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1. Introduction

Goguen’s paper [1] presented L-sets as a natural expansion of Zadeh’s fuzzy sets [2]. Since then,
numerous researchers have investigated L-topological spaces through diverse theoretical viewpoints.
For instance, Hohle and Sostak [3], as well as Ramadan [4], investigated the fundamental properties
of L-topological spaces. Subsequently, various scholars extended L-topological spaces and adjoint
operators to full lattices. Bélohldvek [5,6] introduced an axiomatic system for L-interior and L-closure
operators. Fang [7] investigated strong L-topologies and L-ordered convergence structures on full
residuated lattices. Oh and Kim [8] identified fundamental links between closure and co-topological
structures under the notion of L-spaces. Many authors have examined different types of L-topological
spaces in great detail (see [9—11]).

The topological framework of proximity structures has several applications in digital image
classification, pattern recognition, and related domains. There are at least two primary notions of
fuzzy closeness in the context of fuzzy structures. Katsaras [12] introduced fuzzy proximity as a
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subset of I**X satisfying specific axioms and examined its relationship with fuzzy topology. Another

definition of fuzzy closeness, proposed by Artico and Moresco [13], is a mapping IX*X — I. Artico’s
fuzzy proximity structures were later extended to full lattices by other researchers. The concept of
L-proximities on complete residuated lattices was developed by Cimoka and Sostak [14], who also
investigated their relationship with L-topological spaces (see also [15]). The interaction of L-filters via
L-pre-proximity spaces was examined by Jose and Mathew [16].

Given its connections to other subjects such as proximity spaces and topological spaces, the theory
of grills is an effective tool for understanding topological structures. To construct fuzzy proximity
spaces, Azad [17] introduced the concept of fuzzy grills. Mukherjee and Das [18] were among the
first to use grills to create a fuzzy topology, known as grill fuzzy topology. Subsequently, Roy and
Mukherjee [19] studied the relationships between grills and topological spaces. Later, Kandil et al. [20]
introduced additional properties concerning the interaction between grills and topological spaces, while
Rodyna [21] investigated the relationship between grills and proximity structures. Further features of
L-pre-proximities were introduced by Ramadan et al. [22], who examined their interactions with L-
filters and L-grills. In more recent work, Ramadan and Fawakhreh [23-25] conducted a comprehensive
study of the related categories of L-primal, L-grill, L-ideal, L-pre-proximity, L-topology, and L-co-
topological spaces. They established Galois correspondences among the associated categories and
clarified the relationships among these topological structures. Furthermore, Fawakhreh [26] recently
established Galois connections between the category of L-grill spaces and L-quasi-enclosed spaces,
and between L-filter spaces and L-quasi-internal spaces. Additional studies on various properties of
fuzzy grill topology can be found in [27-29].

The aim of this paper is to establish categorical connections between L-grill and L-pre-proximity
spaces, emphasizing the structural relationships between these categories. Beyond the introduction
and preliminaries, the paper is organized into five sections. Section 3 identifies the categorical
interconnections between L-grill and L-pre-proximity spaces by defining a concrete functor that links
these categories. Section 4 introduces the notion of L-gril-proximity spaces, studies some of their
properties, and demonstrates their relationships with L-closure, L-interior, and L-co-topological spaces.
Finally, Section 5 applies the proposed framework to environmental pollution modeling, employing L-
neighborhood systems, L-grill, and L-pre-proximity spaces to represent graded and spatially distributed
pollution phenomena and to integrate multiple environmental indicators for quantitative urban air-
quality assessment and decision-making.

2. Preliminaries

Throughout this study, we assume that X is a nonempty set. A Heyting algebra (L, A, V,—, L, T) is
regarded as a frame. The underlying complete lattice is denoted by (L, <), where L and T denote the
least and greatest elements of L, respectively. The following distributive law holds:

K/\(\/Nl) - \/(K/\xl); Vk,N €L, leTl.
lel’ lel’

For any «, N, § € L, the residuation property k A N < § if and only if 8§ < « — § defines the residual
implication operation —. It is further assumed that (L, <, A, ) is a frame equipped with a mapping * :
L — L that is both involutive («** = k) and order-reversing, defined by k VN = k* - N, k" =k — L.
We list some basic properties of this structure in the following lemma.
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Lemma 2.1 (cf. [3,30,31]). Forall k,N,6,k;,N,,y € Land [ €T, the following properties hold:

(1) k > N=\/{6eL|kA§<N}L

(2) T->N=Nandk <Nifandonlyifk > N =T.

(3) fN<6,thenk >N <k—>dandd > k <N —> k.

(4) (N8 =V Njand (V,;8)" = \|N;.

(5) k= (N\iR) = Nk = Ry and (\/, k) = R = N\ (k; — N).

(6) (kK ANR) > 0=k—>(N—>8)=K-> (k> 09).

(7) K AN =(k > K and k > K = K* - «*.

(8) k >N < (kNS > (NAd)and (k 5> R)ANK > ) <k—> 0.
(9) (k >R)AB oY) (kA > (RAY).

(10) (k > R)AN (O > 7y) < (kV) > (NVy).

(11) (k > R)V (IO > y) < (kA > (NVy).

(12) k AN(k > NK) <N and N <k - (k AN).

(13) k <N > difandonly if k AN < 6.

(14) ik — VR = Nk = Ry) and N\ — N\ R > Ayl — 8)).
(15) N> k< (k>0 > NK>o0)andNX - k< (6 - N) - (6 — k).

For « € L, the constant mapping « : X — L is defined by «(r) =k, Vr € X.
On X, an L-subset is defined as a function & : X — L. Additionally, T, : X — L is a mapping given

by
T, ifh=r,
T,(h) :{ e
1, otherwise.

Additionally, the degree of subsethood of w with respect to € on X is given by the mapping S, :
LX x X — L, defined as S ,(w, &) = A (w(c) = &(c)).
ceX

The following lemma presents several properties of the degree of subsethood between two L-
subsets.

Lemma 2.2 (cf. [7,30]). For all w,&,k,p € LX and k € L, the following properties hold:

(1) w<é = Sp(w,é)=T.

(2) Sin(w, &) ASu(€, k) < S m(w, k).

(3) If w <&, then S y(k, w) < Sk, &) and S (w, k) = S 1,(€, K).

(4) S (W, &) NSk, p) < Su(wV k,EV p)and S j(w, ) A S m(p, ) < Sp(w A p, & A K).
(5) Sth(w’ ‘f) < Sth(p’ w) - Sth(p’ g) and Sth(w’ ‘f) < Sth(g’p) - Sth(U),P)-

(6) Sp(w,k NE) =2k ASp(w,€) and S j(w,E) N w < E.

(7) w < Sp(w,§) = §and S p(w*, &) = S (€, w).

(8) Forall ,0 € L' and any mapping & : X — Y, we have

Sn(€,0) < Su(d(£),07(0)), where 37 (e)(r) = &(8(r)).

A Galois correspondence provides a natural relationship between two concrete categories through a
pair of functors acting in opposite directions. It generalizes the classical notion of a Galois connection
between partially ordered sets and is widely used to compare different mathematical structures.
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Recall that if C and D are concrete categories over aset X, and ¢ : C —» Dand ¢ : D — C are
concrete functors over X, then (¢, ¢) is called a Galois correspondence [32] between C and D provided
that Y o ¢ < idc and idyp < @ o .

Intuitively, the functor ¢ maps objects of C to objects of D, while ¥ maps objects in the opposite
direction. The above inequalities ensure that these two functors are mutually compatible, thereby
establishing a close correspondence between the two categories.

Next, we provide an introduction to several L-topological structures.

Definition 2.3 ([5,8]). On a set X, the mapping C : L* — LX is referred to as an L-closure provided
that the next four conditions hold for any w, & € L.

(C1) C(Ly) = Lx.
(C2) C(w) 2 w.

(C3) Su(w, &) < S u(C(w), CE)).
(C4) C(w V&) < Cw) v Cé).

We refer to (X, C) as an L-closure space. Additionally, (X,C) will be called:

(St) Stratified, if for each k € L, C(k A w) > k A C(w).
(AL) Alexandrov, if for each w; € LX and 1€ T', C(\/ w)) = \/ C(w)).

lel’ ler’

An L-closure mapping is a mapping 0 : (X,Cx) — (Y,Cy) that achieves
57(Cy(p) 2 Cx(® (), ¥ pelL’.

We write L-CL for the category of L-closure spaces whose morphisms are L-closure mappings.

Definition 2.4 ([5, 10]). On a set X, the mapping I : L* — LX is referred to as an L-interior provided
that, for any w, & € LX, the next four conditions hold.

(I1) ZI(Tx) = Tx.

I12) I(w) < w.

I13) Su(w, &) < Su(Z(w), L(6)).
(I4) I(w A é) = T(w) A I(E).

We refer to (X, I') as an L-interior space. Additionally, (X, 1) will be called:
(St) Stratified, if 7 (k Aw) >k A I(w), VkeL.
(AL) Alexandrov, if T(A\ w) = N\ I(w), Y w € LX, l€T.
lel’

lel’

An L-interior map is a mapping 0 : (X, Ix) — (Y, Iy) that achieves
5 (Iy() < Ix@® (), Y pelL.

We write L-INT for the category of L-interior spaces whose morphisms are L-interior mappings.

Definition 2.5 ([3]). On a set X, the family N = {N" : X — L | r € X} is referred to as an
L-neighborhood system provided that the next four properties hold for any k, & € L*:

(ND N'(Tx) =T,
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(N2) N7(&) < &(r);
(N3) If k <&, then N"(k) < N (&),
(N4) N'(k AN&€) = N7(k) AN"(é).
We call (X, N) an L-neighborhood space. Furthermore, the space (X, N) is said to be Alexandrov

whenever

N(Awl)z /\N(a)l), forallw, e LX, 1 €T.

lel lel’
A mapping 0 : (X, Nx) — (¥, Ny) between L-neighborhood spaces is said to be continuous at a
point r € X if, for any p € LY, N*D(p) < N"(8 (p)), where N* € Nx and N*" € Ny. If 9 is
continuous at every point r € X, then it is called continuous.

We write L-NB for the category of L-neighborhood spaces whose morphisms are continuous
mappings.
Definition 2.6 ([3, 11]). An L-co-topology on X is a mapping CO : LX — L satisfying the next three

properties for any w, & € L*:

(CTI) CO(J_x) = CO(Tx) =T,

(CT2) CO(w V &) > CO(w) A CO&), for every w,& € L*;

(CT3) CO(A\ w)) > N\ CO(wy), forevery w, € L and 1 €T.
lelr’ lel’

We call (X, CO) an L-co-topological space. Moreover, the space (X, CO) is considered to be:

(AL) Alexandrov, whenever for all {w }icr € L*, CO (\/,er w j) > Nier CO(w)).
(R) Enriched, whenever for all k € L and w € L, CO(k — w) > CO(w).

A mapping 3 : (X,COyx) — (Y,COy) is said to be continuous if, for every p € LY,
COy(p) < COx(8" (p)).
We write L-CTOP for the category of L-co-topological spaces whose morphisms are continuous
mappings.
Definition 2.7 ([22]). An L-grill on X is a mapping GR : LX — L satisfying the next three conditions
for any w, & € L*:

(Gl) GR(Ly) = Land GR(Tx) = T;
(G2) Su(w, &) < GR(w) = GR(E);
(G3) GR(w V &) < GR(w) V GR(&).

We refer to (X, GR) as an L-grill space. Furthermore, the space (X, GR) is said to be:
(St) Stratified, whenever for every k € L, GR(k — w) < k = GR(w).

(AL) Alexandrov, whenever for every w; € LX and 1€ I', GR(\/ w)) = \/ GR(w)).
lel’ lel’

A mapping 9 : (X, GRx) — (Y, GRy) between L-grill spaces is said to be an L-grill mapping if
GRx(® " (0)) < GRy(p), VpelL’.
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We write L-GRL (respectively, SL-GRL) for the category of L-grill (respectively, stratified L-grill)
spaces whose morphisms are L-grill mappings. One may notice that in L-grill spaces, if w < &, then
GR(w) < GR().

The subsequent lemma characterizes an equivalent form of (G2) for L-grill spaces.

Lemma 2.8 ([22)). If (X, GR) is an L-grill space, then ¥ &, w € L and k € L, the subsequent statements
are equivalent:

(1) GR(k A &) = k A GR(E).
(2) GR(k = w) < k = GR(w).

3) Su(w, &) < GR(w) = GR(E).
Definition 2.9 ([22]). On a set X, the mapping PR : LX x LX — L is referred to as an L-pre-proximity
provided that the next conditions hold for any w, &, 0, wy, w1, &, & € LX:
(LP1) PR(Tx, Lx) = Land PR(Lx, Tx) = L;
(LP2) PR(w,€) = V wla) A €E(a);
acX
(LP3) Si(w,&) < PR, w) = PR(0,§) and S y(w,§) < PR(w,0) = PR, 0);
(LP4) PR(w1 A w2, &1V &) < PR(wi,&1) V PR(w2, &)
We refer to (X, PR) as an L-pre-proximity space. Additionally, (X, PR) is said to be:
(St) Stratified, whenever for every k € L,

PRk AN w,k = &) S PR(w,E) or PRk — w,k AE) < PR(w,E).
(AL) Alexandrov, whenever for every {w;, & : 1 € I'} C LX,

PRw, \/ &) < \/ PRw.&) and PR(\/ w.) < \/ PR, &).
ler ler ler ler
The mapping 0 : (X, PRx) — (Y, PRy) between L-pre-proximity spaces is said to be an L-proximity
mapping whenever
PRy(w, &) > PR3 (w),57(£)), forallw,éc LY.

We write L-PPROX for the category consisting of L-pre-proximity spaces whose morphisms are
L-proximity mappings.

3. On L-grills and L-pre-proximities

Categorical connections between L-pre-proximity and L-grill spaces are identified in this section.
The subsequent theorem defines a concrete functor from L-GRL to L-PRROX, thereby demonstrating
a categorical link between L-grill and L-pre-proximity spaces.

Theorem 3.1. We are given an L-grill space (X, GR) and a mapping PRgr : L* X LX — L specified
by PRer(€,w) =\ (£() A (@(r) V GRW))), ¥ & w € LY. Then,

reX
(1) the space (X,PRgr) is L-pre-proximity. Furthermore, (X,PRgr) is Alexandrov whenever

(X, GR) is Alexandrov;
(2) if (X, GR) is stratified, then PRgr(€,k A w) > k A PRgr(€, w) and (X, PRgr) is also stratified;
(3) 0 : (X, PRgr,) — (Y,PRggr,) is an L-proximity mapping whenever 6 : (X,GRy) — (¥,GRy) is
an L-grill mapping.
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Proof. (1) (LP1) Obvious.

(LP2) PRoxW,E) = V (U() A€V GRED) 2 V 4(r) A0

(LP3) Let ¢, w,0 € L¥, and using the residuation properties and the definition of the subsethood
degree, we have

PRox(W,0) = PRor(w,0) = V/ (U A () v GR@)) = V. (@) A (e(r) v GR@))

reX

> \W(r) = w(r) =S, w).

reX

For the second inequality, using the property of L-grills that S,,(¥,w) < GRW) — GRw), we
obtain

PRar(0, ) = PRor(0,0) = V/ (o) A () vV GRW))) = V (o) A (0() v GRW)))
> A\ () V GRW) = w(r) v GRw))

reX

2 /}((w(”) - w(r) AM(GRY) = GR(w))
= Su(, w) A(GRW) = GR(w)) = S u(Y, w).
(LP4) For every &), &, wy, w, € LX, we have

PRgr(&1, w1) V PRgr(&2, w2)
= V(60 A @)V GR@D)V V. (60) A (@) v GR@2))

reX

= (fl(r) A (wi(r) V GR(w1)) V (£2(r) A (w(r) V Qﬂ(wz))))

reX

> V(&) A &) A (@) V GR@) V (w(r) V GR(@))))

reX

= V(&) Aé(n) A ((wl(”) V wy(r) V GR(w; V wz))

reX

= V&AL A (@1 V @)r) v GR@ V wn)

= Wgyz(fl A fz, w1 V wy).
(AL)V &, w; € LX, 1 € I', we have

PRox(. [ @) = \/ (60 7 (\/ @) v GR(\/ )

ler rex lel ler
= \/ (g(r) A \/ (wi(r) v QR(wl)))
reX lel’
= \/ \/ (g(r) A (w((r) v QR(U)I)))
leI' reX
= \/ mgﬂ(fa wy).

lel’

(2) Since (X, GR) is stratified, then GR(k A @) > k A GR(w). Thus
PRor(Ek A@) =\ (£0) A (k AT(r) V GRK A @)))

reX

>\ (&0) A (k A @(r) V k A GR(@)))

reX

=V (£0) A (A (@) V GR@))))

reX

=KA Wgﬂ(f, w).
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Next,
PRor(k Nék > @) =\ ((KAED) A (k= @(r) V GRK - @)))

X
X

~
m

(
< VAo A (k> @) v k - GR@)|
V [ n g0 A (x> @) v GR@))|
(£ A (@() v GR@)))
PRox(€, o).

~
m

A
@

<

Therefore, (X, PRgr) is stratified.
(3) For every &, @ € LY, we obtain

PRgr, (87 (£), 07 (w)) (6“(6)0) A @ (@)(r) v QRX(EY_(W)))

=V
reX
< V (600 A @) v GR(@)))
< V(€0 A (@) v GRy (@) = PRox, €, @)

O

The correspondence (X, GRy) = (X, PRgr,) established in the aforementioned theorem induces a
functor ¥ from L-GRL to L-PPROX given by W(X, GRy) = (X, PRgr,), ¥(0) = 8. The next corollary
gives a similar result.

Corollary 3.2. Given an L-grill space (X, GR) and a mapping PRgg : L* x LX — L specified by

PRor(w,€) = \[ (w(r) A E(r) v GRED), ¥ &, 0 € LY.
reX
Then,
(1) the space (X, PRgr) is L-pre-proximity. Additionally, (X, PRgr) is Alexandrov whenever (X, GR)
is Alexandrov.
(2) PRgr(é, k N w) = k A PRgr(€, w) and (X, PRgr) is stratified whenever (X, GR) is stratified.

The next theorem defines a a categorical relationship between L-pre-proximity and stratified L-grill
spaces.

Theorem 3.3. We are given the L-pre-proximity space (X,PR). If the mapping GRpg : LX — L is
specified by
GRer) = \/ ( /\ (PR (0.0") A Sul0.69) > 0")(r), V¢ e LF,
reX pelX

then

(1) the space (X, GRpgr) is a stratified L-grill space.

(2) 3 : (X,GRpg,) — (Y,GRpg,) is an L-grill mapping whenever 8 : (X,PRx) — (Y,PRy) is an
L-proximity mapping.

Proof. (1) (G1) Obvious.
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(G2) Let &, w € LX, and then

GRop(&) > GRpr(w)

=V A, (PR (0.0 A Sulo. €)= 7))

= VA, (PR (1) A S s @) = ) (r)

> A [QEALX (PR (0.0") A S (0. € — 0'(r))

- A (PR (') A S, ) — (1))

2 AN, [(PR (0", 0) A Sule.£) = 0"(r) = (PR (0", 0) A Sule. ") = (1))
2 A\ (500,07 = Su(@.£)) 2 Sulw'. £ = Sl ).

(G3) For each &, w € L¥, we obtain

GRpr(&) V GRpg(w)

=V A, (PR ©@.0) A Sl = &)V V. s (PR ) A S lpt, ) — p*)(r)
2V A [(PR (0.0 A Sul.£) = 0*)(r) V (PR (. ") A S (11, ")) — ') ()]
2V A (PR Gp) APR(0.0) A Sule-£) A Sl ) = "V 0]

2V A PR we Vi ASueApmE A = Vo)

=V A |PR@AmEAw) ASulenmEV @) = @nw|n

= GRpp(é V w).

Since (X, GRpg) is an L-grill space, by (1), it satisfies axiom (G2). Thus,

S, &) < GRpp(w) = GRpg(é), ¥ w,& € LX,

Therefore, by Lemma 2.8, this is equivalent to the stratification condition
GRpr(k = w) <k = GRpr(w), VkeEL, we L~

Hence, (X, GRpr) is a stratified L-grill space.
(2) Forevery £ € LY,

GRox, &) =V A (PRy.V) A Su(1 ) = v ()

YEY yelY

> VA (PR A Su(nE) = v ()

8(r)eY velY

>V A PRUST0)ET0) AS 400,57 = 870)0)

2 GRpg, (57(£)).

O
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The correspondence (X, PRy) — (X,GR) established in the aforementioned theorem induces a
functor Q : L-PPROX — SL-GRL defined by

QX, PRx) = (X, GRpg,), 2(0) =

Proposition 3.4. Given (X, PR) as an L-pre-proximity spaces, hence PRgr,, < PR.

Proof. Since

GRer®) = \/ ( [\ PR (0,0") A S ul0,£)) = 0")(b),

beX o€ X

then by taking o = Ty, we get GRpr(£) < '\ &(b). Thus,
beX

PRorex(&0) = V (£0) A (e(b) v GRex(@)) < V (£B) A 0B vV 0(b)))
= V(EB) A V o)) = V Eb) A ob) < PRE o).

Proposition 3.5. Given as a stratified L-grill space (X, GR), hence GRpr ., = GR.

GR —

Proof. Since PRgr(0.0") = \ (0() A (0"(r) V GR(0")). then

reX
PRox(,0) = \ (o) = (2'() v GR@")')
= Su(o.(0 A GR' (@) < Su(0. GR'(@")).

Now,

GRprr(€)

((PRG(0.0%) A S i(e.£9) — @")(r)

(S 0. GR @) A S 0. €9) = ¢7|(r)

(S (o, GR* (@) A S n(GR(E), GR(@)) — ¢°|(r)
[

R

R

elX

‘
<
>

€

Y

‘
M
>
m
>

o€L

\%

\
m
>
M
>

0€Ls

(Sulo. GR (@) A Sw(GR' (). GR'()) = o] (1)
\ [Sute.oR @) — e “Jar)

VA [SuGR©.0) — 0 |

R(E).

\
M
>
M
%

o€l

\%

<
m

(S

~

©

I
Qb m<

v

O

From Theorems 3.1 and 3.3, together with Propositions 3.4 and 3.5, one obtains the following
corollary.

Corollary 3.6. (Q,¥) forms a Galois connection.
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4. On L-grill-proximities and L-topological structures

Based on the L-grill notion, we provide the idea of L-grill-proximity spaces, and study some of their
properties. We further explore its connection to L-topological structures.

Definition 4.1. On a set X, the mapping GPgr : L* X L* — L is referred to as an L-grill-proximity
provided that the subsequent conditions hold for any w, u, k € L*:

(LPI) gpgﬂ(w’,u) = gpgﬂ(ﬂ, w);

(LP2) S (. 1) < GPgr(w. K) = GPgr(H K);

(LP3) GPar(@ V 1, K) < GPor(w.K) V GPgp(. K);

(LP4) GPgr(w, 1) < GR(w) A GR(W);

(LP5) GPgr(w, 1) 2 GR(w A p).

We refer to (X, GPgr) as an L-grill-proximity space. Additionally, (X, GPgr) is said to be:

(St) stratified, if ¥V « € L and w,u € L*,

GPsr(w, kx = ) < k = GPgr(w, p),

or equivalently, GPor(w,kx A 1) > k AN GPgr(w, p).
(AL) Alexandrov, if for each subfamily {w; : | € I'} C LX,

GPor(\[ wi) = \/ GPgrlwr ).

lel’ lel’

The mapping O : (X,GPgr,) — (Y,GPgr,) between L-grill-proximity spaces is called an L-
proximity mapping provided that ¥ w,u € LY,

GPor, (0 (), 8 (1)) < GPgr, (W, 1.

The category that has L-grill-proximity spaces as objects and L-proximity mappings as morphisms
is referred to as L-GPROX.

Example 4.2. Consider the L-grill-proximity space (X, GPgg). If GPgr(w,n) = GR(w) A GR(n), then
GPggr is the largest L-grill-proximity on X. If GR(w) = \/ w(r), then
reX

GPr(w,m) = \[ wr) A \/ 7).

reX reX

Example 4.3. Consider the L-grill-proximity space (X, GPgg). If GPgr(w,n) = GR(w A1), then GP g
is the smallest L-grill-proximity on X. If GR(w) = \/ w(r), then

reX

GPr(w,m) = \/ (@ Am)®).

reX

Theorem 4.4. Given an L-grill-proximity space (X,GPgr). For any w € L*, define the mapping
@ LX — Las @“(u) = GPgr(w, 1), Yu € L*. Then ° is an L-grill mapping on X.

Proof. We omit the proof since it is simple. O
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Definition 4.5. Given an L-grill-proximity space (X, GPgr). For any w € L*, we define
PR = GPoR(Trw)  and  wepy(r) = GPup(T, ).

The subsequent theorem establishes a concrete functor inducing L-closure spaces from L-grill-
proximity spaces.

Theorem 4.6. Given an L-grill-proximity space (X, GPgr) and w9Per(r) = GPor(T,, w), where w €
LX. If a mapping Cgp,,, : LX — L* is given as:

Copr(w) = wV w9r Y w e ¥,

then

(1) (X, Cgpyy) is an L-closure space;

(2) (X, Cgpyy) is stratified (resp., Alexandrov) if (X, GPgr) is stratified (resp., Alexandrov);

3)0d: (X, Cgpgﬂx) - (Y, Cgpg,Ry) is an L-closure mapping if d : (X,GPgr,) — (Y,GPggr,) is an
L-proximity mapping.

Proof. (1) (C1) Obvious.
(C2) Cgpyp(w) = w V w9Per > w.
(C3)

S #(Coper(@), Coree ) = A (Copr(@)(r) = Copy(1)(r))

(@(r) V @P6x(r)) = (u(r) v po%(r)))

(@(r) = (r) A (o (r) — %o (r))

W) = pO) A (@F8(0) = uox(1)

= A (@) = M) A A (GPGr(Tr @) = GPR(T,, )
2 Sm(w, 1) A S p(w, p)

= Sn(w, p).

>

(C4)
Copor(W)1) V Capy (1) = (W V GPGr(Tr, ) V (1Y GPr(T,, 1))
= (V) V(GPr(Tr,w) V GPsr(T,, 1))
> (VW V(GPer(TrwV )
= Cgpge(w V ().

(2) For every w € LX and p € L, we get

Copge@0 = w) = (0 = W)V (0 = w) e
=(0 = W) VGPer(Tr0 = w) < (0= w) V(0= GPr(T, w))
< @A) = (WV GPGr(Trw) =0 = (WV W) = 0 = Cgp,,(w).

(3) For every w € LX, we get

07 (Copgr, (W)(1) = Cgpgy, (W)(B(r))
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= w®(r) V w7 (B(r)) = 8 ()(r) V GPgr,(Tawm, @)
> 87 (w)(r) V GPgr, (87 (Ton), 0" (w))
> 8 (w)(r) V GPgr, (T, 0" (w))
= Cgpyp, (87 (W))(1).
This completes the proof. O

From the above theorem, we deduce that if (X,GPgg) is an L-grill-proximity space and I' :
L-GPROX — L-CL is defined by I'((X, GPgr)) = (X,Cgp,), then I is a functor from L-GPROX to
L-CL.

The following theorem describes a categorical relationship between L-grill-proximity and L-interior
spaces.

Theorem 4.7. We are given an L-grill-proximity space (X,GPgr) and wgp,,(r) = QP*QR(T,,(U*),
where w € LX. If a mapping Tgp,, : LX — L* is given as:
]gpgﬁ(a)) =wA WGPsr> Yow € LX,
then
(1) the space (X, I gp,,) is L-interior;
(2) (X, Zgp,,) is stratified (resp., Alexandrov) if (X, GPggr) is stratified (resp., Alexandrov);

3)0: (X, _Z-gpgﬂx) — (Y, .Z-gpgﬂy) is an L-interior mapping if 8 : (X,GPgr,) — (Y,GPgg,) is an
L-proximity mapping.

Proof. (1) (I1) Obvious.
(12) Igpgﬂ(a)) < w.
(I3)

S (L 675 (@), T gy (1)) (Zepan(@)(r) = Tgpy, (1)

(W) A Wgpg (1)) = (u(r) A igpy (1))

\ (@) A GPGR(Tr ) = (1) A GPr(Tr 1))

> A (@) = p) AN (GPor(Tr ) = GPer(Tr, )
> Sm(w, ) ASuy", w*) =S p(w, w.

X

<
m

X

Il
<
R

<
m

(I4)
Lopa(w ANENT) = (wAET) AN (WA E)gpy(r)
= (WA E) ANGPer(T, 0"V E)
> (w AET) ANGPer(Tr w) A GPer(T,, €Y))
=(wA gp*gyz(-rr, w*)) A (€A gP*gR(Thé‘:*))
= L gpap(W)(r) A Lgp (E)(r).

(2) For every w € L* and o € L, we get
Top (0 Aw)r) =(0Aw)r) A©Aw)gp,(r)
=@ AN W() ANGPer(Tr0 = w)
> (0 Aw() A (0 AGPr(T,,w"))
=0 A Igp(W)(r).
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(3) For each @w € LY, we get

8 (L gppn, (@N(1) = T gpyy, (@)B(r)
= (B(r) A GPyg, (Tor, @)
< 3 (@)(r) A GP o, (57 (To(). 57 (@"))
< 3@ A GPr, (T8 (@")) = Tgpg, (57 (@)(1).

This completes the proof. O

From the above theorem, we deduce that if (X,GPgg) 1s an L-grill-proximity space and A :
L-GPROX — L-INT is defined by A((X, GPgr)) = (X, Lgp,,), then A is a functor from L-GPROX
to L-INT.

Next, we investigate a categorical relationship between Alexandrov L-grill-proximity spaces and
Alexandrov L-co-topological space.

Theorem 4.8. Let (X, GPgr) be an Alexandrov L-grill-proximity space. If the mapping COgp,,, L -
L is given by COggog(R(w) = QP*QR((U*, w), where w € L%, then

(1) the space (X, COQquz) is an Alexandrov L-co-topological space;

(2) if (X, GPgg) is stratified and GPgr(0 A w, 1) = 0 A GPgr(w, ), then (X,COgp,,) is enriched;

3)0: (X, CnggRX) — (Y, C‘nggﬂy) is a continuous mapping if 8 : (X,GPgr,) — (Y,GPggr,) is an
L-proximity mapping.

Proof. We prove only (1) and (2).
(1) (T1) Since GPgr(w, p) < GR(w) A GR(u), we get

COgpy(Tx) = GPur(Lx, Tx) 2 GR (L) VGR (Tx) =TV L=T,

COgpgy(Lx) = GPer(Tx, L) 2GR (TH) VG (Lx) = LV T =T,

(T2)
COgp (W V 1) = GPpp(w A, V 1)
> GPor(@", @) A GPgr(", 1) = COgpy (@) A COgp e (1).
(T3)
COgp,( [\ @) = 6P\ i}, /\ w) 2 |\ GPer(@}, wp) = )\ COgpy(wy),
ler ler lel’ ler lel
COgp,(\] ) = GPer( N\ i, \/ @) = N\ GPor(w], ) = )\ COgp, ().
lel’ lel’ lel’ lel’ lel’
2)

COgpy(0 = w) =GPgrl0 N W",0 = w) = 0 = GPur(w",0x = W)
>0 = (0 A GPgr(w", w)) 2 GPr(w”, w) = COgp,, (W)
O

Hence, we deduce that if (X, GPgg) is an L-grill-proximity space and ® : L-GPROX — CTOP
is defined by O((X,GPgr)) = (X,COgp,,), then © is a functor from Alexandrov L-GPROX to
Alexandrov L-CTOP.

AIMS Mathematics Volume 11, Issue 7, 22380-22400.



22394

Theorem 4.9. Given an L-closure space (X,Cgp,,). For any w € L%, define the mapping COCQ%72 :
LX - Las COngg«R () = S n(Cgpyg (W), ). Then,

(1) the space (X, COCQPQR) is L-co-topological;

2) (X, COCWQR) is enriched if (X, Cgpg,) is stratified;

3) X, COnggR) is Alexandrov if (X, Cgp,,) is Alexandrov;

4) COCWW < COgp,y if (X, GPgr) is Alexandrov and GPgr(k A w, u) = k A GPgr(w, 1);

(5) the mapping & : (X, COCQPgRX) - (Y, COC%,Ry) is continuous if 0 : (X, Cgpgy ) = (Y,Cgpy, ) is
an L-closure mapping.

Proof. Since the proofs of (1)—(3) are straightforward, we only provide the proofs of (4) and (5).
4)

COCWQ,R (@) = Sn(Cgpyy(@), @)
= h/\X(C'ngR(W)(h) — w(h)) = h/\x(w(h) V GPsr(Th, @) — @(h))

< h/\X (GPor(Th, @) = @w(h)) = h/\X (@ () = GPr(Th, @))
= QP*QR(h\/X(W* A T)(h), @) = GPgr(@", @) = COgp,, (@)

(&)
COcypyy (@) = Si(Copye, (@), @) < S (0 (Copyy, (@)), 07 (@)
< Si(Copgg, (07 (@), 07 (@) = COcqy,, (B (@)).

O

Hence, the above correspondence (X, Cgp,,) > (X, COCQPW) demonstrates a functor from L-CL to
L-CTOP.

Definition 4.10. Ler GPgr be an L-grill-proximity on X. For every w € L*, define the mapping

gﬁl’g«k ILX S Las N g%ﬂ(ﬂ) = GPgr(w, "), ¥ p € LX. Then ngng is said to be an L-grill-proximal
neighborhood. If nggﬁ(,u) = T, then we say that u is an L-grill-proximal neighborhood of w. In
particular, N;;,gﬂ(,u) = GPer(Tr 1.

The following theorem establishes the fundamental properties of the L-grill-proximal
neighborhood.

Theorem 4.11. Let GPgr be an L-grill-proximity on X and nggﬂ be an L-grill-proximal
neighborhood. Then for any w,u, 0 € LX, we have
(D) Ngg (Tx) = T and Ngg_ (Lx) = L
(2) N (1) < S (@, ;
(3) Sultt,0) < Ngp (1) > Né (0);
(4 Nop, (1A 0) = N (1) A NS, (©).
Proof. The proofs of (1) and (2) are straightforward; therefore, they are omitted.
3)
Nép o) = Ngp_ (0) = GPgr(w, 1") = GPgr(w,0")
= ngR(wa o) — gpgﬂ(w,ﬂ*)
2 Su(0" 1) = S, 0).
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4)
Negp ) A NGy (©) = 6P, 1) A GPge(,0")
< GPgrlw, 1" V 07) = GPgr(w, (W A 0)) O
- nggﬂ(’u N O).

Theorem 4.12. Given an L-grill-proximity space (X, GPgg). For any w,0 € L* and r € X, we define
the mapping QD’QR LY = [Xas @’gﬂ(w) =GR(wANAp) AN, gT;,gﬂ(Q). Then

(1) S (@, 1) < S s Ply(@), D (10)):

(2) Pl V 1) < Ply() V Pp(p0);

(3) Pyp(w A p) < Dpp(w) A Pyg(p).

Proof. (1)

S Ppg(@), Ply)) = N\ (Plel@) = Plye(0)
= A\ (GR@ n o) AN, (@) = (GRu A Q) AN, (0))

reX

> A\ ((GR@ A @) = GRu A ) A (Ngp (0) = NG (0)))

reX
> SmwAo,uANo) > Sm(w, 1) ASu(0,0) =S m(w, 1.

2
~ P(w Vi) =GR((wV 1) Ao) ANgp (0)
=GR(wAQ)V (A ) ANgp (0)
< (GRW A Q) VGRu A @) A NG, (©)
= (GRW A Q) ANG;, @)V (GRu A ) AN, (0))
= D (w) V D).
(3) The proof is similar to that of (2). O

5. Application: environmental pollution assessment

In this application, we employ the theoretical framework of L-grills, L-neighborhood systems, and
L-pre-proximities to model environmental pollution phenomena in a graded and spatially distributed
manner by integrating multiple environmental indicators for effective quantitative monitoring and
decision-making in urban air-quality management.

Let X = {x1, x2, X3, X4, X5} denote a set of five air-quality monitoring locations, and let L = [0, 1]
denote the complete Heyting algebra equipped with the usual order. Pollution at each location is
represented as an L-subset w : X — L, where w(r) indicates the measured pollution intensity at
location r € X.

We consider three pollution indicators, modeled as L-subsets A, u, v € L*, defined, respectively, by

A = PM;5 concentration, u = NO, levels, v = O3 concentration.

These indicators correspond to fine particulate matter, nitrogen dioxide, and ground-level ozone, and
jointly describe particulate, gaseous, and photochemical pollution components.
The normalized measurements of the indicators at each monitoring station are given in Table 1.
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Table 1. Normalized values of the pollution indicators at the monitoring stations.

) Stations
Indicators
X1 X2 X3 X4 X5
A 0.8 0.6 0.4 0.7 0.5
u 0.7 0.5 0.6 0.6 04
% 0.5 04 0.7 0.3 0.6

The global evaluation that is given by the L-grill mapping GR;; : L* — L is defined as:

GRs(a) = \/ a(x) =supa(x), ac L~

xex xeX

The computations of the L-grill mapping with the given pollution indicators are:

GR5(1) =sup{0.8,0.6,0.4,0.7,0.5} = 0.8,
GRg(u) = sup{0.7,0.5,0.6,0.6,0.4} = 0.7,
GRg(v) = sup{0.5,0.4,0.7,0.3,0.6} = 0.7.

This indicates that PM; 5 (1) is the globally dominant pollutant.
Now, the L-pre-proximity induced by G is defined by

og(a,B) = GRg(y), v = a A (pointwise minimum),

and its station-by-station computations are given by:

AN =1(0.7,0.5,04,0.6,04), 6g(d,u)=sup(0.7,0.5,0.4,0.6,0.4) = 0.7,
ANy =(05,04,04,03,0.5), 6g(4,v)=sup(0.5,04,04,0.3,0.5) =0.5,
uAv=1(0.5,04,0.6,03,04), 6g(u,v)=sup(0.5,0.4,0.6,0.3,0.4) = 0.6.

For each station x;, the L-neighborhood system induced by G can be computed by:
Ng(xi)(@) = GRgla A 1y) = a(x),

where 1,. is the L-subset equal to 1 at x; and O elsewhere. The L-neighborhood evaluations to the
station level are given in Table 2.

Table 2. L-neighborhood evaluations of pollutants at each station.

L-neighborhoods Stations
X1 X2 X3 X4 X5
Ng(x)(1) 0.8 0.6 0.4 0.7 0.5
Ng(x) () 0.7 0.5 0.6 0.6 0.4
Ng(x)(v) 0.5 0.4 0.7 0.3 0.6

Table 3 summarizes the evaluation of pollution indicators: global L-grill, pairwise L-pre-proximity,

and max station values.
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Table 3. Combined evaluation of pollution indicators: global L-grill, pairwise L-pre-
proximity, and max station values.

Pollutant Global L-grill GRg Pairwise L-pre-proximity dgg Max station value
A (PM;5) 0.8 og(A, 1) =0.7,66(1,v) =0.5 x1:0.8
1 (NOy) 0.7 ogu, ) = 0.7, 6g(u, v) = 0.6 x;: 0.7
v (O3) 0.7 0g(v, ) = 0.5, 6g(v, ) = 0.6 x3:0.7
Interpretation

According to Table 3, we conclude the following:

e The global maximum values GR indicate PM, s is the globally dominant pollutant, particularly at
station x;.

e The L-pre-proximity values highlight moderate to strong correlations among pollutants. The
highest pairwise L-pre-proximity dgr = 0.7 shows strong correlations between PM, 5 and NO,,
suggesting linked pollution sources.

e Stations x; and x;3 are locally critical due to high neighborhood values, indicating stations needing
immediate attention: x; (high PM,; s and NO,), x5 (high O3).

e The combined analysis demonstrates how L-grill and neighborhood structures yield
graded, spatially informed pollution insights.

6. Conclusions

In this study, we have successfully established categorical connections between L-grill and L-pre-
proximity spaces. By constructing concrete functors and proving the existence of a Galois connection
between these categories, we have clarified the structural relationships between them. Additionally, we
introduced the notion of L-grill-proximity spaces, a structure derived from L-grills, and investigated
their fundamental properties together with their categorical relationships to L-closure, L-interior, and
L-co-topological spaces. In particular, we showed that L-grill-proximity spaces are categorically
connected to L-closure, L-interior, and L-co-topological spaces through a Galois correspondence.

The application of this framework to environmental pollution modeling demonstrates that L-grills
and L-pre-proximities provide an effective quantitative tool for integrating multiple environmental
indicators and analyzing spatially distributed phenomena, thereby supporting air-quality assessment
and informed decision-making.

We believe that this work opens new avenues for future research by laying a foundation for further
investigations, including:

(1) Investigating the categorical properties of L-primal-proximities and characterizing the concrete
functors connecting them to L-topological structures.

(2) Exploring the relationships connecting L-grill spaces and L-topogenous structures.

(3) Inducing L-neighborhoods from L-pre-proximity structures, with a particular emphasis on
identifying new practical applications.

(4) Examining the role of L-neighborhoods and their applications in L-grill approximation spaces.
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