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1. Introduction

Convex functions have been an attraction center for many researchers since the very beginning of the last century after Jensen’s systematic
studies of these functions. It has been indispensible feature of the optimization problems after L. V. Kantorovich, Dantzig and Leontiev’s
solution methods in 1940s [23]. Since then, researchers have set forth the generalizations and extensions of the notion of convexity such as
quasiconvex functions, Schur convex function, (K,S)-convex functions, B and B~ !-convex functions, s-convex functions, relative strongly
exponentially convex functions, co-ordinated s-convex functions etc. which are employed in equilibrium theory, signal processing, stocastic
analysis, microeconomics, and fractal theory [1-5,9-12, 14,16,20,22,24-26]. One of them is given very recently by Micherda in [17]. That
study presents a generalization of convexity, namely, (k, k)- convexity, in which two functions on (0, 1) are used, one defines the convexity of
set and the other function determines the convexity type of the function. Its definition is given as follows:

Letk:(0,1) = R and D be subset of X. If k(1)x+ k(1 —A)y € D forall x,y € D and A € (0,1), then D is called k-convex set.

Let D C X be a k-convex set and let k,h: (0,1) > Rand f: D — R. If forall x,y € Dand A € (0,1),

FA)x+k(1=A)y) <h(A)f(x)+h(1=2A)f(y) (1.1)

is satisfied, then f is said to be (k,/)-convex function. In case of k(1) = h(1) = A, definitions of classical convex set and function are
obtained. ! .

In the case k(1) = A7 and h(A) = A» for 0 < p < 1in (1.1), p-convexity concepts, which have been already introduced by [6,7,21], are
given as follows:

Definition 1.1. [7] Let U CR" and 0 < p < 1. If for each x,y € U, A, it > 0 such that AP +uP =1, Ax+ uy € U, then U is called a
p-convex set in R".

Definition 1.2. [21] Let U CR" and let f : U — R be a function. If the set
epif = {(Xva) eER":xeU, aeR, f(x) < a}

is p-convex set, then f is called a p-convex function.
The following theorem gives us a characterization of p-convex functions:

Theorem 1.3. [2]1] Let U CR" and let f : U — R be a function. Then, f is a p-convex function if and only if U is a p-convex set, for all
A, it > 0 such that AP + uP = 1 and for each x,y € U

JFAx+py) <Af(x)+pf©) (1.2)

is satisfied.
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The case k(A) = A+ and h(A) = A for 0 < s < 1in (1.1) corresponds to the following type of s-convexity and was used in the theory of
Orlicz spaces [18]:

Definition 1.4. Let U C R” be a s-convex set such that s € (0,1]. A function f : U — R is said to be s-convex in the first sense if

FAx+py) < Af(x)+1°f(y)
Sforallx,y e U and A, > 0 with A* +u* = 1.

In this definition, the concept of s-convex set is the same concept as p-convex set in Definition 1.1.
In case k(A) = A and h(A) = A* for 0 < s < 11in (1.1), the following type of s-convexity is obtained as follows:

Definition 1.5. [8] Let U C R" be a convex set and s € (0,1]. A function f: U — R is said to be s-convex in the second sense if the
inequality

J(Ax+py) <Afx)+ 1 f(v) (1.3)
holds for all x,y € U and all A0 > 0 with A +u = 1.
In the case k(A) = A and h(A) = A° for 0 < s < 1 in (1.1), the following type of s-convexity is given as follows:

Definition 1.6. [15] Let U C R" be a convex set and s € (0,1]. A function f : U — R is said to be s-convex in the third sense if the inequality

1 1
FAx+py) A5 f(x)+psf()
holds for all x,y € U and all A, > 0 with A* 4+ p* = 1.

The classes of s-convex functions in first, second and third senses are denoted by K!, K2, K3 respectively. It can be easily seen that in the
case s = 1, each type of s-convexity is reduced to the ordinary convexity of functions.

In this paper, the s-convex function in the fourth sense is introduced, examples and some characterizations are given. The conditions under
which this type of s-convexity is preserved are given. Some relations to other kinds of s-convexity are investigated.

2. s-Convex Functions in the Fourth Sense

Definition 2.1. Let U be a convex subset of a vector space X and let s € (0,1]. A function f:U — R is said to be s-convex in the fourth
sense if the inequality

P+ y) < A f()+ > £3) @1

is satisfied for each x,y € U and for all A, 1t > 0 such that A + L = 1. The inequality (2.1) is equivalent to the following inequalities:
FAx+py) S Af(x)+uf(y),

where A, L > 0 such that A* + u* = 1 and

FAx+(1=2)y) < A% fx) +(1=2A)5 £(y),

where A € [0,1].
The class of these functions is denoted by K;‘.
On the other hand, the function f : U — R is said to be s-concave in the fourth sense if the inequality

1 1
JAx+py) = A5 f(x)+ps f(v) (22)
is satisfied for each x,y € U and for all 1,0 > 0 such that A + 1 = 1.
Throughout the paper, U C X is taken as a convex set and R} = [0,00), R_ = (—o0,0].
Example 2.2. Leta,b € R,
Li[a,b] ={x € Li][a,b] } x:[a,b] >R}

+ H 1 4
and f : LT [a,b] — R defined by f(x) = c [ |x(t)|s dt, where ¢ < 0. Then f € K.

5 a

Letx,y € LT[a,b] and 0 < A < 1. Then, the following relation holds:
b 1
fOAx+(1=A)y)  =c[[Ax(t)+(1=A)y(1)[ dr
b
e (AT I +(1=2)7 [y()| ) dr
1 b 1 by
“Ate Rl di (1= ) ey

1

= AT () + (=) £().

dt

So, f € K2
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Example 2.3. Let U CR" and k € R,.. If we define f : U — R such that f(x) = —k then f € K*. Thus, for A € [0,1], it can be written

fAx+(1=1)y) —k
—(A+(1-2A)k
—Ak—(1—A)k
“Ask—(1—A)sk

AP+ (1=A)7 F0).

IN

So, f € Ky.

Example 2.4. Let
U={x=(x1,x0,...,%) ER*| x;1+x2+ - +x, >0}

and k € R. If we define f: U — R such that f(x1,%2,...,xn) = —k(x1 +x2+ -+ ), then f € K*. Because, we have A € [0, 1], it can be
e FOxt(1-A)) = Fx+(1— AyrAxat (1= Ayar. . Ax+ (1— A)yn)

= —k(Ax+(Q=A)y1+Axn+(1=A)yr--+Ax,+ (1= A)yn)

AR bt )+ (- A0 2]

Ar (—R)(x1 ) + (1= A) 5 (<R) (1 +y2 +- )

IN

ASF0)+(1=A)s £().

So, it is obtained that f € Kf.

Theorem 2.5. If f : U — R be a s-convex function in the fourth sense, then the following inequality is valid for all x,y € U :

F0)+£0) 03
+10) .

<

Proof. ltis clear by taking A = i = %

Corollary 2.6. If f: U — R is s-convex function in the fourth sense, then f < 0.

Indeed, accepting y = x in (2.3), we have f(x) < 21*%f(x), so (1— 215 )f(x) <0. Thus, f(x) <O0.
Similary, it is deduced that if f is s-concave function in the fourth sense, then f > 0.

Theorem 2.7. Let f : U — R be a s-convex function in the fourth sense. Then the inequality (2.1) holds for all x,y € U and A, > 0 such
that A +u < 1.

Proof. Assume thatx,y e U, A, u € Ry and0 <A+ pu < 1.Puty=l+/.t,(x=%andﬁ:%.Then,aJrB:

<[>

+% =1 and we have

fAx+uy) = f(ayx+Byy)

<oty ) BV

L 1
= A f )+ f(y).
O
Jensen inequality [13] is very important inequality in convex function theory. The following theorem shows the Jensen inequality for
s-convex function in the fourth sense.

Theorem 2.8. Let f: U — R be a s-convex function in the fourth sense and x1,x3 ..., xp €U, A, Ay ..., Am ERy with A+ A+ + Ay = 1.
Then

1 1 1
Fhxr+ x4+ Apx) <A fx1)+ A f )+ 4+ A f () -
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Proof. We use induction on m. The inequality is trivially true when m = 2. Assume that it is true when m = k, where £ > 2. Now we

show the validity when m = k+ 1. Let a real number x be defined by the equation x = Ajx; +x + - - + Agy 1 X1 Where xq,...

»Xk+1 € U,

M,y A > 0with Ay 4+ 4+ A4 = 1. At least one of A1,..., A, must be less than 1. Let us say Ay < 1 and write A; +---+ A =

Mg
As

A A A\ A\
f(ixl+"'+ixk)§<i> fln)+- +(M) Fl).

By using s-convexity of f in the fourth sense,

A
1 — A441.One can find A < 1 such that 4; + - + A = A. Since (QL ) +oo 4 (

fx)

( <)le1 +-+ . xk) +2'k+1xk+l>
1
Ad f(l‘xrir +,1xk)+lk+1f(xk+1)
A f(xl)+ +lk+1f(xk+1)

IN

IN

is obtained. This completes the proof by induction.

3. Some Properties of s-Convex Functions in the Fourth Sense

Theorem 3.1. Lets; < sp. If f: U — Ris a sy-concave function in the fourth sense, then f is a s|-concave function in the fourth sense.

Proof. Letx,y € U and A € [0, 1]. Then, according to Theorem 2.7, we have

fAx+(1-2)y)

A\VANAYS
>.)

which means that f € K;‘

Theorem 3.2. Lets; <syand f:U = R. If f € K thenfeK?l.

8§27

Proof. Letx,y € U and A € [0, 1]. Then, according to Theorem 2.7, we have

S (e +(1=2)y) S0 +(1=2)= 1)

)+ =2) 1),

== S

< Al
< A
which means that f € K

Theorem 3.3. If f : U — R_ is a convex function, then f is a s-convex function in the fourth sense.

Proof. Letx,y € U and A € [0, 1]. Then, we have

fAx+(1-2)y)

Theorem 3.4. If f : U — R is a concave function, then f is a s-concave function in the fourth sense.
Proof. Letx,y € U and A € [0,1]. Then, we have

F(Ax+(1=2)y)

vV v

Theorem 3.5. If f : U — R be a s-concave function in the second sense, then f is a s-concave function in the fourth sense.

Proof. Letx,y € U and A € [0, 1]. Then, we have

fAx+(1-2)y) (%)

16)

A+ (1= AP £()
AS P+ (1= )5 F0).

AV

) =1 and the assumption of hypothesis, we get

O

Theorem 3.6. Let f: U — R and x,y € U. If the function g : [0,1] — R defined by g(A) = f(Ax+ (1 — A)y) is a s-convex function in the

fourth sense, then f is also a s-convex function in the fourth sense.
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Proof. Letx,y € U and A € [0,1]. Then

FOX+HI=2N)=¢2) = gQ-1+(1-2):0)
< Arg()+(1-2)1g(0)
= A f)+0-2)f)
Then, f € K} O
Theorem 3.7. If f; : U — R_ are s-convex functions in the fourth sense for i =1,2,--- ,m, then f = f aifi is a s-convex function in the
=1
Sfourth sense where a; > 0. l
Proof. Forx,y € U and A € [0,1], we have
fAx+(1-2)y) = 'glaifi(lx"‘(]_l))’)
i 1 1
< Lai(RAW+1-2) )
= L aifi(x)+ (1 —A) L aifi0)
= ATF)+1=2) F0).
This shows that f € K. g

Theorem 3.8. If f; : U — R_ are s-convex functions in the fourth sense for i =1,2,--- ,m, then f : U — R_ defined by f = 11353<x {fitisa
<i<m

s-convex function in the fourth sense.
Proof. For each x,y € U and A € [0, 1], we can write

Ot (1=A)) = max {f(Ax+(1-2))

= filAx+(1-2)y)

< AR F-2)f0)
1 1
< AF max (i)} (- )} max {0}
= M@ +1-2)f0).
Thus, /= max {fi} is a s-convex function in the fourth sense. O

Theorem 3.9. If f; : U — R are s-concave functions in the fourth sense fori =1,2,--- m, then f : U — R defined by f = 1I<nl<n {fitisa
<i<m

s-concave function in the fourth sense.

Proof. Foreachx,y € U and A € [0, 1], we can write

fAx+(1=24)y) = min {fi(Ax+(1-21)y)}

1<i<m

= filAx+(1-2)y)

> S+ (1=A)A0)
> 2% min (i} (1-4) min (£0)}
= A )+ 1=2): F0).
Thus, /= 12211 {fi} is a s-concave function in the fourth sense. O

Next, it will be given some properties of composition of functions in different types of convexity.

Theorem 3.10. If the function f : U — R_ is a s-convex function in the fourth sense and g : f(U) — R is an increasing linear function,
then go f : U — R is a s-convex function in the fourth sense.



Konuralp Journal of Mathematics 265

Proof. Letx,ye U and A € [0,1].

(g0 f)(Ax+(1=2)y)

IA
w

(
+<1—A>%<gof><y>.

Hence, go f € K;‘. O

I
—
oo

o
\
—

Theorem 3.11. Letrg:U — Ry, f:g(U) — R and f be decreasing linear function. If g is a s-concave function in the fourth sense, then
fogeky.

Proof. Letx,yc U and A € [0,1].

(fog)(Ax+(1-A)y) = f(g(IMJr(l*l) ))l
< g+ (1-2) b))
= Asf(g@)+ (1 -2)5 f(g(y))
= A (fog)x)+(1=2A)s(fog)(y)
O
Theorem 3.12. Let f: U — R_ and g : R_ — R be an increasing function. If f € K;‘ and g € KS, thengo f € K;‘z.
Proof. For eachx,y € U and A € [0, 1], we have
(goN(Ax+(1-A)y) = g(f(Ax+(1-2)y)
< B +(1-2)H0)
< AP g(00)+(1-2) ()
= A7 (gof)(x)+(1=2)2(gof)(y)
Hence, go f € Kfz O

Theorem 3.13. If f : U — R is a s-concave function in the fourth sense and g : f(U) — R is a decreasing s-convex function in the third
sense, then go f is a s>-convex function in the fourth sense.

Proof. For eachx,y € U and A € [0, 1], we have

(soN(Ax+(1-2)) = g(f(Ax+(1-A))
8+ (1=2)1 /()
A () + (1= 2)F (/)

AT (g0 f)(x)+ (1= A) (g0 £)(y)-

IN NI

O
Theorem 3.14. Let g: U — V be a linear transformation and f : V — R be a function. If f € K2, then fog € K.
Proof. Let A € [0,1]. Thus, we get
(feg)Ax+(1=A)y) = fle(Ax+(1-2)y))

= S +(1-2)s()

S A+ 02 {60

= A (fog))+(1=2):(fog)(y)
forallx,y e U. Hence,fogeK;‘. O

Theorem 3.15. Letg:U — R_ and f : R_ — R be an increasing function. If f € K and g € K2, then fog: U — R is a convex function.
Proof. Letx,y €U and A € [0,1].

(fog)(Ax+(1-2)y) f(g(Ax+(1-2)y)
f(Asg(x)+(1=2):¢(y))

Af(g(x)+(1=21)f(g(y))

Hence, fog e K;‘. O

INIA

Theorem 3.16. Let g:U — R_ and f : R_ — R be an increasing f is s-convex function (i.e. p-convex function) and g € K;‘, then fog € K;‘.
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Proof. Letx,ye U and A € [0,1].

(fog)(Ax+(1—2)y) f(g (IMHI—M ))1

A g(x)+ (lfl)?lg(y

flg(x)+(1—=2)5 f(g(y)
)

H(fog)(x)+(1-4)

INIA

- v\—’“ e~

!
As
A

Hence, fog € K;‘. O

Theorem 3.17. Let g:U — R, and f: Ry — R be a decreasing function. If f € Ksl and g is a s-concave function in the fourth sense, then
fog:U — Ry is a convex function.

Proof. Letx,ye U and A € [0,1].

(fog)(Ax+(1-21)y)

Flg(Aat(1=2)y ))]
FAsg) +(1-2)
Af(gx)+(1—=A)f (g(

A(fog)(x)+(1=A)(fog)(y)

OQ

/\
v
Nl

I IAIA

O

Theorem 3.18. If g: U — R is a s-concave function in the fourth sense and f : g(U) — R is a decreasing s-convex function (i.e. p-convex
function), then fog & Kf.

Proof. Letx,ye U and A € [0,1].

(feg)(Ax+(1-24)y)

INIA

The following theorem can be considered as a generalization of Theorem 3.18.

Theorem 3.19. Let sy <s1. If g : U — Ry is a sy-concave function in the fourth sense and f : g(U) — R is a decreasing sy-convex function
(i.e. p-convex function), then fog € K;‘Z.

Proof. Letx,yc U and A € [0,1].

(Fog)(Ax+(1-A)) = flglhxt(1-A))
< fRTg)+(1-2)Tg)
< fRAEgW+(1-2)7 )
< An =

4. Conclusion

Convex functions play an important role in many areas as optimization, control theory, game theory, probability, statistics, biological system,
economy, medicine, art, linear programming and convex programming. Therefore, convexity has a huge impact on our daily lives with its
myriad applications and it is one of the areas of great interest to mathematicians. s-Convex functions in the fourth sense are introduced
in this paper, which is the continuation of the studies in which s-convex functions in the first, second and third sense are given. Some
characterizations, algebraic and functional properties of these functions are presented. The conditions under which this type of s-convexity is
preserved are given. Some relations to other kinds of s-convexity are investigated. Also, some relations between these functions and the
other types of s-convex functions are given. It is thought that this study, in which a new type of convexity is defined, will contribute to the
literature in the field of convexity.
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