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Abstract

In this paper, new improvements, refinements and extensions to show that an Fj-convex function
on time scales satisfies Hermite-Hadamard inequality is given in several directions. Examples and
applications are as well provided to further support the results obtained.
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1. Introduction and Preliminaries

Let I C R. A real-valued function f:I — R is said to be convex on the classical closed interval [a, b
if V z,y € I and A € [0, 1], we have

S =Nz +Ay) < (1 =N f(2) +Af(y).

Hermite-Hadamard inequality has remarkable importance in mathematics, particularly in difference
and differential equations. The inequality

f<a+b> < 1 /abf(a:)deM a,beR, a <, (1.1)

2 b—a 2 ’

holds for any convex function f defined on R. This classical inequality (1.1) estimates the mean value
of a convex function from both extremes [12]. Several authors have extended, developed, generalized
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and improved the fundamental inequality (1.1) for uni- and multi-variate convex functions, as well
as other classes of convex functions with extensions to time scales [2]-[7], [10) T1], [14]-[17], [19].

Recently, new developments of the theory of time scales were introduced [I3], to unify and extend
the classical difference and differential calculus with accuracy, and also introduce the delta (A) and
nabla (V) time scales calculi (see [I], [8], [I3]). Thus, the diamond-« (¢,) dynamic calculus on time
scales, which is essentially a linear combination of the delta and nabla calculi, was developed [18].
The ¢, dynamic derivative reduces to the standard A derivative for a= 1 and to the standard V
derivative for a= 0. On the other hand, it represents a weighted dynamic derivative on any uniformly
discrete time scale when a € (0,1). From literature, inequality (1.1) has been further extended and
improved to time scales via the delta, nabla and diamond-a dynamics. For a detailed introduction
to the theory of the calculus on time scales, see [II, 4 ©, [7, [10] 19].

The following useful concepts on time scales have been introduced [3].

Definition 1.1. [1/ A function f:T — R is called convezr on I, if
FOt+ 1L =N)s) <A (&) + (1 =) f(s), (1.2)
for allt,s € It and X € [0,1] such that Xt + (1 — \)s € Ir.

Definition 1.2. [3] A function f:T — R is called rd-continuous, if it is continuous at all right-
dense points in T and its left-sided limits are finite at all left-dense points in T. C,q denotes the set
of all rd-continuous functions.

A function f:T — R is called ld-continuous, if it is continuous at all left-dense points in T and
its right-sided limits are finite at all right-dense points in T. Ciq denotes the set of all rd-continuous
functions.

The set of continuous functions on T contains both C,q and Cly.

It is worthy to note that every rd-continuous function is continuous and every ld-continuous
function is continuous but the converse need not be true.

Definition 1.3. [1] A function F : T — R is called a delta antiderivative of f : T — R if FA(t) =
f(t) for all t € T*. In this case, the delta integral of f is defined as

/ F(F)AT = F(t) — F(s) (13)

for all s,t € T; A function G : T — R is called a nabla antiderivative of g : T — R if GV (t) = g(t)
for allt € Ty. In this case, the nabla integral of g is defined as

/ g(T)V1T =G(t) — G(s) (1.4)
for all s,t € T.

The importance of rd-continuous and [d-continuous functions is revealed by the following result.

Theorem 1.4. [ Every rd-continuous function has a delta antiderivative and every ld-continuous
function has a nabla antiderivative. Thus;

(i) If f € Crqg and t € T%, then [ tf(s)As = u(t) f(1).
(ii) If g € Ciq and t € Ty, then f; tg(s)Vs = v(t)g(t).
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Definition 1.1 and the diamond-a calculus [I8] were employed, to establish a full variant of the
classical Hermite-Hadamard inequality (1.1) on time scales [4], by proving the following result.

Theorem 1.5. [j] Let T be a time scale and a,b € T. Let f:[a,b] — R be a continuous convexr
function. Then

< e [ H o< h T @ B ), (1.5

b —a
1 b
where xo=731 [ to4t.

The following corollary was obtained as a middle-point variant of the Hermite-Hadamard inequality
(1.5) on time scales.

Corollary 1.6. [/ Let T be a time scale and a,b € T. Let f:]a,b] — R be a continuous convex

function. Then
a+b
(57) =

A refinement of (1.5) was therefore obtained [4] as follows.

ot < J £ T 0)
2 = 2

(1.6)

Theorem 1.7. [j] Let T be a time scale and a,b € T. Let f:[a,b] — R be a continuous convex
function. Then

((422) A0 (52 <5t e

<L (oY) 4 M0 I0) S i T

Recently, some Hermite-Hadamard’s inequalities were established for (1.2) via the delta calculus,
with the concept of rd-continuity in definition 1.2 on time scales [T, 13], 19]. A result of [19] is stated
as follows.

Theorem 1.8. [19] Let f € C([a,b],R) be convex. If h € Crq([a,b],R) is symmetric with respect to
t=2t and fab |h(t)|At > 0, then,

@i b\ [ ,, @+ 1) [
1(“57) [ mwiaes [Cnenroaes DO Prgae s

The following can be deduced from Theorem 1.8 above if we set h(t) = 1.

Corollary 1.9. Let T be a time scale and a,b € T. Let f € Cyrq(la,b],R) be rd-continuous and convex

on la,b]. Then
(5 <55 [rwae< 1O (19

Observe that Corollary 1.9 can also be obtained from Theorem 1.5 of [4] above if a= 1.
More recently, a more generalized class of convex functions called Fj,-convex functions, among
others, was introduced on time scales [8] as follows:
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Definition 1.10. [8/ Let h:Jt C T — R be a nonzero non negative function with the property that
h(t) > 0 for all t =0, where Jr is a Fy-convezr subset of the real T. A mapping f:Ir — R is said to
be Fy,-convexr on time scales if

Fows -0 < (55) 1@ + () 10, (110

fors €10,1,0< A <1 and x,y € Ir.

Remark 1.11. We observe that:
(i) If s=1 and h(\) = 1, then f € SX(Ir), i.e, f satisfies (1.2) (see [3])
(it) If s=1, h(X) =1 and A=3, then f € J(Ir) is mid-point convez on time scales (see [§]).
(i1i) When s=0, f € P(Ir) is P convez on time scales (see [8]).
(iv) Choosing h(\) =A51 gives h-converity on time scales, that is, f € SX(h,It) (see [8]).
(v) If s=1 and h(\) = 2./A(1 — \), then f € MT(I) is MT-convex on time scales (see [§]).
(vi) If s=1, h(\) =1 and T=R, then f is convex in the classical sense (see [§]).

Note that Fy,-convex functions is continuous on T, that is, contains both Crq and Cyy, see [8].

Definition 1.12. [8/ Let h: Jp C T — R be a non zero non negative function, with the property
that h(t) > 0 for all t > 0, where Jy is a Fj-convex subset of the real T. The diamond-Fy, integral of
a function f: T — R from a to b, where a,b € T s given by;

/abf(t)tht:< )/f At+( )/f , s€[0,1], 0<A<1, (1.11)

provided that [ has a delta and nabla integral on [a,bly or I.

Obviously, each continuous function has a diamond-F}, integral. The combined derivative ¢, is not
a dynamic derivative, since we do not have a ¢, antiderivative.

A more general and combined dynamic calculus on time scales, referred to as the diamond-F),
calculus, has been introduced and employed to establish Hermite-Hadamard integral inequality for
the class of Fj-convex functions (1.10), see [7, [8 [10].

Theorem 1.13. [10] Let h:Jt C T — R be a non zero, non negative function with the property that
h(t) > 0 for all t > 0, where Jr is a Fy-convex subset of the real T and f:Iy — R be a continuous
Fy-convex function, a,b,t € It, with a<b, s € [0,1]. Then

r(np) 1 (45) < bia/abfa)oﬂt éf(a)/ol (ﬁ)SA/\Jrf(b)/ol (=) ™

(1.12)
Note that the inequality (1.12) can be rewritten as follows.
1 S
25<h(§)>f(t _b—a/f <>th<< )/f At—i—( )/f t) Vt,
(1.13)

where t, = f;:c O .
The following corollary is obtained as a middle-point variant of the Hermite-Hadamard inequality
(1.13) for Fj-convex functions on time scales T when a=3 and F,=3
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Proposition 1.14. Let h:J;r C T — R be a non zero, non negative function with the property that
h(%) % 0, where Jr is a Fy-convex subset of the real T and f:It — R be a continuous Fj-convex
function, a,b,t € It, with a<b, s € [0,1]. Then

2s<h(%)>sf <av2tb> Sbia/abf(t)oétg (%)S[/:f(tmw/:f(t)w] (1.14)

For more details on the diamond-F}, time scales calculus, see [6]-[10].

The next section establishes various estimations of Hermite-Hadamard integral inequality, which
better improve inequalities (1.1), (1.5)-(1.14).

2. Main results
Our main result is presented as follows.

Theorem 2.1. Let h:Jt C T — R be a non zero, non negative function with the property that
h(t) > 0 for all t > 0, where Jy is a Fj,-convex subset of the real T and f:Iy — R be a continuous
Fy-convex function, a,b,t € Iy, with a<b and s € [0,1]. Then for real numbers ls(\) and L¢(\); the
lower and upper bounds of f respectively, we have

C la ) () 0+ (i) o
25(11(%)) f( ‘2”’> <10 < € )SH((W)A >S—1>a/a T bt
1 (h(ll_j\)\)) _ /bA f(t)ost

(1 a (ﬁ )b_ <h(111AA)) a /(i) o+ (st ) e ’
1
2

)S [rwaes [ rww]. )
st WSH ms—kla

(o) 7 () o+ (=) +1) )
() 3| (m =) () +1)e+ () )

where

and




2284 Fagbemigun, Mogbademu

Proof . Since f is Fj-convex on I, it is well-known that if f : It — R is continuous on subinterval
TN [a, (ﬁ) b+ (ﬁ) a], then

2 (n3) 1 () < 55 [ oy (m) [swses [ s,

with h(t) # 0 for all ¢ > 0, we have

Also, using

2(n3) 1 () <555 [ 0oy < (h()) [swses [ 1w,

with A(t) # 0 for all ¢ > 0 on subinterval T N [(ﬁ)s b+ (h(lﬂ)\,\))S a, b] gives

#(10) 2 |(G) ) () o

(2.4)
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Multiplying (2.4) by <h(11;—)\>\)> , we get

(=) > 00) 3 [(() ) Gaey) o

1-Xx\"/ 3 >5 b b
< 2 f(t)At + ftVt]. 2.5
<h<1 - A>) <h<%> Ummm»sa v /<Mx>sb+<hax)>“‘a v 7
Adding up (2.3) and (2.5) side by side, we obtain

() 2 () () v () +))

A A 1=
o) e
(ha)) b+( h(ll_—)\)\)) _1>a . :
1-) >8 b
. I i / Ft)ort
(1 - (ﬁ )b - (h(11:)\>\)> a’ (wty) o+ (aiisy) e i

R R(1—X) h(1-X)
That is,
lr(A) < 3 <ﬁ> 5 (o e (t) o1t
! A b 11—\ 1 2
() o+ () —1)a
() ;
v Y [ eyt < Lol (26)

Since f is Fj-convex on I, we have that

» (1) 1 (45)
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By definition 1.3, F is a A antiderivative of f if F'2(t) = f(t) for all t € T*; G is a V antiderivative
of g if GV(t) = g(t) for all t € Ty. Thus
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NEESLIRIEOESD

(1—A\ 2

_ < ﬁ > (h()) [ /G(W)SH(M)SG]‘@)AHF /mrw(mram)w

+ (h(l __AA ) (hé>>s [/(;)SH(M)%M)AH/(i(%)m(m)saf(t)w
2) v ) ot ea=x) @
" (h( ) [<h(AA ) T (h(ll_—AA>)s/<;M>sb+<;m>saf “)w]

(s [ s [ rom]

Thus we obtam (2.1) by (2.6) and (2.8). O

Remark 2.2. Theorem 2.1. shows that there exists estimations better than (1.12) in the case where

f is Fp-convexr on time scales. It equally refines and generalizes previous results in literature as
follows:

(i) The first three inequalities in (1.7) are obtained by applying (1.14) for A=5,s=1,h(\) = 1 and
h(3) =3 in (2.1).
(i1) If T=R, then (2.1) is the same as inequality (1.6) [11).

The following is an immediate consequence of the above Theorem.

Corollary 2.3. Let h:Jr C T — R be a non zero, non negative function with the property that
h(%) # 0, where Jr is a Fy-convex subset of the real T and f:It — R be a continuous Fj-convex
function, a,b,t € It, with a<b and s € [0,1]. Then we have the following inequalities for lower and
upper bounds ls(\) and L¢(\) of real numbers respectively.

AN fath () (i) b+ ()
’ (h<§>) f( 2 ) = Ao A < (ﬁ)slwr < h(lli)\A)>s _ 1) a/a f(B)oyt

where l;(X) and Lf(\) are as stated in Theorem 2.1.
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We then state the following corollaries, which are refinements of (1.6).

Corollary 2.4. Let T be a time scale and a,b € T. Let f: [a,b] — R be a continuous convex function

on It. Then for all X € [0,1], we have
F <a;—b> < \f ()\b+ (z—)\)a) MY ((1+)\)bj;(1 —)\)a)

_b_a/f o3t < SUTOD+ (1= X)a) + Af(@) + (1= A)F ()

_ @+ )

< 2 (2.10)

Corollary 2.5. Let T be a time scale and a,b € T. Let f: [a,b] — R be a continuous conver function
on It. Then we have the following inequality

; (a—;b) . fe%% [Af (/\b+ (Z—A)a) Y <(1+/\)b42r (1 —)\)a)]

/f Doit < inf [%[f()\bJr(l—)\)a)+)\f(a)+(1—)\)f(b)]]

2 A€0,1]

_b—a

f(a)+ f(b)
< T (2.11)

Remark 2.6. Corollaries 2.4 and 2.5 are improvements of some results for a convex function on
the interval I of R. See [12, Theorem 1.1 and Corollary 1.1].

Thus, we can have the following corollaries as refinements and improvements to Theorem 1.8 and
Corollary 1.9.

Corollary 2.7. Let T be a time scale and a,b € T. Let f: [a,b] — R be conver and rd-continuous
on |a,b]. Then we have the following

f<a—2kb) s [Af (Ab+(§—)\)a) +(1_)\)f((1+)\)b42r(1—)\)a)}

<= [ F0ans (5100 (1= a) A7) + (1= 050

_ @)+ 1)
- 2

(2.12)

Corollary 2.8. Let T be a time scale and a,b € T. Let f: [a,b] — R be conver and rd-continuous
on la,b]. Then

f(a;b) - {Af (Ab+(Z—A)a) +(1_>\)f((1+)\)b42r(1—)\)a>]

A€(0,1]

<52 [ Foacs it (517004 (0= o)+ Af(a) + (1= 050

A€[0,1]

(2.13)
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Example 2.9. Let T be a time scale and a,b € T such that 0 < a < b. Suppose
I(\) = [Af ()\b+ (2—N)a > T (1= Nf <(1+/\)b42r(17)\)a)i| and

L) = [A[f(b+ (1 = Na) + Af(a) + (1 = X) f(b)] are the lower and upper bounds in the inequali-
ties (2.10)-(2.13), then

(i) For \=—%

we obtain
(e \_ a F a® + 3ab N a F b? + 3ab
a+b) a+b" \2(a+Db) a+b" \2(a+Db)

a \ 1 2ab af(a)+0f(b)
L(a+b>_§(f(a+b)+ a+b )
f+ax/5’

z( Va >: Va F Va(va+vb) L Va f Vb (Va+ V)
Vva+vb) a++b 2 Va+ Vb 2

atb’

and

(ii) For A= we get

and

va \_1 Vaf(a) + V()
L(m)—z(“@* Vai Vi )

Remark 2.10. Example 2.9 shows that there exist estimations better than (1.1) for functions f
convex on classical and time scales intervals. Also, there are various refinements and generalizations
of the following results in literature;

i) Using inequality (1.6) for \=1 gives (1.7) (see [{]]).
2 l
ii) A result of [2] is obtained from the right hand side of (2.11) for T=R and L (1).
/ 2

(iii) For T=R and L (ff\/> the right hand side of (2.11) reduces to a previously obtained result
7).
/

(iv) For T=R and L( o), the right hand side of (2.11) is the same as that of [5] as previously
obtained.

(v) If T=R, then (2.11) is the same as inequality (1.6) [11).

The following corollary is a middle-point variant of Theorem 2.1. for A € [0, 1] and is a refinement
of Theorem 1.4 of [10].

Corollary 2.11. Let h:Jt C T — R be a non zero, non negative function with the property that
h(%) # 0, where Jr is a Fy-convex subset of the real T and f:It — R be a continuous Fj-convex
function, a,b,t € Iy, with a<b and s € [0,1]. Then the following holds

A2 ) (22) 5] 2
< (hé)>sé /abf(t)At+/abf(t)Vt} g( %%) [/ ft At+/ f(t)Vt].

(2.14)
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Proof . The proof follows easily from Theorem 2.1. [J

Remark 2.12. Applying

2 () 1 () <55 [ 0oy (ha)s{/fﬂtmw X

for \=5,s=1 and h(\) =1 in (2.1) gives (2.14).

Thus, we can have the following corollary as a refinement of Theorem 1.8. above, see [19].

Corollary 2.13. Let T be a time scale and a,b € T. Let f: [a,b] — R be rd-continuous and convex

on [a,b]. Then
b
f(a—Ql—b> S%[f<a—ng>+f(3ajb>}§bia (1At

[ (228) ¢ K] S@1I0) 015

IA
N| —

2

3. Applications to Economics and Optimization

A fundamental condition for the application of time scales calculus theory is description of dynamic
processes using discrete and continuous models. Hence, the field of Economics, with its many dy-
namic models, finds applications for time scales calculus. Most dynamic optimization problems in
Economics are set up in the following form: a representative consumer seeks to maximize his/her
lifetime utility U subject to certain budgetary constraints A. There is the (constant) discount factor
9, which satisfies 0 < § < 1, Cy is consumption during period s, u(Cj) is the utility the consumer
derives from consuming C'; units of consumption in periods s= 0,1, 2,....,T. Utility is assumed to be
concave: u(Cj) has u(Cy)'>0 and u(C;)"<0. The consumer receives some income Y in a time period
s and decides how much to consume and save during that same period. If the consumer consumes
more today, the utility or satisfaction he derives from consumption, is forgone tomorrow as the de-
terrence. Normally, the consumer is insatiable. However, each additional unit consumed during the
same period generates less utility than the previous unit consumed within the same period (Law of
diminishing marginal utility, LDMU).

The individual is constrained by the fact that the value function of his consumption, u(C') must
be equal to the value function of his income Y, plus the assets/debts, Ay that he might accrue in a
period s. Hence, A, is the amount of assets held at the beginning of period s+ 1. Also, A could be
positive or negative; the consumer might save for the future or borrow against the future at interest
rate r in any given period s but the value of Ay, which is the debt accrued with limit or the last
period asset holding, has to be nonnegative (the optimal level is naturally zero).

In order to state the necessary and sufficient condition for optimization in the formulation of
a dynamic optimization problem, it is important to present the simplest form of optimal control
problem in terms of the diamond-F}, integral as;

max Jo, [7,1] :/abL(t,x,u)tht: (ﬁ)sfabw,xa,ua) At+(%>8/:w,xﬂ,u0) vt,
(3.1)
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for all s € [0,1] and 0 < X\ < 1, among all pairs (z,u) such that z2=f(¢, 2%, u?) and x2=f(t, 2", u’),
together with appropriate endpoint conditions u®™ (t) =L(t,u,p),  x(0) =ug, u(T) free for all
t € [0,7].

Thus, a simple utility maximization model of household consumption in Economics for a function
of single variable can be refined and solved in time scales settings in order to obtain better estimates
of the maximized utility function, using the same intuition as that of the dynamic optimization
problem presented earlier, by employing our developed concepts in section 2 as below. Thus, the
model assumes a perfect foresight.

Theorem 3.1. Let T be a time scale and h:Jyr C T — R be a nonzero non negative function with
the property that h(%) # 0, where Jr is a Fj,-convex subset of the real T. Then, the value function of
the lifetime utility U, o, 1O be maximized is;

T
Mazimize U, = sup Ip(A) < / u(C(t))e_s(t, 0)opt < inf Lp(N), (3.2)
0

AE[0,1] N A€[0,1]

subject to the budget constraints

(=AY = C) (p(0). [ (0 oyt () = s @), (69
a®(t) = a(0) =a, a(T) =ar,

where u is Fyp-concave (W' (C) > 0 and v (C) < 0), 0 < X < 1,5 € [0,1], Izg(N), Lgp(N),
AR AV r 6, A)Y and e are as defined above.

Proof . Let f(t) be a function satisfied by the consumption function path that would maximize
lifetime utility U(C(t))e—s(t, 0) in (3.2), then the condition for a functional of the form

for all s € [0,1] and 0 < A < 1, to have a local extremum for a function u(t) and the sufficient
condition for an absolute maximum(minimum) of the functional hold.

Since both local and absolute extreme hold, the functional satisfies the sufficient conditions for
optimization, which in turn satisfies Theorem 2.1.

Therefore, the model (3.2)-(3.3) can be analysed by writing (3.2) in terms of diamond-F}, integral
(1.11), stating the maximum principle and giving the Hamiltonian function for the model. O

4. Conclusion

In this article, new improvements and generalizations of Hermite-Hadamard integral inequalities for
the generalized class of Fj,-convex functions on time scales are hereby established. Examples and
applications to Optimization and Economics are given to support our results. The new diamond-F),
utility maximization model of household consumption in Economics constructed, provides better
estimates to the diamond-F}, time scale model.
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