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SOME CHARACTERIZATIONS OF HARMONIC CONVEX FUNCTIONS

MUHAMMAD ASLAM NOOR*, KHALIDA INAYAT NOOR, SABAH IFTIKHAR

ABSTRACT. In this paper, we show that the harmonic convex functions have some nice properties,
which convex functions enjoy. We also discuss some basic properties of harmonic convex functions.
The techniques and ideas of this paper may be a starting point for future research.

1. INTRODUCTION

Convexity theory played an important and fundamental role in the developments of various branches
of engineering, financial mathematics, economics and optimization. In recent years, the concept of con-
vex functions and its variant forms have been extended and generalized using innovative techniques to
study complicated problems. It is well known that convexity is closely related to inequality theory. The
optimality conditions of differentiable convex functions are characterized by variational inequalities,
the origin of which can be traced back to Euler, Lagrange and Newton. On the other hand, convex
functions are related to integral inequalities. which are called the Harmite-Hadamard type integral
inequalities. For recent developments, see [1,3,9,16] and reference therein.

Related to the arithmetic means, we have harmonic means. The harmonic means have applica-
tions in electrical circuit theory and other branches of sciences. For example, the total resistance of
a set of parallel resistors is obtained by adding up the reciprocal of the individual resistance value
and then considering the reciprocal of their total. Also the harmonic means are used in developing
parallel algorithms for solving various problems, see Noor [5]. A significant class of convex functions,
called harmonic convex was introduced by Anderson et al. [1] and Iscan [3], independently. Noor and
Noor [6,7] have shown that the optimality conditions of the differentiable harmonic convex functions
on the harmonic convex set can be expressed by a class of variational inequalities, which is called the
harmonic variational inequality. For recent developments and applications, see [5-7,9-14].

To the best of our knowledge, this field is new one and has not been developed as yet. In this paper,
we show that the harmonic convex functions have some nice properties [2], which convex functions
enjoy. We have investigated several basic properties of harmonic convex functions. We obtained the
necessary and sufficient characterization of a differentiable harmonic convex and harmonic quasi convex
functions. It is worth mentioning that the harmonic variational inequalities is a new class of variational
inequalities and is not studied much. The interested readers are encouraged to study these harmonic
variational inequalities. It is high time to find the applications of these inequalities along with efficient
numerical methods.

2. PRELIMINARIES

First of all, we recall the following basic concepts.

Definition 2.1. [1]. A set K C R™\ {0} is said to be a harmonic conver set, if
Ly

— 2 ¢k, VazyekK, telol].
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180 NOOR ET AL.

Definition 2.2. [3]. A function f : K — R, where K is a nonempty harmonic convex set in R™\ {0}.
The function f is said to be a harmonic convex function on K, if and only if,

Y
— 7 )<@-t tfly), Va,yek, telol]
Harig, ) <G-0/@ s, Vo 0.1]

The function f is called strictly harmonic convex on K, if the above inequality is true as a strict
inequality for each distinct « and y € K and for each ¢ € (0,1). The function f : K — R is called har-
monic concave (strictly harmonic concave) on K if —f is harmonic convex (strictly harmonic convex)
on K.

Remark 2.1. Geometric Interpretation

We now consider the geometric interpretation of harmonic conver function. Let x and y be two distinct
points in the domain of f, and consider the point m, with t € (0,1). Note that (1—t)f(z)+tf(y)
gives the weighted arithmetic mean of f(x) and f(y), while f(M) gives the value of [ at the
point ﬁ So, for a harmonic convex function f, the value of f at the points on the path m
whose initial point is x and terminal point is y, is less than or equal to the chord joining the points

(z, f(x)) and (y, f(y)). For a harmonic concave function, the chord is (on or) below the function itself.

Definition 2.3. [16]. A function f: K — R, where K is a nonempty harmonic convex set in R™\ {0}.
The function f is said to be a harmonic quasi convex function on K, if and only if,

Ty
— | < , , Vz,ye K, tel0,1].
Wiy, ) < maxi@. ). Yo 0,1
The function f is said to be harmonic quasi concave, if —f is harmonic quasi convex. A function f

is harmonic quasi convex, if whenever f(y) > f(z), f(y) is greater than or equal to all the values of

f at the points of the path Mﬁ A function is said to be strictly harmonic quasi convex, if strict

inequality holds for f(x) # f(y).

Definition 2.4. [9]. A function f : K — R, where K is a harmonic convex set in R™\ {0}. The
function f is said to be a harmonic log-convex function on K, if and only if,

Iy 1—t t
f<m+(1_t)y> <[f@I"fW), VzyekK, telo1] (2.1)

From (2.1), it follows that
oriy,) < V@ o

(I—-t)y
(L=t)f(z) +tf(y)
max{f(z), f(y)}, VzyeK, tel0,1],

This shows that, every harmonic log-convex function is harmonic convex and every harmonic convex
function is harmonic quasi convex, but the converse is not true.

IAIA

Also from (2.1), we have

Ty
Ing(tx +(1 -ty

For the properties and inequalities of harmonic log-convex functions, see [9,13,14].

<(1-t)logf(x)+tlog f(y), Vx,ye K, tec][0,1].

3. MAIN RESULTS

In this section, we discuss some properties of harmonic convex function and harmonic quasi convex
function.

Theorem 3.1. If K; is a family of harmonic convex set, then N;cr K is a harmonic convex set.
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Proof. Let z,y € Njer K, t € [0,1]. Then, for each i € I, z,y € K;, since K; is a harmonic convex set,
it follows that
Yy

— ¢ K;, Viel.
tr+ (1 —1t)y ‘ !
Thus
ry
— € N1 K;.
te+ (1 —1t)y e
Hence, N;cr K; is harmonic convex set. O

Theorem 3.2. Let K be a harmonic set. If f; : K — R, (i = 1,2,3,...,m) are harmonic convex
functions. Then the function

f:Zaifiv a; > 0, i:172a3a"'ama
=1

s harmonic convex function.

Proof. Let K be a harmonic set. Then Vz,y € K and t € [0, 1], we have

(oriss) = Lot(eriss)

i=1
< ai[(1 = t)fi(z) + tfi(y)]
i=1
= (1= aifilx)+tY_ aifiy)
i=1 i=1
= (1=-t)f(@)+tf(y)
This shows that f is a harmonic convex function. O

Theorem 3.3. Let K be a harmonic set. If the functions f; : K — R are harmonic convex functions,
then f=max{f; ,i=1,2,3,...,m} is also harmonic convex.

Proof. Consider,

i — N N
f(taﬂr(l—t)y> - max{fl<t:c+(1—t)y>’1_1’2’3""’7”}

_ Y
o fw(tx+(1 —t)y)
< (I =t)fuw(@) +tfu(y)

= (I=t)max{fi(2)} + t max{fi(y)}
= (I=0f(x) +1f(y).
This implies that f(x) is harmonic convex function. O

Theorem 3.4. Let K be a harmonic set. If the function f: K — R is harmonic convex function and
g : R — R is a linear function, then f o g is a harmonic conver function.

Proof. Let f be a harmonic convex function and g be a linear function. Then

v (i) - Vi)
g(L=1)f(z) +tf(y)

(1=t)g(f(z)) +ta(f(y)
= (1—=t)(gof)(@)+tlgo f)y)

This shows that g o f is a harmonic convex function. O

IN
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Theorem 3.5. Let K be a harmonic set. If the function f : K — R is a harmonic quasi convex
function and g : R — R is a nondecreasing function, then f o g is a harmonic quasi convez function.

Proof. Let f be a harmonic quasi convex function and g be a nondecreasing function. Then

won(prily.) < shuax(s@). S
= max{go f(z),9° f(y)},
which implies that (g o f) is a harmonic quasi convex function. O

Theorem 3.6. Let f : K — R be a harmonic convex function. If p = inf,ck f(x), then the set
E={zxe€ K: f(x) =pu} is a harmonic convex set. If f is strictly harmonic convex function, then E
s a singleton.

Proof. Let x,y € E. Since f is harmonic convex function, so

Ty B
f(wy> <A =t)f(z) +tf(y) =

which implies that € E and hence F is a harmonic convex set.

zy
te+(1—t)y
For the second part, assume that f(z) = f(y) = p. Since K is a harmonic convex set, so for ¢ € (0,1),

ﬁ € K. Further, since f is strictly harmonic convex function, so
Ty
— | < (1 -t t = U.
iy, ) < =08+ 76 =
This contradicts that g = inf e f(x) and hence F is singleton. O

Lemma 3.1. Let K be a nonempty harmonic convez set in R™\ {0} and let f : K — R be a harmonic
convez function. Then the level set

a={zeK: f(z) <a, acR}, (3.1)
18 a harmonic conver se.

Proof. Let xz,y € K,. Then f(z) <«a, f(y) <ca.

Consider,
ry
_— < 1—1¢ t
Horis) < a-05@+uw
< (1-ta+ta=a.
Hence m € K, and therefore K, is a harmonic convex set. O

Remark 3.1. We would like to mention that the converse of above result is not true.

Definition 3.1. [2]. Let K be a nonempty in R™ and let f : K — R be a function. Then epigraph of
f, denoted by E(f), is defined by

E(f)={(z,a) :z € K,a €R, f(z) < a}.

Theorem 3.7. Let K be a nonempty harmonic convex set in R™ \ {0} and let f: K — R. Then f is
harmonic convez, if and only if, E(f) is a harmonic convex set.

Proof. Assume that f is harmonic convex function and let (x, ), (y,5) € E(f). Then f(z) < o and

fly) < B.
Consider , for ¢ € [0,1],

zy
f(“"‘(l—t)y) < (A=t)f(x) +tf(y)
(1—-t)a+tp.

AN
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Thus (m, (1 —t)a+1tB3) € E(f) and hence E(f) is a harmonic convex set.

Conversely, assume that F(f) is a harmonic convex set and let z,y € K. Then
(z, f(z)), (y, f(y)) € E(f) and by the harmonic convexity of E(f), we have

zy
<tx+(1—t)y’ 1 =1)f(z) + tf(y)) € E(f).
Thus, f(tz+zv+t)y) < (1—t)f(x)+tf(y) for each t € (0,1), that is, f is harmonic convex function. [

Remark 3.2. If the function f : K — R is harmonic log-convez function on the harmonic convex set
K, then E(f) is a harmonic convex set.

Theorem 3.8. Let K be a harmonic convex set and let f : K — R be a harmonic convex function.
Then any local minimum of f is a global minimum.

Proof. Let x € K be a local minimum of the harmonic convex function f.. Assume the contrary, that
is, f(y) < f(z), for some y € K. Since f is harmonic convex function, we have

f (Mf’_t)y) <(A-Df@) +1f(y) Yayek, teo1].
Thus
zy
f(tx+(1t)y) — f@) < tlf(y) — f(2)],
from which it follows that for some small ¢ > 0,

(aiizm) <7

Contradicting the local minimum. Hence every local minimum of f is a global minimum. 0

Strictly harmonic quasi convex and strictly harmonic quasi concave functions are especially impor-
tant in nonlinear programming because they ensure that a local minimum and a local maximum over
a harmonic convex set is a global minimum and a global maximum, respectively.

Theorem 3.9. Let K be a harmonic convez set and let f : K — R be a strictly harmonic quasi convex
function. Consider the problem of minimum of f(x) subject to x € K. If T is a local optimal solution,
then T is also a global optimal solution.

Proof. Assume, on the contrary, that there exists an & € K with f(2) < f(Z). By the harmonic

convexity of K, ﬂj’ﬁ € K for each t € (0,1).

Since Z is a local minimum by assumption,

f(ar)<f< ) Ve (0,1).

But because f is strictly harmonic quasi convex and f(Z) < f(Z), we have

Tx

tr+ (1 —t)i

TT
—— | < f(Z) Vte(0,1).
W) </@ veeoy
This contradicts the local optimality of Z, and the proof is complete. O

Lemma 3.2. Let K be a nonempty harmonic convex set in R™\ {0}. Then a function f : K - R is a
harmonic quasi convex function, if and only if, the level set K, defined by (3.1) is a harmonic convex
set.

Proof. Suppose that f is harmonic quasi-convex function and let z,y € K. Therefore z,y € K and
max{ f(x), f(y)} < a. Also 1 = m € K, since K is a harmonic convex set.
Using the harmonic quasi-convexity of f, we have

ry
/ (t+<1_t>y) < max{f(x), f(y)} <o
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Hence 21 € K, and therefore K, is harmonic convex set.

Conversely, suppose that K, is harmonic convex set for each real number a. Let x,y € K. Further-
more, let ¢ € (0,1) and z1 = ;- Note that z,y € K, for @ = max{f(z), f(y)}. By assumption,
K, is harmonic convex set, so that z; € K,. Therefore

Ty B
Moryy) = a=madf@). f0)

Hence, f is harmonic quasi-convex and the proof is complete. O

Remark 3.3. The level set defined as K, = {x € K : f(z) < «, a € R}, is sometimes referred to as a
lower-level set, to differentiate it from the upper-level set defined as K, = {x € K : f(z) > a, o € R},
which is harmonic convex set, if and only if, f is harmonic quasi concave.

Theorem 3.10. If the function f : K — R is harmonic convex function such that f(x) < f(y), for
all x,y € K, then f is strictly harmonic quasi convex function.

Proof. By the harmonic convexity of f, we have

zy
_ < (1-t t
Horiy,) = 0-0/@ -+t
< flx);  since f(z) < f(y),
which shows that the harmonic convex function is strictly harmonic quasi convex function. U

Definition 3.2. The function f : K — R is said to be harmonic pseudo convex function with respect
to a strictly positive function b(-,-) such that

fly) < f(=z) :>f(tx—|—zcly—t)y> < f(z)+tt —Db(z,y), Va,ye K,te(0,1).

Theorem 3.11. If the function f : K — R is harmonic convex function such that f(y) < f(x), then
f is harmonic pseudo convex function f with respect to a strictly positive function b(-,-).

Proof. Let f(y) < f(z) and let f be a harmonic convex function. Then

Horiy) < 1@+ - 1)
< fl@)+t(=)(f(y) - f(=z))
= fl@)+it =D (f(x) = f(y)
< flx) + it = 1)b(y, 2),
where b(z,y) = f(x) — f(y) > 0, the result result. O

Remark 3.4. If the function f : K — R is harmonic log-convez function such that f(y) < f(z), then
the harmonic log-conver function is harmonic pseudo convexr under the same sense.

Theorem 3.12. Let K be a nonempty harmonic convez set in R™ \ {0} and let f : K — R be strictly
harmonic quasi convex function and lower semicontinuous. Then f is harmonic quasi convex function.

Proof. Let z,y € K. If f(x) # f(y), then by the strict harmonic quasi convexity of f, we must have

Ty
tr+(1—t)y Vte(0,1).
f(tl’+(1t)y> <H1&X{f(aj)7f(y)} G( s )
Now, suppose that f(z) = f(y). To show that f is harmonic quasi convex, we need to show that
Ty
fl ——————
tz+(1-1t)y

By contradiction, suppose that

) < fly) Yie(0).

Ty

f(ta:—&—(l—t)y) > f(y) for somet € (0,1).
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Denote ﬁ by Z. Since f is lower semicontinuous, there exists a t € (0,1) such that
1@ > () > ) = ) (3:2)
z —_ = f(x). .
t7+ (1—t)y Y

Hence by the strict harmonic quasi convexity of f and since f (tﬂfﬁ) > f(y), we have f(z) <
f(mfﬁ), contradicting (3.2). This completes the proof. O

The following theorem gives a necessary and sufficient characterization of a differentiable harmonic
quasi convex function.

Theorem 3.13. Let K be a nonempty harmonic convezr set in R™ \ {0} and let f : K — R be
differentiable on K. Then f is harmonic quasi convez, if and only if,

f@) < f) = (Fl) 20 <0, Vay ek

Proof. Let f be harmonic quasi convex and let x,y € K be such that

flx) < f(y).

Using the Taylor series, we have

o ) = 10+ 2y o) 2 e (2]

where a[y;t(yx_y )] —0,ast—0.

x

By the harmonic quasi convexity of f, we have f((l_f)iim) < f(y) and hence the above equation

implies that
Ty Ly Yy
.y el a2 )] <o
y—x y—x y—x
Dividing by ¢ and taking the limit in the above inequality as ¢t — 0, we have
’ LY
—) <0.
(f'(y), o —) <

Conversely, suppose that z,y € K and that f(z) < f(y). We need to show that f(m) < f(y),
for all z € K and ¢t € (0,1).

We do this by showing that the set L = {2’ : 2/
By contradiction, suppose that there exists an ' € IL. Therefore 2/ =

and f(z') > f(y).

Since f is differentiable, it is continuous and there must exits a § € (0,1), such that

f(ﬂ—/ja?’—l—ﬂ;g) > f(y) for each € (6,1),

Zm’ €(0,1), f(=z ) f(y)} is empty.

m for some t € (071)

and f(z') > f ((175%). By this inequality and the mean value theorem, we must have

!

0< 16~ 1 (g ) = (- 0@ T, (33)

' + oy y—x

where & = (1—u’x)+’+u'y for some ,u/ € (6,1). From it is clear that f(&) > f(y). Dividing (3.3) by

(1 —1t) >0, it follows that {f'(Z)

»5-%) >0, which in turn implies that
1A LYy
—_— 0. 3.4
O e (3.4)
) > f(y) > f(x), and & is harmonic combination of = and y. By the
f(#), ££) <0, and thus we must have

T—

But on the other hand f(Z
assumption of the theorem (

02 {f'(2), =),

The above inequality is not compatible with (3.4). Therefore, L is empty, and the proof is complete. [
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The following theorem was derived by Noor and Noor [6,7] and it gives a necessary and sufficient
characterization of a differentiable harmonic convex function.

Theorem 3.14. [6]. Let K be a harmonic convexr set. If f : K — R is a differentiable harmonic
convex function on the harmonic convex set K, then

(1) fly) = f(@) 2 (f(2),;25), VeyeK

2) {(f'(x) = f'(y),7%) <0, Vayek,
but the converse is not true.

Theorem 3.15. [6]. Let f be a differentiable harmonic convex function on the harmonic convex set

K. Then x € K is a minimum of f, if and only if, x € K satisfies
’ ry
——)>0, VyeK.
(@220, e

Remark 3.5. The inequality of the type (f'(x), ;%) = 0 is known as harmonic variational inequality,

which was introduced by Noor and Noor [6,7].

Definition 3.3. A function f : K — R, where K is a nonempty harmonic set R™\ {0}. The function
f is said to be a harmonic pseudo-convex function, if for each x,y € K with {f'(y), =) > 0, we have

F(@) > fy); or cquivalently, if £(x) < [(y), then (f'(y), ) < 0. o

Definition 3.4. A function f : K — R, where K is a nonempty harmonic set R™\ {0}. The function
[ is said to be a harmonic quasi convex function, if for each x,y € K with f(x) < f(y), we have

(f' (), %> < 0; or equivalently, if (f'(y), %) >0, then f(x) > f(y).

Theorem 3.16. Let K be a harmonic convex set and f : K — R a differentiable harmonic convex
function on the harmonic convex set K. If f(x) < f(y), V x,y € K, then f is harmonic quasi-convex
function. Furthermore, if f(z) < f(y), ¥V x,y € K, then f is harmonic pseudo-convez function.

Proof. Let f be differentiable harmonic convex function on the harmonic convex set K. Then from
Theorem 3.14, we have
/ Yy
< — .
(' (), . —) = fla) = fy)
If f(z) < f(y), then (f'(y),;%5) < 0. Therefore, from Theorem 3.13, we have f is harmonic quasi-

—x
convex function.
Similarly, if f(z) < f(y), we also have (f'(y), f%) < 0. So, from the Definition 3.3, we have f is

x
harmonic pseudo-convex function. O
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