KYBERNETIKA — VOLUME 61 (2025), NUMBER 6, PAGES 817-854

EXTENSION METHODS FOR NULLNORMS
ON BOUNDED LATTICES

MERVE YESILYURT AND UmiT ERTUGRUL

After nullnorms were defined on bounded lattices by Karagal et al. [16], construction meth-
ods for nullnorms on bounded lattices have been widely studied in which the existence of t-norms
(t-conorms) on sublattices of the bounded lattice L has generally been exploited. Extension
methods of nullnorms are important as they also play a significant role for ordinal sum con-
struction of nullnorms on bounded lattices. In this paper, we introduce extension construction
methods for nullnorms on a bounded lattice L by exploiting the existence of a nullnorm V' on
a sublattice of L. Then, we demonstrate that our new construction methods are also differ-
ent from the existing construction methods in the literature. Additionally, some illustrative
examples are provided. Finally, we also give modified versions of our construction method by
induction.
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1. INTRODUCTION

Nullnorms were introduced on the unit interval [0,1] by Calvo et al. in [2]. These
operators play an important role in extensive areas like fuzzy logic, fuzzy quantifiers,
decision making, expert systems, neural networks and so on [3| [I8] [20]. Nullnorms with
a zero element k are generalization of triangular norms and triangular conorms, where k
be anywhere in the unit interval. In particular, a nullnorm is a t-norm (resp. t-conorm)
when k=0 (resp. k=1).

Karacal et al. [16] proved the existence of nullnorms on an arbitrary bounded lattice L
with a zero element k, where k is an arbitrary element of L\{0, 1}, by using the fact that a
t-norm (t-conorm) on an arbitrary bounded lattice L always exists. Afterward, Ertugrul
[13] generalized the methods in [16] and obtained two general methods for constructing
nullnorms on a general bounded lattice L. Xie and Ji [22] proposed new methods for
obtaining nullnorms on L by using t-subnorm and t-subconorm operations under some
additional constraints. Cayl and Karagal [5] proved that an idempotent nullnorm may
not always exist on every bounded lattice. Dan et al. [I1] presented a new method for
constructing a nullnorm with a zero element k£ on a bounded lattice L by means of a
closure operator g on [0, k] and an interior operator h on [k, 1]. Cayl and Karagal [6]
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gave two methods to obtain nullnorms on bounded lattices with a zero element by using
the given nullnorm and t-norm (t-conorm) under some constraints. Nullnorms have also
been studied from different aspects in the literature [4l, 6} [7, 8, @, 10, 21].

This study aims to provide construction methods of nullnorms on a bounded lattice,
based on a nullnorm, a t-norm and a t-conorm defined on sublattices of the bounded
lattice. In this paper, we give two main construction methods for nullnorms on the
bounded lattices. The first method extends a nullnorm V on [a, b] C L with zero element
k € (a,b) to a nullnorm F' on L with the zero element k considering a t-conorm S on
[0,a] and a t-norm T on [b, 1], where V(z,y) = k for (x,y) € Iz’b x [a, b]U][a, b] x I;j’b. By
slightly modifying this method, we express it in a different way in Theorem Then,
when I, = I, = (), we give another construction method for nullnorms via a nullnorm
V on [a,b] C L with a zero element k € (a,b) C L, a t-conorm S on [0, a] and a t-norm
T on [b, 1], where the obtained nullnorm F, on L and the priori nullnorm V have the
same zero element k € (a,b) C L. It is obvious that the methods in Theorems and
are different from each other and also we show that they are different from those
methods in the literature. It should be pointed out that the methods in Theorems [3.8]
and [3.24] are nullnorms’ extension methods to a bounded lattice L from its sublattice
[a, ] by choosing T'= T, and S = Sy (see Corollaries and [3.27). We also elaborate
the construction method in detail by examining it on some important special lattices.
Finally, we modify the methods by increasing the number of t-norms and t-conorms on
the subintervals.

The paper is structured as follows. In Section 2, we recall the notions of a bounded
lattice, t-norms, t-conorms and nullnorms on bounded lattices. Section 3 contains the
main results: considering the existence of a nullnorm on [a, b] satisfying V(z,y) = k when
(z,y) € I,j’b x [a, b]U][a, b] x IZ’b, we introduce a new extension method for nullnorms on a
bounded lattice L. Afterward, we introduce another construction method for nullnorms
on a bounded lattice L where I, = I, = (). Then, we give some illustrative examples
to demonstrate how we extend a nullnorm on a subinterval of the lattice to the whole
lattice. Furthermore, some examples are provided to illustrate that our new extension
methods are different from the existing methods in the literature. We give modified
versions of our construction methods by induction.

2. NOTATIONS, DEFINITIONS AND A REVIEW OF PREVIOUS RESULTS

In this section, we recall some basic notions and results.

Definition 2.1. (Birkhoff [I]) A lattice (L, <) is a bounded lattice if L has the top
element 1 and the bottom element 0, that is, there exist two elements 0,1 € L such that
0<x<1forall xelL.

Definition 2.2. (Birkhoff [I]) Let (L, <,0,1) be a bounded lattice. The elements = and
y are called comparable if x < y or y < z. Otherwise, z and y are called incomparable
and the notation z||y is used for such elements. In the following, I, denotes the family
of all incomparable elements with a, i.e., I, = {z € L| z||a}.

We denote by I}; for the set of elements which are incomparable with £ but comparable
with a, i.e., It = {x € L| z||k and = }f a}. Similarly, we denote by I’ for the set
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of elements which are incomparable with a but comparable with k, i.e., I¥ = {z €
L| z|la and = }f k}. By I, %, we denote the set of elements which are incomparable with
k and a, i.e., I, = {z € L| z||k and z||a}.

Definition 2.3. (Birkhoff [I]) Let (L, <,0,1) be a bounded lattice and a,b € L with
a < b. The sublattice [a,b] is defined as

[a,b) ={z € L| a<z<b}.

Similarly, (a,b] ={z € L| a <z <b}, [a,b) ={z € L] a <z <b}and (a,b) =
{r € L| a <z < b} can be defined.

Definition 2.4. (Klement et al. [I7]) Let (L, <,0,1) be a bounded lattice. An oper-
ation T (S) on a bounded lattice L is called a triangular norm (triangular conorm) if
it is commutative, associative, increasing with respect to the both variables and has a
neutral element 1 (0).

Example 2.5. Let (L,<,0,1) be a bounded lattice. The smallest t-norm Ty and the
greatest t-norm T on bounded lattice L are given respectively as:

y ifx=1,
Tw (z,y) =4 = ify=1,
0 otherwise

Th(z,y) =2 Ny.

The smallest t-conorm S, and the greatest t-conorm Sy, on bounded lattice L are
given respectively as:

Y ifzx=0,
Sw(z,y)=4q = ify=0,
1 otherwise.

Definition 2.6. (Grabisch et al. [15]) Let (L, <,0,1) be a bounded lattice, A and B
be two aggregation functions on L. Then, A is called smaller than B if for any elements
z,y € L, A(z,y) < B(z,y).

Definition 2.7. (Karacal et al. [16]) Let (L,<,0,1) be a bounded lattice. A com-
mutative, associative, non-decreasing in each variable function F : L? — L is called a
nullnorm if there is an element k € L such that F(x,0) = « for all z € [0, k], F(z,1) =z
for all z € [k, 1].

The element k € L is an annihilator (sometimes called zero element) for F since
F(z,k) =k for all x € L. We use the notation Dy, to denote the set Dy, = [0, k] x [k, 1]U
[k,1] x [0,k] for k € L\ {0,1}.
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Proposition 2.8. (Drygas [12], Karagal et al. [I6]) Let (L,<,0,1) be a bounded
lattice, k € L'\ {0,1} and V be a nullnorm on L with the zero element k. The following
properties hold:

(i) k < V(x,y) for all (z,y) € [k, 1> U [k, 1] x I;, U I} x [k, 1].

k for all (z,y) € [0,k]? U [0, k] x Ix U Iy x [0,k].

) = (z,y)
( (z,y)
Viz,y) < (z,y)
V(z,y) <y forall (z,y) € L x [k,1].
Viz,y) < (z,y)
(x,y) for all (z,y) € [0,k] x L.
(z, (z,9)

y) for all (z,y
(viii) xVy < V(z,y) for all (z,y) € [0, k>

(ix) V(x,y) <z Ay for all (z,y) € [k, 1]%
(xANE)V (yAEk) <V(x,y) for all (z,y) € [0,k] x I UT x [0,k] U T} x If.

(i) V(z,y) < (xVk)A(yVE)forall (z,y) € [k, 1] X Iy U x [k, 1] U I} X Ij.

3. CONSTRUCTION OF NULLNORMS ON BOUNDED LATTICES

In this section, we recall the existing construction methods of nullnorms in the literature
at first. Next, we propose a construction method for nullnorms on a bounded lattice
L in Theorem by exploiting the existence of a nullnorm V on a subinterval [a, b]
of L, where V(z,y) = k when (z,y) € Ig’b x [a,b] U [a,b] x IZ’b. Then, we propose
another construction method in Theorem for nullnorms on a bounded lattice L,
where I, = I, = () for a,b € L. Since these methods can be seen as extension methods
by T'=Tx and S = Sy, we compare our methods with those construction methods in
the literature. And also, we emphasize the differences between our construction methods
and those in the literature. Some illustrative examples for our extension methods for
nullnorms on a bounded lattice are provided.

Theorem 3.1. (Karagal et al. [I6]) Let (L, <,0,1) be a bounded lattice, k € L\{0,1},
S be a t-conorm on [0, k] and T be a t-norm on [k, 1].Then the functions V;*, ;I : L2 — L
defined as follows

S(z,y) (z,y) € [0, k]?,
- k (I,C/y)G[k,l) [k‘ 1}XI}CUI]€X[]€ 1}UD}€,
Vi) = S Ak yAE)  (z.y) € [0,k] x I, U, x [0,k UL, x I, )

TAY otherwise
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and
T(x,y) (z,y) € [k, 1]%,
VT(J? )_ k (l‘,y)E[O,k)ZU[O,k}} X I Ul X [O,k]UDk, (2)
RAOYZ Tavkyve)  (y) € k1] x I ULy x [k, 1] U I, x I,
zVy otherwise

are nullnorms on L with zero element k.

Theorem 3.2. (Cayh and Karagal [6]) Let (L,<,0,1) be a bounded lattice, a,k €
L\ {0,1}, [0, a] be a sublattice of L and k € [0, a] such that z }f k for all € [0,q]. If
x >aforall x € L\ [0,a], V* is a nullnorm on [0, a] with the zero element k and T is
a t-norm on [a, 1], then the following operation V; : L? — L is a nullnorm with the zero
element k, where

g EM; % % [a,1] U [a,1] x [0, &]
b a71 X 9 9
@D =\ Ty (ey) e lal? ®)
TAY otherwise.

Theorem 3.3. (Cayli and Karacal [6]) Let (L,<,0,1) be a bounded lattice, a,k €
L\ {0,1}, [a,1] be a sublattice of L and k € [a, 1] such that « }f k for all z € [a,1]. If
x <aforall z€L\lJa,l], Viis anullnorm on [a, 1] with the zero element k and S is a
t-conorm on [0, a], then the following operation V5 : L? — L is a nullnorm with the zero
element k, where

Vilz,y)  (z,y) € [a, 1%,

)k (z,y) € [k,1] x [0,a] U0, a] x [k, 1],
D=0 Sy (ny) e 0., 4
xVy otherwise.

Theorem 3.4. (Xie and Ji [22]) Let (L, <,0,1) be a bounded lattice and k € L\{0,1}.
Let T : [k,1]?> — [k, 1] be a t-norm on [k, 1], S : [0,k]?> — [0,k] be a t-conorm on [0, k]
and R : [0,k]> — [0,k] be a t-subconorm on [0,k]. If S < R and S(z,R(y,z)) =
R(R(x,y),z) = R(S(z,y), z) for all z,y, z € [0, k], then Vj“?’R : L? — L is a nullnorm on
L with the zero element k, where

S((:v,y)) Ex,y; € %O,kr,
7 ) T(a, ,y) € [k, 1%,
VPR @D = RlA kg nk) (e € [0k X T UL x 0K ULy x I, ©)

k otherwise.

Theorem 3.5. (Cayh [7]) Let &k € L\ {0,1} such that d }} e for all d,e € I} and
T : [k,1]*> = [k, 1] be a t-norm. The function Fr : L? — L defined by
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VY (z,y) € [0,k]?,

T(z,y) (z,y) € [k, 17,

" o < ok

zV(yNk x,y) € [0, k] x I,

Fr@y) =9 yv (k) (1) € I, x [0, k], (6)

z (’Jl,y) € [kal] X Ika

y (z,y) € I, x [k, 1],
(xAy)V(eAk)V(yAEk) (z,y) € Iy x Ij,

is a nullnorm on L having the annihilator k iff b||c for all b € I}, and ¢ € [k, 1[.

Theorem 3.6. (Cayh [7]) Let &k € L\ {0,1} such that d }f e for all d,e € I} and
S :10,k]*> — [0,k] be a t-conorm. The function Fs : L? — L defined by

S(x,y) (z,y) € [0,k]?,

TNY (z,y) € [k,l]Q’

k oy < o

z T,Y) € O7k XIka

Fs(@y) = y (z,y) € I, x [0, K], @)

zA(yVEk) (x,y) € [k, 1] X Iy,

yA(zVk) (z,y) € I x [k, 1],
(xVy)AN(xVE)A(yVE) (x,y) € Iy, x I,

is a nullnorm on L having the annihilator k iff b||c for all b € I, and ¢ €]0, k].

Theorem 3.7. (Ertugrul [13]) Let (L, <,0,1) be a bounded lattice, k € L\ {0,1}, S be
a t-conorm on [0, k] and T be a t-norm on [k, 1]. Then, the functions V3, VI : L2 — L
can be defined as:

S(x,y) (z,y) € [0,k]%,
VS _ T((E,y) (xvy) € [ka 1]27 (8)
T S(l’/\k,y/\k) (&E,y)e[O,k]XIkUIkX[O,k]UIkXIk,
k otherwise
S(z,y) (z,y) € 0,k]?,
VT — T($7y) (1177y) € [k71]27 (9)
s T(l‘\/k,y\/k‘) (.’L‘,y)E[k,l]XIkU[kX[k,l]U[kXIk,
k otherwise

and they are nullnorms on L with zero element k.

In the following theorem, based on a nullnorm V on [a, b] satisfying V (z,y) = k when
(z,y) € I,?’b x [a,b] U [a, b] x I;’b, we give a construction method for nullnorms on a
bounded lattice at first.

Theorem 3.8. Let (L,<,0,1) be a bounded lattice, a,b,k € L\ {0,1} with a < k < b,
S be a t-conorm on [0,a], T be a t-norm [b, 1], V' be a nullnorm on [a, b] with the zero
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element k& and V(z,y) = k when (z,y) € Ig’b x [a,b] U [a,b] x I,:’b. Then the following
function F : L? — L is a nullnorm with the zero element k on L, where

S(x,y) (z,y) € [0,a]?,

T(x,y) (z,y) € [b,1]%,

V(zVa,yVa) (z,y) € [a,b]2 U ((0,a) U[a, k)) x I¥Py
IFY % ((0,a) Ula, k) U IKY),

V(zAbyAD) (z,y) € ((k,b] U (b, 1)) x IMF U IFx

F(xz,y) = (k0] U (b, YU T"), (10)

xVy z,y) € [0,a) X |a,k)U|a, k) x [0,a) UI
(z,) € [0,a) x [a,k) Ua, k) x [0,a) U I
<{0} U {0} x 15",

Ay (z,y) € (k0] x (b,1] U (b,1] x (k,b] U I*
x {1}y U {1} x 1",

k otherwise.

Proof. Monotonicity: Let us show that for any elements z,y € L with z < y,
F(z,z) < F(y,z) for all z € L. If x = 0 or x = 1, the inequality is satisfied. If x
and y are both elements of (0, a) or [a, k] or (k,b] or (b,1) or I} = IZ’bulgﬁkUIg’bUIa,k,b
or IF? or Ig’k, F(x,z) < F(y, 2) is always satisfied for all z € L since z < y. It is clear
that F(z,z) = k = F(y,z), when z € I} or z = k. Therefore, the mentioned cases are
omitted and the rest of the proof is then split into all the remaining possible cases as
follows.

1. Let z € (0,a). If z € (0,a), since F(x,z) = S(x,z) and F(y, z) equals to k or y V z
or V(yVa,zVa), F(,2) < F(y,z) forally € L. If z € [a, k), since F(z,2) =xzVz=2
and F'(y, z) equals to k for all y € [k, 1] U I}, F(z,z) < F(y, z). Therefore, we omit the
case z € (0,a) U [a, k) and the other all possible cases are listed as follows.
1.1. y € [a, k),
1.1.1. If z € [a, k), then F(z,2z) =2V z<yVz<V(y,z) = F(y,z2).
1.1.2. If 2 € (k, b U (b, 1) UI", then F(x,2) = k = F(y, 2).
1.1.3. If z € IF? then F(z,2) =V(z Va,zVa) <V(yVa,zVa) = F(y,z).
1.2. y=k,
1.2.1. If z € (k,b] U (b, 1) U I, then F(x,2) = k = F(y, 2).
1.2.2. If z € I¥Y then F(z,2) =V(zVa,zVa)=V(a,zVa) =z2Va<k=F(y,z).
1.3. y € (k,b],
1.3.1. If z € (k, b U I;f’k, then F(z,2) =k =V (k,z2Ab) <V(yAb,zAb) = F(y, ).
1.3.2. If z € (b, 1), then F(x,2) =k <y=yAz=F(y,z2).
1.3.3. If z € I¥® then F(z,2) =V(zVa,zVa) =V(a,zVa)=z2Va<k=F(y,z).
1.4. y € (b, 1),
1.4.1. If z € (k,b], then F(z,z) =
1.4.2. If z € (b,1), then F(x, z)
1.4.3. If z € I® then F(2,2) =V(zVa,zVa) =V(a,zVa)=z2Va<k=F(y,z).
1.4.4. If z € IPF then F(x,2) =k =V (k, 2 Ab) < V(y Ab,z Ab) = F(y, 2).
15. y eI},
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151, If 2 € (k,b] U (b, 1) UIF, then F(x,2) = k = F(y, 2).

1.5.2. If z € I®Y then F(z,2) =V(zVa,zVa)=V(a,zVa)=z2Va<k=F(y,z).
1.6. y € Ik

1.6.1. If z € [a, k), then F(z,2) =aVz<yVzVa<V(yVa,zVa)=Fy,z).

1.6.2. If z € (k,b] U (b, 1) U I, then F(x,2) = k = F(y, 2).

1.6.3. If z € I®? then F(z,2) =V(zVa,zVa) <V(yVa,zVa)=F(y,z).
1.7. y e ",

1.7.1. If z € (k,b]U (b, 1) UIg’k, then F(z,z) =k =V(k,zAb) <V(yAb,zAb) =
F(y, 2).

1.7.2. If 2 € I®? then F(z,2) =V(zVa,zVa)=V(a,zVa) =z2Va<k=F(y,z).

2. Let z € [a,k). If z € (0,a), since F(x,z) =z V z =z and F(y, z) equals to k for all
y e 1M U (k,blU (b, 1) UTM" U Ity UIM*, F(z,2) < F(y, z). Therefore, we omit the case
z € (0,a) and the other all possible cases are listed as follows.
2.1. y =k,
2.1.1. If 2 € [a, k) UIF? then F(z,2) =V(zVa,z2Va) <V(k,zVa)=k=F(y,z).
2.1.2. If z € (k,b] U (b, 1) U I"", then F(z,z) = k = F(y, 2).
2.2. y € (k,b],
2.2.1. If z € [a, k) U (k,b], then F(x,2) =V (x,2) < V(y,z) = F(y, 2).
22.2. If z € (b,1), then F(z,2) =k <y=yAz=F(y,z).
2.2.3. If 2 € IM then F(z,2)=V(xVa,zVa)<V(yVak)=k=F(y,z).
2.2.4. If z € I"" then F(z,2z) =k =V (k, 2 Ab) < V(y Ab,z Ab) = F(y, z).
2.3. y € (b, 1),
2.3.1. If z € [a, k), then F(x, 2)
2.3.2. If z € (k,b], then F(x, z)
2.3.3. If z € (b,1), then F(x, z)
2.3.4. If 2 € I® then F(x,2) =V (zV
235. If z € Ig’k, then F(z,2) =k < z
24. y e [P UIE,,
2.4.1. If 2 € [a, k) UIF? then F(z,2) =V(xVa,zVa)<k=F(y,z).
2.4.2. Tf z € (k,b] U (b,1) U I"", then F(z,z) = k = F(y, 2).
2.5. y e IF,
25.1. If z € [a, k) UTFY then F(z,2) =V (zVa,zVa) <k=F(y,z).
2.5.2. If z € (k,b]U (b, 1) U I"", then F(z,2) =k = V(k,z Ab) < V(y Ab,z Ab) =
F(y, 2).

3. Let x € (k,b]. If z € (0,a) U[a, k) UI¥? since F(z,2) = k and F(y, ) equals to k for
all y € (b, 1)UI§’k, F(z,2) < F(y, z). Therefore, we omit the case z € (0,a)U[a, k) UI*?
and the other all possible cases are listed as follows.
3.1. y € (b,1),

3.1.1. If z € (k,b], then F(z,z) =V(x,2) <V(b,z) =z=yAz=F(y,z2).

3.1.2. If z € (b,1), then F(z,2) =aAz=2<b<T(y,z) = F(y, 2).

3.1.3. If z € ", then F(z,2) = V(z Ab,z Ab) < V(y Ab,z Ab) = F(y, 2).
3.2. ye ",
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3.2.1. If z € (k,b]U , then Fx,2) =V(x Ab,z Ab) < V(yAb,zAb) = F(y, 2).
3.2.2. If z € (b, 1), thenF(a: Z)=axNz=x<yAb=V(yAbb)=V(yAb,zAb) =
F(y, 2).

4. Let z € I".
If 2 € (0,a) U [a, k) U IFY since F(z,2) = k and F(y,2) equals to k for all y €

(k,b]U(b, 1)UL * F(z,z) < F(y, z). Therefore, we omit the case z € (0,a)U[a, k) UIk?
and the other all possible cases are listed as follows.

4.1. y € (k,b],
4.1.1. If z € (k,b] U I* then F(z,2) =k =V(k,2 Ab) < V(y Ab,z Ab) = F(y, 2).
41.2. If z € (b, 1), thenF(x 2)=k<y=yAz=F(y,z).

42. y € (b1),

4.2.1. If z € (k,b], then F(z,2) =k <z=yAz=F(y,z2).

4.22. If z € (b,1), then F(z,2) =k <b<T(y,2) = F(y, 2).

4.23. It z € I'", then F(z,2) =k = V(k,z Ab) < V(y Ab,z Ab) = F(y, 2).
43. ye I'F,

43.1. If z € (k,b] U (b, 1) UL, then F(z,2) =k = V(k,2 AD) < V(y Ab,z Ab) =
F(y,z).
44.yelg,

44.1. If z € L, then F(z,z) =k = F(y, 2).

5. Let x € IF?,
5.1. y € [a, K],
5.1.1. If z € (0,a), then F(z,z) =V(xVa,zVa)=V(zVa,a) =zVa<y=yVz=
F(y, z).
5.1.2. If 2 € [a, k) UIF? then F(z,2)=V(xVa,zVa)<V(yVa,zVa)=F(y,z).
5.1.3. If z € (k,b] U (b, 1) U I#* | then F(xz,z) = k = F(y, 2).
5.2. y € (k,b],

5.2.1. If z € (0,a), then F(x,2) =V (zVa,zVa) =V(zVa,a) =zVa<k=F(y,z).
[

a,
5.2.2. If 2 € [a, k] U IF? then F(z,2) =V(xVa,z2Va) <V(yVak)=k=F(y,z).
5.2.3. If z € (k,b] U I, then F(x,2) =k = V(k,2 Ab) < V(y Ab,z Ab) = F(y, 2).
5.24. If z € (b, 1), then F(m 2)=k<y=yAz=F(y,z).

5.3. y € (b 1),

5.3.1. If z € (0,a) U [a, k) UTF®, then F(z,2) =V(zVa,zVa) <V(yVak)=k=
F(y, 2).

5.3.2. If z € (k,b], then F(z,2) =k <z2=yAz=F(y,2).

5.3.3. If z € (b,1), then F(z,2) =k <b<T(y,z) = F(y,2).

5.3.4. If z € Ig’k, then F(x,2) =k =V (k,2Ab) <V(yAb,zAb) = F(y, 2).
54.y€ I,

5.4.1. If z € (0,a) U [a, k) U IFY then F(z,2) =V(xVa,zVa) <V(yVak)=k=
F(y,z2).

5.4.2. If z € (k,b] U (b,1) U I}, then F(z,2) = k = F(y, 2).
55.y€ ",

5.5.1. If z € (0,a), then F(z,z) =V(xVa,zVa) <V(xVa,a) =xVa<k=F(y,z).
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5.5.2. If z € [a, k) UT¥Y then F(z,2) =V(zVa,zVa) <V(yVak)=k=F(y,z).
5.5.3. If z € (k,b] U (b,l)UIg’k,thenF(x,z):k:V(y/\b,k)§V(y/\b,z/\b):
F(y, 2).

6. Let x € Il‘f’k.
6.1. y € (b, 1),

6.1.1. If z € (0,a) U [a, k) UI* then F(x,2) = k = F(y, 2).

6.1.2. If z € (k,b], then F(z,2) = V(e Ab,zAb) <V(b,zAb)=2Ab=z=yANz=
F(y, z).

6.1.3. If z € (b,1), then F(z,2) =V(x Ab,zAb) <b<T(y,z) = F(y,2).

6.1.4. If z € I[;"", then F(z,2) = V(z Ab,z Ab) < V(y Ab,z Ab) = F(y, 2).

7. Let x € Ia,k,b @] Ilg,b‘

7.1. y e (b, 1),

7.1.1. If z € (0,a) U[a, k) UI¥? then F(x,2) =k = F(y,2).

7.1.2. If z € (k,b], then F(z,2) =k <z=yAz=F(y,z2).

7.1.3. If z € (b,1), then F(x,2) =k <b<T(y,2) = F(y, z).

714, If z € IPF, then F(z,2) =k < 2Ab=V(b,z Ab) = V(y Ab,z Ab) = F(y, 2).
72. ye ",

7.2.1. If z € (0,a) U [a, k) U I then F(x,2) =k = F(y, 2).

7.2.2. If z € (k,b]U (b, 1) UIg’k, then F(z,z) =k =V(k,zAb) <V(yAb,zAb) =
F(y, z).
8. Let x € Ig,k. If z € (0,a) U la,k) UIFP, since F(z,2) = k and F(y,z) equals
to k for all y € (k,b] U (b,1) U ng, F(z,z) < F(y,z). Therefore, we omit the case

€ (0,a) U [a, k) U I and the other all possible cases are listed as follows.

8.1. y e (k b,

8.1.1. Ifz € (k:,b]UIak then F(z,2) =k =V (k,z2Ab) <V(yAb,zAb) = F(y, z).

8.1.2. If z € (b,1), then F(z,2) =k <y=yAz=F(y,z).
82. ye(b1),

8.2.1. If z € (k,b], then F(z,z) =k <z=yAz=F(y,z2).

8.2.2. If z € (b,1), then F(x,2) =k <b<T(y,z) = F(y,2).

8.2.3. If 2 EIg’k, then F(z,2) =k <zAb=V(b,zAb) =V(yAb,zAb) = F(y,z).
83. y e [P UI, Ul,ky,

8.3.1. If z € L, then F(x,z) =k = F(y, 2).
84. ye 1",

84.1. If z € (k,b] U (b, 1) U™, then F(z,2) =k = V(k,z Ab) < V(yAbzAb) =
F(y,z).

(ii) Associativity: We demonstrate that F'(z, F(y, z)) = F(F(z,y), z) for all z,y,z € L.
If one of the elements x,y and z is equal to k or element of I}, it is clear that the equal-
ity is always satisfied. If x = 0 or z = 1, the equality is satisfied, therefore, we omit.
Then, the proof is split into all remaining possible cases by considering the relationships
between the elements x,y, z,a,b and k as follows.
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1. Let € (0,a). If z € (0,a) U [a,k) U I¥®, since F(z,F(y,z)) = F(x,k) = k and
F(F(z,y),z) = F(k,z) =k for all y € (k,b]U (b, 1) Ufg’k, F(z,F(y,2)) = F(F(z,y), 2).
Therefore, we omit the case z € (0,a) U [a, k) U I¥* and the other all possible cases are
listed as follows.
1.1. y € (0,a),

1.1.1. If z € (0,a), then F(z, F(y, 2)) = F(z,S(y, 2)) = S(z,S(y,2)) = S(S(z,y),2) =
F(5(x,y),2) = F(F(z,9),2).

1.1.2. If z € [a,k), then F(z,F(y,2)) = F(z,yVz2) = F(z,2) = axVz =z =
S('r’y) Viz= F(S(a:,y),z) = F(F(x’y)VZ)

1.1.3. If z € (k,b)U (b, 1) U Ig’k, then F(z, F(y,z2)) = F(z, k) =k = F(S(x,y),2) =
F(F(z,y), 2).

1.1.4. If z € IkY then F(z,F(y,2)) = F(z,V(yVa,zVa)) = F(z,V(a,zVa)) =
(x,zVa)=azVzVa=2zVa=V(a,zVa)=V(S(,y)Va,zVa)=F(S(z,vy),z) =
(F(2,9),2).

2. y € la, k),

1.2.1. If z € (0, a), then F(x, F(y,z)) = F(z,yVz) = F(z,y) =aVy=y=yVz=
Fly,2) = F(z Vy,z2) = F(F(z,y),2).

1.2.2. If 2 € [a, k)UIX®, then F(z, F(y, 2)) = F(z,V(yVa, 2Va)) = 2VV (yVa, 2Va) =
Viyva,zVa)=F(y,z)=F(xVy,z)=F(F(z,y), 2).

12.3. If z € (k,b] U (b,1) U I, then F(z, F(y,2)) = F(z,k) = k = F(y,z) =
F(zVy,z)=F(F(z,y),2).
1.3. y € (k, ),

1.3.1. If z € (k,b] U I, then F(z, F(y, 2)) = F(x,V(y Ab,z Ab)) =k = F(k,2) =
F(F(z,y), 2).

1.3.2. If z € (b,1), then F(z,F(y,2)) = F(z,y AN z) = F(a,y) = k = F(k,z) =
F(F(z,y), ).
14. y € (b,1),

1.4.1. If z € (k,b], then F(z, F(y,2)) = F(x,y A z) = F(z,2) = k = F(k,z) =
F(F(z,y), 2).

1.4.2. If z € (b, 1), then F(x, F(y,2)) = F(z,T(y,2)) = k = F(k,z) = F(F(z,y), 2).

143. If z € ", then F(z,F(y,z)) = F(z,V(yAbzAb) = k = F(k,2) =
F(F(z,y), 2).
1.5. y € Ik

1.5.1. If z € (0,a) U [a,k) U I¥’ then F(z,F(y,2)) = F(z,V(y Va,z Va)) =
VvV (yVa,zVa) = V(yVa, zVa) = F(yVa, z) = F(V(a,y\/a),z) = F(V(zVa,yVa),z) =
F(F(z,y), 2).

1.52. If z € (k,b) U (b,1) U Ig’k, then F(x,F(y,%)) = F(x,k) =k =F(yVa,z) =
F(V(a,yVa),z)=FV(xzVa,yVa),z) =F(F(z,y), ).
1.6. y e ",

1.6.1. If z € (k,b] U (b,1) U I, then F(z, F(y,2)) = F(x,V(y Ab,z Ab)) = k =

F(k.2) = F(F(x.y).2).

r
F
1.

a

2. Let = € [a,k). If z € (0,a) U [a, k) U I since F(z, F(y,2)) = F(z,k) = k and
F(F(z,y),z) = F(k,2z) =k for all y € (k,b]U (b,l)Ung,F(z F(y,2)) = F(F(x,y), 2).
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Therefore, we omit the case z € (0,a) U [a, k) U I®? and the other all possible cases are
listed as follows.
2.1. y € (0,a),

2.1.1. If z € (0,a), then F(z, F(y,2)) = F(z,S(y,2)) =2V S(y,z) =z =xVz=
F(z,z) =F(zVy,z)=F(F(x,y), 2).

2.1.2. If z € [a,k), then F(z, F(y,2)) = F(z,yV z) = F(x,z) = F(x Vy,z) =
F(F(x,y),z2).

21.3. If z € (k,b] U (b,1) UIPF, then F(z,F(y,2)) = F(z,k) = k = F(z,2) =
F(xVy,z)=F(F(z,y),2).

F(z,zVa)=V(z,zVa)=F(z,z) = F(zVy,z) = F(F(z,y), 2).
2.2. y € [a, k),

2.2.1. If z € (0,a), then F(z, F(y,2)) = F(z,y V z) = F(z,y) = V(x,y) = V(x,y) V
z=FV(z,y),2) = F(F(myy)vz)-

2.2.2. If z € [a,k) UIF then F(z,F(y,2)) = F(z,V(yVa,zVa)) = V(z,V(yV
a,zVa)) =V (V(x, ) zVa)=F(V(x,y),z) =F(F(z,y),2).

223. If z € (k,b)U (b, 1)U Ilf’k, then F(z, F(y,z)) = F(x,k) =k = F(V(x,y),2) =
F(F(z,y),2).
2.3. y € (k,b],

2.3.1. If z € (k,b] U Iak then F(z,F(y,2)) = F(z,V(yAb,zAb)) =k = F(k,z) =
F(V(2,9),2) = F(F(z,9), 7).

2.3.2. If z € (b,1), then F(z,F(y,z)) = F(z,y A z) = F(z,y) = V(z,y) = k =

F(k,z) = F(V(x,y),2) = F(F(z,y),2).
24. y e (b1),

24.1. If z € (k,b], then F(z,F(y,2)) = F(z,y A 2) = F(z,2) = V(z,2) = k =
F(k,z) = F(F(x,y),2).

2.4.2. If z € (b,1), then F(z, F(y,2)) = F(2,T(y,2)) =k = F(k,z) = F(F(z,y), 2).

24.3. If z € I™" then F(x,F(y,2)) = F(&,V(y Ab,z AD) = k = F(k,z) =
F(F(z,y),z2).
2.5. y € Ikt

2.5.1. If z € (0,a), then F(z,F(y,z2)) = F(z,V(yVa,zVa)) = F(z,V(y Vv a,a)) =
F(z,yVa)=V(zVa,yVa)=V(zVa,yVa)Vz=FV(xrVa,yVa),z)=F

25.2. If z € [a,k) UIF® then F(z,F(y,2)) = F(x,V(yVa,zVa)) =
a,zVa)=V{V(xVayVa),zVa)=FV(zVayVa)z)=F(F(z,vy),z).

25.3. If z € (k,b] U (b, 1)U Ig’k, then F(z,F(y,2)) = F(z,k) =k =F(V(xrVa,yV
a),z) = F(F(z,y),2).
2.6. y e IF,

2.6.1. If 2 € (k,b] U (b,1) UIY", then F(z, F(y,2)) = F(z,V(y Abz A b)) = k =
F(k,z) = F(F(x, ),z)

3. Let z € (k,b].
3.1. y€(0,a),
3.1.1. If z € (0,a), then F(z, F(y,2)) = F(z,S(y, 2)) =
3.1.2. If z € [a,k), then F(z, F(y,2)) = F(z,y V 2)
F(k,z) = F(F(z,y), 2).
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31.3. If z € (k0] U (b,1) UIP", then F(z,F(y,2)) = F(z,k) = k = F(k,2) =
F(F(z,y), 2).

314, If z € IF® then F(x,F(y,2)) = F(x,V(yVa,zVa)) = k = F(k,2) =
F(F(z,y),2).
3.2. y € [a, k),

3.2.1. If z € (0,a), then F(z,F(y,2)) = F(z,yVz2) = F(z,y) = V(z,y) = k =

Bk, z) = F(V(z,y), 2) = F(F(z,y), 2).

3.2.2. If z € [a,k) UTIF®, then F(x, F(y,2)) = F(z,V(y,2)) = V(2,V(y,2)) = k =

(

F(k.2) = F(V(2,9).2) = F(F(z.1).2).
3.2.3. If z € (k,b] U (b, 1 )LJI“’c then F(z, F(y,2)) = F(z,V(y,2)) = F(z,k) =k =
F(k,z) = F(V(z,y),2) = F(F(2,y), 2).

3.3. y € (k,b],

3.3.1. If 2 € (0,a) U [a, k) UIF then F(x, F(y,2)) = F(z,k) = k = F(V(z,y),2) =
F(F(z,),2).

3.3.2. If z € (k, 1] Ulg’k, then F(x, F(y,2)) = F(z,V(yAb,zAb)) = V(x,V(yAb, z A
b)) =V(V(z,y), 2 \b) = F(V(z,y),2) = F(F(z,y), 2).

3.3.3. If z € (b,1), then F(z,F(y,2)) = F(z,yA2) = F(x,y) = V(z,y) = V(z,y) A
2 = F(V(2,1),2) = F(F(z,9), 7).

3.4. ye (b1),

3.4.1. If z € (0,a) U [a,k) U IFY then F(x, F(y,2)) = F(x,k) = k = F(z,2) =
Fle Ny, z) = F(F(x,9),2).

3.4.2. If z € (k,b], then F(x,F(y,2)) = F(z,yAz) = F(z,2) = F(zx Ny,z) =
F(F(z,y), 2)-

3.4.3. If z € (b,1), then F(x, F(y,2)) = F(x,T(y,2)) =2z AT(y,2) =z =x ANz =
F(z,2) = F(z Ny, 2) = F(F(z,y), 2).

344. If z € Ig’k, then F(z, F(y,2)) = F(x,V(y Ab,z A D)) = F(z,V(b,z A D)) =
F(z,zN\b) =V(x,2Ab) =F(z,2) = F(z ANy, 2) = F(F(z,y), 2).

3.5. y € Ikb

3.5.1. If z € (0,a) U [a,k) UIF® then F(x, F(y,2)) = F(x,V(yVa,zVa)) =k=
F(k,z) = F(F(z,y), 2).

35.2. If z € (k0] U (b,1) UIP", then F(z,F(y,2)) = F(z,k) = k = F(k,2) =
F(F(z,y), 2).
3.6. y e IF,

3.6.1. Ifz € (0,a) Ula, k) UIF? then F(x, F(y,z2)) = F(x,k) =k = F(V(z Ab,y A
b),2) = F(F(z,1),2).

3.6.2. If z € (k,b)U (b,1) U Il’f’k, then F(z, F(y,z)) = F(z,V(y Ab,z AD)) =
Ve, ViyAb,zAb)) =V (V(x Abyy Ab),zAb) =F(V(zANbyADb),z) = F(F(z,y), 2).

)

AN

4. Let z € (b,1).
41. y € (0,a),
4.1.1. If z € (0, a), then F(x, F(y,z)) = F(x,S(y, 2))
4.1.2. If z € [a,k), then F(z,F(y,z)) = F(z,y V z
F(F(x,y),2).
41.3. It z € (kb U (b,1) U I¥*, then F(z, F(y,2)) = F(z,k) = k = F(k,2) =
F(F(x,y),2).
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4.1.4. If z € IFY then F(z,F(y,2)) = F(z,V(yVa,zVa)) = k = F(k,2)
F(F(z,y),2).
42. y € [a, k),

42.1. If z € (0,a), then F(z,F(y,2)) = F(z,yV 2) = F(z,y) = k = F(k,z) =
F(F(x,y),2).

4.2.2. If z € [a, k) U IFP, then F(z, F(y,2)) = F(z,V(yVa,zVa)) =k = F(k,z) =
F(F(x,y),2).

423. If z € (k,b] U (b,1) UIg’k, then F(z,F(y,z)) = F(z,k) = k = F(k,z) =

F(F(z,y), 2)-
4.3. y € (k,b],

4.3.1. If z € (0,a) U [a,k) U IFY then F(x,F(y,2)) = F(z,k) = k = F(y,z) =
F(x Ny, z) = F(F(z,y), 2).

4.3.2. Tf z € (k, BJUIF, then F(x, F(y, 2)) = F(z, V(yAb, 2Ab)) = AV (yAb, zAb) =
V(yAb.z Ab) = Fly,2) = F(z Ay, 2) = F(F(z,y), 2)

43.3. If z € (b,1), then F(z,F(y,2)) = F(z,yAz)=F(z,y) =2z ANy=y=yAz=

Fly,z) = F(x Ny, 2) = F(F(z,y), 2).
44. y e (b1),

4.4.1. If z € (0,a) U[a, k) U IF? then F(x, F(y,2)) = F(z,k) = k = F(T(z,y),2) =
F(F(z,y), 2).

4.4.2. If z € (k,b], then F(x,F(y
T(x,y) Nz = F(T(z,y),2) = F(F(z

443 If z € (b,1), then F(z, F(y,
F(I(.y).) = F(F(x.y).2).

4.4.4. 1f z € I'", then F(z, F(y,2)) = F(x
(yAb,zAb) =V (b,zAb) = 2zAb=V(b,zAD)
(F ( Y),2).
5. Ikb

451 If z € (0,a) U[a,k) U I then F(x, F(y,2)) = F(z,V(yVa,zVa)) =k=
F(k, 2) = F(F(x,y), 2).

452 If z € (kb U (b,1) U IP", then F(z,F(y,2)) = F(z,k) = k = F(k,2) =
F(F(z,y), 2).
4.6. y e I,

4.6.1. Ifze(O,a)U[a,k)UIZf’b,thenF(m,F(y,z)):F(x,k’):k:F(V(Jc/\b,y/\
b)7z):F( (a:,y),z).

4.6.2. Tf z € (k, BJUIF, then F(x, F(y, 2)) = F(z, V(yAb, 2Ab)) = AV (yAb, zAb) =
V(yAb,zAb)=F(yAb,z)=F(V(byyAb),z) =F(V(xAbyAb),z)=F(F(x,y),2).

4.6.3. If z € (b,1), then F(z,F(y,2)) = F(z,V(yAb,zAD)) =z AV(yAb,zAb) =
ViyAbzAb) = FlyAnbb) =yAb=yANbAz=F@yAbz) = FV(byAb),z) =
F(V(zAb,yAb),z)=F(F(z,y),2).
5. Let x € IMY. If 2 € (0,a) U [a,k) U I¥?, since F(x,F(y,z)) = F(x,k) = k and

(

(),z))) = Flx,yAz) = Flz,z) =ax ANz =2z =
Y), =

)) F(m,T(y,z)):T(x,T(y,z)):T(T(gc,y),z):
V(yAb,zAD) = AV(yAbzAD) =

1% V(T(z,y) ANb,zAD) = F(T(x,y),2) =
F
4.

F(F(,9), 2) = F(k,2) = k for all y € (k,b]U (b, 1) UIZ, F(, F(y, 2)) = F(F(z,y), 2).
Therefore, we omit the case z € (0,a) U [a, k) U I®® and the other all possible cases are
listed as follows.

5.1. y € (0,a),
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51.1. If z € (0,a), then F(x, F(y,z2)) = F(x,S(y,z)) =V
V(zVa,a) =xzVa=zVaVz=F(zxVa,z)=F(V(zVa,a),z) =
F(F(z,y),2).

5.1.2. If z € [a,k), then F(z, F(y,2)) = F(z,yV z) = F(z,z) =V(zVa,zVa) =
FzVa,z)=FV(zVa,a),z)=FV(zVayVa)z) =

51.3. If 2z € (k,b] U (b, 1) UTP", then F(x, F(y,2)) = F(z,k
F(V(zVa,a),z)=FV(xVayVa)z) =F(F(zy),=z).

5.1.4. If z € I® then F(x,F(y,2)) = F(x,V(yVa,zVa)) = F(z,V(a,2Va
F(z,zVa)=V(zVa,zVa)=F(zVa,z)=FV(zVa,a),z)=F(V(zVa,yVa), z)
F(F(z,).2).

5.2. y € [, k),

5.2.1. If z € (0,a), then F(z,F(y,z2)) = F(z,yV z) = F(z,y) = V(zVa,yVa) =
VixVa,yVa)Vz=FV(xVa,yVa),z)=F(F(z,y),2z).

5.2.2. If z € [a, k) U IF¥® then F(x, F(y,2)) = F(x,V(yVa,zVa))=V(zVa,V(yV
a,zVa)=V(V(xVayVa),zVa)=FV(xVa,yVa),z)=F(F(x,y),z).

5.2.3. If z € (k,b] U (b,1) UT¥F, then F(x, F(y,2)) = F(x,k) =k = F(V(z Va,y V
a),z) = F(F(x,y),2).

5.3. y € (k,b],

5.3.1. If z € (k,b] U Ig’k, then F(z, F(y,2)) = F(z,V(yAb,zAb)) =k = F(k,z) =
F(F(x,y),z2).

53.2. If z € (b,1), then F(x,F(y,2)) = F(x,y ANz) = F(z,y) = k = F(k,2z) =
F(F(z,y), 2).

54. y € (b, 1),

5.4.1. If z € (k,b], then F(x,F(y,2)) = F(z,y ANz) = F(z,z) = k = F(k,2z) =
F(F(z,y), 2).

5.4.2. If z € (b,1), then F(x, F(y,2)) = F(2,T(y,2)) =k = F(k,z) = F(F(z,y), 2).

54.3. If z € IM" then F(x,F(y,2)) = F(&,V(y Ab,z Ab) = k = F(k,z) =
F(F(z,y),2).

5.5. y € I,

5.5.1. If z € (0,a), then F(z,F(y,2)) = F(z,V(yVa,zVa)) = F(z,V(yV a,a)) =
F(z,yva)=V(xVa,yVa)Vz=FV(xVa,yVa),z) =F(F(x,y),z).

5.5.2. If z € [a, k) U I¥® then F(x, F(y,2)) = F(x,V(yVa,zVa))=V(zVa,V(yV
a,zVa)=V({V(zVa, y\/a) zVa)=FV(zVa,yVa)z)=F(F(z,vy),z).

5.5.3. If z € (k,b]U (b,1) U Ig’k, then F(z,F(y,2)) = F(z,k) =k=FV(zVa,yV
a)vz) = F(F(z,y),z)

56. ye I,
5.6.1. If z € (k,b] U (b, )UIZ‘f’k7 then F(z, F(y,z)) = F(x,V(yANb,zAb)) = k =
F(k,2) = F(F(z,y),2).

6. Let = € I,
6.1. y € (0,a),
6.1.1. If z € [0,a), then F(z, F(y,2)) = F(z,5(y,2)) =k = F(k,2z) = F(F(x,y), 2).
6.1.2. If z € [a,k), then F(z,F(y,2)) = F(z,yV z) = F(z,2) = k = F(k,z) =
F(F(x,y),2).

0
<
2

2

=
|

~—
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6.1.3. If z € (k,b] U (b,1) UIM", then F(z,F(y,2)) = F(z,k) = k = F(k,2) =
F(F(z,y),2).

6.1.4. If z € I*® then F(x,F(y,2)) = F(x,V(yVa,zVa)) = F(z,V(a,zVa)) =
F(e,2V a) = k= F(k,2) = F(F(z,9), %)
6.2. y € [a, k),

6.2.1. If z € (0,a), then F(z,F(y,2)) = F(z,yV z) = F(z,y) = k = F(k,2) =
F(F(x,y),2).

6.2.2. If 2z € [a, k) UTFY then F(z,F(y,2)) = F(x,V(yVa,zVa))=k=F(k,z) =
F(F(z,y), 2).

6.2.3. If z € (k,b] U (b,1) UIP", then F(z,F(y,2)) = F(z,k) = k = F(k,2) =
F(F(z,y), 2).
6.3. y € (k,b],

6.3.1. If z € (0,a) U [a,k) UTKY then F(x, F(y,2)) = F(z,k) =k = F(V(z Ab,y A
b)7z) :F( ( y),z)

b,zAb)) =V (zAb,V(y,zA

b))zV( (x/\b,y/\b)z/\b) (V(x/\ (

6.3.3. If z € (b,1), then F(x, F(y,z
V(e Aby)Nz=F(V(xAbyAb),z)=F(F(x,y),2).
6.4. y € (b, 1),

6.4.1. If z € (0,a) U [a, k) U I¥Y then F(z,F(y,2)) = F(z,k) = k = F(x Ab,2) =
F(V(zAbb),z)=F(V(xAbyyAb),z)=F(F(x,y),2).

6.4.2. If z € (k,b], then F(z,F(y,2)) = F(z,y N z) = F(z,z) = V(x Abz AD) =
FlaNnbz)=FV(xAbb),z)=FV(zAbyAb),z) =F(F(z,y),z

6.4.3. If z € (b,1), then F(z,F(y,2)) = F(z,T(y,2)) = V(z ANb,T(y,z) ANb) =
V(@eAbb)=xAb=axAbAz=F(xAbz)=FV(zAbb),z)=F(V(xAbyAb),z) =
F(F(z,y),2).

6.44. If z € Ig’k7 then F(z, F(y,2)) = F(x,V(y Ab,z A b)) = F(z,V(b,z A D))
(,2Ab) =V (e AbzAb) =F(xAbz) = F(V(z Abyb),z) = F(V(z Aby AD),z) =
P

6.5.1 If z € (0,a) U[a,k) UIF then F(x, F(y,2)) = F(z,V(yVa,zVa)) =k
F(k,z) = F(F(x,y),2).

6.5.2. If z € (k,b] U (b,1) UIba’k, then F(z,F(y,z)) = F(z,k) = k = F(k,z) =
F(F(z,y),2).

) = Fn,y) = V(z Aby) =

)
(v /

F
F
6.

6.6. y € IF,

6.6.1. Ifz € (0,a) Ufa, k) UIF® then F(z,F(y,z2)) = F(x,k) =k = F(V(x Ab,y A
b),z) = F(F(z,y),2).

6.6.2. It z € (k,b] U I"", then F(z, F(y,2)) = F(z,V(y Ab, 2 Ab)) = V(z Ab, V(y A

b,zAD) =V V(xAbyAb),zAb) = F(V(z Ab,y Ab),z) = F(F(z,y),2).
6.6.3. If z € (b, 1), then F(x,F(y,z)) = F(z,V(y ANb,z Ab)) = F(x,V(y Abb)) =
Flz,ynb) =V(xAbyAb) =V (e AbjyAb)Az=FV(zAbyAb),z)=F(F(x,y),=2).
We have F(x,0) = S(z,0) =« for all z € [0,al], F(z,0) =2V 0=z for all z € [a, k]
and F(t,1) =tA1=t=forall t € [k,b], F(t,1) = T(¢t,1) =t for all ¢ € [b,1]. The
commutativity of F' is obvious from the definition of F'. Therefore, F' is a nullnorm on
L with the zero element k. O
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The structure of the nullnorm F' given in the formula (10) is summarized in Figure 1.

Ig’k k k V(e Ab,y Ab) | V(e Ab,yAb) k k V(z Ab,yAb)
1571) V(zVa,yVa)|V(zVa,yVa) k k k V(zVa,yVa) k
Iy k k k k k k k
1
k k TAY T(z,y) k k Viz AbyAb)
b
k/’ V(l’,y) V(,I,y) l‘/\y k I{j V(z Ab,y Ab)
k
zVy Viz,y) | V(z,y) k k V(e vayva k
a
S(z,y) TVy k k k V(e vayva) k
0 a k b 1 I kb Ik

Fig. 1. The structure of the nullnorm F'.

Remark 3.9. In Theorem I, = I, = (. If we put the same constraints (a = 0 and
F =1t = I}, = 0) in the formula (10), it coincides with the formula (3). (Note
that the element b in the formula (10) corresponds the element a in the formula (3)).
Therefore, Theorem [3.8|is more general than Theorem 3.2

Similarly, I, = I, = () in Theorem If we put the same constraints (b = 1 and
IF = Ig’b = Iab),~C = () in the formula (10), it coincides with the formula (4). Therefore,
Theorem [3.§ is more general than Theorem

With the following examples, we show the differences among the method we have
proposed and the ones in the literature.

Example 3.10. Consider the bounded lattice (L; = {0, s,t,u, w, x,y, 2,1}, <,0, 1) char-
acterized by the Hasse diagram in Figure 2 and the nullnorm V on [s, y] with zero element
u as in Table 1.
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Fig. 2. Lattice diagram of L;.

e|g|e|n|<T
IS IS I~ VA v
IS RS RS B~
|||
Q|22

Tab. 1. The nullnorm V on [s,y].

By applying the construction method in Theorem [3.8 and putting the nullnorm V' on
[s,y] as in Table 1, when Tx = T and Sy = S the corresponding nullnorm F on L is

obtained as in Table 2.

FlO|s|t|lu|jlw|x|y|z]|l1
OO0 |s|u|lu|lu|u|lu|u|u
s|ls|s|luju|u|u|u|u|u
tlu|lulu|u|luw|uw|u|luw|u
ululu|lu|lu|u|u|u|u|u
wlu|lulu|lu|lu|lu|u|ul|u
zlulu|lu|lu|u|u|u|u|u
ylulu|lu|lu|lu|u|ly|luly
zlu|lu|luw|uw|luw|uw|lu|lul|uw
llululjulu|u|u|y|ul|l

Tab. 2. The nullnorm F' induced by the formula (10) in Theorem |3.8

By applying construction methods in Theorems and when Th = T and

Sy = S, we obtain
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raw)=u#s=0Vs=SxAu,wAu)=Vx,w);

(

(rw)=u#y=yAy=T(y,y) =T(zVuwVu)=V(x,0);

(s, F(z,x)) = F(s,u) = V(s,u) = u # s = sV0 = S(s,0) = V7F(s,0) =

VR (s, R(0,0)) = Vi (s, R(z A uyz Aw)) = VR (s, VI (2, 2));
~F(z,w)=u#s=0Vs=5(0,3) = S(x Au,w Au) = V7 (x,w);
~Flz,w)=u#y=yAy=T(y,y) =T(xVu,wVu)=V(z,w).

- F
- F

Therefore, it is clear that F' is different from the nullnorms Vks , VkT, V; ’R7 VTS and
VI obtained by the formulas (1), (2), (5), (8) and (9), respectively.

Example 3.11. Consider the bounded lattice (L; = {0, s,¢,u, w, x,y, 2,1}, <,0, 1) char-
acterized by the Hasse diagram in Figure 2, the nullnorm V on [0, u] with zero element
s as in Table 3 and T'= T on [u, 1]. Then, we obtain nullnorm F on L; as in Table 4
by considering Theorem

Vv
0
s
t
u

|| ®w | OO
D[ ® [ ®|®w
VAR IRV VAR VAR IS
<l VI VAR IV [ g

Tab. 3. The nullnorm V on [0, u].

e |8 (E|2|+w|olM
wlw|le|n|n|o|ln|ln| oo
wlw|lw|n|n|w|n|n|n|*

IS RSH < V3N BV <3 V3 V-3 V- R )
=N | ®w |2 ®|®|® |~

| w|(w|lw|w|w|w|n|w |

[V VAR VAR VR IVAR (VAR VR IV VAR R

| w|(w|lw|w|w|w|w|w|w
IS S I~ IV VN [~ IV VI VA
SR |nw|[w|(2|ln|w|n |

Tab. 4. The nullnorm F induced by the formula (10) in Theorem

Note that Example 3.11 demonstrates that the method in Theorem is much more
applicable than the method in Theorem since Theorem does not produce a
nullnorm on L; due to the fact that {¢t} = I“Y # () (or {w} = I3Y # 0), whereas the
method in Theorem [3.8] produces.
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Example 3.12. Consider the bounded lattice (L1 = {0, s,t,u, w, z,y, 2,1}, <,0, 1) char-
acterized by the Hasse diagram in Figure 2, the nullnorm V on [u, 1] with zero element
y as in Table 5 and S = Sy on [0,u]. Then, we obtain nullnorm F on L; as in Table 6.

Hirle e <<

Qe |g
QR R |R (=
S NS NS NSl R
[l S S NS

Tab. 5. The nullnorm V on [u,1].

R8I +|w|olN
AN N N S N N E=]E=]
R |n|n|nx
RIRL QR [R[R &+ ||+
Ri|le|lw|lw(g(g|g|g|e
QClR|IR|€w|viwie|e|g|e
R IRIw(w|r
QIR Q| (R (R (R (||
QIR Q| (R [ [ ||
e e e v (|~

Tab. 6. The nullnorm F induced by the formula (10) in Theorem [3.8

It is worth noting that Example 3.12 demonstrates that the method in Theorem [3.§]
is significantly more applicable than the method in Theorem since Theorem is
not applicable to L; due to the fact that {f} = I;" # 0 (or {t} = I;¥ # 0), whereas
the method in Theorem B.§ constructs a nullnorm.

Example 3.13. Consider the bounded lattice (Ly = {0,¢,p,s,t,u,y,1},<,0,1) char-
acterized by the Hasse diagram in Figure 3, the nullnorm V on [s,y] with zero element
u, T/\:TandS\/:S.

Considering the method in Theorem we obtain F(s,c) = u # s = sV 0 =
sV (cAu) = Fr(s,c).

Therefore, it is clear that F' is different from the nullnorm Fp obtained by the for-
mula (6).
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\>\/

1
|
Y
|
u
|
s
|
0

Fig. 3. Lattice diagram of Lo.

Example 3.14. Consider the bounded lattice (Ls = {0, p, s, t,u,w,y,1},<,0,1) char-
acterized by the Hasse diagram in Figure 4, the nullnorm V on [0, y] with zero element
p, Thn=Tand S, =S.

\

\
\

p

0

/

Fig. 4. Lattice diagram of Ls.

Let us apply the method given in Theorem It follows that F(u,w) =p # u =
uAyAy=(uVw)A(uVp)AwVp)=Fs(u,w).
Therefore, it is clear that F' is different from the nullnorm Fs obtained by the formula

(7).

Remark 3.15. If we put 75 = T and Sy = S in Theorem in the formula (10),
the following construction method is obtained. The following method is an extension
method of a nullnorm V' on a subinterval [a, b] of a given bounded lattice L to the whole
lattice.

Corollary 3.16. Let (L, <,0,1) be a bounded lattice, a, b, k € L\{0,1} witha < k < b,
V be a nullnorm on [a,b] with the zero element k and V(x,y) = k when (z,y) €
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I x [a,b] U [a,b] x I"*. Then the following function F**: L? — L is a nullnorm with
the zero element k on L, where

V(zVa,yVa) (z,y) € [a,b]2 U IFP x ((0,a) x [a,k))U
((0,a) x [a, k) x IF* U LYY x T3P,
V(zAbyAb)  (z,y) € I" x ((k,b] x (b, 1)U
((k,b] x (b,1]) x I U 1% s 1%,
Fa’b(xay) = zVy (z,y) €[0,a) x ([0,a) Ula, k)) U [a, k)x (11)
[0,a) UTIFb x {0} U {0} x IK?
z Ay (z,y) € (k,b] x (b, 1] U (b, 1] x ((k,bJU
(b, 1)) UIM* x {1}y U {1} x I2F,
k otherwise.

In the following Corollaries [3.17,[3.18][3.19] and [3.20] we apply our the formula (10) to
some specific lattices.

Corollary 3.17. Let (L, <,0,1) be a bounded lattice, a,b,k € L\{0,1} witha < k <
and V be a nullnorm on [a, b] with the zero element k.

(i) If z is comparable with b for all z € L in Theorem then the nullnorm F, : L? — L
with the zero element k on L is defined as follows:

S(z,y) (z,y) € [0,a]?,

T(x,y) (z,y) € [b,1]?,

V(zVa,yVa) gsz,by) e((%a b)]2 u[ ((2,) a) fk[{i‘)’ k) x I;*U
o X ,a)Ula,k)UL;?),

Faly) =0 2vy (2,1) € [0,a) % [a,k) U ja, k) x [0,a)U (12)

IpY > {0} U {0} x I;°,

TNy (x,y) € (k,0] x (b, 1] U (b,1] x (k,b],

k otherwise.

(ii) If x is comparable with a for all z € L in Theorem then the nullnorm F}, : L? — L
with the zero element k on L is defined as follows:

S(z,y) (z,y) € [0,a]?,
T(x,y) (z,y) € [b,1]?,
Vi(z,y) (z,y) € [a,0]?,
V(zAbyAD) (x,y) € (( ,b]U(b,l))xI;’kUIlf’kx
Fy(w,y) = (k0] U (b, 1) U I, (13)
zVy (z,y) € [0,a) X [a, k) U[a, k) x [0,a),
Ay (z,y) € (k0] x (b,1] U (b,1] x (k,b] U I*
x{1} U {1} x I"",
k otherwise.

(iii) If « is comparable with ¢ and b for all € L in Theorem then the nullnorm
F,p: L? — L with the zero element k on L is defined as follows:
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Fa,b(m7y) = x\/y

T Ay
k

otherwise.

Corollary 3.18. Let (L, <,0,1) be a bounded lattice, a,b,k € L\{0,1} witha < k < b
and V be a nullnorm on [a, b] with the zero element k.

(i) If @ € L is the smallest element of L\ {0}, the nullnorm F, ; obtained as follows by

Theorem B.8t

T(z,y)

V(z Ab,y AD)
rVy

Fa,l(xvy) =
T Ay

k

[

[a, b2 U ((k,b] U (b,1]) x IFU

bl U (b, 1] U IF),
(

(z,y) € {0} x ({0} Ua, k)) U

(z,y) € (k0] x (b, 1] U
{1} U {1} x I§,
otherwise.

[a, k) x (15)

(b,1] x (k,b] U I}

(ii) If b € L is the greatest element of L \ {1}, the nullnorm F;; obtained as follows by

Theorem 3.8t

Fya(z,y) =

(z,y) € [0, a]?,

( y) € la,b]? U ((0,a) Ula, k)) x I3V
x ((0,a) U [a, k:)UI’“)

( y) € 10,a) x [a,k) U[a, k) x [0, a)

UIE x {0} U {0} x I*, (16)

(e,9) € (k8] x {1} U {1}
x((k, 0] U {1}),

otherwise.

(iii) If a € L is the smallest element of L\ {0} and b € L is the greatest element of
L\ {1}, the nullnorm F, ;1 obtained as follows by Theorem

V(z,y) Efc,y; [{0}]2 (0 U [a.k)) U o, K) x {0}
TV T,Y) € Jla, Ula, k) X )
Famd@) = ony (mg) e (b x (0L} x ko, 07

k

therw1se
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If b =1 in the formula (10), we obtain the following nullnorm F™*.

Corollary 3.19. Let (L,<,0,1) be a bounded lattice, a,k € L\ {0,1} with a < k,
V be a nullnorm on [a,1] with the zero element k and satisfying V(z,y) = k when
(z,y) € I"" x [a,b]Ua, b] x I"". Then the following function F* : L? — L is a nullnorm
with the zero element k on L, where

S(z,y) (z,y) € [0,d]?,
V(zVayva) (z,y) € la,1]>U((0,a) Ula, k) x I7 UI;
. _ x((0,a) U la, k) UIY),
=9 avy (e.y) € 0.0) x [a.k) Ula. k) x p.ayu 1t (1)
x{0} U {0} x I,
k otherwise.

If a = 0 in the formula (10), we obtain the following nulnorm F.

Corollary 3.20. Let (L,<,0,1) be a bounded lattice, a,k € L\ {0,1} with & < b,
V be a nullnorm on [0,b] with the zero element k and satisfying V(z,y) = k when
(z,y) € I"" x [a,b] U a, b] x I{"". Then the following function F* : L? — L is a nullnorm
with the zero element k& on L, where

T(z,y) (z,y) € [b, 17,
V(zAb,yAD) (z,y) € (0,62 U ((k,b] U (b,1]) x IF U I}
x ((k,b] U (b,1] U IF),
F@y) =9 4 ay ny) € (kb x (b1 U G x (koure (19
x{1} U {1} x I},
k otherwise.

The method in Theorem [3.8] can be modified as in Theorem [3.21] It is applicable on
any bounded lattice.

Theorem 3.21. Let (L,<,0,1) be a bounded lattice, a1, as,...,an, k,b1,ba,...,b, be
a finite chain in L such that 0 = a,, < ap_1 < ... <1 <k<b1 <...<b,_1<b,=1

(n € N), Sy, Sa,...,5,-1 be t-conorms on subintervals [a2,a1], [as, az],. .., [an,an-1],
Ty, Ts,...,T,—1 be t-norms on subintervals [by,bs], [ba,bs],...,[bn—1,bn], respectively,
V* be a nullnorm on [a1,b1] with the zero element k satisfying V*(z,y) = k when

(z,y) € TP x [ay,b1] U [ag, b1] x I2"". Then the operation V =V, : L2 — L defined
recursively as follows is a nullnorm with the zero element k, where V* = V; and for
i€{2,3,...,n}, the nullnorm V; : [a;, b;]> — [a;, b;] with the zero element k is given by
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Si—1(z,y) (z,y) € [ai,ai-1]%,
Tifl(wvy) (:c,y) € [btfl’bi]zv
Vici(z Vai—1,y VvV ai—1) (z,y) € [a;—1,bi—1]* U ((a;,a;—1)U
o ) > 4 U IER
((a, ai1) U Ja;— 17k)UI§1bi;1),
Viei( Abi—1,y Abi1) (z, )E(Uf bi— 1] (bi—1,bi))x
Ili’_ll’ Ula‘ vk o ((k,bi—1]
Vilz,y) = U(bi—1,b;) U Ial o, (20)
zVy (x,y) € [a;, a;— 1) X |a;—1,k)U

[ai—1, k) X [ag, ai—1) U L5

x{a;} U{a;} x 15",

TAY (x,y) € (k,bi—1] X (bi—1,b;]U
(i1, bi] X (ky by U I
{biy U {bi} < ;"

k otherwise.

Proof. The proof follows easily from Theorem [3-8 by induction and therefore it is
omitted. g

In the following Corollary we give another construction method for nullnorms
on a bounded lattice L when I}” = (). And also, we exemplify it with Example 3.25.

Corollary 3.22. Let (L, <,0,1) be a bounded lattice, a, b, k € L\{0,1} witha < k < b,
S be t-conorm on [0,a], T be a t-norm [b,1], V be a nullnorm on [a,b] with the zero
element k& and Ig’b = () in L. Then the following function F}, : L? — L is a nullnorm
with the zero element k on L, where

S(z,y) (z,y) € [0,a],

T(z,y) (z,y) € [b,1]?,

V(zVa,yVa) (z,v) € [a,b]2 U ((0,a) U[a, k)) x I¥Py
IF2 % ((0,a) U [a, k) U IF?),

(AbyAb)  (x,y) € (kb U (b 1) x IF U IF
Fk(xay) = (( 7b]U<b’1)UIg/k)> (21)

xVy (z,y) € 10,a) x [a, k) U[a, k) x [0,a)U
IpY x {0y U {0} x I3°,

Ay (z,y) € (k,b] x (b,1] U (b,1] x (k,b] U I*
x{1} U {1} x 1",

k otherwise.

Proof. The proof follows easily from Theorem [3.8 and therefore it is omitted. O
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Remark 3.23. Consider the bounded lattice (L, = {0, s,t, u, w,x,y, 2,1}, <,0, 1) char-
acterized by the Hasse diagram in Figure 2 and the nullnorm V' on [s,y] with zero
element wu.

It should be noticed that while Corollary does not implement on the lattice L;
since {w} = I$Y # (), the method in Theorem [3.8] produces a nullnorm.

With the following Theorem [3:24] we give another construction method for nullnorms
on a bounded lattice L when I, = I, = (.

Theorem 3.24. Let (L, <,0,1) be a bounded lattice, a,b,k € L\ {0,1} witha < k <
such that I, = I, = 0, S be t-conorm on [0, a], T be a t-norm [b,1], V be a nullnorm on
[a,b] with the zero element k. Then the following function F, : L? — L is a nullnorm
with the zero element k on L, where

S(z,y)  (z,y) €[0,a),
T(x,y)  (w,y) € b1,
Viz,y)  (2,y) € [a, 0,
Viay)  (oy) €[0,0) x [},

) Ve @) eI x[0,0),

FEDZ Vo) e e 0] 1 )

V(z,b)  (z,y) € IM" x (b,1],
xVy (xz,y) € [0,a) x [a, k] U[a, k] x [0,a),
Ay (x,y) € (k,b] x (b,1] U (b, 1] x (k, ],
k otherwise.

Proof.
(i) Monotonicity: Let us show that for any elements x,y € L with z < y, F)(z,2) <
F,(y,z) for all z € L. If x and y are both elements of [0,a) or [a, k] or (k,b] or (b,1]
or I,‘;’b, F,(z,2z) < F,(y, z) is always satisfied for all z € L since < y. It is clear that
Fy(z,z) = k = F,(y,#), when z = k. The proof is then split into all the remaining
possible cases as follows.
1. Let € [0,a). If z € (0,a), since F(x,z) = S(z, z) and for all y € L, F(y, z) equals
koryVzorV(ya), Flz,z) < F(y,z). If z € [a,k), since F(z,z) = xV z = z and
for all y € [k, 1) U I}, F(y,z) equals k, F(z,z) < F(y,z). Therefore, we omit the case
z € (0,a) U [a, k) and the other all possible cases are listed as follows. Moreover, when
yeak)U (kb UIM and z € I, Fy(z,2) = V(a,2) < V(y,2) = Fy(y, ).
1.1. y € [a, k),

1.1.1. If z € [a, k), then Fy(z,2) =2 Vz<yVz<V(yz2) = F(y,z2).

1.1.2. If z € (k,b] U (b, 1], then F,(z, 2z) = k = F,(y, 2).
1.2. y=k,

1.2.1. If z € [a, k), then F,(z,2) =2V z =2 < k= F)(y, 2).

1.2.2. If z € (k,b] U (b,1], then F,(z, 2) = k = F,(y, 2).

1.2.3. If z € I, then F(z,2) = V(a,2) < V(k,2) = k = F,(y, 2).
1.3. y € (k, ],

1.3.1. If z € [a, k), then F))(z,2) =2 Vz=2<k=V(y,2) = F,(y,2).

1.3.2. If z € (k,b], then F,(z,2) =k =V(k,2z) < V(y, z) = F,(y, 2).
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1.3.3. If z € (b, 1], then Fy(z,2) =k <y=yAz=F,(y,2).
1.4. y € (b, 1],
1.4.1. If z € [a, k), then F(z,2) =2V z =2 < k= F)(y, 2).
1.4.2. If z € (k,b], then F)(z,2) =k < z=y Az = F,(y, 2).
1.4.3. If z € (b, 1], then Fy(x,2) =k <b < T(y,2) = Fy(y, 2).
1.4.4. If z € IM", then F(z,2) = V(a,z) < V(b,z) = F,(
15 ye I,

1.5.1. If z € [a, k), then F)(z,2) =z Vz=2=V(a,2) < V(y,2) = Fy(y, 2)
1.5.2. If z € (k,b], then F(z,2) =k =V (y,k) < V(y,2) = F,(y, 2
1.5.3. If z € (b, 1], then Fn(x,z) =k=V(y k) <V(y,b) = F,(y, 2)

2. Let z € [a, k). Clearly, when y € {k} U (k,b]U (b,1] and z € [0,a), F))(z,2) =2z Vz =
x < k=F,y,=2).
2.1. y =k,
2.1.1. If z € [a, k) U TP, then F,(z,2) = V(x,2) < V(k, 2) = k = F,(y, 2).
2.1.2. If z € (k,b] U (b, 1], then Fy(x,2) =k = F,(y, 2).
2.2. y € (k,b],
221. If z € [a, k) U (k,b] U Ig’b, then F,(z,2) = V(z,2) < V(y,2) = Fy(y, 2).
2.2.1. If z € (b, 1], then F,(z,2) =k <y=yAz=F,(y,2).
2.3. y e (b1],
2.3.1. If z € [a, k), then Fy(z,2) =V (z,2) < V(k,z) =k = F,(y, 2).
2.3.2. If z € (k,b], then Fy(z,2) =V (z,2) =k <z=yAz=Fy(y,2).
2.3.3. If z € (b,1], then Fn(x,z) E<b<T(yz) = Fy,y,z2).
234. If z e I}" ® then Fy(x,2) =V(z,2) <V(b,z) = F,(y, 2).
24. y e I},
24.1. Ifz € [0,a), then Fy (z,2) = 2Vz = < yAk = V(yAk,a) < V(y,a) = F,(y, 2).
24.2. If z € [a, k) U IZ’b, then Fy(z,2) = V(z,2) < V(y, 2) = F,(y, 2).
2.4.3. If z € (k,b], then Fy(z,2) =k =V (y, k) <V(y,2) = F,(y,2).
2.44. If z € (b,1], then F,(z,2) =k < V(y,b) = F,,(y, 2).

3. Let z € (k,b].

3.1. y € (b,1],
3.11. If z €[0,a) Ula, k), then F(z,2) = k = F,(y, 2).
3.1.2. If z € (k,b], then Fy(z,2) =V(z,2) < V(bz) =2z=yAz=F,(y,z).
3.13. If z € (b,1], then Fy(z,2) =z Az=2<b< T(y, z) = Fy(y,2).
3.14. If z IZ’b, then F, (z,2) = V(x,2) < V(b,2) = F,(y, 2).

4. Let x € Ig’b. Clearly, when y € (k,b] U (b,1] and z € [0,a), F)(z,2) = V(z,a) <
Vi k) =k = Fyly,2).
4.1. y € (k,b],
401 0f 2 € [a, k) U (k, 0] U I°, then Fy(x,2) = V(z,2) < V(y,z) = F,,( Y,
4.1.2. If z € (b,1], then F(z,2) =V (z,b) < V(y,b) =y =y Az = F,(y,2).
42 y € (b1],
42.1. If z € [a, k), then F, (z,2) = V(z,2) <V(y, k) =k = F,(y, 2).

2).
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4.22. 1f z € I'", then Fy(z,2) = V(x,2) < V(b,2) = Fy(y, 2).
4.2.3. If z € (k,b], then Fy(z,z2) = V(gc, 2) <V(bz)=z=yANz=Fyy,z).
42.4. If z € (b,1], then F(z,2) =V (z,b) <b<T(y,2) = F,(y,2).

(ii) Associativity: We demonstrate that F,(x, Fy(y, 2)) = Fy(F,(z,y), 2) for all z,y,z €
L. Tf one of the elements x,y and z is equal to k, it is clear that the equality is always
satisfied. Then, the proof is split into all remaining possible cases by considering the
relationships between the elements x,y, z,a,b and k as follows.
1. Let z € [0, a).
1.1. y € [0,a),

1.1.1. If z € [0, a), then F, (z, F,,(y, 2)) = F(x,S(y, 2)) = S(x, S(y, 2)) = S(S(x,y), 2)
= FW(S(x’y>7 Z) = Fn(Fn(x,y), Z)

1.1.2. If z € [a,k), then F,(z,F,(y,2)) = Fy(z,yVz2) = Fy(z,2) =aVz=2z2=
S(x,y) Vz= Fn(S(Jﬁ,y),Z) = Fn(Fn(m,y),z).

1.1.3. If z € (k,b] U (b, 1], then F(z, Fyy(y,2)) = Fy(z, k) = k = F(S(2,9),2) =
Fy(Fy(,9), 2)

1.14. If z € Iz’b, then F,(z, F,(y, 2)) = Fy(z,V(a, 2)) = V(a,z) = F,(S(z,y),2)
Fy(Fy(2,y),2).
1.2. y € [a, k),

1.2.1. If z € [0,a), then Fy(x, Fy(y,2)) = Fy(z,yV 2) = Fy(z,y) =axVy =y =
yVz=Fy(y,2) =Fy(xVy,z) = F(F,y),2)

1.22. If z € [a,k) U I;:’b, then F,(z, F,(y,2)) = Fp(z,V(y,2)) = 2V V(y,2)
V(y7 z) = Fﬂ(yv Z) = Fﬂ(x v Y, Z) = Fn(Fﬁ(xvy>7 Z)

1.2.3. If z € (k,b] U (b, 1], then F,(z, Fy(y,2)) = Fy(z,k) =k = F,(y,2) = Fy(z V
Y, 2) = Fy(Fy(2,9), 2).
1.3. y € (k,b],

13.1. If z € [0,a) U [a,k), then F,(z, F,(y,2)) = Fy(z,k) = k = Fy(k,z) =
F,,(Fn(x,y)7z).

1.3.2. If z € (k,b] U I*", then F,(x, F,(y,2)) = Fy(x,V(y,2)) = k = Fy(k,2) =
Ey(Fy(2,y),2).

1.3.3. If z € (b, 1], then F,(z, F,(y,2)) = Fy(z,y A z) = Fy(z,y) = k = F(k,2) =
Fn(Fn(x,y)7Z).
1.4. y € (b,1],

1.4.1. If z € [0,a) U [a, k), then F,(z, F,(y,2)) = Fy(x,k) = k = Fy(k,2z) =
Fy(Fy(2,y),2).

1.4.2. If z € (k,b], then F,(z, F,(y,2)) = Fy(x,y N z) = Fy(z,2) = k = F(k,z) =
Fn(Fn(x,y),Z).

1.4.3. If z € (b,1], then F, (z, F,)(y, 2)) = Fn(x,T(y,z)) =k =F,(k,z) = F,(F)(z,y),2).

144. Ifz € I,?’b, then Fy (z, Fyy(y, 2)) = Fy(2,V(b,2)) = Fo(k, z) = Fy(Fy(z,y), 2).
1.5 y eI,

1.5.1. If z € [0,a), then F, ( Fo(y,2)) = Fy(z,V(y,a)) =2V V(y,a) =V(y,a) =
Viay)Vz = F,(V(a.y), 2) = By(Fye,9). 2).

1.5.2. (4)If z € [a, k)UIa and V(y, z) € [a, k], then F,(z, F},(y, 2)) = Fn(x,V(y 2)) =
eVV(y,z) =V, 2) = V(a,V(y,2)) = V(V(a,y), 2) = F,(V(a,y), 2) = Fy(Fy(2,y), 2).
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1.5.2. (ii) If z € I"* and V(y, 2) € [k, b], then F,(z, F,(y, 2)) = Fy(x,V(y,2)) = k =
Via,V(y,2)) =V(V ( ) z2) = Fy(V(a, ) ) ( Fy(2,y), 2).

1.5.2. (i3) If z € I“ and V(y7 z) € I, then Fy(z, F,(y,2)) = F)(z,V(y,2)) =
Via,V(y,2)) = V(V(a,y),2) = Fy(V (a 1).2) = Fy(By(w.1).2)

1.5.3. If z € (k,b], then F,(z, F,(y,2)) = Fy(z,V(y,2)) = k = V(a,V(y,2)) =
Fy(V(a.9). 2) = Fy(Fyle,y). 2).

1.5.4. If z € (b, 1], then F,(z, F,(y,2)) = Fy(z,V(y,b)) = k = F,(V(a,y),2) =

Fn(Fn(x,y),z).

2. Let z € [a, k). Clearly, when y € [a, k) U I} and z € [a, k) UIk , Fpz, Fy(y, 2) =
Fy(a,V(y,2) = V(,V(y,2)) = V(V(fﬂ,y)’z) Ey(V(z,y), 2) = Fy(Fy (2, 9), 2).
2.1. y € [0,a),

21.1. If z € [O,a),thenF( Fy(y,2)) = Fy(z,8(y,2)) =2V S(y,2) =z =z Vz=
i) = Fa v 0.2) = Fy(Fy(a.9).2)

2.1.2. If z € [a, k), then F ( Fo(y,2)) = Fy(z,yV2) = Fy(z,2) = Fp(z Vy,z2) =
F,,(Fn(x,y)7z).

2.1.3. If z € (k,b] U (b,1], then F,(z, F,(y,2)) = Fy(z, k) = k = F,(z,2) = F,(z Vv
y,2) = Fy(Fy(2,9), 2).

2.1.4. If 2 ef,jb,thenF (z, F,(y,2)) = Fy(x,
=V(z,2) = Fy(z,2) = F(:L‘Vy, z) = Fy(Fy(x,
2.2, y € [a, k),

22.1. If z € [0,a), then Fy(z, F,(y,2)) = Fy(z,y VvV 2) = Fy(z,y) = V(z,y) =
Viz,y)Vz=F,(V(z,y),2) = F,(Fy(z,y), 2).

222, If z € (k,b]U (b,1], then F,(z, Fy(y,2)) = Fy(z,k) = k = F,(V(x,9),2)
Fn(Fn(x,y),z).

2.3. y € (k,b],

231. If z € [0,a) U[a,k), then F,(z,F,(y,2)) = Fy(z,k) = k = Fy(k,2z) =
Fy(V{w,), 2) = Fy(Fy (1), 2).

2.3.2. If z € (k,b] UI", then F,(x, Fy(y, 2)) = Fy(x, V(y,2)) = V(z,V(y,2)) = k =

‘)f(a,z)) =V(x,V(a,2)) =V (V(z,a),z)

Fy(k, 2) = Fy(V(2,y), 2) = Fy(F, (l“ y),2).

2.3.3. If z € (b,1], then F (:r Fo(y,2) = Fy(z,y AN z) = Fp(z,y) = V(z,y) =k =
Fy(k.2) = By(V(2.9).2) = Fy(Fy(.3). 2).
240 y € (b 1],

24.1. If z € [0,a) U [a,k), then F(z,F,(y,2)) = Fy(z,k) = k = Fy(k,z) =
Fy(Fy(z,y),2).

2.4.2. If z € (k,b], then Fy(x, F,(y,2)) = Fy(z,y A z) = Fy(x,2) = V(z,2) = k =
F,(k,z) = F(Fy(z,y), 2).

2.4.3. If z € (b, 1], then Fy(x, Fy(y, 2)) = Fy (2, T(y,2)) = k = F,(k, z) = Fy(F,(z,y), =

2.4.4. Itz € IP", then Fy (x, F, (y,2)) = Fy(z,V(b,2)) = k = F,(k, z) = F,(F,(x,y), 2).
2.5 ye I,

25.1. Ifz € [0, a), then Fy (z, Fy(y, 2)) = Fy(x,V(y,a)) = V(z,V(y,a)) = V(V(z,y),a
=V(z,y)Vz=F(V(x,y),2) = Fy(Fy(z,y), 2).

25.2. If z € ( 1], then Fy(z,Fy(y,2)) = Fy(z,V(y,b)) = k = F,(V(x,y),2) =
Fy(Fy(x,y), 2).
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3. Let x € (k,b). Clearly, when y € [a,k) U (k,0] U I#"" and 2 € (k,b U I,
Fo(z, Fy(y,2) = Fp(z,V(y,2)) = V(2,V(y,2)) = k = Fy(k,2) = F,(V(z,y),2) =
Fn(Fn(x,y)72).
3.1. y € 10,a),

3.1.1. If z € [0, a), then F, (z, ( 2)) = Fy(2,5(y, 2)) = k = Fy(k, 2) = Fy(Fy(2,9), 2).

3.1.2. If z € [a, k), then F, ( ( ,2)) = Fn(ﬂc y\/z) = Fy(z,2) =V(z,2) =k =

Fy(k,z) = Fy(Fy(z,9), 2).

3.13. If z € (k,b] U (b,1], then F,(z,F,(y,2)) = F,(z,k) = k = F,(k,z) =
F,,(Fn(:c,y),z).

3.1.4.Ifz € I,;l’b, then Fy (z, F)(y,2)) = F(x,V(a,2)) = k = F,(k, 2) = Fy(Fy(z,y), 2)
3.2. y € [a, k),

3.2.1. Isz[O,a),then n(z, Fy(y,2) = Fylz,yVz) = Fy(z,y) =V(z,y) =k =
Fy(k, z) = Fy(V(z,y),2) = ( (iﬂ Y), 2)-

3.2.2. If z € [a,k), then F( oy, 2) = Fp(x,V(y,2) = Ve, V(y,2) = k =

Fy(k,z) = Fy(V(z,y),2) = Fy(F (way% z).

3.2.3. Ifze(b,l] then F, ( Fy(y,2)) = Fy(z,k) =k = Fy(k,z) = F,,(V(z,y),2) =
Ey(Fy(z,y),2).
3.3. y € (k,b],

3.3.1. If z € [0,a) U [a, k), then F,(z, F,(y,2)) = Fy(z,k) = k = F,(V(z,y),2) =
Fn(Fn(x,y),z).

3.32. If z € (b,1], then Fy(z,F,)(y,2)) = Fy(z,y A z) = Fy(z,y) = V(z,y) =
V(z,y) Nz = Fn(V(x, y),2) = Fn(Fn($>y)a z).
3.4. y e (b1],

3.4.1. If z € [0,a) U [a, k), then F,(z, Fy,(y, 2)) = Fy(x, k) = k = Fy(z,2) = F)(z A
y,z) = Fn(Fn(xvy)7Z)'

3.4.2. If z € (k,b], then F,(z, F,(y,2)) = Fy(z,y Az) = Fy(z,2) = Fy(z Ny, 2) =
F,,(Fn(x,y),z).

3.4.3. If z € (b, 1], thenF n(@, Fy(y,2) = Fp(z,T(y,2)) =2 ANT(y,2) =x =z ANz =
Fy(x,2) = Fy(z Ay, ) = Fn( Y),2)-

344. If z € I;b, then Fn(x, n(y,2)) = Fp(z,V(b,2)) = V(V(x,b),2) = V(z,2) =
Fn(x z) = F(:U/\y, )—Fn(Fn( )»Z)
35. ye I,

3.5.1. If z € [0,a), then Fy(z, F,(y,2)) = Fp(z,V(y,a)) = k = F,(V(z,y),2) =
Fy(Fy (1), 2)-

3.5.2. If z € [a, k), then F, (z, F,,(y, 2)) = Fyy(z,V(y, 2)) = V(2,V(y,2)) = V(V(z,y), 2)

= Fy(V(z,y),2) = Fy(F, (xy) z).
3.5.3. Ifz € ( ) ]7 then F”(J? F?I(yv )) = Fn(x,V(y,b)) = V(x,V(y,b)) = V(V(Ji,y),b)
=Vi(z,y) = F,(V(z,y),2) = Fy(Fy(2,y), 2).

4. Let z € (b,1]. Clearly, when y € [0,a) U [a, k) and z € (k,b] U (b, 1], F,(z, F,(y,2)) =
Fyla,k) = k = Fy (k. 2) = B,(Fy(2,9), 2).
4.1. y € [0,a),
4.1.1. If z € [0, a), then F, (z, F, ( z)) = Fy(z,S(y,2)) = k = Fy(k,z) = F,(Fy(x,y), 2).
4.12. If z € [a, k), then F,(x, ( z)) = Fn(x yVz)=F)(z,2)
Fﬂ(Fn(zvy)7Z)'
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413. Ifz € Ig’b, then F,(z, F,,(y, 2)) = F,(z,V(a,2)) =k = F(k,z) = F,(F,(z,y), 2).
42. y € [a, k),

42.1. If z € [0,a), then F,(z, F,(y,2)) = Fy(z,yV 2) = Fy(z,y) = k = F(k,z) =
Fn(Fn(xay)vz)'

422, If 2 € [a, k) U TP’ then F,(z, F,(y,2)) = Fylz,V(y,2)) = k = Fy(k,2) =
Fn(Fﬁ(xay)vz)'

4.3. y e (k,b),

4.3.1. If z € [0,a) U [a, k), then F,(z, F,)(y,2)) = Fy(z,k) = k = F(y,2) = Fy(xz A
Y,2) = Fy(Fy(2,9), 2).

4.32. If z € (k,b) U I, then F,(z, Fy(y,2)) = Fy(z,V(y,2)) = A V(y,z) =
V(y’ ) =F, (y’ ) = F’r](x/\yvz) = F,,(Fn(x,y),z).

4.3.3. If z € (b, 1], then Fy(z, F,(y,2)) = Fy(z,y Nz) = Fy(z,y) =y =yANz =

Fy(y, 2) = Fy(z Ny, z) = Fy(Fy(2,y), 2).
44. ye (b 1],

44.1. If z € [0,a) U [a, k), then F,(z, F,(y,2)) = F,(z,k) = k = F,(T(z,y),2) =
Fy(Fy(x,y), 2).

4.42. If z € (k,b], then F,(z,F,(y,2)) = Fp(z,y AN z) = Fy(z,2) =x Nz =2z =
T(x,y) ANz = Fy(T(x,y), 2) = Fy(F, ( Y),2)-

44.3. If z € (b,1], thenF w(x, F, ( )) Fy(x,T(y,2)) =T(x,T(y,2)) = T(T(x,y), 2)
:FW(T(xvy)7 ) FTI(F (I Yy ’Z)'

4.44. If z € I,j’b, then F,(z, F,(y, 2)) = Fy(x,V (b, 2)) = V(b,2) = F,)(T(x,y),2) =
FTI(F??('I’y)7Z)'
45. ye I,

4.5.1. If z € [0,a), then F,(z, F,(y,2)) = Fy(z,V(y,a)) = k = F,(V(b,y),z) =
Ey(Fy(2,y), 2).

4.5.2. (i) If z € [a, k)UIP" and V(y,

) =

z) € [a, k], then F, (z, Fy(y, 2)) = Fy(2,V(y,2)) =
V(V(b y),2) = Fy(V (b,

k=V(®,V(y,z) ). ) = Fy(Fy(2.y).2).

4.5.2. (i) If z € I"" and V(y,2) € [k,b], then F, (x,Fn(y, 2)) = Fy(z,V(y,z)) =
e AV(y,z) =V(y,2) =V (b,V(y,2)) = V(V(by), 2) = ( (0,y),2) = Fn(Fn(%y),Z)-

4.5.2. (i) If z € I"" and V(y7 z) € IP, then Fy(x, Fy(y,2)) = Fy(z,V(y,z)) =
Vb, V(y,2) =V(V(by),z) = ( (b,y), 2) = Fy(F, ( Y),2)-

4.5.3. If z € (k,b], then F,(z, F,(y,2)) = F, (x V(y7 2)=V(y,z) =V(b,V(y,2)) =
V(V(b,y), z) = Fy(V(b,y), 2) = Fn(F (2.9). )

4.54. If z € (b, 1], then F,(z, F,(y, 2)) = Fy(z,V(y,b)) =z AV(y,b) = V(y,b) =

z)
V(ba y) = V(b7 Z/) Nz= Fn(V(b, y)72) = Fn(Fn(l‘,y),z).

5. Let o € I"". Clearly, when y € [a,k) U I#" and 2 € [a,k) U ", F,(z, F,(y, 2)) =
Fn(xa V(yaz)) = V(x,V(y,z)) = V(V(ZB,y),Z) = Fn(V(z,y),z) = FTI( (Iv )a )
5.1. y € [0,a),

5.1.1. If z € [0, a), then F,(z, Fy,(y,2)) = Fy(z,S(y,2)) = V(z,a) = F,(V(z,a),2) =
Fn(Fn(x,y)72).

5.1.2. If z € [a,k), then Fy(z, F,)(y,2)) = Fy(z,y V 2) = Fy(z,2) = V(z,2) =
Ve, V(a,2) = F,(V(2,0), 2) = By(Fy (2,), 2).
5.1.3. If z € (k,b) U (b, 1], then F n(@, Fy(y,2)) = Fy(x, k) = k = F(V(z,a),2) =

Ey(Fy (2, y), 2)-



848 M. YESILYURT AND U. ERTUGRUL

514. Ifz € I}" ® then F, w(@, Fy(y, 2)) = Fy(z,V(a,2) =V(z,V(a,2) =V (V(z,a),z)
= Fy(V(x,a),2) = Fy(Fy(z,y), 2).
5.2. y € [a, k),

5.2.1. If z € [0,a), then F,(z, F,(y,2)) = Fy(z,y VvV z) = Fy(z,y) = V(z,y) =
Ey(V(x,y), 2) = Fy(Fy(2,y), 2).

5.2.2. If z € (k,b] U (b,1], then F,(z, F,(y,2)) = Fy(z,k) = k = F,(V(2,y),2) =
Ey(Fy(z,y),2).
5.3. y € (k,b],

5.3.1. If z € [0,a) U [a, k), then F,(z, F,(y,2)) = Fy(z,k) = k = F,(V(z,y),2) =
Fn(Fn(x,y)72).

53.2. If 2z € (k,b] U I, then F,(x, Fy(y

] Y, )) = Fn(I,V(y,Z)) = V(l’,V(y,Z)) =
V(V(z,y),z) = F,(V(z,y), 2) = Fy(Fy(z, ) z).
1]

5.3.3. If z € (b, 1], then Fy(x,F,(y,2))) = Fy(z,y A z) = Fy(z,y) = V(z,y) =
F( (@, )’Z):FU 77(58, ), 2).
5.4. y € (b,1],

54.1. If z € [0,a) U [a, k), then F,(x, Fy(y,2)) = Fy(z,k) = k = F,(V(x,b),2) =
Ey(Fy(2,y), 2)-

54.2. It z € (k,b], then F,(x,F,(y,2)) = Fy(z,y A z) = Fy(z,z) = V(z,2) =
Ey(V(2,0), 2) = Fy(Fy(2,9), 2).

5.4.3. If z € (b, 1], then F, (z, F,(y,2)) = Fy(z,T(y,2)) = V(z,b) = F,,(V(x,b),2) =
Fn(Fn(SL‘,y>,Z).

54.4. If z € I,?’b, then Fy(x, Fyy(y, 2)) = Fy(2,V(b,2)) = V(z,V (b, 2)) = V(V(z,b), 2)
= Fn(V(:L b),z) = Fn(Fn(x,y),z).

55,y eI,
5.5.1. (1) If z € [0,a] and V(z,y) € [a,k], then F,(z, Fy,(y, 2)) = F,(z,V(y,a)) =
V(z,V(y,a)) =V(V(z,y),a) =V(z,y) =V(z,y)Vz = F,,(V(x,y)@') = F,(Fy(z,y), 2).
5.5.1. (i1) If z € [0,a] and V(z,y) € [k,b], then F,(z, F,(y,2)) = Fy(z,V(y,a)) =
V(x,V(y,a)) = V(V(a:,y),a) =k= V(V(ZIJ y) ) = Fy,(V(a:,y ,Z) = W(FW x,y),z).
5.5.1. (iii) If z € [0,a] and V(z,y) € I, then F,(z, F,(y, 2)) = F,(z,V(y,a)) =
4 (

)
) Y,
Ve, V(y,a)) = V(V(z.y).a) = By (V(z.y).2) = By (Fyle,y), 2).
5.5.2. If z € (k, b], then F, (z, F),(y, 2)) = F,,(z,V(y,2)) = V(x
=F,(V(z,y),2) = Fy(Fy(,y), 2).
5.5.3. If z € (b, 1], then F,(z, F, (y, 2)) = Fy(z,V(y,b)) = V(z,V(y,b)) = V(V(z,y),b)
= F,(V(z,y), 2) = F)(Fy(z,y), 2).
We have F,(z,0) = 2V 0 = z for all z € [0,k] and F,(t,1) = t A1 =t for all

t € [k,1]. The commutativity of F,, is obvious from the definition of F,,. Therefore, F},
is a nullnorm on L with the zero element &. O

Vi, 2)) =V(V(z,y),2)
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The structure of the nullnorm F;, given in formula (22) is summarized in Figure 5.

Y Viay) | Vizy) | Vizy) | Viby) | Vizy)

1
k k TAY T(z,y) | V(=,b)

b
k V(z,y) | Viz,y) TAy V(z,y)

k
TVy V(z,y) | Viz,y) k V(z,y)

a
S(z,y) zVy k k V(x,a)

0 a k b T S

Fig. 5. The structure of the nullnorm Fj,.

Example 3.25. Consider the bounded lattice (Ly = {0,¢,d,p,q, s,t,u,z,y,1},<,0,1)
characterized by the Hasse diagram in Figure 6 and the nullnorm V on [s,y] with zero
element u as in Table 7.

LIRS |»v|[R|w|n |

SSEESE RN EVELASHESH RN B

[T

gle|g|g|Ig|g|g |

ASHI B IS B~ S E< NS RS

LR[S |w|2lw|n|o
LIS |n |2 |w|w|lxw
LRI’ |2[8|8(|8

Tab. 7. The nullnorm V on [s,y].
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Fig. 6. Lattice diagram of Ly.

By applying the construction method in Theorem and putting the nullnorm V
on [s,y] as in Table 7, the corresponding nullnorm F}, on Ly is obtained as in Table 8.

By applying construction methods in Theorems [3.1] [3:4) and 3.7} when Ty = T and
Sw =S, we obtain

— Fnle,z) =x # s = S(e,z) =V (e, x);
~Fn(p,g)=p#y="T(p,9) = Vi (b,9);
=~ Fi(f.x) = #s=5(f2) = V7 (] 0);
—Fnle,z) =2 # s = S(e,z) = VF (e, x);

)

Therefore, it is clear that [}, is different from the nullnorms VkS , VkT, VTS ’R, V7§ and
VI obtained by the formulas (1), (2), (5), (8) and (9), respectively.

— It should be noticed that the restrictions of the Theorems [B.2] and B.3] are not
satisfied on Ly, i.e., {c} = I5Y # () and {d} = I5Y # () whereas the method in Theorem

:24] produces.
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e lal2|e |3 | >l o|alo| o
N R N e F E  E R O N R N S

Sieg|2|w ||| %0 |n|n| oD
Sl |wn|2|g (g |0|w|v|n|®nw |0
gl (2 |w (22|22 |xnfn|w|w|n |
gl |wn|2|g (8|S |v|[w|lv|un[a|d
QiR |IgIg|g|ge|g |
SRS ISR IRICIR||g|Ig|Ig|g|S
Sleigicleik|le|le|le|ele|e|s|e|3
VRISV I”B |22
iy |(2|wn (22|22 |v|(n|uw|w|n|lxn
S| ||| |g(g|g|g|g|g|e|s
LiIRfIR (IR (2 L R (BR|IR|IRIR|R
Rie|lg|IgitIvIRIvIw|g(e|g|g|l|e|Iw
—~lelelelek|I | e|e|elgele|e|~

Tab. 8. The nullnorm F,, induced by the formula (22) in Theorem
B24

Remark 3.26. If we put Tp = T and S, = S in Theorem in the formula (22),
the following construction method is obtained. The following method is an extension
method of a nullnorm V on a subinterval [a, b] of a given bounded lattice L to the whole
lattice.

Corollary 3.27. Let (L, <,0,1) be a bounded lattice, a,b,k € L\{0,1} witha < k <
such that I, = I, = 0, V be a nullnorm on [a,b] with the zero element k. Then the
following function Fg : L? — L is a nullnorm with the zero element k on L, where

Viz,y)  (2.y) € [a,b]
Va,y) (x,y) €[0,a) x I,‘j’b,
V(z,a) (z,y) € IM" x [O,ab),

L) Vb (w)e b1 x I

Fo(@v) V(z,b)  (x,y) € 1% x (b, 1], (23)

T Vy (x,y) € [0,a)>U[0,a) x [a, k] U[a, k] x [0,a),
TNy (z,y) € [b,1]2 U (k,b] x (b, 1] U (b,1] x (k,b],
k otherwise.

Remark 3.28. Note that the formula (22) in Theorem coincides with the formula
(14) in Corollary under same constraints. It shows that Theorems and
produce same nullnorm on L if L satisfies both constraints in Theorems and

Theorem 3.29. Let (L, <,0,1) be a bounded lattice, ay, as, ..., @m, k,b1,ba, ... by be
afinite chain in L suchthat 0 = a,, < a1 < ... < a1 <k <b1 < ... <bp_1<b, =1
(meN), I, =L, =0 ( € {1,2,...,n—1}), S1, So,...,8m_1 be t-conorms on
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subintervals [ag, a1], [as, as),- .. [am, am—1], T1, T2, .., Tm—1 be t-norms on subintervals
[b1,ba], [b2,b3],- . ,[bm—1,bm], respectively, Vi be a nullnorm on [aq,b;] with the zero
element k. Then the operation V = V,, : L? — L defined recursively as follows is a
nullnorm with the zero element &, where V, = V; and for j € {2,3,...,m}, the nullnorm
V; : laj,b;]* = [aj,b;] with the zero element k is given by

S] 1(£c,y) (l',y) € [ajvaj—l] 3

Tj-1(z,y) (@,y) € [bj-1,b5]%,

VYJ 1<$,y) (xvy)e[aj 17bj 1] 5

‘/J 1(aj 1ay> (l',y)E[aj,CL] I)XI% 1:bi- 1

Vii(eaio) (@) € 1075 x aga ),

‘/}(x’y) = ij 1(bj 1ay) (x,y) € (b] labb ] X Ia] l’bj 1, (24)

ij 1(3’],()] 1) (a:,y) € I](:J T (bj—lab]]a

xVy (z,y) € [a,a;-1) x [a;—1, k] U[a;—1, K]
X[aﬁaj 1)7

TNy ( 7y) S (k‘,bj_l] X (bj_l,bj] @] (bj_l,bj]
X(kvbj—l]a

k otherwise.

Proof. The proof follows easily from Theorem by induction and therefore it is
omitted. O

4. CONCLUDING REMARKS

Nullnorms on bounded lattices, particularly the construction of nullnorms on related
algebraic structures, are active research areas. There are several known construction
methods on bounded lattices, in which the authors use the existence of t-norms, t-
conorms etc. The idea of extending a nullnorm on a subinterval of a bounded lattice to
the whole lattice is much more general, and also it serves the purpose of constructing a
nullnorm. In this way, the ordinal sums of nullnorms can also be obtained. In this paper,
we investigate how to extend a given nullnorm on a subinterval of a bounded lattice L
to the whole lattice L. We propose two main construction methods for nullnorms on
bounded lattices under totally different assumptions. We also apply these methods to
some special lattices. We also highlight the differences between our extension methods
and the existing construction methods. Moreover, we have generalized our construction
methods so that they can be applied to any proper bounded lattice. We believe that
our extension methods provide the inspiration for other aggregation functions.
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