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INEQUALITIES FOR FUNCTIONS CONVEX ON THE COORDINATES
WITH APPLICATIONS TO JENSEN AND HERMITE-HADAMARD
TYPE INEQUALITIES, AND TO NEW DIVERGENCE FUNCTIONALS

LASZLO HORVATH

(Communicated by M. Klarici¢ Bakula)

Abstract. In this paper we show that inequalities for functions convex on the coordinates can be
derived from inequalities for convex functions defined on real intervals, and essentially only this
method works. As applications, we show how our result works for the Jensen’s and Hermite-
Hadamard inequalities for functions convex on the coordinates. Finally, we extend the classical
notion of f-divergence functional to functions convex on the coordinates, and as a further appli-
cation of our main result, we study the refinement of a basic inequality corresponding to the new
divergence.

1. Introduction

In this paper we work with functions convex on the coordinates, a concept intro-
duced by Dragomir in paper [5].

DEFINITION 1. Let us consider the bidimensional interval A := I x J in R2,
where I and J are compact intervals in R with nonempty interior. A function f :
A — R is said to be convex on the coordinates if the partial mappings f, : I — R,
fa(s):=f(s,q) and f, : J =R, f,(t) := f(p,t) are convex forall g€ J and p € I.
The set of all functions convex on the coordinates on A will be denoted by F{°.

The notion is interesting because the set of convex functions defined on A is a
proper subset of the class of functions convex on the coordinates on A, but the basic
inequalities for convex functions (Jensen type inequalities, Hermite-Hadamard type in-
equalities) can also be formulated for functions convex on the coordinates (see e.g. the
papers [11, [5], [13], [14], [17], [18] and [21]).

Definition 1 is obviously meaningful even if the intervals I and J are not compact,
and most of the results could be formulated and verified under such conditions, but in
general in a less transparent way. This is also true for the main result of this paper, so
we shall work with compact intervals except the last section.
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The main result of this paper is that inequalities for functions convex on the coor-
dinates can be derived from inequalities for convex functions defined on real intervals,
and essentially only this method works. This is important because it shows that in-
equalities for functions convex on the coordinates can be constructed in a simple way.
The result also explains why some of the inequalities associated with convex functions
can be extended to functions convex on the coordinates, even though the latter are not
convex in general. As applications, we show how our result works for the Jensen’s and
Hermite-Hadamard inequalities for functions convex on the coordinates. On the one
hand, we give new proofs of these results under general conditions (Borel measures are
considered on the intervals I and J), and on the other hand, we provide methods for
generating refinements of these inequalities and give some new concrete refinements.
Most of the results of previous papers on the refinement of Jensen’s and Hermite-
Hadamard inequalities for functions convex on the coordinates can be obtained, and
even generalized, using our method. Some new and interesting results are also given on
the Hermite-Hadamard inequality and its refinements for convex functions defined on
real intervals, based on the recent papers [6] and [8]. Finally, we extend the classical
notion of f-divergence functional to functions convex on the coordinates. We prove
that the new notion has the basic properties of f-divergence, so that it can also be con-
sidered as a divergence functional. Then, as a further application of our main result, we
study the refinement of a basic inequality corresponding to the new divergence.

2. Preliminary results

Let (X, <7, 1) be a measure space, where u (X) < eo. The set of all u-integrable
real functions on X is denoted by L(u).

Let C C R be an interval with nonempty interior. We denote by F¢ the set of all
convex functions on C.

If C is a compact interval, ¢ : X — C is a measurable function and f € F¢, then
f o is also measurable, and since ¢ and f are bounded and u is finite, @, fo@ €

L(u).
We need the following easily verifiable result (see Theorem 1.1.2 in [15]).

LEMMA 1. Let C C R be an interval with nonempty interior, and let [ € F¢. If
to is an interior point of C and & > 0 such that [to — 6,19+ 8] C C, then

|[f (£ A8) = f (10)| < Amax(|f (to—8)— f(t0)],[f (10 +8) = f (o))
forall A €10,1].

In the first lemma, we study the boundedness, continuity and measurability prop-
erties of functions convex on the coordinates.

LEMMA 2. Let A:=1xJ be an interval in R*, where I and J are compact
intervals in R with nonempty interior. If f € F\°, then
(a) It is bounded.
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(b) It is continuous on the interior of the interval A.
(c¢) It is Borel-measurable.

Proof. Assume I = [a,b] and J = [c,d].
(a) By the convexity of the functions f, (p€I) and f; (g€ J),

(1) Smax(f(s,c), f(s,d), f(a,1), f(b,1))
<max(f(a,¢),f(b,c), f(a,d), f(b,d)), (1) €A,

and therefore the function f is bounded above.
Let (p,q) := (%5¢, 254) be the centre of A.
Then for all (s,¢) € A we have that

(p,1)  (p,2q—t)
2 T 2

(p,q) =

and (5.0) . (2p—s.1)
S,t p—S,t
2 + 2 ’

(p,1) =
where the points
(paq)7 (pat)v (pazq_t)a (ZP—S,I)

also belong to A.
Since the functions f, and f; are convex,

2p— 2 —
f(p’q)gf(i,t)Jrf( p4 s,t)+f(p,2q t)’

and hence

f(s,t) =4f(p,q)—f(2p—s,t)—=2f(p,2qg—1) = 4f (p,q) — 3K,

where K is an upper bound of f. This implies that the function f is bounded below.
(b) By part (a), there is M > 0 such that |f (s,7)| < M for all (s,1) € A.
Let (so,%) be an interior point of A and choose & > 0 such that

As = [S()—57S()+5} X [l‘()—57t()+5] CA.
If (s,1) € Ag, then
|f(S,l)—f(So,t())‘ < |f(S,l)—f(S(),t)|+|f(50,l)—f(50,t())‘

= [f (so£A18,1) = f (s0,2)| +|f (50,20 £ A28) — f (s0,%0)] s

where A1, 4> € [0,1]. By using Lemma 1, the convexity of the functions f; and fj,
implies that

|f (s:8) = f (s0,20)| < 2M (A1 + Aa),

and hence f is continuous at (so,%).
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(c) Let & € R be fixed, let Hy := f~! ([ar,0[), and let
Ag:i={(a,t) |t € e, d]}, Ap:={(b,t)|t€]c,d]},
Ac:=A{(s,c)|s€a,bl}, Ay:={(s,d)|s€[a,bl]}.

Then

Ha = Ho ) (.5 x . (Ha[0)
U (HaN2) U (HaNA) U (Ha80) (1)

Since f is continuous on the interior of A, Hy (]a,b[ x Jc,d] is a Borel set.
Since
He (A= fi " ([oto])
and f, is convex, Hy[)A, is also a Borel set. It can be seen similarly that the sets in
(1) are Borel sets too.
The proof is complete. [

REMARK 1. (a) Even among convex functions on A, it is easy to construct one
that is not continuous at any point on the boundary of A.

(b) It was pointed out in the introduction that Definition 1 makes sense without the
compactness of the intervals I and J. For example, in our previous result, only part (a)
would change as follows: f is locally bounded.

The next lemma will be important in the proof of the main result.

LEMMA 3. Let A:=1xJ be an interval in R*, where I and J are compact
intervals in R with nonempty interior, and let (X, ;) be a measure space, where
w(X) <oo. If @ : X — I is a measurable function, and f € F°, then the function

lp:d =R 1y(0)i= [ £(o(0).0)du ()
X

is well defined and convex.

Proof. Since f 0@ € L(u) forall g € J, the definition of [, is correct.
Let t;, 1 €J and A € [0,1]. Since the function f, is convex for all p € I, and
the integral is monotone,

lo (Gt1+(1=2)2) = [ £(0 (0,20 + (1= A)2) dt (3
X

< [Oflo@n)+(1-2)f (0(0)2) (9
M)+ (1= M)l (1),

which implies that [, is convex, thatis I, € FJ.
The proof is complete. [

Among inequalities for convex functions, integral Jensen inequalities of different
types play a fundamental role.
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THEOREM 1. (a) (discrete Jensen inequality, see [15]) Let ty,...,t, be points
n

from an interval C C R, and let a,...,0, be scalars in [0,1] with Zai =1. I
i=1
f € Fc, then

f (Z%‘h‘) < Yoif (6).
i=1 i=1

(b) (integral Jensen inequality, see [15]) Let n be an integrable function on a

probability space (X, </, ) taking values in an interval C C R. Then /nd,u lies in

b'¢
C.If f € Fc is such that fon is u-integrable, then

[nau) < [ronau. @
X X

The following inequality will be used in the applications. In this result the intervals
are not compact.

LEMMA 4. Let (ug);—y, (k)i and (z1)]_,, (wi)]_, be positive sequences, where
k and | are positive integers, and let A := 0,00 x |0,00[. Then for all f € F{° inequal-

ity
m n
< c kZIVk FZIWI Q Ve Wi
(ZW) (Za)f - Zzukzlf<u )
k=1 =1 Zuk ZZI k=1i=1
=1 =1
holds.

Proof. Using the discrete Jensen inequality in both variables, we easily obtain

CATCAN L

=1 Zuk ZZZ
— (i”k> (izl>f iv_"rf_"7 S nZl
k=1 =1 =14k zuk =1 % Zzl

=1

The proof is complete. []
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Let C C R be an interval with nonempty interior. The following notations are
introduced for some special functions defined on C:

idC(t) =1, pC,W(t) = (I—W)+, t,WEC,

where a™ means the positive part of a € R.

We shall also use the following assertion, which is a very simple special case of
the main result in paper [6].

The interior of an interval C C R is denoted by C°.

+

THEOREM 2. Let (X, </, ) and (Y,%,v) be measure spaces, where U and v
are finite measures. Let C C R be a compact interval with nonempty interior, and let
¢ :X —C, y:Y — C bemeasurable functions. Then for every f € F¢ inequality

[roodus< [ rovay
Y

X

w0 =v(). [odu=[yav
X Y

and it is satisfied in the following special cases: the function f is pc,, (w € C®).

holds if and only if

Another very important inequality for convex functions is the Hermite-Hadamard
inequality. Next, we give a general Hermite-Hadamard type inequality and a method to
refine it.

The o -algebra of Borel subsets of an interval C C R will be denoted by % .

THEOREM 3. Let [a,b] C R with nonempty interior; let 1, v; and & (i=1,2)
be finite measures on By, with u([a,b]) >0, and let @1, @2, Y1, Y2 : [a,b] — [a, D]
are Borel-measurable functions. Let

]
Xy = ———— [ tdu(t).
HE )
a.b]
Then
(a) Inequalities
/ fomdv< [ fomavi< [ sau< [ romati< [ fowde @
la.b a.b] a.b] [a.b] a.b]

are satisfied for all f € F, ) if and only if
Vi([a7bD:’g’i([mb}):.u([avb])v i=1,2, “4)

/cp,dv,:/u/,dg,: /tdu(t% i=1,2

[a,b] [a,b]

and
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and
/ Plas]w © P2d V2 < / Plag)w© P1dV1 < / (t—w)du(r)
[a,b] [a,b] [w,b]
< /P[a,b],woll/1d51 < /P[a,b],woll/2d527 w € Ja,b
[a,b] [a,b]
hold.
(b)If va([a,b]) = u([a,b]) and [ @adva= [ tdu(t), then forall f € Fi,p we
[a,b] la,b]
have
£ () b)) < [ foguavs.
[a,b]
(c)If & ([a,b]) = u([a,b]) and [ wrd& = [ tdu(t), thenforall f € F, ;) we
[a,b] [a,b]
have
Xy Xy—a
[/fowéz\ (=2 @+ =27 0)) u o). ®)
(d) If u is symmetric in the sense that
‘LL(A):‘LL((I—FZJ—A), Aeg[a,b]: (6)
e b b f(@)+ 1)
_at —Xu Xu—a ~ fla)+
= By ) = L)

Proof. (a) This part of the result follows directly from Theorem 2.
(b) By using the integral Jensen inequality and the conditions,

1

/fo<pzdv2>v2([a,b})f m/tdvz(t) = £ () 1 ([a.b)

[a,b] [a,b]
(c) It follows from the convexity of f that

b—yn (1)
b—a

v () —a

fn (1) < b—a

fla)+ fb), telab].
By integrating both sides of this inequality, and taking into account the conditions
we obtain the result.
(d) Define the function T : [a, 52| — [<t2.b] by T(t) :=a+b—t. Let T (1)
be the image measure of the restriction of u to %’[ a32] under the mapping 7. If
2

BG@[%’ },thenby(6),

u(r"(B)) =p(a+b—B)=pu(B),
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and hence T (u) is the restriction of u to %’[M K This implies that
7

[ranw= [ sano+ [ armo

] [0 5] J.4]
= / tdu (t) + / (a+b—t)du(t):a;bu<{a;b}>
[a.457] [0, %5
+(a+b)u<{a7a;bD=a;bu([a7b})

The proof is complete. []

REMARK 2. Even for signed measures, necessary and sufficient conditions are
known to satisfy either the first or the second inequality of

X

rutaed < [ fan< (2 @+ 2200 uled) @)

for any convex function f on [a,b] (see the book [15] and the paper [8]). Our previ-
ous result is mainly interesting for refining the inequalities in (7). Hermite-Hadamard
inequality for measures can also be found in paper [16].

It is worth mentioning two special cases of the previous theorem. In the first case
oi(t)=w;i(t)=t, t€lab], i=1,2,

while in the second case
Vlzgi:;ua l:1,2

PROPOSITION 1. Let [a,b] C R with nonempty interior, let u, v; and & (i =1,2)
be finite measures on B, with u([a,b]) >0

Then

(a) Inequalities

[ fav:< / favi< [ ran< [ gag < [ rag
[a,b] [a,b] [a,b] [a,b]
are satisfied for all f € F, ) if and only if (4) holds,
/ tdvi (1) = / 1dE (1) = / du (), i=1,2 ®)
[a,b] [a,b] [a,b]
and for all of the signed measures

m:=8&—-&, Mm:=&—HU, Mm:=p—Vi, M:=Vi—V
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we have
/(t—w)dni(t)20, i=1,2,3,4, welab[. ©)
[w,D]
(b) Under the conditions (4), (8) and (9)

£ () b)) < [ favs

and

[ rae< (525 @+ S 0) ) i),

[a,b]
Proof. 1t is an immediate consequence of Theorem 3. [
REMARK 3. Itis easy to check that (4), (8) and (9) imply
/ (w—1)dmi() >0, i=1234, welab],
[a.w]

so in this case the measures 1; (i = 1,2,3,4) are essentially Steffensen-Popoviciu mea-
sures (see [15]). They would be true Steffensen-Popoviciu measures if 1; ([a,b]) > 0
(i=1,2,3,4) were satisfied.

In the case of equality of measures, we give only a sufficient condition, which is
Theorem 8 in the recent paper [8].

PROPOSITION 2. Let [a,b] C R with nonempty interior, and let | be a finite mea-
sure on B, such that p([a,b]) > 0. Assume @1, @2, Y1, Y2 :[a,b] — [a,b] are
increasing functions such that

/u/zdu /wldu /tdu /(Mu /(pzdu, X € [a,b]  (10)

lax] lax] lax] lax] lax]
and
/(pidu=/u/idu= /tdu(m i=1,2 (a1
[a,b] [a,b] [a,b]

are satisfied. Then for all f € Fj, ) we have
() 1 ([a, b))
< [romans< [ roqan< [ rau< [ romdu< [ royedu

[a,b] la,b] la,b] la,b] la,b]

<(522r@+ 220 w) nla).
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Depending on the measure U, it is easier or harder to construct functions that
satisfy conditions (10) and (11), but it is straightforward under stronger conditions on
the measure and the functions. The following result is derived from Theorem 9 (c)
in [8].

PROPOSITION 3. Let [a,b] C R with nonempty interior, and let | be a finite mea-
sure on P, such that p([a,b]) > 0. Assume @1, @2, Y1, Y2 :[a,b] — [a,b] are
increasing functions. If the measure WU and the functions @1, @2 Wi, Wy satisfy the
symmetry properties

“(A):H(a+b_A)7 AE'@[a,b] (12)

and
Qla+b—t)=a+b—0o(t), t€]a,b]

respectively, and

mO<nO< <o e, a3’
then conditions (10) and (11) hold.
Moreover,
[ rovdu (13)
a,b]
fla)+f(b)

<

i ((£42) L) (132])

REMARK 4. Inequality (13) is sharper than inequality (5).

The following result is a majorization type inequality which is contained in Theo-
rem 9 of [6].

THEOREM 4. Let X := {1,...,m} for some m € Ny, let Y := {l,...,n} for
some n € Ny, and let C C R be an interval with nonempty interior. Assume (p;);-,
and (qj)';zl are real sequences, and s := (s1,...,sm) € C™ and t = (11,...,1;) €
C". Let uy > uy > ... > u, be the different elements of s and t in decreasing order
(1 <o<m+n). Then for every f € F¢ inequality

=

N pif (s) < Y qif () (14)
izl ;

1

~
I

holds if and only if

m n m n
Nopi=Ya;, Y pisi= aqj; (15)
i=1 j=1 i=1 j=1
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and

Y pisi— Y gt

{ieX]sizu} {ievl=u }
gl/ll Z pPi— 2 qj | » lZla"'vo (16)
{ieX]sizu} {iexl;=u }

are satisfied.

3. Main result

Our main result shows that we can always derive inequalities for functions con-
vex on the coordinates from inequalities for convex functions defined on intervals, and
essentially only this method works.

THEOREM 5. Let A:=1xJ be an interval in R*, where I and J are compact
intervals in R with nonempty interior, and let (X;, <, 1;) and (Y;, %B;,v;) be measure
spaces (i=1,2), where 0 < p;(X;) < oo and 0 < v;(Y;) < oo (i=1,2). Further-
more, let @1 : X1 — 1, @2 :Xo —J, y1:Y1 — 1, yp: Yo — J be measurable functions
(i=1,2), andlet ¢ := (1,02) : X1 X Xo — A and v := (y1,yn) : Y1 x Vo — A.

(a) If either py (X1) = vi (Y1) or Uz (X2) = v» (Y2) and for all f € F° we have

/fowd(mxuzK /fowd(lew), (17)
X1 xX> Y1 XY,
then
[eomdu < [gopan (18)
X Y,

is satisfied for all g € Fy and inequality

/ ho gadiy < / hoadvs (19)
X, Y

is satisfied for all h € Fy.
(b) Conversely, if (18) is satisfied for all g € F; and (19) is satisfied for all h € Fy,
then u; (X;) =v; (Y;) (i=1,2) and (17) holds for all f € F{°.

Proof. By Lemma 2 (c), f is Borel-measurable, and hence fo ¢ is @] X -
measurable and foy is A X %A, -measurable. Lemma 2 (a) implies that f is bounded.
It now follows that the integrals in (17) exist, since y; X Wp and vy X v, are finite.

(a) We consider the case u; (X;) = v; (Y1), the other case can be discussed in an
equivalent way.
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Since the constant functions f : A — R by f(s,#) := £1 belong to F{°, it follows
from (17) that u; X p (X3 x Xz) = vi X v» (Y] x ¥2), and hence w; (X;) = v; (Y1) >0
implies s (X2) = v2 (Y2).

We show that inequality (18) is satisfied for all g € F7, a similar argument can be
applied to inequality (19).

Let g € Fy, and define the function f: A — R by f(s,¢) :=g(s). Then f € F°,
and hence (17) and s (X2) = v2 (Y2) > 0 imply that (18) holds.

(b) Inequality (18) holds for the constant functions g: 1 — R, g(s) := %1, and
hence u; (X;) = v (Y1) . Similarly, we can obtain from (19) that t, (X;) = v, (V2).

Let f € F° be fixed.

Since inequality (18) is satisfied for all g € F7, it follows that

/ fyopudu < / foowdvi, qel. (20)
X v

By Lemma 3, the function

loy T =R, 1y (0= [ £(01(v) 1) dur ()
X

belongs to Fy. Since inequality (19) is satisfied for all & € F;, we have that

[ [r@@).e6)du @) | din )
Xo 1

< [ [ 7010w o) i (31) | ava () @1

6] 1

Another application of Lemma 3 gives that the function

Ly, :J =R, Ly (1) := /f(llll (v1),t)dvi (y1)
Y

also belongs to Fj.
Since ly, , ly, € Fy, it follows from (20) that

/ /f(<P1 (x1), w2 (v2))duy (x1) | dva(y2)
%)

1

<[ [rwmonamoan | an ). (22)

o\

The result now follows from inequalities (21) and (22) by taking Fubini’s theorem.
The proof is complete. []
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REMARK 5. (a) The preceding statement allows the simple generation of inequal-
ities for functions convex on the coordinates from known inequalities for convex func-
tions on real intervals.

(b) It comes from the proof that if inequality (17) is satisfied for all f € F{°, then
W (X1) 2 (X2) = vy (Y1) va (Y2). But it is straightforward to construct concrete exam-
ples to show that inequality (17) can be satisfied for any f € F{° such that u; (X;) #
vi (Y1) and Uy (Xz) # v2 (Y2). In these cases, neither inequality (18) is satisfied for all
g € Iy, nor inequality (19) is satisfied for all & € Fj.

4. Jensen type inequalities for functions convex on the coordinates
and their refinements

Let (X,.<7) be a measurable space. The unit mass at x € X (the Dirac measure at
x) will be denoted by ¢, .

In the following two results, we obtain a version of the integral Jensen inequality
for functions convex on the coordinates, and give a refinement of it. The main objective
is to illustrate the following phenomenon: by applying Theorem 5 to suitable refine-
ments of the integral Jensen inequality, we can almost automatically obtain refinements
to the integral Jensen inequality for functions convex on the coordinates.

To achieve this goal, we first recall two refinements of the integral Jensen inequal-
ity, far from being completely general.

THEOREM 6. Let (X, /) be a measurable space, let 1 : X — R be a measurable
Sfunction taking values in an interval C C R, and let f € Fc.
(a) If u is a probability measure on </ and M, fon € L(u), then

! /ndu s/f a/ndu+(1—a)n du</fondu
X

b'¢ b'¢ b'¢
forall a €[0,1].
(b) Let v be a measure on </ with v(X) > 0, and let w be a positive function on
X such that /wdv =1.Ifnw, (fon)weL(v) and wy,...,w, (n>=2) are positive
b'¢

n
and measurable functions on X such that Y, w;j = w, then
i=1

Y I nwidv
¥ /nwdv <i:21f ’W /w,-dvgf(fon)wdv.
X ¥ X X

Proof. (a) Using the definition of convexity and then the integral Jensen inequality
twice, we obtain (a).

(b) It is an elementary case of the main result of paper [7].

The proof is complete. [
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After these preparations, we can make the following two statements.

THEOREM 7. (Integral Jensen inequality for functions convex on the coordinates)
Let A:=1xJ be an interval in R%, where I and J are compact intervals in R with
nonempty interior, and let (X1, , 1) and (X, 9%, W) be probability spaces. Fur-
thermore, let 1 : X1 — I and 1, : Xo — J be measurable functions. Then

(X/mdm,/nzduz
1 X2

liesin A, and for all f € F{°

f /nldﬂh/”hdﬂz < /fo(nhnz)d(mxuz).
1 Xp

Xl ><X2

Proof. 1t follows directly from Theorem 5 (b) by using the integral Jensen inequal-
ity and

f /mduh/nzduz = /f /mduh/nzduz d(u x ).
1 X2 1 X

Xl ><X2

The proof is complete. [

REMARK 6. (a) Theorem 7 is not new, it has already been proved in paper [14].
The main interest of the claim is the method of proof, which is based on Theorem 5. A
special case of Theorem 7 has also been proved by using differentiation in [21] only for
convex functions on A.

(b) The notion of a co-ordinate convex function is naturally generalizable to n-
dimensional intervals, and Theorem 7 can also be easily formulated for this case. This
variant can be found in paper [20], the form of the inequality and the proof are closely
related to the analogous result in [14].

THEOREM 8. Let A :=1xJ be an interval in R*, where I and J are compact
intervals in R with nonempty interiors. Let (X1, , 1) be a probability space, and
let m1 : X1 — I be a measurable function. Let (X,95,V) be a measure space with
v(X2) > 0, let w be a positive function on X, such that /wdv =1, let wi,...,wy,

X

n
(n > 2) be positive and measurable functions on X, such that 'Y, w; = w, and let 1M :
i=1
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Xo — J be a measurable function. Then for all f € Fy°

/Tlld.uh/TDWdV
1 X

" fngw,dv
1_ — . l
z—zl /fo /ThdHHr )m, Twidv duy /wdv
- X2 X2
< [ rotmm)wd (i xv),

X1 xX»

where o € [0, 1] can be chosen arbitrarily.

Proof. By Theorem 6 (a),

/mdm S/g a/mduﬁr(l—a)m dmé/gomdm

X
forall g € Fy.
Let the probability measure i, be defined on @ by
W (A) == /wdv.
A
By introducing the notations
| nawidv
X .
w; = dv, tii=——, =1,...,n,
/ w Twdv i n
X5 X

Il
—_

Theorem 6 (b) shows that

; J mawidv
h < idV < )
/nzwdv l;h fwdv wdv /(honz)wdv
2

X2
or in another form

/ hony)du,
%

/ Mdus
2
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forall h € Fy.
Now by applying Theorem 5 (b) to (Y1, %1,v1) := (X1,9, 1), (Yo,PBr,v2) :=
(J, %, w) and

¢ = /mduh (RES /nzduz

X %
and
Y = Oc/mdul +(I—a)m, w:=idy,
X
we obtain
S (x/mdm,/nzduz = / S (}/mdul,/nzduz d (g x up)
1 X5 X1 xXp 1 X5

< / fo a/mdul+(l—a)m,id1 d(u x o),
Xy xJ Xi
which is exactly the first inequality.
The same technique works for the second inequality.
The proof is complete. [

REMARK 7. We stress again that we have obtained a refinement of the integral
Jensen inequality for functions convex on the coordinates in an almost elementary way
from two different types of refinements of the integral Jensen inequality. Since many
refinements of the integral Jensen inequality are known, by applying Theorem 5 (b)
we have obtained a very efficient method for refining the integral Jensen inequality for
functions convex on the coordinates. And it follows from Theorem 5 (a) that this is
essentially the only option.

5. Hermite-Hadamard type inequalities for functions convex
on the coordinates and their refinements

Combining our main result with either Theorem 3 or Proposition 1 or Proposition
2 or Proposition 3, we can obtain Hermite-Hadamard inequalities for functions convex
on the coordinates and a refinement method for them. We formulate only the version
based on Proposition 2.

THEOREM 9. Let A := [a,b] x [c,d] be an interval in R?, where [a,b] and |c,d]
are compact intervals in R with nonempty interiors, let W, be a finite measure on
Bqp)> and let Wy be a finite measure on B 4 such that p;([a,b]) >0 (i=1,2). As-
sume Q1, @2, Wi, Wy :la,bl — [a,b] and ny, M, O, O :[c,d] — [c,d] are increasing
functions such that

/ yaduy < / yiduy < / sduy (s / Prdu; < / ¢adp, x€[a,b], (23)
[ax]

[ax] [ax] [ax]
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[ o= [ wiaw = [ saw (), i=1.2 (24)
[a,b] [a,b] [a,b]
and
/nzdm /mduz /tduz /19161#2 /19261#2, y€le,d],
[ey] [ey] [ey] [ey] [ey]
[ mdie= [ v = [ raps(0), i=1.2
[e.d] [e.d] [e.d]

are satisfied. Then for all f € F{° we have

£ (%> yi) 1 ([a,B]) pa ([c. ) (25)

S/ fol(pa,B2)d (ur x ) /f (@1,01)d (W x p2) /fd (uy < uz) (26)
A

</ fo(wl,m)d(ulxuz)é/ fo(ya,m)d (ur x uz) 27
A A
< (% (%f(a,dH%f(a,c)) 28)

b—a —c —

gﬂ(dd—&f(m) e Sr e, c>))u1<[a»bl>“2<[“d])’
where

1 1
Xy = m /Sd‘lll (S), Yo :m /td“z(t).

[a,b] [e,d]

Proof. The first, the second, the third, the fourth and the fifth inequalities in (25—
28) are immediate consequences of Proposition 2 and Theorem 5. The sixth inequality
is also a consequence of these two theorems, where on the right hand side we use the

discrete measure
b— Xy Xy —4a
( o eat e | tu ([a,0])

on %, and the discrete measure

(d_Y#2£C+y“2 )uz([c d))

d—c d—c

on ‘@[Cvd] .
The proof is complete. [
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REMARK 8. (a) Many authors have dealt with Hermite—Hadamard type inequal-
ities for functions convex on the coordinates and their refinements using the classical
Lebesgue integral (see e.g. the papers [1], [5], [13], [14], [17] and [18]). We emphasize
that our result gives the Hermite-Hadamard inequality for functions convex on the co-
ordinates using Borel measures, and a method for refining the obtained inequality. All
of the refinements in the aforementioned papers can be obtained from Theorem 9.

(b) Assume the measure y; has density u; : [a,b] — [0, o[ with respect to the clas-
sical Lebesgue measure on %, and uy has density u, : [¢,d] — [0,c0[ with respect
to the classical Lebesgue measure on # 4. If

up(s)=uj(a+b—s), sela,b]
and
w(t)=uy(c+d—1t), t€eled,

then the symmetry property (12) is true for both measures. This is satisfied, for exam-
ple, in paper [17], where

a=m (5=2) on (55
ur (1) = hy (%) +hz<;:i>,

where &y, hy : [0,1] — ]0,0 are Lebesgue-integrable functions.

(c) It is worth noting that from known refinements, new refinements can be ob-
tained by different processes. We illustrate this for the functions y; and y,. Define
the functions y; : [a,b] — [a,b] (0 < A < 1) by

v (1) = (1= A)ya (1) + A ().
Then it is easy to check that for each A € [0,1] the function y, is also increasing.
By the first inequality in (23),

/Wzdu1< /wdulé /Wld.uh x€la,b], A€l0,1],
[ax] [ax]

[an]

and

and by (24),

[ v = [ @), 2efo..
[a.] [a.]
Now, by applying Theorem 9 and the convexity of f; (g € [c,d]) we have

//fo(llfz,nz)d(ul X ) <//f°(llfx7772)d(ﬂ1 X )
A A

< (1—/1)/ folyi,m)d(m ><M2)+7L//f0(lllz,m)d(m X U2)
A

A

< [[rewamatuxp).
A
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Our last results are intended to illustrate the applicability of the previous theorem.
First, by using Theorem 9, we give an extension of Theorem 2.2. in paper [13]
with a simple proof.

THEOREM 10. Let A:= [a,b] x [c,d] be an interval in R?, where |a,b] and |c,d]
are compact intervals in R with nonempty interiors. If f € F\°, then

f<a;—b7c—|2—d) - a/f< c+d>d +_/f<a+b )
< mz/m 4(;3—_%/}](f<s,c>+f<s,d>+2f(s,¥))ds

+4§d‘_ﬁc>](f<a D)2 (500 )a

<f(a7c)+f(b,c)—|—f(a,d)+f(b,d) 1 (a—i—b c+d>
h 16 r 2

f(a+h )+f(a+h d)+f( ,%)—Ff( L+d)
8

+

forall a, B €0,1].

Proof. We first show that

b
a+b c+d 1 c+d 1
f( 2 72 )gb—a/f<s’T>ds<(b—a)(d—c){/f 29)
; d
/( sc+fsd)+2f< C; ))ds (30)

< fla,e)+f(b,c) :—6f(a,d)+f(b,d) N %JC(a—;b’ c—i2-d) 31)
L () (05 1 055 )
Define the functions @y, Y1, Vs : [a,b] — [a,b] by
a, se€ [a,3ajb[
Pi(s)=wi(s)i=s, ya(s):=q G2, se [P at],

b, se]%t b
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and define the functions 9, 1y, Mz : [¢,d] — [c,d] by
e, te e,
c+d . id ¢
O (1) = S m (1) =m(r):=q <4, re [ L]

d, te]< d

Some elementary calculations show that the conditions of Theorem 9 are satisfied
with these functions, and hence inequalities (29-32) follow.
In exactly the same way, we can justify easily that

f<a—;b,c+d) _C/f<a+b )dt e //f 33

d
1 a+b
< m/(f(aﬁ)—i—f(b,t)—kﬂ (T,t)>dt (34)
fla,e)+ f(bye)+ f(a,d)+f(b,d) 1 _[a+b c+d
S 16 +Zf< 22 ) )
a+h a. <4 ctd

The result is a trivial consequence of inequalities (29—-32) and (33-36).
The proof is complete. [

REMARK 9. Theorem 2.2. in [13] is the special case of our previous result when
a=p= % . The proof also illustrates the method described in Remark 8 (c).

Second, a parametric refinement of the Hermite-Hadamard inequality is obtained.
It is given under the conditions of Proposition 3 for the sake of simplicity and clarity.
Even in this case, it is useful to introduce a few terms before making the claim.

Let [a,b] C R be an interval with nonempty interior. We shall say that I;,...,1,,
Lnt1shnsas- w1 (m>1) is a symmetric partition of [a,b] if they are adjacent
pairwise disjoint intervals with union [a,b], I,...,I, are left-closed and right open,
Lgr = {4 2” }. and I; is symmetric to Iyyio— w1th respect to the point ““’ (i=
1,...,m). We shall also say the next: the points sy, ...,Sm,Sm+1sSm+2s-- S2m+ | are
generated from below by the symmetric partition just described if s1,...,s, are the
left-hand endpoints of Iy ,...,L,, Su+1 = # ,and $;40,...,5,+1 are the right-hand
endpoints of I,12,...,0,+1; the points §i,...,8,,8u+1,Smt2,s--.,52m1 are gener-
ated from above by the same symmetric partition if §,...,S§,, are the right-hand end-
points of Iy,...,0L,, Sut+1 = ”er—b, and $,42,...,5m+1 are the left-hand endpoints of
Lysa,. ... It (by the symmetry of the intervals, sy,40-;i =a-+b—s; and 40— =
a+b—3§,i=1,....m).

We are now ready to give the promised result.
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PROPOSITION 4. Let A := [a,b] x [c,d] be an interval in R?, where [a,b] and
[c,d] are compact intervals in R with nonempty interiors, let W, be a finite measure
on By, and let W be a finite measure on % 4 such that y;([a,b]) >0 (i=1,2)

and the symmetry property (12) is true for both measures. Let (Ik)zm"Jrl (k=1,2)

2n
be symmetric partitions of |a,b], and let (Jj‘) - (k=1,2) be symmetric parti-
j=

tions of [c,d]. Assume the points (sll)lzflﬁl

2my+1 0N 2mp+1 .. 2my+1
(I 1) " and (siz)l.fl2+ are generated from above by the partition (12) ot , and

1 2n1+1 L 1 2n1+1 9 2n2+1
(t j> are generated from below by the partition (J ) and (t j> are

are generated from below by the partition

j=1 j=1 j=1
+1
generated from above by the partition (]2> L Then
j=
a+b c+d 2mz+12n2+1
(ST mtehmnled) <3S 768w () ()

//fdmxuz 21: i f (st ) (1) w2 (97)

[la,0)+f(b,c)+ fla,d)+ f(b,d)
4

g/ fd(vi x va) < i ([a,b]) w2 ([e,d])
A

where

v (Ml ([a,b})—zﬂl ({%@)) (€a+€) + 11 ({#}) Eagh

N (Mz([c,d]) —ZHZ ({#D) (€ +€7) + o ({#}) Eeya.

Proof. Define the functions v, @y : [a,b] — [a,b] and 1y, O : [c,d] — [c,d] by

wi(s):=slifsell, i=1,...2m +1,
Q1(s):=§ifscl?, i=1,..2n+1,
n@) =t ifte€J}, j=1,.2m+1,

and
Oy (1) = ift€J;, j=1,..2m+L

Then ¢y, v, N1 and ¢y are increasing functions such that y; and n; satisfy

vi(a+b—s)=a+b—y(s), @i(a+b—s)=a+b—@i(s), séE]lab],
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and )
Vi(s) <s<@u(s), SE[m%}

while ¢; and ¢ satisfy
Nc+d—t)=c+d—ni(t), S%(c+d—t)=c+d—0(t), t€]cd|

and

2

The result now follows from Theorem 9, taking Theorem 3 into account.
The proof is complete. [

m@E) <t <), te [c,ﬂ]

REMARK 10. We mention one refinement, which is a special case of our previous
result: Theorem 2.5 of [17].

6. Application to a new functional corresponding to f-divergence functional
The following notion was introduced by Csiszdr in [2] and [3].

DEFINITION 2. Let g:]0,00[ —]0, [ be a convex function, and let p:= (py,...,p»)
and q:=(q1,...,qn) be positive probability distributions. The g-divergence functional

is
n pl
)= Yaig (—) .
i=1 qi

Itis possible to use nonnegative probability distributions in the g-divergence func-
tional, by defining

g(0) ::tl_ig}rg(t); 0g (g) :=0; Og <g> lim rg (a) a>0.

t—0+

The basic inequality (which comes from the discrete Jensen inequality)

L(p,q) > g(1) (37)

is one of the key properties of g-divergences.
The refinement of inequality (37) is the subject of several papers (for a non-
exhaustive list, see book [12] and references therein, and papers [4], [9], [10] and [11]).
Starting from the concept of g-divergence, we introduce the following quantity, in
which we use a function convex on the coordinates instead of a convex function. For
clarity, only positive probability distributions are considered in this section.

DEFINITION 3. Let o € {1,2}. Let p, := (p{,...,p% ), Qo == (¢5,---.43,) be
positive probability distributions for some 7, > 1, and let f:]0,e0[ X ]0,00] — ]0, o[ be
a function convex on the coordinates. We introduce the following functional

ny ny pZ
I (P17P2»(I17(I2 qull ?7_, .

i=1j= q]
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We show below that the basic properties of g-divergence (see [19]) are also satis-
fied for the introduced quantity ¢(p(,p2,9q1,92).

First, we formulate the analogue of inequality (37) for I7(p1,p2,qi,qz). This, like
inequality (37), is almost obvious, we just need to apply the integral Jensen inequality
for functions convex on the coordinates.

PROPOSITION 5. Let 0 € {1,2}. Let po := (p$,...,p%), Qo = (4%,-...43,) be
positive probability distributions for some n, > 1. Then for every function f :]0,00[ X
]0,00] — 0,00 convex on the coordinates inequality

If(PhPZ,(ll»(h)?f(l»l) (38)
holds.

Proof. Define the probability measures t; and L, on %’]O’w[ by
ny ny 2
W= D aiE,) g and f = 3 78
i=1 j=1

and let 0y, M2 :]0,00] — ]0,00[, Ny (1) = M2 (2) :=1¢.
By Theorem 7,

I#(p1,P2, 491, Q) = / fo(Mi,m)d (u x )
]0,00[x]0,e0]

>r| [ mdw, [ mdw | =ra.).
0, 10,9
The proof is complete. [
REMARK 11. Theorem 7 can be applied since there are compact intervals I, J C
]0, o[ such that

1 p2
—tel, i=1,...n and —S€J, j=1,.m.
i i

The next basic property of g-divergence corresponds to the perspective of g which
is defined by

* 1
g" 1]0,00[ = ]0,00[, g"(¢):=1g (;) )
It is well known that g* is also convex and

I (q,p) = Ig(p,q)- (39)

To formulate the equivalent of property (39) for the introduced quantity I5(p,pa,
q1,92), we need to define the perspective of a function convex on the coordinates.
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DEFINITION 4. Let f:]0,00[ x ]0,00[ — ]0, 0 be a function convex on the coor-
dinates, and define the perspective of f by

* , 11
Fr0l K0l = 0l )it £ (7).
We can then make the following statement.

PROPOSITION 6. (a) If f :]0,00[ X ]0,00[ — ]0,00[ is a function convex on the
coordinates, then f* is also a function convex on the coordinates.

(b) Let 0 € {1,2}. Let po:= (p,....p3,). Qo := (¢},---,4,) be positive proba-
bility distributions for some n, > 1. Then for every function f : 0,0 x ]0,00[ — ]0,00]
convex on the coordinates

Ir<(q1,92,p1,P2) = I¢(P1,P2:91,92)-

Proof. (a) Consider the partial mappings f /, :]0,00[ — ]0,00[, fi /4 (s) := f <s7 é)

forall g €10, and £/, :]0,%o[ = 10,2, i), (1) i= f (L.¢) forall p]0,e0[.
Let g € ]0,oo[ be fixed. Since f}/, is convex, the perspective of f;/,

o) =5t (3:3) seloe

is also convex, and therefore the convexity of

f* (s7q):qf1*/q(s)v 56]0700[

follows.
We can prove similarly that the function

[ (p,t) = pfiy, @), 1€]0,%

is convex for all p € ]0,eo|.
(b) It can be obtained by elementary calculation that

np np

q! q; 1 1

If*(q17q2apl7p2 Zzpl 2 l_j 102 :If(Pth;(haQZ)-
i=1j=1 l j =+ q_é

pi Pj

The proof is complete. [
The third important property of g-divergence is monotonicity. This means the
next: Let (A; ) " | be pairwise disjoint subsets of {1,...,n} with A; # @ forall i =

1,...,m and UAi:{l,...,n},andletPi:: ij and Q; := qu (i=1,...,m).
i=1 Jea; jea;

where P:= (P},...,P,) and Q := (Q1,...,0m).
The monotonicity can be formulated as follows for I¢(p1,p2,9q1,q2):

Then
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PROPOSITION 7. Let 0 € {1,2}. Let po := (p$,...,p5), Qo = (45,-...43,) be
positive probability distributions for some n, > 1. Let (A,i)kmzl1 be pairwise disjoint

mj

subsets of {1,...,n1} with A} # @ forall k=1,....my and UA1 ={1,...,n1}, and
k=1

let (Alz);"jl be pairwise disjoint subsets of {1,...,n2} with A} # @ forall | =1,...,m;

my
and UA12 ={1,...,m}. Define P} := Zpl-l, 0} := Zq} (k=1,...,my), and P? :=
=1 icAl i€A}
2 p?, 0? = 2 q% (I=1,...,my). Then for every function f :]0,eo[ X 0,00 —
JjeA? JjEA?
10,00 convex on the coordinates

If(P17P27Q17Q2) glf(PlaPZa‘ll;‘h)a
where P, .= (P[’,...,P,‘,’,o) and Q, := ( ‘f,...,Q;;,o).

Proof. Since

G (BB
If(P17P2anaQ2) = 2 2 Qlef <Ea @) 5
k=11=1 I
by applying Lemma 4 to each member of the sum, we obtain the statement.
The proof is complete. [

REMARK 12. Let 0 € {1,2}. Let p, := (p{,...,p%). Qo := (47,-...45,) be
positive probability distributions for some 7, > 1, and let g : ]0,o0[ — ]0,o[ be a convex
function. The products of the probability distributions p; and p, and q; and q, are
the probability distributions

i p = (nl]) )

i 1 2ovief{l,...n}
iefl, .y MdAI©G2= (qiqj)ie{l ..... m}

respectively.
If the function f :]0,e0[ X ]0,00] — ]0,00[ is defined by f (s,#) := g (st), then it is
convex on the coordinates and

I1(P1,P2,91,92) = I (P1 ® P2, 41 @ qQ2),

which shows that the new quantity /7(p1,p2,q1,q2) contains the g-divergence.
This, Proposition 5, Proposition 6 and Proposition 7 show that the quantity /¢(py,p2,
q1,9q2) can be seen as a generalization of the g-divergence.

Finally, as another application of our main result we give a necessary and sufficient
condition for the inequality

If(PlaPZ;‘lla‘lZ) P If(lll,uz,Vl,Vz)

to be satisfied, so we obtain a necessary and sufficient condition for refining inequality
(38) by another divergence.
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THEOREM 11. Let 0 € {1,2}. Let X, :={l,...,n,} for some n, > 1, and let
Y, :={1,....,mo} for some m, > 1. Let p,:= (p{,....p5): Qo := (45,---,43,)
u, ;= (u‘f,,uj;o) and v, ;= (v‘f,...,vj;o) be positive probability distributions. Let

o\ Mo

€] >cy>...>c} be the different elements of (Z—é)
1 1=

order (1 < ko < my+n,). For every function f :]0,o0[ x |0,e0] — |0,0[ convex on the
coordinates inequality

ny np | 1 p2
Ir(p1,p2.41,92) = 2261, q’ q—é

i=1j= i J

u?\ Mo, .
and <v—})> in decreasing
i/ i=1

my m ul u?
>y 2 v (—;, —;) =Ip(uy,u,v1,v2) (40)
i j

i=1j= v, vV
holds if and only if
X - X
j i 0 i ’)? 0
{JeYolé%, } {zexu\ > }
< > = Y | =1k, 0=12

ul
{jEYA%}c}’} {LEX0| >c) }
J

are satisfied.

Proof. Define the probability measures U, fz, Vi and vy on By [ by

J

niy np
R N2
1 _gqlgpil/qil, W = zllqjgp%/qz.
i= Jj=

and

mip ny
. 1 . 2
Vi= zviguil/vil’ V2= 2",/‘%?/@7
i=1 =1

and let @1, @2, Y1, Y2:]0,00[ = 0,00, @1 (1) = @2 (1) =y (1) = Y2 (1) :==
With these notations inequality (40) is equivalent to the following integral inequal-

ity:
folor,@)d (< u2) 2 / fo(wi,ya)d(vixva).  (41)
0.2 x]0,09[ 0,90,
We first show that (41) holds for every function f :]0,e0[ X ]0,00[ — ]0, e[ convex
on the coordinates if and only if

/goqoodua> /gou/adva, 0=1.2 42)
10,59 10,59
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are satisfied for all g € F]O’w[.
Assume (42) holds for all g € Fjy ... Since there are compactintervals 1, J C 10,00
such that

P r;
—terr, i=1l..,nm and —Le€J°, j=1,..m,
q; q;

and )
uzl o uj o .
v—lel, i=1,....m and ?617 j=1,...,my,
i J

inequalities

/go(Pld.ul </gOlI/1dV1 and /hoquduz S/gollfzdvz
7 7 7 7

are also satisfied for all g € F; and h € F;. Then by Theorem 5 (b), inequality

/f0(§017<P2)d(H1 X Up) = /fO(ll/m//z)d(vl X V)
IxJ IxJ

holds for every function f : 1 x J — ]0, e[ convex on the coordinates, and therefore (41)
is true for every function f : ]0,eo[ x ]0,e0] — ]0,eo[ convex on the coordinates.
Conversely, assume (41) holds for every function f :]0, o[ X |0, e[ — |0, convex
on the coordinates. Then, copying the proof of Theorem 5 (a), we can show that (42)
holds for all g € Iﬁ07°°[.
Since (42) is equivalent to

no P(') my I/LQ
Zq?g<—‘>>2v;’-g — | =12

0
i=1 4i j=1 J

the result follows from Theorem 4.
The proof is complete. [

REMARK 13. The previous result generalizes Theorem 10 in the recent paper [8].
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