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1 Introduction

Integral inequalities are considered a fabulous tool for constructing the qualitative and quantitative proper-
ties in the field of pure and applied mathematics [1-20]. A continuous growth of interest has been occurring
to meet the requirements for the wide applications of these inequalities. These applications are closely
related to the convex functions and have been studied by many researchers using various techniques
[21-32].

Now, we recall the definition of convex function as follows.

Let K € R be an interval. Then a real-valued function g : K — R is said to be convex if the inequality

g¢ + (1 - NY) < Ag(¢) + (1 - Vg¥)

holds for all ¢, 3 € K and A € [0, 1].
For convex functions, many inequalities have been established by many authors, for example, Jensen
inequality [33], Ostrowski inequality [34], hypergeometric function inequality [35], elliptic integral inequal-
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ities [36—41] and so on. But the most celebrated and significant inequality is the Hermite-Hadamard inequal-
ity [42,43], which is stated as follows.
Let ¢ < ¢ and g : [¢p, Y] — R be a convex function. Then the double inequality

"
g(¢+ l/)] 1 -[g(A)dAS g(¢) ;g(l,b) 1)
)

2 v-¢

The Hermite-Hadamard inequality (1.1) has been extensively discussed because it is essential in devel-
oping a connection between the theory of convex functions and integral inequalities. A number of
researchers have dedicated their efforts to extend, generalize and refine the Hermite-Hadamard inequality
(1.1) for different classes of convex functions and mappings. Some recent results on inequality (1.1) can be
found in the literature [44-46].

Let g : [¢, Y] — R be a four times continuous and differentiable mapping on the interval [¢, ] such

that ||g™ ||, = sup [g™®(2)| < co. Then Simpson’s inequality [47]
ze(p,p)

¥
l g(@) + g¥) + Zg(d) + 'I)J _ 1 Ig(z)dz < W - ¢)* 1g@lleo
3 2 2 ) 2,880
¢
holds.

Quantum calculus is the study of calculus without limits and is also known as g-calculus [48]. In
g-calculus, we obtain the initial mathematical formulas as g approaches 1. The commencement of the
analysis of g-calculus can be dated back to the era of Euler (1707-1783), who first initiated the g-calculus
in the tracks of Newton’s work on infinite series. Subsequently, Jackson [49] launched the concept of
g-integrals and studied it in a systematic way. The aforementioned results lead to an intensive investigation
on g-calculus in the twentieth century. The idea of g-calculus is used in numerous areas in mathematics
and physics, especially in orthogonal polynomials, number theory, hypergeometric functions, mechanics
and relativity theory. The concept of g-derivatives over the definite interval [¢, Y] of R is introduced by
Tariboon et al. [50,51], and they addressed several problems on quantum analogs such as Hélder inequality,
Ostrowski inequality, Cauchy-Schwarz inequality, Griiss-Chebyshev inequality, Griiss inequality and other
integral inequalities by classical convexity.

From the last few years, g-calculus has become an interesting topic for many researchers and several
new results have been established in the literature [52—58]. Furthermore, Tun¢ and G6v [59,60] derived the
notion of (p, g)-calculus on the intervals [¢, ] of R, found the formulae for (p, g)-derivative and (p, q)-inte-
gral and established their several fundamental properties. The results that depend on (p, g)-calculus are the
Minkowski inequality, Holder inequality, Griiss and Griiss-Chebyshev inequality and many others. Kunt
et al. [61] gave the generalized (p, q)-Hermite-Hadamard inequalities on the finite interval and some impor-
tant results which are connected with (p, g)-midpoint-type inequality. Recently, (p, g)-calculus has been the
subject of intensive research, and its refinements and generalizations can be found in the literature [61,62].

Now, we recall the definitions and theorems for (p, q)-derivative and (p, q)-integral.

Definition 1.1. [59] Let 0 < g < p < 1and g : [¢, Y] — R be a continuous function. Then the (p, g)-deriva-
tive of g at A € [¢, ] is defined by

SPA+ (1 -p)p) —glgh+ (1 - q)¢p)
P-9A-9¢)

¢ Dpg8A) = A # @)

and

¢Dp,qg(¢) = }E{;}Dp,qg(/\)'
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Example 1.2. Define the function g: [¢, )] > R by g(A) =242 + 1 with 0 < g < p < 1. Then for A # ¢
we have

D, o+ 1= QPR A=PER 4D - Qlgh+ (- ¢ +
b.q

®-9@A-¢)
_ 2[2]p,qA2 + 4¢A[1 - [Z]p,q] + 2¢2[[2]p,q - 2]
) )
_ 2Ap]}r),q(}‘ - ¢) - 2¢[2]p,q (/1 - ¢) + 4¢(/1 - ¢)
) A~ @)

=2[2]pq(A = @) + 4¢.

Definition 1.3. [59] Let0 < g < p < 1and g : [¢, Y] — R be a continuous function. Then the (p, g)-integral
on [¢, Y] is defined by

A
[ s 0-00-0 5 Lol L (1oL
¢ n-o P b

for A € [¢, Y].
If c € (¢, A), then the (p, g)-definite integral on [c, A] can be expressed as

A A c
J-g(x)qup,qx = Ig(X)¢dp,qX - J‘g(x)qﬁdp,qx.
c ) ®

Example 1.4. Define the function g : [¢, ] — R by g(x) = 4x + 1 with 0 < g < p < 1. Then one has

A
I (4x + 1)¢dp,qX =p-q9A- ¢){4 ZO 9 { 6,11+1/\ + (l - p{iﬂ}pJ + Z pczIHl]
b "

= pn+1 p =

_A-9)l4h - ¢ - p - q) + [2]yg]
[2lp.q '

Theorem 1.5. [61] Let 0 < g < p < 1and g : [¢, Y] — R be a convex differentiable function on [¢, Y]. Then

< J g@%@ﬂxSﬂﬂ%%gggg
¢ p.q

g{q¢-+p¢

pY+(1-p)¢o
2lp.q J

- pp-¢)
The definition of (a, m)-convex function was presented by Mihesan in [63] and is stated as follows.

Definition 1.6. Let &, m € (0, 1] and y* > 0. Then the function g : [0, ¥*] — R is said to be (a, m)-convex if
the inequality

g0 + m(1 - A)y) < A% (x) + m(1 - A")g(y)
holds for all x, y € [0, *] and A € [0, 1].

Zhang et al. [64] investigated some inequalities about g-differentiable convex and quasi-convex func-
tions which are linked with the different types of inequalities in g-calculus.

Lemma 1.7. [64] Let 0 < g < 1 and g : (¢, Y] — R be a g-differentiable function on (¢, ) such that oDg8 s
continuous and integrable on [¢, Y]. Then
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1
v-¢

Yiug@) + A - wg@] + A - y)gyp + 1 - p¢o) - 8(X)pdgx

B C—

u 1
=¥ -9 I (A + ypu = V)pDgAP + (1 - D) plodyA + I (@A + yp = D Dyg(AP + (1 = A)@)odgA
0 u

forally,u € [0, 1].

The main purpose of the article is to provide an identity, which is the generalization of an identity
presented in Lemma 1.7, and establish the (p, g)-analogues of different types of integral inequalities via the
(p, q)-differentiable (a, m)-convex functions. By using the new identity with distinct parameters we obtain
some new (p, q)-quantum error estimations for different types of inequalities such as the midpoint-type, the
Simpson-type, the average of midpoint-trapezoid-type and the trapezoid-type inequalities via (a, m)-
convexity.

2 Auxiliary results

In order to obtain different types of integral inequalities through (p, q)-differentiable (a, m)-convex func-
tions, we need several lemmas which we present in this section.

Lemma 2.1. Let 0<g<p<1and g: [, P] — R be a (p, q)-differentiable function on (¢, ) such that
¢ Dy, q8 is continuous and integrable on [¢, Y]. Then

py+(1-p)¢
YPREW) + (= PRIS)] + (= V)somp + (= pR) s 8009 gx
pu 1
=@ -9) I(QA + YPU = V)pDp,g8AY + (1 = N)P)odp gA + | (gA + ypu — 1)y Dp,a8AY + (1 = V) P)odp,qA
0 bu

forally,u € [0, 1].

Proof. By an identical transformation, we get

pu 1
Y- ¢) .[ (gA + ypu — Y)d)Dp,qg(Al/) +(1- A)‘]S)Odp,q]l + J- (gA + ypu - 1)¢Dp,qg(mp +(1- A)()b)odp,q/\
0 pu
1 pu
— - ¢)U (@A -+ 91 = DyDpa8 + (1 = Dlodpd + 1= p) [ 4Dy @ hp + 0= Dplodp|. @)
0 0

Applying Definitions 1.1 and 1.3, we have

1
J‘ A¢Dp’qg(Al/) + (1 - A)(l))odp,qA
0

[ A + (- pA)) — glahp + (1 — g
- | oy ot
J C-00-9)
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__1 l(lp)_(l_i) iq—ngq—"w(-q_"}p] (22)
l/) - ¢ q n=0 pn pn pn
1 1 pY+(1-p)¢
- ety d
qp - ¢)g(¢) P — P)? 1: 8(X)pdy,qx
j 3Dy 8AY + (1 = D) p)ody 4A
- [ gAY + (1 - ph)g) - glghp + (1 - e , ;
) Ap - - @) d, o3
1 0 q_” © n+1 [ B qn+1j ]
_¢,|;§)g[pn¢+[ j ] g [ n+1 pn+1¢
_8W) -5@
p-¢
PH
f 3Dy o8 AP + (1 = V) Pody 4A
0
_ T A + (- pe) - gghp + (1 - )
B '[ Odp,q}l

A(p - Q) (ll) - ¢) (2.4)

q" ~ q_n ~ o qn+1 ~ qn+l
= ¢[Z g[ —puy + ( p,,pujqu ,;g[P"“pW + (1 pmpqubH

_ 8w + A -pu¢) - 8(¢)
b-¢

Substituting (2.2), (2.3) and (2.4) into (2.1), we obtain the desired result. O

Remark 2.1. The following statements are true under the conditions of Lemma 2.1.
(1) If u = 0, then we get
pY+(1-p)¢

! g0pdpax = () — ) j (A — DDy g8 + (1~ ) lody 4.

p - ¢)

8(¢) -

(2) If p = u =1, then we have
p+(1-p)¢o

! gW)pdpgx = (p - ) j A pDp g8 + (1 = Vp)ody g,
0

p - @)

sW) -

(3) If u =1/[2]p,q, then one has

qg(¢) + pg() qp + pY
=AY SO =Ab 4 1-
Y. A Te ( 2l

B 1
p - @)

pY+(1-p)¢
J g(X)¢ dp,qx
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p

[2lp,q
~w-9) | (qA - #}Dp,qg(w + (1= Dlody !
0 p,q

1
N J [q;l L Pv-D-gq 6 Dp 8 + (1 = V))odp,gA |
> [2]P,ll

[2lp,q

Remark 2.2. If all the conditions of Lemma 2.1 are satisfied, then the following four statements are true:
(1) If y = 0, then we get

1 pY+(1-p)¢
1- - d

gonp + (1 - pw)¢) ) 8(X)gdp qX
(2.5)

pu 1

= - ¢){J‘ qAyDp o8(AY + (1 = V) P)odp A + | (GA = DpDp q8(AY + (1 = A)P)odp, 47 |.
0 pu
Let u = 1/[2]p,4 in (2.5). Then we acquire the midpoint-type integral identity
pY+(1-p)¢
q¢ + py 1
- d
s [ g J P - ¢) l 8Wlodnax

v (2.6)

2p,q 1

-9 | apDuag @+ 1 - VPlodood + [ (@ - DpDpaghp + (1 - Ddod? |
0 2lp.q
which was proposed by Kunt et al. in [61], and equation (2.6) leads to Lemma 11 of [65] if p = 1.
(2) Ify =1/3, then we get
1 1 pyp+(1-p)¢op
E[pug(lll) + (1 - pwg(@) + 28(puy + (1 - pp )] - 20 8(X)pdp,qx
pp .

== 9| [ (a1 + P, 0800 + (1 - Dhodnd @)

0

1

N j (q/l P B 3j¢Dp’qg(/\l/) + (1= Nplodpeh |

pu

In particular, if y = 1/[2], 4, then equation (2.7) leads to the Simpson-type integral identity

pY+(1-p)¢
1 {qg@) +ps®) | 2g[q¢ + pl/)ﬂ o1 g(X)gdp,qX

3 [z]p,q [z]p,q p(')b - ¢)

g
(b - __4 _
=@ -9 ! [q/l 3[2]p’qJ¢Dp,qg(/llp+(l N Plody g7

1
_2p+3q _
+ j {q)l 3oL, j(pr,qg(/\l/J + (1= V) Plodp,qA ;.

p
[2lp,q



1836 —— Humaira Kalsoom et al. DE GRUYTER

(3) If y = 1/2, then one has
pY+(1-p)¢p

1 1
E[pug(ll)) + (1 -puwg(p) + soup + (1 - pwP)] - F) 8()pdp,qx

pu

== [ a0+ P, 80 + 0 - Dadah 08)

0

1

-2
. I (q/l ; WTJ(ﬁDp,qg(Alp + (1= Dlody oAl

pu

In particular, if u = 1/[2],4, then equation (2.8) gives the average of midpoint-trapezoid-type
integral identity

11 qg(¢) + pg() qb + pp L e
2 - d
2|: 2lp,q + g[ (2lp.q j:| pp — ) g)pdp,gx

p
12lp,q

— () — __ 4 _
=@ - ) !(q/l 2[2]p,q]¢npng(mp+(1 N Plody. oA

+
—

{q}( _ 2[;—]2CIJ¢Dp,qg(Alp + (1 = D P)odp,qgh
p.q

2lp,q

(4) Lety = 1. Then we get

. pY+(1-p)¢
1- - d
pug() + (1 - pwg(@) P 8(X)gdp,qx
. (2.9)
=) [ @A+ P - D8 + (1 - Dblodpah
0
Let u = 1/[2]p,4- Then equation (2.9) leads to the trapezoid-type integral identity
@) W) . p+(1-p)¢
qs + p§
- d
[z]p,q p(l/) - ¢) g(X)¢ p,qx
(2.10)

1
- -9 [ o~ o 19D,080 + (1 - Dodyh
N o,

which was proposed by Latif et al. in [66].
In particular, Lemma 3.1 of [55] can be derived from equation (2.10) if we take p = 1.

The following Lemma 2.2 can be obtained immediately from Definition 1.3.

Lemma2.2.Let0<g<p<1,0<pu<1landée [0, c0). Then we have

Py ) EDn e £l
q W -qap

I Kodp A= (0 - Ops Y H ST gt

0

n=0
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and
pbu 00 q" q" £
Ja- vt -0-an 3 Ol Tyl
0 n=0 b b

Lemma 23.Let0<g<p<1,y,uc[0,1] and & € [0, o). Then we get
2%

| #1ar - & - ywlody.n

0

V1()” bu, 5)

K - pty -~y @0 -t
p{+1 _ q{+1 p§+2 _ q§+2 ’ Y H=Y,
120 - @ - ypw PP - g8 - Pt + gt
- q{+1(p{+1 _ q§+1)(p§+2 _ q§+2)
&+2 _ E+2 E+1 _ &+l _
qu-*“(p — qQ)p urp - Qpt(y - ypu
+ p$+2 _ q$+2 B p{+1 _ q£+1 ’ (y + Q)pll >y

and

pu
Valy, i, £) = j (1 - DEI@GA - (v - ypilody A
0

© qn qn+1 qn ¢
(p—qu—n(y—ypu— nu}(l——nyj, v+ Qpu <y,
n=0 p p p

X n-1 n n-1 4
- [Zm—q)(y—ypu)zz%[l— : j[ -4 (y—ypu)]

n+1 n+1
n=0 b )4

®  n n+1 n \¢
-p-Qu) %[y ~ Ypu - qpn uJ(l - q—nuj } (v + @pu > y.
n=0

Proof. If (y + g)pu < y, then it follows from Lemma 2.1 that

pu pu
j 1@~ (v — yoi) | odpgd = j [y - Yo A — gé*1] o, A
0 0

_ W0 -ty —yow g0 - @p*?
p§+1 _ q§+1 p{+2 _ q{.,.z :

If (y + g)pu > vy, then from Lemma 2.1 we get

y=ypu
b

§2 Tq
I KlgA - (y — ypw)lodpgA = J ((y = ypwAS = gA¥* o dp oA + J [@+ = (y — ypu)A¥] o dp,qA
0 0

Y-YPU
q

=2 | 10 - vk - ¥ odpd + [ 10K - - ypuATodod
0 0
_ 20 - - ypw PP - ¢ - pt 4 gt
q£+1(p{+1 _ q{+1)(p£+2 _ q£+2)

L P - @pt? e - @pttiy - ypp)
p£+2 _ q§+2 p£+1 _ q{+1 :
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Similarly, we also get

qn+1 qn ¢

®-9u Z po [y ypu - p—uj(l - Fﬂj . Y+@pu<y,
n=0

pu )

X n-1 n n 3
j (1= DG — (¢ — Yo lodpqA = {z(p - @) - ypu? ). %(1 - p‘{mj (1 - zml(y - YPH)J
n=0

qn+l qn 4
- (- qu Z [y YPH — p—u](l - Euj . W+ P>y,

which completes the proof of Lemma 2.3. O

The following Lemmas 2.4-2.9 can be obtained by using the definition of g-integrals, we omit the
details of their proofs.

Lemma 2.4. Let0 < g<p<1,y,u € [0,1] and ¢ € [0, c0). Then we have

vy pis £) = j 1A — (1 - ypp)lody oA

®-r*'(-yppw)  qp - gpt*?
p{+1 _ q5+1 p{+2 _ q{+2 ’

2p - @)1 — ypu)s+2(p5+2 — g5 — pt* + ¢*Y)
$+1(p¢’+1 _ q£+1)(p¢*+2 _ q§'+2)

ypu +q<1,

40 -qp? (- @p*(1 - ypu)
p.{+2 q§+2 p£+1 _ q{+1

} ypu +4q>1

and

VilYs P> &) = j (1= DEIgA — (1 — yp)l ody A

* n n+1
-9 ) ‘fm(l—ypu—q )[1—
n=0 b

pn+1 1)’ yp}l+q31,

o n-1
- {z(p — @)1 - ypu? ), qn 1- m]

n=0

& qn+l
_(p_qz n+l( _ypy_pnﬂj[

4
ypu)j

*c

p

j} ypu +q > 1.

Lemma 2.5. Let0 < g<p <1,y,u € [0,1] and & € [0, co). Then one has

pu

Vs(y, DI, €)= jAﬂqA (1 - yp)lody,g)
(0]

E+1(yy _ §+1(1 = E+2(y _ ) £+2
wrip {?1)19 §+1 YPU)  qu :S q{ﬁ T —
Pt -gq Pt —-q
2(p - )1 - ypu)* 2 (p**? - ¢ - p*l + ¢°Y)
= q§y+1(pf+1 _ qf+1)(pf+2 _ q{+2)
E+2(p _ £+2 E+1(y, _ E+l(q _
g v - qp petip - qp* (1 - ypu)
TR g2 PEr g » v+ q@pu>1
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pu
j (1= DEIgA = (1 - y)lody oA
0

Vs(ys DU, &) =

ql’l

qn+1 4

- q)uZ [l—ypu——u][l— nu},
< p" p" p

o-an-m 55 55

[(p 9 - yu) nZO ) P o

qa

& n+1 n
—(p - 1- B -
-y §= [ ypu ][ o

Lemma 2.6. Let0 < g <p <1landy,u € [0, 1]. Then we have

n-1 n
q

n+1

qn
Iz

vi(y, pY) = I [gA — (v = yp) | odp qA

qu*p?
R2lg
20y - yp*([2lp,q -

q12)p,q

ypu(l — pp) - y+a@pu<y,

1 2,2
) L b
[2]p.q

Lemma 2.7. Let0 < g <p <landy,u € [0, 1]. Then we get

ve(y, pu) _[ [gA — (1 - ypu)lodp 42

p

[2]p,q

2(1 - ypp)*([2lp 4
q[2lp.q

ypu +q <1,

~ YPK,

-1) p

>

(2lp.q

+YPU —

Lemma 2.8. Llet0O < g<p <1landy,u € [0, 1]. Then one has

- ypu(l - pp),

(a,m)-convex mappings =—— 1839

y+@pu<i,

1

£
1- ypu)j

1

3
u)] } y+q@pu>1

y +@pu >y.

ypu + g > 1.

24,2
pu pu(l - ypp) - [g] Ly y+@pu<l,
vty i) = [ 1aA = (1 = ypwlody g - b.a
’ P TN 21 - Y20y - D) g
0 + -pu - ypwx, (v +qpu>1.
q2lp,q (2lp.q
Lemma 2.9.Let0<qg<p<1,y,uc|0,1] and o € [1, c0). Then we get
© n qn+l o
-9 Z n+1(1_ypy_pn+1) , O0<ypu<l-g,
v g\’
(p Q)(l - yp'u)0+ Z pn+1 pn+1
0
Vio(y, pp) = _[ lgA = (1 = ypw)I° ody A = o .
+(p - q) z;) ({Hl[ZnH -1 +yp}1J
n=|
(p il o qn—l qn o
- -yt Y Tl = -1 | 1-g<ypu<l.
n=0 p p
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3 Main results

Theorem 3.1. Let0 < p <P <00,0<g<p<l,a,me (0,1]and g:] > 0,00) — R be a (p, q)-differenti-
able function on J° (the interior of J) such that 4D, , g is continuous and integrable on [O, %J and |y D, 48l is
(a, m)-convex on {0, ﬂ Then the inequality

p+(1-p)¢op

yloug@) + 1 - pwg(@)] + 1 - y)gpup + 1 - pu) ) - m 8(X)pdp,qx

< min[Hl(y’ pll, a, m)’ HZ(y’ PH’ a, m)]

holds for all y, u € [0, 1], where

H(y, pu,a, m) = - ¢>){[vl(y, DU, @) + V3(y, DU, @) = Vs5(y, DU, &) ]1p Dy a8(W)| + mv(y, pp)

+ vg(y, pu) — voly, pu) — va(y, i, @) — v3(y, by, @) + vs(y, pU, )] ’ #Dp.q8 (%j

Hy(y, pu, a, m) = (i - ¢){[V2(Y, DM, ) + Vi(y, DU, @) — Ve(y, DM, @)]lp Dy 8(P)| + mlv,(y, pu)

+Vg(ys PU) — voy, PH) — vy, DU, @) = vy, DU, @) + Ve(Y, DU, @) ] ‘ qSDp,qg(%j H

Proof. From Lemma 2.1, the property of the modulus and the (&, m)-convexity of |, D, ;8| we have

pY+(1-p)¢p

YPRSW) + (1~ PS@)] + (L= V)glomh + (L= pR) — s 80y gx

pu
<@p- ¢ j 1G4 + yP1 — Yl g Dpg8 i + (1 — V) lodp g
0

1
+ j 1A + YPU — 11| 4Dy + (1 = V) lody g
pu

pu
<@ -9) I lgA = (y = yp) | A% Dp,qg8W) | + m(1 - A%) odp,gA
0

#Dp.q8 (%j

1
N j 1A — (1 - ypw) A1y Dy g ()] + m(1 - A%) o qh

pu

¢Dp.q8 (%j

bu 1
— - ¢) U A1gA = (v = yp)lody oA + quA — (1= yp)lody gh
0 0

pu pu
- j A%gh - (1 - ypu)lodp,qA}pr,qg(abn + m“ 1gA - (v - ypu)lodp oA

0 0
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1 pu
N f|qA—<1—ypu>|odp,qA— j A — (1 — ypi) o dp oA
0 0

pu 1
- I AgA = (v - ypi)lodp,gA - I A gA - (1 - ypu)|odp,qA
0 0

pu

N j Agh - (1 - ypu>|odp,qAN4,Dp,qg[%j‘
0

pu 1
<@ -9) U (1= A)%gA = (y - ypi)lodp,gA + f 1 - A"
0 0

pu
X 1gA — (1~ yp)lodp,gA - j (1- A)gA - (1 - ypu>|odp,qA}
0

bu 1
% 1 Dp.a8(d)] + m“ 1A — (v — ypu)lody oA + j g — (1 - yp)lody oA
0 0

bu bu 1
- j A — (1~ yp)lodpgh - j (1= DI gh = (y — ypu)lodp oA - j (1 e
0 0 0

pu

x|gA = (1 - ypW)lodp,qA + j 1-2A)%gA - (1 - yp}‘)'odp,q/l:“wp,qg[%]‘ .
0

Using Lemmas 2.3-2.8, we get the desired result. O

Corollary 3.1. Let u = 1/[2],,4. Then Theorem 3.1 leads to

pY+(1-p)¢
a8(9) + ps(¥) +(1- y)g(q¢ * pl/)J - ! g)pdp,qx

[z]p,q [2]p,q P(ll) - ¢)
i _b_ _p
<min [Hl (y’ [z]p,q » 4, m}9 H2 (yy [z]p,q s Ay m}‘|-
Remark 3.1.

(1) Let y = 0. Then Corollary 3.1 gives the midpoint-type integral inequality

) pY+(1-p)¢
g 99 + Y - I g(X)¢dpqx | < min| H|O0, L,a,m , H>| 0, L,a,m ,
f [2lp.q [2lp.q

[2]p,q p(l/) - ¢)

where

D [([2]p,)*? = @**2 + ¢** )] (p ~ q)
H 0, T~ 2 K = - D
1{ [Z]p,q a m] (¢ lp)l:([z]p,q)(“z(paﬂ _ qa+1)(pa+2 _ qa+2) |¢ pqg(l,[))|
wp’qg(%j

a+2 _ a+2 a+2 _ 2
+m{([qu2 [(121p.q) ®*2 + q*)](p q)}

z]p,q)3 ([z]p,q)a+2(pa+l _ qa+l) (pa+2 _ qa+2)

}



1842 —— Humaira Kalsoom et al. DE GRUYTER

2

3

%)

p p » »
H| 0, —, = 0, a|-vlo -2, D
2[ 2y m] v ¢)ﬂ [ 2lp,q ajw‘[ 2lp.q a] V{ 2lg aﬂw p.a8(@)l
2qp? p p ‘ (4,]‘
_ 0, —, - 0, —, 0, ———, LAl
m{([z]mﬁ V{ (2lp.q aJ 4[ [2lp.q aj+v6[ (2lp.q aH #Dpa8 m

In particular, if a = 1 = m, then we obtain

a6 + i . pY+(1-p)p
g( ] - g(X)pdp, gx
2 _
[ ]p,q P - @) (3.0)
3p? 2p* + 2p%q* + 2p°q - 3p?
< - D D s
W (Ib)é{([z]p’q?(pz Tt D |pDp.a8W)1 + Q0"+ pa + D) lp p,qg(d’)q

which was proposed by Kunt et al. in [61].
Let p = 1. Then equation (3.1) becomes Theorem 13 of [65].

Taking y = 1/3 and a = 1 = m in Corollary 3.1, we get the Simpson-type integral inequality

1[ ag(¢) + pg(w) b + py T
§{u+ 2g(q p H_ €00

[z]p,q [z]p,q P - @)

<min B L, 2 11| L, 2 11|
3 2l 3 [2lpg

If g —» 1T and p = 1, then we obtain

]
%{g(¢)+g(lp)+2g(¢+lpﬂ_(lpid))Jg(x)dx < 2= D) + gl

2 2

which was proposed by Alomari et al. in [67].
Lety = 1/2 and @ = 1 = m. Then we get the average of midpoint and trapezoid-type integral inequality

1[ gg(@) + pe)  (qp + p I
E{qg s +g[q p H_ gy gx

[z]p,q [z]p,q P(l/) - ¢)

<min| B[ L, 2 11] BBl L P11
2 [2pg 2’ 2l

If g — 1" and p = 1, then we obtain

1| g(¢o) + g@) b+ V-9, )
5{ : +g[ . H o ¢)jg(x)dx < FLlgwel + 5@,

which was proposed by Xi et al. in [68].
Let y = 1. Then we get the trapezoid-type integral inequality

p+(1-p)¢p

qg(¢) + pg(h) 1 . p p
- d = H; 1, s Uy ’ H 1: Ty 0 KA .
Phe PO P l 80 dnax| = mm{ { 2" mj { 2" mﬂ
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In particular, if a = p = m = 1, then we obtain

¥
qg(p) + g) 1 1+4q + q° 1+3¢*+2¢°
_ d < _ 2| 2P MY ad p 1+3q° + 2q° ’
2l v-e l Fwer| = H (2Bl * W) + ([21)" 13 #PeE(®) '}

which was proposed by Sudsutad et al. in [55].

Theorem 3.2. letO < p <P <00, r>1,a,me (0,1],0<g<p<landg:]>[0,00) = R bea(p, q)-dif-
ferentiable function on J° (the interior of ]) such that 4D, g is continuous and integrable on [O, %} and
lpDp,q8I" is (a, m)-convex on {0, ﬂ Then the inequality

py+(1-p)¢

YPRSW) + (= RIS@)] + (= Y)SoRd + (- p) - — T 80)pdygx

< - ¢)min[T(y, pu, a, m, r), Ty, pu, a, m, )]

holds for all y, y € [0, 1], where

1
r:|,

1
r

:

Ty, pu, & m, 1) = v (y, py){w(y, PUs A)lgDp e 8W)I" + m(vs(y, pu) — vs(y, PH, @) ‘¢Dp,qg(%J
WP,qg(%J } )

L(y, pu, a, m, 1) = V§‘;(y, ) vy, pu, @) g Dp g g(P)I" + m(vs(y, pp) — vy, pu, a)) ‘qup,qg (%j

+(1-y) (pu)l‘{ﬂ(pu, @) lpDp,a8W)I" + mhxy(py, )

+ (o) (1 - y){Fs(pu, ) lp Dp,g8(P)I" + mIL(pu, a) ¢Dp,qg(%} }
and
Py ya+l(p _ q)pa+1
Lipp, a) = 1[ Aody A = T _get (3.2)

Py a+1 _ a+1

L(pu, ) = f (1- A9 ody A =pu - L _LZDP_ pa(ﬁ - ?1)“}31 , (3.3)
0
bu 0 n n a

Gy, a) = j (1= D%dp A= @ -p Y q—n(l - q—nuJ , (3.4)
0 n=0 b p
Py ©  _n n \&

Lu(pu, @) = I 1= 1=ADodpgd=pu-®-qQu ) %(l - %Hj (3.5)
0 n=0

and vs(y, pu, a), vy, pi, a) and vg(y, pu) are defined in Lemmas 2.4 and 2.7, respectively.
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Proof. Using Lemma 2.1 and the power mean inequality, we have

pyp+(1-p)¢dp

1
p - @)

yipug@) + (1 - ppg(@) + 1 - y)glpuyp + (1 - pp) @) - 8(X)pdp,qx

1 1
1-1 1

1 1
<@-9)| [ 1ot - a-ywlodat| L | 1t - @ - yowily D, g0 + - A>¢)|f0d,,,,,/t] 3.6)
0 0

1
T

o 17 pu
-y flodp,qAJ [j |¢Dp,qg(m/»+(1—A)¢)|'odp,qAJ :
0 0

Utilizing the (a, m)-convexity of |4 D, ,8I", we get

1
j 1A — (1~ yplly Dy A + (1~ DI oy A
0

1
< _[ lgA - (1 - ypu)I{Aalqup,qg(lP)I’ +m(l - A%)
0

el

Lo
! (3.7)
= [I A%gA - (1 - ypu)lodp,q/\] lp Dy, o8I

0

r

s

1 1
+ m[J lgA — (1 - ypWlodp A - I Agh - (1 - ypu)lodp,q/\J ‘¢Dp,qg(%j
0 0

pu
j 16Dy + (1 = MBI o, A

0
pu

< j {Aﬂlq,np,qg(w +m - A% 4D, .8 [%j
0

pu pu
- “ A“Odp,q)t}d,np,qg(zp) - m[J (- Aa)odp,qA] ‘¢,Dp,qg(%j
0 0

Using (3.7) and (3.8) in (3.6), we get

}odp,q/\ (3.8)

r

pp+(1-p)¢op

! 800) pd,, ox

p - ¢)

yloug) + A - pg(@)] + A - y)gppy + A - puw¢) -

-1 /1
HIMM —a- ypu>|odp,q/1}|¢np,qg(¢> r
(0]

b ]

1 1
+ m“lqﬂl - (1 - ypwlod, A - IA“IqA -(1- ypu)lodp,q/\J ‘qup,qg(zj
0 0
pu pu (;b
{j Aaodp’qAJ|¢Dp’qg(lI)) Ir + m{J‘ (1 — Aa)Odp,qA] ‘(PDp’qg(E)
0 0

1
< - ) Ulqﬁ (- ypwlod, A
0

+(1-y) W

1
r
r:l
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Similarly, we get

1
[ 12 - @ - vl Dy (80 + 1 - VP od,
0

1 r
< J lgA - (1 - ypu)l{(l - )%y D, &P + m(1 - (1 - A)%) ‘¢D,,,qg [%) :|0dp,q/1
0
1
= [I (1-2%gA - (1 - ypﬂ)lodp,q/\] lp Dp, o8P
0

r

1 1
+ m[j @ - 1= yplody A - [ (1= Arlar - (- ypu>|0dp,qA] ‘¢Dp,qg(%j
0 (0]

pu
| loDpggt + - HPIFod, A

0

pu
< | {(1 — N1y D, g@)F +m( - (1 - A
0

Y

pu pu
: “ - A)“odp,q/t} 16 Dp g SO + m{j (a-a- A)%d,,,qAJ ‘¢Dp,qg(%j
0 0

Y}Odp,q)l

r

Using (3.10) and (3.11) in (3.6), we get
p+(1-p)op

1
1- 1- b+(1- -— d
ylpug®) + (1 - ppg()] + (1 - y)g(pub + (1 - pp)a) P 8(X)pdp,qX

1 -7 /1
<@ - ) U gA - (1 - ypu)lodp,q/\] U (1- )lgh - (1 - ypu)|odp,qAJ|¢Dp,qg(¢>r
0

0

m
0

1 1 " 11’

N m[j A — (1 - yplody gl - j (1 - A)elgh - (1 - ypu>|odp,q/t] ’¢,D,,,qg["’) ]
0

1

r r

pu pu
+(1 -yt [ I a- A)“Odp,q)l} lpDp.a 8D + m[J 1-(1-29 Odp,qA]‘ ¢Dp’qg(%]
0 0

Therefore, the desired result follows from (3.9) and (3.12) together with Lemmas 2.4 and 2.7.

— 1845

(3.10)

(3.11)

(3.12)

O

Theorem 3.3. Let0 < p <P <00,0<g<p<l,r,s>1withrl+sl=1ame(0,1]and g:]J> [0, )
— R be a(p, q)-differentiable function on J° (the interior of ]) such that 4, D, ,g is continuous and integrable on

{O, ﬂ and |¢Dp,qg|’ is (a, m)-convex on {O, %] Then the inequality
1 pY+(1-p)¢p
ylpugs) + 1 - ppig(@)l + A - y)gppy + A - pp ) - ——
r - ¢)
< (Y — ¢)min[Ki(y, pu, @, m), Ky, pu, a, m)]

holds for all y, y € [0, 1], where

g(X)¢dp,qX
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¢ rj|}

¢Dp,qg [EJ

Ki(y, pu, a, m) = vl%(y, pu){nz(a) lpDp, e8I + m(1 - n,(a))

Wp,qg(%j T,

¢ r:|r,

+1-y) (p;u){n(pu, @) |pDp,q8(W)I" + mIx(py, a)

l

Koy, DM, @ m) = Vig(y pu)[ng(m lp Dp,q8(@)I" + m(1 — nz(a))

sy

+(1- y)(pu){Fg(py, @) |pDp,q8(@)" + mI4(py, a)

1
pb—-q
n,(@) = ! Aodp g = P g

n O\
(1 - pqulJ

and Ti(py, a), L(pu, a), I3(pu, @) and T,(py, a) are defined in Theorem 3.2.

1
ns(a) = I (1= Adpgr = - q) Z pc{m
o n=0

Proof. Using Lemma 2.1 and the Holder inequality, we have

pyY+(1-p)o
YPHS(H) + (L= PRSP) + (1 = Vglou + (L= pp)d) — llf_ 5 80l gx

1 1 ¥

<@ - ¢) I lgA — (1 - ypu)lsodp,q/lJ U lp Dp,q8(AY + (1 - A>¢)|’odp,q/\] (3.13)
0 0
pp S pu ;

f1-y) j 1Sod,,,q/1} U o Dpg 8 + (1 —A>¢>|'odp,qA] :
0 0
Utilizing the (a, m)-convexity of |, Dy 48[, we get

1 1 .

| Dpagw + (- Dgod, ot < | {A“|¢Dp,qg<¢>|' + (1= 1|,y 08 (%) }odp,q/l

0 0

) ) i (3.14)
= [I /\aodp’q/\}prng(lp)V + m[J‘ a- Aa)odp,q/lJ ’;{,Dp,qg(%J
0 0
and

pu pu o\

j 1pDp.a8 A + (1 = DN o, A < j {A‘* s Dy g8 + m(1 - A9) ¢Dp,qg[;j }odp,q/l

0 (0]

(3.15)

r

o pU
:[ f Aaodp,qAJ|¢Dp,qg<¢)|' + m[f (1- A“>odp,qAJ ‘zﬁDmg (%] '
0

0

Using (3.14) and (3.15) in (3.13), we get
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py+(1-p)d
Ylpug(h) + (1~ pg(@)] + (1 - Y)gou + (1 - p)) - m 800y o
1 rr 1 . }
< - o] [l (4 - yady A Hj/taodp,qAJ|¢Dp,qg<¢>r : mUa - Aa>odp,qA]‘¢Dp,qg 2] ] G.16)
0 0 0
pu pp ¢ r %
+(1-y)(pu)s jA“Odp,qA] lp Dy, o8N + m[_[(l - Aa)odp,q/\} ’d)Dp,qg(;] } :
0 0
Similarly, we get
1
j|¢Dp,qg(A¢ + (1 =P [odp,A
0 ) r
< J[(l =D PDpeg(@) + m(1 - (1 - )% ¢Dp,qg(%] }Odp,q}l (3.17)
0
1 1 .
- Ja- A)“odp,qAJ DD + m“(l ~a- /o“)odp,qAJ ’qup,qg[%j
0 0
and
pu
[ 16pagw + @ - V9o, A
0
pu l/) r
< j {(1 — N1, D, @) + m(l — (1 - 1) ¢Dp,qf(;] }odp,,/t (3.18)
0
pu oy o[
- [I - A)“odp,qA] 16Dy 8@ + m[f a-a- A)ﬂ)odp,qA]‘¢Dp,qg [Hj :
0 0
Using (3.17) and (3.18) in (3.13), we get
, pY+(1-p)p
YIF@) + (1 - g + 1 - y)gbup + (1 - pu¢) - FURETD) 8(X)gdyp,qX
1 s 1
<@W-¢) Ulq/l -(1- ypu)lsodp,q/\] Mf(l - A)“odp,qAJl¢Dp,qg(¢)lf
0 0
1 (3.19)

1
" m[I(l -a- A)a)odp»q/\]‘cﬁDp,qg [%)
0

oy pu
Ja- A)“odp,qA]qu,qg@)r E m[j a-a- A)“)odp,q/t] ‘wp,qg(%]

0 0

1
[
r]

Therefore, Theorem 3.3 follows from (3.2)-(3.5), (3.16) and (3.19) together with Lemmas 2.2 and 2.9. O

+(1 - y) (ppy

Remark 3.2. If we puty = 0, %, %, land u = ﬁ in Theorems 3.2 and 3.3, then we can get the midpoint-type
J

integral inequality, the Simpson-type integral inequality, average of midpoint and trapezoid-type integral
inequality and the trapezoid-type integral inequality, respectively.
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Next, we establish the (p, q)-integral inequalities involving the product of two (a, m)-convex functions.

Theorem3.4. Let0 < p <P <00,0<g<p<l,m,a,me (0,1]and f,g:] > [0, c0) - R be continuous
} such that f and g are (aq, m)-convex and (a,, m)-convex on {0, ﬂ respectively. Then

and integrable on {O, %
the inequality
1 ]
" If(X)g(X)(pdp,qx < min{Ly(ay, a, m), La(ay, ap, m)}
¢
holds, where
p-q p-q pP-4q ¢ ¢
L@, ap, m) = m2|:pa1+az+1 — garartl - patl — gatl - prarl _ gl + 1:|f(;jg(zj
P-4 p-q P-4 ¢
e qa1+a2+1f(ll))g(l/)) + m{pazﬂ g para qaﬁazﬂ}f(;jg(ll))
p-q pP—4q (o)
+ |:p0!1+1 _ qa1+1 - pa1+a2+1 _ qa1+a2+1:|f(¢)g(z}

Ly(ay, ap, m) = m*[A(ay, o) — Aoy) — A(a) + 1]f [%jg (%j

+ AMay, @) (P)g(P) + m[A(em) - Aay, )] f(P)g (%j

+ m[A(ay) — Aay, )lf (lp]g(qﬁ),

m

1 0 qn n \ta
Ma @) = [ (1= 5reod, A= 0 - ) Y, (l J
0 n=0p p

and

1 o
Aa) = '[ A-d, A= -q) Y p‘fm [1 - p‘{m} (i=1,2).
n=0

0

Proof. Let A € [0, 1]. Then it follows from the (a;, m)-convexity of f and the (a, m)-convexity of g that
(3.20)

FW + (- D) < A9F(@) + m(1 - M)f(ij

and
S + (1 - V) < A®g() + m(1 - Aﬂz)g(%j. 321
Multiplying (3.20) with (3.21), we get
Fp + (1~ D)gp + (1 - ) <A G)g(p) + mA(1 — Aw)(1 — A)f (%jg (ﬂ] .
3.22

"’]g«p) + mAs(1 A“Z)f(lll)g(;j-

+ mA%(1 - /t“l)f(—
m
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Taking the (p, q)-integral for (3.22) with respect to A on (0, 1) and by using Lemma 2.2, we get

1
[ £+ 0= Vg + 1 - Hlodyat
0

p-4q p-4q p-4q AN p-4q (3.23)
< m2|:pa1+a2+l _ qa1+az+1 - pa1+1 _ qa1+1 - pa2+1 _ qa2+1 + 1:|f[_Jg[_j + pa1+a2+1 a1+a2+1f(l’b g(l’b

m m -
+m{ P-4 - b-a + +1}f(£jg(l[))+m{ £_q 1 + ﬁ_anr +1:|f(l’b)g(£j
paz+1 _ qa2+1 pa1+az+1 _ qlx1 a m pm _ qal pa1 o+l qe a m
Similarly, we have
1
| faw + @ - 01z + 1 - Dprody A
0
1 1 1 l/) ll)
) [ [0 amonda [ o amada- [ o aeod s 1],{;)4;)
0 0 0
. . . (3.24)
_ a+ao _ o _ _ a+ay ﬂ
. j (1= Ve od, AF(@)g(@) + m j (A=l — [ 0= Neod, 2| Fi)g
! m
1
+ m[J. 1 -1%od, A - _[ (1 - A)ure d QAJ ( ]g(tﬁ)
0
Some simple calculations lead to
]
jf(/hp A= DEZY + (1= DPodph = 57 [ 1008009 0x. (3.25)
¢
Therefore, the desired result follows easily from (3.23) to (3.25). O

Corollary 3.2. If we choose a; = a, = a in Theorem 3.4, then we obtain

b

where
P-4 2(p - q) b\ (¢
Ly(a, m) = mz{pzau g - parl — gott + 1}f£EJg(E

p-4q “"p - @ - g% ¢ ¢
+ mf(lli)g(l/)) + |:(pa+1 _ qa+1) (p2a+l _ q2a+1):||:f (Ejg(lp) + f(l/))g (Ej:|

and

n 2a 0 n n \&
Lo(a,m) - m{w 03 Lo L] -0 3 L[1- 2] +1}f(£)g[f]
n=0 n=0

p m m
2a (o) n n \&
+P-9 ';)pm(l— j ¢g(¢)+m{(p q) g pq (1— p(fmj
2a
-@p-9 ZO i (1 - pm] Mf (qb)g( g(qb)}

In particular, the special case of p = a = m = 1 for Corollary 3.2 was proved by Sudsutad et al. in [55].
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4 Examples

Example 4.1. Let g : ] > [0, c0) — R be defined by g(x) = 4x + 1. Then it is [l, %]-differentiable function on
J° (the interior of J) and 1Dl,%g is continuous and integrable on [0, 10],0 <1< 5 < oo and 0 < % <1<1.If
|¢D1,% glis (1, ;-convex on[0, 10]withy = Oand u = %, then all the assumptions of Theorem 3.1 are satisfied.
We clearly see that
1 pY+1-p)¢
ylpug@) + (1 - pug@)] + (1 - y)gppy + (1 - p) ) - ) 8(X)pdp,qx
(4.1)

1 68
=|g4) - — | (4x +Dydy2dx| =17 - — =0,
g(4) 4_[( + Didy 1 4

where

j (4X + 1)1d1,%dX = 68.

1

On the other hand,

(y+a@pu>y,

N——
I
=
—_
-
(92}
-

vi(y, bu, @) = v (0,
VoY, bU, @) = v, (0, (y + @)pu >y,

~ 0.5881, ypu+4q<1,

;/\__/
O
o
[oN
N
J

v3(y, DU, @) = V3 (0,
Vll(y’ p’-'l’ 4(0’ yp}'l + q < 1’

= 0.4205, (y+q)pu <1,

Nl= NP O~ N = N | =

\_/\_/
.O

V5(y pll’ a) =Vs (0’
(4.2)

Blw Bw alw Blw slw & lw

j 0.1875, (y+q@pu<1,

N |-

Ve(Y, DM, @) = Vg [0,

I
o
—
iy
o
EJ’\

v7(y, pu) = v7 (0, y+qpuzy,

va(y, PU) = Vg (0, ypu+q<1,

Nlw Mlw MW

N L N
14
e
&

Vvo(y, PU) = Vg (0, = 0.6094, y+q@puc<l,

~w

vio(y, PU) = V1o (0, j 0.2963, O<ypu<1l-gq

Also, we have

lp Dp.g8W)| = oDy 1(43 + 1)| = 4
¢Dp,qg[%j =loDy,1(8¢ + DI =3,
lpDp,g8(@)| = lo Dy 1(4¢ + DI = 0

¢Dp,qg£%j = loD1,1 (8% + )] = 8

(4.3)
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Observe that

Hy(y, pp, a, m) = (¢ - ¢){[vl(y, DU, @) + V3(y, PU, @) = V5(Y, Py @) ]lp Dp,q8(W)]

+ mv7(y, pu) + vg(y, pu) — vo(y, pu) — va(y, i, @)

(3]

Substituting (4.2) and (4.3) in (4.4), and simple computations yield

- v3(y, U, Q) + vs(y, pu, a)]

Hl (09 2’ 1’ lj =~ 4.3167.
42 2

Analogously, we have

Hy(y, pu, a, m) =) - ¢){[v2(y, DU, @) + Vi(y, DU, @) — Ve(ys PU, )]l Dy, q8()

+ m[v;(y, pu) + vs(y, i) — voly, pu) — va(y, bi, @)

o]}

6.5.

= (Y, bi, @) + VoY, PU, Q)]

After simplification, we have

H2 (O’

W
N |-
N |-
—
n

From (4.5) and (4.6), we get
min[H(y, pu, a, m), Hy(y, pu, a, m)] = min{4.3167, 6.5} = 4.3167,
which shows that the following implications hold in (4.1) and (4.7)
0 < 4.3167.

— 1851

(4.4)

(4.5)

(4.6)

(4.7)

Example 4.2. Let f,g : J > [0, c0) — R be defined by f(x) = g(x) = x. Then these functions are (p, q)-dif-
ferentiable functions on J° (the interior of J) and continuous and integrable on [0, 10] with0 <1 < 5 < co. If

fand g are [l, %]-convex on [0, 10] witha =1and m = %, then all assumptions of Corollary 3.2 are satisfied.

Clearly,

1
Y-¢

5
1
F)800) ¢ dy,gX = " f xidp,qx
1

O C—

follows from Definition 1.3.
On the other hand,

I ( l] _ g + @ +pg + @*)[[2]p,q — 2] +25([2p ) + 10¢?
v 21y, ®* + P + @)

and

L [l l) _ 25([2]11,11 + (p2 + pq + qz)[[z]p,q - 2]) + ([Z]p,q) + 10612
2 2l @ + pq + ) '

From (4.8) and (4.10), we get

o oo -4

(4.8)

(4.9)

(4.10)

(4.11)
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which shows that the following implications hold in (4.8) and (4.11)

5

i Ko <ni13)

— | x5d, sx < L{|1, =

4I B
1

forevery0 < g<p<1.
Remark 4.1. Similar technique can be applied to Theorems 3.2 and 3.3 to get the immediate consequences.
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