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Introduction

In the middle of 2022, for a first time the concept of a Modal
Topological Structure (MTS) was introduced. During the last three
years, the author published a series of papers over MTSs illustrating
them with different examples from the area of the intuitionistic
fuzziness.

The concept of a MTS was extended to temporal MTS, level MTS,
bi-MTS, multi-MTS and others structures.

Now, a new direction for extension of the concept of a MTS, is
introduced and illustrated again with examples from the area of the
IFSs. In the Conclusion, a geometrical interpretation of the new
structures is given and some open problems are formulated.



Short remarks on IFSs

Let the (crisp) set E be fixed and let A C E be a fixed set. We define:
an IFS A* in F is an object of the form

A" = {(z, pa(@),va(@))|v € E},

where functions 14 : £ — [0,1] and v4 : E — [0, 1] define the
degree of membership and the degree of non-membership of the
element x € E to the set A, respectively, and for every z €

0 <pa(z)+rva(x) <1

Below, we will write A instead of A*.



Over two IFSs a lot of operations and relations are defined, but here,

we will recall only the following:
A C Bifandonly if (Vz € E)(ua(x) < pp(x) & va(z) > vp(x));

A D Bifandonly if B C A;

A = Bifandonly if (Vz € E)(ua(x) = pup(x) & va(z) = vp(x));
)|z € EY};
)|z € EY}

AN B = {(z, min(pa(z), pp(x)), max(va(z), ve(z))
AU B = {{z,max(pa(z), pp(z)), min(va(z), vp(z))
DA = {(z,pa(z),1 — pa(z))|x € E};
CA={(z,1 —va(z),va(z)) |z € EY};

C(A) = {(z, SupuA( ), inf va(y)) [ € B}
yer ye

T(4) = {(r, inf pa(y), supva(y) | = € ).
ye yeE



Let everywhere below
P(X) = {Y]Y C X},
where X is an arbitrary set, and
O* = {{(z,0,1)|z € E},
U* = {(z,0,0)|z € E},

E* = {{z,1,0)|z € B}

Then,
PO") ={0"},

P(E*) ={A[AC E"},
where A is a fixed IFS.



Definition of the Multi-Dimensional Modal Topological

Structures

Here, following, but modifying and extending the first paper on MTS,
we will define the concept of a Multi-Dimensional MTS (MDMTS),
or, when the number of the dimensions is fixed, e.g., as s > 1 for
some natural number s — as s-dimensional MTS (s-DMTS).

Let us have the fixed sets X1, - - - X, where the natural number s > 1.
Let

<7)(X1)) 57 Ca *, 77>

<P(XS)7€7C7*777>
where for each r (1 < r < s), the object (P(X,),E,(,*,n) is a MTS.



Now, following the definition of a topological structure and the
definition for a MTS, we construct the object

<7D(X1 X X XS)757C57*7778>

that will denote as an s-Dimensional(x, 775)-Modal (¢, s)-Topological
Structure (s-D(x, 7s)-M(¢p, (5)-TS) or (more general)
multi-Dimensional(y, ns)-Modal(y, (s )-Topological Structure

(mD(x, ns)-M(¢p, (s)-TS), where for A, B € P(X; x --- x X):



o (s ( Xy X o xX)x(Xpx--xXg) = X1 x---xXgisan
associative operation, being a generator of the function ¢ in the
following sense: if

Gla1,a2) = ((a1,a2) = araz = Hau

then
C at, - H (7%

e £ is atopological operator. If it is from closure (cl) type, then it
must satisfy the conditions

Ctl £(AGB) = E(A)GE(B),

C2 ACE(A),

C3 E(E(A)) = E(A),

Ctd £(O1 X -+-x04) =071 X -+ X Og,



where O, is the minimal element of P(X,) for 1 <r <s,

O = 0y x --- x Oy is the minimal element of the set

P(X1 x -+ x Xg). If it is from interior (in) type, then it must satisfy
the conditions

Itl E(A(B) = E(A)GE(B),
It2 ) C

£(A
I3 £(£(A)) = £(A),
It4 E(X1 X x Xg)=X7 x - x Xg;
o st (Xpx o xXg)x(Xyx--xXg) = Xy x---x Xgisan
associative operation being a generator of the function 7 in the
above sense: if

n2(a1,az) = n(a1,az2) = min(ai, az) = @i& a;,

then

o, 00) = i, o



e *is a modal operator from cl- or in-type.
If it is from closure (cl) type, then it must satisfy the conditions

Cml E(AnsB) = E(A)nsE(B),

Cm2 A C E(A),

Cm3 E(E(A)) = E(A),

If it is from interior (in) type, then it must satisfy the conditions
Iml €(An,B) = E(A)E(B),

Im2 E(A) C A,
Im3 E(E(A)) = E(A);

e x,p € {clin},

e both operators (topological and modal) must satisfy the condition

*xE(A) = E(xA). (%)



We can see immediately that when s = 1, (1 = (, 71 = 7, we obtain
the definition of the standard MTS.

‘We must mention immediately, having in mind that the temporal scale
T is a set, then each temporal MTS can be interpreted as a 2-DMTS.
If we require as additional conditions the functions (s and 7, to be
commutative and for every i, j (1 < i < j < s) and for each

Ay X x Ag € P(X1 x -+ x X;):

E(Ar X Ajx-xAjx- - xAg) =E(Ar X Ajx - XAy X+ - X Ag),

then the MDMTS will be called a commutative MDMTS.



Intuitionistic Fussy Multi-Dimensional Modal Topological

Structures

As a point of departure, further we give a list of the existing Cartesian
products over two IFSs.
Let E; and E5 be two universes and let

A = {(z,pa(x),va(z))|z € Ei},
B = {{y,18(y),vB())|y € E2},

be two IFSs over F and over Es, respectively. Then:



Axy B= {{(z,y), pa(@).pp(y),va(z)ve(y))|e € Exkey € Ea},

AxyB= {{(z,9),pa(x) + p(Yy) — pa(z).up(Yy), va(r).ve(y))
’.’E (S El&y € EQ},

AxsB= {{{z.y), na(@)upy), va(@) + va(y) — vale)vs(y)
|x € E1&y € Esq},

AxyB = {{{z,y), min(pa(z), np(y)), max(va(z),vs(y)))
|.CC (S El&y € EQ},

Axs B = {((z,y), max(pa(z), pp(y)), min(va(z), vp(y)))
|LU € Bi&y € Ez},

AxgB = {((r,y), tatrpell ralhprelily) ;s € Biky € Bp).

Of course, these products can be generalize for the case of s universes
Eq,---Esand s IFSs Ay, - - - A so that the IFS A; is an IFS over E;
for 1 < i < s, as follows



Ay

Aq

X1+

SORRE

><3...

Xq v

X5+

XG...

XlAs:

XQASZ

XSAs:

X4As:

XGASZ

S

(-2, ITpa,(eo). [T v, (@)l € By

i=1
for1 <i < s},
{ar a1 = T - aa, (@), TT v, (@i)la; € B
for1 <i < s}, - .
{{ar- ), TT () 1= TL(1 = va,(@)la; € B
forl <:< s}l,_l -

(w1, - - 2g), oin i, (74), max va, (w3))|z; € E;
forl <i<s},
(@1, ), Tnax fia; (74), oin va, (m3))|z; € E;
forl <i < s},

‘ va, (x;)

> pag@) 3 va,
{21, wg), =, —)|@i € Ejfor1 <i < s}

s.
Il Mm
-




For each one of these products we can see that their y- and
v-functions are commutative and for the first five products — that their
functions are associative.

In addition, we must re-defined the operations U and N, relations C
and =, and operators O and { for IFSs over s universes F1, - - - F:



Ay X - x AgUBy X -++ X By

= {<<LU1, T ,xs>,max(u,4(ac1, T 7$S)>MB('%'17 to

min(VA(xl, s ,CCs), VB($17 T 75‘38))>|<$17 ’

A X - x A;N By X --- X By

= {<<l‘1, T ,x3>,min(,uA(x1, T ’QSS)aNB(J:la T

max(va(xy, - ,xs),vp(x1, -, zs))) [{x1, - -

Ay X -+ x As C By X -+ x By if and only if

:V<x1,--- ,.’135> Z,UA(.%'l,"' 7$S> S/’LB(mlf"

, L)
&valzy, - ,x5) > vp(xy,---

7x8)7



Ay X -+ x Ag = By X -+ X By if and only if

:v<$1)"' ,CC3> :HA(xla”' 7$s) :/'LB("B17"' 7568)
& VA(LUl,"' 7x8) - VB(:E17'” 71"8))

D(Al Ko XAS) = {<<$1a 7$S>7/LA($17"' 7$S)71_MA($17.“

<IE17'--,J}S>€ETX"'XE;},

<>(A1 X X AS) = {<<l‘1,- v 7$S>71 - VA($1,"' ,l‘s),l/A(ZL‘l,"‘

(1, ,x5) € Ef x -+ X EX}.



Now, we will construct some examples of MDMTSs using IFSs. They
will be MDMTS-cases, or more exact, s-DMTS-cases of standard
MTS:s.

We must mention that when the topological structure from the present
form is related to IFSs, it will be denoted as
IFs-D(cl,N)-M(in,N)-TS.

Let the p- and v-functions have one of the six forms discussed above.
Theorem 1. Let E/q, --- , E be fixed universes. Then

(P(EY x --- x E¥),C,U,&{,N) is an s-D(cl, N)-M(cl, U)-TS.



Proof.
First, we will give a detailed proof and after this will comment other
forms of the proof.
Let Ay X --- X Ag, By X -+ x Bg € P(E} x --- x EY). Then, we
check sequentially
Ctl:

C(Ap X+ X AgUBy X -+ X By)

=C({{(z1, -y ws), palan, - ws), vales, - - x5))
|(z1, - ,x5) € Ef X --- x E¥}

U{{(z1, - xs), B, s as),vB(21, -+ 5 26))
|(z1, - ,x5) € Ef X --- x E¥})

=C({((w1, -, ), max(pa(zy, -, xs), pp(21, -+ 26)),

min(va(zi, -, xs),vp(x1, - ,xs)))[{(x1, -+ ,25) € Ef X -+ X EX})



:{<<$17 7x8>7 sup IIla.X(/J,A(yl,”- 7y8)7/'LB(y17"‘ 7y5))7
(Y1, 5ys) EE] X X B}

<y1""’ys>1€nEf><---><E; mln(VA(y17 7y5)7VB(y17 7y8))>

(z1, - ,2x5) € Ef x--- x E}}

= {{(z1," -, @s), max( sup pA(YL, - 5 Ys), sup 17
(Y1, ,Ys) EET XX By (Y1, ,ys) EEY X X B}

min( inf min(va(y1, -+, Ys) inf vy,
<y1:"':ys>€Eic><'--><E;c 7 ’ ’<y17---7yS>EEIX---XE: 7

|(z1,--- ,z5) € Ef x--- X E¥}

=C(A)ucC(B);



Ct2:
Ay X oo X Ag

= {<<$1> ,{IJS>,,UA(:L'1,"' 7x8)7VA(xla"' axS)H

(X1, -+ ,z5) € Ef X -+ X E¥}

g{<<$17 7':ES>’ sup MA(yla"' 72/8)7
(Y1, ys)EE] XX B}

inf min(va(yi, -+ ,ys)) (@1, -+ ,xs5) € Ef X -+ x E¥}
<y17“'7y5>€ETX‘“XE;

=C(A; X -+ X Ay);



Ct3: Having in mind that sup wa(yi, -+ ,ys) and

<y1"" ’ys>€E1* X"'XE:

inf valyr,--- are con in:
N (Y1, ,Ys) stants, we obtain:

C(C(A1 x -+ x Ay))

:C({<<$1? ’:ES>? sup :U’A(yla'” 7y8)a
(Y1, Ys) EBT X X %

inf va(y, - ys)l{e, - as) € Bf X+ X EJ})

<y17'“ 7ys>eEf X'“XE;

:{<<$17 7x8>a sup MA(yla'" 7y8)7
(Y1, ,ys)EEF X X E%

inf I/A(y17"'7y8)>‘<x17.”7x5>€E]>_kX'“XE.:}

<y1"" »ys>€Eik X'"XE:

= C(A; % - % Ay);



Ct4:

C(OF x -+ x OF)

:C({<<x17 ,xs),0,1>\(:c1,~- 7x5> EET X X E;}})
=

<<':U1>"' 7x8>a sup 07
<y17“'7y5>€ETX'“XE;‘(
inf D|(z1, - ,zs) € Ef X --- x E¥}

(Y1, ,ys)EE] XX E%

{<<x17"' 7x8>7071>|<x17"‘ 7'7:5) S Eik X X E;k}})

— * *.
—01X"‘XOS,



Cml:

QAL x -+ x AgN By x -+ X Bs) = O({{({x1, -+, @s), pa(z, - -

valxy, - xs)|{(z1,- -+ ,x5) € Ef X -+~ x EX}

N {<<xla 7$S>7MB('T1"" )xs)vyB(xla"' ,335)>
(z1,--- ,x5) € Ef X --- x E¥})

= O{((@1, -+, @), min(pa(zy, - xs), p(@1, -+, 35)),
max(va(xy, -+ ,xs),vp(x1, -, ) [{z1, - - a:s> € Ef x
= {<<$17 T 7x8>7 1- ma‘X(VA(xlv 7xs)7 VB (:1717 T 7$s))7
max(va(xi, -+ ,xs),vp(x1, -+ ,xs)))[(x1,- - ,x5) € B} X
={{{z1, - 2s), min(1 —va(z1, -+ 26),1 - VB(HC1,-~~ ,Ts)),
max(va(xy, - ,xs),ve(x1, - ,:rs))H(:L'l, <, xs) € BY X
={{{z1, - 2), 1 —valzr, - @s),va(rr, -, xs))
(z1,--- ,x5) € Ef x - x EX}

{<<3§'1,“' ,1'5>,1 _VB(xly"' 71"8)51/3(1:17"' ,LL‘S)>
’<$1a"' 7$S> GET Ko XE:}
=O(A1 X - X Ag) NO(By X -+ X By);

- x E*

st

7$S)7

X BY

-x E*

S

}

}



Cm?2:

Ay X - X Ag

= {1, ), pa(@r, -+ ws),val@y, - @)
[{x1, - ,xs) € Ef x -+ x E¥}

C {<<1;17 7$s>71 _VA(-'L'L"‘ ,fxs),VA(xla"‘ 71's)>
[(x1,--- ,xs) € E] x -+ x E¥}

:<>(A1 N XAs);



Cm3:
O(O(Ar X -+ X Ay))

= <>({<<x17 ,$s>71—VA($1,"' ,%)WA(M,"' 7x8)>
|(z1, - ,25) € Ef X --- x EX})

= {<<SL‘1, ;$s>71_VA(1'17"' 71'5)7VA(1'17"' a$s)>
{z1,--- ,x5) € Ef x--- x EX}

:<>(A1 X‘--XAS);



()

O(C(AL x -+ x A))

= {(

= {(

O{{(z1, -

<y17"'

Ty,

<y17'“

(Y1,

: 7x$>7

y Ts)s sup

<y17"' %)EE; XX E¥

inf v e Ty, -
Ys)EET XX E¥ Ay, Ys)) [(z1
Ta) 1 inf va(y, -
(Y1, ys)EET XX B
ol va(ys, -+ ye)) (@1,

vys>€Ef ><-~><E';

sup
<y17“‘ 7ys>€Ef XX E%
inf
»ys>€Eik ><...><E‘;k

=C(O(Ar x -+ x Ay));

pa(y, -

1 _VA(yl,"'

va(yr, - ys)) (a1,

’ys)a

,xs) € B x - x EXY})

: 7y8)’

,xs) € Ef x -+ X EX}

7y$)7

,xs) € EY X --- X EX}



(**): This condition is valid because as we mentioned above, the -
and v-functions have one of the seven forms and all of them are
commutative.

This completes the proof.

In the same manner we can also prove the following theorems.



Theorem 2. Let F/q, - -- , E be fixed universes. Then
(P(Ef x -+ x E¥),C,U,{,U) is an s-D(cl, U)-M(cl, U)-TS.

Theorem 3. Let F/q, - - - , E be fixed universes. Then

(P(Ef x ---x E¥),C,U, 0,N) is an s-D(in,N)-M(cl, U)-TS.
Theorem 4. Let F1, - - - , E; be fixed universes. Then

(P(EY x ---x E¥),C,U, 0,U) is an s-D(in, U)-M(cl, U)-TS.
Theorem 5. Let Fq, --- , E be fixed universes. Then

(P(EY x --»x E¥),T,U,$,N) is an s-D(cl, N)-M(in, U)-TS.

Theorem 6. Let F, - - - , E; be fixed universes. Then

(P(EY x -+ x E¥),T,U,$,U) is an s-D(cl, U)-M(in, U)-TS.

Theorem 7. Let 1, - -- , E be fixed universes. Then

(P(EY x ---x E¥),I,U, 0,N)is an s-D(in, N)-M(in,U)-TS.
Theorem 8. Let F/q, - - - , E be fixed universes. Then

(P(Ef x -+ x E¥),Z,U, 0O,U) isan s-D(in,U)-M(in,U)-TS.



Finally, we will mention that
C(Uy x---xUs)=Uy X+ xUs,

and
ZUy x -+ xUs) =Up X -+ x Us.



Conclusion

By analogy with previous research, let us imagine that each of the
structures (P(X1),&,(,%,n), -+, (P(Xs), &,(, *,n) is a page of a
book, where each page is enumerated with the number of the structure
located on it. Then the common components of any of the structures
can be interpreted as the spine of the book, and the entire mDMTS —
as the book itself, as it is shown on the Fig. 1. Now, each page of our
book can be interpreted as a map and then the whole book can be
interpreted as an atlas.



Fig. 1. Atlas with maps generated by the structures
<P(X1)7 ga C7 *, 77>7 Ty <P(Xs)7 57 gu *, 77>



We will finish with the following three Open problems:

1. Which other topological operators are suitable for generating of
mDMTSs?

2. Which other logical operators are suitable for generating of
mDMTSs?

3. Which other types of mDMTSs can be constructed?
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Conclusion

In a next research, we will give the list of the intuitionistic fuzzy
conjunctions and disjunctions generated by the above implications and
negations and will discuss some of their properties.
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