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Abstract: This paper defines two new concepts: the concept of multivalued left-weighted mean
contractions in the generalized sense of Nadler in a symmetric generalized metric space and the
concept of multivalued right-weighted mean contractions in the generalized sense of Nadler in a
symmetric generalized metric space, and demonstrates fixed-point theorems for them. For these,
we demonstrated two fixed-point existence theorems and their corollaries, by using the properties of
the regular-global-inf function and the properties of symmetric generalized metric spaces, respectively.
Moreover, we demonstrated that the theorems can be applied in particular cases of inclusion systems.
This article contains not only an example of application in science, but also an example of application
in real life, in biology, in order to find an equilibrium solution to a prey—predator-type problem.
The results of this paper extend theorems for multivalued left-weighted mean contractions in the
generalized sense of Nadler, demonstrating that some of the results given by Rus (2008), Muresan
(2002), and Nadler (1969) in metric spaces can also be proved in symmetric generalized metric spaces.
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1. Introduction

Fixed-point theory has applications in many fields, such as functional and nonlinear analysis in
solving partial or random differential equations or in solving problems with the theory of differential and
integral equations, in proving differential and integral inclusions, and in demonstrating approximation
methods in the study of functional equations, management, economics, finance, computer science,
and other fields [1]. There has been extensive research on the topic of fixed points of multivalued
operators, using different methods, resulting in an increasing number of papers published on this topic
in the past years.

The works of Poincaré, Lefschetz-Hopf, and Leray-Schauder laid the foundation of the field of
fixed-point theory. Their theory has also been of high importance for degree theory.

In metric-space theory, the existence and uniqueness of a solution is demonstrated by making
successive approximations. One of the most famous and influential mathematicians of the 20th century,
Professor Stefan Banach, managed to expand the use of this theory to more than ordinary differential
equations and integral equations. One of the theorems that was used to create the fixed-point theory in
metric spaces is Banach’s fundamental fixed-point theorem, and it involves contraction mappings that
are defined in a complete metric space.

In the year 1965, Browder, Gohde, and Kirk [2—4] created the theory of multivalued mappings,
with applications in multiple areas: differential inclusions, convex optimization, control theory,
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economics, management, and finance. Moreover, in 1969, Nadler [5] used Banach’s theory and the
concept of Hausdorff metric to prove that the multivalued version of the theory has a fixed point.

In 1996, Angrisani and Clavelli [6] created a new method to prove fixed-point theorems by using
the class of regular-global-inf functions. We will apply this method for the study of multivalued left-
and right-weighted mean contractions in the generalized sense of Nadler in a symmetric generalized
metric space.

In 2004, Ran and Reurings [7] used the Banach contraction principle endowed with a partial order
to demonstrate how to solve certain matrix equations. Similarly, in 2007, Nieto and Rodrigues-Lopez [8]
solved differential equations by using the extension to the Banach contraction principle. Later, in 2007,
Jachymski [9] managed to obtain a more general version of the previous extensions by using graphs
instead of the partial order.

Other researchers, such as Espinola and Nicolae [10], Nicolae in 2011 [11], and Leustean [12] used
some fixed-point theorems in geodesic metric spaces.

In 2012, Aydi, Abbas, and Vetro [13] extended Nadler’s fixed-point theorem, thus obtaining results
for multivalued mappings defined in complete partial metric spaces.

Bucur (2019) [14] and Bucur, Guran, and Petrusel (2009) [15] obtained some results on fixed points
of multivalued operators in generalized metric spaces by extending some old fixed-point theorems.

In another paper, published in 2012, Rezapour and Amiri [16] provided different conditions for
those theorems [15] published in 2009, thus obtaining new theorems on fixed points for multivalued
operators defined in generalized metric spaces.

Alecsa and Petrusel [17] present two results concerning the fixed points of (¢—p)
multivalued operators.

Kikkawa and Suzuki (2008) [18] also obtained results for generalized contractions in complete
metric spaces. Later, in the year 2011, Kikkawa’s method was used by Rezapour and Amiri [19] to
obtain new theorems on fixed points for multivalued operators defined in generalized metric spaces.

In their paper, Bounegab and Djebali [20] presented new fixed-point theorems for multivalued
nonexpansive mappings and obtained some fixed-point results, including existence theorems.

Mukheimer, Vujakovi¢, Hussain et al. (2019) [21] demonstrated a new approach to multivalued
nonlinear weakly Picard operators.

Therefore, research has demonstrated that fixed-point theorems of multivalued operators can be
applied in different types of spaces. Researchers have obtained results for fixed points in partial metric
spaces, b-metric spaces, symmetric metric spaces, etc.

Authors such as Hicks and Rhoades [22] and Joshi, M.C.; Joshi, L.K.; and Dimri [23] studied the
existence of fixed points in symmetric spaces, demonstrating that for these theorems it is not necessary
to apply all the axioms from the definition of a metric.

This paper is a continuation of my articles “Fixed Points for Multivalued Convex Contractions on
Nadler Sense Types in a Geodesic Metric Space” (2019) [14] and “Fixed Point Theorem for Multivalued
Operators on a Set Endowed with Vector-Valued Metrics and Applications” (2009) [15].

2. Main Results
For (X, d) a metric space, we denote by
P(X)—the set of all subsets of X, which are nonempty;

P.(X)—the set of all compact subsets of X, which are nonempty;
P (X)—the set of all nonempty closed subsets of X.

Using these subsets, we will consider the following operators:

D:P(X)xP(X) - [0,00), D(Z,Y)infld(x,y) :x€Z, y€ Y}, Z, Y € P(X)—the gap functional;
H:P(X)x P(X) — [0,00), H(Z,Y)max{supxezinfyeyd(x,y), supyeyinfrezd(x, y)}—the
Pompeiu-Hausdorff functional.
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Additionally, for Z € P.(X), we have diam(Z) = sup{d(x,y):x,y€Z} and ax(Z) =
infle >0:Z = UjgZ;, diam Z; < ¢}, the Kuratowski measure of noncompactness.

Let F: X — R be a real valued function. For any p € R, we denote L, = {x € X : F(x) < p} as the
p-level setand infF = inf{F(x) : x € X}.

If T: X — P(X) is amultivalued operator, then the fixed point set of T is Fix(T)={x € X, x € T(x)}
and SFix(T) is the strict fixed-point set of T, i.e., SFix(T)={x € X, x = T(x)}.

Definition 1 [24]. The functional F : X — R is known as regular-global-inf (RGI) in x € X if and only if
F(x) > infF implies that there is a p > infF, such that D(x, Lp) > 0. The application F is called RGI in X if it is
RGIinallx e X.

Proposition 1 [24].
(i) Let the sets be Z,Y € P.(X). Forallx € Zand q > 1exists y € Y, withd(x,y) < qH(Z,Y). (ii) For
any (X,d), a complete metric space, it results that the pair (P.(X), H) is also a complete metric space.

Proposition 2 [24]. Let (X,d) be a complete metric space, and F : X — [0,00) be an RGI function in X.
If fzfrr}FaK(Lp) = 0, we obtain that the set of the global minimum points of F is nonempty and compact.

plin
Definition 2 [15]. Let X be a nonempty set. We consider the vector space of vectors with positive real
components R'!, equipped with the usual component-wise partial order. The operator d : X X X — R}, for which
the usual axioms of the metric take place, is called a generalized metric in the sense of Perov.

Let (X,d) be a generalized metric space in the sense of Perov. In this space, if v,r € R™ are
two vectors: v(vq, vy, ...,0y) and r(ry, 12, ..., 7y), then by v < r we understand v; < r; for all
i€{l,2...,m}, while v < r represents v; < r; for all i € {1,2...,m}. Moreover, [v| = (|1, [v2], ..., [vm]).
Thus, max(v,r)(max(vy,11), max(va,r2),...,max(vm, ry)). In a particular case where r; = ¢ € R,
i€fl,2...,mland v < (c, c...c), it implies that v; < c for alli € {1,2...,m}.

The concepts of convergent sequence, Cauchy sequence, completeness, and open and closed
subsets, which are defined in a generalized metric space, are defined similarly to those in a metric space.
If xo € Xand r € R", withr; > 0 for alli € {1,2...,m}, we will denote by B(xp, r){x € X :d(xp,x) <1}
the open ball centered in xo with r radius and by B(xo, 7){x € X : d(xg,x) < r} the closed ball centered
in xg with the radius r. If T : X — P(X) is a multivalued operator, then we denote by Fix(T) the set of
fixed points of T. We have Fix(T){x € X : x € T(x)}.

We note that a generalized Pompeiu-Hausdorff functional can be applied in the context of a
generalized metric space in the sense of Perov. Thus, if (X, d) is a generalized metric space in the
sense of Perov, with d(dy, d, ...,dn), and if H; denotes the Pompeiu-Hausdorff metric on P.(X)
generated by d;, i € {1,2...,m}, then we denote by H : Pc(X) X Po(X) — R, H(Hy, Ha, ..., Hy) the
vector-valued Pompeiu-Hausdorff metric.

Definition 3 [25]. A matrix A is convergent to zero if A" — 0 as n — oo.

Definition 4 [15]. Let A € My, m(R+) be a matrix convergent to zero. It is said that any A multivalued
operator T : Y € X—P.(X) is a multivalued left A-contraction in the sense of Nadler, if the following inequality
takes place:

H(T(x), T(y)) < Ad(x,y)

forally €Y.

We notice that for m = 1 we obtain a generalization of the contraction mappings defined by S. B.
Nadler Jr. (1969).
Based on the previous definition, we can create new definitions.
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Definition 5. Let p1, pa, ..., pn be real positive numbers. Let Ay, Ay,...,An € Mym(R+) be matrices
convergent to zero, and for which

H(T(x), T(y)) < st Ad (0 ) + st And (4, y) + - 4
Pt i And (% Y),

forall x,y €Y, it is said that any multivalued operator T : Y € X—P.(X) is a multivalued left-weighted mean
contraction in the generalized sense of Nadler.

Definition 6. Let p1, pa, ..., pn be real positive numbers. Let Ay, Ay, ...,An € My m(Ry) be matrices
convergent to zero, and for which

H(T(x), T(y)) < md(% y)A1 + m:ﬂx, y)Az +-

Pn
2] +p2+"'+}7n d(x, ]/)An/

forall x,y €Y, it is said that any multivalued operator T : Y ¢ X—P.(X) is a multivalued right-weighted
mean contraction in the generalized sense of Nadler.

Definition 7. Let (X, d) be a complete metric space, where d(dy, dy, ...,dn) is a convex metric. An operator
T : X—P(X) is said to be a multivalued Lipschitz operator of X into Pc(X) if and only if the following
inequality takes place:

Hi((1- a)T(x)® aT(y), T(z)) <adi((1- a)x ® ay, z),i€{1,2...,m} forallx,y € X,

where a > 0, H; denotes the Pompeiu-Hausdorff metric on P.(X) generated by d; for all i € {1,2...,m} and
H:Pc(X) X Pe(X) — R, H(Hy, Ha, ..., Hpy) is the vector-valued Pompeiu-Hausdorff metric on Pc(X).

In case there is a Lipschitz constant for T, namely, a < 1, then T is called a multivalued contraction mapping
(Nadler, 1969).

Definition 8 [22]. A symmetry on a set X is a function d: X X X — Ry, such that

(i) d(x,y) =0ifandonly if x = y;
(i) d(x,y) =d(y,x).

Starting from definition 8, we can define a symmetric generalized metric; thus,

Definition 9 [22]. A vector d(dy, da, ..., dy), for which each element d; is a nonnegative real-valued function
on X X X, such that

(i) di(x,y) =0ifand only if x =y forallie€{1,2...,n};
(i) di(x,y) =di(y,x) forallie(1,2...,n}

is called a symmetric generalized metric on a set X.

A pair (X, d) will be called a symmetric generalized metric space if subset X is endowed with a
symmetric generalized metric d(dq, da, ..., dm).

Theorem 1. Let (X, d) be the complete symmetric generalized metric space d(dy, da, ..., dpy).Let T : X—Pc(X)
be a multivalued left-weighted mean contraction in the generalized sense of Nadler in relation to a symmetric and
convex metric. Additionally, let py, p2, ..., pn be real positive numbers. If A1, Ay, ..., Ay € Myym(Ry), Aj =
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(a;'(k) € My, m(R4), af{k <1,ke{l,2...,m},i€{1,2...,n}are diagonal matrices convergent to zero and the

following inequality takes place:

Hi(1= )T() ® @ T(y), TE) < Y oo T aydh(1- a)x @ ay, 2),

wherek € {1,2...,m} forall x, y € X, then Fix(T) # & and is compact.

Proof. We will use the following functional:
F:X = [0,00), D(x, T(x))in frerz...m{di(x, A) : A € T(x)},
D(x, ) : P(X) = [0,00)
and we will demonstrate that that following properties take place:
(i) infF=0;
(ii) %WK(L,,) =0;
(iti) Fis RGlin X.

By applying Proposition 2, we obtain the following conclusions:
(1) We use xg € X and x7 € Tx .
Let qf{ > 1 be such that

pi=qal, <1, ke{l,2...,m}, ie(l,2...,n )
from Proposition 2 there will be an x; € Txj , such that
di(x1,x2) < qf{Hk(T(xo), T(x1)) < qiaf{kdk(xo,xl).

Therefore, di(x1,x2) < ﬁ;{dk(xo,xl).
Thus, the sequence (x;),cn- is Obtained, with the following properties:

Xn € T(xn_l ) (2)

and
dr(xn, x-1) < ,B;Cdk(xn_l,xn), forne N*, i€ {1,2...,n}. (3)

n ,
From (3), F(x,) < Y., di(xo, xl)(ﬁz)n, which implies that inf F = 0.
i=1

(ii) Let xg be an element from L, (D(xo, T(x)) < p). Due to the fact that 0 < ﬁ;{ < 1, we obtain
x1 € T(xp ), such that dy(xg, x1) < [Bﬁ, For the sequence (x,),,cn+ We will obtain, from (3), for any n € N*,
the following: ‘
F(on) < di(xn, xa-1) < p(By) <p, ke {1,2...,m}, i€{1,2...,n}
Thus, we obtain that x,, € L, for alln > 1.
Due to the fact that dj(xp, x1) < ﬁ%’

di(x0, %) < di(x0,x1) + di(x1, %) < I% + - foralln>1,ke{l,2...,m},ie{l,2...,n},
%

A
dk(xn,xn_j) < ﬁlL—l forallm>land j>1,i€{1,2...,n},
k
we obtain
aK(Lp) < diam(x,)< E + ‘P ,

p B
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which implies that li%w( K(Lp) =0.
p
(iii) We suppose that F is not RGI in X. Thus, there is an x € X with the following properties:
F(x) >0and D(x, Lp) = (0 for any p > 0. 4)
There will be a sequence (x},),,cn+, such that

X, eLlanddk(xx) 1foralln>1 kel{l,2...,m}. (5)

:

Choosing any x” € T(x) and x, € T(x},), we obtain
di(x,x") < di(x,x5) + di(x), %) + di(x,,x7), ke{1,2...,m}.

Using the inequality above and the definitions of gap functional and the
Pompeiu-Hausdorff functional

D:P(X)xP(X) - [0,00), D(Z,Y)infld(x,y) :x€Z, y €Y},
with Z being part of X, and

H:P(X)xP(X) — [0,00), H(Z,Y)max{supxezinfyeyd(x, y), supyeyinfrezd(x,y)},

we have
di(x,x") < 2+ D(x}, T(x;)) + D(T(x;,),x")
1
<u +F( )+Hk(T( n), T(x))
n
2
<ith o7t e A (30 %) + F(x),
and

ke{l,2...,m}.

From the sequence (5), a! @y < 1,ief{l,2...,m},and x;, € L%; thus, we have

1 v Pk T
di(x,x") < =+ —
noe=prtptoctpen

:I»-lk

1
+- <
n

Then, by applying inf, <1 to the last inequality, we obtain that F(x) = 0, which is a contradiction
with (4). Then, FisRGIin X. O

Similar to Theorem 1, we obtain the following corollary:

Corollary 1. Let (X, d) be the complete symmetric generalized metric spaced(dy, dp, ..., dm).Let T : X—Pc(X)
be a multivalued right-weighted mean contraction in the generalized sense of Nadler in relation to a symmetric and
convex metric. Additionully, let p1, p2, ..., pn be real positive numbers. If A1, Az, ..., An € Mum(R4), Aj =
(a;'(k) € My m(Ry), akk <1,ke{l,2...,m},i€{1,2...,n}are diagonal matrices convergent to zero and the
following inequality takes place:

n

Hi((1= @)T() @ a Tl(y), T(=) < ) b (1 @)x @ ay, 2)d,
i=1 "

wherek € {1,2...,m} forall x,y € X, then Fix(T) # & and is compact.

Proof. This proof is analogous to the one from Theorem 1. O
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We will present two new strict fixed-point results for multivalued left-weighted mean contraction
in the generalized sense of Nadler and for multivalued right-weighted mean contraction in the
generalized sense of Nadler.

Let p1, p2, ..., pu be real positive numbers.

Let Ay, A, ..., Ay € Mum(Ry), A; = (al,) € Myw(R), aly <1,k€(1,2...,m),i€{1,2...,n)be
diagonal matrices convergent to zero.

Theorem 2. Let (X, d) be the complete symmetric generalized metric spaced(dy, da, ...,dm).Let T : X—Py(X)
be a multivalued left-weighted mean contraction in the generalized sense of Nadler in relation to a symmetric
and convex metric. Supposing that SFix(T) + &, we obtain that SFix(T) = Fix(T) = {x*}.

Proof. Supposing that x* € SFix(T), we obtain T(x*) = {x*}. We will demonstrate that Fix(T) is
included in SFix(T). Thus, if y € Fix(T), then, by the contradiction condition, we obtain that

d(y, x )—WAW’(}// x*) + mflzd(% X) 4t
Pt And (9,2).

Therefore,

p p * p
prip s (=AY, X) < gt (1= ADd(y, ) + 5ty
(I=A2)d(y, x*) + -+ ol (1= Aw)d(y,x") <0, s € (1,2, n)

and, by multiplying with (I - A;)™!, we get d(y,x*) < 0. Hence, d(y,x*) = 0. O

Corollary 2.  Let (X,d) be the complete symmetric generalized metric space d(dq, da, ..., dm).
Let T : X—Py(X) beamultivalued right-weighted mean contraction in the generalized sense of Nadler in relation
to a symmetric and convex metric. Supposing that SFix(T) # &, we obtain that SFix(T) = Fix(T) = {x*}.

Proof. This proof is analogous to the one from Theorem 2. O

3. Applications to the Inclusion Systems

Many problems in fields such as biology, physics, chemistry, or engineering are mathematically
modeled through bidimensional or multidimensional equation systems, with differential or integral
inclusions, respectively [26]. These equation systems, and their respective inclusion systems, can be
studied as operatorial equations or operatorial inclusions in generalized metric spaces. In order to
obtain solutions, useful tools can be found within the fixed point theory.

Let p1, p2,...,pm be the positive real numbers.

Corollary 3. Let (X,| |) be a complete symmetric generalized metric space, and let T; : X — Py, 4(X) for
€ {1,2...,m} be a multivalued left-weighted mean contraction in the generalized sense of Nadler in relation to
a symmetric and convex metric d(dy, dy, ..., dm).
We suppose there exists 0 < a;;k <1, k € {1,2...,m}, such that for each u(uy, ua, ..., Uy),
v(vy, v, ..., vm) € X™ and each vy € Ti(uy, up, ..., um), k € {1,2...,m} there exists z, €

Ty(v1, v2, ..., 0m), such that

|yk—zk| Sa;;kluk—vkl,ke {1,2...,m},ie{1,2...,m}.
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Then, the inclusion system

Uy € Z m kka(Ml,uz,...,um)
up Ekzlm kka(ul,uz,...,um)

Um € Z W we Tk, ug, o i)
has at least one solution in X™.

Proof. Consider the multivalued operator T : X" — P(X™) given by T(Ty, T2, ...,Tm). Then,
the conditions from the theorem can be represented in the following form: for each u,v € X™
and each y € T(u), there exists ze T(v), such that

m
lly —zll < ——Ajlju-1,
Zl‘ Pi+p2 + Tt Pm

where A; = ( kk) are diagonal matrices convergent to zero for eachi € {1,2...,m}.

Hence, Theorem 1 applies with d(u,v)||lu — v|| and implies that T has at least one fixed point:
ueT(u). O

Corollary 4. Let (X,| |) be a complete symmetric generalized metric space, and let T; : X — Py, 4(X) for
€{1,2...,m} be a multivalued right-weighted mean contraction in the generalized sense of Nadler in relation
to a symmetric and convex metric d(dy, dz, R
We suppose there exists 0 < akk < 1, k € {1,2...,m}, such that for each u(uy, up, ..., Uy),
v(v1, v3, ..., om) € X" and each vy € Ty(uy, up, ..., um), k € {1,2...,m} there exists z €
Ty(v1, v2, ...,0p), such that

|yk—zk| Sa;‘(kluk—vkl,ke {1,2...,m},ie{1,2...,m}

Then, the inclusion system

up € Z WT k(U U2, U )y,

— Px 2

Up € Z PLep2t+pm T (ul/uZI--'/um)akk
Pk m

Uy € 2 s 7 T, vz, -t gy

has at least one solution in X™.

Proof. The proof is analogous to the proof from Corollary 3. Hence, Corollary 1 applied to d(u, v)|lu — ||
implies that T has at least one fixed point: u € T(u). O

These results can be applied in biology, in the mathematical modeling of interacting populations,
such as prey—predator populations [27].

Example 1. (real-life example)

We will refer to the mountain river from the valley of the village Sebesul de Sus (in German,
Ober-Schewesch) from Sibiu County, Romania (Figures 1 and 2).



Symmetry 2020, 12, 134 9 of 15

Figure 1. Sebesul de Sus village (in German, Ober-Schewesch). (Source: https://ro.wikipedia.org/wiki/
Sebe%C8%99u_de_Sus,_Sibiu#/media/Fi%C8%99ier:Ulita_din_Sebesu_de_Sus.jpg).

Figure 2. River near Sebesul de Sus village. (Source: photograph taken by the author).

In this river can be found multiple species of animals, such as frogs, European bullheads, and trout
(Figure 3).

Figure 3. Red frog, European bullhead, and trout that live in the mountain river. (Sources: http:
//herpetolife.ro/broasca-rosie-de-munte-rana-temporaria/, https://ro.wikipedia.org/wiki/Zglavoaca,
and http://www.zooland.ro/pastravul-de-munte-salmo-trutta-fario-2226).

Starting from this situation, we imagine a predator—prey-type problem for these three species.
The volume of the frog population would increase in a logistic equation in the absence of European
bullheads. The European bullheads eat frogs, and the trout eat European bullheads. We model these
assumptions with the following equations:

xe€ _? +xy=Ti(x,y,2)
ye-5 +3yz—xy=Ta(x,y,2) ©
7 € —% —i—ZZ—zz—yZ = Ts3(x,y,2)

where x = x(t) represents the trout population, y = y(t) represents the European bullhead population,

z = z(t) represents the frog population, and t € [0,0) denotes the time. The workspace X is a
three-dimensional geometric space, and the distance is Euclidean. Obviously, the derivatives %, %, %
can also be replaced by their approximations, which can be calculated with numerical methods formulas.

In this case, we can determine the equilibrium state for frogs in the absence of European bullheads

and trout, as well as the equilibrium state of the European bullhead population and frog population


https://ro.wikipedia.org/wiki/Sebe%C8%99u_de_Sus,_Sibiu#/media/Fi%C8%99ier:Ulita_din_Sebesu_de_Sus.jpg
https://ro.wikipedia.org/wiki/Sebe%C8%99u_de_Sus,_Sibiu#/media/Fi%C8%99ier:Ulita_din_Sebesu_de_Sus.jpg
http://herpetolife.ro/broasca-rosie-de-munte-rana-temporaria/
http://herpetolife.ro/broasca-rosie-de-munte-rana-temporaria/
https://ro.wikipedia.org/wiki/Zgl%C4%83voac%C4%83
http://www.zooland.ro/pastravul-de-munte-salmo-trutta-fario-2226
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in the absence or presence of the trout. Moreover, we can verify if the presence of trout brings any
benefits to the frog population. Using Maple software, this study can be done as follows:

restart:

rsx:=- x(t)+x(t)*y(t);

rsy:=- y(t)+3*y(t)*z(t)-x(t)*y(t);
rszi= 3%z(t)-z(t) 2-y(t)*z(t);

For frogs (Figure 4):

sol:=dsolve({diff(x(t),t)=rsx dif(y(t) t)=rsy diff(z(t),t)=rsz,x(0)=0,y(0)=0,z(0)=21,{x(t) y(t),z(t)},
type=numeric,output=listprocedure);

zsol:=subs(sol z(t)); zsol(2);

plot(zsol,0..30,color=red);
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Figure 4. Equilibrium state for the volume of the frog population (represented in red) in the absence of
European bullheads and trout (figure created by the author using Maple software).

For frogs and European bullheads (Figure 5):

sol:=dsolve({diff(x(t),t)=rsx diff(y(t),t)=rsy diff(z(t),t)=rsz,x(0)=0,y(0)=1,z(0)=21,{x(t) y(t),z(1)},
type=numeric,output=listprocedure);

ysol:=subs(sol,y(t));zsol:=subs(sol,z(t));

plot([ysol,zsol],0..30,color=[red,blue]);
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Figure 5. The equilibrium state of the European bullhead population (blue graph) and the frog
population (red graph) in the absence of trout (figure created by the author using Maple software).

For frogs, European bullheads, and trout (Figure 6):

sol:=dsolve({diff(x(t),t)=rsx,diff(y(t),t)=rsy,diff(z(t),t)=rsz,x(0)=1,y(0)=1,z(0)=2},{x(t) y(t),z(t)},

type=numeric,output=listprocedure);
xsol:=subs(sol x(t));
ysol:=subs(soly(t));
zsol:=subs(sol,z(t));

plot([xsol,ysol,zsol],0..30,color=[red,blue,green]);
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Figure 6. The equilibrium state of the European bullhead (blue graph) and frog population (red graph)

in the presence of trout (green graph) (figure created by the author using Maple software).

Maple software offers the formula for the system’s solutions (Figure 7).
Thus, the volume of the frog population z(¢) is influenced by the volume of the trout population,
shown by their relationship in the following form:
1 2
2(f) = d*x (dx

’ dx dx
M[x< S E) (t) gy (0" + x5 (1) @)

dt dt

Particular Case of Corollary 3. Let [ = [0, &] be an interval of the set of real numbers and X = C([0, a]).
Let T; : X = Py, (X) forie{1,2...,m} be a multivalued left-weighted mean contraction in the generalized
sense of Nadler in relation to a symmetric and convex metric d(dy, dy, ..., dp).

We suppose there exists 0 < a;{k <1,kef1,2...,m}, such that for each u(t)(uq(t), ua(t), ..., um(t)),
v(v1(t), va(t), ..., om(t)) € X™ and each yy € Ti(ur, tp, ..., um), k € {1,2...,m} there exists z; €
Ti(v1, 2, ..., Um), such that

|y —ze| < al e — ol k€ {1,2...,m},ie{1,2...,m}.
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Then, the inclusion system

ui(t) € Xty m wdo Pk(”l(t)r up(t), ..., un(t))
uz(t) S er(n:l m ik 0 Fk(ul (t), le(t),. ey Mn(t)) , (8)
le(t) S Z]anl Pl-%—PZﬁ'—kW i Jo Fk(ul(t), uz(t),. ey Mn(t))

where each F: IXx X" — X, k € {1,2...,m} is a multivalued operator, which is bounded measurable and
integrable, has at least one solution in X™.
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Figure 7. Analytical relations between the volumes of frog, European bullhead, and trout populations.
(figure created by the author using Maple software).

4. Conclusions

Over the years, it has been known that many researchers have written about fixed-point theorems
for multivalued left and right contractions in the sense of Nadler, such as Rus (2008) [28]; Nadler
(1969) [5]; Muresan (2002) [24]; Bucur (2019) [14]; Bucur, Guran, and Petrusel (2009) [15]; and Joshi,
L.K. and Dimri (2007) [23]. In this paper, we defined two new concepts: the concept of multivalued
left-weighted mean contractions in the generalized sense of Nadler in a symmetric generalized metric
space and the concept of multivalued right-weighted mean contractions in the generalized sense of
Nadler in a symmetric generalized metric space, and demonstrated some fixed point theorems for them.
The methods used relied on the properties of the regular-global-inf function and of the symmetric
generalized metric spaces. The theorems from this paper can also be used to solve some particular cases
of inclusion systems, which are known to be used in the mathematical modeling of some problem:s,
processes, or activities from everyday life, such as the ones from the fields of biology, mathematics, etc.
The example presented for applying the results of this article in real life referred to a prey—predator-type
problem for three populations that can be found in a river mountain from the valley of a village from
Romania. The three species discussed were frogs, European bullheads, and trout. It was found that the
presence of the trout influences the presence of the frogs, benefiting their increase in volume and in
finding an equilibrium solution for the three interacting species. Mathematical modeling shows that
there is an equilibrium solution and indicates the relationships of influence between the volumes of
the three types of species. In future research papers, the author plans to find new applications of the
theorems from this paper for integro-differential systems.
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