 |:log (x) . }”ﬁh/”[x,b]’m

G x—H
2106 () + 57| 10

The case for the p-norms (1 < p < 00) is as follows:

IN
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Theorem 20. Letb >a >0, f : [a,b] — (C be an absolutely continuous function
on [a,b] and 1 < p < co. Then for any x € [a,b] we have

f(b) ft)
T(bfx) + / dt
43 < xﬂ [B(1a1_2%1+q)_ (a/:c,1—2q71+q)]%1 ”flg_f”[a,z],p
(33) 4o [B(Lg =1+ 1) = Bla/big = La+ DIF 1£0= Flies
< g [(3(1 1—2¢,1+q)— Bla/z,1—2q,1+q))s

+(B(1vq_1»Q+1)_B(x/baq_laq"_l))%} ” "0~

[a,b],p>
where q is the Holder’s conjugate of p, i.e. 1/p+1/q=1.

Proof. Observe the following inequalities by taking the modulus of (26) and Holder’s
inequality for p > 1 and its Holder’s conjugate ¢,

&(b )+— /f dt

/ =) eyt - 1) a

- /a(xz |f' ()t — ydt+/ (ttz )\f’(t)t—f(t)ydt

t

T (e 1) q bt_xq %
< ([ ﬁ)|uw-ﬂmﬂw+</'(ﬁﬂ ﬁ>|U%_ﬂmﬂm

1

y 1
= z 7 [B(la 1- 2qa 1 +q) - B(a/xa 1- 21]71 +q)]q ||f,£ - f”[a,w],p
1—-gq 1
o7 [B(l,g—1,q+1) = B(x/bqg— 1L+ 1)]* |f'"€ = fllzp»
27 [(B(L1-2q,1+ )~ B(a/r,1-2¢,1+q))7
1
+(B(17q - 17q+ 1) - B((L’/b,q - 1aq+ 1))41} ||f/£_ fH[a,b},]m

where the last inequalities follows similarly to the calculations in (21) and (22). O

IN

IN

Remark 21. Note the similarity of the bounds in Theorems 12 and 20. Observe
the first upper bound of (33) and let a = z, x = b in the first term, and z = a,
b = x in the second term, we get

1—q 1
b e [B(lﬁ 1- 2qa 1 + q) - B(x/b7 1- 2q7 1 + q)]q Hf/g - f‘l[z,b],p

1-q 1
+a 7 [B(l,g—1,¢+1) — B(a/z,q — 1, + )] [[f€— flliap
which is the first upper bound in (20) of Theorem 12.
Remark 22. When p = ¢ = 2 in Theorem 20, we have the following inequalities

for all z € [a, b]:
b
P
a U

f(b)
T 2 3 by N2 3
(/ (xt4t) dt) ||f’€—f||[a,x],2+</ (¢ tf) dt) 1€ = flliwp),2

—(b—x)—l—f( )
x % _r Tz b
)f%—fmﬂ2+<2*3t3ﬁ

IA

33

) Hf/é - fH[a:7b]72

b
(=% +3te — 3¢
B " 3t3

T
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z—a)’ 3 b—2)3 3
<(3a3:v)> ||f€ f”[a z],2 + (( 303 ) ) Hflg_f”[w,b]ﬂ

) KWY%%)) ]w oz

The case of the 1-norm can be stated as:

Theorem 23. Let b > a >0 and f : [a,b] — C an absolutely continuous function
on [a,b]. Then for any x € [a,b] we have

(b f(a) i0)
|b (m—a)—/ —dt

||f£7f||[aw]1+7||f€7f||[1b when x < b/2

— T
‘ﬁ*Hfﬁ—fMLwh when x> b/2

422 — daz + a?
————— €= flla,p1-

- 4a2x
Proof. We have

s/ x']f — f®)|dt
b —
— tﬂﬁ+/’@ﬂwﬁﬁﬂ—ﬂﬂﬁ,
t— !
= <£%2‘?;]xtz )fﬁ fawﬁ(gn[af;] tf) 1€ = Fliwata

in which we have used Hélder’s inequality. The function t +— (x — t)/t? is strictly
decreasing on [a, z]; thus, the maximum is achieved at t = a, i.e. (x —a)/a?. Using
the derivative test, we find that when 2 < b/2, the function t ~ (t — z)/t? attains
its maximum at ¢ = 2z, thus, the maximum is 1/4z; otherwise, when = > b/2 the
maximum is achieved at t = b, i.e. (b— x)/b?. Therefore,

f(0) f(a) b f(t)
‘b(bz)+a(xa)/a Tdt

1
[a,2],1 J’_EHflg_fH[z,b],h when x < b/2
<
b—zx
la,z),1 + bTHf l— f||[x,b],1, when x > b/2
422 — daz + a?
T”f%_fn[a,b],h when b > 2z
<
b? — a®)x + ba? — ab?
( )a2b2 /€= flliap,1, whenb < 2z

422 — daz + a?
4a2x

1£ = Fllfa1,15



12 P. CERONE, S.S. DRAGOMIR AND E. KIKIANTY

where the last inequality follows by the fact that

42? — dax +a®> (22 —a)? S 2z —a)®  (2z-0)2 (b*—a®)x + ba® — ab?
da?x  4a?2x T da2x 4b2r a?b?

and this completes the proof. U

Remark 24. Note the similarity of the bounds in Theorems 14 and 23. Observe
the first set of upper bounds in (34) and let a = z, x = b in the first term, and
T = a, b =z in the second term, we get

b

- 1
2 ||f/€ - f”[x,b],l + E”flg - f”[a.,x],l, when a < 1‘/2

b—=zx T—a

||f/€ - f”[a:,b],l +

Hflgff‘l[a,x],la WheHaZI’/Q

2 2

which is the first upper bound in (23) of Theorem 14.

4. APPLICATIONS TO SPECIAL MEANS
Recall the following special means:
(1) The identric mean

a, if a =0,
I:I(a,b):: l(bb)ﬁ ya,b> 0.

ifa#b
(2) The logarithmic mean

)

L:L(a,b)::{ §,a lfCL?éb ,G/,b>0.

We note that

a

(3) The r-logarithmic mean (or extended logarithmic mean) (r # 0,—1) for
two positive numbers:

a, if a =0,
L, = Lr(a; b) = Pl _grtl .
[(r+1)(b7a):| ; ifa#b

S

,a,b> 0.

We note that

1 b
(Ly(a,b))" = t" dt.

Cb—al,

The r-logarithmic mean is monotonically increasing over r € R. We note that
Li(a,b) = A(a,b) and L_5(a,b) = G(a,b). By taking the limits of r — 0, we have
Lo(a,b) = I(a,b) and L_;(a,b) = L(a,b). Thus, we have the inequality

GLSLLI<A
The following inequality is also well-known.

H<GLS<L<I<A
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4.1. Ostrowski type inequalities. We apply Theorem 8 to obtain some inequal-
ities involving the special means.

Let b>a>0andr € R, r #0,1. If f(z) = 2" (z € [a,b]), then f'(z) =
(r+1)2", then f'(z)l(z) — f(x) = (r+1)2" ! —2™F! = ra"1 Letting f(z) = 2”1
in (10) and multiplying the results by ﬁ, we get

b

35 |o" — (Lo(a,b)"| = xr—% i dt

1 T Tr—a il
< ' —a {log (*) I } [rer* ll{a,2],00

1 [b—= b .
b—a [ z e (x)] 1€ g b),00

2 x A—2x il
P (log (5) + - ) (4l [PRARSS

for « € [a,b]. In particular, for r > —1,r # 0, we have

|z" = (Lr(a,b))"|
|r|axrtt x r—a |77t [b— b
< 2 _ el
- b—a IOg(a) T + b—a x log T
2|r|pr L x A—x
< adl
- b—a log (G) + x ’

for x € [a,b]; and when r < —1,

lz" — (Ly(a,b))"|
ra™t [z —a x ra’tl b b—=x
b—a{ x _IOg(a)}—i_b—a [10g<x)_ T ]
2ra™t fz— A x
b—a ( x _IOg(G>>’
for x € [a, b].

Let b>a > 0. If f(z) =1 (z € [a,b]), then f/'(x) =0and f'(x)l(z)— f(z) = —1.
Letting f(x) =1 in (10) and multiplying the results by ﬁ, we get

IN

IN

IA

1
~— —L(a,b)7 !
- Ly

. < i) - [ )]

for x € [a,b].
Let b > a > 0. If f(z) = —xlog(z) (z € [a,b]), then f'(z) = —log(z) — 1, and
fl(@)l(x) — f(x) = —x. We let f(z) = —xlog(x) in (10) and multiplying the results

by —bia, we get
x T r—a b b—x b
< Z) _ e
- b—a{bg(a) x }er—a{ x IOg(xﬂ

1 b
7 a /a log(t) dt — log(x)

IN
(wpl
s
Q
N
—
o
o
VR
Ql
N—
_l’_
s
81
&
~——
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for x € [a,b]. We note that

1 b
b—al. log(x) dx = log(I(a,b))

for « € [a,b]. Thus, for any x € [a, ], we have:

I(a,b) x x T—a b [b—=z b
log | — < log (7) - + —log | —
x b—a a x b—a| = x
2b x A—x
(108 (%) .
(38) T a < g~ + - >
4.2. Trapezoid type inequalities. We now apply Theorem 15 to get some in-
equalities involving the special means.
Let b >a>0and r € R, r # 0,1. If f(x) = 2" (z € [a,b]), then f'(z) =

(r+1)a", then f'(2)l(z)— f(z) = (r+1)a" Tt —2"+! = rg"+1. Letting f(x) = 2" !
in (24) and multiplying the results by ﬁ, we get

b—xz,, x—a 1 b
b—ab +bfaa _b—a/a i dt

1 jz—a x r+1 1 b b—x] | a1
e | 1om ()|1 h + 2 [o8 (3) = 557 1 e

2 G x—H| .
' —a [log <x> + H} 167+ 10,8, 00

for x € [a,b]. We observe that

b—2., x—a , 1 br prtl — grtl b" —a” ”
o+ T —b_a/tdt L A )
= (r+1)(Le(a,b))" = ra(Ly—1(a,b))" " = (Lr(a,b))"

= v [Li(a,)" — a(Lr_1(a,0))" Y]

(37)

IN

IN

IN

Therefore, we have

(39) |Ly(a,b)" — &(Ly—1(a,b)) "

1 T r+1
= | e (D)) 1+ e
1 b b—=x], .,
+m [log (m) b ] 167 )00

<L]g+ﬂ
*b—ang H

for x € [a,b]. In particular, for r > —1, r # 0, we have

by =l < [T s ()] + 5 s (3) -5

a

< PN (G L2 e
- b—a & €T H

for « € [a,b]; and for r < —1, we have the following for any x € [a, b]:

Lot = a(oaab) = i [T g (£)] 4 2 g (2) - 1

a

< 2a7'+11 G +:E—H
~— b—a 08 T H

IN

b],c0

10,00

b],00"
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Let b>a > 0. If f(z) =1 (z € [a,b]), then f/(x) =0and f'(x)l(z)— f(z) = —1.
Letting f(z) =1 in (24) and multiplying the results by -, we get

e e el
< 1og<z>}+g{log(i>—b;f}
(G

for « € [a,b]. Observe that

b—x n T—a x T
b(b—a) alb—a) ab G2’

Thus,
(40) ‘é—L ’_bf [1og(G)+x;{H], x € [a,b].
Let b > a > 0. If f(z) = —zlog(x) (_x € [a,b]), then f'(x) = —log(zx) — 1,

and f'(x)l(x) — f(z) = —x. Letting f(x)

—xzlog(z) in (24) and multiplying the
results by 71—, we get

b—x T—a
5= tou(h) ~ §— o) + lou(1 (0. 1)|
b—z —a 1 b
(41) = ‘_b — log(b) — —— . log(a) + b a /a log(t) dt

T T—a T b b b—=x
b—a{ a IOg(aﬂer—a{lOg(x) b }
2b ) g +1:7H

b—a 8 T H

for x € [a,b]. Note the use of (37).

Let x = (a+b)/2 = A in Remark 19 and multiply the results by 1/(b — a), we
now have:

a b
h( );h(b) _bia/a ht) dt

1 1 A 1 b 1
R 1 - 21/ 1 oy 1 2,
R M SR OR A

2 A-H A
b—a {H —1og< )] HEQh/H[ab

In what follows, we present some special cases of (42):

(42)

(1) Let b > a > 0. If h(z) = 2" (x € [a,b]), where r # 0,—1, then h'(z) =
ra" =1, and ?(z)h'(x) = ra"T1. Thus, we have
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A" 8) = (Lo 0)| = [ — =

1 1 A 1 b 1
— 1 - r+1 1 L 1
{QG a8 (aﬂ "™ N, 41,00 + [ba og (A) 2b] 1€+ | 00

2 [A-H AN,
[ s () e e

In particular, for r > —1, r # 0, we have

|A(arvbr) - (Lr(aab))r‘
1 1 A 1 b 1
r+1 | & - r+1 R
IrlA {2@ b—a10g<a>} Il {b—alOg<A> 2b}

_ At fA-H (A
= Tp_a H e\a)|’

and for r < —1, we have

’A(ar,br) — (Lr(a,b))T‘
1 A 1 1 1 b
r41 i r+1 | - -
" [b—alOg(a) Qa} Frd {26 b—alog (A)}

< 2ra"+11 A _A—H
= g |®\G H |

rhy1 (P
atv / ¢ dt
a a

IN

IN

(2) Let b > a > 0. If we let h(x) = 1/x (z € [a,b]), then W/ (z) = —1/22, and
0?(x)l (z) = —1. Therefore, we have

é+% ! /bldt < 1 lo A + Llo LA
2 b—aJ, t = 120 b-a ®\a b—a 2\4 2b

In terms of the special means, we have

gol 1_ 2 qA-H | (A
“H L b—a| H %\a)

since H < L for b > a > 0.

(3) Let b > a > 0. If we let h(zx) = —log(x) (z € [a,b]), then A/ (x) = —1/x
and ¢2(x)h/(z) = —z. Therefore,

1 b —log(a) — log(b)
m ‘/a log(t) dt + 2

11 A 1 bY 1
a4 [ (3) -l

2 [A-H (A
b—al| H B\a)|

We note that
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By the above identity and (37), we have the following inequalities
I 1 1 A 1 b 1
— < = i [ I
IOg(G> - [Za ba10g<a)]A+[ba10g(A) Qb]b

_ % [A-m (A
= b—al| H B\G) |

5. APPLICATIONS TO INEQUALITIES FOR f—DIVERGENCE MEASURES

One of the important issues in many applications of probability theory is finding
an appropriate measure of distance (or difference or discrimination) between two
probability distributions. A number of divergence measures for this purpose have
been proposed and extensively studied by Jeffreys [18], Kullback and Leibler [23],
Rényi [32], Havrda and Charvat [17], Kapur [21], Sharma and Mittal [35], Burbea
and Rao [5], Rao [31], Lin [24], Csiszér [10], Ali and Silvey [3], Vajda [41], Shioya
and Da-te [36] and others (see for example Mei [25] and the references therein).

These measures have been applied in a variety of fields such as: anthropology [31],
genetics [25], finance, economics, and political science [34], [39], [40], biology [28],
the analysis of contingency tables [16], approximation of probability distributions
[9], [22], signal processing [19], [20] and pattern recognition [4], [8]. A number of
these measures of distance are specific cases of Csiszar f-divergence and so further
exploration of this concept will have a flow on effect to other measures of distance
and to areas in which they are applied.

The difference between two probability measures p,gon aset A = {«a;|1 <i < n}
is commonly measured in a variety of ways. Denote by p;, ¢;, the associated point
probabilities for the event a; € A. To avoid triviality we assume that p; +¢; > 0 for
each i. The variational distance, i.e. ¢1-distance, information divergence (Kullback-
Leibler divergence) (cf. Kullback and Leibler [23]) and the triangular discrimination
(cf. Topsoe [38]), between the distributions p and ¢ are defined respectively by

(43) Vip,q) = Z |pi — ail,
N e (P
(44) D(p,q) = ;pzl g (qi)

n

(45) Da(pg) = S =0

= Pit

For other divergence measures, we refer the readers to the paper by Kapur [21] or
the book by Taneja [37].

If f:[0,00) = R is convex, the Csiszér f-divergence between p and ¢ is defined
by

(46) It(p,q) = iz:;%f (2) :

The distances D(p, q) and Da(p, q) are particular instances of Csiszar f—divergence.
For the basic properties of Csiszar f—divergence, we refer the readers to Csiszar
[11], [12] and Vajda [41].

Proposition 25. Let R > 1 > r > 0 and assume that % € [r,R], for all
ie{l,...,n}. Let f:[r,R] = R a convex function on [r, R]. We have the follow-
ing inequalities involving the Csiszdr f-divergence and Kullback-Leibler divergence
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between the distributions p and q:

R
‘If(p, q) — ﬁ/ @ dt

2011 = fllr,my,00
- R—r
where G is the geometric mean of r and R, and A is the arithmetic mean of r and
R.

(47)
[D(p,q) —log(G) — 1+ A];

Proof. Since f is convex on [r, R], then f is absolutely continuous, thus we may
apply Theorem 8. We let = p;/¢; in (10), and multiply the results by p; /(R —r),

to obtain
) , R
af (p’> - / ) dt
q; R—r r t

< % { ; (log (2) ~log(G) — 1) +in]

[r,R],00
Taking the sum from 1 to n, we have
L R0
Iy - —=dt
O
< S |as ( ) - / 1) g
i=1
2 - Di ’ .
< Zpi log w) log(G) = 1+ A lf'C = fllir,R),005
i=1 ¢
and by using (44), the proof is completed. O

We consider a particular case of Proposition 25 in the following.
(1) Let R >1>7 >0 and assume that 2t € [r, R], for all i € {1,...,n}. Let
f:[r,R] = R a convex function on [r, R]. Let f(z) = (x —1)?/(z + 1) in
Proposition 25. Then,

pl+1 = Pita
and
R 2 R 4

(t—1) / 1 4 R(r+1)
= 1+-—-—— =R-— 1 — .

/r ey T M e e Rl | iy
We have

1oy (@=1)(z+3)

and therefore

Denote by ® and ¥, the functions:

1—-z)3z+1
o) = (x)—igl);_ .

(x—=1)Bx+1)

and ¥(z) = EESE
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In conclusion, for p and g as above, we have

R(r + 1)4> ‘
Da(p,q) — 1 — o
(48) QA(p q) R—1r & (T(R+1)4
< 7 [D(,q) —1og(G) — 1+ A max {®(r), ¥(R)}.
We note that @ is decreasing on [0, 1] from 1 to 0, and ¥ is increasing on
[0,00) from O to 3. Let v be a point on [0, 1] such that ®(y) = U(y — 1).

We have the following simplification of the upper bound of (48) above:
2max{®(r),V(R)}

[D(p, q) —log(G) — 1+ A]

R—r
225 Dy, q) ~10s(@) 1 + 4] R>1+y2
B ZD_TZ [D(p,q) —log(G) — 1+ A], O0<r<v, and R<y+1
- 2;’_]:? [D(p,q) —log(G) — 1+ A], y<r<l, and1+~v<R
2max{1¢%>(i);\I/(R)} [D(p, q) —log(G) — 1+ A], otherwise.
(2) Let R > 1 > r > 0 and assume that 2 € [r, R], for all i € {1,...,n}.
Let f : [r,R] = R a convex function on [r, R]. Let f(z) = —log(z) in

Proposition 25. Then,

~> gilog (m) = D(g,p)
i=1 i

R o R
Rir/r : gt(t) dt = 2(R17 ) (log(2))*| =

and

(log(R))* — (log(r))?
2(R—r) ’

T

f'(@)l(z) - f(z) = =1 +log().

Therefore, for two distributions p and ¢ as above, we have the inequalities

(49) ‘D(q,p) _ (10g(R))2 — (10g(T>)2

2(R—r)
< P [D(p,q) —log(G) — 1 + Al max{1 — log(r), |1 — log(R)|}
{ = [D —log(G) — 1+ A] (1 —log(r)), 1< R<eé?
7= [D —log(G) — 1 + Almax{1 — log(r),log(R) — 1}, R > €>.
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