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Abstract

The article provides refinements and generalizations of the Hermite-Hadamard
inequality for convex functions on the bounded closed interval of real numbers.
Improvements are related to the discrete and integral part of the inequality.
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1 Introduction

Let X be a real linear space. A linear combination aa + 8b of points a,b € X and coeffi-
cients o, 8 € R is affine if o« + 8 = 1. A set S C X is affine if it contains all binomial affine
combinations of its points. A function /: S — R is affine if the equality

h(aa + Bb) = ah(a) + Bh(b) 1

holds for every binomial affine combination aa + Bb of the affine set S.
Convex combinations and sets are introduced by restricting to affine combinations with
nonnegative coefficients. A function /#: S — R is convex if the inequality

flaa + pb) < of (a) + Bf (b) ()

holds for every binomial convex combination ea + 8b of the convex set S.
The above concept applies to all z-membered affine or convex combinations. Jensen (see
[1]) extended the inequality in equation (2) by relying on induction.

2 Focusing on the set center and barycenter

We use the real line X = R. If «j,...,k, € R are nonnegative coefficients satisfying
Yiiki=1,and if S = {x1,...,%,} is a set of points x; € R, then the convex combination
point

Cc= Xn: KiX; (3)
i=1

is called the center of the set S respecting coefficients «;, or just the set center.
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An integral version utilizes a measure. If u is a measure on R, and if S C R is a measur-
able set of positive measure, then the integral mean point

1
= e J W

is called the barycenter of the set S respecting measure p, or just the set barycenter.

In both discrete and integral cases, the point ¢ belongs to the convex hull of the set S,
as the smallest convex set containing S.

Throughout the paper we will use a bounded interval of real numbers with endpoints
a < b. Each point x € [a, b] can be presented by the unique binomial convex combination

b. (5)

The next three lemmas present the properties of a convex function f : [4,b] — R con-
cerning its supporting and secant lines.

The discrete version refers to interval points and interval endpoints sharing the common
center.

Lemma A Let [a,b] C R be a closed interval, and let Z?zl k;x; be a convex combination of
points x; € [a,b]. Let aa + Bb be the unique endpoints convex combination such that

Zqui =aa + Bb. (6)

i=1
Then every convex function f : [a, b] — R satisfies the double inequality

n

flaa+Bb) <Y kif (%) < af (@) + Bf(b). (7)

i=1

Proof Taking ¢ =) 1, kix;, we have the following two cases.

If ¢ € {a, b}, then equation (7) is reduced to f(c) < f(c) <f(c).

If c € (a, b), then using a supporting line y = /; (x) of the convex curve y = f(x) at the graph
point C(c,f(c)), and the secant line y = /1;(x) passing through the graph points A(a, f(a))
and B(b,f (b)), we get the inequality

flaa+Bb) =mlaa+Bb) =) rin(x)

i=1

<Y Kkifx)
i=1
< Z/qhz(xi) = hy(aa + Bb) = af (a) + Bf (D) (8)
i=1
containing equation (7). O

The discrete-integral version refers to the connection of the interval barycenter with
interval endpoints.
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Lemma B Let [a,b] C R be a closed interval, and let ;v be a positive measure on R such
that p([a,b]) > 0. Let aa + Bb be the unique endpoints convex combination such that

1
f([a,b]) /{avb]xduzaa+ﬂb. 9)

Then every convex function f : [a, b] — R satisfies the double inequality

flaa+ Bb) <

(@, B)) Sy P = @)+ BT ) )

Proof The proof coincides with the proof of Lemma A, provided that we use the integral
means instead of n-membered convex combinations. d

The integral version refers to the given interval and its subinterval sharing the common
barycenter.

Lemma C Let A,3 C R be bounded closed intervals such that A C BB. Let i be a positive
measure on R such that 0 < u(A) < u(B) and

1 1
—_— dp = —=— du. 1
M(A)/A" g M(B)/B’“ g W
Then every convex function f : B — R satisfies the double inequality
o [ swdus o [ wdns o [ s 12)
W) L= By S S B A S

Proof Equation (11) can be extended with the barycenter of the set 3\ .A. Using the secant
line y = h(x) of the convex curve y = f(x) respecting the interval A (f(x) < h(x), x € A and
fx) > h(x), x € B\ .A), we firstly prove the inequality of the left and right terms of equation
(12). Then we express the middle term of equation (12) as the convex combination of the
left and right terms. O

A functional approach related to the above lemmas can be found in [2]. A more general
version of Lemma C can be found in [3].
Using the Riemann integral in Lemma B, the condition in (9) gives the midpoint

1 1 1
=—a+—b, 1
b—a/a xdx 26l+2b 13)

and its use in equation (10) implies the classic Hermite-Hadamard inequality

a+b 1 b fla) +f(b)
f<T>§mfaf(x)dx§ 5 (14)

In fact, the above inequality holds for every integrable functionf : [a, b] — R thatadmits
a supporting line at the midpoint ¢ = (a + b)/2, and fits into the supporting-secant line
inequality

h(x) <f(x) < hy(x), x€[a,b]. (15)
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For example, the function f(x) = 4/« is integrable on [-1,1], admits a supporting line at
zero, and satisfies equation (15), so it satisfies equation (14). This function is not convex
on any subinterval of [-1,1].

Moreover, the inequality in equation (14) follows by integrating the inequality in equa-
tion (15) over the interval [a, b].

We finish the section with a historic note on the important Hermite-Hadamard inequal-
ity. In 1883, studying convex functions, Hermite (see [4]) attained the inequality in equa-
tion (14). In 1893, not knowing Hermite’s result, Hadamard (see [5]) got the left-hand side
of equation (14). For information as regards this inequality, one may refer to books [6] and
[7], and papers [8-11] and [12].

3 Main results

To refine the Hermite-Hadamard inequality in equation (14), we will use convex combina-
tions of points of the closed interval [a, b]. In the next theorem, we will refine the double
inequality in equation (14) by using two convex combinations of the midpoint x = (a + b)/2.

Theorem 3.1 Let [a,b] C R be a closed interval, let c,d € [a, D] be interval points, and let

Then every convex function f : [a, b] — R satisfies the series of inequalities

7)) ()

b
< / F)dx

- vf(a) +8f(b) +f(d) <f(a) +f(b)
- 2 - 2 ’

(16)

Proof If ¢,d € {a,b}, then the inequality in equation (16) is actually reduced to the
Hermite-Hadamard inequality in equation (14).
Suppose that ¢ ¢ {a, b}. Applying equation (5) to the inclusion (a + b)/2 € [(a + ¢)/2,(c +
b)/2], we get the convex combination equality
atb a+c c+b

2—a2+,32. 17)

Applying the convexity of f to the right-hand side of equation (17), and the left-hand side
of the Hermite-Hadamard inequality to midpoints (a + ¢)/2 and (c + b)/2, we get

1(457) 2o (5) o (557)
ﬁ/jﬂx)dm biﬂ/cbf(x)dx

b
ﬁ / fx)dx (18)

IA

proving the first half of equation (16).
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Suppose that d ¢ {a, b}. In this case, we will use the convex combination equality

1) 1 1 1
Yo lbsd=-a+-b (19)
22 2 2 2

in terms of equation (6). Applying the right-hand side of the Hermite-Hadamard inequal-
ity to intervals [a, d] and [d, b], and Lemma A to the combination in (19), we obtain

b—a/af(x)dx: b—a/a f(x)dx+b_ﬂfdf(x)dx

< 1@+ 2 )+ 5/ @)

1 1
= Sfl@)+f) (20)
proving the second half of equation (16). d

If c =d = (a + b)/2, equation (16) takes the form

A(57) =2l (557) (557

b
< [ fwas
Al (122) 0] S0 0 o
2 2 2 2

The above improvement of the Hermite-Hadamard inequality was specified in [7].

Now we estimate the double inequality of equation (16) containing the integral term.
Taking d = c and using the arithmetic mean form, we can find that the following estimation
holds.

Corollary 3.2 Let [a,b] C R be a closed interval, let ¢ € [a, b] be an interval point, and let

Then every convex function f : [a, b] — R satisfies the inequality

b ) ,
SARLEE %(“f(%”) ; ﬁf(%)) LA@HOO

Proof If ¢ € {a, b}, the inequality in equation (22) yields the well-known estimation

(23)

1 b 1 (a+b 1f(a)+f(b)
pra [ Ty (57) 5

We now suppose that c € (a,b). From the series of inequalities in equation (16), we ex-

tract the second last inequality referring to the inclusion d € [4, 5] as

2 [t d- b-d
o [ f0dr < =@ =5 1) )
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Applying the above inequality to inclusions (a + ¢)/2 € [a, c] and (c + b)/2 € [c, b], we get

% Lb fayd= = [ / f(x)dx} [ / ) dx]
053] (2]

_af<a+c> ﬁf<c+b> f(a)+,3]2C(b)+f(C), (25)

and dividing by 2, we obtain the inequality in equation (22). O
The interpolated terms in equation (16) can be expanded.

Corollary 3.3 Let [a,b] C R bea closed interval,letcy,...,c, € [a,b)and d,,...,d,, € [a,b]
be interval points, and let

o Ci—a ﬂl— b—Cl‘ o d/—a 5 = b—d]‘
Y b—a) -2 Vi mb-a U mb-a)

Then every convex function f : [a, b] — R satisfies the series of inequalities

f(“Zb)fé[av‘(“”? (7))

< / F@)dx
< Zj:l Vlf + 812/[ + m_lf ) f(ﬂ) ;f(b) (26)

Proof The inequality in equation (26) can be achieved by including the convex combina-

tions
a+b & a+c; ¢ +b
=) | +Bi (27)
2 =2 2
and
Ty 1 1 1
Z[&a+ —1b+—d-i| =—a+-b (28)
~27 27 am] T2 2
to the procedure of the proof of Theorem 3.1. O

The following theorem presents a generalization of the Hermite-Hadamard inequality
to any point of the open interval (a, b).

Theorem 3.4 Let [a,b] C R be a closed interval, and let aa + Bb be the endpoints convex
combination whose coefficients are positive.
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Then every convex function f : [a,b] — R satisfies the series of inequalities

Flaa+ Bb) <af<w> . ﬁf(%ﬂ’”b)

a aa+Bb ﬁ b
= B(b - a) /a fwdx+ a(b-a) aa+ﬂbf(x) o

Sf(om; Bb) . af(a) ;r Bf(b)

< af(a) + Bf(b). (29)

Proof Applying equation (5) to the inclusion «a + 8b € [(a + aa + 8b)/2,(aa + Bb + b)/2],
we get the convex combination equality

b b+b
aa+ﬁb:au+az+ﬂ +ﬁa“+2ﬂ o (30)

Applying the convexity of f to the right-hand side of equation (30), and the left-hand side
of the Hermite-Hadamard inequality to midpoints (a + @a + 8b)/2 and (aa + Bb + b)/2, we
get the first half of equation (29).

Applying the right-hand side of the Hermite-Hadamard inequality to intervals [a, xa +
Bb] and [ca + Bb, b], and the convexity inequality in equation (2), we obtain the second
half of equation (29). O

If @ = B =1/2, then the inequality in equation (29) is reduced to the inequality in equa-
tion (21).
The integral refinements of the Hermite-Hadamard inequality can be obtained by ap-

plying Lemma C.
Theorem 3.5 Let [a,b] C R be a closed interval, and let § be a positive number less than

(b-a)/2.

Then every convex function f : [a, b] — R satisfies the series of inequalities

a+b 1 b=
H(50) = 5mass [ s

2 a+é
b
<5 [ foas
—2a</ flx dx+/ fx)d) f@+/0) +f(b) (31)

Proof Let A=[a+6,b—3] and B = [a, b] be observed intervals, and let |.A| and |B]| be their
lengths, respectively. The barycenter of the sets .4, 5 and B \ A falls into the midpoint
¢ =(a+b)/2. Let y = hi(x) be the supporting line of the curve y = f(x) at the graph point
C(c,f(c)), and let y = hy(x) be the secant line passing through the graph points A(a +§,f(a +
8)) and B(b - 8,f (b - 3)).

To prove the first inequality of equation (31), we use the supporting line

a+b a+b
f( 2 )zhl( 2 ) |A|/h1(x)dx—| /f(x o
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To prove the last inequality of equation (31), we use the secant line

1

S 33
1B\ Al J\a %)

hy(x) dx = hz(a +b) _fla) +f(b).

fx)dx < 5 5

1
IB\ Al J\a

The double inequality of equation (31) containing the integrals follows from the inequal-
ity in equation (12). O

Considerations similar to those in Corollary 3.2 can be carried out for equations (26),
(29) and (31).

4 Refinements of the most important means
Thorough this section we use positive numbers a and b, positive coefficients & and 8
whose sum is equal to 1, and a strictly monotone continuous function ¢ : [a,b] — R.
The discrete quasi-arithmetic mean of the numbers a and b with the coefficients o and
B respecting the function ¢ is defined by the number
M,(@,bia, B) = 9™ (p(a) + Po(b)). (34)
Using the identity function ¢(x) = x, we get the generalized arithmetic mean
A(a, b;a, B) = aa + b, (35)
using the hyperbolic function ¢(x) = 1/x, we have the generalized harmonic mean
H(a,b;a,B) = (aa™ + pb7) 7, (36)
and using the logarithmic function ¢(x) = Inx, we obtain the generalized geometric mean
Gla, b;a, B) = a®bP. (37)
The above means satisfy the generalized harmonic-geometric-arithmetic mean inequality

H(a,b;a, B) < Ga, b;a, B) < A(a, b; a, B). (38)

Applying equation (29) to the convex function f(x) = — Inx using substitutions a > 1/a
and b > 1/b, and then acting on the rearranged inequality with the exponential function,

gl

< Gla,b;a, B) (39)

we can derive the series of inequalities

H(a,b;a,ﬁ)<[ (ab @+l ﬂ)] [H(a,b,%
)

oa—
o,

=

ot

=

a b B _a
<egBbapaa b(om +,8b1

< [H(a,b;a,B)G(a, b;a, B)]

refining the generalized harmonic-geometric mean inequality.



Pavi¢ Journal of Inequalities and Applications (2015) 2015:222 Page 9 of 11

Applying equation (29) to the exponential function f(x) = €* using substitutions a — Ina
and b — Inb, we can obtain the series of inequalities

Gla, b;a, B) 50{G<a,b;aT+1, g) +ﬁG<a,b;g, p+ 1)

o, By _o=B app
a ab aﬁa"‘b

< B
Ina—Inb
g G(a,b;a,ﬂ);rA(a, b;a, B) <A(a,b;a, B) (40)

refining the generalized geometric-arithmetic mean inequality.

To denote the elementary means with coefficients a = 8 = 1/2, we will use the abbrevi-
ations A(a, b), H(a, b) and G(a, b).

The integral quasi-arithmetic mean of the numbers a and b respecting the function ¢ is

the number
1 b
My(a,b) = ! (— f (%) dx). (41)
b-al),
Using the identity function, we get the arithmetic mean

1
Ala,b) = b2 xdx = , (42)

using the hyperbolic function, we have the logarithmic mean

1 (1 \"' b-a
L(a,b)= —— —d. =—) 43
(@.5) (b—a/a x x) Inb-1Ina (43)
and using the logarithmic function, we obtain the identric mean
1 (P 1/ bh\ 7
I(a,b) = exp(—f lnxdx> = —(—) . (44)
b-al, e\a*

The well-known mean inequality says that
H(a,b) < G(a,b) < L(a,b) < I(a,b) < A(a, b). (45)

Applying equation (16) to the function f(x) = —Inx, using substitutions a +— 1/a, b —
1/b, ¢+ 1/c and d + 1/d, and then acting on the rearranged inequality with the exponen-

tial function, we can obtain the refined harmonic-geometric mean inequality

b(c—a) a(b—c)

Q-0 [ b \db-a
Hi(a,b) < 2e(i) (—)
a+c c+b

<1, 6]
a(b—d,
2d(

b(d-a)

—d)
< q2dG-a) p —a)d% < G(a,b). (46)

b
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Applying the first half of the inequality in equation (16) to the exponential function
f(x) = €*, using substitutions a > Ina, b — Inb and ¢ — Inc, we get the refined geometric-
logarithmic mean inequality

Inc— lna\/_ Inb - lnc\/— <Lab). 47)

Gla, b)_lnb—l na Inb-1na

To prove the logarithmic-identric mean inequality L(a, b) < I(a, b), we can apply the in-
tegral form of Jensen’s inequality (see [13])

f(bi / (x)dx)<—/f (e)d (48)

to the functions f(x) = —Inx and g(x) = 1/, and then act on the rearranged inequality with
the exponential function. To refine the logarithmic-identric mean inequality, we can use
the procedure applied in [14].

Applying the first half of the reverse inequality in equation (16) to the concave function
f(x) = Inx, and then acting on the rearranged inequality with the exponential function, we
have the refined identric-arithmetic mean inequality

I(a,b) < %(a+c)ﬁ(c+b)% <A(a,b). (49)

5 Quasi-arithmetic version of the Hermite-Hadamard inequality
The following is the generalization of Lemma B that includes a strictly monotone contin-

uous function. In this generalization, we use the Riemann integral.

Lemma 5.1 Let [a,b] C R be a closed interval, and let ¢ : [a, b] — R be a strictly monotone
continuous function. Let ap(a) + Bo(b) be the unique convex combination of endpoints of
the interval ¢([a, b]) such that

b
7 | ewds=av@ st 50)

Then every convex function f whose domain contains the image of ¢ satisfies the double
inequality

Flep(@) + o(t) = / Flo@) dx < af (0(@) + Bf (o). (51)

Proof We put a; = ¢(a), by = ¢(b), and ¢; = aa; + Bb;. The point ¢; belongs to the interior
of the interval ¢([a, b]). Let z = /1, (y) be a supporting line of the curve z = f(y) at the graph
point C(c1,f(c1)), and let z = hy(y) be the secant line passing through the graph points
Alay, f(a1)) and B(by,f(b1)). Applying the procedure of proving equation (8) with the use
of equalities

b b
a5 [ vws) = ;1 [ sl as 52)

we obtain the double inequality in equation (51). d
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To present the quasi-arithmetic version of the Hermite-Hadamard inequality, we need

one more notation. If ¢ and v are strictly monotone continuous functions on the common

interval, then it is said that ¥ is ¢-convex if the composition function ¥ o ¢! is convex.

The same notation is used for concavity.

Theorem 5.2 Let [a,b] C R be a closed interval, and let ¢, : [a, b] — R be strictly mono-

tone continuous functions. Let ag(a) + Bo(b) be the unique binomial convex combination
such that

M,(a,b) = M,(a,b;a, B). (53)

If b is either @-convex and increasing or ¢-concave and decreasing, then

My(a, b;a, B) < My(a,b) < My(a,b;a, B). (54)

If  is either @-convex and decreasing or ¢-concave and increasing, then the reverse in-

equality is valid in equation (54).

Proof We prove the case that v is ¢-convex and increasing. The condition in equation (53)

actually represents the equality in equation (50) which enables us to use the inequality in

equation (51) with the convex function f = ¥ o 971, and get

b
(¥ 0 ™) (ap(a) + Bo(b)) < ﬁ / Vx)dx < apr(a) + fU (D). (55)

Acting on the above inequality with the increasing function i, we obtain the quasi-

arithmetic mean inequality in equation (54). d
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