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Abstract. Exponential Fuzzy Graphs (EFGs) are a new family of fuzzy graphs in which the ver-
tices and edges’ membership functions exhibit exponential decay. An EFG, which is characterised
as a pair G = (V, E), captures the uncertainty and degradation of influence in complex systems
by giving each edge (r,w) € E a membership value 9p(r,w) = ag(r,w) - e 2*2("®) and each
vertex v € V' a membership value 9y (w) = ay (w) - e 2 (@) where A\ > 0 is a decay parameter.
To maintain consistency inside the fuzzy structure, the edge membership values are limited by
Ip(r,w) < min{dy(r),dv(w)}. Some fundamental aspects such as vertex degree, order and size
are explored in relation to the idea of exponential fuzzy graphs (EFGs). EFGs are characterised as
complete and complement. Some basic operations like semi-strong product, union, join, composi-
tion and cartesian product are defined with graphical representing examples. The vertex degree of
the generated vertices is examined for each operation and associated theorems are demonstrated.
The theoretical findings are shown using examples. The use of EFGs in modelling real-life imprecise
and uncertain data is explained in an application related to environmental contamination.
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1. Introduction

Zadeh [1] defined a fuzzy set as a class of objects having a range of membership grades
in 1965. The function of membership that produces an element of membership grade from
0 to 1 provides such a collection. In certain fundamental operations, fuzzy sets are created.
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Specifically, it is possible to establish a separation theorem for convex fuzzy sets without
the fuzzy sets having to be disjoint.

Fuzzy graphs, introduced by Rosenfeld (1975), expand on traditional graph theory by
adding the concept of fuzziness into vertices and edges to model uncertainty and vagueness
in relationships between objects [2]. Every vertex as well as edge in a fuzzy network has
a membership level in the interval [0, 1], which indicates the level of connectedness or
existence, respectively. Numerous fuzzy graph topics have been examined in [3].

Mordeson and Peng, fuzzy graph theory has emerged as a powerful tool for representing
imprecise information in areas include network assessment, image processing, the process
of decision-making and networking sites [4]. In [5] Allister demonstrates how effective
numerical methods for fixing a network’s failing node or link are provided by a novel
definition. Akram presented the idea of strong bipolar fuzzy graphs and looked at a number
of their basic characteristics in [6] and additionally investigates a number of statements
regarding these graphs self-weak-complementary forms. Recent research has explored
operations, connectivity and fuzzy subgraph properties, leading to the development of
specialized structures of fuzzy graphs such as interval-valued, bipolar and exponential [7]
[8]. These advancements enhance the capability of fuzzy graphs to handle diverse and
complex real-world applications.

The fuzzification of graph structures allows for more realistic modeling of systems
where binary connections are inadequate. Jun and colleagues (2014) further generalized
fuzzy graphs to intuitionistic and interval-valued fuzzy environments, capturing additional
uncertainty dimensions [9]. In [10], Thakur, Priya and Pawan Kumar presented a method
that enhances optimal balanced histogram thresholding for converting grayscale images to
binary. Their approach further incorporates Graphical abstraction through fuzzy graph
theory and applies Widgerson’s Color rendering algorithm for Image depiction. The ideas
of efficient fuzzy graphs and dominance integrity in fuzzy graphs are presented and shown
using instances in 2020 [11]. Muhiuddin et al. presented the original idea of node integrity
in multi-parameter fuzzy graphs in 2023 [12] and thoroughly investigated a number of its
associated features. Along with a number of significant findings, the paper also offers a
thorough analysis of the many kinds of integrity in mPFG, such as edge, dominating and
node integrity. Ji et al. [13] presented a thorough classification and new taxonomies of
knowledge graph embedding in 2022. These were arranged according to four main compo-
nents: auxiliary data, encoding designs, grading operations and illustration environment.
A novel structure to support a rule-based sampling technique applied to fuzzy knowledge
graphs was presented by Tan et al. [14] in 2025.

Ramot et al. 2002 [15] offered a mathematical approach that uses a complex fuzzy
number to describe membership in a set. In [16] 2016, Thirunavukarasu et al. expand
on the idea based on certain energies and their intricate systems. Shoaib et al, applied
the complex fuzzy set in graph theory and varies operations are discussed in 2022 [17].
A sophisticated hesitant fuzzy graph model was presented by AbuHijleh (2023) to depict
the influencing elements and cooperative ties amongst ministries. Vertex degrees in two
of these graphs were also examined and a case study assessing intra-ministerial and inter-
ministerial cooperation to enhance the representation of dual-variable systems was used
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to illustrate the model’s usefulness in [18].

In 2025 [19], Kaviyarasu et al. developed the concept of exponential fuzzy sets, sub-
sequently developing foundational definitions, illustrative examples, key properties and
related theorems. The study concluded with an application in Al-powered investment
decision-making, employing a Weighted average values to approach.AL-Omeri et al. [20]-
[21] presented a novel class of sets, known as e-I-open sets, has been presented in the
context of ideal topology and simple extension topology. It has been demonstrated that
these sets are a less powerful variant of m-open sets. Numerous topological character-
istics of the idea have been investigated, and it has been further expanded. Al-shami
et al. [22] explores soft closed graphs and soft continuous mappings, characterizing soft
continuity via soft points and establishing conditions for soft equalizers to be soft closed.
It also shows the convergence equivalence between soft nets and soft filters, and proves
that in soft Hausdorff and compact co-domains, soft continuity is equivalent to having a
soft closed graph. In order to improve uncertainty modelling, Ibrahim et al. [23] presents
complex nth power root fuzzy sets , which combine complex fuzzy logic with nth power
root fuzzy sets. It uses the newly defined comparison tools and aggregation operators to
decision-making issues such as venue and caterer selection. The n, m-rung picture fuzzy
set , an improved model that goes beyond g-rung picture fuzzy sets by accounting for
greater uncertainty in multi-attribute decision-making, is presented in this work. To eval-
uate expat living standards, a new aggregation operator, n, m-RPFWPA | is put forth and
used. Through comparisons with current fuzzy decision-making operators, the model’s
efficacy is confirmed Ibrahim et al. [24].

Notation table:

Symbol Meaning
g Exponential fuzzy graph
Ev Exponential fuzzy vertex set
EE Exponential fuzzy edge set
Yy (w) Vertex membership
Ve (r,w) Edge membership
ay (w) Vertex base-membership
ap(r,w) Edge base-membership
A Parameter
degg(w) Degree of a Vertex

Table 1: Notation Table

Research Gap and Contribution of this Study:
The extension of fuzzy graph theory’s notions into the exponential fuzzy framework has
not yet been investigated in the literature, despite the fact that the topic is well-established
and extensively studied.

In this study, we introduce the innovative idea of exponential fuzzy graphs. The study
explores vertex degrees, various types of graph products and provides illustrative examples
accompanied by noteworthy properties. Furthermore, we present an application in the do-
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main of multi-criteria decision-making (MCDM). This work’s vital contribution is to the
improvement of exponential fuzzy graph structures and their specialized forms, designed
to address limitations found in existing models within the literature. To support practical
implementation, we propose an algorithm aimed at determining tolerance levels among
real-world entities, with a focused application in solving MCDM problems.

Novelty

e An exponential decay function is directly incorporated into the vertex and edge
membership values in EFGs.

e EFGs dynamically model how impact or relevance diminishes over time or through
intricate interactions, in contrast to standard fuzzy graphs with members that are
fixed or static.

e EFGs are more in line with real-world situations since they more accurately depict
the impact’s natural degradation. In network-based systems, this dynamic behavior
improves the precision and dependability of uncertainty representation.

e EFGs’ adaptability and time sensitivity make them appropriate for a variety of
applications, such as flood prediction, where circumstances can change suddenly
and without warning.

Motivation

e Static membership values, which are used in traditional fuzzy graphs, are insufficient
to depict systems with interactions that change or degrade over time.

e Dynamic modeling is necessary for many real-world systems that show gradually
deteriorating linkages, such as the spread of environmental pollution, biological net-
work interactions and the development of social influence.

e EFGs are created to account for the time-sensitive and interaction-sensitive decay
of relationships in order to overcome this constraint.

e The decay parameter A\, which is modifiable in EFGs, allows for flexible tweaking
of the rate at which influence or connection strength declines. For complex and
unpredictable systems, this dynamic structure offers deeper analytical insights and
more accurate simulation.

Structure of this Paper:
This section is structured as follows: Section 2 provides Fundamental information of expo-
nential fuzzy graphs. The basic concept of exponential fuzzy graphs and related functions
is presented in Section 3, supported by examples and theorems. Section 4 discusses an ap-
plication pertaining to environmental pollution. Lastly, the conclusion and future research
prospects are discussed in Section 5.
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2. Preliminaries

Definition 1. [1] A function of membership ¥y which assumes values in unit interval
[0,1] characterises a fuzzy set V in a universal set G.

Oy(w) =G — [0,1].
The grade membership of G in V' is represented by the value of Oy (w), which is a point in
[0, 1].

Definition 2. A non-empty collection of vertices is denoted by V. Definition of fuzzy
graph G = (v, Eg) is: Every vertex w € V was allotted a degree Ey (w) in a fuzzy subset
Ev : V. —[0,1]. Every edge (r,w) € V xV was allotted a degree ¥(r,w) by a fuzzy relation
V:V xV —[0,1], so that:

Y(r,w) < min{€y (r), v (w)} Vr,w e V.

According to this condition, the edge membership cannot be more than the incident vertices
membership.

Definition 3. [19] If G is an universal set and w be any specific element of G. The
Ezxponential fuzzy set £4 defined on G is a gathering of ordered pairs,

Ea = {(w, 9y (w)e VW) |w e G, A > 0}, where Yy (w)e A0 : G — [0,1] is called the
membership function. The degree of membership function 0 < ﬂv(w)e*w‘/(w) <1.

Example 1. [19] Using G = {1,2,3,4,5} as the universal set, the decay parameter \ =
0.02 and the fuzzy membership values of G are ¥(w) = {0.9,0.7,0.5,0.4,0.3}. E4(w) =
ﬁv(w)e_’w"(“’) 18 the exponential fuzzy membership function. The fuzzy membership values
that are exponential E4(w) = {(1,0.8839), (2,0.6903), (3,0.4950), (4,0.3968), (5,0.2982)}.

Definition 4. [19] Consider two Ezponential fuzzy sets on G with grade values E4 and
Ep. Their values are determined by:

De(w) = Dy (w)e ) Pey (w) = Dy, (w)e A2 )
The following is the definition of the intersection of £4 and Ep:

Ve snep(w) = min {Ve, (w), Vs (w)}

= nmin {19V1 (w)e_)‘ﬂ‘ﬁ (w), Iy, (w)e_AﬁVQ (w)}
Likewise, E4 and Ep have an union that is defined as follows:

Ve yues(w) = maz {Ve, (w), ey (w)}

= mazx {19‘/1 (w)e MW (w), Dy, (w)e v (w) }
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3. Main Results

Definition 5 (Exponential Fuzzy Graph). Let V' be a non-empty finite set. The expo-
nential fuzzy graph (EFG) is denoted as G = (Ev,Eg), where: Ey = {(w, ¥y (w)) |w € V}
is the exponential fuzzy vertex set, with 9y (w) = ay(w) - e 2V where ay (w) € [0,1]
and X\ > 0. &g = {((r,w),9g(r,w)) | r,w € V} is the exponential fuzzy edge set, with
Ip(r,w) = ap(r,w) - e 220 yhere ap(r,w) € [0,1]. The edge membership values
must satisfy the condition:

Ip(r,w) < min{dy(r),dy(w)}, Vr,w e V.

Example 2. Consider the vertex set V. = {w1,ws, w3} with ay(wy) = 0.8, ay(wz) =
0.5, ay(ws) = 0.7, and parameter A\ = 1. Then the vertex membership values are:
Jy(wr) = 0.3594, Yy (w2) = 0.3032, 9y (w3) = 0.3476. Suppose the edge base membership
values are: ag(wi,ws) =0.5, ap(w,ws) =04, ag(w,ws)=0.5. Edge memberships
are: 19E(w1,w2) = 0.3032,19E(w2,w3) = 0.2681,79]5(11)1, w3) = 0.3032.

w1 (03594)

02681
w3 (0.3476) ( ) w2(0.3033)

Figure 1: Exponential Fuzzy Graph

Definition 6 ( Degree of a Vertex). Let G = (€v,Eg) is a EFG, the definition for degree
of a vertex is defined as:

degg(w) = > Op(v,u) = Y ap(v,u) - e 0w,
Uiv uiV

Example 3. Let V = {wi,wa, w3} be a set of vertices and let X\ = 2. Let the ver-
tex strengths oy (w;) € [0,1] be given as: ay(wi) = 0.8, ay(w2) = 0.6, ay(ws) =
0.9. Then, the exponential fuzzy membership values are: Jy(wi) = 0.1615, 9y (we) =
0.1807, Yy (ws) = 0.1488. Let the edge strengths ap(r,w) € [0,1] be: ap(wi,ws) =
0.5, ap(wi,ws) = 0.6, ap(wy,wg) = 0.4. Then the exponential fuzzy edge member-
ships are:
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Ip(wi,ws) = 0.1839,Vp(wi,ws) = 0.1807,9g(we,ws) = 0.1797. Now, we compute the
degree of each vertex:

degg(w1) = Vp(wi, w2) + Vg (wy, wz) = 0.1839 + 0.1807 = 0.3646,

degg(wg) = 19E(w2, U)l) + 79E(w2, w3) = 0.1839 4+ 0.1797 = 0.3636,
degg(w3) = Vp(ws, w) + Vg(ws, we) = 0.1807 + 0.1797 = 0.3604.

w (0.1488)

. 0.1839
w1 (0.1615) ( ) w2(0.1807)

Figure 2: Exponential Fuzzy Graph

Definition 7 (Order). Let G = (£, &) be an exponential fuzzy graph with vertex mem-
bership function 9y : V — [0,1] defined by 9y (w) = oy (w)e V@) where ay (w) € [0,1]
is the base membership of vertex w € V and A\ > 0 is a fixed parameter. The order of G,
denoted |G|, is given by

IG| = Z Jy (w) = Z OZV(ZU)e—AO‘V(w).

weV weV

Definition 8 (Size). Let Vg : E — [0,1] be the edge membership function defined by
Ip(r,w) = ap(r,w)e 200 where ap(r,w) € [0,1] is the base membership of edge
(r,w) € E. The size of G, denoted ||G||, is given by

Hg”: Z 19E(r7w): Z O[E(va)e_/\aE(r’w)'
(row)erE (row)eE

Example 4. Consider the exponential fuzzy graph G = (Eyv,Eg) where V = {wy, wa, w3}, E =
{(w1,w2), (w2, ws)}, with A\ = 1. The base vertex memberships are: ay (wi) = 0.7,  ay(w2) =
0.5, ay(ws) = 0.8, and the base edge memberships are:

ap(wi,wz) = 0.5, ap(wz,ws) =0.4.

Compute vertex memberships: Oy (w1) = 0.3476, ¥y (w2) = 0.3032, 9y (w3) = 0.3594. Or-
der of G:
|G| = 0.3476 + 0.3032 + 0.3594 = 1.0103.
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w2 (0.3033)

wi1({0.3476) w3 (0.3594)

Figure 3: Order and Size of Exponential Fuzzy Graph
Compute edge memberships: ¥ (w1, ws) = 0.3032, ¥ (w2, w3) = 0.2681. Size of G:

|G| = 0.3032 + 0.2681 = 0.5714.

Definition 9 (Complete). Let V = {w1,...,w,} be a finite vertex set and let Yy (w) =
ay(w)e 2@ ay(w) € [0,1], A > 0. The complete exponential fuzzy graph on'V is
Gr = (&v,Ep, Vv, 9E), where E = { (r,w) | r,w € V, r # w}. The edge membership values
must satisfy the condition: Vg (r,w) = min {dy(r),dy(w)}, Vr,w e V.

Example 5. Take V = {w1,we, w3, ws}, X\ = 1 and base vertex-memberships ay (wy) =

0.5, ay(w2) = 0.6, ay(ws) = 0.4, ay (wy) = 0.7. Then 9y (w1) = 0.5e7%5 ~ 0.3032, Yy (w2) =
0.6e706 ~ 0.3293, 9y (w3) = 0.4e7 %4 =~ 0.2681, vy (wys) = 0.7e7%7 ~ 0.3476. For the
complete graph, Yp(r,w) = min {dy(r),dy(w)}, Vr,w € V.

aE(wl,wg) = 0.5, @E('wg, w3) = 0.4, OJE(UJg, w4) =0.4. Then ﬁE(wl,wg) = 0.3032,19E(w2,w3) =
0.2681, 9 (w3, wy) = 0.2681.

w1(0.3033)

03033
w2(0.3293)

[
ws (0.3476) 02681 w3 (0.2681)

Figure 4: Exponential Fuzzy Graph
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Definition 10 (Complement). Let G = (Ev, g, Iy, IE) be an exponential fuzzy graph with
vertex membership function 9y : V — [0,1], Oy (w) = ay(w)e V@) and edge mem-
bership function Vg : E — [0,1],  9p(r,w) = ap(r,w)e 200 where ay (w), ap(r,w) €
[0,1] are base membership degrees and A\ > 0. The complement of G, denoted G¢ =
(Eve,Epe,Vye,Vpc), is defined by:

Ive(w) = 1 — Iy (w),

1_19E(7a>w>7 if(T‘,QU)EE,

Oe(rw) = {ﬂE(r,w), if (r,w) ¢ E.

Example 6. Consider the exponential fuzzy graph G = (v, Eg) where V = {wy, wa, w3, ws}, FE =
{(wy,wq), (wa, ws3), (w3, wq)}, with A\ = 1. The base vertex memberships are: ay(w;) =

0.5, ay(w)=0.7, ay(ws)=0.8, ay(wy)=0.4 and the base edge memberships are:
apg(wi,wy) =0.5, ap(w,ws) =0.6, apg(ws,wy)=0.4.

Compute vertex memberships:

ﬂv(wl) = 0.3032, ﬁv(wg) = 0.3476, 19\/(1113) = 0.3594, 19\/(11}4) = 0.2681.
Compute edge memberships:
19E(w1, wg) = 0.3032, 19E(w2, 'IU3) = 0.3292, 79E(”u)3, w4) = 0.2681.

The complement of the EFG is G¢ = (Eye,Epe), then
vertex memberships:

Dye(wr) = 0.6968, Dye (ws) = 0.6524, Dye (w3) = 0.6404, Dye (wy) = 0.7319.
edge memberships:
O e (wi, wa) = 0.6968, 9 e (wa, w3) = 0.6708, 0 e (w3, wy) = 0.7319.
Definition 11 (Cartesian Product of EFGs). Let G' = (&1, Ep1, Oy, 951), G2 = (Ey2, Ep2, Vy2, Vg2)
be two exponential fuzzy graphs with ¥y (w) = ayi(w) e v P pi(r,w) = ap:i(r,w) e > e (W),
i = 1,2. Their Cartesian product is G = G* x G? = (Eyiyy2, Epry g2, Vv, VE), where
Eprxpz = {((ri,w), (ra, w)) | (r1 = w1, (r2,w2) € Eg2) V ((r1,w1) € Epr, 72 = wa) },
and the exponential memberships are
vrxyz(re, wi) = min{dya (1), dy2 (wi)},
min{dy1(r1), Og2(ro,wa)}, 11 = wi, (re,ws2) € Epe,

Upixpz ((r,wr), (ro, w2)) = .
min{dp1 (r1, w1), Jy2(re)}, (r1,w1) € Epr, ro = wo.
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wi (0.3032) s (0.2681)
L 4 L J w1 (0.69687) wy (0.7319)
03292
b
A =]
=1 d"‘!
Laal =]
3
=
b °
w2 (0.3478) w3 (0.3504) ws (0.6524) w3 (0.6406)

Figure 5: Exponential Fuzzy Graph

Definition 12 (Degree of Cartesian Product). Let G' = (Ey1,Epr, Py, 9p1), G2 =

(Evz, Egz, Oy, 0 2) be two exponential fuzzy graphs with Oy (w) = ayi(w) e v 9 g (r,w) =
api(ryw)e M) i =12 Their cartesian product is G = G'xG? = (Eyryv2z, Eptx g2, Vv, VE).
Then the degree of vertex of cartesian product is

deggixg2(r1, wr), (r2, wa) = Z min{y1(r1), Vg2 (re, we) }+

ri=wi, (r2,w2)€E x2

Z min{V g1 (r1, w1), dy2(r2)}

; =
(r1,w1)€EERKL, r2=w2

Example 7. Let V! = {ry, 79,73}, V2 = {wy,wa}, with A = 1. Base vertex-memberships

and base edge-membership,ay1(r1) = 0.3, ay1(r2) = 0.7, ay1(r3) = 0.5, a2 (wy1) = 0.4, ayr2(wa) =
0.4, api(r1,m3) = 0.3, ap1(re, r3) = 0.3, a2 (w1, w2) = 0.3. Compute Iy1(r1) = 0.2222,Yy1(r2) =
0.3476, 9y1 (13) = 0.3032, Dy2 (w1) = 0.2681, Iz (ws) = 032920 1 (11, 73) = 0.1637, 9 1 (2, 73) =
0.3032, 9 g2 (w1, wa) = 0.2222. Then Ey = {(r1,w1), (11, w2), (r2, w1), (r2, w2), (r3,w1), (r3, w2)}
with

) =0.2222, Oy, ye(ry, ws) = 0.2222
Dy gy2(re, w1) = 0.2681,  Jy1yy2(re, we) = 0.3292
Dy gy2(rs, w1) = 0.2681,  Fy1yy2(rsg, we) = 0.3032
Vpiyp2((ri,wy), (11, w2)) =0.2222, Ipi1yp2((r1,wr), (re2, w1)) = 0.2222
Uiy g2 ((re, wi), (12, w2)) =0.2222, 91y g2 ((r2, w2), (13, w2)) = 0.3292,
Uiy p2((rs, w), (13, w2)) =0.2222

Vyixy2(ry, wr
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@ @ 9
02222

2 (0.3476)

Figure 6: Exponential Fuzzy Graph

r] Wil {T-] .2222“] 0-2222 r] w2 (0.22221

¢ °
ey
W
[ |
o
02222 2 w2 (03292
* ®
rawy (0.26817
1
S
=
02222
o ®
r3 w1 (0.2681) 3w (03032

Figure 7: Exponential Fuzzy Graph

Proposition 1. Let G be the cartesian product of EFGs G and G2. Let (v, Vgi) be a
exponential fuzzy subgraph of G',i = 1,2. Then the cartesian product (Vy1yy2, Vg1 g2) 18
a exponential fuzzy subgraph.

Proof.

Upixpz ((r,wr), (re, w2)) =min{dy1(r1), Op2(ra, wa)},m1 = wy, (r2, w2) € Epz
=min{dy1(r1), min{dy2(rz), dy2(w2)}}
—min{min{dys (1), Dya(ra)}, min{dy (r), Dy (wa) }
=min{dy1v2(r1,r2), Fvixyz(r ra)}
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The exponential fuzzy graph (Ey14y2,Ep X Epz2) of proposition is called the cartesian
pI'OdllCt of (19‘/1 xV2 ’l9E1 ><E2)'

Theorem 1. Assume that G is a cartesian product of EFGs G and G2. Let (9y,9g) be a
exponential fuzzy subgraph of G. Then (Vv,Vg) is a cartesian product of a exponential fuzzy
subgraph of Gt and G? and iff the following equations has many outputs for ax, by, Cmn, dii,
where V1 = {wy1, w12 - wy;} and V? = {war, wag - - wajt:

min{ak, by} =0y (wig, wom), k=1, ;i;m=1,--- 7, (1)
min{ag, cmnt =08 (W1k, wom), (W1k, wap)),
k=1,---,i and m,n are such that womwe, € Ep2 (2)
min{bm, dg } =0 5((W1k, wam), (W11, Wam)),
m=1,---,7;and k,l are such that wipwy € Epn (3)

Proof. The given equations (1),(2) and (3) have a solution. Consider an arbitrary, but
m,n fixed in equation (2) and k,! fixed in equation (3).

Let

Cmn = maz{0p((Wig, wom ), (W1k, won)) |k =1, i}
and R

dig; = max{Vg((wik, wom), (W11, wom))m =1,--- 5}

Then the set of the subgraphs M = {(m,n)|m,n are such that wopwa, € Ep2} and K =
{(k,1)|k,l are such that wyrwy; € Ep }.
Now if

{:Elv T ,.’En} U {Cmn‘(m)n) € J} U {ylv T aym} U {dkl|(k’l) € I}
is any solution to (1),(2) and (3) then

{21, 2} U Gl (mom) € J} U {y1, -+ Ly} U {dwl (k, 1) € I}

is also a solution and in fact, ¢, is the smallest possible ¢, and sz is the smallest
possible dj;. Let us fix a solution of this kind and define the exponential fuzzy subsets
Gy, Vy2, Vg and Vg2 of Ey1, Eye, Eg1 and Egz respectively, as follows:
Yy (wig) =xp for k=1,--- i
Vy2(wom) =ym form=1,---j
Vg2 (Wam, Wap,) = Cmp, for m,n are such thatway,wa, € Eg2,

Vg1 (wig, wyy) = C/l\kl for k,l are such thatwyywy € Ep
for any fixed m, n,

Vi (wik, Wam), (Wik, wap)) < min{Py (wig, wam ), v (wik, wan) }
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= min{min{z?w (wlk), 19V2 (wgm), min{z?w (wlk), 19V2 (wgn)}}
< min{y2(wam), Oy (W)}, myn = 1,--- [ jik=1,--- i

Thus

Cmn = maz{Vp((wik, wom), (Wik, won)) |k =1,--- i}

< min{dy 2 (wap,), Vy2(wan) }-

Hence 9 g2 (wam, wayn) < min{Vy2(wam), Iy2(wan)}. Thus (y,, VE,) is a exponential fuzzy
subgraph of G2. Similarly, (J,,,Yg,) is a exponential fuzzy subgraph of G!. Clearly,
Yy = Yyixy2 and Vg = Igi1 g2. Conversely, suppose that (dy,9g) is a cartesian product
of exponential fuzzy subgraph of G! and G2. The solution of equations (1),(2) and (3)
exists by definition of cartesian product.

Definition 13 (Composition of EFGs). Let G = (v, Ep, Iy1,9p) and G = (Ev, Ep, y2, Vp2)
be two exponential fuzzy graphs, where: Vy:(w) = ayi(w)-e Vi) N € Ei, 9 i (r,w) =
agi(r,w) - e_/\"Ei(T’w);V(r, w) € Eyiyyi, where i=1,2. Then, the composition of G' and

G2, denoted by G 0 G? = (Eyrov2, Eptop2), is defined as follows:

The vertex set of the composition is,

Vyioy2(wi, we) =min {Jy1(wy), Yy (wa)}

= min {avl (wi)e v ays (wg)e_mw(wz)}
The edge set of the composition is,

min {91 (r1), Vg2 (re, we)}, if 11 = w1, (ro,w2) € Epz
min {9 g1 (r1, w1 ), dy2(r2)}, if ro = wa, (r1,w1) € Em
min {9g1 (r1,w1),0g2(ra, wa)}, if (ri,w1) € Egr, (ro, wa) € Ep2

0, otherwise

Vprop2 ((r1,w1), (12, w2)) =

Definition 14 (Degree of Composition). Let G' = (1, Epr, Iy1,9g), G2 = (Eyz, Epz, y2, Vp2)

be two exponential fuzzy graphs with ¥y (w) = ayi(w) e i@ Ppi(rw) = api(r,w) e e W),
i = 1,2. Their composition is G = G' 0 G2 = (Ey1oy2, Eprop2, Vv, VE),. Then the degree of

vertex of composition is

deggiog2 (r1,w1), (re,ws) = Z min{dy1(r1), Vg2 (re, wa)}
r1=w1, (Tg,wQ)ESEQ
+ > min{d g (r1, wy), Oy2(r2)}
ro=wa, (r1,w1)€E K1
=+ Z min{V g1 (ry,w1), Vg2 (re, w2)}

(r1,w1)€€p1, (r2,w2)EE K2
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Example 8. Let &1 = {p,q},Ey2 = {s,t}, with A\ = 1. Base vertex-memberships:
ay1(p) = 0.6, ayi(q) =0.4;  ay2(s) = 0.5, ay2(t) =0.7.

Compute
Iy1(p) = 0.6e7%6 = 0.3293, ¥y1(q) = 0.4e7 %4 ~ 0.2681,

Iy2(s) = 0.5e7%° ~ 0.3032, 9y2(t) = 0.7e7 7 ~ 0.3476.

Then & = {(p,s), (p,1), (¢, ), (¢, 1)} with

Iy (p, s) = min(0.3293,0.3032) = 0.3032, Iy (p,t) = min(0.3293, 0.3476) = 0.3293,

9v(g, 8) = min(0.2681,0.3032) = 0.2681, ¥y (¢, ¢) = min(0.2681,0.3476) = 0.2681.
Edges: since each Egi has (p,q),

&p ={((p.5), (¢,1)), ((p,1),(q,5)) ((p,5),(g:5)) ((¢,9),(q,1))}-
If api(p,q) = 0.5, agz(s,t) =0.4, then
91 (p,q) = 0.3032, 9o (s, 1) = 0.2681,

and

ﬂE((p7 8)7 (Q7t)) = 02681a 19E((pvt)7 (Qa 8)) = 02681>
IE((p,s),(q,s)) =0.3032, Yg((g,5),(q,t)) = 0.2681.

a,c(0.3033) 2.d(03293)
2(0.3093) 0.2681
03033 bl )
¢ ®
b
W
]
=
£ (0.3033) 0.2681 4(0.3476)
¢ ®
be(0.2681) 02681 b d(02681)

Figure 8: Exponential Fuzzy Graph

Theorem 2. Suppose that G is the Composition of two exponential fuzzy graph G' and
G2, Let (Wy,VE) be a exponential fuzzy subgraph of G. Then (9v,9E) is the composition
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of exponential fuzzy subgraphs G' and G%. consider the following equation (1),(2) and (3)
of theorem 1 and

maAn{Ym, Yn, der } = Op((Wik, wom), (Wi, wan)), where(wik, wapm,), (Wi, W2,) € Eptop2

(4)

A necessary condition for (Uy,9g) to be a composition of exponential fuzzy subgraph of
G' and G? is that a solution to equation (1) to (4) exists.

Suppose that a solution to equation (1) to (4) exists. If dy; > Op((wik, wam), (w1, way)) €
Eprop2, then (Vy,Vg) is a composition of exponential fuzzy subgraphs of G' and G2.

Proof. The necessary part of the theorem is clear. Suppose that a solution of equation
(1) to (4) exists.

Let

Cmn = min{Vg((wig, wom), (WK, wop)) |k =1,--- i}
and R

dyi = min{Ve((wik, wam), (W11, warm))|m = 1,--- , 5}

Then there exists a solution to equations (1) to (4) as determined. Then the set of the
subgraphs

M = {(m,n)|m,n are such that wa,,wa, € Ep2}

and
K = {(k,1)|k,l are such that wipwy; € Ep1}

Now if
{z1, -z} N {emm|(m,n) € Ty {y1, -+, ym} N {dui|(k,1) € T}

is any solution to (4) then
{z1, i} 0 {Gnnl(m,m) € TH 0 g1, g} 0 {dial (K, 1) € T}

because every dy; > Jkl and by the hypothesis concerning the cfi\kl. Thus if (Vyi, Vi), 1 =
1,2 are defined as in the proof of the Theorem 1 we have that (Vy:, Vi) is a exponential
fuzzy subgraph of G',i = 1,2 and Yy = Oy 112 and 9 = Ipgiope.

Definition 15 (Union of EFG). Let Gl = (Ev,Ep, 0y, 0m) and G? = (Ev,Ep, Oy2,Vp2)
be two EFGs with Vy:(w) = ayi(w)e vi®)  9pi(rw) = agi(r,w)e 2w j = 1,2,
Then the union of EFG (G' U G?) is defined by

Dy (1) =max{Dy (w), dya (w)}
Vpiug2 (r,w) =max{Vpi (r,w), 92 (r,w)}
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Definition 16 (Degree of Union). Let G' = (&y, g, Iy, 9p) and G2 = (v, Ep, V2, V2
be two EFGs with Vy:i(w) = ayi(w)e vi®  9pi(rw) = agi(r,w)e e = 1,2,
Their union of EFG (G UG?). Then the degree of vertex of union is

deggiyge(r) = Z max{Vpi(r,w),Vg2(r,w)}

Example 9. Let V! = {r,r9,73}, V2 = {r1,74,73}, with \ = 1. Base vertez-memberships
and base edge-membership,

ayi(ry) =04, ayi(re) = 0.8, ay1(r3) = 0.2, ay2(r1) = 0.3, ay2(rg) = 0.1, ay2(r3) = 0.5

ap(ri,re) = 0.4, api(re,r3) = 0.2, ag2(ri,74) = 0.3, agz(rq,r3) = 0.1

Compute
Py (r1) = 0.2681, 9y1(r2) = 0.3594, ¥y (rg) = 0.1637
Py2(r1) = 0.2222,9y2(r3) = 0.0904, P2 (r2) = 0.3032
19E1 (7’1, 1"2) = 02681, 19E1 (’1“2, 7"3) = 0.1637
g2 (r1,r4) = 0.2222, 92 (rg, 73) = 0.0904

Then the union of EFG is

19V1UV2 (T‘l) == 02222, 79V1UV2 (7"2) = 0.2222
)

’l9vluv2 (7'3 == 02681, 19V1UV2 (7”4) = 0.3292
19E1UE2 (7”1, 7'2) :02681, 19E1UE2 (7”2, 7'3) = 0.1637
19E1UE2 (7’1, T4) :00904, 19E1UE2 (7’4, Tg) = 0.2222

Theorem 3. If G is a union of two exponential fuzzy subgraphs G' and G? then every
exponential fuzzy subgraphs (Vy,Vg) is a union of a exponential fuzzy subgraphs of G* and

G2

Proof. Define the exponential fuzzy subsets ¥y1, ¥y 2, Vg1 and 952 of Eyy1, Ey2, Er and
Ep2 respectively, as follows:
Dyi(r) if u € Eyi and Igi(rw) if uv € Egi, i = 1,2. Then

Vi (riw;) < max{dy(r;), dy(w;)}
= maz{Oy:i(r;),Vyi(w;)} if ujw; € Egi,i =1,2.
Thus 9y, Y is a exponential fuzzy subgraph of G',i = 1,2. Clearly ¥y = Jy1,y2 and

19E - 19E1UE2

Definition 17 (Join of EFGs). Let G = (&1, Epr, Iy, 9p), G2 = (Ey2,Ep2, V2, I p2)
be two exponential fuzzy graphs, where: for each vertex w € &y, the membership function
is given by Oyi(w) = ayi(w)-e i@ qyi(w) €[0,1], X > 0. For each edge (r,w) €
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wi1(0.2681) wa (0.3594) w1 (0.2222)
[ . ®
0.2681
f
o ~
it =
o
0.0904
[ ] [ 9
w3 (0.1637) w4 (0.3032) w3 (0.0204)
w1 (026310 02631 w2 (0.3594)
[ ]
4 -
b &
= —
=]
0.0904
wy (03032 wi (0.1636)

Figure 9: Exponential Fuzzy Graph

Evigyvi, Vi (rw) = agi(r,w) - e 5 ) with 9 g (r,w) < min{dy: (1), 9y (w)},
for i =1,2. The join of EFG G' + G? = {(VIUV?2)(E' U E?U E')} where E' is the set
of all edges joining the nodes Ey1,E2. Then,

Dyiqye (w) =max{dy1(w), dy2(w)};w € Eyayy2
Vg g2 (r,w) =max{Vp1 (r,w), Vg(r,w)}; (r,w) € Egryp2
g1y p2(r,w) =min{dyagyz(r), dyagyz(w)}; (rw) € Epr
Definition 18 (Degree of Join). Let gl = (5‘/1 s gEl s 19‘/1 s Q9E1), QQ = (gv2, 5E2, ’l9v2, ’19E2)
be two exponential fuzzy graphs with ¥y (w) = ayi(w) e 2 v P pi(r,w) = ap:i(r,w) e > e (W),
i =1,2. Their Join is G = G +G? = (Ey1y2, Egiype, Vv, 9E),. Then the Degree of vertex
of Join is

deggiig2(r1,wr), (1o, wa) = Z max{dy1(w), Vy2(w)} + Z max{d g1 (r,w), Vg2 (r,w)}

weE 1,2 (rw)€€p1p2

+ ) min{dy(w), Iy (w)}

(raw)e€py

Example 10. Let &1 = {r1,ro, 73,74}, Ey2 = {ri,ra, 73,74}, with A = 1. Base vertez-
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memberships and base edge-membership,

ay(r
Q2 (1"1
ap (7’1, T9

ap(ri,re) =

=0. 4 yoay2(ry) = 0.7
r3,74) = 0.8, api(ra,r4) = 0.7

Compute

’(9‘/1 (Tl

0.2222, ¥y1(rg) = 0.3476, 041 (r3) = 0.3659, Py1 (rg) = 0.3594
0.3659, 912 (r9) = 0.3292, 92 (r3) = 0.2681, 2 (r4) = 0.3476
0.2222, 91 (r1, 74) = 0.2222, 9 1 (13, 74) = 0.3594, 91 (12, 74) = 0.3476
0.3292, 0 2 (rg, 73) = 0.2681,9 2 (73, 74) = 0.2681

)

Vy2(r1)
19E1 (7’1, 2)
19E2 (7“1, T’Q)

Then the union of EFG is

Oyt yy2(r1) = 0.3659, 9yt 42 (ra) = 0.3476

Oyt sy2(rs) = 0.3659, 9yt 42 (ra) = 0.3594

Ot s g2 (1, 72) =0.3292, 0 g1 4 o (12, 73) = 0.2681
Vg1 p2(rs, ma) =0.3594, 91y g2 (14, m1)
) =0.3659, 0 g1 4 g2 (2, 74)

0.2222
0.3476

19E1+E2(7’1,7'3

Theorem 4. If G is the join of two exponential fuzzy subgraphs G' and G? then every
strong exponential fuzzy subgraph (Ov,9g) of G is a join of a strong exponential fuzzy
subgraph of G' and G?.

Proof. Let G is the join of two exponential fuzzy subgraphs G' and G2. Define the
exponential fuzzy subsets ¥y 1,02, 91 and Ig2 of E1, Ey2, Ep and Eg2 respectively, as
follows:

19Vi (T) = 19\/(7’),7" € (‘:Vi
and
Vgi(rw) = 9g(rw),rw € Egi,i = 1, 2.

Then (¥y:,9pi) is a exponential fuzzy subgraph of G,i = 1,2 and by the proof of theorem
3 we have vy = Fy1 2. If wv € Egiype, then Ip(rw) = Vg1, g2 (rw) as in the proof of
theorem 3. suppose that uv € Egr, where u € &1 and u € E2. Then

U1y g2 (rw) = min{d 1y (r), Iz (w)}
= min{y (r), vy (w)} = dg(rw),

where the latter equality holds because (¥, 9g) is strong. Hence, every strong exponential
fuzzy subgraph (Jy,9g) of G is a join of a strong exponential fuzzy subgraph of G'andG?.
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w1 (0.2223) w2 (0.3476) ® ®
L 03202
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=1
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0.2631
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] 03594 ) ws (0.3476) w3 (02681}
we (03504} w1 (0.3659)
w1 (0.3639) w2 (0.3476)

02681

wi (0.3304) w3 (0.3639)

Figure 10: Exponential Fuzzy Graph

Theorem 5. Let Gt = (Ey1,Em) and G? = (Ey2,Ep2) be exponential fuzzy graphs.
Suppose that Eyiqye = ¢. Let Gy, V2,951 and 9g2 be exponential fuzzy subsets of
Evi,Eye, Ep and Ege respectively. Then (Oy1y2, 9piug2) is a exponential fuzzy subgraph
of G U G2 if and only if (9y1,95) and (Oy2,952) are ewponential fuzzy subgraphs of
GlandG? respectively.

Proof. Suppose that (Jy1y2,9p1uE2) is a exponential fuzzy subgraph of G! UG?. Let
uv € Egz and r,w € Eyi_y2.
Hence

19E1 = ’l9EluE2 (’I"’IU)
< min{dy gy (r), dyipvz(w)}
= min{dy1(r), dy1(w)}.

Thus (91,0 51) is a exponential fuzzy subgraph of G!. Similarly, (92,9 52) is a exponen-
tial fuzzy subgraph of G2.
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Definition 19 (Semi-Strong Product). Let G! = (&1, Ep1,Iy1,9) and

G? = (Ey2, Epa, Vy2,Vp2) be two exponential fuzzy graphs, where: for each vertex w € &y,
the membership function is given by Oy (w) = ayi(w)-e v qyi(w) € [0,1], A >
0. For each edge (r,w) € Eyigyi,Vpi(r,w) = agi(r,w) - e e W) with O g (r,w) <
min{dy: (1), 9y (w)}, for i = 1,2. The semi-strong product of G' and G?, denoted by
G =G'®,G?, is defined as follows: The vertex set is &y = Eyig,y2. The vertex membership
function is defined as

Yy ((r1,72)) = min{dy1(r1), dy2(r2) }.

The edge set consists of pairs ((ri,r2), (w1, w2)) € Evxy such that at least one of the
following holds:

(i) (ri,wy) € Epr and ra = wa,

(i1) r1 = wy and (ro,w3) € Ex2,

(111) (r1,w1) € Epr and (r2, w2) € Epz.
The edge membership function is given by

I (r1,wr) - §(re, wa),
VE((r1,wr), (12, w2)) = max  Vg2(re, wa) - §(ry, wr), ;

min{ﬁEl (ri,wi), Vg2 (7'27 w2)}

1 ] =
5(a,b) = {O, ifa =0,

where

otherwise.
Definition 20 (Degree of Semi-Strong Product). Let G = (Ey1,Epr, Iy, 9pn), G2 =
(Ev2, Eg2, V2, U p2) be two exponential fuzzy graphs with ¥y (w) = ayi(w) e 2 vi®) 9 g (r,w) =
api(r,w) e 2E (W) i =12 Their Semi-Strong product is G = G'X,G? = (Evim,v2, Epm, g2, Vv, VE),.
Then the degree of vertex of Semi-Strong product is

deggrm, g (s wh)s (ra, ws) — 3 0 2 (1o, wa) - 6(r1, w1) + > g1 (1, wr) - 8(re, w2)
7"1=w1,(T27”~U2)€5E2 T‘2=w2,(7‘1,’w1)€5E1
4 Z min{d g1 (r1, w1), 9 g2 (re, wa)}

(r1,w1)€E R, (r2,w2)EE K2

Theorem 6. Let Gt = (Ey1,Epr, V1, 0p1) and G2 = (Ey2,Ep2, Vy2,Vg2) be two expo-
nential fuzzy graphs with 9y (w) = oqyi(w) e 2 Vi@ 9o (r,w) = agi(r,w) e e (0w) - =
1,2. Define their cartesian product G = Gl x G2 by

Ev =Evixyz, &g ={((r1,w), (rz,w2)) | (r1,w1) € Epn, (r2,w2) € Epn},
and
Py (r1, wy) = min{y1(r1), dy2(wr)}, 19E((7“1,w1), (T‘Q,wg)) = min{Vg1(r1,wy), Vg2(r2, w2)}.

Then G is an exponential fuzzy graph.
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Proof. We must check two conditions:
(i) Range.
Since for each i, ¥y and Vg take values in [0, 1], their minima also lie in [0, 1]. Hence

19\/(7'1,’[1)1) S [0, 1], 19E(<7’1,w1),(7’2,w2)) € [0, 1].

(ii) Edge—vertex consistency.
We need 9 ((r1,w1), (r2,w2)) < min{dy (r1,72), dv (w1, w2)}.
Compute the left-hand side:

ﬁE((rl,wl), (rg,wg)) = min{I g1 (r1,w1), Vg2(ra2, wa)}.
Each factor satisfies the EFG condition in its own graph:
D (rryw1) < min{dys (r1), Gy (wn)} Dpe(rasws) < min{dya(ra), dya(ws)}.
Therefore
min{dpg1 (r1, w1), Vp2(rz, w2)} < min{min{dy1(r1), dy1 (w1)}, min{dy2(re), Jyz(wa)}}.
By definition of ¥}y on the product,
min{dy1(r1), dy2(r2)} = dv(r1,r2), min{dys(wi), dy2(w2)} = dv (wr, wa).

Thus
Vg ((r,wr), (r2,w2)) < min{dy (r1,72), Yy (wi,w2)},

as required. Since both conditions hold, G! x G? is an exponential fuzzy graph.

4. Application

4.1. Algorithm of Exponential Fuzzy Graph

Step 1: Assign the base membership for vertices, ay (w) € [0, 1].

Step 2: Compute the vertex membership value by using the EFG definition (5)

Dy (w) = ay(w) - e v ®)

Step 3: Compute the edge membership values by satisfying the condition

Ip(r,w) < min {Jy(r),dy(w)}, Vr,w e V.

Step 4: Construct the Exponential fuzzy graph with the help of vertices and edges.
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Step 5: From the given edge membership values, we have to find the degree of vertices
by using the definition (6)

degg(w) = Y Ip(v,u) = Y ap(v,u) - e 2O,
ueV u€eV
uFv uFv

Step 6: Use the computed degrees degg(w) to rank vertices. Higher degree indicates
greater influence or sensitivity. This ranking supports decision-making processes,
such as identifying critical pollution indicators or prioritizing interventions.

4.2. Pollution Impact Analysis for Decision-Making

Environmental pollution has turned into a serious worldwide problem because it greatly
affects the health of both ecosystems and natural resources. Contaminated water from
sewage, industry and agriculture is causing water quality to rapidly decrease, putting
sensitive aquatic life and water safety at risk. Air pollution is increased by emissions from
industry, exhaust fumes from vehicles and the burning of fossil fuels. This contributes to
global warming and can lead to poor air quality and can cause lung diseases.

Inappropriate disposal of waste and using too many chemicals as fertilizers and pesti-
cides harm the soil and can also make the food unsafe to consume. Due to pollutants, dams
and growth near river banks, river ecosystems are becoming more at risk and freshwater
species are being driven to extinction. As logging, cities and farms remove trees, the ani-
mals lose places to live and more carbon is released into the atmosphere. Several kinds of
plant and animal species may go extinct because of the effects of pollution, environmental
damage and climate change on biodiversity. Environmental indicators like air pollution,
forest areas, types of contaminants, river health, water quality and level of biodiversity
show a series of strong and uncertain associations. The exponential fuzzy graph model is
strong in capturing uncertainties and the weakening influence of different environmental
elements.

4.3. Problem Description

Let the set of environmental factors be Water Quality (W), Air Quality (A), Soil
Contamination (S), River ecosystem (R), Forest Length (F) and Bio Diversity (B).
The vertex membership function is defined by

Iy (w) = ay (w)eV ™) and X = 1.

The membership value for each vertices is 9y (w) = 0.7¢ 07 = 0.3476, 9y (A) = 0.8¢~1(0-8) =
0.3594, 91/ (S) = 0.4e 104 = 0.2681, ¥y (R) = 0.6e~1(0-6) = 0.3292, 9y (F) = 0.5~ 105) =
0.3032 and Yy (B) = 0.3¢~1(03) = 0.2222.

The Edge membership function is defined by

Ip(r,w) < min{dy(r),dyv(w)}
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The membership value for each edge is

IE(A, F) =0.3476,95(A, S) = 0.2681,95(A, R) = 0.3292,95(A, W) = 0.3032,9g(A, B) =
0.2222,9(F,S) = 0.2681,Yg(F, R) = 0.3292,9g(F,W) = 0.3032, 9 (F, B) = 0.2222,95(S, R) =
0.2681, 9 (S, W) = 0.2681,95(S, B) = 0.2222, 9 (R, W) = 0.3032, 95 (R, B) = 0.2222, 95 (W, B) =
0.2222, which is shown in the figure 11

A 03576 03012 F 030352

502681 F 03292

W 03476 B02222

Figure 11: Fuzzy Graph

The exponential fuzzy graph in the application has an indicator at each vertex and
edges show the fuzzy relationships among these indicators. Each edge membership function
changes exponentially, which means that the influence linked to it decreases as we face
greater uncertainty or lower levels of resistance or intensity factor A (intensity or resistance
factor).

Vertex | Membership A =1 | Membership A = 2 | Membership A = 3 | Membership A =4
A(0.7) 0.3476 0.1726 0.0857 0.0425
F(0.8) 0.3594 0.1615 0.0725 0.0326
S(0.4) 0.2681 0.1797 0.1204 0.0807
R(0.6) 0.3292 0.1807 0.0991 0.0544
W(0.5) 0.3032 0.1839 0.1115 0.0676
B(0.3) 0.2222 0.1646 0.1219 0.0903

Table 2: Membership values of vertices from different A values

This paragraph provides a thorough analysis of the vertex degrees for all values of
A=1t0 A =4
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Edge | Membership A =1 | Membership A = 2 | Membership A = 3 | Membership A =4
AF 0.3476 0.1615 0.0725 0.0326
AS 0.2681 0.1726 0.0857 0.0425
AR 0.3292 0.1726 0.0857 0.0425
AW 0.3032 0.1726 0.0857 0.0425
AB 0.2222 0.1646 0.0857 0.0425
FS 0.2681 0.1615 0.0725 0.0326
FR 0.3292 0.1615 0.0725 0.0326
Fw 0.3032 0.1615 0.0725 0.0326
FB 0.2222 0.1615 0.0725 0.0326
SR 0.2681 0.1797 0.0991 0.0544
SW 0.2681 0.1797 0.1115 0.0676
SB 0.2222 0.1646 0.1204 0.0807
RwW 0.3032 0.1807 0.0991 0.0544
RB 0.2222 0.1646 0.0991 0.0544
WB 0.2222 0.1646 0.1115 0.0676

Table 3: Membership values of edges for different X\ values

Description Vertex | Degree A =1 | Degree A =2 | Degree A = 3 | Degree A =4
Air Quality A (0.7) 1.4703 0.8436 0.4153 0.2026
Forest Length F (0.8) 1.4703 0.8075 0.3625 0.1630
Soil Contamination | S (0.4) 1.2946 0.8581 0.4892 0.2778
River Ecosystem | R (0.6) 1.4519 0.8591 0.4555 0.2383
Water Quality W (0.5) 1.3999 0.8591 0.4803 0.2647
Bio Diversity B (0.3) 1.1110 0.8199 0.4892 0.2778

Table 4: Degree of vertices for various environmental parameters at different A\ values

Vertex degree analysis across a range of A values sheds light on how the relative signifi-
cance or impact of various environmental elements varies under more demanding modelling
circumstances. Air Quality (1.4703), Forest Length (1.4703) and River Ecosystem (1.4519)
are the most dominating elements at A = 1, where effect is widely dispersed with little
decay, suggesting high connectedness and influence in the environmental system. The de-
gree of each vertex decreases as A rises, illustrating how their impact lessens under more
conservative or decaying weight models.

River Ecosystem (0.8591) and Water Quality (0.8591) maintain the maximum degrees
at A = 2, indicating that these elements are structurally robust and preserve connected-
ness even in the face of greater limitations. Moderate persistence is also shown by soil
contamination and biodiversity, suggesting more dispersed patterns of effect.

Vertex degrees further decrease for all factors when moving to A = 3 and A = 4, but
the declines are more gradual for Soil Contamination (0.4892 to 0.2778), Forest Length
(0.3625 to 0.1630) and Bio Diversity (0.4892 to 0.2778), suggesting greater robustness or
long-term importance under stricter influence decay. On the other hand, even though it
was the most important component at first, air quality drops dramatically (from 1.4703
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to 0.2026), suggesting that conservative models greatly reduce its early influence.

Overall, the findings indicate that Forest Length, Soil Contamination and Bio Diversity
acquire relative importance in longer-term or more stringent environmental evaluations,
Air Quality, Water Quality and River ecosystem have the greatest influence in early-stage
(low A) models. While long-term resilience planning concentrates on forest ecosystems,
soil health and biodiversity, initial efforts target high-impact components like air and
water. This behaviour emphasises the dynamic nature of environmental interactions and
can guide multi-stage policy design.

Degree of vertices for various environmental parameters at different 3. values

1.6 1.4703
1.4703 14519
1.2946 1.3999
1.4
1.111
1.2
L8581 8501 8591
1 .
2439 0.8075 8190
0.8
.4892 -4555 -1803 4892
0.6 | ‘
4153 0.2383 0.2647 .2778
.3625 2778
0.4
0.2026
1163
) I I I
: [
A F S R w B
Air Quality Forest Length Soil Contamination River Ecosystem Water Quality Bio Diversity

B Degree =1 M®Degree =2 ™ Degree =3 MDegree =4

Figure 12: Fuzzy Graph

4.4. Comparative Analysis

Traditional fuzzy graphs (TFGs) provide a foundational approach to modeling un-
certainty by assigning static membership values to vertices and edges within a graph
structure. While this framework is effective in handling binary or constant uncertainty, it
lacks the ability to capture dynamic changes or gradual decay in influence over time or
through interaction. In contrast, the proposed Exponential Fuzzy Graph (EFG) model
significantly advances this capability by incorporating an exponential decay function into
the membership definitions. This allows the model to reflect real-world phenomena where
relationships naturally weaken, such as environmental pollution, social influence spread,
or biological interactions.

Unlike TFGs, which operate under fixed uncertainty levels, EFGs introduce a tunable
decay parameter A, enabling flexible control over the rate of influence attenuation. This
results in a more adaptive and realistic representation of uncertain systems. Furthermore,
EFGs maintain logical consistency by ensuring that edge memberships do not exceed the
minimum of the associated vertex memberships, even after exponential transformation.



W. F. AL-Omeri et al. / Eur. J. Pure Appl. Math, 18 (3) (2025), 6479 26 of 28

The EFG framework also redefines standard graph operations such as union, join and
composition within the exponential context, allowing for more nuanced interpretations of
connectivity and structure. All things considered, EFGs provide more thorough analytical
insights and enhanced decision-making precision, particularly in fields where the strength
of linkages varies over time. EFGs circumvent standard fuzzy graphs’ static constraints by
dynamically simulating the fading of influence, which better reflects the complex behavior
seen in many real-world systems.

4.5. Sensitivity Analysis

The efficacy and conduct of the EFG model are profoundly affected by the selection
of two critical parameters « (the fundamental membership value) and 5 (the decision
threshold or tolerance level). An exponential decay function of the following kind is used
in the EFG framework to simulate the membership values of vertices and edges:

—Aay (w)

Iy (w) = ay(w) - e ,

p(r,w) = ap(r,w) - e 2B v oy (w), ag(r,w) € [0,1]

The strength or intensity of a vertex or edge’s participation in the fuzzy graph struc-
ture is mostly determined by the parameter . While a large « also results in a reduced
membership because of the exponential decay, a small a produces a proportionately small
membership number. The EFG model supports moderate values of o for maximal influ-
ence, as the function achieves its maximum at a = % Therefore, properly adjusting «
guarantees that important vertices and edges are preserved while weaker relationships are
organically filtered out through decay.

Overall, the sensitivity analysis validates the dynamic adaptability of the EFG model
and its effectiveness in capturing the nuanced impact of pollution indicators. It further
highlights the importance of parameter tuning in practical implementations, ensuring the
decision-making process remains both data sensitive and context-aware.

5. Conclusion

The Degree-Based EFG was presented in this work as a potent tool for simulating un-
certainty and decay in real-world systems, particularly for the analysis of environmental
pollutants. A dynamic improvement over conventional fuzzy graphs, EFGs incorporate
exponential decay parameter A > 0 into the membership functions of vertices and edges.
We extended the concept to different graph operations with corresponding examples and
theorems, and we looked at important aspects like degree, order, and size. The EFG’s
capacity to more accurately depict deteriorating interactions among environmental param-
eters was shown by its application to pollution effect assessments. The proposed model
improves fuzzy graph theory’s accuracy in ambiguous and time-sensitive situations, with
great promise for use in sustainability, environmental monitoring, and decision-making.
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Future Work Constructing exponential fuzzy networks with intuitionistic or neutro-

sophic membership functions to reflect indeterminacy, hesitancy and uncertainty in com-
plicated systems. Integrating EFGs into frameworks for optimisation and multi-criteria
decision-making (MCDM) to enhance the management of deteriorating and uncertain data
in real-world situations such as risk assessment and environmental management.
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