/@@ Journal of Mahani Mathematical Research
Shahid Bahonar

University of Kerman

Print ISSN: 2251-7952 Online ISSN: 2645-4505

REFINED-BASED FUNDAMENTAL PYTHAGOREAN FUZZY
GRAPHS

M. Hamipt ©~ ™ AND S. SHIRANI NAZHVANI

Article type: Research Article
eceived: anuary , Received in revised form une
R ived: 27 J 2026, R ived i ised f 17 J 2026
(Accepted: 07 July 2026, Published Online: 09 July 2026)

ABSTRACT. This paper introduces the notion of refined Pythagorean
fuzzy superhypergraphs (RPFS) as a mathematical model for clustering
complex data under uncertainty. We define a fundamental relation 8
on an RPFS and prove that its quotient is a Pythagorean fuzzy graph
(PFG). We also prove that every PFG can be embedded in an RPFS, and
any RPFS is a quotientable PFG. A combinatorial formula is proven for
the number of distinct RPFSs on any given set and for complete-based
PFGs. This study presents the link-degree and superedge-degree points
and investigates the relation of link-degree in fundamental PFG and
superedge-degree in any related RPFS. Furthermore, it is analyzed that
the direct product of two RPFSs is again an RPFS, and its quotient
equals the direct product of their quotients. In the categorical property,
it is established that the set of all RPFSs forms a commutative monoid
under the direct product operation. Finally, we considered the relation
between fuzzy data clustering and RPFS, and clustered, modeled, and
combined some real-world problems via RPFS and the concept of its
direct product.

Keywords: Refined RPFS, Fundamental (complete-based) PFG, link-
degree, superedge-degree.
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1. Introduction

Superhypergraphs have emerged as a powerful hypernetwork, incorporating
supervertices to represent clusters of entities and superedges to model intricate
relationships between these clusters. Indeed, a superhypergraph is an extension
of a graph such that if in a graph at most two elements can be connected at
a time, in a superhypergraph several groups of elements can be connected in
the form of general-general, partial-general, and partial-partial correspondences.
Since mathematical structures and hyperstructures in an abstract and pure
form cannot be applied in a world full of complex problems, mixing pure
concepts with labels and value identifiers can be more useful in real problems.
On the other hand, in the real world, not every value is exact, and its value
can be presented in a vague, indefinite, uncertain, and approximate form, so
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fuzzy set theory is of great importance in imprecise and uncertain problems.
Therefore, in modeling everyday problems, the integration and combination of
mathematical modeling tools such as superhypergraphs and fuzzy concepts are
of great importance and application. This paper aims to introduce the notion
of refined Pythagorean fuzzy superhypergraphs as a mathematical model for
real-world problems. Refined Pythagorean fuzzy superhypergraphs are retained
as a tool to cluster and organize the primary data of any real-world problem
based on its properties. A refined Pythagorean fuzzy superhypergraph consists
of three components: Pythagorean fuzzy supervertices, Pythagorean fuzzy
superedges, and Pythagorean fuzzy links, each with unique properties. The
primary data is placed within Pythagorean fuzzy supervertices, which are related
via Pythagorean fuzzy links. A connection exists between any two Pythagorean
fuzzy supervertices in the form of a Pythagorean fuzzy superedge, formed based
on the properties of the two supervertices. Consequently, when a connection
needs to be established between groups of complex elements, Pythagorean fuzzy
superhypergraphs become important for achieving suitable clustering. In this
manner, they play a central role in the optimal clustering of complex data,
making the analysis of the degree of Pythagorean fuzzy supervertices crucial.
We characterize the degree of supervertices via superedges and links. Given
that Pythagorean fuzzy graphs have established applications, we aim to create
a connection between Pythagorean fuzzy superhypergraphs and Pythagorean
fuzzy graphs. For this, we introduce a fundamental equivalence relation g,
such that the quotient of any Pythagorean fuzzy superhypergraph under § is
a Pythagorean fuzzy graph. The notions of quotientable Pythagorean fuzzy
graphs and fundamental Pythagorean fuzzy graphs are defined. This research
presents the concept of isomorphism in Pythagorean fuzzy superhypergraphs
and proves that any Pythagorean fuzzy superhypergraph is a quotientable
Pythagorean fuzzy graph, and any quotientable Pythagorean fuzzy graph is
isomorphic to a Pythagorean fuzzy superhypergraph. This study establishes
a functor between the category of Pythagorean fuzzy superhypergraphs and
the category of Pythagorean fuzzy graphs. To extend the class of Pythagorean
fuzzy superhypergraphs, we define their direct product and prove that the direct
product of two Pythagorean fuzzy superhypergraphs is itself a Pythagorean fuzzy
superhypergraph. The quotient of this direct product under the fundamental
relation f is investigated, and we prove that the fundamental direct product
of Pythagorean fuzzy graphs is isomorphic to the direct product of the related
fundamental Pythagorean fuzzy graphs. Finally, we present the notions of
link-degree and superedge-degree points and discuss the link between the degree
measure in Pythagorean fuzzy superhypergraphs and that in Pythagorean fuzzy
graphs to highlight the role of fuzzy analysis.

Notable applications by researchers such as Hamidi et al. include investiga-
tions into the spectra of superhypergraphs via flows [7] and decision-making
frameworks based on valued fuzzy superhypergraphs [9]. Despite these advance-
ments, the data underlying such networks often lacks precision, being marked by
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uncertainty, ambiguity, and conflicting information. Fuzzy set theory and its ex-
tensions, including Pythagorean fuzzy sets (PFS) introduced by Yager [17], have
successfully addressed imprecision within graph theory. Today, some researchers
have investigated the works on graphs, hypergraphs, and fuzzy subsets that refer
to some of the related papers to our research. Related works include algorithms
for computing Pythagorean fuzzy average edge connectivity of Pythagorean
fuzzy graphs [1], interval intuitionistic neutrosophic sets with its applications to
interval intuitionistic neutrosophic graphs and climatic analysis [11], product of
interval-valued fuzzy graphs and degree [16], vertex connectivity of fuzzy graphs
with applications to human trafficking [3], multi-attribute decision-making and
interval-valued picture (S, T)-fuzzy graphs [4], application of superhypergraphs-
based domination number in real world [8], domination in Pythagorean fuzzy
graphs [5], multi-criteria group decision making based on graph neural networks
in Pythagorean fuzzy environment [13], an algorithm to compute the strength
of competing interactions in the Bering Sea based on Pythagorean fuzzy hy-
pergraphs [14] and interval-valued picture fuzzy hypergraphs with application
towards decision making [12].

The research gap identified from this literature is that no existing mathe-
matical tool combines hierarchical clustering, group-level connections, internal
cluster structure, and Pythagorean uncertainty. The present paper tries to fill
these problems.

Motivation: To improve and optimize any multivariate and multicriteria
problem in today’s real world, we need to design and classify each problem
with a group model and then use this model to optimize the problem us-
ing mathematical tools. Grouping and clustering problems require powerful
mathematical tools that fully examine the part-to-part, part-to-whole, and
whole-to-whole relationships of the problems. Real-world complex networks
such as scientific collaborations, supply chains, engineering sciences, social hy-
pernetworks, economic networks, cultural networks, commercial networks, and
financial networks involve hierarchical clusters and uncertain information that
traditional (hyper)graphs cannot model. Existing fuzzy (hyper)graphs handle
only pairwise relationships, while crisp superhypergraphs cannot express de-
grees of membership and non-membership. Pythagorean fuzzy sets offer greater
flexibility than intuitionistic fuzzy sets, but no framework currently combines
hierarchical clustering, group-level connections, internal cluster structure, and
Pythagorean uncertainty. Therefore, we introduce refined Pythagorean fuzzy
superhypergraphs (RPFS) as a generalization of fuzzy (hyper)graphs to fill
these gaps, enabling optimal clustering and risk-reliability analysis in complex
uncertain networks.
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2. Preliminaries

This section revisits key definitions and results that will be instrumental in
the discussions that follow. Throughout the paper, X represents a non-empty
set.

Definition 2.1. [6] Let X be a finite set. A hypergraph on X is a family

H = (X, {E;};_,), such that for all 1 <i <m, 0 # E; C X and | J E; = X.

i=1
Definition 2.2. [2] Let m,n € N. Then an (m,n)-fuzzy subset on non-empty
set X is a set £ = {(x, up(z),vp(z)) | z € X}, where ug,vg, X — [0,1] and
forevery r € X z € E,0 < pf(x) + vik(z) < 1.

Definition 2.3. [17] A Pythagorean fuzzy subset of X (PFS), is an ordered pair
P = (up,vp), that pp,vp : X —[0,1] and for any z € X, u%(z) + vi(z) < 1.

From now on, will denote any PF'S, P = (up,vp) by P € PFS(X) for
simplify.

Definition 2.4. [15] A PFS @Q in X x X is said to be a Pythagorean
fuzzy relation (PFR) in X, denoted by Q = {(zy, po(zy),volzy)) | zy €
X x X}. A Pythagorean fuzzy graph (PFG) on a non-empty set X is a
pair G = (P,Q), where P is a PFS on X and Q is a PFR on X such that

pe(zy) <min{up(z), up(y)} and vo(zy) > max{ve(z),vp(y)}.

Definition 2.5. [15] The degree and total degree of a vertex z € V in a
PFG G is defined as dg(x) = (d,(z),d,(x)) and tdg(z) = (td,(z),td,(z)),
respectively, where d,(z) = >_, . cvpq(y), du(z) =32, L.cvvo(ay),
tdu(z) =32, yswev HQ(xy) + pp(2), tdu(z) =32, ey volzy) +vp(2).

Definition 2.6. [7] Let X # (. Then
(i) H=(X,5= {Sz‘}?:h ® = {5 ;}i ;) is a quasi-superhypergraph (QSH),

n

if®#£@and X = U Si, where k > 2, and S; € P*(X) is a "superver-

i=1
tex,” and for every pair ¢ # j, the mapping (link) ¢; ; : S; — 5;, is a
”superedge.”

(i) A QSH H becomes a superhypergraph (SH), if for any S; € P*(X),
there exists at least one S; € P*(X) that S; has a link to S;. However,
not all supervertices are required to be interconnected.

Definition 2.7. [10] Assume that V = {P; = (up,,vp,)}i—1,.€ = {Qij =
(BQi ; V@)Y j>1, D = {Ri = (ur,,vr,)}{=, be a finite family of non-trivial
PFS of X. Then H = (V,&,D) is a Pythagorean fuzzy quasi superhypergraph

(PFQS) on X, if X = |  P.
=1
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(i) V(,y) € RE . um,((2,9)) < min{up, (), up, (4)} and
v, (29)) > max{vp,(z), v, (1)},
(i1) V(a.) € Q5o pon, (@) < min{PEE EBW b (@) =

w(P;) " w(P;)

vp, (33) Vp; (y)
) w(@)

where w(P;) = Z (up, + vp,)(z). We will call V by Pythagorean fuzzy
zeP}

supervertices, £ by Pythagorean fuzzy superedges and D by Pythagorean
fuzzy links. Will call a PFQS H = (V,£,D) on X as a Pythagorean fuzzy
superhypergraph (PFSh) on X, if |[V| < |€| and for any 1 < i < d,|R}| > 1.
If for any 1 < i < wv,w(P;) < 1, call H is a Soft PFSh, if for any 1 < i <
v,w(P;) > 1, call H is a Rough PFSh and if for any 1 <1i < v,w(P;) =1, call
H is a Smooth PFSh. A PFQS H = (V,&,D) is Coverable, if any member of £
is an onto map.

3. On refined Pythagorean fuzzy superhypergraph

In this section, we introduce the notion of refined Pythagorean fuzzy super-
hypergraph on any non-empty set and investigate the relation between refined
Pythagorean fuzzy superhypergraphs and Pythagorean fuzzy graphs. The no-
tions of quotientable Pythagorean fuzzy graphs and fundamental Pythagorean
fuzzy graphs are defined, and it is proved that any refined Pythagorean fuzzy
superhypergraph is a quotientable Pythagorean fuzzy graph.

Let P = (up,vp) be a PFS of X, then define support of P, by P* = {z €
X | pup(x) > 0,vp(x) < 1}

Definition 3.1. Let V = {P, = (up,,vp,) }1—1, € ={Qi; =

(1Qi;svQi;) 5 j>1, D ={Ri = (R, ,vr,)} %, be finite families of non-trivial
PFS of X. Then H = (V,&,D) is a refined Pythagorean fuzzy
superhypergraph (RPFS) on X, if X = J;_, P/, for all i # j, P, N P; = 0 and
for any,

(1) zy:= (2,y) € R}, pr, (zy) < min{up, (x), up,(y)} and
vi, (zy) = max{vp,(z),vp,(y)},
(i) zy:= (z,y) € Qjj, Q. (fcy) < min{up, (), pp;(y)} and
vQ,, (zy) = max{vp,(z),vp, (y)}.
For 1 <i <w,if |Pf| > 2, then |Pf| —1 < |R}| < (lP’*I) In addition, for any
1<z<vmustex1stsomel<j<v such that Q;; C P/ x P} or
5 © P;x Prand if V] = 1, say that RPFS is smgleton We will call V by
Pythagorean fuzzy supervertices, & by Pythagorean fuzzy superedges and D by
Pythagorean fuzzy links and H* = (V*,£*, D*).

We better illustrate this definition in the following example.
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Example 3.2. Let X = {z;}/_;. Then H = (V,£,D) is a RPFS on X as
Figure 1, where V = {Py, Py, P3},& = {Q12,Q31} and D = {R1, Rs, Rs}.

Py

FIGure 1. RPFS H = (V,€,D)

Indeed,

(21,0.1,0.9), (x2,0.2,0.8), (x3,0.3,0.7)},
(24,0.4,0.6), (5,0.5,0.5)},
(z6,0.6,0.4), (27,0.7,0.3)},
Q12 = {(x1714,0.01,0.98), (zox5,0.15,0.85),
(x324,0.2,0.8)},
Q31 = {(x¢z1,0.02,0.91), (2722,0.1,0.9)},
Ry = {(2122,0.05,0.95), (z223,0.1,0.85),
(z123,0.03,0.96)},
Ry = {(x425,0.3,0.7)},
R3 = {(x627,0.5,0.5)}.
Let X be a non-empty set and ® = {(z, pug, (z),vg,(x)) | x € X}, be

m
a family of (m,n)-fuzzy subsets of X such that U supp(pg,,ve,) = X. If
m =n = 1, then ® is called an intuitionistic fuzzy sullosét, andform=n=¢q>1,
it is called a g-rung orthopair fuzzy subset, especially for m = n = 2, it is
called a Pythagorean fuzzy subset. The general structure of intuitionistic
fuzzy hypergraphs, and g-rung orthopair fuzzy hypergraphs are similar, and
are different in degree of membership and the degree of non-membership of
the element. So for instance, we compare intuitionistic fuzzy hypergraphs
with RPFS. If m =n =1, then H = (X, ®) is called an intuitionistic fuzzy
m

P1 {
P2 {
P3 {

hypergraph on X, that U supp(pg,,ve,) = X. In any intuitionistic fuzzy
i=1

hypergraph, we can analyze the intuitionistic fuzzy vertices belonging to an

intuitionistic fuzzy hyperedge, but we can not investigate the intuitionistic

fuzzy vertices that belong to an intuitionistic fuzzy hyperedge with another
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intuitionistic fuzzy hyperedge that does not belong to it, partially or generally.
But in any RPF'S, apart from that m = n = 2, we can analyze the partial
and general relation between Pythagorean fuzzy supervertices, Pythagorean
fuzzy superedges, and Pythagorean fuzzy links(this is established in the items
(i), (#i) of Definition 3.1). The capability allows modeling and solving real-world
problems whose elements are completely dependent, both in part and in whole,
with this tool. In addition, other algebraic and analytical properties, including
dimension, degree, path complement, connectivity, and other properties, differ
from each other. Based the definitions of RPF'S and PFG, have the following
proposition.

Proposition 3.3. Let H = (V,£,D) be a RPFS on X. Then for any 1 <i <
[V|,Gi = (P;, R;) is a PFG on R;.

For any given non-empty set X, consider, RPFS(X) = {H | H is an RPFS on X},
and RPFS*(X) = {H" | H € RPFS(X)}, then have the following result.

Theorem 3.4. Let ) # X. Then
(4)

gu(v—1) e (‘F’Zi*l) ‘Pz*‘
[RPFS*(X)| = Y (Z[ 2 ((li)>

e=v—1 \ij>1L\ k=|Py|-1

(('%"*)) P )

("7

k=|Pr|-1
(i) [RPFS(X)| = c=[([0,1]*)].

Proof. (7’) Let V = {PZ = (/J‘PiﬂVPi)}g:hg = {QU = (/’I’QijVVQij)}fijzl’D =
{R; = (ur,,vr,)}, and H = (V,&,D) € RPFS(X) be arbitrary. Then, for
any 1 <1i < d,R; is a Pythagorean fuzzy link, and by definition, |Pf| — 1 <
. R
|RY| < (“321' ‘). Hence, for any 1 <i < w, get |R}| = Z ( ]i ), because
k=|P;|—1
|R}| is the number of support of Pythagorean fuzzy graphs on P;. In addition,
for any 1 <1i,j <v,|Q4j| = |P;‘||Pi*| and |Qji| = |P7|IF7!) because |Qy; is the
number of maps from Pythagorean fuzzy supervertex P; to Pythagorean fuzzy
supervertex P;. Moreover, for any 1 < i < v there exists 1 < j < v, such
that Q7; C P x P;. Hence, for any 1 <4,j < v, the number of choosing the
gy
R} is equal to Z ( ]i >, the number of choosing the R} is equal to
k=|Pr|—1
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(7" [P
' and so the number of choosing the R and R} is equal to
( 2 ) d h ber of ch he R} and R; 1
k=|P;|-1
(Ile*\) (|Pi*|) (‘sz ‘) (|Pj*\)
( Z < 2 >)( Z < 13: )) In addition, the number of choosing of
k=|P|—1 k=|P;|-1

7 from R} to R} is equal to |P;‘||P'i*|, so the number of cases from F; to P;
() (7
2 2

is equal to a;; = (Y <(1;{)>)( <(|E*I)))|p;|lﬂ*l. Thus for any

k=|P;|-1 k=|Pr|—1
given H € RPFS(X), have
c e () (7 (7) (177 *
Zo‘iﬂ': Z( Z ( z ))( Z ( 2 ))Pflpil,cases for the
Lzl .21 k=|P;|-1 k=|P}|-1

choosing of H*. In addition, for any H € RPFS(X),v — 1 < e < 2°"=1 | thus

gu(v—1) e
IRPFS*(X)| = ) (Z[

(0D : *

(i) Let V = {Pi = (ILLP-HVPi)}’z{):l?g = {QZ] = (MQij’VQij)}f,j217D =
{R; = (ugr,,vr;)}; and H = (V,€,D) € RPFS(X) be arbitrary. Since
P s VP s HQi55 VQijs MR s VR, € FS(X>7 get ‘RPFS(X” == |([O7 1]3)‘ U

Let H = (V,&,D) be a RPFS on X. We say that H is quotientable PFG,
if there exists an equivalence relation R on X such that H/R can be a PFG.
From now on, we will call R a fundamental relation and H/R is fundamental
PFG.

Theorem 3.5. Any RPF'S is a quotientable PFG.

Proof. Let H = (V,&,D) be a RPFS on X. For any z,y € X, define a relation
B on X, by zfy if and only if there exists a P; € V such that {z,y} C P;.
Then 3 is an equivalence relation on X and denote by X/8 = {5(z) | z € X}
and X/8 = (V/B,E/B), that V/B ={B(z) | x € P} and £/8 = {B(xy) | zy €

P; x P}}. For any P, € V, define (P,/8)(8(@)) = (\ i, (). /\ ve,(y)) and
yBx yBx
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(Qis/B)B)BE") = (N nauwy), N\ va,(wy)). Now consider,

yBxz,y' Bz’ yBxz,y’ Bz’
P/B={P;/B|1<i<|P|}and Q/B={Qi;/B |1 <i+#j<|Pl} and show
that H/B = (P/3,Q/8) is a PFG on X/B. For any x € X, since zfx :

1hs(B(@) + v 5(B(x) = ()\ e, ) + (\ ve.()))* =
yBw yBw

(A 12.@) + (N ve, W) <y, (2) + v3,(x) < 1,and
yBw yBx

158(B(2)BW)) + 1G,5(B()B(y))
= N s @)+ N vau@y) =

z'Bz,y’ By z'Bz,y’ By
N wd, @)+ N\ v, @) < pd,(ay) +vd, (ay) < 1.
z/Bz,y’ By z'Bz,y’ By

Now, for any 5(z), 5(y) € X/8,
posB@)BW) = N\ nma,@y)< N we @) App ()

z'Bz,y’ By z'Bz,y’ By
= N\ wr@)N N e, () =
z' Bz y'By

ppys(B(x) A ppsp(B()) and
VQ/ﬁ(B(m)ﬁ(y)) = /\ VQ;; (m/yl) > /\ Vp; ({E/) \4 HP; (y,)
@' Bx,y’ By z' Bx,y’ By
= /\ VPi(:E/) \ /\ Hp; (y/) =
z/ B y' By
vps(B(z)) V vps(B(x)).
Thus H/B = (P/5,Q/pB) is a PFG on X/p. O

Example 3.6. Consider the RPFS, H in Figure 1. Then by Theorem 3.5, H/3
is a PFG as Figure 2.

B(xs) = (0.6,0.3) B(z4) = (0.4,0.5)

B(z1) =1(0.1,0.7)

FIGURE 2. Fundamental PFG H/g.

Let ) # X. Consider PFG(X) = {H | H is a PFG on X} and a relation
® C PFG x RPFS. Then have the following results.
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Theorem 3.7. Let ) # X.Then for any H € PFG(X), there exists at least
H' € RPFS(X) that HOH'.

Proof. Let G = (P,Q)bea PFGon @ # X. Then, P = {(z,up(x),vp(z)) |z €
P} and Q = {(zy, po(zy),vg(zy)) | zy == (z,y) € @ x Q*}, that P,Q €
PFS(X) and ig(ay) < min{jup(z), up(y)} and vg(ay) = max{vp (), vp(y)},
that zy € E C X x X, represents an edge between vertices x and y. Since X
is finite set, then there exist a family of non-empty subsets {X;}? ; of X such

that X = U X; and for any i # j, X; N X; = (. Now, consider V = {P; =
i=1

(wpisvp,)Yiey, that Pi = {(zi, pp, (zi),vp, (2:)) | 2 € Xi} and € = {Qi; =

(:LLQij7VQij)}7i]217 that e <n—1and Q;; = {(; Tjy HQi; (ziz;), VQi; (ziws)) | 2 €

Xi,xj € Xj,|Xi| > |X;[} and for any zy = (v,y) € P} <P}, ug,, (vy) = po(zy)

and vg,, (zy) = vo(zy). Also, set D = {R; = (ug,,vr,)}l,, that d < n

and for any Yy € PF x Pr, ug,(zy) = po(xy) and vg, (zy) = vo(zy). Now,

X = U Pr = U X; =X, forall i # j, ;N Pj = X; N X; = 0. In addition,
i=1
( ) for all zy := (x,y) € P* x Pr,
MR«;( ) xy) < min{upi (x)vllfpi (y)} and
1 (29) = v () > (v (), v, ()
(#4) for all vy := (z,y) € P’ x Pj,
1Q,; (y) = po(zy) < min{up, (x), pp,(y)} and
va,, (wy) = volzy) = max{ve, (z),vp, (1)}
=(V,&,D)isa RPFS on X. O
By the following example, one can see that ® : PFG — RPFS is not a map,

necessarily.

Example 3.8. Consider the PFG G = (P,Q) on X = {a,b,c,d,e, f} as Figure
3.

(a,0.9,0.3) (¢,0.6,0.2)

(0.08,0.6) (0.3,0.95)

(d,0.1,0.5) (£,0.4,0.8)

(€,0.3,0.7)

Ficure 3. PFG G = (P, Q).

Based Theorem 3.7, obtain the RPFSs Hy = (V1,&,D1) and Hy =
(Vo, &5, Ds), as Figures 4, 5

Corollary 3.9. Let ) # X. Then any PFG on X can be a RPFS on X.
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Py

[/ (£,04,08)
(0.2,0.9)

17 (e 0.3,07)

(0.01,08)

(£,0.4,0.8)

(d,0.1,0.5)

FIGURrRE FIGURE

4. RPFS 5. RPFS

Hy = (V1,&, Hy = (Va, &,
Dy). Ds).

Let G = (P,Q) be a PFG. Will call G is complete-based, if G* = (P*, Q*)
is a complete graph. Consider the RPFS, H = (V,&,D), which V = {P, =
(kP vp)}i—1, € = {Qi,j = (/‘LQi,jﬂyQij)}f,jzl’D ={R; = (/‘LRi7VRi)}?:1'

In what follow, for any m € N, B,,, means the Bell number for m € N.

Theorem 3.10. Let G = (P, Q) be a complete-based. Then 1 < |Ran(®)| < S,
where P* = U Pr,

i=1
/8 =

gl ("5 (12 (7" (|P;\) )
aenC S (X ] (Yo ()] ).
e=m—1 “Nij>1 Lk=|P7|—1 k=|Py|-1
and ni,Nna, ..., Ny, are the block sizes of P* and «; is the number of blocks of
size 1.

Proof. Since G = (P,Q) is a PFG, get P,Q € PFS(X) and
o (zy) < mingpup (@), 1up(y)} and vo(zy) = max{vp(z), ve(y)}. T 2y € Q°,
then pg(zy) > 0 and vg(zy) < 1, follow that min{pp(z), pp(y)} > 0 and
max{vp(x),vp(y)} < 1. Hence xy € P* x P*, and so Q* C P* x P*. Because,
G = (P,Q) is a complete-based, get G* = (P*,Q*) is a complete graph. Then
for given PFG, G = (P,Q), using Theorem 3.7, there exists at least
H € RPFS(X) that GPH. Suppose that X = {X;}™, is an arbitrary partition
of P* that for any 1 < i < m,|X;| = n;. Then for any 1 < i < m, the number
(|P*|) (|P*\—n1) . (\P*Fnlf...fnm,l)
n1 no MNm

a1!a2! ce a\P*|!

any «; is a block with é-order. Assume P(P*) = {X | X is a partation of P*},

of cases for choosing X is equal to

, where



226 M. Hamidi, S. Shirani-Nazhvani

(7 (e

041!052! O‘IP*\!

then |P(P*)| = Z . Now,
2oy ni=| P
consider the RPF'S, H = (V,€,D) that H = ®(G) and V* = {P;}7,. Then

by Theorem 3.4, |RPFS*(X)| =
e () ()

cx (] () _I;_l((%¥'))>|P:|Pf'])>),andso

e=m-—1 1,21 - k=|Pr|-1

/8 - * *
gm(m=1) e (‘P; ‘) (lPi*I) (IPzJ \) (|p].*|) -

aent S (X)X (o (Y] ).
e=m-—1 1,21 - k=|P}|-1 k:\Pj*|—1

where ny,no,...,n,, are the block sizes of P*, o; are the number of blocks of

(\P*|) (|P*|—n1) . (|P*\—n1_‘..—nm,1)
. . _ ni P! Nm
size i and B‘p*‘_( Z orTasl - app! ) O

S, =P

In general, we leave this as an open problem for interested researchers to
solve it. Let G = (P, Q) be an arbitrary PFG. Then 1 < |Ran(®)| <?
Definition 3.11. Let H = (V,£,D) be a RPFS on X and x € X. Define the

() link-degree of x € P}, by degy(x) = (deg(x, V, up,),deg(z,V,vp,) that

deg(x7V7MPi) = Z HR; (l‘y) and deg(.f,v,/j,pi) = Z VR, (xy)v
rAYyeEP} rF#YEP}
(#4) superedge-degree of x € P, by dege(x) = (deg(x, &, up,), deg(z, E,vp,)

that deg(z, &, pp,) = Y, po,,(vy) and

aAyEP?
deg(:z:,g,upi) = Z VQij(xy)v
a£yEP}
(#9t) the degree of H by, deg(H) = Z (degy(z) + dege (x)).
reX

Based on the example below, we emphasize that the degree of each vertex
does not have to be smaller than 1.

Example 3.12. For the RPFS, H in Figure 1, can see that degy(x1) =
(0.08,1.91) and dege(z1) = (0.03,1.89).

Definition 3.13. Let H = (V,&,D) and H' = (V',&',D’) be two RPFS on
X and X', respectively. Then a map ¢ : X — X', is called a homomorphism, if
(1) for any = € P7, pup,(z) < pp;(p(x)) and vp, (x) = vp(o(z)),
(i) for any xy := (z,y) € R}, ur, (x) < pr;(p(2)) and vg, (z) = vg(o(2)),
(i) for any xy = (z,y) € Qi;", puq,;(r) < 1Qy, (o(z)) and vg,,(x) >
vq:, (p(x)).
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Also H, H' are isomorphic (denote by H = H’), if the items (), (i), (iii), be
equality and ¢ : X — X’ be a bijection.

Based the definition have the following proposition.

Proposition 3.14. Let H = (V,&,D) and H' = (V',&',D’) be two isomorphic
RPFS on X and X', respectively. If H = H', then deg(H) = deg(H').

Let H = (V,€,D) and H = (V',&',D’) be two RPFS on X and X',
respectively. Assume Sy and %, be the defined fundamental relations (based
Theorem 3.5), on H, H’', respectively, so have the following results.

Theorem 3.15. Let H = (V,£,D) and H' = (V',&',D’) be two isomorphic
RPFS on X and X', respectively. If H = H', then H/By = H' /B .

Proof. Since H = H’, there exists a bijection ¢ : X — X’. Now, define a
map ¢ : X/Buy — X'/Bu by ¢(Bu(x)) = Bu(¢p(x)), that € X. Assume
Bu(x) = Bu(y), there exists a P; € V such that {z,y} C P;. Hence, there
exists a P/ € V' such that {¢(x),¢(y)} C P/, and so Bu (p(z)) = Bu (¢(y)).
It follows that @ is well-defined. If By (¢(x)) = Bu/(v(y)), then there exists
a P/ € V' such that {¢(x),¢(y)} C P/. Since ¢ is a bijection, {z,y} =
{0 (@(@), 9 (o(y)} C g1 (P)) € V. Thus Ba(x) = B (), and 50  is one
to one. Clearly, @, hence, ¥ is a bijection. Let f(x) € P/B. Since for any
2,y € P, (up (x),vp, (1) = (up (0(2)), vp1p(2))), get

(e re (B (2)),v r (B (2))) = (A e, ), \ ve ) =
A " yBz yBz

C N\ wele®), N vele®))

P (y)Be(z) o (y)Be(x)

= (1py /8, Br ((B(2))); vey 8, (Brr (p(B(2))) =
(py /8 (@ Bu(2))), VP18, (P(Ba (2)))-
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Let B(z)B(z) = (B(x),B(2)) € P;/B x P;/B. Since for any zy = (z,y) €
Py x P} (pq., (zy), v, (2y)) = (nqy, (e(x)e(y)), vor, (e(x)e(y))), get

(1, /50 (B (@)1 (2)), v, 13 (Brr ()8 (2)))
= ( /\ HQi; (yw), /\ VQi; (yw))
yBz,whz yBx,wPz

—( A nay, (9(y)p(w)),

P(Y)Be(x),p(w)Be(2)

A e W)

e(y)Be(),p(w)Be(z)
= (nay, /8 (B (9(B@)) B (9(B(2)))),
VL, 13 (Bir (2(B(2) B (9(B(2)))) )
= (uQ;j/ﬂH/ (@B (2)2(Br(2))), vay, /8, (P(BH (@)@(5}1(2))))-

O

Theorem 3.16. Let H = (V,&,D) be a RPFS on X and x € X. Then for all
y € B(x) have, degy5(B(x)) < dege (y).

Proof. Let x € X. Then define
degy/s(B() = (> popB@BW), Y. vosB)BY)).

B(x)#B(y)EV/B B(z)#B(y)EV/B
Assume that 8(x) € V/5. Because xSz, and S(x) # B(y), implies that z # y,

get

S ngusB@)By) = N o, @y)
B@)£BE)EV/B B(a") 2B EV/B o By By
< ) < Y ngy ().
,3(96)#3(1/)6\///3 wiyeX

In similar to,

Y vuB@s) = Y A v,
#B(

B(x)#B(y)EV/B B(=")#B(y")eV/B ' B,y By

< Y v, ().

rF#yeX
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Hence,
(> nsB@BW), Y. vesB@)B®))
B(x)#B(y)eV/B B(x)#B(y)eV/B
< Z :u’Qij(‘Ty)7 Z VQij(Iy))a
r#yeX r#yeX
and so degy/g(B()) < dege (x). O

3.1. Direct product in category of RPF'S. In this subsection, we introduce
the notion of direct product on the category of refined Pythagorean fuzzy
superhypergraphs and investigate the properties of link-degree and superedge-
degree in direct product on refined Pythagorean fuzzy superhypergraphs and
related fundamental Pythagorean fuzzy graphs.

Definition 3.17. Let H = (V,€,D) and H' = (V',&',D’) be two RPFS

on X and X', respectively. Define the direct product H x H' = (V x
VW, EXE ,DxD), by (up x up)(z,z") = pup(x) A pp(z'), (vp X vp)(z,2) =
vp(@)Vp (2'), (pr X pr) (@', yy') = pr(zy) Apr (2'y'), (Ve xvry)(z2', yy') =

vr(zy) V vr (2'y), (ko X po)(zx',yy') = po(zy) A po(z'y’) and (vg x
v )(za',yy') = vo(oy) V vg (2'y').

Based the definition, have the following result.
Theorem 3.18. Let H = (V,€,D),H' = (V',&',D’) and H"' = (V",&",D)"
be RPFS on X, X' and X", respectively. Then

(i) Hx H =V xV,EXE,DxD) isan RPFS on X x X'.

(i) Hx H =2 H' x H.

(iii) (H x H') x H" = H x (H' x H").

(tv) Foranyl <i<|V,1<i <|V|,G; xG, = (P, x P,,R; xR},) is a
PFG on P x P'},.

Example 3.19. Consider the RPFS’s, H, H' in Figures 6, 7.

P (0.0L0.7) P, P, (04,09) Py

(0.3,0.9)

(0.1,0.8) (0.3.0.5)

FIGURE 6. H FIGURE 7. H’
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Indeed,
Py = {(21,0.1,0.3), (z2,0.2,0.4)}, Py = {(23,0.3,0.5), (z4,0.4,0.6)},
P} = {(25,0.5,0.8), (x¢,0.6,0.4)}, Q12 = {(z123,0.01,0.7), (v224,0.1,0.8)},
Qs = {(w527,0.4,0.9), (z625,0.3,0.5)}, Ry = {(2122,0.1,0.5)},
Ry = {(2324,0.2,0.6)}, R3s = {(x526,0.4,0.8)}, Ry = {(x72xs,0.5,0.9)}.
Based definition, obtain the RPFS H x H' as Figure 8.

(0.01,0.9)

— (0.1,0.8) T

%1, 0.8) -

(01,68 ——— "7 (02,07

~—
0.2,0.9) ™~
1,0.6) _ (02,09~ (0:3;0.9)

0.2,0.9
0.9) _(0209) (0.3,0.5

Py x P|

/
(0.1,0.8) Py x Py
(0.2,0.8) — " (0.1,0.

— Mh 0.6)

Py x P}
/
(0.1,0.9) (0.2,0.8) Py B
09— (0.1,03 4,0.8) — 7 (0.3,0.5)
© T
N .9 - ~
~ /”-(\J[;;':%—
.7)
FIiGURE 8. RPFS, H x H'.
Indeed,

P1 X Pl/ = {(3’,‘1.’175, 0.1, 0.8), (.’172.%'6, 0.2, 0.4), (.’132£E5, 0.2, 0.8), ($1.’1367 0.1, 04)},
Pg X P2/ = {(1‘3377, 0.3, 0.9), (l‘4$g, 0.4, 0.6), ($4$7, 0.4, 0.9), (1‘3358, 0.3, 05)}
P1 X P2/ = {(33‘1337, 0.1, 0.9)7 (l‘g.fg, 0.2, 0.4), (.1321‘7, 0.2, 0.9), (1‘1.138, 0.1, 03)},
Pg X Pll = {(.73333‘5, 03, 08), (1‘4336, 0.4, 06), ($4$5, 0.4, 08), (Z‘3$6, 03, 05)}
Ry X Rll = {(($11}5, 1721‘6),0.1, 08), ((ZEQ$5,LE1ZB6),O.1, 08)},

R2 X RIQ = {((I3I7, £L‘4l‘8), 02, 09)7 (($4$7, Ig:l?s), 02, 09)},

Ry x Ry, = {((z127,2228)0.1,0.9), (w227, 7125)0.1,0.9) },

Ry x R} = {((z325,2476)0.2,0.8), ((x425, 1326)0.2,0.8) },

Q1,2 x Q12 = {((w125,2377),0.01,0.9), (2276, T428),0.1,0.8),

(($2$5, 56‘4:1}7), 0.1, 0.9)7 ((.’1713’36, .Tga?g), 0.01, 07), },

QLQ X QIQ’l = {((CL‘1$7, x3x5), 0.01, 0.9)7 ((.Tzl‘g, 1‘4.%‘6), 0.1, 0.8)7

((582337, LE41‘5), 0.1, 09), ((:171.’138, 583336), 001, 07), }
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Let X = {zo}. For the singleton RPFS, H = (V,&, D), define the RPFS,
A=V, EA,Dp), by Pa = {(z0,1,0)} and the following theorem is helpful in
the category of Pythagorean fuzzy superhypergraphs(Objects are Pythagorean
fuzzy superhypergraphs and Morphisms are homomorphisms).

Theorem 3.20. Let X # (). Then

(1) (RPFS(X), x,A) is a commutative monoid.
(it) For any H € RPFS(X), there exists a unique homomorphism © : H —
A.

Proof. (i) Let H H',H" € RPFS(X). Based Theorem 3.18, H x H' €
RPFS(X),H x H =2 H' x H and (H x H') x H" =2 H x (H' x H"), so
(RPFS(X), x) is a commutative monoid. Clearly V* x {xg} = V* D* x {zoxo} =
D* and &* x {(zo,x0)} = &%, so H* x A = H*. In addition, for any
(x,z0) € P* x PX, (za',zoz0) € R} X R, (z2', z0x0) € Qi;" X QX

)
MRiXRA((mxlvaxO)
I/RiXRA((SE.'L'I,xOCCO)

HQi; XQA((xa‘TO)
VQi; XQA((x)xO)

Therefore, H x A\ = H.

(#3) Define © : H — A by O(z) = xzo, where z € X. Clearly, © is a
homomorphism. Assume A : H — A is a homomorphism. Since for any
x € P A(x) = mg, for any za’ € Rf,A(zxa’) = xoxo and for any zz’ €
Qi;", AMzxz') = zozo, get A = © and so © is unique. O
Definition 3.21. Let H = (V,&,D) and H' = (V',&',D’) be two RPF'S on
X and X', respectively. then for any (z,2') € X x X', define
Jdeg(xx’ .V x V' pup, x ppr) = > (ur, % pr,) (@2’ yy'),

z#x! yFAy' €X
deg(za’,V x V', vp, X pr) = Z (vr, X vg,)(xz',yy'),
z#z’ y#y' €X
deg(xa’, € x € pp X pp) = Y. (o, X pg) (@, yy'),
z#x yFy' €X
deg(xz',E x &' ,vp,xp) = Z (vq,, % VQ;j)(:cx’,yy').
z#z YAy’ €X

In what follow, investigate the link-degree and superedge-degree in the
product of RPF'S’s based Definition 3.21.

Theorem 3.22. Let H = (V,&,D) and H' = (V',&',D’) be two RPFS on X
and X', respectively. Then for any x € P}, 2’ € P™ :
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(i

deg(xx',V x V', pup, X ppr) < /\{deg(x,V,upi),deg(x',V’,up{)}.
(i) d

)
) deg(za’,V x V', vp,xpr) > \/{deg(x, V,vp,),deg(z’, V', vpr)}.
) deg(za’,€ x &', pup, x ppr) < /\{deg($,5,,upi),deg(l‘/,gl,/j,pi/)}.
(’L’U) deg(xxlv & x glv vp; XP{) > \/{deg(x, 57 I/Pi)a deg(:r', g/a VP{)}'

(iii

Proof. (i) Let x € Pf,z' € P/*. Then
deg(wx/, V x Vl?ﬂpi X N’PZI) = Z (MR1 X MRi)((E.’tl,yy/)
z#z’ YAy €X

- Z (nr(zy) A pr (z'y'))

T#y,x £y €X
Z nr(zy) | A Z pr (z'y')
r#yeX o' #y' eX

< Y prlay) = deg(z,V, pp,).
z#yeX

IN

In similar to deg(za’,V x V', up, x ppr) < ( Z pr(x'y')) = deg(x", V', ppr),
z'Fy e X
S0 deg(xx’, V x V/a up; X /’LP’Z) < /\{deg(x, Va ,U/Pi)a deg(m’, V/7 /J/P,L’)}
(3) It is similar to ().
We proved (v) and (iv) is similar to (7). Let zz’ € P} x P{",yy’ € P;" x Pj".
Then
/ / o ’o
deg(za’, & x &' vp, xpr) = Z (va., X vo; ) (@'yy )
z#x! yFy' € X
= Y e,y V(v @'y))
r#T y#y' €X
> Z (VQij)(xy) = deg(x,c‘f, VPL')'
rzAYyeX
In similar to, one can see that deg(zz’, & x &', vp, X pr) > deg(x', &', vpr). There-
fore, deg(za’,& x &', vp, x pr) > max{deg(x,E,vp,),deg(x’, &, vpr)}. O

Let x € Pr,2’ € P/*. Consider, a := deg(zz’,V x V', up, x ppr), ol =
deg(z,V, up,), B 1= deg(za’,V x V',vp, xp/) and B’ := deg(z,V,vp,). Define a
binary relation R on [0,1]?, by (o, 8)R(c/, 8'), that a < o/ and 3 > . Then
by Theorem 3.22, have the following result.

Corollary 3.23. Let H = (V,&,D) and H = (V',&',D’) be two RPFS on X
and X', respectively. Then

(i) ([0,1]%,R) is a poset, where R = {((degyxy(zx'),degy(x)) | = €
Pr.a’ € PI"}.
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(i1) ([0,1]%,9) is a poset, where S = {((degexe:(xa'),dege(x)) | © €
Pr 2’ € PI"}.

Let H=(V,&,D) and H' = (V',&',D’) be two RPFS on X and X', respec-
tively. Assume Sy, S8y and By« g be the defined fundamental relations (based
Theorem 3.5), on H, H', H x H', respectively, so in what follow, investigate
the relation of link-degree and superedge-degree and their quotient via the
fundamental relation 3.

Based Theorem 3.16, for the degree of vertices in fundamental Pythagorean
fuzzy graphs have the following theorem.

Theorem 3.24. Let H = (V,&€,D) and H' = (V',E',D’) be two RPFS on X
and X', respectively. Then for any xz € P}, 2’ € P!/™ :

(i) degyxvr /gy, Braxu (x2'),V X V' [Brxur, e, X ppr/Braxnr) <
degy s, (B (x),V/Bu, p,/BH).

(i) degyxvr /gy, o Braxu (x2"),V x V' /Buxnu,ve, X vpr [Braxnr) >
degy sy (B (x),V/Br,ve,/BH)-

In the following theorem, we show that the fundamental direct product
of Pythagorean fuzzy graphs is isomorphic to the direct product of related
fundamental Pythagorean fuzzy graphs.

Theorem 3.25. Let H = (V,£,D) and H' = (V',&',D’) be two RPFS on X
and X', respectively. Then H X H' /By = H/By x H' /By .

Proof. Let H = (V,E,D) and H = (V,&,D') be two RPFS’s on X
and X', respectively. Define ¢ : H X H'/Buxy — H/By x H'/Bu:, by
d(Buxu (xz')) = (Bu(x), B (z')), where zz’ := (z,2’) € X x X'. Assume
Buxa (xx'), Buxu (yy') € Hx H'[Buxu and Buxm (xz’) = Buxwu (yy).
Then there exists P;, P; that {zz’,yy'} C P x P’;. It follows that
fe,y} C Py and {2',y'} C P/} and so (Bu(a), u(')) = (Buly), Buly).
Hence, ¢(Buxm(zx")) = ¢(Buxp(xa’)) and then ¢ is a well-defined map.
Suppose that ¢(Buxm (zz')) = ¢(Buxu (yy')). Then (Bm(z), B (') =
(Bu(y), B (y')). Hence there exist P, P} that {z,y} x {2',y'} C P; x P}
and so {zz’,yy'} C P; x Pj. It concludes that ¢ is a one to one map. Let
zx’ = (z,2') € P} x P'}. Then,
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(MPiXPiI/ﬁHxH/ (BHXH/ (mxl))a

VPixP|/Buxn (/BHXH'(xII)))

(A G x e ),

zz' B yy’
A e xve)wy)

zz’ B yy’

N (e ) A e (y),

zBy, ' By’

A e ) Ave )

=By, =’ By’

= ((/\ ne W) AN e )

zBy z’/ By’
(Avew)v (N VP;(y/)))
zBy z’/ By’

= (1p./ 50 (Brr () A s, (B (1),

v (Br (@) V vy 3,0 (Brr (1))

- ((HR:/BH X 1t /5, ) (Br (@), Brr (2')),

(VPi/BH X VP{/ﬂH x/ )
= ((r s % 12178, (OBrcrar ('),

(Vp,/gu X VP! /8y ) (D(Brx mr (22)
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Assume (z2’ = (z,2),yy = (y,9')) € Qf; x Q";;. Then,

(“Qw < Q1 /Brr e (Brrscr (x2") B (yy'))
VQijxQi;/Buxnr (BHXH' (v2")Brxm (yy/))>

B ( N (o, x gy (ww',22"),

ww’ B’ ,zz' Byy’

/\ (VQU x VQQj)(ww/azz/))

ww! B’ ,zz' Byy’

(A e ) gy (),

ww’ Bz’ ,zz' Byy’

/\ (VQ”. (ww') A vQL, (zz')))

ww’ Bz’ ,zz' Byy’

:(( N pa, ) AN pgy,(22),

ww’ Brx’ zz' Byy’
( /\ VQs; (ww/)) A ( /\ YQi; (ZZ/)))
ww’ Bz’ z2' Byy’

— (HQu /80 (B (22) A gy, 15, Brr (W),
vy, /5 (B (@2')) A vy 5, (Bir ()
= ((MQij/ﬁH X 1q,/8,) (Br ('), Bar (),
(VQu; /8 % VQﬁj/ﬁH/)(BH(xx/)vBH’(Z/ZZ/I)))
= ((uQ,-j/ﬁH X 1Qu; /810y ) (@ Brrscrr (x2") Brserr (yy'))),

(V1 16 % Vs 1) (B (@2 Brascar () ).

Since ¢ is on to, get H x H'/Byxm = H/By x H' /B . O

Example 3.26. Consider the RPFS’s, H H',H x H' in Figures 6, 7 and 8.
Based Theorem 3.5, obtain the fundamental PFG’s

H' /By, H/Brr, H x H' | Brxrr, H/Bu x H' By, respectively, as Figures 9,
10,11 and 12.
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B(x3) = (0.3,0.5)

(0.4,0.2) B(x1) = (0.1,0.3)
FIGURE 9. H'/ Ficure 10. H/
!
B Bu-
(0.01,0.7) B(wszr) = (0.3,0.5) Blws)B(zs) = (0.3,0.5) B(21)B(as) = (0.1,0.4)

B(z1x5) = (0.1,0.4)

(0.01,0.7)
Blwszs) = (0.3,0.5) Bz1)B(xr) = (0.1,0.3)
B(ziar) = (0.1,0.3) B(x3)B(x7) = (0.3,0.5)
FIGURE FIGURE
11. Hx H'/ 12. H/Bgx
BHxH- H' /By

By Theorem 3.25, H x H' /Bpxn =H/BuxH' /B .

3.2. Application of RPF'S in real world problems. In this section, state
the role of RPF'S in real-world problems. Any RPF'S is a universal model for
complex and uncertain systems, such as networks and decision-making processes.
Indeed, we can modelify any complex uncertain system as an RPFS, where
in this real problem, there are some groups of objects that are related to this
system in both whole and detail. In addition, the direct product of two related
RPF'S establishes an optimal aggregation that balances reliability and risk,
solving interconnected problems in a mathematically sound and conservative
way.

Scientific Network: Let X,Y be two universities with two departments
Py, Py, P/, P} that are independent and want to establish a secure and reli-
able communication channel to exchange scientific and research achievements.
Each university has its own internal network modeled as an RPFS’s Hy, Ho,
respectively, as the Tables 1,2. In this network, x;s and y;s are the faculty
representatives in the related departments, and z;z; is a connection between
of x; and z; and y;y; is a connection between of y; and y;. For instance, in
department P;, for people x1, degree of knowledge, precision, fairness, and
scientific integrity is 90% and degree of misunderstanding, dependency, conflict
of interest, information disclosure, ambiguity in responsibility is 20%, that we
denote by (z1,0.9,0.2) in the Table 1.
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TABLE 1. University X (H;)

Label | (scientific reliability, collaboration risk)
Py (m170.9,0.2), ((E2,08,03)
P> | (23,0.7,0.4), (24,0.8,0.3)
Ri | (z122,0.75,0.35)
RQ (1'3.’1'4, 0.65, 0.45)
Q12 ($1.123, 0.70, 0.40)7 (I1LE4, 0.757 0.35), (mzxs, 0.70, 0.40)7 (LE2$4, 0.757 0.35)
TABLE 2. University Y (Hs)
Label | (scientific reliability, collaboration risk)
P (y1,0.85,0.25), (y2,0.75,0.35)
P, | (y3,0.90,0.15), (ys,0.80,0.30)
R, | (y1y2,0.70,0.40)
R (y3ya,0.75,0.35)
Q% | (y1y3,0.80,0.30), (y1y1,0.75,0.35), (y2ys,0.70,0.40), (y2ya,0.70,0.40)

Even if each university individually has good internal values, the inter-
university connection requires simultaneous superedges from both universities.
Now, we want to by aggregation of two university and find the maximal scientific
reliability and minimum collaboration risk. So compute the Table 3.

TABLE 3. Aggregation of two universities

Label | (Element,y,v) Pairs

Py %X P| | (z191,0.85,0.25),
(231:1/2,0 75 0. 35),
(2231, 0.80, 0.30),

(2212, 0.75,0.35)

Py X P | (23y3,0.70,0.40),
(23y4,0.70,0.40),
(z4ys,0.80, 0.30),
(r4y4,0.75,0.35)

Ry x Rll ((aclyl ( ),0.75,0435)

Ry x Ry | ((z3y3)(x4aya), 0.65,0.45)

Quue | ((zay)(z 33,/3),0.70,0-40)

Tt follows that for (Ry x R})= (x1y1)(22y2),0.75,0.35) is the optimal with
maximal scientific reliability (0.75) and minimum collaboration risk (0.35).

Fuzzy data clustering: Fuzzy data clustering is a method of grouping data
points where a single point can belong to multiple clusters simultaneously, with
varying degrees of membership. In RPF'S, data are in a set X, each Pythagorean
fuzzy supervertex P; is denoted by a cluster, where up, (z) and vp, (z) denote the
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membership and non-membership of a point z in that cluster. Within-cluster
similarities are captured by internal links R;, while between-cluster relationships
are represented by superedges @;;.

Let X be a university. The head of the university wants to cluster 7 masters
based on teaching effectiveness, research satisfaction, communication with a
colleague, and colleague satisfaction. The data are in Table 4, with (P;, teaching
quality, student satisfaction), (R;, communication with a colleague, colleague
satisfaction), and (Q;;, colleague satisfaction, student satisfaction), where
teaching quality, student satisfaction, communication with a colleague, colleague
satisfaction, and student satisfaction are dependent variables. For instance, in
(M1,0.9,0.1) € P; means that the for master My, degree of teaching quality is
90% and degree of student satisfaction is 10% and degree of communication My
and Ms is 70% and degree of satisfaction of M; and Ms is 20%. In addition,
degree of satisfaction M; in P; with My in P is 20% and degree of student
satisfaction of the connection M7 with My is 70%(although there is no good
satisfaction between the two professors in terms of communication, the student
has a strong desire to establish contact with the two professors.). In this
problem, we want to find the high degree in communication with a colleague,
colleague satisfaction, colleague satisfaction and student satisfaction between of
masters.

Component | Notation Values (zy or z, u, v)

Py (Mi,0.9,0.1), (M>,0.8,0.2), (Ms, 0.7,0.3)
v P, (M,0.6,0.4), (Ms,0.7,0.3)

P; (Ms,05,0.5), (M-,0.8,0.2)

R (M M3, 0.7,0.2), (M Ms, 0.6,0.3), (M, Ms, 0.6, 0.3)
D I (Ma5,0.5,0.4)

Rs (Mg M,0.4,0.5)

Q12 (M1 M3,0.2,0.7), (MaMs,0.3,0.6), (M3 Mg, 0.1, 0.8)
& Q23 (M4+Ms,0.3,0.6), (MsM7,0.4,0.5)

Qa1 (MMM, 0.4,05), (M M3,0.5,0.3)

TABLE 4. An RPFS H = (V,&,D) on X = {M,, My, Ms,
My, M5, Mg, M7}.

Now, compute the link-degree and superedge-degree of 7 masters in the Table
5.



Refined-based fundamental pythagorean fuzzy graphs — JMMR Vol. 16, No. 1 (2027) 239

Customer | degy(x) | dege(z) | Total
M, (1.3,05) | (0.2,0.7) | (1.5,1.2)
M, (1.3,0.5) | (0.3,0.6) | (1.6,1.1)
M (1.2,0.6) | (0.1,0.8) | (1.3,1.4)
M,y (0.5,0.4) | (0.3,0.6) | (0.8,1.0)
M; (0.5,0.4) | (0.4,0.5) | (0.9,0.9)
Mg (0.4,0.5) | (0.4,0.5) | (0.8,1.0)
M (0.4,0.5) | (0.5,0.3) | (0.9,0.8)
deg(H) = (7.8,7.4)

TABLE 5. link-degree and superedge-degree for the RPFS.

Based the Table 5, the masters Ms and M; have the high communication with
a colleague, colleague satisfaction, colleague satisfaction and student satisfaction
with other masters.

4. Conclusion

This paper introduced a novel mathematical model for fuzzy data clustering
and complex network analysis called refined Pythagorean fuzzy superhyper-
graphs (RPFS). As an extension of Pythagorean fuzzy graphs, the proposed tool
comprises 3 components: Pythagorean fuzzy supervertices (1), Pythagorean
fuzzy superedges (£), and Pythagorean fuzzy links (D), all of which are based
on a non-empty set X. The main results obtained in this paper are as follows:

(1)

We proved that for any RPF'S, each pair (P;, R;) forms a Pythagorean
fuzzy graph (PFQG) on the support P;. Furthermore, we established
cardinality bounds on internal links. For any supervertex with |P;"| > 2,
the number of links satisfies |P| — 1 < |R}| < (‘Pz’?*‘), ensuring that
each supervertex is minimally connected without redundancy.

We introduced a fundamental relation 8 on X defined by xSy if and
only if x and y belong to the same supervertex. We proved that the
quotient H/8 = (P/f3,Q/pB) is a Pythagorean fuzzy graph on X//3. This
result establishes that every RPF'S is a quotientable PFG, providing a
systematic method to reduce a complex hierarchical superhypergraph
to a standard PF'G while preserving Pythagorean fuzzy membership
and non-membership information.

We proved that for any PFG G = (P, Q) on a non-empty set X, there
exists at least one RPF'S H such that G is isomorphic to the quotient
of H under . This demonstrates that the classes of RPFS and PFG
are categorically related, and that PF'Gs can be viewed as the quotient
simplifications of more complex RPF'S.

We defined the link-degree degy (x) and superedge-degree degg(x) for
any element x € X, and proved that degy,/s(8(x)) < dege(x). This
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inequality establishes a monotonic relationship between the degree of a
vertex in the quotient PF'G and the superedge-degree in the RPF'S.

(5) We defined the direct product H x H' of two RPFSs and proved
that the product is itself an RPFS. Moreover, we established the
fundamental isomorphism: H x H' /By« = H/Bu x H' /By, showing
that the quotient operation commutes with the direct product.

(6) We proved that (RPFS(X), x, /) forms a commutative monoid, where
A is the singleton RPF'S, and that there exists a unique homomorphism
from any RPF'S to /A. These results lay the foundation for a functorial
connection between the category of RPFS and the category of PFG.

Our methodological contributions in this study are based, partition-based
clustering(any RPFE'S partitions the underlying set X into disjoint supervertices
P;), quotient construction(the equivalence relation S collapses each supervertex
into a single node), cardinality constraints(the lower bound |P}| — 1 ensures
that the Pythagorean fuzzy link R; forms a connected spanning Pythagorean
fuzzy superhyper subgraph and the upper bound (\132;‘\) allows for complete
internal connectivity), direct product construction (this enables the aggregation
of independent RPF'S models into a unified framework.).

The significance of this work is threefold. Theoretically, it bridges hier-
archical superhypergraph structures with Pythagorean fuzzy uncertainty via
the fundamental relation (3, establishing a categorical equivalence between
RPFS and PFG. Practically, the direct product and degree measures pro-
vide aggregation and key element identification tools for collaboration networks.
Methodologically, RPF'S offers a rigorous approach to fuzzy data clustering that
simultaneously handles hierarchical groups, internal links, external superedges,
and Pythagorean membership, faithfully representing complex systems.

Future works: We want to work on the fuzzy entropy of the refined
Pythagorean fuzzy superhypergraph, make some algorithms for computing the
optimal fuzzy entropy of refined Pythagorean fuzzy superhypergraphs, investi-
gate the categorical properties of refined Pythagorean fuzzy superhypergraphs,
and the application of refined Pythagorean fuzzy superhypergraphs in com-
plex hypernetworks. Future work will develop the additional theorems and
computational procedures needed for an optimal RPFS-based fuzzy clustering
algorithm.
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