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Abstract: We introduced a new general class of PreSi¢-type operators, by enriching the known class of
Presi¢ contractions. We established conditions under which enriched PreSi¢ operators possess a unique
fixed point, proving the convergence of two different iterative methods to the fixed point. We also gave a
data dependence result that was finally applied in proving the global asymptotic stability of the equilibrium
of a certain k-th order difference equation.
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1 Introduction and preliminaries

A simple literature search reveals the constant interest of researchers for the so-called PreSi¢-type operators
since the original article [1] was published, with an obvious increase in this interest over the past decade
(see, for example, [2-6] for some of the most recent articles). This increasing number of dedicated papers is
due to the numerous directions in which the initial contraction condition can be generalized, in various
space settings and from different points of view, see, for example, [7-14] and references therein. But
another reason is the interesting application area of the operators defined on product spaces, namely in
studying the solutions of some particular types of difference equations, see, for example, [15-17].

We recall that in a metric space (X, d), for k a positive integer, and a;, a,,..., ax € R, such that

Zl{‘:lai = a < 1, a mapping f: X¥ — X is called a Presi¢ operator if

k
d(f(Xos - s Xe-1)s F (55 %0)) < Y i (X;_1, X) oY)
i=1
for all xo, ..., x; € X. It is obvious that for k = 1, this reduces to a Banach contraction condition.
As we have to refer to the original result of Pre$ic in order to prove our main result, we shall recall it the
way it was formulated in [18], where we added some information regarding the rate of convergence of the
iterative method.

Theorem 1.1. Let (X, d) be a complete metric space, k a positive integer, and f: X* — X a Presi¢
operator. Then,

(1) f has a unique fixed point x*;

(2) the sequence {¥,}n>0
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yn+] =f(yn’ yns--~ayn)’ n 2 0:

converges to x*;
(3) the sequence {x,}n>0 With xo, ..., Xx_1 € X and

Xn = f(Xn,k, Xn—k+1s -+ ,Xn—l), nz k,
also converges to x*, with a rate estimated by
d(Xp1, X*) < ad(Xp, x*) + M - 6™, n > 0,

where M > 0 and 0 € (0, 1) are constant.

The new general class of operators that we shall introduce in the following extends on the one hand the
PreSic operators, but on the other hand the class of enriched Banach contractions introduced in [19], where
more details about the technique of enriching an existing class of operators can be found. Several papers on
different classes of enriched operators have appeared recently (see, for example, [20-27]).

We recall that in a linear normed space (X, |-||), amapping T : X — X is said to be an enriched (Banach)
contraction if there exist b € [0, co) and 8 € [0, b + 1) such that

Ib(x —y) + Tx — Tyl < Olx - yl, ¥x,y € X.

As shown in [19], such operators have a unique fixed point, that can be obtained by means of an appropriate
Krasnoselski iteration. This iteration is in fact the Picard iteration of the averaged mapping T} : X — X, T =
(1 = AI + AT, with A € (0, 1], corresponding to the initial operator T : X — X. Among the properties of the
averaged mapping Tj, we mention the fact that it has the same set of fixed points as the initial operator T.

The article is rather concise and contains three more sections.

In Section 2, we introduce a nice generalization of the averaged mapping, corresponding to the case of
operators defined on product spaces, and the class of enriched PreSi¢-type contractions. In the same
section, we state the first result of the article, establishing conditions under which enriched Pres$i¢ operators
have a unique fixed point and also proving the convergence of two iterative methods to this fixed point.

In Section 3 we prove a data dependence result for enriched Pre$i¢ operators.

Based on this theorem, we prove in the last section a result concerning the asymptotic stability of
equilibria for a particular class of difference equations.

Similar research could be carried out for other classes of operators, in various frameworks, or in other
directions, having in view the results in articles like [8,9, 21,28-31].

2 Fixed points of enriched Presi¢ operators

As the averaged mapping plays an important role in constructing the enriched Banach contractions, see
[19], we start our approach by introducing an analogue of the averaged mapping for the case of operators
defined on product spaces.

Definition 2.1. Let (X, +,-) be a linear vector space, k a positive integer, and T : X¥ — X an operator. For
Aos Aty ..oy A 2 0, with Zfzo/li =1and A # 0, the operator Tj : Xk — X

T(x0, X, ... Xk-1) = AoXo + Axg + -+ Aeixpem1 + AT (Xo, X5 -5 Xi—1) )]
will be called the averaged mapping corresponding to T.

Remark 2.1. One can easily see that, for k = 1, the previous definition reduces to Ty(xg) = Aoxo + AT (Xo), for
Xo € X, where Ay + A; = 1, that is, the averaged mapping T, : X — X mentioned in the previous section.
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Remark 2.2. As in the case of the averaged mapping corresponding to an operator defined on X, it is not
difficult to show that x* € X is a fixed point of T¥ : X — X if and only if it is a fixed point of the corre-

sponding T) : X*¥ — X, for some A; > 0,i=0,1,..., k, with Zf‘:OAi =1and A; # 0.
Indeed, supposing x* € X such that Ty(x*, x*,...,x*) = x*, it follows that

Aox* + A+ -+ Ao x* + A T(x*, x*,...,x*) = x*,
S0
(1 = Ax* + A4 T(x*, x*,...,x*) = x*.
Since A # 0, it follows immediately that T(x*, x*,...,x*) = x*. The inverse is obvious.

Using the averaged mapping defined earlier, we can now define a new general class of Presi¢-type
operators:

Definition 2.2. Let (X, ||-||) be a linear normed space and k a positive integer. A mapping T : X¥ — X is said
to be an enriched Presi¢ operator if there exist b; > 0,i=0,1,...,k-1,and 6; > 0,i =0, 1,..., k — 1, with

ZS(& — b;) < 1 such that:

k-1 k-1
Y bi(%; = Xi41) + T(X0s Xty Xket) = T, Xs 520 || < 61X = Xiall
i=0 i=0

for all xo, X, ..., xx € X.
Remark 2.3. For k = 1, this reduces to the definition of an enriched Banach contraction, see [19].

Remark 2.4. If by = b; =---= by_; = 0 in the previous definition, then we obtain the definition of a Presi¢
operator, see (1).

Next, we prove that the enriched Pre$i¢ operators possess a unique fixed point, which can be obtained
by means of some appropriate iterative methods.

Theorem 2.1. Let (X, ||-]|) be a Banach space, k a positive integer, and T : XX — X an enriched Presi¢ operator
with constants b;, 6;,i =0, 1,..., k — 1. Then,

(1) T has a unique fixed point x* € X such that T(x*, x*,...,x*);

(2) There exists a € (0, 1] such that the iterative method {y,}n>0 given by

Yo= A=), g+ alTWpys Yyop oo Vo) N2 1,
converges to the unique fixed point x*, starting from any initial point y, € X.
(3) There exist Ag, Ay, ..., A = O with Zfzo/li =1 and A # O such that the iterative method {x,}n>o given by
Xn = AoXn-k + MXn—kr1+ - + Ao 1Xn1 + AT ks Xn—ksts -5 Xn-1)
or simply
Xn = T\Oi> Xn-ks15 - Xn-1), N 21,

converges to x*, for any initial points xg, X, ..., Xx-1 € X.

Proof. If Zgbi = 0 (which happens only if by = b; =---= by_; = 0), then T is a Pre§i¢ operator and all the

conclusions of Theorem 1.1 follow.

k

Let us consider that le.:ébi > 0. Denoting b = Zi_ébi, it follows that b > 0.

Now, we take Ay = ﬁ > 0 (k is a fixed positive integer) and
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/\iz/lkbis for i=0,1,...,k—1.

This way, we have Ao, Ay, ..., Ax with the property that

k k-1 k-1
Z/\i = ZA, + /1]( = ZAkbi + Ak = Ak(b + 1) =1. (3)
i=0 i=0 i=0

Since T is an enriched PreSi¢ operator, by replacing the constants b;, i = 0, 1,..., k — 1 in the definition
relation (2), we obtain

k-1 k-1

A
ZA—'(Xi = Xip1) + T(Xo, %1, .., X-1) — T8, X020 || < Y Gil1x; = Xl
i=0 "tk i=0

for any xg, X, ..., Xy € X. By multiplying with Ax > O, this yields

k-1 k-1
Y A = Xi1) + AT (Ko, X1y, X0-1) = AT 08, X0 xi0) || < ) OAklIX; — Xl
i=0 i=0

Now, by denoting a; = Ax6;, fori = 0, 1,..., k — 1, this can be written as

k-1 k-1 k-1
D A + AT (X0, X5, Xi-1) = D A = AT 08, X520 || < Y aillXs = Xl
i=0 i=0 i=0

so having in view the definition of the averaged operator T), this means that

k-1
I T(x0s Xty -5 Xi-1) = Ta0t, %oy, XN <Y @il1XG = Xl (4)
i=0

for any xo, xi,..., X € X. As T is assumed to be an enriched Presi¢ operator, according to the definition
YEd6 - b) <1, 50

k-1

k-1
29i< Zb,-+1:b+1.
i=0 i=0

It follows that

k-1 k-1 k-1
Zai = ZAkGi = /\kzei <MAb+1=1,
i=0 i=0 i=0

and thus by (4), Ty is a PreSic operator.

By Theorem 1.1 and having in view Remark 2.2, we have the following conclusions:
(1) Ty has a unique fixed point x* € X, which is in the same time the unique fixed point of T.
(2) x* can be obtained starting from any y, € X by means of the iteration

Yo = DOhrs Yoors o Yo)s 2 1,
that is, as the limit of the sequence
Vo= AoYyoq + Mgt A AcVer + AT Yoty Yoot -5 V)s 1 2 1,

equivalent to

Yo = (= A1 + AT Ggs Yoots o5 Vp)s M 2 1,
or simply

Vo= Q-1+ aT (V15 Vpts--> V) N 2 1,
with a € (0, 1].
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(3) As practice shows, k-step iterations converge faster than one-step methods. This is possible also in the
case of enriched Presi¢ contractions, as by Theorem 1.1 applied for Ty, it follows that the unique fixed
point x* can be obtained also starting from any xo, x, ..., Xx_; € X by means of the iteration

Xn = Ti0tn—is Xnoks1s - Xn-1), 1 = 1,
that is, as the limit of the sequence

Xn = AoXn-k + MXn-kr1t - + Ak 1Xn1 + AT (ks Xn—kss +oe s Xn-1)- O

3 Data dependence of the fixed point

First, we note a simple but useful property of the averaged mappings corresponding to operators defined on
product spaces.

Lemma 3.1. Let (X, ||-||) be a linear normed space, k a positive integer, and T, U : XX — X two operators. Let
Aoy Aty..., Ak = O be fixed, such that A, > 0 and Zﬁo/\i =1.
If there exists n > 0 such that ||T(x, x,...,x) = U, x ...,x)|| < n, for any x € X, then

”T/\(X’ X’~'~’X) - UA(Xa X,...,X)” < Ak'l’

forany x € X.

Proof. Suppose there is 7 > O such that ||T(x, x,...,x) - U(x, x ...,x)|| < n, for any x € X. Let x € X. Then,

ITaCx, x,...,x) = Uh(x, X, ...,X)|| = [Aox + Ax + -+ Apix + L T(X, X, ...,x) — AgX — Aix — -+ = Ajix
- AkU(Xa X,...,X)"
= Al TOG X, %) = U X, ..
< Ak o

Based on this lemma, the following data dependence result can be proved.

Theorem 3.1. Let (X, ||-||) be a Banach space, k a positive integer, and T : XX — X an enriched PreSic¢ operator
with constants b;, 6;,i = 0,1,...,k — 1. Let U : XX — X be an operator satisfying the following conditions:
(i) U has at least a fixed point xj; € X;

(ii) there exists n > O such that for any x € X,

IT(x, x,....x) = U, x,...,x)| <n.

Then,

A
I~ xil < - A

. . k-
where Fix(T) = {x{}, A = m, and a = }lkzizéei.

Proof. For Zg:olbi = 0, this reduces to the data dependence of Presi¢ operators, which has been studied in
[18] in a metric space setting. So, further on we study the case Zf"&bi > 0.
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Similarly to the proof of Theorem 2.1, we denote b = Zf:olbi. Then, we take A, = ﬁ > 0 and A; = Agb;,

fori =0,1,..., k — 1, thus having that Z,I;o/\i =1.
For these values of Ag, Ay, ..., Ay, we consider the averaged mappings T}, U, : X¥ — X corresponding to

the operators T and U, respectively.
According to Remark 2.2, x; and x; are fixed points for T;, and U) respectively, as well. Then,

Ixg = Xzl = 1U(xg, XG5 ..., Xg) = Talxg, X5 ..., xp)l
< "l})\(X{}, Xﬁ’~~-)X[>;) - TA(X{}’ Xi;,...,xi;)" + ”TA(X;}’ Xﬁ;,xf}) - TA(X]’E’ X;’ --~1X;)||'

By Lemma 3.1, this becomes
”Xlx} - X]’f” < Akrl + ”T/\(Xﬁa X;}; )Xl?) - T/\(X;:’ X;; cee ’le)”
< Akrl + ”T/\(Xi’}s X[*}s )XZ}) - TA(les Xi’}s [N ’XE;s XT*)||+
+"T/1(X[);’ XL*I’ ’X[);’ XT*') - TA(XZI, X[);’ cee ,XZI’ X;f, X;)||+
+eet ” T/\(Xi,}s X;’ [N 7X7*'a XT*') - T/\(XT*G oo ,X;)" .

Since T is an enriched Presi¢ operator, it follows that Tj is a PreSi¢ operator with constants a; = A;0;,
i=0,1,..., k- 1 (see the proof of Theorem 2.1).

Then,
Ixg — X7l < Ak + aiallxg = xzll + arallxg — xpll + -+ olxg — x7ll = A + allxg - xqll,
where a = Z;‘:’éai <1
The conclusion follows immediately. O

4 Stability for discrete population models. A discussion

In many articles on PreSi¢-type operators, various nonlinear difference equations of order k which model
population dynamics are traditionally mentioned. An important step for any researcher developing new
iterative methods, including operators on product spaces, is to have a closer look at this wide field of
(potential) applications, understand the language in which it is described, see what kinds of problems are
formulated there, and which are the most used techniques. The literature is very generous in this direction
and the approaches are very diverse.

While the first-order difference equations appear generally in connection with discrete single-species
models, there are also delayed-recruitment models, which involve higher-order difference equations, and
age-class models, which lead to systems of difference equations, some of which can be written in an
equivalent form as higher-order difference equations.

There is a standard approach of models that involve a k-th order difference equation (see, for example,
[32-34]), that is, an equation of the form

Xn+k = f(Xn+k—1: :Xn)- (5)

The equilibrium is x., such that f(Xe, Xeos---»Xc0) = Xoo, Which is actually a fixed point of f. The
behavior of the solutions x,, near an equilibrium x,, is of great importance, once x,, is determined. An
equilibrium is asymptotically stable if a small change in the initial size x, of a solution has a small effect on
the behavior of the solutions when n — oo or, in other words, if every solution with xy close enough to x,
remains close to x., and tends to x,, asn — oo. Close enough is dictated actually by the second-order term,
which is to be neglected when Taylor’s theorem is applied.

Furthermore, linearization theorems state that an equilibrium is asymptotically stable if and only if all
solutions of the corresponding linearization tend to zero, which basically means that x, —» co asn — 0, if
one starts close enough to x,.
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Now, looking at all this from the position of fixed point theory, we recall a result from [35], see also [18].
The equation (5) has a global asymptotically stable equilibrium (that is, the solutions are stable for any xo,
not only when starting close to the equilibrium) if and only if the operator A : Xk — X, where
Ar(uy, uy, ..., ui) = (U, Us, ..., U, f(uy, Uy, ..., ux)) is a Picard operator.

Having in view the results proved in this article, the following is obvious:

Theorem 4.1. Let (X, ||-||) be a Banach space, k a positive integer, and T : X¥ — X an enriched PreSi¢ operator
with constants b;, 0;,i = 0, 1,..., k — 1. Then, the equation

Xn = AoXnok + MXp_jert +AeiXno1 + AT ks Xnks1s - s Xn-1)s

where xo, X, ..., Xx € X, has a global asymptotically stable equilibrium.

Although fixed point techniques seem more powerful, at least from a theoretical point of view, as they
enable determining the equilibrium of such an equation-offering error estimates, data dependence results,
etc., they still do not seem to be very popular in the practical approaches, at least not in the literature on
mathematical biology. As the computational instruments have evolved over the past years, it would be
interesting and probably rewarding to re-evaluate what fixed point results could offer regarding methods
and techniques currently used in the study of various population models. This remains an open problem.
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