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ABSTRACT. This study investigates the impact of both detected and undetected viral
cases, alongside environmental pathogens, on infection transmission dynamics. A VSEIQCR
model is formulated and refined to analyze the study and to assess the basic reproduction
number using the next-generation matrix method. The findings reveal a rapid escalation
in viral cases, correlating with the rise in undetected cases. The study suggests that
identifying and isolating individuals exposed to or infected by the virus, whether detected
or undetected, is deemed imperative for curtailing disease transmission. Additionally, The
study emphasizes the role of fomites in infection spread. It stands out for its innovative
approach, examining the interconnections among vaccination, quarantine, and contamination
strategies within a cohesive research framework, thereby setting a precedent in the field.

Key words: Epidemic model, Basic reproduction number, Next-generation method,
Environment pathogens (Fomites).

AMS Subject Classification: : 93C10, 93C35

1. INTRODUCTION

Some viral diseases can spread through the presence of saliva in the environment
[5]. On January 30, 2020, in response to the recommendations of the Emergency
Committee, the Director-General of the World Health Organization (WHO) declared
the outbreak of COVID-19 a Public Health Emergency of International Concern
(PHEIC) [20]. Due to its worldwide spread, the WHO [5] declared it a pandemic
on March 11, 2020. COVID-19, caused by Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2), first emerged in China in December 2019 [1], [11],
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[20]. Contact tracing and quarantine are key strategies adopted by India to control
transmission and mortality [5]. However, when interviewing individuals infected
with COVID-19 for contact tracing, some contacts may be omitted due to recall
bias. These missed cases, which remain asymptomatic throughout the incubation
period (2-14 days), increase the risk of involuntary transmission to the community
[20]. As a result, it is essential to investigate their role in the spread of the disease.
Many research articles have attempted to understand the dynamics of transmitting
this disease with the help of mathematical modeling. Kermack and McKendrick
[6], [7], [8] framed the initial SIR (Susceptible, infected, recovered) compartmental
model to study the dynamics of a disease. Mandal et al. [9] have designed an
SEIR ( Susceptible, Exposed, Infected, Recovered ) model to prevent or delay
local outbreaks by imposing travel restrictions in India from countries affected
by COVID-19. Since these studies focused on the risk of disease through direct
transmission between humans, the impact of undetected cases on infection risk
within the community remains uncertain. Yang and Wang [20] modeled taking into
account the level of pathogens in the reservoir of the environment and their role in
the spread of the disease.

Choi and Ki [1] developed a SEIHR ( Susceptible, Exposed, Infected, Hospitalized,
Recovered ) model and estimated the basic reproduction number by the number of
confirmed cases reported in Korea.

Sujata and Sumanta [12] studied the impact of the undetected infected persons on
the transmission dynamics of COVID-19 for the period 22 March 2020 to 4 May
2020.

Recent studies have advanced the understanding of epidemic models by exploring
various incidence rates and treatment functions. Sharma and Sharma [14] investigate
the stability of an SIR model incorporating an alert class and modified saturated
incidence rate, revealing critical insights into disease dynamics and treatment efficacy.
Building on this, Umdekar, Sharma, and Sharma [15] extend the analysis to an
SEIR model with similar modifications, highlighting its implications for epidemic
control strategies. Additionally, Sharma and Sharma [16] provide a detailed study
of an SIQR model with Holling type-II incidence rate, contributing to the broader
understanding of model variations and their impacts on disease spread. In 2024,
Soni et. al [18] present a comprehensive analysis of prevention strategies for epidemic
control using a SEIQHRV (Susceptible, Exposed, Infected, Quarantined, Hospitalized,
Recovered, vaccinated ) model.

The paper’s organization is as follows: Section 2 elaborates on the Methodology,
describing the assumptions and notations employed in constructing the model.
It also presents the Formulation of the model through diagrams and differential
equations. In Section 3, the basic reproduction number of the model is estimated
using the next-generation method. Successive sections, namely 4, 5, and 6, delve
into the numerical results, main results, and conclusions, respectively.

2. METHODOLOGY

Drawing from prior work by Sujata and Sumanta [12], we expand our model by
introducing quarantine and contaminated compartments as innovative components.
Employing the next-generation matrix method, we calculate the basic reproduction
number. Subsequently, we conduct simulations using MATLAB software to analyze
the role of parameters and variables in controlling viral diseases.

2.1. ASSUMPTION AND NOTATION. We make the following assumptions
to make our model more realistic.
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1. The population distribution is homogeneous so that there are equal chances
to contract and propagate the disease.

2. The Entire population is divided into various compartments of the model.

3. Each compartment has some specific property.

4. Susceptible people may become ill after coming in contact with exposed, mild
infected, or severely infected people. Also, they may be ill due to contact with the
containment surface or area.

5. A part of the susceptible population gets vaccinated and another part does
not need to be vaccinated due to inbuilt natural immunity within them.

6. A part of the vaccinated population enters into the susceptible compartment
again due to the loss of temporary immunity and another part of the vaccinated
population enters into the recovered class due to permanent immunity.

7. Exposed populations is further divided into two infected compartments named
as a mildly infected compartment (I;) and severely infected compartment (Iz).
Those in the exposed compartment are asymptomatic carriers and can spread the
disease.

8. Population of both infected compartments has equal chances of recovery at a
rate v without the need for any kind of treatment due to the development of natural
immunity during the disease period.

9. Populations of both infected compartments get treatment at a rate of o; and
o9 respectively.

10. Someone in the recovered compartment developed permanent immunity, and
was never to be infected again.

11. Quarantined individuals are eligible for treatment and permanent recovery
and enter into the recovered compartment at § rate.

12. Depending upon the severity of infection, exposed or infected individuals
can contaminate a non-infected environment that may surge the number of virulent
pathogens in the atmosphere.

The following notations were used to build the model:

. V: Vaccinated population

. S: Susceptible population

. E: Exposed population

I,: Infected population, detected through appropriate testing

I5: Undetected Infected population

Q: Quarantine population

C: Environmental reservoir of the pathogen (i.e. fomites contaminated

with coronavirus)

8. R: Recovered population

9. B. : Rate of transmission between exposed and susceptible persons

10. B;, : Rate of transmission between susceptible and detected infected persons

11. B;, : Rate of transmission between susceptible and undetected infected
persons

12. B. : Rate of transmission environment (fomites) to human

13. m : Influx rate in the population

14. p : Natural death rate in the population

15. ~: Rate of the recovery from disease

16. w : Rate of the death due to disease

17. a~!: Period of incubation

18. [ : Percentage of the undetected infected persons

19. o1 : Rate of transmission from infected to quarantine compartment

RN R
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20. o9 : Rate of transmission from undetected infected to quarantine compartment

21. n: Rate of removal of the coronavirus from the atmosphere

22. &;: Contribution of exposed persons to the container of the pathogens in
the environment

23. &5: Contribution of detected infected persons to the container of the pathogens
in the environment

24. £3: Contribution of undetected infected persons to the container of the
pathogens in the environment

25. : Rate of transmission from quarantine to recovered compartment

26. 1 : Percentage of the susceptible persons who are vaccinated

27. X : Percentage of the vaccinated persons whose immunity is temporary

28. p: Rate at which a susceptible person becomes vaccinated

29. k : Rate at which vaccinated person lose their immunity

2.2. FORMULATION OF THE MODEL. Inour VSEIQCR model (See Figure

1), we distributed the total human populations into seven compartments- vaccinated

(V), susceptible (S),exposed (E), infected detected I, infected undetected Iz, quarantined
(Q) and recovered (R). Now, we have introduced an additional compartment (C)

for the environmental container of the coronavirus pathogen, which contributes to

the spread of the infection.

% = 71— BSE — i, SI — B, ST — B.SC — (u+ p)S + AV

dE
Fr BeSE + By SI1 + i, SIa + .5C — (p+ ) E

I
d—tlz afE — (p+w+v+o01) L

Ly

T a(l=B)E—(p+w+vy+o2)l

dC
e S F + &I + &1, —nC

d
T?: 0'1I1+O'2I2—(,U+5)Q

O (4 D)y +0Q 4 p(L—0) S+ R (1= NV — R

av
T = PSRV

Obviously, the system of equations has a disease-free equilibrium,

Xors = (325 0, 0,0,0,0,0,0).

3. THE BASIC REPRODUCTION NUMBER

The basic reproduction number is the measurement of a disease’s potential spread.
It represents the average number of secondary infections caused by a single infectious
person in a completely susceptible population. This number indicates whether a
disease will die out or persist in the population. Specifically, Ry < 1 implies that the
disease will eventually die out, while Ry > 1 suggests that the disease will continue
to affect the population over time. Soni et al. [17] investigate the basic reproduction
number Ry and herd immunity for COVID-19 in India, emphasizing their critical
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VSEIQCR Model

Fi1GURE 1. VSEIQCR Model

relationship. The study highlights how Ry , a measure of disease transmission
potential, directly influences the threshold for achieving herd immunity.

We derive this number with the help of next-generation method given by Van den
Driessche [19]. This method separates the compartments into infected compartment

(E, I, I, C) and uninfected compartments (V, .S, @, R). x and y denote the vector of
variables in the infected and the non-infected compartments i.e. © = (21, x2, x3,24)

and y = (Y1, Y2, Y3, ya) where (z1, T2, T3, T4, Y1, Y2, Y3, Ya) represent the £, I, I, C, S,Q, R,V
compartments respectively. The dynamical system of equations may be written as:

2y = Fy (2,9) = BeSE + Biy,SI + BinSI + 5.5C — (u+a) E,

33/2=F2($»y):OfﬁE—(N‘f’w‘f’ﬁ"FUl)Il,
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w3 =Fs(r,y)= a(l-B)E— (u+w+v+02) s,

x; =Fy(x,y) =& E+ &I+ &1 —nC,

’

y1 = Gi1(x,y) =7 — BSE — Bi1 ST — figSIs — BSC — S — (u+ p)S + A&V,

yo = oIy + 02Dy — (u+6)Q,

ys =L+ L)y +0Q+p(1—¢)S+ k(1 =NV — iR,

vy = pPS — (u+r)V,
Now, we divide the infection compartments right hand side as shown below:
X; = M; (z,y) — Ni(z,y) Vi=1, 2, 3, 4. where M; (x,y) is the rate of new
infection in the compartment x; (Vi =1, 2, 3, 4) and N; (z,y) represent the other
transitory terms of infected compartment.

My (z,y) = BeSE + Bi1 ST + Bis S + $.5C — (u+ ) E, Ny (z,y) =0,

M; (z,y) =0, Na(z,y) = —afE+ (p+w+y+o1) 1,

M3 (x,y) =0, N3(z,y) = —a(l=B)E+ (p+w+v+02) I,
My (z,y) =0, Ny(z,y) = -G FE — &I — &1 +nC.

The linearized system of infected compartments may be written as:

:L’; = (F - T).’E,
where, F and T are the infections and the transition matrices respectively.
[
(933]'
T = PN } :
81‘]'

which arise from linearizing the system around the disease-free equilibrium.

[8:S0 BiSo —PiSo BeSo
0 0 0 0
F= 0 0 0 0 |’
| 0 0 0 0
[ a+p 0 0 0
T —af p+w+y+o 0 0
—a(l-7) 0 p+w+vy+o2 0
L & —&2 —&3 U]
The next-generation matrix is defined as
D=FT'.

The basic reproduction number Ry for the model (1) is determined by the spectral
radius of the next-generation matrix D and is given by: Ry = Ry + R + R3 + Ry,
where
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Bem

S e Y

Ry = 51110557T
(m+a)(p+p) (p+w+y+o1)
Ry — Bisa (1 =) m

(n+a) (u+p) (p+w+vy+02)’

Ber{af(p+w+y+02)o+alz(1—-p)(p+twt+y+o)+& (pt+w+y+or) (p+wty+o02)}

R =
! (Hta)(ptwty+o)(ptw+y+o2)(u+p)n

b

where Ry, R, Rs,and R4 provide the evaluation of the risk of disease by pathways
StoE, Sto I, Stols compartment and from environment to human respectively.

4. LOCAL STABILITY AT DISEASE FREE EQUILIBRIUM

The Jacobean matrix of the model is given by:

—Ay—p —Be —Bi, —Bi, —Be 0 0
—Aq —(p+a) 0 0 0 0 0
0 af —(p+w+y+o01) 0 0 0 0
g 0 a(l—pB) 0 —(p+w+vy+o2) O 0 0
0 &1 &2 &3 -n 0 0
0 0 o1 o9 0 —(u+d) O
p(1—1) 0 gl ¥ 0 § —H
L o 0 0 0 0 0 0
where Al = ﬂeE + ﬁ“Il + 57;2.[2 + ﬂCC
At the point Xppp the Jacobean matrix of the model is given by:
—p —Be —Bi, —Bi, —Be 0
0 —(p+ ) 0 0 0 0
0 af —(pt+w+vy+o01) 0 0 0
Ter = 0 a(l—p) 0 —(p+w+vy+o2) O 0
pre 0 &1 &2 &3 -1 0
0 0 o1 o9 0 —(u+9)
p(1—1p) 0 gl gl 0 5
LG 0 0 0 0 0

Using MATLAB software and the parameter values outlined in the table 1, we
evaluated the eigenvalues at the disease-free equilibrium Xppg.

Our analysis revealed that all eigenvalues at this equilibrium have negative real
parts (i.e. —0.73,—0.7997,—0.9, —0.8543, —0.2, —1.515, —1.015, —7.7). According
to the Routh-Hurwitz criterion, this result confirms local asymptotic stability when
the basic reproductive number Ry is less than 1, and indicates instability when it
exceeds 1.

[eollen i an B an B e B @)
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5. GLOBAL STABILITY AT DISEASE FREE EQUILIBRIUM

To investigate the global stability of the disease-free equilibrium (DFE) in our
model, we conducted a numerical simulation based on the set of differential equations
governing the system. The value of Ry depends on each of its component. Given
the provided parameter values in the table 1, we compute the basic reproduction
number Ry and its components Rq,Ry,R3,andRy. R; = 1.2483 x 1076 R, =
5.7468x 1077, R3 = 1.1020 x 107, R, = 2.9339x 10~8. Thus, the basic reproduction
number is: Ry = 1.9625 x 1076, This value of Ry being much less than 1 confirms
that the disease-free equilibrium (DFE) is globally stable, the disease will not spread
in the population, and the system will return to the DFE over time. We use the
values in table 1 with Sy = 70,000, Ey = 50,000, I;, = 3,0,000, I, = 4,0,000,
Co = 5000, Qo = 25,000, V5 = 30,000, and Ry = 50,000 to perform a simulation
for the Disease-Free Equilibrium (DFE), as shown in figure 2.

Model simulation with R0 = 1.9674e:06

~ 6000
N —
g 5000F - I
0 =
g |

4000 T |
£ | 2
-
€300 I
Skt Q
£ R
e 2000I -
5 v
Emoor -
0
i} | | | | | | | | |

=]
I

Time (In days)
Ficure 2. DFE

The simulation results, depicted in figure 2, demonstrate the temporal evolution
of each compartment within the model. Over the course of the simulation:

1. Susceptible Population (S): The susceptible population stabilizes near the
value ﬁ, consistent with the DFE. This behavior indicates that the
introduction of disease-related perturbations does not significantly deplete
the susceptible population, maintaining its stability.

2. Exposed (E), Infected I; and Is: The exposed and infected populations,
both I and I, consistently approach zero as time progresses. This outcome
suggests that the infection does not sustain itself within the population and
tends to die out, leading to a return to the disease-free state.

3. Contaminated Carrier (C) and Quarantined (Q): Similar to the exposed
and infected populations, the carrier and quarantined compartments also
trend towards zero. This further reinforces the notion that the disease
cannot persist within the population under the given parameters.
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4. Recovered (R) and Vaccinated (V): The recovered and vaccinated populations
stabilize at levels that do not interfere with the overall disease dynamics,
thus supporting the DFE stability.

These results collectively confirm the global stability of the disease-free equilibrium
within the context of our model. The simulations reveal that irrespective of initial
conditions, the system invariably returns to the DFE over time, thereby affirming
the robustness of this equilibrium. The observed stability is consistent across all
simulated scenarios, indicating that the model effectively captures the mechanisms
necessary for disease eradication under the given parameters.

Furthermore,to establish global stability at the DFE, we propose the following
Lyapunov function:

1(S-5\* E I I
V(SvEJII7I2707Q,R,V) = ( ) + 1 + 2
2 S* p+a pt+w+y+or pt+w+vy+oo
where S* = T,
Htp

Time Derivative of the Lyapunov Function. The time derivative of V/(S, E, I1, I, C,Q, R, V)
is computed as follows:

4V _0vds  OVIE  oVdlL  oVdh
dt  9Sdt OE dt Ol dt = 0Ol dt
where the partial derivatives are:
o _s-s
as  S*2
v_ 1w v _ 1
OE  p+a’ 0L ptwty+o’ 0l ptwty+oo
Substituting the derivatives from the system:

av. §-95*
E = W (7T — ,LLS - pS+)\I€V — ﬂeSE — 51'15[1 — /BZQSIQ — ﬂCSC)
+5eSE+5i1511 + Bi2S1s + B.SC — (p+ ) E
[
LOBE — (p+w o)
ptwt+y+oy
LA =BHE - (ptwty+ o)l
n+w+y+ o2

Given the structure of %, the following conclusions can be drawn:

Near the DFE: Since S ~ S* and all other compartments F, I;, I are small
or zero, V(S,E, I,I,,C,Q, R, V) is positive and % < 0. This indicates that the
Lyapunov function does not increase over time, with equality only at the DFE.

Global Behavior: If % is negative semi-definite, and the only equilibrium
where V' is minimized is the DFE, then the system will asymptotically approach the
DFE regardless of the initial conditions, provided they are in the feasible region. To
demonstrate that ‘Z—‘t/ is negative semi-definite and that the only equilibrium where
V' is minimized is the Disease-Free Equilibrium (DFE), we analyze the sign of each

term in the expression for 4%

dt *
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First Term:
S-S5

S*Q
S — S* changes sign depending on whether S > S* or S < S§*. The expression

inside the parentheses represents the change in S over time. In the DFE, § = §*
and the terms involving infected compartments (E, Iy, Iz, C) are zero.

(m—pS = pS+ ALV = B.SE — B ST — BinST> — B.SC)

Second Term:

BeSE + BinSIi + Bi2SIz + B.5C — (u+ a)E
J e

This term represents the change in E. At DFE, E = 0 and the entire term becomes
zero. - Outside DFE, this term is positive when there is transmission but negative
when the removal rate (1 + «) dominates.

Third Term:
aBfE - (p+w+y+o1)h
HFw+y+o1
At DFE, I = 0, E = 0, so this term is zero. Otherwise, this term can be positive
or negative depending on the balance between infection (first term) and removal
(second term).

Fourth Term:
a(l—-B)E —(p+w+v+o02)ls
B+ w+y+ o2
Similar analysis to the third term. At DFE, I = 0, £ = 0, and the term is zero.
At the DFE, where E=0,11=0,1b=0,C=0,Q =0, and S = 5*:
av.
o=

0
For non-DFE equilibria, dd—‘t/ < 0. The term SS_—*E multiplied by the expression
involving infections is negative because infections reduce susceptible individuals.
Similarly, the terms involving E, I;, and I5 become negative when infected compartments
are non-zero, reflecting the progression of disease and recovery or removal of infected
individuals.

4V is negative semi-definite, indicating that V does not increase over time and

dat
decreases whenever there are infected individuals. The only point where % =0
and V reaches its minimum is at the Disease-Free Equilibrium (DFE), where all
compartments except S are zero. This demonstrates that the system stabilizes at
the DFE, where no infection persists.

We find that the entire population will eventually consist only of susceptible,
vaccinated, or recovered individuals and the Lyapunov function ensures that even
if the disease initially spreads through the population, the natural dynamics of
the system will drive the population back to the disease-free equilibrium, where
the disease cannot persist. Thus, this analysis guarantees that, under the given
model and assumptions, the disease will not become endemic or persist in the long

run; instead, it will fade out, leaving the population disease-free. Therefore, the
disease-free equilibrium Xppg = (ﬁ,0,0,0,0,0,0,()) is globally asymptotically
stable.
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6. NUMERICAL RESULTS

We estimated the basic reproduction number for the period from 16 January
2021 to 28 February 2021. After starting of the vaccination program in India, we
eagerly want to know the impact of undetected infected persons on the transmission
dynamics of COVID-19. As of 16 January 2020, the cumulative confirmed cases,
death cases and recovered cases were 10558637, 151720 and 10196056 respectively,
whereas on 28 February 2020, these data became 11111978, 156603 and 10784401
respectively. Because, those who are exposed and Undetected tend to live in the
community, they can spread the disease at the same rate [13].

Also, the family members impacted by COVID-19 may survive in the environment
from a couple of hours to several days [20]. In this study, this value was taken as
5 hours and, consequently, the elimination rate of virus is 0.2 per day. We estimated
the recovery rate ('}/) as follows- Difference of cumulative recovered 1

% * 1—14 = 0.075 per day. As of 1 January 2021, the total estimated

population of India was 1,390,537,387 [3].

TABLE 1. Parameter Estimates

Difference of cumulative confirmed = Average recovery time in days

S.No. | Parameter Estimated Value Sources
1 ™ 47964 per day [3]
2 Be 0.25 x 0.1231 x 10—~ [13]
3 Biy 0.25 x 0.5944 x 0.1231 x 1077 | [13]
4 Bi, 0.25 x 0.1231 x 10~ 7 [13]
5 Be 1.03 x 1078 [13]
6 1 7.344 per day [1]
7 Y1, Y2 0.075 per day Estimated
8 w 0.01 Estimated
9 a 7 days [20]
10 8 0.9 [13]
11 01,09 0.7,0.2 Assumed
12 n 0.2 [12]
13 & 0.001 [13]
14 & 0.000398 [13]
15 &3 0.001 [13]
16 b 0.1243 [10]
17 ) 0.008 Assumed
18 A 0.05 Assumed
19 p 0.9 Assumed
20 K 0.07 Assumed

In the below table 2, we estimated the contribution of exposed individuals,
undetected infected individuals, detected infected individuals, and contaminated
pathogens in the final reproduction number. We vary the values of the transmission
rate (p) and percentage of undetected infected individuals (1 — 3) simultaneously, to
check the impact of undetected infected and vaccinated individuals on the transmission
of epidemic COVID-19.

As (1 — B) increases from 0.1 to 0.4, the overall risk Ry (which is the sum of all
individual risks) slightly increases. This trend suggests that as a smaller proportion
of the population remains immune (i.e., (1 — 8) increases), the total risk of disease
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TABLE 2. Results for Different Values of p

S.No. (1 — ﬁ) Rl Rz R3 R4 Ro
When p = 0.9

0.1 1.2483e-06 5.7503e-07 1.1453e-07 2.9553e-08 1.9674e-06
0.2 1.2483e-06 5.1113e-07 2.2907e-07  3.0589¢-08 2.0191e-06
0.3 1.2483e-06 4.4724e-07 3.4360e-07 3.1625e-08 2.0707e-06
0.4 1.2483e-06 3.8335e-07 4.5814e-07 3.2661e-08 2.1224e-06

0.1 1.2636e-06 5.8209e-07 1.1594e-07 2.9916e-08 1.9915e-06
0.2 1.2636e-06 5.1741e-07 2.3188e-07 3.0965¢-08 2.0438e-06
0.3 1.2636e-06 4.5273e-07 3.4782e-07 3.2013e-08 2.0962e-06
0.4 1.2636e-06 3.8806e-07 4.6376e-07 3.3062e-08 2.1485e-06

=

0]

=
W N Ry W

Il

o

[0 4]

transmission also increases. The risk via the pathway from susceptible to exposed
individuals (Ry) is the largest contributor to the total risk Ry, highlighting that the
initial exposure is the most critical phase in disease spread.

The risks associated with the pathways to detected infected individuals (Rx),
undetected infected individuals (R3), and environmental transmission (R4) are
smaller, but they do increase as (1 — ) increases. Comparing p = 0.9 and p =
0.8, the risks Ry, Ry, Rs3, and R4 are slightly higher when p = 0.8 than when
p = 0.9. This indicates that a lower p leads to an increased overall risk of disease
transmission.

The data show that reducing the proportion of the immune population ((1 —
B)) results in a higher overall risk of disease transmission. The most significant
risk occurs at the initial stage (from susceptible to exposed individuals). Hence,
strategies to minimize disease transmission should focus on enhancing immunity
and maintaining or improving vaccination.

Additionally, the risk Ry associated with detected infected individuals (I;) is
consistently higher than Rj associated with undetected infected individuals (I2)
across all values of (1 — 8) and both p values, suggesting that detected infected
individuals pose a greater risk to disease spread, possibly due to more interactions or
higher infectiousness. The smaller increase in R3 suggests that undetected infected
individuals contribute less to transmission risk relative to detected cases.

We can easily observe that in both the cases (when p = 0.9 or when p = 0.8)
whenever the number of undetected infected individuals is 0.1, 0.2, and 0.3 percent,
the dominant part of disease risk is detected infected compartment, whereas, whenever
its value is 0.4 percent the undetected infected individuals compartment contribution
dominantly in the risk of disease spread. In this context, the contribution of R4 in
the total basic reproduction number cannot be neglected.

As (1—0) increases, R, shows a slight increase, suggesting that as more individuals
become susceptible, fomite transmission risk also rises, though less significantly than
other pathways. When p decreases, R4 values increase slightly, similar to other risks,
but still remain minor compared to direct transmission routes. This highlights that
while environmental hygiene and disinfection are important, the primary focus for
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controlling disease spread should be on direct transmission routes and improving
immunity in the population.

6.1. EFFECT OF PARAMETERS ON INFECTED COMPARTMENT.
We set B, = 0.3 x 1075, B;, = 0.3 x 1072, 3;, = 0.3 x 1072, and 3. = 0.5 x 1076,
while keeping the remaining parameters the same as listed in Table 1. This setup
is used to perform a simulation to assess the effect of a particular parameter on
various infected compartments. For the simulation, we initialize with Sy = 70, 000,

Ey = 50,000, I, = 3,0,000, I, = 4,0,000, Cy = 5000, Qo = 25,000, Vq

and Ry = 50,000 to perform simulation.
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In Figure 3, as the vaccination rate p of susceptible individuals increases, all

the curves corresponding to the infected compartments show a decline in their
populations.
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FIGURE 4. Effect of

In Figure 4, as the recovery rate of infected individuals v increases, all the curves
corresponding to the infected compartments show a decline in their populations.

In Figure 5, as the percentage of undetected infected populations 8 decreases,
all the curves corresponding to the infected compartments show a decline in their
populations.

In Figure 6, as the quarantine rate o; of infected individuals increases, all
the curves corresponding to the infected compartments show a decline in their
populations.



A VSEIQCR STUDY 57

Effect of B on exposed population
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In Figure 7, as the quarantine rate o5 of undetected infected individuals increases,
all the curves corresponding to the infected compartments show a decline in their
populations.

In Figure 8, as the transmission rate §;, decreases, all the curves corresponding
to the infected compartments show a decline in their populations.

In Figure 9, as the transmission rate (3;, decreases, all the curves corresponding
to the infected compartments display a decline in their populations.

In Figure 10, as the transmission rate S, decreases, all the curves corresponding
to the infected compartments display a decline in the corresponding populations.
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Effect of o, on exposed population
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7. MAIN RESULTS

According to the World Health Organization (WHO) [5], individuals susceptible
to infection may contract the virus through contact with contaminated objects or
surfaces, known as fomites. Before cleansing their hands, these individuals may
inadvertently touch their eyes, mouth, or nose, thereby facilitating transmission.
Therefore, the role of fomites in COVID-19 transmission is a crucial aspect addressed
in our study. Mitigation strategies include frequent hand washing and sanitization,
as well as the consistent use of masks as preventive measures.

Moreover, exposed and undetected infected individuals contribute to the spread
of COVID-19 unknowingly. Thus, it is important to detect, isolate, and treat them.
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Effect of o, on exposed population
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This underscores the significance of tracing and testing to prevent the spread of
the disease. Even though vaccines are available to control and reduce the risk of
infection, undetected infected individuals still significantly contribute to the basic
reproduction number. Hence, detecting and isolating these individuals can help
prevent the spread of infection.

Furthermore, it is necessary to decrease the risk of spread by increasing the
percentage of vaccinated people. Some individuals may lose their immunity due to
a low immune response against the disease, so it is important for people to complete
both vaccine doses. They should follow the guidelines issued by the Government
of India and should not neglect preventive precautions. Our study may be the
first to simultaneously include fomites, quarantine, undetected infected individuals,
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Effect of B; on exposed population
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and vaccinated individuals in a mathematical model of COVID-19 transmission
within the population. The estimation of the basic reproduction number is based
on parameter values selected from other relevant studies; therefore, our findings
may differ from the original values.

8. CONCLUSIONS

The risk of COVID-19 spread increases with the rise in undetected infected cases.
Additionally, carelessness and lack of awareness regarding fomite transmission significantly
contribute to the persistence of the disease within the population. Since undetected
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Effect of p; on exposed population
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infected and exposed individuals unknowingly spread the virus, it is crucial to
identify, isolate, and treat them to prevent further transmission.
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ABSTRACT. The study introduces a Kantrovinch-Stancu type modification of the
modified-Bernstein operator, examining its convergence properties for Holder’s class of
functions. It evaluates the rate of convergence through the modulus of continuity and
Peetre’s K-functional, providing insights into the efficiency of the proposed operators.
Additionally, the research establishes a Vornovskaya type asymptotic result and investi-
gates weighted approximation with polynomial growth, shedding light on the behavior
of approximations under varying conditions. To illustrate the convergence behavior em-
pirically, the study employs MATLAB software to present numerical examples, offering
tangible evidence of the theoretical findings. Through this comprehensive analysis, the
study contributes to understanding the performance and applicability of the Kantrovinch-
Stancu modification in approximation theory, with implications for various fields relying
on function approximation techniques.
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1. INTRODUCTION AND PRELIMINARIES

Positive linear operators are widely used in various fields of science and engineer-
ing. This widely spread area provides us the key tools for exploring the Computer-
aided geometric designs, signal processing, image compression, data analysis, nu-
merical analysis, and solution to ordinary and partial differential equations that
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arises in mathematical modeling of real word phenomena. A very famous polyno-
mial in this regards, was studied by Bernstein [1] and the Bernstein operator for
every bounded function ¢ € C[0,1], n > 1 and ¢ € [0, 1] is defined as

Ba(3t) = gpn,xtw(;),

and p,;(t) = (7)t""1(1 — t)"~*~! is Bernstein basis function. Usta [2] presented a

%

new modification for ¢ € C[0,1], n € N, ¢t € (0,1) as

n
Bait) =3 (Z) (k — nt)=1(1 - t)““w(fl). (L1)
k=0

Recently, Sofyahoglu [3] introduced a parametric generalization of (1.1). There-
after, different modification of the above operator have become interest to many
researchers. For more details on parametric generalizations, we refer the readers to
[4,5,6,7,8,9,10, 11, 12, 13]. Kantrovinch [14] introduced a modification involving
integral for the class of Lebesgue integrable functions on [0,1] given by

n %
Ka@it) = (4 )Y pustt) [ wlw)du, (12)
k=0 EEsy
where t € (0,1). Recently, [15] introduced some approximation properties of Szdsz-
Kantorovich type operators allied with d-symmetric d-orthogonal Brenke type poly-
nomials. Also, [16] considered bivariate Summation-integral type hybrid operators

and studied their approximation behavior. For applications point of view, refer

[ ? ? ? ? ]

The motivation behind the study stems from the need to enhance function ap-
proximation techniques, particularly for functions within Hoélder’s class. Traditional
Bernstein operators, while effective, may not always offer optimal convergence rates
for diverse functions. By introducing a Kantrovinch-Stancu type modification, this
research aims to improve approximation efficiency. Investigating convergence prop-
erties through modulus of continuity and Peetre’s K-functional provides a deeper
understanding of how these new operators perform. The practical application of
these theoretical insights, supported by MATLAB simulations, underscores the rel-
evance of this work in advancing approximation theory and its applications across
various fields that rely on accurate function representation.

We now introduce Kantrovinch-Stancu modification of the operator given by
equation (1.1) based on Stancu parameters 0 < oy < ag, as follows:

(E+14aq)

n (nt+ag)
Jolere2) (1) = (ntan) Z <Z> (k—nt)*tF=1(1—t)" k-1 s ’ v(u)du, t € (0,1).
k=0 (nt+ag)

(1.3)

2. MOMENT ESTIMATION

Using the preliminaries, we can prove the following identities for Modified-Bernstein-
Kantrovinch-Stancu operators :

Lemma 2.1. (see [2]) The modified-Bernstein operators B, (.;t) , forn € N, satisfy
the following identities:

(i) B.(L;t) =1;
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(i) Buly;t) = (=2) + 1;
(i) Bu(y? 1) = (“EH0) 2 + (250)t + o

() Byt ) = (2otmgmnas oy ap((wgpss Yooy (13mc20 )y 0,

Lemma 2.2. For n € N the operator S (v(y);t) satisfies the followings:
(i) K52 (150 = 1;
(i) K5 (yit) = (22)t+
(iif) id‘“"”)(y2 t) =
012 + 2 3 }

n+a2 ( + al)

W{(n —Tn+6)t2 + (6n — 8+ 2a1(n — 2))t + (a1 +

Proof. Using the linear property of o) (v;t), we've

})Bn,a(l;t)-

K(e02) (ys £) = ——B,, 4 (yit) + 5

n+aoag n 4+ ao

(Oél +

By using preliminaries, we can see part (2) is true. In a similar manner, we can
prove other parts of above result. O

0417012)(( (a1:a2)(t).

Let us denote the 7" order moment of K y—1t)";t) by vn

Lemma 2.3. Forn € N, the r*" (r = 1,2,4) ordered moments of ng{ll’aQ)(.;t) are
given by

(1) vt (1) = —(B)t + iz (n + 3);

n+aq n+o¢z
(ii) 77(1“21’(12)@) = 7(7“;12)2 {(=3n+6+ a3+ 402)t* + (3n — 8 — 20102 — 4oy —
30&2)?5 + (O[l + ]. 3}

Proof. Using the linear property of K™ (.;¢) and lemma (2.2), above lemma can
be derived easily. O

Corollary 2.4. Forn € N, operator IC,, (a1, a2)(.;t) satisfies the followings:
. . (a1,a2) o) — 3)3
(i) lim nky ((y —t);1) 2+ )t + (oq +2)3;
(i) lim nKS ) ((y —8)%¢) = 3t(1 —t).
n—ro0
3. APPROXIMATION PROPERTIES OF K2 (,;¢)

3.1. Local Approximation.
Theorem 3.1. Let v € C(0,1), then
lim Keve2)(v:t) = (1),

n—-oQ
uniformly on (0,1).
Proof. Using lemma (2.2), we have

lim K(eve2)(yk ) =k (k =0, 1, 2),

n—ro0

uniformly on (0,1). The required result is immediately given by Korovkin type
theorem [22]. O
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3.2. Rate of Convergence. For v € C(0,1), the modulus of continuity of v is
defined as

s = s { s o) -0}
ly—t|<¢ L te(0,1)
Also from [23], we can write
(y—t)?
2

vl - vlo) < (14
By [24], 3 a constant M > 0 such that
K(v;¢) < Mws(v,\/<), ¢ >0, (3.1)

where Peetre’s functional K (v;() is given by

K(v;¢) = _inf ]{||V—f||+CHf”||}7C>0,

feczo,1

)t

with C2[0,1] = {v € C[0,1] : v/, v"" € C[0,1]} and
wa(v,\/n) = sup { sup  |v(t+2h) —2v(t+ h) + I/(t)|}
0<|h|<y/m (t,t+2h€(0,1)
is the second ordered modulus of continuity of v on (0,1).

Theorem 3.2. Lett € (0,1) and v € C[0,1]. Then we have

e i) vto)| < 2 (1 EE 0.

where ’y(o‘;’%)(t) = ICslal’M)((y—t)z; t), is the second ordered central moment of nth

n7

proposed operator.

Proof. For v € C]0,1], we obtain

n (’E+i+0;)
n+ag
e (st) = v(6)] = (n+ 02) o pua(®) [, ol) = (0] dy
k=0 (n+as)
n ('ff‘*%) ( t)2
“TiTasr y—
e Yo [, (14 U5 Nt i
k=0 (it as)
1
= (14 K (= 00 )l ).
By taking (2 = 77(1721’@2)@), we reach the required result. O

Next, we define Holder’s class of functions for a € (0, 1] as follows:
Ho(0,1) ={r € C(0,1) : [v(y) —v(t)| < My ly —t|*; y,t € (0,1)}.
The following theorem gives the rate of convergence for Hélder’s class of functions:

Theorem 3.3. Lett € (0,1) and v € Hy(0,1). Then we have

kel
2

Kl i) - vio)] < 21 (230 )

where 75721’&2)@) is the second ordered central moment of nt" proposed operator.
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Proof. For v € Hy(0,1), consider

(ktitay)

n
(ar,az)(,,. B . (ntag) _
e 030) —v0)] =0 Y puslt) [0 Io(w) = (0] dy.
k=0 (nfasg)
On applying Holder’s inequality with p = %, q= ﬁ twice, we are led to
(etitay) a
(@1,02) (1, 4) e _ o
o (i) — ()] < { ank / i) = (0] ay |
(nt+ag)
(kt1tay) a
Z (nFoaz) t‘zd 2
Page®) [y Y
(ntaz)

= M’Cff”’o‘z)((y —1)%1)%,
which completes the result. O

Theorem 3.4. Let v € C[0,1] and t € (0,1). Then for all n € N, 3 a positive
constant M such that

KL 0it) = v(0)] < Mo (1 ;\/;{Wé‘,’s""% 020 | )+ (v

Proof. Firstly, we define an auxiliary operator

A0 (1) = KL0192) (s 1) — w( n-2,, 1 <a1 + Z’)) o). (3.2)

n + oo n + oo

).

Then, we have A%QI’QZ)(I; t)=1and A%QI’O‘Z)(Q/ —t;t) = 0. Now Taylor’s expansion
for ¢ € C?[0,1] is given by

Bly) = () + (g — (1) + / "y — g (u)du, £ € (0,1).

Applying auxiliary operator to both sides of above expansion, we obtain

Aler2) (i 1) — o (t) = Klero2) (/ﬂy —w)g" (uw)du; t)

sttt (n43) £ o 1 3
— t - — "(w)du.
/t (n+a2 +n+a2(a1+2> U>¢ (u)du
(3.3)
Now,
Y 12 1 " 2
(y— Wy (wdu| < 3 [9"] (v~ 1
t
and

n2 it (0nt3)
ntag ”Jraz 2 n—2 1 3 "
t -] = d
/t <n+a2 +n+a2<a1+2> U>1/) (u)du

] (e Y Y PR 2
n + oo n + g D)

2
L) ( (o0

N——
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Rewriting equation (3.3), we obtain
1 2
A wit) = 0(0)] < g IR (= 0%+ 5 107 (70
1 g, g,
=31 {300+l 2><t>2}.

Also,
Al i) < 3] (3.5)

In the view of equations (3.4) and (3.5), we get

Klera2) (1: 4) — u(t)‘ —| Alere2) (4 p) 1 1/( n-2,, 1 <a1 + 3)) —u(t) — v(t) + o)

n —+ oo n + oo
—p(t) + A0 (s t) — AL (i t) |
< |l = it - (v - 0)(0)|

Al i) — ()| +

SHINC

n—2
v
n—i—ag n+a2

<aly =l + 5 101 {5 0+ 40 }

1|-2—as 1
w(v,C)(Hg n+a2t+n+a2< )‘

Taking infimum to RHS of above equation over ¢ € C?[0,1] and ¢ = fyfl‘?‘f’”)(t) ,
we are led to

]- a1, a1, a1,
Kl i) v(o)] < 48 (g [ 0 0 a2 (0] ).

We reach the required result immediately by using equation (3.1).

3.3. Voronovskaya-type Asymptotic Result. In this subsection, we derive an
asymptotic formula for the proposed operator as follows:

Theorem 3.5. Let v € C%[0,1]. and t € (0,1). Then, we have

n—:oQ

lim n(K10) (vit) — v(t)) = {(—2 — )t + <a1 + ‘;’) }v’(t) + gt(l =t ().
Proof. From Peano form of remainder of Taylor’s expansion, we can write

1
v(y) = v(t) + (y = ' (t) + Sy — )*V"(t) + (y — t)*e(y, 1), (3.6)

where €(y,t) = M for some z lying between ¢ and y. Also, lii>n75 e(y,t) = 0.
y
Now, operating the equation (3.6) by IC,,(.;t), we get
R (05) = (1) = K ((y = 0500/ (0) + K (g = 02500 ()
+ RS ey, )y — )% 1)
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Using corollary (2.4) and Cauchy-Schwartz inequality, we can deduce

lim n(KE092) (vit) —v(t) = /(1) lim k@092 ((y —t);t)
n—o0

n—o0

1 " . (o1,002) 2.
+ v (t) nh_I>Iloo7’L’Cn ((y_t) at)

2
+ nlgloo (RS2 ((y = 1)2e(y, t): 1))
3 /! 3 11
<q(2—m)t+ a1 + 3) (v )+ 5t(l — )" (t)
2 (ahaz ar,az) 2(
—&—nh_I)noo\/nlC \/IC e (y, ),t))
(3.7)

By theorem (3.1), we have

(a1,02) — 2 _

lim K ((y,1);t) = €(t,t) = 0.

Using above equation in (3.7), we are led to the required result. (]

3.4. Weighted Approximation. Consider a weight function o(t) = 1+ t? on
(0,1). Let B,(0,1) denotes the space of all functions ¢ on (0,1) such that
lo(t)] < Myo(t)
and C,(0,1) be the subspace of all continuous functions in B, (0, 1) endowed with
norm ||| given by
p(t)
lell, = sup —=<.
t€(0,1) U(t)
Next, we prove an inequality and convergence for the operator K, (.; ) in weighted
space as follows:

Lemma 3.1. Let v € C,(0,1). Then following inequality holds for K, (v;t)

eredwit)| <M,

Proof. By using definition of proposed operator, we may write

e )

ICff“’o‘z) vt = sup
H (v:1) o te(0,1) o(t)
n (kE+1+a)1)
n ntag
<ol s 3 bu() (14 u?)du
o) 1+ kzzo e
= |lv|l, sup {1+ K02 (20} < M|y,

7 te(o) 1+

U

Theorem 3.6. For v € C,(0,1), the newly modified operator IC;QI’QZ)(.; t) satisfies
lim ‘ICSlal"”)(u;t) — V(t)H =

n—>oo

Proof. From lemma (2.2), we obtain

’IC%““”)(y; t) — t’ 1
= su <
o tG(OI,)l) 14 ¢2 T n+as

H’Cﬁfl’o‘z)(y; t)—t

] — Qg — —|.
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Also,

ko2 w3 1) — v(t)
= sup
T te(0,1) 1+1¢2

HICglal,az)(yQ; t) _ t2

1
(2041—2042—1)4—04%—04%—0414—}.

1
< -
- (n+a2)2{n 3

Thus, in limiting condition, we can write

lim_ ||l (y7se) — || = 03 = 0,12,

n—>oQ

Then, the weighted convergence holds for all v € C,(0,1) from the results given by
Gadjiev [25]. O

4. GRAPHICAL ANALYSIS

Now, we introduce some simulation results in order to substantiate the conver-
gence behavior of 1655“*0‘2)(@&; t) for continuous function i by using MATLAB.

To test the approximation behavior of newly defined operators, let us consider
a polynomial function ¢(t) = t* —t* + {5 + 0.1. As the new sequence of operators
is defined on (0,1), so for that we will consider approximation over equally spaced
grids in [0.0005,0.9995]. Figure (1) and (2) shows the approximation and error in
the approximation by proposed operator to ¥(t) respectively for n = 20,50 and 100
at a1 = ag = 0.

0.25

0.2

0.1 o=y

0.05

F1cURE 1. Approximation by proposed operator K00 (;t) to 9
at different values of n.
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0.08

0.07} |-~~~ n=20 ]
e n=50 *

0.06 |—o—n=100 / N

0.05 ! o

0.04

0.03

0.02

0.01

FIGURE 2. Error in the approximation by proposed operator
IC%O’O)@/); t) to ¢ at different values of n.

5. CONCLUSION

In this manuscript, we presented modified-Bernstein-Kantrovinch-Stancu oper-

ators. We discussed their rate of convergence, asymptotic formula, and weighted
approximation of these operators with polynomial growth. Also, we included some
numerical simulations in order to test the newly defined operators.
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ABSTRACT. In this study, we compare the Laplace decomposition approach to the
variational iteration method. This research focuses on comparing methodologies to re-
solve integro-differential equations that are nonlinear.The result show how practical and
successful these methods are. We compare the results to four cases to assess the solution’s
correctness.
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1. INTRODUCTION

An Integro-Differential Equation is one that includes both the integral and de-
rivative of unknown functions. Solving Integro-differential Equations is critical in
science and engineering [1, 2]. In many scientific and technical domains, compli-
cated physical processes are described by means of nonlinear problems. Nonlinear
phenomena can be seen in a wide range of scientific domains, including chemical ki-
netics, solid state physics, fluid dynamics, mathematical biology and plasma physics.
Numerous physical processes ,including the formation of glass, heat transmission,
diffusion in general, diffusion of neutrons and coexistence of biological species with
varying rates of generation involve the use of Integro-differential equations without
linearity [1]. Integro-differential equations that are not linear fall into two cate-
gories: nonlinear Volterra equations and others nonlinear Fredholm equations. In
this paper, we look at two successful approaches regarding the resolution of Volterra

*J.H. Bhosale.
Email address :jyoti.bhosale1711@gmail.com (J. H. Bhosale), : sujitmaths@gmail.com (S. S. Handibag).
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integro-differential equations that are not linear: LDM and VIM. The following is
one kind of Volterra integro-differential equation that is not linear:

% =g(z) + /O’” K(z,t)G(v(t))dt, (1.1)

where G(v(t)) function that is nonlinear of v(t).

The present paper has the following structure.We define LDM and VIM in part
2, show the comparison results with four instances in section 3, and provide a
conclusion in section 4.

2. METHODS DESCRIPTION

2.1. Laplace Decomposition Method. Combining the Adomian Decomposition
and Laplace Transform techniques are also referred to as the Laplace Decomposi-
tion method (LDM).This methods main benefits is its ability to find a nonlinear
equation’s precise or approximate solution [3]. Differential equations can be suc-
cessfully solved using the Laplace Decomposition method (LDM),which was initially
presented by Suheil A. Khuri [4, 5]. When equation (1.1) is run through both sides
using the Laplace transform, the result is

SL{v(z)} — 1 (0) — 7720 (0) — ... — 077 (0) a1
=L{g(z)} +L{K(z-t)} +L{G(v(1))}
and
L{v(2)} = <0 (0) + v (0) + 50 (0) + -+ 00 (0)
(2.2)

+ %L{g (z)} + %L{K (=)} L{G (v (1))}

In order to accomplish this, the linear expression v(x) on the left is first expressed
using an endless succession of parts provided by,

v(z) = Z vp () (2.3)
n=0

recursively find the components v, (x),n > 0.

For treating the non-linear component G(v(z)), the Adomian polynomial shall
be embodied by an endless series, A,, we apply the Adomian polynomial get around
its difficulties [1, 7, &] in the format,

G(U (93)) = ZA7L($)7 (24)
n=0

where,

1 dn n )
A, =—— E Mo
" pldan — /
J= A=0,n=0,1,2,...
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is obtained for all forms of nonlinearity types. (2.3) and (2.4) into (2.2) result in

Y vnlz)| = %v (0) + Sizv/ 0) +...+ %W—l) (0)
' (2.5)

+SL{g@)} + SL{K (- D)L (Z An<x>> ,
n=0

with the Adomian decomposition approach, the recursive connection listed below
can be used

L {op (@)} = <0 (0) + 5o (0)+ .+ 00D (0) + SLig@)},  (26)

and )
L{v(z)} = QL{K (x—t)}L{A4, (2)},n > 1. (2.7)
When the first portion of (2.6) is subjected to the inverse Laplace transform

vo(x) is obtained which defined Ag.Consequently, by using second portion of (2.7)
the components of equation (2.3) will be fully determined.

2.2. Variational Iteration Method. Ji-Huan He developed the Variational iter-
ation technique (VIM) [9, 10].If there is a closed form solution, VIM offers quickly
converging successive approximations of the precise answer. Without requiring any
special limitations, the VIM manages both linear and nonlinear issues are treated
similarly [1]. It is necessary to specify the starting conditions in order to fully de-
termine the precise solution. For the equation for integro-differential that is not
linear (1.1) the correction functional is,

. _ v
Oni1 (2) = v () + / AW) [vﬁf)(w)f(w) / K (1) (@ (r))drlde | . (28)

There are two key phases involved in using the Variational iteration method. Prior
to anything else, the Lagrange multiplier A [11, 12, 13] must be found. This can
be done best by utilizing a constrained variation and integration by parts. Either a
function or constant can be the Lagrange multiplier A. After A has been established,
the following approximations v(,,41)(z), for n > 0 of the answer v(x), should be
computed using an iteration formula that is not constrained in any way. Any
selected function can serve as the zeroth approximation vg. However ,for the selective
zeroth approximation vy, it is preferable to utilize the initial values v(0), v (0),---

Vg (v).w @) =02 =-
vo () = v (0), for first order U;L

g (v @) 0 )0 (@) =02 =y =

vo () = v (0) + zv (0 ), for second order v (29)
Vg (v @) @) @), @) =0, A= —%w—xﬂ
vo () = v (0) + v (0) + %x% (0), for third order v;/,
So on. As a consequence, the answer is provided by
v(z) = lim v,(x). (2.10)

n—=o0
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3. MAIN RESuULT

Example 3.1. Take the integro-differential equation that is nonlinear,
dv 9 5 1 3 1 * 9
— = - - — XX — — — —— —t t)dt,v(0) =2 3.1
iy amt | @o0rOae =2 G
Using Laplace Decomposition Method. Using the provided initial condition

and the Laplace transforms of equation (3.1) ,we have

9 5 1 3 1 1
=24+ ——— — = — — + =L {v?
50 (s) 4s 28?2 3 s+1 4(s+2) s2 {U (ac)}7

2 9 5 1 3 1 1,
V=S TS 6 serD) BGeed sl @) 62

Using the reverse Laplace transformation of the equation (3.2),we get

2?2 2 _at o 4 J1 5
v(m):2fx+§f5§+5zf75+...JrL L?’L {v (z)}} (3.3)
The solution is decomposed as an infinite sum and nonlinear term by Adomian

polynomial as given below

v(z) = Z vp (2) and V% (x) = Z A, (3.4)
n=0 n=0
substitute equation (3.4) into equation (3.3) we get ,
o 2 3 4 5 0
_ x x T T 1] 1
z%vn(x)_2—x+§—5§+51—75+...+L LSL X%An (3.5)
When we compare the equation above’s two sides, we obtain
2 3 4 5

X X xr X
vo () =2—w+ Tp —hor 5 —Tor+o

v (2) = L1 [;L [Ao]} ,

g3

v (z) = L1 [1L [Al]} ,

where, Ag =02, A =2vgvi, Az = 2vgva + v ---. and so on we get the following

recursive relation
2 3 4 5
T T T T
=2 — — 55— +5——T—+...
vo () T+ 51 a0 + 1 5l + ...,

2 1 1
Ul(m)=§x3—6x4—|—%x5+....



LDM AND VIM FOR SOLVING NONLINEAR INTEGRO-DIFFERENTIAL EQUATIONS. 79

According to (3.4), the series solution is supplied by,
2 3 4 5
2 2t oz
V@) =2mad g st

that arrives to the precise solution,
vig)=1+e "
This is the precise solution to equation (3.1).

Using Variational Iteration Technique.

i (@) = v )= [ 243

(3.6)
In the case of the first-order integro-differential equation, we utilized A= -1. Us-
ing the above initial condition let’s choose vy (z) = v (0) = 2.Following are the
consecutive estimations obtained by including the correction functional with this
selection.

vo (z) = 2,

e S L
vl(x):2—95—1—5—554—51—754—...,
2?2 23 2t 2P

p5 T

v () =2=wt op = gr 5 -

further approximations follow in this manner.
Admittedly, the VIM uses

v(z)= lim v, (z). (3.7)

n—r-o0

This provides a precise solution by,
v(z)=1+e"".
We validated through substitution.

Example 3.2. Take the integro-differential equation that is nonlinear

d 1 1 ¥

é =1- gez + 56721 +/0 e” M2 (t) dt, v (0) = 0. (3.8)
Using Laplace Decomposition Method. Using the provided initial condition
and the Laplace transforms of equation (3.8) ,we have

1 1 1 1
= L [v?
W) =S T36oD T3612) 5o [ ()]
(s) 1 1 n 1 n 1
v(s)=——
5.8 3s(s—1) 3s(s+2) s(s—1)

Using the reverse Laplace transformation of the equation (3.9),we get,

1
— A -1|_ -
v(z)==x 2!+3! g% ...+ L SE-1

L [v* ()] (3.9)

L [v? ()] (3.10)

t
{vln t)——+-t+ 1t2 +3e "+ 167% - / ((t—r)v2(r))dr|dt
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The solution is decomposed as an infinite sum and nonlinear term by Adomian
polynomial as given below

= i vp, () and
n=0

(o)
S
substitute equation (3.11) into equation (3.10) we get

(3.11)
n=0

L |

E U ( —x———&———fx—

1
318

4 -1
.+ — L
[s (s—1)
When we compare the equation above’s two sides, we obtain

>4,

n=0

(3.12)

where, Ay = 3,

A1 = 2’1}0?)1, A2 = 2?)0’02 —+ 2
We get the following recursive relation

. and so on

xQ’ a3 1
vo () = = Gy o g = g -
v(x)_x:_xj z° Ji_,_
! 12 30 72 126

2 3 4
T x T
( ):1—(1—x+—+
that arrives to the precise solution

21 3l 4!"”')'
viz)=1—e"".
provided by

Using Variational Iteration Technique. For (3.8), the correction functional is

Uny1 (2) = v (2)  — /0 {v/n (t) -1+ L

t
3 3 2 —/0 (e "2 (r))dr] dt
In the case of the first-order integro-differential equation, we utilized A= -1

(3.13)
Using the above initial condition let’s choose vg () = v (0) = 0.Following are the
selection.

x) = = 0.
consecutive estimations obtained by including the correction functional with this

Uo(x)—07
2 23 2t
vl(x):xfﬁer —+
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further approximations follow in this manner.
Admittedly, the VIM uses,

v(z)= lim v, (z), (3.14)

n—oQ0

This provides a precise solution by,
viz)=1—e""
We validated through substitution.

Example 3.3. Take the integro-differential equation that is nonlinear,

dv v 5

—=-1+ (x —t)v* (¢) dt, v(0)=0 (3.15)
dx 0

Using Laplace Decomposition Method:

Using the provided initial condition and the Laplace transforms of equation (3.15)
,we have

_ 2
sv(s) = — + S—2L [v* ()] (3.16)
v(s) = LS + iL [v? (z)] (3.17)
5.8  8.82 '
Using the reverse Laplace transformation of the equation (3.17),we get,
1
v(z) = —x+ L1 [s?’L [v? (x)ﬂ . (3.18)

The solution is decomposed as an infinite sum and nonlinear term by Adomian
polynomial as given below

v(x) = Z v (z) and v? (2) = Z A, (3.19)
n=0 n=0

substitute equation (3.19) into equation (3.18) we get ,

ivn (x) = —az+ L " leL iAn
n=0

n=0
When we compare the equation above’s two sides, we obtain
vo (x) = —,

v (z) = L1 [;L [AO]} 3

: (3.20)
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Where, Ag =13, A; = 2vov1, Ay = 2v09v2 + 0% .... and so on
We get the following recursive relation ,
Vo = —7,
25
vy = —,
! 60
—9
Vg = ———
27 151200

According to (3.19), the series solution is supplied by,

x? x°

’U(LE)Z—Z'—F@—m—F...
Using Variational Iteration Technique:
For (3.15), the correction functional is provided by,

1M+1@)vn@ﬂzf{dn@)+llét«trﬁﬁ(ﬂﬁﬁ dt

In the case of the first-order integro-differential equation, we utilized A= -1.

(3:21)

Using the above initial condition let’s choose vy () = v (0) = 0.Following are the

consecutive

estimations obtained by including the correction functional with this selection.

vo () =0
Ul(x)zfxa

5

x
vg(x)——x—i—@,

x® z?

further approximations follow in this manner.
Admittedly, the VIM uses

v(@)= lm v, (z)
This gives solution
5 9

x x
U(x)ffqu@f

15120 te
We validated through substitution.

Example 3.4. Take the integro-differential equation that is nonlinear,

Z—Z:x—l—/o v? (t) dt, v(0)=0

Here kernel K (x,t) =1

(3.22)

(3.23)

(3.24)
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Using Laplace Decomposition Method. Using the provided initial condition
and the Laplace transforms of equation (3.24),we have

sv(s) = s% + %L [v* (2)] (3.25)
v(s) = # + éL [v? ()] . (3.26)

Using the reverse Laplace transformation of the equation (3.26),we get,
a? =N 2
v(z) = £l +L S—2L [0* (z)] ] . (3.27)

The solution is decomposed as an infinite sum and nonlinear term by Adomian
polynomial as given below

v(x) = Z vp () and v? (z) = Z An (3.28)
n=0 n=0

substitute equation (3.28) into equation (3.27) we get ,

00 2 00
Z T 1] 1 Z
n:O Un (I) = ? + L |\32L nzo An . (329)

When we compare the equation above’s two sides, we obtain
2
x
v () = —,
0(2) =~
11

o) =27 | L],

Where, Ag =2, A; = 2vov1, Ay = 209v2+0? .. .. and so on We get the following

recursive relation
2

T
Vo = ?7
26
v = ——
T 120
210
Vg = )
10080

According to (3.28), the series solution is supplied by,

1.2 1.6 xlO

v(m):?+ﬁo+10080+...

Using Variational Iteration Tecnique:
For (3.24), the correction functional is provided by,

Vns (&) = vp (2) /0 ’ {v/n(t) . /0 "2 (r))dr] dt (3.30)

In the case of the first-order integro-differential equation, we utilized A= -1.
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Using the above initial condition let’s choose vg () = v (0) = 0.Following are the
consecutive estimations obtained by including the correction functional with this
selection.

vo () =0,
2
vy (z) = %,
22 46 (3.31)
v () = 5 + 120°
2 20 210
vs(x) = —+ — + +...,

2 120 ' 10800

further approximations follow in this manner. Admittedly, the VIM uses

v(z) = nlﬁ}n{)O vn (), (3.32)
This gives solution
22 %6 210
v(z)=—+-—+ +....

2 120 10800
We validated through substitution.

4. CONCLUSION

This work presents the successful application of Lagrangian multiplier (VIM) and
Lagrangian differentiation (LDM) techniques for solving integro-differential nonlin-
ear equations. Both methods yield approximations with greater accuracy or closed
forms of solutions when available. The LDM is a powerful tool that can deal with
both nonlinear and linear integro-differential equations, and for nonlinear opera-
tors, the VIM does not have any specific criteria, such as linearization or Adomian
polynomials. While VIM requires the evaluation of the Lagrangian multiplier A,
both methods yield the same solution for the aforementioned examples. These two
methods are strong and righteous. Based on the comparison of these two powerful
methods, therefore, it may be said that VIM is simpler for finding the nonlinear
integro-differential equations.
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ABSTRACT. In this paper, we introduce some new generalized mappings in
quasi-b-metric-like spaces and establish some fixed point theorems with concrete exam-
ples. Our results generalize fixed point results in the literature.
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1. INTRODUCTION

In an attempt to generalize Banach’s fixed point theorem, Czerwik [7] in 1993
introduced b-metric space as a generalization of metric spaces. Later, many authors
proved existence of fixed points for generalized contractions under b-metric space
setting. Similiarly, the notion of metric-like space was introduced by Harandi[3]
in 2012 under which many fixed point results were proved. In 2014, Ansari [2]
introduced the concept of C-class functions which covers a large class of contrac-
tive conditions, and many researchers derived results using C-class functions. Re-
cently, Afshari et al. [1] proved some fixed point results for generalized a-1)-Suzuki-
contractions in quasi-b-metric-like spaces. In this paper some fixed point results
are derived for generalized a-¢-Suzuki-contractions in quasi-b-metric-like spaces via
C-class functions.
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2. PRELIMINARIES

Definition 2.1. [6] Let X be a nonempty set and s > 1 be a given real number.
Suppose that a function d : X x X — [0, 00) satisfies the following conditions:
(i) d(u,v) =0 = u=w, for all u,v € X;
(i) d(u,u) =0, for all u € X;
(iii) d(u,v) = d(v,u), for all u,v € X;
d(u,

(iv) v) < s[d(u,w) + d(w,v)], for all u,v,w € X.
Then, d is a b-metric on X and the pair (X, d) is called a b-metric space, and s is
its coefficient (see [5, 17] for more information on b-metric spaces).

If the conditions (i), (iii) and (iv) in Definition 2.1 are satisfied, then the space
(X,d) is called a b-metric-like space. See [13] for more information on fixed points
for some mappings in b-metric-like spaces.

Remark 2.2. Every b-metric space is a b-metric-like space, but the converse is not
true.

Definition 2.3. [15] Let X be a nonempty set and s > 1 be a given real number.
Suppose that a function d : X x X — [0, 00) satisfies the following conditions:

(i) d(u,v) =d(v,u) =0 <= u=w, for all u,v € X;

(ii) d(u,v) < sld(u,w) + d(w,v)], for all u,v,w € X.
Then, d is a quasi-b-metric on X and the pair (X, d) is called a quasi-b-metric space.
Definition 2.4. [12] Let X be a nonempty set and s > 1 be a given real number.
Suppose that a function d : X x X — [0, 00) satisfies the following conditions:

(i) d(u,v) =d(v,u) =0 = u=w, for all u,v € X

(i) d(u,v) < s[d(u,w) + d(w,v)], for all u,v,w € X.
Then the pair (X,d) is called a quasi-b-metric-like space (or a dislocated quasi-b-
metric space).

Remark 2.5. All b-metric-like spaces and quasi-b-metric spaces are obviously quasi-
b-metric-like spaces, but the converse is not true.

See [9] for a generalization of b-metric-like spaces.

Example 2.6. Let X = {a1,a2,a3} be any set of three distinct elements.

0 if (u,v) = (as,as);

2 if (u,v) € {(a1,a1), (az,a1)};
0.5  if (u,v) € (a1, a2);

0.25  otherwise.

Then (X,d) is a quasi-b-metric-like space with coefficient s = 4. Since d(a1, az2) #
d(az,ay), it is clear that (X, d) is not a b-metric-like space; and since d(a1,a1) # 0,
and d(az,az) # 0, it is also clear that (X, d) is not a quasi-b-metric space.

Definition 2.7. [I] Let (X,d) be a quasi-b-metric-like space. Let {u,} be a
sequence in X and u € X. The sequence {u,} converges to u if lim d(uy,u) =
n—>oo

d(u,u) = lim d(u,u,).
n——oQ

Define d : X x X — [0,00) by d(u,v) =

Definition 2.8. [1] Let (X, d) be a quasi-b-metric-like space. A sequence {u,} in X
is said to be a left-Cauchy (respectively, right-Cauchy) sequence if hm d(Up, Um)

m—>00
(respectively, if  lm  d(upn,uy)) exists and is finite. A sequence {un} is said to
m>n—»00

be Cauchy if it is left-Cauchy and right-Cauchy.



GENERALIZED a-¢-¢-F-CONTRACTIVE MAPPINGS 89

Definition 2.9. [1] Let (X, d) be a quasi-b-metric-like space. We say that
(i) (X,d) is left-complete if each left-Cauchy sequence in X is convergent;
(ii) (X,d) is right-complete if each right-Cauchy sequence in X is convergent;
(iii) (X,d) is complete if and only if each Cauchy sequence in X is convergent.
Definition 2.10. [1] Let (X,d) be a quasi-b-metric-like space. A mapping
T: X — X is continuous if for any sequence {u,} in X converging to u € X, the
sequence {Tu,} converges to Tu.
For s > 1, let W, be the family of functions % : [0,00) — [0, 00) satisfying the
following conditions:
(i) ¢ is nondecreasing;
(ii) Vt >0, 3 s™"(t) is finite, where 1™ is the n'® iterate of 1.
n=1
It is clear that if ¢ € Wy, then ¥(t) < t, for all ¢ > 0. For s > 1, we have
oo [ee]
Y (t) < s™p"(¢), and since > s""(t) < oo, by comparison test, > ¥"™(t) < oo,
=1 n=1

e
and so we can conclude that ¥, C ¥;.

Samet et al. [14] introduced the concept of a-admissible mappings as follows.

Definition 2.11. [14] Let o : X x X — [0, 00) be a function and 7' : X — X be
a mapping. Then T is a-admissible if a(u,v) > 1 implies a(Tu, Tv) > 1.

Afshari et al. [1] introduced the concepts of right-a-orbital admissible mappings
and left-a-orbital admissible mappings.

Definition 2.12. [1] Let a: X x X — [0, 00) be a function and T': X — X be
a mapping.
(i) T is right-a-orbital admissible if a(u, Tu) > 1 = o(Tu, T?u) > 1.
(ii) 7T is left-a-orbital admissible if a(Tu,u) > 1 = o(T?u,Tu) > 1.
(iii) T is a-orbital admissible if T is both right-a-admissible and left-a-admissible.
The notion of a-1)-contractive mappings was defined by Samet [14] in the follow-
ing way.
Definition 2.13. [14] Let (X, d) be a metric space and T : X — X be a given
mapping. Then T is an a-y-contractive mapping if there exist two functions
a: X xX — [0,00) and ¥ € ¥y such that a(u,v)d(Tu,Tv) < ¥(d(u,v)), for
all u,v € X.
In 2008, Suzuki [16] proved the following theorem as a generalization of Banach
contraction principle that characterizes metric completeness in which 6 : [0,1) —
1 if0<r< 5L
(3,1] is a nondecreasing function defined by 6(r) = ¢ (1 —r)r=2 if @ <r< %,

(147)7t if% <r<l1.
Theorem 2.14. [16] Let (X,d) be a complete metric space. Then every mapping
T on X satisfying the following:
dr € [0,1) such that Vu,v € X, 0(r)d(u, Tu) < d(u,v) = d(Tu,Tv) < rd(u,v),
has a unique fized point.
Using Suzuki method, Afshari et al. [I] proved some fixed point results for

generalized a-¢-Suzuki contractive mappings in the setting of quasi-b-metric-like
spaces as follows.
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Definition 2.15. [1] Let (X,d) be a quasi-b-metric-like space with coefficient s.
Then T : X — X is a generalized a-y-Suzuki-contractive mapping of type A if
there exist o : X x X — [0,00), ¥ € ¥, and r € [0,1) such that
(i) Yu,v € X,0(r)d(u, Tu) < d(u,v) implies a(u,v)d(Tu, Tv) < (M (u,v));
(ii) Yu,v € X,0(r)d(Tu,u) < d(v,u) implies a(v,u)d(Tv, Tu) < z/J(M’(u v)),

where s T
M (u,v) = max {d(u, v), d(u, Tw), d(v, Tv), (u2,sv)}7

d(T
M’ (u,v) = max {d(v,u)7 d(Tu,u),d(Tv,v), (;},u)}
s
Example 2.16. [I] Let X = [—1,1] and let T : X — X be defined by T'(u) = u/2.
Define d : X x X — [0,00) by d(u,v) = |u — v|*> + 3u® + 2v2. Then (X,d) is a
quasi-b-metric-like space and T is an a-)-Suzuki-contractive mapping of type A.

Theorem 2.17. [1] Let (X,d) be a complete quasi-b-metric-like space and
T: X — X be an a--Suzuki-contractive mapping of type A. Suppose also that T
is a-orbital admissible, continuous and there exists ug € X such that a(ug, Tug) > 1
and o(Tug,up) > 1. Then T has a fized point u € X and d(u,u) = 0.

The following is the definition of a C-class function introduced by Ansari [2].
Many researchers then developed fixed point results and best proximity results
using C-class functions. For example, see [3, 4, 10].

Definition 2.18. [2] A continuous function F : [0,00)? — R is called a C-class
function if for any p,q € [0, 00), the following conditions hold:

(1) F(p,q) < p;

(2) F(p,q) = p implies that either p = 0 or ¢ = 0.
The family of all C-class functions is denoted by C.

Example 2.19. [2] The following are some C-class functions:
(i) F(p,q) =p—q, for all p,q € [0,00).
(ii) F(p,q) = mp, for all p,q € [0,00) and m € (0, 1).
(iii) F(p,q) = (1+q)“ for all p, g € [0,00) and r € (0,00).
(iv) F(p,q) =log(q+a?)/(1+ q), for all p,q € [0,00) and a > 1.
Definition 2.20. [11] An ultra altering distance function is a continuous, nonde-

creasing function ¢ : [0,00) — [0, 00) such that ¢(t) > 0, for ¢ > 0 and ¢(0) = 0.
The set of all ultra altering distance functions is denoted by @y .

3. MAIN RESULTS
The following definition is proposed in this paper.

Definition 3.1. Let (X, d) be a quasi-b-metric-like space with coefficient s. Then
T: X — X is a generalized a-¢-¢-F-contractive mapping of type A if there exist
a: X xX —[0,00), 9 € Ug, p € Py, F €C and r € [0,1) such that the following
are satisfied:
(A1) Yu,v € X,0(r)d(u,Tu) < d(u,v) =
a(u,v) Ma(u,v) < F (¢(d(u,v)), p(d(u,v)));

(A2) Yu,v € X,0(r)d(Tu,u) < d(v,
a(v,u) Ma(u, v)<F( (d (v,u)
where M4 (u,v) = max{d(u, Tv),d(v, Tv),d(v,
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We have now our first main result.

Lemma 3.2. Let (X,d) be a complete quasi-b-metric-like space with coefficient s
and T : X — X be a generalized a-1p-p-F-contractive mapping of type A. If T
is a-orbital admissible, and if there exists ug € X such that a(ug,Tug) > 1 and
a(Tug,uo) > 1, then nh_}rrgo A(Up, Upt1) = nh_)ngo d(Uns1,un) = 0, where ug, = T*ug,

for ke N.

Proof. If up, = up,+1 for some ng € N, then the proof is complete. If not, then
Up, # Upy1 for all n € N. Since T is right-a-orbital admissible, it can be derived
that a(ug,u1) = a(ug,Tug) > 1 = a(Tup,Tur) = a(ug,uz) > 1. Then by
induction we get that
a(Up—1,u,) > 1,¥Yn € N. (3.1)

Similarly, since T is left-a-orbital admissible, it can also be derived that
auy,ug)= a(Tug,up) > 1 = a(Tui, Tug) = alug,u) > 1.

Inductively, we get that

oUn, Up—1) > 1,¥n € N. (3.2)

Since T is an «a-1-p-F-contractive mapping of type A, by taking v = u,,_; and
v = u, in (Al) of Definition 3.1, we find that 0(r)d(up—1, Tun—1) < d(tp—1,un)
implies

d(un,unt1) < a(Up—1,Un)d(Un, Unt1) by using (3.1)
< alup—1,uy) max{d(t,—1,Un+1), d(Un, Unt1), d(Un, W), d(Upt1,un)}
o(Up—1,Un) max{d(un—1, Tt ), d(tn, Ttpn), d(tn, Ttun—_1),d(TUpn, uy)}
(Up—1, Un ) M (Up—1,un)
< F(Y(d(un—1,un)), p(d(un-1,us)))
< P(d(un—1,un))
< d(Up—1,Up)-

Therefore, d(tn,tun+1) < Y(d(un—1,un)) and d(un, tnt1) < d(tp—1,u,), for
all n € N. Since d(up,unt+1) < ¥(d(up—1,u,)) for all n € N, inductively, we
get d(un, un+1) < ¥™*(d(up,u1)) for all n € N. Therefore, lim d(un,unt1) <

n—oo
1i_rr>1 Y™ (d(ug,u1)) = 0, since 1 € ¥y. Thus
lim d(up,tns1) =0.
n—oo

Similarly, by taking u = u,—1 and v = u,, in (A2) of Definition 3.1, we find that
O(r)d(Tup—1,un—1) < d(ty, up—1) implies
A Up,; Up— 1) (unJrlaun) by using (32)

d(unJrlv“n) < (
(s up—1) max{d(tn_1,Unt1), d(Un, Unt1), d(Un, Un), d(Unt1, Un)}
(
(

IN
=

Uy Up—1) MAX{d(tp—1, TUp), d(tpn, Tup), d(n, Ttn—1), d(TUy, un)}

AUy, Up— 1)MA(un 1aun)

=

< F((d(un, un—1)), p(d(un, un-1)))
< Y(d(un, un-1))
< d(Up,Up—1)-

ThCI‘CfOI‘C, d(un+1yun) < dj(d(uTwun—l)) and d(un-‘rlvun) < d(una un—1)7 Vn € N.
Since d(upt1,un) < U(d(up,un—1)), for all n € N, inductively, we get that
d(Uny1,un) <P (d(u1,up)), for all n € N.
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Therefore, lim d(upt1,u,) < lim ©™(d(u1,u0)) = 0.
o0

n— n——oQ0

Thus, nh—n>10<> d(tupa1,un) = 0.
This completes the proof. O

Theorem 3.3. Let (X,d) be a complete quasi-b-metric-like space with coefficient
s, and T : X — X be a generalized a-1p-p-F-contractive mapping of type A and
continuous. If T is a-orbital admissible, and if there exists ug € X such that
a(ug, Tug) > 1 and a(Tug,up) > 1, then there exists an element u € X which is a
fized point of T and d(u,u) = 0.

Proof. We have lim d(upi1,un) = 0 and lim d(up,uny1) = 0, from Lemma
n—oo n—oo

3.2. Now, we prove that the sequence {u,} is Cauchy. For k € N, we have

d(una un+k) < Sd(uru un+1) + 52d(un+17 un+2) et Skd(un-i-k—la un+k)

n+k—1
< Y TP (d(ug, un))
p=n
< Z sPYP(d(ugp,u1)) — 0 as n — oo.
p=n

Therefore, {u,} is right-Cauchy.
Similarly, {u,} is left-Cauchy, since we have

d(una un—i—k) S Sd(un—i-ky un+k—1) + 52d(un+k—1a un+k—2) R Skd(un-‘rl; un)

nt+k—1
<) SRR (d(un, u))
p=n
< Z sPYP(d(uy,ug)) — 0 as n —» 0.
p=n

Consequently, {u,} is Cauchy in (X,d) since it is both right-Cauchy and left-
Cauchy. Since X is complete, there exists u € X such that

d(u,u) = ”’7171111)100 AUy ) = 7}1)1130 d(tp,u) = nll_}n;o d(u,u,) = nﬂlyllrgoo d(tp, um) = 0.
By the continuity of T',
u= lim uy41 = lim Tu, =Tu.
n—oo n—oo
This completes the proof. O

We provide the following example as an illustration of Theorem 3.3.

Example 3.4. Let X = {0,1,2} and define d: X x X — [0,00) by

0 if (u,v) € {(1,1),(2,2)};
1 if = 1);
sy AL (0) = (0.1)
2 if (u,v) € {(0,0),(1,0)};
i elsewhere.
Then, (X, d) is a quasi-b-metric-like space with coefficient s = 4.

0 ifwu=0;

DefineT: X — X by Tu = ]
2 ifue{l,2}.
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Let

1 if =(2,2);
a: X x X — [0,00) be defined by a(u,v) =4, if (u,v) = (2,2);
105  ¢lsewhere,
1 € Uy be defined by ¢(t) =
€ Py be defined by ¢(t) = Vt >0,
F € C be defined by F(p,q) = %, Vp, q € [0,00), and
r=0.
Then, T becomes a generalized «a-1-¢-F-contractive mapping of type A. Here,
all the conditions of Theorem 3.3 are satisfied, and 2 is a fixed point of 7" and
d(2,2) =0.

Now, let us define a generalized a-1-p-F-contractive mapping of type B.

Definition 3.5. Let (X, d) be a quasi-b-metric-like space with coefficient s. Then
T:X — X is a generalized a-9-p-F-contractive mapping of type B if there exist
a: X xX —10,00), €V, o€ Py, FeCl andr € [0,1) such that the following
conditions are satisfied:

(B1) Yu,v € X,0(r)d(u

,Tu) < d(u,v) —
a(u,v)d(Tu, Tv) <

F(Mp(u,v)), p(Mp(u,v)));

(B2) Vu,v € X,0(r)d(Tu,u) < d(v,u) =
a(v,u) d(Tv,Tu) < F ($(Mp(u,v)), o(Mp(u, v))),

where .
Mp(u,v) = max {d(u, v), d(u, Tu), d(v, Tv), (“2’57])}7
Mp(u,v) = max {d@, w), d(Tu,u). d(Tv,v), d“;“)}

Lemma 3.6. Let (X,d) be a complete quasi-b-metric-like space and T : X — X be
a generalized a-1-p-F'-contractive mapping of type B. If T is a-orbital admissible
and if there exists ug € X such that a(ug,Tug) > 1 and a(Tug,ug) > 1, then

lim d(ty, Upt1) = hm d(Unt1,un) =0, where uy, = T*ug, for k € N.
n—oo

Proof. If u,, = up,4+1 for some ng € N, then the proof is complete. If not,
then u, # up+q for all n € N. Then by Lemma 3.2, d(up—1,u,) > 1 and
d(up,up—1) > 1 for all n € N. Since T is an a--p-F-contractive mapping of
type B, by taking v = u,—; and v = w, in (B1) of Definition 3.5, we find that
O(r)d(up—1, Tun—1) < d(up—1,uy,) implies

A(tn, Uupt1) < a(Up—1,Un)d(Un, upt1) by (3.1)
o(tp—1,Up)d(Tup—1, Tuy)
F(p(Mp(un—1,un)), p(M (un—1,un)))

Y(Mp(tn—1,un))
w (max {d(un—la un)v d(un—la un)a d(un7 un-‘rl)) d(un_l, un) ;;d(un’ un+1) })

(1, un) ; d(tn, uni1) })

INIA

P (max {d(unl,un),d(un,un+1),
= 1 (max {d(unfl,un), d(unv“nJrl)}) .

ThUS, d(una un+1) < 1/] (max {d(unflv un)v d(un» un+1)}) . (33)
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If max{d(un—1,un),d(tn,tnt1)} = d(tn,unt1), then (3.3) implies that
A(tp, un+1) < P(d(Un, Unt1)) < d(Un, Uny1), which is a contradiction.
So max {d(tn—1,Un), d(tUn, Unst1)} = d(tp—1,u,). Then we have
d(tn, upt1) < Y(d(Up—1,upn)) < d(tp—1,up),Vn € N.

Therefore, {d(uy,, un+1)} is a decreasing sequence and d(ty,, un+1) < V(d(tn—1,Un)),
for all n € N. Then inductively we get that

A(Un, Unt1) < P"(d(ug,u1)),¥n € N.

Hence lim d(up,tunt1) < lim 9™ (d(ug,u1)) = 0, since ¢ € 1. So
n—0o0 n—o0

lim d(up,tns+1) = 0.
n—oo

Similarly, by taking u = u,—1 and v = u,, in (B2) of Definition 3.5, we find that
O(r)d(Tup—1,un—1) < d(ty,uy—1) implies

A(upa1, Un) < @(tn, Up—1)d(Upt1,u,) by using (3.2)
a(Up,, Up—1)d(T Uy, Ty —1)

< F(w(Mé(“n—l,Un))vW(M/(Un—lvun)))

< p(Mp(un—1,un))

= w (max {d(u’ru unfl)y d(u’ru unfl)y d(un+17 un>7 d(un, un_l) ;—Sd(un—i_h uﬂ) })

= 0 (e {10, ), S22t S ) )

= Y (max {d(un,un—1),d(Unt1,u,)}).

So, d(tUn+1,tn) < ¥ (max {d(tn, un—1), d(Unt1,un)}). (3.4)

If max{d(un,tn-1),d(tUn+1,un)} = d(tnt1,un), then (3.4) implies that
A(upt1, un) < Y(d(Unt1,un)) < d(tpy1,u,), which is a contradiction.

Therefore, max {d(un, un—1),d(tni1,un)} = d(tp,tup—1). Thus we have

A(tnt1,un) < Y(d(Un, un-1)) < d(tn, un—1) for all n € N. Therefore, {d(un+1,un)}
is a decreasing sequence and d(un+1,un) < ¥(d(ty, up—1)), for all n € N. Then in-
ductively we get that

A(tpt1,un) < Y™ (d(ur,up)),¥n € N.

Therefore, lim d(upt1,un) < lim ¥™(d(u1,up)) = 0, since ¥ € ¥;y. So
n—=o0 n—-o0
lim d(upt1,un) =0.
n—-o0

This completes the proof. O
The following theorem can easily be proved as that of Theorem 3.3.

Theorem 3.7. Let (X,d) be a complete quasi-b-metric-like space and
T:X — X be a generalized a--p-F'-contractive mapping of type B and continu-
ous. If T is a-orbital admissible and if there exists ug € X such that a(ug, Tug) > 1
and o(Tug,up) > 1, then there exists an element u € X which is a fixed point of T
and d(u,u) = 0.

We illustrate Theorem 3.7 with the following examples.
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Example 3.8. The function T : X — X defined on the quasi-b-metric-like space
X ={0,1,2} given in Example 3.4 is also a generalized a-1)-¢-F-contractive map-
ping of type B, for the same «, ¥, ¢, F' and r given in Example 3.4. Here, all the
conditions of Theorem 3.7 are satisfied, and 2 is a fixed point of 7" and d(2,2) = 0.

Example 3.9. Let T : X — X be the same function defined on the
quasi-b-metric-like space X = {0,1,2} given in Example 3.4.

Let

i () = (2,2);

a: X x X — [0,00) be defined by a(u,v) =<,
i elsewhere,
1 € Uy be defined by ()

© € Py be defined by ¢(t) = ¢, Vt > 0,
F € C be defined by F(p,q) = &, Vp,q € [0,00), and

o r=0.

Then, T becomes a generalized a-1-¢-F-contractive mapping of type B, and not of
type A. Here, all the conditions of Theorem 3.7 are satisfied, and 2 is a fixed point
of T" and d(2,2) = 0.
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ABSTRACT. In this paper, we study the convergence of the SP*-iteration process to
fixed point for operators with property (E) in C AT(0) spaces. We also prove the stability
of the SP*-iteration process in CAT(0) spaces. Our results improve and extend some
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1. INTRODUCTION

It is essential for many fields of study, including mathematics, to have fixed
points. The conditions under which maps have solutions are given by fixed point
results. In particular, fixed point methods have been applied in many fields, such
as informatics, biology, chemistry, economics, and engineering. Determining the
precise value of the intended fixed point is a crucial and ultimately the last step in
solving the problem, but determining its existence is a crucial initial step. Using
an iterative procedure is one of the best ways to obtain the intended fixed point. A
number of researchers have recently shown interest in these areas and have developed
iterative procedures that have been investigated to estimate fixed points for a larger
class of nonexpansive mappings as well as for nonexpansive mappings. The existence
of a fixed point is very important in several areas of mathematics and other sciences.
The numerous numbers of researchers attracted in these direction and developed
iterative process has been investigated to approximate fixed point for not only
nonexpansive mapping, but also for some wider class of nonexpansive mappings.
This is an active area of research, several well known scientists in the world paid and
still pay attention to the qualitative study of iteration methods. The well-known
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Banach contraction theorem use Picard iteration process [28] for approximation
of fixed point. Some of the well-known iterative processes are those of Mann [24],
Ishikawa [17], Noor [25], SP-iteration [29], Picard Normal S-iteration [18] and so on.
Let X be a real Banach space and M be a nonempty subset of X, and G : M — M
be a mapping. We have {7,},{o,} and {k,} real sequences in [0,1]. Recently,
Phuengrattana and Suantai ([29]) defined the SP-iteration as follows:

Zn = (1 - an)un + Knguna
Un = (1 - O'n)zn + 0,.G2n, (11)
Unt1 = (1 — 1)U + 7 G0p, Vn € N|

where u; € M. They showed that the Mann, Ishikawa, Noor and SP-iterations
are equivalent and the SP-iteration converges better than the others for the class
of continuous and nondecreasing functions. In 2014, Kadioglu and Yildirim [18]
introduced Picard Normal S-iteration process and they established that the rate
of convergence of the Picard Normal S-iteration process is faster than other fixed
point iteration process that was in existence then. The Picard Normal S-iteration
[18] as follows:

Zn = (1 - Un)un + Ungun;

v = (1 — 7)) 2n + TnG2n, (1.2)

Up+1 = Gup, VN € N,
where u; € M.

In 2021, Temir and Korkut [35] introduced SP*-iteration process and they es-
tablished that the rate of convergence of the SP*-iteration scheme is faster than
above iteration processes. Now we give SP*-iteration process:for arbitrary u; € M
construct a sequence {u,} by

Zn = g((l - ’in)un + Hngun)a
Un = g((l - Un)zn + Ungzn)a (13)
Unt1 = G((1 = 1) vn + 7,Gvy), Vn € N.

Some generalizations of nonexpansive mappings and the study of related fixed
point theorems have been intensively carried out over past decades [1, 4, 14, 26,

, 33, 34, 36, 37]. A class of generalized nonexpansive mappings (in short GNMs)
on a nonempty subset M of a Banach space X has been defined by Suzuki [33].
Such mappings were referred to as belonging to the class of mappings satisfying
condition (C') (also referred as Suzuki GNM), which properly includes the class of
nonexpansive mappings. Every self-mapping G on M providing condition (C) has
an almost fixed point sequence for a nonempty bounded and convex subset M.
Two new classes of GNMs that are wider than those providing the condition (C)
were presented in 2011 by Garcia-Falset et al. [14], while retaining their fixed point
properties. The resulting property was called condition (E) (in the sequel, the class
of mappings satisfying condition (F) will be referred to as Garcia-Falset-generalized
nonexpansive mappings or Garcia-Falset mappings).

In this paper, we apply SP*-iteration (1.3) for operators with property (F) in
the context of C'AT'(0) space as follows

Zn = g((l - fin)un D Kngun)7
Un = g((l - Un)zn S2) Ungzn)7 (14)
Unt1 = G((1 — 7))V @ T0GVp),Vn € N,

where M is a nonempty closed convex subset of a CAT(0) space, u;1 € M, {7,},
{on} and {k,} € [0,1].
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Inspired and motivated by these facts, in this paper, we prove some convergence
theorems of SP*-iterative process generated by (1.4) to fixed point of operators with
Property (F) in CAT(0) spaces. In 2021, Temir and Korkut [35] introduced the it-
erative process generated by (1.4) (SP*-iteration process) and they established that
the rate of convergence of the SP*-iteration process is faster than the SP-iteration
process and the Picard Normal S-iteration process. Since only the convergence
analysis of the SP*-iterative process was studied in [35], we also prove the stability
of the SP*-iterative process in this study. In addition, we provide an example that
satisfies condition (F) but the mapping is neither a generalized a-nonexpansive
mapping nor does it satisfy condition (C).

2. PRELIMINARIES

First we present some basic concepts and definitions.

Let G be a self-mapping defined on a nonempty subset of a CAT(0) space. A
point u € M is called a fixed point of G if Gu = u and we denote by Fiz(G) the set
of fixed points of G, that is, Fiz(G) = {u € M : Gu = u}. A mapping G : M — M
is called contraction if there exists § € [0,1) such that

d(Gu, Gv) < 6d(u,v),

for all u,v € M. If # = 1 in inequality above, then G is said to be a nonexpansive
mapping.

Definition 2.1. A mapping G : M — M satisfies condition (C') on M if for all
u,v € M, 3d(u,Gu) < d(u,v) = d(Gu, Gv) < d(u,v).

Suzuki [33] showed that the mapping satisfying condition (C) is weaker than
nonexpansiveness and stronger than quasi-nonexpansiveness. In 2017, Pant and
Shukla [26] introduced a new type of nonexpansive mappings called generalized
a-nonexpansive mappings and obtain a number of existence and convergence theo-
rems. This new class of nonlinear mappings properly contains nonexpansive, Suzuki-
type GNMs and partially extends firmly nonexpansive and a-nonexpansive map-
pings.

Definition 2.2. A mapping G : M — M is called a generalized a-nonexpansive
mapping if there exists an a € [0,1) and for each u,v € M,

%d(u, Gu) < d(u,v) implies d(Gu, Gv) < ad(Gu,v) + ad(Gv,u) + (1 — 2a)d(u,v).

Recently, Garcia-Falset et al. [14] studied GNMs satisfying condition (E) that
have a weaker property than Suzuki GNMs.

Definition 2.3. A mapping G : M — X satisfies condition (E,) on M, if there
exists p > 1 such that

d(u, Gv) < pd(u, Gu) + d(u,v)
for all u,v € M.

Moreover, it is said that G satisfies condition (E) on M, whenever G satisfies
condition (E,), for some p > 1. It is clearly seen that if G : M — X is nonexpansive,
then it satisfies condition (E7) and from Lemma 7 in [33] we know that if G :
M — M satisfies condition (C) on M, then G satisfies condition (FE3) (see [11]).
By Lemma 5.2 in [20], if G : M — X is a generalized a-nonexpansive mapping,
then it satisfies condition (E) on M; see [20] for a proof. Therefore, the class
of generalized a-nonexpansive mappings is subordinated to the class of mappings
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satisfying condition (E). Proposition 1 in [14], we know also that if G : M — X
a mapping which satisfies condition (E) on M has some fixed point, then G is
quasi-nonexpansive. Example 2 that is in [14] shows the converse is not true.

It is well-known that any complete, simply connected Riemannian manifold hav-
ing non-positive sectional curvature is a C AT (0) space. Other examples include Pre-
Hilbert spaces, any convex subset of a Euclidian space R™ with the induced metric,
the complex Hilbert ball with a hyperbolic metric and many others. For discussion
of these spaces and of the fundamental role they play in geometry see Bridson and
Haefliger [6]. Burago et al. [8] contains a somewhat more elementary treatment,
and Gromov [15] a deeper study. Fixed point theory in CAT'(0) space has been first
studied by Kirk (see [19],[20]). He showed that every nonexpansive (single-valued)
mapping defined on a bounded closed convex subset of a complete C AT (0) space
always has a fixed point. On the other hand, we know that every Banach space
is a CAT(0) space. Since then the fixed point theory in CAT(0) has been rapidly
developed and much papers a appeared. (see [0],[10],[11],[12],[13], (19,201, [21], [22]).

Recently, Kirk and Panyanak [22] used the concept of A—convergence introduced
by Lim [23] to prove on the CAT(0) space analogs of some Banach space results
which involve weak convergence. Further, Dhompongsa and Panyanak [9] obtained
A—convergence theorems for the Picard, Mann and Ishikawa iteration processes for
nonexpansive mappings in the C AT(0) space. In addition, the convergence results
for generalized nonexpansive mappings are obtained by using different iteration
processes in CAT(0) spaces ( see [2], [3], [30], [31]).

If u, v, vy are points of a CAT(0) spaces, and and if vy is the midpoint of the
segment [y1,y2] then the CAT(0) inequality implies

1 1 1
dz(u,vo) < de(u,vl) + §d2(u,v2) - ZdQ(vl,vg).

This is the (CN) inequality of Bruhat and Tits [7]. In fact, a geodesic space is a
CAT(0) space if and only if it satisfies the (CN) inequality ([[0], p. 163]).

In the sequel, we need the following definitions and useful lemmas to prove our
main results of this paper.

Lemma 2.4. ([9]) Let X be a CAT(0) space.

(i) For u,v € X and t € [0,1], there exists a unique point z € [u,v] such that
d(u, z) = td(u,v) and d(v, z) = (1 — t)d(u,v).

(i1) For u,v € X andt € [0,1], we have d((1—t)udtv, z) < (1—t)d(u, z)+td(v, z).

Let {u,} be a bounded sequence in a closed convex subset M of a C AT (0) space

X. For x € X, set r(u,{un}) = limsup d(u, u,). The asymptotic radius r({u,}) of
n—oo

{u,} is given by r(M, {u,}) = inf {r(u, {u,}) : w € M} and the asymptotic center
of u, relative to K is the set A(M, {u,}) = {u € M : r(z,{un}) = r(M, {u,})}.
It is known that, in a CAT(0) space, A(M, {uy}) consists of exactly one point; see
[12], Proposition 7.

We now recall the definition of A-convergence and weak convergence in C AT (0)
space.

Definition 2.5. ([22],[23]) A sequence {u,} in a CAT(0) space X is said to A-
converge to u € X if u is the unique asymptotic center of every subsequence {uy,}.

In this case we write A — lim w, = u and call u is the A—limit of {u,}.
n—0o0

Lemma 2.6. ([22]) Given {u,} € X such that {u,}, A-converges to u and given
v € X with v # u, then limsup d(uy,,w) < limsup d(uy,,v).

n—oo n— oo
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Lemma 2.7. ([22]) Every bounded sequence in a complete CAT(0) space always
has a A-convergent subsequence.

Lemma 2.8. ([11]) Let M be closed convez subset of a complete CAT(0) space and
{un} be a bounded sequence in M. Then asymptotic center of {u,} is in M.

Next, Harder and Hicks [16] introduced the following definition of G-stability :

Definition 2.9. ([16]) Let {t,}52, be an arbitrary sequence in M. Then , an
iteration process

tne1 = f(G,ty), forn=1,2 ..
is said to be G-stable or stable with respect to G for some function f, converging
to fixed point p, if €, = d(tn+1, f(G,t,)) for n = 1,2, ..., we have lime, =0 &

n—oo
lim ¢, =p.

n—>oo

In what follows, we shall make use of the following well-known lemma.

Lemma 2.10. ([5]) Let {e,} and {u,} be sequences of positive real numbers satis-
fying

Un+41 S 6un + €n,
n €N andd €10,1). If ILm €, = 0 then le u, = 0.

3. STABILITY OF SP*-ITERATION PROCESS

In this section, we prove that the SP*-iteration process defined by (1.4) is stable.
First, we prove the following strong convergence theorem.

Theorem 3.1. Let M be a nonempty closed convex subset of a complete CAT(0)
space X , G be a contraction mapping with Fiz(G) # (0. For arbitrary chosen
u; € M, {u,} be a sequence generated by (1.4) with real sequences {1,},{on} and
{kn} € [0,1] with 377 | 7, = 00. Then {u,}52, converges strongly to an unique
fized point of G.

Proof. We will prove that w,, — p as n — oo from (1.4), we have,

d(znvp) = d(g((l - "in)un @ ﬁngun)yp)
S 0[(1 - Hn)d(unap) + Hnad(urup)]
O[1 = kn(1 = O)]d(un, p)- (3.1)

Similarly, from (1.4) and (3.1), we get

d(vp,p) = d(G((1 —0on)zn & 0,G2n),p)
< 0[(1 = 0n)d(2n,p) + 00d(G2n, p)]
< 0[(1 = 04)d(zn, p) + 0n0d(2n, )]
= 0[(1—on(1—0))d(zn,p)]
< (1= on(1 = 0)(1 — kn(1 — 0))]d(tn, p). (3.2)
From (1.4) and (3.2) , we get
d(tps1,p) = d(G((1—7p)vn B ThGVn), D)

< O[(1 = 70)d(vn, p) + Tnd(GVn, p)]

< 0[(1 — 7)d(vn, p) + T0d(vn, p)]

= 0[1 —7,(1 —0)d(vn,p)]

< 01 =70 (1=0))(1 = 0n(1 = 6)(1 = rn(1 = 6))]d(un, p)
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Considering that {7, }, {0} and {k,} € [0,1], 6 € [0, 1), and rearranging the above
inequality, we get

d(un-‘rlap) S 03[1 - Tn(l - 9)]d(un7p)
By induction, we get

d(tn,p) < 031 —71_1(1 —0)]d(un_1,p)

d(ug,p) < 031 —711(1—0)]d(us,p).

Therefore, we obtain
d(un+l7p) S 93” H [1 - Tk(l - 6>]d(ulap)a
k=1

f <land 7 €[0,1] for k=1,2,.... Then we have [1—7,(1—0)] < 1fork=1,2,....
So, we know that 1 —u < e™™ for all u € [0, 1]. Hence we have

d(un+lap) S 93"6_(1_0) ZZ:I de(ulap)' (33)

Taking the limit of both sides of the above inequality , u, — p as n — oco. O
Now we prove that the iteration defined by (1.4) is stable with respect to G.

Theorem 3.2. Suppose that all conditions of Theorem 3.1 hold. Then the iteration
process (1.4) is G-stable.

Proof. Let {t,} be any arbitrary sequence in M. t,+1 = f(G,t,) is the sequence
generated by (1.4) and €, = d(tn+1, f(G,t,)) for n =1,2, ..., in which

Tn = g((l - ’in)tn 5> ﬁngtn);

$n=G((1 —op)rn ® on,Gry),

tny1 = G((1 — 7,) 80 ® 7,Gsp), Vn € N.
We have to prove that lim ¢, =0« lim ¢, =p.

n—> oo n—>oo

Suppose lim €, = 0. We prove that lim ¢, = p:
n—»oo

n—»oo

d(tnt1,p) < d(tns1, f(G,tn)) +d(f(G,t0),p) (3.4)
< en +0[1 — 71 (1 — 0)d(sp,p)]
and

d(
011
ol(1 -
ol

d(sn,p)

G((1 = on)rn ® 0nGrn), )
(Tnun) +0on (grnap)] (35)
(rn,p) + onbd(r,,p)]

1—0,(1—0)]d(rn,p)

Un)
on)d

INIA

and

d(rn,p)

d(g((l - ’in) n @ 5ngt7z)ap)
O[(1 = kn)d(tn, p) + £nbd(ty, p)]
9[1 - Hn(l - 9)]d(tnvp) (36)

IN
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Substituting (3.6) in (3.5), we obtain
d(sn,p) < 0[(1 = on(1 = 0))(1 = Kn(1 = 0))]d(tn, p). (3.7)
Substituting (3.7) in (3.4), we get
A(tni1,0) < €0+ (1= 7(1 = 0))(1 = 00 (1 = 0))(1 = kn(1 = 0))]d(tn, p).-

Since {7, }, {on} and {r,} € [0,1], 0 € [0,1) and 3[(1 —7,,(1—0))(1 -0, (1—0))(1—
kn(1 —0))] < 1, we can easily seen that all conditions of Lemma 2.10 are fulfilled
by above inequality. Hence by Lemma 2.10 we get lim t,, = p.

n——0o0

Conversely, let lim tn = p, we have

d(t n+1,f(g tn))
d(tns1,p) +d(f(G,tn), p)
A(tny1,p) + (1 = 70 (1 = 0))(1 — 0 (1 = 0))(1 — kn(1 = 0))]d(tn, p).

€n

<
<

By taking the limit as n — oo in the above inequality we have lim €, = 0. Hence
n——oo

(1.4) is stable with respect to G. O

4. CONVERGENCE OF SP*-ITERATION PROCESS FOR OPERATORS WITH
PROPERTY (F)

Lemma 4.1. Let M be a nonempty closed convex subset of a complete C AT(0)
space X , G be a mapping satisfying condition (E) with Fix(G) # (0. For arbitrary
chosen x1 € M, let {u,} be a sequence generated by (1.4) with {r,}, {on} and {k,}
real sequences in [0,1]. Assume that lirr_1>inf(1 — Kp)Kn > O,lirginf(l —op)on >0
and hm 1nf( — Tp)Tn > 0. Then Fiz(G) # 0 if and only if {u,} is bounded and
hm d(un,gun) =0.

Proof. Assume that Fiz(G) # (). G is a quasi-nonexpansive because G : M — M
is a Garcia-Falset GNM. Using (1.4), for any p € Fiz(G), because of G quasi-
nonexpansive mapping, then we have

d2(zn7p) = dQ(g((l — Kn)Un D KnGn), p) (4.1)
< d*((1 = Kp)tn ® KnGtin, p)
< (1= Kp)d* (Un, ) + Knd®(Guin, p) — (1 — k) kind? (G, uyp)
< d2(un,p) - (1- ’{n)ﬂndQ(gunaun) < d? (Un, D).

Using (1.4) and (4.1), we get

d?(vy,p) d*(G((1 = 0)2n © 0,G20), ) (4.2)
d*((1 = 0p)2n @ 62G2n, D)
(1 = 0,)d*(2p,p) + 0nd*(Gzp,p) — (1 — 0,)00d*(G2n, 2n)
d*(zn,p) — (1 = 0)00d*(G2n, 21
d2(zn,p) < d2(ump)'
By using (1.4) and (4.2), we get
d*(G((1 = 70)vn & TnGUn), p) (4.3)
d*((1 = 7)vp ® 7,GVp, p)
(1 = 7)d* (W, ) + Tnd?(Gvp, p) — (1 — 7)) T d?(Gop, vy)

IAIA A IA

d? (Un+1 , p)

<
<
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< @(vn,p) = (L= ) 7ad’ (Gon, vn)
< & (vp,p) < d*(un,p).
This implies that {d(u,,p)} is bounded and non-increasing for all p € Fiz(G).
Put li_>m d(up,p) = c. From (4.1) and (4.2), we have
n o0

lim sup d(zp, p) < limsup d(u,,p) = ¢
n— 00 n—oo

and
lim sup d(vy,, p) < limsup d(zy,,p) < limsup d(u,,p) = c.

n—oo n—oo n—oo

From (4.3), we can get d(un41,p) < d(vpn,p). Therefore ¢ < lirginf d(vn,p). Thus

we have ¢ = lim d(v,,p). Next
n—oo
o _ o _
©= g, dltnrp) < iy, dlen,p) < Jirg, Ao, ) =

Now, using (4.1), we know that
d2(zn7p) S d2(unap) - (1 - KrL)HndQ(gu7za U").

Thus
(1 - Hn)ﬁndQ(guna un) S dQ(unvp) - dQ(Z’rup)
so that )
2 < 2 _op
d (gunaun) = (1 — K‘,n)/fn [d (unap) d (znvp)]'
We have

lim dz(gun,un) <0.
n— oo
Hence lim d(Guy,u,) = 0.
n— o0
Conversely, suppose that {u,} is bounded and li_>m d(tn,Gu,) = 0. Let p €
n (oo}

A(M, {u,}). Then we have,

r(Gp, {un}) = limsup d(u,,Gp) < limsupud(Gu,,u,) + limsupd(uy,, p)

n—oo n—oo n—oo
= limsupd(u,,p) = r(p, {un}).
n—oo
This implies that for Gp = p € A(M, {u,}). Since X is complete CAT(0) then
A(M,{uy}) is singleton, hence Gp = p. This completes the proof. O

Now , we prove the A-convergence theorem of a iterative process generated by
(1.4) in CAT(0) spaces.

Theorem 4.2. Let X, M, G and {u,} be as in Lemma 4.1 with Fiz(G) # 0. Then
Uy, A-converges to a fized point of G.

Proof. Lemma 4.1 guarantees that the sequence {u, } is bounded and lim d(Guy,, u,) =
n—oo

0. Let Wa(un) = U A({wn}); where the union is taken over all subsequences {w., }
of {u,} : We claim that Wa(u,) C Fiz(G). Let w € Wa(uyp). Then, there exists
a subsequence {w,} of {u,} such that A({w,}) = w. Since G is a mapping with
condition (E), we obtain d(wy,,Gw) < pd(wn, Gwy) + d(wn,w). Using this last in-
equality and fact that nl;rréo d(wn,Gw,) = 0, taking limsup on both sides implies
that lim supd(wy,, Gw) < limsupd(w,,w). Hence r(Gw,{w,}) < r(w,{w,}). How-

n—oo n—oo
ever, w is the unique asymptotic center of {w,, }, which implies that w = Gw, that

is, w € Fiz(G).
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By Lemma 2.7 and Lemma 2.8, there exists a subsequence {¢,} of {w,} such that
A — lim ¢, = ¢ € G. Since lim d((,,G¢,) = 0 and G is a Garcia-Falset mapping,
n— oo n—00

then, we have

By taking limsup and using Opial property, we obtain ( € Fiz(G). Now, we claim
that w = (. Assume on contrary, that w # (. By Lemma 4.1, le d(un, () exists
n oo

and by the uniqueness of asymptotic centers, then we have

lim d((,,¢) < lim d((p,w) < lim d(wp,w)
n—o00 n—o00 n—oo
< lim d(wn,¢) = lim d(wy,()
n—oo n—oo

lim (G, €),

which is contradiction. Thus w = ¢ € Fiz(G) and Wa(w,) C Fiz(G). To show that
{wn}, A-converges to a fixed point of G, we show that WA (u,) consists of exactly
one point. By Lemma 2.7 and Lemma 2.8, there exists a subsequence {(,} of w,
such that A — li_)m Cn=C e M. Let A({wyp}) = {w} and A({w,}) = {p}. We have

n oo
already seen that w = ¢ and ¢ € Fiz(G). Finally, we claim that p = {. If not, then
existence lim d(u,,() and uniqueness of asymptotic centers imply that
n— oo

lim d(Go, Q) < lim d(Casp) < lim d(wn, p)
n— oo n— oo n— oo
< lim d(wn,¢) = lim d(¢y, Q).
n—oo n—roo
This is a contradiction and hence p = ¢ € Fiz(G). Therefore, Wa(w,) = p. In

conclusion Wa (wy,) is a singleton and unique element is a fixed point of G. This
proves A-convergence of u,,. O

In the next result, we prove the strong convergence theorem as follows.

Theorem 4.3. Let X, M,G and {u,} be as in Lemma 4.1 with Fiz(G) # 0 such
that M is compact subset of X. Then {u,} converges strongly to a fized point of
g.

Proof. By Lemma 4.1, we have lim d(u,,Gu,) = 0. Since M is compact, by
n— oo

Lemma 2.7, there exists a subsequence {u,, } of {u,} and p € M such that {uy, }
converges p. Then we have d(u,, ,Gp) < pd(Gun,, , tn,, ) + d(tn, ,p) for all k > 1. So
{un, } converges Gp. This implies Gp = p. Since G is quasi-nonexpansive , we have
d(upt1,p) < d(up,p) for all n € N. Therefore {u,} converges strongly to p. O

Finally, we briefly discuss the strong convergence theorem using condition (I)
introduced by Senter and Dotson[32] in C AT (0) space X as follows.

Theorem 4.4. Let G be a Garcia-Falset mapping on a nonempty closed conver
subset M of a complete CAT(0) space X. {uyn} be as in Lemma 4.1 with Fix(G) #
(0. Also if, for G satisfies condition (I), then {u,} defined by (1.4) converges strongly
to a fized point of (G).

Proof. By Lemma 4.1, we have li_>m d(un,p) exists and so lim d(u,, Fiz(G)) . Also

n—roo
by Lemma 4.1, le d(un,Guy,) = 0.
It follows from condition (I) that lim f(d(u,, Fiz(G)) < lim d(u,,Gu,). That
n—oo n—oo

is, li_>m f(d(up, Fiz(G)) = 0. Since f : [0,00) — [0,00) is a nondecreasing function
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satisfying f(0) = 0 and f(r) > 0 for all r € (0,00), we have 1i_>m d(un, Fiz(G)) =
n—oo

0. Thus , we have a subsequence {uy,} of {u,} and {yx} C Fiz(G) such that
(X, yi) < 2% for all k € N. We can easily show that {y;} is a Cauchy sequence in
Fiz(G) and so it converges to a point p. Since Fiz(G) is closed, therefore p € Fiz(G)
and {uy,, } converges strongly to p. Since nh_)rr;o d(un, p) exists, we have that u,, — p.

Thus the proof is completed. O

Next, we give the following example satisfying condition (E), but it is neither a
generalized a-nonexpansive mapping nor does it satisfy condition (C).

Example 4.5. Let X = R be a CAT(0) space and M = [0, 1] be a closed convex
subset of R endowed with the usual norm. Define a mapping G : M — M by

< 1
Gu = { & l_g §<10i) In order to see that G satisfies condition (F3) on [0, 1],
30 109 =~ U=+

we consider the following cases:
(i) uwe 0, 155) and v € [0, 155). Then we have
d(u,Gv) = |u — 0] = |u| = d(u, Gu) < pd(u, Gu) + d(u, v).

So, G satisfies condition (E7).

(ii) u € [145,1] and v € [155,1]. Then we have

100°
2v 3u —2v
d(u,Gv) = u=— 5| = 3
u o 2u v
T 3733
u 2
= §—|—§|u—v|.

Turning to the right side of the inequality in Definition 2.3,

/Ld(ua gu) + d(u7 ’U) =p

2u b |
U — — u— .
3

If we choose the admissible parameter p = 1, the mapping will satisfy
condition (E).

(ili) u € [145,1] and v € [0, 1f5), which leads to d(u, Gu) = |u — 2%|. Evaluating
condition (E) for this case, we have

3
du,Gv) = |u—0|< §u+|u7v|
u
2)

= 3( 3 + d(u,v) = 3d(u, Gu) + d(u,v).

So, if we choose the admissible parameter p = 3, then the mapping will
prove to have condition (£). Taking the maximum value of i, we conclude
that G satisfies (E3) with G(0) = 0 fixed point.
Now, let us prove that G is not a generalized a-nonexpansive mapping. We shall
_ 1 _ 1 .
take u = 155 and v = 155 It follows that
1 1

1 111 1
24 Gv) =5 |35 ‘ 300 ’150 00|~ [~
If we consider the left side of the inequality in Definition 2.2,

0 2 1| 1
3100| 150°

d(gua gv) =
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Turning to the right side of the inequality in Definition 2.2, for a € [0, 1),
ad(Gu,v) + ad(Gv,u) + (1 — 2a)d(u,

v)
1 21 1 11
= al—-—|4al0- —|+(1-2)|— — —
“1150 ~ 3100 +a‘ 50|t O‘)‘wo 100
@ 1 @
= 0+ —4+ — — —

100 300 300
3a 1 2

300 T 300 300

_ i—l—i—(a—i—l)i
300 300 300°

So, for a € [0, 1), the implications fails to be satisfied, which leads to the conclusion
that G is not a generalized a-nonexpansive mapping.
In order to we show that G does not satisfy condition (C), we take also u = ﬁ

and v = ﬁ. Then we have

1

1 111 1 1 1
7d = - |— — O = —=— = — | = — = d .
5 Gu) =5 135 ' 300 ~ |50 00| ~ vVl =dw)
If we apply the inequality in Definition 2.1, we get
21 1 1
(G, G0) = 0= 3900) = 150 ~ 300 ~ 1Y)

Thus G does not satisfy condition (C).

5. CONCLUSIONS

We get some results on the strong and A-convergence of SP*-iteration process
(1.4) in given [35] for the mapping with Property (E) in nonlinear C AT'(0) spaces.

The result herein complements the some results of [14, 36, 37] from linear setting
to CAT(0) spaces. We also prove the stability of SP*-iteration process generated
by (1.4) in given [35] in this paper. In addition, we give an illustrative numerical

example that satisfies condition (F). As seen in Example 4.5, the mapping is neither
a generalized anonexpansive mapping nor does it satisfy condition (C). Further,
in future studies, iteration process can be developed and iteration that converges
faster than prominent iterations can be presented.
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ABSTRACT. Our aim in this paper is to find new applications of our long-standing 2023
Metatheorem. In fact, a certain particular form of Metatheorem on fixed point theorems
characterizes metric completeness. Moreover, classical theorems due to Banach, Rus-Hicks-
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1. INTRODUCTION

Our Metatheorem in Ordered Fixed Point Theory has a long history and many
applications. Its more than one hundred applications produce old and new theorems
and clarify mutual relations among them. One of the main applications of them
is closely related to the Banach contraction principle — the origin of Metric Fixed
Point Theory.

Let (X,d) be a metric space. A Banach contraction T : X — X is a map
satisfying

d(Tz,Ty) < ad(z,y) foral z,y e X
with some « € [0,1). There have been appeared thousands of articles related to
the Banach contraction. It is well-known that the Banach contraction does not
characterize the metric completeness.

Recently, we introduced the Rus-Hicks-Rhoades (RHR) map 7' : X — X [31],
[7] satisfying

d(Tz,T?z) < ad(z,Tx) forallx € X

* Corresponding author.

Email address : park35@snu.ac.kr; sehiepark@gmail.com.
Article history : Received 2 Junly 2024; Accepted 27 December 2024.



112 J. NONLINEAR ANAL. OPTIM. VOL. 15(2) (2024)

with some a € [0,1). See our recent works [27], [28], [30]. The RHR maps are
also known as graphic contractions, iterative contractions, weakly contractions, or
Banach mappings; see Berinde et al. [2],[3]. Moreover, it is recently known that
well-known metric fixed point theorems related to the RHR maps hold for quasi-
metric spaces (without assuming the symmetry); see [28], [30].

Our aim in the present paper is to find new applications of our Metatheorem.
In fact, certain classical theorems due to Banach, Rus-Hicks-Rhoades [26], [27],
[29], Nadler [11], Covitz-Nadler [5], Oettli-Théra [12], Edelstein [6], Turinici [34],
[35], Taskovi¢ [33], and Khamsi [10] are equivalently formulated or improved by
applying our Metatheorem. Especially, the completeness of quasi-metric spaces
are equivalent to several fixed point or other theorems due to Rus-Hicks-Rhoades,
Nadler, Covitz-Nadler, Oettli-Théra, and others.

This paper is organized as follows: Section 2 is to introduce our long-standing
Metatheorem. In Section 3, basic terminology on quasi-metric spaces are given as
preliminaries. Section 4 is to introduce our recent versions of the Rus-Hicks-Rhoades
(RHR) contraction principle and the new Banach contraction principle. Section
5 devotes to a certain particular form of Metatheorem on fixed point theorems
which characterizes metric completeness. In Sections 6-10, several theorems due to
Edelstein, Turinici, Taskovi¢, and Khamsi are equivalently formulated by applying
our Metatheorem. Finally, Section 11 is for the epilogue.

In this paper, multimaps are always non-empty valued.

2. OUR 2023 METATHEOREM

Our Metatheorem has a long history. We obtained the following form called the
new 2023 Metatheorem in [19],[24],[26]:

Metatheorem. Let X be a set, A its nonempty subset, and G(x,y) a sentence
formula for x,y € X. Then the following are equivalent:

(o) There exists an element v € A such that the negation of G(v,w) holds for
any w € X\{v}.

(B1) If f:A— X is a map such that for any x € A with x # fx, there exists
ay € X\{z} satisfying G(x,y), then f has a fized element v € A, that is, v = fv.

(82) If § is a family of maps f: A — X such that for any x € A with x # fux,
there exists a y € X\{z} satisfying G(x,y), then § has a common fized element
v € A, that is, v = fv for all f € §.

(1) If f:A— X is a map such that G(z, fx) for any x € A with © # fz,
then f has a fized element v € A, that is, v = fuv.

(v2) If § is a family of maps f : A — X satisfying G(z, fx) for all x € A with
x # fx, then § has a common fixed element v € A, that is, v = fv for all f € §.

(01) If F : A — X is a multimap such that, for any x € A\Fz there exists
y € X\{z} satisfying G(x,y), then F has a fized element v € A, that is, v € Fv.

(62) Let § be a family of multimaps F : A — X such that, for any x € A\Fz
there exists y € X\{a} satisfying G(z,y). Then § has a common fized element
v € A, that is, v € Fv for all F € §.

(el) If F: A — X is a multimap satisfying G(x,y) for any x € A and any
y € Fx\{x}, then F has a stationary element v € A, that is, {v} = Fv.
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(e2) If ¥ is a family of multimaps F : A — X such that G(z,y) holds for any
x € A and any y € Fx\{x}, then § has a common stationary element v € A, that
is, {v} = Fv for all F € §.

(n) If 'Y is a subset of X such that for each x € A\Y there exists a z € X\{x}
satisfying G(x, z), then there exists av € ANY.

For the proof, see Park [19], [24], [26]. Each item in Metatheorem has a long
history. Especially, (1) is originated from Oettli-Théra [12].

This Metatheorem guarantees the truth of all items when one of them is true.
Since 1985, we have shown nearly one hundred cases of such situation. See [13]-[26].

3. QUASI-METRIC SPACES

It is well-known that some key-results in Metric Fixed Point Theory hold for
quasi-metric spaces. For example, Banach contraction principle, Nadler or Covitz-
Nadler fixed point theorem, Ekeland variational principle, Caristi fixed point theo-
rem, Takahashi minimization principle, and many others.

We recall the following:

Definition 3.1. A quasi-metric on a nonempty set X is a function § : X x X —
R* = [0, 00) satisfying the following conditions for all z,y,z € X:

(a) (self-distance) 6(x,y) = d(y,x) =0 <=z =y;
(b) (triangle inequality) d(x, z) < §(x,y) + §(y, 2).

A metric on a set X is a quasi-metric satisfying

(¢) (symmetry) d(z,y) = d(y, z) for all z,y € X.

The convergence and completeness in a quasi-metric space (X, ) are defined as
follows:

Definition 3.2. ([1], [8])

(1) A sequence (z,,) in X converges to x € X if

nh_r>noo §(xp,x) = nh_r}noo §(z,xy,) = 0.

(2) A sequence (z,,) is left-Cauchy if for every e > 0, there is a positive integer
N = N(e) such that é(z,, ) < e for all n >m > N.

(3) A sequence (x,,) is right-Cauchy if for every € > 0, there is a positive integer
N = N(e) such that 6(z,, zm) < e for allm >n > N.

(4) A sequence (z,,) is Cauchy if for every € > 0 there is positive integer N = N(¢)
such that 6(z,,x,,) < € for all m,n > N; that is (z,,) is a Cauchy sequence if it is
left and right Cauchy.

Definition 3.3. ([1], [8])
(1) (X,0) is left-complete if every left-Cauchy sequence in X is convergent;
(2) (X,0) is right-complete if every right-Cauchy sequence in X is convergent;
(3) (X,0) is complete if every Cauchy sequence in X is convergent.

Definition 3.4. Let (X,0) be a quasi-metric space and T : X — X a selfmap.
The orbit of T at x € X is the set

Or(z) =4z, Tz, - ,T"x,---}.
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The space X is said to be T-orbitally complete if every right-Cauchy sequence in
Or(z) is convergent in X. A selfmap T of X is said to be orbitally continuous at
rg € X if

lim 7"z =z = lim T" 'z =Tz
n—-o0o n—oo

for any z € X.

4. THE Rus-HICKS-RHOADES CONTRACTION PRINCIPLE
For quasi-metric spaces (X, ), simply 0 is not symmetric.

Definition. The orbit of a selfmap T : X — X at € X is the set O(z,T) =
{T"z : n = 0,1,2,...}. The space X is said to be T-orbitally complete if every
(right)-Cauchy sequence in O(x,T) is convergent in X. A selfmap T of X is said
to be T-orbitally continuous at xo € X if
: mn _ : n+1 _
nh_r}nooT () =20 = nlﬁ}nooT () = T(x0)

for any z € X.

The following in Park [27], [28], [30] is called the Rus-Hicks-Rhoades (RHR)
Contraction Principle:

Theorem P. Let (X,0) be a quasi-metric space and let T : X — X be an RHR
map; that is,

§(T(x), T*(z)) < ad(z,T(x)) for every x € X,
where 0 < a < 1.

(i) If X is T-orbitally complete, then, for each x € X, there exists a point xg € X
such that
lim T"(x) = zo
n—oo

and
n

6(T"(a:),xo)§1a Sz, T(x), n=1,2,---,

S(T™(z), z0) < %5@”—1@;),1’"(@), n=1,2---.

(ii) zo is a fized point of T, and, equivalently,
(i) T : X — X is orbitally continuous at xg € X.

This was proved in [30] by analyzing a typical proof of the Banach Contraction
Principle.

For the condition: there exists 0 < a < 1 such that d(T(x),T%*(z)) < « -
d(xz,T(x)), for all x € X, we meet the following names: graphic contraction, it-
erative contraction, weakly contraction, Banach mapping, etc.

Moreover, the following consequence of Theorem P in Park [30] extends the usual
Banach Contraction Principle:

Theorem Q. Let (X, 0) be a quasi-metric space and let T : X — X be an improved
Banach contraction, that is, for each x € X, there exists a y € X such that

0(T(z), T(y)) < ad(x,y) where 0 < a < 1.

(i) If X is T-orbitally complete, then, for each x € X, there exists a point xg € X
such that
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and
n

5(T"(x),x0) < la

0(z, T(x)), n=1,2,---,
§(T(x), w0) < %5(T”*1(I),Tn(x)), n=1,2---.

(ii) xo is the unique fized point of T (equivalently, T : X — X is orbitally
continuous at g € X ).

The Banach Contraction Principle appeared in thousands of publications should
be corrected as in Theorem Q.

We began our study on RHR maps in [27] and [28]. Later we found a large
number of examples of RHR maps in [29], [30], where we showed a large number of
metric fixed point theorems can be extended or improved.

5. COMPLETENESS OF (QUASI-METRIC SPACES

In our previous work [30], we obtained the following RHR theorem:

Theorem H(~1). Let (X,0) be a quasi-metric space, 0 < a <1, and f: X — X
be a map satisfying
8(f(x), f*(2)) < ad(z, f(z)) for all € X\{f(x)}.

Then f has a fized point v € X if and only if X is f-orbitally complete.

Let (X, d) be a quasi-metric space and Cl(X) denote the family of all nonempty
closed subsets of X (not necessarily bounded). For A, B € Cl(X), set

H(A, B) = max{sup{d(a, B) : a € A}, sup{d(b,A) : b € B}},

where 6(a, B) = inf{d(a,b) : b € B}. Then H is called a generalized Hausdorft

quasi-metric since it may have infinite values.

Recently, as a basis of Ordered Fixed Point Theory [19], [24], [26], we obtained
the 2023 Metatheorem and Theorem H including Nadler’s fixed point theorem [11]
in 1969 and its extended version by Covitz-Nadler [5] in 1970.

From Theorem H(v1) and Metatheorem, we have the following new version:

Theorem H. ([24], [26], [30]) Let (X,9) be a quasi-metric space and 0 < r < 1.
Then the following statements are equivalent:

(0) (X,0) is complete.

() For a multimap T : X — Cl(X), there exists an element v € X such that
H(Tv, Tw) > rd(v,w) for any w € X\{v}.

(B) If § is a family of maps f: X — X such that, for any x € X\{fx}, there
exists a y € X\{z} satisfying é(fz, fy) < rd(z,y), then § has a common fizved
element v € X, that is, v = fv for all f € §.

(v) If T is a family of maps f : X — X satisfying §(fz, f2x) < rd(z, fx) for
all x € X\{fx}, then § has a common fized element v € A, that is, v = fv for all
fes.

(6) Let § be a family of multimaps T : X — CI(X) such that, for anyx € X\Tzx,
there exists y € X\{z} satisfying H(Tx,Ty) < ré(x,y). Then § has a common
fized element v € X, that is, v € Tv for oll T € §.

(e) If § is a family of multimaps T : X — CU(X) satisfying H(Tx,Ty) <
rdé(z,y) for all x € X and any y € Ta\{x}, then § has a common stationary
element v € X, that is, {v} =Tv for allT € §.
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(n) If Y is a subset of X such that for each x € X\Y there exists a z € X\{x}
satisfying H(Txz,Tz) < ré(x,z) for a T : X — CU(X), then there exists a v €
Xny=Y.

PRrROOF. The equivalency (a)-(n) follows from Metatheorem. When § is a singleton,
(8)-(e) are denoted by (B1)-(el), respectively. They are also logically equivalent
to (a)-(n) by Metatheorem. Note that (1) follows from Theorem H(y1). The
equivalency of (0) and (1) is given in [29], [30]. Then Theorem H holds. O

Remark 5.1. (1) The completeness in (0) can be replaced by f-orbitally or T-
orbitally completeness according to the corresponding situation.

(2) (B1) properly extends the Banach contraction principle.
(3) (71) is the Rus-Hicks-Rhoades theorem and equivalent to (0).

(4) Further, (61) and (el) extend the well-known theorems of Nadler [11] and
Covitz-Nadler [5] on multi-valued contraction.

(5) Actually, the proof of Theorem H covers the corresponding ones of Banach,
Rus [31], Hicks-Rhoades [7], Nadler [11], Covitz-Nadler [5], and Oettli-Théra [12].

(6) There are a large number of characterizations of metric completeness. It is
well-known that the Banach contraction does not characterize. However, so does
its slight generalized form (41) and the RHR map in (y1).

We have a single-valued version of Theorem H(«) as follows:

Theorem H(al). Let (X,0) be a quasi-metric space, f : X — X a map and
0 <r < 1. Then X is f-orbitally complete if and only if there exists an element
v € X such that §(fv, fw) > rd(v,w) for any w € X\{v}.

This is also equivalent to all items in Theorem H. In some sense, this shows that
the Banach contraction principle does not characterize the metric completeness.
But so does the RHR theorem or Theorem H(v1).

6. EDELSTEIN [6] IN 1962

In this section, we apply Metatheorem to a particular situation when f : X — X
is a map and G(x,y) means 6(zx, fz) < i(y, fy) for z,y € X.

Definition 6.1. A map f: X — X on a quasi-metric space (X, J) is said to be
contractive if

6(fz, fy) <é(z,y)
for all x,y € X with z # y.

We recall the well-known Edelstein fixed point theorem:

Theorem 6.2. (Edelstein) Let (X, d) be a compact metric space and f: X — X
be a contractive map. Then f has a unique fized point v € X, and moreover, for
each x € X, we have lim,,__, o, f™(x) = v.

Motivated by Theorem 6.2, we have the following from our Metatheorem:

Theorem 6.3. Let (X,d) be a compact quasi-metric space. Then the following
statements are equivalent:

() For a map f: X — X, there exists a point v € X such that §(fv, fw) >
0(v,w) for any w € X\{v}.
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(B81) For a map f: X — X such that, for any x € X with x # fx, there exists
ay € X\{z} satisfying §(fz, fy) < 6(z,y), then f has a fized point v € X, that is,
v = fu.

(82) If § is a family of maps f : X — X such that, for any v € X with x # fx,
there exists a y € X\{z} satisfying 0(fz, fy) < d(x,y), then § has a common fized
point v € X, that is, v = fv for all f € F.

(y1) If f: X — X is a map such that, for any v € X satisfying §(fz, f*x) <
O(z, fx) for all x € X with x # fx, then f has a fized point v € X, that is, v = fo.

(v2) If § is a family of maps f: X — X satisfying §(fz, f>x) < 6(x, fz) for
all x € X with x # fx, then § has a common fized point v € X, that is, v = fv for
all f € 5.

(61) If T: X — CU(X) is a multimap such that for any x € X\Tx there exists
ay € X\{z} satisfying H(Tx,Ty) < é(x,y), then T has a fixed point v € X, that
is, v € T'(v).

(62) If § is a family of multimaps T : X — CI(X) such that for any x € X\Tx

there exists a y € X\{z} satisfying H(Tz,Ty) < 6(z,y), then § has a common
fized point v € X, that is, v € Tv for all T € §.

(1) If T : X — CUX) is a multimap such that H(Tz,Ty) < 6(z,y) holds for
any © € X and any y € Tx\{z}, then T has a stationary point v € X, that is,
{v} =Tw.

(€2) If § is a family of multimaps T : X — CI(X) such that H(Tz,Ty) < 0(x,y)

holds for any x € X and any y € Tz\{z}, then § has a common stationary point
ve X, that is, {v} =Tv for all T € §.

(n) If 'Y is a subset of X such that for each v € X\Y there exists a z € X\{x}
satisfying H(Tx,Tz) < §(x,z) for a multimap T : X — CL(X), then there exists
aveXNY =Y.

PRrROOF. Equivalency follows from Metatheorem. [J

Remark 6.4. (1) Theorem 6.3 means the equivalency of the items («)-(7n). There-
fore, each items are conjecture.

(2) Each item implies the Edelstein Theorem 6.2. This is clear for (51), (v1),
(61), and (el),

(3) In case f is continuous in (), all («), (81), (1), (61), and (el) are true. In
fact, let a map ¢ : X — R™ by putting

o(x) =d(z, fz), x€X.

Then ¢ is continuous and bounded below, so it has a minimum value at a point
v € X. Hence (a) holds. Moreover, (81)—(n) also hold by Metatheorem.

From Theorem 6.3, we can deduce several fixed point theorems on a compact
quasi-metric space (X, d) extending the Edelstein Theorem 6.1.
For example, we have the following;:

Theorem 6.5. (1) If f: X — X is a continuous map such that for any x € X
with © # fx, there exists a y € X\{x} satisfying é(x, fz) > d(y, fy), then f has a
fized point v € X, that is, v = fo.
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(v2) If § is a family of continuous maps f : X — X satisfying d(z, fx) >
d(fx, f?z) for allz € X with x # fx, then § has a common fized point v € X, that
is, v = fv for all f € §F.

(el) If T: X —o X is a multimap and f: X — X is a continuous selection of

T such that d(x, fx) > d(y, fy) holds for any x € X and any y € T(x)\{z}, then T
has a stationary point v € X, that is, {v} = T(v).

Recently, Kirk and Shahzad raised one open question on Edelstein’s fixed point
theorem. In 2018, Suzuki [32] gave a negative answer to this question, and extended
Edelstein’s theorem to semimetric spaces.

7. TURINICI [34] IN 1980

Turinici’s main result ([34], Theorem 3.1) is as follows:
Theorem 7.1. Let (X,d) be a metric space, and <X an ordering on X such that

(1) % is a closed ordering on X,
(2) (X,d) is a <-asymptotic metric space, and
(3) (X,d) is a <-complete metric space.

Then, for every x € X there is a maximal element z € X such that z < z.

This can be applied to our Metatheorem as follows:

Theorem 7.2. Let (X,d) be a metric space, and < an ordering on X satisfying
(1)-(3). Let z€e X and A:=={zx e X : z X z}.
Then the following equivalent statements hold:

() There exists an element v € A such that w < v for any w € X\{v}.

(8) If § is a family of maps f: A — X such that for any x € A with x # fz,
there exists a y € X\{z} satisfying x < y), then § has a common fized element
v € A, that is, v = fv for all f € §.

(v) If § is a family of maps f: A — X satisfying x < fx for all x € A with
x # fx, then § has a common fixed element v € A, that is, v = fv for all f € F.

(0) Let §F be a family of multimaps F : A — X such that, for any x € A\Fx
there exists y € X\{x} satisfying x < y. Then § has a common fized elementv € A,
that is, v € Fv for oll F € §.

(e) If F is a family of multimaps F : A — X such that x < y holds for any
x € A and any y € Fa\{z}, then § has a common stationary element v € A, that
is, {v} = Fv for all F € §.

(n) If Y is a subset of X such that for each x € A\Y there exists a z € X\{z}
satisfying x < y, then there exists a v € ANY.

PrOOF. Under the hypothesis, the conclusion of ([34], Theorem 3.1) is “for every
x € X, there is a maximal element z € X" Replacing (z, z) by (z,v), we obtain a.
The equivalency is obtained from Metatheorem, where G(z,y) is replaced by = < y.
O

Note that («) and (y1) are [34], Theorems 3.1 and 3.2, respectively.
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8. TaskovIC [33] IN 1986

Recall that Taskovié [33] showed that Zorn’s lemma is equivalent to the following:

Theorem 8.1. Let § be a family of selfmaps defined on a partially ordered set A
such that © < fx (resp. fx < ), for allx € A and all f € §F. If each chain in
A has an upper bound (resp. lower bound), then the family § has a common fized
point.

This can be applied to the following:

Theorem 8.2. Let A be a partially ordered set such that each chain in A has an
upper bound. Then the following equivalent statements hold:

(o) There exists an element v € A such that w < v for any w € X\{v}.

(B) If § is a family of maps f: A — A such that for any x € A with x # fz,
there exists a y € A\{x} satisfying x < y, then § has a common fized element
v € A, that is, v = fv for all f € F.

(v) If § is a family of maps [ : A — A satisfying x < fx for all x € A with
x # fx, then § has a common fixed element v € A, that is, v = fuv for all f € §.

(6) Let § be a family of multimaps F : A — A such that, for any x € A\Fx

there exists y € A\{x} satisfying x < y. Then § has a common fized element v € A,
that is, v € Fv for oll F € §.

(e) If § is a family of multimaps F : A — A such that x < y holds for any
x € A and any y € Fa\{x}, then § has a common stationary element v € A, that
is, {v} = Fv for all F € §.

(n) If Yis a subset of A such that for each x € A\Y there exists a z € A\{x}
satisfying x < y, then there exists av € Y.

PrOOF. Note that («) is a form of Zorn’s lemma and () is the theorem due to
Taskovié¢. Therefore Theorem 7.2 holds by Metatheorem. [

Other true statements (81)-(el) can be also obtained.

9. KHAMSI [10] 1IN 2009

In [10], Khamsi gave a characterization of the existence of minimal elements in
partially ordered sets in terms of fixed point of multimaps.

Let A be an abstract set partially ordered by <. We will say that a € A is a
minimal element of A if and only if b < a implies b = a. The concept of minimal
element is crucial in the proofs given to Caristi’s fixed point theorem.

The following is [10], Theorem 1:

Theorem 9.1. Let (A, <) be a partially ordered set. Then the following statements
are equivalent.

(1) A contains a minimal element,

(2) Any multimap T defined on A such that for any x € A, there exists y € Tx
with y < x, has a fized point, i.e there exists a € A such that a € Ta.

According to our method in the present paper, Theorem 9.1 can be extended as
follows:

Theorem 9.2. Let (A, <) be a partially ordered set. Then the following statements
are equivalent:

() There exists an element v € A such that w < v for any w € A\{v}.
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(8) If § is a family of maps f: A — A such that for any x € A with x # fux,
there exists a y € A\{z} satisfying x < y), then § has a common fized element
v € A, that is, v = fv for all f € §.

(v) If § is a family of maps f: A — A satisfying x < fx for oll x € A with
x # fx, then § has a common fized element v € A, that is, v = fv for all f € §.

(0) Let § be a family of multimaps F : A — A such that, for any © € A\Fz
there exists y € A\{x} satisfying x < y. Then § has a common fized elementv € A,
that is, v € Fv for all F € §.

() If § is a family of multimaps F : A — X such that x < y holds for any
x € A and any y € Fx\{x}, then § has a common stationary element v € A, that
is, {v} = Fv for all F € §.

(n) If Y is a subset of A such that for each x € A\Y there exists a z € A\{z}
satisfying x < y, then there exists av € Y.

PROOF. Let G(z,y) means < y. Then Theorem 8.2 follows from Metatheorem.
O

Note that (a) and (61) are (1) and (2) of Theorem 9.1. Therefore Theorem 9.2
extends Theorem 9.1.

In what follows Khamsi assumes that n : [0,00) — [0,00) is nondecreasing,
continuous, such that there exist ¢ > 0 and §p > 0 such that for any t € [0, o] we
have n(t) > c¢t. Under these assumptions we have the following result.

Theorem 9.3. Let M be a complete metric space. Define the relation < by
<y <= n(dz,y) < dy) — ¢(z)

where n and ¢ satisfy all the above assumptions.
Then the following equivalent statement hold:

(o) (M, <) has a minimal element x., i.e. if x < x, then we must have x = x.

(1) If f: M — M is a map such that fx < x for any x € X, then f has a
fized element v € A, that is, v = fuv.

(01) If F: M — M is a multimap such that, for any x € M\Fx there exists
y € X\{x} satisfying y < x, then F has a fized element v € M, that is, v € Fv.

Note that («) - (61) are due to Khamsi ([10], Theorems 2-4), respectively. Ap-

plying our Metatheorem, we can make some more as for (82)-(€2) and (7).

10. TurINICI [35] IN 2009

In [35], some pseudometric versions of the Brézis-Browder ordering principle [4]
are discussed. An application of these facts to equilibrium points is also included.

Let (M,<) be a quasi-ordered structure; and = — ¢(x) stand for a function
between M and Ri U {co} = [0, 00]. The following is ([35], Proposition 1):

Proposition 10.1. ([35]) Assume

(la) (M, =) is sequentially inductive: each ascending sequence has an upper
bound (modulo (X)),

(1b) ¢ is (X)-decreasing (z < y = ¥ (x) > ¥ (y)), and
(2a) (M, X) 1is almost regular (modulo ¢):
Ve € M, Ve >0, Jy = y(x,¢) =z with p(y) <e.
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Letue M and A ={y € M : u < y}. Then there exists v € A with p(v) =0
(hence v is (X, ¢)- mazimal).

From Proposition 10.1 and our Metatheorem, we have the following extended
version:

Theorem 10.2. Under the hypothesis of Proposition 9.1, the following equivalent
statements hold:

(o) There exists an element v € A such that w < v for any w € M\{v}.

(8) If § is a family of maps f: A — M such that for any © € A with x # fx,
there exists a y € M\{z} satisfying x < y), then § has a common fized element
v € A, that is, v = fv for all f € §.

(v) If § is a family of maps f: A — M satisfying v < fx for all x € A with
x # fx, then § has a common fixed element v € A, that is, v = fuv for all f € §.

(6) Let § be a family of multimaps F : A — M such that, for any x € A\Fz
there exists y € M\{z} satisfying x < y. Then § has a common fized element
vE A, that is, v € Fv for all F € §.

(e) If § is a family of multimaps F' : A — M such that x < y holds for any
x € A and any y € Fx\{x}, then § has a common stationary element v € A, that
is, {v} = Fv for all F € §.

(n) If Y is a subset of M such that for each x € A\Y there exists a z € M\{x}
satisfying x < y, then there exists av € ANY.

Turinici stated that the following ordering principle ([35], Proposition 2) is then
available (cf. Kang and Park [13]):

Proposition 10.3. Assume that (M, X) is sequentially inductive and weakly reqular
(modulo d). Then, for each uw € M, there exists a (%,d)- mazimal v € M with
u<.

In [35], Propositions 2, 3, 4, 5 and Theorems 2, 3, 4 are all maximality statements
and can be also equivalently formulated by Metatheorem.

11. CONCLUSION

In this paper, by applying Metatheorem, we obtain equivalent forms of some
known theorems. Most of them are new and useful as the original theorems. There-
fore our Metatheorem is the way to lead new truth from the equivalent old one. This
method was already applied almost one hundred times by the author in [13]-[30].

Recall that there are many articles characterizing metric completeness. Recall
that the Banach contraction does not characterize the completeness. In the present
article, we introduced a surprising result. Theorem H shows that certain general
forms of theorems of Banach, Nadler, Covitz-Nadler, and others characterize com-
pleteness of quasi-metric spaces. More precisely, the Rus-Hicks-Rhoades theorem is
the one of such theorems.

In our previous works [27]-[30], we concentrated the study of RHR maps and
found the close relation between such maps and completeness.
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