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THE HERMITE-HADAMARD INEQUALITY ON
HYPERCUBOID

MOHAMMAD W. ALOMARI

ABSTRACT. Given any a := (aj,as,...,a,) and b := (by,bs,...,b,) in R™.
The n-fold convex function defined on [a, b], a,b € R™ with a < b is a convex
function in each variable separately. In this work we prove an inequality of
Hermite-Hadamard type for n-fold convex functions. Namely, we establish the

inequality
a+b 1P 1
< < —
f( 2 ) = b—a/a f ) dx < 27%2;“(:)’
where > f(c) == > f(ci,c2,...,¢,). Some other related result are
‘ i
given.

1. INTRODUCTION

The classical Hermite-Hadamard inequality

f(“;b)gbia/a Ftyar < LI (1)

holds for all convex functions defined on a real interval [a, b].

Along the past thirty years, several authors give an attention for various kind
of this inequality and related type inequalities. Indeed the history of (1.1) is very
long to summarize in one or two paragraph, however, we can simply say without
any worry, the real work over all these thirty years started in 1992 by Dragomir
[5]. In literature, the referenced work [5] was considered as base to study and
investigate (1.1) by many other authors later.

A progressive work make many interested authors to generalize (1.1) and estab-
lish a number of formulation in various forms. In sequence of papers, Dragomir
proved various inequalities of Hermite-Hadamard type for several assumption for
the functions involved; e.g., convex mappings defined on a disk in the plane and
convex mappings defined on a ball in the space . For a comprehensive work
regarding (1.1) the reader may refer to [5].

In 2006, de la Cal and Carcamo [3] studied the Hermite-Hadamard type for
convex functions on n-dimensional convex bodies by translating the problem into

2010 Mathematics Subject Classification. Primary 26B25; Secondary 26B35, 52A20, 52A41,
26D07.
Key words and phrases. Convex function, Hermite-Hadamard’s inequality, Jensen’s
inequality.
1

Date of Submission: 2019-01-11
Date of Publication: 2019-01-30
BY



2 M.W. ALOMARI

of finding appropriate majorants of the involved random vector for the usual con-
vex order. Two main results was obtained in [3] the first one regarding mappings
defined on polytopes in R", while the second result discussed (1.1) for symmetric
random vectors taking values in a closed ball for a given (but arbitrary) norm
on R", (see also [1]). In 2008, a formulation on simplicies was presented; the key
idea of the presented approach was passed through a volume type formula and
its higher dimensional generalization. In 2009, by using of a stochastic approach,
de la Cal et. al. established a multidimensional version of the classical Hermite-
Hadamard inequalities which holds for convex functions on general convex bodies.
In 2012, Yang [13] proved an extension of (1.1) for functions defined on a con-
vex subsets of R?, indeed the author introduced a version of (1.1) for function
f defined on an annulus domain. Recently, Moslehian [11] introduced several
matrix and operator inequalities of Hermite-Hadamard type and presented some
operator inequalities of Hermite-Hadamard type in which the classical convexity
was used instead of the operator convexity. For more details, generalization and
counterparts the reader may refer to [1]-[13] and the references therein.

Let us consider the bi-dimensional interval A := [a, b] X [c,d] in R? with a < b
and ¢ < d. Recall that the mapping f : A — R is convex in A if

fOr+1 =Nz, y+ 1 =Nw) <A (z,9)+ (1 =N f(z,w)
holds for all (z,y), (z,w) € A and X € [0, 1].

Dragomir [6] established a new concept of convexity which is called the co-
ordinated convex function, as follows:

A function f : A — R is convex in A is called co-ordinated convex on A
if the partial mappings f, : [a,b] = R, f, (v) = f(u,y) and f; : [c,d] — R,
fz (v) = f (x,v), are convex for all y € [¢,d] and x € [a, D].

In [6], Dragomir established the following similar inequality of Hadamard’s
type for co-ordinated convex mapping on a rectangle from the plane R2.

Theorem 1.1. Suppose that f : A — R is co—ordinated convex on A. Then one
has the inequalities

(st < mjc/dm,y)dydx

fla,e) + f(a,d) + f (b,c) + [ (b,d)
- 4

(1.2)

The above inequalities are sharp.

In [1], Alomari proved the weighted version of (1.2) which is known as Fejér
inequality, as follows:
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Theorem 1.2. Let f : [a,b] X [¢,d] — R be a co—ordinated convex function, Then
the double inequality

fbff(l',y)p(x,y) dydx

f(cH-b,c—l—d) < (1.3)
9 9 b d
[ [p(z,y)dydx
_ J@o+Fed)+Fbe)+ (b
- 4
holds, where p : [a,b] X [c,d] — R is positive, integrable, and symmetric about

a+b

— __ ct+d
r =9 and y = ¢

5. The above inequalities are sharp.

In this work, a new inequality of Hermite-Hadamard type on hypercuboid is
proved.

2. Nn-FOLD CONVEX FUNCTIONS
Given any a := (aj,as, ...,a,) and b := (by, b, ..., b,) in R" we define

Clearly, this is a partial order on R", and it may be called the product order
or the componentwise order on R™. If n > 1, then the product order on R”
is not a total order; for example, if x := (1,0,0,---,0) and y := (0,1,0,---,0),
then neither z < y nor y < z.

Let
ab - H-[al by — a1b1 X X ‘[an,bn'
A subset I of R™ is said to be an n-interval if I, C I for every a,b € I.
For example, if I1,..., I, are intervals in R, then I; X --- x [, is an n-interval.

Furthermore, an n-interval of the form I; x - - - x I,,, where each of the I1 x ---x I,
is a closed and bounded interval in R, is called a hypercuboid in R".
Throughout this paper, we will consider, for all a;,b; € R, [a,b] ;== [] [as,bi],

1<i<n
and ¢ = (c1,¢9,...,¢), ¢ € {a;,b;}, 1 < i < n. Also, for z;,y; € [a;,b;] and
t; € [0, 1], define
tx = (t1xq, taxa, . .., tyxy),
and
L=ty =(1—-t)y, (L =t2)ye,..., (1 = ta) Yn) -
Let f:[a,b] C R" — R, for the vector c, we define

Zf(c) = Z flei e, ),

CiE{a,‘,bi}
1<i<n

for all possible choices of ¢; € {a;,b;}, (i =1,2,--- ,n).

Definition 2.1. A subset D C R” is said to be n-fold convex if and only if
whenever x,y € D then tx+ (1 —t)y € D.
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Corollary 2.2. Every convex subset of R™ is an n-fold convex, and the converse
s not true in general.

Proof. Follows directly from the definition. OJ

There is a subset D C R™ which is n-fold convex but is not convex. For example,
consider D C R?, in the Figure (1). On the other hand, there is a subset D C R"

FIGURE 1. 2-fold convex set which is not convex.

which is not convex nor n-fold, see the Figure (2).

FIGURE 2. A non convex set nor 2-fold convex.

Definition 2.3. A function f : [a,b] — R is said to be n-fold convex or convex
on the coordinates if and only if the inequality

flix+(1-t)y) < ( 1T pz') > f(e), (2.1)

1<i<n

holds, for all x,y € [a,b] and t € [0, 1], where,

ti, if C;, = a;
for all 1 < i < n. Equivalently, f is said to be n-fold convex on [a,b] iff f is
convex in each coordinate separately on [a;,b;] for all i = 1,2,--- ,n. On the

other hand, f is called n-fold concave if the inequality (2.1) is reversed.
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Corollary 2.4. Fvery convex function defined on [a,b] C R™ is n-fold convez,
and the converse is not true in general.

Proof. Consider f : [a,b] — R be an n-fold convex function. We carry out our
proof using induction.
Let

Pn) s f (tx+(1-t)y) < ( II pz) S i) neN  (23)

1<i<n
holds, for all x,y € [a,b] and t € [0, 1], where,

Zf(c) = Z flencayscn),

ci€{zi,yi}
1<i<n

for all possible choices of ¢; € {z;,v;}, and

L ti, if Ci = X;
PEml 11—t it a=y
foralll <i<n.

For n = 2, let [a, b] = [ay, b1] X [ag, ba], for each pair x,y € [a,b]; x = (21, x2)
and y = (y1,92), since f is convex on [a, b], then
P2):f (tixr + (1 —t1) y1, 2)
<tf(z,2)+ (1 —t) f(y1,2)
=t f (1, 0222 + (1 = t2) y2) + (1 — t1) f (y1, a2 + (1 — £2) )
<titaf (z1,22) + 11 (1 —ta) f (21, 92) + (1 = t1) taf (y1, 72)
+ (1 —11) (L= t2) f (y1,92)

() ¥ s 24)

ci€{zs,y}
1<i<2

where ¢ = (¢q, ¢2), which mean that f is 2-fold convex on [a, b].
k
For n = k, assume that P(k) holds, and let [a,b] = [] [a;, bi], x = (1, 22, - , x)
i=1
and y = (y1,%2, -+, Yx), since [ is k-fold convex on [a, b], then

flbx+ (1=t)y) < (H“) > e (25)

ci€{z;,yi}
1<i<k

for all t € [0,1] and x,y € [a, b], where

L is if Ci = I;
pi= —t;, if =y

foralle=1,2,--- k.
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It remains to show that P(n) holds when n = k + 1, therefore

P(k + 1) . f (tlfl + (1 — tl) Yy .- ,tk+1l‘k+1 + (1 — tk—i—l) yk+1)
=f(tixy + (1 —t1)yr, . tewr + (L —t) Yr, ter1rer + (1 — tesn) Yea1)

k
= (le> Z e thri@psr + (1 = tig1) Y1)
i=1

ci€{xs,yi}
1<i<k

<tk (sz) Z f e, mpy1)

ci€{zi,yi}
1<i<k
(1 —tg41) (H pz> Z f(c,ypt1), (follows from (2.5))
ci€{wi,yi}
1<i<k
E+1
- (m) S fee)
i=1 ci€{zi,yi}
1<i<k+1

where,

L ti, if C, = X;
Pimy1-t, it e¢=u

for all i = 1,2,--- ,k + 1. Hence, by mathematical induction, P(n) holds for
all n € N. On the other hand, the function f : [0,1]* — [0,00), f(x,y) = y is
2-fold convex on [0, 1] but is not convex. The reverse of (2.1) follows directly by
replacing f by —f, and thus the proof is completely established. O

The following Jensen’s type inequality holds:

Theorem 2.5. Let f : [a,b] — R be k-fold convex. Let x ) be a finite sequence

of real numbers, for all i,r = 1,2,--- .k, and consider x = (:cl( ), Z(Q), e Ek)>,

(2 K3

k

a = <Oé§1),04(2), . ,Oé(k)), withSa=1,ie, S ol =1, forallr =1,2,- k.
i=1

Then the inequality

F(>ax) < (H %) L (2.6)

1<i<k

holds, where

k k k
— (1)_(1) @, CNORN
Zax (;al T, ;al x, ;a x )
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y*
c:=(c1,¢oy. .. 01), 0 € {xy)} and

j=1
Oégl), C; .%‘,51)
az@), C;, = 1’1(2)
Vi = .
ozgk), c; = mgk)

If f is n-fold concave then the inequality (2.0) is reversed.

Proof. Use the definition of n-fold convex and apply the classical Jensen’s in-
equality for convex function of one variable in each variable. OJ

The following Hermite-Hadamard inequality holds:
Theorem 2.6. Let f : [a,b] — R be n-fold convex. Then the inequality

F(AR) <5 [ 1w 5 < 5 3 ) .7

holds, where

Zf(c) = Z flei,ca,..0 ).

CiE{ai,bi}
1<i<n

The inequality (2.7) is sharp. If f is n-fold concave then the inequality (2.7) is
reversed.

Proof. Since f is n-fold convex on [a, b], then for all t € [0, 1], we have

fltat (1—t)b) <) ( 11 pi> f(c). (2.8)

c 1<i<n

Integrating (2.8) with respect to t on [0, 1] we get

/fta+ 1—t>b>dt</ (Z(Hﬁ) )

c 1<i<n

() ()
= > f (29)

where, p; is defined in (2.2).
On the other hand, again since f is n-fold convex on [a, b], then for t € [0,1],

we have
f(a+b) :f<ta+(1—t)b+tb+(1—t)a)

2 2 2

g%[f(ta+(1—t)b)+f(tb+(1—t)a)]. (2.10)
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Integrating inequality (2.10) with respect to t on [0, 1] we get

at+b 1 [t
f( )<_/0 [f (ta+ (1 —t)b) + f (tb + (1 — t)a)] dt

2 -2
5 [ ftara-oma [rensa-oaw @

By putting 1 — t = s, in the second integral on the right-hand side of (2.11), we

get
f<a+b>_2/fta+ (1—t)b)dt + - /ftb+ (1-t)a)dt

:/ f(ta+ (1 —t)b)dt. (2.12)

From (2.9) and (2.12), we get

(a+b) /fta+ 1-t)b dt<—Zf (2.13)

By putting ta + (1 —t)b = x in the integral involved in (2.13), it is easy to

observe that
/ f(ta+(1—t)b) —a/ f(x (2.14)

which proves the inequality (2.7). The sharpness follows by taking the function
f(x)= H x;. If f is n-fold concave, replacing — f instead of f in (2.7) we get

the requ1red result. Il

Next, we consider a weighted version of (2.7) which is known as Fejér inequality,
before that we need the following preliminary lemma:

Lemma 2.7. Let f : [a,b] — R be n-fold convex function. Letx; = (:pgl), . ,x§"’> , Xg =

(xgl), . ,xé")> Y1 = (ygl), . ,y%n)> Y2 = <y§1), . ,yén)> be any vectors in
[a,b] such thata <y; < x3 < X3 <ya <b, withx,+x3 =y1+ya. Then, for the
convex partial mappings fi : [ai, b)) — R, fi(t:) = f (21, zic1,tis Zig1s -5 2n),
for all fized z; € [aj,b;] (j = 1,2,--- ,n) with j # i. the following inequality
holds:

(4) (@)
f(zly--wziflaxl S Zitls s Zn ) H 25 201,y Zidy - 2n

S f (217"'7Zi—17y§i)7zi+1a"'7zn> +f (Zla"'7Zi—1ay§i)azi+17"-azn> (215)

Proof. Consider f; : [az, b = R, fi(t;) = f(z1,--.,2i-1,ti, Zix1,- -+, 2n), for all
fixed z; € [a;,b;] (j = 1,2,---,n) with j # i. If y; = y» then we are done.
Suppose y1 # y2 and write
oy =2 o a2 =y
WETH o T o

Yoo — U Yo' — U
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and

o _ v =2 o, 2~
RN O NN GL s ORI O LI
Y2 =W Y2" =W

foralle=1,2,---.n
Since f; is convex on [a;, b;], we have

(4) Q
f(zla"wzi—l?xl y Ritls -0y R +f Bly ey Zi—1,Lg 5 Zitly -y ~n

(4) (@)
— .
y?) - f(Zly---,Zi—1,y§),zi+1,...,zn>
Yo
()_ (@) ‘
+ () yl)f<Zl,...,Zz‘_hyg),Zi_i_l,...,Zn)
Ya ?J1
(@) ()
—r .
+ y—%z) (2[)f(21,...,21—1,y§)7zi+1,...,zn>
Yo" — Y1
(Z) O .
+ (7,) ylz)f<Z1,...,Zi71,y§l),zi+1,...,zn>
Yoo —

2l ( (0 xm) .
= (3) (3) f('zla"'azifhyl 7Zi+17"'7zn)

Yo' — Y1
(e o) -t
+ 0) (1) f(Zl,...,Ziq?yg ,ZiH,...,zn)
Y~ —

_ (@) (4)
_f<z1,...,zi,1,y1 s Zidly - - Rn +f Zly ey Zic1,Yg 5 Zitls s Zn |,

for all i = 1,2, --- ,n, which shows that (2.15) holds. O

A Fejeér type inequality may be stated as follows:

Theorem 2.8. Let f: [a,b] — R be n-fold convex. Then the double inequality

a+b f p(x 1 .
f( 5 >_ fp SQnEf() (2.16)

holds, where p : [a,b] — R is positive, integrable, and symmetric about x; = ‘“TH”
forallt=1,2,--- ,n. The above inequalities are sharp.
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Proof. Since p is positive, integrable, and symmetric about x; = “'T“” for all
1=1,2,--- ,n. Then, by Lemma 2.7 one has:

(25) foom [ r(22)noous

a

a+b

-I—/an(a_;b)p(a—i—b—x)dx
L) e
a+b

:/Tf(x)p(x)dx—i— ﬂf(x)p(x)dx
. 2
:/ p (%) f (x) dx
and
3 1@ [ o0
atb r 7 b
:/a : ;;ﬂc) p(x)dx+/% [;ngﬂc) pla+b—x)dx
:/aT 2—1”zcjf(6) p (x)dx
Z/T[f(X)+f<a+b—X)]p(X)dX

which proves (2.16). To prove the sharpness in (2.16), take p(x) = 1, then the
inequality (2.16) is reduced to the double inequality (2.7), and therefore if we
choose f(x) = [[ i, in (2.16), then the equality holds, which shows that

i=1,...,n

(2.16) is sharp, a;ld thus the proof is completely finished. O
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3. A MATRIX VERSION OF H.—H. INEQUALITY

A matrix function, f(A), or function of a matrix can have several different
meanings. It can be an operation on a matrix producing a scalar, such as tra(A)
and det (A); it can be a mapping from a matrix space to a matrix space, like
f(A) = A% it can also be entrywise operations on the matrix, for instance,
9(A) = (ay)*.

A natural generalization of the classical Hermite-Hadamard inequality (1.1) to
Hermitian matrices could be the double inequality

f(A‘gB)g/olf(tA+(1—t)B>dth (3.1)

2

which is however not true, in general as shown recently in [11].

Moslehian [11] introduced several matrix and operator inequalities of Hermite-
Hadamard type and he presented some operator inequalities of Hermite-Hadamard
type in which the classical convexity was used instead of the operator convexity.

In this section, we introduce a matrix version of Hermite-Hadamard inequality
for function of a matrix producing a scalar.

Let M, (R) be the set of all real (n x n)-matrices with real entries, given a
function f : M, «xn,(R) = R and A, B € M,,»,(R). Clearly, each square n-matrix

is just a point in R™ . For example a 2 x 2-matrix is just a point in R%; i.e., it has

four real coordinates; e.g., the matrix is just the vector (1,2,3,4). At

1 2

3 4

first this may seem an oversimplification because it ignores the matrix product.

Thus we define Ma,5(R) to be in R* with the following product defined in it
(a,b,c,d) (u,v,z,y) = (au + bx, av + by,cu + dz, cv + dy)

which is just the matrix product

(ca)(20)

written as a vector in R*. Finally, the integration limits A, B are just vectors in
R™ (with n = 2 in our case). Thus the integral is really multiple integral.
To state our result we need to understand the following terminologies:
X = (:Cij)an = <x117 <oy Liny 215 - - -y L2ny - - -5 Tnly - - wxnn)
A< B@aij < bij,Vi,j =1,---,n.

Given a matrix function of real variables F' : M,.,(R) — R. For a matrix
C = (¢ij)nxn, we define

Z F(C):= Z F((cij)yn)-

cij€{aiz,bij}
1<i,j<n

for all possible choices of ¢;; € {a;;, b}
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We define the matrix-interval to be [A, B] = [] [ [aij, bi;], with length to be
j=1i=1

B—A =[] II (bij — ai;). Depending on this, we understand ff f(X)dX to be:

n
j=1li=1

B bnn bll
/ f(X)dX:/ f(xn,...,xnn)dxun-dx,m.
A Ann a

11
Next result illustrate a matrix version of H.—H. inequality for function of a
matrix producing a scalar:

Theorem 3.1. Let A, B € M,»n(R) with A < B. Let f: [A, B] = R be n*-fold

convex. Then the inequality

(557 s gma [ roaxs g ¥ ron 62

C=(Cij)nxn
cij€{aiz,bij}
1<i,5<n
holds, where
E f(C) = E f(cllacl%"' chn)-
c C=(Cij)pxn
cij€{aij,bij}
1<i,j<n

The inequality (3.2) is sharp. If f is n?-fold concave then the inequality (5.2) is
reversed.

Proof. The proof follows directly from Theorem 2.6. OJ

Remark 3.2. A Jensen’s type inequality for matrix functions used above; may be
deduced in a similar manner as in Theorem 2.5.
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