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Abstract: This work developed a class of new integral inequalities within the framework of fractal-
fractional calculus. The core contribution was the derivation of a new fractal-fractional auxiliary
identity, which provides a unified basis for establishing several Maclaurin-type inequalities. The
obtained results were formulated for functions whose local fractional derivatives satisfy generalized
harmonic convexity. Furthermore, complementary upper bounds were derived by means of the
generalized Holder inequality and the power mean inequality, thereby extending the scope and
flexibility of the proposed estimates. The validity of the theoretical results was illustrated
through a representative example and graphical visualizations, which confirm the consistency of the
developed inequalities. A feed-forward artificial neural network was also implemented to provide a
complementary computational validation of one of the derived estimates by learning the dependence of
the upper bound on the Holder conjugate parameters. An application to selected special fractal means
was also included to demonstrate the usefulness and practical significance of the proposed approach.

Keywords: fractal-fractional calculus; generalized harmonic convexity; Maclaurin’s inequalities;
generalized Holder inequality; generalized power mean inequality
Mathematics Subject Classification: 26A33, 26A51, 26D10, 26D15

1. Background and motivation

The approximation of definite integrals is one of the classical themes of numerical analysis. In
many situations, exact evaluation is either impossible or impractical, and one must rely on quadrature
formulas to obtain accurate numerical values. Standard examples include the trapezoidal rule,
Simpson’s rule, and the Newton—Cotes family, all of which approximate the integral through weighted
combinations of function values at selected nodes.

Among open-type quadrature formulas, Maclaurin’s rule occupies a distinguished place. Since
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it avoids the endpoints of the interval, it is particularly appropriate when the integrand is singular,
undefined, or difficult to evaluate at the boundary points. This feature makes the formula attractive not
only from a theoretical perspective but also in concrete computational applications. For this reason,
Maclaurin-type estimates have been the subject of sustained interest in recent years.

A classical result in this direction was obtained by Alomari and Dragomir in [1]. They showed that
if by is four times continuously differentiable, then the following inequality holds:

5¢+Dd I\ 5b 7
(35( ”) 25(”) 3b(c+6 )) — fb( da| < 5(1 84())||b<4)||m

The derivation of error bounds for quadrature formulas remains a central problem, especially when
the smoothness assumptions imposed on the integrand are weakened. In this context, convexity
arguments have proved highly effective. They often allow one to control the remainder term without
resorting to higher-order derivatives, and they have therefore become a standard tool in the analysis of
numerical integration. Early contributions linking convexity with quadrature error estimates may be
found in [2,3]. A further Maclaurin-type inequality was later established in [4], namely,

D
Sc+d d 5b 1 25b
(3b( o ) 2b(%)+3b(c+ ))—b_cfb(w)dw ( (|b()|+|b o)),

6

provided that |b’| is convex on [c, d]. For further studies on Maclaurin-type inequalities, we refer the
reader to [5-7].

Although ordinary convexity is extremely useful, it is not always flexible enough to capture more
refined geometric behaviors. This limitation has led to the introduction of several generalized
convexity classes. One of the best known is harmonic convexity, introduced by Iscan [8]. This notion
is especially well-suited to problems in which reciprocal expressions or harmonic means arise
naturally. Specifically, a function ): 7 C R\ {0} — R is said to be harmonically convex on 7 if

b(“—b) < (1= V)b(a) + v(b)

va+ (1 —v)b
for every v € [0, 1] and all a,b € 7.

Remark 1.1. A function b: (0,c0) — R is harmonically convex on 7, if and only if the function
f(w) = b(é) is convex on 7~ = {é Cwe I}.

This idea has generated a substantial body of work on integral inequalities. In particular, Iscan [9]
developed a parametric approach that led to several inequalities of midpoint, trapezoid, Bullen, and
Simpson type. These results demonstrated that harmonic convexity offers a natural setting in which
many classical quadrature estimates can be reformulated and extended. For further developments and
applications of harmonic convexity, the interested reader is referred to [10—13].

A second important line of development comes from fractional calculus. Because fractional
operators are nonlocal, they are capable of describing memory and hereditary effects that cannot be
modeled within the classical framework. Among the many operators used in this area, the
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Riemann—Liouville fractional integrals are perhaps the most prominent. In combination with
harmonic convexity, they have been used to derive fractional versions of Hermite—Hadamard,
midpoint, and trapezium-type inequalities; see [14—18].

A broader class of fractional operators was introduced by Sarikaya and Ertugral in [19]. Their
generalized fractional integrals are recalled below.

Definition 1.2. ([19]) Let h € L[c,d]. The left-sided and right-sided generalized fractional integrals
associated with Iy are defined by

1 (x) = fmb(w)dw, ¢ <x (1.1)
X — T
and :
1.5 () = f 0@ W)y yde, <, (12)
w—x
where the kernel function ¢ : [0, c0) — [0, c0) satisfies
1
IM dw < oco.
w
0

Another source of motivation arises from the analysis of functions defined on irregular or
fractal-type sets. Such objects frequently fall outside the reach of classical calculus because ordinary
differentiability is no longer available. Local fractional calculus was introduced precisely to overcome
this difficulty, providing differential and integral tools adapted to fractal structures [20, 21].

Within this framework, convexity itself had to be reformulated. One arrives in this way at the notion
of generalized convexity.

Definition 1.3. ([22]) A mapping h: 7 € R — R is said to be generalized convex on 7 if, for every
a,b € 7 and every v € [0, 1],

b(va+ (1 = v)b) < v'h(a) + (1 — v)"H(b).

Sun then proposed the corresponding harmonic version in the generalized setting.

Definition 1.4. ([23]) Let h: 7 c R\{0} — R¥Y. The function } is called generalized harmonically
convex on 7 if

ab
b(m) < (I =v)”h(a) +v'b(b)

forall a,be 7 andv € [0, 1].

Using this concept, Sun derived Hermite—-Hadamard-type and midpoint-type inequalities in fractal
environments.

A further extension of the theory is given by fractal-fractional integrals, which combine the nonlocal
character of fractional integration with the geometric structure of fractal measures. These operators are
defined as follows.
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Definition 1.5. ([24]) For h: [¢,d] — R¥, the left-sided and right-sided fractal-fractional integral
operators are given by

¢ 1(9) _ "¢ (x - @) «
N6 = rrrs | oo @ ) < (1.3)
and
D
219 ) = 2@ Dy aydw)?, <. (1.4)

F+9)J, (@-2»)?

The kernel ¢: [0¥, c0?) — [0¥, co®) is assumed to satisfy

1 ' ¢(w)
Iri+e)Jy, @

(dw)? < ¥,

These operators have recently played an important role in the derivation of various integral
inequalities under diverse convexity frameworks. For example, Lakhdari et al. [25] established
Hermite—Hadamard- and Milne-type inequalities for generalized s-convex functions, whereas
Alsharari et al. [26] derived Simpson-type inequalities in the same generalized setting.

Additional advances were reported by Yuan et al. [27], who proposed the notion of generalized
(P, m)-convexity and formulated a multiparameter identity associated with fractal-fractional operators.
As a consequence, they obtained several new bounds for functions involving second-order local
fractional derivatives. Subsequently, Gong et al. [28] investigated generalized (s, P)-convexity and
established a number of quadrature-type inequalities through the development of suitable
fractal-fractional integral identities.

The situation of higher-order local fractional differentiability has likewise attracted attention.
In [24], midpoint-type inequalities were proved for twice locally fractionally differentiable functions
under generalized convexity hypotheses. Inspired by these developments, Butt et al. derived
parametric inequalities in [29] and Simpson-type inequalities in [30] for functions whose second local
fractional derivatives fulfill generalized convexity assumptions.

Similarly, Bullen-type estimates have been investigated in the same framework. Butt et al. [31]
employed fractal-fractional integrals to study functions with first local fractional derivatives and
derived several new Bullen-type inequalities. Xu et al. [32] presented a comprehensive study of
fractal-fractional reverse Minkowski-type inequalities. Moreover, Saleh et al. [33] proposed another
approach based on an extended form of generalized convexity in the fractal-fractional setting.

More recently, He et al. [34] presented the first study to employ the notion of generalized harmonic
convexity within the fractal-fractional calculus framework, using it to derive numerous Milne-type
inequalities.

Following this pioneering direction, the main objective of the present work is to establish a set of
Maclaurin-type inequalities for fractal-fractional integral operators within the setting of generalized
harmonic convexity, representing only the second study of its kind in the literature. Unlike the closed
quadrature rules studied in [34], the Maclaurin formula is an open quadrature rule. This feature makes
it particularly well-suited and highly advantageous for analyzing functions that are not defined, are
singular, or are computationally difficult to evaluate at the boundaries of the interval. By exploiting
the interplay between Maclaurin’s open formula and generalized harmonic convexity in the context
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of fractal-fractional calculus, this paper bridges an important gap in the literature and offers a highly
general framework that unifies several existing quadrature bounds.

The paper is arranged as follows. Section 2 reviews the preliminary material from local fractional
calculus needed for the subsequent analysis. In Section 3, we establish a new fractal-fractional integral
identity. Section 4 applies this identity to obtain Maclaurin-type inequalities for functions whose local
fractional derivatives are generalized harmonically convex. In Section 5, we further extend the analysis
by deriving additional estimates through generalized Holder and power-mean inequalities. Section 6
provides a numerical illustration, a neural-network-based validation, and an application concerning
special fractal means. The final section, Section 7, is devoted to the concluding remarks.

2. Essential concepts in local fractional calculus

The study of physical and geometric phenomena on irregular, self-similar domains, commonly
referred to as fractal sets, demands mathematical tools that go beyond classical calculus, which
implicitly relies on smooth Euclidean spaces. Because functions defined on these fractal sets are
typically continuous but nowhere differentiable in the classical sense, local fractional calculus (also
known as fractal calculus) has emerged as the natural framework to analyze them. Unlike non-local
fractional derivatives, the local fractional derivative acts as a localized differential operator designed
specifically to measure the scaling behavior and rate of change directly on Cantor-like sets and fractal
spaces RY (where 0 < ¢ < 1 represents the fractal dimension). This mathematical framework provides
a rigorous, localized computational tool that preserves the intrinsic geometric symmetries of fractal
sets, making it highly effective for modeling transport and diffusion in complex, non-smooth media.

To facilitate a clear and consistent understanding of the mathematical framework used throughout
this study, we summarize the primary notations, fractal spaces, operators, and parameters in Table 1.

Table 1. Summary of mathematical notations and symbols used throughout the paper.

Symbol  Type Description/mathematical meaning

0 Parameter (0 < ¢ < 1)  Fractal dimension

R? Algebraic space Set of real-line numbers mapped onto the fractal space of order

d’w Differential The local fractional differential increment of the fractal variable @

(@) Operator The local fractional derivative of the function b of order g at the point @

o) Function General auxiliary scaling function utilized for weighting

My(w)  Function Normalization term or scaling function associated with the weight function ¢
¢, D Parameters Left and right boundary limits (¢ < d) of the interval under study

I'(1 + p) Mathematical constant The Euler-gamma function
In, (@) Function The local fractional logarithmic function

€, 9, Constants Explicit algebraic constants derived during the integration of the fractal kernel

After establishing these fundamental notations, we recall some basic definitions and properties of
local fractional calculus.

For 0 < ¢ < 1, we have the following g-type sets:
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e The p-type set of integers is defined as:
Z° ={0,£19,£29, +37 ...},

e The p-type set of rational numbers is defined as:

%)
QK’:{SW’:(E) : p,quwithq;tO}.

e The p-type set of irrational numbers is defined as:

1%
JW:{&”;&(E) : p,qEZwithq;&O}.

e The p-type set of real numbers is defined as: R¥ := Q¥ U J¥.
Let 57, s, and s§ belong to R? with ¢ € (0, 1]. Then the subsequent algebraic properties hold:
e Closure: s{ +s5 € R” and s}s} € RY.
¢ Addition:
s 465 = o) +67 = (51 + )",
s + (55 +65) = (51 + 5)7 + 5.
e Multiplication:
s's) = sbs) = (51%,)",
sV(sy5%) = (s7s))s5.
¢ Distributive law:
P0cf 1 P = «Pe? 4 P
5, (5 +97) =955 + 5 5],
o Identity elements:
'+ 07 =6, o -1V =4

Definition 2.1. ([35]) We say that a mapping h: R — RY is local fractional continuous at w, whenever,
for any ¢ > 0, one can find € > 0 satisfying

[b(@) — b(@o)| <7 whenever |@ - @yl < e.
The collection of all such functions on (¢, d) is denoted by C,(¢, D).

Definition 2.2. ([35]) One defines the local fractional derivative of ) at @, by

dh(w) . A(b(@) - b(@)))
(9) — =
b (o) = dw? |pew, wh_}rgo (w—wp)?
where

A*(H(@) — H(@0)) = I'(p + 1)(h(w@) — h(w@y)).
If

() — DN ... DY
Y (w) = DD - -- DY h(w)
[ times

exists on an interval 7 C R, then h € Dy, (7).
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Definition 2.3. ([35]) Leth € C,([c, d]). Its local fractional integral over [c, d] is expressed as

IVn(w) =

L e = 1)AImZb(vI)(AvI)

where ¢ = xy < %1 < --- <3 = Ddand
Axy = %10 — Xy, Ax = max{Axg,...,Axpy_1}.

In particular,
() _ : _
IVh(w@w) =0 if c=bd

and
IPh (@) = - IVh(@) for <.

The set of functions for which this integral exists on [, d] is denoted by IZ.([c, d]).
Lemma 2.4. ([35]) If h(w) = {9 (w) and h € Cy([¢, b)), then

£b(@) = () = 7(0).
Lemma 2.5. ([35]) For h(w) = @' with | > 0, one has

do¥  T(1+1p)
do? T+ (1-1)g)

(I-Dg

and

b (1 +1p)
1o o _ D9 _ (4D
fcw (dm) r(1+(1+1)30)( -

I'(1+gp)
We also recall Yang’s local fractional version of Holder’s inequality [35].

Lemma 2.6. ([35]) Let b, T € C,([c,d]), and assume that b’ and {9 are locally fractionally integrable
on [c, ], where p,q > 1 satisfy p + q = pq. Then

f b(@)i(w)| (dw)” < (m s f |b(W)|p(dw)*"°) (m f |f<w>|q(dw)&’)

Finally, we record the generalized power-mean inequality on fractal domains due to Yu et al. [36].

F(1+ ©)

Lemma 2.7. ([36]) Let ),i € Cy([c,d]). If both &y and Hi are locally fractionally integrable on [c, d]
for some q > 1, then

b | 1 v N i
I |b(tU)T(W)|(dW)“’S(r(1+SO) f |b(w)|<dw)~) (r(1+ - f [b(@)||i(@)|" d=)?] .
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3. Fractal-fractional identity

This section presents a new fractal-fractional identity that serves as the main analytical tool for the
derivation of our subsequent results.

Throughout the remainder of this paper, we assume that the function ¢ is not identically zero (i.e.,
¢ # 09 on [0, +00)). Consequently, it follows that

1
I A il
fiep) e o %0
0

forall ¢,d € R\ {0}.

Lemma 3.1. Consider a local fractional differentiable mapping h: I C R\ {0} — RY on I°. Ifits local
fractional derivative H® belongs to C,, [¢,d], where ¢,d € I° and ¢ < 0, then the following identity
follows

1\ o (66D o[ 20 o (60 N T@+D (4 [ (1 v [ (1
o] ({5 () ool -y bl o)

(cd)? (d — o)¥ [f o, p){ (39)(Vc+(1 V)n) B I)(w)((l y)c+vb) )(dv)p]’

:M@(I)F(goﬂ) + (1= ((1=v)c+vd)¥

where g(u) = |, and
1 re(Eo)
M) = s [ oy 3.1
0
and
M, (v), if ve[O,é],
3\’ _ 11
MXO(V)_(g) Mxo(l)’ l.f V€|:89§:|9
MKO(V)_(g) Mgo(l)’ l.f S |:§9 g:|9
Mg) (V)_Mgo(l)a lf Ve [%’1]
Proof. Let

(0)

1
] vc+(] v)D) b(&?) ((1 v)c+vD) (dV)W
AT +1) (vc+(1—v)b)2f’ (=) c+ )
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1
2
1 3 v b(m(vﬁ(clb—v)b) b(p)((l v)c+vb)
— , 1= o 1 - — d 30’
< r(p+1)lf(M* ) (8) My ))((vc+(1—v)n)zs° (1 =v)c+vd)* @)
:
6
1 5\’ b(m(v&(clb—v)b) b(p)((l v)c+vb)
N 1 - dv)?
% r(p+1)[(M@(V) (8) Myl ))((vc+(1—v)b)25" (1 =v)c+vd)* @)
p
and
1
b(iﬂ) (vc+(clb—v)b) b(ﬁﬂ) ((1 v)c+vb)
_ — 1 - dv)?.
% r(go+1)f(M“’(V) My ( ))[(vc+(1v)b)2%’ (1 =v)c+vd)™ @)

6

Applying the local fractional integration by parts, _#; gives

o) L

(so) ) i) ( )
= f W vc+(1 mw) - v)c+vD (dv)?
F(go+ 1) ' e+ (1 =m0 (1 -v)c+vd)®
0 5

1 d d
- (cd)? (d — )KJMSO(V)(D( c+(1—v)b)+b((l—V)C+Vb))0
d d
( (vc+(1—v)b) ((1—v)c+vb))(dv)g)
3 1% M (1 6¢d )+ ( 6¢d ))_ 1¥ 1
_(cb)*{’(b O\ 6 b c+5d b S5c+Dd (D) Bd-—0)\I'(p+1)

a :
f (VC+(1—v)b)( Wt p f ((1_V)c+vb)(dv)*’ . (32
0

Similarly, we obtain

D—c

6
(cb)f" (b -0 F(p +1 f
0

1
2
b<§9)(vc+(clb—v)b) b(p)((l v)c+vD)
0 0 — d §
72 F(sf’Jfl)]f(M8 »- ( ) Mol ))[(vc+(1—v)b)2¢ ((1—v)c+vb)2@]( ")
6 1
2

19 3 d d
- o 0= 5] o)) e,
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19

1
1 r ¢(§V)
0)¥ F(go+1)f V9 (b(

(@) (d-
v

T (@) (-0
19

19

)

d d :
ve+ (1 - v)b) +b((1 —v)c+ Vb))(dV)p

s

3\’ 2¢d

[5) Moo (Z5)
1 3\’

s eld)-B e

()7 (b -

6¢d 6¢d
+ 5d *h Sc+Dd

cd

(@ (-

0¥

%¢ D—C d )
F(go+1)f (1—v)c+vb)(v)

1

6

and

3

ve+(1—-v)d

) (dv)?

% b
r(wl)[(M M- ( ) Mo ()){
2

A 'V S\ A
T @ e-o ( » ) (8) 5’())((

5
6 ¢ b c
(cb)”(b 0)” F(K)+1)f ( (

19
T (@ (-0 (
19

(@) (-

0)¥

19

(8

2,

) e

(@) (-0

5

6 ¢ b c

f ( )(V)W
F(50+1) (1—v)c+vb

1

3

AIMS Mathematics

5

6

f cD ( )(dv)@
F(go+1) vc+(1—v)b

(3.3)
vc+((1b—v)b) _ b(()) ((1 v)c+vb) (dV)p
e+ (1= (1 -v)c+vd)»
5
d d 6
ve+(1-=v)d *h (I=v)c+vd %
cd d
ve+(1-v) b) b((l -v)c+ vb)) (@)’
%
5\’ 6¢d 6¢d
[5) 2 o)b(s) o 5)
1
712
(3.4)
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and

Sa=

d d
- (cd)? (d = o)¥ My ) =M, (D) (b(vc +(1- v)b) " b((1 —V)c+ vb)) %

1
b(m (VH'(Clb—V)D) [)(K’) <(1 v)(+vb)
- 1 —_ d ©
I'(p + 1);[(/\/(’@ ) MW ( )) ((VC +(1-v) D)Zgo (M=v)c+ Vb)Zw (dv)

5
19 :

1 ) @ d |
@ e-9"|Te+D) » (b(w (1 v)b) *b(m)) @
5

6

1¥¢ 5 6¢d 6¢d
RONCEDE (M“(D - M”(E)) (b(Sc - b) * b(c + SD))

1
¢
: =3 (@
(cb)g’(b 9k F(go+ 1) vc+(1—v)b
5
6
f ()’ . (3.5)
Iﬂ(80+1) (1—v)c+vb
Adding (3.2)—(3.5), and then using the changes of variable % = — +(1 —5 and 1 =i V)c —, we get

: Mo (1 (6D 2¢d 6cd
Z/k:wcb)?’(b—c)@( ( ) ( ) Wb( b))

k=1

¢

v D(_b)( i )(d)‘°
(@) (0 — o) F(g{)+1)f v+ (-

cb %)
F(50+1)f ((1—v)c+vb)(dv)]

3 M, (1) o [ 60D o [ 26D o [ 6D
T4 (d)Y (D -0 (3pb(c + Sb) " 2gb(c + b) i 3”)(Sc + b))
1
19 °
(@7 (-0 f
1
D

M {6 20\ o (6
el S (= R e Rl e
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T+ D [ s (L s (1
(CDW(D—C)@[(%)*I b(g(c))+(%)‘l 8l3))) (3.6)

Multiplying both sides of (3.6) by (;t:,);’\f(t’:(i); , we get the desired result. i

Corollary 3.2. By setting ¢(w) = @ along with ¢ = 1, Lemma 3.1 reduces to the following identity
for the classical Riemann integral:

D
1 6¢d 2¢d 6¢d d h(w)
§(3b(c+5b)+2b(c+b)+3b(5c+b))_b—c w? dw

1
~ b, (vc+(clb—v)b) b’ ((l—vc)i+vb)
=d(d- - d
o C)[\[%(V)((vc+(l o0 (A -werwp) |

where
1
> ] 07_7
V. lfVE[ 6]
3 11
. v_g’ lf‘ ve|:87§:|7
K(v) =
8’ 26|’
5
-1, 1 -, 1].
v—1, if VE[6,]

4. Fractal-fractional Maclaurin-type inequalities via generalized harmonic convexity

This section is devoted to the derivation of new Maclaurin-type inequalities for functions with
generalized harmonically convex local fractional derivatives.

Theorem 4.1. Consider a local fractional differentiable mapping b: [c,d] — RY, such thatt € D, [c, d]
and h® € C, [¢,d] with 0 < ¢ < d. If |b(3")| is generalized harmonically convex on this interval, then the
following estimate is valid:

A 6¢d or [ 2¢D ‘ 6cd
l(g) (3%(c N 5b) vz b(m) T 3%(5c + b))
_M d1(p) ( (l)) b1(0) ( (l))
e bl ol
(D) (0 — o) ([ < , 16 ;
< W ((;% (c, b)) |[)( ) (C)| + (;CKI (c, b)) |b( ) (D)|) ’

where M, (v) is defined as in (3.1) and €;(c,d) for i = 1 to 16 are defined as in (4.2) to (4.17),
respectively.
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Proof. In view of Lemma 3.1 combined with the properties of the modulus, we deduce that

) ol

- (cd)? (d - o)¥

6¢cd
+ 5b

M, (D)

F(go+ 1)

F(p+ 1)

To+D

6

2ed o[ 60 )\ T(p+1D
J+ 20 25 )+ 3 (555 )) - T
1
6 ' () )‘ b(&“)( )
1 vc+(l V)d 1- v)c+vD
d
”m”[ M, (V)|{(vc +(1=»)d)%¥ " (1-v)c+ vb)z‘@](

[(%)¢ (p)b( (1)) N (%)Y’I(“’)b(g(%

)

V)Y

1
2 (») (»)
3\’ |b (vc+(1 v)n)‘ |b ((1 v)c+vb)
= 1 dv)?
[M"’(V) (8) M, (1) e+ (1 =)D (1 —v) ¢ + vd)¥ ()
6
5
6 (9) (9)
5\" b* (vc+(] v)n)‘ b* ((1 v)c+vD)
0 I 9 1 d v
lfM’* ®) (8) M, (1) (yc+(1—v)b)2*0+((1—v)c+vb)2%’ (@)
2
L 'b(@)( ‘ 'b 0 )
ve+(1-v)d (1-v)c+vd
- 1 dv)?|. 4.1
[|M@(V) Mo )|[(vc+(1 V)D)ZQ ((1v)c+vb)2*"’](V) @D

By using the generalized harmonic convexity of |b<f3)| in inequality (4.1), it yields

6¢d

) (ol

L (@7 (@ -0

2¢d
+29
) I)(c+b

1

5b

oo

6¢d
Sc+Dd

T(p+1)
29M, (1)

)-

[0l

M, (1)

¥

+
(1 =v)c+vd)*

1
j
1
6

T+

19

©

3\”
3 o

+
(1 =v)c+vd)>

3
]
1
2

T+

5\’
i o
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((vc+ (1-v) b)%”(

(v |6 ()] + (1 = »)? [p® <b>|)) (dv)®

(1 =) [5% ()

(v |6 ()] + (1 = »)? [p® (b>|)) (dv)®

(I-v)?

((Vc+(1 —v)b)%)(

[£))+ (%)Wb( (;)))i

6
1W O © (
sy [ M, ) ((VC TR~ (=97 [ @] + v |5 @))

+7 |b(1«7) (D)D

b(w) (C)| +7 |b(£3) (D)D
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150
+
(1 =v)c+vd)>
1

1 19
‘TorD 1)[|Mg0 ) = M, (1) ((W TR ((1

(on |b(so) (C)| +(1=v)? |b(s’9) (b)|)) (dv)?

— ) |b(@) (C)| +° |b(x9) (b)|)

6
19
+ v H (0] + (1 = v)? [ (d) )(dV)g’)
«1—mc+vm%( | | )
l 1
6 3
_ @200 || _1 Moo|a-» 9 | |n® M) 9 | |n®
- M) F(s9+1)f(vc+(1—v)h)2" (dv)* |b (c)| F(wl) (ve+(1-v)d)?® (dv)y’ |b (b)|
0 0
1 1
6 6
! Mo o | |p® I Mo oS0 | |p )
Hom | G @) |b (c)|+ oD | o (@) |[) (b)|
0 0
1 1
2 2
IMo0)=(3)" Mo (D] 1-0)? 9 | [n 1 IMo0)-(3)" MO} 9 | [n®
+ 1"(@+1) f (ve+(1-v)D) (dv) |b (C)l"' T(p+1) (et (1=v)0)2? (dv) |b (b)|
1 1
6 6
1 1
2 2
[Mom-(2) Mp(D]? o | @ [Mp)=(3)" Mp(D)|(1-7)? ol
+ 1"(@+1) f ((1=v)c+vd) > (dv) |b (C)|+ r(p+1> (1=v)c+vd)2? (dv) |I) (b)|
1 1
6 6
3 3
6 | (g)«p ' 6 ' (5)97 |
V,(V)— 3 Mw(l)(l—v)"g ) (@) Mw(v)— 3 MW(I) V9 0 (@)
+ r(sﬂ”)f (Ve (1=v)d)?? (dv) |b (C)|+ [(p+1) (ver(1=v)0)2® (dv) |b (b)|
1 1
2 2
5 5
(0 e M- ('m0
Mo)—(3) Mp(D] o | o pM=(3)" Mp(D|(1-v)? o 1@
+ 1"(@+1)f ((1=v)c+vd)» (dV) |b (()l + F(gﬂ+1) ((1=v)c+vd)2® (dV) |b (b)|
1 1
2 2
1 |Mo0)-My (D] (1-»)° IR | |Mw(v)—Mﬁ,(l)|v*’ o |1
* F‘“’“)f ety (@) [ 0] + oD | ooty (@) b ()|
5
6
1 1
1 [ M) =M (D)]? ol | [My0)-Mo(D)](1-)? o | 1o
il fyexy (e (@Y) |b (c)| N o (@) |b (b)|
5 5
6

6
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_ (@)’ (-0

M, (1)

where
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8 16
[[Z%,- (c, b)) 5 (0] + [Z% (c, b)) [ (b)l) ,
i=1 i=9

1
6
1 M, |1 =v)®
6 (¢,d) =
1(2) r‘(p+1)[(w+(1—v)b)zﬂ°

1

1T M)
Ip+1) 0 (1 =v)c+vd)»

(dv)?,

%5 (¢,d) = (dv)?,

(dv)?,

1
My 00 = (3) My (D] 1 -y
¢ (c,0) =
”f"“)f (ve+ (1 —v)0)*®

6

1 5
SR R L LCIUR OO e
4(C’)_F(50+1)[ A—ver

6
5
6 5\ 9
LMoo - Moja-w
sleD= [(p+ 1)[ (ve+ (1= v)d)* (@7
2

2 0
RN (XU I
6(c’)_F(ga+1)[ (1 =v) c+vd)* (@

2
1
1 M, (v) = M, (D] (1 = v)?
D) =
LG F(p+l)[ (ve+ (1 —v)d)*

6

(dv)?,

1
1 M, v) = M, (D]
D) = dv)?
%D F(p“)[ (1 = v)c+vd)* (@

6
1
1T M)

@ (c.b) = | )’
() Fo+DJ (vc+(1—v)b)2@( Y

1

6

1_ ©

ooy = =L [MeONA=Y" o

I(+1) ) (1 =v)c+wd)»

(4.2)

4.3)

4.4)

4.5)

(4.6)

4.7)

(4.8)

4.9)

(4.10)

(4.11)
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Mo = (2) M)

— 14
oD = I'(p +1)f (ve+ (1= v)d)* (@ @12
g
1 0
@i (.0 L e - @) memfa-w dv)? 413
R (6= F(wl)[ (1 =)+ vd)> (@ @19
;

(19

M )= (3)" My (D)

4 °, 4.14
nle r@+1xf i@ 19
G (6,0 ! 6 My )= (3) Mo 0 a =y dv)? 4.15
(600 = F(p“)[ (1 =) c+v0) (@ (19
2
1
M, ) = M, (D]
D) = - dv)? 4.16
s (D) F(gJ+1)f (ve+ (1 —=v)d)* (@) (10
%
" 1My ) = M, (D] (1 =v?
_ 9 AL - 9
616 (¢, D) Mot 1)[ RN dv)¥. 4.17)
6
This completes the proof. O

Corollary 4.2. Setting ¢ (v) = v°, Theorem 4.1 yields
1\ (Lo [ 6D b 26D 6cd
'(g) (3Kb(c+5b)+2(b(c+b) b(5c+b))
JOT@ED (o I I 1
(=027 (<%>I”’(g(c))+<%>“ "ols

< w (‘%(c, d) |b(m (c)| + % (c,D) |b(x:)) ) ’

F'p+1)
where
2 " 2% ), 2+ C+50
% (c.v) = _ e
1(0) (D—c)*’“( (c+5b)(5c+b)) * (d— 0 ( 9 n )
il Sc+0| . (Ilc+5d) 3¢+ 50 > 50
+—c3(ln@c—lnp ¢+ )+( ¢+ )(2plnip CESD . CED ek )
(b C) 9 { § 6 49 (D _ c)3go ) § _2 —6

1 )Y D D D
(3c+3) (2 ln@5c+3 C+ 5¢+ ) @.18)

—In, 2 -]
T ov g "2 W

AIMS Mathematics Volume 11, Issue 9, 31861-31895.



31877

and
~ 19 2d Y29 (c+ D) 5¢+d
%, (¢,b) = , —In,
2(60) (b—c)&°((5c+b)(c+5b)) T oo o¥ ( v ()
499 ¢+ 5d (3c+ 13d)” c+Dd c+50 . 3c+5d
+ 0 —1In, d| + 0 +In,, —-2%1In,,
(-0 6 49 (b — ) 2 8
S5¢+ 11d)7 Sc+Dd +d Sc+3d
LOHIIT ) 5eHD D ey 204 30) (4.19)
49 (b — ) 6 ‘ ‘

where In, represents the inverse function of the Mittag—Leffler function.

Corollary 4.3. By choosing ¢ = 1, Corollary 4.2 yields

d
1 6¢d 2¢d 6¢d d b (w)
g(3b(c+5b)+2b(c+b)+35(5c+b))_ D— cf w? dw

where

<G (D) (Ol + G (D) [N (D),

2¢%d 2¢d (¢ + d) 6d 4¢%d 6¢
— + n + In
(c+50)(5¢+D) (d—¢)? c+5d (db—¢)? Sc+bd
. d(11c + 5d) n 3 (3¢ + 50)° .\ d(13¢ + 3d) n 3(5¢ + 3d)?
4(d-¢)? 16 (¢ + d)(c + 5D) 4(d-¢)? 16 (¢ + ) (c + 5D)

Cél (C, b) =

(4.20)

and

2cd? 2d(c+Dd), Sc+d  4ed? ¢+ 5d
+ n + In
(Sc+0d)(c+5d) (b—0)* 6¢ (d = ¢)? 6d
d@Bc+13d) . 16(c+d)(c+5d) dD(Sc+11d). 16(c+d)(S5c+Dd)
+ > In — + 5 In .
4(Md-0) 3(3¢+ 5b) 4(Md-0) 3(5¢+3d)

Céz (C, b) =

(4.21)

5. Additional outcomes

In this section, we derive several further estimates by applying the generalized Holder and power-
mean inequalities within the fractal-fractional setting.

Theorem 5.1. Consider a local fractional differentiable mapping b: [c,d] — R?, such that h® €
Cole,d]with0 < ¢ <d. If |b(’”)|q is generalized harmonically convex on this interval, then the following
estimate is valid:

1\ (Lo [ 6D 20\ Lo [ 6D F+D ([ o f (1 srore (1
(6] (o555 #2055 (s zwn((%)*l (o)) Ly ;)

1 1
(@ O-—0"( TA+p) \a 1 L\ (119 59 O + [p® @)|" )¢
= TM( (3wr(1 +2p)) ((‘% (0. PI7+ (5 (e b’p))p)[ 129
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1 1

+ ((% (€, d,p)P + (P (c,d, p))P
1 1 1
+(2V)4 ((% (¢,d,p))P + (D (¢, d, p))P

1 1 1
+ (27)4 ((94 (6,0, p)? + (D5 (¢, D, p))”)(

1
1 |b(sp) (c)lq +11° |b(@) (b)lq q
) 129

1
1 )(2@ |b(xa) (c)|q + |b(@) (b)|q]5
39

I
|b(p) (C)|‘1 4+ 09 |b(x0> (b)|‘1]?1]
39 ’

where g > 1 with % + [11 =1, and

AIMS Mathematics

1
6 p
1 M, )|
’b, = d {p’
71eep) r(go+1)0f(w+<1-v>b>2w(y)

1

LT M)
F'p+1) )« — V) ¢+ Vb)Y

@2 (Ca b’ p) = (dv)@ 5

My ) = () My |

1

2

1 ‘
D,p) = dv)?
Z5 (¢, b, p) F(g{)+1)[ et (=)o) (dv)”,

=)}

- 3 M

1
2
1
b, p) = dv)”
@4(@ ’p) 1—~(80+1)[ ((I_V)c+vb)2§9p ( V) )

(9 N |

M, ) - (3) My |

5
1
.0, p) = dv)?,
7o p) F(s@“)[ (ve + (1 —v) D) @
2

- 3

5
5
1
D, p) = dv)?
s (¢, 0, p) F(go+1)[ (A=) csvo) (dv)”,

2
1
1 M, ) = My, (D
D = dv)*
77 (¢, 0, p) F(50+1)[(vc+(l—v)b)2"’1’ (dv)?,

6

1
1 M, v) = M, (D]
I\ = dv)?.
75 (> p) F(go+1)[ (1 = v) ¢+ vb)>P (@)

6

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)
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Proof. In view of Lemma 3.1, together with the modulus properties and the generalized Holder
inequality, we deduce that

) (el o)) - Sy o bl - o)

(d)” (d -0 1 M, () o 1 f (m( %) )q o
= M, (1) Ip+1) ) (ve + (1 — v) D)>”P (@) IF'p+1) ) b ve+(1=v)d (@)
1 1
% ) p é q
+ 1 |Mgo (V)| ( f ) ( ) q (dv)go
IF'+1) ) ((1 =v) ¢+ vd)*P? F(K)+ 1) (1 —v)c+vb
1 1
p 1 q
My 00 () Mo o [l .
" F(30+1)f (ve + (1 = v) D)>”P @) F(g)+1[ (Vc+(1—v)b) (dv)
1 1 ? 1
L P £ q
1 T ‘MX" (V)_(%)QMX"(I)F dv)? 2 ) ' dv)?
" F(SO"'])f (1 = v) ¢+ vd)>P (@) F(50+1 [b ((1 —v)c+vb) (dv)
6 6
1 1
3 0 p p 5 q
L M- M) ‘ ’
+ f (dv)? f b@)( ) (dv)?
I(p+1) (ve + (1 —v) D)>”P F(50+1 1 vc+(1—v)b
2 p 2 q
1 PMem- () momf ¢
+ f (dv)? f [0 (=2)| (avy?
F'(p+1) (1 = v) ¢+ vd)>P F(50+1) 1 ( V>c+v
2
1 1
| Pl | o T
1 M, (V) = M, (1) 1 (m( ¢d ) o
* F(80+1)f(vc+(1 V) 0)*P (@)” F(g)+1)[b ve+(1=v)d (dv)
. 6
1 1
| Fol | o T
1 M, (v) = M, (1) 1 (m( %) ) o
i F(@+l)f((1—v)c+vb)2&°f’ (@) F(go+l)[b (1 —-v)c+vd (dv) ' (59
6
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By utilizing the generalized harmonic convexity of |b(f“’)|q in inequality (5.9), it yields

- (cd)? (d - o)¥
- M, (D)

1
+ (22 (¢, 0, p))P

1
+(Z5 (¢, 0, p))r

+ (24 (6, b, p))”

+ (5 (¢, b, p))”

1
+ (P (¢, 0, p))P

1
+(Z7 (¢, 0, p))P

1
+ (Z3 (¢,d, p))P

AIMS Mathematics

1\ (. [ 6cd 2¢d o 6ed
) (s (5] lss))-

IF'e+1
29M,, (1)

=

1
(Z1 (.2, P)?P | 1

To+D [0 @ + a5 @) @
0

rorn ) (=77 @ v [ o) @
1
1
2

(9) q YA A q

F(g{)+ D vso H @ + (1 =) [p® ()| )(dv)p
é
5
6

_ ( ) q () 9

F(p+1)f( V) |59 @[+ 5 @)]) (dv)
1
2

3
6
1 f (7 @[ + @ = b @) (@v)”

1

1 f (A= o @+ o @) (dv)”
5
6

1
q

1"(@1+1)f(vp |b(s0) (C)|q +(1 =P |b(g>) (b)|‘1) (dv)?

[e118))

Q=

Q=

Q=

Q=

Q=

Q=

[(%)Wb( [£))* (%)jm(g(%)))l

(1= o O +» o @) @dn)”
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- (CDZS(I)C)Q l}"((11 J:ng;)))é ((@1 (c,D, p))% ((%)p |b(“¢’) (c)|q N (%)&’ |b(*”) (b)|");
r@nen (5 5 o] + . 5 o é

~@e e[ o of + W "y (b)l"é

+(24 (¢, b,p))]l_7 % g>|b(§0) ©f + % w|b(m o :

+(Zs (e, b,p))% % ) b o + % Y 59 o) 7

SN )é ((@1 (6,0, p)7 + (s (6,1, p))’_l’)[llﬂb(p) (Ol';f o (b)rf

M, (1) \3T(1 +2¢)

1
1 1 b(sO)( )‘1 +11¢ b(g{)) (h)q p
+((.@z (¢, 0, p))? + (25 (c, D,p))P)(| cl — | | )

1
1 1 1\ (29159 (O + |59 (0)|“ )4
+ (259)‘1 ((@3 (C, D, p))l’ + (96 (C, b, p))p)( | C |3«) | | J

1
1 1 1\ (6@ ] + 29 [p® )|«

+ (27)4 ((@4(6, b, p))? + (s (s, b,p))f’)(| | 39 | | '

This completes the proof. O

Theorem 5.2. Assume that b: [c,d] — R¥ is local fractional differentiable on [c,d], where 0 < ¢ < D,
and that ) € C,, [¢,d]. If the function |b(’*°)|q is generalized harmonically convex on [c,d] for some
q > 1, then one obtains

l 9 ( 6¢d ) ﬁ 9 6¢d B F(ﬁo +1) $1(0) l b1(0) l
(5) (o255 w20 (25 ) 300 (2 ma>(<%>*1 b(g(c))*e)" "ol
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< (d)? (> -0

1 7
M, (1) ((.@1 (c, b,]))l q (cgl (¢c,d) |b(p)(c)|q+% (¢, D) |b(p> (b)|q)q

(D (o, 1) (%2 ) 6 " + %10 (¢ ) [5” )| 5

ES) I'—‘
Q=

+(Z5 (6,0, 1) 74 (G (D [ ©f + G (D) [p? ©)

QI'—‘
<=

+(Zs (6,0, 1)

1
q

Q=

+ (D5 (6,0, 1) 74 (€5 (D) B ©f + G (€, D) [p? ©)

Q=
<=

+(Zs (.0, 1)

)
( )
(%3 (D) [ @ + G2 (. ) [ )|)
( )
(%5 () [0 @ + Gia (. ) [ )|)

)

( D5 O + %15 (&, 0) o )"

< lim

+(Z5 (60, 1)

1 1
+ (s (6,0, 1)) 74 (G (€, ) o9 O + Gig (. D) o )])°

S—
-

where €; (¢, d) for i = 1 to 16 are defined as in (4.2) to (4.17), and Z; (¢, d) for j = 1 to 8 are defined as
in (5.1) to (5.8), respectively.

Proof. Combining Lemma 3.1 with the properties of the modulus and the generalized power mean
inequality, it follows that

5] (oles) -2 25 o)) S ol ol )

1
C
1 1
1 = 1 q
6 6
()P (0-0)” Mo ¢ M) (m @ )q i
< M,(D) 1"(894,1)[(,,”(1,,)5)2@9 (dV) l"(p+1) (ve+(1-v)d)2® b Vf+(1—V)D (dV)
0 0
1 1
1 = 1 q
6 6
1 M) ) M) (59) ) )q 9
+ T(p+1) f (1=v)c+vd)?® (dv) l“(p+l) ((1=v)c+vd) b (1 V)e+vd (dv)
0 0
1 1
1 =y 1 q
2 2
1 Me)~()" M| (1 1o M=) MO o) (0 |7 (1@
| om f (ve+(1-v)p)2? (dv) F<p+1> (e+(1-v)d)* b (vc+(1—v)°) @
1 1
6 6
1 1
1 = 1 q
2 2
M=) " MpD] (1 o M=) Mo o) (0 V7 (qih@
+ F(W”f (1=v)c+vd)?? (dv) 1"({)+1) (1=v)c+vo)® b ((I‘V)C+"D) (dv)
1 1
6 6
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-1 1
5 q 5 q
6 5\% 6 5\¢
N IMo)-(3)" M) (@) L[ IMee-G)" M) ‘b(‘”( o )“f (d)°
[(p+1) (ve+(1=v)d)*>® T(p+1) (ve+(1-v)d)*® ve+(1-v)d
1 1
2 2
1 1
5 = 5 a
6 5)\¥ 6 5\¢
o IMo)=(3)" M) (@) . IMo)-(3)" M) o ( o )q (@)
T(p+1) ((1=v)c+vd)>® T(p+1) (1=v)c+vd)*® (I=v)c+vd
1 1
2 2
- 1
1 a 1 a
19 | Mo ()-Mo (D) 0 1 | Mo ()-Mo (D) (m( @ )‘1 0
+ I(p+1) (ve+(1=v)d)*® (dv) T(p+1) (ve+(1=v)d)*® b ve+(1-v)d (dv)
5 5
6 6
- 1
1 a 1 q
19 | Mom)-M, (1) 0 1 | Mo)-M, (1) (m( @ )q )
+ T(p+1) (1=v)c+v0) > (dv) T(p+1) ((1=v)c+v0) > b (1=v)c+vd (dv)
5 5
6 6

By utilizing the generalized harmonic convexity of |I)(’¢’)|q in inequality (5.10), it yields

1\ (o [ 60\ o [ 26D 60 \ T+ ([ yonf (L ¢<>(
[5) o) 20 (25) 2 555) z«mxxn((%)*”‘)(Q(c))* e
1
1 r Mo ’ ’
R RO LZICLE VI e T (=975 @ + v [o@ @)|) (dv)”
0
1
1 q
6
S M, )| ) /14 o e [0
(P (e, 1) F(Wl)[((l_v)c”b)zp (7 6 @ + A =»° o @) (@
Fpm- () )
2 3\¥
l—l 1 MQ(V)— 3 M&o(l) 0 ln() q () q
+(P5(6,0,1) r(wl)lf SRRy (A= o @[ + v [o @) (@)
6

(D (0, 1)
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(7[5 @[ + A =) o9 @)|) (dv)”

1
L M= (3) M)
F(go+1)_lf (1 =v)c+vd)™
6

(5.10)

)

Q=

Q=
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21—

(50, 1) f ‘M - () M, m‘(l—v)ﬁ’ b @ + v |5 @)|") (dv)”
o F(50+1) (ve+ (1 —v)0)®

S e

M, (v) M, (1)
+ (0, 1) - (W 5 f ‘ w _V)(Civb); ’(v&’ 5 " + (1 =) o @) (dv)?

2

Q=

1
- 1 My ) = M, () A2 0@ (a9 o o [ (| 9
(20 ) | s [ T (A =25 @+ [5 @) (dv)

Q=

1
- 1 |M&’(V)_M8”(1)| 9 [n® (|9 — 9 [h® (y[¢ 9
+(Z5(e,0,1) F(go+1)[((1—v)c+vb)2‘*’ (7o @ + 1 =»? o @) (@)

(D) (d-0)

1 1
M, (1) ((‘@ (60, 1) 74 (% (D) o9 O + G (. ) |5 @) (dv)?)°

+(22(,0,1) 4 (% (6, 0) 5 O] + €10 () [ )’

QI'—‘ QI'—‘

+(Z5 (60, 1) 74 (€ D[ ©f + G (D) [p? ©) g

<=

+ (-@4 (C, ba 1))

< I'—‘ S I'—‘
Q=

+(Z5 (e, 1) 74 (€5 (. 0) [ O + i3 (c,0) [ ()

Go (@00 O + G (0. 0) |5 @))"

)

( )
(%3 (D) 5 @ + G2 (. ) [ )|)

)

+ (s (e,0, 1) )
)

QI»— &w

+(Z7 (e, 1) 74 (€ 0 B O + s (c,0) [ )| g

1 1
+ (s (e,0, 1)) 74 (G (€, ) o9 O + Gig (. ) [p (b)lq)")

where %; (¢, d) for i = 1 to 16 are defined as in (4.2) to (4.17), respectively.
This completes the proof. O

6. Numerical investigations, computational surrogate-modeling, and applications
This section presents an illustrative example and graphical interpretations in order to demonstrate
the validity and applicability of the obtained results, together with an application to certain special

fractal means.
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6.1. Numerical illustration

We now provide a concrete example in order to demonstrate the applicability of the derived
inequality for a particular harmonically convex function.

Example 6.1. Let ¢ = 1 and ¢, d € [2,9] with ¢ < d, and consider the function b: [¢,d] — R defined by

1
h@) = —.
()
Then, the first-order derivative is given by
b(w) = -3 b ()| = —-
(o) ()

Hence, by Remark 1.1, the function |b(5”)| is harmonically convex on [c, d].

Moreover, ,
1 1 2¢d (c+Dd)
= —, b = —, = .
5 ¢2 H() »? b( C+ b) 4¢2p?
Also,
d Db(w)d d M1 2 + b + b2
w=— —do= —
b—c¢J, w@? b-cJ, @t 3¢2p?

Therefore, the expression on the left-hand side of the inequality presented in Corollary 4.3 takes the
form
@ (@)
d-cJ. @’

oo | ==

(3[) () +2h (%) +3bh (b)) dw'

|1 3+(c+b)2+3 C+d+d
S8\ o2 »? 3¢2p2
50 -0)?
T48¢29?
On the other hand,
’ 2 ’ 2
")l = = 1"(®)| = rt

Accordingly, the right-hand side can be written as

%1((, b) %2((, b)
%l(fab)lb'(t)l+‘€z(c,b)|b’(b)|:2( — o — )

Hence, inequality (6.1) reduces to

5(d—c¢)? 2¢,(¢,d)  2%(c,d)
< .

+

6.1
48¢2p2 ~ 3 hE 6.1

To visualize this estimate, we take

db=c+1, ce[2,8].
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It follows that the left-hand side may be represented as

_ 5
48c2(c + 1)?°

while the right-hand side is expressed as

G, c+1) %Gl,c+1)
2

+
A (c+1)3

According to Figure 1, the graph of the left-hand side remains below that of the right-hand side
throughout the interval ¢ € [2, 8]. This numerical observation confirms the validity of inequality (6.1)
and further supports the correctness of our result.

0-03 T T T T T
m— | oft-hand side %10
Right-hand side 8 \

0.02} 6 -
4
2
0

0.01F 7 7.5 8 e

0 —— . e ——

2 3 4 5 6 7 8

Parameter ¢
Figure 1. Comparison of the two sides of inequality (6.1) for ¢ € [2,8] with d = ¢ + 1.

6.2. Computational illustration via an artificial neural network

To complement the analytical upper bounds established in Theorem 5.1, this section presents a
machine-learning-based sensitivity analysis. It is crucial to emphasize that the neural network does
not serve as an independent mathematical validation of the proof, as the training targets are
deterministically derived from the analytical formula under the Holder conjugacy constraint

I/p+1/g=1.

Instead, the computational illustration via an artificial neural network (ANN) is deployed as a surrogate
model to illustrate the numerical behavior, stability, and sensitivity of the fractional upper bound across
varying parametric ranges of p and g.
We fix the interval endpoints as
G = 2, Do = 5,

and we consider the ordinary case ¢ = 1 together with the normalized kernel choice

Mi(v) =, Mi(1) =1.

The conjugate parameters satisfy

q>1,

SR
Q| =
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or equivalently,

.
g-1
For this numerical illustration, we select the test function

h(w) = In(w), w > 0.

Then,
, 1
Ib'(@)| = —.
(o)
Consequently,
, 1
b (@) = —, q>1,
wi

which is harmonically convex on (0, o). Hence, the hypotheses of Theorem 5.1 are fulfilled in the
ordinary case.
The exact left-hand side is given by

1 6C0b0 2C0b0 6C0b0
=|=|3 +2 +3
L lS[ b(Co-l'Sb()) b((0+b0) b(5C0+b0)

For h(w) = In(w), the integral can be evaluated explicitly as

f’o In(@) , __In(c))+1 In(dy)+1

w? Co bo

¢oDo fbo h(@) dw'.

b() — (o w?

On the other hand, Theorem 5.1 gives an upper bound depending on p and g, denoted by Rs1(p, q).
Thus, the inequality under consideration is

q
L<Rsilpg),  g>1, p= -1
Since the endpoints ¢y and d, are fixed, the quantity L is constant. Therefore, the main learning task
concerns the nonlinear dependence of the upper bound Rs;(p, ¢) on the Holder conjugate parameters.

For this reason, the neural network is trained as a regression model of the form

(p.q) — Rs.(p, ),

where /7%5.1 denotes the ANN-predicted upper bound.

6.2.1. Network architecture and reproducibility specifications

To evaluate the sensitivity of the analytical upper bound Rs(p, g) formulated in Theorem 5.1, a
multilayer feed-forward ANN is constructed as a computational surrogate model. To guarantee full
scientific reproducibility of the computational experiments, all mathematical, architectural, and
optimization parameters are strictly defined in accordance with the underlying implementation:

e Dataset and sampling: A synthetic dataset comprising 1600 distinct sample points was generated
by varying the parameter ¢ uniformly in the range [1.10, 10.0] under the ordinary case (p = 1.0),
with the parameter p dynamically constrained by the Holder conjugacy relationship p = q%]. For
each pair (p, q), the target output Rs ;(p, g) was calculated analytically.
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e Data partitioning: To ensure unbiased learning and evaluation, the generated dataset was
randomly partitioned into a training set (70%, 1120 samples), a validation set (15%, 240
samples), and an independent testing set (15%, 240 samples).

e Preprocessing and reproducibility: Input features (p, g) and target values y were standardized
using a z-score normalization scheme (standardscaler) based on training set statistics. To ensure
computational stability and identical weight initializations across runs, the random seeds for both
NumPy and TensorFlow were fixed to a constant value (SEED = 42).

e Network topology: The proposed multilayer perceptron architecture features (see Figure 2):

— An input layer accepting 2 inputs (p and g).

— Two consecutive hidden layers containing 64 neurons each, followed by a third hidden layer
with 32 neurons. All hidden layers utilize the hyperbolic tangent (tanh) activation function.

— A single-neuron output layer with a linear activation function to predict the estimated upper
bound /755.1-

e Training and optimization protocol: The model was trained using the Adam optimizer with a
starting learning rate of 10~ and a batch size of 32 over a maximum of 1200 epochs. The loss
function was minimized using the mean squared error (MSE) metric. To avoid overfitting, an
early stopping mechanism was enforced with a patience of 120 epochs, automatically restoring
the best performing model weights upon termination.

Feed-forward ANN architecture for Theorem 5.1 sensitivity analysis

(p.q) — Rsa, with p=;1;

O

O
O

0000

Q0000
Q0000

Input layer Hidden layer 1 Hidden layer 2 Hidden layer 3 Output layer
P, q Dense + tanh Dense + tanh Dense + tanh Linear

2 inputs 64 neurons 64 neurons 32 neurons Rsa

Training: Mean Squared Error loss + Adam optimizer J

Figure 2. Structure of the multilayer feed-forward neural network utilized as a computational
surrogate model for Theorem 5.1.

6.2.2. Surrogate performance and evaluation metrics

The generalization capability of the trained surrogate model was evaluated on the
independent 15% testing subset using three statistical criteria: mean absolute error (MAE), root mean
squared error (RMSE), and the coefficient of determination (R?). The training and validation loss
curves are displayed in Figure 3, while the performance metrics achieved by the network are
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structured in Table 2 below.

Training and validation loss

0.30 -
—— Training loss

—— Validation loss

0.25 A

MSE loss

0.05 A

_

0 50 100 150 200 250
Epoch

0.00 A

Figure 3. Evolution of training and validation MSE losses showing model convergence
without overfitting.

Table 2. Surrogate ANN prediction performance metrics on the independent test set.

Target quantity MAE RMSE R?
Rs1(p,q) 1.760 x 10°° 1.996 x 10°° 0.999995

The distribution of prediction errors is shown in Figure 4. The errors are concentrated around zero,
which indicates that the trained network approximates the theoretical upper bound with high accuracy.

Error histogram for Rs 1

HE RHS prediction error

40

Frequency
w
o

N
o
L

101

0 B
—0.000150-0.000125-0.000100-0.000075-0.000050-0.000025 0.000000 0.000025 0.000050
Prediction error

Figure 4. Distribution of prediction errors (Rs ; —ﬁs.l) on the independent test set, illustrating
the approximation capability of the surrogate model.
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Figure 5 compares the exact upper bound provided by Theorem 5.1 with the ANN-predicted values
as functions of ¢, where p = ¢g/(q — 1). The exact left-hand side is also displayed as a horizontal
reference line. The predicted curve closely follows the exact upper bound over the whole considered
range of q.

Exact and predicted values

0309 «+s+ Exact LHS
" —— Exact RHS bound
\ ANN surrogate RHS bound
0254 \
\ R
\ -
. T
0.20 1 T
]
§ 0.15
0.10
0.05 1
000 B L R
T T T T

Figure 5. Comparison of the exact left-hand side, analytical right-hand side bound, and
ANN-predicted surrogate bound over the range of ¢ € [1.10, 10.0] under the ordinary case

(p =1.0).

The absolute prediction error is plotted in Figure 6. The small magnitude of the error confirms the
ability of the neural network to reproduce the analytical bound.

Absolute error for Rs 1

0.00016 - —— RHS absolute error

0.00014 4

0.00012 4

0.00010 A

0.00008 A

Absolute error

0.00006 -

0.00004 -

0.00002 A

0.00000 A

Figure 6. Absolute error between the exact and ANN-predicted values of Rs ;(p, q).

Finally, Figure 7 gives a three-dimensional comparison in the (p, g, value)-space. Since p and ¢ are
conjugate, the admissible points lie on the curve p = ¢/(q — 1). The exact and predicted curves are
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nearly superposed, which confirms that the ANN captures the nonlinear dependence of the bound on
the Holder parameters.

3D comparison of exact and predicted values

= Exact RHS bound
= = ANN surrogate RHS bound
=+ Exact LHS

Figure 7. Three-dimensional comparison between the exact and ANN-predicted upper
bounds in the (p, g, value)-space.

These numerical experiments provide an additional computational confirmation of Theorem 5.1.
In particular, the ANN predictions remain very close to the analytical values, and the predicted upper
bound stays above the exact left-hand side throughout the tested range of the conjugate parameters.

6.3. Application

The definitions of the p-type arithmetic mean, p-type harmonic mean, and p-type p-logarithmic
mean in the context of fractal spaces are as follows:

29 VDY
D=

+ 1) P9
H, (m,n, ¢, d) = (m+n)

(n¢)? + (md)*
and

)] ,p € Z\{—1,0} and ¢ # D.

ra+ pptDy _ ((p+Dp
2 (D) = [ L+ po) ( :

rd+p+1)p W — ¥
Proposition 1. Let ¢,d e Rwith0 < ¢ < bd,and n > 2. Then

395, (5,1, ¢,b) + 295, (¢, b) + 377, (1,5,¢,b) - Bed)’ T (p + 1) £ (¢, b)|

89 (0)” (0 — )" | > _ )
S D (%1 (€. 0) o ()] + %3 (e, 0) o ()]).

where %]' (¢,d) and % (¢, d) are defined as in (4.18) and (4.19), respectively.

O

Proof. This claim is an immediate consequence of Corollary 4.2 when it is applied to | (@w) = @"*.
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7. Conclusions

In this study, we successfully developed and analyzed new integral inequalities within the context of
local fractional calculus. Our approach was founded on the establishment of a novel fractal-fractional
identity, which served as a fundamental auxiliary tool. Utilizing this identity, we derived a series of
Maclaurin-type inequalities for functions possessing generalized harmonically convex local fractional
derivatives. We further expanded our results by incorporating the generalized Holder and power mean
inequalities to obtain additional fractional estimates.

To ensure the reliability of our theoretical framework, we presented an illustrative example
accompanied by graphical representations, which successfully confirmed the consistency and
exactness of our mathematical derivations. Moreover, the practical significance of our research was
highlighted through an application to special fractal means. We believe that the novel identity and the
associated inequalities presented in this work significantly contribute to the field of fractal-fractional
calculus and offer valuable mathematical tools that can inspire future investigations in generalized
convexity and fractional operators.

Looking ahead, several promising theoretical directions emerge from this study. On the one hand,
the mathematical framework developed here could be extended to explore other classes of generalized
convexity, such as coordinated or strongly convex functions on fractal spaces. On the other hand, these
Maclaurin-type inequalities could be investigated in the context of other fractional integral operators
or adapted to study the stability and error bounds of advanced fractional differential equations.
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