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1. Introduction

The fixed point theory is a powerful tool with numerous applications in various fields such as biology, chemistry, economics, engineering,
game theory, computer science, and mathematical modeling [1,2]. Recent developments in fixed point theory have focused on extending
classical results to more general abstract spaces like b-metric spaces, partial metric spaces, and fuzzy metric spaces [3]. One notable
advancement is the introduction of @’-class functions [4], which have been used to prove fixed point theorems in different abstract spaces,
particularly in the context of partial metric spaces. ¢ -class functions provide a unified framework for studying various types of contractions
and have applications in solving differential equations, integral equations, and variational inequalities [5, 6].

The study of partial metric spaces began in 1994, when Matthews introduced this generalization of traditional metric spaces in [7]. Since then,
partial metric spaces have found applications across many fields because of their ability to represent asymmetric distance relationships [8].
During the same period, there was significant progress in multivalued mapping research, which greatly contributed to the development of
generalized fixed point theory [9-11]. Multifunctions emerged as a natural approach to addressing problems that involved non-uniqueness
or set-valued constraints. Initially, the focus was on establishing fixed point results for multifunctions defined on traditional metric and
topological spaces.

However, as people became more interested in using these methods in real-life situations modeled by partial metrics, it became necessary
to come up with new ways to think about data dependence for multifunctions in this new setting [12]. Data dependence properties play a
crucial role in examining how perturbations in the domain affect or propagate to the range sets. In the case of single-valued mappings on
metric spaces, classic results have established strong connections between input and output distances (see [13—17]).

However, for multifunctions whose domain and range reside in different partial metric spaces, new approaches were required. Researchers
created the partial Hausdorff metric [18] to measure the distance between nonempty subsets using the basic partial metrics. This allowed
generalizing key notions like continuity, contraction properties, and more.

In the beginning, researchers came up with the weak contraction and fixed point theorems for multifunctions that behave in certain ways
when contracted with respect to the induced partial Hausdorff metric. The mapping had fixed points if the partial Hausdorff distance between
images of any two points satisfied a Lipschitz-type condition based on their domain distance.

Today, data dependence results for multifunctions defined in partial and more exotic spaces remain an active area of research. Future
directions include investigating new contraction conditions, establishing fixed point theorems for alternative structures, and discovering
additional applications inspired by practical problems. Overall, the field has grown significantly since its inception, broadening the scope of
generalized fixed point theory.

Email address and ORCID number: benterki.abdessalem @gmail.com, 0000-0001-9060-4737
Cite as: A. Benterki, Some data dependence results from using ¢-class functions in partial metric spaces, Univers. J. Math. Appl., 7(4) (2024),
152-162.



https://orcid.org/0000-0001-9060-4737

Universal Journal of Mathematics and Applications 153

The second part of this research paper provides a summary of partial metric spaces, ¢’-class functions, and existing results. The primary
empbhasis is on the significant contributions made by [12].

This section establishes a solid foundation for our main result, which is outlined in Section 3. Through %’-class functions, we aim to enhance
our understanding of data dependence in partial metric spaces. The final section deals with the implications of our main result, thereby
giving us a better understanding of data dependence in this context.

2. Preliminaries

To fully understand the complexities of data dependence in partial metric spaces, one needs a strong foundation. We propose the concept
of partial metric spaces according to Matthews’s 1994 study on partial metrics [7]. These metric spaces intriguingly extend to non-zero
self-distances.

As a result, let us proceed to review the essential characteristics and definitions of partial metric spaces.

Definition 2.1. [7] The function p : X x X — R™ defines a partial metric on a nonempty set X, where R includes all nonnegative real
numbers. If the following four conditions are satisfied for every x,y,z € X, we call the pair (X, p) a partial metric space:

Pr1: px,x) = p(y,y) = plx,y) Sx=y.

Pa: px,x) < plx,y).
PBs: p(x,y) = p(y,x)
Py p(x,y) +p(z,2) < plx,z) +pl(z,p)-

The partial metric space represented by the pair (X, p).
We define the concept of closed p-balls, B, -(x), and the open p-balls, B, ,(x), to simplify our analysis. These sets are defined as

Bp.r(x) = {y € X|p(x,y) < p(x,x) + 7}, Bpr(x) = {y € X|p(x,y) < p(x,x)+r}.

We denote the full space X as B, . (x) to keep things simple. By using this notation, we can express important ideas and claims about
p-distance thresholds throughout the whole domain X in a more concise and accurate way.

The metric that is related to p, which is a partial metric on X, can be expressed as a new function p* : X x X — R™T. This formula may be
used to get the metric p*:

P (xy) =2p(x,y) — p(x,x) — p(y,y)-

This metric p* satisfies all the properties of a metric space: nonnegativity, symmetry, and triangle inequality. Therefore, while p is only
a partial metric, the associated metric p® transforms the partial metric space (X, p) into an actual metric space (X, p*). We have laid the
necessary groundwork to rigorously examine the concept of data dependence within partial metric spaces, a topic we will now explore
through theoretical analysis. Let (X, p) be a partial metric space. The following properties hold:

o If p(x,x) = nHTmp(x,xn), then {x, } is said to converge to a point x € X.

* If a sequence {x,} has a finite limit as n and m approach infinity, it is termed a Cauchy sequence.
* If each Cauchy sequences {x,} in X converge to a point x € X such that p(x,x) = 1im+ p(x,Xm), then the partial metric space
n,m— oo

(X, p) is complete.

Consider the collection C”(X), which represents all nonempty closed subsets of the partial metric space (X, p). In this framework, we
introduce the following definitions for x € X and A,B € CP(X):

Hp(A,B) =max{0y(A,B),0,(B,A)},
= max{sup{p(a,B) | a € A},sup{p(b,A) | b € B}},
such that
p(x,A) =inf{p(x,a) |a € A}.
Following the established conventions
p(x,0) =+, 6,(0,B)=0. (2.1)

Lemma 2.2. [5,19] In a partial metric space (X, p) with A C X, the equivalence relation a € A & p(a,A) = p(a,a) holds. Additionally,
pla,a) =0and a € A< p(a,A) =0, in which A represents the closure of A relative to the partial metric p.

Lemma 2.3. [20] Consider x € X and A € CP(X) in a partial metric space (X, p). If @ > 0 and p(x,A) < U, we can find that there is an
element a in A such that p(x,a) < UL

Furthermore, we introduce the intervals J and J' on the nonnegative real numbers, which include the value 0. These intervals can take the
form of [0,a], [0,q], or [0, +o[, where a represents a nonnegative real number.
The following notations are used for a multivalued mapping T : X — 2%, where 2% represents any nonempty subsets of X.

o Fix(T)={xeXxeT(x)}.

® MT(xvy) = max p(xﬂy)vp(x%T(x))vp(%T<y))1

px,T()+p0,T(x)) }
5 .
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Definition 2.4. [2]] On the interval J, a (c)-comparison function or a Bianchini-Grandolfi gauge function is defined as a non-decreasing
Sfunction ¢ : J — J that satisfies the condition:

s(1):= ) ¢"(t) is convergent, forall 7 € J,
n=0

where Q" represents the n-th iteration of the function ¢ and goo(t) =t e,

o) =1,0' (1) = 0(t),0*(t) = (9(1)),....0"(t) = @(¢" ' (1)).

By utilizing Bianchini-Grandolfi gauge functions, we gain a more nuanced understanding of data dependence within partial metric spaces.
This allows for a thorough examination of the interconnections between space elements. A theorem has been proven building on prior work,
particularly the impactful results of [12]. The theorem elucidates the importance of these relationships identified through application of
gauge functions, furthering the theoretical foundations of data dependence within this structure.

Theorem 2.5. Consider a partial metric space (X, p), withx € X, A € [0,1], and r > 0, satisfying the condition that the subspace B, ,(X)
is complete. Let T and F be multivalued mappings from B, -(X) to CP(X). Additionally, let ¢ : R™ — R™ be an increasing and upper
semicontinuous function, serving as a (c)-comparison function on the interval J. Under the assumption that there exists o € J satisfying the
following two conditions:

(@) p(z,F(z) < awheres(a) < (1-24)r, VzeB, (%)

(b) 5P(F(x) me,r(jLF(y)) < (p (MF (X7y)) ) vxvy S ]BPJ(X)'

Then, for any K C B, ,(X), we have

8y(Fix(T)NB, 2, (X) NK,Fix(F)) < s(M),

where M’ := sup (T (x) B, ,(X) NK,F(x)).
x€B, (%)

This theorem extends several results within the framework of partial metric spaces. Specifically, it expands upon the findings of:

* Az¢€ et al., who presented Proposition 2.1 in their work [13].

¢ Lim, who presented Lemma 1 in their work [14].

* Geoffroy et al., who presented Proposition 4.5 in their work [22].
* Mansour et al., who presented Theorem 14 in their work [23].

Theorem 2.5 builds upon and generalizes prior work in the area of partial metric spaces.

Ansari’s work in [4] proposed %-class functions which have gone a long way in advancing our understanding and analysis of many
mathematical phenomena. According to [6], the idea is useful for generalizing important results in fixed point theory. It is more
comprehensive than the gauge function by Bianchini-Grandolfi.

Through the use of ¢’-class functions given by knowledge and structure, we can get deeper insights into, and navigate through the complexities
of the issue at hand. Indeed, Ansari’s contributions are invaluable as they continue shaping and inspiring further research on this subject area
thereby leaving a lasting impact on the field of study.

Definition 2.6 (¥'-class functions). [4, 5] Assume that there is a continuous mapping § : J x J' — R. If § satisfies these requirements, we
will classify it as a € -class function.

(§1) Forany (s,t) €J xJ, we have s > F(s,1).
$2) If §(s,t) =s, then the product st = 0.
p

In addition, note that §(0,0) = 0 and that € is the set of all functions of the €-class on J x J'.
In the work [5], the authors introduced the following collections of %’-class functions:
Definition 2.7. [5] The set of functions of the € -class that satisfy these criteria is called €}:

* §(s,1) is non-decreasing for both s and t when (s,t) € J x J'.
* For any fixedt € J', the series

w(s,t):= i‘b&”(s,l)

converges for all s € J. The function § is defined as follows, and §" represents the n-th iteration of this function:
FO(s,0) = 5,8 (s,1) = §(s,1),andF" " (s,1) = F(F"(s.1),1).
Definition 2.8. [5] €15 comprises a set of € -class functions that adhere to the following specifications:

o §(s,t) exhibits non-decreasing behavior in s and non-increasing behavior in t.
» For any givent € J', the series

(s,1) == é&"(s,t)

converges for every s € J, where the n-th iteration of the function § with the following recurrence relation is represented as §":

SO(S,Z) =53 (s,0) = g(s,t),andS”H(s,t) =F(F"(s,1),5"(s,1))
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Here are some examples of functions belonging to both 47 and 67y, as presented in Ansari et al. [S]. These examples illustrate the definitions
provided in Definition 2.7 and Definition 2.8.

Example 2.9. o Given the functions T (s,t) = s —t and 1o(s,t) = 2s —t, it can be concluded that § € €.
o For §(s,t) = Aswith A € [0,1), 1(s,t) = — is derived. Hence, § belongs to 61N 6];.

* Since 1(s,t) = 5(s) and @ is a (c)-comparison function on J, § belongs to €1 N €]y
2

s
o Given §(s,t) = ———— with a > 0, the corresponding transformation is w(s,t) = s+ Vs> +a? —a for s,t > 0. Hence, § lies in
C0 =T (=5t
C1Nen.

o When §(s,t) = st* with k > 1, the corresponding transformation is 1 (s,t) = 5 is categorized under 6.

Remark 2.10. If§ is a €-class function in either €} or €)1, then the following functional equations are satisfied by the functions 1o and F:
e For§ €%
0(F(s,1),t) = ro(s,t) —s.
e For§ € e:
0(F(s,1),F(s,2)) = 0(s,1) —

A class of functions E that were mentioned in [5] are recalled in the following. These functions, represented as 7 : X 2% (2X )2 — J, satisfy
a crucial condition. To be more precise, for any x,y € X and A,C € 2%, 7(x,y,A,C) = 0 implies that x =y or p(x,y) = 0 is true. Additionally,
we establish the nondecreasing property of T € & within the (X p) space, as indicated by the following inequality:

p(x,y) < pla,b) = t(x,y,A¢,Cy) < 1(a,b,A0,Cp)  VAr,Aa,Cy,Cp €25,

p(x,y)
1 4-exp(—p(x,A4) + p(y,C))’

Example 2.11. * 7(x,3,A4,C) =
¢ 1(x,3,4,C) =log(1 + p*(x,y)),

e 7(x,3,A,C) = p(x,y)", where n is a positive real number.

3. Main results

The major finding of our research can be succinctly expressed as follows:

Theorem 3.1. Consider a partial metric space (X, p), wherex € X, A € [0,1], and r > 0 such that the subspace B/, ,(X) is complete. Let
T,F :B, (xX) = CP(X) be multivalued mappings. Assuming that T € Z, a € J, and § € €, which is upper semicontinuous with respect to
the first variable, satisfy either of the following conditions:

e § € 67 and 7 is nondecreasing, L
* § €%y and t(x,y,F(x),F(y)) = o for x,y € B ().

We will establish our assumptions based on the satisfaction of the following two conditions:

(@) p(z,F(z)) < a wherew(a,-) <r(1—1), Vz€ B, (%)

(b) 8p(F(x) "By (x),F(y)) < T (Mp(x,y),7(x,,F(x),F(y))), Vx,y€By, (%)

Then, for any given K C B, ,(X), and for every y € Fix(T) and w € F (y), satisfying p(y,w) < o, we can establish the following inequality:
8, (Fix(T) "By 2,(5) (1K, Fix(F)) < (30, (3, w, F(3), F(w)) 3.

where M:=  sup Op(T ()melr( X)NK,F(x)).
xEBp,r(x)

Proof. If the quantity 9t € {0, 4o}, there is nothing to prove; therefore, we may assume that 0 < 9t < 4eo. Moreover, if Fix(T)N
B, () MK = 0, then according to the convention (2.1), we are finished.

So we assume that Fix(T) NB), 3,(¥) N K # 0 and we take xo € Fix(T)N B, 3,(¥) NK, i.e., xo € T(x9) "B, 1,(X) NK.
Fix € > € > 1 such that §,(T'(xo) NB,, ;.(X) NK, F(xp)) < M < €IM. Thus, using (a), we have

p(x0,F (x0)) < min{ct, €N}

According to Lemma 2.3, there exists x; € F(xo) such that

p(xo,x1) < min{a, €M}

Moreover, x| € B, -(X), indeed,
)

p(x1,%0) 4+ p(x0,X) — p(x0,%0)
o+ Ar+p(x,x)

w(a, ) +Ar+p(x,Xx)

(1= 2)r+ Ar+ p(7)
px,X)+r.

P(X],x
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If x; = xo, then xg € T (x0) N F(xo), and subsequently for any xo € Fix(T) "B, ;,.(X) N K, we have
plxo, Fix(F)) < p(xo,%0) < min {1, 1 (M, T(xo,x0, F (x0), F (x0))) }

This demonstrates that such x( satisfy inequality (3.1), since the distance between x and the fixed point set Fix(F) is positive, thereby
fulfilling the requirement defined by inequality (3.1).
Moreover, for any w € F(x]), we have

p(xo, F(x1)) + p(x1, F (x0)) }

M (s01) = max s 1) o Fs0). o, ). :

R
<manplao.n).pte ), PLOR P10

=max {p(xg,x1), p(x1,w)}.

Assuming that max {p(xo,x1 ), p(x1,w)} = p(x1,w). Then, from condition (b), and the definition of .%, we derive a contradiction. Thus, we
infer that Mg (X(),)Cl ) < p(xo,xl )
Given (b), we can deduce that

px1,F(x1)) < 8p(F (x0) By r(3), F(x1))

< (M (x0,x1),T(x0,x1,F (x0), F (x1)))

< (p(xo,x1), T(x0,x1,F (x0), F(x1)))

< min{F(a, t(x0,x1,F (x0),F (x1)), T (&M, T(x0,x1,F (x0),F(x1))}
=min{F(, 1), F(e'M, 70)}

where Ty = T(xg,x1,F (x),F (x1)), and subsequently, T = T(xg, Xgr1, F (%), F (Xgs1))-
This indicates the existence of x, € F(x1) "B, (¥) such that

plx1,x) <min{F(a, 1), (M, 1)} € J.
Given that n € N and a finite sequence xg, .. .,x, has been formed, let’s assume that it satisfies:

Xn € F(xnfl) ﬂm(f),
MF(xnflvxn) < P(Xn—hxn) eJ
p(x,,,l 7xn) < min{gn71 ((X, 10)73n71 (S/m, TO)}'

If either x, = x,_1 or x,_1 € F(x,_1) for any n € N*, then our task is complete. Hence, let us assume that for every n € N*, it holds that
Xp—1 ¢ F(x,—1) and x,_ # xp, thereby implying that p(x,_1,x,) > 0.
Now, let us consider the case of any n € N*, and we can proceed as follows:

p(xnfl»F(xn))+P(xn7F(xn71))}

MF(X”,]QC,,) :max{p(xnfl7xn)7p(xn717F(xn71))7p(xn7F(xn))7 2

P(xnflaF(-xn)) +P(xn7xn) }
2

p(xn—l 7xn) +P(xn7F(xn)) }

= max {p(xn_l X)), P (%, F(xn)),

gmax{P(xnflvxn)a[’(xnvF(xn))v 2

=max {p(x,—1,%), p(Xn, F(xn))} .

In the event that max { p(x,_1,X,), p(xn, F (xn))} = p(xn, F(xy)), it leads to a contradiction based on condition (b) and the definitions of &
and §. Consequently, we can conclude that Mg (x,—1,X,) < p(x,—1,Xn) € J, reinforcing the validity of this inequality.
As x, € F(x,—1) NB, -(X), we have

(%, F (%)) < 8p(F (x—1) ﬂ%(i),F(xn))
< T (Mp (Xn—1,%n), Tu—1)
< Mp (Xp—1,Xn)-

If we make the assumption that Mg (x,_1,x,) < p(xn, F(x,)) or 7,_1 = 0 for a certain value of n € N*, we can deduce that

T (Mp (xp—1,%2), Tu—1) = Mp (xp—1,%)

which implies that My (x,,_1,x,)T,—1 = 0. Consequently, we arrive at the contradiction that x, | = x, or p(x,_1,%,) = 0. So we assume
that p(x,, F (xn)) < MF(xp—1,%,) and 7,_; % 0 for all n € N* and then there exists x,, | € F(x,) such that

p(xnaxn+l) < MF(xn—l 7xn) < p(xn—l axn)-
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Furthermore, if 7 is nondecreasing and F € %7, then

P, Xnr1) < 8p(F (xn—1) NBp (%), F (xn))
< T (Mp(X4—1,%n), Ta—1)
< (P(Xn 17xn) fO)

elseif FEGand 1, 1 >

=7

p (F (X l)ﬂm@)vlr()‘n))
(MF (Xp—1,%n), Ta—1)
(p(Xp—1,%), )

@ (e, 7),3" (@, )

((X,‘L'()).

p(xﬂaxn+l)

INCININ NN
C«?WW

>
3

So, using induction, we can find x| € F(x,) with
P, xn1) < min{§" (e, 70), 3" ("M, %)},

and

n

n
POar1,%) < p(Ex0) + Y p(xjs1,%)) — Z p(xj,x;)
j=0 j=0

< p(xrx()) + Z Sj(aa TO)
j=0

< p(EX)+Ar+w(a, 1)

< p(x,%) +r.

Therefore, it follows that x| € B (%), and consequently, the sequence {x,} is a Cauchy sequence within B,, ,(¥). This observation is
further reinforced by the fact that for any integers n and m satisfying n > m, we have the following:

n—1

p(xmxm) < Z xk+17xk Z P xk,xk
k=m k=m+1

n—1
<Y $(a.w)

k=m

< t%((X,To).

N

Consequently, we have
P’ (s X ) < 2p (%, xm) < 200(0t,Tp)-

Consequently, we can deduce that the sequence {x,} is actually a Cauchy sequence within the metric space (X, p*). This conclusion is
supported by the fact that (e, 7p) converges for every 7y € J'. Furthermore, since (X NB,, (X), p) is a complete metric space, it follows
that (X "B, -(X), p*) is also complete. As a result, the sequence {x, } converges to a point x* with respect to p® and satisfies the condition:

p(X*v)C*) = lim p(xn7X*) = lim p(xnvxm) 0.

n—r+-oo n,m—s+-oo

Now we assert that x* € F(x*). With the application of the partial metric’s property (J34), one can obtain

(" F(x7)) < p(x*,xn) + p(xn, F (x")) = p(xn,xn)
< PO x0) + 8 (F (1) NByp (), F (x7))
< P, x0) + 8 (Mp (% 1,57), 701,57, F (1), F (x7)))
< PO x0) + 8 (POn—1,57), T0t—1,%", F (xp—1), F (x7))).

Exploiting the upper semicontinuity property of the function § concerning the first variable and employing the limit superior as n approaches
infinity, we arrive at p(x*, F (x*)) = 0 = p(x*,x™). This leads to the conclusion that x* € F(x*) as per Lemma 2.2.
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Through meticulous computations, we obtain the following results:

oo

an pr]+|7xj
Jj=0 J=

imln{SJ (o, 70),§ (€M, 1)}

pxj,x;)
1

m(e M, Tp).

Given that p(xg, Fix(F)) < p(xo,x*), we can deduce that

p(xo, Fix(F)) < ro(eM, 19).
This inequality holds for any y := xo € Fix(T) NB), 3,(¥) N K. Consequently, we obtain

8p(Fix(T)NB,, 2, (X) N K, Fix(F)) < (€M, 7).
By allowing € to approach 1, we successfully complete the proof. O
You can see how to apply Theorem 3.1 in the following example.
Example 3.2. Let X = RT = [0, +oo[ be equipped with the partial metric defined as follows:
125} )

O, lfx:ye{(),ﬁ 5

max{x,y}, otherwise.

p(x,y) =

Now, let §(s,t) be defined as follows:

. 5
F(s,1) = st?, ifisx1) € [0,6} X {0, 4];

6s —4t, otherwise.

5 V11 ~
The function § belongs to the set € over the interval J x J' = {O, f} X [O, :| . Specifically, § is an element of 61 and vo(s,t) = -7

Define F : [0,1] — CP(X) as follows:

5

{xS}a ifxe 076 5
. 5

[1?+°°[7 leE 871 .

Utilizing the parameters specified as follows, we proceed to apply Theorem 3.1:

1
X=—,r=1, A=, «a :ZGJ IB%,,,() [0,1]
and

T(x>y7F(x)7F(y)) :p(x,y),

which is a nondecreasing.
. . . — 1 .
First, observe that for every z in the closed interval, B, 3,(¥) = |0, 5| we can express the function as follows:

P(z.F(2) = plz.{z’}) =max{z,2’} =z < =a.

| —
NS

4

. a 1 16
Additionally, it holds that to(ct,7) = -z <71 ? =5= r(1 —A). Therefore, condition (a) of Theorem 3.1 is satisfied.
eorem

To establish the validity of condition (b) in Theo: 3.1, it is enough to examine the following scenarios:

1. Ifx=ye {O,%} then
p(x,x)~p(x,x)2, xXe 07@ 5
8p(F(x)N[0,1],F(y)) = 8,({x’},{x’})
6p(x,x) —4p(x,x), x€ @,%

< (p(xy),p(xy)))
< (Mr (%), 706y, F (x), F(y))) -
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5
2. Ifx,y € {0,8] and x # y then

max{x,y} - (max{x, y}) X,y € O,@ ;
8p(F(x)N[0,1],F(y) = 8,({’}, {’}) <
6max{x,y} —4max{x,y}, x,y€ @,g .
<F(p )
<S(MF(X y) (x ¥F(x),F(y)))-
3. Ifx,ye } %,1], then
8p(F(x)N[0,1],F(y)) = 8p({1},[1,+eo]) = 1
< 6max{x,y} —4max{x,y}
<S(MF(xvy)fT(xvva(x)vF(Y)))'
4. Ifxe {0,2] andye}%,l} then
8p(F(x)N[0,1],F () = 8 ({x’},[1,40]) = 1 < 2p(x,y) = F (Mr (x,), T(x,3,F (x), F (y)))

and

8p(F() N[0 1, F(x)) = 8 ({1}, {x’}) = 1 <2p(x,y) = §F (Mp (x.y), 7(x,y.F (x),F (5))).

Hence, the condition (b) of Theorem 3.1 is satisfied, and x* € Fix(F) = {0,1} C B, ;(X) are the required points.
Hence, for arbitrary multivalued mapping 7 : [0,1] — CP(X), all conditions of Theorem 3.1 are satisfied and then, for any K C [0, 1], and

for every y € Fix(T) and w € F(y), satisfying p(y,w) < o, we have

. 1 . 1
8,(Fix(T)N 10, g] NK,Fix(F)) < lef:)?l]ép(T(X) nlo, g] NK,F(x))- T oo

<w ( sup 51)(T(x)ﬂ[07;]ﬂK:F(X)%T(%W,F(y)vF(W))> :

x€[0,1]

Consider, as an illustrative example, the mapping T : [0,1] — CP(X) defined by

LoL < [0.143],
T Y5 |T s

143
2,+o0 ) PLY-E
[2, =] 225

T(x) =

1 1 1
Furthermore, we observe that Fix(T) = {6} Let us consider y = g€ Fix(T) and any w € F(6)

calculate:
1 1
p(y,w)zp(g,%)
1 1
:max{g,ﬁ}
= g < Z = .

Let K C [0, 1], then we have

1
Case 1. Fix(T)N]|0, g] NK =0, then

specifically w = ﬂ In this case, we can

8,(Fix(T) N [0, %} K, Fix(F)) =0 < 7 ( sup 8,(T(x) N[0, é] ﬂK,F(x)),T(y,w,F(y),F(w))) .

x€[0,1]

1 1
Case 2. Fix(T)N]|0, g] NK#0,ie., g€ K, then

SP(Fix(T)ﬂ[O,é}ﬂK,sz( ) = 8,({~ }{0 1) = m1n{ é,O),p(é,l)}

Let x € [0, 1], we consider the following cases:



160 Universal Journal of Mathematics and Applications

7 1
o If x> 30" Ve have T'(x) > 3 and then

1

8y (T () N[0, 5 MK, F(x)) =0.
o Ifx< 37—0 and T (x) N K = 0 then
8,(T(x) N o, %} AK,F(x)) = 0.

7
o Ifx< 0 and T (x) N K # 0 then

1 1 1
8y (T () N[0, 5K, F(x) = 8y g+ 51, £))
oty L3
plyet 15.5)
Cmaxd e Lo
=max | x5
1
2Ty
Then
sup 6,(T(x)N[0 1]ﬁKF( )) = sup (1 + 1) !
x = JF(x) = —x+—= =
x€[0,1] v 5 x€[0,1] 2 12 12

Hence,

n~3< sup Sp(T(x)ﬂ[O,;]ﬁK,F(x)),‘L‘(y,w,F(y),F(w))) ~ sup SP(T(x)ﬂ[O,é]ﬁK,F(x))

xel0,1] xel0,1] 1-plyw)?
1 36
= sup 5P(T(x)ﬂ[0,§]ﬁK,F(x))-g

x€[0,1]

36 7 3.1
=—. _=Z>_

35 12 576
N

> 8, (Fix(T) "B, 1,(¥) VK, Fix(F)).

4. Some Consequences

This section deals with the ramifications of the theorem 3.1. Through these corollaries, we wish to clarify other insights and implications that
have resulted from the study. The corollaries that we have derived from the main theorem are not universal but rather depend on the specific
choices of the parameters §, 7, A, and r. Different values of these parameters may lead to different outcomes or even invalidate some of the
corollaries. Therefore, we need to be careful when applying the corollaries to concrete situations and always check the assumptions and
conditions that are required for their validity.

Consider, for instance, §(s,7) = @(s) belonging to both 47 and 4};, where @(s) is an arbitrary Bianchini-Grandolfi gauge on J and
10(s,) = s(s). Thus, under these conditions, Theorem 2.5 directly follows from Theorem 3.1.

Corollary 4.1. Consider a partial metric space (X,p), where X € X, A € [0,1], and r > 0 such that the subspace B, (%) is complete.
Let T,F : B, (X) = CP(X) be multivalued mappings. Assuming that ¢ be an increasing and upper semicontinuous function, serving as
Bianchini-Grandolfi gauge on J. Under the assumption that there exists o. € J satisfying the following two conditions:

(@) p(z,F(z)) < awheres(a) <r(1—=2), VzeB,, (%)

(d) 8p(F(x)NBy,(X),F(y) < @ (Mp(x,y)), Vx,y€By,(x).

Then, for any given K C B, ,(X), we can establish the following inequality:

8p(Fix(T)NB, 2, (X) NK, Fix(F)) < s (M)

where M= sup  6,(T(x)NB, 3,(¥) NK,F(x)).
x€Bp,r(x)

Proof. Given a ©-class function F(s,7) = @(s) that is independent of the second variable ¢, it is possible to select any T € E such that 7 is
either nondecreasing or greater than ¢. Subsequently, Theorem 3.1 can be applied. O

~ 1
Let §(s,1) = ks —t and k €]0, 1] be an element of € for J x J' = R2.. Then, with w(s,t) = Tk (25 —1t), we can state this corollary:
Corollary 4.2. Suppose (X ,P) is a partial metric space and X is in X. Let A, k, and r be no-negative numbers with 0 < A < 1, k < 1, and
r > 0. Then the subspace B, ,(X) is complete. Suppose that T and F are multivalued mappings from B, (X) to CP(X). Let T be an element
of E and o be a positive real number such that T(x,y,F(x),F(y)) > « for all x and y in B, ,(X). We will establish our assumptions based on
the satisfaction of the following two conditions:
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(@) p(z,F(z)) < awhere200 <r(1—24)(2—k), VzeB, ().
(b) 8,(F(x)NByr(X),F(y)) <kMp(x,y) = T(x,3,F(x),F()), Vx,y € By (%).

Then, for any given K C B, .(X), and for every y € Fix(T) and w € F(y), satisfying p(y,w) < @, we can establish the following inequality:
Op(Fix(T)NB,, 5, (X) NK, Fix(F)) <

2
where M:= sup &,(T(x) B, 3,(¥) NK,F(x)).
xeBp,r(x)

When A is zero, we get a simpler version of theorem 3.1:

Corollary 4.3. Let (X, p) be a partial metric space and let T, F : B, ,(X) — CP(X) be multivalued mappings such that X is a fixed point of
T and B, ,(X) is a complete subspace for some positive r. Assuming that T € &, o € J, and § € €, which is upper semicontinuous with
respect to the first variable, satisfy either of the following conditions:

e § € 67 and 7 is nondecreasing, L
* € G and ©(x,y,F(x),F(y)) > a for x,y € By (%).

Our assumptions require two conditions:

(@) p(x,F(X)) < o where w(a,-) < r. L
(b) &, (F(x)NBy(X), F(y)) < (Mr(x,y), 76,3, F (), F(v))),  Vx,y € Bpr(3).

Then, for any given K C B, ,(X), and for every w € F(X), satisfying p(X,w) < o, we can establish the following inequality:

p(x, Fix(F)) < o (O, T(xX,w, F (%), F (w)))

where M := sup p(X,F(x)).
x€Bp,r(x)

Let A be a nonzero number, and let r go to infinity. Then B, 4..(x) is equal to X, and we have the following corollary:

Corollary 4.4. Consider the complete partial metric space (X, p). Let T,F : X — CP(X) be multivalued mappings. Assuming that T € E,
o €J, and § € €, which is upper semicontinuous with respect to the first variable, satisfy either of the following conditions:

¢ § € 67 and 7 is nondecreasing,
o §F €% and t(x,y,F(x),F(y)) > aforx,y € X.

Our assumptions require two conditions:

(@) p(z,F(z)) < o where w(a, ) < +oo, Vz€EX.
(b) 8,(F(x),F(y)) < T (Mp(x,y),7(x,,F(x),F(y))), VryeX.

Then, for any given K C X, and for every y € Fix(T) and w € F(y), satisfying p(y,w) < o, we can establish the following inequality:
8,(Fix(T)NK,Fix(F)) <w (M, t(y,w,F(y),F (w)))

where 9 := sup 8, (T (x) NK,F(x)).
xeX

5. Conclusion

In this work, we have extended the results of [12] about the data dependence of fixed point sets for pseudo-contractive multifunctions in the
context of partial metric spaces. By utilizing %-class functions, we established new theorems on the data dependence of fixed point sets and
implied corollaries. The practical examples given show our key findings. The present investigation adds to the literature on fixed point theory
in partial metric spaces and offers tools that are useful in investigating the data dependence for various classes of multifunctions on their
fixed points. This paper therefore opens up the possibility of studying other generalized metric structures and nonlinear operators based on
techniques developed here that form an active area of research too.
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Harmonic, Linear combination, Univa- straightforward. One efficient method for constructing desired univalent harmonic maps is
lent

by taking the linear combination of two suitable harmonic maps. In this study, we take into
account two harmonic, univalent, and convex in the horizontal direction mappings, which
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) , and have dilatations ®;(z) = z,

1. Introduction

In the open unit disk E ={z € C: |z| < 1}, a continuous complex-valued function f = u + iv is harmonic for the real harmonic functions u
and v, may be expressed as f = h+ g in which 4 and g are analytic in E. Denote by H be the class of harmonic mappings f normalized by
h(0) = g(0) =K' (0) — 1 =0, where

h(z)=z+ Y an" and g(z) =Y bua".
m=1

m=2

The Jacobian of f = h+3 is given by J; = |’ \2 - \2. In [1], it is proved that J; > 0 in [E if and only if f € H is locally univalent and
sense-preserving. For every z in IE, the condition J; > 0 is equal to the dilatation (z) = ¢’(z) /I (z) satisfying |@(z)| < 1 (see [2,3]).

We denote by Sy the class of all univalent, harmonic, and sense-preserving mappings f =h+g € H. Let S, = {f € Sy : ¢'(0) = 0} C Sy.
A domain is said to be convex in the horizontal direction (CHD) (or convex in the vertical direction), if every line parallel to the real axis (or
imaginary axis) intersects the domain either with a connected or empty intersection. If f & S?_I maps E onto a CHD domain, f is said to be a
CHD mapping.

A function f € Sy is CHD, if

1 14z¢'" T
h(z)—g(z) = 2isiny10g(1+ze—’7) for y € [E,n). (1.1)

Let Sy () be the class of all such mappings. Recently, Cakmak et al. [4] studied the convolutions of mappings in the class Sy (7).
Construction of univalent harmonic mappings is not a very easy and straight forward task. In 1984, Clunie and Sheil-Small introduced a
method, known as shear construction or shearing, for constructing a univalent harmonic mapping from a related conformal map. Following
method described in the result of Clunie and Sheil-Small [2] creates harmonic mappings that are convex in one direction:

Lemma 1.1. [2] A harmonic locally univalent function f = h+g maps E univalently onto a domain convex in a direction ¢ if and only if
an analytic univalent function h — 29 g maps E univalently onto a domain convex in the direction of ¢.

Email address and ORCID number: elifyasar @uludag.edu.tr, 0000-0003-0176-4961
Cite as: E. Yasar, On linear combinations of harmonic mappings convex in the horizontal direction, Univers. J. Math. Appl., 7(4) (2024), 163-169.
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Taking the linear combination of two appropriate harmonic maps is another method to create additional examples of non-analytic harmonic
mappings. Recently, many researchers have studied this topic such as Dorff and Rolf [5], Long and Dorff [6], and Kumar et al. [7] investigated
the linear combination of harmonic univalent mappings which are convex in the vertical direction (CVD). Dorff and Rolf [5] provided the
conditions for the linear combination of harmonic mappings which are CVD and have same dilatation to be univalent and CVD. Long and
Dorff [6] obtained the conditions (especially conditions of dilatation) for the linear combination of harmonic mappings f;, for m = 1,2

which satisfy i, + gm = < log ( 1zefmm ) (%m € [5,7)) to be univalent and CVD. Wang et al. [8] proved the linear combinations of

2isin Y, Ifze— ™

harmonic right half plane mappings which satisfy A, + g, = %72 for m = 1,2 are CHD. Additionally, Demircay [9], Demircay and Yasar [10]

examined the conditions for the linear combination of harmonic mappings f;,, for m = 1,2 which satisfy h,, — gm = ﬁ log (%) to

l1+ze~'
be univalent and CHD.
It is clear from the aforementioned publications that the dilatation functions of the corresponding harmonic functions are significant in
determining how their linear combinations behave. In this article, our primary goal is to use two harmonic mappings satisfying (1.1) with
particular dilatations @) (z) =z, 0(z) = fj:é’z, b € (—1,1) to design univalent, sense-preserving, and CHD harmonic mappings. We derive
adequate requirements for the univalent and CHD nature of the linear combination of these two harmonic mappings.

2. Preliminary Results

In this section, we state three results obtained by Demircay [9] and Demircay and Yasar [10] and an efficient tool which is known as Cohn’s
Rule [11].

Theorem 2.1. [9,10] Let fin = hy+ 8,y € S (Yim), form=1,2and v,y € [%, 71?) be two harmonic CHD mappings which satisfy (1.1).
Then f3x=Af1+ (1 —A)f> € Sy and CHD for 0 < A < 1, if f3 is locally univalent and sense-preserving.

Lemma 2.2. [9,10] Let fy = hn+3,, € St (Ym), form=1,2and 1,7, € [5,7) be two harmonic CHD mappings which satisfy (1.1). If
Oy = %” are dilatations of f, m = 1,2, respectively, then the dilatation ® of f3 =Af1+(1—A1)f> (0< A < 1) is given by

0= @.1)
where
1 = lwl(l—a)z)(l—o—chosyz—i-zz)
+(1—/’L)w2(1—w1)(1+2zcosy1+z2),
and
I = /l(l—a)z)(1+2zcosy2+z2)

+(1-2)(1—-ay) (H—ZZCOS)/] +Z2> .

Theorem 2.3. [9,10] Let fry = hin+8,, € Sg(Yim), form=1,2and v,y € [%, 717) be two harmonic CHD mappings which satisfy (1.1). If
N =", then f3 =tf +(1 —l)fZ € Sy and CHD for0 < A < 1.

Lemma 2.4. (Cohn’s Rule, see [11]) Suppose a polynomial
rz) =co+crz+ e+ +emd" (2.2)

of degree m, and

1
() =2"r (;) =T+ 12+ Cm22® + - + o™

Indicate the number of roots in r inside and on the unit circle, respectively, using the symbols s and t. If |co| < |cm|, then

Cmr(z) — cor*(z)
ry = 7Z

has the number of roots inside and on the unit circle, respectively, sy =s— 1 andt; =t.

3. Main Result

Theorem 3.1. Suppose fu = hm+3,, € Su(¥m), form=1,2and v, € [%, 7r) be two harmonic CHD mappings which satisfy (1.1). If

0(z) =z, ;(2) = Izilljw be(=1,1),then fs=Afi+(1—A)f, € Sy (0 < A < 1) and CHD provided b(y, —1») > 0.

We require the following lemma in order to demonstrate our primary finding:
Lemma 3.2. Letb € (—1,0)U(0,1),A € (0,1),and i, € [5,7). Ifb(yi — 1) > 0, then
() +b(1-21)]>[b(1—-21)+142bA(1—A)(cosy; —cosP)|; 3.1)
(@)  |1+b(1—=21)+bA(1—2)(cosy; —cosp)| (3.2)
> |(1=A4)(=bA +1+b)cosyr +A(l —bA)cosPa]. (3.3)
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Proof of (i). It is obvious that 1 +5(1 —24) > 0 holds for b € (—1,0)U(0,1) and A € (0,1). Then, following inequalities needs to be

proved

—(I4+5b(1-24)) <b(1—-21)+142bA(1 —A)(cosy; —cos ),

b(1—2A)+1+42bA(1—A)(cosy; —cosp) < 1+b(1—-24).

That is,
—[14+b(1—-21)] <bA(1—21)(cosy; —cos7yy) <O.

First, because ¥1, % € [5,7) , then b (y; — 12) > 0 is equivalent to b (cos ¥ —cos¥») < 0. Therefore, for 0 < A < 1 we have
bA(1—2)(cosy; —cosp) <O0.

Now, we contemplate two cases to prove the second inequality.
Case1: If be (0,1) and 71,1 € [%,ﬂ) ,then b(y; —7») > 0 implies —1 < cosy; —cosp < 0. Thus,

bA(1—=2)(cosy; —cosyy) > —bA(1—2) > —[14+b(1—-21)]

holds for A € (0,1). (3.6) holds because of b (A2 =34 +1) > —1for A € (0,1) and b € (0, 1).
Case2: Ifbe (—1,0)and y1, 1, € [5,7), then b (y; — 1) > 0 implies 0 < cosy; —cosp, < 1. Thus,

bA(1—=2)(cosy —cosyy) >bA(1—A) > —[1+b(1—-24)]

holds for A € (0,1). (3.7) holds because of b (A>+A —1) < 1 for A € (0,1) and b € (—1,0).
Proof of (ii). If (7, — 1») > 0, then in view of inequality (i) we know that

[1+5(1—21)+bA(1—21)(cosy; —cosp)] >0
forb € (—1,0)U(0,1),A € (0,1), 11,7 € [5, 7). So inequality (ii) is equivalent to the inequalities

14+b(1—=2A)+bA(1—21)(cosy; —cosp)
> (1=A)(=bA+1+4b)cosy; +A(l—bA)cosp,

and
(I1=A)(—bA+1+b)cosy; +A(1—DbA)cosp,
> —[14+b(1—=21)+bA(1—A)(cosy; —cospy)].
Now, let
fb,A) = 14+b(1-21)+bA(1—2A)(cosy; —cosp)
—[(1=A)(=bA +1+b)cosy1 +A(1 —bA)cos ]
= (1+b)(1—cosy)
+A[(14+b(1 =24))(cosy; —cos )+ 2b(cosy; —1)].
Then
3f(al;,l) = 1l—cosy +[3cosy; —cosp, —2]A
+2[COS'}/2*COS’)/1]12,
afgjl’m = 4bfcosp, —cosn)A+[(Bb+1)cosy; — (b+1)cosy, —2b].

Let % =0and % = 0. Then we have

cosY; —cos)

b=by= ——"—"—"
0 2—cosy; —cosyr

and

1—cosy

1
A=d=-,andl =4 = — ———.
Ao 2 4 ! CO8Yy —Cos Y|

Since A; ¢ (0,1), it is obvious that

cosy| cosp

>0
2 2

F(b, 1) > f(bo,Ag) =1—

which implies that
14+b(1—=2A)+bA(1—21)(cosy —cosp)
> (1—=A)(=bA+1+4b)cosy; +A(1—bA)cos).

34)

(3.5)

(3.6)

3.7)

(3.8)

3.9)
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Thus, inequality (3.8) is proved.

Next, let
I = (1=A)(=bA+1+Db)cosy1 +A(1—bA)cosy,
+[14+b(1=24)+bA(1—A)(cosy; —cos)]
= (14b)(l4+cosy)+A[(1—5b)(cosy; +cosp)—2(b+cosy)].
Let

g(b) :==(1—0b)(cosy; +cosyr) —2(b+cosy).
Since
g (b) = —cosy; —cosp, —2 <0,

g is decreasing for b € (—1,0)U(0,1) and y1, 1 € [5. 7).
Also, g(—1) =2cosy, +2>0and g(1) = —2cosy; —2 < 0.
If g(b) <0, then

I = (14+b)(14+cosy)+A[(1—b)(cosy +cosya) —2(b+cosy)]
> (14+b)(1+cosy;)+[(1—5b)(cosy; +cosyr)—2(b+cosy)]
> (1-=b)(1+cosp)
> 0.

) (14cosy1)+A[(1—b)(cosyy +cosya) —2(b+cosy)]
) (1+cosm)

Thus, the proof is complete.
Proof of Theorem 3.1. In view of Theorem 2.1, it suffices to show that |@| < 1 in E. If b = 0, then @, (z) = ®;(z) = z. If we substi-
tute these into (2.1), we get @ = z. If y; = 7, then this case was proved in Theorem 2.3. Thus, we just need to consider the case b (y; —») > 0.

Setting w1 (z) =z and wy(z) = fjgz in (2.1), we get

Az (- ) (1422081 +22) + (1= A)(1=2) (1+ 2zcos 7 +22) £

o(z)

A (1 - %) (1+2zcospp+22) + (1 —A)(1 —z) (1 +2zcos y; +22)

Az(1—b) (1+2zcos o +2%) + (1 —A) (1+2zcos 1 +22) (z+b)

T A(1-b) (142zcospp +22) + (1= A) (1+2zcos y; +22) (1+bz)
r(z)

re)
where
rz) = (1-bA)Z +[2A(1—b)cosp +2(1—A)cosy; +b(1—A)] 2>
+[1—bA+2b(1—A)cosy]z+b(1—2A)
=C3Z3+C222+C1Z+Co
and
(z) = b(1—2A)Z +[1—bA+2b(1—A)cosy]z?

+[22(1 =b)cospr +2(1 —A)cosy; +b(1 —A)]z+ (1 —DbA)

= 2(1),

Thus if zg is a zero of r and zg # 0, then 1/Zq is a zero of r*, we can rewrite

(etm @+ +s)
(1+Mz) (1+Ez) (1+Zz>

o(z) =

It is known that, the function ¢(z) = %gz for |8 < 1 maps closed unit disk E onto itself. If we show that ]| < 1, || < 1, || < 1 has

a modulus that is strictly less than one for at least one of them, then |@| < 1 in E. As |c3| = |1 —bA| > |co| = |b(1 —A)]| grips for all
—1<b<0,0<b< 1, and0< A < 1, applying Lemma 2.4 to r, and thus it suffices to prove that all the roots of | lie inside or on the unit
circle where

n( = =00 g
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and

Flz) = [1+b(1-21)7
+2(1=A)(=bA +1+b)cosy; +2A(1 —bA)cos ]z
+[B(1=2A)+1+2bA(1— 1) (cosy; —cosp)]
= G +az+.

By Lemma 3.2 of (i), we have |¢3| > |¢g|. Then applying again Lemma 2.4 on 77, we get

_ bari(®) — bor; ()

r2(2) . = —4bA(1— 1) (cosy; —cos ) 12(2),
and
() = [14b(1-24)+bA(1— ) (cosT —cos )]z
+[(1=A)(=bA +1+b)cosy; +A(1 —DbA)cos ]
= 0:12+§).
By the Lemma 3.2 of (ii), we have ‘C:I‘ > ‘c:o‘ . Hence, the zeros of 73, ry, 1, and ry lie in |z] < 1. Thus, || < 1.
Example 3.3. Lety = %”, then
. 1+zei5?”
h(z) —g1(z) = —ilog | ——— | -
1+42ze e

Suppose o (z) = z, then we get

1

h/](Z)_gll(Z): (I—Z) (]+Z2—\/§Z).

then integration gives

1+v3, [(1-2V/3+7 . n
hi(z) = 1 tan~! (22 — s

and

1+v3 [1-2V/3+47 1 T
= | —t 27— - —.
gl(Z) 2 n( 1_2Z+Z2 an ( < \/g) 3

Also, let Y, = % and wy(z) = 5. Then

i 1+iz
(o) 20 = 5 1oe (1 ).

Thus, we yield

1+22 ) tan~!(z)

3
@@71m0_k+£ -

and

3 1+22 tan~!(z)
=21 - .
gz(z) 4n(172Z+Z2> 2

Then using Theorem 3.1, we can conclude that f3 = A fi + (1 —A) f2 € Sy and CHD. The images of the concentric circles which have radius
0.1,0.2,0.3,04, 0.5, 0.6, 0.7, 0.8, and 0.9 in the unit disk & under f3 with A =0, %, 1, respectively, are shown in Figures 3.1, 3.2, and 3.3.
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Figure 3.1: The image of E under f3 with A =0 Figure 3.2: The image of E under f3 with A =1/2

Figure 3.3: The image of E under f3 with A =1

4. Conclusion

Fluid flow issues have been studied and resolved using harmonic mapping techniques (see [12]). Specifically, while working with planner
fluid dynamical issues, the study of univalent harmonic mappings with unique geometric properties like convexity and convexity in one
direction occurs naturally for addressing dynamical planner fluid problems. On the other hand, creating univalent harmonic mappings which
are not analytic is not a very easy and straight forward task. To generate new examples of non-analytic desired univalent harmonic mappings, a
linear combination of two suitable harmonic mappings can be helpful. In this paper, we considered two harmonic mappings f,, = h,, + g, for

lljz‘i"%y:" ) for 71,7 € [5,7) and have dilatations ; (z) =z and @y (z) = IZI;,’Z forb e (—1,1).
ze

Our main result is if (71 — 7») > O then the linear combination f3 = A f] + (1 — 1) f> for 0 < A < 1 is univalent and CHD. In addition, we
provided an example to illustrate the result graphically with the help of Maple.

m= 1,2 which satisfy hy — g = sz log (

In our forthcoming research endeavor, we intend to explore the conditions for linear combination and convolution of harmonic mappings
involving singular inner functions to be univalent and CHD.
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Keywords: Heavy metals, India, Macro- This study investigates the potential broad application of Subsurface Vertical Flow Con-
phytes, Sewage, Wetlands structed Wetlands (SSVF CWs) for heavy metal remediation, focusing on Chromium (Cr)
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environmental conditions. The experimental system operated at a hydraulic loading rate of
98 — 111 mm/d and a hydraulic retention time of 6 days. Results showed average removal
efficiencies of 44.87 £9.52% for Cr and 43.16 £9.43% for As. A mass balance analysis
revealed that substrate accumulation was the primary mechanism for heavy metal removal,
accounting for 29% of Cr and 26% of As removal. Plant uptake contributed to 3.5 —9.9%
of Cr and 0.3— 8.8% of As removal. Based on these findings, a numerical model was
developed to simulate SSVF CW performance under varying environmental and operational
parameters. The model incorporated factors such as influent concentrations, hydraulic
loading rates, substrate composition, and plant species. Validation against experimental
data showed good agreement, with an R? value of 0.89 . The numerical tool was then used
to predict SSVF CW performance across a range of scenarios, indicating potential broad
applications in industrial wastewater treatment, mine drainage remediation, and contami-
nated groundwater cleanup. This study provides valuable insights into the scalability and
versatility of SSVF CWs for heavy metal removal, offering a sustainable and cost-effective
solution for water treatment challenges.

1. Introduction

Constructed wetlands offer an economical and environmentally friendly solution for treating various types of wastewaters, including
those containing heavy metals [1-3]. Vertical flow constructed wetlands (VFCWs), a specific configuration, are increasingly used for
both municipal and industrial wastewater treatment. VFCWs differ from conventional wetlands in their feeding mechanism, filter depth,
and operational principles [2,4] Some studies have shown that VFCWs can effectively remove heavy metals through a combination of
physical, chemical, and biological processes. The vertical flow design maximizes contact time between wastewater and filter material,
enhancing removal efficiency through microbial action. The layered substrate also supports microorganism growth, improving the treatment
of ammonium and organic carbon [2,4-6]. Wetlands with macrophytes (aquatic plants) have been found to have higher microbial densities
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and metabolic processes compared to unplanted systems, further increasing removal effectiveness. This highlights the important role that
vegetation plays in the overall performance of constructed wetlands for wastewater treatment [7].

Constructed wetlands offer an economical and eco-friendly solution for treating various wastewaters, including those containing heavy
metals. Vertical flow constructed wetlands (VFCW5s), a specific type often used for municipal and industrial wastewater treatment, differ
from conventional wetlands in their feeding mechanism, filter depth, and operational principles [4, 8—10]. Some studies have shown VFCWs
to be effective in removing heavy metals through a combination of physical, chemical, and biological processes [11, 12]. The vertical flow
design maximizes contact between wastewater and filter material, enhancing removal under microbial action. The substrate layers support
microorganisms, improving the treatment of ammonium and organic carbon. Wetlands with macrophytes show higher microbial densities and
metabolic processes, further increasing removal efficiency. Research has demonstrated high removal rates for total Chromium ( Cr ), with
effluent concentrations consistently below 50t g/L and an average removal efficiency of 98% [13, 14]. This is attributed to mechanisms such
as adsorption to gravel substrate, precipitation reactions, and reduction of Cr(VI) to the less toxic Cr(III) form, enhanced by both wetland
design and microbial communities. Dissolved Cr(VI) was also effectively removed, likely through reduction reactions [11, 12]. Arsenic (As)
removal was significant but more variable than Cr , with efficiencies between 78 — 99% and effluent below 100 pg/L, indicating the wetland
was more effective at removing Cr overall [15]. Speciation tests showed preferential removal of As(V) through adsorption to the gravel
substrate, while As(III) removal was lower. Improving adsorption capacity could enhance As (III) retention [16, 17].

In present pilot-scale experiment, VFCW demonstrated high potential for removing both Cr and As from synthetic wastewater, comparable
to results observed in other studies [15, 18, 19]. The researchers suggest that further optimization of design parameters such as feed rate,
hydraulic retention time, bed depth, and plant species selection could further improve performance [2,20,21]. The study concludes that
VFCWs represent a promising eco-technology for treating heavy metal contaminated effluents. This approach is particularly suitable for
small communities and remote locations where land availability and cost considerations are critical factors. The ability of VFCWs to
effectively remove heavy metals while offering a sustainable and cost-effective solution underscores their potential for widespread application
in wastewater treatment [22-24].

This pilot-scale study investigated the potential of Vertical Flow Constructed Wetlands (VFCWs) to remove chromium ( Cr ) and arsenic
(As) from wastewater, an important mechanism for long-term metal removal. Field implementation should also examine co-treatment of
other wastewater pollutants such as organics, nutrients, and additional metals [25-28]. Sequential treatment trains with different wetland
configurations may prove beneficial [2,29]. Despite the need for more research, this study provides valuable proof-of-concept for VFCWs
as a sustainable approach to removing toxic heavy metals from wastewater. Constructed wetlands utilize natural processes, offering an
energy-efficient and ecologically friendly technology for wastewater treatment [2, 30, 31], especially in small communities and remote
locations where land availability and costs are critical factors [2].

2. Materials and Methodologies

2.1. Pilot scale set-up

The experiment was set up on the Aligarh Muslim University campus in India, located between 27°52'N to 27°56/N latitude and 78°3'E
to 78°6E longitude. This research station was part of the "SWINGS” project, an Indo-European collaboration under the FP7 Framework
programme. Aligarh, situated 130 km northeast of Delhi in northern India, has a subtropical climate. The average summer temperature is
32.9°C, peaking at 42°C, while the monsoon season averages 26.7°C. Winter temperatures range from 23.3°C to 25°C, with lows around
5°C. The experimental setup consisted of 6 identical beds, each measuring 160 cm x 60 cm x 105 cm. These beds were filled with 40 cm of
12 mm gravel, topped with 50 cm of 2 mm uniformly graded coarse sand. The beds, numbered 1 through 6 , were connected in parallel. For
convenience in operation, monitoring, and sampling, the beds were arranged in pairs, as shown in Figure 2.1.

w D UASBR
.g-% Effluent
=48
Distribution
Tank

R ¢ ¢ ¢ 9
g«o wtvn 3-0 o o= wu‘r) 3«0— LoD
vl 21 R[>0 3 a|la =3 3 &|a >
on o e 8 o-a e & Lo T

¢ [] ¢ L [ [

Outlet Outlet Outlet

Where,S1, S2, S3 and S4 are Sampling Ports

Figure 2.1: Schematic diagram showing the pilot scale used for the present experimental study
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1” @ Inlet

2" @ Outlet

Figure 2.2: Pilot scale CW Beds set-up schematic diagram, where dimensions are in cm

The experiment used constructed wetland (CW) beds, each 160 cm long, 60 cm wide, and 105 cm deep, planted with Phragmites Australis.
An 800-liter tank distributed water to the beds, receiving effluent from a 50 m3 UASBR via a collection tank. To ensure consistent As and Cr
levels, a 5-liter dosing tank was linked to the distribution tank’s intake. Each bed featured a 1 -inch inlet, a 1/2-inch outlet, and four 1/2-inch
sampling ports (S1S4) placed along the bed’s length. These ports were set 40 cm apart, with 20 cm between the inlet/outlet and the nearest
port. The system operated at a 9.42 — 10.67 L/d discharge rate, 0.0984 — 0.1111 m/d hydraulic loading rate (HLR), and a 6-day hydraulic
retention time (HRT). This configuration allowed researchers to study contaminant removal as water flowed through the beds. To simulate
industrial wastewater, the setup used Chromium(VI) Oxide (CrO3) and Sodium Arsenate Dibasic Heptahydrate (Na2HAsO4.7H20), both
ACS reagent grade from Sigma Aldrich.

2.2. Sampling and experimental analysis

The experiment spanned a full year, starting in March 2021 and ending in March 2022. Water samples were collected regularly, every 6th
day, from both the influent and effluent of each Vertical Flow Constructed Wetland (VFCW) through grab sampling. To ensure prompt
measurements, water temperature (T), conductivity (Cond), and pH were measured using a digital Multi-Parameter Meter (Hach HQ40d).

3. Chromium and Arsenic Mass Balance Calculations

After 366 days of the experiment, a simple mass balance for Cr and As in each bed was calculated using the equations provided by [2] (Eq.
(3.1) and Eq. (3.2)). In these equations, the suffixes represent the following: the influent suffix denotes the total mass in the influent, the
effluent suffix denotes the total mass in the effluent, the plant suffix represents the total amount absorbed by the plant across all four parts
(roots, rhizome, stem, and leaves), the substrate suffix represents the total accumulation in the substrate, and the unaccounted suffix represents
the unaccounted amount of Cr and As, which includes any loss or gain from the mass balance calculations. Cripflyent and ASipfiyent, as well
as Creffiuent and Aseffuent » Were calculated by multiplying the total Cr and As concentrations in the influent and effluent by the water volume,
respectively. Crplant , Crsupstrate » Asplant, and Asgypgirate Were determined by multiplying the Cr and As concentrations in the respective
components by their weight. Crypaccount and AsSypaccount Were calculated using the formulas Cripgyent — (Crefﬂuen[ + Crplant + Crsubstrate )
and ASinfluent — (Asefﬂuent + ASplant + ASsubstrate )v respectively.

Crinfluent = Creffiuent + Crplanl + Crsubstrate + Crunaccount 3.1)

ASinfluent = ASeffluent +Asplant + ASsubstrate 1+ ASunaccount (3.2)
3.1. Data analysis

The removal efficiency was calculated using the equation referred to as Eq. (3.3). This efficiency, expressed as a percentage, is determined
by subtracting the effluent concentration (Ceggyen) from the influent concentration (Cj,quent), dividing the result by the influent concentration,
and then multiplying by 100%. This equation, Eq. (3.3), provides an accurate measure of the removal efficiency. Any values of removal
efficiency that are below 0 are treated as O in the calculation.

Cinﬁuent — Cefﬂuent

Removal efficiency (%) = x 100% (3.3)

Cinfluent

To calculate the bioconcentration factor (BCF) and translocation factor (TF) of As in the plants, Eq. (3.4) and Eq. (3.5) were used,
respectively. The BCF is determined by dividing the average As concentration in the plant parts by the As concentration in the water.
Similarly, the TF is calculated by dividing the average As concentration in the aerial parts (stems and leaves) by the As concentration in the
roots. These equations, Eq. (3.4) and Eq. (3.5), provide important insights into the bioconcentration and translocation of As in the plants.
It’s noteworthy that all the data for these calculations were processed using Microsoft Excel 2021, ensuring precision and reliability in the
analysis.

Average As concentration in parts

BCF = (3.4)

As concentration in water
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Average As concentration in aerial parts

TF = (3.5)

As concentration in roots

4. Results and Discussion

4.1. Treatment efficiency for traditional pollutants

VFCW bed with added Cr and As and the treatment efficiencies of BODs and COD (mean £+SD ) are found to be 86.60 + 12.57% and
85.80+12.62% respectively, on the other hand BOD5 and COD (mean £SD ) treatment efficiencies in ascending order are found to be
(76.80£11.45% and 73.104+11.20% ) for Bed 1, Bed 4 , and Bed 3 respectively.

Using the ANOVA single-factor test in Microsoft Excel 2021, p-values were found to be less than 0.05 for the experimental study results.
These p-values indicate that the findings are statistically significant and satisfactory for the entire experimental investigation.

Month BOD5.Removal COD Removal Cr Rem_oval As I_{empval

Efficiency % Efficiency % Efficiencies % Efficiencies %
Mar-21 66.13+6.21 65.02+6.30 23.20+12.42 22.46+12.14
Apr-21 89.00+6.13 88.66+6.27 35.38+3.12 34.394+3.12
May-21 88.22+6.17 87.72+6.24 39.26+5.15 38.19+5.16
Jun-21 90.14+6.31 89.24+6.25 44.85+22.72 44.03+£2.97
Jul-21 90.34+6.20 89.34+6.33 4576 £4.10 4478 £4.16
Aug-21 89.90+6.19 88.92+6.28 47.42+£3.44 46.40+3.41
Sep-21 90.70+6.12 89.74+6.31 51.63+2.87 50.54+2.86
Oct-21 89.88£6.15 89.08 +£6.22 50.76 +3.07 49.82£3.09
Nov-21 89.26+6.14 88.10+6.26 49.46 £0.90 48.33£0.90
Dec-21 82.48+6.22 82.234+6.31 45.60£4.06 44.51£4.06
Jan-22 87.98+6.14 86.98+£6.22 48.74+£1.95 47.66£1.91
Feb-22 90.28+6.16 89.45+6.23 51.66+3.37 50.68 +3.42
Mar-22 91.28+6.17 91.50+6.31 51.66+3.38 50.68 +3.43

Table 1: Removal efficiencies (mean £=SD ) values for complete experimental study

4.2. Treatment efficiency for Cr and As

The Chromium and Arsenic concentrations in the influent of the Bed were consistently found to be (4.60+ 1.02mg/1 ), while the effluent
concentrations varied. Throughout the study, the average Cr effluent concentrations in the Bed were (2.51 +0.51mg/1), and the average
As effluent concentrations were (2.60 £0.52mg/1). The Cr removal efficiency for the Bed was recorded at (44.15+£9.52% ), and the As
removal efficiency was (43.164 9.43%). The Cr removal efficiency in all VFCWs showed fluctuations, with an initial increase, followed by
a decline, and then a subsequent rise towards the end of the study. A similar pattern was observed in As removal efficiency. The treatment
efficiencies of Cr and As in each SSVF CW bed exhibited significant fluctuations, initially increasing, then narrowing, decreasing, and
eventually rising again. During the early phase of the study (March 2021 to August 2021), the Cr and As removal efficiencies displayed
considerable swings. However, starting from the last week of August 2021, the fluctuating pattern became consistent across all six VF CW
beds. Notably, the highest Cr removal efficiencies were achieved in September 2021 and March 2022, with values of 55.23% and 57.65%,
respectively. Similarly, the highest As removal efficiencies were observed in September 2021 and March 2022, with respective values of
54.13% and 56.75%. Cr and As treatment efficiencies in each SSVF CW bed exhibited significant fluctuations during the first 174 days
of the experimental study. The variation narrowed between the 180th and 306th days, with larger peaks observed from the 312th to the
366th day. October also recorded the second and third-highest Cr and As removal efficiencies. The average monthly Cr and As removal
efficiencies for all VFCW beds increased steadily from March 2021 to August 2021, with September 2021 showing the highest monthly
mean removal rates (as seen in Table 1). Notably, the highest Cr and As removal rates occurred during rainfall events from October 2021 to
September 2022. This suggests that the reduction in contaminant concentrations and ambient temperature due to rainfall may have enhanced
the Cr and As removal efficiencies in the VF CW beds. Similar outcomes were observed in the treatment of household wastewater in a
temperate climate zone with variable conditions in central Europe-specifically in southeast Poland-using an on-site engineered wetland
system, which demonstrated the effects of climate conditions on contaminant removal efficiencies [22,32] when planted with Phragmites
australis [32]. During the final six months of the study, the SSVF CW beds displayed nearly identical Cr and As removal patterns, with
effluent concentrations being lower than influent concentrations, indicating increased removal efficiencies in all six VFCWs [33, 34].
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Figure 4.1: Monthly average (mean +SD ) removal efficiency pattern at 6 days HRT

4.3. Adsorption of Cr and As in the media

Chromium and arsenic are among the most prevalent and concerning heavy metal pollutants found in wastewater streams, both of which
pose significant risks to the environment and public health [1,35,36]. Subsurface vertical flow constructed wetlands (SSVF CWs) have
emerged as an effective solution for removing these contaminants through adsorption and accumulation in the substrate [1,2,37,38].

A primary mechanism for removing arsenic and chromium from SSVF CWs is adsorption onto the substrate [39,40]. The substrate
provides additional surface area for pollutants to bind to and become immobilized [2,37,38]. Typically composed of materials such as sand,
gravel, or organic matter [37-39], the substrate’s physicochemical properties-including specific surface area, permeability, and chemical
composition-significantly influence adsorption efficiency [2,37,38,41,42].

To enhance the removal of arsenic and chromium in SSVF CWs through adsorption and accumulation, several operational and design factors
must be considered. These include maintaining appropriate environmental conditions, such as pH , redox potential, and nutrient availability,
selecting suitable substrate materials, and optimizing hydraulic retention time [38,43,44].

It is crucial to consider that the oxidation states and chemical composition of these contaminants can influence the removal processes of
arsenic and chromium in SSVF CWs. For instance, the adsorption characteristics and toxicity levels of hexavalent chromium (Cr(VI)) and
trivalent chromium ( Cr(III) ) differ significantly [19, 67]. Similarly, in constructed wetlands, the form of arsenic-whether arsenite (As(III))
or arsenate (As(V))-affects its mobility and removal efficiency [45].

The removal of chromium and arsenic from wastewater through adsorption and accumulation in the substrate within SSVF CWs is a
promising and environmentally sustainable approach [2,46]. Enhancing the design and operation of SSVF CWs can lead to more effective
removal, thereby protecting both human health and the environment [2,37,38]. In addition to adsorption, the accumulation of chromium and
arsenic within the wetland system further contributes to their removal from wastewater [46—49].

5. Numerical Approximation

In this section, we investigate the modeling and control capabilities of the fractional type integral operators considering the data given in
Table 1.

In 2020, Kadak [50] constructed a novel family of Bernstein-Kantorovich operators using the fractional mean values of the approximated
function. Let f € C[0,1] and & > 0 be fixed parameter. The fractional Bernstein-Kantorovich operator is given by

a L ! a— k+
K =a ¥ bus) [ 1= (355 ) s 6.

where by, i (x) = (})x*(1 —x)""% x € [0,1],n € N. Refer for related literature [51-57].

It is known that Bernstein-Kantorovich-type operators are defined over a large class of functions. Also, these operators cover the space
L,[0,1],1 < p < eo. According to the definition of fractional Bernstein-Kantorovich operators in Eq. (5.1) the data given in Table-1 have
been modeled and analyzed for different values of ¢ in which ¢ denotes the order of Riemann-Lioville fractional integral operators. To
accomplish this aim, we will continue in the following steps using fractional mean values of the BODs,COD,Cr and As.

Step 1. In Figure 4.1, the months from March 2021 to March 2022 have been mapped on the nodes x; = k/n,k =0,...,nand n = 5 on the
closed interval [0,1]. The function f(x) belonging to L,[0,1],1 < p < oo, is illustrated for BODs,COD, Cr and As in Figures 5.1, 5.3, 5.5,
and 5.7, respectively.



Universal Journal of Mathematics and Applications 175

Step 2. To calculate the relevant fractional mean values for a fixed @ > 0, we define linear functional fj(x) on [x;_j,x;] fori=1,...,5
(see Figures 5.2, 5.4, 5.6 and 5.8 for BOD5,COD, Cr and As, respectively). Then, each sample value in Figure 4.1 will be replaced by the
corresponding fractional mean values. i.e.

. 1 .
I\ ~ a—1 Jj+1
== 1- i| ——)d
(L) zaf -9t (L )as
where f € L,y[0,1], f; € Clxj_1,x;], j=0,...,5and & > 0, and fy(x) = 0.
Step 3. In this step, using Eq. (5.2), we get

(5.2)

n

o _ ! o—1 ¢ J+1
-1 1
~ a{bn,1<x)/0 (1-9%"' A (%) dstbua() [ (1=5)%" 11 <zi)d

541
n+1

+---+bn,s(X)/01(1 -9 (

where f € Ly[0,1], f; € C[x;j_1,x;], j=0,...,5and & > 0.

Step 4. In the final step, we estimate the trend of the data given in Table-1 for different values of « at the point x; € [0,1] fori =0, 1,...,5(see
Figures 5.9, 5.10, 5.11, and 5.12) (for BOD5, COD, Cr and As, respectively). In Figures 5.9, 5.10, 5.11, and 5.12, using the above steps
the approximate values of data are given depending on the different values of & = 0.1,0.2,0.6, 1. The Figures show that above mentioned
data can be obtain approximately by utilizing the operator given in Eq. (5.1). As can be seen the trend values obtained with the help of the
operator for the different values of o shows the consistency of the operators. In particular, for increasing values of ¢, we have good trends.
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Figure 5.1: The graphs of the function (for BODs) f(x) defined on [0, 1]

Figure 5.2: The graphs of the functions (for BODs) f;(x) defined on the
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Figure 5.3: The graphs of the function (for COD) f(x) defined on [0, 1]
with the points x; = k/n,k=0,1,...,n,n =5.

Figure 5.4: The graphs of the functions (for COD) fi(x) defined on the
closed intervals [x;_1,x;] fori=1,...,5
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6. Conclusions

When employing vertical flow constructed wetlands (VFCWs) for the elimination of conventional pollutants (BOD5, COD) from wastewater,
irrespective of the presence of chromium (Cr) and arsenic (As), no significant differences were observed in the removal efficiencies. At
the point of discharge, with hydraulic loading rates (HLR) and hydraulic retention times (HRT) ranging from 9.42 to 10.67 L/d,0.0984 to
0.1111 m/d, and 6 days respectively, the removal efficacy exhibited a marginally greater effectiveness for Cr in comparison to As within
each constructed wetland bed, demonstrating mean removal efficiencies of ( Cr — As) at (44.15% - 43.16%) for the respective beds. The
effectiveness of Cr and As removal is found to be closely correlated with variables such as the ambient temperature of the influent, prevailing
climatic conditions, species of macrophytes present, and the phenological stage of the vegetation. Furthermore, the results findings are
parallel to the previous studies on removal mechanisms, related literature can be found in [58—72]. The highest observed removal efficiency of
chromium ( Cr ) and arsenic (As) occurred during the Monsoon and Autumn seasons, periods distinguished by optimal ambient temperatures
and the proliferation of vegetation. In contrast, the minimal efficiency was recorded in January, a month that corresponds with the lowest
temperatures and macrophytes in a state of senescence. Within each constructed wetland (CW) bed, both the substrate and macrophytes
are capable of accumulating Cr and As. The primary mechanism contributing to the removal of Cr and As was the accumulation on the
surface of the media, which accounted for 29% to 26% of the influent concentration, whereas the accumulation by plants for Cr ranged from
3.5% t0 9.9% of the influent concentration and for As ranged from 0.3% to 8.8% of the influent concentration. The overarching conclusions
derived from this experimental investigation indicate that subsurface flow constructed wetlands (SSVF CW) utilizing coarse sand and gravel
as substrate, in conjunction with Phragmites australis, exhibit significant potential in effectively mitigating Cr and As contaminants from
wastewater.
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1. Introduction

In recent years, fractional calculus has been applied to real and complex domains, like physics and engineering, see for instance [1-3],
also in chemistry and biology, see for example [4]. It has also been used in relaxation-oscillation phenomena and diffusion vibrations,
see the research papers [5-8]. Fractional calculus has some investigations in mechanical systems, we invite the reader to consult the
articles [9-12]. Such applications have motivated researchers to work on new fractional calculus theories(see [13—15]. The generalized
Riemann-Liouville fractional operators are a class of integral operators that extend the classical Riemann-Liouville fractional integral
and derivative operators [16-20]. They are defined for functions that are not necessarily differentiable, but satisfy certain integrability
conditions [21-23]. The generalized Riemann-Liouville fractional operators have many properties and applications in mathematics and
physics, including fractional differential equations, fractional calculus, and signal processing. They also have connections to other areas of
mathematics, such as complex analysis and number theory [24-30].

In the same way, in the present paper, we shall discuss some fractional integral variants of the well-known Gronwall integral inequality
and some applications on differential equations that involve "new fractional order derivatives”. The Gronwall inequality is a fundamental
result in the theory of differential equations. It provides a bound on the growth of a function that satisfies a certain type of differential
inequality [31-35]. The Gronwall inequality is often used to study the existence, uniqueness, and stability of solutions to differential
equations. It is named after the Swedish mathematician T.H. Gronwall, who first proved it in 1919. Before presenting our results, we need to
present to the reader some motivated papers for the present paper. We recall the paper [36] where a generalized Gronwall-type inequality
involving Riemann-Liouville derivatives has been considered. Then, in [18], the Gronwall inequality has been proved and some applications
for differential equations of the hybrid type, that involve Hadamard derivatives, have been established. Other types of inequalities have also
been considered in [37-40].

The fractional Gronwall inequality is a generalization of the classical Gronwall inequality, which is a fundamental result in the theory
of ordinary differential equations. It provides an estimate on the growth of a function in terms of an integral involving the function and

Email addresses and ORCID numbers: m.bezziou@univ-dbkm.dz, 0009-0009-2911-7003 (M. Bezziou), zzdahmani@yahoo.fr, 0000-0003-4659-
0723 (Z. Dahmani), rabhaibrahim @yahoo.com, 0000-0001-9341-025X (R. W. Ibrahim)

Cite as: M. Bezziou, Z. Dahmani, R. W. Ibrahim, The essential Gronwall inequality demands the (p, ) —fractional operator with applications in
economic studies, Univers. J. Math. Appl., 7(4) (2024), 180-191.



https://orcid.org/0009-0009-2911-7003
https://orcid.org/0000-0003-4659-0723
https://orcid.org/0000-0003-4659-0723
https://orcid.org/0000-0001-9341-025X

Universal Journal of Mathematics and Applications 181

its derivatives. The fractional Gronwall inequality has important applications in the study of fractional differential equations, which are
differential equations involving fractional derivatives. It can be used to establish existence, uniqueness, and stability results for solutions
of such equations. The main aim of this work is to establish generalizations for Gronwall inequality by applying fractional integrals with
respect to another function. Also, our aim is to establish sufficient guaranteeing conditions on the boundedness of solutions for some classes
of differential equations involving “(p, ¢)—Riemann-Liouville derivatives”.

The structure of this research paper is given as follows: In Section 2, we give some used preliminaries. In Section 3, our integral results are
proved. In Section 4, we continue with the main results; two classes of differential equations, in the sense of “(p, ¢)—Riemann-Liouville”,
are studied. At the end, a conclusion follows.

2. Preliminaries

We introduce some used preliminaries [6,9,12]. In particular, the generalized fractional derivatives in the sense of (p, ¢) —Riemann-Liouville
involving ( or with respect to) the function ¢ are introduced, for the first time, in this section.

We begin by noticing that the classical form of the inequality of Gronwall says that if a positive function u over I := [ty,T); T < oo, that
satisfies the inequality

u(z) < f(2)+ [y L u(t)dt, z € to,T),

where f is a continuous function on [tg,T), and L(¢) > 0 over the same interval,
then, one has the following result:

Lemma 2.1. We have
u(z) < f@)+ [y f @O L()exp(fFL(T)dT)dt, 19 <z<T.
The following Lemma is also needed in the present work.

Lemma 2.2. (Jensen) If we take n € N*, and also the nonnegative numbers ry, ..., ry, then, form > 1,

n m n
(Zr,-) <urt g
i=1 i=1

i=
We are also concerned with the following auxiliary result:

Lemma 2.3. Let T <o, I =11y, T) CR, f,g,q€ C(I,Ry). We suppose also that for u € C(I,R.), the inequality holds
u(x) < f(x)+ [ g(Oult)de+ fiq()u? (r)dt, x€1,

with0 <y <1
Hence, for any x € I, the inequality

) < [P0+ (-9 [Cpe (1) [ e e a T e ([ swar),

is valid, such that F (x) = max f@).
Ip<t<x

Under the same interval /, the following estimate of u holds.
Theorem 2.4. Let consider the nonnegative continuous functions u, f,g,k;,i € {1,...,n} and suppose there are some positive real numbers
r1,12,...,In. If u satisfies the estimate:

w(5) €8+ F3) i T ki) (), e

then, we have

1
v

) < | 100+ [ Lok ) (Zr+ ") e ( /| g<r>%iz];k,-<r>dr) dz] ,

Sforr>max{r;,i=1,...,n}.

Now, we recall the following (p, ¢) —Riemann-Liouville fractional integrals of a function f on [a,b] with respect to ¢, see the paper of M
Bezziou et al. [6]:

Pl of () 1= gy Ja (9P (x) — @P ) () P~ (1) f(t)dt,
and
Pl o (3) = g J2 (0P (1) = 0P () g1 (1) 9P~ (1) f(1)a,

where a,p > 0.
Let us now pass to introduce, for the first time, new generalized fractional derivatives in the sense of (p, @) —Riemann-Liouville with respect
to the function ¢. We define the proposed derivatives as follows:
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Definition 2.5. Consider o > 0 and take f as an integrable function over [a,b). If ¢ € C' ([a,b],R) is an increasing function, such that

¢ (x)9P ! (x) #0,Vx € [a,b],p >0,
then the left-sided (respectively), the right-sided (p, ) — Riemann-Liouville fractional derivative of order o is, respectively, defined by:

1-p (4 n 1-p (x nooy Ca -
P08, o () = (Lo ) ol 0 = g (St i) (07 0= O 092 ) 101,

o/ (x)

and

1=p (y " 1=p (x "orb n—o—
pof o )= (<2t ) pptr )= ot (2T ) [0 -0y e 0! (50

where n = [of] + 1.

Remark 2.6. Several existing operators can be derived from Definition 2.5 as follows:
(i) Letting p = 1 and @ (x) = x, thus we can obtain the definition of Riemann-Liouville derivative [22, 34].

(ii) Letting p = 1 and @ (x) = In(x), hence, we can get the definition of Hadamard derivative [22, 34].

v+1

o D where U # —1 is a real number, hence, we can obtain the definition of the Katugampola derivative

(iii) Letting p = 1 and @ (x) =
proposed in [10,21].

We pass to prove the following important two properties

Theorem 2.7. Consider 0 < o < 1, and take f as an integrable function over [a,b]. If @ € C!([a,b],R) is increasing, such that
@' ()P~ (x) #0,Yx € [a,b],p > 0, then, the following two properties:

(pDE‘+,<p p1§‘+,¢>f(X) —f(x)=0 @.1)
and

(pD;‘iC,q, plz‘,’i‘(p) fx)=f(x)=0 (2.2)
hold.

Proof. We begin by proving the left-sided fractional operator (2.1)
Thanks to the Fubini theorem, we can write

o o _ o o _ P (x) X (P/(t) (Pp71 (l) o
(oD10 p160) £ =p Dl (78107 () = rriy (T ) o (9P () — 9P ()® (ol @) di

1-p (y " I B N
= i (G ) Ui [ e [1 (0P (1) — 0P () 1 (5) 9P~ (s) f(s)dls ]
- S a-l —
= s (T ) Ji 915 907! (9)7(9) x fxi“’; Ve 1 (1) P~ (1) i s

= N WEL;‘QX [ 9/() 9P~ (s) f(s)ds x T (1 — o) (@)

=f(x).

Notice here that to achieve the proof of (2.1), we can use the transformation:

_ 9P (1) —9P(s)
oP (x) — 9P (s)

The proof of (2.2) can be achieved by using the same arguments as in the proof of (2.1). O

3. Results

We have first to present the following estimate for the continuous positive function u.

Theorem 3.1. Consider o. > 0 and vy in |0, 1. Then, take f,g and p in C(I,Ry). If u € C(I,Ry) satisfies

) < 7@+ [0 (0= 0 @) 91097 s+ [ (97 (1) =07 (1) gr(1) 97! () pl)w 1) tg <x. B

1
then the following two inequalities are valid: (i) If o0 — 3 > 0, then, we have

_1
F 1@+ (=1 B1 [yexp (y=1)B1 [ g2 (2)dz) x p (1) o1 (1) 9P~ (1) exp (27 —2) 9P (1)) dr] 207

xexp (97 (0 +5%) 382 ()91 ()9~ ()ar ) e,

<
“o) = 3.2)
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oI (2o —1
where Fi(x) = tg.;:léx.’)e*z‘pp O f2 (1), and B, = %.
1
(ii) In the case where o is in (0, %] If0=qg— %,0 = —p+ 1+, then one has

1

u(x) < |F () + (=) B [rexp (y—1)Ba fy b7 (2)d) x pf (1) o1 (1) =" (1) exp (g (y—1) 9P (1)) di] 40 7) .
xexp (9P (1) + 2%) 87 (1) @1 (1) 9P~ (1))
(( )+1) ’
I'((pe—p)+1
— ~1,—q¢" 31 px—p
where F»(x) = tg?éxy e~ 49°() £4(1), and B := 37134 (W) P
Proof. Taking x € I, we obtain:
X X
u) 10 < [ (9 W= ) @9 gt [ (9”0~ 0 ) @il o () pOuT)ar G
0 0
(7) Using Cauchy-Schwarz inequality to (3.4), we get
1/2
u(x) — £(x) < (/}if (0 (1) 02 (1) g (1) 9~ (1) V)
1/2
< (e 01021 (1) (gu2ar)
1/2
(B 0P () - 92 @)% ()90 ()2 ar) ! s
1/2 :
S (Pe-w" (,,p P eroar)
1/2 1/2
< (HGeews P (e 000090 (1) (quar)
1 1/2
N ) P (e 01092~ (1) (1)
where, o > ok
Thanks to Lemma 2.2, with m = 2,n = 3, we observe that (3.5) is equivalent to:
() = 3/2(0) < (TR 200 ) (e 2070 9P (1) o1 (1) g2(1)u (1)t ) 6
+ (O (frem20" 00 (1) @1 (1) Y (1) (1))
2
We shall now consider R(x) the quantity (u(x)e*‘/’p (x)> . Then, (3.6) can be transformed into:
R(x) < Fi(x)+ B (/x 0" (1) ¢ (,)g2(;)R(z)dz) +B (/XeZ(Vfl)W(t)(ppfl (t) W(,)pz(,)m(t)dt) .
Iy 4]
As Fi(x) is nondecreasing, then by Lemma 2.3, we observe that
RO < [F 760+ (1= 9By (20090001 (1) 0r(0) p2(0) x exp (1= D)1 [ 90~ (@) 1 (@)@ (@a)ar] 77
xexp (B fyy 9P~ (1) @/ (1) g7 (1))
So, from (3.7), we obtain (3.2).
(if) Now, for o € (O7 %] ,q= OCTH ,p = 0t+ 1, and using Holder inequality on the two integrals of (3.1), we get:
u(x) < )+ (Ji£ (0P (1) = 9P (1)) 9P~ (1) g (1) er® V)
1
% (Jre a9 0 9P (1) 1 (1) g1 ()ut (1))
1
+ (J (92 (= 9P @)V 9P (1) g1 (1)er V)" s
% (e 1 Ogr(0) 9P~ (1) p () (1) )
1 1
< flx)+ (%eﬁw(a«)) » (L;ce—wpﬂ(z)(pp—l (1) @1 (1) g4 (t)u (1 )dt) q
+ (Rl D oot @) 7 (a9 (1) 9P~ (1) pi()u¥ (1)t )
In view of Lemma 2.2, (with m = g and n = 3), and thanks to (3.8), we obtain
a
eP9P () — Py -
() < 3971 7000-+307) (2ESHBEDE ) (0011 90 1) )7 () ) o)

301 (B2 oo (0 7 (a9 O pr (1) P (1) pH(1)u (1)t )
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Let us now take R(x) equal to the quantity (u(x)e*‘pp (")) * Then (3.9) implies that
R(x) < F(x)+B; ( x(p/ (t) P! (;)gq(z)R(z)dz> +B; (/Xeqwfl)(pp(t)(ppfl (&) pi(t)r (z)RV(t)dt) .
Iy 4]

The function R is nondecreasing on [ty,T) , from Lemma 2.3.
Thus, the reader can see that

R() < [ 7700+ (1 =) By (J 1009 O 0p =1 (1) g1 (1) pi(r)

(pp
% exp ((1-7) B (! 9P~ (1) g%(2)gr () ) dr] 77
< exp (B S 0P~ (1) ¢ () (1))

By the relations of u(x) and R(x), we conclude that (3.3) holds. O

Remark 3.2. (1) When p =1 and ¢ (x) = x on [ty,T) C R, the inequalities established in Theorem 3.1 can be transformed into the
inequalities established in Theorem 4 given in [36].

(2) Taking p =1 and @ (x) = In(x) on [tg,T) ,tg > 1, then the inequalities established in Theorem 3.1 become the inequalities established in
Theorem 3.1 given in [18].

The second main result to be presented to the reader is given by.

Theorem 3.3. Let us take over the interval I the nonnegative and continuous functions u, f and g;,i € {1,2,..,n}.

If
() () < 3 (97 ()= 92 () 91971 () L () (1), (3.10)

1
then we have the following cases: (i) If ot > 3 then

u(x>s[zf2<x>+2fﬁ,i°;‘ SO0 [ 3 ngr (1) 9P (1) 02 (1) [ (272(0) ~ 1) +1]

= “‘

xexp(l} 2L 200 § (5 ><pp-‘(r)e-w”“)ng%(r)dr)dr}

1
(i) Ifa e (0,%],02—6]4—%,1)—1—&:0, then we have

u(x) < [qufq(x) +24-1 (F(l’(o‘l)ﬂLl)emP(x))Z

ppp((l*1>+l
< fiy ¥ 1011 (1) 9P (1) =990 g (o) [ (29 p9(1) — 1) + 1]
i=1

1

X exp (j;xzq—l (% peP(z )F an Lor (1) P~ 1 (1) e 19" (V)67 (1) d1:> dr} !
Proof. Asx € [tyg,T), we get
u(x) = f(x) < i (@P (x) = 9P (1)* " 9P~ (1) @1 (1) e?" ¥ gi(1)u (1) e~ V1.
i=1

(i) By employing Cauchy-Schwarz inequality and Lemma 2.2, we obtain:

(SIE

u(x) < £+ (2 (90 () = 9P (1)@ 9P~ (1) o1 (1) 2 W

1

. (f}if ¥ ngP 1 (1) @1 (1) e~ 20" 0 g2 (1) 2" <z>d’) 2
i=1

< 1)+ (S 0) (2 Enr) 997! 0 02 (0 ()

And using Lemma 2.3 for m = 2, the above inequality becomes

) =20 < (2= ) (/ Yror ()9~ (1) 2¢“<'>g%<z>u2%<r>dr).

fo j—

So,
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where
P =251 =27 hi (x) = ng? (x) o (x) 9P~ (x) 29" W), F(x) =2/%(x)
and
I'2a—1 o
R

Theorem 2.4 permits us to write

N+ / ) [ (7% ()~ 1) +1] x exp (/Xg(f)i%it;(r)d‘c> dt] |
! i=1

(if) Using Holder inequality, 3.10 allows us to write

ufx) <

==

u(x) < )+ ([ (9P (1) = 9P (1)@ 1 (1) P! (1) P V)
x (fzf g n?= Lo (1) P =1 (1) e~ 19" O g? (1) u (¢ )dt> ’ 3.11)

1

< 1)+ (T2 erw 0 (J, L gr(1) 9P~ (1) e~ ] <r>u’m<)dz)“

The inequality (3.11) and Lemma 2.3 give us

uq(x)szq”fq(x)+2""(% e ) (/ Lo 1 (1) 9P (e g (1) (t)dr>-

o j—

We consider

P=a,5i=aq¥ hi (x) =" (x) o1 (x) 9P~ (x) 749", F(x) =297 f2(x)
and

oy gt (TR@=DFD) o) 7

g(x)zzq I(Weﬁq) ( >)

then, we can write

0 < )+ 800 (1 £ war ). a1

Thus, from Theorem 2.4, we can conclude that

1

x %on q

u(x) < | F(x) +3x / Zh [y (Fo (1) — 1) +1] ><exp(/xg(r)%)z’%fzi(r)dr>dt%] . (3.13)
! i=1

4. Applications

Differential equations are commonly used in economics to represent the change of economic variables across time. These equations may
define connections between variables like production, consumption, and investment. Gronwall’s inequality may be used to investigate the
behavior and stability of certain differential equation solutions. Assume we have a differential equation that defines the rate of variation of an
identified economic variable and you want to assess the solution’s long-term pattern or stability. Gronwall’s inequality might be implemented
to constrain the solution based on initial or boundary circumstances.

In this section, we will use the above “(p, @) — theorems” related to Gronwall inequality to investigate bounded solutions for two classes of
fractional differential equations that involve (p, ¢) —generalized derivatives with initial conditions.
Class 1: Suppose that we have:

pDf pu(x) =y (x,u(x)) +h(x)u(x), 1o Sx<T <o,
plzo,qa () = uo,

x=ty

.1

where p Dff o, PItLT(pa are respectively the (p, @) — Riemann-Liouville derivative of fractional order and (p, ¢) — Riemann-Liouville integral,
p > 0,up € R, with respect to @ € C! ([to,T),R), ¢ (x) 9?1 (x) #0, w € C([tg,T) x R,R) and h € C([ty, T),R ).
From [37], we know that u(x) satisfies (4.1) if u(x) satisfies the equation:

) = s (07 () =07 () + o [ (@ (=02 () x 9/ (00 (O 1) + h()ulo) . @2)

We consider the following hypothesis:

(Hy) : There exist g, p € C([f0, T),R*),0 < 7 < L, and [y (1,u(x)) + h(x)u(x)| < g(x) [u(x)]| + p(x) [ (x)

is valid.

Under (H) ), we prove the following integral inequalities for the solution of the above differential problem of Class 1.
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Theorem 4.1. Assume that (Hy) is valid. If u is the solution of (4.1), then the following two inequalities are true:

1
(@) If oo > 3 then, we have:

u(o)l < [F7700) + (-1 [exp (r—1)B1 [} ¢ (1))

x p? (1) @1 (1) P~ (1) exp (2(y— 1) @P (1)) de] 21-7) (43)
<exp (900 + 5 ) e Q009 ar ) we
where Fy(x) = max 3e~29"() o ZW’p (1) — P (1 )@=V and B, = frea-1)
! to<r<x I'la) 0 ’ ! p4e

1+o
(if) Fora e (0,%],(1:%, and p=1+4+a, we have

U] < |00+ (1=9) B2 fexp ((y—1)Ba f b4 (7))
1
% P (1) 91 (1) 9P~ (1)exp (g (v—1) @P (1)) dr] 717 (“4)

<o ( (000042 ) et 001 92 ().

BN —1 —qoP lug| \* (o—1) _ a1 (Flpla=1)+1)\ p
Wherer(x)*fgﬁéxy e—a9" (1) (F(a)) [@P () — @P (19)|7 ,and By =31 o pP@ T .

Proof. Letx € [ty,T), then thanks to (H;), we have

()| < \“—pr () — 9P (1)) ™! | n

=T (w) /:(fpp () =@ ()" x @' (W) @ (1) (¢ () [u(t)] + p(o) [ (1) ) .

T'(a)

Applying Theorem 3.1, we deduce the desired result.

Let us now consider another class of differential equations.
Example 4.2. Assume the following data:

o let @(x) =x,ug =0, (¥ +h)(x) = c,c € R. Then the solution u is given by the form, using Mathematica 13.3, as follows (see Figs.4.1
and 4.2)

u(x) = — x>0,00>0,p>0,ceR.

c

Figure 4.1: The SliceDensityPlot3D of u(x) =

% for (x,at,p),c=1.

I'le)
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i . __C - —
Figure 4.2: The Plot of u(x) = T(a) o for (x,p),c =1and oo = 0.25,0.5,0.75,0.95.

o let o(x) = exp(x),ug =0, (Y +h)(x) = c,c € R. Then the solution u is given by the form (see Fig.4.3 and 4.4),

u(x) = —~— x>0,a>0,p>0,ceR.

¢ ((e)P-1)*
Ila) %

for (x,ct,p),c=1.

¢ (()P-1)°

Figure 4.4: The Plot of u(x) =

@ @ for (x,p),c = 1 and & = 0.25,0.5,0.75,0.95.
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Class 2: We take the following differential problem:
n
PDI%A(pu(x) = Z 8i (x,u(x)), fh Sx<T <eo
i=1 (4.5)

1
Izo (pa ( ) =t = up,

where p Dt plt})_}p‘x are respectively the (p, @) — Riemann-Liouville fractional derivative and (p, ¢) — Riemann-Liouville fractional integral,
p > 0,up € R, with respect to @ € C! ([to,T),R), ¢’ (t) o?~! (x) #0 and g; € C([to, T) x R,R),i € {1,2,...,n}.
The fractional integral solution of (4.5) is given by:

) = Fios (07 ()= 09 ()"~ + s i (09 ()= 0 (1)

<9/ (097 (1) L gi(0.u(0)dr.

We consider the following hypothesis.
n n
(H,) : Assume that there are some y; € C([to,T),RT),i € {1,2,....,n} and 0 < % < 1, such that ¥’ |g; (x,u(x))| < ¥ w;i(x) [u¥ (x)].
i=1 i=1

Based on (H,), we prove the following estimates for the solution of Class 2.
Theorem 4.3. If (H) holds, then the following two inequalities are valid:
. 1
(i) For a > 5 we have
I'2a—1) —_
)] < 20200 +25ZEL 200 2 £ ngr ()97~ () 2¢O ) [1(20%0) 1) +1]

1
2

xexp(f, 1L 2070 § g (5) 90 (1) g (1) M ,

where, Q(x) = llb(t(()xl) |oP (x) — @ (to)‘ail;

1+o
(i) For(xe(O,%],q: ; ,and p =1+, we have

lu(x)| < {ZQIQq(x)—i—qu (Mewm)) ’

ppf"(“* 1)+1

i £ 07101090 ()¢9 (1) [ (207 01(0) 1) 41

1

xexp(ﬁxzq—l (Clecitter @) £ ur-tgr(5) 92! (1) ¥ Oyl (5)ae ) at] "

Proof. Let us take x € [ty, T ). So, we have

‘ | a—1 1 * a_]
u(x)] < M« )\<P”() oF (10)] +m/ﬁ](¢p(ﬂffpp(t)) (1) oP ' ( Zlg, (t,u(t))ldt.
Using (H,), we get
‘M0| a—1 1 x a—1 ’ _ u ;
u(x)] < WW” (x) = P (1o)| +W/zo (9 (x) = 9P ()™ x o' (1) 9P 1(t)i:lei(t)Iuy(f)ldt
Thanks to Theorem 3.3, the proof is achieved. O

Example 4.4. Assume the following data: let ¢(x) = x,up =0, (Y +h)(x) = ¢,c € R and g(x) = x,g2(x) = x2. Then the solution u is given
by the form, using Mathematica 13.3, as follows (see Fig.4.5 and 4.6)

F(oc)(x—p)z/p(xp)a< 2r(%) +r(;)<xp)1/p>

r(a+§+1) r(a+,%+1)

- T(a) p? , x>0,a>0,p>0,ceR.

And for g(x) = x,82(x) = ¥ and g3(x) = x> the becomes (see Figs. 4.7 and 4.8)

P(a) (x°) /P () ( w(3) L =) r(;)w)ﬂp)

F<a+%+1) F(a+§+1) F(a+g+1)

) p?
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The solution u(x) could symbolize an economic variable in a dynamic economic framework, and the inequality may be utilized for establishing
conditions in which the variable stays limited or comes together to a stable equilibrium over time. The parameters ¢ and p are complex and
self-replicating patterns that may be discovered at various sizes. Some economists have proposed that some patterns found in economic
and financial data display fractal-fractional like features. Financial time series data, for instance stock prices or currency rates, may, for
example, show self-similar patterns at multiple time scales. This indicates that short-term and long-term movements exhibit comparable
patterns or tendencies. The examination of these shapes is known as fractional finance.

f(w(ﬁ)*/wxm“( (3) J(.%)w)'/p)

F(a+%+l) I‘(a+%+l)

[(e) P

Figure 4.5: The SliceDensityPlot3D of u(x) = for (x,a,p),c=1.

Figure 4.6: The Plot of u(x) = for (x,p),c=1and o = 0.25,0.5,0.75,0.95.

Figure 4.7: The SliceDensityPlot3D of u(x) = for (x,ct,p),c=1.
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)2/1))
1
Figure 4.8: The Plot of u(x) = T for (x,p),c =1and oc = 0.25,0.5,0.75,0.95.

5. Conclusion

The use of Gronwall’s inequality in economics is part of a larger subject that is referred to as mathematical economics, which use mathematical
strategies and instruments to understand economic events. It is crucial to note that the exact application of Gronwall’s inequality in economics
would be dependent on the specifics of the economic model under consideration. We have used one of our recent papers on (p, ¢)—Riemann
Liouville integrals to prove new results on Gronwall integral inequalities. Then, we have introduced, for the first time, the so-called
(p,9)—Riemann Liouville derivatives with respect to another function. We have presented some of their properties (Theorem 2.7). At
the end, we have discussed two classes of differential equations that involve such derivatives. The boundedness of the solutions of these
two classes has been established. We invite the interested reader to work on this “new” derivative approach since it has been shown in the
study of the above two classes that the introduced derivatives are important to study differential equations. It has also been proved that they
generalize several existing derivatives, see Remark 2.6.
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essential to understand the learning processes and the development of potential disorders.
This study utilizes the analysis of singular linear systems representing brain neural networks
to delve into the complexities of the human brain. In this context, the digraph approach is a
powerful method for unraveling the intricate neural interconnections. Directed graphs, or
digraphs, provide an intuitive visual representation of the causal and influential relationships
among different neural units, facilitating a detailed analysis of network dynamics. This
work explores the use of digraphs in analyzing singular linear multi-agent systems that
model brain neural networks, emphasizing their significance and potential in enhancing our
understanding of cognition and brain function.

1. Introduction

The brain’s architecture constitutes a complex recurrent neuronal network that can depicted through a digraph representation (see Figure 1.1).
In this depiction, nodes symbolize distinct brain regions, while edges signify the intensity of connections formed between these regions
during specific task execution.

Figure 1.1: Recurrent Neuronal Network.
The term “neuronal network™ refers to a specific framework for understanding brain function, wherein neurons serve as the fundamental
computational entities and computational processes are interpreted through the lens of network interactions.
It has been shown ( [1]) that cognitive control and the ability to control brain dynamics powerfully suggest improving cognitive functions
and reversing the possible disorder in learning processes. The human brain can travel between diverse cognitive states. Its most significant
function is in linking multiple sources of information in large-scale networks that are required to solve complex cognitive problems and
strengthen memory.
Kriegeskorte in [2], states that neuronal network models fix a starting point of a new time for computational neuroscience, in which
participants bear a part in real-world labors that require broad knowledge and elaborate calculations.
Neural networks that control their functions have been managed using dynamic linear control systems. In this study, neural networks are
considered multi-agent systems, meaning they are systems of linear dynamic systems interconnected through a predetermined topology.

Email address and ORCID number: maria.isabel.garcia@upc.edu, 0000-0001-7418-7208
Cite as: ML.I. Garcia-Planas State feedback control of multiagent singular Linear Systems representing brain neural networks, Univers. J. Math.
Appl., 7(4) (2024), 192-200.
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Digraphs offer an intuitive visual representation of the causal and influential relationships between different neural units, allowing a detailed
analysis of the network dynamics, [3].

Various fields of engineering employ multi-agent systems to solve synchronization problems and address consensus problems of the systems
(see, for example, [4,5]). On the other hand, it should be said that neural networks are also being studied as non-linear dynamic systems (see,
for example, [6]).

In many instances, it is challenging and costly to convert a description of the brain into a multi-agent linear dynamic system. This process
involves a combination of differential equations and purely algebraic constraints, naturally transforming them into state-space equations such
as:

i) =Ax () +Bu' (1)
7 (1.1)
K@) = Ak() + Bk (r)

where A; € My(R), B; € Myxm(R), xi(t) € R, ui(t) € R™, 1 <i < k. Garcia-Planas in [7] showed that a description of the system using
equations of the type

E]Xl(l) =A1x](t)+Blu](t)
. (1.2)

Ekxk(l) :Akxk(t)—l—Bkuk(t)

where E; € M,,(R) are allowed to be singular matrices, may be much more suitable.
A block diagram is plotted in Figure 1.2.

X}
+
Xx'(t) a1 |+ 1
E11 x1(t)
A,
—>yOutput
X
+
XK(t), ERL
Ex x(t)
+
Ax
II Topology

Figure 1.2: Diagram of a multi-agent singular system.

Systems and control theory can provide insights into the theoretical control of the human brain. Research on brain interfaces and
neuromodulation indicates that changes in regional activity, measured by evoked potentials or other methods, can lead to alterations in brain
function dynamics, [8].

Although fully understanding the relationship between mathematical control measures and the limited knowledge of cognitive control in
neuroscience is challenging, even slight advances in this field can encourage further research and efforts to address learning difficulties such
as dyscalculia and other issues like the phenomenon of forgetting, [8].

Structural controllability theory can be a powerful method for managing structured linear systems. In [7], Garcia-Planas demonstrated
that structural controllability is a mathematical tool applicable to multi-agent singular systems, where each agent follows a predetermined
structure.

2. Preliminaries

To investigate the proposed control problems, addressing the complexity inherent in the brain’s structure is essential. This complexity
necessitates dividing the global model into several local submodels, each representing distinct brain regions with intricate and interconnected
network structures. By breaking down the global model into these local submodels, we can better understand and manage each region’s
specific dynamics and interactions. This approach enables us to conceptualize the brain as a collection of neuronal subnetworks, each
contributing to the overall function and working together towards common cognitive and physiological objectives. By focusing on these
localized models, we can develop more targeted and effective control strategies, ultimately enhancing our ability to understand and influence
brain function as a cohesive multi-network system.

Let’s consider a group of k agents as described in (1.2).

In our specific setup, the agents communicate according to the topology defined by the graph ¢ with

i) Setof Vertices: V ={1,...,k},
ii) Setof Edges: & = {(i,j) |i,jeV}CV xV.
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Level 3

e

Level 2

Figure 2.1: Multiagent graph.

The Figure (2.1) shows the graph that defines the topology on the participating agents in the system.
It is well known that each graph has an associated matrix called Laplacian; this matrix is defined as

|4 ifi=j,
ZL=j)=q -1 ifje,
0 otherwise.
Writing:
! (1) (1) u! (1)
2 (t) = , 2= |, %)= :
(1) (1) uk (1)
E; Ay B
&= , A = ] , B = )
Ey, Ay By

With these notations, it is possible to describe the multisystem as a system:

EX W)= X )+ BU(t).
The description of the local interrelation between systems defined by the considered topology is given by the control:

W) =F Y, () —x/ (1), 1<i<k Q.1
JEN:

That in a matrix description is

FU(t) = F (L)X (1),

F
where . =

Fy
Then, the multisystem with interrelation control is described as:

EXW)=AX (1) +BFU) = (o +BF (L)X (1) 2.2)
3. Controllability Character of a Singular Linear System

Controllability is a crucial property of dynamical systems, which is why there is an extensive body of literature addressing this concept
([7,9,10], among others).

Typical features of singular systems Ex(t) = Ax(¢) + Bu(t), which are unknown in the realm of state-space systems x(¢) = Ax(¢) + Bu(t) are
possible impulsive responses to nonimpulsive excitations as well as provision for the consistency of initial conditions, complicating the
analysis and design of control strategies. Understanding these features is essential for determining the controllability of such systems.

The controllability character can be defined using the following rank conditions which are generalizations of Hautus [9], and Kalman [10],
conditions.



Universal Journal of Mathematics and Applications 195

Proposition 3.1. The dynamical Singular system Ex(t) = Ax(t) + Bu(t) is controllable if and only if:
rank ( E B ) =n,
rank(sEfA B) =n, VseC.

Proposition 3.2 ( [11]). The dynamical system Ex(t) = Ax(t) + Bu(t) is controllable if and only if the rank of the following matrix in
anx((nfl)n+nm) (C) is n?

E 0 0 0 B 0O 0 0 0

A E 0 0 0B O .. 00
k|0 A E . 0 00 B .0 0|_

00 0 ... E 0O 0 .. B O

000 ... A OO 0 0 B

Figure 3.1: Example of a graph.

The system is

0 0 0 0 0 1 00 1 0 0 O 1 0 0
00 0 0 1 0 1 0 0 0 0 O 2 0 0
00 01 0 O 01 01 0 O 1 0 1
E= 1 0 0 0 0 O}’ A= 1 0 0 0 0 of” B= 01 0
00 0 0 0 O 1 00 0 0 O 3 0 1
00 0 0 0 O 1 0 0 0 0 O 1 0 0
We have that

rank(E B):6,
rank(sEfA B):6., Vs € C.

Then, the singular system is controllable. So, there exist matrices F and G in such away that(E + BF) is invertible and the standard
00 1 0 0O
system %(t) = (E + BF )~ (A 4+ BG)x(t) + Bu(t) is controllable. For example, we can consider F= (0 0 0 0 0 0] andG=
01 0 0 0 O
000 0 0O
000 01O
0 0 0 0 0 1
The fact that

rankB =3,
rank (B (E+BF)~'(A+BG)B) =5,
rank (B (E+BF) ' (A+BG)B ((E+BF) '(A+BG))*B) =6,

ensures that taking suitable controls uy,u,,u3 it is possible to reach a desired state from a fixed initial state in a finite time.
For example, taking u; = (1,0, —2.5), up = (—0.5,0,3) and u3 = (—1.5,0,3.5), it is possible to reach the node 5 from the node 6.
Writing A = (E 4 BF) ™' (A + BG), we have:

A3x6 + AzBul + ABuy + Buz = x5.

Determining which B matrices ensure system controllability is challenging, especially when these matrices require the minimum number of
inputs. Liu et al. [12] suggest “the maximum coincidence algorithm” based on the network representation of the matrix to select the control



196 Universal Journal of Mathematics and Applications

nodes to ensure that systems are controllable. Yuan et al. in [13] exhibit a general framework based on the maximum multiplicity theory to
investigate the exact controllability of multiplex interrelated networks, focussing the study on the controllability amount defined by the
minimum set of drivers that are needed to control steering the whole system toward any desired state but the authors do not construct the
possible drivers. Garcia-Planas in [14] builds the matrices (drivers) based on the matrix A eigenvalues and its geometric multiplicity.
Given a linear dynamical system as Ex(t) = Ax(¢) + Bu(t) that for plainness, from now on, we can write as the triple of matrices (E,A, B).
It is well known that the system has many possible control matrices B that can assure the controllability condition; for that, it suffices to
consider invertible matrices B € GI(n;R).

The objective is to identify the set of all possible matrices B with the minimum number of columns, corresponding to the minimum number
ng(E,A) of independent controllers necessary to manage the entire network.

Controllability with the minimum number of inputs is referred to as exact controllability.

Definition 3.3. Let (E,A) be a pair of matrices defining the homogeneous singular system Ex(t) = Ax(t). The exact controllability ng(E,A)
is the minimum of the rank of all possible matrices B making the system Ex(t) = Ax(t) 4+ Bu(t) controllable.

ng(E,A) = min{rank B,VB € M, ;1 <i<n,(E,A,B) controllable}.

If confusion is not possible we will write simply np.
To want to know np makes it attractive to be able to use systems with the same properties, but due to the simplicity of their expression, the
computation is immediate. In this sense, we consider the following equivalence relation:

Definition 3.4. We say that two systems (E,A,B) and (E,A,B) are equivalent if and only if, there exist invertible matrices P and Q such
that (E,A,B) = (QEP,QAP,0B).

This equivalence relation corresponds with strict equivalence of the pencil ( sE—A B ) So, the collection of invariants of the pencil are
the invariants for the system.
Besides, it is easy to prove that np is invariant under this equivalence relation,

Proposition 3.5. The exact controllability np is invariant under equivalence relation considered, that is to say: for any couple of invertible
matrices (Q,P),

ng(E,A) =nop(QEP,QAP).

Proof.

rank (QEP QB ) =rankQ(E B)(P ]>:rank(E B),

rank ( SQEP— QAP QB ) =rankQ (sE —A B)<P I)zrank(sEfA B).

O

As a consequence, if necessary we can consider (E,A, B) in a simpler form. In particular, the triple of matrices (E,A, B) can be reduced to a
weaker form called “Quasi-Weierstrall form” (see [15]) in the following manner:

Let P=(V W)and Q= (EV AW )71. Matrices V € Myx,(C) and W € M, (,_(C) are in such a way that (VW) and
(EV AW ) are invertible.

(QERQAP,QB):<(” N),(A’ ,nfr),@;)):(i,fi,é),

where A, is some matrix and N is nilpotent.
The vector spaces ImV and ImW are spanned by the generalized eigenvector at the finite and infinite eigenvalues respectively, and they are
derived by the following recursive subspace iteration with a limited number of steps called Wong sequences [16].

Vo=C", Vipr={vel"|Av e E(V})},
Wo = {0}, Wi ={veC"|Eve AW))}.
verifying
VooVi2...2Vp=Vi =...Viy g =V D KerA,
WOQWI Q...gwm:Wm+] :...Wm+q=W*.

It is easy to prove that ¢ = m and satisfy AV* C EV* and EW* C AW*.
Matrices V and W are defined in such away that V* = ImV and W* = ImW.

Remark 3.6. Not every matrix B having ng columns is valid to make the system controllable. For example if E = I, A = diag(1,2,3) and
B = (1,0,0)', the system (A, B) is not controllable, (rank ( B AB A’B ) =1 < 3, or equivalently rank (A —AI B ) =2for A =2,3.

For standard systems we have the following result.
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Proposition 3.7 ([17]). Let u(A;) = dimKer (A — A1) be the geometric multiplicity of the eigenvalue A;. Then,

np = max; {it(4;)}

In [14] a manner to obtain a set of minimal number of controls is presented.
We now extend the theorem to the case of singular systems.

Theorem 3.8. Let (E,A) the fixed homogeneous part of a singular system. The exact controllability ng is computed in the following manner.
np = max {}’lE7 [,L(ﬂ,l)}
where ng = rank(E, B), u(A;) = dimKer (E — A) and A; (for each i) is the eigenvalue of pencil sE — A.

Proof. Proposition 3.5 permit us to consider the system in its canonical reduced form

rank (E, B) = rank ((’ N) (g; )) — )+ rank (N, Bs),

0 1
N =diag (Ny,...,Ny, ) with N; =
0 1
0
Taking
0
1
_ 0 . .
By = . :(Wl W”E)’
1
0
0

we have that rank (N, B,) = nj.

rank ( LE —A B):rank(?ti(l N)_(J I)(g;)):n2+rank(lil—J By).

J=diag (/i (M), Jr(A)), Ji(A) = diag (Ji, (A4), .., Ji, (24),

and
A1
Jiy (Ai) = :
A1
A;
Taking
0
1
5 0 A A
By = N (Wl W) ) ’
1
0
0
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we have that rank (A, —J,B;,) = u(4;).
Consider now the following collection of vectors

A A
Wll I ) W[l )
A A
Wi wy,
Wl Wy,
where ¢ = max (i (4;),...,(A,),ng) and we complete each series of vectors with the zero vectors in case its length is less than .

Finally we construct the family
wi :w’}‘ +.,.+w%'+wi°,...,w€ :w%‘ +..,+w?’+w7.
Clearly,

rank(E B):n,
rank (AE—A B)=n, forallA € C.

Now, it suffices to remark that if we consider B = (b;j) € My, (C) with m < ¢, we have

i) if {=ng thenrank (E B) <n,
i) if ¢ = p(A;) thenrank (LE—A B) <n.

4. Controllability of Multiagent Singular Neural Networks

We are concerned about bringing the output of the system (1.1) to a reference value and keeping it there, we can ensure that it is possible
when the system is controllable. If topology relating systems is not considered, unquestionably, the system (1.1) is controllable if and only if
each subsystem is controllable, and, in this case, there is feedback in which we obtain the requested solution.

We can be interested with the control (2.1) and ask for the stability of the system (2.2)

If having considered this control the resulting system (2.2) has not the desired eigenvalues, we can try to consider different feedback F; so
that, with the new control )with feedback = K;),

W) =K Y, (d(6)—x/(r), 1 <i<k, @.1)
JEN:

the system has appointed, eigenvalues to take a requested output of the system.
In some cases could be attentive in a solution such that

lim ||x' —x/|| =0, 1 <i,j <k
t—oo

Namely, finding solutions for each subsystem reaching all, the same point.

Proposition 4.1. Considering the control u' (t) = K;¥ e, (X (1) —x/(t)), 1 <i < k the closed-loop system can be detailed as
EX ()= (A +BH (L R0))Z (1)

K
where 7 is the diagonal matrix

Ky
Computing the matrix o7 + B¢ (£ ®1,) we obtain

b1ByK; Ay +1pByKy ... LB K>

In the special case where all systems in the multi-system have the same dynamics, this is E; = E, A; = A, B; = B and K; = K Proposition 4.1
can be rewritten as follows:

Proposition 4.2. Considering the control u'(t) = K'Y je 4 (x'(t) —x/ (1)), 1 < i < k the closed-loop system for a multiagent with identical
linear dynamical mode, is detailed as

(LOE)Z = ([, @A)+ (I, @ BK) (L Q1)) Z .
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It is also interesting to study the case that we can also consider external controls that allow us to obtain the desired eigenvalues.

It is of interest to recognize the minimum set of driver nodes needed to achieve full control of networks having arbitrary structures and
link-weight distributions.

In our particular setup, the objective is to find the collection of all possible matrices E, having the minimum number of columns corresponding
to the minimum number np((&/ + BH (£ ®1,))) of independent drivers that are necessary to control the whole network.

Given the protocol as (4.1) with K the feedback gain matrix, and defining

uéxt (I) Dy
Uext(t) = , 9= .
”]éxt (Z) Dk
Proposition 4.3. With these notations the system can be described as
EX (1) = (A +BH (L)X (t) + DUyt (1).
And the minimum number of controls & necessary to ensure the controllability of the system is
ng =max(ng, 1(4;))
where ng = nk —rankE and p(A;) = dimKer (s& — (& + BK(Z ®1,)), Z).
. 1 0 0 0 1 .
Example 4.4. Consider the case where E; = E = 0 0 VA=A = 1 o) Bi=B= 0 and K;=K = (1 1) corresponding to the
Figure 4.1.

8-0

Figure 4.1: Neural network

The Laplacian matrix is
1 -1 0

ZL=(0 1 -1

0 0 0

The matrix & + BX (L ®1y) is

10 -1 0 0 O
1 0 0 0 0O O
0O 0 O 1 -1 0
o0 1 0 0 O
o0 0 O 1 -1
o0 O O 1 0
In this case ng = 3.
Taking
1 0 0
2 0 0
Dy
9= D, :0007
D 01 0
3 0 0 0
0 0 1
we have
E 0 0 0 O B O O O O O
A E 0 0 O 0O B O O 0 O
rnkOAEOOOOBOOO_36
™fo o4 E 000 0 B O O
0O 0 0 A E O 0O O 0O B O
0O 0 0 0 A O O O O O B

Then, the multisystem is controllable.
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5. Discussion and Conclusion

The concept of “control” implies taking action and represents the human endeavor to intervene in the environment to ensure survival and
continually enhance the quality of life. Many control problems can be addressed through a mathematical model that describes the physical
system in question with equations representing the system’s state.

Although control is a fundamental issue in numerous network systems, more studies are still needed to quantitatively explore the control of
directed networks, which are the most common configuration in real-world systems.

The primary issue is the network’s size. Liu et al. [12] have developed tools to investigate the controllability of networks with arbitrary sizes
and topologies using the controllability matrix, focusing on a few driver nodes within the network.

In [8], Gu et al. define different types of controllability (global, regional, average, modal, and boundary) from various perspectives to apply
to neural systems. These different viewpoints can help analyze the various roles in controlling the dynamic trajectories of brain network
functions.

This paper considers the brain network as a linear, discrete-time, time-invariant multisystem, which allows for considering a more significant
number of nodes. In 2018, Abiodun et al. ( [18]) conducted a survey on the state of the art in the applications of artificial neural networks.
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