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Abstract: We study fuzzy relations that satisfy the functionality property and that their membership
functions can be partial functions. Such fuzzy relations are called partial fuzzy relations, and the
variable-domain fuzzy set theory is a framework that provides powerful tools for handling these
objects. There, the special operations based on connectives and quantifiers of a partial fuzzy logic are
in use. The undefined degrees of membership are carried via those special operations. Furthermore,
we show that a suitable combination of these operations leads to a meaningful definition of the
functionality property, and we investigate its basic characteristics.
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1. Introduction

An implicative model of fuzzy IF-THEN rules is closely related to the functionality
property (e.g., [1]). In practice, we can face the problem of merging two rule bases with
different universes. A practical solution would consist in unifying the universes into a
common one and extending the membership functions of particular fuzzy sets by filling in
an appropriately chosen membership degree.

However, this solution does not necessarily lead to satisfactory behavior. Consider
the following example: an automatic drug dispenser is joined with a temperature sensor,
which operates over the temperature range from 0 to 100 °C, while its rule-base:

If the patient’s temperature is high, then the amount of drugs is medium.
If the patient’s temperature is very high, then the amount of drugs is high.

is designed for temperature values from 35 to 42 °C, see Figure 1a, and the amount of
drugs is from 0 to 10 mL, see Figure 1b. Let us interpret the rules from the above rule-base
in Mamdani’s style using the (max, min) operators together with the center of gravity
as a defuzzification method. If the input to this rule-base is 39.5°C, then the drugs’
output amount is something around 8 mL and when the input is 40.5 °C, the output is
approximately 9 mL.

Suppose that the interpretation of the rules is extended so as to operate on the whole
scale of temperatures by setting the degree of membership to 0 for the inputs from
(0,100) \ (35,42) as is visualized in Figure 1c. What happens if the input is 50 °C? In-
tuitively, this input value means there is something wrong with the measuring device or
the patient; for example, they can both be exposed to an additional source of heat. In this
case, the patient receives a dose of 5 mL (since defuzzification is performed on a fuzzy set
with zero membership function everywhere) even though they may not have any fever at
all. It gets even worse if we insert a value of 1 on (42,100) (as shown in Figure 1d). Then
the patient receives the maximum dose of drugs. Instead, the system should output an
error code due to the value being out of the range.

The aforementioned situation cannot be remedied by changing the defuzzification
settings, choosing a different model, etc. So far, standard fuzzy modeling tools do not allow
to solve a problem such as having an input outside the domain of a fuzzy inference system
internally. Such counterexamples can be found for any value from the truth scale, so none
should be assigned. We can imagine many analogous real-world situations where it is
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necessary to encode such an error and process it further, e.g., in a complicated hierarchical
rule-based system.
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Figure 1. An illustration of membership function extensions to a wider domain using specially
chosen degrees of membership.

In particular, approximate reasoning with fuzzy IF-THEN rules often involves BK
products and other generalized compositions of fuzzy relations [2,3]. As shown by
Béhounek and Darikova [4] in Example 2.4, BK products produce unwanted artifacts
caused by filling in membership values. In these cases, variable-domain fuzzy set theory
(VFST), developed by Béhounek and Dartikové [4,5], is applicable. It formalizes the notion
of partial fuzzy sets and provides basic operations for handling them. In this framework,
various ways of merging fuzzy IF-THEN rules from two different domains are definable,
which avoid artifacts and behave as expected.

VEST is based on the partial fuzzy logic introduced in [6], i.e., an “undefined-friendly
expansion of a broad class of known propositional fuzzy logics. Therein, undefined
membership values are mapped to a dummy value * that extends the original truth scale L
(where x ¢ L) and the connectives of the background fuzzy logic is extended to operate on
LU {x}. Different understandings of undefined truth values lead to different behaviors
of *, which give rise to several families of propositional connectives [6]. Note that partial
fuzzy logic can only capture undefinedness that behaves functionally. Unknownness
or uncertainties do not behave functionally, and therefore partial fuzzy logic does not
handle these phenomena. Also note that partial fuzzy logic and VFST are only designed to
accommodate undefined truth or membership degrees, and not undefined elements of the
universe of discourse. The latter are treated in the more complex frameworks of partial
fuzzy type theory [7] and free fuzzy logic [8]. Analogously to the connectives, we can
extend quantifiers [5]. There are several applications of this approach, for example [9-11].

In this paper, we use two main families of connectives and quantifiers (for other
families of connectives, consult the paper by [6]):

”

¢ The Bochvar-style family, which treats * as the absorbing element;
®  The Sobocinski-style family, which treats * as the neutral element.

It turns out that these families are rich enough to describe intuitive behaviors of
basic partial fuzzy relational and set operations and their properties [12] and consequently
also functional partial fuzzy relations. Our notion of functionality (Definition 12 below)
stems from the functionality property of fuzzy relations studied by many authors [1,13-16].
A generalization thereof is proposed in agreement with our intuitive expectations, namely,
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that only defined membership values are important for checking the functionality property
and undefined parts are ignored. We also recall the notion of functionality for partial fuzzy
relations given in [12] and compare them. The next issue addressed in the area of functional
partial fuzzy relations is the study of functionality transmission under set operations
and relational compositions. It should be stressed that this paper doesnot attempt to
provide a satisfactory model for a fuzzified notion of partial function. Rather, it studies the
conditions under which partial fuzzy relations satisfy the property of fuzzy functionality.
As mentioned above, the property is relevant, e.g., in implicative fuzzy IF-THEN rules,
and these may at times be subject to partiality (esp. when the fuzzy rules have different
domains of definition). Moreover, we would like to promote VFST by showing the easy
graspability of this theoretical tool, especially via the presented proofs.

This paper extends the conference paper [12], which contains a few preliminary
results without proofs. It is organized as follows: Sections 2 and 3 briefly summarize
basic notions of VFST, most of which have been introduced in [4,17]. The definition of
partial functionality together with its basic properties is presented in Section 4. Each
notion is discussed in detail and equipped with examples that should help the reader with
understanding. Concluding remarks are presented in Section 5.

2. Partial Fuzzy Sets

We recall the notion of partial fuzzy sets—i.e., fuzzy sets that can have undefined
membership degrees, introduced in [4].

Definition 1. Let U be a universe of discourse, X4 C U, and pps: X4 — L be a membership
function from X 4 to a suitable structure L of membership degrees.

A partial fuzzy set is a pair A = (X, pa). This fact is denoted by A & X 4 and X 4 is called
the crisp domain of A.

2.1. The Representation

The following representation of partial fuzzy sets taken from [6] provides a transfer
of a fuzzy sets” membership function that is a partial function to L to a total function that
evaluates to the extended scale L* = L U {x}. This technical trick allows the unification of
fuzzy sets with various domains to a common universe U without loss of information on
their domains.

Definition 2. Let L # @, « ¢ L, and L* = LU {x}. We shall say that a partial fuzzy set
A = (Xa,pua) inauniverse U O X 4 is represented by an L*-valued membership function A* on
X, defined for each x € U as:

. Alx) ifxe Xy
Ay = 1A 0
* ifxelU\Xa.
The original A C X, (Figure 2a) can be recovered from A* (Figure 2b) by setting
Xy ={x e U] A*(x) # =} and restricting A* to X4. This gives us a bijection between the
set of all partial fuzzy sets on the universe U and the set of all L*-valued functions on U.
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A
A
. 1 : U
(a) The fuzzy set A = (X4, pia)- (b) The representation A* for A.
Figure 2. Representation of the fuzzy set A = (X4, p4) on a universe U D X4.
2.2. Operations with Undefined Degrees
In what follows, £ denotes a complete residuated lattice of the form
L: == <L/ \// /\/ ®/ :>/0/1>/ (2)

which is an algebra where:

1.  (L,V,A,0,1) is a complete lattice with the lattice order <.
2. (L,®,1)is an ordered commutative monoid w.r.t. <.
3. ©® and = fulfill an adjointness property, i.e., for each x,y,z € L:

xOQy<z iff x<y=z.
We call the operations ® product and = residuum.

Notation 1. To reduce the number of parentheses used in mathematical expressions we set that ©
has the highest priority and = the lowest priority out of all operations that are at disposal.

Recall the definitions of extended operations on L* from [6].
Definition 3. The Bochvar operation cg € {Ap,Vp, ©p, =B}, cg : L* x L* — L* is inter-

preted by the following truth table for all binary operations c of L (and similarly for higher and
lower arities):

Definition 4. The Sobociriski operation cs € {As, Vs, @s}, cs : L* x L* — L*, and the Sobo-
ciniski implication =g : L* x L* — L*, which treats * as the neutral element, are defined by:

s| B o# =s| B
xlach « x [a=>p a=0

The Bochvar-style connectives treat * as a fatal error, whereas the Sobociniski-style
connectives ignore undefined inputs as long as possible. Note that the names Bochvar and
Sobociniski in the above definitions are due to their sameness with the three-valued case,
see [18]. We recall the following definition from [17].

Definition 5. Let a; € L* for each i € I (where I is an arbitrary index set). Then we define:



Mathematics 2021, 9, 2191

50f 20

infa; ifa; # = foreachi € I;

e The Bochvar infimum /\B w; = g i€l
iel * otherwise.
supw; ifa; # *foreachi € I;
e The Bochvar supremum \/B w; = i€l
iel otherwise.

1nf «; if a; # * for somei € I;
e The Sobociriski infimum /\S & =1 a 7»&*

iel otherwise.
sup«; ifa; # x forsomei € I;
2ol _ i€l
*  The Sobocitiski supremum \[ a; = a7«
i€l * otherwise.

If all inputs are defined, then the above operators yield the usual supremum and
infimum. Otherwise, A, \/g return * provided that at least one input is undefined, while
s, Vs ignore * and only return = if all of their inputs are undefined.

Let us identify the lattice order < and the identity = on L with their {0, 1}-valued
characteristic functions. Then, we define the following crisp binary relations on L* [12]:

<, B * < B * = ‘ B * sub ‘ p *
x |a<pB 0 x la<pB 1 x |la=p 0 x |a=p 0
* 1 1 * 0 1 * 0 1 * 1
for a, B # *. We call
<, *-bottom ordering;
< *-top ordering;

= identity on L*;
=sub subidentity.

The *-bottom ordering treats * as the minimal element of L while the *-top ordering
is its dual, i.e., * is the maximal element w.r.t. <*. Moreover, Ag, \/ are supremum and
infimum, respectively, w.r.t. the *-top ordering and dually, Ag, Vs play the same role w.r.t.
the *-bottom ordering. Moreover, = is the identity on L* while therein =4, is only the
partial ordering.

The Bochvar-style extension as well as the Sobociriski-style extension of = and ©
fulfill the residuation identity:

(11 Opb=3 C) = ({Il =B (b =B C)),
(aGgb=gc) = (a=g(b=gc0)).
Moreover, the Sobociniski-style ®g and =g fulfill the adjointness property. It is not so

for ©p and =-g. The Bochvar-style product and residuum fulfill the adjointness property
w.r.t. the following relations

So‘ B x Sl‘ B x
a [a<p 0 o |a<p 1 ®)
x| 0 0 « | 1 1

In these cases, the adjointness property trivially follows

XOpY <nz iff x<,Yy=B%
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for each x,y,z € L*, where n € {0,1}. However, <, <; are not orderings on L*, but they
will be extensively used hereafter.

It can be shown that ®p is residuated (fulfills the adjointness property) with the
following extension of the original =

=, B *
x |a=>p *
* 1 1

Proposition 1. Let L be a residuated lattice of the form (2). Then
L= <LU{*}/ VS/ABrQB/:*r*;:U/ (4)
is a residuated lattice.

Proof. It follows from the observation that adding {x*} as a bottom element to £ by means
of the ordinal sum results in the residuated lattice (4). O

The above proposition is particularly important for providing completeness of formal
system of partial fuzzy logic; see [19].

Since ®Og and =g fulfill the adjunction property then we would expect that also
(L*, Vs, Ag, @s, =g, *, 1) will form a residuated lattice. However, this is not true because
(L*, ®s, 1) is not the ordered monoid. A counterexample is the following;:

1Gg* =1and 1 ®g0 =0, while x <, 0and 1 ,> 0,
where x <, y =4t (x <, y) A (x # y).

Proposition 2. Let L be a residuated lattice of the form (2) and L* be of the form (4).

(i) If Lis complete then L™ is complete.

(ii)  If L is linearly ordered then L* is linearly ordered.

(iii)  If L satisfies the prelinearity condition then L* satisfies the prelinearity condition.
(iv) If L is divisible then L* is divisible.

Proof. All claims are obvious. As an example, let us prove the last claim: the divisibility of
L means that x < y (x,y € L) implies the existence of z € L such that x = y ® z. In L* we
must verify only the following cases:

e Letx ==xandy € L*. The inequality * <, y obviously holds and the choice of z is
apparent, i.e., * = * Op V.
e Ify = x then from x <, * it follows that x = *, which has been solved in the previous
case.
O

Observe that in the complete residuated lattice £* supremum and infimum of A C L*
are computed as /\B Aand \/S A. For example, the supremum of the empty set @ C L*
w.rt. <, is * (i.e., the smallest s € L* such that x <, s for all x € @) and infimum is 1.
Additionally, if A = {x} then /\; A =xand \[A ==«

2.3. Unions and Intersections of Fuzzy Partial Sets

Let us consider two partial fuzzy sets A = (X4, t4) and B = (Xp, up). We recall the
following definitions of unions and intersections of partial fuzzy sets due to [4].
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Definition 6. We define

AU B = (XaNXp,paugp) the Bochvar union of A and B,
ANgB = (XaNXg,pangs) the Bochvar intersection of A and B,
AMgB = (XaNXp,tanyp) the Bochvar strong intersection of A and B,

where

Haugs(X) = pa(x) V up(x), forall x € X4 N Xp,
Hangs(X) = pa(x) Aup(x), forall x € X, N Xp,
HangB(X) = pa(x) © up(x), forall x € X4 N Xp.

The Bochvar union is denoted by Ugp, the Bochvar intersection is denoted by Mg and the
Bochvar strong intersection is denoted by Mg.

The membership degree (A Ug B)(x) is defined only if x € X4 and x € X3, ie., if
x € X4 N Xp. And analogously for other Bochvar set operations.

Definition 7. We define

AUg B = (XA UXp,paugp) the Sobociriski union of A and B,
ANgB = (XaUXg,puangg) the Sobociriski intersection of A and B,
AfMg B = (X4 UXp, piansg) the Sobociriski strong intersection of A and B,

where

x)Vup(x), forxe XanXg,

x) Aug(x), forx e X4nNXg,

Hangs(¥) = pa(x) © up(x), forx € XaNXs,
=pua(x), forxe Xs\Xs,
(x)

The membership degree (A Ug B)(x) (and other Sobocinski set operations) is defined
only if x € X4 U Xp. Examples of Bochvar and Sobociniski partial fuzzy set operations are
visualized in Figure 3. The results of operations are depicted by the solid line.

An uniform way of the representation of unions and intersections of partial fuzzy sets
from the above definitions can be obtain by means of operations given in Definitions 3 and 4:

(ANgB)*(x) = A™(x) Ag B*(x), (5)
(Amp B)"(x) = A™(x) ©p B*(x), (6)
(AUpB)*(x) = A™(x) Vg B*(x), ?)
(ANgB)"(x) = A%(x) As B*(x), ®)
(Amg B)*(x) = A™(x) ©s B*(x), )
(AUsB)"(x) = A%(x) Vs B*(x), (10)

for x € U.
This representation allows us to handle partial fuzzy set operations directly by means
of the extended operations of the underlying algebra.
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)

(d) AnsB (e) Aug B (f)AusB

Figure 3. Bochvar and Sobocifiski operations depicted by the solid line with partial fuzzy sets
A = ((0.2,0.8), dotted line) and B = ((0.4,0.9), dashed line) on the universe U = (0, 1).

2.4. Basic Features of Partial Fuzzy Sets

Known fuzzy sets’ features pass to partial fuzzy sets straightforwardly. In VEST we
have several operations that differ only on undefined operands, so there are more ways to
generalize concepts from fuzzy set theory; see [4].

Definition 8. Let A = (X4, 1ta) be a fuzzy set, X4 C U, and A* the representation of A due to

Definition 2.

*  Wesay that A is total on U if X4 = U, i.e., if A*(x) # * forall x € U.

o Wesay that Ais crisp if ua(x) € {0,1} forall x € Xy, ie., if A*(x) € {0,1,*} for all
xe U

At the same time, we will use binary relations between partial fuzzy sets, such as
equality and inclusion.

Definition 9. Let A = (X4, pua) and B = (Xp, up) be fuzzy sets, where ys: X4 — L and
up: Xp — L,and let U D X4 U Xp. Then we say that:

1. A and B are strongly equal, written A = B, if Xy = Xp and pa(x) = up(x) for all
x € Xa.

2. Aand B are weakly equal, written A =y B, if ua(x) = up(x) forall x € X4 N Xp # @.

A and B are subequal, written A =g, B, if X4 C Xpand pya(x) = up(x) forall x € X4.

4. Ais strongly included in B, written A C B, if X4 = Xp and ps(x) < pp(x) for all
x € Xg.

5. Aisweakly included in B, written A Cy B, if ua(x) < pup(x) forallx € X4 N Xp # @.

6.  Aissubincluded in B, written A Cgyp B, if X4 C Xpand pa(x) < up(x) forall x € X 4.

S

Remark 1. In this paper, we shall focus only on bivalent (yes/no) relations. However, the so-called
graded notions, e.g., of inclusion or equality (cf. [20,21]), can be defined too. A meaningful
definition of a graded inclusion might be of the Sobociriski-Bochvar style:

(ACspB) = \g(A"(x) =B (x)),
xel

which computes a degree of inclusion from the values of membership on X 4 N Xp.
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Proposition 3. Let
(x=1y) =ar (x <1 y) A (y <1 %),
(x<y)=¢ (x < YAy <, 0),
forall x,y € L*. Then:
A=B iff A"(x)=B*(x) forallx e U. (11)
A=y B iff A%(x)=1 B*(x) forallx e U. (12)
A=up B iff A*(x) =g B*(x) forallx e U. (13)
ACB iff A"(x) <B*(x) forallx e U. (14)
ACyB iff A*(x) <y B*(x) forallx € U. (15)
ACup B iff A*(x) <, B*(x) forallx e U. (16)

Proof. The proof is straightforward. [

3. Partial Fuzzy Relations and Their Relational Compositions

In fuzzy set theory, fuzzy relations between two crisp sets A and B are fuzzy sets on
A x B. In VFST, the domain of a partial fuzzy relation is a subset of A x B, which means
that the membership function of a partial fuzzy relation between A and B does not need
to be fully defined on A x B. Therefore, we define the notion of a partial fuzzy relation
as follows:

Definition 10. Let A,B # @ and U O A, B be a common universe. Let R = (Xg, ur), where
Xg C U X llandyR: XRr — L.
e IfXgr C A X Bthen R is a partial fuzzy relation between A and B.

e If Ris a partial fuzzy relation between A and B and A = B, then we say that R is a partial
fuzzy relation on A.

Remark 2. The above definition of partial fuzzy relations between sets that are crisp is a special
case of the notion of partial fuzzy relations between two partial fuzzy sets given in [12,17]. This
general definition is based on the notion of the Bochvar Cartesian product xp (see Example 1
below) of partial fuzzy sets A and B. Consequently, a partial fuzzy relation between two partial
fuzzy sets is defined as a subset (in the sense of subinclusion Cg,p) of A xg B. Ref. [17] provides
details about partial fuzzy relations between partial fuzzy sets. For simplicity of the following
exposition, we decided to consider partial fuzzy relations between crisp sets. The obtained results
can be straightforwardly extended to partial fuzzy relations between partial fuzzy sets.

Remark 3. Let the assumptions in Definition 10 hold. Moreover, let P(A X B) = (A X B, haxp).

*  Risa partial fuzzy relation between A and B if and only if R Cg,, P(A X B).

e R C P(A x B) (i.e., R is strongly included in P(A x B)) if and only if Xg = A x B (i.e,,
UR is total on A x B).

o IfR Cyp P(A x B) then R Cy P(A x B).

Example 1. Let U = (0,1), X4 = Xgp C U, A = (Xa,4a), B= (Xp,up). Then:

o AxpB = ((Xa)%uaxp), where uaxp(x,y) = pa(x) © up(y), forall x,y € Xu, isa
partial fuzzy relation on X 4 in the universe U with the representation

(A xpB)"(x,y) = A"(x) O B*(y), x,y € U,

depicted in Fiqure 4b for the particular choice of A and B due to Fiqure 4a.
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o AXSB:((XA XU)U(UXXB),“MAXSB),ZU]’ZBTE

Ha(x) ©uply), if(x,y) € Xa x Xp;
MaxsB(x,y) = pa(x), if (x,y) € Xa x (U\ Xp);
us(y), if (x,y) € (U\ X4) x Xp.

is a partial fuzzy relation on U with the representation
(A xsB)"(x,y) = A*(x) ©s B*(y), x,y € U,

depicted in Figure 4c, where A and B are due to Figure 4a.
Partial fuzzy relations A xg B and A Xg B can be viewed as two variants of the Cartesian

product of partial fuzzy sets A and B.
N. ‘ -
- -

(a) Fuzzy sets A (solid line) and (b) A*(x) ©p B*(y) for x,y € (c) A*(x) @s B*(y) for x,y €
B (dotted line) on X4 = Xp = (0,1)% (0,1)2.
(03,0.8).

o
03 03 04 045 05 055 06 065 07 075 08 0 02

Figure 4. Examples of partial fuzzy relations from Example 1.

Example 2. Consider two Mamdani—Assilian models of a fuzzy rule basis formalizing knowledge
on different domains, as depicted in Figure 5c,f. The first one is a fuzzy relation on the domain
(0,0.5) x (0.2,0.95) specified by fuzzy sets depicted in Figure 5a,b. For the second model, see
Figure 5d—e.

Both models are partial fuzzy relations on the common universe U = (0, 1) that can be written
using partial fuzzy set operations as

! 3
Ri=J,(AixsB) and Ry= |J, (A} x5B)),
= i=1
where xp is as introduced in Example 1, Xgr, = (0,0.5) x (0.2,0.95) and

= (0.3,0.8) x (0.4,0.9).

Let us join these two models into a single one as follows: the knowledge on the disjoint parts of
the domains remains untouched and that on the intersection of the domains is conjoined. This leads
to the Sobocitiski operations for combining models. Figure 5h shows the result of the Sobocitiski
union of Ry and Ry and analogously, Figure 5¢ shows the Sobociriski intersection of Ry and Ry.
R1 Us Ry and Ry Ng Ry are partial fuzzy relations on Xg, U Xg, C U x U.
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0
0 005 01 015 02 025 03 035 04 045 05

(a) A = (XA/VAZ»>/ with X4 =
(0,0.5) and pa, fori=1,2,3,4 are
depicted from left to right

o
03 035 04 045 05 055 06 065 07 075 08

(d) A; = <XA/,],4A{>, with X, =
(0.3,0.8) and p 4 fori =1,2,3 are
depicted from left to right

02 03 04 05 08 07 08 09 1 0 02 04 08

(b) B, = <XB/VB,>1 with X =
(0.2,0.95) and pp, fori =1,2,3,4

are depicted from left to right =

od
04 045 05 055 06 065 07 075 08 085 09 [ 02 04 08

(€) B = (Xj ), with Xy —
(0.4,0.9) and pp fori=1,2,3 are i—1
depicted from right to left

) 02 D4 08 [k}

(8) R1 Ns R,.

1 ) D2 04 [P} 08

(h) Ry Us Ry.

Figure 5. Examples of partial fuzzy relations from Example 2.

Let R = (Xg,ur) and S = (Xg, us), where Xg C A x Band Xg C B x C. Observe
that Xg 0 Xg € A x C. Let sup-T and inf-R compositions of fuzzy sets be denoted by o
and <, respectively. Moreover, let us denote by o, and <. extensions of o and < to partial

fuzzy relations, respectively. We expect from o, and < the following behavior:

(Ro. S)*(x,y) = {VRos(x,y) for

(R< 8)*(x,y) = {VRqs(x,y) for

(x’y) S XROXSr

* for (x,y) € (U x U) \ (Xg o Xs).
(x/y) € XROXS/

* for (x,y) € (U x U) \ (Xg o Xs).

(17)

(18)

These expectations are met if we combine the Bochvar operations to aggregate input
partial fuzzy relations in connection with the Sobociniski supremum or infimum. In this
case, we obtain the following definition (by Béhounek and Darikova [17], Definition 6.6) of
extended sub-T and inf-R compositions.
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Definition 11. Let A, B, C, U be non-empty sets such that AUBUC C U, R = (Xg, yr) isa
partial fuzzy relation between A and B, and S = (Xs, ps) be a partial fuzzy relation between B
and C.

Let R*,S*: U x U — L* be the respective representations of R, S due to Definition 2.

Then:

*  We define the Sobociriski—Bochvar sup-T composition R ogg S = (Xg o Xs, jiros) as the
partial fuzzy relation between A and C such that for all x,y € U:

(Rosp S)* \/S( x,z) O S*(z,¥)).

zel

e We define the Sobociriski—Bochvar inf-R composition R <sg S = (Xg o Xs, Hras) as the
partial fuzzy relation between A and C such that for all x,y € U:

(RQSBS /\S X z :>BS ( ,]/))
zel

Note that there is also another approach to partial compositions presented in [10],
further used to deal with excluding features [9].

Example 3. Let R,S1,S, be partial fuzzy relations with Xg = (0,0.8) x (0,0.6),
Xs, = (02,1) x (0.2,0.9), Xs, = (0.5,1) x (0.2,0.9) and

ur(x,y) =af pa(x) = up(y), (x,y) € Xg,
ps, (x,y) =qt pc(x) = pup(y), (x,y) € Xs,,
ps,(x,y) =g pe(x) = up(y), (x,y) € Xs,,

where u A, up, tic, p, i are depicted in Figure 6.

() pa (b) ps () pc (d) up (e) pe

Figure 6. Membership functions of partial fuzzy sets from Example 3.

Then:

ROSB 51 = (<0,08> X <0.2, 0.9>,‘MR051),
Rogp So = ((0,0.8) x (0.2, 0.9),]/1R052),

are partial fuzzy relations depicted in Figure 7d e, respectively. On these figures, we visualize
an influence of a size of domains on results of compositions. In our case Sy and Sy are subequal,
i.e., So =sup S1, and we can observe that R ogp Sy is strongly included in R ogg Sy, i.e., R ogg So C
R Ogp 51.



Mathematics 2021, 9, 2191

13 of 20

(@R

A A !

0.9

EEEEEEEEEEEEEEEE !

0.8

0.7

06
o TP rrd

0.4

0.3

0.2

0.1 : 0.1

0 0.2 0 0.2
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

(d) Rosp S (€) Rog 5>
Figure 7. Examples of partial fuzzy compositions from Example 3.

Proposition 4. Let A,B,C,R,S be as in Definition 11. Moreover, let R; = (XR,-rﬂRi) and
Si = (Xs,, us,) be partial fuzzy relations with Xr, € A x B, X5, € Bx C,i =1,2. Then:

(i) If S1 =sup So then Rogp S1 Seup R ogp Sa.
(ii)  If Sq =gup So then R <sp Sy Ty R<gp S1.
(iii)  If Ry =gy Ry then Ry <sp S Ty R < S.
(iv) If Sy Ceup Sa then Rogp S1 Ceyp R osp So.
(v)  If S1 Ssup Sz then R<sp S1 Co R <sp Sp.
(vi) If Ry Cgyp Ry then Ry <sp S Ty R < S.

Proof. Claims (i)-(iii) follow from the properties of infima and suprema over the respective
domains. Claim (iv) is obvious. The remaining claims follow from the monotony of = in
the second argument and the antitony in the first one. [

4. Functional Partial Fuzzy Relations

In classical set theory, partial functions are special cases of binary relations R C A x B
determined by the functionality property: for all x € A and y,z € B such that (x,y) € R
and (x,y) € Rtheny = y'. Let ug, u— denote the bivalent characteristic functions of
R, =, respectively. Moreover, let & interpret “and"; then we can express the functionality
equivalently in the form of inequality:

ur(x,y) & pr(x,y') < u=(v,y).

The functionality in fuzzy set theory as given in [22] has the same form as in the clas-
sical setting, only the membership functions of R, /% and the interpretation of conjunction
is many-valued:

HR(xy) &R (%, Y) < px(y,y').
This is a property of a binary fuzzy relation R & A x B w.r.t. a binary fuzzy relation

~ C B x B. This form of functionality, though, does not take into consideration a fuzzy
indistiguishability relation on A. Let us consider ~1 & A x A and ~; ¢ B x B. Following
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property F2 from Demirci [23], we reflect the indistinguishability also in the expression
for functionality:
~ (0 X) & pr(x,y) & pr(¥,Y') < by (1Y)

Note that ~1, ~; are usually similarity relations; we refer to [24] for representation of
uncertainty in measurement by similarity relations. Generally, it is not necessary to restrict
ourselves to only this kind of relations. We can also deal with proximity relations or assume
even weaker requirements and make the restrictions explicit when needed, e.g., when
proving particular properties.

In the sequel, let A and B be crisp sets, A, B C U # @, R = (Xg, ur) be a partial fuzzy
relation between A and B, and ~; = (Xx,, ji~;), for i = 1,2, be binary fuzzy relations on
A, B, respectively.

In VFST, the fuzzy functionality is expected to perform as follows:

pry (2,67) © pr(%,y) © ur (X, y') < psy (v,9'), (19)

forall (x,x') € X~,, (v,y') € X, and (x,y), (¥',y') € Xg.
It leads us to the following definition with Bochvar operations and <;.

Definition 12. Let U, A, B, &1, ~, R be as above. Moreover, let R*,~7,~5: U x U — L* be
the representation of R, /21, =, due to (1), respectively. Then:

*  Wesay that R is functional w.r.t. =21, =y if

~(x,x') O R* (x,y) @B R* (¥, ) <1 %5 (y,v/), (20)

forall x,x',y,y" € U.
*  Wesay that R is a partial crisp function between A and B if R is a crisp partial fuzzy relation
between A and B and is functional w.r.t. =1, ~;.

We call (20) the functionality inequality.

The functionality inequality is trivially valid whenever any subpart becomes unde-
fined. It follows that it ignores membership values of R out of domains of ~; and ~;.
For example consider U; = N, Uy = {2,3}, U3 = {2,3,4}, R={(v,y) e Uy x Uz | (y =
2) V (y = 4)}, moreover, =; is the identity on (U;)? and undefined on (U; \ U;)?,i = 1,2,3.
Then R is functional w.r.t. &1, ~,, because 1 = ug(x,2) ©p pur(x,4) <1 p=,(2,4) = * for
an arbitrary x € Uj. But R is not functional w.r.t. =1, ~3 since 1 = ugr(x,2) ©p ur(x,4) %4
#—,(2,4) = 0 for an arbitrary x € Uj.

Proposition 5.
i I

N (Ri(xx) O R*(x,y) O R* (¥, y) =p~5(1,y) = 1, (21)
xx'yy' el

then R is functional w.r.t. =1, ~;.
(ii) R is functional w.r.t. =1, iff

(1058 R) S (R <sp ~2). (22)
Proof. (i) Let us use the following denotation

(x,x") © R*(x,y) @ R* (', y"),
W.y).

L(x,x",y,y") =a¢ =1
P(y,y') =at =5

From (21), it follows that L(x,x’,y,1) zB P(y,y') € {%1} forall x,x",y,y € U
and there exist ¢,c/,d,d’ € U such that L(c,c/,d,d") =g P(d,d’) = 1. Which implies
L(x,x",y,y") <1 P(y,y') forall x,x’,y,y’ € U, i.e,, R is functional.
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(if) By the adjunction property of ©®p and =p w.r.t. <;, we obtain that (20) is
equivalent to

R (xx") OB R* (¥, y) <1 R*(x,y) =B~ (1, Y)-
Observe that @ <; b; for each i € I is equivalent to a <4 /\s b;, and analogously,

i€l
a; <1 bforeachi € I is equivalent to \/S a; <1 b. Hence, we obtain
iel
VL ~i (5, x) 0 R (1) <1 AR (5,y) =5 ~3(y,v),
x'el yeld

for all x,y’ € U. Finally, the above inequality is equivalent to

(=1 058 R)*(x,y") <1 (R<sp=2)*(x,y'),
forall x,y' € U, i.e., the definition of the weak inclusion. [

Equation (21) provides a natural way of generalization from the bivalent notion of the
functionality property to a graded one that takes values from the whole scale of degrees
including *, i.e.,

/\S (=7 (x,x") @ R*(x,y) O R* (¥, y) =B ~5(y, 1))
xx,yy el

This notion has been introduced in [12] and it can be viewed as a generalization of the
unique mapping introduced in [13].

Provided that R would have an empty domain, i.e., Xg = @ and R*(x,y) = * for all
x,y € U, then R is functional in the sense of Definition 12, but

N (Ri(xx) Op R (x,y) O R*(x,y) =B ~5(y,y) = *,
xx'yy' el

which means that the degree of functionality of R is undefined.

Remark 4. In [12], the functionality property is defined by (21), and as seen above, it is not
equivalent to the notion of functionality given in Definition 12. Therefore, results from [12] do not
transfer directly. The notion of functionality given here by (20) uses an inequality <1 that is very
easy to work with as will be seen in the following proofs of the properties presented.

4.1. Set Operations and Relational Compositions of Functional Partial Fuzzy Relations

Let us summarize properties of functional partial fuzzy relations w.r.t. partial fuzzy
operations. The following theorem is an analogy to the preliminary result by Darikova [12],
Theorem 1.

Theorem 1. Let R = (Xg, ur) be a partial fuzzy relation between A and Band S = (Xs, ps) be
a partial fuzzy relation between C and D.
If R is functional w.r.t. =1, =y and S is functional w.r.t. =3, =4 then:
(i)  RNBS = (XrNXs, urngs) is a partial fuzzy relation between A N C and BN D functional
w.rt. (= Np ~3), (2 N ~y);
(i)  RMpS = (Xgr N Xs, hrags) is a partial fuzzy relation between A N C and BN D functional
w.rt. (= Mg ~3), (R Mp ~2y).

Proof. (i) We will check whether (20) is valid for all x, x’,y,yy’ € U. From

~1(x,x") @ R*(x',y") O R*(x,y) <1 =5(v,Y), (23)
~5(x,x") O S*(x',y") OB S* (x,y) <1~ (v Y), (24)
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we obtain

(=1 (x,x") @ R*(x,y) @B R* (¥, ) Ap (75 (x,x") OB §™(x,y) @B 5" (x, "))
<1~ (.y) A~y Y),
and by /\B a; Op /\B b; <4 /\B(ai ©g b;), we obtain
iel iel iel
(=1 (x,x") Ap ~5(x, ) @ (R™(x,y) As S (x,y)) OB (R*(x,y) As S™(x, "))
<1~ (y.y") N ~i (v Y),
which is the functionality inequality (20) for R Np S w.r.t. (=1 Np ~3), (X2 Np ~4).

(ii) It follows from the associativity of ©p.
O

In the case of Sobociriski intersections Mg and Mg, it can easily happen that the func-
tional inequality is violated (see Figure 8). Therefore, it is necessary to make more restrictive
requirements on partial fuzzy relation domains to prove their strong and weak intersections’
functionality.

Theorem 2. Let R = (A x B, ur) be a partial fuzzy relation between A and B and S = (C x
B, s ) be a partial fuzzy relation between C and B.

D vy,
==

(@) R = (Xg, pR) (b) s = (Xs, ps) (¢)RngS

v

Figure 8. Example of a Sobociniski intersection of functional partial fuzzy relations, which is not
functional.

If R is functional w.r.t. =1, =y and S is functional w.r.t. =3, = then:

(i)  RNgS = ((AUC) X B, jirngs) is functional w.r.t. (=1 Ng ~3), ~;
(i) RmMgS = ((AUC) x B, irpgs) is functional w.r.t. (=1 Mg ~3), ~3.

Proof. (i) From the fact that if x <; y and x” <y y then x Ag x” <; v, it follows that

(~1(x,x") ©B R*(x,y) ©B R*(x', ")) s
(R3(x,x") OB S (x,y) OB S™(x,y)) <1 =3 (v, ),

forall x,x’,y,y’ € U. Next, we use that /\S a; Op /\S b; <4 /\s(ai ©g b;) and we obtain
icl icl icl
the functionality property w.r.t. (=1 Ng ~3), ~.
(i) If x <j y and x’ <y y then x ®g ¥’ <y y, from which it follows that

(=1 (x,x") ©p R*(x,y) Op R* (¥, y)) ®s
(~5(x,x") O S*(x,y) O S*(x,y)) <1 =5 (v, y),
for all x,x’,y,y’ € U. Finally, by @B a; Og @B b, <4 @B(ai ®sg b;), we obtain the

i€l i€l i€l
functionality inequality for R Mg S w.r.t. (=1 Mg ~3), ~p. O
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Example 4. Let L be the standard Lukasiewicz algebra. We define total fuzzy relations =1, ~9, =3
on the universe U = (0,3) by the following membership functions:

Py (X,y) =as OV (1 =[x —yl);
Hay (X, ) =qs OV (1= 2[x —yl);
Py (X, y) =qf OV (1 —=3[x —yl).

The partial fuzzy relation R from Figure 9a is functional w.r.t. =1, ~1, and analogously, S
from Figure 9b is functional w.r.t. =2, ~;.

Figures 9c—f demonstrate the Bochvar and Sobocitiski intersections of functional partial
fuzzy relations R and S. The Bochvar strong intersection R Mg S is a functional w.r.t. ~=3,~3,
because ~3 = =21 M =~,. Notice that the Bochvar strong intersections are not functional w.r.t.
~1 N Ry, &1 N R, because (20) is not necessarily valid for all elements of Xg N Xg. The Bochvar
intersections R N S is a functional w.r.t. =y, =y, because ~y = ~1 N ~».

Observe that the domains of R and S do not fulfill the requirements of Theorem 2. Obviously,
R Mg S is not a functional w.r.t. =3,~3. Yet in this special case, where ~3 C =~y C =1, we
have that R is a functional w.r.t. =y, ~1 and S is the functional w.r.t. ~y,~1. Consequently,
the functionality inequality is valid for RM S as well as RN S w.r.t. /g, ~1.

0 05 o 05 o 05

(@) R = (X, pr) (b) s = (Xs,us) (c) R S
(d)Rmg S (e)Rnp S f)RNs S

Figure 9. Intersections of functional partial fuzzy relations.

In fuzzy set theory, the sup-T composition of functional fuzzy relations is again a
functional fuzzy relation. In the case of partial fuzzy relations, the functionality of the
sup-T composition also passes without much difficulty. The following theorem generalizes
the preliminary result by Darikova [12], Theorem 2.

Theorem 3. Let the assumptions of Theorem 1 hold. Moreover, let R be a functional w.r.t. ~1,
~, S be functional w.r.t. =3, ~4, and T = (Xt, pur) be a partial fuzzy relation between B and C
functional w.r.t. =3, ~2y.

If =y Cy =3 then Rogp T is a partial fuzzy relation between A and C functional w.r.t.

~1, 4.
Proof. By the adjointness property, we obtain from the functionality inequality for T that

~ () <1 (T (y,2) 08 T* (v, 7)) =B ~i(2,2).
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Combining the requirement ~, C,, ~3,i.e., ~5(y,y') <1 ~5(y,y'), with (23) yields
~1(x,x") OB R (x,y) @B R*(x', ) <1 (T"(y,2) 08 T (v, 2)) =B =i (2,7),
which is equivalent to
~(x,x) ©p (R*(x,y) ©p T*(y,2)) @ (R*(x,y') 08 T* (v, 7)) <1 ~4(2,7),
and hence

~i(ox) @ (R (x,y) 08 T7(1,2)) @8\ (R'(x, 1) 08 T* (Y, 2)) <1 (2,2,
yel y'el

which completes the proof. [

What was valid above for intersections of partial fuzzy relations does not apply to
their unions. However, as the following theorem shows, if the Sobociriski union of partial
fuzzy relations satisfies the functionality condition, then the input partial fuzzy relations
must have been functional as well. In the case of the Bochvar union, only parts of the
input partial fuzzy relations are surely functional, namely those lying in the intersection
of the domains. The following theorem extends the preliminary result by Darikova [12],
Theorem 3.

Theorem 4. Let R = (Xg, pir), S = (Xs,1s), R\ = (Xgp N X, pgr) and S = (Xgr N Xs, )

be partial fuzzy relations between A and B such that R" =g, Rand S' =g, S.

(i) If RUg S is a partial fuzzy relation between A and B functional w.r.t. =1, ~, then R and S
are partial fuzzy relations between A and B functional w.r.t. =1, ~5.

(i))  If RUg S is a partial fuzzy relation between A and B functional w.r.t. ~q, =~ then R" and S’
are partial fuzzy relations between A and B functional w.r.t. =1, ~;.

Proof. (i) The functionality inequality for R Ug S is the following;:
~1(x,x") @p (R*(x,y) Vs S (x,y)) OB (R*(x",y) Vs §* (¥, ")) <1 =5 (0, ),

where (R*(x,y) Vs §*(x,y)) @p (R*(x',y") Vs S*(x', ")) # = forall x,x',y,y' € Xgr U Xs.
Hence,

~j(x,x') @p R*(x,y) O R* (¥, ) <1 ~
~i(x,x') @p S*(x,y) O S* () <1 ~

forallx,x’,y,y’ € U.

(ii) (R*(x,y) VB S*(x,y)) ©p (R*(x',y") VB S*(«,y')) # = forall x,x’,y,y’ € Xg N Xs.
It follows that the functionality inequalities will work only for the restricted membership
functions of R and S to Xg N X, i.e., for the partial fuzzy sets R" and S’. O

If R Ug S is functional w.r.t. &1, =, then R and S from the above theorem need not be
functional w.r.t. =1, = (it is easy to find a crisp counterexample) because the functionality
of R Up S is checked only at the intersection of the domains Xz N Xs.

4.2. Representation of Partial Fuzzy Relations by Partial Crisp Functions

Now, let us turn our attention to the representation problem of functional partial
fuzzy relations. Observe that a partial crisp function F due to Definition 12 can attain only
values {0, 1, x}. Let ~1, &~ be the identity relation =. If we would like to express F using a
mapping on U we need to introduce the following restriction of the identity relation on U
to X F:

B _ [ x=y, (xy) €Xp
(X =x; ¥) =at { *, otherwise.
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Moreover, consider a function f: U +— U such that F*(x, f(x)) =g 1 forall x €
U. Then (y =x, f(x)) = F*(x,y) for all x,y € U. Observe that F; = (U, ]/lpf) with
ypf(x,y) =4t (¥ = f(x)) for all x,y € U is the total (in the sense of Definition 8) crisp
function w.r.t. =, =.

The following theorem shows the relationship between functional partial fuzzy rela-
tions and partial crisp functions w.r.t. =1, ~».

Theorem 5. Let U, A, B, ~1,~y be as in Definition 12. Moreover, let ~, be a symmetric and

transitive binary partial fuzzy relation on B, i.e., P~,(X,y) = Mx,(y,x) and p~,(x,y) Op

Uy (Y,2) <1 Mry(x,2) forall x,y,z € U, respectively.

(i) IfF = (Xp, pr) is a partial fuzzy relation between A and B functional w.r.t. =1, ~ such
that F is serial from A to B, i.e., for all x € A there exists y € B: up(x,y) = 1, then there
exists a function f: U U such that fr = (Xp, ps, ), where ff(x,y) =q¢ (y =x; f(x))
is a partial crisp function w.r.t. =1, ).

(ii)  Let@ # Xp CU*and f: U U. If F = (X, ur,), where fi(x,y) = (y =x, f(x)) for
all x,y € U, is a partial crisp function w.r.t. /1, ~ then F = (X, ur) defined as

ue(x,y) =4 { Hay (y, f (%)), (xy) € XE;

X, otherwise.

is a partial fuzzy relation between A and B functional w.r.t. =1, ~;.

Proof. (i) Define a function f: U — U such that pp(x, f(x)) =1 forall x € A and it can be
arbitrary on U \ A. Then the functionality inequality for F gives

~(x, ") OB (y =x; f(x)) OB (¥ =x f(x')) <
~(x,x') O F*(x,y) @ F'(x, ) <1 ~3(v,y),

forall x,x’,y, € U, because (y =x, f(x)) = 1then up(x, f(x)) = 1. Hence, fr is the partial
crisp function between A and B w.rt. =1, ~».
(ii) Fy = (XF, pr, ) is the partial crisp function w.r.t. ~1, &, which gives

V“l(xl x,) Sl M, (f(x),f(x’)), for all X, x, € U, (25)

and by the symmetry and transitivity of ~,, we receive the functionality inequality for F
w.r.t. &1, ~p:

proy (%, %) OB Hay (Y, f (X)) OB pay (v, f (X))
<1 pay (f (%), f(X')) OB py (v, £ (%)) OB iy (v, f(x")) <1 pimy (,¥).

O

Observe that (25) is the extended version of the compatibility property of a crisp
function f [15]. Provided that ~1, ~» would be total similarity relations then (25) is dual to
the Lipschitz inequality w.r.t. pseudo-metrics dual to ~1, ~».

5. Conclusions

In this paper, we recalled the essential concepts of the partial fuzzy set and relational
calculus. In the center of interest was the functionality property of partial fuzzy relations,
for which we proved several interesting properties w.r.t. partial fuzzy set operations and
relational compositions and provided a number of motivating and illustrative examples.
The important point to note here is that traditional fuzzy set theory results are not directly
transferable to partial fuzzy set theory due mainly to the different nature of Bochvar and
Sobocinski partial fuzzy set operations. Consequently, the machinery for dealing with
various domains of partial fuzzy sets must be implemented carefully. Often, the properties
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of functional fuzzy relations known in traditional fuzzy set theory are split into several
nonequivalent variants in VFST; see, e.g., Proposition 4 and Theorem 4.
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