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Abstract

In the paper aggregations of fuzzy relations us-
ing functions of n variables are considered. Af-
ter recalling properties of fuzzy relations, aggre-
gation functions which preserve: reflexivity, ir-
reflexivity, T-asymmetry, T-antisymmetry, symme-
try, S-connectedness, T-transitivity, negative S-
transitivity, 7T-S-semitransitivity and T-S-Ferrers
property of fuzzy relations, where T' is a t-norm and
S is a t-conorm, are examined.

Keywords: Fuzzy relations, properties of fuzzy re-
lations, aggregation functions

1. Introduction

Fuzzy relations are often considered in the con-
text of preservation of their properties in the ag-
gregation process (cf. [3], [4], [9], [11], [14] [15],
[17]) which is due to the possible applications,
e.g. in multicriteria decision making problems.
There are diverse types of fuzzy relation proper-
ties. 'We especially take into account the ones
which are based on triangular norms and triangular
conorms ([9], Chapter 2.5), i.e. T-asymmetry, T-
antisymmetry, S-connectedness, T-transitivity, neg-
ative S-transitivity, T-S-semitransitivity and 7T-S-
Ferrers property of fuzzy relations, where T is a
t-norm and S is a t-conorm.

In this contribution, we concentrate on a fixed
property of fuzzy relations and characterize all ag-
gregation functions preserving this property. More-
over, the aim of this paper is to give characteriza-
tions, under the weakest assumptions on functions
used for aggregation procedure. Therefore, we start
with an arbitrary n-ary function (not necessarily
aggregation function).

In this paper, we try to present necessary and suf-
ficient conditions for n-argument functions to pre-
serve fixed properties of fuzzy relations. Firstly
(Section 2), we give basic definitions concerning n-
ary functions in [0, 1], domination between functions
and useful notions concerning fuzzy relations. Next,
(Section 3), we present theorems for the considered
properties of fuzzy relations in the aggregation pro-
cess.
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2. Basic definitions

Here we present properties of aggregation functions,
the concept of domination and the properties of
fuzzy relations considered in this paper.

2.1. Aggregation functions

We recall some information about functions in the
interval [0, 1].

Definition 1 ([2]). Let n > 2. A function
F:[0,1]™ — [0,1] is called an aggregation function
if it is increasing in each of its arguments and fulfils
the boundary conditions

F(0,...,0) =0,

There are many examples of aggregation func-
tions. We present these examples, which will be
used in the sequel (cf. [2], [6], [15]).

Example 1. Let tq,...,t,, wq, ...,
gregation functions are:
e the weighted minimum

wy, € [0,1]. Ag-

F(ty,....,tp) = min max(l—wg,tg), max wy = 1,

1<k<n <k<n

e the weighted maximum

F(ty,....,t,) = max min(wg,tx), max wg =1,

1<k<n <k<n
e the projections
Pp(t1,...,tn) =tg, ke{l,...,n},
e the median value
SktSk41 —
med(ty, ... t,) = {81@4.21,7 izi Z ; §Z+ X

where (s1,...,8,) is the increasingly ordered se-
quence of the values t1,...,t,, i.e. s1 <
e the quasi—linear means

... < S

F(ty,...t,) = cp_l(z wrp(tr)),
k=1

where : [0,1] — R is an increasing bijection and
the weights wy, > 0, k = 1,...,n, fulfil the condition

Z Wg = 17
k=1



e the weighted arithmetic mean
n
F(tl, ...,tn) = Zwktk,
k=1

which we get if f(¢) = ¢ in the formula for a quasi-
linear mean,
e the weighted geometric mean

n
F(ty,otn) = [ t2"
k=1

which we get if f(t) =
a quasi-linear mean.

logt in the formula for

In our further considerations we will need the fol-
lowing concepts.

Definition 2. Let n € N. We say that a function
F:[0,1]" —[0,1]:

e has a zero element z € [0,1] (cf. [2], Def-
inition 10) if for each k¥ € {1,...,n} and each

X1y eeey Tf—1y Tht1, -+, Tn € [0, 1] one has

F(x1y ey Tpe1, 2, Thog 1y ooy Ty) = 2,
e is without zero divisors if

v (F(z1,.y2n) =2 = ( <g

Definition 3 ([12], p. 4). A triangular norm
T: 10,1 — [0,1] (triangular conorm S: [0,1]> —
[0, 1]) is an arbitrary associative, commutative func-
tion having a neutral element e = 1 (e = 0), which
is increasing in each of its arguments.

Let us observe that triangular norms (conorms)
are aggregation functions for n = 2. Directly from
the definition of a triangular norm (conorm) we ob-
tain a useful property.

Corollary 1. A triangular norm (conorm) has

a zero element z =0 (z =1).

In our further considerations we will use the ab-
breviation ’t-norm’ (’t-conorm’) when speaking of
a triangular norm (a triangular conorm).
Example 2 ([12], pp. 4, 11). The four well-known
examples of t-norms T and corresponding t-conorms
S are:

Trh(s,t) =min(s,t),
S (s, t) =max(s,t),

TP(Sa t) :Sta
Sp(s,t) =s+t— st,

Tr(s,t) =max(s+t—1,0),
Sr(s,t) =min(s +1t,1),

s, t=1
TD(S,t) = t, s=1 )

0, otherwise

s, t=0
Sp(s,t)=<¢t, s=0

1, otherwise

for s,t € [0,1].
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Lemma 1 (cf. [12], pp. 6-7). For arbitrary t-norm
T and t-conorm S one has

ITp <T<Ty, Tp<TL<Tp<Ty.

Moreover

Sy <S<Sp, Sp=SL>8p2>5Su.
Definition 4 ([12], p. 28). A strict t-norm 7T :
[0,1]% — [0,1] is a t-norm which is continuous and
strictly increasing in (0, 1]2.

Theorem 1 ([9], p. 11). Any strict t-norm T is
a function isomorphic to the product t-norm Tp, i.e.

T(z1,22) = ¢~ (Tp(p(21), 0(22))), 21,22 € [0,1],
where ¢ : [0,1] — [0,1] is an increasing bijection.

Corollary 2. Triangular norms: min, Tp, strict
t-norms are functions without zero divisors.

In our further considerations we will need the con-
cept of a dual function and a self-dual function.

Definition 5 (cf. [2], p.31). Let F': [0,1]™ — [0, 1].
A function F? is called a dual function to F, if for
all zy,...,2, €10,1]

Fd(zl, ..

-axn):1—F(1—1’1,...,1—$n).

F is called a self-dual function, if it holds F' = F?.

Example 3 ([2], p.31, [18]). Pairs of dual func-
tions are for example: Ty and Sp;, T;, and Sy,
Tp and Sp, Tp and Sp. In general, t-norms are
dual functions to t-conorms and vice versa. The
concept of self-duality is especially developed for
aggregation functions. Interesting properties and
characterizations of self-dual aggregation functions
one can find in [18]. The weighted arithmetic mean,
the median and all quasi-linear means for which
f:0,1] — [0,1] fulfils f(1 —z) = 1— f(x), are
self-dual aggregation functions. Any self-dual and
commutative binary aggregation function F' satis-
fies F(z,1 —z) = % for all z € [0,1], so neither
t-norms nor t-conorms are self-dual.

2.2. Domination

Definition 6 (cf. [17], Definition 2.5). Let m, n €
N. A function F': [0,1]™ — [0,1] dominates func-
tion G: [0,1]™ — [0,1] ( F' > Q) if for an arbitrary
matrix [a;z] = A € [0,1]™*™ the following inequal-
ity holds

F(G(all, ~-~7a/1n)» ceey G(aml, ...,amn)) 2

G(F(an, ceey aml), ...7}7(61,1”7 ceey G,mn)).

There exist a characterization theorem of all
functions which dominate minimum (similarly for
a drastic t-norm [17]).



Theorem 2 (cf. [17], Proposition 5.1). A function
F:[0,1]" — [0,1], which is increasing in each of its
arguments dominates minimum if and only if for
each ty,...,t, € 10,1]

atn) = min(fl(tl)’ Ly fn(tn))7

where fr: [0,1] — [0,1] is increasing with k =
1 n.

F(ty, ...

g eeey

Example 4. There are a few useful examples of
functions which fulfil conditions of Theorem 2:

if fr(t)=1t, k=1,..,n, then F = min,

if for a certain k € {1,...,n}, function fi(t) =t
and f;(t) =1 for i # k, then F = Py, - projections,

if fr(¢t) = max(1 — vg,t), vx € [0,1], k = 1,.
max vi = 1, then F is the weighted minimum.
1<k<n

Here we present some examples of domination be-
tween functions.

Example 5 (cf. [8], [17]). The weighted geometric
mean dominates t-norm Tp. The weighted arith-
metic mean dominates t-norm 77,. The function

n

=Lt

n

F(ty, ...t (1- (1)

min tg

IR

dominates Tr,, where p € (0,1). The weighted min-
imum dominates every t-norm 7. Let us consider
projections Py. Then F' > P and P, > F for any
function F : [0,1]™ — [0, 1] (see [5]).

We recall here some results on domination in the
family of ¢t-norms and ¢-conorms.

Theorem 3 (cf. [1
a t-conorm. Then

7], p.16). Let T be a t-norm, S

T>T, Ty>T>1Tp,

ITp>»T & T=Tp, T>Ty&eT=Ty.

Dually we obtain

§>S5, Sp>»S>Su,

S>SpeS=5p, Su>»S&85=>5u.

Lemma 2 ([7]).
[0,1]" — [0,

Let F : [0,1]" — [0,1], F :
1]. If F > G, then G > F.

Corollary 3. Let F : [0,1]" — [0,1], and T be
a t-norm and S be a t-conorm. If F > T, then
S>> Fe.

Example 6. By Example 5 and Corollary 3 we see
that the weighted arithmetic mean are dominated
by Sp, and the weighted maximum is dominated by
any t-conorm S. Moreover, it is easy to verify that
the function

n

=Lt

ni

F(ty, ...t (1- (2)

max tg
1<k<n
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is dominated by Sy,, where p € (0,1). By Theorem 2
and Corollary 3 a function F': [0, 1]" — [0, 1], which
is increasing in each of its arguments is dominated
by maximum if and only if for each t1, ..., ¢, € [0,1]

» fn(tn)),

where fi: [0,1] — [0,1] is increasing with k =
1,...,n. Examples of such functions are:

if fr(t)=1t, k=1,...,n, then F = max,

if for a certain k € {1,...,n}, function fy(t) = ¢
and f;(t) = 1 for ¢ # k, then F = Py - projec—
tions, if fi(t) = min(vk,t), vk € [0,1], k = 1,.

max v = 1, then F is the weighted maximum.
1<kLn

F(tl, ,tn) = max(fl(tl),

For further results on domination, specially
domination between t-norms, we recommend [12]
(pp.152-156), [13], [19], we recall only a few of them
which will be useful later on.

2.3. Fuzzy relations

We recall basic properties of fuzzy relations.

Definition 7 ([20]). A fuzzy relation on a set
X # 0 is an arbitrary function R : X x X — [0, 1].
The family of all fuzzy relations on X is denoted by
FR(X).

Remark 1. Ifcard X =n, X = {x1,...,2,}, then

R € FR(X) may be presented by a matric R = [ry],
where ri, = R(x;,x), i,k=1,...,n
Definition 8 (cf. [20]). Let x: [0,1]> — [0,1].

A sup—+—composition of relations R, W € FR(X)
is the relation (R ® W) € FR(X) such that for any
(x,2) e X x X

(R® W)(z,2) = sup R(x,y) * W(y, 2).

yeX

3)

An inf-—+-composition of relations R, W € FR(X)
is the relation (R® W) € FR(X) such that for any
(x,2) e X x X
(R W)(r,2) = inf R(z,y)«W(y.2).  (4)
y
Next we present properties of fuzzy relations,

which will be discussed in our further considerations
([1], p- 38, [9], Chapter 2.5, cf. [10], p. 445).

Definition 9. Let T be a t¢-norm and S be
a t-conorm. Relation R € FR(X) is:
o reflexive, if V. R(z,z) =1,
reX
o irreflexive, if V R(z,xz) =0,
V  Blaz,y) = Rly, z),
V T(R R =0
Y T(R(,), Rly,2) =0,

e T-antisymmetric, if

N T(R(z,y), R(y,x)) =0,
pyatyex @), Ry, z))
e totally S-connected, if

:L’,yvéX S(R(l',y),R(y,l')) = 1’

e symmetric, 1f

o T- asymmetrlc 1f
x



e S-connected, if v S(R(z,y),R(y,x)) =1,

z,y,x#YyeX
e T-transitive, if
Y_ T(R(z.y), R(y,2) < R(z,2),

T,z
e negatively S-transitive, if

v__S(R(z,y),R(y, 2)) > R(z, 2),
z,y,z€X

. T—S-Ferrers, if
v T(B(z,y), R(z,w)) < S(R(z,w), R(2,y)),

z,Y,2,WE
e T-S-semitransitive, if
v T(R(z,w), R(w,y)) < S(R(z, ), R(z,v)).

z,y,z,wEX

In the above definition a t-norm takes place of
a minimum and a ¢-conorm takes place of a maxi-
mum in the standard properties introduced for fuzzy
relations by L.A. Zadeh [21] (for the adequate prop-
erties of crisp relations see [16]).

With the use of n—argument function F, n €
N, n > 2, we aggregate given fuzzy relations
Ry,...,R,.

Definition 10 ([17], Definition 2.4). Let F
[0,1]™ — [0,1], Ry,...,R, € FR(X). An aggre-
gated fuzzy relation Rp € FR(X) is described by
the formula

RF(xay) = F(R1(1'7y), N '7Rn(xay))7 T,y € X.

A function F preserves a property of fuzzy relations
if for every Ry,..., R, € FR(X) having this prop-
erty, Rp also has this property.

We recall here the concept of the complement R’
of a fuzzy relation R, i.e.

R,(I7y) =1- R(I7y)a T,y € [Oﬂ 1]

Lemma 3. A fuzzy relation R is T-asymmetric
(T-antisymmetric, T-transitive), if and only if its
complement R’ is totally S-connected (S-connected,
negatively S-transitive).

In virtue of this lemma conditions for aggregated
totally S-connected, S-connected and negatively S-
transitive fuzzy relations can be obtained by nega-
tion of conditions considered above for aggregated
T-asymmetric, T-antisymmetric and T-transitive
fuzzy relations, respectively.

3. Preservation of fuzzy relation properties

In this section we present the weakest assumptions
on functions to preserve fuzzy relation properties.
Aggregation functions (cf. Definition 1) are given
as examples. We recall here the results from [8]
concerning preservation of reflexivity and symme-
try.

Theorem 4. Let Ry,...,R, € FR(X) be reflez-
ive (respectively irreflexive). The relation R is re-
flexive (respectively irreflexive), if and only if the
function F satisfies the condition F(1,...,1) =1
(respectively F(0,...,0) =0).

379

Any aggregation function and any idempotent
function F, i.e. function which fulfils F(¢,...,t) =
t, for ¢t € [0, 1] preserves reflexivity and irreflexivity
of fuzzy relations.

Theorem 5. Let Ry,..., R, € FR(X) be symmet-
ric. For every function F the fuzzy relation Rp is
also symmetric.

Here theorems concerning preservation of ¢-norm
and t-conorm based fuzzy relation properties will be
presented.

Theorem 6. Let card X > 2, T be a t-norm
without zero divisors. A function F preserves
T-asymmetry (T-antisymmetry) if and only if it sat-
isfies the following condition for all s,t € [0, 1]™

oY, min(se, ) = 0 = min(F(s), F(1)) = 0.

(5)

Proof. Let F fulfil (5) for all s,¢t € [0,1]", z,y €
X. If Ry,..., R, € FR(X) are T-asymmetric, then
using substitution s; = Ri(z,v), tx = Rk (y,z) for
k=1,...,n we see that for a t-norm T without zero
divisors we get sy = Qorty =0, k =1,...,n, as
a result

(6)

and the relation Ry is T-asymmetric by (5) and the
assumption on a t-norm T

Conversely, let s,t € [0,1]™ fulfil (6). Since card
X > 2, then there exist a,b € X, a # b. Fuzzy
relations

Y min(sg,tg) =0
1<k<n

if (z,y) = (a,b)
tk:a if ('r7y) = (b? a) ’
0, otherwise

Sk

Rk‘(l.ay): k:].,...

,n

are T-asymmetric. Thus, the relation Rp is also
T-asymmetric and we get

T(F(s), F(t)) =

T(F(Ri(a,b),...,Ry(a,b)),
F(Ry(b,a),...,Ry(b,a))) =0,

so min(F(s), F(t)) = 0 which proves (5). In the
case of T-antisymmetric fuzzy relations the proof is
similar. [

Now we give examples of functions preserving
T-asymmetry and T-antisymmetry. We apply here
Corollary 2.

Example 7 ([8]). Let T be a strict t-norm.
The function FF = min preserves T-asymmetry
(T-antisymmetry). Functions F' which has the zero
element z = 0 with respect to certain coordinate,
i.e.

3 VvV vV
k

F(tiy o b1, 0, ity ooy tn) =0
<n ik t;€(0,1] ( 1 k—1 k+1 n)

1<



fulfil  (5), so they preserve T-asymmetry
(T-antisymmetry). In particular, the weighted
geometric mean fulfil (5). As another example we
may consider the median function. If a function F'
fulfils the condition

Vo ocard{k ity =0} > = = F(t) =0, (7)

tefo,1]n 2

then we also get (5) (e.g.  the median ful-
fils this condition). However, the above condi-
tion is not necessary for (5), because it does not
cover the projections which preserve T-asymmetry
(T-antisymmetry).

Similarly as in Theorem 6 we get

Theorem 7. Let card X > 2, S be a t-conorm
without zero divisors. A function F preserves total
S-connectedness (S-connectedness) if and only if it
satisfies the following condition for all s,t € [0, 1]™

1<¥<n max(sk, tr) = 1 = max(F(s), F(t)) = 1.
(8)

Proof. Let F fulfil (8) for all s,¢ € [0,1]", z,y € X.
If Ry,...,R, € FR(X) are totally S-connected,
then using substitution s, = Rg(z,y), tx = Ri(y,x)
for kK = 1,...,n we see that for a t-conorm S
without zero divisors we get s = 1 or ¢t = 1,
k=1,...,n, as a result

(9)

\4 tr) =1
L<h<n maX(sk, k)

and the relation Rp is totally S-connected by (8)
and the assumption on a t-conorm S.

Conversely, let s,t € [0,1]™ fulfil (9). Since card
X > 2, then there exist a,b € X such that a # b.
Fuzzy relations

if (x,y) = (a,b)

tk'7 if ('Tvy) = (b7 a) ’
1, otherwise

Sk

Rk($>y): kzl,

,n

are totally S-connected. Thus, the relation Rp is
also totally S-connected and we get

S(E(s), F(t)) =
S(F(R1(a,b),...,Ry(a,b)),
F(Ry(b,a),...,Rn(b,a))) =1,
so max(F'(s), F(t)) = 1 which proves (8). In the

case of S-connected fuzzy relations the proof is anal-
ogous. O

Example 8. Examples of functions fulfilling (8) for
all s,t € [0,1]" are F' = max, F =med or functions
F with the zero element z = 1 with respect to a cer-
tain coordinate, i.e.

3V YV F(t,..

L tn) = 1.
1<k<n ik t;€[0,1] rtn)

'7tk—1717t1€+17"

The dual property for (7) have the form

Vo ocard{k:ty =1} > g = F(t)=1.

te[0,1]™

380

We will give theorems (Theorems 8, 9) provid-
ing a necessary and a sufficient condition for the
preservation of T-transitivity (cf. also [17]). This
are modified versions of theorems obtained in [8]
for more general class of x-transitive fuzzy relations,
where * : [0,1]% — [0, 1].

Theorem 8. Let card X > 3. If a function
F:[0,1]" — [0,1] preserves T-transitivity, then
it dominates T (F > T), it means that for all
(81,...,8n), (tl, ,tn) S [O, l]n

F(T(Sl,tl), . ,T(Sn,tn)) 2
T(F(81y---y8n), F(t1,...,tn)).

Theorem 9. If a function F': [0,1]" — [0, 1], which
is increasing in each of its arguments fulfils FF > T,
then it preserves T-transitivity.

Example 9 (cf. [17], p. 30). Each quasi-linear
mean dominates Tp. Moreover, for n = 2 arbi-
trary t-norm F' = T dominates Tp. By Theo-
rem 2 and Examples 4-5 we see that the minimum,
the weighted minimum and the projections domi-
nate min. The weighted geometric mean preserves
Tp-transitivity, the weighted arithmetic mean
preserves Ty -transitivity, the minimum preserves
T-transitivity with arbitrary t-norm 7. The func-
tion F described by the formula (1) preserves
T -transitivity.

In Theorems 8 and 9 we present respectively
necessary and sufficient conditions for the preser-
vation of T-transitivity. We give separate results
to point out the adequate assumptions for each
theorem. Dually to the result for T-transitivity
(see [8]) we may obtain the statement for nega-
tive S-transitivity. To prove it, we will need the
property connected with the extension of a relation
Ry € FR(A) to the relation R € FR(X), where
ACX,A#0.

Lemma 4. Let Ry,Wy € FR(A), 0 # A C X,
R, W € FR(X) be of the form

_ RO(may)7 9U7ZU€A

R(z,y) = { 1, otherwise ’ (10)
_ W()(-'L'7y), z,y S A

W(z,y) = { 1, otherwise ’ (11)

respectively. If an operation x: [0,1]> — [0,1] has
the zero element z = 1, then
' _ [ (Ro® Wo)(z,y), wzyeA
(F® W)(w,y) = { 1, otherwise
(12)

Proof. Let z,y € X, B = X \ A. By the associa-
tivity of the infimum on [0, 1] we may consider the
following cases:

if (z,y) € A x A, then

(R® W)(z,y) = inf Rz, w)W(w,y) =



min( inf R(z, w)xW(w,y), inf R(z,w)*W(w,y)) =

mm(ul}relfA Ro(z,w) * Wo(w,y)7lu1}relfB 1x1) =

min((Ro ® Wo)(z,y),1) = (Ro ® Wo)(z,y),
if (x,y) € A x B, then

(R ® W (z,y) = ing( R(z,w) * W(w,y) =

we

min( inf, R(z, w)xW(w,y), inf Rz, w)+W(w,y)) =

mm(ul)relg Ro(z,w) * 1, ul)rglf]‘gl *1) = min(1,1) = 1,
if (x,y) € B x A, then

(R® W)(x,y) = inf R(z,w)*W(w,y) =
weX
min( inf, R(z, w)xW(w,y), inf Rz, w)*W(w,y)) =

in( inf 1 inf 1x1) =min(1,1)=1
Hlln(ul)IéA *Wo(w,y),dléB x1) = min(1,1) = 1,

if (z,y) € B x B, then

(R& W)(z,y) = inf R(z,w)W(w,y) =

Jg&(l x1) =1.
As a result R® W is of the form (12). O

Lemma 5. Let x be a t-conorm. A relation R €
FR(X) is negatively x—transitive if and only if

R® R>R. (13)

Proof. Let R € FR(X). Directly by (4) and defini-
tion of negative S-transitivity we get

R® R>R< V  inf R(x,y)*R(y,z) > R(z,
® oy Inf (z,y)xR(y, 2) = R(x, 2)

& YV R(z,y) xRy, z) = R(x, 2),
z,y,z2€X
which means that R is negatively x-transitive for
a t-conorm . 0

Lemma 6. Let S be a t-conorm, A C X, A # (.
If relation Ry € FR(A) is negatively S-transitive in
A, then relation R € FR(X) described by (10) is
negatively S-transitive in X .

Proof. Let (z,y) € A x A. By Lemma 4, Lemma 5
and by negative S-transitivity of relation Ry in A
we get for any x,y € A

(R® R)(z,y) = (Ro® Ro)(z,y) = Ro(z,y) = R(z,y).

If (z,y) € X x X \ A x A, then (R® R)(x,y) =
1 > R(z,y). As a result relation R is negatively
S-transitive in X. O

Theorem 10. Let card X > 3. An increas-
ing in each of its arguments function F: [0,1]" —
[0,1] preserves negative S-transitivity if and only if
S > F, it means that for any (s1,...,Sn),
(t1,...,tn) € [0,1]™ the following inequality holds

WV

S(F(s1,---,8n), F(t1,...,tn))

F(S(Slatl)a~~~7S(8n7tn))' (14)

Proof. Let us fix s, ¢, € [0,1], k = 1,...,n and
take u,v,w € X. By assumption that card X > 3,
we may write u # v, v # w, u # w. We also
denote A = {u,v,w}. Firstly, we will create fuzzy
relations Wy, k = 1,...,n in the set A described by
the matrices

1 Sk S(Sk,tk)
sz 1 1 ty ,k’ZL. , N
1 1 1

In other words

Wi (u,v) = s, Wi(v,w) = tg, Wi(u,w) = S(sk, tk).

(15)
By Lemma 5 relations W} are negatively S-
transitive in A because

, 1 1 S(Sk,tk)
W Wp=11 1 1
1 1 1

>Wg, k=1,...,n.

In virtue of Lemma 6 relations Ry, € FR(X), k =

1,...,n,

Wk(xay)a %Z/GA

1, otherwise (16)

Ri(z,y) = {

are negatively S-transitive in X. By assumption F'
preserves negative S-transitivity of fuzzy relations
so relation Rp = F(Ry,...,R,) is also negatively
S-transitive for z,y,z € X, i.e.

S(F(Rl(xvy)7 ) Rn(xvy))a F(Rl(ya Z)’ ) Rn(y7 Z)))

> F(Ry(z,2),..., Rp(z, 2)).

In particular, for elements u,v,w € X the above
inequality is also fulfilled. Thus applying the nota-
tions (15) and formula (16) we have

S(F (81, 8n)s F(t1, .o tn)) =

S(F(R1(u,v)y ey Ry (u,v)), F(Ry (v, w), ..., Ry (v, w)))
> F(Ry(u,w), ..., Ry (u,w)) =
F(S(s1,t1)y -, 9(8n,tn)),

which means that operation F fulfils (14).

Now, let an increasing operation F fulfil
(14), =z,y,z € X. If relations Ry are
negatively S-transitive for & = 1,...,n, then
S(Rk(z,y), Rk(y,2)) = Rp(z,z). We will prove



that the relation Rp is negatively S-transitive. Ap-
plying the notations Ry (z,y) = sg, Rk(y,z) = tg,
for k =1,...,n we obtain

S(RF(‘ra y)vRF(ya Z)) -
S(F(Ry(2,y), o Bu(2,9)), F(R1(y, 2), ... Ru(y, 2)))
S(E(81y s 8n), F(t1, oo tn)) =
F(S(s1,t1), ey S(8n,tn)) =

F(S(Rl(x,y)7R1(y,z)),...,S(Rn(x,y),Rn(y,z)))
F(Ry(z,2),..., Rp(2,2)) = Rp(z, 2).

2

As a result operation F preserves negative
S-transitivity. O
Example 10. By Example 6 we see that

the weighted maximum preserves negative S-
transitivity for any t-conorm S. The weighted arith-
metic mean and the functions of the form (2) pre-
serve negative Sp-transitivity. Moreover, negative
Sp-transitivity (i.e. negative transitivity) is pre-
served if and only if a function F' is of the form

atn) = max(fl(tl)a () fn(tn>>7

for each tq, ..., t, € [0,1] and f%: [0,1] — [0, 1] being
increasing with k =1, ..., n.

F(t, ...

Now will consider T-S-Ferrers property. The
other result for preservation of this property (and
also T-transitivity) for quasi-arithmetic means one
can find in [9], p. 140-141.

Theorem 11. If a function F: [0,1]" — [0,1],
which is increasing in each of its arguments fulfils
F > T and S > F, then it preserves T-S-Ferrers

property.

Proof. Let an increasing function F fulfil ' > T
and S > F, z,y,u,v € X. If relations Ry
have T-S-Ferrers property for & = 1,...,n, then
T(Rk(xvy)aRk(uv’U)) < S(Rk(x’v)7Rk(u7y))' We
will prove that the relation Rp has T-S-Ferrers
property. We obtain

T(Rp(z,y), Rp(u,v)) =
T(F(Ry(z,y), ..., Rn(z,y)), F(R1(u,v), ..., Ry (u,v)))
<
F(T(Ry(z,y), R1(u,v)), ... T(Rnp(z,9),
F(S(Ry(z,v), Ri(u,y)), ..., S(Rn(z,v),
S(F(Ry(z,v), ..., Rp(x,v)), F(R1(t, y), .o, Ry (u, y
= S(Rp(z,v), Rr(u,y)).

As a result function F' preserves T-S-Ferrers prop-
erty. O

~—
~—
~—

The next statement gives a sufficient condition
for a function F' to preserve T-S-Ferrers property.
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Lemma 7. Let T be a t-norm and S be a corre-
sponding dual t-conorm. If F :[0,1]" — [0,1] is a
self-dual function, then F > T implies S > F'.

Proof. Let x1,.. Jyn € [0,1]. T F > T
we obtain

s Tny Y1y - -

>

=

F(T(Ihyl)a s 7T(xn7yn))

T(F(x1,. ., 2n), Fy1, .- yn))-
Since T(z,y) =1—S(1 —z,1 —y) for z,y € [0,1],
it follows

Fl-SQ—-z1,1—y1),..., 1 =S(1—zp,1—y,)) =

1-8S1—-F(zi,...,20),1 = F(y1,...,Yn)).
As a result
1-F(1-S(1—z1,1—=y1),...,1=-S(1—z,,1—y,)) <
S(1—F(x1,...,2n),1 = F(y1,...,yn)),

and by F = F'? we get
FSQA—z1,1—9y1),....,8(1 —zp, 1 —yn)) <
S(1—F(x1,...,2n),1 = F(y1,...,yn))-
By substitution 1 — x; = a; and 1 — y; = b; for

i=1,...,n, where a;,b; € [0,1] and applying again
the assumption F = F?% we obtain

F(S(al,bl), .. .,S(an,bn))
S(F(ay,...,an), F(b1,...,bs)),
which proves that S > F.

<

O

Example 11. By Example 5 we know that the
weighted arithmetic mean dominate 77 and the
weighted arithmetic mean are self-dual aggregation
functions (Example 3), so by Lemma 7 we see that
the weighted arithmetic mean preserve T-S-Ferrers
property for T, and Sp..

Now T-S-semitransitivity will be discussed.

Theorem 12. If a function F: [0,1]" — [0,1],
which is increasing in each of its arguments ful-
fils F > T and S > F, then it preserves T-S-
semitransitivity.

Proof. Let an increasing function F' fulfil FF >
T and S > F, z,y,u,v € X. If rela-
tions Ry are T-S-semitransitive for £k = 1,...,n,
then T(Ry (), Ri(y.v)) < S(Ri(x,u), Ri(u,0)).

We will prove that the relation Rp is T-S-
semitransitive. We obtain

T(RF(J’" y>7 RF(ya ’U)) =
T(F(Ry(z,y), ..., Ru(z,v)), F(R1(y,v), ..., Rn(y,v)))

<
F(T(Ry(z,y), Ri(y,v)), ... (
F(S(Ri(z,u), Ri(u,v)), ..., S(Rp(z,u), Ry (u,v))
S(F(Ry(z,u), ..., Rp(z,u)), F(Ry(u,v), ..., Rp(u,v)))
= S(Rp(z,u), Rp(u,v)).

As a result function F preserves T-S-semitran—
sitivity. O



Examples of functions which preserve T-S-semi—
transitivity are the same as for T-S-Ferrers prop-
erty.

Example 12. Conditions given in Theorems 11
and 12 are only the sufficient ones. Let us con-
sider function F(s,t) = st (so F' = Tp) and fuzzy
relations presented by the matrices

||

Relations R;, R are min-max-Ferrers ([9], p. 142)
and min-max-semitransitive, and R = F(Ry, Ry) is
both min-max-Ferrers and min-max-semitransitive,
where R = 0. However, it is not true that F' >
min (the only ¢t-norm that dominates minimum is
minimum itself, see Theorem 3).

0 1
0 0

0 0

Rl:[ 10

4. Conclusion

In this contribution we presented the necessary
and sufficient conditions for the preservation of
fuzzy relation properties. The considered prop-
erties involve triangular norms 7T and triangular
conorms S. In the case of T-S-Ferrers property and
T-S-semitransitivity only the sufficient conditions
were obtained, but suitable counter-examples show-
ing that the necessity does not hold were provided.
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