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Abstract: This study uses Raina’s function to obtain a new coordinated pg-integral identity. Using this
identity, we construct several new pg-Simpson’s type inequalities for generalized convex functions
on coordinates. Setting p; = pp = 1 in these inequalities yields well-known quantum Simpson’s type
inequalities for coordinated generalized convex functions. Our results have important implications
for the creation of post quantum mathematical frameworks.

Keywords: quantum; post quantum; Simpson; inequalities

MSC: 05C38; 15A15; 05A15; 15A18

1. Introduction

Simpson’s rule, devised by Thomas Simpson (1710-1761), revolutionized numerical in-
tegration and definite integral estimates. This method employs a three-point Newton—Cotes
quadrature rule, termed a Newton-type result, and has been a cornerstone of numerical
analysis for over two centuries. Interestingly, a similar approximation technique was
employed almost a century prior by German mathematician Johannes Kepler (1571-1630)
and is occasionally referred to as Kepler’s rule. Even today, Simpson’s rule continues to
hold its position as a fundamental tool in the field of mathematical analysis owing to its
significant impact.

(a) Simpson’s one-third rule, a variant of Simpson’s quadrature formula, is a numerical
integration technique that approximates definite integrals using quadratic polyno-
mials. This method divides the interval into subintervals and employs a weighted
average of function values for a more accurate estimation of the integral:

F(72) +4}"<%) + F(m)

T
Fy) dy = .
/ (v) dy 6 )]

T

(b) Simpson’s three-eighths rule, using quadratic polynomials, is a numerical integration
approach that improves accuracy. This technique is particularly useful for approxi-
mating definite integrals over an interval, providing more precise results compared to
simpler methods:

72}_( ) dg Fr)+3F (21572 ) +3F (M52 ) +-F (m)
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Numerous methods and techniques exist for estimating quantities associated with
these quadrature rules. One such approach involves Simpson’s inequality, which can be
expressed as follows:

Theorem 1. Suppose that F : [1t1, 12] — R is a four-times continuous and differentiable mapping
on (71, M2), with H]—'(‘l) H = sup ‘]—"(4) (x)‘ < o0. Then, the inequality holds:
* 2)

x€ (7,7,

T . (4) — )4
12}_ m + 7o +J:(7T1)+]-'(7rz) _/2 F() a()| < H}' Hoo(m 1)
3 2 2 m—m | 2880 '

T

Since Euler’s time, significant efforts have been made to gain expertise in mathematics
to establish the relationship between physics and math. These breakthroughs mark signifi-
cant strides in harnessing the power of quantum principles to revolutionize computational
methods and mathematical frameworks. Dragomir et al. [1] not only developed unique
Simpson’s inequalities but also explored the extensive use of quadrature formulae for
numerical integration. Simpson’s inequalities have been a topic of concentration for many
authors studying various functions.The work of Pe¢ari¢, Proschan, and Tong [2] clarifies
the complex relationship between partial orderings, convex functions, and their statistical
applications, and it serves as a thorough basis for the rest of this study. Specifically, certain
mathematicians have directed their attention to the outcomes derived from Simpson’s and
Newton’s types, aiming to formulate convex functions. Convexity theory is the subject of
this discussion because of its usefulness and ability to address a wide range of complexities
in the fields of practical and theoretical mathematics.

Alomari et al. [3] created unique Simpson’s type inequalities for s-convex functions.
Simultaneously, Sarikaya delved into investigating the variations within convexity-based
Simpson-type inequalities in [4]. To gain further insights and undertake more critical studies
in this field, Refs. [5,6] are suggested. These advancements find numerous applications
across diverse mathematical subjects, spanning combinatorics, number theory, fundamental
hypergeometric functions, and polynomial orthogonality. Furthermore, their effect extends
across several scientific areas; not only can one find them in mechanics and relativity
theory but also one can find their usefulness in quantum theory [7-13]. Quantum calculus
integrates principles from quantum information theory within many interdisciplinary
domains [14].

In recent years, the amount of research on this subject has significantly increased.
For example, in 2013, Tariboon introduced the g;-integral and r, D,-difference op-
erator [15]. Bermudo et al. [16] brought forth the ideas of the g,-integral and the
"2 Dg-derivative in 2020. Moreover, Sadjang presented the notion of post quantum
calculus, denoted as (p, q)-calculus, and expanded its application to quantum calcu-
lus [17]. A further study examined concepts related to fractional (p, q)-calculus by
Soontharanon et al. [18]. Tun¢ [19] introduced a post quantum version of the
m Dg-difference operator and g, -integral. Noteworthy contributions by Ali et al.
and Noor et al. produced new estimates for convex and coordinated convex func-
tions and supported HH-integral inequalities, employing = D, D,;-derivatives and
g1q2-integrals, as documented in [20-27].

In the study conducted by Nwaeze et al. [28], the researchers proposed parameterized
quantum integral inequalities specifically designed for generalized quasi-convex functions.
This novel approach contributes to the exploration of quantum integral inequalities in
a broader context. Building upon this foundation, Khan et al. [29] extended the explo-
ration by demonstrating the quantum H H-inequality. Their work involves leveraging the
Green function, adding a valuable dimension to the understanding of quantum integral
inequalities and expanding the scope of applications in quantum mathematics. Through
their creative contributions, Budak et al. [30] have greatly enhanced the field. While Vivas-
Cortez and colleagues have created quantum Newton-type inequalities, especially for



Symmetry 2024, 16, 457

30f22

coordinated convex functions, Budak obtained quantum Simpson inequalities for convex
functions. Together with providing useful applications in many mathematical contexts,
these developments expand the theoretical underpinnings of quantum mathematics. In
their respective works cited as [31], H. Budak et al., M. A. Ali et al., and Vivas-Cortez et al.
unveiled innovative quantum analogs of Simpson’s and Newton's inequalities tailored for
convex and coordinated convex functions. Due to its many uses, there has been a recent rise
in interest in quantum versions of classical mathematical ideas. This tendency is reflected
in the work of Rovelli on Quantum Gravity [32] and in the use of fractional calculus in fluid
dynamics by Sengar et al. [33]. Additionally, the contributions of Ali et al. include quantum
versions of well-known identities and inequalities that improve theory and practice in a
variety of scientific and mathematical fields [34,35].

Kunt et al. [36] extended their work utilizing the , D, ;)-difference operator and
the (p,q)™-integral. This expansion resulted in the presentation of HH-type inequalities
along with corresponding left estimates, which were then elucidated by Latif et al. [37]
as the accurate estimates for the HH-type inequalities previously. Introducing innovative
post quantum identities, our study employs Raina’s function through the utilization of a
(p, q)-integral for (p, q)-differentiable generalized convex functions. Two novel identities
employing Raina’s function were developed by Cortez et al. [38] by utilizing the idea of
right quantum derivatives.

It is worth mentioning here that there exists a deep link between the concepts of
convexity and symmetry. Convexity has a strong relationship with the concept of symmetry.
The literature extensively contains significant properties of symmetric convex sets. The
benefit of this connection is that by focusing on one concept, we can apply it to the other.
The concept of symmetry also helps in the study of convexity and inequalities. For details
regarding symmetric convex sets, see [39,40].

For generalized ¢-convex functions, Vivas-Cortez introduced new quantum estimates
in [38]. Based on this work, we construct two new identities using Raina’s function. In this
work, Simpson’s one-third rule’s new error bounds are obtained by connecting with the
post-quantum integration convexity condition of the functions over a rectangular domain.
Through the effective integration of both recent and innovative findings from the literature,
our study offers a fresh addition and significantly advances the field’s understanding. This
research contributes to the evolving landscape in this domain, offering fresh perspectives on
previously established inequalities. Exploring integral inequalities, particularly through the
lens of quantum and post quantum integrals across multiple function types, has been a key
focus of recent studies. Exploring this area reveals the complex linkages and applications
that these inherent inequalities have in a variety of scientific areas.

Section 2 of this scientific paper provides the fundamental notions required for
g-calculus and related studies in this field. Section 3 focuses on (p, q)-calculus prin-
ciples and highlights important research in this realm. In Section 4, we introduce
midpoint-type inequalities tailored to work for the twice (p, q)-differentiable functions
using (p, q)-integrals. Furthermore, we conduct a comprehensive comparison of our
findings with the current body of literature. Finally, Section 5 provides recommenda-
tions for further exploration in this scientific domain. To the best of our knowledge, the
results are a new addition to the literature and we hope that the ideas and techniques
of this paper will stimulate further research in this area.

2. Quantum Derivatives and Integrals

Within this section, we delve into several g-calculus definitions. Throughout our
investigation, we utilize real integers p and g in a manner that adheres to the condition
0 < g < p < 1. The expression is established as follows:

1—gq
=" 4"+ " P+,
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(1-9); = (5.9); = 1= (1- ).

Definition 1 ([8]). Let o = (0(0),...,0(k),...) be a bounded sequence of positive real numbers
and v, u > 0. A non-empty set £ is said to be generalized convex if

1+ tRyue(m—m) €L Vm,m €L, te(01]

In this context, IV{H,,,,U(.) represents Raina’s function, defined as follows:
[ee]
- . 50 (0),0(1),... ,» o(k y
Ry (2) = KEO7 () = 7 0Bz )

where Ry > 0, |Z] < R, and T'(.) denotes the Gamma function. For more in-depth
information, refer to [9].

Definition 2 ([8]). Let 0 = (0(0),...,0(k),...) be a bounded sequence of positive real numbers
and v, u > 0. Then a function F : £ — R is said to be generalized convex if

F(m + tIV{W,U(HZ —m)) <A -8F(m)+tF(m), Vm,m €£,m < m,tel01]

In [41], Jackson introduced the g-Jackson integral, delineating its application to map-
ping F from 0 to 717 in the realm of mathematical analysis:

/07-[2 ‘F(y,) dq?/’ = (1—q)n2,§)qﬁ]:<n2qﬁ>, (2)

assuming total convergence of the sum. Furthermore, Jackson introduced the integral of
mapping F over the interval [711, 717] as

Y] . . Ul . . Ys| . .
/ F () do y =/O F () dgy 3/0 F () dgy -

Uy

Definition 3 ([15]). The q, -derivative for the function F : [rt1, 15| — R is defined as follows:

Dy F() = ! SIF@) - F((1=)m +ag)), 7 # . 3)

=9y —m
For y = my, we imply that 7 DgF(§) = limy ,r, 7 DqF(§) as long as it is finite
and existing.

Definition 4 ([16]). The g™ -derivative for the function F : [111, 1a] — R is defined as follows:

D, F(j) = ! F @i+ (1= )m) = F)), 7 # @

(1—g)(m2 —y
For x = 713, we imply that 2Dy F (§) = limy_,r, "Dy F () if it exists and is finite.

Definition 5 ([15]). The left quantum integral (q,, — definite integral) for a continuous func-
tion F : [m1, ma] — R, at i € [y, 2] is as follows:
X o
[F@) wdit = G-m)1-0) ¥ ¢"F @5+ (1 - g")m), ©
m n=0

where j € [y, 12).

Bermudo et al. [16] expressed the idea of the g-definite integral as follows:
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Definition 6 ([16]). The right quantum integral (g2 — definite integral) for a continuous
function F : [mr1, ma] — R, at yj € [y, 2] is expressed as follows:

/]:(T) md, T = (m—9)(1—9q) Z q"F(q"y+ (1 — q"")m2) where, § € [r1, 12].  (6)
p n=0

3. Post Quantum Derivatives and Integrals
The investigation of basic representations and ideas in (p, g)-calculus is the focus of
this section’s discussion. The notations used are as indicated by [17]:

. q"—p"
n = —
[ ](m) q—p

=pt+p" g+ g g

The [#], !, (p,q)-factorial, [ﬂ !, (p,q)-binomial, and (1 — S)?p,q)' (p,q)-power are
defined as follows:

(1) () = T [i] ) where, 71> 1 and [0], ! =1,
G PR T,
! [ = 1] ) ] ()

and
(1- s)f‘p/q) = HZ‘;& (pk — qks>.

Definition 7 ([17]). The post quantum derivative (p,q — derivative) for a continuous function
F i [m, mp] — Ris expressed as follows:

F(py) — F(qy)

v-aw 7" 7

D(M)Jr(y) =

Definition 8 ([19]). The left derivative in terms of post quantum calculus, represented as a
(P, q) ,-derivative, for a continuous function F : [11, 5] — Riis given as

o L+ A-p)m) - Flgy+(A—q)m)
P = (=0 —m) yrme o ®

For y = my, we assume that 7, D, o F (1) = limy 7 D, 0 F () if it exists, and the
value will be finite.

Definition 9 ([42]). The right derivative in terms of post quantum calculus, represented as a
(p, q)™ —derivative, for a continuous function F : [111, o] — R is given as

nzD(p,q)f(y) _ Flqy+(1 (?712;)(77;]2:(_?3}/7; (1- P)Tfl), i £ . ©)

For x = 7115, we assume that ”ZD(prq)]-“(rcz) = limy_,, ™ D(p,q)]-'(y’) if it exists, and it
will be finite.

Remark 1. The substitution of p =1 in Equations (8) and (9) evidently reduces these Equations
to (3) and (4), respectively.
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Definition 10 ([17]). The definite integral for a continuous function F on [0, 7tp], in terms of
(p,q)—calculus, is given as

) k
/]:(T) d(p,q) T 7'[2 p q Z 1 ( | 2) (10)
0 k=0 P p
Moreover, the definite (p, q)-integral for the continuous function F on [11y, 72| is defined as
Uy T T
/]:(T) dpy T = /]:(T) dipg) T —/f('r) d
st 0 0

Definition 11 ([19]). The left definite integral, (p,q) ~, —integral, for a continuous function
F :[m, ma] — R, in terms of (p,q)—calculus, is given as

f (x—m) yq* q*
/ F(1) mdpg T - 1](20 (g ) m ) an

771 -

Definition 12 ([42]). The right definite integral, (p,q)™ —integral, for a continuous function
F :[m, ma] — R, in terms of (p,q)—calculus, is given as

7o)
(ma—y) & 4 yq* g
/]:(T) Py T = (p—q)" kgpkﬂ]: pk+1 Tkt - (12)

Remark 2. It is obvious that with the replacement of p = 1 in Equations (11) and (12), these
equations reduce to (6) and (5), respectively.

Remark 3. The substitution of 11 = 0 and x = 1, = 1in (11) leads to

: gk i
/f(T) v T = (P— Q)Zﬁf il B (13)
0 k=0 P p
Similarly, by substitution, x = 71 = 0 and 7, = 1 in (12) gives the equation of the form
/ 1 S 9"
/'7:(7) d(m) T 2 p k+1]: P k+1 |- (14)
0 k=0
Lemma 1 ([43]). We possess the following equality:
7T s (7_[ . )ﬁ+1
/(772 =) T[Zd(p,q) y = 21 , (15)
- [B+1)(pg)
7T ] (7_[ . )B+1
j— d, j =~2 "1 16
J(y nl) s\ (p,q) y [ﬁ"’ 1](p/q) 7 ( )
1

where p € R — {—1}.

To enhance the readability and simplicity, we introduce some notation that will be
consistently used throughout the paper.
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27497 F (-t (701, 702) s +s172 (703,71 ™Y 2

(r1.41).(p2.2) _
) b ) ° , Pomioam
1Ry1 1 (7771 ) = le
2 V2 (713 — 714) = QZ,
1Ry1 1/1(7772 7‘[1) = er
2R 1, (714 — 713) = 0y,
[7‘[2 + Ol, 71’2] X [7‘(4 + Oz, 7'[4] = A.

4. Identities

We prove two identities using the right post quantum integrals in this part, which
may be used to formulate post quantum Simpson’s type inequalities.

Lemma 2. Let F : A C R*> — R be a two-times partially q12q,*- dzﬁerentiable function on the
interval A with —R" L(x=y) = 1R}, (y—x) > 0and0 < g1, < 1. The " D’
(Pqul)'(lﬂz'ﬂz)

is under the conditions of being continuous and integrable on A; then the following identity holds
for q1?qy*-integrals:

TR 2

<. 1 1
5111120102/0 /0 A(Plﬂh) tA(PMz) 5 F nzd(}’lﬁh)t n4d(r72,liz)s 17)

(p1.11)(P292)

(0102) " [Blipaan ~ 1 O
P22 = F 7y, 14 + B + ([S]uwn —1) ([5]<pz,qz) —1)

 Opran O ) | (g1) (15
}_(7‘(2[2](mql)+01 T+ 0, ) + [5](P1,‘h) B 1f<n2[2](P1,¢71) + 01 7.(4>
[2](171/‘11) [2](112#2) (92) (Pg) - [2](P1r‘ll)
. 5
5 -1 3 P3( 5] (p 0y — 1
+H<I]2'q2)_1]:<7rz+01,714+ 202 )—I— 2( () )
(91)(13) 2] (po2) 72
2 +0 ) 5 —1 .
F (nuz()n . OZ) - l[ s =L
[ ](F’l"h) [ ](Plfﬂh)[ ](Pz,fiz) (171)(]9?)
5l (pr.g1) — 1 4 pirs 4 4
+F (12, 14) + ﬁ]:(nir g+ Op) + L F (2 + O, 14 + O3)
(92) () 192

5

1 Uy) ]—'(x, 7'[4) T pz T L\
T O e — X)+ —— F(x,my+0y) %d x
01[6](172/@2) [/7T2+plol 1 (a0 ) q192 Jm+p101 (/s 2) () (%)

(18] (pag) = 1) 2 6,
, -
* / 3 ]-"(x, Tt [2](p2,q2)> d(P1r71)<x)

n mo+p101

1 1 [ P s T
— \7) l/ . S, y)md(PMz)(y) + L / 5 .7:(7T2 + Ol,y) 4d(}72142)(y)
P11

02[6]( , q2 7T4+P202 quz 71_4+p2oz
([5](171511)_1) Ty O
12 T4 +p202 2 [2](p1,q1) y (Pzﬂz)(y)
+ — 1\ /714 /7T4 F(x,y) nzd( )(x) md( )(w,
OlOZ 7T4+p2(jz 7r4+p2(jz P11 p2.92
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— te |0, s )
A b= 18] (101" 2l (p1.01)
(p1.91) p 5 ](},,1 ‘71) fe 1 1] .
Ol (o)’ )
7 E OI 1 >/
Apry s = o) ° | Bran)
(p2.92) . [5](’,2,,72) s e 1 1:|
] (p00)” Pl(ppan)” ]

Proof. By utilizing the fundamental properties of pg-integrals on the left-hand side of
Equation (17) and subsequently applying the definitions of A, ;) t and A, ;)

= [ [ A P g g
_/0 /o (o) £ N paaa) 8 (1 o) F 2 (pyg) t ()

1
5 —1)([5 -1 [2] T,y
([ J(p) )([ l(pra1) ) fo (pra) ™2 4D 2 ]:d(pz,b]z) s d(mm) ¢

10} (p2.02) ) (1 41) (p1an).(p22)

1
[5](”2”72)_1 m 1( [5](141#1)) T2 2
TR, ek G D Fdgy oy sd
18] (.02 o Jo el (py.1) (p1a1)(p2.92) (p22) ® “pra) ¢
[5](;, ) [2](7) 1 < [5]( ) > T o
_|_1'7"1 P11 6 — —(r2m2) D Fd sd
Blyn) 0 L Sl Grgy IR CYSELITY L
[ ](pz ‘]2) ) ( [5](”1/‘11)) LY. I
+ Gy A CAulGrams D Fd, oy sd
f() fO < Vz”f ) [6](111,,71) (p101)(p212) (P272) (p1, q1)
Assuming
I=Lh+L+L+I1 (18)

Using Definition 9, evaluating integrals in I; becomes

([5](172"72) - 1) ([5](;71,111) - 1) (P2 —q2)(p1 —q1)

[coluNe ]

0[2] (p1,41) 2] (P242)

L =
(P1—=1)(p2 — 92) [2}(701/'11) [2](P2 72) [6](171/%)[ ](Pz '12)0102"1 On=
m+l n+1 n+1o
X [J—"(nz—l— mzll , T+ njf )—]—"(712—1— qul 1 , s+ n;_]l 2 >
P1 [ ](pl q1) P2 [ ](Pzz'h) P [ ](Plr‘h) 23 [ }(pz,qz)
+1O O
—J—“(n2+ mq+11 Lt an 2 >+}“<n2+q1 ! ,n4+7nq2 )]
pi (2] (p1.01) p3 (2] (P212) pr'2] (p1.m) p3 (2] (P212)

(18] page) = 1) (Blpugr — 1)
[6](p1,01)16) (p32) 0102

_]-"<[](pl"71)+ol 7-[4> _I_]:<7T2[2](P1411)+Ol 74 + O2 )]
2] (P1.91) 2] (P1.11) 2] (P292)

o)
f(?'[z, 7'C4) — .F(T(z, 7Ty + [2](2>>
P22
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The integrals in I, can be expressed as

Blipags) =1 (o5, [ 5] (prq0) | ™7 2
L = 7/ (P242) / . P1,91 5 Fd sd ;
T Bl b o\ Ol (o))~ P27 L)

= \[5]9’2/{12) -1 /ﬂ2 ]—'(\x, 7T4),d
010206] pyg) | | Jratpi0r O
. Flm+ Ol/ Ty +
0O, ( m(ﬂ q )> 5] (pr.a1)
xXF | x, 7y + 2] d(Plﬂh) t+ = o [6] =
(P2.92) q1 (p111)

) . @)
) —]—"(77:2+Ol, 71’4) +F <7T2+O1, Ty + 2 ) }] .

2] (p2,92)

t_f(ﬂ2+ol,ﬂ4)_ 1 /”2

pA1) 1 Ol‘]l m+p101

X {]—'(nz, 714)—]-'<7r2, 7T4+7OZ
2] (p2.2)

Similarly, at the same steps, Is is evaluated as

[5] 1 ¢
<>{ / + Flmy) I
[6](p q)Oloz mtt+p0,  Oag2 (po) () Pz (712, 714 2)

1 Ty (2] ) +0 1 (2] , + 0, )

L=

O2q2 J14+p20, 2] (p1.01) 2] (p1.q1)

- ([5](p1'q1) _ 1) Bliage {]—'(712, ) — ]—‘(nzp](f’lfwél, 7r4>
[6](171/'71) [6 ](Pz qZ)Olol [2](P1r‘71)

. O .
f(ﬂz+ol,ﬂ4)+f<ﬁz+ 5 2 ,7T4+Oz>}.
2l (p1a0)

Solving (p, q)-integrals in Iy,

1 1 mmy o, [5} (p2,92) 1y 2
I = st D Fdg, v sd 22 / 27 gy
4 (p242) S A(pr) G (rai2) (11 )-(r202)

0 Jo (p11)(P242)
5 7!2,714 v 2
x Fd / / e T g Fdo, ) sd
(PZ qz pl ‘71 6 Pl q1 (P1/@1)/(P2/42) (PZ ‘72) (pl '41)

5 [5] MMy,
(P141) (P292)
D Fd sd
/ / ( &) (pra) > <[6](Pz,qz)> (pr1)(p272) (p22) * (pran) ¢

[{.7: o, 11y) — F (112 + Ol, 1) — F(mp, 4 + Oz) + F(m+ Ol, 7Ty + OZ)}

1
O1 0,

B (5] (pp,02) /"2 ]-'(x,m)d . F(m + 01, 114) _/”2 F(x,n4+éz)d
[6](p2.2) | /2161 O1n (P q T +p101 O11 (

p1a1)*

d(

]:(7T2 + 04, 14 +Oz) [5](p1,q1) ]'_(7T2 + 04, 1y +Oz) T4 ]:(7T4 +Oz,y)
+ o - / p2.42)Y

q1 (6] (P1.91) qz T4+p20; Oz‘h

un F(m2,y) .7'—(7'[2, 7T4+Oz) .F(n2+tol,n4+séz)
)Y 0 + 7172

+

744202 O2l72
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F(T[z + tOl,y)
qlquz

Tty

4o F(x, 14 +503) - my
/nz+p101 (P1m) (p242)Y

719201 T4+p20s
2 o Fluy)
+/ / - &y t d S :| .
101 S0 02014142 (p1.91) (p2,92)
Now, using the values of (I; — I;) in (18) and multiplying g;4,010; on both sides
gives the required result. [

5. Main Results

Within this section, we utilize Lemma 2 as a foundation to derive novel Simpson’s
type inequalities for generalized convex functions. Before presenting our findings, we
introduce pertinent concepts that will facilitate our proofs. Assuming (p,q) = 1, we have

Aql _ 2By (6] 4= 19
1 6P 248 2P 064 8] 19)
. _ 6] 5 [814 (214 —1)—[3] 4 +[2] 4
B =2 [6}3 PR (20)
[6}([3]1? 3 ] (z]u )
e [6} EP
[2] i (8l 4 =2 4)
Az 65 B4 2 4 @
+ 6] 4 (1""[2] 2 )—[5] 4 3] 4 (1'*‘[2}217 )
[2}317 [6] i [3] i ’
o 6] 4 [2] 45 2([3] 4 [6] 4 +1)—[3] 4 [6] 4 ([6] 4 +1)
L 214 Bl 4 P -
4 Bl (8l +1)—[21% (8] 4 +16] 4)
2% [6] 4 3] 4 ’
; 209, -, (Pl —BP )
Astt = —Gpgp, ot 8% ’ @)
_ Bla B2 4 —D)-[2] 4 +8] 4
Bs il 24 1314 BT, 24
3% [8] 4 —[2] 4 3% —[2] 4 +[3)%;
- 24 B B 4 '
Simpson’s Type Inequalities
Theorem 2. We assume that the conditions of Lemma 2 hold. If e Flisa

(F’lr‘ll)'(l’2f‘72)
generalized convex function and integrable on A, then the following inequality holds for right
quantum integrals:

1 5 Oz
a3 2P [5] ) 1 ]:<7'[2, 7Ty + )
[6] (p141) [6] (P2,92) { ! ( (p212) ) 2] (P292)

2)(prq) T O1 (2] (g, + O
+ 7192 ([5](p1,111) - 1) ([ (p2.92) < plpllql ’ [2]p(2p22q2)

[2] )y +0 ),
+ ‘72P? ([5](pz,qz) - 1)]_—(7[2 + Ol’ [ Pasi) + qlpg <[5](P1m) - 1)

(P2.92)
x.7-"<

) 71'2[2} , +Ol
, T4 +Oz> + (]1}73([5](,,1#1) — 1).;:((’71%), 71'4) }

[2] (p1.41)

nz[z](mrql) +0;
[2](1”1/!71)
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+ {%P? ([5] (p1q1) — 1>]:(7T2/ 7ty + O2) + q192.F (712, 4)
+I12P{) ([5](1,2,‘72) — 1).7:(7'(2 + Ol, 7'[4) + plp .7"(7'[2 + Ol, 7Ty + Oz)}

™ o F(ny) .
+ / ~7 2,4 T4
iyt pOs JraimGy 020, (7 m)( x) (p2,92) ()

T qu(x,ﬂ4)+pg]:(x,n’4+(jz)+L]2 <[5] (r212) *1)]: <X,7I4+ 2] ((322[]2) )
/ 7'[2d

o / ) O, 6] () (p11)*
T +p101
o .
- 74 ‘11([5](171471)l>}—<"2+%M)ﬂ’?}-(”yrol/y)* nF(m.y) - .
, AT (p22)
T4+ p202
2,714 92 ]:(7'[1, 7'[3)
< nza(pl' q”’(fi;fg) (A1(p1, 41) + A2(p1,91)) (A1(p2, 42) + A2(p2,92))
(P1, q1) (P2, 12) §
T02,74.9) 2 ]:(7.[1,7.[4)
+ ( P ). (fz fé) (A1(p1,91) + A2(p1,91)) (Bi(p2,92) + B2(p2,42))
( P1, 91) (2 32) S
T2 F (2, 113)
+ | gz (A1(p2,92) + A2(p2,92)) (Br (pr, 1) + Ba(p1, 1))
( m) (2 32) S
702,704,972 F (o, 14)
+ nza(p]' ql)'(ﬁfé) —|(Bi(p1, 1) + Ba(p1, 1)) (B1(p2,42) + B2(p2,42))-
(p1, ) (P2, 92)

Proof. On the right side of Lemma (2), using the properties of the modulus along with the
definition of the generalized convex function, we have the inequality

Ty o,

fO fO (p1,41) A(Pz qz)( ) F ﬂzd(ﬁwl) () md(PMz)(s) (25)

(p1a1).(p212)

72,74 92 ]:(7'(],7'[4+S(jz)
1 p11) 1 (p191).(p2, 12)
< “ 2 d t
- f pZ ‘72 |:f0 ‘ [6](}’71,111) 28(;71,,71) t 48(;72, ‘72) s (Plr‘h)( )
1
A 2 2 F(10,1144503)
(p141) 1 (r1, 91)p2, 92)
+ 1—¢8)|t— = = d t
J ( ) l(py.a1) o) 0 1) S (pra) (1)
1 Blipan) || ™ or ) loa, ) 70D |
+ tHE — 141 npqul PZ‘;YTZ 1_t
1[2](!111,'71) ‘ lpam) erm) ) ° P1 ql) f (P1 a1) )
[5](P ) 7-[2’”43% ) ( )f(ﬂz,ﬁ4+302)
x|t — 141 _ P1, 1)\P2, ‘77T2 d t T d s)|.
[6](V1’q1) ZB(m, '71) t 48(,72’ qz) s (pqul)( ) (PZ/‘D)( )

Using the definitions of the generalized convex function and Ay, 4,) s,

T, 9
0 A(Plf‘h)(t)A(PZ/‘h) § (1) (22) ]:nzd(pwl)(t) md(pz,qz)(s)
N S— 72,74 92 F(my, m3)
2] 1 (Pl 71),(p2, 92) 1,723
< / (r212) {S s — (A1(p1,q1) + A2(p1, 1))
0 [6] (ps,2) 20(py, 1) £ ™9(py, ) 8
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1 7Tz,7f4a% ) )]-(711, Ty)
+(1—s)|s— AL (A1(p1,91) + A2(p1,91)) ¢ d(prg0)(5)
[6](p2.02) "20(p,, 1) £ ™y, ) 9 (r2te)
e 27492 F (12, 713)
2] 1 (p1, q1).(p2, q2)” \'27 703
+/ (r242) {S s — (B1(p1,q1) + B2(p1,q1))
0 [6] (P292) nza(?’lr o)t ma(ﬁz, n) S
1 e ma% )( )]:(7[2/ )
+(1—s)fs — P 107 B2 (B1(p1,q1) + B2(p1,q1)) ¢ d (s)
[6](p.02) "20(p,, 1) t ™0y, g5) S (7212)
}(Pz q2) 7rz,7r4a%p1 91),(p2 qz)}—(nl’ )
v ’ A (A1(p1,01) + Az(pr, 1))
[2](p2 o) { }(Pzﬂh) "20(py, g1) ™0y, g) S
5) o) || 7497 IS )f (1, 7a)
+(1—s)|s — L2 PL (A1(p1,01) + A2(p1,91)) ¢ d(pyy) (5)
[6](p2.4) 9(pl g1) 9, g2) S (p2rz)
1
2] 5 g2 F(mp, m3
+/2(P2,42) {S s — [ ](PZr‘h) (p1, 91),(p2, 92) ( ) (Bl(pllql) +Bz(P1/Q1))
0 [6l(p2a) || ™21, 1) t ™9p2, g2) 8
5] (paa) || ™™ ¥, 1), (92, g (72 78)
+(1—s)ls— : R (B1(p1,91) + B2(p1,q1)) ¢ 4 (s)-
[6] (P2,92) nza(m, m) t ma(pz’ 72) S (p252)

Taking the values of A1 (p;, qi), A2(pi,qi), B1(pi,qi), and Ba(p;, q;), wherei € {1,2}, from
(19)—(22), then after simplification, we have the required result. []

Remark 4. By replacing p1 = 1 = p in Theorem 2, we have the identity

1 7‘[2[2] 1+()1 7'[4[2} ) +Oz O
m |th2[ ] [ ]112‘7:< [;]Lh ’ [;]qz > +‘7%[4]q2]:<7'52r 7T4+ m;)

o} . 2y, + On
+6]%[4]q1}-<7'[2+ [2]: /7-[4) +q%[4]qu<n2 +Olr [g]zq ) +q%[4]171
1 2

O P 1 .
X F 7'(2+71,7'(4+Oz + [qquf(ﬂz, 7r4)+q%[4]q2.7-"(7r2+01,7'c4)
[2]q, (64, [6]4
2 4 A 4 1 2 F
g0 (e Oa) 74 O 00)] = g [ o

92)

) 0, 1 ™
+F(x, 714 4 O2) + @3 [4] (g) F | X, s+ 57— | | ™d x_‘i/ )
(x, 714 + O2) + q5[4] () ( 4 [2](472))] (@) 02[6] g,y /mu+062

) o}
1 F(m,y) + ]:(7T2 + Ol,y) + zﬁ[él] (,h)]:<7'[2 + [2](1),y>‘| 7T4d(q2)y
q

Zd d
0201/+OZ/+O2 (g0 X (g,)Y




Symmetry 2024, 16, 457 13 of 22

mmR o Fm, )
< | B (A1) + Az(q2) (A1(72) + A2 (72))
(q ) (72)
TGN
ql) ﬂz A A B B
+ 715 (A1(q1) + A2(41)) (B1(q2) + B2(42))
( 1) (72)
CR T (72 7)
‘71) q2) B B A A
+ gy g 5 (B1(91) + B2(41)) (A1(q2) + A2(42))
n 2
72,74 92 ]:(7'[2, 7'(4)
| | (By (1) + Ba(1)) (B (92) + Ba(42)):
(q1) (q2)
Theorem 3. We assume that conditions of Lemma 2 hold. If " F is a general-
(pra1).(p282)
ized convex function and integrable on I, where t; > 1 with l + tl = 1, then we have the
1
following inequality:

(0,0,)7" B B 12[2](), )01
CICT ([5](;;1,,41) 1) <[5](PM2) 1)F 2, / 4+[2](p2q2) (26)

p11)
75 (2] +0 . <
pi’]-'(nz,m;—i-m % > pg}'<72 [zgpl’ql) 1,7r4> .7-'<7t2+01,714+7[2] ) )
(r212) (r1m) (P212)
+ - + —1 + 5\ —1 -1
ql([S](lefszl) q2<[5](p1m)71> (r) 41<[5](p2,,,2)*1>
79 [2 o)
4R R

2 prar) 1 PiF (m+01,ms)

+ — — + - +f(7T2,7T4)
(pg) 1q2<[5](p]'q])71) ! [6](/”1/‘11)[6](?72'42) q1 [5](;72»72)71) !

p?]-'(nz,m;JrO'z) }'(712+Ol,n4+(jz) o 1 }2 F(x,m4) oy
P202) | 11,

= - - X
‘72([5](;,1,%)—1) ' (mr}) o O1l6]¢ N (Pr1)

+p101

) Fl xmy+ m——
T 5 U] 4T

P F(xm+0z) ( (p2, ﬂz))

+ f 1492 nzd(l’qul)x + f 2d

) ) ([5] (p1q)*
m+p101 mo+p101 11\l (prg2) ~

O [6] 72 (p202)¥ T J 7192 " (y,0,)Y

s T
_ 1 f4 F(m.y) Ty q ! F’1]:(7T2+ol y)
rrm) T4+ p20, Ty +p20,

]——( Pl'il )md @ £ -7:( Y) n Uy
-1 a¥| + S J 0,0, Hpua*

T
7T4+P202 qz( (r1m) Ty +p20; T+ 20z

p2a2)Y

1
. N 1 1 1 q
< 71920102 (/0 /0 ’A(pwh) EA (o) S ‘ Lprar) t Aiprg) 8 )
2 5]
e a(m 7). (Pz qz)}-(nl’ 73) 2l (pq) 1
2] (p111) 2] (P2,92)

2 ty
i (m 7).(p2, qz)}-(m’ 3)

a( t 48(

1
X
[ 2] (p141) 2] (P242)

T4 32 t
" ma(m 7). (Pz qz)]'—(nl’ )

729 0

PLM p22) S

[2](}72/‘72) B 1
2] (p1.91) 2] (P242)

pra) b p2.q2) S p1.41) pai2) S
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1

142 B F
n ( (p11) ) ( (p242) ~ ) O ), (,,2 o () |
2] 2] 729 %) s :

[ (p191) =1 (p2.92) (pr1) E ™9 (paan)

where0 < g1 <1and 0 < g < 1.

Proof. Applying the well-known quantum Holders integral inequality on the integrals on
the right side of (25),

T, D
D F dipg) thpg | 27)

O« 1 1
‘11‘120102/0 /0 Npran) E A pan) 8

(p1.41).(p2.12)

1

oA 11 " n
< 91920102 (/ / ’A(le) EA(pogp) S ‘ D) t 4(paga) 8 )

ty
( d(lﬂl:fh) td(Pzﬂz) § ) :

By using the definition of generalized convex function, we have

).F(sz + tOl, 7Ty + SOz)
) £ 740

Pl fh Pz q2
(Pl 7

p2.q2) §

TRy 2

NA 1 r1
71920102 fo fo A(Plﬂh) tA(PMz) § ]:d(m,ql) t d(r’zﬁiz) s (28)

(p1a1).(p212)
1

< 0.0 flflA A s|'d td s )"
= n2412 0 JO (p1.41) (p2,92) (P11) (p2,92)

11 74 52 t 709,74 52 f
x| [ [ts 49 m 1), (paap) T T173) 400 a0, (pagn) T (TT1TTA) (1-1)
—1 T T, —T

00 Aprar) t 4 9pya) S (1-s) 20(p1.01) t 49 (pyap) ® s

1
709,74 32 f TT9,7T4 2 t 23
% z 43(,71,,71)/(!]2'[72)]-‘(@,713) + (-t § 46(P1:‘11>(P2 2) F(nz,n4) td( ) S) 1]
(p141) p2/92

nza(mﬂh) tn4a(VM2) $ (1—5)71 nza(m'ﬂl) £ a(Pz ) S

Now, if we apply the concept of Lemma [43] for « = 0 to the above quantum integrals,

we obtain
/1 /1f d td ! (29)
S § = —
0J0 ) (r212) [2](171,@1)[2](?2,@2)
[2](172*?2) —1
/ / o)t paa) = [2](171#1)[2](;72—512)/ 0
[2](P1/q1)
/ / ) t Apraga) § = m (31)

([2](771#1) o 1) ([2](pz,qz) o 1)
/ / (1= )1 = 8)d(py00) t () 5 = 2om P onr - G2

By substituting the calculated integrals (29)—(32) in (28), then we obtain the desired
inequality (26), which finishes the proof. [J
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Remark 5. By substitution of py = pp = 1 in Theorem 3, then we have the following inequality:

(0:02) " [ 4] o g214] iG]
1Blay 1Bla, ‘72%}-(7{2 2y’ 7r4>+ TRl G el I e

x]:(nz +(')1,n4[2[]2ﬁ;02) + q192[4]4, [4 ]qz]:<7'f2 + [2] ’ [2[}2?37;02) T q1£74z]ql

x]—'(nz + [%;1’”4 + Oz)} + B [‘72[741]”25‘-'@2 + Oy, 71q) + F(1m2, 114)

6]g, 6]g
q71[4]4 4 f(ﬂ2+o1,ﬂ4+oz) 1 Ty F(x,m4)
o T (7, £ O) + 02 o1, [fnz—&-(')l e (%)

x,7m4+0
+f m+0; # nqul )+ f 1y +0ky qu(x Tt [2] > Ty, (x)]

_ 1 Tty F(my) my (712+O],y) T4 q 4]'11
02[6][,1 [fn4+02 92 g,y + f 110, 7142 dg,y + fn4+Oz

o F(xy)
x]—'(m + %4/) qzy} +f m+0, f724+é2 O;gyl "2d g, (x)dg,y

1
7

N 1,1 n 1
S’“‘720102(/0 /o [ At Ay 5| tdm)

7,74 2 11 T, 704 32 2]
% 1 ’ 48(111,'71)@242)]:( m1,73) n 2 43([,1),(,72)]:(”1,”4)
T Tt T,
[2}%[ ]qz 20(ppar) F49(pogy) S [Z]m [Z]qz 20qy 1749, s
1
+ 92 2 n4a%7 '12]:(7[2’”3) " + q142 2 n4a$1 '12]:(7'[2,”4) N
&) Ty ) g :
[2]% [2]112 Oy 1740y 8 [z]th[ }qz dgy t 740, s
QY 2

D F| be a generalized convex function and integrable on A,
(P141)(p2.2)
where t1 > 1, and assume that Lemma 2 holds. Then the following inequality holds:

1 m2[2] (p,.q) + O1 O
| (Bl (pra) = 1) (Bl (ppae) — 1 J—'( 1A , T4 +
[6] (p1.11) [6](772,612) [( () ) ( (pa2) ) [2](P1r‘11) m(pmz)

Theorem 4. Let

5 p 5 .
P [5)(ppan) — 1 P35 (prq) — 1 752 +0
1( (p242) )]__ S— 202 N 2( (p141) )]__ 2| ]Z(pl,ql) U
n [ }(PMZ) 12 [ ](Pl,ﬂl)
5 . 5
P15 (ppgn) —1 ) P\ Bl pray —1
n 1( (p242) )]__ T2+ O, 714+ Oy n 2( (p1m) )
7 2] (p242) 12
(2 +0 ) 5F 04,
><.7-“< 2 ](Plrth) 1,7‘[4—1—02) 1 Pi (ﬂ2+ 1 7-[4,)1
2l (pran) [6](p1,91) 6] (p2.2) 7 ([5](%%) — 1)
3F (mp, my + O >p3 . . 1
Y F(m, ) + D (2, 74 2)1 + PP p () 4 O,y + On) | — S ——
92 ([5}(P11‘71) - 1) ni 1[6](p2'q2)

U] , T
. F(x,ms+0y) d(py,q1) %
q1 Jma+p10q 4192 Jm+p10q

1 [m 2
X [/ 4 ‘F(x’ml) d(l’l 111) +ﬁ/
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1

[5] , —1 s )
+((’7”2))/ ? ]:<x,7r4+ 92 )nzd(mm)x

m+p10; 2] (p2.92)

1 N > Tty .
: [ / ‘7:(”2/y)n4d(Pz,QZ)y + oL / F(m + Olfy)m}d(r’z,qz)y

92 St a0 9192 Jry+p20,
+([5](r’1;21>_1) /T:ipzoz 7 <7Tz + miiqﬂm) "4 (ps,00)Y
+Ozlo1 /7:;20'2 /Hjipzoz F(xy) nzd(r’hfh)xmd(iﬂz,qz)yl
< 01920102[K(p1, 91)K(p2, th)]l_%
<t (st | g

1

2,452 F(my,m3) h e F(1,m4) T\
+B A _ (le)f(!”%rqz) +B _ (Pl"?l)'(f';%"iz)
1(p1,91) ( 1(p2,92) 2 01) L (o) 1(P242) (1) F (i) ©
N _1
+ 01620105 [K(p1, 31)T (P2, 42)] 1
274 2 F(my,m3) h 27492 F(m,my) h
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1
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N 1—L
+ 31920102[] (p1,91)K(p2,92)] "
mas 2 Flm,m) |1 T2 Flm,mg) |1
x | A A - (P1ﬂ1)r(P7%/qz) +B (Plt‘il)/(p%'[h)
2(PL1) ( 1(p2,12) 20(p1.01) £ 49 (pyua) 1(p22) () P 0am)
1
2432 F(mm) |1 297 Flrm) |1\ |1
+B +A (r1.a1)-(p2.42) +B ___(ra1)(p2a2)
() ( 1Pz 2prar) 40 (ppan) © 1p22) 2 prar) O (pan) ©

o~ _1
+ 01320102 [] (pr,91) (P2, g2)] 1

7,704 2 t

_ (Pl/'il)'(.”r%‘iz)
2 4
Aprar) b 49 (pra2)

F(m2,73)

+ B2(p2,42)

X
s

t
4 92 F(m,my) |
(pr1).(paz) T 2 ™)
"28(’71’ t

Az (p1,q1) (Az(Pzﬂz)

2,74 52 F(rtp,713) h 27492 F(7t2,74) vk
B A _ (Pqul)'(p%'”lz) +B _ (Vl'ql)'(”g'”)
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Proof. By using the power mean inequality on the right side of (1

7) with definitions
5]
T4

¥t F

of A( ) t and A(
(p1a1).(p212)

s , owing to the generalized convexity of

P11 P2,42)

we find that

2 Fipa tdq
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1 1 1_%
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1
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1 1
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Using the values from Equations (19)—(22) and again using the generalized convexity
of the function on the second coordinate,
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where i € {1,2}. Taking the values of A1(p;,qi), A2(pi,qi), Bi(pi,qi), and Ba(pi,qi),
where i € {1,2}, from (19)-(22) gives us the required result. [

Remark 6. By substituting py = py = 1 in Theorem 4, we have the identity
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Finally, this work proposes novel post quantum integral identities for coordinated gen-
eralized convex functions in the context of the right post quantum integrals, utilizing Raina’s
function. These findings are used to develop the pg-version of a Simpson’s type inequality for
coordinated generalized convex functions. Furthermore, setting p; = p, = 1 yields previously
known results from the literature. Future research can build upon these findings to investigate
new inequalities for different types of generalized convex functions, making use of this coor-
dinated version to explore novel and exciting problems in the field of post quantum calculus.
Overall, this study contributes to the understanding of symmetry in post quantum calculus and
provides new avenues for further exploration in the future. It is worth mentioning that using
the post-quantum calculus approach and symmetric functions one can establish Fejér type of
inequalities on coordinates. This will be an interesting future research topic.
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