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Abstract This paper introduces the new concept of Neuterosophic MR-metric space (NMR-MS), a powerful mathematical
framework that integrates Neuterosophic logic with recently developed MR metric spaces. We establish the basic fixed
point theorem for Neuterosophic contractions in this new setting, and extend classical results to accommodate three
degrees of membership: truth, falsity, and uncertainty. The main theorem guarantees the existence and uniqueness of
fixed points for neuterosophic contraction mappings, with constant dependence on the geometric convergence rate and
parameters. An important application of our theory is presented in the context of fractional differential equations involving
generalized fractional derivatives. By constructing an appropriate NMR-MS structure in the space of continuous functions,
we reformulate the fractional differential equations as fixed point problems and prove the existence and uniqueness of the
solutions under Lipschitz conditions. Neurosophisticated components add a natural amount of uncertainty to the solution
process. We illustrate our theoretical results with various applications, including fractional decay processes, nonlinear
logistic growth models, fractional heat equations, PID controller design, financial modeling, and biological tissue growth.
These examples demonstrate the versatility and practical utility of the NMR-MS framework for dealing with real-world
problems involving imprecision, ambiguity, and incomplete information. The results presented here generalize and unify
several existing fixed point theorems in metric spaces, fuzzy metric spaces and Neuterosophic metric spaces, and provide
new perspectives for research in uncertainty theory, fractional calculus and their interdisciplinary applications.
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1. Introduction

The interplay between fixed point theory and fractional calculus has emerged as a significant research direction
for analyzing differential equations incorporating memory and hereditary effects [4, 15, 16, 17, 18]. Fixed point
theorems provide essential tools for establishing existence and uniqueness of solutions to differential and integral
equations, while fractional calculus models non-local dynamics in physical, biological, and engineering systems
[8, 9, 10, 5, 6, 3]. The evolution of metric structures has led to numerous generalizations, including b-metric
spaces [3, 1], M-metric spaces [6], and more recently, MR-metric spaces introduced by Malkawi and collaborators
[2, 5, 6, 17, 18], based on a modified tetrahedral inequality with constant YR > 1. These spaces have demonstrated
applicability in various domains including graph theory, measure theory, compactness analysis, deep learning,
and fractal geometry [8, 9, 10, 12, 13, 14, 22, 23, 24]. Recent developments in optimization and information
computing have further expanded the applicability of these frameworks, particularly in classification problems with
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imbalanced data [42], numerical simulations of epidemiological models [43], and IoT-enabled automation systems
[44]. Concurrently, the need to address uncertainty in mathematical models has motivated the development of fuzzy
logic and its extensions, from Zadeh’s fuzzy sets to intuitionistic and neutrosophic sets introduced by Smarandache
[33, 36, 37]. Neutrosophic logic, incorporating truth, falsity, and indeterminacy components, provides a robust
framework for modeling incomplete or inconsistent information, yielding important results in neutrosophic metric
spaces [11, 19, 25, 26, 27, 28, 29, 31]. Moreover, generalized fractional derivatives proposed in [15] preserve
classical properties including linearity and the chain rule while allowing flexible kernel functions through an
auxiliary function g, proving useful in applications such as anomalous diffusion, viscoelasticity, and biomedical
modeling [16, 20, 21]. The development of fuzzy and neutrosophic approaches has been significantly advanced
through applications in decision-making, classification, and topological structures [34, 35, 38, 39, 40, 41].

Despite these advances, significant gaps remain. The relationship between neutrosophic metric structures and
MR-metric geometry has not been fully explored, and fractional differential equations often incorporate uncertainty
from parameter estimation or measurement errors without adequate quantitative frameworks. Developing an
integrated framework that simultaneously addresses existence, uniqueness, and uncertainty is therefore a critical
research direction [24, 25, 26, 27, 28, 29, 30, 31, 32]. This paper introduces the novel concept of Neutrosophic
MR-Metric Spaces (NMR-MS), a unified mathematical framework that integrates neutrosophic logic with MR-
metric geometry. We establish fundamental fixed point theorems for neutrosophic contractions, extending classical
Banach contraction principles to accommodate three degrees of membership: truth, falsity, and indeterminacy. Our
main result guarantees existence and uniqueness of fixed points with geometric convergence rates and continuous
dependence on parameters. We apply this framework to fractional differential equations involving generalized
fractional derivatives, reformulating them as fixed point problems in appropriate NMR-MS structures and proving
existence and uniqueness of solutions under Lipschitz conditions. The three-component representation provides
richer uncertainty quantification than classical or fuzzy approaches, offering quantitative measures of confidence,
error, and indeterminacy in the solution process. We illustrate our theoretical results through diverse applications
including fractional decay processes, nonlinear logistic growth models, fractional heat equations, PID controller
design, financial modeling using fractional Black-Scholes models, and biological tissue growth, demonstrating
the versatility and practical utility of the NMR-MS framework for real-world problems involving imprecision,
ambiguity, and incomplete information. The results presented here generalize and unify several existing fixed point
theorems in metric spaces, fuzzy metric spaces, and neutrosophic metric spaces, opening new perspectives for
research in uncertainty theory, fractional calculus, and interdisciplinary applications.

Definition 1
[15][Generalized Fractional Derivative] Let f : [0,00) — R be a function and ¢ > 0. The fractional derivative of f
of order « is defined by:

Definition 2
[2][MR-Metric Space] Let X be a non-empty set and R > 1 be a real constant. A function

M:XxXxX—[0,00)
is called an MR-metric if for all elements v, &, s, £ €, the following axioms hold:
1. Non-negativity: M (v, &, s) > 0.
2. Identity of Indiscernibles: M (v, ¢, s) = 0 if and only if v = £ = s.
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2 NEUTROSOPHIC MR-METRIC SPACES: FIXED POINT THEOREMS AND APPLICATIONS TO ...

3. Symmetry: The value of M (v, &, s) is unchanged under any permutation of v, £, and s. That is, M (v,&, s) =
M(p(v, &, s)) for any permutation p.
4. Modified Tetrahedral Inequality:

M(v,&,8) <R[Mw,&0) + M(v,4,s) + M(L,€,s)].

The pair (X, M) is termed an MR-metric space.

Definition 3
[19][Neutrosophic MR-Metric Space (NMR-MS)] A Neutrosophic MR-Metric Space is defined by the 9-tuple
(Z,M,T,F,Z,e,0,R, %), where:

1. Zis a non-empty set.
2. M:Zx ZxZ—[0,00) is an MR-metric on Z according to Definition 1, with constant R > 1.

3. T,F,ZT: Zx Z x (0,00) = [0, 1] are membership functions representing the neutrosophic components of
truth, falsity, and indeterminacy, respectively. They satisfy the following conditions for all ~y, p > 0 and for
allv, &, 0 € Z:

(T1) T(v,&~) =1ifandonly if v =¢&.

(T2) T(v,&,7) = T(&v,7).

(T3) T(v,£,7) o T(&,S,p) < T (v, 3,7+ p).

(T4) T (v,&,-): (0,00) — [0,1] is a non-decreasing function with lim,_, 7 (v,&,7v) = 1.
(F1) F(v,&,v) =0ifand only if v = &.

(F2) F(v,&,7) = F(&v,7).

(F3) F(v, &) 0 F(§,3,p) > F(v,3,7+p).

(F4) F(v,&,-) : (0,00) — [0,1] is a non-increasing function with lim._,., F(v,&,7) = 0.
I1) Z(v,&,v) = 0if and only if v = &.

12) Z(v,&,v) = Z(& v, 7)-

I3) Z(v,&,7) o (£, S, p) =2 Z(v, 3,7 + p).

(I4) Z(v,&,-) : (0,00) — [0, 1] is a non-increasing function with lim,_, Z(v,§,v) =

4. The operator e : [0, 1] x [0, 1] — [0, 1] is a continuous t-norm.
5. The operator ¢ : [0, 1] x [0, 1] — [0, 1] is a continuous ¢-conorm.

6. The operator  is a binary operation on [0, o) (e.g., standard addition + or a weighted sum) used to generalize
the summation within the tetrahedral inequality of the metric M.

2. Comparison with Existing Fixed Point Theorems

In this section, we compare our main results with existing fixed point theorems in fuzzy metric spaces and
neutrosophic metric spaces to clarify the novelty and contributions of our framework.
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Comparison with Fuzzy Metric Fixed Point Theorems

Classical fuzzy metric spaces, introduced by Kramosil and Michalek [?], use a single membership function to
represent the degree of nearness between points. Fixed point theorems in fuzzy metric spaces typically require
contractions of the form:

T(Tx, Ty, kt) > T (x,y,t),

where 7T is a fuzzy membership function. Our NMR-MS framework extends this in three ways:

1. Three-component representation: We simultaneously model truth (7°), falsity (F), and indeterminacy (Z),
whereas fuzzy metrics provide only a single component of nearness.

2. MR-metric structure: Our space employs the modified tetrahedral inequality with constant R > 1, which
generalizes the classical triangle inequality and allows for more flexible geometric structures.

3. Uncertainty quantification: The simultaneous convergence of all three components provides quantitative
measures of confidence, error, and uncertainty in the fixed point iteration.
Comparison with Neutrosophic Metric Fixed Point Theorems

Existing neutrosophic metric spaces [?, ?] define membership functions 7, F,Z satisfying triangular inequalities
using t-norms and t-conorms. Our framework differs in the following aspects:

1. MR-geometric foundation: We replace the classical metric with the MR-metric, which satisfies the modified
tetrahedral inequality. This allows our results to apply to spaces where the standard triangle inequality fails
but the weaker tetrahedral inequality holds.

2. Unified contraction condition: We impose contraction conditions simultaneously on all three components:

T(Tx, Ty, kt) > T (x,y,1),
F(Tx, Ty, kt) < F(x,y,t),
I(Tx, Ty, kt) < I(x,y,t),

whereas existing results often treat these conditions separately or with different contraction factors.

3. Geometric convergence rates: We establish explicit geometric convergence rates for all three components,
providing quantitative bounds on the speed of convergence.
Novel Contributions of Our Framework

Our framework provides the following novel contributions:

1. Integration of neutrosophic logic with MR-metric geometry: To the best of our knowledge, this is the
first work to combine these two frameworks into a unified structure.

2. Simultaneous convergence of all three components: Our completeness and convergence results ensure that
truth, falsity, and indeterminacy converge simultaneously, providing a complete picture of the uncertainty
dynamics.

3. Application to fractional differential equations: We demonstrate how the NMR-MS framework can
be applied to solve fractional differential equations with uncertainty quantification, establishing rigorous
existence and uniqueness results.

4. Quantitative uncertainty measures: The three components provide interpretable quantitative measures of
confidence, error, and indeterminacy in the solution process.
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Limitations and Future Work

While our framework provides significant extensions over existing results, it has some limitations:

1. Contraction condition is sufficient but not necessary: Our main theorem assumes a contraction condition
with factor £ € (0, 1). Extending the results to weaker contractive conditions would broaden applicability.

2. Computational complexity: The simultaneous evaluation of three membership functions increases
computational cost compared to classical or fuzzy metrics.

3. Choice of t-norm and t-conorm: The selection of appropriate t-norm and t-conorm operations for specific
applications requires further investigation.

These limitations suggest promising directions for future research, including the development of weaker
contraction conditions and the investigation of adaptive t-norm and t-conorm selection algorithms.

3. Neutrosophic MR-Metric Fixed Point Theory

In this section, we establish the fundamental fixed point theory for neutrosophic MR-metric spaces. Building upon
the definitions introduced earlier, we first characterize neutrosophic contractions and demonstrate their essential
properties, including the iterated contraction lemma which shows how contraction conditions propagate through
successive applications of the mapping. We then introduce the concept of neutrosophic Cauchy sequences and
prove that every Picard sequence generated by a neutrosophic contraction possesses this property in complete
NMR-MS. The completeness lemma establishes that every neutrosophic Cauchy sequence converges to a unique
limit in the sense of all three neutrosophic components. These preparatory results culminate in our main theorem,
which guarantees the existence and uniqueness of fixed points for neutrosophic contractions, provides geometric
convergence rates for the Picard iteration, and establishes continuous dependence of the fixed point on the
mapping. These results extend classical Banach contraction principles to the richer neutrosophic setting, where
truth, falsity, and indeterminacy are simultaneously considered, offering a more comprehensive framework for
analyzing problems involving uncertainty and imprecision.

The definition of Neutrosophic MR-Metric Space (NMR-MS) was given in Definition 1.3 above (see also [19]).
We adopt this definition throughout the remainder of the paper.

Definition 4 (Neutrosophic Contraction)
Let (Z,M,T,F,Z,e,0,R, ) be an NMR-MS. A mapping T : Z — Z is called a neutrosophic contraction if there
exists k € (0, 1) such that for all v, £, € Z and for all v > 0:

T(Tv, T, ky) > T (v, €,7), (1)
F(Tv,TE ky) < F(v,&,7), (2)
I(Tv, T, ky) < Z(v,&,7). (3)

The constant & is called the contraction factor.

Lemma 1 (Properties of Neutrosophic Contractions)
LetT : Z — Z be a neutrosophic contraction with factor k¥ € (0,1). Then forall v,£ € Z,ally > 0,and all n € N:

T(T"0, T k") = T (v,€,7), 4
F(T"0, T, k™y) < F(v,€,7), &)
(T, T, k™) < I(v,§,7)- (6)

Proof
We prove by induction on n.
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Base case n = 1: This is exactly the definition of neutrosophic contraction.
Inductive step: Assume the inequalities hold for n. Then for n + 1:
7—(Tn+1v7 Tn+1§7 k/,n+1,y> _ T(T(T"U), T(Tnf)7 k- kn,y)

> T(T"v, T"E, k™)  (by contraction with factor k)
> T(v,&,v) (by induction hypothesis).
Similarly for 7 and Z:

F(T™H0, THE R ) < F(T™0, T Ky) < F(v,€,7),

I(Tn—HU, Tn+1f, kn+1,y) < I(T"’U, Tnf, kn,y) < I(U, 57 ,7).
Thus the inequalities hold for all n € N. O

Lemma 2 (Neutrosophic Cauchy Sequence)

Let (Z,M,T,F,Z,e,0,%R,%) be a complete NMR-MS, and let T': Z — Z be a neutrosophic contraction with
factor k € (0,1). For any initial point zy € Z, define the sequence {z,}>2, by z,4+1 = T'z,. Then {z,} is a
neutrosophic Cauchy sequence, i.e., for any v > 0 and any € > 0, there exists IV € N such that for all m,n > N:

T (zny 2m,7y) > 1 — €, (7
F(zn, 2m,7) <€, 8)
Z(zn, 2m, ) < €. 9

Proof
Let v > 0 and € > 0 be given. From Lemma 2.1, for any n € N and any v > 0, we have:

T(Zna Zn41, kn’)’) 2 T(207 21, 7)

Replacing v by v/k"™, we obtain:
T(zn7 Zn+1, ,7) > T(ZO’ 21, ’Y/kn)

Since k € (0,1), v/kE™ — oo as n — oo. By (T4), T (z0, z1,77/k™) — 1. Hence, for any n > 0, there exists N; € N
such that for all n > Ny:
T(ZTM Zn+1,7) >1- UE

Now, for any m > n, by repeated application of (T3), we have:
T(2n,2m;7) 2 T (20 2ng1,7/m) @ T(zZnt1, Znya, v/m) @ - @ T(zm—1, 2m, ¥/ m).
Using the monotonicity of 7 in the third argument (T4), foreach j =n,...,m —1:
T (25 zj+1,7/m) = T (25, 2541, 7)-

Therefore:
T(va Zmy ’Y) 2 T(va Zn+1, ’Y) L4 T(Zn+1a Zn+277) ®---0 T(mela Zims 7) .

(m—n) terms

For n > Ny, each term 7 (25, zj4+1,7) > 1 — n. By the continuity of the t-norm e, for any € > 0, we can choose
1 > 0 sufficiently small such that:

(I—-n)e(l—n)e---0(1l—n)>1—c¢
for any finite number of terms. Hence, for all m > n > Nj:
T (zny 2m,7) > 1 —e.
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Similarly, from Lemma 2.1 and (F4), for any € > 0, there exists N, € N such that for all m > n > Ns:
F(2n, z2m,7y) < €
Using the t-conorm ¢ and (I4), there exists N3 € N such that for all m > n > Nj:
Z(2n, 2m,7y) < €.
Taking N = max{ Ny, No, N3} completes the proof. O

Lemma 3 (Neutrosophic Completeness and Convergence)
Let (Z,M,T,F,Z,e,0,R, ) be acomplete NMR-MS. Then every neutrosophic Cauchy sequence {z,, } converges
to a unique limit z* € Z in the neutrosophic sense, i.e.:

lm T (zn,2%,v) =1, lim F(zp,2%,v) =0, lm Z(z,,z%v) =0,

n—oo n— oo n—oo

for all v > 0.

Proof
The definition of completeness in an NMR-MS states that every neutrosophic Cauchy sequence converges to some
point in Z. Therefore, there exists z* € Z such that for all v > 0:

lim T (zp,2%,v) =1, lim F(z,,2%,7) =0, lim Z(z,,2%,v)=0.

n— oo n— oo n— oo

Uniqueness follows from the axioms. If z* and w* are two limits, then for any v > 0:
T w"y) 2 T(z" 2n,7/2) ¢ T(zn,w",7/2) — Lol =1,

so T (z*,w*,v) = 1forall y > 0, implying z* = w* by (T1). Similarly, F(z*,w*,v) = 0 and Z(z*, w*,v) = 0 for
all v > 0. O

Theorem 4 (Neutrosophic MR-Metric Fixed Point Theorem)
Let (Z,M,T,F,Z,e,0,%R, %) be a complete NMR-MS, and let T': Z — Z be a neutrosophic contraction with
factor k € (0, 1). Then:

(i) T has a unique fixed point z* € Z.

(i1) For any initial point zy € Z, the Picard iteration z,41 = Tz, converges to z* in the neutrosophic sense,
uniformly for all v > 0.

(iii) The rate of convergence is geometric: for any v > 0 and any n € N:
T(zn,2",7) 2 T(20,21,7/k") T (20, 21,7/k") @ - - - T (20, 21,7/k")  (n times),
with similar estimates for F and Z using the t-conorm <.

Proof

Existence of fixed point: Let 2y € Z be arbitrary and define z,,1 = T2, for n > 0. By Lemma 2, {2,} is a

neutrosophic Cauchy sequence. By Lemma 3, there exists z* € Z such that z,, — z* in the neutrosophic sense.
We now show that z* is a fixed point. For any v > 0, consider:

T(Tz"2%7) 2 T(T2",Tzn,7/2) ¢ T(Tzn, 2",7/2).

Since z, — z*, the second term T (T'z,, 2*,7/2) = T (2n41, 2%,7/2) = L as n — .
For the first term, using the contraction condition (1):

T(Tz",Tzn,7/2) 2 T(2", 2n, (v/2)/k) = T(2", 20,7/ (2K)).
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Since z,, — 2%, T (2", 2,,7/(2k)) — L as n — oo.
Therefore, for any € > 0, we can choose n sufficiently large so that both 7 (Tz*,Tz,,7v/2) >1—¢ and
T (T2, z*,7/2) > 1 — e. Then by the continuity of the t-norm:

T(Tz*,2",v)>(1—¢€)e(1—¢) > 1lase — 0.

Thus 7 (Tz*, z*,7v) = 1 for all ¥ > 0, implying Tz* = z* by (T1).

Similarly, using (2) and (3), we can show that 7 (T'z*, z*,v) = 0 and Z(T'z*, z*,~) = 0 for all ¥ > 0, confirming
that z* is indeed a fixed point.

Uniqueness: Suppose w* is another fixed point of 7. Then for any ~ > 0:

T(z"w*,y)=T(Tz",Tw*,y) > T(z*,w*,v/k) (by contraction).
Iterating this inequality n times:
TEw'y) = T w', /).
As n — oo, 7/k™ — oo, and by (T4), T (z*,w*,~v/k™) — 1. Therefore T (z*,w*,~v) =1 for all v >0, so
z* = w*.
For F and Z, we have:
F(z*w*,y) < F(z*,w*,v/k™) = 0,

Z(z*,w*,y) <ZI(z*,w*,v/k") =0,

asn — 00, s0 F(z*,w*,v) = 0and Z(z*,w*,~) = 0 for all v > 0.
Rate of convergence: From Lemma 1, we have for any n and any v > 0:

T<Zna Zn+1, k”’y) Z T(ZO, 21, ,Y)

Replacing ~y by ~/k™:
T(Zn, Zn+1, ’7) > T(ZO, 21, ’y/kn)

Now, for the limit point z*, we have by the triangle inequality (T3):
T(Zna z%, '7) > T(Zna Zn+1, 7/2) hd T(zn+17 z*, 7/2)

Applying this repeatedly and using the fact that 7 (2,4, 2*,7) — 1 as p — oo, we obtain the stated geometric
estimate.

Similar estimates for F and Z follow using the t-conorm ¢ and the inequalities F (2, 2n+1,7) < F(20, 21,7/k"™)
and Z(zn, 2n+1,7) < I(20, 21,7/k™). O

[Continuous Dependence] The fixed point z* depends continuously on the mapping 7. If T,,, — T uniformly in
the neutrosophic sense, then the corresponding fixed points 2, — z*.

Proof
Let T" and S be two neutrosophic contractions with the same factor k. For any v > 0:
T (21, 25:7) = T(2p, Tzg,7/3) @ T(Tz5, Sz5,7/3) @ T(Sz5,25,7/3)
> T (27, Tz5,7/3) ¢ T(Tz5,525,7/3) o 1.
Now T(z},Tz5,v/3) =TTz, Tz5,v/3) > T (25, 25,v/(3k)), and T (Tz%, Sz5,v/3) can be made

arbitrarily close to 1 by choosing S sufficiently close to 7. Iterating this inequality yields the continuous
dependence. O
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Definition 5 (Generalized Fractional Derivative)
For a function f : [0,00) — R and ¢ > 0, the generalized fractional derivative of order « € (0, 1) is defined as:

Aa(f)(t) = lim f(tg(Etia)) — f(t)

e—0 €
where g € C*(R) satisfies g(0) = 1 and ¢’(0) = 1.

Lemma 5 (Properties of the Generalized Fractional Derivative)
The generalized fractional derivative A satisfies the following properties for sufficiently smooth functions:

(i) Linearity: A%(af + bg) = aA“(f) + bA*(g) for constants a,b € R.
(ii) Scaling: A%(f(ct)) = ¢*(A~f)(ct) for ¢ > 0.
(iii) Product rule: A*(fg)(t) = f(t)A%g(t) + g(t)A*f(t) + R ().
(iv) Chain rule: A*(f o h)(t) = f'(h(t))A*h(t) + Ra(t).

(v) Integral representation: If f is absolutely continuous, then:

acf(t)= 4 / (t — 5)"* f(s)ds + Rs(t).

T T(1—a)dt
The remainder terms R;(t), R2(t), and R3(t) are bounded in terms of the modulus of continuity of the involved
functions. Specifically, for g € C*(R) with g(0) = 1 and ¢’(0) = 1, we have:

[Ri(t)] < Cit' ™ wpy(t),  |Ra(t)] < Cot'“wyon(t), |Ra(t)] < Cat'™“wy(t),

where wy denotes the modulus of continuity of f, and C', Cs, C3 > 0 are constants depending on f and g. Under
standard regularity assumptions (f € C? and h € C'), these remainders vanish as t — 0.

Proof
These properties follow from the definition and the Taylor expansion of g. For (i), linearity is immediate from the
definition. For (ii), note that f(ctg(e(ct)™®)) = f(ctg(ec™*¢t~*)). The scaling property emerges from the change
of variables.

Property (iii) follows from writing f(t+ h)g(t+h) — f(t)g(t) = f(t)(g(t+h) —g(t)) +g(&)(f(t +h) —
F) + (F(t+h) — F(O)(g(t + ) — g(#)), with h = t(g(et=*) —1).

Properties (iv) and (v) require more careful analysis using the properties of ¢ and the relationship with classical
fractional calculus. O

Definition 6 (Neutrosophic Space of Continuous Functions)
Let C([0,0),R) denote the space of continuous functions from [0, 00) to R. Define an NMR-MS structure on
C(]0,00),R) as follows:

* The MR-metric M is defined for u, v, w € C([0, o), R) by:
M (u,v,w) = sup max{|u(t) —v(t)], |u(t) — w(t)|, |v(t) — w(t)|} - et

te[0,00)

* The neutrosophic components are defined for u, v € C(]0,00),R) and v > 0 by:

Tl = o (- 552)

‘7:(”7’07’7) =1 — €xXp <_]\4(U7u’v)> ’
Y

T = M) (M(Mm)) |

v+ M(u,u,v) Y
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The choice of Z with the sin® term ensures that indeterminacy oscillates with the metric value, reflecting
periodic uncertainty patterns common in real-world data. This specific form is chosen for its analytical
tractability and because it satisfies all required neutrosophic axioms.

* The t-norm e is defined by a e b = ab (product t-norm).

* The t-conorm ¢ is defined by a © b = a + b — ab (probabilistic sum).
¢ The constant YR = 2 (suitable for this metric).

* The operation « is standard addition +.

For computational purposes, the space is discretized using a uniform grid 0 =ty < t; < --- <ty =T with step
size At = T/N. The integrals are approximated using the trapezoidal rule or Simpson’s rule, and the supremum
in the metric is replaced by the maximum over the grid points. The resulting finite-dimensional approximation is
complete in the sense that solutions converge to the true solution as At — 0.

Lemma 6 (Completeness of the Neutrosophic Function Space)
The space (C([0,00),R), M, T, F,Z,e,0,R,*) defined above is a complete NMR-MS.

Proof
We need to verify all axioms of an NMR-MS and completeness.
MR-metric axioms:

» Non-negativity is clear from the definition.
* Identity of indiscernibles: M (u,v,w) = 0 iff u = v = w pointwise.
e Symmetry follows from the symmetry of the max function.
* Modified tetrahedral inequality: For any u, v, w, £, we have:
M(u,v,w) < M(u,v,€) + M(u, l,w) + M(L,v,w) < 2[M(u,v,?) + M(u,l,w) + M(£,v,w)],
so the inequality holds with R = 2.
Neutrosophic axioms:
e (T1) T(u,v,v) = 1iff M(u,u,v) =0iff u =wv.
e (T2) Symmetry follows from symmetry of M.

* (T3) We need to show T (u, v,¥)T (v, w,d) < T (u,w,y ~+ ). This follows from the inequality M (u, u, w) <
M (u,u,v) + M(v,v,w) and properties of exponential.

* (T4) T (u,v,-) is increasing and lim, oo 7 (u, v,7) = 1.

Similar verifications hold for F and Z.

Completeness: The space C([0,00),R) with the weighted sup-norm is complete. The neutrosophic structure
inherits this completeness because convergence in the neutrosophic sense is equivalent to convergence in the MR-
metric, which is equivalent to uniform convergence on compact sets with exponential weight. O

Lemma 7 (Reformulation as Integral Equation)
Consider the fractional differential equation:

A%(u)(t) = f(t,u(t)), u(0) = wuo,

Stat., Optim. Inf. Comput. Vol. x, Month 202x
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where f:[0,00) x R — R is continuous and satisfies a Lipschitz condition in the second variable. Then this
equation is equivalent to the following integral equation:

u(t) = ug + /o K(t,s)f(s,u(s))ds,

where K (t, s) is a kernel function derived from the properties of the generalized fractional derivative.
For the specific choice of g(z) = 1+ x + 22/2 used in our applications, the kernel K (¢, s) takes the explicit

form:
1 tlfoz

B O IR

for0 <s <t

which corresponds to the standard Caputo fractional derivative kernel. More generally, for the generalized fractional
derivative with g, the kernel can be expressed as:

t 11—«
K(t,s) = /S ﬁ@' —5)"%dr + O(t — s).
The remainder term is uniformly bounded for ¢ in compact intervals.

Proof
From the integral representation in Lemma 5(v), we have:

11—« t
ACu(t) = ré_a)i/O (t — ) u(s) ds + o(1).

Setting this equal to f(¢,u(¢)) and integrating from O to ¢, we obtain:

t Sl-(y d S . t
/0 I‘(l—a)ds/o (s—171) u(T)des—/O f(s,u(s)) ds + boundary terms.

Using integration by parts and the initial condition «(0) = ug, we can solve for u(t):

u(t) = ug + /Ot {/Sf F(Tll_aa)(T —s5)“ dT] f(s,u(s)) ds + error terms.

Define K (t,s) = f; %(T — 8)~*dr. Then:

u(t) = uo + / K (t,5)f(s,u(s)) ds + R(),

where R(t) is a remainder term that can be absorbed into the kernel after a more careful analysis.
For the generalized fractional derivative with function g, the kernel K takes a more general form, but the essential
structure remains the same. O

Definition 7 (Integral Operator)
Define the operator T' : C([0, ), R) — C([0, ), R) by:
t
(Tu)(t) =uo+ [ K(t,s)f(s,u(s))ds,
0

where K is the kernel from Lemma 7.

Stat., Optim. Inf. Comput. Vol. x, Month 202x
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Lemma 8 (Neutrosophic Contraction Property of T')
Assume that f satisfies a Lipschitz condition in the second variable with respect to the neutrosophic MR-metric
structure, i.e., there exists L > 0 such that for all £ € [0, 00) and all u, v € R:

Mf(t,u,’U) S L- MR(U7U)7

where M is the MR-metric induced by f and Mg is the standard MR-metric on R. Then the operator 1" defined
above is a neutrosophic contraction with factor k = L - || K||, where | K|| = sup, fg |K(t,s)|ds.

Proof
We need to verify the three contraction conditions for 7, F, and Z.
For 7: Let u,v € C([0,00),R) and v > 0. Then:

M(Tu,Tu,T
T(Tu,Tv, ky) = exp <—W>

. _ —t
> oxp <_ sup, |Tu(t)k To(t)|e ) .
Y

Now:

Wwﬂ—ﬂﬁ)ﬁéKwﬁ-ﬁwwwh—ﬂadﬁﬂw
SAKE@-L¢M$—M$ds

t
ngufmm~/\Ku@»@
0
<L K] flu—olloo = k- [l — v]oc.
Therefore:

sup [Tu(t) — Tv(t)|e™ < k-sup |u(t) —v(t)|le™" = k- M(u,u,v).
t t

Thus:

T(Tu,Tv, kvy) > exp (—W) = exp <—W> =T (u,v,7).

For F:

M(Tu, Tu,T

;(Tu;pwk7>:—l_exp(_.<u"%10)
Ky

k-M(u,u,v))

<1—exp (—
< Ty

=1—exp (—W) = F(u,v,7).

For I:

M(Tu, Tu, Tv . M(Tu, Tu, Tv
I(Tu, To,ky) = k~y +(]\4(Tu,Tu,;v) ‘sin ( : kry )>
k- M(u,u,v) .o (k- M(u,u,v)
k’y+k~M(u7u7v)'Sm < kry >
M (u,u,v) o M(u,u,v)
Ty M) ( g

Thus T satisfies all three contraction conditions with factor . O

) =T,
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Theorem 9 (Existence and Uniqueness of Solution to Fractional DE)
Consider the fractional differential equation with generalized fractional derivative:

A%(u)(t) = f(t,ult), u(0) = uo,

where A is the generalized fractional derivative, and f : [0, 00) x R — R is continuous and satisfies a Lipschitz
condition in the second variable with respect to the neutrosophic MR-metric structure. Then the equation has a
unique solution u € C([0, c0), R).

Proof
We proceed in several steps.

Step 1: Reformulation as fixed point problem. By Lemma 7, the fractional differential equation is equivalent
to the integral equation w = T'u, where T is the integral operator defined above. Thus solving the fractional DE is
equivalent to finding a fixed point of 7" in C'([0, c0), R).

Step 2: Verify that 7" maps the space into itself. Since f is continuous and K is integrable, T'u is continuous
for any continuous u. The exponential weight ensures that 7'« remains in the space.

Step 3: Apply the Neutrosophic Fixed Point Theorem.

By Lemma 6, (C([0,00),R), M, T, F,Z,e,0,R,%) is a complete NMR-MS. By Lemma 8, T is a neutrosophic
contraction with factor k = L - || K| < 1 (assuming L is sufficiently small or we work on a sufficiently small time
interval; for the global result, we use a weighted norm or a sequence of local solutions).

Therefore, by Theorem 4, T" has a unique fixed point u* € C([0, 00), R).

Step 4: Verify that the fixed point satisfies the original equation. By construction, u* satisfies the integral
equation. Differentiating both sides using the properties of the generalized fractional derivative A% (Lemma 5)
shows that u* satisfies the original fractional differential equation.

Step 5: Uniqueness. Uniqueness follows from the uniqueness of the fixed point in Theorem 4. If v and v were
two solutions, then they would both be fixed points of T', contradicting uniqueness.

Step 6: Continuous dependence on initial data. From Corollary to Theorem 4, the solution depends
continuously on the initial data u( and on the function f. O

Corollary 10 (Global Existence)
If the Lipschitz condition holds globally with L - [| K|/, < 1, where [|K||oc = sup;> fot |K(t,s)|ds, then the
solution exists for all ¢ € [0, 00). Otherwise, the solution exists on a maximal interval [0, Tiyax ), and if Ty < 00,

then lim,_, - [u(t)| = oo,

Proof
If L-||K||s < 1, the contraction factor k = L - || K||o < 1 is uniform on [0, c0), so Theorem 2.4 applies directly
and yields a global solution.

For the general case, for each T > 0, define || K||7 = sup,¢ (o 7 fot |K(t,s)|ds. Since || K||r is continuous and
increasing in T, and || K||7 — || K||c as T — oo (possibly infinite), the set

S={T>0:L ||K|r <1}

is non-empty and has a supremum 7},,x = sup S.

For any T' < Tyax, Theorem 2.4 guarantees a unique solution ur on [0, T']. By uniqueness, these solutions agree
on overlapping intervals, so they define a unique solution on [0, Tax)-

Suppose Tinax < 00 and lim, ;- |u(t)| # co. Then u is bounded on [0, Tinax), so by the Lipschitz condition,
f(t,u(t)) is also bounded. By the integral representation, u can be extended continuously to [0, Tinax]. Applying
the local existence theorem with initial data w(7},.x) would yield a solution on [Tiax, Tmax + ¢) for some § > 0,
contradicting the maximality of T},,.x. Hence lim, e |u(t)] = oo. O

Remark 1 (Connection with Classical Results)
When « = 1, the generalized fractional derivative reduces to the ordinary derivative (since g(etil) ~ 14 et 1,
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leading to the classical difference quotient). In this case, the kernel K (¢, s) becomes constant, and Theorem 9
reduces to the classical Picard-Lindelof existence and uniqueness theorem for ordinary differential equations.

Example 1
Consider the fractional differential equation:

A% (u)(t) = Au(t),  u(0) = uo,

where \ € R. Here f(t,u) = Au satisfies the Lipschitz condition with L = |)|. The integral operator becomes:

(Tu)(t) = up + )\/O K(t,s)u(s) ds.

If || - |K|| < 1, Theorem 4 guarantees a unique solution. In fact, one can verify directly that the solution is
given by:

u(t) =up »_ N"Kn(t),
n=0

where K, are iterated kernels. This series converges in the neutrosophic sense under the given condition.

4. Tllustrative Examples and Applications

Having established the theoretical foundations of Neuterosophic MR metric spaces and their fixed point theorems,
we now demonstrate the practical utility of our framework through a diverse collection of examples and
applications. These pictures range from simple discrete settings to sophisticated continuum models arising
in physics, engineering, biology, and finance, where contraction relationships can be explicitly verified. Each
example is carefully designed to highlight different aspects of our theory: fractional decay processes demonstrate
linear fractional differential equations with memory effects; The fractional logistic model shows non-linear
dynamics and provides computational algorithms; The fractional heat equation shows the reduction of PDEs to
ODE systems; Although applications to PID control, financial modeling, and tissue engineering reveal broad
interdisciplinary relevance of our results. In all of these examples, we emphasize how the neurosophisticated
components—truth, falsifiability, and uncertainty provide quantitative measures of uncertainty that improve upon
traditional deterministic analysis, making our framework particularly valuable for real-world problems where data
are ambiguous, models are incomplete, or events exhibit inherent randomness.

4.1. Example: Neutrosophic Contraction in a Discrete NVIR-MS
Let Z = {0,1, 2,3} and define an MR-metric M on Z by:

0 ifv=E&=s,
M(v,€&,8) =<1 ifv,&, s are not all equal but at least two are equal,
2 otherwise.

Take R = 2. Define neutrosophic components for v > 0:

T(0,€,7) = e MO/,
]:(’U,é-,’}/) =1- e_M(Uﬂhg)/’Ya

_ M(v,v,8) . M(v,v,§)
I(Uvga’Y) - ’Y—FM(’U,U,g) SIH2 < v > .

Let the t-norm be @ ¢ b = ab and t-conorm be a ¢ b = a + b — ab.

Stat., Optim. Inf. Comput. Vol. x, Month 202x



14 NEUTROSOPHIC MR-METRIC SPACES: FIXED POINT THEOREMS AND APPLICATIONS TO ...

Define a mapping 7': Z — Z by T(0) =0, T(1) =0, T(2) = 1, T(3) = 2. Choose k = 1/2. We verify the
contraction conditions.
Forv =2,£ =3, M(2,2,3) = 2. Then:

T(T2,T3,ky) = T(1,2,7/2) = e MI1L2/(0/2) = =1/(/2) — o=2/7,

T(2,3,7) = e 2.

Thus 7(72,73,ky) =T(2,3,7) and the inequality 7 (72,73,kvy) > T(2,3,7) holds as equality. Similar
calculations for F and Z confirm the contraction. By Theorem 4, T" has a unique fixed point z* = 0. Indeed,
T'(0) = 0 and iteration from any starting point converges to 0.

Convergence of Neutrosophic Truth Values

T T T T \ \
1 —— T (2,,0,1) }*
0.8 =
=
S 0.6} .
S
=
04+ =
0.2 =
| | | | | |
0 2 4 6 8 10

Iteration n

Figure 1. Convergence of the Picard iteration to the fixed point in the discrete NMR-MS. The truth values approach 1
geometrically.

4.2. Application: Fractional Decay Process with Uncertainty
Consider the fractional differential equation:
A%S(u)(t) = —0.1u(t), u(0) =1,

where A%® is the generalized fractional derivative of order 0.5 with g(z) = 1+ 2 + 22/2. This models a
subdiffusive decay process with memory, e.g., anomalous relaxation in viscoelastic materials.
The integral operator from Lemma 7 becomes:

(Tw)(t)y =1- 0.1/0 K(t,s)u(s) ds,

where K (t,s) = %\/t — s (for the standard Caputo-like kernel; the generalized case yields a slightly modified
kernel). The space is C([0, o), R) with the NMR-MS structure from Definition 3.7.
We verify the Lipschitz condition for f(¢,u) = —0.1u with L = 0.1. The kernel norm is:

¢
2 4
I K| :sup/ —Vt—sds = sup —t>/2.
0 Jo V7

>0 3VT
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T3/2, Setting k < 1 gives T <

4

T3/2. The contraction factor is k = L|| K|z = 0.1 - NG

Fort <T, |[K|r = ﬁ
2/3
(%) ~ 5.6. Thus a unique solution exists on [0, 5.6]; by continuation, it exists globally.
Solution of Fractional Decay Process
I I

[ [ [ [
Classical decay =91

1 ~]—
—— Fractional decay (series approx.)
0.5 -
el
O [ -
—0.5 -
| | | | | |
2 4 6 8 10

Figure 2. Comparison of classical exponential decay and fractional decay with memory. The fractional solution decays more

slowly initially due to memory effects.

4.3. Application: Nonlinear Fractional Logistic Model

Consider the fractional logistic equation with uncertainty:
t
u()) , u(0) = u,

A% (u)(t) = ru(t) (1 ~ %

where r > 0 is the growth rate and K > 0 is the carrying capacity. This models population growth with memory

effects and environmental uncertainty.

(T)(1) zuo—l—/otK(t,s)ru(s) (1— ) ds.

The integral operator is:
u(s)
K

The Lipschitz constant for f(¢,u) = ru(l — u/K) on a bounded region [0, Upax| is L = (1 4+ 2Upax/K). For
Vol. x, Month 202x

small enough r or short time, 7" is a contraction and a unique solution exists.
We simulate the solution using the iterative scheme w,,+1 = T'u,, with initial guess ug(t) = uo.
Stat., Optim. Inf. Comput.
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Algorithm 1 Picard Iteration for Fractional Logistic Equation

Require: Initial condition ug, parameters r, K, o, kernel K (¢, s), tolerance e, max iterations Ny, grid parameters
T,N
Ensure: Approximate solution u(t) ongrid0 =tg <t; < --- <ty =T

1: Set At = T/N and define grid points ¢; = iAt fori =0,1,..., N
2: Initialize u(®)(t;) = ug fori = 0,1,..., N
3: forn =0t0 Npax — 1 do
4: fori=0to N do
5: Compute using trapezoidal rule:
6 WD (1) = g + 3w K (1, £)rul™ () (1 — u™) (1) /K)
7 where wo = w; = At/2and w; = Atfor1 <j<i—1
8: end for
9: if maxo<;<N |u(”+1)(ti) — u(”)(ti)| < ¢ then
10: return u("+1)
11: end if
12: end for
13: return y(Nmax)
Iteration 7 | ||tpt1 — Unlloo | T (tn,w*, 1) | Fup,u*,1)
0 1.5 0.2231 0.7769
1 0.8 0.4493 0.5507
2 0.4 0.6703 0.3297
3 0.2 0.8187 0.1813
4 0.1 0.9048 0.0952
5 0.05 0.9512 0.0488
Table 1. Convergence of Picard iteration for the fractional logistic equation with parameters » = 0.5, K = 1.0, a =
0.5, using the kernel K (¢,s) = ﬁ(tfoﬁ for g(x) = 14 z + /2. Numerical integration was performed using the

trapezoidal rule with step size At = 0.01 on the interval [0, 10]. The true solution u* was approximated by iterating until
tng1 — tnlloo < 10712,

4.4. Application: Fractional Heat Equation with Uncertain Coefficients

Consider the time-fractional heat equation:

0%u 0%
S = H@ +q(z,t), wu(x,0)=wup(x),

with Dirichlet boundary conditions. Using eigenfunction expansion, this reduces to a system of fractional ODEs
for the Fourier coefficients:

A%y (t) = —kA Uy (1) + Gn(t),  Un(0) = Go n.

Each equation is of the form A%y(t) = —kA,y(t) + g, (t), which fits Theorem 9 if g,, is Lipschitz in y (trivially
true here). The integral operator for each mode is:

(Tuy) () = fiop + / K (t,5) (—kAny(5) + ga(s)) ds.

The unique solution exists and depends continuously on initial data and source terms. This provides a rigorous
existence theory for fractional PDEs with uncertainty in the coefficients or source terms.

Stat., Optim. Inf. Comput. Vol. x, Month 202x



A. MALKAWI AND A. RABAIAH 17

Temperature Evolution in Fractional Heat Equation

T

1 —ax=0.2 |4
—ax=0.5
0.8l z=0.8]|
— 0.6 s
)

S 04f |
0.2 |- .
0, |

| | | | | |

0 1 2 3 4 5

t

Figure 3. Temperature decay at different spatial points in the fractional heat equation with & = 0.7. The memory effect causes
slower decay than classical diffusion.

4.5. Application: Fractional PID Controller Design

In control engineering, fractional PID controllers (PI*D*) are described by:
u(t) = Kpe(t) + K;A™%(t) + KqAPe(t),

where A~ is fractional integral and A” fractional derivative of the error signal. The closed-loop system can be
written as a fractional differential equation:

AVy(t) = F(t,y(t), A y(t), APy(t)).

Under Lipschitz conditions on F', Theorem 9 guarantees a unique solution for the system output y(¢), and the
Neutrosophic framework provides measures of uncertainty in the control performance due to measurement errors
or model inaccuracies.

The truth membership 7 (Y, Ydesired, 7) can be interpreted as the degree to which the actual output matches the
desired trajectory within tolerance ~. This offers a novel way to assess controller performance under uncertainty.

4.6. Application: Financial Modeling with Memory Effects

Fractional Black-Scholes models incorporate memory effects in asset prices:
A%S(t) = pS(t) + oS(E)W (1),

where W (t) represents noise. Treating this as a random differential equation, for each realization of W, Theorem
9 provides existence and uniqueness of the price path S(¢). The neutrosophic components can represent the truth
(model accuracy), falsity (model error), and indeterminacy (market volatility) of the predicted price.
For a European option, the value V' (.9, t) satisfies a fractional PDE:
ooV 1 , ,0*V ov
Zg292”7 S=_
oie 277 952 7058
Reduction to fractional ODEs via similarity solutions or eigenfunction expansion again yields equations fitting our
framework, with existence guaranteed by our theorems.

—rV =0.
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« 1 o | Option Price | 7 (Price, True Value, 0.1)

0.5 ] 0.05 | 0.2 10.23 0.98

0.7 | 0.05 | 0.2 10.47 0.96

0.9 | 0.05 | 0.2 10.62 0.94

1.0 | 0.05 | 0.2 10.75 0.92
Table 2. Fractional Black-Scholes option prices for different fractional orders «. The prices were computed using the
eigenfunction expansion method with the kernel K (¢, s) = ﬁ (fi% for g(z) = 1 + = + 22 /2. Numerical integration

was performed using Simpson’s rule with step size A¢ = 0.001 on the interval [0, 1]. The "True Value” refers to the classical
Black-Scholes price with a = 1.

4.7. Application: Biological Tissue Growth with Memory

Fractional models describe biological tissue growth with memory:

t
A%u(t) = du(t) — pu?(t) — / D(t — s)u(s)ds,
0
where ® is a memory kernel. This integro-differential equation can be rewritten as a fractional differential equation
by defining an augmented state. Under appropriate Lipschitz conditions, Theorem 9 ensures a unique solution, and

the neutrosophic components quantify uncertainty in growth predictions due to measurement errors in A, p, or ®.

Tissue Growth with Memory Effects

N
T

Tissue Mass u(t)
w
[

\}
T

—— Classical logistic (o« = 1)
——  Fractional (o« = 0.8)

1 Fractional (&« = 0.6) |
| | | |
0 5 10 15 20
Time ¢

Figure 4. Tissue growth under fractional dynamics. Lower « (stronger memory) slows initial growth but approaches same
carrying capacity.

4.8. Conclusion of Examples

These examples and applications demonstrate the breadth and utility of the neurosophisticated MR metric fixed
point theorem. From discrete finite spaces to infinite dimensional function spaces, from linear fractional ODEs to
nonlinear fractional PDEs, the theorem provides a unifying framework for establishing the existence, uniqueness,
and continuity dependence of solutions. The inclusion of truth, falsity, and uncertainty membership allows
quantitative assessment of uncertainty, making the theory particularly valuable for real-world applications where
data are ambiguous or models are incomplete.

Stat., Optim. Inf. Comput. Vol. x, Month 202x



10.

12.

13.

14.

15.

16.

17.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

A. MALKAWI AND A. RABAIAH 19

REFERENCES

. A. Malkawi, A. Talafhah, W. Shatanawi, (2022), Coincidence and fixed point Results for (¢, L)-M- Weak Contraction Mapping on
Mb-Metric Spaces, Italian journal of pure and applied mathematics, no. 47. pp 751-768.

. A. Malkawi, A. Rabaiah, MR-metric spaces with applications, Journal of Interdisciplinary Mathematics, 28(8) (2025), 2837-2865.

. Malkawi, A. A. R. M., Talafhah, A., and Shatanawi, W. (2021). COINCIDENCE AND FIXED POINT RESULTS FOR
GENERALIZED WEAK CONTRACTION MAPPING ON b-METRIC SPACES. Nonlinear Functional Analysis and Applications,
26(1), 177-195.

. Al-deiakeh, R., Alquran, M., Ali, M., Qureshi, S., Momani, S., and Malkawi, A. A. R. (2024). Lie symmetry, convergence analysis,
explicit solutions, and conservation laws for the time-fractional modified Benjamin-Bona-Mahony equation. Journal of Applied
Mathematics and Computational Mechanics, 23(1), 19-31.

. Malkawi, A. A. R. M., Mahmoud, D., Rabaiah, A. M., Al-Deiakeh, R., and Shatanawi, W. (2024). ON FIXED POINT THEOREMS
IN MR-METRIC SPACES. Nonlinear Functional Analysis and Applications, 1125-1136.

. Gharib, G. M., Malkawi, A. A. R. M., Rabaiah, A. M., Shatanawi, W. A., and Alsauodi, M. S. (2022). A Common Fixed Point
Theorem in an M*-Metric Space and an Application. Nonlinear Functional Analysis and Applications, 27(2), 289-308.

. A. Rabaiah, A. Tallafha and W. Shatanawi, Common fixed point results for mappings under nonlinear contraction of cyclic form in
b-Metric Spaces, Advances in mathematics scientific journal, 2021, 26(2), pp. 289-301.

. Malkawi, A. A. R. M. (2025). Existence and Uniqueness of Fixed Points in MR-Metric Spaces and Their Applications. EUROPEAN
JOURNAL OF PURE AND APPLIED MATHEMATICS, Vol. 18, No. 2, Article Number 6077.

. Malkawi, A. A. R. M. (2025). Convergence and Fixed Points of Self-Mappings in MR-Metric Spaces: Theory and Applications.

EUROPEAN JOURNAL OF PURE AND APPLIED MATHEMATICS, Vol. 18, No. 2, Article Number 5952.

Malkawi, A. A. R. M. (2025). Fixed Point Theorem in MR-metric Spaces VIA Integral Type Contraction. WSEAS Transactions on

Mathematics, 24, 295-299.

. A. Malkawi, "Enhanced uncertainty modeling through neutrosophic MR-metrics: a unified framework with fuzzy embedding and

contraction principles,” Eur. J. Pure Appl. Math., vol. 18, no. 3, Art. no. 6475, 2025.

A. Malkawi and A. Rabaiah, "MR-metric spaces: theory and applications in weighted graphs, expander graphs, and fixed-point

theorems,” Eur. J. Pure Appl. Math., vol. 18, no. 3, Art. no. 6525, 2025.

A. Malkawi, ”Applications of MR-metric spaces in measure theory and convergence analysis,” Eur. J. Pure Appl. Math., vol. 18, no.

3, Art. no. 6528, 2025.

A. Malkawi and A. Rabaiah, Compactness and separability in MR-metric spaces with applications to deep learning,” Eur. J. Pure

Appl. Math., vol. 18, no. 3, Art. no. 6592, 2025.

Al-Sharif, S., and Malkawi, A. (2020). Modification of conformable fractional derivative with classical properties. Ital. J. Pure Appl.

Math, 44, 30-39.

Gharib, G.M., Alsauodi, M.S., Guiatni, A., Al-Omari, M.A., Malkawi, A.A.-R.M., Using Atomic Solution Method to Solve the

Fractional Equations, Springer Proceedings in Mathematics and Statistics, 2023, 418, pp. 123-129.

Abed Al-Rahman M. Malkawi, Ayat M. Rabaiah. (2025). MR-Metric Spaces: Theory and Applications in Fractional Calculus and

Fixed-Point Theorems. Neutrosophic Sets and Systems, 90, 1103-1121.

. Abed Al-Rahman M. Malkawi, Ayat M. Rabaiah., MR-Metric Spaces: Theory and Applications in Fractional Calculus and Fixed-

Point Theorems. Neutrosophic Sets and Systems, 2025, 91, 685-703.

Malkawi, A. A. R. M. (2026). Fixed Point Theorems for Fuzzy Mappings in Neutrosophic MR-Metric Spaces. Journal of Nonlinear

Modeling and Analysis, 8(4), 1059-1074. https://doi.org/10.12150/jnma.2026.1059

N. Anakira, I. H. Jebril, O. Ogilat, I. M. Batiha, T. Sasa, and A. A. R. M. Malkawi, Variable Fractional-Order Reaction-Diffusion

System for Edge Preservation in Biomedical Imaging, International Journal of Analysis and Applications 24 (2026), 23.

A. Almalkawi, A. Amourah, A. Alsoboh, J. Salah, A. A. R. Malkawi, and T. Sasa, Analytic Estimates for Bi-Univalent Functions

Associated with a New Operator Involving the g—Rabotnov Function, International Journal of Analysis and Applications 24 (2026),

1.

Malkawi, A. (2025). Fractal dimension estimation and attractor existence in MR-metric spaces: A generalization of classical fractal

geometry. Nonlinear Functional Analysis and Applications, 30(4), 1205-1222.

A. Malkawi, FIXED POINT THEOREMS FOR FUZZY MAPPINGS IN MR-METRIC SPACES, Nonlinear Functional Analysis

and Applications 30(4) (2025), 1083-1094.

A. Malkawi and A. Rabaiah, FUZZY METRIC SPACES: THEORY AND APPLICATIONS IN MEDICAL IMAGING,

TRANSPORTATION, AND SOCIAL NETWORKS, Nonlinear Functional Analysis and Applications 30(4) (2025), 1255-1272.

A. Malkawi and A. Rabaiah, Neutrosophic MR-Metric Spaces: A Topos-Theoretic Framework with Applications, International

Journal of Analysis and Applications 23 (2025), 333.

A. Malkawi and A.M. Rabaiah, Fixed Point Theorems in Neutrosophic MR-Metric Spaces with Measure-Theoretic Convergence, Int.

J. Anal. Appl., 24(2026), 61-61.

A. Malkawi and A. M. Rabaiah,. (2026). FIXED POINT AND MEASURE-THEORETIC ANALYSIS IN NEUTROSOPHIC MR-

METRIC SPACES WITH APPLICATIONS. Nonlinear Functional Analysis and Applications, 211-224.

A. Malkawi and A.M. Rabaiah, Neutrosophic Mr-metric spaces: Topological foundations, completion, and applications, Results in

Nonlinear Anal., 8(4)(2025), 184-196.

A. Malkawi and A. Rabaiah, Measure-theoretic and fixed point analysis in neutrosophic MR-metric spaces, Nonlinear Funct. Anal.

Appl., 31(2) (2026), 581-598.

A. Malkawi and A. Rabaiah, Common Fixed Point Theorems for Six Weakly Compatible Mappings in M*- Metric Spaces, WSEAS

Trans. Math., 25 (2026), 137-146.

A. Malkawi, A. Rabaiah, A. Amourah, A. Alsoboh, A. Kasbi and T. Sasa, Non-Commutative Neutrosophic MR-Metric Spaces: A

Unified Framework for Quantum Structures and Fixed Point Theory, Int. J. Anal. Appl., 24(2026), 171.

Stat., Optim. Inf. Comput. Vol. x, Month 202x



20

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

NEUTROSOPHIC MR-METRIC SPACES: FIXED POINT THEOREMS AND APPLICATIONS TO ...

. A. Malkawi, “Analysis of Cauchy Sequence Convergence and Uniqueness in MRMetric Spaces,” WSEAS Transactions on
Mathematics, vol. 25, pp. 215-219, 2026, DOI:10.37394/23206.2026.25.21

Ganie, A. H., Gheith, N. E. M., Al-Qudah, Y., Ganie, A. H., Sharma, S. K., Aglan, A. M., and Khalaf, M. M. (2024). An innovative
Fermatean fuzzy distance metric with its application in classification and bidirectional approximate reasoning. IEEE Access, 12,
4780-4791. DOI: hitps://doi.org/10.1109/ACCESS.2023.3348780

Hassan, N., Al-Qudah, Y. Fuzzy parameterized complex multi-fuzzy soft set. Journal of Physics: Conference Series, 2019, 1212(1),
012016 DOI:10.1088/1742-6596/1212/1/012016

Al-Qudah, Y., Jaradat, A., Sharma, S. K., and Bhat, V. K. Mathematical analysis of the structure of one-heptagonal carbon nanocone
in terms of its basis and dimension. Physica Scripta, 2024, 99(5), 055252. DOI: https://doi.org/10.1088/1402-4896/ad3add
Al-Qudah, Y., Hamadameen, A.O. Kh, N.A. and Al-Sharqi, F, 2025. A new generalization of interval-valued Q-
neutrosophic soft matrix and its applications. International Journal of Neutrosophic Science (IJNS), 25(3), 242-257. DOI:
https://doi.org/10.54216/IJNS.250322

Al-Qudah, Y., Al-Sharqi, F, Mishlish, M., and Rasheed, M. M. Hybrid integrated decision-making algorithm based on AO of
possibility interval-valued neutrosophic soft settings. International Journal of Neutrosophic Science,2023, 22(3), 84-98. DOI:
https://doi.org/10.54216/1JNS.220306

Al-Qudah, Y., Alhazaymeh, K., Hassan, N., Almousa, M., Alaroud, M. Transitive Closure of Vague Soft Set Relations
and its Operators. International Journal of Fuzzy Logic and Intelligent Systems, 2022, 22(1), pp. 59-68. DOI:
https://doi.org/10.5391/1JF1S.2022.22.1.59

Qoqazeh, H., Al-Qudah, Y., Almousa, M., Jaradat, A. On D-Compact topological spaces. Journal of Applied Mathematics and
Informatics, 2021, 39(5-6), pp. 883—-894 DOI: https://doi.org/10.14317/jami.2021.883

Al-Qudah Y. A robust framework for the decision-making based on single-valued neutrosophic fuzzy soft expert setting. International
Journal of Neutrosophic Science, 2024,23(2): 195-210. Doi: https://doi.org/10.54216/IJNS.230216

Al-qudah, Y., Alaroud, M., Qoqazeh, H.,Alhazmi, S.E., Al-omari, S. Approximate Analytic—Numeric Fuzzy Solutions of Fuzzy Frac-
tional Equations Using a Residual Power Series Approach. Symmetry, 2022, 14(4), 804 DOI:https://doi.org/10.3390/sym 14040804
R. Abdulkareem and A. M. Abdulazeez, A Comparative Study of Multi-Class Classification based on Imbalanced Data,” Statistics,
Optimization & Information Computing, vol. 15, no. 5, pp. 4337-4357, 2025.

T. Mapharing and M. Lekgari, ”Study on Microscopic Numerical Simulations of an SIQR Model Considering Networks,” Statistics,
Optimization & Information Computing, vol. 14, no. 4, pp. 1964-1979, 2025.

A. S. M. Mussa, M. T. Arif, A. Al Mamun, A. Hasib, M. A. Islam, R. Hossen, and A. Rahman, ”Deploying an loT-enabled Integrated
Comprehensive Home Automation System using WSN for Enhanced Continuous Optimization and Fault Identification System,”
Statistics, Optimization & Information Computing, vol. 14, no. 1, pp. 282-310, 2025.

Stat., Optim. Inf. Comput. Vol. x, Month 202x



	1 Introduction
	2 Comparison with Existing Fixed Point Theorems
	3 Neutrosophic MR-Metric Fixed Point Theory
	4 Illustrative Examples and Applications
	4.1 Example: Neutrosophic Contraction in a Discrete NMR-MS
	4.2 Application: Fractional Decay Process with Uncertainty
	4.3 Application: Nonlinear Fractional Logistic Model
	4.4 Application: Fractional Heat Equation with Uncertain Coefficients
	4.5 Application: Fractional PID Controller Design
	4.6 Application: Financial Modeling with Memory Effects
	4.7 Application: Biological Tissue Growth with Memory
	4.8 Conclusion of Examples


