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Abstract

Expert knowledge representations often fail to determine compatibility levels on all objects,
and these levels are represented for a certain sampling of universe. The samplings for the
fuzzy terms of the linguistic variable, whose compatibility functions are aggregated accord-
ing to a certain problem, may also be different. In such a case, neither L.A. Zadeh’s analysis
of fuzzy sets and even the dual forms of developing today R.R. Yager’s g-rung orthopair fuzzy
sets cannot provide the necessary aggregations. This fact, as a given, can be considered as
a source of new types of information, in order to obtain different levels of compatibility
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according to Zadeh, presented throughout the universe. This source of information can
be represented as a pair (A, f4), where there is some crisp subset of the universe A that
determines the sampling of objects from the universe, and a function f4 determines the com-
patibility levels of the elements of that sampling. It is a notion of split fuzzy set, constructed in
this article, that allows for the semantic representation and aggregation of such information.
This notion is again and again based on the notion of Zadeh fuzzy set. In particular, the
operation of splitting a crisp subset into dual fuzzy sets is introduced.

Definitions of set operations on split dual fuzzy-sets are presented in the paper. The proofs
are also presented that follow naturally from definitions and previous results.An example of
MADM is presented for illustration of the application of splitting operation.

Keywords: Fuzzy sets, Set splitting, Duality of imperfect information, Uncertainty and
imprecision of imperfect information, Q-Rungorthopair fuzzy sets, Lattices.

1. INTRODUCTION

In the study of complex events analysis and synthesis problems, the use of L.A. Zadeh’s theory of
fuzzy sets [1] has the particular importance today, when the problems of semantic representation
of expert qualitative information are quite acute due to the complicated nature of the objects under
study. Existing approaches to measuring the degrees of compatibility precision of studying objects
are no longer satisfactory to today’s researchers. This is why the two sides of imprecision- the
levels of object compatibility and incompatibility - are becoming more and more independent in
new research [2-20]. This independence is due to the dual representation of evaluation. Duality is
becoming an important element in the presentation of incomplete information today, and study on
the imprecisions and uncertainties of modeling complex events deserves a great attention. The most
common direction of these issues today is to represent the dual nature of information evaluation in
some independent degrees of belonging and non-belonging. This idea first came from Atanasov [2].

The intuitionistic fuzzy sets (IFS) theory by Atanasov [2] represents a new extension of Zadeh’s
fuzzy sets (FS) theory [1]. Because to each element of IFS, as Intuitionistic fuzzy number (IFN)
(u,v) is assigned a membership degree (1), a non-membership degree (v) and a hesitancy degree
(1 = u,1 — v), IFS is much capable to deal with vagueness than FS. IFS theory was extensively
utilized in various problems of different areas [1, 2]. Definitions of main arithmetic operations
on IFN are given in [2, 3]. The IFS theory is found to be intensively applicable in decision-
making direction of research. After consideration of the huge number of existing materials, the
authors of [5] presented a scientometric review on IFS studies. At the same time the IFN (u,v)
has a serious constraint - the sum of membership and non-membership degrees must be or less
than 1. Nevertheless, it may happen that a DM provides such data for certain attribute that the
aforementioned sum is greater than 1 (x4 v > 1). To cope with such case Yager [6, 7] introduced
the concept of the Pythagorean fuzzy set (PFS) as a generalization of IFS, where a Pythagorean
fuzzy number (PFN) (u, ) has a weaker constraint - the sum of squared degrees of membership
and non-membership satisfies the inequality u2 412 < 1. Butin many expert orthopair assessments,
neither PFNs nor IFNs can describe fully intellectual activity, because the assessment psychology
of a decision maker (DM)is too intricate for hard decision-making, and the attribute’s information
is still problematic to express with PFNs or [FNs. This problem was solved by Yager again [8, 9].
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He introduced the notion of a ¢g-rung orthopair fuzzy set (¢-ROFS), where ¢ > 1, and the sum
of the gth power of the degrees of membership and non-membership cannot exceed 1. For a ¢-
rung orthopair fuzzy number (¢-ROFN) we have (u? + v? < 1). The fundamentals of arithmetic
operations on such numbers are presented in [10, 12]. Obviously, the g-ROFSs are generalization
of IFSs and PFSs. The IFSs and PFSs represent the particular cases of the g-ROFSs for ¢ = 1 and
q = 2. Thus, ¢-ROFNs appear to be more suitable and capable for expressing DM’s assessment
information. Study on Aggregations of experts’ q-rung orthopair fuzzy evaluations are actively
developed in different works of authors of this paper in multi-criteria decision-making problems
[10-22]. A completely different approach to dual representation of a fuzzy set is developed in [23].
In this paper, the concept of lower a-level sets of fuzzy sets is introduced, which is regarded as a
dual concept of upper a-level sets of fuzzy sets. Authors introduces a new concept of dual fuzzy
sets. Dual decomposition theorem is established. The dual arithmetic of fuzzy sets in R is studied
and established some interesting results based on the upper and lower a-level sets.

In practice, there are frequent cases when experts are unable to determine the levels of compatibility
on all objects. In fact, these levels are represented by a certain sampling of the universe. Experts
may make these samplings different. Samplings for the fuzzy terms of linguistic variables may also
be different. But aggregations of such information are still needed, and the universe may not be fully
represented at all. In such a case, neither the Zadeh fuzzy set analysis nor the dual forms presented
here in the form of ¢-rung orthogonal fuzzy sets can provide the required aggregations.

Actually, it means the following. For any expert from certain universe 2 = {wy,...,w,}, a certain
sampling of items A = {w;,,...,w;, } is available for evaluation. Suppose the compatibility levels
generated by any expert are represented as some function f4(w) : A — [0, 1], where the values
are known only on the elements of the set A C (2. This data may be different for his/her other
evaluations or for those of other experts. The new type of information source differs from that
involved in determining the levels of compatibility according to Zadeh’s point of view. In this case
the source of information is presented by pairs (A, f4). We are dealing with a source and data of
a different nature. Namely the possibility of semantic representation of such information by the
notion of split fuzzy set constructed in this article is offered, which is again and again based on
Zadeh’s concept of a fuzzy set. In particular, the operation of splitting a crisp subset into dual fuzzy
sets is introduced. It is this dual, split fuzzy sets lattice that will create a unified environment for
aggregating expert evaluations of different samplings.

The second section explains the operation of splitting a crisp set indicator into dual fuzzy sets. It
also explains the notions of splitting representations for sets union, intersection, Cartesian product,
and other operations indicators. The third section studies the lattice of split elements of the Boolean
lattice of indicators /, where it is proved that the splitting lattice of all elements of this lattice / is the
Braeuer lattice. A number of facts about the properties of this lattice are given. The fourth section
explains the operation of splitting a crisp set, which is equivalent to the operation of splitting its
own indicator. The main properties of this operation with some proofs are given. The concept of
the generalized degree of the universe is explained, which is the lattice of the elements obtained by
splitting all the subsets of the universe. It is proved that this lattice is the Brewer lattice. In order
to study this lattice, the fifth section discusses some formulas for conditional pseudo-addition of a
lattice element. The sixth section considers some properties of the operation of splitting of sets. The
seventh section discusses the ideal of split elements of / and the ideal of their pseudo-additions. It
is proved that this lattice is equivalent to the Boolean lattice /.
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2. OPERATION OF SPLITTING OF AN INDICATOR

Consider the source of information discussed in the introduction for expert evaluations. Suppose
that, for any expert from some universe 2 = {wi,...,w,} a certain sampling of elements is
available for evaluation. Suppose the compatibility levels generated by the expert are represented
as a certain function f4(w) : A — [0, 1], where the values are known only to the elements of the
set A C (). This data may be different for his/her other evaluations as well for other experts. The
new type of information source differs from that involved in determining the levels of compatibility
according to Zadeh’s point of view [1]. In this case the source of information is presented by pairs
(A, fa). Let A C Qand I4 € {0,1}* be its indicator. Represent it in the following form

Ia(w) = f(w)a(w) + (1 = f(W)a(w), we, (D
where f(w) : Q@ — [0, 1] is some continuation of the function f4(w) : A — [0, 1] on the universe
Q (f(w) = falw), weA).

Definition 1 Let us call representation (1) a splitting of indicator 1 o with respect to function f.

Introduce notations:

I;(w) = f(w)Ia(w) and
Iip(w) = (1 = f(w))la(w) 2)

Indicators I3, I, € [0,1]% of two fuzzy subsets A, AP c Q are called splitting of an indicator
14 of a subset A C Q) and

Ia=1I;+15p- 3)

Definition 2 Indicators I3, 15, € [0, 1]Q as well as fuzzy subsets A, AP c Q are called dual,
respectively.

According to L. Zadeh [24] 17 is an indicator or membership function (compatibility function) of

some fuzzy subset A. It is clear that splitting does not depend on the continuation of the Junction
fa(w) : A —[0,1]. More exactly, the pair (A, f4) induces a pair of splitting fuzzy sets (A, AP).

Example 1.1 Let be given a set of digits = {0,1,2,3,4,5,6,7,8,9}. Let also be given the
sampling of universe as some subset A C ). For example, suppose that A is a set of odd dig-
its - A = {1,3,5,7,9} and let expert’s evaluation only on this sampling is given by the func-
tion fa(w) : A — [0,1], fa(w) = %—Fl’ w e A Let f(w) : Q — [0,1] be any contin-
uation of the function fa(w) on ). Then the splitting of the 14 of the subset A C Q on the
universe () into two dual fuzzy sets (or their indicators (membership functions)) looks like this: A=
{9/0,1/(1/2),2/0,3/(1/4), 4/, 5/(1/6), 6/0,7/(1/8), 8/0, 9/ (1/10)} and
AP = {0/0,1/(1/2),2/0,3/(3/4), 4/0,5/(5/6), 6/, 7/(7/8),8/0, 9910} .

Practically, dual splitting fuzzy subsets </~1, AD > are created as fuzzy subsets on the universe 2.
Practical interpretation looks like following: Sometimes for the description of some uncertain term
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of some linguistic variable on the elements of an universe we usually construct membership function.
But for the extension of the information containing in the membership function to only on some
elements of concrete crisp subset, we are splitting this set into dual split fuzzy subsets. So, the
extended information is contained in dual fuzzy sets. Duality of this extension means that both
fuzzy sets contain the same information, but codified in different ways.

It is to mention that, splitting dual fuzzy subsets A, AP on Q are induced by the subset A, A C
and some function fu(w) : A — [0, 1].

As mentioned earlier, the possibility of using the split operation can arise in many cases. Here is
one case.Let now consider an example on application of splitting a set into dual fuzzy sets inmulti-
attribute decision making (MADM).

Consider a MADM model with 5 attributes S = {s1, s2, ..., s5} and 3 alternatives D = {d1, da, d3}.
Suppose that a decision-making matrix represents a matrix of normed ratings in [0,1], where some
ratings are not given:

D/S | s1 | s2 | s3 | s4 | S5
dq 02| - 107106 -
do - |04] - 1031038
ds 0310571 0.6 - -

As can be seen from this matrix, for each alternative there are attributes for which the rating evalua-
tions are not presented. Such unusual cases can arise in practice for many reasons. One is when the
number of attributes is quite large due to the deep detailing of the task, and it is difficult for experts
to make a rating assessment on all attributes. Such cases often arise when building recommendation
models in collaborative filtering problems. These empty elements need to be filled somehow. This
problem can be successfully implemented with a machine learning approach, if, of course, there
is a large amount of prehistoric data. Otherwise, when we do not have objective data and expert
evaluations are of the sparse type, the splitting operation presented here can be a way out! We see
that the alternative d; is evaluated on a subset of attributes S1 = {s1, s3, 54}, the alternative dy is
evaluated on a subset of attributes So = {s2, s4, S5}, and the alternative dj is evaluated on a subset
of attributes S3 = {s1, s2, s3}. Let us split these sets into dual fuzzy sets. Then the decision matrix
can be written as:

D/S S1 S92 S3 S4 S5
Ag, 021000706 ]0.0
AP 10800030400
Ag, 00104 [00]03]0.8
AP 100]06[00][07]02
Ag, 103105]060.0]0.0
A2 107]05]040.0]00

Therefore, the alternative d; ¢ = 1,2, 3 is represented by dual split fuzzy subsets <Ad“ Ag > on the
whole universe of attributes S = {s1, s9, . .., $5 }.The creation of an aggregation instrument and the
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ways of constructing ranking relations can be developed in many directions, where the definitions
and results presented in the following paragraphs on the operations of dual split sets will be used.
Here is a simple solution. Combine the elements of split dual fuzzy sets into pairwise intuitionistic
fuzzy numbers by a simple concatenation:

Here, of course, attention is drawn to the symbolic intuitionistic fuzzy number (0.0,0.0), whose
attribution and non-attribution values are 0.0, which indicates the information that the evaluation
is not done. As a matter of fact, if we gave a formula-quantitative value to ratings that are not
evaluated by such representations, it is natural to replace it with zero intuitionistic fuzzy numerical
rating - (0.0,1.0). Then the decision-making matrix takes the following form.

D/S s1 S9 s3 S4 S5

di 1 (0.2,0.8) | (0.0,1.0) | (0.7,03) | (0.6,0.4) | (0.0,1.0)
ds | (0.0,1.0) | (0.4,0.6) | (0.0,1.0) | (0.7,0.3) | (0.8,02)
ds | (03,07) | (0.5,0.5) | (0.6,0.4) | (0.0,1.0) | (0.0,1.0)

Suppose that the vector of attribute weights in this model is W = {wy, wa, ..
0.4, 0.1, 0.2}.

L ws) ={0.1,0.2,

For ranking of alternatives let us use the intuitionistic fuzzy weighted averaging (IFWA) operator:

dz' ~ IFWA(al,...,%).

For example, for d; we will have:
dy ~0.1®(0.2,0.8) ©0.2® (0.0,1.0) 0.4 ® (0.7,0.3) ® 0.1 ® (0.6,0.4) ® 0.2 ® (0.0,1.0) ,

where & and ® denote addition and multiplication operations on intuitionistic fuzzy numbers,
respectively.

2.1 Splitting of an ordinary complement indicator /¢

Easy to see that for given splitting 4 the splitting I 4c does not depend on [ 3, since I4cl4 = 0.
Formally,

Iye =1pc® = (Ig—I5—1I55)Iac =1 zIac +(1—1_35)Iac, (4)

where we introduced notation
I_‘A'Zlflg:IA‘D\/IAC. (5)
Therefore,
Igc = I_‘A“IAC = (IKD V Igc)lgc = Ixc,

Iizp = (1= L ;)Ixe = IzLse =0, 6)
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2.2 Splitting of an indicator of intersection [ 4np

Forany f(w), g(w) € [0, 1] we can write splittings of 14 and Ip.

Ta(w) = f(w)la(w) + (1 = f(w)a(w), N
Ip(w) = g(w)Ip(w) + (1 = g(w))Ip(w) .

Further,

Tanp(w) =14 (
IA IB(w) (8)
= f(w)g(w)la(w)Ip(w) + f(w)(1 — g(w))Ia(w)Ip(w)
+ (1= f(w)g(w)a(w)Ip(w) + (1 = f(w))(1 — gw))a(w)Ip(w).

If we require split indicators to meet the same condition as non-split indicators
Iing <1315, )

then from (8) we have two equivalentrepresentations:

and
Isp = Uz o Ip). (1)
Indeed, in the first case we have:
[fw)gw)Iaelp+ f(w)(l—gw))laelp]+[(1— flw))gw)lsels
L) — 4 HO = L@ —g@)Lae Ip], Voo f(w) < gl):
[f(w)g(w)laelp+ (1 - f(w))g(w) A°IB]
+Hf(W)(A —gWw)Iaelp+ (1 — f(w)(1—g(w))laelp], Vw:gw) < f(w);
_ ) f@a(w)(TaeIp) + (1= f(w)a(w)(TaeIp), Yw: f(w) < g(w);
gw)Ipw)(IaeIp)+ (1 —g(w)Ip(w)(laelp), Yw: g(w) < f(w);
= (Iz(w) AN p(w))(Ta o Ip) + (I1(w) A T5(w))” (14 @ Ip)
= Iz(w) A g(w) + (Iz(w) Al ()", (12)

In the second case, if we combine the terms of (8) like this:
Igng = (IA.IE)(IA.IB)"F [(IAOIED)—F(IAD .I§)+ <I.ZD .IB’D)]’

i.e., if we consider (I; e I5) as the result of splitting /4, then this splitting will also satisfy

condition (9), i.e.
Inng = Iz 15)anp + (L5 015) " Tans. (13)

In contrast with (17 A I5), we call expression (I ; @ I) a “sequential” splitting of the indicator
I4npB. Indeed, cons1der I AnB and split 4, we get

Tanp = U5+ 155)IB=(I50Ip)anp+ (I @ IB)lanB.
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Therefore, in this case
Im = (Iﬁ ° IB)IAQB.

Now split I 4np sequentially by help of function I, we get:

Iop=I5elos+(1— I3l

Thus, in this case

IAmB_I .I _IE.(IZ°IB)'IAQB:IKOI§. (14)

2.3 Splitting of an indicator of union /4,5

The splitting of an indicator I 4,5 can be constructed from the following relationships:
Taup(w) = Layacnp)(w) = La(w) + Lacnp(w) = La(w) + Lac(w)Ip(w)
= fw)la(w) + (1 = f(w)Ia(w) + Lac(w)(g9(w)p(w) + (1 - (w))IB(w))
= fw)la(w) + g(w)Lac (W) Ip(w) + (1 = f(w))La(w) + (1 = g(w))Lac (w)Ip(w).
Analogously,
Taup(w) = Ipyanpe)(w) = Ip(w) + Lanpe (w) = Ip(w) + Ipc(w)la(w)
=g(w)Ip(w) + (1 = g(w))Ip(Ww) + Ipe (W) (f(w)la(w) + (1 = f(w))la(w))
= g(w)Ip(w) + f(w)pe (W) la(w) + (1 — g(w))Ip(w) + (1 — f(w))Ipe(w)la(w).

Taking into account the property of idempotency of indicators we have:

([f(w)Ia(w) + g(w)Lae (w)Ip(w) Laup(w)
+[(1 - flw ) Aw) + g(w)Lae (W) Ip(w)) L aup(w);
[9(w)IB(w) + f(w)la(w)Ipe (W) Laup(W)
[(1 = g(w) (W) + f(W)la(w)Ipe (w))Laup(W);
[F(@) Ta(w) V 9(@)Tac (@) Ip(@)] aup ()
Hl(1 = f@)La(w) V g@)Lac (@) I5(w)) Tavs w);
[9()IB(w) V f(w)la(w)Ipe (w)Laup(w)
( H( = g(@)Ipw) V f(w)la(w) e (W) Laup(w) -
If you require split indicators to meet the same condition as non-split indicators:

I > 15, 15, (16)

i.e., if we consider that the choice of the law of point grouping should provide the order for split
indicators

max (f(w)la(w), g(w)p(w)) < (f(w)a(w) V g(w)lac(w)Ipw))
vV (g(w ) B(w) V f(w)la(w)lpe(w))
= (f(W)a(w) V f(w)a(w)Ipe (W) (17)
V (9(W)Ip(w) V g(w)lac(w)Ip(w))
= (f(W)a(w) V g(w)Ip(w)),

IAUB(OJ)

_l’_

\

(15)
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then (15) can be rewritten as follows
Tawp(w) = (f(W)la(w) V g(w)Ip(w))Laup(w) + (1 = (f(w)a(w) V g(w)Ip(w)))Laup(w)
= (Ig V Ig)(w)IAug(w) + (1 — (Ig V Ig))(W)IAUB(W)a
or

IZ—L\J/B:IA\/IE' (18)

Now let us consider the procedure of “sequential” splitting. We have

Taup =14+ 1 — IanB.

With “simultaneous” splitting /4 and I, we get:

Ir =13+ 15— 55

AUB — B

Since
IEVIE_'_IA/\IE:IA_‘_IE’

then this implies that when the union indicator is “simultaneously” split

Igp =1z Vg =155

With “sequential” splitting, obviously,

I— :IZ_'—IE_IN

iy A.IE' (19)

2.4 Splitting of an Indicator of Cartesian Product /4. p

Let A, B be any subsets of universes {2 and (29, respectively. For ordinary subsets

Iaxp(wi,w2) = Laxq,)n@ xB) (W1 ,wa), (20)
where A x B C Q1 x Q.

Let us split 4(w;) and Ip(w2). Due to subsection 1.2 of this paper:

I~ (w1 ,w2) = (w1 ,wo)

AXB I(AxQ;)F(/leB)

1><B

Ia (w1 ,ws) ® Is<% (w1,ws2), (sequential splitting) .

Since for crisp subsets we have

_ {IAx92 (wi,w2) A g~ (w1, w2), (simultaneos splitting)

IAXQZ (wl 70.]2) = IA((A)l) and IQ1><B(W17 (,UQ) = IB(WZ),
then similar relationships occur for fuzzy subsets, i.e.

Ting (w1 ,wn) = Ty(wn) and Tgsp (w1, wa) = Tj(ws).
Finally,

21

I (wn,m) = Ti(w1) A g(w2) , (simulta'neos s?olz:tting)
I;(w1)eIg(wa), (sequential splitting).
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2.5 Decomposition of a Splitting Indicator [ ;

Let o € [0, 1]. The indicator of the a-level of the split indicator will be called the non-split indicator
IAw (w) = I{w:wQQ,I;(w)Za} ) (22)
A, is a level set of the fuzzy set A.

Further, let us call the elementary splitting of the a-level of the universal set {2 a fuzzy subset
determined by the indicator:
Iy (w)=a, Ywe. (23)

The following important property is valid:

Vai,az €[0,1]: a1 > az = I, (w) <14, (w), weQ (24)

Theorem 1 (Decomposition theorem) Let I be an arbitrary split indicator and {14} be level
sets, then

I3(w) = ae\[{),l](Iﬁ" (W) A T4, (W) (25)

Proof The proof follows directly from (22) and (23).

The decomposition theorem can be applied not only for analysis, but also for synthesis. If we
consider some chain (meaning the natural ordering) of non-split indicators {I,} and if (24) is
fulfilled, then according to (25) we get a kind of split indicator. |

3. Lattice of split elements of the Boolean lattice of indicators i

In any Boolean lattice B, the element a* (complement of ) is the largest among those x that a A
xz = 0. Generally, a A x < bifand only if a A x A b = 0,i.e. when (a AbC) Az = 0, or
z < (aADbY)Y = a® V b. In addition, the element a® has special properties:

a“Va=FEanda® ANa=0. (26)

If we take i = ([0,1]%;V, A) in the role of B, then the elements will be the indicators of subsets,
and EY = I, 0 = Ij. Consider all possible splitting of the elements of i. The set of all these split
elements i = ([0, 1]*;V, A), ordered in a natural manner, is a lattice.

Theorem 2 The lattice i is the Brewer lattice.
See the proof in Appendix A.

Remark 1 The relative pseudo-complement of I ; in I 5, as well as the split complement I ;., does
not depend on the splitting of the indicator 1 4.
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Theorem 3 In the lattice i we have the followingpropositions. If A, B € i then
(i) if I <Ig, then (Iy:1I5)<(Ip:13);
(i) I3 < (Im (Tg: 13));
(iii) (Lo: Iz) =g : (Ig: (Ip: 13))); (27)
(1) (Ip ( aVIg) =y Ix) ATy Ig);
() (Ly:UzAIg))=Tp:13)V Iy:1Ip).

See the proof in Appendix A.

Theorem 4 In the lattice i we have the following propositions. If fl, E, C € i, then
(Z) (Iglfé)/\fg:]g,
(ZZ’L) ((Ig/\fé):I@):(IE:IG)/\(Iétfé);
(iv) (Ig:(IE\/Ié)):(IA:IE)/\(IA“:IC‘,).

(28)

See the proof in Appendix A.

4. SPLITTING OF A SET

Definition 3 Splittingof a crisp set is equivalent to the splitting of the corresponding indicator and
is formally represented as follows

(Ia=1;+1; = (A=A AP) (29)

where @ is a splitting operation of a set.

As it was mentioned, from the Def.1 for the splitting of a crisp set A the building materials are an
indicator 14 and some function fa(w) : A — [0, 1]. We interpret the split set on A into and its dual
split set AP as a fuzzy subset in the sense of Zadeh [24]. With this interpretation, 1 j 1s considered

as an indicator (membership function) of a fuzzy split subset A.

By virtue of Def. 3, formulas (4), (9) and (10) we have the following relationships:

(I;g =175 2 (ANB=ANDB), (30)
(Its5 = I; VI5) = (AUB = AU B), (31)
(Iz=1Io—1I3) = (-A). (32)

In addition, as a definition, we also consider the relationship:
(I; <Iz) = (ACB). (33)

For split sets, the following laws are very easily verified:
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1. Reflexivity:

2. Anti-symmetricity:

3. Transitivity:

4. Idempotency:

AnA=A

AUA=A.
5. Commutativity: L
ANB=BNA
AUB=DBUA.

6. Associativity:

7. Distributivity:

8. Absorption laws: _ o .
AN(AUuB)=A
AU(ANB)=A.

9. The law of involution for the dual element:

(APYP = A,
10. The law of Involution for the fuzzy complement:
—~(=A) = A,

11. Identity: _ - - ~
AUD=A AnQ=A

AUQ=0Q AnQ=0.

12. The law of order circulation:

13. De Morgan’s laws:

Gia Sirbiladze, et al.

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)
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14. Duality laws for union and intersection of split subsets:
(AUB)P = (AP N BP) U (A° n BP) U (B¢ n AP)

(ZQE)D:(ADED)U(BQAVD) 47)

For example, let us prove the laws 13 and 14. We have:
“(AUB)21-I;5=1-(I;VIz)=0-I)A(1-1Iz)=1I

S(ANB) 21 —Iz5=1-(Iz 15 =(0-IyV(1-1I5=1I

To prove the first law (47), let us proceed as follows. On the one hand,
~(IzVIg)=IaVIp)CV({I;VIgP =I;VIzPV (Iac Alpo).
Since (sup(I 7V I5)P)N) sup(Iac A Ige)) = O(sup(I7 V I5)P)N) sup(I4c A Ipe)) = 0, then
~(IzVIg)=(I;VIz)"+ Tac Alge). (48)
On the other hand, according to (46)
~(IzVig)=I 3N 5= {TacVIz)A(Ipe Vi)
= (Tac Npe)V (Ige NMgp)V (Iz0 Npe)V (g0 Ngp) -
Similarly, to the previous case
(sup(Ige Alpe)) N (sup(Tac Agp)V Iz AMpe)V (Lzp ANgo)) = 0.
Therefore,
I3V Ig) = Tac ANMpge)+ [(Tac ANMgp)V Lgo ANMpe)V (Izn A o)) - (49)
Comparing (48) and (49), we obtain the required proof.

Let us now prove the second law (47). We have
(~UzANIg)) NIaNIg) =I5V I=5)N({aNIB)
= ((ac VIzp)V (Ugp VIpc)) N (IaNIp)
= ([ac N(IaNIB))V (Izo AN(IaNIB))
V (Ipe N(UaNIB))V (Igp A(IaNIB))
={IaNIgp)V Iz NIB).

Consider some examples of splitting sets.

Example 1 Let Q2 be a universal set, A, B C ).

We have the equality A\B = AN BC. Ifwe split subsets A and B, then the splitting of this equality,
according to (5) and (10), will be as follows:

AB=ANBC=AnNBC=4An(0:B). (50)
Note that the splitting of a difference does not depend on the splitting of a “subtrahend”. In addition,
A\B is not in any relation to A\ B, because the last expression is not defined by us at all.
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Example 2 Splitting of a symmetric difference.

We have:
AAB = (A\B) U (B\A),
(AAB) = (A\B) U (B\A) (51)
= (AnB%) U (Bn A%
On the other hand,

AAB = (AUB)\(ANB)

Therefore, for the split symmetric difference, we have such a formula
(AAB) = (AUB)N (AN B)C = (AU B)n (A° U BY) (52)
According to (51) and (52) we have
(ANBYU (BN AY) = (AU B)n (A° U BY). (53)
In fact, according to (40) we have
(AUB)N (AU B®) = (AN (A° UBY)) U (BN (A UB%))
= (AN A®)YU (AN BY) U ((BnA®)U (BN B%))
= (ANB®) U (BNAY).

(51) and (52) can be rewritten as

(AAB) = (AN BC)U (B n A°)
= (AuB)n (ACuBC) (54)
= (AN0:B)U(BN(0: 4))
= (AuB)N((0: AU (©: B)).

Example 3 Given is a universal set ) and the sequence of nested subsets 8 O Ay O Ay D
The following equality is known

(A1\A2) U (A2\Ag) U... = A1\ [) Ay (55)

i=1

Splitting A1, Ao, . .. leads, according to the previous example, to equality

C
(EﬁAg)u<EmA§)u...=Em (ﬁz\j) e (GA?) — AN (G(@:Z\Z)).

L (56)
Provided: VIITj is a restriction of It on corresponding Aj ie, Ay = Ay N Aj. This must be
required because equality between fuzzy subsets implies equality of membership functions of the
right and left sides of equality.
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Example 4 Given is a universal set () and sequence of its subsets Ay C Ay C ... C Q. As we
know,
A =AU (A\A) U (As\A2) U ... (57)
j=1

Splitting A1, Ao, . .. leads to the formula:

_ N A A C AL C
L_JAJ-—L_JAJ—Alu(AgﬂAl)U(AgﬂAQ)U... 58)
j=1 j=1

=AU (®: A))UAsN(0:A))U ...

providedI/TJ > Im N1y, orj\\; D) X]\; NA;.

5. Some formulas related to relative pseudo-complementarity

Definition 4 The set of all possible split sets of degree 2, P(Q) is called the generalized degree (2
and denoted by P (). The natural relation of order in the P(§2) we define as follows:

(A< B) & (AC B). (59)
Ordered set [P(Q); N, U] is obviously a lattice and, by virtue of isomorphism

[P(Q); N, U] =[I; A,V]

takes place.
Theorem 5 Generalized degree of universal set ), P (), is the Brewer lattice.

See the proof in Appendix A.

Further, on the basis of (43), (46) and (47) we can write

(—A)P = A. (60)
Proof. _ ~
(AP = (A%u AP)P
= (A9 N (AP)P) U ((A9)P N (AP)) U (A9 N (A9)P)
—(ANA)U®nA) U A°ND)
—ANA)=A
Similarly N N N _
~(AP) = ~(AN (=4)) = (~4) U (=(-4)) = A° U A. (61)
Therefore - - _
(A: AP) = {;(A ! Eji jND f;; (62)
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Similarly N o
~5 —-A, if A g AP,
(AP A) = {Q ’ zj: KiﬁDj (63)
Obviously,
(AP =A) = (A @ (-A)P)C v AP = ¢ u AP = AP, (64)
(-A: APy =q. (65)
The following formulas can be simply proved
(A:A)=ACUA, (A:4)=Q, (66)
0:A)=AC, (0:A°) =4,
~ ~ (67)
0: APy =AC, (9:-A) =0,
(A:0)=9Q, (A:0)N(0: A) = A, (68)
0:(0: A)) = A4, (69)
0:A)=(0:(0:A) =0, (70)
@:A)N0:(0:A)=0, (71)
(B: A)& (B: AP = A°UB. (72)

Let us prove the last equality. According to (27) and (47) we can write: Vw € Q)

I~ ~ (W) _ (IAC\/IB)D(W)7 Ig(w) >I§(w)7
(B:-47 0, Ii(w) < Ig(w);
_ ((I(AC)D NlIgp)V (I(Ac)c A IED) V (Ige A I(AC)D))(W), Ig(w) > Ig(w);
0, Ig(w) < Ié(w);
_ {((1@ AN so)V (Ia A 50) V (Ige A )W), Ti(w) > I5(w);
0, I(w) < Ig(w);
_ JUanTIgo)(w), I(w)>Tgw);
0, Ig(w) < Ié(w) :
and
) Uge VIg)(w)+ TaNIgp)(w), Izw)>Izw);
Uipey + L.y ) @) = {1, ’ ’ z;i(w) < f§<w>,
=Tpc(w)VIgw)= A° v B.
Similarly
(A:B)& (A: B)? = AUBC. (73)
Based on (72) and (73), we can write:
Q=[A:B)a(A: BPJU[(B: A) & (B: A)P]. (74)
Also, it is obvious that for VA € P(Q) we can write
Q= (AP : A)@ A= (A: AP) g AP, (75)
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6. Some properties of the set splitting operation

Based on (29), a more general expression A & B can be obtained, which will make sense provided

We can get the existence conditions for an expression A® B o Cetc. Considering that such
conditions are feasible for the following expressions, it is easy to prove that

(i) A@B=B® A,
(i) Ao(Bal)=(AaB)aC,
(iii) (A® APYNn(Be BP) = (ANB)® (AN B)P
= (AnB)®[(AnBP)u (AP n B)],
(iv) (A AP)U(B® BP)=(AUB)® (AUB)P
= (AUB)® (AP N BP)u (A n B”) U (AP n BY)],
(v) A®(BNC)=(AoB)n(A®0),
(vi) A®(BUC)=(A®B)U(AaC).
Let us prove the last two formulas
(v) Ae(BNC)=I;+UzNIz) =Iz+I5)ANI;+1z) = (AeB)n(Ael);
(vi) Ae (BUC) = I3+ (IzVIz)={U;+I15)V{I;+15) = (A®B)U(Aa0).
Note that operations U and N are nondistributiveregarding &, i.e.
AU(B®C)# (AUB)® (AUCQ);
ANB®C)#(ANB)® (ANCO).

Definition 5 A fuzzy point is an object defined by the splitting of an element of a universal set )
(an ordinary point w):
wo = Wo ® Wo - (76)

Le.
a, w=wp

; e, a€l0,1]. 77
0. w#wp wo a € 10,1] (77)

wo = Iz (w) :{

Theorem 6 Let () be a universal set, wy € ), and wy be corresponding split point, then the splitting
of the universal set determined by the splitting of the point wy, will be a relative pseudo-completion
wo of wo” in ao

Q=0 wo”. (78)
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Proof The proof is elementary seen from the following transformations

— o
Iﬁ = I{g_;g} \Y I{wo}c = Iﬂ{%}D — —\woD =wp : WOD.

Remark 2 According to (60) we have:

0P = (-w”)P = @, (@0 : @o") ®we” = Q. (79)

7. ON SOME PROPERTIES OF THE MAIN IDEALS OF THE LATTICE

Consider the lattice 1. As we can see, the pseudo-completion of an arbitrary element A of this
lattice is an element of the Boolean sublattice / in /, designated by A®¢. The set of all A with
pseudo-completion A, obviously, form an ideal that we denote by J 4 . For the set A = () : AC)

the corresponding ideal will be J 4. Denote by J the set of all such ideals and let us order this set
like this:

ACB& Jy < Jg. (80)

Let us introduce lattice operations
JANJg = Jans, (81)
jA\/jB:jAuB~ (82)

The set J ordered by the above-mentioned way with operations (81) and (82) is a lattice. Obviously,
there is valid the following.

Theorem 7 The lattice J is isomorphic to Boolean lattice I.

Proof It is a correspondence like this Ja = AC. Therefore, due to (27) and (28) there are valid
relationships

Ja < Jg = A° > B, (83)

Jaup = JaV Jg = A° N BY, (84)

Jang = JaNJp = AC U BC. (85)

J4 is amain ideal in 7 : I(A) = J 4. [

Theorem 8 If.J 4 is a main ideal in 1, generated by the element A ,then mapping on X : QX) =
X V Ais a V-endomorphism with a kernel J4 [25].
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Proof It is easy to show that
QX VY) = (X VAV (YVA)=QX)VQY)

Further, if 2 € Ji,Z<A=ZVA= A = Q(z) = A. For VX € 1 there holds Q(X) =
XVA>Asoifz € Ja, then Q(Z) < Q(X). This means that A is the least element in ImQ.
Thus J4 = ker @ is a kernel of V-endomorphism. |

8. CONCLUSION

The article deals with the operation of splitting a crisp indicator in the dual fuzzy sets. The repre-
sentations of the operations of union, intersection, Cartesian product and other operations on split
indicators are also given. It is studied the lattice of split elements of the Boolean lattice of indicators
i, where it is proved that the lattice of all split elements of this lattice 7 is a Brewer lattice. A number
of facts are given on the properties of this lattice. Splitting operation of a crisp set is defined, which
is equivalent to splitting operation of its indicator. The main properties of this operation are given,
with some proofs. The concept of the generalized degree of the universe is defined, which is the
lattice of the elements obtained by splitting all the subsets of the universe. It is proved that this lattice
represents a Brewer lattice. Some formulas for conditional pseudocompletion of the element of this
lattice are considered. Some properties of the operation of splitting sets are given. The ideal of split
elements of ; and their pseudocompletions is discussed. It is argued that this lattice is equivalent
to a Boolean lattice i. A simple example of MADM is presented for illustration of the application
of splitting operation.Future studies, aimed at multi-criteria decision-making problems, will use the
results presented in this article. It is also planned to generalize the splitting operation from the fuzzy
sets of Zadeh for the dual ¢-rung orthopair fuzzy sets.
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Appendix A.
Proof of the Theorem 2.

Proof A Brewer lattice is a lattice / in which, for any given elements a and b a set of all x € [ such
that a A x < b, has the largest element (b : a), called a relative pseudo-complement of a in b (in the
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Brewer lattice with 0 the element (0 : a) is called a pseudo-complement for a and denoted by a*)

[2].
Now, let I'3, I3 € 1. We have to show that the set
{1} ={Ig: LinIg <15 Ig €]} (A-1)

Has the largest element (I : I3). On the basis of lattice “inequality” in (A-1) for Vw € €2 the
following inequalities are valid:

iAW) A g(w) < Tp(w).

Let us prove that, Vw € (2

TV w) = b I;(w) < Ig(w) ]
(U L3)( )—{IAc(w)\/IB(w), z§<w>>z§(w> (A-2)

First, let us show that (I3 : I ;)(w) € {Ig}. In fact, Vw € Q

I+(w) A {1’ Iz(w) < Ip(w) _ {Ig(w), I;(w) < I5(w)

A IAc(w)\/IE(w), Ig(w) >I§(w) IAc(w)/\IE(w), Ig(w) >I§(w).

To show that (A-2) is the largest element of the subset {I % }, note thatif I; € { I3 }, then I3V I e €
{I;( }, and any element of {I;(} can be taken as [j.

Consider the intersection (A-2) with (I V I 4c) at each point of (2. We have Vw € €2

1, I (w) < Iz(w
(I3 V Lac(w) = A9 =15,
e (w) V IE(W)’ Ig(w) > Ig(w)
Clear that when [ ;(w) < Iz(w), then
(I3 V 1ac)(w) < (Ig: I3)(w).
In the opposite case, if we consider elemental inequality (I(w) V Iac(w)) A I5(w) < I5(w), we

will have:
(Ly(w) V Lac(w)) A (Tae(w) V Ig(w))
= ((5(w) V Lne (W) A ac(w)) V ((Tz(w) V Lae () A 5(w))
= Iyo(w) vV (( I5(w) V Lac(w)) A Tg(w))
< Tye(w ) Ig(w).

Ig(w) < (Ig:I7)(w) = {1’ I{(w)ifg(w)f

Theorem is proved. n
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Proof of the Theorem 3.

Proof
(i) I <15 & (Iz(w) <Iz(w), Vwe Q) e (Ipe(w) < Iac(w)) < (Iy: 1) < (Ip: I3).
(i) (Ip: (Ip:1I3)) = (Ip: Lac) = Ia.
From inequality /7 < I, is elementarily provable.
(iii) (Ip: (Tp: (Ip:I3))) =1Iac = p:1I3).
(iv) (Ip: (IzVIg)=(IzVIz) +I7VIzP")°
= (I + I52)C = Liaupye = Lacpe = Tac NMpe = (Ip: I) A (I : 1)
() (Ip: Iz A I5)=(IzNI5)+ Iz NI5)P)°
= (Ijmp + Lgp)© = Lianp)e = Lacupe = Lae Vge = (Iy: I3) V (Iy: Ip).

|
Proof of the Theorem 4.
Proof For Vw € Q2 we have
() (I3 I5)(w) A z(w) = ({f’ W)V I3) ﬁ:; - %3) A T+(w)
) B —=
_ {(JBC(W) VI ATz(w), Izw) > Ii(w
1 /\Ig(w) Ig(w) SIE(W
=1;(w), Ywe Q.
(1) (I3 I5)(w) A I5(w)) = ( {BC(“’)”AW ﬁ:; zﬁg:i) A T5(w)
) B =14
_ {(JBC (W) VI(w) AT5(w), Tgw) > I;(w)
1 /\Ié(w), Ig(w) SIE(W)
=Ili(w)ANI5z(w), VYwe.
(i0) ((UzAIg)(w): Ig(w)) = {i(w e IZE:; Z ({?;WJ)AAIf;WJ)ﬂ,
(Iz(w) V Lae(w)) ,
_ { C;\(Ié(w) VW), Ia(w) > (I3(w) AN EW));
1, Ix(w) < (Iz(w) ATz(w).

}Efecause Iz(w) £ (Iz(w) A5(w)), then I5(w) < Tz(w),I5(w). Therefore, for Vw € Q we
ave

((Ig/\[é) : Ié)(w) = (Ig : Ia)(w) A (I§ : Ia)(w)
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B =(w ~(w +(w
(iv) (Ig : (IE \/Ia))(w) = \/Ié(w)D)c V Ig(w), IB( )\/IC( )> IA( )
L, Iz(w) V I5(w) < Iz(w);
_ {(Im(w) +Tn (@) V I(w), Tpw) V I5(w) > Iz(w);
1, Ig(w)\/lé(w) SIE(W)
Since I5(w) V I5(w) < I3(w), then Iz(w), I5(w) < I;(w) and for Vw € Q
(I L)) w) = (Ipe(w) Ace(w)) VIz(w), Ig(w)VIsz(w)>Iz(w);
(I;:(I5VIg)(w) {17 I (@) V L) < I(w):
_ (Igc(w) VI _(w)) Alge(w)V Ig(w), Ié(w) V I@(w) > Ig(w),
1, Ié(w)\/fé(w) ng(w),
=z Ip)w) A (Iz:15)(w)
Theorem is proved. |

Proof of the Theorem 5.

Proof Let for V A € P(Q) a fuzzy subset f/l; C A such that, its membership function is > 3 and
= ﬁ), then

for ;1; - Ais less or equal to % (A>; UA

AD . A\ _ 4C aD
(A¥ :A) = A>% UA~. (A-3)
In fact, according to (27)

(AP A) = (I;, : 17) = (Ix (I~ UI@))

2

"'1)/\(IAD:I

I A,;)

Reasoning similarly, we get

1. ADy _ 7C
(A: A7) _A>%UA. (A-4)
Since _ ~
~A=A%U AP (A-5)
then _ N
AP = An(-A). (A-6)
Theorem is proved. n
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