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Abstract

The paper gives generalizations of some Jensen type inequalities for convex functions of one variable. The
work is based on the methods which use convex combinations in deriving inequalities. The main inequality
is applied to the quasi-arithmetic means.
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1 Introduction

1.1 Affine and Convex Combinations

The concept of affine and convex combinations refers to the sets of vectors. Through the paper we will
only use the combinations

n
c=) pixi (1.1)
i-1

of the points x; € R and the coefficients p; € R. A combination in (I.1) is affine if )" ; p; = 1. A combination
in (I.1) is convex if all p; > 0 and }_}' ; p; = 1. The point c itself is called the combination center. If Z C R is an
interval, then any convex combination of the points x; € Z belongs to the interval 7.

1.2 Affine and Convex Functions

A function f : R — R which is represented by the equation f(x) = kx + [ where k and [ are real constants
is affine, and it verifies the equality

n n
f (Z pixi) =Y pif(xi) (1.2)
i=1 i=1
for all affine combinations )" ; p;x; from R. A function f : Z — R which satisfies the inequality f(px + qy) <

pf(x)+qf(y) for all binomial convex combinations px + gy from Z is convex, and it verifies the equality or
inequality in for all convex combinations ;! ; p;x; from Z.

1.3 Recent Results

Theorem 1.1. Let [a,b] C R be a bounded closed interval where a < b, and Y} | p;x; be a convex combination from
[a,D].
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Then every convex function f : [a,b] — R verifies the inequality

A

2 (U50) - Lnstw) < 5 <a+b— fpm)

i=1 i=1

. (1.3)
f(a)+ f(b) - ; pif(x;).

IN

Theorem 1.2. Let [a,b] C Rand [c,d] C R be bounded closed intervals where a < band c < d. Let p : [c,d] — R be
a non-negative continuous function with |, Cd p(x)dx > 0,and g : [c,d] — [a, b] be a continuous function.
Then every convex function f : [a,b] — R verifies the inequality

2f (”“’) [ p)f(g(x)) dx

S p()g(x) dx)
< pb— e e
: Ji pl ! ( JE pla w
@) f(3(x) dx '
< @

The right-hand side of the inequality in was obtained in [3]. The left-hand side of the inequality in
(1.3), and the inequality in were obtained in [2]. Some new Jensen type inequalities have been recently
derived in [4].

2 Three Methods of Deriving Convex Function Inequalities

2.1 Basic Method Using Affinity

If a,b € R are different numbers, say a < b, then every number x € IR can be uniquely presented as the

affine combination
b— xa n xX—a
b—a b—a

The above binomial combination is convex if, and only if, the number x belongs to the interval [, b]. Given

the function f : R — R, let f%‘;;;} : R — R be the function of the line passing through the points A(a, f(a))

and B(b, f(b)) of the graph of f. Applying the affinity of f?ﬂ“g} to the combination in (2.1), we get

X =

b. 2.1)

X—a

fe (x) = 72 @) + 12 (b) @2)

Assume that the function f is convex. Applying its convexity to the combination in (2.I) and connecting it
with the equation in (2.2)), we get the basic inequalities of convex functions:

Lemma 2.1. Let [a,b] C R be a bounded closed interval where a < b.
Then every convex function f : R — R verifies the inequality

Fx) < fliliy (x) if x € [a,b], (2.3)

and the reverse inequality
F(x) = fis, (x) if x & (a,b). (2.4)
If f is concave, then the reverse inequalities are valid in and 2.4).

2.2 Discrete Method Using Common Center

The following lemma deals with two convex combinations of the same center (one convex combination
with two ”sub-combinations” has been studied in [5 Proposition 2]). Applying a convex function on such
convex combinations, we obtain the Jensen type inequality:
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Lemma 2.2. Let T C R be an interval, and a,b € T be points such that a < b. Let }_}' | p;x; be the convex combination
with points x; € [a, b]. Let Zm 149;Y; be the convex combination with points y; € I\ (a,b).
If the convex combznatzon center equality

n m
Z piXi = Z qiYj (2.5)
i=1 =1
is satisfied, then every convex function f : T — R verifies the inequality
n m

2 pif(xi) < ) 4if(y)- (26)

i=1 j=1
If f is concave, then the reverse inequality is valid in (2.6)).

line

Proof. Prove the convexity case. If a < b, relying on the convexity of f and the affinity of f {ap) We get the
series of inequalities

Y pif(xi) < Z pifies (i) = fiag) (Z Pi%‘)
i=1 i ]
= ?ﬁ} (Z W}) Z% ?anzf}
< Z%’f(yj)
-1

derived applying the inequality in to x;, and the inequality in to y;. If a = b, we use any support line
f line instead of the chord line f %mg} O

Remark 2.1. Lemma |2.2|is the generalization of Jensen’s inequality. Applying the lemma to the convex combination
center equality

n
le=) pix;, 2.7)
i=1

with the assumption a = b = ¢, we come to the Jensen inequality

pif (xi). (2.8)

\H
~
D=
s
R
N————
I
—_
\.\
=
IN
1=

Respecting the Jensen inequality and our purposes in the main section, we give the following consequence
of Lemma

Corollary 2.1. Let [a,b] C R be a bounded closed interval where a < b, and Y | p;x; be a convex combination from
[a,D].
If the convex combination center equality

i pix; = aa+ Bb 2.9)

i=1

is satisfied, then every convex function f : [a, b] — R verifies the inequality

M:

flaa+pb) < ) pif(xi) < af(a)+Bf(b). (2.10)

Il
—_

If f is concave, then the reverse inequality is valid in (2.10).

Let us show the immediate application of the above corollary. Rewrite the inequality in (1.3) of Theorem

[LTin the form
£ g§f<a+b—zpfxi>+2’§f<xi>swr @11
i=1 i=1
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and observe the the convex combination center equality

1<a+b—ip-x->+ipix»:la+lb (2.12)
2 57) g2 22 .
The middle member in is the (1 + 1)-membered convex combination of the points ¥; = a+b— Y/ ; p;x;
and ¥;,1 = x; from [a, b] with the coefficients p; = 1/2 and p;;1 = p;/2, including alli = 1,...,n. The right
member in (2.12) is the two-membered convex combination, in fact the arithmetic center, of the endpoints a
and b. So, we can apply the inequality in of Corollary2.1]to the equality in to obtain the inequality
in (2.11).

2.3 Integral Method Using Convex Combinations

Let [2,b] C R be a bounded closed interval where 2 < b, and f : [a,b] — R be the Riemann integrable
function. Given the positive integer 7, let

n

[a,b] = U[anir byi] (2.13)
i=1

where a = a,1, ay; < by = a1 fori=1,...,n—1and au, < by, = b. Itis assumed that every interval of
the above union contracts to the point as n approaches infinity. Take one point x,; € [a,;, by;| for every index
i=1,...,n. Then the limit of the sequence (cy,), of the convex combination centers

c _ibni_ani . 2.14
"=, ﬁf(xm)/ (2.14)
i=1
as n approaches infinity, is the point
1 b
2 —ﬂ/a f(x)dx.

As an application of the above procedure, insert the points x; = x,,; and the convex combination coefficients
pi = (byi — ay;i)/ (b — a) in the inequality in (2.11). Letting # to infinity, we have

b b
f<a—2kb) <;f<a+b—bl_a/uxdx)—kz(bl_a)/af(x)dx<f(ﬂ)‘2Ff(b)

which after arranging and using (a +0)/2 = a+ b — (a + b) /2, gives the inequality

+b 1 h b
flavo-210) < /f(x)dng(a)+f(b)—f atby. (2.15)
2 b—a ), 2
The integral method with convex combinations in deriving some variants of the known inequalities has

been applied in [6].

3 Main Results

Lemma 3.3. Let [a,b] C R be a bounded closed interval where a < b, and x; € [a, b] be points. Let a, B, p; € [0,1] be
coefficients such that a + p — Y 1 pi = 1.
Then the affine combination

n
xa + Bb — Z pix; (3.1)
i=1

belongs to the interval [a, ).
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Proof. Take v =Y.' { pi, so & + B — v = 1 by the assumption. Note that ¥ < w and ¢ < B. In the case ¥ = 0,
the combination in is reduced to the convex combination aa + Bb € [a, b].

If v > 0, then the convex combination /' ;(p;/v)x; € [a,b], so it is consequently equal to the binomial
convex combination wja + B1b. In this case, we have

aa+ﬂb—ip,~xl- = aa+ Bb—y(aja+ B1b)
i=1
= (a—ya)a+ (B—rp1)b
= 0&2{1+ﬁ2b,

where the coefficients ay =« —ya; > a —y > 0and B, = B—¥B1 > B— 7 > 0, and their sum ay + By =
a+p—y(ar+p1) =1 O

Assigning the convex function to the affine combinations of the above lemma, our main result reads as
follows:

Theorem 3.3. Let [a,b] C R be a bounded closed interval where a < b, and x; € [a, b] be points. Let w, B, p; € [0,1] be
coefficients such that « + p— Y 1 pi = 1.
Then every convex function f : [a,b] — R verifies the inequality

f<oca+/3b> < 1

f (cw g ipm) iy mf(xi)]

x+pB x+p b = (32)
af(a) + Bf(b)
a+p
Proof. Briefly, since the convex combination center equality
1 ! " p aa + Bb
b— X p— 3.3
Dé+ﬁ (lxa—'_‘B i_zlplxl>+ga+‘8xl Dé+ﬁ ( )

is satisfied, we can apply the inequality in (2.10) of Corollary 2.1 to obtain the inequality in (3.2). Namely,
the middle member in should be taken as the (1 + 1)-membered convex combination from [a, b], and
similarly the right member as the two-membered convex combination of the endpoints. O

The inequality in (3.2) with @ = B = 1 reduces to the inequality in (1.3). By application the integral method
with convex combinations the inequality in (3.2) can be transferred to integrals.

Corollary 3.2. Let [a,b] C R be a bounded closed interval where a < b. Let o, p € [0,1] be coefficients such that
a+p>1
Then every convex function f : [a,b] — R verifies the inequality

a+p . (wa+pb 1 1 b « B 1
L) 2@ < 0 [ < S+ B - 2o G4

where y =« + B —1and
a—B+1 B—a+1

C=—7FH a+—> b.
Proof. Using the inequality in with x; = x,; and p; = y(by; — a,;)/ (b — a) in which case Y} ; p;x; ap-
proaches
b
_r 0
b—a/a xdx = 2(a_|_b)l
and Y/ ; p;if(x;) approaches
b
Y
b 711/” f(x)dx

as n approaches infinity, we get the inequality in (3.4). O
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Corollary 3.3. Let [a,b] C Rand [c,d] C R be bounded closed intervals where a < band ¢ < d. Let p : [c,d] — R
be a non-negative continuous function with |, Cd p(x)dx > 0, and g : [c,d] — [a,b] be a continuous function. Let
a, B € [0,1] be coefficients such that « + B > 1.

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

wa+Bb 1 M - fdp x)g(x f p(x )dx
f<a+ﬁ>§“+ﬁf< Hﬂbyfpx >7 fP (3.5)
_ @) +B0)
- a+ B

where y =a+ p— 1.

Proof. The inequality in follows from the inequality in with the points x; = g(x,;) and the coefficients
pi = v(dyi — cni)p(xpi) / X1 (dyi — cni) p(xy). For that matter, the combination

< dpi Cm')P(xni) ;'1:1 (dni — Cni) P(X0i) 8 (Xni)
iXi = Xni) =
L 72 e Sl = vty P

passes to the integral quotient
L pg(0 d
d
S p(x)dx

as n approaches infinity. The same goes for the combination Y ; pif(x;). O

The inequality in (3.5) with v = 1, and consequently &« = f = 1, reduces to the inequality in (1.4).

4 Applications

We want to apply the combination in (3.I), and the right-hand side of the inequality in (3.2),

<¢w +Bb— Z sz:> <uaf(a)+pBf(b) - Z pif (xi), (4.1)

to discrete quasi-arithmetic means. The excellent book on means and their inequalities in [1] can always be
recommended.

Let T C R be an interval. In the applications of convexity, we often use strictly monotone continuous
functions ¢, ¢ : T — R such that ¢ is convex with respect to ¢ (i is -convex), that is, f = ¢ o ¢! is convex
on ¢(Z). A similar notation is used for the concavity.

Let } ' ; pix; be a convex combination from Z. The discrete ¢-quasi-arithmetic mean of the points x; with
the coefficients p; is the point

M (xzrpz = <Z pip(x; ) (4.2)

which belongs to Z. The point My(x;; p;) can also be called the ¢-quasi-center of the convex combination
center c =Y.' ; p;x;. The idea of the formula in may be applied for a quasi-arithmetic mean of the affine
combination aa + b — Y | p;x; that belongs to [a, b] , in this way:

Mg(a,b,x;0,B,p) =" ( a) + Po(b ZW (x; ) : (4.3)

The mean defined in belongs to [a, b] because ag(a) + Be(b) — Y4 pig(x;) belongs to ¢([a, b]).
We have the following application of the formula in to the quasi-arithmetic means in (4.3):
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Corollary 4.4. Let [a,b] C R be a bounded closed interval where a < b, and ¢, : [a,b] — R be strictly monotone
continuous functions. Let x; € [a, b] be points, and w, B, p;, € [0, 1] be coefficients such that « + p — Y/ ; p; = 1.
If ¢ is either gp-convex and increasing or @-concave and decreasing, then the inequality

Mlp(ar b/ Xi; &, ﬁr pl) S Mlp(ﬂ, b/ Xi, &, ,B/ pz) (44)

holds.
If ¢ is either gp-convex and decreasing or ¢p-concave and increasing, then the reverse inequality is valid in (4.4).

Proof. Prove the case that ¢ is ¢-convex and increasing. Since ¢ is monotone, the endpoints of the interval
[c,d] = @([a, b]) are ¢(a) and ¢(b). Using the inequality in with the convex function f = o ¢~ : [c,d] —
R, we get

n n
pog ! (“(P(ﬂ) +Bop(b) - ) Pi?(%’)) < ap(a) + pyp(b) — Y pi(xi),
i=1 i=1
and assigning the increasing function ¢~ to the above inequality, we attain the mean inequality in @4). O
Using the pairs of functions ¢(x) = x~!, ¥(x) = Inx and ¢(x) = Inx, ¥(x) = x in the inequality in
with a,b > 0, we get the harmonic-geometric-arithmetic inequality for the means defined in @.3):

1

A B n ; 1 ﬁn p
— L r- < o ‘i< —
<a+b 2 ji) a"b i| 1|xl xa+ Bb

n
pixi. (4.5)
iz =

A further application of the inequality in could be related to the definition of the variant of Jensen’s
functional by the formula

Jp(ab, i, B, pi) = (@) + BFB) — Y pif (i) — f (zw Fpb-Y Pm) . @6)
i=1

i=1

Some new results relating to the bounds of Jensen’s functional have been latterly achieved in [7].
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