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Preface

These lecture notes follow the course on three-valued Lukasiewicz algebras [36]
given by Dr. Antonio A. R. Monteiro in 1963 in the Universidad Nacional del
Sur, as well as the seminars [37], [44] about this topic, where he presented original
results.

The first parts of the course included some background on partially ordered sets,
distributive lattices, De Morgan algebras, and monadic boolean algebras, needed to
follow the later parts. This background material can be found in the publications
[66], [51], and [50].

Dr. Antonio Monteiro usually posed problems during his lectures, and some of
them led to the following works, among others:

e The doctoral dissertation of Roberto Chignoli, Algebras de Moisil de or-
den n (1969) [12], [13], which presents important results on n-valued
Moisil algebras, which have three-valued Lukasiewicz algebras as a partic-
ular case. In the bibliography we include 15 works by this author.

e The doctoral dissertation of Luiz Monteiro, Algebras de Lukasiewicz triva-
lentes mondadicas (1971) [61], [62], which generalizes the concept of three-
valued Lukasiewicz algebras.

e The doctoral dissertation of Manuel Abad, Estructuras ciclica y monadica
de un algebra de Lukasiewicz n-valente (1986) [36], which generalizes the
concept of monadic three-valued Lukasiewicz algebras.

e The doctoral dissertations of Luisa Iturrioz [23] and Aldo V. Figallo [18].

The book Lukasiewicz-Moisil algebras, by V. Boicescu, A. Filipoiu, G. Geor-
gescu, and S. Rudeanu [9] studies more general structures. Published in 1991,
it compiles bibliography (up to 1989) related to three-valued Lukasiewicz algebras.
In our bibliography we include more works, some of them published after 1989,
undoubtedly originated in the topics developed in the course and seminars cited
above, and also in the work meetings of Professor A. Monteiro with his disciples.
One of these disciples was also his son, Luiz Monteiro, who took upon the task of
editing all this material to make it widely available. In doing so, he added many
results of his own, so when preparing the translation for this English edition, it
was apparent that Luiz should be fully credited as author as well.

To this day, the results by A. Monteiro presented in this lecture notes continue
to be cited in the literature.
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CHAPTER 1

Basic definitions and constructions

1.1. Definition and calculation rules

The concept of three-valued Lukasiewicz algebra, was introduced and devel-
oped by Gr. Moisil [25], [26], [30].

These algebras play to the Lukasiewicz three-valued propositional calculus, an
analogue role to that of boolean algebras to the classical propositional calculus.

The following definition ! ([36], [39]) is equivalent to those indicated by Moisil.

Definition 1.1.1. A three-valued Lukasiewicz algebra is a system (L,1,~
,V,V,A) formed by 1) a non-empty set L; 2) an element 1 € L; 8) two unary
operations ~ and ¥V defined on L; /) two binary operations V and A, defined on
L so that the following conditions are verified:

Ll) 1Va=1, foradlze€ L,

L2) e AN (zVy) ==, foralz,y €L,

L3) x A(yVz)=(zAz)V(yAzx), for all z,y,z € L,
L4) ~~x =2z, foralz € L,

L5) ~ (x Ay) =~aV ~y, forall x,y € L,

L6) ~xzVvVx=1, forallz € L,

L7) ~zANx=~x AV, foralz e L,

L8) V(z ANy) =Vax AVy, for all z,y € L.

The operation ~ is denominated negation and V is denominated the possibility
operation. We will also say that L is a Lukasiewicz algebra.

One of the first problems posed by Professor Antonio Monteiro in his class
was to determine whether these axioms were independent. This was solved by
L. Monteiro [54], who proved that axioms L2) to L8) are independent and L1) is
a consequence of some of the axioms L2) to L8). One of the examples indicated by
L. Monteiro in [54] led A. Monteiro to introduce in 1978 the notion of four-valued
modal algebra. He then posed to I. Loureiro the task of developing the theory of
these algebras, which she did in her doctoral dissertation [24], defended in Lisbon
in 1983.

To establish the equivalence of the definition above with those indicated by
Moisil we must put ~ z = Nx and Vx = puz.

Another set of axioms for Lukasiewicz algebra was indicated by A. Monteiro
and L. Monteiro before 1967, but only published in 1996, [48].

Axioms L1), L2) and L3) are the ones posed by M. Sholander [75] so the system
(L,1,A,V) is a distributive lattice with a top element 1. From axioms L1), L2),

YThe goal of A. Monteiro in presenting this definition was to use less azioms than those
present in the different definitions by Moisil, while keeping the same operations as primitive.
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L3), L4) and L5) it follows that the system (L, 1,~, A, V) is a De Morgan algebra
[6], [7], [51] and therefore 0 =~ 1 is the bottom element of the lattice L.
Therefore we can define a Lukasiewicz algebra as a De Morgan algebra on
which an unary operation verifying L.6), L7) and L8) is defined.
We shall assume known and use freely the calculation rules valid in De Morgan
algebras. We now indicate some calculation rules involving the operator V.

L9) z < V.
r=xA1=(byL6)) =axA(~2VVz)=(xA~zx)V(xAVr)=
(by L7)) = (~2xAVz)V (x AVz)=(~2zVz)AVe < V.
L10) V1 = 1.
Immediate from L9).
L11) V0 = 0.
0=0A1=0A~0=(byL7)) =~ 0A V0 =1AYV0= V0.
L12) If z <y then Va < Vy.
We know that 2 <y <= 2 =xAy,so Ve =V(xAy) = (by L8)) =
Va A Vy and this is equivalent to Vo < Vy.
L13) xVV ~a = 1.
tVV ~a=(byL4)) =~ (~z)VV ~zx=(byL6)) =1.
L14) V~V ~z <uz.

From L13) it follows that ~ (z V V ~ z) =~ 1, this is
~ 2N~V ~x=0. Then V(~ 2A ~ V ~ z) = V0O = (by L11)) = 0,
and using L8) we obtain (1) V~2x AV ~V ~x =0.

Finally x = 2 v0 = (by (1)) = 2V (V ~ 2 AV ~ V ~ z) =
(xVV ~z2)AN(zVV ~V ~z)=(byL13)=1A(zVV ~V ~zx)=
V'V ~V ~z from which L14) follows.

LI5) VA~V ~V~z=V~u.

From L14), ~ 2 <~V ~ V ~ z, so by L12) we get:

(1) V~x <V ~V~V -~z Onthe other hand, replacing in L14)
x by V ~ x we get:

(2) V~V ~V~z<V~z From (1) and (2), L15) follows.

L16) V ~ Vz is the boolean complement of Vz.

If in L13) we replace = by Vz, we get (1) VoV V ~ Vz = 1. From
L6) it follows that ~ (~ x V V) =~ 1 = 0, this is zA ~ Vz = 0 and
therefore (2) 0 = V0 = V(zA ~ Vz) = (by L8) = Vz AV ~ Vz. From
(1) and (2), L16) obtains.

L17) ~ Vz is the boolean complement of V.

From x < Vz, replacing x by ~ Vz we get ~ Vo < V ~ Vu,
so VaA ~ Vo < Vx AV ~ Vo = (by L16) = 0, and therefore (1)
VaA ~Vx=0,s0~ (VA ~ V)=~ 0=1,thisis (2) VeV ~ Vz = 1.
From (1) and (2), L17) obtains.

L18) V ~ Vz =~ Vz.

This is an immediate consequence of L16) and L17), since in a dis-
tributive lattice if an element has a boolean complement, it is a unique
one.

L19) V~V ~x =~V ~u.
Follows from L18) replacing = by ~ x.
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L20) VVz = Vz.
From L18) it follows that ~ V ~ Vo =~~ Vz = Vz, and then (1)
V ~V ~ Vz = VVz. If we replace x by ~ z in L15) we obtain (2)
V ~V ~ Vz=Vz. From (1) and (2), L20) follows.

An element z € L of a Lukasiewicz algebra L is called a constant or invariant
if Vo = x. We shall represent by B(L) or just B the set of all the invariant
elements of L. By L20) it follows that Vo € B(L) for all x € L, so in particular
B0) 0,1 € B(L). The set B(L) has also the following properties:

B1) If z,y € B(L) then x Ay € B(L).
Indeed, by hypothesis Vo = z,Vy = y so V(z Ay) = (byL8)) =
Ve AVy=xAy.
B2) If x € B(L) then ~ z € B(L).
From L18) we know that V ~ Vi =~ Vz, so if V& = z, we have
that V ~ z =~ .
B3) If z,y € B(L) then 2 Vy € B(L).
Follows immediately from B1), B2) and axiom L5).

Lemma 1.1.2. (Gr. [25))If L is an Lukasiewicz algebra and x € L then x is
mwvariant if and only if x is a boolean element.

PROOF. It is clear that 0 and 1 are boolean elements of L.

Let x be a boolean of L and denote with —x its boolean complement, so
xAN—x =0and 2V —z = 1. By L8) we have (1) Vo AV —z = 0 and by L9)
l=2V—2 <VzVV—-zso (2) VeVV —z = 1. Therefore Vz is a boolean element
with complement V —z. On the other hand, (3) Vo = Vaz Al =VzA(zV—1z) =
(Ve Az)V (Ve A—z) =2V (Ve A—z). From —z <V — z it follows, using (1)
that —x AV <V — a2 A Vo = 0 and therefore (4) —z A Vo = 0. From (3) and
(4) it follows that Vo = .

Assume now that x € B(L), so Vo = x. By L17) we know that Vz is a
boolean element with complement ~ Vz, so since ~ Vo =~ x we can derive
~xzAx =0and ~ xVax =1, then x is a boolean element with complement
~ . U

We have proven that B(L) is a boolean algebra.
L21) V(z Vy) =VzV Vy.
From x < z Vy it follows by L12) that (1) Vo < V(z V y) and from
y <z Vy it follows by L12) that (2) Vy < V(z V y). From (1) and (2)
we have:

(3) VzVvVy<V(zVy).

By L9) we know that x < Vz and y < Vy, thus z Vy < Vz V Vy and so
using L12) we have V(z Vy) < V(Vz V Vy), and since Vz,Vy € B(L)
it follows by B3) that VvV Vy € B(L), this is V(Vz V Vy) = Vz V Vy,
so (4) V(z Vy) < VzV Vy. From (3) and (4), L21) follows.
L22) ~V~zV (Ve AV ~z)V~ V=1
~V~zV (Ve AV ~ )V~ Ve =
(~V~aV~Vr)V (Ve AV ~2x) =
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(~V e~V ~VeVVE)A(~V ~ a2V ~ Ve VYV ~x) = (by L17)) =
1AT=1.
L23) V(z A Vy) =Vz A Vy.
V(zx AVy) = (by L8)) = Vo A VVy = (by L20)) = Va A Vy.

We define a new unary operator on L as follows:
A(L‘ =~ v ~

and we call it dual operator of V or necessity operator. This terminology is
justified by the following calculation rules:
L6') ~aANAx=0.
~TANAxr =~ A~V ~x =~ (zVV ~zx)=(by L6)) =~ 1=0.
L7) 2V ~x =~ 2V Ax.
~rVAr =~V ~Ve~r=~ @AV ~z)=(byL7)) =
~ (zA ~x) = (by L5) and L4)) =~z V z.
L8) A(zVy)=AxV Ay, Az ANy) = Az A Ay.
Az Vy) =~V ~ (zVy) = (by L5)) =~ V(~ zA ~y) = (by L8)) =
~ (Ve AV ~y)=~ Ve~V ~Ve~y=AzVAy.
By applying the negation, L5) and L21), the other equality holds.
L9) Az < z.
By L9) we know that ~x <V ~ 1z, 50 Ax =~V ~ 1 <~~ 1z = 1.

We can also prove promptly:

L24) VAz = Az and AVz = V.
Follows from L18).

Clearly every boolean algebra is a Lukasiewicz algebra in which for all x,
Ver=xzand ~x = —ux.

Given a property P valid in all Lukasiewicz algebra, we call dual of P the
property P’ obtained by interchanging the elements 0 and 1 and the operations
V,V,A by A A,V respectively. We know that the duals of each of the axioms L1)
to L8) used to define Lukasiewicz algebra are also valid in these algebras, so we
can state the following result:

“If a property P is valid in a Lukasiewicz algebra then the dual property P’ is
also valid”.

Since the V operator has the properties of a closure operator (because of L9),
L12) and L20)) it is natural to define the following operators:

Ext v =~ Vux, Int v = Ax,
0r =Ve AV ~z=V(xA~x)),

called exterior interior and frontier respectively. The calculation rule L22) can
now be written as:

L22) Intx Vv OxrV Ext v = 1.

This formula was called by Moisil the principle of the excluded fourth. Notice
that:
e IntxNOx=Ax AV AV ~zx=VeA~V ~zAV ~z=(byLl7)) =
VA0 =0.
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o Intx NExtx=AzA~Vr=AxzANA~z=(byL8))=AxA~z)=
~V~(xAN~zx)=~V(~vzVae)=~(V~zVVzr)=
~ (V(~zVVz)) = (by L6)) =~ V1 = (by L10)) =~ 1 =0.

e Jx N Ext x =Vx AV ~zA\ ~ V= (by L17)) = 0.

Lemma 1.1.3. If (1) xA ~x =0 then a) 0x =0, b) Ve ==z, ¢) Int x =z
and d) Ext x =~ x.

PROOF. a) 0z = V(zA ~ ) = V0 = 0.

From (1) it follows that (2) 2V ~z =1,80 Ve = Ve Al =Vz A (zV ~ 1) =
(Ve Azx)V (VA ~ x) = (by L9) and L7)) = 2 V (xA ~ z) = x, and therefore
Ext x =~ Vz =~ z. We already saw that (3) 0 = 0z = Vx AV ~ z, then
V~rx=V~aAl=(by(2)=V~azA(zV~z)=(V~azAz)V(V ~ 2\~ 1) =
(by (3) and L9)) =0V ~x =~ x,50 Int t = Ax =~V ~z =~~ 1 = 2. O

1.2. Centered Lukasiewicz algebras

An element ¢ of a Lukasiewicz algebra L is called a center of L, if ~ ¢ = ¢
(Moisil, [25]). This notion coincides with the corresponding one for order 3 Post
algebras. For more on this see G. Epstein, The lattice theory of Post algebras,
Trans. Amer. Math. Soc., 95 (1960), 300-317, and T. Traczyk, Azioms and some
properties of Post algebras, Colloq. Math., 10 (1963), 193-209.

In case a Lukasiewicz algebra has a center, it will be called a centered Lukasiewicz
algebra, or a Lukasiewicz algebra with center.

Lemma 1.2.1. For an element ¢ in a Lukasiewicz algebra L to be a center of
L, it is necessary and sufficient that Ac =0 and Ve =1.

PROOF. Assume that ~ ¢ = ¢. Then by axiom L6) and property L9) we get
l=~cVVec=cVVe= Ve
By L6’) and L9") we have
0=~cANAc=cANAc=Ac=0.
Assume now Ac = 0 and Ve = 1. By L7 we get cA ~ ¢ =~ ¢ A Ve =

~cANl=~c¢so~c<c ByL?7), cV~c=~cVAc=~c V0=~ c, thisis
c <~ c. 0

Lemma 1.2.2. If a Lukasiewicz algebra L has a center, it is unique.

PROOF. Assume that ¢; and ¢y are centers of L this is Ve = Ve, = 1 and
Acy = Acy = 0. Then V(c; Acg) = Vey AVey =1 A1 =1and Ale; A cg) =
Acy N Acy =0 A0 =0. Consequently ¢ = ¢ A ¢y is a center of L so, by Lemma
1.2.1 ¢ =~ c thisis ¢; A cg =~ (c1 A ca) =~ 1V ~ ¢y = ¢1 V o and therefore
C1 = Co. O

Note that to prove the preceding lemma, G. Moisil used Lemma 1.2.1 and the
determination principle which we present next. Further on, (Lemma 1.4.4) we
will indicate a different proof for Lemma 1.2.2.

Let us see some examples of centered Lukasiewicz algebras.
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Example 1.2.3. Let T = {0,¢,1} be a partially ordered set (from now on,
poset) with 0 < ¢ < 1, so since T is a finite chain, T is a bounded distributive
lattice. The operations ~,V, A are defined by the following tables:

! |z|~a|Vz]|Az]

c 0] 1 0 0
c| ¢ 1 0

0 11 0 1 1

Example 1.2.4. Consider the distributive lattice L with Hasse diagram in-
dicated below in which the operations ~,V,A are given by the following table:

o lz[~a[Ve][Az]

/ 0] 1 0 0

al g d | 0

/Oi/og AEBER
q o ¢ cl| c 1 0
\/\ d| e d | d
5 a b el d e e
\ fl b 1 d

gl a 1 e

o0 11 0 1 1

Lemma 1.2.5. If L is a Lukasiewicz algebra with center ¢ and b € B(L) then:
c ANb=0 1if and only if b=0.

PROOF. The condition is
boolean:

obviously sufficient. If ¢ A b = 0 then, since b is

b=1Ab=VecAVb=V(c ANb)=0.

1.3. Axled Lukasiewicz algebras

An element e of a Lukasiewicz algebra L is called an axis of L (]

El) Ae =0,

E2) Vo < Az Vv Ve, for all x € L.

In case a Lukasiewicz algebra has an axis, it will be called an axled Lukasiewicz
algebra, or a Lukasiewicz algebra with axis.

Note that condition E2) is equivalent to any of the two following ones ([62]):

E3) Vo =Vaz A (Ax Vv Ve),
E4) Vz vV Ve = Az V Ve.

|, p.88) if:

Example 1.3.1. Consider the distributive lattice A with Hasse diagram indi-
cated below and in which the operators ~,V, A are defined by the following table:
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o1 Hx\wx\Vx\Ax\Ax\/VeH
/\ 0] 1 0 0 d
a b O d al| d a a 1
/\/ b (& 1 a 1
d a o ¢ d| a d | d d
\/ el b d 0 d
g0 11 0 1 1 1

Example 1.3.2. Consider the distributive lattice with Hasse diagram indicated
below with the operators ~,V, A defined by the following table:

o 1

_ /\ H:U\Nsc\Vx\Ax\Ax\/VeH
v q . 0] 1 ]0]0 h
o j : .
al j a | a 7
bl @ | b | b J
o h cl| h c c 1
d| g 7 a 1
dq Ly el T h o h
/ fl e 1 c 1
gl d | j b J
;O'e K c | h | k| h
. & il b | i | g i
L jla [ J
110 |11 1

O

jen}

1.4. Moisil’s determination principle

We indicate now the proof of the so called Moisil’s determination principle:

If L is a Lukasiewicz algebra and a,b € L are such that
Va = Vb and Aa = Ab then a = b.

Note that in the initial definitions of Lukasiewicz algebra given by Moisil,
this principle was taken as an axiom. Later Moisil [26] defined the Lukasiewicz
algebras using equalities, from which he proved this principle.

Let L be a Lukasiewicz algebra, p,u € B(L) such that p < u, and

L'=[pul={zxel:p<z<u}
Given x € L define:
~r=pV(uA~ ).
Observe that p < pV(uA ~ z) =~ x. On the other hand, ~ = = pV(uA ~ x) =

(pVu)A(pV ~ x) =uA(pV ~x) <wu. Thenxx € L' forallz € L. If v € L' then
p <z <wu and since p,u € B(L) we have by L9) that p = Vp < Vo < Vu = u.
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Therefore if x € L' then ~ x,Vax € L'. Thus we have two unary operations
defined on L.

Theorem 1.4.1. The system (L', u,~,V,A,V) is a Lukasiewicz algebra.

PROOF. It is well known that (L', p,u, A, V) is a distributive lattice with top
element u and bottom element p.
Since p,u € B(L), then pA ~p=0,pV ~p =1L, uN ~u=0,uV ~u=1.
L4) Let € L' then &~ x =pV (uA ~ (= x)) =
pV A~ (pV(un~x))=pV@uA~pA(~uV))=
(pVu)AN(pV~p)A(pV~uVz)=uAlA(~uVz)=
uN(~uvVe)=wuA~u)V(uAz)=0V (uAz)=ulz=uz.

L5) Let z,y € L', sox ANy € L' and = (z ANy) =pV (uA ~ (x ANy)) =
pV(uA(~aV~y))=pV(uA~z)V([uA~y) =
pV (uA ~z)VpV (uA ~y) =RV ~ Y.

L6) If z € L’ then Vo < w and therefore = x V Vr = pV (uA ~ z) V Vz =
pV((uVvVz)AN(~zVVz)=pV(uAl)=pVu=u.

L7) Ifx € L' then = xAVz = (pV(uA ~ z))AVz = (pAVx)V(uN ~ zAVx) =
pV @uN~azAVz)=pV(uN~zAzx)=(pV @uN~z)ApVe) =
~rTAx.

L8) Let z,y € L', sox Ay € L' and V(x Ay) = Va A Vy.

Note that in L’ the necessity operator is defined by ~ V ~ z, with = € L'
Using the fact that p,u € B(L),p < w and that p < Az < u, then if x € L' we
have:

~Vrxr=~V(pV@uA~z)=~(VpV (VuAV ~zx))=
~(pVUAV~z)=pV(UuA~(pV(uAV ~1)))=
pVuA(~pA(~uV ~ Vo)) =(pVu) APV ~p)ApV ~uVAr)) =
uNIA(pV ~uVAz)=uA(pV~uVAz) =
(uAD)V (uAN~u)V (uNAz) =pV OV Az = Az
O

We prove now Moisil’s determination principle. Assume that a,b € L verify
Va = Vb and Aa = Ab. Since p = Aa < Va = u we can consider the interval
L' = [Aa,Va] = [Ab,Vb]. Since Aa,Va € B(L) then by the previous theorem
(L',u=Va,~,V,A,V) is a Lukasiewicz algebra, in which if z € L', then ~ x =
Aa V (VaN ~ z). We shall prove that the element a in L', is a center of L',
this is, that ~ a = a. Indeed = a = Aa V (VaA ~ a) = AaV (aN ~ a) =
(AaVa)A(AaV ~a) =aA (aV ~a) = a.

In analogous way one can prove that b is a center of L', then by Lemma 1.2.2,
a="b.

Immediately after proving this, Professor A. Monteiro posed his students the
problem of finding a proof of Moisil’s determination principle starting from the
axioms for three-valued Lukasiewicz algebras. This was solved in 1965 by L. Mon-
teiro and published in 1969 in [58]. Since that publication has several typos, we
reproduce the proof here.
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Note that in every Lukasiewicz algebra L it holds that:
(1) z=(AxV ~zx)A\Vz=(VzA~2z)V Az
Indeed, using L7") and L7):
(AzV ~ ) AV = (2V ~2) AVe = (xAVz)V(~2AVr) =2V (zA ~1z) = .
r=(AxV ~x)ANVr=(AxAVz)V(~2xAVz)=AzV (~zAV).
Assume now that a,b € L verify (2) Va = Vb and (3) Aa = Ab, then:
aVb=(by (1) =(AlaVb)V ~(a Vb)AV(aVb) =

(Aa Vv Ab) V (~aN ~ b)) A (VaV Vb) = (by (2) and (3)) =
(AaV (~aN ~ b)) AVa=(AaV ~ a) A (AaV ~b) ANVa =
((AaV ~a) AVa) A ((AaV ~ b) AVa) = (by (2) and (3)) =
((AaV ~a) AVa) A ((AbV ~b) A Vb) = (by (1)) =a Ab.

Then a Vb = a A b and therefore a = aA(aVb) =aA(aANb) =aNb=
bA(aNb)=bA(aVb)=nh.

As a corollary to Moisil’s determination principle we have:
Corollary 1.4.2. x <y if and only if Ax < Ay and Vx < Vy.

Lemma 1.4.3. Every Lukasiewicz algebra L is a Kleene algebra, this is,
(K) A~z <yV~y, forall z,ye L.

PROOF. We want to prove that (1) A ~ z = (zA ~ z) A (yV ~ y). Using
L6), L9) and L21) respectively we have
l=~yVVy<Ve~yvVy=V(~vyVy)
and therefore (2) V(~ y Vy) = 1. Using the duality principle we also get (3)
A(~z ANz)=0. Now applying L8) and (2) we get:
(4) V((zA ~z) A(yV ~y)) = V(@A ~2) AV(YV ~y) =
V(A ~z)AN1=V(zA ~ ).
From L&) and (3) we deduce:
(5) Al@A ~z) A(yV ~ y)) = AleA ~ ) NA(YY ~y) =
ONA(yY ~y) =0=A(zA ~ z).

From (4) and (5), using Moisil’s determination principle it follows that (1) is
verified. O

A proof of the previous result, not using Moisil’s determination principle was
indicated by L. Monteiro:

Let p = (#A ~ x) A (yV ~ y), so (1) p <~ x Ax. We just saw that in
every Lukasiewicz algebra a = (AaV ~ a) A Va holds for every a € L, then
p=(ApV ~ p) A Vp.

Since by the proof of Lemma 1.4.3, Ap =0 and Vp = Vo AV ~ x, then:

2)p=~pAVp=((~zVz)V(~yAy) AV AV ~z =
(2 AVZAV ~2)V (e AVEAV ~2)V (~yAyAVe AV ~ ) =
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(v~ AVZ)V (@ AV ~2)V(~yAyAVe AV ~x) =
(v~zAz)V(@A~z)V(~yAyAVe AV ~ o) =
(v~xAZ)V(~yAyAVE AV ~z) >~ x A,
From (1) and (2) it follows that 2A ~x =p = (xA ~ x) A (yV ~ y).

Lemma 1.4.4. If A is a Kleene algebra and there exists an element w € A
such that ~ w = w, then it is the unique one with this property.

PROOF. If z =~ z then by condition (K) we have
z=z2A~z<wV~w=w and w=wA~w < zV~z=2.

O

Lemma 1.4.5. If L s a Lukasiewicz algebra with axis e, then for all x € L,
a) r=AzxV (eANVz AV ~z). (G. Moisil, [27])
b) z = (AzVe) ANVz = (Vx Ae)V Az. (L. Monteiro, [61])
c) = (AzV ~e) AVz = (VoA ~e) V Az. (L. Monteiro, [61])

PROOF. a) Let a = Az V (e AVz AV ~ z) then
(D)Aa=AzV (Ae ANV AV ~x)=AxV (0AVz AV ~ z) = Az,
and

Va=AzV (Ve AV AV ~z)=(AzxzVVe) AN(AzV V)N (AzVV ~ 1) =

(AzVVe) AVx Al = (AxV Ve) A Vz.

By condition E3) we know that Vo = (AxVVe)AVz, so (2) Va = V.
From (1) and (2), by Moisil’s determination principle, it follows property
a).

b) From a) it follows that x = (Az Ve) A (Az VVz) A (Az V'V ~ ) =

(AzVe)AVzAl = (AzVe)AVz = (AxAVz)V(eAVz) = AzV(eAVz).

c) Byb)~z=(A~aVe)AV~axsox=~~z= (VA ~e)VAzr =
(Vo VAz) AN (AzV ~e) =Va A (AzV ~e).

U

Lemma 1.4.6. If L is a Lukasiewicz algebra such that there exists an element
e € L verifying:

El) Ae =0,
E2) x = (AxVe) AV, forallz € L
then e is an axis of L (L. Monteiro, [61]).

PROOF. By hypothesis E1) holds , and from E2') it follows that Vz =
(Az V Ve) A Vz this is, E3) holds, which is equivalent to E2). Then e is an
axis of L. O

Lemma 1.4.7. If ¢ is a center of a Lukasiewicz algebra L, then c is an axis

of L.

PRrROOF. By hypothesis Ac = 0 and Ve = 1 so Vo < 1 = Az V Ve. This
proves that ¢ verifies conditions E1) and E2), so ¢ is an axis of L. U
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Lemma 1.4.8. If ¢ is a center of a Lukasiewicz algebra L then:
x=(AzVec)ANVa= (Ve Ac)V Az, for all z € L.
PRrROOF. Follows from Lemma 1.4.7 and Lemma 1.4.5, b). O
It is clear to see that every boolean algebra is a Lukasiewicz algebra with the
bottom element 0 as its axis.

Lemma 1.4.9. Let L be a Lukasiewicz algebra that is not a boolean algebra.
If e is an azis of L then, e # 0 and e # 1.

PrOOF. If e = 1 then 0 = Ae = 1 and L is a boolean algebra with a single
element. If e = 0 then by E2): Va < Az V Ve = Az V0 = Az, this is Vo = Az
for all x € L and therefore Vo = x for all x+ € L, so L would be a boolean
algebra. 0

Lemma 1.4.10. Ax =0 if and only if © <~ x.

PRrROOF. If Az = 0, then since z = (AzV ~ z) A Vz, we have that
r=~x AVr <~ zx.
If v <~ axthen Ax =Ax Nx < AxAN~zxz=0. O

1.5. Implications

In these algebras, several implication operations may be defined. Among them
we have:

(1.5.1) a—+b=V~aVvb,
(1.5.2) a—b=(a—b)A(~b—~a),
(1.5.3) a=b=A~aVAbV(V~aAVbV(AaAbA ~b).

These operations are called weak implication, contraposed implication or Lukasiewicz
implication, and intuitionistic implication [28, 29, 31].

Lemma 1.5.1. a — b=~ a VbV (V ~aAVb).

PROOF. a — b= (V ~aVb) A (VD ~a)=
(V~aAVh)V(V~aN~a)V(DAVD)V (DA ~a) =

(V~aAVO)V ~aVbV (A ~a)=(V~aAVbV ~aVb=
~aVbV(V~aAVb). O

Lemma 1.5.2. a=b=A~aVbV (V ~aAVb). (A. Monteiro [44])

PRrROOF. From (1.5.3) it follows that:

(i) Ala=b)=A~aVAbV(V~aAVb)V(AaANADNA ~D) =
A~aVADV (V~aAVD)=AA~aVbV (V ~aAVD)).

From (1.5.3) we obtain

(ii) Vie=b) =A~aVAbV(V~aAVb)V(AaANVOAV ~b) =
A~ aV[(AbV Aa) A (AbV VD) A (ADV Y ~b)]V (V ~aAVb) =
A~aV[(AbV Aa) AV V (V ~aAVb) =
Ar~aV(AbAVD)V (AaAVD)V (V ~aAVDb) =

Ar~aVAbV (AaAVD)V (V ~aAVDb) =
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A~aVADV (VBA(AaVYV ~a))=A~aVADVVb=A~aV Vb=
A~aVVbV(V~aANV)=V(A~aVbV(V~aAVb)).
Then, by Moisil’s determination principle, from (i) and (ii) the lemma follows.

O

Note that a =b=A~aVvVbV (V ~aAVb) =
(A~aVbVV ~a)N(A~aVbVVbh)=(V~aVbAA~aVVbh) =
(a —b) A (Va — VD).

From (1.5.1), Lemma 1.5.2, and Lemma 1.5.1 it follows that:
(1.5.4) a=>b<a—b<a—b.

If b = 0 then from (1.5.1) to (1.5.3) we have that « = 0 = A ~ a =~ Va,
a—0=~aand a— 0=V ~a. Then by (1.5.4) we have that:

(1.5.5) ~Va<~a<V ~a.

Thus we are led to consider the following operations:

(1.5.6) —a = a = 0 =~ Va, (Strong negation),
(1.5.7) ~ a = a— 0, (Negation),
(1.5.8) —a=a— 0=V ~ a,(Weak negation).

This terminology is due to Moisil. We can interpret the elements of a Luka-
siewicz algebra as a set of propositions, the symbols A, V and ~ representing the
logical connectives and, or, and not, respectively, and V and A representing it is
possible and it is necessary respectively. Moisil indicated the following example
to justify his terminology. Assume that “a” represents the proposition “I write”
then we have:

e ~ a = [ do not write,
e —a =~ Va = It is not possible that I write = It is impossible that I write,
o —a =V ~a = It is possible that I don’t write.

then by (1.5.5) we have:
(1.5.9) —a <~a < ra.

therefore — is the strongest negation, — the weakest negation, and ~ an interme-
diate negation between the two preceding ones.
Note that from the following inequality:

(1.5.10) Aa < a < Va,
it follows that
(1.5.11) —qg=~Va<~a<~Aa=V~a=ra.

Inequality (1.5.10) tells us that Aa is stronger proposition than a and that a is
a stronger proposition than Va, which agrees with the intuitive interpretation. By
(1.5.11) we see that the negation of the stronger proposition becomes the weaker
one and the negation of the weaker proposition becomes the stronger one.
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The tables for —,— and = for the Lukasiewicz algebra 7' indicated in Ex-
ample 1.2.3 are:

[=]0]c[t][—=]0][c[t][=]0]c[1]
01|11 Oj1(1|1 Oj1(1]1
cl|1 1 clc 1 c|0 1
1/0|c|1 110|c|1 110|c|1

Lukasiewicz studied a propositional calculus having as characteristic matrix
the system (7, ~, —).

Lemma 1.5.3. (a = b) V (~ b=~ a) =a — b. (Moisil)

PRroOF. Using Lemma 1.5.2 we have:

(a=b)V(~b=>~a)=
A~avVbV(V~aAVD) VAW ~aV (VODAV ~a)=~aVbV(V~aAVb) =
(by Lemma 1.5.1)= a — b.

O

Lemma 1.5.4. (a — b) — b=a Vb.

PROOF. (a—b) — b=~ (a—b) VbV (V ~ (a—b) AVD).

Since ~ (a —b) Vb= (aA~bA(AaVA~Db)VDb=

(aN ~bANAa)V (aAN~bANA~D) VD= (~bANAa)V(aANA~Db)VD and
Vo~ (a— ) AVE=VaAY ~bA(AaV A ~b) AVD=

(VaAV ~bANAaAVD)V (VaAV ~bAA~bAVD) =V ~bAAaAVb,
then:

(@—b)—b=(~bANAa)V(aNA~D)VbV(V ~bAAaAVD) =
(AaN(~bV(V~bAVD))V (aANA~Db) VD=
(AaN(~bVV ~b)A(~bV VD))V (aANA~D) VD=

(Aa AV ~b)V(aNA~D) Vb=

(AaVbO)AN(V~bVD)V(aANA~D) =AaVbV(aNA~D). So:

(1) A((a—b) —b)=AaVAbV (AaNA ~b) =AaV Ab= A(aVb) and
(2) V((a—b) —b) =AaV VbV (VaANA~D) =

(AaV VbV Va)A(AaVv VbV A ~b)=(VbVVa)A(AaV VbV ~ Vb) =
(VavVb) N1 =VaVVb=V(aVb).

From (1) and (2) using Moisil’s determination principle it follows that
(a—b)—b=aVb. O

Corollary 1.5.5. (a —b) — b= (b— a) — a.
Lemma 1.5.6. ¢« > b=a— (a — b).
PrRoOOF. By Lemma 1.5.1
a— (a—b)=~aV(a—bV(V~aAV(a— b)),
and using again Lemma 1.5.1,
a— (a—b)=
~aV~aVbV(V~aANVO)V(V~aAN(V~aV VbV (V~aAVD))) =
~aVbV(V~aAVb)VV ~a=~aVbVV~a=V~aVb=a—b.
U
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This result allows us to go from the contraposed implication to the weak
implication.

We shall present some properties of the weak and contraposed implications
that we will use later.

Lemma 1.5.7. The operation — has the following properties:
ID1) If a <b thena —b=1,

ID2) a - 1=1,

ID3) a »a=1,

ID4)1—>a—a

ID5) a = (b —a) =1,
ID6)]fa<bthenc—>a<c—>b
ID7)[fa<bthenb—>c<a—>c
ID8) a = (aAb) =a—b,

ID9) a = (bAc)=(a—b)A(a—c),
ID10) (aANbD) > c=a— (b— ¢),
IDI1) a = (b—=¢)=b— (a— ¢),
ID12) (aVb) = c=(a—c)A(b—c),
ID13) a — Aa = 1,

ID14) a (a—)b)—a/\(wa\/b),
ID15) (a = (b—¢)) = ((a = b) = (a — ¢)) =1,

ID16) a — (bVe) = (a—b)V (a — c).

PROOF. ID1) If a <bthen by L13), 1=V ~aVa<V~aVb=a—b.
ID2) Follows from a < 1 and ID1).
ID3) Follows immediately from a < a and ID1).
ID4)1—-a=V~1Va=0Va=na.
ID5) Since a <V ~ bV a =b— a, then by ID1), ID5) obtains.
ID6) f a<bthenc—a=V~cVa<V~cVb=c—b.
ID7) If a < b then ~ b <~ a and therefore V.~ bV ¢ < V ~ aV ¢, this is
b—c<a—ec
ID8) a = (aANb)=V ~aV(aAb)=(V~aVa)AN(V~aVb)=1A(a—
b) =a—b.
ID9) a — (bAc) =V ~aV(bAc)=(V~aVbh ANV ~aVe)=(a—
b) A (a — ¢).
ID10) (aAb) »c=V ~(aANb)Vc=V ~aVV ~bVec=Vr~aV(b—c) =
— (b= c).
ID11) a — (b — ¢) = (by ID10)= (a Ab) — ¢ = (bAa) — ¢ = (by ID10)=
b— (a—c).
ID12) (aVb) 2 c=V ~ (aVb)Ve=(V~aANV ~b)Vc=(V~aVc)AN(V ~
bVe)=(a—c)N(b—c).
ID13) a - Aa=V ~aV Aa=~ AaV Aa = 1.
ID14) aA(a — b) =aN(V ~aVb) = (aAV ~a)V(aAb) = (aA ~ a)V(aAb) =
al(~aVb).
ID15) (a = (b—¢)) = ((a > b) = (a = ¢)) =
V~(a—=b—c¢)V((a—=b) —(a—c)=
V~(Vr~aV(b—=0)V(V~(a—b)Vie—c)=
(Aa AV ~ (V~bVe)V(AaAV ~b)VV ~a Ve=
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(AaNADAYV ~ )V (AaAV ~b)VV ~a Ve=
(AaN((ABAV ~c)VV ~b)VV ~a Ve=
(Aa A ((ADVV ~D)AN(V~eVV ~b)VY ~a Ve=
(AaAN(V~eVV ~b)VV ~va Ve =
(AavVV~aV)AN(V~eVV ~bVV ~aVe)=1A1=1
ID16) a = (bVe) =V ~aVbVe=V ~aVbVV ~aVec=(a—b)V(a— c).
0

Lemma 1.5.8. The operation — has the following properties:
IC1) Ifa <b thena—b=1,

1C2) a —1=1,
IC3) a—a=1,
IC4) 1 — a=a,
IC5 (b>—>a) 1,

IC6 ]fa<bthenc>—>a<c>—>b
ICT) If a <bthenb— c<a— c,

IC8) a — (aAb) =a —b,
IC10) (a—b) — ((b—c¢)— (a—c)) =1,
IC11) A(a — b) — (Va — Vb) =1,
IC12) Ifa— b=1 then a < b,

IC13) a=10bif and only ifa — b=1 and b — a =1,
IC14) a — c < (aVb)— (cVD),

~a— a=Va,

IC16) ~a—~b=0br— a.

)
)
)
) a
)
e
IC9) a— (bAc) = (a>—>b)/\(a>—>c),
)
)
)
)
)
)

Proor.  IC1) If (1) a < b then (2) ~ b <~ a. From (1) it follows by ID1)
that @ — b = 1 and from (2) it follows by ID1) that ~ b —~ a = 1.
Then:

a—b=(a—=>bAN(~b—>~a)=1AN1=1

IC2) Is an immediate consequence of a <1 and IC1).

IC3) Is an immediate consequence of a < a and IC1).
J1—a=(1—a)A(~a—~1)=(byID4) =aA(VaVv0)=aAVa=a.
Jbr—a=(V~bVa)A(VaVv ~b) > aAVa = a, then by IC1, IC5

follows.

IC6) If (1) a < b then (2) ~ b <~ a. From (1) it follows by ID6 that (3) ¢ —

a < ¢ — b and from (2) it follows by ID7 that (4) ~a -~ ¢ <~ b —~c.
From (3) and (4):

(c—=a)AN(~a—~c)<(c—=b)A(~b—~c)

thisiscr—a <c»—b.

ICT) If (1) a < b then (2) ~ b <~ a. From (1) it follows by ID7) that (3) b —
¢ < a — c and from (2) it follows by ID6 that (4) ~ ¢ -~ b <~ ¢ —~ a.
From (3) and (4):

(b—=c)N(~c—~b)<(a—c)N\(~c—~a)

thisisb —c<a — c.
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IC8) a— (aAb)=(a— (aNb))A(~ (aANb) =~ a) = (by ID8))=

(@ —=b)A((~aV ~b) =~ a)=(by ID12))=
(a—=>b)AN(~a—>~a)A(~b—~a)= (by ID3)) =
(a—=b)ANIAN(~b—~a)=(a—b)A(~b—~a)=a—b.

IC9) a— (bAc)=(a—= (bDAc)AN(~(bAc)—~a)=
(V~aVv(One) AN((VDAVeE)V ~a) =
(V~aVO)A(V~aVve) AN(VBY ~a) A (Ve ~ a)
(V~aVvbh) A (VY ~a)AN(V~aVe) A (Ve ~a)
(a—Db) A (a— c).

IC10) Since z — y =~z VyV (V ~ 2 A Vy) then:

(1) Vier—y)=V~zVVyV((V~zAVy =V~azVVy,

and
(2) Alx—y)=A~zVAyV(V~zxAVy) =
(V~axVAY) A(A~xV Vy).
Since
~(xo—y)=2zA~yA(AzV A ~y),
then

B3) V~(z—y)=VeAV~yA(AzVA~y)=
(Ax AV ~y)V (Ve ANA ~y),
and
4) A~(@xz—y)=AzANA~yAN(AzVA~y)=AzANA~y.
Let a =a—band = (b— ¢) — (a— c¢), then by (1)
(5) VB=V~(b—c)VV(ar o).

So by (3) and (1)
VB=(VOAV ~cAN(AbV A ~¢))VV ~aVVe=

(V ~aVVeVVOA(V ~aVVevV ~ )A(V ~ aVVeVADVA ~ ¢) =
(V~aVVeVVb)ALANL=V ~aV VeV Vb

By (1) Va=V(a — b) =V ~ aV Vb, then

(6) Va<Vp.
By (2)
AB=(V~(b—c)VAa—c)AN(A~(b—c)VV(e—c))

Let vy =V ~ (b—¢)VA(a—c¢)=and d = A ~ (b — ¢)VV(a — ¢),
so that A =~y AJd. By (3) and (1),

Y=(AbAV ~c)V(VDANA~c)VA~aVAcV (V ~aAVe).
By (4) and (1),

d=A~(b—c)VV(a—c)=(AbANA~c)VV ~aV Ve=

(AbVV ~aVVe)AN(A~cVV ~aVVe)=V ~aVAbV Ve



1.5. IMPLICATIONS 17

By (2)
Aa=A(a—b)=(V~aVAD)ANA~aVVD)<V~aVAb<
V~aVAbVVe=09,

and also by Lemma 1.5.1
Aa=A~aVAbV (V~aAVb) =
A~aV(AbAN(V ~cVAc)V(V ~aAVb) =
A~aV(AbAV ~c)V(ADA Ac)V (V ~aAVb) <
A~aV(AbAV ~c)V (AbA Ac)V AcV (V ~aAVb) =
A~aV(AbAV ~c)VAcV(V~aAVb) =

A~aV(AbAV ~c)VAcV (V~aANVOAVe)V(V~aANVOANA ~¢) <
Ar~aV(ADAV ~c)VAcV (V~aAVe)V(VOANA ~c¢) =7,

SO
(7) Aa<yANd=Ap.
From (6) and (7) it follows by Moisil’s determination principle that
a A =« thisis a < 3, so by IC2) we have that a« — 3 = 1.
IC11) A(a—b)=A~aVAbV(V ~aAVb), so
(1) ~A(a—b) =VaAV ~bA(AaV A ~b). We also have
(2) Va—Vb=A~aVVbV(A~aAVb)=A~aV Vb
Therefore (3) V ~ A(a — b) =~ A(a — b) and
(4) V(Va — Vb) = Va — Vb. Then by (1), (2), (3) and (4) we
have:
A(a — b) — (Va — Vb) =
~ Ala—b)V (Va— Vb))V (V ~A(a — b) ANV(Va — Vb)) =
~ Ala—b)V (Var— Vb))V (~ A(a — b) A (Va — Vb)) =
~ Ala—b)V (Va— Vb) =
(VaAV ~bA(AaVA~D)V(A~aV V) =
(VaAV ~bANAa)V (VaAV ~bANA~D)VA~aV Vb=
(V~bANAa)V (VaANA~b)VA~aVVh=
(V~bAAa)V (VaAA~D)V ~ (VaNA ~b) =
(V~bANAa)V1=1

IC12) If @ — b =1, then by Lemma 1.54, aVb=(a—b) —b=1—b=
(by IC4)) = b, so a < b.

IC13) If @ = b then by IC3) we have that a — b=a— a=1and b — a =
b—b=1. Assume that e — b=1and b — a =1, so by IC12) a <)
and b < a, therefore a = b.

IC14) (aVb) — (c¢Vb) =~ (aVD)VecVbV(V~(aVb) AV(cVD)) =
~(aVvb)VevVbV(V~aAV ~bAV(cVb)) =
~(@Vvb)vVevVbV (V~aAV ~bAVe)V(V~aANV ~bAVD) =

~ (aVb)VeV((V ~ aAVe)VOA(DVV ~ b))V ((V ~ aAVb)VD))A(DVV ~ b)) =
~(@Vvb)VeV(V~aAVe)V(V~aAVD) Vb=
(~aN~b)V(V~aAVb)VeVbV (V~aAVe) =

((~aVvV ~a)A(~aVVb)A(~bVV ~ a)A(~bVVDb))VeVbV(V ~ aAVe) =
(V~aA(~aVVO)AN(~bVV ~a))VeVbV(V~aAVe)=
(V~aAN(~aVVD))VeVbV (V~aAVc)=
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~aV(V~aAVD)VeVbV (V~aAVe) >
~aVeV(V~aAVe)=a—ec.
IC15) ~a—a=aVaV (VaAVa)=aV Va=Va.
IC16) ~a —~b=(~a—~b)A(b—a)=0b— a.

Note that from the formulas:
aVb=(a—b)—b,
aANb=r~ (~aV ~D),
Va =~ a— a,
a—a=1,

it follows that in a Lukasiewicz algebra, from the operations — and ~, the
constant 1, and the operations V, A, and V can be determined, so it is possible
to define a Lukasiewicz algebra as a system formed by a non-empty set A, a
unary operation ~ and a binary operation »—, as long as these two connectives
fulfill certain conditions. At the moment this course was taught, this was an open
problem.

e In 1984 A. Figallo and J. Tolosa [19] characterized the Lukasiewicz al-
gebras as a system (L, 1, —, A, =), using Moisil’s representation Theorem
(see section 3.5).

e Also in 1984 M. Abad and A. Figallo [1], gave a different proof of the
same result.

e In 1992, A. Figallo and A. Ziliani charactered Lukasiewicz’s three val-
ued propositional calculus in terms of —, A, =, modus ponens and the
substitution law. This was published in 1992, [20].

These three problems were posed by Professor A. Monteiro during the courses
and seminars about Lukasiewicz algebras.

e In 1986 D. Diaz and A. Figallo [17] characterized Lukasiewicz algebras
as systems (L, 1,—, —).

1.6. Heyting algebras

Definition 1.6.1. A Heyting algebra is a lattice H with bottom element 0
and top element 1, in which for each pair (a,b) of elements in H there exists an
element ¢ € H such that:

HAL) aAe <D,
HA2) Ifanz <b then z < c.
See, for instance, [46] and [73].

We shall denote the element ¢ with ¢ = a = b and say that c is the intuitionistic
implication of a and b.
In 1963 Gr. Moisil [29] proved the following result:

Theorem 1.6.2. FEvery Lukasiewicz algebra is a Heyting algebra.
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PROOF. This proof is due to A. Monteiro. Moisil defines the intuitionistic
implication by
a=b=A~aVAbV(V~aAVb)V (AaAbA~D).
But we saw in Lemma 1.5.2 that
a=b=A~aVbV(V~aAVb).
HAl) a A (a=b) <b.
Indeed,
aN(a=b)=aAN(A~aVbV(V~aAVb)) =
(aNA~a)V(aAb)V(aAV ~aAVb)
and since a A A ~ a = 0 we have that
(1) an(a=b)=(aNb)V(aANV ~aAVDb).

By Moisil’s determination principle, to prove HA1) is equivalent to prove that
(2) V(a A (a=b)) <Vband (3) A(a A (a=10)) < Ab.
From (1) it follows that

ViaN(a=0)=V({(aAb)V(aANV ~aAVb)) =
(VaAVb)V (VaANV ~aAVb)=VaAVb<Vb.
Also from (1) we deduce
AlaN(a=0))=A(aNb)V(aANV ~aAVDb)) =
(Aa N AD)V (Aa ANV ~aAVb) =Aa AN Ab < Ab.
Let us prove now that:
HA2) If (4) a Az < bthen (5) z <a=b.
It follows from (4) that
(6) VaAnVz=V(aNz)<Vb,
and
(7) AaNAz=AaNnz) < Ab
and to prove (5) is equivalent, by Moisil’s determination principle, to prove that

(8) Va < V(a=b)

and
(9) Az < A(a = b).
But
Via=b)=V(A~aVbV(V~aAVb)) =
A~aVVbV(V~aAVD)=A~aV Vb
and

Ala=b)=AA~aVbV(V~aAVb)=A~aVALV (V ~aAVb)) =
(A~aVAbVV ~a)A(A~aVAbV VD) =
(V~aVAb) A (A ~aV VD).

Therefore conditions (8) and (9) can be written as
(10) Vo <A ~aV Vb,
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(11) Az < (V~aVAb)A(A~aVVb).
To prove this last condition is equivalent to proving
(12) Az <V ~aV Ab,

and

(13) Az <A ~aV Vb

We shall prove that (10), (12), and (13) are deduced from (6) and (7).
From (6) it follows that

~Va V (VaAVz) <~ VaV Vb
this is
~VaVVz=(~VaVVa)A(~VaVvVz)<~VaVVb=A~aV Vb

and therefore
(14) ~VavVz<A~aVVb.

Then, since
(15) Az <Vz<~VaVVz

from (14) and (15) it follows that
Az <A ~aVVband Vr <A ~ aV Vb which proves (13) and (10).
From (7) it follows that

~AaV (AaNAzx) <~ AaVAb=V ~aV Ab

then
Ar <~ AaV Ax <V ~aV Ab,

which proves (12). O

We saw in the previous section that the intuitionistic negation of an element
x of a Lukasiewicz algebra is

rx=rx=0=A~zx=~Vzx
and therefore
-z =~ V(-x) =~ V(~ Vz) = AVz = Vz.

Therefore the operator V can be obtained from the intuitionistic implication.
In every Lukasiewicz algebra V(z A y) = Va A Vy holds so

(1.6.1) —=(x Ay) =—-—x Ay

which is a valid formula in every Heyting algebra.
Since in every Lukasiewicz algebra V(z V y) = Va V Vy holds, then

(1.6.2) —=(zVy)=-xV-oy

but this formula is not valid in every Heyting algebra. Indeed:
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Example 1.6.3. Let H be the Heyting algebra H indicated in the next figure,
[46]. Then =—(aVb) =—-—-d=-0=1y-—aV-=b=-bV-c=cVb= f, which
proves that (1.6.2) does not hold in every Heyting algebra.

H o 1 :>H0abcdfg1
/ 0|1 11 11111
allb 1 b 1 1 1 1 1

/\/ bllc ¢ 1 ¢ 1 1 11
clfb g b 1 g 1 g I

\/\ d||0 ¢ b ¢ 1 1 1 1
fl0 a b c g 1 g 1

\/ g0 ¢c b c f f 1 1
110 a b ¢ d f g 1

Therefore Lukasiewicz algebras are particular Heyting algebras.
Definition 1.6.4. A Heyting algebra is said to be three valued if
T) ((a=¢c)=b)=({(b=a)=b)=0b)=1
holds.

Lemma 1.6.5. In a Heyting algebra the condition T) is equivalent to each of
the following conditions: (L. Monteiro, [55], [60])

T1) (ra=b)= ((b=a)=b)=0b) =1

T2) (b=a)=0b)= ((ra=0b)=0b) =1,

T3) b= (—a=b)A((b=a)=0),

T4) b= ((a=c¢)=b) A ((b=a)=Db).

The next result was obtained by L. Monteiro in 1963, and presented that same
year in the seminar conducted by A. Monteiro [37], but only published in 1970,

[59].

Theorem 1.6.6. Fvery Lukasiewicz algebra is a three valued Heyting algebra.

PROOF. Since ~a =b=A~a=b=VaVvbV (VaAVb)=VaVb
and

b=a)=b=(A~bVaV(V~bAVa)=0b=
A~ (A~bVaV(V~bAVa)VOV(V~(A~bVaV(V~bAVa))AVb) =
(VOAA ~aN(ADVA~a)) VOV (VDAY ~aA(ADV A ~a) AVD) =
(VOLAA ~a) VOV (VBAV ~a A (AbV A ~a)) =
(VOAA ~a) VbV (VOAV ~aANAb)V (VDAY ~aANA~a)=
(VOLAA ~a) VOV (ADAV ~a)V(VBAA ~a) =
(VOAA ~a)VbV (ADAV ~a) =
and since AbAV ~ a < Ab < b we have that
(b=a)=b=(VbANA ~a) VD,



22 1. BASIC DEFINITIONS AND CONSTRUCTIONS

then
(ra=b)A((b=a)=b)=(VaVb) AN(VDANA ~a)Vb) =
(VaAVONA ~a)Vb=(VaAN ~VaAVb)Vb=0Vb=Db,

which proves that T3) holds. O

Consider the Lukasiewicz algebra from Example 1.3.1, namely:

o1 lz][~a[Va]  [=][0]af[b][d][e]l]
/\ 0] 1 0 Of(11]1(1|1]1

b O d al| d a a |d|1]|1|d|d|1
/\/ b e 1 b Oalddl
o a O e d| a d dlala|b|1l|b]|1
\/ el b d elalall|l|1]1
o0 11 0 1 1 [0flalb|d|el|l

The subset L' = {0,b,1} is closed with respect to the operations A,V,=
, 7, but not with respect to ~, therefore in general, the operation ~ cannot be
expressed in terms of the operations A,V,=-, and —. This example was pointed
out by A. Monteiro in his 1963 seminar. During the same, he posed the problem of
characterizing the Lukasiewicz algebras by means of the connectives A, V, =, ~ .
This problem was solved that same year by L. Monteiro, who used the theory
of prime filters. Then Professor A. Monteiro (see [45]), posed the problem of
obtaining the same result in a purely algebraic way and L. Monteiro obtained the
following result in 1969, [59].

Theorem 1.6.7. If in a system (L,1,~,V,\,=) verifying the azioms:
1) z=2=1,

)
)r = (yAhz)=(@=y)A(r=2),
)z A(x=y)=aAy,
) (xVy)=z=(z=2)A(y=2),
) (z=2)=y) = (y=2)=y)=y) =1,
) v~z =2,

) ~ (@ Ay) =~aV~y,

9) (xkA~x)A(yV ~y) =N ~x,
we define D) Vo =~ x = x, then the system (L,1,~,V,V,A) is a Lukasiewicz
algebra and furthermore

a=b=A~aVbV(V~aAVb).

Since all Lukasiewicz algebras are Heyting algebras, (see for instance H. Ra-
siowa and R. Sikorski [73], p. 55), we can claim that

Theorem 1.6.8. If in a Lukasiewicz algebra L there exists \/ y;, then there
iel
exists \/ (x ANy;) and
iel
(D) xA \/yi = \/(x/\yi).

el el
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We shall present a proof of (D) that does not require knowledge of the theory
of Heyting algebras was indicated by L. Monteiro, [62].

Let y = \/ y;, then from y; <y for all ¢ € [ it follows that
el

S1) zAy; <z Ayforalliel.
Let us show that:
S2) If ¢ verifies (1) x Ay; < tforallie I, thenx Ay <t
For this will be enough, using Moisil’s determination principle, that
Alzhy) <At y V(zAy) <Vt
this is that
(2) Az ANAy < At

and
(3) Ve AVy <Vt
From (1) it follows that V ~ zVy, =V ~ 2V (zAy;) <V ~ Vi forallie [.
Then y; <V ~zVy <V ~axVtforall i el and in consequence
y:\/yiSVNx\/t.
icl
Therefore

Az ANy <AzAN(V~zVt)=Ax At <t,

then Az A Ay = A(Az A y) < At, which proves (2).
From the assumption (1) it follows that

Vo AVy, <Vt, foralli € I,
SO
~VaVVy, =~VzV (Ve AVy) <~VzVVt foralli eI
and therefore
yi < Vy; <~V VVy <~ VrV Vi foralliel,
oy = \/Iyi <~ VzVVtand therefore VxAy < VzA(~ VaVVt) = VeAVE < Vi
ic

thus Vo A Vy = V(Va Ay) < Vi, which proves (3).
From S1) and S2) it follows:

\/($/\yl) :x/\\/yi.

el el
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1.7. Moisil’s definition

As we mentioned before, the concept of Lukasiewicz algebra was introduced by
Gr. Moisil in his 1940 [25], and 1941 [27] articles, and gave a simplified definition
in 1960 [30] which we present next.

Definition 1.7.1. A three-valued Lukasiewicz algebra is a system (L,1,~
,V,V,A\) composed by 1) a non-empty set L; 2) an element 1 € L; 3) two unary
operations ~ and V defined over L; 4) two binary operations V and A, defined
over L such that the following conditions are satisfied:

I) (L,0,1,A,V) is a bounded distributive lattice, this is
MO) 0Nz =0, forall z € L,
Ml) 1vez=1,forallz €L,
M2) zA(zVy) ==, foral z,y € L,
M3) zA(yVz)=(zAz)V(yAz), forall x,y,z € L,
IT) Furthermore
M4) ~ (x Vy) =~ aA ~y, forall z,y € L,
) ~(zAy)=~aV ~y, foralz,yel,
) ~~x=ux, foral z €L,
) V(zx ANy) =VaAVy, forall z,y € L.
) V(zVy)=VaxVvVy, forall z,y € L.
M9) e AVx =z, forall z € L.
)
)
)
)

~V ~Vz=Vzx, forall x € L.
~xANr=~zxAVz foral z e L,
~Ve~zV (Ve AV ~x)V~ Ve =1, forall x € L.

In section 1.1 we proved that if we adopt definition 1.1.1 then all the axioms
from MO) to M13) are verified. To prove the equivalence of the two definitions,
since axioms L1) to L5) and L7), L8) appear in Moisil’s definition, it will be
enough to show that axiom L6) is verified, this is that ~ x vV Vo = 1. From M4)
if follows immediately that:

(1) If x <y then ~y <~ z.

Let us prove that
(2) ~V~z<uz.

Indeed, by M9) we have that y < Vy for all y € L, then ~ x <V ~ x so by
(1) and M6): ~ V ~ 2 <~z = 2.
By (2) and M9) it follows that

(3) ~V~z<z< V.
Considering (3), from M13) it follows that
VeV (Ve AV ~2)V ~Vz =1,

SO
(4) Vav ~Vz =1.
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From (2) and M13) we deduce
zV (Ve AV ~2)V~Vr=1
this is
(xV ~VaxVVz)A(xV ~VzVV~z)=1
so by (4)
(5) sV ~VzVV ~z=1.
Replacing = by ~ z in (3) we have that ~ Vo < V ~ z and therefore we have

finally that ~ =V Va = 1, which concludes the proof of the equivalence of the
two definitions.

1.8. New examples

Let us recall the following definition: A pair (B, 3) formed by a boolean algebra
B and a unary operator 4, called an existential quantifier, defined over B is said
to be a monadic boolean algebra P. R. Halmos [21, 22], A. and L. Monteiro, [50]
if the following hold:
EQO0) 30 =0,
EQl) z A Jz =z,
EQ2) 3(z A Jy) =Jz A Jy.

It is well known that in every monadic boolean algebra the following identities
hold:

EQ3) 31 =1,
EQ4) F3z = 3,
EQ5) If x <y then Jz < Jy.

The discrete existential quantifier on a boolean algebra is given by dxr = z for
every x € B. The simple existential quantifier is given by Jx = 1 for every x # 0
and 30 = 0.

In a monadic boolean algebra we denominate universal quantifier the operator
defined by Vo = —3 — z, where —x is the boolean complement of x.

The problem is posed of determining whether there exist Lukasiewicz algebras
whose elements are subsets of a given set.

Example 1.8.1. Let I be a non-empty set and ¢ an involution on I, this is a
function from I to I such that p((x)) =z for all x € I. Clearly ¢ is a bijection
with o=t = . We know that (P(I),I,C,N,U) is a boolean algebra.

We define an operator V over P(I) as follows:

St1) VO =0,

St2) Ifi € I then V{i} = {i, (i)},

St3) If X e P(I), X # 0 then VX = |J V{i}.

i€X
Note that V{i} = V{p(i)} and that if X € P(I) then

VX = [ J{i o)} = J{iu Jfe()} = X up(X).
ieX ieX ieX
The operator V has the following properties:



26 1. BASIC DEFINITIONS AND CONSTRUCTIONS

Std) X C VX, forall X € P(I).
VX = XUg(X) D X.

St5) V(X NVY)=VXNVY, for all X,Y € P(I).
VXNVY)=(XNVY)Up(XNVY)=(XNVY)UpXN({Y U
(Y)) =
TUX VYU (0(X) 1 (V) UY)) = (X N V¥) U (9(X) 1 9Y) =
(XUp(X))NVY =
VX NVY.

From St1), St4) and St5) it follows that (P(I), V) is a monadic boolean alge-
bra.

For each X € P(I) = 2! we put ~ X = Cp(X). Since ¢ is a bijection on E,
then:

St6) ¢(CX) = Cp(X), for all X € 21,

St7) (X NY) = p(X)Ne(Y), for all X,Y € 2L

St8) p(XUY) = p(X)Ue(Y), for all X,Y € 2L
Then, (see for instance [7], [51]), it is well known that:

St9) ~~ X = X, for all X € 2L
St10) ~ (X NY) =~ XU ~Y, forall X,Y € 2%
St11) ~ I = 0.

Therefore the system (21,0,U, ~, I) is a De Morgan algebra.

We shall prove next that the operator V also verifies axioms L6) and L7).
L6) ~XUVX =1, forall X € P(I).

Indeed VX = g{ Vii} = ,g{({i}U{so(i)}) U {iyu U {w(i)} = XUp(X).
Then ~ X UVX =Lp(X)UX Up(X)=1.

L7) XN~ X =~ XNVX, forall X € P(I).

~ X NVX = Cp(X) N (X Up(X)) = Cp(X) N X)U Cp(X) N (X)) =
Co(X)NX)Uh=Cp(X)NX =~ X NX.

For the system (P(I),I,~,V,N,U) to be a Lukasiewicz algebra it is necessary
and sufficient that :

L8) V(X NY)=VXNVY, for all X,Y € P(I).

We show now that L8) holds if and only if p(i) =1 for alli € I, and therefore
X =(0X and VX = X Up(X) = X for all X € P(I), so in fact (P(I),V) is
a monadic boolean algebra with the discrete quantifier.
Assume that there exists i € I such that j = p(i) #i. Then V({i} N {j}) =
VO =0, V{i} = {i} U{e@)} = {i} U{j} = {i,j} and V{j} = {j} U{e()} =
{jyu{i} ={i,j}. Then V{i} " V{j} = {i,7} # 0 and therefore L8) does not
hold. Assume now that ¢(i) =i for all i € I then it clear that L8) holds.
Therefore the system (P(I),1,~,V,N,U) is not in general a Lukasiewicz al-
gebra, but there may exist subsets S of P(I) such that (S,1,~,V,N,U) is a
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Lukasiewicz algebra. As an example let I = {a,b,c} and ¢ : I — I be defined by

pla) = a, p(b) = ¢, p(c) = b.
P(I) is a boolean algebra with 3 atoms with the diagram shown below, where

A=A{a},B={b},C=A{c},D={a,b},E ={a,c}, F={bc}.

) !\g\NlX\VQXH
I A
e AR

N ARG
I 0 I

Since @ is not the identity on I, P(I) is not a Lukasiewicz algebra but it is
easy to check that the subset S = {0, A,C, E, F, I} is a Lukasiewicz algebra.

Definition 1.8.2. If I is a non-empty set, ¢ an involution on I, and for each
X € P(I) we define the operators ~ and V as before, then every subset S of P(I)
such that (S,1,~,V,N,U) is a Lukasiewicz algebra will be called a Lukasiewicz
algebra of sets determined by ¢ or just a Lukasiewicz algebra of sets.

This example of Lukasiewicz algebra is the most general one, since we will prove
later on that every Lukasiewicz algebra is isomorphic to a Lukasiewicz algebra of
sets.

Remark 1.8.3. To consider the boolean algebra P(I) is equivalent to consid-
ering the set BY of all the functions from I to the boolean algebra B = {0,1},
which algebrized coordinatewise is a boolean algebra with top element the function
1(i) =1 for alli € I. Given f € B, if we define (Vf)(i) = f(i) V f(p(i)), for
all i € I, then it is easy to prove that (BY, V) is a monadic boolean algebra.

Given f € B!, and defining (~ f)(i) = —(f((i))) for alli € I then (BT, 1, ~
;A\, V) is a De Morgan algebra. It is easy to see that axioms L6 and L7 hold. If
©(i) = j # i, consider the following elements of B! :

o) = 1 if v =1 o) = 1 if x=p(i)=1j
/(@) {o it o i 9(@) {o it & % o).

Then (f N g)(x) = 0 for all x € I and therefore (V(f A g))(x) = 0 for all
x € 1. In the other hand (Vf AVg)(z) =1 for x =1 or x = j, so in general it
doesn’t hold that V(f AN g) = Vf AVg.

Example 1.8.4. This example is due to Gr. C. Moisil. Let K and B = {0, 1}
be boolean algebras and let F = KB be the set of all the isotone functions from
B to K. Each element f € KB can be represented as follows: f = (£(0), f(1)).
We put by definition ~ f = (—f(1),—f(0)) and Vf = (f(1), f(1)). It is easy to
check that (KBl 1,~,V, A, V) is a Lukasiewicz algebra.
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Let K = {0,a,b, 1} be a boolean algebra with two atoms a and b. The elements
of KBl the operators ~, ¥V and the Hasse diagram are indicated below:

L8 [y
oNnS o [oEBEES
Oﬁa)/o (0’”/O 0 0.0 [ (0.0) | (0.a)

e 70 AT

oo oI

This same construction was considered by A. Rose in [74].

1.9. 3-rings

Let A = {0,1,2} be the ring of the integers modulo 3, so the table of the
operations + and - are
[+[oft[2]]-] [

0
1
2

+10]1
0[0]1
1112

= O N N
[ew] e} Ren)| Nan)
=N Ol N

21210
Therefore this ring verifies (1) 3z = 0, (2) 2*® = z and (3) zy = yz. Because
of condition (2) it follows that every polynomial in two variables is of the form
P(z,y) = a +bx + cy + da* + ey® + foy + g’y + hay® + ix*y>,

We want now to define meet and join operations on the set A so that A becomes
the chain in the figure below, thus A and V are given by the tables that follow:

o1 H

L,
L

To whether there exists a polynomial function that yields the meet operation
in this ring, we must solve the following system of equations:

(1) 0A0=0=P(0,0) =a,
(2) 0AN2=0=P(0,2) =a+2c+e,
(3) 0AN1=0=P(0,1)=a+c+e,
(4) 2AN0=0=P(2,0) =a+2b+d,
(5) 2N2=2=P(2,2)=a+2b+2c+d+e+ f+29+2h+1,

— | ol >
—| = =]~
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(6) 2AN1=2=P(2,1)=a+2b+c+d+e+2f+g+2h+1,
(7) IAN0=0=P(1,0) =a+b+d,

(8) IN2=2=P(1,2)=a+b+2c+d+e+2f+29+h+i,

9) INl=1=P(1,1)=a+b+c+d+e+f+g+h+i.

By (1) we have a = 0 so replacing in the equations (2)-(9) we have:

(10) 0=2c+e,
(11) 0=c+e,
(12) 0=2b+d,
(13) 2=2b+2c+d+e+ f+2g9+2h+1,
(14) 2=2b4c+d+e+2f+g+2h+i,
(15) 0=>b+d,
(16)  2=b+2c+d+e+2f+29+h+i,
(17) l=bt+cH+d+e+ f+g+h+i
Adding (10) and (11) we have 3¢ + 2e = 0 this is 2e = 0 and therefore e = 0.
Then from (11) it follows that ¢ = 0. Analogously, adding (12) and (15) we have
3b+ 2d = 0 and therefore 2d = 0, so in consequence d = 0, and by (15) it follows
that b = 0.
Replacing these values in (13), (14),(16) and (17) we have

(18) 2= f+2g+2h+i,
(19) 2=2f+g+2h+1,
(20)  2=2f+29+h+i,
(21) l=f+g+h+i
Adding (19) and (21) we obtain 2¢g 4+ 2i = 0 and therefore:
(22) 0=g+i1.
Adding (18) and (21) we get 2f + 2i = 0 so:
23) 0=f+i.
Adding (20) and (21) we get 2h + 2i = 0 and therefore:
(24)  0=h+i.
From (24) and (21) we have:
(25) 1=f+g.

From the equations (22), (23) and (24) it follows that i = —¢, i = —f and i =
—h. Therefore g = f = h. Thus from (25) it follows that 1 = f+g= f+ f =2f
and therefore f = 2, so in consequence h = g = 2.

Replacing in (21) we have 1 = 2 4+ 2 4+ 2 + ¢ and therefore i = 1. We thus

obtain

(1.9.1) v Ay = 2y + 20y + 2xy* + 2%y = 2oy + 2xy(x 4+ y) + 27
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Analogously we have:
(1.9.2) rVy=z+y+azy+ 2’y + zy® + 22%%

Performing the corresponding calculations we have that:

(x Ny)? = 2%y = (zy)?
and
(x Vy)?: = (2®+9°)? =2 + 227 + >

From the definition of the operations A and V on A we know A is a distributive
lattice given that A is a chain.

We shall define two unary operations on A so that A is equal to the Lukasiewicz
algebra from Example 1.2.3. FEvery polynomial in one variable is of the form
P(r) = a + bx + cx®. Then if Q is the polynomial corresponding to ~, the
following equations must hold:

(2600 1=Q0)=a
(27) 2=Q2)=a+20+2*c=a+2b+c=1+2b+c

(28) 0=Q(1)=a+b+c=1+b+c

Adding (27) and (28) we obtain 2 = 24 3b+ 2¢ and therefore 3b+ 2¢ = 0, this
is 2c = 0, so in consequence ¢ = 0. Then, replacing in (28) we have 0 = 1+b+0 =
1+ b and therefore b = —1 = 2, so

(1.9.3) ~r=2zr+1
If R is the polynomial corresponding to V, R must verify:
(29) 0=R(0)=a
(30) 1=R(2)=a+2b+2%c=a+2b+c=2b+c
(31) l1=R(l)=a+b+c=b+c

Adding (30) and (31) we obtain 2 = 3b+ 2¢, this is 2 = 2¢ and therefore ¢ = 1,
so from (31) it follows that 1 = 1+ b and therefore b = 0. Thus we obtain

(1.9.4) Vo =2°.

We now show that ~ and V verify the Lukasiewicz algebra axioms:

L4) ~~x =1,
~v =~ (1422)=142(1422)=14+24+2 =2
L5) ~aV ~y =~ (zAy).
~(zAy)=1+2(x Ay) =1+ 2120y + 222y + 2xy? + 2%y?) =
1+ zy + 2%y + 2y® + 22%y%
~aV~y=(1422) V(14+2y) = 1420+ 1+2y+(1422) (1+2y) + (1 +
v+22)(14+2y)+ (1+22) 1 +y+y?) +2(1+x+2?) (1+y+y?) = 2+20+2y+
14+2y+2z+2y+1+2y+2+20y+2°+ 222y + 1+ y+y° + 22+ 20y +21y2 + 2+
2+ 2%+ 22+ 2y + 20y + 222 + 222y + 22%y? = 1+ay+ 2y +ay? 4+ 2%y
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L6) ~azV Vx=1.
~zVVzr = (1422)Ve? =1+2v+2*+2°+2x+ (1+x+2?) 2+ (1+
22)r?+2(1+z+22)2? = 1+a+22°+ 2 o+’ + 22+ 20+222 +20+-22% = 1.

L7) ~x ANz =~2x A V.
~rAr=21+20)r+2(1+x+2H)r+2(1+22)2? + (1 + 2 +22)2? =
20 + 22 + 20 + 202 + 20 + 222 + v + 2% + x + 2% = 22 + 22
~ xAVr = (1+2z) Ax? = 2(1+22) 22+ 2(1+x+2?)2? +2(1+22) 2% +
(1+z+a%)2? =22+ x4 22° + 20+ 202 + 222 + v+ 2? + w + 2% = 20+ 22

L8) V(z ANy) =Vx AVy.
We already know that (z Ay)? = 2%y? so V(z Ay) = (x Ay)? = 22y>
Vo AVy=x* Ny? = 22%% + 22%y° + 22%y% + 2%y? = 2%y?
Furthermore, 2 is the center of A since ~2=22+1=1+1=2.
Let (A,+,-,1) be a commutative ring with identity. With 0 we denote the
identity for addition. We write xy instead of x - y. A commutative ring with
identity (1) A, verifying 3x = 0 and 2 = z, for all z € A, is a 3-ring.

Theorem 1.9.1. (Gr. C. Moisil) If A is a 3-ring, then defining the operations
A, V, ~ and V on A by the formulas (1.9.1)), (1.9.2)), (1.9.3)) and (1.9.4))

indicated above, the system (A, 1,~,V A, V), is a centered Lukasiewicz algebra.
PRrROOF. We prove first that Sholander’s axioms [75] hold:
L2) 2 A (xVy) =2x(x Vy)+22%(x Vy) + 2x(z Vy)? +2%(x Vy)

(1) 2z(zVy) = 2z(x+y+zy+xy(x+y) +22%°%) = 227 + 2y + 222y + 223y +
222y% + 23y? = 222 + zy + 2y? + 222y + 22792

(2) 22%(x V y) = 22%(x + y + 2y + 2y(x + y) + 22%y?) = 223 + 22y + 223y +
202y + 2232 + 22y = 20 + 2wy + 2xy? + 2%y + 2%y°.

From (1) and (2) it follows that (3) 2z(z V y)? + 222(x V y) = 2z + 222

(4) 2z(x Vy)? = 2z(2® + y* + 22%?) = 223 + 22y® + xy? = 27.

(5) 23(z V y)? = (2 + y* + 22%9°%) = 2% + 2%y* + 22%y? = 2%

From (3), (4) and (5) we get: z A (x Vy) = 2z + 222 + 2z + 2% = .

L3)zA(yVz)=(z Ax) V(y ANz).

zA(yVz)=2x(y Vz)+22%(y Vz)+2x(y Vz)2+2%(y Vz):=

20 (y + 2 + yz + y*2 + y2? + 20%2%) + 223 (y + 2 + yz + yPz + y2? + 2y%2)+

2 (y? + 22 + 2222) + 22(12 + 2% 4 2y222) =

2ay+2x2+2xy 2+ 220y 2+ 2wy +ay? 22 4202y + 202 220y 2+ 222y - 202y 22+
22222 4+ 20y + 2022 + a2t 4 2y + 22?4 22022 2? = 2oy + 2wz + 22y + 2022 +
22y F 222 4 220y + 2202 2 2uy 2 - 20y 2 2ay? 2+ 22y 22 4- 202y 2+ 202y 2+ 222y 22

On the other hand, (z Az) V(y Ax) = (z Ax)+(y Ax)+ (2 Az)(y ANx) +
(z ANx)?(y ANa)+ (z Ax)(y Ax)?+2(z Ax)?(y Ax)? We now calculate:

(6) 2 ANz =2xz + 2w2% + 222 + 2222,

(7) y Az =2y + 2xy? + 22y + 22y,

(8) (2 ANx)(y Nx) = 2zyz + 2y?2? + 22%yz + 202y?2?,

9) (z A2)2(y Ax) = 2xyz? + 2xy?2? + 22%y2? + 22y?2?,
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(10) (z Ax)(y Ax)? =2zy%z + 2xy22% + 22792 + 2%y?22,

(11) (z Az)*(y Ax)?* =222%y*2?%, so from (6) to (11) it follows that:

(2 Ax) V(y Ax) = 2oy + 202 + 229% + 222° + 22y + 2222 + 22y + 2222 +
2ayz + 2ryz? + 2xy?z + 2xy?2? + 222y + 222y 2 + 222y 22,

We have already checked above the axioms L4)-L8) and that ¢ = 1+ 1 is the
center of A. O

Theorem 1.9.2. If (A, 1,~,V,A,V), is a Lukasiewicz algebra with center c
and we define:

r+y=(~Vr ANAy)V(~Vy NAz)V (Vx AVy AV ~z AV ~ y)V
(c/\((NV:U AVy AV ~y)V (~Vy AVe AV ~z)V (Az /\Ay))),
ry=(Ax NAy)V (Vo AVy AV ~az AV ~y)V
(c/\((Am AVy ANV ~y)V (Ay ANVzx /\wa)>>

then the system (A,1,0,+,-) is a 3-ring. Moisil [27].

If (A,1,0,+,) is a commutative ring with unity 1 such that 23 = z then
62 = 0. Indeed:
r+y=(r+y)(r+y)(z+y) = zxr+ zzy + xyr + xyy + yrr + yry + yyr + yyy
S0

rT+y=x+rry+TYr + Yy + yrx + yry + yyxr +y
and therefore
rxy + xyxr + ryy + yrr + yry + yyr = 0

then for z = y we have that 2% + 23 4+ 2% + 23 + 23 + 23 = 0, this is 62 =
r+r+rx+x+zx+x=0 50—z =5z

In a similar way to the one indicated above, we can prove that if in a commu-
tative ring with unity verifying 23 = x we define:

x Ay = 2xy + 2%y + 22y + 2*y® = 2wy + 2wy(x + y) + 2%y

rVy =gz +y+ oy + 2%y + oy’ + 2077,
then (A,0,1,A,V) is a bounded distributive lattice.
Defining ~ x = 1 + 5z and Vz = 22 then (A,1,~,V, A, V), is a Lukasiewicz
algebra. Furthermore, e = 1 4 1 is the axis of the algebra A.

Theorem 1.9.3. If (A,1,~,V,A,V), is a Lukasiewicz algebra with azis e and
we define:

r+y:=(~Vr ANAy)V (~Vy NAz)V (Ve AVYy AV ~2 AV ~y)V

(6/\<(~Vx AVy AV ~y)V(~Vy ANV AV ~z)V (Ax /\Ay))),
x-y:=(Ax NAy)V (Ve AVy AV ~x AV ~y)V
(e/\((Ax AVy ANV ~y)V (Ay AVz /\wa)))
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then the system (A,1,0,+,) is a commutative ring with unity such that x® = x,

Gr. C. Moisil [27].

1.10. Construction of Lukasiewicz algebras from monadic boolean
algebras

In the preceding sections we have found analogies between monadic boolean
algebras and Lukasiewicz algebras, but there are also fundamental differences. As
an example, Moisil’s determination principle does not hold in monadic boolean
algebras. To see this, consider the monadic boolean algebra in the next figure:

ey
N

Here we have that da = 3db=1, Va = Vb =0 and a # b.
This example suggests the idea of identifying two elements a and b of a monadic
boolean algebra if :

Ja = Jb and Va = Vb,

and in this case denote a = b.

It is clear that this is an equivalence relation. In the previous example there
exist three equivalence classes, namely C'(0) = {0}, C(a) = {a,b} and C'(1) = {1}.
We consider the quotient set A" = A/ =. It is natural to think that A" is the
chain indicated below.

o C(1)
J) C(a)

C(0)

We already know, as we have shown before, that on the preceding set a
Lukasiewicz algebra structure can be defined.

Notice that the “=” relation is not compatible with the “V” operation defined
on A. Indeed, a =aand a=bbut aVa=az#1=aVb This means that the
join operation in A" must be defined in a special way. A. Monteiro determined a
general construction, which he called construction £, and which allows to define
a Lukasiewicz algebra £(A) from a monadic boolean algebra A. By analogy with
the Lukasiewicz algebras, if A is a monadic boolean algebra, we can define the
weak tmplication by:

r—y=d—xVuy,
and the contraposed implication by
r—y=(r—=>y A(-y— —x).
Then it is natural to define in A the following operations:

rUy=(z—y)—y



34 1. BASIC DEFINITIONS AND CONSTRUCTIONS

rNy=—(—zU-—y).

Notice that z — y = (I —zVy) A (JyV —x), so
rUy=(@—y)—y=C-(@—=yVyYrGyV-(r—y) =
(VeAd—y)VV—yATz)Vy) AN(JyvV Ve A—y)V(V—yAx)) =
Ve AT—yATy)V(VzAT—yAVeA—y)V Ve AT —yAY —yAzx)V
V—yATzATyY) VIV —-—yATzAVzA—y)V(V—yATzAY —yAz)V
(AT VYAVTA=y)V(yAY —yAx)=
VMxAI—yATy)V Ve A—=y)V (Ve AV —y)V
OV(V—yAVz)V(V—yAz)VyvOoVv0=
Ve AT—yATy)VVzA—y)V Ve AV —y)V(V—yAz)Vy

and since Vo AV —y < Vz A —y we have that

crUy=NMeAT—yATyY) VIV A—y)VV—-yAz)Vy=

Ve AT—yATyY)VV—yAz)V(VxVy A(-yVy)) =
Ve AT—yATy)VV—yAz)V((VxVy) Al)=

VeAT—yATy)V(V—yAz)VVzVy
and since Vz A 4 — y A Jy < Vz then

rUy=VeVyV(zx ANV —y) =

VzVyVz) A\VxVyvVV—y)=(xVy ANrVyVvV—y).
Therefore we have that:
Ul) zUy=VzVyV(xtAY—y),
U2) zUy=(zVy AN(VzVyVV—y).

Then zNy = —(—zU—y) = —(V—aV—yV(—zAVy)) = =V—xAyA(xV—-Yy) =
e AyA(xzVI—y)=FrxAyAz)V(FzAyAT—y)=(xAy)V(EBxAyAnT—y) =
yAN@V @zAT—y)=yAxVI)AN(zAT—y)=TFxAyA(zVI—y).

Therefore we have that:

Cl)yzNy=3JzAyA(xVI—y),

C2)zNy=(xAy)V(FzxAyANT—y),

Definition 1.10.1. Given two elements a and b of a monadic boolean algebra

A we shall say that they are equivalent and denote a = b if a — b = 1 and
b—a=1.

Lemma 1.10.2. a) a — b =1 and b — a = 1 is equivalent to b) Ja = Ib
and Ya = Vb.
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PROOF. Since a — b= (a = b) A(=b — —a) = (F—aVb) A (IFbV —a) and
b—a=((b—a)AN(—a— —b)=(F—>bVa)A(JaV —b) then if a) holds we have
that d—aVvb=1,3bV —-a=1,d—bVa=1,daV —b=1 and this is equivalent
to (1) Va < b, (2) Vb < a, (3) b < da, and (4) a < 3b. (1) and (2) are equivalent
to Va < Vb and Vb < Va, then Va = Vb. (3) and (4) are equivalent to 3b < Ja, and
3b < da, this is da = 3b.

Now we assume that b) holds. Thena - b=3—-aVb=—-VYaVb=—-YbVb.
Since Vb < b, 1 =—-bVb< =VbV b, soa—b=1. In a similar way, —b — —a =
JaV —a =1s0a— b= 1. An analogous calculation shows that b — a = 1 as
well. O

To prove that the relation = is compatible with the operations N and U,
L. Monteiro [70] proved that:

Lemma 1.10.3. (1) 3(zNy) = 3z Ay, (2) I(zUy) = Jz VIy, (3) V(zNy) =
Vr AVy, (4) V(zUy) =Vz V Vy.

[ —

The relation “=” is an equivalence relation compatible with the operations —,
3, N and U. Consider the quotient set L(A) = A/=, and represent by C(x) the
equivalence class containing the element x € A, then if we define I = C(1),~
C(z) = C(—2),VC(z) = C(3x),C(x) N C(y) = C(zNy), and C(x) U C(y) =
C(x Uy), then we have the following theorem by A. Monteiro:

If (A,3) is a monadic boolean algebra then the system (L(A),I,~,V,N,U) is
a Lukasiewicz algebra.

Notes
1) The proof of the preceding theorem was only published in 1967, [32],
but the results were presented in the course given in 1963, [36] and in

[40].

2) In the proof, Professor A. Monteiro used the theory of N-lattices,
(see H. Rasiowa [72]) and in particular his results on semi-simple N-
lattices.

3) The results on semi-simple N-lattices were only published in 1995 in the
series Informes Técnicos Internos® No. 50 from the INMABB?, and later
in 1996, in the Notas de Légica Matemdtica® No. 40, [48] also published
by the INMABB.

4) Since in the statement of the preceding theorem only notions from the
theory of monadic boolean algebras appear, Professor A. Monteiro posed
to his students the problem of finding a proof without using the results
on N-lattices.

5) This problem was solved by L. Monteiro and L. Gonzalez Céppola and
published in 1964, [70].

6) Later on, Professor A. Monteiro [40] proved this result: Given a Luka-
siewicz algebra L, there exists a monadic boolean algebra A such that

Internal technical reports of the INMABB:
http://inmabb-conicet.gob.ar/publicaciones/iti

3Mathematics Institute of Bahfa Blanca, Argentina.

4Notes on Mathematical Logic: http://inmabb-conicet.gob.ar/publicaciones/nlm
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L(A) is isomorphic to L. This was presented in a 1966 seminar [44]. The
proof, which will be presented in section 5.7, a representation theorem
of Lukasiewicz algebras by Lukasiewicz algebras of sets, which will figure
in section 5.6, and which uses the Axiom of Choice. This representation
theorem was published in 1995 in No. 45 of the Informes Técnicos Inter-
nos from the INMABB, and later in 1996, in Notas de Logica Matemdtica

No. 40 [48&].
7) L. Monteiro produced a purely algebraic proof of the preceding result and
presented it in a Seminar conducted by Professor A. Monteiro [44], held

in 1966. This proof was published in 1978, [65].

Remark 1.10.4. In a monadic boolean algebra A, we denote
K(A)={r e A: 3z =x}.

If k € K(A), this is, if Ik = k then we have that VC(k) = C(3k) = C(k),
so C(k) € B(L(A)). Conversely, if C(k) € B(L(A)), this is, VC(k) = C(k),
and therefore C'(3k) = C(k), then Ik = k, from where in particular it results that
V3k = Vk, so Ik = Vk and therefore Ik = k thus k € K(A).

Let ky, ko € K(A) and assume that C(k1) = C(ka), so ki = ko, therefore
ki = 3k = Tky = ko.

Then, if A is finite, we have that |B(L(A))| = |K(A)|. Furthermore the
boolean algebras B(L(A)) and K(A) are isomorphic. Indeed, if ki, ko € K(A) are
such that k1 < ko then ki V ko = ko and therefore by Lemma 1.10.3, 3(k; U ky) =
ki V ko = k1 V ke = ko and analogously ¥ (ki U kg) = ko, so ki U ky = ko and
therefore C'(ky) UC(ka) = C(k1Uky) = C(ka), this is C(k1) < C(ks). Conversely,
Zf C(l{?l) S C(l{fg), this iS, C(kl U ]{?2) = O(kﬁl) U C(k’g) = O(k?g), SO k?l U k?g = /{32
and therefore in particular 3(ky U ky) = Jko, this is, ki U ke = ko, so k1 < ks.

Assume that A is a finite, non trivial monadic boolean algebra, and denote by
A(A) the set of all the atoms of A.

If 2 € A we write (C(x)] = {C(y) € L(A) : C(y) < C(x)}.
Lemma 1.10.5. Ifa € A(A) N K(A) then (C(a)] = {C(0),C(a)}.

PRrROOF. It is clear that {C(0),C(a)} C (C(a)]. From a € K(A) it follows
that C(a) € B(L(A)). If C(z) € (C(a)], this is, C(z) < C(a), then C(zNa) =
C(z)NC(a) = C(x) so xNa = x and in particular I(x Na) = Iz, then by Lemma
1.10.3 3z A Ja = Jz and since a € K(A), we have that 3x A a = Jz. Then
0 < Jz < a whence since a is an atom of A it follows that (1) 3z = 0 or (2)
dz = a. If (1) holds then x = 0 and if (2) holds, since 0 < x < 3z = @ and a is
an atom, we have that x =0 or x = a. 0

Lemma 1.10.6. If k € K(A) y (C(k)] = {C(0),C(k)} then k is an atom of
A.

PROOF. Assume that (1) 0 < y < k, where y € A, so C(0) < C(y) < C(k)
and therefore C'(y) = C(0) or C(y ) = C’( ), thisis (2) y=0or (3) y = k. If (2)
holds, then in particular 0 = 30 = Jy > y so y = 0. If (3) holds then in particular
(4) k = Vk =Vy < y. Then from (1) and (4) it follows that y = k. O
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Lemma 1.10.7. Ifa € A(A) and a ¢ K(A) then Ja is an atom of K(A).

PrOOF. Let y € A(A) such that 0 < y < Ja. Then y = Jy < Ja so (1)
Jy = Iy Ada = 3J(aAJy) =3I aAy). Since a € A(A), we have a Ay = 0 or
a Ay = a. In the first case, from (1) it follows that y = Jy = 30 = 0 and in the
second case, (1) implies that y = 3y = Ja. Therefore, Ja is an atom of K(A4). O

Lemma 1.10.8. Ifa € A(A) and a ¢ K(A) then
(C(Fa)] = {C(0),C(a), C(3a)}.

PROOF. Since 0 < a < Ja, then C(0) < C(a) < C(a) so
{€(0), C(a), C(3a)} € (C(3a)].

Assume now that C(x) € (C(3a)], this is, C(x) < C(Ja) and therefore C(zU
Jda) = C(z) UC(Ja) = C(Ja) then z U Ja = Ja and in particular 3z V Ja =
I(x U 3Ja) = Ja. Therefore 0 < Jz < Ja . By Lemma 1.10.7, Ja is an atom of
K(A) and since 3x € K(A) we have that (1) 3z = 0 or (2) 3z = Ja. If (1) holds
then x = 0 and therefore C'(z) = C(0). If (2) holds then since 0 < Vo < 3z = Ja
and Ja is an atom of K(A) and Vo € K(A) we have that (3) Vo = 0 or (4)
Vz = da.

Since a € A(A) and a ¢ K(A) then Va = 0 , so if (3) holds we have that (5)
Vx = 0 = Va. From (5) and (2) it follows that x = a and therefore C'(x) = C(a).
If (4) holds then C(Vx) = C(3a) = C(3x), this is AC(z) = VC(x) and therefore
C(z) € B(L(A)) so VC(z) = C(x), this is, C(Jz) = C(x) and therefore x = Jx.
Then in particular Yo = 3z and consequently x € K(A), thisis, (6) Vo = z. From
(6) and (2) it follows that = Ja and therefore C'(x) = C(Ja). O

Example 1.10.9. Consider the following monadic boolean algebra A
1

7N\
X2
X

O
. %
ay Qg
O as
0

where the operators 3 and ¥ are given in the table

[z [0lai]as|aslas[b]c[d]e |flg|h[ilj[k[L]
dx||Ofay|as| f | f|b]l 7|k |Kk|f]|J
Ve ||O0|lai|as| 0| 0 |blay|lay|as|flar|b|bljlk]|1

—_
—_
.
o=~
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then the elements of L(A) are 0 = C(0) = {0},a = C(a1) = {a1},b = C(b) =
{B}.c = Clas) = {m},j = ClJ) = (k. k= C(k) = (k). f = C() = {F),

1= C(1) = {1} g e = Clas) = {ag,ashd = C() = {6 g}g = C(d) =
{d,e},h = C(h) = {h,i}. So the Hlasse diagram of L(A) is the following:

J
ok
h 04
e
> g
boo{
a .
O
NP

d 0
and the operations ~ and V are given by:

[ = [0]afblcl[d[elg[h[j[Ff]k]1]
~x|1|k|fljlg|h|d clblall
Ve |Olal|b|c|g|flk|1]|g|flk]|1

Remark 1.10.10. The monadic boolean algebra above is the monadic boolean
algebra with a free generator [22], [64] and L(A) is, as we shall see later on, the
Lukasiewicz algebra with a free generator. This example leads us to conjecture
that:

If M(G) is monadic boolean algebra with a set G of free generators then
L(M(G)) is the Lukasiewicz algebra with a set of free generators with the same
cardinality as G.

We shall see later that this is true only if G is a finite set with a single element.

1.11. Subalgebras

The concept of subalgebra allows to obtain new Lukasiewicz algebras from a
given Lukasiewicz algebra, according to this definition: A non-empty part S of
a Lukasiewicz algebra A is said to be a L-subalgebra of A if it is invariant with
respect to the operations ~, V and V.

Lemma 1.11.1. FEvery L-subalgebra of a Lukasiewicz algebra is a Lukasiewicz
algebra.

It is easy to check that an L-subalgebra of A may be defined as a non-empty
part S of A that is invariant with respect to any of the following groups of oper-
ations: (1) ~, V, A, (2) ~, AV, (3) ~, A A.
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For that it is enough to consider that Vo =~ A ~ 2, Ax =~ V ~ z and the
De Morgan laws. It is clear that if S is an L-subalgebra, then 0,1 € S.
Therefore if S is an L-subalgebra de A we have:

0,1} CSCA.

It is clear that the intersection of L-subalgebras of A is an L-subalgebra of
A. The notion of L-subalgebra generated by a part G of an algebra B, which we
will denote by LS(G), is defined as usual and one proves that LS(G) is the least
L-subalgebra of A containing G. It is clear that LS(0) = {0,1}. If LS(G) = A,
then G is said to be a set of generators of A.

If G C A and we denote with FP(G) the family of all the finite parts of G,
then:

Lemma 1.11.2. LS(G) = J{LS(F): F € FP(G)}.

PRrROOF. Let X = |J{LS(F) : F € FP(G)}. If F C G, since G C LS(G),
then F' C LS(G) and therefore LS(F) C LS(G) for all subsets of G, in particular
for all F' € FP(G), so: (i) X C LS(G). We prove now that (ii) LS(G) C X. In
order to do that, we prove first (1) G C X and (2) X is an L-subalgebra of A.

(1) Let g € G then {g} C LS({g}) C X, and therefore G = |J {g9} C X.

geG
(2) Since 0,1 € LS(F) for all ' € FP(G), then 0,1 € X. Let z,y € X so
r € LS(Fy), y € LS(Fy) where Fy, Fy € FP(G), therefore F; U Fy, € FP(G).
From F; C Fy U F; and Fy C Fy U Fy it follows that LS(F;) C LS(F; U Fy) and
LS(Fy) C LS(Fy U Fy), then z,y € LS(F) U Fy) and therefore z Ay, z Vy €
LS(Fy U Fy) C X. It is clear that if 2 € X then ~ 2z, Vz € X. O

If G has a single element G = {g}, we write LS(g) instead LS({g}) and if
G =Y U{x} we write LS(Y,x) instead of LS(Y U {x}).
Notice that if G = {g} then

0,1,9,~g,9N ~g,V(gN\ ~ g),Vg,V ~ g,Ag,A ~ g,gV ~ g,A(gV ~ g) € LS(g).

Further on we will see that if G = {g} then N[LS(g)] < 12.

Professor A. Monteiro, posed the problem of finding a “simple” expression for
the elements of LS(S, g).

Lemma 1.11.3. (L. Monteiro) If A is a Lukasiewicz algebra, S an L-subalgebra
of A, and g € A, then

LS(S,9) = {(s1AAG)V(s2AA ~ g)V(s3AVGAV ~ g)V(saAgA ~ g) @ 81,82, 83,54 €
PROOF. Let
So = {(s1ANAG)V (s2AA ~ g)V (s3AVGAV ~ g)V(s4AgA ~ g) : $1, S2, 83,54 € S}.

(i) So € LS(S, 9)-
Indeed, if y € Sy, then

(Dy=(s1ANAg)V(saANA~g)V(s3AVgAV ~g)V (saN\gN~g)

where (2) s1, 9, 83,84 € S. From (2) it follows that (3) s1, s9,83,54 € SU {g} C
LS(S,g). Since g € SU{g} C LS(S,g) then (4) Ag,A ~ g, VgAV ~ g,gA ~

S},



40 1. BASIC DEFINITIONS AND CONSTRUCTIONS

g € LS(S,g). From (3), (4) and (1) it follows that y € LS(S, g).
ii) LS(S, g) C So.
We shall prove that:
(iii) SU{g} C Sy, and (iv) Sy is an L-subalgebra of L.
We begin by noticing that since:
AgVA~gV(VgAV ~g)V(gh~g)=AgVA~gV(VgAV ~g)=
(AgVA ~gV Vg AN(AgVA ~gVV ~g)=1A1=1, then for all z € A,
we have that
r=xANl=(xANAgV(@ANA~g)V(@xAVgGAV ~g)V(xAgA~yg),
thus if s € S we have that s € Sy and therefore (1) S C 5. Since
(INAGV(OANA~g V(OAVGAV ~g)V(LAGA~g) =

AgV (gh~g) = (BgV g) N(AgV ~g) =g N (gV ~g) =g
then (2) g € Sp. From (1) and (2), (iii) follows. Let us prove (iv) next.
Let z,y € Sy, this is

r=(51ANAG)V (s29NA~g)V (s3sANVgAV ~g)V (s4 A gA~ g),

with s1, 89, 83,84 € .S and
y= [t ANAG)V (o NA~g)V (t3 ANVgANV ~g)V (ts A gA ~ g),
with tq, 9, 13,14 € S so
eVy= (W ANAG)V(uANA~g)V(v3AVgAV ~ g)V (vg AgA ~ g)
where v; =s; Vt; € Sfori=1,2,3,4,s0xVy €Sy
From x € S it follows that
V= (VsiANAg)V (VsaANA ~ g)V (Vss AVgGAV ~ g)V (Vsg AVgAV ~ g) =
(Vsi AAg)V (Vsa ANA ~g)V ((Vs3VVsy) AVgGAV ~ g) vV (0AgA ~ g)
and since Vs; € S for v =1,2,3,4 and 0 € S it follows that Vz € .S;.
From z € S it follows that
~r=(~51VV ~g)A(~saVVG)A(~s3VA~gVAG)A(~s4V gV~ g).
To simplify the notation we write ~ s; = b; for i = 1,2, 3,4, then:
~r=(bVV~g)A(baVVg)A(bsVA~gVAg) A (byV gV~ g).
Let
y=01VV~g)A(bsVA~gVAg)
and
z=(byVVg)A(byV gV ~ g).
Then:

y=(b1ANb3) VI NA~g)V (b1 ANAG)V(V~gAby))V(V~gANA~g)V(V~gAAg) =
(br Abs) V(D1 AA~ g)V (D AAG)V(V ~gAbs) VA~ g =
(by Abs)V (0L AAG)V (V ~gAbs) VA~ g=
(b1 Ab3) A(AgVV ~g)]V (bt AAG)V (V ~gAb) VA~ g=
(by ANbs ANAG)V (b1 Abs AV ~g) V(i ANAg)V (V ~gAb3) VA~ g=
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(i ANAG)V (V~gAb3))VA~g
and
z2=(ba Abs) V (b2 A g)V (b~ g)V(VgAby) V(VgAg)V (VgA~g) =
(b2 Aba) V (ba A g) V (baA ~ g) V (Vg Nbs) V gV (gh ~ g) =
(ba Abg) V (oA~ g)V (Vg Aby)Vg=
[(b2 Abs) A (~ gV V)V (boA ~g)V(VgAbL) Vg =
(by ANbyN ~ g) V (ba Aby AV )]V (baA ~ g) V (Vg A by) V g =
(baA ~ g) V (by A Vg) V g.
Then
~ax=yAz=[bi ANAG)V(V ~gAb) VA~ gIA[(baA~ g)V (ba AVg)V g] =
(by NAGAbaA ~ g)V (b1 ANAgADy AV g)V (by AN Ag A g)V
(Vo gAbsAbaA~g)V (V ~gANbgANby AVg)V (V ~gAbsAg)V
(A~gABA~gV(A~gANbyAVgV(A~gAg) =
(bt ANAg A by) V (by AAG) V (bg AbaA ~ g)V
(V~gANbs ANbaANg)V (~gAb3Ag)V (A~ gAby) =
(b1 ANAG)V (b3 ANbaA ~ g)V (V ~ gAbs ANby AV )V (~ gAbsAg)V (A ~ gAby) =
(b1 AAg) V [(bs ANbeA ~ g) AN (A~ gV VgV
(b3 Ny AV ~gAVg)V (bsA~gAg)V (e NA ~g)=
(by ANAG)V (b3 AbagA ~gANA ~ g)V (b3 ANbaA ~ g AVg)V
(b3 ANba AV ~gAVg)V (bsA~gAg)V (ba NA ~ g) =
(bi NAG)V (b3 ANbg AN A ~ g)V (b3 ANbaA ~ g A g)V
(b3 Aoy AV ~gAVg)V (bsA~gNANg)V (b NA ~ g) =
(AAG)V[((b3AD2)VE2) AA ~ )]V [((b3Ab2) VE3)A ~ gAgIV (b3NDIAV ~ gAV g) =
by NAG)V (ba ANA ~ g)V (bsA~gAg)V (b3 ANby AV ~ gAVg).
Thus since by, by, b3, by € S we have that ~ x € Sj. O

Let A be a Lukasiewicz algebra, S an L-subalgebra of A and g € A.
1) If g € B(A) then LS(S,g9) = {(s1 A g) V (saA\ ~ g) : s1,82 € S}.
2) If Ag =0, then g <~ g and:
LS5(S,9) ={(si NA~g)V (sa AVg)V(s3Ag):si,sas3 €S}
3) If cis a center of A, then since A ~c=Ac=0,VeAV ~c=1AVe=1
and cA ~ ¢ = c it follows that: LS(S,c) ={s1V (saA¢): 51,82 € S}.
We present now a method for finding LS(G) when G is a finite, non-empty

set of a Lukasiewicz algebra A.
Let G ={g1,92,--.,9n}, consider:

o 5 = LS(Ql)
o Sy = LS(Shgz)

L Sn = LS(Sn—lagn)
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We prove that S,, = LS(G). Indeed, from the previous construction it follows
that:

{91} €51 €S U{g2} CLS(S1,92) =S C ... C Sy,

therefore (1) G C S,, and since by construction (2) S,, is an L-subalgebra, from (1)
and (2) it follows that LS(G) C S,. From g, € G it follows that S; C LS(G), so
S1U{g2} C LS(G), therefore Sy = LS(S1,¢92) C LS(G),...,S, = LS(Sn-1,9,) C
LS(G).

We know that if b € B(L) then ~ b is the boolean complement of b. If
b € B(L), we denote with b*, any of the elements b or ~ b.

Lemma 1.11.4. If L is a Lukasiewicz algebra and X a finite subset of B(L),
then SB(X) = LS(X).

PROOF. If X = {), then SB(0) = {0,1} = LS(0).
Assume that X = {z1,zs,...,2,}. Since SB(X) is an L-subalgebra of L such
that X C SB(X) then LS(X) C SB(X). Let b € SB(X), if b = 0 then evidently

be LS(X). If b # 0 then it is well known® that b = \/ my, where my, = /\ xf

k= =1
Since zf € LS(X) for all i,1 <i < n, then my € LS(X )forallk; 1<k<r SO

be LS(X). 0

Corollary 1.11.5. If A is a Lukasiewicz algebra, and X a finite subset of A,
then
SB(AX UVX)=LS(AXUVX).

Proor. This is a consequence of Lemma 1.11.4, since AX U VX is a finite
subset of B(A). O

Lemma 1.11.6. If A is a Lukasiewicz algebra, g € A and S an L-subalgebra
of A such that Vg,~ Ag € B(S), then B(LS(S,g)) = B(95).

PRrROOF. From the hypothesis we deduce that:
(1) Ag, A ~ g, V(gNA ~ g) € B(S).
If z € B(LS(S,g)) = LS(S,9) N B(L), then Az = z, and
2 = (51AAG)V(s2AA ~ g)V(s3AVgAV ~ g)V(ssAgA ~ g), wheresy, S, 3,54 € S,
SO
z2=Az=(Asi NAG)V (AsoANA ~ g)V (Ass AVGAV ~ g)V (Asy AAGAA ~ g).

From As; € B(S), for i = 1,2,3,4, we deduce, keeping in mind (1), that
z € B(S).

Since S C LS(S,g), we know that B(S) = SN B(L) C LS(S,g) N B(L)
B(LS(S,g)).

O

%See, for example, [66].
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Lemma 1.11.7. If A is a Lukasiewicz algebra, G = {g1,92,...,9.} C A and
LO = SB(AG U VG>7L1 = LS(L07g1)7L2 = LS(L1592)7 cee 7Ln = LS(Lnflagn)
then: L, = LS(G) and B(LS(G)) = SB(AG U VG).

PRroOOF. By construction we have Ly C L4 C--- C L,,and g; € L;,1 < i < n,
so G C L, and therefore LS(G) C L,,.

Since AG,VG C LS(G), then AGUVG C LS(G), so: (1) LS(AGUVG) C
LS(G).

By hypothesis G is a finite subset, then by the Corollary 1.11.5:

(2) SB(AGUVGE) = LS(AGUVG).

From (1) and (2) we have Ly = SB(AG U VG) C LS(G), then since g; €
LS(G) we have Ly = LS(Lg,q1) € LS(G). From ¢g; € LS(G), and L; 1 C
LS(G),2 <i<mn, we have L; = LS(L;_1,9;) € LS(G),2 < i < n. This proves
that L, = LS(G).

Since Vg;,~ Ag; € B(Ly) = Lo C Ly C --- C Ly, fori = 1,2,...,n, then
by Lemma 1.11.6, B(Ly) = B(LS(Lo, ¢1)) = B(Lo) = Lo, and therefore B(L,) =
VG). O

Lemma 1.11.8. (A. Monteiro [36]) If A is a Lukasiewicz algebra, G C A, and
L' = LS(G), then the subset AGUVG of B(A) verifies: SB(AGUVG) = B(L/).

PRrROOF. In 1994, L. Monteiro, obtained the following proof, indicated in [48&],
and which is simpler than the one by A. Monteiro.
Let G be a subset of the Lukasiewicz algebra A, then we saw that:

LS(G) = | {LS(@) : @' € FP(G)}.

We shall prove that: B(LS(G)) = SB(AG UVG). Since AGUVG C B(A
and AG UVG C LS(G), then AGU VG C LS(G) N B(A) = B(LS(G)), so
SB(AGUVG) C B(LS(Q)). If b € B(LS(G)) then b = Ab and b € LS(G), so
b e LS(G"), where G’ is a finite subset of GG, then by Lemma 1.11.7,

B(LS(G")) = SB(AG' UVG') C SB(AGUVG),
and since b € B(LS(G")) we have that b € SB(AG U VG). O

Corollary 1.11.9. If G s a set of generators of the Lukasiewicz algebra A,
this is LS(G) = A, then B(A) = SB(AG U VG).

Lemma 1.11.10. (L. Monteiro, [61]) If e is the axis of a Lukasiewicz algebra
L, S an L-subalgebra of L such that e € S, and x € L verifies: Ax,Vx € S then
reSsS.

Proor. It follows immediately from the hypothesis and from the fact that in
an algebra with axis each element x can be written as © = (Az Ve) A V. O

If L is a Lukasiewicz algebra with axis e and S an L-subalgebra of L such that
(1) for every x € L Az, Vx € S then not necessarily e € S. Indeed, consider the
L-subalgebra B(L) of the Lukasiewicz algebra L from example 1.3.1, which has
axis e and verifies condition (1), while e ¢ S.
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Lemma 1.11.11. (L. Monteiro, [61]) If L is a Lukasiewicz algebra with center
c and S is an L-subalgebra of L then the following conditions are equivalent:

a) S verifies if Ax,Vx € S, then x € S.
b) ce S.

PROOF. a) implies b): Since Ac =0 and Ve =1 then by a) c € S.
b) implies a): Since ¢ is an axis of L belonging to S, then by the preceding
lemma, it clear that a) holds. O

Lemma 1.11.12. (L. Monteiro, [61]) If L is a Lukasiewicz algebra with azis e
and S is an L-subalgebra of L verifying (1) B(L) C S and (2) e € S, then S = L.

PROOF. Given x € L then Ax,Vz € B(L) so, by (1) and (2) we have that
r=(AzVe)ANVzeS. O

Lemma 1.11.13. (L. Monteiro, [61]) If L is a Lukasiewicz algebra with center
c and S is an L-subalgebra of L then LS(S,c) = L if and only if B(L) C S.

PRrROOF. If LS(S,¢) = L, since LS(S,c¢) ={x € L:x = s A(sq Vc),where sy,
sy € S} thenif b € B(L) C L = LS(S,c¢) we have that b = s1 A (s2 V ¢), with
81,82 € Ss0b=Ab=A(s1 AN(sy Ve)) = As; A(Asy VAc) = Asy A(Asy VO) =
As; NAsy € S.

If B(L) CS C LS(S,c),since c € LS(S, ¢) then by Lemma 1.11.12, LS(S, ¢) =
L. 0

In the IX Latin American Symposium on Mathematical Logic held in the Uni-
versidad Nacional del Sur in 1992, M. Abad, L. Monteiro, S. Savini and J. Sewald
[5] presented their determination of the number of subalgebras of a finite non
trivial Lukasiewicz algebra L, the number of subisomorphic algebras to a given
subalgebra of L, the number of non isomorphic subalgebras of L, and a method
for constructing all the subalgebras of L.

1.12. Complete Lukasiewicz algebras

A Lukasiewicz algebra L is said to be complete if the underlying lattice L is
complete.

Lemma 1.12.1. (L.Monteiro, [61))If L is a Lukasiewicz algebra with azis e
such that B(L) is a complete boolean algebra, then L is complete.

PROOF. Given a subset F' = {a;}ic; C L consider these subsets of B(L):
Fy = {Aai}iel and [} = {Vai}iel-
Since B(L) is complete, there exist the elements:

(1) ag = /\ ACLZ‘ € B(L) and (2) ay = /\ Vai S B(L)
iel icl
Consider the element (3) a = (ap V e) A a;. We shall prove that a is the
infimum of the set F. From (3) it follows that (4) a < ag Ve and (5) a < a;.
From (4) we obtain (6) Aa < Aag V Ae = Aay V0 = Aagy = (by (1)) = aop.
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From (1) we get that (7) ag < Aaq; for all i € I, so from (6) and (7) we have
that (8) Aa < Ag; for all i € I.

From (5) we get (9) Va < Va; = (by (2))= a;. By (2) we have that (10)
a; < Va; for all i € I, so from (9) and (10) it follows that (11) Va < Va; for all
1€ 1.

From (8) and (11) we conclude, by the corollary to Moisil’s determination
principle, (Corollary 1.4.2) that a < a, for all i € I.

We prove next that if z € L verifies x < a;, for all ¢ € I, then x < a.

From z < a;, for all i € I, it follows that (12) Az < Aaqy, for all ¢ € I, and
(13) Vax < Va;, for all i € 1.

Since Az, Vz € B(L) then from (12) and (1) it follows that (14) Az < q¢ and
therefore Az Ve <aqy Ve.

By (13) and (2) we have (15) Vz < ay so from (14) and (15) it follows that
r=(Ax Ve) ANV <(ay Ve) Na; = a. O

Corollary 1.12.2. If L is a Lukasiewicz algebra with center such that B(L)
1s a complete boolean algebra then L is complete.

Since every Lukasiewicz algebra is in particular a De Morgan algebra then

Lemma 1.12.3. If L is a Lukasiewicz algebra and there exists the supremum
(infimum) of a non-empty family {a;}ic; of elements of L then there also exists
the infimum (the supremum) of the family {~ a;};c; and furthermore

AN ~a=~\a, ad \/ ~a=~A\a.
iel iel iel iel
Lemma 1.12.4. If L is a Lukasiewicz algebra, and there ezists a = \/ a; then

i€l
there exists \/ Va; and Va =/ Va,.
i€l iel
PROOF. From a = \/ q; it follows that a; < a for all i € I so:
i€l

(i) Va; < Va for all i € I.

We prove now that (ii) If (1) Va; < z for all ¢ € I then Va < z.

From (1) it follows that Va; < Az for all i € I and since a; < Va; for all
i € I, we have that a; < Az for all i € I and therefore a = \/ a; < Az, so

i€l
Va < Az < z. From (i) and (ii) it follows that Va = \/ Va,. O
i€l

Corollary 1.12.5. If L is a Lukasiewicz algebra, {b;};cr € B(L) and there

exists b= \/ b; then b € B(L).

icl

icl iel i€l

Corollary 1.12.6. (L. Monteiro, [57]) If L is a complete Lukasiewicz algebra,
then B(L) is a complete boolean algebra.

Lemma 1.12.7. (A. Monteiro, [44]) If L is a Lukasiewicz algebra, and there
exists a = \/ a; and Aa; =0 for alli € I then Aa = 0.

el
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PRrROOF. By hypothesis Aa; = 0 for all ¢ € I, by Lemma 1.4.10 this is equiv-
alent to a; <~ q; for all i € I, then since every Lukasiewicz algebra is a Kleene
algebra, we have that

a; =a;N~a; <a;V~a;j=~aj for all i,j€l,
and therefore (1) a = \/ a; <~ a; for all j € I. By Lemma 1.12.3, we know that
el
(2) ~a= A\ ~ a;. From (1) and (2) it follows that a <~ a. Then, by Lemma
el
1.4.10, Aa = 0. 0

Lemma 1.12.8. (A. Monteiro, [44]) If L is a Lukasiewicz algebra, and there

exists a = \/ a; then there also exists \/ Aa; and:

i€l iel
i€l iel
PRrROOF. The proof below is due to L. Monteiro, [61]. See also A. Monteiro

| ]By hypothesis a; < a for all i € I so (i) Aa; < Aa for all ¢ € I. We prove next:
(i) If t € L verifies Aa; <t for all i € I, then Aa < t.
From (1) Aa; <t, for all ¢ € I it follows that (2) Aa; < At, for all i € I.
For each i € I let (3) a; =~ At A Aa A a;, so by (i) and (2), we can deduce

that:

Aa; =~ At ANAa A Aa; =~ At ANAa; <~ At AAE=0,
this is (4) Aa; = 0 for all i € 1.
By theorem 1.6.8, from (3) it follows that (5) \/ a; = \/ (~ At A Aa Aa;) =

i€l iel
~ At NAa A (V a;) =~ At ANAa Na =~ At A Aa.
i€l
By Lemma 1.12.7, from (4) and (5) it follows that A(\/ a;) = 0, this is A(~
i€l
At AN Aa) =0, so ~ At A Aa = 0 and therefore Aa < At < t. O

As a consequence of the previous results we have

Lemma 1.12.9. If in a Lukasiewicz algebra L there exists )\ y;, then there

iel
also exist \ Vy;, \ Ay; and furthermore
iel el
A Vyi=V (/\y) and A\ Ay; = A (/\y>
i€l iel iel iel

Given a Lukasiewicz algebra L, consider the set A(L) = {z € L : Az = 0},
this is a non-empty set since 0 € A(L).

Lemma 1.12.10. (A. Monteiro (1969)) If L is a Lukasiewicz algebra with azis
e, then e is an upper bound of A(L).

PROOF. Since L has axis then y = (Ay Ve) AVy, forally € L. Let x € A(L),
thisis Az =0,s0x = (Az Ve) AVx=(0Ve) AVx=e AVz <e. O
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Lemma 1.12.11. (A. Monteiro (1969)) If L is a Lukasiewicz algebra and
e € A(L) is an upper bound of the set A(L) then e is an axis of L.

PROOF. By hypothesis we have that (1) Ae = 0 and (2) if Az = 0 then 2 < e.
We prove now that:

(i) If x <~ Ve then Azx =z, this is z € B(L).

If # <~ Ve then (3) A ~ z < z <~ Ve. Since A(z A ~ z) = 0 then
by (2) it follows that (4) A ~ z < e < Ve. From (3) and (4) it follows that
xA~x <~ Ve AVe =0, thisis z A ~ x = 0 and therefore x V ~ = 1, which
proves that x € B(L), this is Az = x.

From z A ~ Ve <~ Ve it follows by (i) that:

(ii) A(x A~ Ve) =x A ~ Ve.
(ili) x = Az V (x A Ve), for all x € L.
Indeed x =2 A1l =2 A (VeV ~ Ve) = (z AVe) V(zA ~ Ve) = (by (i) =

(x AVe) V(AzA ~ Ve) = (x VAz) AN(zV ~ Ve) A(Ve VAz) A1 =
z AN(xV ~Ve) AN(Ve VAz) =z A (Ve VAz)=(z AVe) V Ax.
(iv) Az V(e AVz) = Az V (z AVe), forall z € L.
This follows from considering (5) A(Az V (e A Vz)) = Az V (Ae A Vz) =
Az V (0AVz) = Az.
(6) A(Az V (x AVe)) = Az V (Ax A Vz) = Ax.
(7) V(Az V (e AVz)) = Az V (Ve AVz) = V(Az V (x A Ve)).
From (5), (6) and (7), by Moisil’s determination principle it follows that (iv)
holds, and from (iii) and (iv) we have that
(8) z = Az V (e A Vz),
From (1) and (8) it follows by Lemma 1.4.6 that e is an axis of L. O

Theorem 1.12.12. (A. Monteiro (1969)) Every complete Lukasiewicz algebra
L has an axis.

ProoOF. Let A(L) = {e;}icr, this is (1) Ae; = 0 for all i € I. Since L is a
complete lattice then there exists (2) e = \/ ¢;. From (1) and (2) it follows by
iel
Lemma 1.12.7 that Ae = A (\/ ei) =\ Ae; =0. So e € A(L) and by (2), it is
iel iel
an upper bound for A(L), and by the preceding Lemma e is the axis of L. O

Corollary 1.12.13. Ewvery finite Lukasiewicz algebra has an axis.

We indicate now an example of a Lukasiewicz algebra without axis. Consider
the set N of the natural numbers and the Lukasiewicz algebra T = {0, ¢, 1} from
Example 1.2.3. Let L = T be the set of all the functions from N to T, algebrized
componentwise. We denote with 0 the bottom element of this Lukasiewicz algebra,
this is, 0(z) = 0 for all x € N. Let S be the set of all the functions f : N — T
such that f(z) = ¢ for x € F C N, where F is finite or empty. Clearly S is an
L-subalgebra of L.
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Consider A(S) = {f € S: Af =0}. Then f € A(S) < f(z) € {0,c} for
all x € N. The set A(S) does not have a top element. If f € A(S) then there
exists a finite part F' C N such that

0 for z¢F
f(x)_{c for x € F.
Let y € N\ F' and h : N — T be defined by
fi F
W) = 0 or x ¢ FU{y}
¢ for xe FU{y}.

Then h € A(S) and f < h, so A(S) does not have a top element and therefore
S has no axis.



CHAPTER 2

Homomorphisms, deductive systems and quotients

2.1. Homomorphisms

Definition 2.1.1. A function h from a Lukasiewicz algebra A to a Lukasiewicz
algebra A’ is said to be a homomorphism from A to A', if the following conditions
hold:

H1) h(z Vy) = h(z) V h(y),

H2) h(~ x) =~ h(z),

H3) h(Vz) = Vh(z).

If h is surjective we say that h is an epimorphism and if h is bijective, we say
that h s an isomorphism.

We say that a Lukasiewicz algebra A’ is a homomorphic image of a Lukasiewicz
algebra A if there exists an epimorphism from A to A’. If h is one to one as well,
we say that A is isomorphic to A" and write A = A’

The next lemma is proved without difficulty.

Lemma 2.1.2. Ifh: A — A" is a homomorphism then:
H4) h(x Ay) = h(z) Ah(y),

H5) h(1) =1,
H6) h(0) =0,
H7) h(z —y) = h(z) = h(y),
H8) h(z — y) = h(z) — h(y),
H9) h(z = y) = h(z) = h(y),
H10) h(Az) = Ah(z),
H11) h(0z) = Oh(z),
H12) h(Ext z) = Ext h(z)

It is also easy to prove:

Lemma 2.1.3. If L and L' are Lukasiewicz algebras and h is a homomorphism
from L to L' then h(B(L)) C B(L') and the restriction h' of h to B(L) is a boolean
homomorphism from B(L) to B(L').

The main goal of this section is the determination of the homomorphic images
of a Lukasiewicz algebra L by means of an intrinsic construction on the algebra
itself.

If L is a Lukasiewicz algebra then idy, is a surjective homomorphism, so L is a
homomorphic image of L. If I’ is a Lukasiewicz algebra with a single element, L' =
{1'} then the map h : L — L' defined by h(x) = 1’, for all x € L, is a surjective
homomorphism so L’ is a homomorphic image of L. These two homomorphic
images of L are called the trivial images of L.

49
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If h: A— A’ is a homomorphism, the kernel of h is the set:
Ker(h)=h"'(1)={a € A: h(a) =1}.

It is clear that this set has the following properties:

D1) 1 € Ker(h),
D2) If a,a — b € Ker(h), then b € Ker(h).

Lemma 2.1.4. If A and A’ are Lukasiewicz algebras and h is a homomorphism
from A to A’, then h(a) = h(b) if and only if a — b € Ker(h) and b — a €
Ker(h).

PROOF. h(a — b) = h(a) — h(b) = h(a) — h(a) = 1s0 a — b € Ker(h).
Analogously, from h(b — a) =1 it follows that b — a € Ker(h).

Conversely, if a — b € Ker(h) and b — a € Ker(h) then 1 = h(a — b) =
h(a) = h(b) and 1 = h(a — b) = h(a) — h(b), so by property IC13) from section
1.5 we have that h(a) = h(b). O

Definition 2.1.5. A part D of a Lukasiewicz algebra L is said to be a deduc-
tive system if

D1) 1€ D,

D2) Ifa,a — b € D, then b € D (modus ponens).

Definition 2.1.6. A part F' of a Lukasiewicz algebra L is said to be a filter
if

F1) F # 0,

F2) ifa,be€ F, thenaNb € F,

F3) ifa€ F and a <b thenb € F.

Lemma 2.1.7. Every deductive system D of a Lukasiewicz algebra L is a filter
of L.

PRrROOF. The properties of the operation — that we will cite were proved in
section 1.5.
We prove first that if D is a deductive system then :

D3)If be D thena—be D foralla € L.

Indeed, from b € D and by property ID5) we know that b — (a — b) =1, so
from D1) and D2) it follows that a — b € D.
F1) D # (.
Obvious, given that 1 € D.
F2) If a,b € D, then a Ab € D.
By property ID8) we know that a — (a Ab) =a — b. Since b € D it
follows by D3) that @ — b € D, this is a — (a A b) € D, so since a € D
it follows by D2) that a Ab € D.
F3) If a€ D and a < b then b e D.
From a < b, it follows by ID6) that 1 =a —a <a — b,s0oa — b=
1 € D and since a € D it follows by D2 that b € D.

0
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Note that there exist filters that are not deductive systems. Indeed, in the
Lukasiewicz algebra T from Example 1.2.3, [¢) = {c, 1} is a filter but not a
deductive system since ¢ € [¢), c —+0=1€ [¢) and 0 ¢ [c).

Definition 2.1.8. A filter F' of a Lukasiewicz algebra L is said to be a A-filter
if it verifies: If f € F then Af € F.

Lemma 2.1.9. A subset D of a Lukasiewicz algebra L is a deductive system
if and only if D is a A-filter.

Proor. We already know that every deductive system is a filter. Let d € D,
so since by ID13), d - Ad =1 and 1 € D it follows by D2) that Ad € D.

Assume now that (1) D is a A-filter of L so 1 € D. If (2) a € D and (3)
a — b € D then from (2) and (1) it follows that (4) Aa € D. Then since D is
a filter, from (4) and (3): Aa A (a — b) € D. But Aa A (a —b) = AaN(V ~
aVb)=(AaAV ~a)V(AaAb) =0V (AaAb) = AaAb, thisis AaAb € D and
since Aa A b < b, it follows that b € D because D is a filter. O

We consider now a notion introduced by H. Rasiowa in her study of Nelson
algebras [72] which we can also define in Lukasiewicz algebra.

Definition 2.1.10. A subset D of a Lukasiewicz algebra L is called a special
filter of the first kind if it verifies:

R1) D #0,

R2) Ifa,be€ D thenaANb€ D,

R3) Ifa€e D anda —b=1 thenbe D.

Lemma 2.1.11. A subset D of a Lukasiewicz algebra L is a deductive system
if and only if D is a special filter of the first kind.

PRrROOF. We begin with the observation that a special filter of the first kind is
a filter. It will be enough to prove that if (1) a € D and (2) a < b then b € D.
From (2) it follows by ID6) that 1 =a —a <a —b,s0 (3) a »b=1¢ D, and
so from (1) and (3) it follows by R3) that b € D.

If D is a deductive system then the conditions R1), R2) and R3) are clearly
satisfied.

Assume now that D is a special filter of the first kind. From R1) it follows
that there exists d € D, so since d — 1 = 1 it follows by R3) that 1 € D. We
prove now that D2) holds, this is:

If a,a—be D thenbe D.

From the hypothesis it follows by R2) that (4) (a — b)
((a - b) ANa) — b = (by ID10)) = (a — b) — (a — b)
and (5) it follows by R3) that b € D.

We can also point out this proof: we already saw that D is a filter. If a € D
then since a — Aa = 1 it follows by R3) that D is a A-filter and therefore a
deductive system. O
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Now we study another notion of deductive system.
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We say that a part D of a Lukasiewicz algebra L is a contraposed deductive
system if

Cdl) 1 € D,
Cd2) If a,a — b€ D, then b€ D.

Lemma 2.1.12. A subset D of a Lukasiewicz algebra L is a deductive system
if and only if D is a contraposed deductive system.

PROOF. Assume that D verifies D1) and D2), so Cdl) holds. Assume that
a,a —be D. Sincea —b=(a—>b A(~b—>~b) <a—band D is a filter,
then a — b € D and since a € D, it follows by D1) that b € D.

Assume now that D verifies Cd1) and Cd2), so D1) holds. Assume also that (1)
a€ Dand (2)a—be D. Wesaw in Lemma 1.5.6 that (3) a = b=a — (a — b)
so from (1) and (3) it follows by Cd2) that (4) a — b € D, and from (1) and (4)
it follows by Cd2) that b € D. O

We see thus that both implications — and — give raise to the same deductive
systems.

Lemma 2.1.13. For a filter D to be a deductive system it is necessary and
sufficient that the condition C4) If a,a — b=~ aV b€ D then b € D holds.

PROOF. Assume that the filter D is a deductive system and that (1) a € D
and (2) a - b=~ aVbe€ D. Then since D is a filter, a A (~ a Vb) € D, but

aN(~aVb)=(aN~a)V(aAb)=(aAV ~a)V(aAb) =

aN(V~aVb)=aA(a—Db),

so a A (~aVb)e D andsince aA (~aVb) <a— b it follows, given that D is a
filter, that (3) @ — b € D. From (1) and (3) it follows that since D is a deductive
system, b € D.

Assume now that D is a filter verifying condition C4). Since D is a filter then
D1) 1 € D holds. Let us check that D2) holds, this is that if (4) a € D and (5)
a — b€ D then b € D. Indeed from (4) and (5) it follows that since D is a filter
aN(a—=beD butan(a —>b =aN(V~aVd) =(@AV ~a)V(aANb) =
(aN ~a)V (aNb) =aA (~aVDb). Therefore (6) a A (~ aVb) € D, and since (7)
aA(~aVb) <~ aVbthen from (6) and (7) it follows that « - b=~aVbe D
because D is a filter, so by C4), b € D. O

If X is a subset of a Lukasiewicz algebra L we write AX = {Az:z € X} and
VX ={Vz:2ze X}

We are going to point out next the relations existing between the deductive
systems of a Lukasiewicz algebra L and the filters of the boolean algebra B(L).

Lemma 2.1.14. If D is a deductive system of L, DN B(L) is a filter of B(L)
and DNB(L)=AD =VD.

PROOF. F1) 1 € DN B(L). Immediate since 1 € D, B(L).
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F2) Assume that x,y € DN B(L), thisis (1) z,y € D and (2) z,y € B(L).
From (1) it follows, since D is a filter that (3) x Ay € D, and from (2) it
follows that (4) x Ay € B(L) because B(L) is a boolean algebra. From
(3) and (4) we conclude that x Ay € DN B(L).

F3) Assume that (5) z € DNB(L) and (6) y € B(L) are such that (7) x < y.
From (5) it follows that in particular (8) z € D, so from (7) and (8), we
get (9) y € D because D is a filter, and from (9) and (6) y € DN B(L).

Let f € DN B(L), thisis (10) f € D and (11) f € B(L). From (11) it follows
that Af = f, so by (10) we have that f € AD. Assume now that f € AD,
so f = Ad with d € D, and since D is a deductive system, hence a A-filter, we
have that Ad € D and since Ad € B(L) we have that f = Ad € DN B(L).
Analogously one can prove that D N B(L) = VD. O]

Recall the following results from lattice theory:
Lemma 2.1.15. If R s a distributive lattice, with bottom element 0 and top
element 1, X C R then
a) the filter generated by X is the set

F(X)= {y € R : there exists x1,xs,...,x, € X such that /\gvZ < y}.

i=1
b) If the set X werifies F2) “c Ay € X for all z,y € X,” then
F(X)={y € R : there exists z € X such that x < y}.

If0 ¢ X then F(X) is a proper filter of R.

Lemma 2.1.16. If L is a Lukasiewicz algebra and X is a subset of B(L)
verifying condition F2) in the previous lemma then F(X) is a A-filter.

PROOF. Since X verifies condition F2) then by Lemma 2.1.15 b), if y € F(X)
then there exists x € X such that (3) < y. Since z € X C B(L) we have that
(4) Az = x, then by (3) and (4) it follows that + = Az < Ay, so by Lemma
2.1.15 b), we have that Ay € F(X). O

Corollary 2.1.17. If Q is a filter of L then F(AQ) and F(VQ) are A-filters
of L.

PrOOF. Let x,y € AQ, so x = Aqi,y = Ags, where ¢q,q2 € @, then x Ay =
A(q1 A q2) and since ¢; A ¢2 € @, we have that x Ay € AQ. By Lemma 2.1.16,
F(AQ) is a A-filter of L. In a similar way, we can prove that F(VQ) is a A-filter

de L. 0
Lemma 2.1.18. If Q is a filter of L then B(L)NQ C F(VQ).
ProoF. If b€ B(L)NQ then b=Vbe VQ C F(VQ). O

We denote by D(L) and F(B(L)) the sets of all the deductive systems of L
and all the filters of the boolean algebra B(L), respectively.
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Lemma 2.1.19. The transformation « : D(L) — F(B(L)) defined by a(D) =
D N B(L) is an order isomorphism from the poset (D(L),C) to the poset
(F(B(L)),<Q) and o Y(Q) = F(Q) where Q € F(B(L)).

PrROOF. We already saw in Lemma 2.1.14 that if D € D(L) then «(D) =
DN B(L) € F(B(L)).
1) If Dy, Dy € D(L) are such that D; C Dy then a(D1) C (D).
It is immediate to check this property.
2) F(AD)=F(DNB(L)) =D.

By Lemma 2.1.14 we know that AD = D N B(L).

If D € D(L) then DN B(L) € D and therefore F'(D N B(L)) C
F(D)=D. Ifd € D then Ad € DN B(L) C F(D N B(L)) so given that
Ad < d, we have that d € F(D N B(L)).

3) « is surjective.

Indeed, for each @ € F(B(L)), since @ verifies condition F2), we have
by Lemma 2.1.16 that F(Q) is a A-filter and therefore F(Q) € D(L).
Then o(F(Q)) = F(Q) N B(L). Since Q € B(L), then Q = QN B(L) C
F(Q)N B(L). Conversely, if y € F(Q)N B(L) in particular y € F(Q), so
by Lemma 2.1.15 there exists = € @ such that x <y, and since y € B(L)
we have that (1) Vo < Vy =y. From x € ) and x < Vz it follows that
(2) Vz € Q. From (1) and (2) we obtain y € @, so F(Q) N B(L) C Q,
and therefore a(F(Q) N B(L)) = Q.

4) If Dy, Dy € D(L) are such that a(D;) C «(D3) then Dy C Ds.

By hypothesis D1NB(L) C DyNB(L), so by 2) Dy = F(D;NB(L)) C
F(DyN B(L)) = Ds.

We have proved that « is an order isomorphism.

If @ € F(B(L)) then o(F(Q)) = F(Q) N B(L). We prove now that F(Q) N
B(L) = Q. Indeed, since @ C F(Q) then if h € Q C B(L), we have that
h e F(Q)NB(L). Conversely if x € F(Q)N B(L) then there exists t € Q C B(L)
such that ¢t < z, and t = At. Then t = At < Az. Since @ is a filter of B(L), it
follows that Az € @, and since = € B(L), Az = x then = € Q.

Thus a(F(Q)) = F(Q) N B(L) = @ and since « is a bijection, we have that

F(Q) =a'a(F(Q)) = a™H(Q). N
2.2. Quotient algebras

We shall indicate now a construction on a Lukasiewicz algebra L that deter-
mines all its homomorphic images.

Lemma 2.2.1. If D is a deductive system of a Lukasiewicz algebra L and
de D thenx—de D forallx € L.

PROOF. Sinced <z —d=~2zVdV (V~xAVd),de D and D is a filter
then z — d € D. O

Given a deductive system D of a Lukasiewicz algebra L and a,b € L,
we write a = b (mod D) to indicate that: Col) a — b€ D and b — a € D.
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Lemma 2.2.2. For a = b (mod D) to hold it is necessary and sufficient that
any of the following conditions are satisfied:

Col) (a—b) A (b—a) € D,
Co2) a = b,~b—~ab—a,~a—~beD,
Co3) There exists d € D such that a ANd =bAd.

PRrROOF. Col) is equivalent to Co2):

Since by definition a — b = (a — b) A (~ b —~ a) and D is a filter then
a — b € D is equivalent to a — b,~ b —~ a € D, and in the same fashion,
b— a € D is equivalent to b — a,~a —>~be D.

Co3) implies Col):

Assume that there exists d € D such that a Ad = b A d then b — (a Ad) =
b— (bAd) so by IC9) and 1C3),

b—a)ANb—d)=b—-bAb—d)=1ANb—d =b—d

this is (1) b > d < b a. But as d € D, it follows by Lemma 2.2.1 that (2)
b— d € D, sofrom (1) and (2) it follows, since D is a filter, that (3) b — a € D.
Analogously, from a — (a Ad) = a — (bAd) it follows that (4) a — b € D and
from (3) and (4) we conclude Col).

Col) implies Co3):

Assume now that Col) holds, so since D is a A-filter we have that d = A((a —
b) A (b— a)) € D, this is

(5)d=(V~aVA)AN(VOVA~a)AN(V~bVAa)A(VaV A ~Db)
and calculating we get that
d=(V~aAV~bAVaAVD)V(A~aNA~D)V(AaANAD).

Then, since d € B(L),

A(dNa)=AdNAa=dNAa=0VO0V (AaAAb) =AaNAb=A(a D).

Analogously one proves that A(d A b) = A(a A b) and therefore:

(6) A(dNa)=A(dAD).

From (5) it follows that
V(dNa)=VdANVa=dAVa=(V~aAV ~bAVaAVb) VOV (AaA Ab),
and that

V(@A) =VAdAVb=dAVb=(V ~aAV ~bAVaAVb) VOV (AaA Ab).

Thus (7) V(d AN a) = V(dAD).
From (6) and (7) it follows by Moisil’s determination principle that aAd = bAd
and since d € D, we have proved that Co3) holds. 0

Technically condition Co3) is simpler than the others.

We prove now that = is an equivalence relation, and we shall use condition
Co3) for doing so.

Eql) a = a (mod D).

Since 1 € D and a A1 =a A1 Eql) holds.

It is clear that
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Eq2) If a = b (mod D) then b = a (mod D).

Eq3) If a = b (mod D) and b = ¢ (mod D) then a = ¢ (mod D).

By hypothesis there exist dy,ds € D such that a Ady = bAd; and b ANdy =
cANdysoaANdiNdy =bANdy Ndy and bAdas Ady = ¢ A dy A dy and therefore
aNdy ANdy =cAdy Ndy and since d; A dy € D then Eq3) holds.

If we use condition Col) then the proofs are as follows:

Eql) Since by IC3) a = a =1 then a = a (mod D).

It is clear that Eq2) holds.

Eq3) By hypothesis (1) a — be D, (2) b—a€ D, (3) b— c€ D, and (4)
c¢—be D. By IC10) we know that

(5) (a—b) — ((b—¢c)— (a—c)=1€D.

Then from (1) and (5) it follows by D2) (modus ponens) that

(6) (b—c¢)— (a—c)€D.
From (6) and (3) it follows again by D2) that
(7) a—ceD.

In a similar fashion, from
(c—b)— ((b—a)— (c—a))=1€D.
Using (4) and (2) it follows that
(8) c—a€D.

It

We prove now that the relation “=” is compatible with all the operations,
using condition Co3).

Eq4) If a = b (mod D) then ~ a =~ b (mod D).

By hypothesis there exists d € D such that a Ad =bAd, so ~aV ~ d =~
bV ~ d and therefore (~ aV ~ d) ANAd = (~ bV ~ d) AAd, this is (~ a AAd) V (~
dNAd) = (~ bANAd)V (~ dAN Ad) and since ~ d A Ad = 0 we have that
~aNAd=~bA Ad, so since Ad € D it follows that ~ a =~ b (mod D).

Eqg5) If a = b (mod D) then Va = Vb (mod D).

By hypothesis there exists d € D such that aAd = bAd, so V(aAd) = V(bAd),
this is Va A Vd = Vb A Vd then since d < Vd, d € D and D is a filter we have
that Vd € D, hence Va = Vb (mod D).

Eq6) If a = ¢’ (mod D) and b =¥ (mod D) then a Vb= da VY (mod D).

By hypothesis there exist dy,dy € D such that a Ady = a’ Ady and b A dy =
b//\dg, SO a/\dl/\dg = a’/\dl/\d2 and b/\dg/\dl = b//\dg/\dl and therefore
(aVb)Ady ANdy = (' V') Ndy Ady and since dy Ady € D it follows that aVb = ' VI
(mod D).

The relation “=” is compatible with A, as an immediate consequence of the
De Morgan laws and the fact that “=” is compatible with ~ and V.

Next we present a different proof based on condition Col).
Eq4) By hypothesis a — b € D and b — a € D, so since by 1C16)

~ar—~b=bra and ~b—~a=a—b

it follows immediately that ~ a =~ b (mod D).
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Eq5) By hypothesis a — b € D and b a € D, then (1) A(a — b) € D and

(2) A(b— a) € D.
By IC11) we know that (3) A(a — b) — (Va — Vb) =1 € D so from (3) and
(1) it follows that Va »— Vb € D. In a similar way one proves Vb — Va € D.

We prove now: (A) If @ = a’ (mod D) then a Vb =ad Vb (mod D).
Indeed:

(aVb)— (a’Vb)=(~aN~b)Vd VbV (V~aAV ~bA(Vd V VD)=
(~aN~b)Vad VbV (V~aAV ~bAVd)V(V~aAV ~bAVb)) =
(~an ~ b)Va'V[(V ~ aAVa )WOAV ~ bVD)VI((V ~ aAVD)VD)A(V ~ bVb)| =
(~aN~b)Vad V(V~aAVd)VbV (V~aAVb) Vb=
(~aN~b)Vd' V(V~aAVd)VEV(V ~aAVDb) =
[(~aVV ~a)A(~aVVb)A(~bVV ~a)A\(~bVVb)|Vad' VbV (V ~aAVd) =
[V~aA(~aVVDA(~bVV ~a)|Vd VbV (V~aAVd)=
[V~aA(~aVvVh)Vd VbV (V~aAVd) >
~aVadV(V~aAVd)=a—d

and since a — a € D, from the preceding inequality it follows that (a V b) —
(@’ V) € D. In a similar fashion one proves that (a’ vV b) — (a V) € D.

Eq6) From a = @’ (mod D) it follows by (A) that a Vb= a’ Vb (mod D) and

from b = 0’ (mod D) it follows that bV a' =¥ Vd' (mod D), soaVb=d VI
(mod D).

Recall (see for instance [66]) that if E, E’ are non-empty sets and f is a
function from E to E’ then the following relation, defined on E:

a,b e E,aRb iff f(a) = f(b)

is an equivalence relation. We represent by C'(a) the equivalence of a with respect
to Ry, this is:

Cla)={be E:bRsa} ={be E: f(b) = f(a)}.

Recall that if R is an equivalence relation over a set F, the quotient set of E
by R is the set of all the equivalence classes with respect to R. This set is denoted
by E/R.

Consider the transformation ¢ : E — E/R defined by ¢(z) = C(z). It is well
known that ¢ is well defined since if = y then p(z) = C(z) = C(y) = ¢(y).
Furthermore, ¢ is surjective, since given 2’ € E//R this is, 2’ = C(z) with z € E,
then p(z) = C(x) = 2’. Therefore E//R is an image of E' by means of .

¢ is called the canonical transformation (“according to the rules”) or natural
transformation from E onto E/R.

We shall prove that every image of £ may be obtained this way, this is, con-
sidering an equivalence relation R over E and constructing the quotient set E/R.
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Lemma 2.2.3. If f1 E— El,fg E— Eg, fl(E) = El, and Rfl - RfQ,
(this is, aRy b = aRy,b) then there exists a unique function h from Ey to Ey such
that ho fi = fo. If fo(E) = Ey then h is surjective.

This is a standard algebraic construction and we just recall how the function
h is defined. Given a; € E; = fi(FE), we have that a; = fi(a) with a € E and
thus fa(a) = as € Ey. Then h(a;) is defined to be as = fa(a).

Lemma 2.2.4. .[f fl(E) = El,fQ(E) = Eg, and Rfl = RfZ? then E1 and E2
have the same cardinality.

Lemma 2.2.5. If f(E) = E; then E' = E /Ry has the same cardinality as E;.

Therefore, all the images of a non-empty set £ are obtained (up to a bijection)
considering equivalence relations R on E and constructing F/R, since: 1) if R is
an equivalence relation on F then E' = E/R is a image of E and 2) if £’ is an
image of F there exists an equivalence relation R defined on F such that E’ has
the same cardinality as F/R.

Given a deductive system D of a Lukasiewicz algebra L, the quotient set of L
by the congruence “=" is denoted by A/= or A/D. For each x € L, we denote
Cp(x) ={y € L : y =z} or simply by C(z) the equivalence class containing the
element x.

If x,y € L and we algebrize the set A/D by

(1) C(z) v C(y) = Clx Vy); (2) Clx) ANC(y) = Clz Ay)
(3) ~ C(x) = C(~ x); (4) VC(z) = C(Vu); (5) 1'=C(1)
then as we proved above, the system (A" = A/D,1',V,~,V,A) is a Lukasiewicz
algebra which we denominate the quotient algebra of L by D.

Clearly the transformation h : A — A/D defined by h(a) = C(a) is a homo-
morphism, called the natural homomorphism, from A onto A/D, and which has
D as its kernel. Indeed, let N = h~'(1’). We prove that N = D. If z € N then
C(z) = h(x) =1 = C(1), so x = 1 and therefore there exists d € D such that
rANd=1Adthisis x Ad =d hence d < x, so since d € D and D is a filter, we
have that © € D. Conversely let d € D then since d Ad = 1 A d it follows that
d=1 (mod D), sod e C(1) =1 thisis h(d) = 1’, then d € N.

Lemma 2.2.6. Let L, Ly, Ly be Lukasiewicz algebras, and let hy : L — Ly,
hy : L — Lo be homomorphisms such that hi(L) = Ly, and Ker(h,) C Ker(hs).
Then there exists a homomorphism h : Ly — L. If furthermore ho(L) = Lo, then
Lo is a homomorphic image of L.

ProOF. Ker(hy) C Ker(hs), is equivalent to Ry, C Rp,, so by Lemma 2.2.3
the transformation h : Ly — Ly defined by h(a;) = ho(a), where hy(a) = a; is a
function from L; to Lo that verifies h o hy = ho and h is the unique one in those
conditions. Let us prove that in this case h is a homomorphism.

Hl) ]’L(Cbl V b1> = h(CLl) V h(bl>

Let a,b € L be such that hy(a)
h(hi(a)) V h(hi(b)) = ha(a) V ha(b

aq ( ) = b1 then h(al) V h(bl) =
h(ha(a ¥ b)) = h(hi(a) V ha(b)) = h(as V

, hy
hao(a vV b) = (hohy)(aVb) =
b1).
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H2) h(~ a1) = h(~ ha(a)) = h(h(~ a)) = ha(~ a) =~ hya) =~ ((ho
hi)(a)) =~ (h(h1(a)) =~ h(as).

H3) h(Va1) = h(Vhi(a)) = h(hi(Va)) = hy(Va) = Vhy(a) = V((ho
hi)(a)) = V(h(hi(a)) = Vh(a1).

If ho(L) = Lo, then by Lemma 2.2.3, h is surjective. O

Lemma 2.2.7. Let L, Ly, Ly be Lukasiewicz algebras, hy : L — Ly, ho : L —
Lo epimorphisms such that Ker(h,) = Ker(hy). Then Ly and Ly are isomorphic
Lukasiewicz algebras.

PrOOF. Ker(hy) = Ker(hs), is equivalent to Ry, = Rp,, so by Lemma 2.2.4
the transformation h : Ly — Lo defined by h(a;) = hg(a), where hy(a) = a; is
a bijection from L; to Ly. By Lemma 2.2.6, h is a homomorphism, so h is an
isomorphism. O

Corollary 2.2.8. If L and L' are Lukasiewicz algebras and h is a homomor-
phism from L onto L' then L' is isomorphic to L/Ker(h).

PROOF. Let F' = Ker(h), so F' is a deductive system of L and in consequence

" = L/Ker(h) is a Lukasiewicz algebra. Furthermore, ¢(z) = Cgern)(z) is
an epimorphism from L to L” such that Ker(p) = F = Ker(h) and therefore
L"=L/Ker(h) = L. O

Thus we have proved the following result by A. Monteiro, [36]:
Every homomorphic image of a Lukasiewicz algebra is obtained (up to isomor-
phism) considering deductive systems D of L and constructing L/D.

Lemma 2.2.9. If L and L' are Lukasiewicz algebra, h : L — L' is a homo-
morphism, and G C L is such that LS(G) = L then LS(h(G)) = h(L). This is if
G generates L then h(G) generates h(L).

PROOF. Let S" = LS(h(G)), so S is an L-subalgebra of L', and in consequence
S = h~1(S') is an L-subalgebra of L. Furthermore (1) G C S given that if g € G
then h(g) € h(G) C S’ and therefore g € h~1(S") = S. From (1) it follows that
L = LS(G) C S and therefore S = L = LS(G). Since h is a function from L onto
h(L) we have that h(L) = h(S) = h(h™1(S")) = 5" = LS(h(Q)). O

Corollary 2.2.10. If L and L' are Lukasiewicz algebras, h : L — L' is an
epimorphism, and G C L is such that LS(G) = L then LS(h(G)) = L'.

Lemma 2.2.11. Let L and L' be Lukasiewicz algebras. For an epimorphism
h: L — L' to be an isomorphism, it is necessary and sufficient that Ker(h) = {1}.

PROOF. Assume that & is a isomorphism, then a € Ker(h) thisis h(a) =1 =
h(1), so since h is one to one, a = 1. Assume now that (1) Ker(h) = {1} and that
h(a) = h(b) so 1 = h(a — b) = h(b — a) and therefore a — b,b — a € Ker(h)

then a — b=1=b— a and in consequence a = b. 0

If X is a subset of a Lukasiewicz algebra L we denote with ~ X the set
{~z:2€ X}
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Lemma 2.2.12. If R is a congruence relation defined over a Lukasiewicz
algebra L then:

a) C(1) ={z € L: xzR1} is a deductive system.
b) The following conditions are equivalent:
bl) aRb.
b2) a = b,~a —~bb—a,~b—~acC(1).
b3) There exists n € C(1) such that a An=bAn.
c) C(1) =~ C(0)={~z:2€C(0)}.

PROOF. a) Since 1R1 then F1) 1 € C(1).
F2) Let z,y € C(1), so xR1,yR1, and since R is compatible with A
we have that (z A y)R(1 A1) =1, therefore z Ay € C(1).
F3) If x € C(1), then zR1, and since yRy, and R is compatible with
A, we have that (z A y)R(1 Ay) = y. Therefore if © < y where y € L, we
have that z A y = z, and therefore x Ry. Since xR1 we get, given that R
is an equivalence relation, that yR1, this is y € C(1).

Note that it is enough that R is compatible with A to prove that C(1)
is a filter.

F4) If x € C(1), this is, xR1 then as R is compatible with A we have
that AzRA1 = 1, and therefore Az € C(1). We have thus proved that
C(1) is a deductive system.

b) bl) implies b2):

Recall that by L13), V ~ aVa = 1, so from aRb, since R is compatible

with V it follows that:

1=(V~aVa)R(V~aVb)=a—b,

therefore a — b € C(1). From aRb, since R is compatible with ~ it
follows that ~ aR ~ b then, as R is compatible with V we have that
1 =(VaV ~ a)R(VaV ~ b) =~ a —~ b therefore ~ a -~ b € C(1).
Analogously, we can prove b — a € C(1) and ~a —~ b € C(1).

b2) implies b3):

From a — b,~a -~ be C(1) and b — a,~ b —~ a € C(1), since
C(1) a filter, it follows that a — b,b — a € C(1), so

n=(a—>b)A((b—a)eC(1),

and as in the proof of Lemma 2.2.2, we can show that a An =bAn.
b3) implies bl):
Assume now that there exists n € C(1) such that a An = b A n.
From n € C(1) it follows that nR1, so, since R is compatible with A, we
have that a AnRaA1=aand (b An)R(bA1)="b. Since by hypothesis
a An = bAn, it follows that aRb.
c) z € C(1) & zR1 < (R is compatible with ~) ~ 2R ~ 1 =0 &~ x €
C(0) & x e~ C(0).

0
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We can now conclude that there exists a bijective correspondence between the
deductive systems of a Lukasiewicz algebra L and the set of congruences defined
on L.

2.3. Construction of deductive systems

We will indicate methods to obtain the deductive systems of a Lukasiewicz
algebra. In the development of a deductive theory, as in mathematics, a set H of
statements is considered, and each of those statements is called an axiom or hy-
pothesis. The statements in H are not, in general, tautologies of the propositional
calculus, and thus they are said to be true by hypothesis.

The goal is then to obtain the logical consequences of the hypothesis in H,
which is done through proofs that must follow the rules of logic.

We consider first the case in which H is a finite sequence of elements of a
Lukasiewicz algebra L.

Definition 2.3.1. Given a sequence hy, ho, ..., h, of elements of L, x € L 1is
said to be a consequence of the sequence, and denoted by hy, hsa, ..., hy F 2 if

(hi Aha Ao ANhy) — o =1

The intuitive concept of logical consequence is such that if x is a consequence
of the sequence hq, hs, ..., h, then, if we alter the order of the hypothesis, then x
is also a consequence of the new sequence thus obtained. This is what we point
out in the following results:

Lemma 2.3.2. If hy,ho, ... hy_1, g, hpy1, ..., hy F x then
h17h2a"'7hk—17hk’+1ahk7"'7hn F .

PrROOF. The lemma is immediate from the commutative property of the meet
operation. 0

From the lemma above, by trivial procedures, we prove:

Lemma 2.3.3. If hy,ho,...,h, b x and ki, ks, ... k, is a permutation of the
elements hy, hs, ..., h, then ki, ko, ... k, F x.

We see thus that the fact that x is a consequence of the hypothesis appearing
in a sequence does not depend on their order, but just on the hypothesis in the
set.

We can then replace the definition above by the following one:

Definition 2.3.4. Given a finite, non-empty set of elements of L,
H = {hy,hy, ..., h,} we say that x € L is consequence of H and denote by
(h17h2,...,hn) Fax Zf
(hl/\hz/\.../\hn)%l‘zl.

Lemma 2.3.5. [f (hhhg, .. ;hn) F ax then (hg,hl,hg, .. ,hn) .
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PROOF. Since
hoANhi ANhao AN .ANRy, <hiANhaA...NAh,

then by the hypothesis (hy A ho A... Ah,) — x =1 and property ID7) of — we
have that

I=((hiAhaN...Nhy) =2 < (hg ANhi ANhaoA...Nh,) = x,
which proves the lemma. 0

Definition 2.3.6. We say that x € L is consequence of the empty subset of L
if x =1 and denote this by O - x, this is 0 = x if and only if v = 1.

Definition 2.3.7. Given a part H of a Lukasiewicz algebra L, we say that x
is a consequence of H, if x is a consequence of a finite part of H and denote this
by HF x.

Given a subset H of a Lukasiewicz algebra L we denote by C(H) the set of
all the consequences of H. This operator will be called the consequence operator.

Given a subset H of a Lukasiewicz algebra L, we call the deductive system
generated by H the intersection of all the deductive systems containing H, and
we denote it by D(H). Since L is a deductive system containing H and that the
intersection of deductive systems is a deductive system, the operator D is well
defined. Clearly D(H) is the least deductive system containing H.

The definition of D(H) isn’t constructive since it involves the family of all the
deductive systems containing H.

Theorem 2.3.8. If H is a subset of a Lukasiewicz algebra then D(H) = C(H).

PROOF. First case: H = (). By definition C()) = {1}. On the other hand,
since {1} is a deductive system, and it is the least deductive system of L, it is
contained in any other deductive system so D(@)) = {1}.

Second case: H # ().

(i) C(H) is a deductive system.
D1) 1 € C(H). Indeed, since H # 0 there exists h € H and since
h — 1 =1 it follows that 1 € C(H).
D2)If x € C(H) and x — y € C(H) then y € C(H).
By hypothesis there exist finite subsets of H,{hq,ho,..., h,} and
{ki1, ks, ..., kny} such that:

i=1

2) (7\k> S )=

Put h= A h; and k = A k;, then
i=1 j=1

3) h—x=1
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4) k—(z—y) =1
Since for all a € L, a — 1 =1 from (4) it follows that
B) h=k—=(@—=y)=1
so by property ID10) of —, (5) can be written as
6) (hAk)—= (x—=y) =1
By ID15) we know that
(7) (hANk) = (=)= (hAk)—2x)—= (hAk)—y) =1
Then since by ID4), 1 — a = a, from (6) and (7) it follows that
8) (hANk)—z)—= (hANk)—y) =1
By ID10) we know that
9) (hAk)—xz=(kANh) > 2x=k— (h— 2)
and by (3) we have

(10) (hAk) =z =1,
So, since 1 — a = a, from (8) and (10) it follows that
(11) (hNk)—y=1
this is

(12) (/n\hi/\;n\k]) —y=1

where h; € H,1 <i<nandk; € H,1 < j <m, and therefore y € C(H).
From D1) and D2) it follows that C(H) is a deductive system.
(i) H C C(H).
Let h € H, sosince h — h = 1 it follows that H - h, thisis h € C(H).
From (i) and (ii) it follows that
(i) D(H) C C(H).
(iv) C(H) C D(H).
If z € C(H) then

(13) <Am>%x:L hie H1<i<n
=1

sosince h; € H C D(H) for 1 <i <nand D(H) is a filter it follows that

n

(14)  /\ hi € D(H).

i=1
From (13) and (14), it follows by modus ponens that = € D(H).
From (iii) and (iv) it follows that D(H) = C(H). O

We have thus a constructive way of obtaining deductive systems generated by
a given set. We will now prove a result known as the Deduction Theorem which
was proved first, in classical logic, by Alfred Tarski and Jacques Herbrand.
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Theorem 2.3.9. Deduction Theorem
HUu{z}ry < HFz—y

PrROOF. If H =0 then HU{z} ={z}so HU{z} ={z}ty < =z —>y=
1 < 0F 2 — y. Assume now that H # ().
Necessity: If H U {x} F y then there exist g1, go, ..., g, € H U {z} such that

(1) (/\g) —y=1

Let G ={g1,92,---,9n}- There are three cases to be considered:

e First case: ¢g; € H for all 7,1 <7 <n.
By ID10),

(2) (/n\gz) —(@—y)=z— (/n\gi—w)

i=1 i=1
Since a — 1 =1, from (2) and (1) we have that

(/"\gz-%(x%y):l

i=1
with g; € H forall i,1 <i<n,so HUFz —y.
e Second case: g; =z for all 7,1 < i < n.
From (1) we have that

Ty = (/n\gl> —y=1

i=1
and in consequence h — (x — y) =1, for all h € H, so HUF = — .
e Third case: GN H # () and G N {z} # 0.
Assume that G N H = {hy, ha, ..., h,} then by (1) we have that

= () ((Ae) )

Then by 1D10),

(/r\h,) = (r—=y =1

where h; € H for 1 <14 < r, and therefore H -z — y.
Sufficiency: Assume that H -« — y. Then there exist hq, ho, ..., h, € H such

that (
then by property 1D10)

(2.3.1) ((/n\hz) /\a:) —y=1

>

hi)—>(:c—>y):1
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this is H U {z} F v. O

Given a deductive system H of a Lukasiewicz algebra L and a € L we denote
with D(H, a) the deductive system generated by the set H U {a}.

Theorem 2.3.10. If H is a deductive system of a Lukasiewicz algebra L and
a € L then

D(H,a)={xe€L:a—ze€H}.

PROOF. Since H is a deductive system we have that C(H) = D(H) = H, and
by Theorem 2.3.8 we know that D(H,a) = C(H U {a}) so

r€ D(H,a) <= € C(HU{a}) <= HU{a}tz <—

HF(a—2z) < a—2e€C(H)=H

2.4. Arithmetics of the deductive systems

We saw that the determination of all the homomorphic images of a Lukasiewicz
algebra L can be reduced to the determination of all its deductive systems. We
will study now the properties of the family D(L) of all the deductive systems of
L. 1t is clear that (D(L), C) is a poset.

Among the deductive systems of a Lukasiewicz algebra L are L and the set
{1}, which are different if L has more than one element. Clearly the intersection of
deductive systems is a deductive system. A deductive system D of a Lukasiewicz
algebra L is said to be proper if D # L.

Lemma 2.4.1. If D is a proper deductive system of a Lukasiewicz algebra L
then aN ~ a ¢ D, for all a € L.

PROOF. Indeed, if aA ~ a € D then since D is a A-filter, 0 = A(aA ~ a) € D
and D = L. 0

Calling contradictions the elements of the form aA ~ a, then in the Lukasiewicz
algebras no proper deductive system contains contradictions.

Lemma 2.4.2. If K = {D,}.es is a chain of deductive systems of a Lukasiewicz

algebra L then D = |J D; is a deductive system of L.
i€l

PROOF. Since 1 € D; for all i € I then: D1) 1 € D.

We prove now that: D2) If z € D and z — y € D then y € D.

From z € D it follows that there exists j € I such that x € D; and from
x — y € D it follows that there exists h € I such that + — y € D;. Since
D;, Dy, € K and K is a chain then (i) D; C Dy, or (ii) Dy € D;. Assuming that
(i) is the case, then z,2 — y € D), and since D, is a deductive system we have
that y € Dy, and in consequence y € D. If (ii) is the case, the proof is similar. O
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Let D be a proper deductive system of L and a ¢ D. We consider the family
D(D,a)={D' e D(L): DC D' a¢ D'}
It is clear that D € D(D,a) and that (D(D,a),C) is a poset.

Lemma 2.4.3. The poset (D(D,a),C) is inductive. This is, it is a poset in
which every chain has an upper bound.

PROOF. We have to prove that every chain K of elements of the set D(D, a)

has an upper bound in D(D, a).
Let IC = {D;}iesr be a chain of D(D, a) and consider the set D' = |J D;, then

iel
by Lemma 2.4.2 we have: (1) D' € D(L), and (2) a ¢ D', since a ¢ D; for all
i€l. Since D C D, foralli € I then (3) D C |J D; = D', and therefore from (1),
i€l

(2) and (3) it follows that (4) D' € D(D,a), and from (3) and (4), that D’ is an
upper bound of K belonging to the set D(D, a). Therefore the poset (D(D,a), C)
is inductive.

Notice that D’ is a proper deductive system of L given that a ¢ D'. 0

Since the set D(D, a) is inductive, by Zorn’s Lemma, this set has at least a
maximal element.

If L is a non trivial Lukasiewicz algebra and a € L, is such that a # 1, then
D = {1} is a deductive system of L not containing the element a. Let

D(a) =D({1},a) = {D' € D(L): {1} C D',a ¢ D'} = {D' e D(L) : a ¢ D'}.

This is, if @ # 1, D(a) represents the family of all the deductive systems of L
not containing the element a.

Each maximal element of this poset will be called a deductive system bounded
to the element a and denoted by D,.

Each maximal element of the poset D(0) will be called a maximum deductive
system, this is the maximum deductive systems are the maximal elements of the
poset of all the proper deductive systems. If L is a Lukasiewicz algebra with more
than one element we denote with M(L) the set of all the maximum deductive
systems of L.

Lemma 2.4.4. For a principal filter F(z) = [z) of a Lukasiewicz algebra L
to be a deductive system it is necessary and sufficient that x € B(L).

Proor. If [z) is a deductive system, this is a A-filter, then from z € [z) it
follows that Az € [z), this is < Az, so Az = z, this is x € B(L). Conversely if
x € B(L), let y € [z) so x <y and in consequence z = Az < Ay, then Ay € [x)
which proves that [z) is a A-filter, thus a deductive system. O

Lemma 2.4.5. Let D € D(L) and a ¢ D, then if M is a mazimal element of
D(D,a), M is a mazimal element of D(a).

PROOF. (i) D(D,a) C D(a).
Let D' € D(D,a), so a ¢ D'. It follows that D" € D(a).
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(ii) Assume that M is a maximal element of D(D,a), in particular M €
D(D,a) then by (i) we have that M € D(a). If M were not a maximal
element of D(a), there would exist (1) C' € D(a) such that (2) M C C.

From (1) it follows that (3) a ¢ C. By hypothesis (4) D C M, so from

(2) and (4) we have (5) D C C. From (5) and (3), it follows that since

C'is a deductive system, C' € D(D, a). Thus we have that M € D(D, a),
M is maximal, C' € D(D,a) and M C C. Contradiction!

O

Notice that the converse of the preceding lemma is not true. For that consider
the Lukasiewicz algebra L indicated in Example 1.2.4, where B(L) = {0,1,d, e},
with diagram indicated in figure A. The poset (D(L), C) is depicted in figure B.
The elements of the set D(a) are marked with e, therefore [d) and [e) are the
maximal elements of D(a).

The set D([d), a) has a single element [d), so [e) is a maximal element of D(a)
and not a maximal element of D([d), a) since [e) ¢ D([d), a).

o 1

o 0)=1L
§O<f0§020>go e D(L[il) ./ \. le)
A \/

Figure A Figure B

Definition 2.4.6. A deductive system D of a Lukasiewicz algebra L is com-
pletely irreducible if

CI1) D is proper,
CI2) If {D;}ics is a family of deductive systems of L such that D = (| D; then

icl
there exists an index 1 € I such that D = D;.

D is irreducible if:

Irl) D is proper,
Ir2) If Dy and Dy are deductive systems of L such that D = Dy N Dy then
D= D1 or D = DQ.

From the definition above, it is clear that every completely irreducible deduc-
tive system is irreducible.

Lemma 2.4.7. For a deductive system of a Lukasiewicz algebra L to be com-
pletely irreducible it is necessary and sufficient for it to be bounded to some element

of L.
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PROOF. Necessity: Let C' be a completely irreducible deductive system, so C
is a proper deductive system and therefore there exists at least an element a ¢ C'.
Let D be a maximal element of D(C,a) so C C D. By Lemma 2.4.5, D is a
deductive system bounded to a. Then for each x ¢ C there exists a deductive
system D,, bounded to x such that (1) C' C D,. Let us prove that C' = [\ D,.

x¢C
By (1) it follows that (2) C' C [ D,. Now we prove that (3) () D, C C, which

z¢C z¢C
is equivalent to prove that CC' C C < N Dm) = |JCD,. Let y € CC thisisy ¢ C
z¢C z¢C
so since y ¢ D, we have that y € (D, C |J CD,. From (2) and (3) it follows
z¢C

that C'= [\ D, and therefore given that C' is completely irreducible there exists

z¢C
x ¢ C such that C' = D,.
Sufficiency: Given a deductive system D, bounded to y, since y ¢ D, then

D, is proper. Assume that D, = (| D; where {D;};c; is a family of deductive
iel
systems of L. Since y ¢ D, there exists iy € I such that y ¢ D;,, so D;, € D(y).
Furthermore, D, = () D; C D,, and since D, is a maximal element of D(y) it
iel

follows that D, = D;,. 0
Lemma 2.4.8. Every proper deductive system of a Lukasiewicz algebra L is

intersection of completely irreducible deductive systems.

PRrOOF. Let H be a proper deductive system of L, so there exists x € L such
that = ¢ H. Therefore, there exists a maximal element M of D(H,z) and in
consequence M is maximal in D(x) this is M = D,. Furthermore, H C D,.

Then for each x ¢ H there exists a D, such that H C D, and therefore
H C () D,. Let us prove next that (1) (| D, C H.

w¢H a¢H
To prove (1) is equivalent to prove that CH C C < N Dx) = U CD,. Let
y € CH then y ¢ H so y ¢ D, and in consequence y € Egj cy ClgiH
Thus H = () D,, where the deductive systems D, are cor;falfetely irreducible
for all z ¢ H. i O

Corollary 2.4.9. Fvery proper deductive system of a Lukasiewicz algebra L
15 intersection of irreducible deductive systems.

PrROOF. It is enough to note that every completely irreducible deductive sys-
tem is irreducible. 0]

We will prove that in the Lukasiewicz algebras the notions of completely ir-
reducible deductive system, irreducible deductive system and maximal deductive
system are equivalent. We begin by proving:

Lemma 2.4.10. Fvery irreducible deductive system P of a Lukasiewicz algebra
L is a prime filter.
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PRrROOF. By hypothesis P is proper. Assume that x Vy € P and consider the
deductive systems Dy = D(P,z), Dy = D(P,y),s0 D = D1N Dy # (), P C D; and
P C D,. In consequence P C Dy N Ds.

We prove now that Dy N Dy C P. Let t € Dy N Dy, thisis t € D(P,x) and
t € D(P,y), so by Theorem 2.3.10 we have that: (1) x -t € Pand (2)y —t € P,
so since P is a filter, from (1) and (2) it follows that (3) (z — t) A (y = t) € P,
but by the property ID12), (z — t) A (y — t) = (¢ Vy) — t and therefore (4)
(xVy) —t € P, so since by hypothesis (5) 2 Vy € P, from (4) and (5) it follows
that t € P.

We have thus proved that P = DN D,, so given that P is irreducible it follows
that (6) P = D; or (7) P = D,. Since x € D; and y € Dy we have that © € P or
y € P therefore P is a prime filter. O

The converse to this result is not valid in general. If we consider the Lukasiewicz
algebra T from Example 1.2.3, then [c) is a prime filter of T but it is not a de-
ductive system since ¢ € [¢) and 0 = Ac ¢ [c).

Lemma 2.4.11. In a Lukasiewicz algebra L every proper deductive system s
intersection of prime filters.

Proor. By Corollary 2.4.9 we know that every proper deductive system is in-
tersection of irreducible deductive systems and by Lemma 2.4.10 every irreducible
deductive system is a prime filter. O

Lemma 2.4.12. Fvery irreducible deductive system D of a Lukasiewicz alge-
bra L is a mazimal deductive system.

PROOF. Let M € D(L) be such that (1) D C M and (2) m € M. By Lemma
2.4.10, D is a prime filter. From m VvV V ~m =1 € D it follows that (3) m € D
or (4) V.~ m € D. If (3) occurs then M C D, so by (1) we have M = D. If
(4) occurs, then from (4) and (1) it follows that (5) V.~ m € M. From (2) it
follows that since M is a A-filter, (6) Am € M, so by (5) and (6) we have that
0=AmAV ~me& M and therefore M = L. O

Corollary 2.4.13. In Lukasiewicz algebras, the notions of completely irre-
ducible deductive system, irreducible deductive system and mazimal deductive sys-
tem coincide.

PROOF. It is enough to notice that:

e By Definition 2.4.6 every completely irreducible deductive system is an
irreducible deductive system.

e By Lemma 2.4.12 every irreducible deductive system is a maximal deduc-
tive system.

e Every maximal deductive system is a deductive system bounded to the
bottom element of the algebra and therefore by Lemma 2.4.7 is also a
completely irreducible deductive system.

O

Corollary 2.4.14. In the Lukasiewicz algebras, every proper deductive system
15 intersection of maximal deductive systems.
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ProoF. Immediate consequence of Lemma 2.4.8 and Corollary 2.4.13. U

Corollary 2.4.15. If L is a non trivial Lukasiewicz algebra then {1} is the
intersection of all the maximal deductive systems of L.

We characterize now the maximal deductive systems of a Lukasiewicz algebra,
this is the completely irreducible deductive systems.

Theorem 2.4.16. For a deductive system C' of a Lukasiewicz algebra L to be
completely irreducible it is necessary and sufficient that there exists a ¢ C' such
that for all x ¢ C, x — a € C holds.

PRrROOF. If C' is a completely irreducible deductive system, then it is bounded
to some element a ¢ C, this is C' is a maximal deductive system among the
deductive systems not containing the element a. Let x ¢ C' and consider the
deductive system D = D(C,z). Then C C CU{z} C D(C,z) and (1) a € D(C,x),
because otherwise C' would not be maximal among the deductive systems that do
not contain the element a. By Theorem 2.3.10 we know that (2) D(C,z) =
{ye L:x—yeC}. Sofrom (1) and (2) we have that z — a € C.

Conversely assume that C' is a deductive system verifying: there exists a € L
such that (1) a ¢ C and (2) forall 2z ¢ C, x — a € C holds. Then C' is a deductive
system bounded to the element a. Otherwise, there would exist a deductive system
D such that (3) C' € D and (4) a ¢ D, so if x is an element verifying (5) z € D
and (6) z ¢ C, from the hypothesis it follows that (7) x — a € C so by (3) we have
(8) x — a € D and from (5) and (8) it follows that a € D, a contradiction. O

Corollary 2.4.17. For a proper deductive system M of a Lukasiewicz algebra
L to be maximal, it is necessary and sufficient that the following condition holds:
(*) if e ¢ M thenx —y € M forally € L.

Proor. If M is a maximal deductive system then it is bounded to any x ¢ M,
so D(M,z) = L. By lemma 2.3.10 we have that z — y € M for all y € L.

Conversely, let M be a proper deductive system verifying (*). Assume that
there exists a deductive system D such that (1) M C D C L. Let x € D\ M so
(2) z € D and (3) x ¢ M. By (3), condition (*) implies that z — y € M for all
y € L. Then by (1), z — y € D. From the fact that D is a deductive system and
(2), it follows that y € D for all y € L, therefore D = L. O

Theorem 2.4.18. For a proper deductive system M of a Lukasiewicz algebra
L to be mazximal, it is necessary and sufficient that for all x € L either x € M or
V ~x e M hold.

Proor. If M is maximal then by Corollary 2.4.13, it is an irreducible deduc-
tive system so by Lemma 2.4.10, it is a prime filter and so from xtVV ~z=1€ M
it follows that x € M or V ~ x € M.

Let © ¢ M then from the hypothesis it follows that V ~ 2 € M and since
V~r<V~zVy=2zx—yforal ye L and M is a filter we have that
r — y € M for all y € L and in particular x — y € M for all y ¢ M, so by
Corollary 2.4.17 M is a maximal deductive system. 0
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Recall that every boolean algebra B can be regarded as a Lukasiewicz algebra,
where Va = z, for all x € B, and therefore ~ x is the boolean complement of z,
this is ~ x = —x and therefore V ~ x = —x.

In this case, the notions of deductive system and filter coincide. Indeed, we
know that every deductive system is a filter, and if D is a filter of B, since Ax = x
for all x € B then clearly D is a A-filter, and thus a deductive system. Therefore
in this case, the notion of maximal deductive system coincides with the notion of
ultrafilter. As a corollary of the previous theorem we have:

Theorem 2.4.19. (Stone’s theorem) For a proper filter U of a boolean algebra
B to be an ultrafilter of B, it is necessary and sufficient that given x € B then
reUor—xel.

Lemma 2.4.20. In a Lukasiewicz algebra L, if M is a deductive system, and
a € L we have D(M,a) = F(M, Aa)

PRrROOF. (C) From Lemma 2.1.15 (a), we have (1) F(M,Aa) = {z € L :
m A Aa < x,where m € M}. Let (2) x € D(M,a). By Theorem 2.3.10 and (2) it
follows that m = a — x € M. Since mAAa = (a = x)ANAa = (V ~ aVz)\Aa =
x A Aa < z we conclude by (1) that x € F(M, Aa).

(D) By definition, M U {a} € D(M,a). Since D(M,a) is a A-filter, it also
contains the set M U {Aa}. Therefore, F(M,Aa) C D(M,a). O

Next theorem is a particular instance of the theorem given by L. Monteiro in
1971, for monadic Lukasiewicz algebras [62].

Theorem 2.4.21. In a Lukasiewicz algebra L the following statements are
equivalent:

a) M is a mazimal deductive system,

) ifa & M, there exists m € M such that Aa Am =0,
) if AavVbe M thenae M orbe M,

) ifa ¢ M, thenV ~ae M,

e) ifa,b¢ M, thena —be M andb— a € M.

b
c
d

PROOF. a) implies b): Consider the deductive system
D = D(M,a) = (by Lemma 2.4.20) = F(M, Aa).

Since F(M,Aa) = {x € L : m N Aa < x,where m € M}, if m A Aa # 0
for all m € M then D would be a proper deductive system such that M C D, a
contradiction.

b) implies c¢): If a ¢ M, by b) there exists m € M such that Aa A m = 0.
Since bAm = (AaV b) Am € M, then b € M.

c) implies d): Since AaVV ~a=1¢€ M, then by ¢) V~a e M.

d) implies e): If a ¢ M, then V ~ a € M and therefore a b=V ~aVbe
M. Analogously one can prove b — a € M.

e) implies a): If M were not maximal, there would exist a deductive system
M’ such that M € M" C L. Let (1) ae€ M'"\ M and (2) be L\ M’', so a,b¢ M
and therefore from e) it follows that in particular a — b € M and therefore (3)
a—be M. From (1) and (3) it follows that b € M’, which contradicts (2). O
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Lemma 2.4.22. If M is a maximal deductive system of a Lukasiewicz algebra
L then

(M N B(L))U(~MNB(L)) = B(L) and (M N B(L))N (~MNB(L)) =0

PROOF. Let X = (M N B(L))U(~ MnNB(L)) so X C B(L). Let b € B(L).
If b € M then clearly b € X. If b ¢ M then by the previous theorem V ~ b € M,
but since b € B(L) then ~ b € B(L) so ~ b € M and therefore b e~ M. It
follows that b e~ M N B(L),so b e X.

If a €e (MNB(L)N(~ MnB(L)) then (1) a € B(L), (2) a € M and
(3) a e~ M so from (3) it follows that (4) a =~ m with (5) m € M, then
(6) ~ a = m € M and therefore from (2) and (6), aA ~ a € M, which is
impossible, as we saw that no proper deductive system can contain contradictions.

O

Corollary 2.4.23. If M is a maximal deductive system of a Lukasiewicz al-
gebra L and b € B(L) thenb € M or ~b e M.

Lemma 2.4.24. D(X) = F(AX).

PRrROOF. (i) AX C D(X). Let y € AX, this is y = Az where (1) z € X.
Since (2) X C D(X) from (1) and (2) it follows that € D(X) and since D(X)
is a deductive system we have that y = Az € D(X).

Since D(X) is a filter, from (i) it follows that (3) F(AX) C D(X).

Now we prove that (ii) X C F(AX). Given z € X, Az € AX C F(AX), so
Az € F(AX) and since Ax < z and F(AX) is a filter we have = € F(AX).

We prove next that (iii) F/(AX) is a A-filter. Let y € F(AX), so by Lemma

2.1.15, (4) there exist 2q,29,...,2, € AX such that A z; < y so A\ Az =
i=1 i=1

Al A zl) < Ay and since z; € B(L), we have that (5) A z; < Ay. From
i=1 '

i
= =1
(4) and (5) it follows that Ay € F(AX). From (ii) and (iii) it follows that
D(X) C F(AX). 0

We denote with D(a) the deductive system generated by the set {a}. Ev-
ery deductive system generated by a singleton set is called a principal deduc-
tive system. We saw in Lemma 2.4.24 that if X C L then D(X) = F(AX),
so if X = {a} we have that D(a) = F(Aa) = {# € L : Aa < z}. Since
Aa<z < 1=~ AaV Aa <~ AaV zx=a— z then

D(a)={zr€L:a—z=1}.

It is clear that D(1) = {1} = D(0). We shall prove that if X is a finite
non-empty subset of a Lukasiewicz algebra L then D(X) is a principal deductive
system. More precisely:

Lemma 2.4.25. D({ay,as,...,a,}) =D </\ ai).

i=1
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PROOF. Let a = /n\ a;, we will prove that D({ay,as,...,a,}) = D(a). By
Lemma 2.4.24 we havé:tlhat

D({ai,as,...,a,}) = F(A({a1,as,...,a,})) = F({Aay, Aay, ..., Aayp}),
From lattice theory we know that F'({x,y}) = F(x Ay) so

F({Aay, Aas,...,Aa,}) = F (/H\Ach) =F (A (/n\az>> = F(Aa) = D(a).

i=1

O

Adapting Tarski’s terminology, indicated in an analogous construction, we
denominate axiomatizable deductive systems those that have a finite number of
generators. Generally, in a deductive theory, a finite number of propositions
hy, hs, ..., h, are taken to be true by hypothesis and their logical consequences
are deduced. This situation has its algebraic counterpart when considering a finite
number of elements hq, ho, ..., h, and studying the deductive system generated
by the set {hy, ho, ..., h,}, thisis D({hq, ha,..., hy}).

Since it is natural to admit as true the propositions hq, hs, . .., h,, which is the

n
same as admitting as true h = A h;, then the set of consequences of hy, ho, ..., h,

i=1
coincides with the set of consequences of h = hy A hs A ... A h,, this is:

D({h1,ha,...,hn}) = D(hy Aha A ... A hy).

It is natural to name not aziomatizable deductive system those that do not have
a finite number of generators.

Observe finally that if L is a Lukasiewicz algebra then the ordered set D(L)
is more precisely a bounded complete distributive lattice.
Indeed, if Dy, Dy € D(L) and we put by definition:

[ ] DlﬂDQZDlmDQ
L] D1|_|D2:D(D1UD2)

then D, Dy and Dy LI Dy are the meet and join of the deductive systems D; and
D, respectively. The first and last elements of D(L) are {1} and L respectively.
To prove that the lattice is distributive it remains to be proven that:

Dy (Do U D3g) C (Dy M Dy) U (D1 Ds),

for every Dy, Dy, D3 € D(L) (the other inclusion holds for every lattice).

Ifxe D1|_|(D2|_|D3) = D1m<D2uD3) then (1) T e D1 and (2) x € (D2|_|D3)
From x € DyU D3 = D(DyUDs) = (Lemma 2.4.24) = F(A(DyU Ds)), then using
Lemma 2.1.15 it follows that (3) Ay < x for some y € Dy U Ds.

If y € Dy, since Dy is a A-filter, it follows that Ay € Ds, and by (3) we have
that (4) x € Dy because D, is a filter.

Therefore, (1) and (4) implies « € Dy N Dy C (Dy N Dy) U (Dy 1 D3) C
(D111 Dy) U (DM D3). If y € Dy the proof is analogous.
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Furthermore, since there always exist (| D; for every family F = {D,};c; of
i€l
deductive systems of L, then (see, for example [73], p. 42) there also exists the
least upper bound of F and therefore the lattice is complete.

2.5. Prime filters and deductive systems

This section includes results indicated by A. Monteiro in a Seminar in 1963,
[37] and published in 1996, [48], [49].

Represent by P(L) the set all the prime filters of a Lukasiewicz algebra L and
by p(L) the set of all the minimal prime filters of L, this is the set of the minimal
clements of the ordered set (P(L), C). Therefore P is a minimal prime filter, if P
is prime and there exists no prime filter properly included in P.

If P € P(L), we can define p(P) = C ~ P € P(L). The function ¢ is
denominated the Birula-Rasiowa transformation, [6], [7], and it verifies p(p(P)) =
P forall PeP(L) and if P,Q € P(L) then P C Q < ¢(Q) C ¢(P).

We will study the connections between the prime filters of a Lukasiewicz alge-
bra L and the maximal deductive systems of L.

Lemma 2.5.1. If L is a Lukasiewicz algebra then:

a) Ifb¢ PeP(L) and b € B(L) then ~b € P.
b) If F is a proper filter of L and b € F N B(L) then ~b ¢ F.

PROOF. a) We know that ~ bV Vb=1 € P and sinceb € B(L), Vb =10
and therefore ~ bV b =1 € P, then since P is a prime filter and b ¢ P
it follows that ~ b € P.
b) If ~ b € F then bA ~ b € F, but since b € B(L) then bA ~ b = 0 and
therefore F' = L, a contradiction.

U
Lemma 2.5.2. If P € P(L) then F(VP) € M(L) and F(VP) C P.

PROOF. (i) F(VP)C P.

We prove first (1) :VP C P. Let t € VP, then t = Vp, where p € P.

Since p < Vp =t and P is a filter, then t € P. Since (2) P is a filter,
then from (1) and (2) we deduce (i).

(ii) By the Corollary 2.1.17, F(VP) is a deductive system. We prove next

that it is a maximal deductive system.

Assume that there exists M € M(L) such that: (3) F(VP) C M. We
show that (4) M € P. From (3) it follows that there exists an element
m € L such that (5) m € M \ F(VP), so since M is a deductive system,
from (5) we deduce that (6) Am € M. Since Am < m, having (5) in
mind it follows that (7) Am ¢ F(VP).

If (8) M C P, then from (6) it follows that, Am € P and therefore
Am =VAm € VP, so Am € F(VP), which contradicts (7).

From (4) it follows that there exists z € L, such that (9) z € M \ P,
then (10) Az € M, (11) Az ¢ P.
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From (10) it follows, applying Lemma 2.5.1 b), that (12) ~ Az ¢ M.
From (11) and Lemma 2.5.1 a), ~ Az € P,so~Az=V ~ Az € VP,
and therefore ~ Az € F(VP) C M, which contradicts (12).

UJ

Lemma 2.5.3. Fvery prime filter P of a Lukasiewicz algebra L contains one
and only one maximal deductive system.

PrRoOOF. By Lemma 2.5.2 we know that there exists a maximal deductive sys-
tem contained in P, namely F(VP). Let M, M" € M(L) be such that M C P,
M'" C P and M # M'. Then there exists x € M\ M’ or there exists x € M"\ M. If
x € M\ M then Ax € M and Az ¢ M'. Since M’ is a maximal deductive system
then L = D(M',Az) ={ye€ L:~AxzVye M} so~Ax e L =DM, Azx),
this is ~ Az =~ AzV ~ Az € M’, and since M’ C P we have ~ Ax € P. Since
Ax € M C P, then Az € P and by Lemma 2.5.1 (b), ~ Az ¢ P, a contradiction.
If x € M'\ M, we also arrive to a contradiction. O

The next lemma is a well known fact.

Lemma 2.5.4. If A is a Kleene algebra and P is a prime filter of A then
P C @(P) or o(P) C P.

Lemma 2.5.5. If P € P(L) then F(VP) C ¢o(P).

PROOF. Assume that (1) F(VP) € o(P) = 0 ~ P, then there exists (2)
m € F(VP), (3) m ¢ o(P).

From (2) we deduce that (4) Am € F(VP) and since Am < m, from (3) and
(4) it follows that (5) Am ¢ ¢(P).

Since L is a Kleene algebra we know that every prime filter P of L, is compa-
rable with ¢(P).

If P C ¢(P), then since F(VP) C P, we have F(VP) C ¢(P), which con-
tradicts (1). Then (6) ¢(P) C P. Since AmV ~ Am =1 € p(P) and ¢(P)
is a prime filter, then from (5), we have ~ Am € ¢(P), and by (6) we have
~ Am € P,so by (4) 0 = AmA ~ Am € P. This contradicts the fact that P is
a proper filter. Therefore, F(VP) C ¢o(P).

Proof by L. Monteiro. Let m € VP, then m = Vp, where p € P. Since
~pV Vp=1E¢€p(P)and p(P) is a prime filter then ~ p € p(P) or Vp € ¢(P).
If ~p € @P) =0~ P, then ~ p ¢~ P. This contradiction shows that
m = Vp € ¢(P). Thus we have shown that VP C ¢(P), so F(VP) C ¢(P). O

Lemma 2.5.6. If P € P(L), is such that P C ¢(P) and Va € P, then
a € ¢(P).

PROOF. By hypothesis (1) P C ¢(P), and (2) Va € P. Assume that (3)
a ¢ ¢(P),soa€~ P, thisis, (4) ~a € P. From (2) and (4), we have: aA ~a =
VaA ~ a € P, therefore a € P, and thus by (1), a € p(P), a contradiction. [

Lemma 2.5.7. If P € P(L) verifies ¢(P) C P then F(VP) = ¢(P).

PROOF. By Lemma 2.5.5, we know that (1) F(VP) C ¢(P). Assume that
F(VP) C ¢(P), then there exists (2) a € ¢(P) such that (3) a ¢ F(VP). If
~ Aa =V ~ a € P then since by Lemma 2.1.18, PN B(L) C F(VP) we have



76 2. HOMOMORPHISMS, DEDUCTIVE SYSTEMS AND QUOTIENTS

that (4) V ~ a € F(VP). From (1) and (4) we deduce (5) V ~ a € ¢(P) =
Q) € P(L). Since by hypothesis p(P) C P then (6) Q = ¢(P) C p(p(P)) =
©(Q). From (5) and (6) it follows, by Lemma 2.5.6, that ~ a € ¢(Q)) = P and
therefore a ¢ p(P) = @, which contradicts (2). Then (7) ~ Aa ¢ P and since
AaV ~ Aa=1¢€ P € P(L) we have that Aa € P, and therefore Aa € PN B(L).
Since by Lemma 2.1.18 PN B(L) C F(VP) we have that Aa € F(VP) and since

Aa < a, it follows that a € F(VP), which contradicts (3). O
Lemma 2.5.8. If P € P(L) verifies P C o(P) then F(Vp(P)) = P.
PROOF. Let Q = ¢(P) so from the hypothesis we have that p(Q) =

p(p(P))
©(P) = @, then by Lemma 2.5.7 F(VQ) = ¢(Q), this is, F(Ve(P)) = P.

Corollary 2.5.9. If P € P(L) then P € M(L) or o(P) € M(L), this is if
is a prime filter of L then either P or o(P) is a maximal deductive system.

T Uin

PROOF. Since L is in particular a Kleene algebra we have that (1) ¢(P) C P
or (2) P C ¢(P). If (1) occurs then by Lemma 2.5.7 we have that F(VP) = ¢(P).
But by Lemma 2.5.2 we know that p(P) = F(VP) € M(L).

If (2) occurs then by Lemma 2.5.8 we have that F(V¢(P)) = P. But since
©(P) is a prime filter, by Lemma 2.5.2 we know that P = F(V(P)) € M(L). O

Corollary 2.5.10. M(L) C P(L), this is every mazimal deductive system of
L s a prime filter of L.

PRrROOF. Let U(L) be the set of all the maximal filters of L and M a maximal
deductive system. Then there exists U € U(L) such that (1) M C U. Since
U(L) C P(L), then U is a prime filter and since ¢(U) is comparable to U, we have
necessarily (2) ¢(U) C U. So by the Corollary 2.5.9 ¢(U) is a maximal deductive
system, and since by Lemma 2.5.3 there exists a unique maximal deductive system
contained in U, we have that M = o(U) € P(L). O

The following results are also well known:

Lemma 2.5.11. If R is a bounded distributive lattice (with 0 and 1 as lower
and upper bound, respectively) and U is a proper filter of R, then the following
conditions are equivalent:

a) U is a mazimal filter of R.
b) Given x ¢ U there exists u € U such that x A u = 0.
Lemma 2.5.12. If R is a bounded distributive lattice (with 0 and 1 as lower
and upper bound, respectively), then the following conditions are equivalent:

a) P is a minimal prime filter of R.

b) P =R\ I, where I is a mazimal ideal of R.
and the following conditions are equivalent for a proper ideal I of R:

c¢) I is a mazimal ideal of R.
d) Given p & I there exists q € I such that pV q = 1.

Lemma 2.5.13. a) p(L) CD(L);
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b) p(L) = M(L).
This s, every minimal prime filter of L is a deductive system of L and the set
of the minimal prime filters of L coincides with the set of the maximal deductive
systems of L.

PROOF. a) Let P € p(L). If 0 € AP, this is 0 = Ap where p € P, then
p ¢ L\ P=1. Then by Lemma 2.5.12 d), there exists ¢ € I, so ¢ ¢ P
and 1 = p V q, therefore 1 = A(pVq) = ApVAq =0V Aq = Aq < gq,
hence ¢ = 1 € P, a contradiction. Thus we have 0 ¢ AP from where we
deduce, using Corollary 2.1.17, that: (1) F(AP) is a proper deductive
system of L. Let us prove now that P = F(AP). Let p € P. Since
Ap < p and Ap € F(AP) then p € F(AP), so P C F(AP). Assuming
that P C F(AP), then there exists a filter P verifying (2) x € F(AP),
and (3) x ¢ P. From (2) it follows that there exists p € P such that
(4) Ap < z. From (3) and (4) we deduce that (5) Ap ¢ P, and since
ApV ~ Ap =1 € P, we have that (6) ~ Ap € P. Since Ap € F(AP)
and P C F(AP), from (6) we deduce ~ Ap € F(AP), and therefore
0 = ApA ~ Ap € F(AP), which contradicts (1).

b) (i) Let P € p(L) then by part a) P is a deductive system. Assume
that there exists M € M(L) such that P C M, then there exists (7)
x € M such that (8) x ¢ P. Then (9) Az € M and (10) Az ¢ P. Since
AzV ~ Ax =1 € P, from (10) we have that ~ Az € P, and then (11)
~ Az € M. From (9) and (11): 0 = AzA ~ Az € M, a contradiction.

(ii) Let M € M(L) then by Corollary 2.5.10, M € P(L). If M ¢ p(L),
then there exists (12) P € p(L) such that (13) P C M. From (12) it
follows using part (i) that P € M(L), which contradicts (13).

0

Corollary 2.5.14. Every prime filter of a Lukasiewicz algebra L contains a
unique minimal prime filter of L.

Proor. By Lemma 2.5.3, each prime filter contains a single maximal deduc-
tive system, and by Lemma 2.5.13 b), the set of maximal deductive systems of L
coincides with the set of the minimal prime filters of L. 0

Lemma 2.5.15. If P € p(L) and P ¢ U(L) then there exists a single
P € P(L) such that P C P', and more precisely, P' = ¢(P).

PRrROOF. Let P € p(L) , we know that (1) ¢(P) C P or (2) P C ¢(P). Since
¢(P) € P(L) and P is a minimal prime filter minimal, condition (1) cannot hold.
Let U € U(L), be such that ¢(P) C U, then ¢(U) C ¢(p(P)) = P, so since P is
a minimal prime filter, we must have p(U) = P, so U = ¢(P).

Then ¢(P) is an ultrafilter that contains P. We can’t have ¢(P) = P since
by hypothesis P ¢ U(L), so :

P C ¢(P) and ¢(P) is an ultrafilter.

Let P’ € P(L) be such that (3) P C P’. We shall prove that (4) P’ C U =

©(P). Indeed, if P" Z U then there exists (5) p’ € P’ such that (6) p’ ¢ U. From

(6), (see Lemma 2.5.11 (b)), we infer that there exists (7) u € U such that (8)
uNp =0. Ifu € P then 0 =u Ap' € P, and therefore P’ = L, a contradiction.



78 2. HOMOMORPHISMS, DEDUCTIVE SYSTEMS AND QUOTIENTS

Since P’ € P(L) then by Lemma 2.5.2:
(9) F(VP') € M(L) and (10) F(VP') C P

By Lemma 2.5.13 (II), p(L) = M(L), then (11) P € M(L). By Lemma
2.5.3 we know that each prime filter of a Lukasiewicz algebra contains a single
maximal deductive system, then from (9), (10), (11) and (3), we have that: (12)
F(VP)=P.

From (5) it follows that (13) Vp' € VP’ C F(VP') = P. Since P C p(P) =U
and P € M(L), by Lemma 2.5.3 we have that P = F(VU) C U.

From (7) it follows that (14) Vu € F(VU) = P, and from (8), (13) and (14):
0=V0=V(uAnp)=VuAVp € P, a contradiction. Thus P’ C U = p(P).

Assume now that P’ C U = ¢(P), then we have P C P’ C U, so

P =o(U) Co(P)CpP)=U.

From ¢(P’) C U, we deduce that there exists u € U such that u ¢ ¢(P’).
We know that P’ and ¢(P’) are comparable. Assume that P’ C o(P’). Since
uN ~ u < u then: (i) ~ uAVu = uN ~u ¢ p(P'). From u ¢ o(P') we get
~u € P and since Vu € F(VU) = P C P/, then ~ u A Vu € P' C ¢(P’) which
contradicts (i).

If (P") C P', we also arrive to a contradiction.

Thus U = ¢(P) is the unique prime filter containing P as a proper subset. [

Corollary 2.5.16. If P € p(L) and P ¢ U(L) then the unique proper filter
containing P as a proper subset is F' = p(P).

PROOF. Let F' be a proper filter such that: (1) P C F, and assume that
F ¢ U(L), then there exists (2) U € U(L) such that (3) F' C U. From (1) and
(3) we have: P C U, whence by Lemma 2.5.15, U = ¢(P). Let (4) x € U\ F.

Since FF'=(\{P' : P € P(L),F C P'} and = ¢ F, then there exists P’ € P(L)
such that (5) F C P" and (6) x ¢ P'. From (4) and (6) we have P’ # U = ¢(P).
From (1) and (5): (7) P C P’. Thus there exists a prime filter P’, different from
©(P) containing P as a proper subset, which is impossible by Lemma 2.5.15. [

2.6. Principal deductive systems and their quotient algebras

If L is a Lukasiewicz algebra and v € L, we will present a construction to
determine the quotient algebra L/D(u).

If p,u € B(L) are such that p < wu, L' = [p,ul ={x € L: p < x <u}, and we
define = x = pV (~ x Au), for z € L, then as we proved in Theorem 1.4.1 that
the system (L', u,=, V, A, V) is a Lukasiewicz algebra.

Therefore, if u € L, and L' = [0, Au] = (Au| then L' is a Lukasiewicz algebra
whereif z € L', 2 =0V (~ z A Au) =~ z A Au.

Lemma 2.6.1. The Lukasiewicz algebra L) D(u) is isomorphic to L' = [0, Au].

PROOF. Given x € L, let h(z) = x AAu, then since 0 < xAAu < Awu then h is
a function from L to [0, Au|. Furthermore, given y € [0, Aul, this is, 0 <y < Au,
with y € L then h(y) = y A Au = y. Therefore h is a surjective function with the
elements of [0, Au] as invariants. We also have

H1) iz Vy) =(xVy) NAu = (z A Au) V (z A Au) = h(x) V h(y).
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H2) ~ h(z) =~ (x A Au) =~ (x AN Au) AN Au = (~ 2V ~ Au) A Au =
~x A Au=h(~z).
H3) Vh(z) =V (z A Au) = Vo A Au = h(Vz).
Since
Ker(h)={x € L:h(z)=Au}={r e L:xNAu=Au} =
{reLl:Au<z}=F(Au) = D(u),

and the kernel of the natural epimorphism L — L/D(u) is D(u) we have by
Lemma 2.2.7 that L/D(u) and [0, Au] are isomorphic. O

Lemma 2.6.2. If C' is an equivalence class (mod D(u)) then C N [0, Aul
contains a unique element.

PROOF. (i) CNI[0,Au] # 0. Let x € C, so: h(z)ANAu = (x ANAu)ANAu =
x A Au, and since Au € D(u) it follows by condition C3) in Lemma 2.2.2
that h(z) = x (mod D(u)) so since x € C we have that h(z) € C and
therefore h(x) € C'N [0, Aul.

(ii) The element is unique. Assume that z,y € C'N [0, Au] then (1) z,y € C
and (2) z,y € [0, Au]. From (2) it follows by the previous lemma that
h(z) = x and h(y) = y. By (1) we have that x = y (mod D(u)), so
by condition C3) in Lemma 2.2.2, o Ad = Ad with (3) d € D(u), then
(4) x ANh(d) =h(z) AR(d) = h(x Ad) =h(y ANd) = h(y) A h(d) = y A h(d).

From (3), since D(u) = Ker(h) we have that (5) h(d) = Au, so from
(5) and (4) it follows that x A Au = y A Au and since by (2) z,y < Au
we have that x = y.

0

Lemma 2.6.3. (L. Monteiro (2002)) If = € [0, Au] then
Cpa () = |

PROOF. Let y € [z,2VV ~ul,s0 (1) z <yand (2) y <z VV ~u.

From (1) it follows that 1 =V ~zVe <V ~zxVy=z—>ythenz —-y=1
and therefore (3) x — y € D(u).

From (2) it follows that 1 = V ~ yVy < V ~ yVaVV ~ u so
V~yVaeVV ~u=1and therefore Au A (V ~yVaVV ~u) = Au,
this is (Au A (V ~yVa))V(Au AV ~u) = Aun(V ~yVz) = Au, and
therefore Au <V ~ y Vo =y — x then since Au € D(u) we have that (4)
y — x € D(u).

From (1) it follows that ~ y <~ z and therefore 1 = VyV ~y < VyV ~ z =
~ 1y —~ x50~y —~x =1 and therefore (5) ~ y -~z € D(u).

From (2) it follows that ~ x A Au <~ y, so Vz V (~ 2z A Au) < VaVv ~y =
~x —~ythen Au < VzVAu=1A(VaV Au) = (Vav ~ z) A (Ve V Au) =
VaV(~axAAu) <~z —~ y, and since Au € D(u), we have (6) ~ x =~y €
D(u).

From (3), (4), (5) and (6) it follows by Lemma 2.2.2 that y = x (mod D(u))
this is y € Cp) ().

Conversely if y € Cpy(x), where (7) 0 < 2 < Auw, this is y = 2 (mod D(u)),
then by Lemma 2.2.2; there exists d € D(u) = F(Au) such that xt Ad = y Ad and

z,x V'V ~ul.
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therefore x Ad A Au =y Ad A Au so since d € F(Au), this is Au < d and by (7)
r < Auw it follows that (8) x = y A Au, then since y A Au < y, we have that (9)
z <y. From (8) it follows that

Ve~uVe=V~uV(yANAu) =V ~uVy

and since y < V ~ u V y, we have that (10) y < 2V V ~ wu. From (9) and (10)
we have that t <y <z VV ~u, thisisy € [z,2VV ~u. 0

The previous lemma generalizes a result by L. Monteiro in [66].



CHAPTER 3

Products and factors

3.1. Simple algebras
Definition 3.1.1. A Lukasiewicz algebra L is said to be simple if:

Sil) L has more than one element,
Si2) every homomorphic image of L has a single element or is isomorphic to
L, this is, the only homomorphic images of L are the trivial ones.

Lemma 3.1.2. A Lukasiewicz algebra L is simple if and only if:

Sil) L has more than one element,
Si2') the only deductive systems of L are D(1) = {1} and D(0) = L.

PROOF. Let L be a simple Lukasiewicz algebra so Sil) holds. Let D be a
deductive system of L. By hypothesis L/D is isomorphic to L or to the singleton
algebra. If L = L/D, then Cp(z) = {x} and since Cp(1) = D we have that
D = {1} = D(1). If L/D has a single element then Cp(x) = L for all z € L, so
D =Cp(1) =L = D(0).

Conversely if L is a Lukasiewicz algebra such that Sil) and Si2’) hold, then
the only homomorphic images of L are L/D(1) and L/D(0), which are isomorphic
to L and the singleton algebra respectively.

O

Corollary 3.1.3. If L is a simple Lukasiewicz algebra then {1} is a maximal
deductive system of L.

Lemma 3.1.4. A Lukasiewicz algebra L is simple if and only if:

Sil) L has more than one element,

Si2”) B(L) = {0, 1}.
This is a Lukasiewicz algebra L is simple if and only if the boolean algebra B(L)
s simple.

PROOF. Assume that L is a simple Lukasiewicz algebra and that there exists
(1) b € B(L) such that (2) b # 0 and (3) b # 1. We know that D(z) = F(Ax) for
all z € L. Then by (1) D(b) = F(Ab) = F(b). By (2), D(b) = F(b) # L and by
(3), D(b) = F(b) # {1} = D(1). So Si2') does not hold, a contradiction.

Conversely assume that the Lukasiewicz algebra L verifies Sil) and Si2”). We
know that D(1) is a deductive system. Let D be a deductive system such that
D # D(1) so there exists (1) d € D such that (2) d # 1. From (1) it follows that
(3) Ad € D and by Si2”) we have (4) Ad =0 or (5) Ad = 1. Since Ad < d, if (5)
occurs then d = 1, which contradicts (2) then (4) must hold. From (3) and (4) it
follows that 0 € D and therefore D = L = D(0). O

81
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Corollary 3.1.5. If D is a deductive system of a Lukasiewicz algebra L, with
more than one element, it is necessary and sufficient that D is a maximal deductive
system of L for L/D = L' to be simple.

PROOF. Assume that L' = L/D is simple, then L’ is an algebra with more
than one element and therefore D is a proper deductive system and by Lemma
3.1.4, B(L') = {0',1'}. Let h be the natural homomorphism from L to L/D.
Since h(Vz) = Vh(z) then h : B(L) — B(L/D). Furthermore D = h™'(1’) and
I = h7(0') is an ideal of the lattice L, B(L) C DUI, AD = DN B(L) is a proper
filter of B(L) and it is easy to prove that AI = INB(L) is a proper ideal of B(L).
Also, ADNAI =0 and ADUAI = B(L), so AD is a prime filter of B(L), this is
AD is an ultrafilter of the boolean algebra B(L), then by Lemma 2.1.19, F(AD)
is a maximal deductive system of L and by Lemma 2.1.19, F(AD) = D.

Assume now that D is a maximal deductive system of L, so D is proper and
therefore L' = L/D has more than one element. Let ¥’ € B(L’) be such that
b’ # 1" and let h be the natural epimorphism from L to L/D, so there exists b € L
such that h(b) = V' and since b’ € B(L’) we have that b € B(L) and b # 1. Since
D is a maximal deductive system, we know by Corollary 2.4.23 that (1) b € D or
(2) ~be D. If (1) occurs then 1' = h(b) = V', a contradiction, so (2) holds and
therefore ~ & = h(~ b) = 1" and therefore b’ = (/. Then B(L') = {0, 1}, this is,
L' is simple. O

From the previous corollary it follows that it is important to study the maximal
deductive systems to determine simple algebras.

We shall denote with B the boolean algebra with two elements and with T
the centered Lukasiewicz algebra with three elements, as shown in Example 1.2.3.
The next lemma is a special case of the lemma proved by L. Monteiro in 1971 for
monadic Lukasiewicz algebras [62].

Lemma 3.1.6. If L is a Lukasiewicz algebra, with more than one element,
then the following conditions are equivalent:
a) L is simple,
b) For every a € L, if a # 1 then Aa =0,
c) L=BorL=T.

PROOF. a) implies b): By Corollary 3.1.3, M = {1} is a maximal deductive
system so if a # 1, a ¢ M then by the Theorem 2.4.21, there exists m € M = {1}
such that 0 = Aa Am = Aa N1 = Aa.

b) implies c):

First case: L\ B(L) =), this is L = B(L). Then if (1) b € B(L) and (2)
b# 1, by (1) Ab = b and from (2) it follows by the hypothesis that Ab = 0, which
proves that B(L) = {0, 1} and therefore L = B.

Second case: L\ B(L) # 0. If c € L\ B(L) we have that (3) ¢ # 0 and (4)
¢ # 1. From (4) it follows by the hypothesis that Ac = 0. If ~ ¢ =1 then ¢ = 0,
which contradicts (3), so ~ ¢ # 1 and it follows by the hypothesis that A ~ ¢ =0
this is Ve = 1. Therefore we have that for all ¢ € L'\ B(L), c is a center of the
algebra L and since the center is unique L = {0,¢,1} = T.
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¢) implies a): If L = B or L = T then L has more than one element and the
only deductive systems of L are D(0) and D(1). O

Note that B is isomorphic to a subalgebra of T.

Lemma 3.1.7. If M is a maximal deductive system of a Lukasiewicz algebra
L then L/M =B or L/M = T.

PRrROOF. Since M € M(L) then by Corollary 3.1.5, L /M is a simple Lukasiewicz
algebra, so by Lemma 3.1.6, 3) L/M =B or L/M = T. O

Lemma 3.1.8. If L is a finite Lukasiewicz algebra, with more than one ele-

ment, then F(b) is a maximal deductive system of L if and only if b is an atom
of the boolean algebra B(L). (L. Monteiro, 2002)

PROOF. Let F(b) be a maximal deductive system, so in particular it is a
deductive system, so by Lemma 2.4.4 we have that b € B(L). Assume there exists
x € B(L) such that 0 <x < bso F(b) C F(z) C F(0) = A, and since by Lemma
2.4.4, F(z) is a deductive system and F'(b) is maximal, it follows that F'(x) = F(b)
or F'(x) = F(0), this is x = b or z = 0, which proves b is an atom of B(L).

Conversely assume that b is an atom of B(L). We know that D(z) = F(Ax)
for all x € L, so from b € B(L) it follows that D(b) = F(Ab) = F(b). Since b # 0
the deductive system F(b) is proper. Assume that (1) D is a deductive system
such that (2) F(b) C D. Since D is a filter and L is finite (3) D = F(x), for
some z € L. From (2) and (3) we have F(b) C F(x) and therefore (4) x < b
so () 0 < Az < Ab = b. Since b is an atom of B(L) and 0, Az € B(L) then
(6) Ax =0or (7) Az =b. Since x € D and D is a deductive system we have that
(8) Az € D. If (6) holds, from (6) and (8) it follows that 0 € D and therefore
D = L. If (7) holds, since b = Az < x then b = x and therefore D = F'(b), which
proves that F'(b) is a maximal deductive system. O

Therefore if L is a finite Lukasiewicz algebra with more than one element, the
number of maximal deductive systems is the same as the number of atoms in the
boolean algebra B(L).

3.2. Cartesian product

Given a family of Lukasiewicz algebras {L;}cr, let L = [] L; be the cartesian
i€l

product of the family of sets {L;};cs, this is, the set of all the functions z : I —
|J L; such that for each element ¢ € I they take a value z(i) = x; € L;. Then z; is
il
the coordinate with index i of the element x € L and it is denoted by x = [x;];er,
r=x;], v = (2;)icr or x=(1).

We represent with 0; and 1; the bottom and top elements respectively of the
algebras L;,1 € I. Let 0 = (0;)ier, 1 = (1;)ier and given z = (x;);e; € L,y =
(yi)ier € L, put by definition:

Vo = (Vai)ier, ~ &= (~xi)ier, TANY = (i ANYi)ier, €V Yy = (2 V ¥s)icr-

It is easy to prove that (L,1,~,V,V,A) is a Lukasiewicz algebra which we
call the cartesian product or direct product of the family of Lukasiewicz algebras
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{L;}ic;- Each one of the sets L; is called the i-th coordinate axis or i-th axis. If
L; = L,Vi € I, then [] L; is the set of all the functions from I to L. In this case
iel
we write L! instead of [] L;. If I is finite, for example I = {1,2,...,n} then any
i€l
of the following notations may be used:

HLZ- or Lix Lox...xL,.
=1

In this case if @ € [] L; then: z = (z(1),2(2),...,z(n)) = (1,22, ..., 2,).

=1
It is clear that Ly x Ly # Lo X Ly, but Ly X Ly and Ly X Ly are isomorphic
Lukasiewicz algebras. It is also easy to prove that Ly X (La X L3) = (L1 X Lg) X Lg.
Notice that if L, L' are Lukasiewicz algebras and f is a fixed element of L, then
the subset Cy of L x L defined by C; = {(f,y) : y € L'} is a Lukasiewicz algebra
isomorphic to L', if we define ~ (f,y) = (f,~ v), V(f,y) = (f, Vy) and in the
same manner, if f’ is a fixed element of L' then Cp = {(z, f') :x € L} C Lx L' is
a Lukasiewicz algebra isomorphic to L as long as we define ~ (z, f') = (~ z, f'),

V(z, f') = (Vx, ).
3.3. Factorization of an axled Lukasiewicz algebra

Notice the following facts:
e Every boolean algebra A is a Lukasiewicz algebra where Vo = Ax =
for all x € A and conversely, every Lukasiewicz algebra in which Vz =
Ax =z for all x is a boolean algebra.

e If A is a boolean algebra then e = 0 is the axis of A regarded as a
Lukasiewicz algebra, since Ae = e = 0 and (Az Ve) AVz = (x VO) Ax =z
for all z € A.

o If ¢ is a center of a Lukasiewicz algebra L then c¢ is an axis of the
Lukasiewicz algebra L.

e In the remaining part of this section we will only consider Lukasiewicz
algebras which are not boolean algebras nor centered algebras.

Gr. Moisil [27], p. 66-90 proved the following theorem.

Theorem 3.3.1. Fvery azled Lukasiewicz algebra is the cartesian product of
a boolean algebra by a centered Lukasiewicz algebra.

To prove this theorem, Moisil used some results from ring theory (see section
1.9).

L. Monteiro, [62] presented a simpler proof of this theorem, using only results
from the theory of Lukasiewicz algebras.

Recall this result about distributive lattices: Let R be a distributive lattice
with bottom element 0 and top element 1. If x € R we write [x) = F(z) =
{y e R:2 <y}and (z] = I(z) ={y € R:y < x}. These sets are respectively
a filter and an ideal of R and are called principal filter and principal ideal. Fur-
thermore, F'(z) is a distributive lattice with bottom element x and top element 1,
while /(z) is a distributive lattice with bottom element 0 and top element z. We
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denote with B(R) the set of all the boolean elements of R, so {0,1} C B(R). If
z € B(R) we denote with —z its boolean complement.

Lemma 3.3.2. If R is a distributive lattice with bottom element O and top
element 1 and b € B(R) \ {0,1} then R is isomorphic to the cartesian product of
the distributive lattices 1(b) and I(—b) this is R = I(b) x I(—b).

The isomorphism from R to I(b) x I(—b) is defined by h(z) = (x Ab,z A —Db).

Lemma 3.3.3. If R is a finite, non trivial, reducible distributive lattice, i.e.
R = Ry X Ry, where Ry and Ry are nontrivial distributive lattices then R = ﬁ(ai],
where A(B(R)) = {ay, a9, ... ,a:}. -

Lemma 3.3.4. (L. Monteiro, [62]) If L is a Lukasiewicz algebra and b €
B(L)\ {0,1} then L = L/F(b) x L/F(~b).

PRrOOF. Recall that if b € B(L) then its boolean complement is ~ b. Since
b,~ b € B(L) then we know that F'(b) and F(~ b) are deductive systems so by
Lemma 2.6.1, L/F(b) = I(b) and L/F(~ b) = I(~ b). Then by Lemma 3.3.2, the
distributive lattice L is isomorphic to the distributive lattice

I(0) x I(~b) = L2 L/F(b) x L/ F(~b).

Since the function h defined above is a lattice isomorphism we have that
(i) h(0) = O
(i) h(1) =
(iii) h(x Ay) = h(z) A h(y),
(iv) h(z Vy) = h(z) V h(y),
We prove now that
(v) h(Vz) = Vh(x). Indeed, Vh(z) = V(z Abx A ~b) =
(Vo AVL, V2 AV ~b) = (Vo Ab, VA ~b) =h(Vz).
In a similar manner we can prove

(vi) h(Az) = Ah(x).

Then since h verifies (i) to (vi), by the results by L. Monteiro [52], it turns
out that h respects the operator ~ and in consequence h is a Lukasiewicz algebra
homomorphism. Since h is bijective then A is a isomorphism. O

Lemma 3.3.5. The cartesian product of a boolean algebra and a centered
Lukasiewicz algebra is an axled Lukasiewicz algebra.

Proor. If B is a boolean algebra and C' is a centered Lukasiewicz algebra
with center ¢ then it easy to check that the element e = (0,¢) € B x C'is an axis
of the Lukasiewicz algebra B x C. ([l

Lemma 3.3.6. If L is a Lukasiewicz algebra and a € L verifies Aa = 0 then
the quotient algebra E = L/F(Va) is a centered Lukasiewicz algebra (L. Monteiro

[62]).
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PrOOF. We shall prove that ¢ = C(a), where C(a) is the equivalence class,
mod F(Va), containing the element a, is the center of the quotient algebra
E = L/F(Va). Indeed, we prove that ~ C(a) = C(a) this is, we prove that
~ a = a mod F(Va). It will be enough to notice that the following conditions
are equivalent:

Aa =0 <= by Lemma 1.4.10, a <~ a <= a =a/A ~a <= by L9),
a=aAVa=aA~a < byL7),a=~aAVa <= ~a=amod F(Va). O

Lemma 3.3.7. (L. Monteiro [62]) If L is an axled Lukasiewicz algebra with
axis e then the quotient algebra B = L/F(~ Ve) = L/F(A ~ e) is a boolean
algebra.

ProoF. We prove that AC(z) = C(z) for all x € L, this is, Az = z mod
F(A ~e).

Since L has an axis then x = (Az Ve) AVae =Ax V(e AVz) for all z € L,
soxt NA~e=(Az ANA~e)V(eANA~eAVr)=(Az NA~e)V(0AVZ) =
Ax AN A ~ e and therefore Az = x mod F(A ~ e). O

We prove now Theorem 3.3.1. Let L be an axled Lukasiewicz algebra with axis
e that is not a boolean algebra nor a centered algebra. Then Ve # 1 and Ve # 0,
because if Ve = 0 then e = 0 and L would be a boolean algebra, contradicting
the hypothesis. If Ve = 1 then e would be a center of L, contradicting the other
hypothesis.

Thus we have that Ve € B(L) \ {0, 1}, so by Lemma 3.3.4, we know that

L= L/F(~Ve)x L/F(Ve)

where by Lemma 3.3.7, L/F(~ Ve) is a boolean algebra and by Lemma 3.3.6,
L/F(Ve) is a centered Lukasiewicz algebra.

Remark 3.3.8. o If L is a centered Lukasiewicz algebra, so an axled
algebra, then we can write L = P X L where P is a boolean algebra with
a single element.
o If L is a boolean algebra, then L = L x P where P 1is the centered
Lukasiewicz algebra with a single element.

Lemma 3.3.9. If L is a finite non trivial Lukasiewicz algebra, different from

t
B and T, and A(B(L)) = {a1,as,...,a;}, then L = [](a;].
i=1

ProoOF. By hypothesis B(L) is finite, non trivial, and B(L) # {0,1}, so by
t
Lemma 3.3.3, L = [] (ai]. O

=1

Remark 3.3.10. Let (A,3) be a finite monadic boolean algebra with n atoms,
n € N, and assume that the boolean algebra K(A) = {x € A : Jx = x} has h
atoms 1 < h < n. If the partition {X1, Xa, ..., X} of A(A) associated to K(A)
is such that: N[X;] =1 for 1 <i <k and N[X;] > 1 for k+1 <i < h, then

the atoms of K(A) are ki = \/ z, 1 <i < h. By the results in section 1.10 we
reX;
know that L(A) is a Lukasiewicz algebra such that the boolean algebras B(L(A))
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and K(A) are isomorphic, so B(L(A)) has h atoms, and the atoms of B(L(A))
are C(k;),1 <i < h. Moreover, if 1 <i <k, then k; € A(A). By Lemma 1.10.5,
(Ck)]=B. If k+1<i<h, thenk;= \/ x. By Lemma 1.10.7 it follows that
zeX;

dz is an atom of K(A) for any x € X;, and since v < k;, 3x < Jk; = k;, so since
k; is an atom of K(A), we must have k; = 3z for some x € X;. Applying Lemma
1.10.8 it follows that (C(3x)] = (C(k;)] = T so from the assumptions taken and
the previous lemmas we have that:

L(A) = [[(C(k:)] = BF x T"*.

=1

3.4. Subdirect product of Lukasiewicz algebras

Given a non-empty family of Lukasiewicz algebras {L; };cs, consider the Luka-
siewicz algebra P = [[ L;. Given i € I, consider the i-th projection m; of P
el
over L; defined by m;(a) = a; € L;. We know that m; is a lattice homomorphism
from P onto L; such that m;(1) = 1; and m;(0) = 0;. Furthermore, if a € P then
~ 7TZ'<CL) =~ a; = ﬂ'l((N CLj)) = 7TZ'<N CL), VTQ‘(CL) = Vai = Wi((Vaj)) = 7TZ'(VG>
therefore each one of the i-th projections is an epimorphism from P onto L;.

Definition 3.4.1. If S is a subalgebra of the Lukasiewicz algebra P = [] L;
i€l
such that 11;(S) = L;, for all i € I, then we say that S is a subdirect product of
the Lukasiewicz algebras L;.

Lemma 3.4.2. Fvery subalgebra S of the cartesian product P = [[ L; is a
iel
subdirect product of Lukasiewicz algebras.

PROOF. For each i € I let L; = m;(S). Since the projections are homomor-

phisms from P to L; then L/ is a subalgebra of L;. Let P’ = [] L} and 7} be the
il

i-th projection of P" on L;. We prove that S is subdirect product of P, this is,

that S is a subalgebra of P’ and 7}(S) = L/ for all i € I. By the definition of

P’ it is immediate that the second condition holds. Given s = (s;);er € S, since

s; = mi(s) € L, then s = (a;)ier € P’ =[] L;. Therefore S is a subset of P’, and
i€l

therefore S is a subalgebra of P’. O

Definition 3.4.3. A Lukasiewicz algebra L is said to be subdirectly reducible
if L is isomorphic to a subalgebra L' of a direct product P = || L;, and such that:
el
1. m(L") = L;, for alli € I.
2. None of the projections is an isomorphism.

A Lukasiewicz algebra is said to be subdirectly irreducible if it is not is sub-
directly reducible.
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3.5. Moisil’s representation theorem

Once we know the simple algebras, we can build new ones using elemental
methods as indicated before. The homomorphic images of the simple algebras, do
not yield new ones.

Therefore, it remains to build cartesian products and to determine subalgebras
of those products. This leads naturally to the following definition: A Lukasiewicz
algebra is said to be semisimple if it is isomorphic to a subdirect product of simple
Lukasiewicz algebras.

Theorem 3.5.1. (Moisil’s representation Theorem) FEvery Lukasiewicz alge-
bra with more than one element is subdirect product of simple Lukasiewicz algebras.

Proor. If the Lukasiewicz algebra L is simple, then the theorem holds. As-
sume then L is not simple, so B(L) # {0,1} and there exists b € B(L) such that
b+#0,b+# 1. Therefore ~ b € B(L) and ~ b # 0,~ b # 1, so there exist maximal
deductive systems M; and M, such that b € M; and ~ b € M,. Furthermore,
My # M, because if M; = M, then b, ~ b € My, which contradicts Lemma 2.4.22.
Therefore if L is not simple there exist at least two different maximal deductive
systems. Let M(L) be the set of the maximal deductive systems of L. For each
M € M(L) let hys be the natural epimorphism from L to L/M. We know that if
M € M(L) then L/M = B or L/M = T, so since B is isomorphic to a subalgebra
of T we can assume that for each M € M(L), hy is a homomorphism from L to
T. Let F = TM(), We already know that F is a Lukasiewicz algebra. We shall
prove now that L is isomorphic to a subalgebra A of F. For this, consider the
following transformation: given f € L put ¢(f) = F where F' is defined by:

F(M) = hp(f), for every M € M(L),
so F' € F. Then

H1) o(fVg) =¢(f)Ve(g), forall f,g € L.
Let k = fVvyg, o(f) = Foolg) = G and o(k) = K, so K(M) =
ha(k) = haa(f V g) = har(f) V hae(9) = F(M) v G(M) = (F'V G)(M)
which proves H1).
H2) o(~ f) =~ @(f), for all f € L.
Let g =~ f, o(f) = F, and ¢(9) = G, so G(M) = hu(g) =
haf(~ f) =~ hy(f) =~ F(M) = (~ F)(M), which proves H2).
H3) o(Vf) =Vo(f), forall f e L.
Let ¢ = Vf, o(f) = F, and ¢(g9) = G, so G(M) = hu(g) =
hay(Vf) =Vhy(f)=VF(M) = (VF)(M), which proves H3).
Thus we have proved that ¢ is a homomorphism and therefore A = (L) is a
subalgebra of F.
¢ is injective. Let f,g € L be such that (1) f # g, o(f) = F and ¢(g9) = G.
To prove that F' # G we need to show that there exists at least a M € M(L)
such that F(M) # G(M). From (1) it follows by Moisil’s determination principle
that (2) Vf # Vg or (3) Af # Ag.
If (2) occurs then (2a) Vf € Vg or (2b) Vg £ Vf. Assume (2a) holds (in
the other case the proof is similar). From (2a) it follows that D = F(Vf) is a
deductive system and that Vg ¢ D, therefore D is a proper deductive system
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and in consequence we know that D is intersection of maximal deductive systems,
so there exists a maximal deductive system M such that D C M and Vg ¢ M,
therefore Vf € M and Vg ¢ M,so 1 = hy(Vf) =V (hy(f)) and 1 # hy(Vg) =
V(ha(g)). Then V(hy(f)) # V(ha(g)) and F(M) = ha(f) # hu(g) = G(M).

If (3) holds then (3a) Af £ Ag or (3b) Ag £ Af. Assume (3a) holds (in
the other case the proof is similar). From (3a) it follows that D = F(Af) is a
deductive system and that Ag ¢ D, therefore D is a proper deductive system.
In consequence we know that D is intersection of maximal deductive systems, so
there exists a maximal deductive system M such that D C M and Ag ¢ M.
As a consequence Af € M and Ag ¢ M, so 1 = hy(Af) = A(hay(f)) and
1 # hpy(Ag) = A(ha(g)). Therefore A(hy(f)) # A(ha(g)) and then F(M) =

w(f) # hulg) = GOM).

We have proved thus that the subalgebra A of F is isomorphic to L.

To prove that ¢ is injective we could also proceed as follows: Let f,g € L,
o(f) = F, and ¢(g) = G, and assume F' = o(f) = ¢(g9) = G, this is, F(M) =
G(M) for all M € M(L), so ha(f) = hu(g) for all M € M(L). In consequence
1= hu(f) = ha(g) = hu(f — g) and 1 = har(g) — ha(f) = har(g — [), this
is fr—g,9— f € (hy) (1) = M for all M € M(L) and since (| M = {1}

MeM(L)
then f — g=1= g — f and therefore f = g. O

Theorem 3.5.2. If L is a finite, not simple Lukasiewicz algebra with more
than one element, and M(L) = {My, Ms, ..., M,} the set of its mazimal deductive
systems, then:

L= L/My x L/My X ---x L/M,.

PRrOOF. Let F = TM(®) as in Theorem 3.5.1, and let A = L/M; x L/M; x
-+ x L/M,. We know that the mapping ¢ : L — F,defined by: ¢(f) = F, where
F(M;) = hy,(f), fori =1,2,... n, and every f € L, is a homomorphism from

L to F and that since ﬂ M; = {1} then ¢ is injective, also as in Theorem 3.5.1.

Observe that A C F, once we identify L/M; with a subalgebra of T.

Let us prove that the image of ¢ is A. Since L is a finite, not simple Lukasiewicz
algebra with more than one element, then B(L) is a ﬁnite boolean algebra with
more than one atom. Let by, by, ..., b, be the atoms of the boolean algebra B(L),
then by Lemma 3.1.8, {M; = F(b;) : 1 < i < n} is the set of the maximal
deductive systems of L and all the L/M;, 1 < ¢ < n are simple algebras. In
a similar manner to that indicated in the proof of Theorem 3.5.1 we can prove
that L is isomorphic to a subalgebra of the algebra F where the isomorphism
is defined by ¢(z) = (hay (), han (), ..., har, () and where hyy, is the natural
epimorphism from L onto L/M;. Given y = (y1,¥2,...,Yyn) € A then for each

y; € L/M; there exists x; € L such that hy,(x;) = y;. Let © = \/(xZ Ab;).
Since b; € B(L) then hag(b;) € B(L;) = {0,1} so hyy, (b) — 0 for ] # 1 and
hMj(bj) = 1. Therefore hyy, (x) = o, (V(x; ANby)) = \/ (hM () A o, (b)) =

=

o, () A hMj(b ) = ha, (xj)N1= P, (j) = y;. This proves that p(x) =y. O

._.
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Remark 3.5.3. Fvery deductive system D of L is in particular a filter and
since L is a finite distributive lattice, all its filters are principal, so D = F(z),
for some x € L and since D is a deductive system and x € F(x) = D it follows
that Ax € F(x) and therefore D = F(b) with b € B(L). On the other hand, we
know by Lemma 3.1.8 that M is a maximal deductive system of L if and only
if b is an atom of B(L). Furthermore (1) L/M; = B or (2) L/M; = T for
1 <i<n. We can assume that My, Ms, ..., M, are deductive systems verifying
(1) and My, ..., M, are deductive systems verifying (2).

Notice that it could be the case that in L there are no deductive systems veri-
fying (1) or (2), but there are always deductive systems verifying one of the two
conditions.

Then the number of elements of || L/M; is equal to 2% x 3"~*.
i=1

3.6. Injective Lukasiewicz algebras

Definition 3.6.1. A Lukasiewicz algebra C' is said to be injective if for any
Lukasiewicz algebra L and any S, subalgebra of L, for every homomorphism h :
S — C there exists a homomorphism H : L — C' extending h, this is H(s) = h(s)
foralls € S.

A. Monteiro in the lectures given in 1963, [36] posed to his students the prob-
lem of determining the injective Lukasiewicz algebras and conjectured that they
were the complete centered Lukasiewicz algebras. L. Monteiro, published an arti-
cle in 1965, [57], proving this conjecture and that this result is a consequence of
an important theorem due to R. Sikorski [76].

Given that every Lukasiewicz algebra is a bounded distributive lattice, it is
clear that:

Lemma 3.6.2. The cartesian product of complete Lukasiewicz algebras is a
complete Lukasiewicz algebra.

Theorem 3.6.3. Fvery Lukasiewicz algebra L is isomorphic to a subalgebra
of a centered and complete Lukasiewicz algebra.

Proor. If L is trivial then clearly L is centered and complete. If L is simple
then we know that L = T or L = B and in this latter case B = {0,1} C T. If
L is not trivial, nor simple then by Theorem 3.5.1 we know that L is isomorphic
to an L-subalgebra of the Lukasiewicz algebra P = TM() where M(L) is the set
of the maximal deductive systems of L and since P =~ [[ Ty where Ty =T

MeM(L)
for all M € M(L), and T is a complete Lukasiewicz algebra then by Lemma 3.6.2
P is complete. Since the cartesian product of centered Lukasiewicz algebras is a
centered Lukasiewicz algebra, then P is centered. 0

Theorem 3.6.4. (L. Monteiro, [57]) A Lukasiewicz algebra C' is injective if
and only if C' is complete and centered.

ProOOF. We will only sketch the proof. Assume C' is injective, then by The-
orem 3.6.3, C' is isomorphic to a L-subalgebra S of a complete and centered
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Lukasiewicz algebra A. Let f be an isomorphism from C' to S and consider the

isomorphism h = f~1 : S — (. Then since C is injective, h can be extended

to a homomorphism H : A — C. Given {z;};c; € C then {f(x;)}icr € S C A,

so since A is complete, there exists s = \/ H(z;) € A. Then it is proved that
el

H(s) € C is the supremum of {x;};cr, so C is complete. If ¢ is the center of A

then one can prove that H(c) is a center of C.

Now assume that C' is a complete Lukasiewicz algebra with center ¢, A is a
Lukasiewicz algebra, S an L-subalgebra of A, and h : S — C' a homomorphism.
Consider the boolean algebras B(A), B(S) and B(C). Since C' is complete we
know by Corollary 1.12.6 that B(C) is a complete boolean algebra. Let f be
the restriction of h to B(S) so f is a boolean homomorphism, so by R. Siko-
rski’s theorem [76], there exists a boolean homomorphism F : B(A) — B(C)
extending f. Then we prove that the function H : A — C defined by H(x) =
(F(Az) V¢) AN F(Vz) is a homomorphism from A to C' extending h. O

This result was generalized by R. Cignoli in 1975, [14] who proved that:

Theorem 3.6.5. A Kleene algebra is injective if and only if it is a three valued
complete Post algebra.






CHAPTER 4

Free algebras

4.1. Introduction

In this chapter we will determine the Lukasiewicz algebras L, with a finite
number n of free free generators and prove that the number of elements of this
algebra is given by:

N(L,) =2%".3%"72",

Definition 4.1.1. Given a cardinal number o > 0 we say that L is a Lukasiewicz
algebra with « free generators, if

L1) L contains a subset G of cardinality o such that LS(G) = L,
L2) every mapping f : G — L', where L' is an arbitrary Lukasiewicz algebra,
can be extended to a homomorphism hy, necessarily unique, from L to L.

Under these conditions we say that G is a set of free generators of L and a
Lukasiewicz algebra is said to be free if it has a set of free generators. To make
explicit the cardinal number o we denote L = L.

Since the notion of Lukasiewicz algebra is given through identities, we know
by a result of Garret Birkhoff [8], that the Lukasiewicz algebra L, with a set of
free generators G = {g;}ic; for a given cardinal « exists and is unique (up to
isomorphisms).

We shall study the algebras L,,, where n is a natural number > 1, this is
G = {917927 SR 7gn}

4.2. Determination of the Lukasiewicz algebra L, with n free
generators

The following results were indicated by A. Monteiro in 1966, [44], and the
proofs were published in 1998 [49].
We saw that if L is a non trivial Lukasiewicz algebra, then L is isomorphic to

a subalgebra of
T /M
)

MeM(L
and that if M(L) is a finite set then L = [[ L/M. We shall prove that
MeM(L)

the set M(L,) is finite, from where it follows that the set of its prime filters is
finite, and we know that this set determines L,,. By Lemma 3.1.7 if M € M(L,,)
then L,/M = B or L,/M = T. Identifying isomorphic algebras we have that
L,/ M=Bor L,/M=T

Let M be a maximal deductive system of L, and hj; the natural homomor-
phism from L,, onto the quotient algebra L, /M. Since G = {g1,92,.-.,gn} 18

93
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the set of free generators of L,, and hy, is the epimorphism from L, to L, /M,
then by Lemma 2.2.9, hy(G) is a set of generators of L,/M. Now we define
ky = in o hyy, where iy, is the embedding from L,,/M to T. Since we identify
L, /M with a subalgebra of T, we can think that kj; is hp;. The homomorphism
har determines a mapping f from G to T, namely the restriction, hay, of has to
the set GG. Since L, is a free algebra, hj; is the only homomorphism that coincides
with f when restricted to G.

Put by definition: ¢ (M) = hag,, so 1 : M(L,) — TC. If fis a function from
G to T, then there exists a unique homomorphism A from L,, to T extending f.
Let M = Ker(hy). By Corollary 3.1.5, M is a maximal deductive system.

We prove now that hy = hy. Let o € L,.

If v € M = Ker(hy), then hy(z) = 1. At the same time, hy(z) = [z],, =
1], = 1so hy(z) =1 = hy(x).

If v e~ Ker(hy), then x =~ y for some y € Ker(hy), so hy(z) = hp(~y) =~
h¢(y) =~ 1= 0. On the other hand, hy(z) = [z],, = [~ ylyy =~ Wy = ~ 1y
= [0],, so hy(z) =0 = hs(x).

If © ¢ Ker(hf)U ~ Ker(hy), then hg(x) # 0 and hy(z) # 1, so we must
have hf(x) = c¢. In a similar way, hy(z) = [2],, # [0lm and hy(z) # [1],, so
har(x) = c.

We have proved that hgern,) = hy, so (Ker(hy)) = her(ny)e = hpe = f
and therefore 9 is surjective. This already proves that the set M(L,,) is finite, but
we will show that there exists a biunivocal correspondence between the maximal
deductive systems of L, and the mappings from G to T. Indeed, let M; and
M be two maximal deductive systems of L, and let hy, : L, — L,/M; and
har, @ Ly, — Ly /Ms be the respective natural homomorphisms. Let f; and f be
the restrictions of hy, and hyy,, respectively, to G, so f1: G — T, fo : G — T.

Assume that (M) = (Ms) this is, that f1(g) = f2(g), for all ¢ € G. Then
har (9) = f1(g9) = f2(g) = har,(g). The function f; = f; admits a unique extension
to L, and since hy;, and hyy, are both extensions of fi = fo, hay, (2) = hp, (),
for all x € L,,. Therefore M, = M,.

Thus we have proved that there exist as many maximal deductive systems as
mappings from G to T. The number of mappings from G to T is 3", therefore there
exist 3" different maximal deductive systems in L, this is 3" different minimal
prime filters.

Let us determine the number of maximal deductive systems M, such that
L,/M = B. In this case, the natural homomorphism h,; goes from L, onto B
and therefore the restriction f of hy to G is a mapping from G to B= {0, 1}.

The number of such mappings is, evidently, 2". Let us see that the set of these
maximal deductive systems of L,, coincides with the set of ultrafilters of L,.

Indeed, let M be a maximal deductive system of L,, such that (1) L,/M =B
and let h : L, — B be the natural homomorphism. Let U be an ultrafilter such
that (2) M C U. In Corollary 2.5.10 we proved that M = ¢(U) so ~ M = CU.

Let S = MU~ M = M UCU. We prove now that S is a subalgebra of L,
containing G. Indeed:

(i) G C8S.
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Let g € G,if g € M then g € S. If g ¢ M then by (1) hy(g) =0
and therefore hy(~ g) =~ hp(g) = 1 so ~ g € M and in consequence
ge~MCS.

(ii) S is a subalgebra.

Let s€ S,s0s € M or s e~ M. In the former case ~ s e~ M C S.
In the latter, s =~ m where m € M so ~s=m & M C S.

Let s,t € S, so we can have the following cases (3) s,t € M, (4)
s,t €~ M and (5) s € M, t e~ M.

(3) Since M is a filter, sANt € M C S.

(4) s =~ my with my € M y t =~ my with my € M, so s At =
~ (my V my) and since M is a filter, m; € M y m; < my V ms we have
that my V me € M and therefore s At €~ M.

(5) t =~ m with m € M, so s\t = sA ~m =~ (~ sV m). Since
m e M, m <~ sVm and M is a filter, we have that ~ sV m € M and
therefore s At e~ M.

To complete the proof that S is a subalgebra it only remains to show
that S verifies (*) “If s € S then Vs € S”.

In order to do this we shall prove first that B(L,) N (U \ M) = 0.
Indeed, if there is some b € B(L,)N(U\ M) then (6) b € B(L,), (7)be U
and (8) b ¢ M. We know that if b is a boolean element of a Lukasiewicz
algebra, its boolean complement is precisely ~ b (see [11], [59]), so from
(6) it follows that (9) bV ~ b =1 € M. By the Corollary 2.5.10, M is a
prime filter of L, so from (9) and (8) it follows that (10) ~be M C U.
From (7) and (10) we conclude that 0 =~ b A b € U, a contradiction.

From B(L,) N (U\ M) = § it follows that B(L,) C C(U \ M) =
CUU M = S, and therefore (*) holds.

Therefore since S is a subalgebra of L, containing the generators of L, we
have that S = L, this is L, = M UCU = M U (U \ M) UCU and therefore
U\MCMUCU,soU\M =U\M)N(MUCU)=UNCM)n(MUClU) =
(UNCMNM)u(UNCMNCU) =0. From U\ M = () it follows that U C M and
since M C U we have finally that M = U and therefore M is an ultrafilter.

Conversely, if an ultrafilter M is a deductive system, then M is a maximal
deductive system. Indeed, if M’ is a deductive system such that M c M’ C L,
then M’ would be a proper filter containing M as a proper part, which contradicts
that M is an ultrafilter. Let us prove in this case that L,/M = B. If L,,/M =T,
and hy; is the natural epimorphism from L, — T, then h;/(1) = M, and there
exists a € L, such that hy/(a) = c. Furthermore U = hj; ([c)) is an ultrafilter of
L, such that U # M, so M = h;}(1) C h;/([c)) = U, a contradiction. Therefore
L,/M = B.

Then, there exist 2" maximal deductive systems that are ultrafilters and there-
fore 3" — 2" maximal deductive systems that are not ultrafilters.

For each maximal deductive system M that is not an ultrafilter, L, /M = T.
We have also proved that each maximal deductive system M is properly contained
in one and only one ultrafilter U. Therefore, the Hasse diagram of the set of all
the prime filters of L,, is the following:
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ce oo L]

[\

(
\

~~ ~\~

Therefore, L, is the cartesian product of the chains in the following Hasse
diagram:

[11.]

. / (.
~~

~~
2n 3n_—_92n

From where it follows that finally
L,=B* x T

and

N(L,) = 22" - 3%"—2".

The diagram for L, was displayed in Example 1.3.2.
R. Cignoli and A. Monteiro presented a geometric construction of the Lukasiewicz

algebra with an arbitrary set of free generators [33], which will be laid out in
Chapter VL.
L. Monteiro, A. Figallo and A. Ziliani [71], presented a construction of the

Lukasiewicz algebras with a given poset of free generators.

4.3. Free Moisil algebras with a finite number of free generators

Axled three-valued Lukasiewicz algebra, see section 1.3, were introduced by
Gr. M. Moisil [27]. A. Monteiro called these algebras three valued Moisil algebras
or Moisil algebras.

It is clear that if L, L' are Moisil algebras, e is the axis of L and h : L — L’ is
a homomorphism then h(e) is an axis of h(L).

If L is a Moisil algebra and X C L we denote with M.S(X) the Moisil subal-
gebra of L generated by X. Clearly if L is a Moisil algebra and e is its axis then,
MS(X)=LS(X U{e}).

Since the notion of Moisil algebra can be defined through identities, we know
by a general result due to Garret Birkhoff [8], that there exists a Moisil algebra
M,, with a set of free generators G of any given cardinality o and it is unique (up
to isomorphisms).

We denote with M, the Moisil algebra with a set G = {g1, ga,...,gn} of free
generators.

We will follow the method used in section 4.2.
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We saw that if L is a non trivial Lukasiewicz algebra, then L is isomorphic to

a subalgebra of
IT z/o.

DeM(L)
and that if the set M(L) is finite then L = ][ L/D.
DeM(L)

We know that if D € M(M,) then M,,/D = B or M,/D = T. Identifying
isomorphic algebras we have that L,/M =B or L,/M =T.

Let M;(M,) = {D € M(M,) : M,,/D = B} and My(M,,) = {D € M(M,,) :
M, /D =T}.

If D € My(M,), let hp be the natural homomorphism from M, onto the
quotient algebra M,,/D. The homomorphism hp determines a mapping f from
G to B, the restriction, hp,, of hp to the set G, this is f(g) = hp(9) = hp(g),
for all g € G. We put by definition: 41(D) = hp,,, 0 ¢ : My(M,,) — B, In an
similar way as seen in section 4.2, it follows that the mapping 1, is surjective.

We prove now that 1; is injective. Indeed, let Dy, Dy € My (M,,), my : M,, —
M, /Dy and msy : M,, — M, /D, the respective natural homomorphisms. Let f;
and f, be the restrictions of m; and my respectively, to the set G, so f; : G — B,
fo : G — B. Assume that v (Dq) = 11(D3), this is that fi(g) = fa(g), for all g €
G. Then mi(g) = fi(g9) = fa(g) = ma(g). The function f; = fo admits a unique
extension to M, and since m; and msy are extensions of f; and fy respectively,
then my(z) = mo(z), for all x € M,,. Therefore D; = Ds.

Thus we have proved that the number of elements in My (M,,) is the same as
the number of functions from G to B, and we know that this number is equal to
2",

In a similar manner, if D € My(M,,) and m is the natural homomorphism from
M, onto the quotient algebra M, /D = T, then the homomorphism m determines
in this case a mapping f from G to T, precisely the restriction m|g from m to
the set G, this is f(g) = mc(g9) = m(g), for all ¢ € G. Putting by definition:
Y2(D) = myq, then ¢y : My(M,) — T¢. Conversely, if f is a mapping from G to
T, then there exists one and only one homomorphism Ay from M,, to T extending
f. Since hg(M,) = MS(hs(G)) = LS(hf(G) U {c}) and the only subalgebra of
T containing the center of T is T itself then hy(M,) = T. In the same way as
before, we conclude that 15 establishes a bijection between My (M,,) and the set
of all the functions from G to T and we know that this set has 3" elements.

We have finished proving that:

M, =B* x T*.
therefore the number N(M,,) of elements of M,, is:
N(M,) = 22" - 3%"

A method for determining the Moisil algebra M (a) with a set G of free gen-
erators of cardinality a was indicated by A. Monteiro before 1976 (see [63]), but
his results were published in 1998, [49]. We shall describe them here, with minor
modifications introduced by L. Monteiro in [63].
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Let e be the axis of M(a). We denote B(a) = M(«a)/F(~ Ve), Pla) =
M(«a)/F(Ve).

L. Monteiro proved, see section 3.3, that:
M(a) = B(a) x P(a),
and also that

B(«) is a boolean algebra,

B(«) is isomorphic to B = {x € M(«a) : x <~ Ve},

P(«) is a centered Lukasiewicz algebra,

P(«) is isomorphic to C' = {z € M(a) : < Ve},

h(z) = (x A ~ Ve, z AVe) is an isomorphism from M («) to B(a) x P(«).

It is easy to check that the function defined by hi(x) = A ~ Ve is an
epimorphism from M («) to B(«).

We shall prove that B(a) is a boolean algebra with a set of free generators of
cardinality .

Let B* be a boolean algebra with a set of free generators G* of cardinality
«. Since G and G* have the same cardinal, there exists a bijection f : G — G*,
so since M(«) is a free algebra, f can be extended to a unique homomorphism
H : M(a) — B*. Since G is a set of generators of M («) then by Lemma 2.2.9,
MS(H(G)) = H(M(«)) and since MS(H(G)) = MS(f(G)) = MS(G*) = B* it
follows that H is an epimorphism.

(i) The restriction of hy to the set G is injective.

Indeed, let g, ¢’ € G be such that hi(g) = hy(¢') thisis gA ~ Ve = ¢’ A ~ Ve,

S0
H(gN ~Ve)=H(g' N~ Ve),
this is
H(g)N~VH(e)=H(g' )\~ VH(e).

Since H is a homomorphism, it takes the axis e of M(«) to the axis of B*
which we know is the element 0, so we have that

H(g)N~V0=H(g')N ~ V0,

this is
H(g) = H(g')
and since H is an extension of f we have
flg)=f(d)

from where it follows, since f injective, that que ¢ = ¢’. Thus from (i) it follows
that the subset hi(G) = Gp of B(«a) has the same cardinal as G. Furthermore,
since h; is surjective, by Lemma 2.2.9, MS(hi(G)) = hi(M(a)) = B(a).

We prove now that Gpg is a set of free generators of B. For this, let A be
a boolean algebra, ' : Gp — A and fi = f' o hye, so fi is a function from G
to A and since M («) is a free algebra, f; can be extended to a homomorphism
H, : M(a) — A. Notice that:

(ii) Ker(hy) C Ker(H,).
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Indeed, if hy(z) =1 thisis 1 = x A ~ Ve then
1 =Hi(xN~Ve)=H(x)\N~VH(e) = Hi(x)\N~V0=Hi(z) N1 = H(x).

From (ii) it follows by results of the theory of homomorphisms, see Lemma
2.2.6, that there exists a unique homomorphism Hs : B(a) — A such that Hs o
hl = Hl.

(i) Ha(g') = f'(¢') for all ¢’ € Gp.

Indeed, given ¢’ € G = hi(G), there exists ¢ € G such that hy(g) = ¢’ so
??(g;) = Hs(hi(9)) = (Hz2 0 h1)(9) = Hi(g) = fi(9) = (f" o h)(g) = f'(hi(9)) =

J).

Thus we have proved that B(«) is a boolean algebra with a set G of free
generators of cardinality equal to «, the cardinality of G.

In a similar manner one can prove:

e The mapping defined by hy(x) = 2 A Ve is an epimorphism from M («)
to P(«),

e hy(G) = G is a set of cardinality a,

e (¢ is a set of free generators of the centered algebra P(«), this is, of the
three valued Post algebra C.

From the result above it follows that M(n) is isomorphic to the cartesian
product of the boolean algebra with n free generators by the Post algebra with n
free generators so M(n) = B?" x T*" and in consequence

N(M,) = 22" - 33"

as we pointed out before.






CHAPTER 5

Homomorphic images and further constructions

In this Chapter we shall indicate a construction of all the epimorphisms be-
tween finite Lukasiewicz algebras and determine their number (L. Monteiro (2003)

[67])-

5.1. Homomorphic images of a finite boolean algebra

If B and B’ are boolean algebras, we denote with Hom(B, B") (Epi(B, B'))
the set of all the homomorphisms (epimorphisms) from B to B’. We denote with
B,, a boolean algebra with n atoms, where n € N. If b € B, and V/ € B, let
Epi®")(B,,, B,) = {h € Epi(B,,, B,) : h(b) = '}.

With A(B,,) we denote the set of the atoms of B, and if b € B, \ {0} we
denote A(b) = {a € A(B,) : a < b}.

Given B, and B,, if m < n then Epi(B,,, B,) = (.

It is well known that if f : A(B,) — A(B,,) then the function h; : B,, — B,
defined by

hy(e) = \/{a € A(BL) : fla) < o},
verifies:

Al) hy € Hom(By,, B,),

A2) If a € A(B,,) then hf(a) =0 if and only if a ¢ f(A(B,)),

A3) hy is surjective if and only if f is injective, [77, 78],

A4) hy is injective if and only if f is surjective [77, 78].

If h € Epi(B,,, B,,) then given b € A(B,,) we know that [b) is an ultrafilter of
B, and that h='([b)) is an ultrafilter of B,, so h™'([b)) = [a) with a € A(B,,).
Furthermore, Ker (h) C [a). Let f : A(B,) — A(B,,) defined by f(b) = a, then
f is injective and hy = h.

There exists a bijective correspondence between the set In(A(B,), A(B,,)) of
all the injective functions from A(B,,) to A(B,,) and the set Epi(B,, B,). For
this it is enough to consider the function ®(f) = hy.

If X is a finite set we denote with N[X] its cardinality.

Let us put by definition

2 itm>n

0, if m <n.

Thus:
N[Epi(B,, B,)] = Vi

INotice that in this setting, \/ () = 0.

101
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Lemma 5.1.1. Let h € Epi(By,, B,), where m > n > 1. Then

A5) If a € A(B,,), then h(a) =0 or h(a) € A(B,),

A6) If b € A(B,), then there exists a unique a € A(B,,), such that h(a) = b,
AT) If h is injective then h(a) € A(By,), for all a € A(By,).

Item AG6) of the preceding lemma was proved by M. Abad and L. Monteiro
in [3], and items A5) and A7) by the same authors in [4]. A different proof was
presented by L. Monteiro and A. Kremer in [69].

Next we give another proof of N[Epi(By,, Bn)] = Vipn. Let m > n > 1. If
h € Epi(B,, B,), we know that the quotient algebra B,,/Ker (h) is isomorphic to
B,,, and since B, is finite Ker (h) = [z), with € B,,. Furthermore, B,,/[x) = (]
so N|[(z]] = N[B,] = 2". A. Monteiro proved in [66] that if B is a boolean algebra
and F a filter of B then each equivalence class modulo F' is coordinable with F'.
Therefore, if we let N[F| =t, N[(z]] -t = N[B,,] this is 2" - t = 2™ and therefore
t=2m"

If B, is a homomorphic image of B,, then there exists x € B,, such that
(z] & B, and in consequence z is the supremum of n atoms of B,,. There are (™
elements of B,, that are supremum of n atoms of B,,,. Let F,, be the set of all the
increasing sets [z) where z is supremum of n atoms of B,,.

We denote with Aut(B,,) the set all the automorphisms of the boolean algebra
B,. If a € Aut(B,,) then « is in particular a bijection on A(B,) and by item
A7) of Lemma 5.1.1, « transforms atoms in atoms of B, so clearly there exist n!
bijections on A(B,,), so N[Aut(B,)] = n!.

If h € Epi(By, By,) then Ker (h) € F,,. Let 8 : Epi(B,,, B,,) — F, be defined
by B(h) = Ker (h). It is clear that if « € Aut(B,,) then awo h € Epi(B,,, By).
By Lemma 2.2.3, all the epimorphisms with the same kernel can be obtained this
way. Given [z) € F,, we consider 37!([z)), so N[87*([z))] = n! and therefore
nl- (") = Viun = N[Epi(Bm, B,)].

Ifb € B,,\{0} and h € Epi(B,,, By,) then h(b) = 0 or h(b) # 0. If Y = h(b) =0
then the number of elements of Epi®®®(B,,, B,) is equal to the number of injective
functions from A(B,,) to A(B,,) \ A(b) this is:

N[Epi®(B,,, B.)] = Vi Nja®)ns
so the number of epimorphisms that send b to a non-zero element of B, is ([62],
p.86):
Vm,n - Vm—N[A(b)],n‘

Given b € B,,,\ {0} and ¥’ € B,,\ {0’} then hs(b) =V if and only if f(A(b)) C

A(b) and F(A(-1)) € A(=b), s0
N[Epi® (B, Bn)] = Vi) ¥140)- Vi MA@ n-NLA®)

If b 5 0 then h(b) = 0 if and only if f(A(B,)) C A(Bn) \ A(b).

Lemma 5.1.2. If m > n, and h € Epi®)(B,,, B,), where b € B, \ {0},
v € B, \ {0}, then:

A8) Ifa € A(b) and h(a) # 0 then h(a) € A(b').
A9) Ifa € A(B,,) \ A(b) and h(a) # 0" then h(a) ¢ A(V').
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PRrROOF. If a € A(b), this is @ < b then h(a) < h(b) = b so if h(a) # 0,
h(a) € A(B,) and therefore h(a) € A(V').

If a € A(B,) \ A(b), assume that h(a) < b = h(b) so h(a) = h(a) A h(b) =
h(a A b), therefore a = a Ab (mod Ker (h)). Since By, is finite Ker (h) = [f)
with f € B,,, and therefore (1) a A f =a Ab A f. From 0 < a A f < a and
a € A(B,,) it follows that (2) a A f =a or (3) a A f = 0. If (2) holds then by (1)
we have that a = a Ab A f < b, a contradiction. If (3) holds, since h(f) =1 we
have that 0 = h(0) = h(a A f) = h(a) Ah(f) = a A1 = a, another contradiction.
Then h(a) £ V. O

From A3) and Lemma 5.1.2 it follows that if h € Epi(B,,, B,) then f = ®~1(h)
verifies:

;4(Bm)),
(—b).

DE1) f € In(A(B,),
DE2) (A1) Al
DE3) f(A(=V)) € A

If h € Hom(B,,, By,) then (1) S = h(B,,) is a subalgebra of B,, and therefore
(2) h(B,,) & By with 1 <t <n and m >t. Let A(S) = {s1,52,..., 5}

From (1) it follows that h € Epi(B,,,S), then g = ®~(h) € In(A(S), A(B,,))
and (3) hy = h.

Since {A(s1),.A(s2),...,.A(s¢)} is a partition of A(B,) then if b € A(B,),
there exists i, 1 < ¢ <t such that b € A(s;), thisis b < s;.

We define f : A(B,) — A(B,,) in this manner: f(b) = g(s;) if and only if
b € A(s;). Clearly if one of the sets A(s;) has more than one element, f is not
injective. Notice that from the definition of f we have that f(A(B,)) = g(A(S)).
By Al) hy = ®(f) € Hom(B,,, B,,). Let us see that hy = h. By (3), it is enough
to prove that hy = h,, and for that, we need to show that h¢(a) = hy(a) for all
a € A(By,).

If a € g(A(S)), this is a = g(s;) for some s; € A(S), then for all b € A(s;) we
have f(b) = a = g(sl) so (4) A(s;) C f~(a). We claim that (5) f~'(a) C A(s;).
Indeed, if 2 € f~(a) \ A(s;) then f(z) = a and = € A(s;), for some s; # s;.
Therefore f(z) = g(s;) # a, because g is injective, a contradiction. From (4) and
(5) it follows that (6) A(s;) = f~'(a). Since g is injective, hy(a) = s; (for this see
[66], page 172, observation 4.12.2 (3)). Then h¢(a) = \/{z € A(B,) : f(z) < a} =
V{z € A(Bn) : f(x) € Ala)} = V{z € A(By) : f(z) = a} =V [~ (a) = (by (6))
== \/A(SJ = S;.

If a ¢ g(A(S)), by A2) hy(a) = 0. Furthermore (7) a ¢ f(A(B,)), because
if a = f(x), with € A(B,) then = € A(s;) for some i, so a € g(A(9)), a
contradiction. From (7) it follows that hs(a) = \/{z € A(B,) : f(z) < a} =
V{x e A(B,) : f(z) =aor f(x)=0}=\0=0.

From the two cases above, it follows that hf(a) = hy(a) for all a € A(B,,).

If m < n we have that N[Epi(B,,, B,)] = 0, and if h € Hom(B,,, B,,) then
h(B,,) is a boolean subalgebra of B, such that 1 < N[A(h(B,))] < m < n.

It is well known that the boolean subalgebras of B,, are in bijective correspon-
dence with the partitions of the set A(B,), and that the number of subalgebras
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of B,, with ¢t atoms 1 <t <n is
t—1

> (=D () =)

P(n,t) = =2

t!
Therefore if S is a subalgebra of B, with ¢t atoms where 1 <t < m < n then
there exist V,,,; epimorphisms from B,, onto S, so if m < n,

N[Hom(By,, B,)] = Zm: P(n,t) - Vi

Notice that if m > n then
n—1
N[Hom(B,,, B,)] = N|Epi(By, B.)| + Y P(n,t) - N|Epi(B, By)] =
t=1
n—1
Vi + Y P(n,t) - Vi

t=1
5.2. Homomorphic images of a Lukasiewicz algebra

Let L be a finite Lukasiewicz algebra, then
L =B’ x T where j,k €Z,j >0,k > 0.

T) If j = k = 0 then L is trivial, this is, it has a single element,
B) If j > 1,k = 0 then L is a boolean algebra with j atoms,
P) If j =0,k > 1 then L is a centered algebra and B(L) is a boolean algebra
with k atoms,
Ax) If j > 1,k > 1 then L is an axled Lukasiewicz algebra, that is a not a
boolean algebra nor a centered algebra. The axis is the (j + k)-tuple

e=1(0,0,...,0,¢,...,¢)
———

J k
Therefore
Ve =(0,0,...,0,1,...,1).
J

B(L) is a boolean algebra with j 4+ k atoms, and its elements are

(bla an s 7bj7 bj+17 ce 7bj+k)7
where b; € B={0,1} for 1 <i<jand b € {0,1} C Tfor j+1<i<
j+ k. Given b € B(L) let
Jb)y={i:b=1,1<i<jland K(b)={i:b;=1,j+1<i<j+k},
so 0 < N[J(b)] <jand 0 < N[K(b)] < k.
If 7 and k are not simultaneously zero then L is a non trivial finite Lukasiewicz
algebra. We know that the homomorphic images of L are determined by the filters
[b) where b € B(L), and that the quotient algebra L/[b) is isomorphic to the

Lukasiewicz algebra (b] = {z € L : * < b}. Then since B(L) has 2% elements:
C) there exist 2% homomorphic images of L.
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Furthermore we have:

B) If j > 1,k = 0, then L has 2/ homomorphic images, which are boolean
algebras.

P) If j = 0,k > 1, then L has 2% homomorphic images, which are centered
algebras.

Ax) If j > 1,k > 1, then L has 2/** homomorphic images, which are axled
algebras.

Ax1) If N[K(b)] = 0, then (b] = BNVU®I therefore there are (jjl),
0 < j1 < j homomorphic images of L that are boolean algebras
with j; atoms, and we have a total of 2/ homomorphic images which
are boolean algebras. Observe that if N[J(b)] = 0, then L/[b) is a
trivial algebra.

Ax2) If N[J(b)] = 0, then (b] = TNIE®I therefore there are (,fl),
0 < k; < k homomorphic images L’ of L that are centered alge-
bras such that B(L') is a boolean algebra with k; atoms, and we
have a total of 2¥ homomorphic images that are centered algebras.
Notice that if N[K(b)] = 0, then L/[b) is a trivial algebra, which
coincides with the trivial algebra from Ax1).

Ax3) If 1 < 53 = N[J(b)] < jand 1 < ky = N[K(b)] < k, then L/[b) =
(b] = BNYOI x TNIKO)] is an axled homomorphic which is not a
boolean algebra nor a centered algebra.

Therefore the number of these homomorphic images is:

(é G)) | (é (f)) =2 -1 2" -1

Since the trivial algebra shows up in cases Ax1) and Ax2) as a ho-
momorphic image, if 7 > 1 and k > 1, we have a total of:

242 1)+ (2" -1)- (2 1) =
24 (2F—1)- (14 (2 —1)) =
27+ (2" —1)-27 =
21 (1428 —1) =27 . 2F = oIk
homomorphic images, as we had determined in C).

5.3. Epimorphisms

If L and L’ are Lukasiewicz algebras, we denote with Epi(L, L’) the set of all
the epimorphisms from L to L'.

Lemma 5.3.1. If L and L' are azled Lukasiewicz algebras, with azis e and
¢ respectively and H € Epi(L,L") then H(e) = €. Furthermore, if we write
h = Hp(1), then h € EpiVeVe)(B(L), B(L')).

PrOOF. (1) AH(e) = H(Ae) = H(0) =0

Let y € L' | so since H is surjective, there exists © € L such that H(z) =
y, so (2) Vy = VH(z) = H(Vz) < H(Axz vV Ve) = H(Az) V H(Ve) =
AH(x) VVH(e) =AyV VH e).
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From (1) and (2) it follows that H(e) is an axis of L' and since the axis is
unique H(e) = €.
Furthermore, h(Ve) = H(Ve) = VH(e) = Ve O

The following lemma generalizes the results by L. Monteiro [57, 62] and also
Lemma 4.1 due to L. Monteiro, M. Abad, S. Savini and J. Sewald appearing in

[68].

Lemma 5.3.2. If L and L' are azled Lukasiewicz algebras with azis e and €’
respectively and h € EpiVeVe)(B(L), B(L')) then the transformation H : L — L'
defined by H(x) = (h(Az) Ve') Nh(Vz) verifies

a) H is an extension of h,
b) H € Epi(L,L"), and
c) H is the only extension of h.

PROOF. a) Indeed if b € B(L) then Ab= Vb =, so:

H(b) = (h(Ab) V€') NR(Vb) = (h(b) V') NAh(b) = h(b).

bl) H(z Ay) = (h(A(z Ay) Ve) AN(V(z Ay)) =
(h(Az ANAy) Ve) NW(Vz AVy) = ((h(Az) ANh(Ay)) Ve) ANr(Vz) ANh(Vy) =
(H(Ax) V) A (h(Ay) V) AR(V2) AR(Vy) =
(Hax) v ) ABV2) A (H(89) V) AT < H() 2 1)

b2) Since H extends h and Vz € B(L) then (1) H(Vz) = h(Vx).

(2) VH(z) = V((h(Az) V€) AN NR(Vz)) = (Vh(Az) vV V') AN VR(Vz) =
(h(Az) vV Ve') ANh(Vz).

Since Vo < Az V Ve, Vz, Az, Ve, Az V Ve € B(L) and h is a boolean
homomorphism verifying h(Ve) = Ve’ we have that (3) h(Vz) < h(Az V Ve) =
h(Azx) V h(Ve) = h(Az) V Ve'. From (2) and (3) it follows that (4) VH(z) =
h(Vz). From (1) and (4) it follows that VH(z) = H(Vx).

b3) By definition H(~ z) = (h(A ~z) Ve') Ah(V ~z),s0 (5) AH(~x) =
(h(A~z) VAE) AWV ~z) = (h(A~z) VI) ARV ~2) =
A ~z) NR(V ~z) = h(A ~x),and VH(~ x) =
(h(A~z)VvVVe) AWV ~x) = (h(A~z) VhVe) NA(V ~x) =
h((A ~ x VVe) ANV ~ x). Since V.~ 2z < A ~ z V Ve, we have that (6)
VH(~z)=h(V ~x).

Since h is a boolean epimorphism, then if b € B(L) we have that (7) h(~ b) =
~ h(b), so ~ H(z) = (~ h(Az) A~ € )V ~ h(Vz) =
(h(~ Az) A ~¢€') V h(~ Vz), and therefore:

(8) A~ H(zx) = (Ah(~ Az) NA ~¢€') VAR(~ Vz) =
(h(~ Az) AN ~ Vé') Vh(~ V)= (~h(Az) A\ ~ h(Ve))V ~ h(Vz) =

((h(Az) V h(Ve)) ANh(Vz)) =~ h((Az V Ve) ANVz) =~ h(Vzx) = h(~ Vz) =

(A ~ z), and (9) V ~ H(z) = (Vh(~ Az) AV ~ ¢€)V Vh(~ Vz) =

(h(~ Az)AN ~ A€) V h(~ Vz) = (h(~ Az)A ~ 0)V h(~ Vz) =
h(~ Az)V h(~ Vz) = h(~ Az) = h(V ~ x).

From (5) and (8) it follows that (10) AH(~ x) = A ~ H(z) and from (6) and
(9) it follows that (11) VH(~ x) =V ~ H(z). From (10) and (11) it follows by
Moisil’s determination principle that H(~ x) =~ H(x).

b4) Giveny € L', y = (Ay Ve') AVy, since Vy, Ay € B(L') and h is a boolean
epimorphism, there exist by,by € B(L) such that h(b;) = Ay and h(bs) = Vy.
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Let b3 = bl /\bQ € B(L), b4 = bl Vb2 € B(L) and x = (bg \/6) /\b4 e L.
Then Ax = (Abg \/Ae) /\Ab4 = (b3 \/0) /\b4 = b3 /\b4 == b3 = bl /\bg, and
Ay AVy = Ay, and h(Vz) = h((Vbs VVe) AVby) = (h(Vbs) Vh(Ve)) ANh(Vby) =
(Ay VvV Ve')) A Vy) and since Vy < Ay V Ve’ we have that h(Vz) = Vy, so
H(z) = (h(Az) V') ANh(Vz) = (Ay Ve') AN Vy =y, which proves that H is
surjective.

c) If H' € Epi(L, L") verifies H'(b) = h(b) for all b € B(L) then
H'(z) = (AH'(xz) Ve') NVH'(z) = (H'(Ax) Ve') NH' (Vz) =
(h(Az) Ve') ANW(Vz) = H(zx).
0J

Corollary 5.3.3. If L and L' are centered Lukasiewicz algebras with centers
¢ and c respectively and h € Epi(B(L), B(L")) then the function H : L — L'
defined by H(x) = (h(Az) V) Nh(Vx) is the unique epimorphism from L to L'
extending h.

PRrOOF. It is enough to notice that every center is an axis of the algebra and
that h(Ve) = h(1) =1 = V(. O

Lemma 5.3.4. If L and L' are azled Lukasiewicz algebras with azis e and €’
respectively, then there is a bijective correspondence between the sets Epi(L, L")
and EpiVeVe)(B(L), B(L")).

ProOF. If h € EpiVeVe)(B(L), B(L')), then by Lemma 5.3.2, the function:
H(z) = (h(Az) V €') Ah(Vi)

verifies H € Epi(L,L’). If we put 6(h) = H, then by Lemma 5.3.2, ¢) ¢ is a
function.

If H € Epi(L,L'), by Lemma 53.1 we have that h = Hppy €
EpitVeVe)(B(L), B(L')) and by Lemma 5.3.2 the extension of h to L is the epi-
morphism H, so §(h) = H, which proves that ¢ is surjective.

If h,W € EpitVe¥e)(B(L), B(L')) are such that h # h' then there exists
b € B(L) such that h(b) # h'(b). If H and H' are homomorphisms extending h
and ' respectively then H(b) = h(b) # h'(b) = H'(b), so I is injective. O

Let L and L' be non trivial finite Lukasiewicz algebras, so L = B/ x T* and
L' =2 B x T¥, where j,k,j', k' > 1. We proved that H € Epi(L, L) if and only
if h = Hpry € EpiVeVe)(B(L), B(L')) so f = ®71(h) € In(A(B(L")), A(B(L)))
must satisfy the conditions DE2) and DE3), this is

(1) f(A(Ve)) C A(Ve) and f(A(~ Ve')) C A(~ Ve).

Then since N[A(Ve)] = k, N[A(Ve')] = K, N[A(B(L)) \ A(Ve)] = j and
N[A(B(L)) \ A(Ve)] = j for the set of injective functions from A(B(L')) to
A(B(L)) verifying (1) not to be empty it is necessary and sufficient that k& > &’
and j > j'. Then by the results above:

(2)  NI[Bpi(L, L") = N[Epi¥V)(B(L), B(L')] = Vi - Vi



108 5. HOMOMORPHIC IMAGES AND FURTHER CONSTRUCTIONS

Notice that:

o If I and L’ are algebras with center ¢ and ¢ respectively, this is L = T*
and L' 2 T* then

N[Epi(L, L')] = N[Epi®™")(B(L), B(L'))] = N[Epi(B(L), B(L'))] =

VNAB@)LNAB@Y)) = Vi
e If L and L' are boolean algebras, this is L = B’ and L' = B/’ then

N[Epi(L, L)) = N[Epi®®)(B(L), B(L'))] = N[Epi(B(L), B(L'))] =
VNABL)NABL))] = V-

If L is a non trivial finite Lukasiewicz algebra, let P(L) be the set of its prime
elements and ¢ : P(L) — P(L) the Birula-Rasiowa transformation from section
2.5. If L' is a non trivial finite Lukasiewicz algebra, a function f : P(L') — P(L)
is said to be an H-function, [2] if it is biunivocal and verifies f(Vp') = Vf(p),
fle(®)) = o(f(p)). M. Abad and A. Figallo [2] proved that there exists a
bijection between the H-functions and the set Epi(L,L’), where L and L' are
axled Lukasiewicz algebras that are not boolean algebras nor centered algebras.
The number of elements of Epi(L, L") determined by these authors coincides with
the one indicated in (2).

Clearly it is harder to construct H-functions than injectives functions from
A(B,) to A(B,,) verifying the conditions indicated in (1).

Remark 5.3.5. If L = B/ x T%, let b € B(L) be such that 1 < N[J(b)] =
J1<jand 1 < N[K(b)] = ki < k. Assume for example that

b=(1,1,...,1,0,0,...0,1,1,...,1,0,0,...,0).
———r ——
7 b

Then the set (b] has 27t - 3k elements. We know that (b] is a Lukasiewicz
algebra and that L/[b) = (b]. Furthermore (b] has as axis the element

/
e =(0,0,...0,¢,¢,...,¢,0,0,...,0),
—— ——
J k1 |
*

S0

If x € (b] then
x = (351,552,...,le,O,O,...Olyl,yz,...,ykl,O,O,...,O)

-

J k

and since the negation in (b] (see section 2.6) is given by ~ x =~ x A b we have
that

zx:(\Nxl,wxg,...,rvle,O,O,...O,:vy1,~yg,...,wykl,O,O,...,O)

J/

~\~ '

j k
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S0

By the results in section 3.3,
L/[b) = (b] = (b]/[= Ve) x (b]/[Ve')

where (b]/[~ Ve') is a boolean algebra and (b]/[Ve') is a centered Lukasiewicz
algebra.  Since (b]/[~ Ve') = (= V|, and (b]/[Ve') = (Ve'] we have that
N|[(~ Ve']] = 27t and N[(Ve€]] = 3%, so

L/[b) = B x TH.

Lemma 5.3.6. (L. Monteiro [62]) If L and L' are Lukasiewicz algebras, H :
L — L' a homomorphism and h = H\g then:

a) H(B(L)) C B(L') and h : B(L) — B(L') is a boolean homomorphism,

b) H is completely determined by h,

c) if B(L') C H(L) then h is an epimorphism from B(L) to B(L'),

d) if H(L) € B(L') then h = Hp) verifies h(Ax) = h(Vz) for all
x € L. Conversely, if g : B(L) — B(L') is a boolean homomorphism
that verifies g(Az) = g(Vx) for all x € L, then g can be extended to a
unique homomorphism H : L — L' such that H(L) C B(L'),

e) if L has axis e, then H(L) C B(L') if and only if H(e) = 0. If
g : B(L) — B(L') is a boolean homomorphism that verifies g(Ve) = 0,
g can be extended to a unique homomorphism H : L — L' such that
H(L) C B(L),

£) if L' is an algebra with center ¢, every boolean homomorphism
g : B(L) — B(L) can be extended to a wunique homomorphism
H:L—1L.

PROOF. a) Is an immediate consequence of the properties of the homo-
morphisms.
b) If H and H' are homomorphisms from L to L’ such that h = H\p(1) =

Hpy = I’ then (1) AH(z) = H(Az) = h(Az) = I'(Az) = H'(Az) =
AH'(x), and analogously (2) VH(xz) = VH'(z). From (1) and (2) by
Moisil’s determination principle, it follows that H = H'.

c¢) Given v/ € B(L'), since B(L') C H(L) then 0/ = H(x) with x € L, so
Az € B(L) and h(Az) = H(Az) = AH(z) = Ab =V

d) If H(L) € B(L') then AH(z) = H(x) = VH(z) for all z € L, so
hAz) = H(Az) = AH(z) = H(z) = VH(z) = H(Vz) = (V).

If g: B(L) — B(L') is a boolean homomorphism such that g(Az) =
g(Vz) for all x € L, then put by definition H(z) = g(Az), for all x € L.
From this definition H(z) € B(L'), for all x € L, so H(L) C B(L').
Furthermore, if b € B(L) then H(b) = g(Ab) = g(b). Finally let us prove
that H is a homomorphism.

H(z Vy) = g(Alz Vy) = g(Az vV Ay) = g(Az) V g(Ay) =
H(z) v H(y).

H(Vz) = g(AVz) = ¢g(Vz) = H(z) = VH(z).
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H(~ 1) = g(A ~ 1) =g(~ Vr) =~ g(Vz) =~ H(z).
If H : L — L' is a homomorphism extending ¢ such that (3) H'(L) C
B(L') then H'(Az) = g(Ax) = H(z) so AH'(x) = H(z) and since by (3)
H'(z) € B(L'), we have that H'(z) = H(z).
e) We know that + = (Axz Ve) AVz, for all z € L, so if H(e) = 0 then
H(z) = (H(Az) V H(e)) N H(Vz) = H(Az) N H(Vz) = H(Ax)

AH(z) € B(L') and therefore H(L) C B(L'). Conversely, since H(e) €
H(L) € B(L') we have that AH(e) = H(e) so H(e) = AH(e) =
H(Ae) = H(0) = 0. Notice that in this case h(Ve) = H(Ve) = VH(e) =
0.

If g: B(L) — B(L') is a boolean homomorphism such that g(Ve) = 0,
since Vr < Az VVe for all z € L, then g(Vz) < g(Ax) Vg(Ve) = g(Azx),
so as g(Az) < g(Vz), we have that g(Az) = ¢g(Vz) for all z € L. Then
by (4) g extends to a unique homomorphism H : L — L’ such that

H(L) C B(L").
f) The homomorphism H is defined by H(x) = (g(Az) V ) A g(Vz).
(L. Monteiro [57]). The uniqueness was also proved by L. Monteiro,

[52]. If F is a homomorphism from L to L’ extending g then F'(z) =
(AF(x) V) ANVF(z) = (F(Az) V) NF(Vx) = (g(Azx) V)N g(Vz) =
H(x).

U

Lemma 4.1 in [68] is a particular instance of the lemma above.

Lemma 5.3.7. If L and L' are Lukasiewicz algebras with axis e and €' re-
spectively, h € EpiVeVe)(B(L), B(L')) and H € Epi(L,L') is the epimorphism
extending h then:

a)x € Ker(H) = {x € L : H(z) = 1} <= Az,Vx € Ker(h) =
{be B(L): h(z) = 1},

b) If hi, hy € EpitVeVe)(B(L), B(L')) and Hy, Hy € Epi(L, L") are the epi-
morphisms extending hy and hy respectively then:

Ker (hy) = Ker (hy) <= Ker (H;) = Ker (H,).

PROOF.
a) x € Ker(H) < H(z) =1, so h(Az) = H(Az) = AH(z) = 1 and
hVzx)=H(Vz)=VH(z) =1 this is Az, Vz € Ker (h).
Conversely, if Az, Vx € Ker (h), this is h(Az) = h(Vz) = 1 then
H(z) = (h(Az) V) ANh(Vz)=(1 Ve) N1 =1
b) If z € Ker (H;) then by a) we have that Az, Va € Ker (hy) = Ker (hs)
so by a), z € Ker (Hs).
Conversely, if b € Ker (hy) then Ab = Vb =0b € Ker (hy), so by a):
be Ker(H,) = Ker(Hs) so by a), b=Ab= Vb e Ker (hs).
U

Lemma 5.3.8. If L and L' are Lukasiewicz algebras with axis e and €' re-
spectively, and h € EpitVeV)(B(L), B(L')) then its epimorphism extension H
verifies:
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a) If Ax =0 then H(z) < €' and
b) H(z) =0 < h(Vz)=0.
ProoFr. a) H(z) = (h(Az) vV ) A R(Vx) = (h(0) V€e) A h(Vz) =
(OVe)NRh(Vz)=¢€¢ Nh(Vz) <¢.
b) If H(x) =0 then h(Vz) = H(Vx) = VH(z) = V0O = 0. If h(Vz) = 0 then

H(z) = (h(Azx) V') ANh(Vz) = (h(Az) Ve') N0 =0. O
5.4. Homomorphism extensions

In 1965 A. Monteiro [42], presented a theorem about the extension of boolean

algebras homomorphisms which generalizes results due to R. Sikorski [76]. Using

these results by A. Monteiro, in 1970 L. Monteiro [52] established similar results
for Lukasiewicz algebras.

Lemma 5.4.1. For a function h from a Lukasiewicz algebra L to a Lukasiewicz
algebra L' to be a homomorphism it is necessary and sufficient that the following
conditions hold:

e 1(0) =0, h(1) =1,
o h(z ANy)=h(z) Nh(y), h(z Vy)=h(z)Vh(y),
e h(Ax) = Ah(z), h(Vz) = Vh(z).

Definition 5.4.2. A function d from a Lukasiewicz algebra L to a Lukasiewicz
algebra L' is said to be a semihomomorphism if

Shl) d(1) =1,

Sh2) d(z Vy) = d(z) Vd(y),

Sh3) d(Vz) = Vd(z).

Lemma 5.4.3. If d is a semihomomorphism from a Lukasiewicz algebra L to
a Lukasiewicz algebra L' then

P1) If x <y then d(z) < d(y),

P2) d(A7) < d(x),

P3) d(Ax) € B(L),

P4) d(Azx) < Ad(x),

P5) ~d(x) < d(~ ).

Theorem 5.4.4. If L is a Lukasiewicz algebra, S a subalgebra of L, C an
injective Lukasiewicz algebra, d a semihomomorphism from L to C', h a homo-
morphism from S to C such that (D) h(s) < d(s) for all s € S, then there exists
a homomorphism H from L to C' such that a) H extends h; b) H(z) < d(x) for
all v € L.

Theorem 5.4.5. If d is a semihomomorphism from a Lukasiewicz algebra
L to an injective Lukasiewicz algebra C' and if ag € L\ {0} then there exists a
homomorphism H from L to C' such that:
a) H(Va()) = d(Vao),
b) H(z) < d(z) for all x € L.

L. Monteiro used the results indicated in [52] to establish a theorem of func-
tional representation of monadic Lukasiewicz algebras in his doctoral dissertation
[61], similar to the one used by P. Halmos in [21] for monadic boolean algebras.
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5.5. Construction of the free boolean algebras from the free three
valued Lukasiewicz algebras

The following results by A. Monteiro, were first published in 1995 in the “In-
formes Técnicos Internos” series of the INMABB, number 42. In 1996 they were
reprinted in the “Notas de Légica Matematica” series, volume 40, [48].

Remark 5.5.1. If L is a Lukasiewicz algebra, X C B(L), we denote with
Fg(X) the filter of the boolean algebra B(L) generated by the set X. It is clear
that Fg(X) = F(X)N B(L).

Let £ = L(«) be the Lukasiewicz algebra with a set G = {g; : i € I} of free
generators of cardinality a, VG = {Vyg,; : i € I} and ' = Fp(VG). Consider the
quotient boolean algebra B = B(L)/F and represent by Cp(b) the equivalence
class of B(L) containing the element b € B(L). Then:

Theorem 5.5.2. B = B(L)/F is a boolean algebra that has as free generators
the elements Cg(Ag;), i € I, and the cardinal of the set G* = {Cp(Ag;) i € I}
s equal to a.

PROOF. Let us prove that:

(i) F' is a proper filter of B(L).

If F = B(L), then 0 € F, and by Lemma 2.1.15 it follows that there exist
elements Vg;,,Vgi,,...,Vg;, € VG such that:

0= /”\ Vgi, = V(/n\ i, ), and therefore : /”\ gi, = 0.

k=1 k=1 k=1
Let f be the transformation from G to the Lukasiewicz algebra T = {0, ¢, 1},
defined by:
flgi) =1, foralliel
then there exists a homomorphism h from £ to T extending f so:

n

0=n(0) =h(A g.) = N\ hlgi) = N\ flgs) = 1.

This contradiction proves that F' is a proper filter of B(L).
(i) If j,k € I, and j # k then the equivalence classes Cp(Ag;) and Cp(Agy)
are different.?

Indeed assume that Cg(Ag;) = Cp(Agy), then we have that:
(1) Ag; Nt = Agi N t,where t € F.

Consider the transformation f from G to the Lukasiewicz algebra T, defined

for each ¢ € I by:
c, ifi=k
fa) = {1, if i # k.

2From this point on, in this section, the original proofs by A. Monteiro have been replaced
by simpler ones due to L. Monteiro.
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This transformation can be extended to a homomorphism h from £ to T such

that:
(2) h(Vg;) = Vh(g;) = Vf(g:) =1, for every i € I.

Let D = h™'(1) be the kernel of the homomorphism h, so Vg; € D, for all

1 € I, and therefore
(3) F=Fp(VG) C F(VG) C D.

From the definition of f it follows that f(gr) = ¢ and since by hypothesis

j # k, then f(g;) =1, so
(4)  h(Ag;) = Ah(g;) = Af(g;)) =Al=1
and
(5)  h(Agr) = Ah(gr) = Af(gr) = Alc) = 0.
From (1) we deduce that:
h(Ag; Nt) = h(Agk A1),
this is
Ab(g;) A h(t) = Ah{ge) A h(D).
So by (4) and (5):
(6) h(t) =1Ah(t) =0Ah(t) =0.

Since t € F then by (3), we have that h(t) = 1, which contradicts (6). This

contradiction proves that (ii) holds. Then we can claim:
The set G* = {Cp(Ag;) : i € I} has cardinality «.

Let ¢ be the natural boolean homomorphism from B(L) onto B = B(L)/F,
this is, if b € B(L) then ¢(b) = Cg(b). By Lemma 2.2.9 the homomorphism ¢
transforms each set of generators of B(L) into a set of generators of B = B(L)/F.
By Corollary 1.11.9 we know that B(L) = SB(AG U VG), so:

{CB(Ag;) i € I} U{Cp(Vg) i€ I}

is a set of generators of B = B(L)/F. But, since for all i € I, the equivalence
class Cp(Vg;) = Cp(1) = F' is the top element of B = B(L)/F, we don’t need
to consider it as one of the generators and we can claim then that G* is a set of
generators of B = B(L)/F.

(iii) Every mapping f’ of the set G* C B to the boolean algebra B = {0,1} C
T, can be extended to a boolean homomorphism A’ from B = B(L)/F to B.
Consider the mapping f from G to T defined by the following conditions:

)1, if f((Cs(Ags) =1
Jo) = { it //(Caldgi)) = 0.

As a consequence we have:
(7) Vf(g;))=1foralliel

and
1, if f(Cs(Agi))
0, if f'(Cs(Agi))

1
0.

Af(g:) = {
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this is:
(8) Af(g:) = f(Cg(Ag;)), for every i € I.

The mapping f from G to T, can be extended to a homomorphism H from £
to T. Then by (7) we have:

(9) H(Vg;) =VH(g;) =Vf(g)=1

The kernel N = H~'(1) of this homomorphism is a deductive system of L,
and by (9) we have VG C N, so F(VG) C N, and therefore following Remark
5.5.1,

F=Fp(VG)=F(VG)NB(L) C NNB(L)C N,
SO
(10)  H(F) = {1}.

By Lemma 5.3.6 a) we know that the homomorphism H transforms boolean
elements of £ in boolean elements of T, and since B(T) = {0, 1}, then we have
H(B(£)) ={0,1}.

Let h be the restriction of H to the set B(L), then we can claim that h is a
boolean homomorphism from B(L) onto B(T) = {0,1} C T, and by (10) we have
h(F) = {1}.

Notice that
“If z,y € B(L), and = € Cp(y), then h(z) = h(y)”.
Indeed, since x € Cp(y) we have: x Ad =y Ad, for some d € F, so
h(z) =h(z) N1 =h(x ANd) =h(y ANd) = h(y) A1 = h(y).
From the result above it follows that if for each z € B(L), we define h'(Cg(z))
= h(z), then A" is a function from B = B(L)/F onto B(T). It is easy to prove

that A’ is a boolean homomorphism. We shall prove that A’ extends f’, this is
that:

h'(Cs(Ag)) = f'(Cs(Ag;)), for every i € I.
Using (8) we have that:

h/<CB<Agi)) = h(Agi) = H(Ag;) = AH(g:) = Af(g:) = f/(CB(Agi»'

Let us prove now that G* is a set of free generators of B = B(L)/F.

(iv) Every mapping f of the set G* to a boolean algebra A, can be extended
to a boolean homomorphism from B = B(L)/F to A.

If A has a single element, it evidently verifies (iv). If the boolean algebra A is
isomorphic to the boolean algebra {0, 1} then from (iii) it follows that (iv) holds.

Assume now that A has more than one element and that A is not simple, then

it is well known that A is isomorphic to a boolean subalgebra A’ of the boolean

algebra P = [[ A; where A; = A/M;, and {M; : j € J} is the set of all the
jed

maximal filters of A. We also know that A; = {0,1} for all j € J. If (z;);c; € P

we know that the ¢-th projection of P on A;, t € J, is given by m; ((Ij)jej

Let a be the isomorphism from A to A" and f* = «ao f so f*: G* - A’, and
if g* € G* then f*(g*) = ¢' = (9})jes. Let fj =m0 f*, j€J. Then f;: G —

= Tt.



5.6. REPRESENTATION OF A LUKASIEWICZ ALGEBRA BY SETS 115

A; ~ {0,1} so by (iii) each f; can be extended to a boolean homomorphism h;
from B = B(L)/F onto A;.
Let h be the function from B = B(L)/F to P defined by h(z) = (h; (2));c -

Evidently h is a boolean homomorphism. Let us prove that h extends f*. Indeed:
(") = (s (9" = (s (9Djes = (5 (0 D)es = (w5 (9),e)) _, =

(95)jes =4 = f"(g"), for every g* € G".
Since h(G*) = f*(G*) C A’ then o *(h(G*)) Ca ' (A") = A. Since a™! and h
are homomorphisms then a~!oh is a homomorphism from B = B(L)/F to A. Let
us prove that a=! o h is an extension of f. Indeed, (oo h)(g*) = a1 (h(g*)) =

a(f*(g") = a7 (a0 ) (g7)) = f(g")- -

Remark 5.5.3. When G is finite and N|G] = n € N, we know that N[L] =
22" x 33" 72" and that N[B(L)] = 23". By the preceding results,

N[B(L)/Fs(VGQ)] = 2*".
On the other hand, we know that every equivalence class (modulo Fg(VG)) of
B(L) has the same number of elements, so:
NIB(L)] 2%
N[Fp(VQ)] ~ N[Fa(VQ)]

This proves that the number of elements of each equivalence class is: 2

n

22" = N[B(L)/F(VG)] =

3n_on

5.6. Representation of a Lukasiewicz algebra by sets

Given a Lukasiewicz algebra L, let £ = P(L) and for each x € L put
S(xz) = {P € E : x € P}, then the transformation S, which is called Stone’s
transformation, is a function from L to the set P(E) = 2% of the parts of E. We
know that (2%,N,U,C, E) is a boolean algebra and by Stone’s results on distribu-
tive lattices:

SR1) S(0) =0,
SR2) §(1) = E,
SR3) S(z Ay) = S(x) NS(y),

SR4) S(zVy) = S(x) US(y),
and also that the distributive lattice L is isomorphic to L' = S(L).

The following results by A. Monteiro, presented in a Seminar in 1966 [44] were
published only in 1996° [48].

For each X € 2F put ~ X = Cp(X), where ¢ indicates the Birula-Rasiowa
transformation (see section 2.5). The conditions St6) to St11) from Example 1.8.1
are then valid in 2F, and furthermore:

SR5) S(~ z) =~ S(z), for all z € L.

Since (2F,N,U, E) is a distributive lattice with bottom element () and top
element E, then by St9), St10) and St11) the system (2€,N,U,~, E) is a De
Morgan algebra and by SR5) it follows that (L' = S(L),N,U, ~, E) is a De Morgan

3The students were R. Cignoli, L. Tturrioz and L. Monteiro.
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subalgebra of 2¥, and since L' is a lattice isomorphic to L then L and L are
isomorphic De Morgan algebras.

Consider the operator V defined on 27 by:

St1) VO =0,

St2) V{P} = {P,o(P)}, for all P € 2F.

St3) fdc X CE, VX = | V{P}.

PEX

As it was pointed out in Example 1.8.1 we know that (2€, V) is a monadic
boolean algebra and that VX = X U p(X).

If X = {P} where P € E, we write VP instead of V{P}. Notice also that
Vyo(P)=VP.

We also proved in Example 1.8.1 that in L’ the operator V verifies the axioms
L6) and L7). The goal of the next two lemmas is to prove L8) holds too.

Lemma 5.6.1. VS§(Vz) = S(Vx), for all xz € L.

PROOF. If z € L, then Vz € L and therefore S(Vz) € L' = S(L). Since
(2F,V) is a monadic boolean algebra we have that S(Vz) C VS(Vz). Let P €
VS(Va)= U VQ@= U {Q,»(Q)}. Then there exists Q € S(Vz) such

QeS(Va) QeS(Va)
that P € {Q, ¢(Q)}, which is equivalent to sat that there exists (*) @ € S(Vz)
such that: (1) P = @, or (2) P = ¢(Q). In the former case we have that
P € §(Vzx). If (2) holds, assume that ¢(Q) = P ¢ S(Vz), thisis Vx ¢ P =
©(Q) =C ~ Q then Vz €~ Q, so ~ Vx € Q, and by Lemma 2.5.1 (b), Va ¢ Q,
which contradicts (*). O

Lemma 5.6.2. VS(z) = §(Vz), for all x € L.

PROOF. Since < Vz, then S(x) C S(Vx), so since the operator V is mo-
notonous and using Lemma 5.6.1: V(S(x)) C VS§(Vz) = S(Vaz).

Let P € S(Vx), this is Va € P. Since L is in particular a Kleene algebra, we
know that ¢(P) is comparable with P. Assume that ¢(P) C P. Then we have
that Q = ¢(P) verifies Q C P = ¢(p(P)) = ¢(Q) so since Vz € p(Q) = P it
follows by Lemma 2.5.6 that = € ¢(Q) = P and therefore P € S(z) C VS(z),
then P € VS(x).

If P C ¢(P), since Vo € P, then by Lemma 2.5.6 we have z € ¢(P), this is
o(P) € 8(x), so {¢(P), P} =Vp(P) CVS(x),so P e VS(z). O

Lemma 5.6.3. L8) V(X NY)=VXNVY, forall X,)Y € L' = S(L).
PROOF. Let X,Y € L', so X = S(z), and Y = S(y), where 2,5y € L. Then

VX NY)=V(S)nS(y) =V(S(xAy) =S(V(zAy)) =S(VzAVy) =
S(Vz)NS(Vy) =VS(x)NVS(y) =VXNVY. O

Since (L' = S(L), E,~,N,U) is a De Morgan algebra, where V verifies L6),
L7) and L8), we deduce that (L' = S(L), E,~,V,N,U) is a Lukasiewicz algebra
and since L and L are isomorphic De Morgan algebras, by Lemma 5.6.2, it follows
that L and L’ are isomorphic Lukasiewicz algebras.

We shall prove now some results to be used in section 5.7.
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In the monadic boolean algebra (2, V) the universal quantifier is defined by:
AX =C0VCX, for every X C E.

Lemma 5.6.4. If X C E then:
a) VX =V ~ X.
b) ACX = A~ X.
PROOF. a) V ~ X = Vlp(X) = Cp(X) Up(Cp(X)) = p(0X) UCp(p(X)) =
¢0(CX)UulX = VCX.
b) A~ X =(CVC ~ X = (by part a)) = CV ~~ X =CVX = ACX. O
Corollary 5.6.5. If X € L' then VOX € L.

PROOF. If X € L', then since L is a De Morgan subalgebra of the De Morgan
algebra 27, we have that ~ X € L'. Then since L' is a Lukasiewicz algebra
V~Xel.

By Lemma 5.6.4, VCX = V ~ X, and therefore we have that VCX € L'. O

Lemma 5.6.6. If X C E then AX = X Np(X) =~V ~ X.
ProorF. AX = [(VEX = C(CX Up(CX)) = X NCp(CX) = X N p(CCX) =

X Np(X).
AX = CVEX = C(CX U ¢(CX)) = Cp(CX U (X)) = ~ ((X Uyp((CX)) =
~(VCX) =~V ~ X. O
Corollary 5.6.7. If X C E then VX =~ A ~ X.
PROOF. ~ A ~ X = (by Lemma 5.6.6) =~~V ~~ X =VX. O

Corollary 5.6.8. If X € L' then AX € L'.

PrOOF. If X € L' then ~ X € L', so V ~ X € L', and in consequence
~V~XelL' SobyLemma5.6.6, AX L. O

Corollary 5.6.9. If X € L' then ACX € L'.

PROOF. If X € L', then ~ X € L', so by Corollary 5.6.8, A ~ X € L, and
by Lemma 5.6.4, b) : ACX € L. O
Lemma 5.6.10. For every X,Y € L', we have:
a) V(XUY)=VXUVY,
b) A(XUY)=AXUAY,
¢) A(XNY)=AXNAY.
PROOF. Since (2¥, V) is a monadic boolean algebra, it is well known that a)
and c) hold for every X,V € 2F,

Since (L/, V) is a Lukasiewicz algebra with necessity operator A by Lemma
5.6.6, then if X,Y € L', b) holds. O

Lemma 5.6.11. If X,Y € L' then
VXNLY)=(AXNV~Y)U(VXNA~Y)
= VXNV ~YNAXU~Y).
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ProoF. V(X NCY) = (by definition) = (X N CY) u ( NCY) = (XnCy)u
(2(X) Np(Y)) = (X Up(X)) N (LY UplY)) N (X UpCY)) N (e(X)uly) =
(by definition) = VX N VY N (X U ¢(CY)) N go(X U ¢(CY)) = (by Lemmas
56.4 a) and 5.6.6) = VXNV ~YNA(X UpLY)) = (by definition of ~) =
VXNV ~YNAXU~Y).

Since X,~ Y € L' then, by Lemma 5.6.10 b), A(XU~Y) = AXUA ~ Y,
SO

VIXNLY)=VXNV~YNAXUA~Y)=(AXNV ~Y)U(VXNA~Y).
O
Corollary 5.6.12. If X,Y € L' then V(X NCY) e L.

PROOF. By hypothesis: (1) X € L', and (2) Y € L. From (1) we deduce (3)
VX € L. From (2) it follows that (4) ~Y € L' and therefore (5) V~Y € L.

From (1) and (4) it follows that (5) XU ~ Y € L', so by Corollary 5.6.8:
(6) A(XU ~ Y) € L'. From (3), (5) and (6) it follows, by Lemma 5.6.11 that
VXnly)elL. O

5.7. Universality of the construction £ of Lukasiewicz algebras

Let (M, 3) be a monadic boolean algebra. We saw in section 1.10 that start-
ing from M, through construction £, a Lukasiewicz algebra L£(M) is obtained
(A. Monteiro, [32], L. Monteiro, [70]). We shall prove now the following result
by A. Monteiro which was presented in a 1966 Seminar [44] and published only
in [48].

Theorem 5.7.1. (L. Monteiro, [65]) Given a Lukasiewicz algebra L, there
exists a monadic boolean algebra M such that L(M) is isomorphic to L, see ([45],
p. 206).

The following result is well known:

Lemma 5.7.2. If A is a boolean algebra and R is a sublattice of A, such that
0,1 € R, then the boolean subalgebra of A generated by R is ([73], p. 74):

n

BS(R) = {x € A:x=\/(y; N —z), where y;, 2; € R}.
i=1

Let L be a non trivial Lukasiewicz algebra, and F = P(L). We saw in section
5.6 that (2, V) is a monadic boolean algebra and that L is isomorphic to the
Lukasiewicz algebra L' = S(L) C 2%, where S is Stone’s transformation. Since L’
is a sublattice of the boolean algebra 2, and (), E € L', then

BS(L') = {X c2f. X = J(;n(Z), where Y;, Z; € L’}.
i=1

We prove now that: (BS(L'),V) is a monadic subalgebra of the monadic
boolean algebra (2, V).

Lemma 5.7.3. If X € BS(L') then VX € L.
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Proor. If X € BS(L), then X = |J(Y;NCZ) where Y;,Z; € L', s0 VX =
i=1
\Y (U (Y;N CZZ-)) = |J V(V;nCZ). Since by Corollary 5.6.12, V(Y;NCZ;) € L
i=1 i=1
for every i,1 < i <n, and L is a sublattice of 2¢ we have that VX € L', O

Corollary 5.7.4. (BS(L'), V) is a monadic subalgebra of the monadic boolean
algebra (27, V).

PROOF. Indeed, if X € BS(L), then by Lemma 5.7.3, VX € L' C BS(L).
O

Corollary 5.7.5. V(BS(L')) = A(BS(L')) C L.

PROOF. Since BS(L') is a monadic boolean algebra, it is well known that
V(BS(L")) = A(BS(L)), and from Lemma 5.7.3, V(BS(L')) C L. O

If X,Y € 2F then (see section 5.6), if we define XLIY = AXUY U (X NACY)
and XMY = VX NY N (XUVCEY), in [70] we proved that:

Lemma 5.7.6. If X,Y € 2 then

a) V(XUY)=VXUVY.
b) V(XMY)=VXNVY.
¢) A(XUY)=AXUAY.
d) A(XTY)=AXNAY.

Lemma 5.7.7. If X,Y € L' then XUY € L'.

PROOF. By Corollary 5.6.8, AX € L, and by Corollary 5.6.9, ACY € L', so
since XUY = AXUY U(XNACY) and L' is a Lukasiewicz algebra, we have that
AXUY U(XNACY)e L. O

Lemma 5.7.8. If X, Y € L' then A(XNCY) = A(XN~Y)=AXNA~Y.
Proor. A(X NCY)=AXNALY = (by Lemma 5.6.4 b)) =

AXNA~Y =A(XN~Y). O
Consider the congruence relation “=” defined on BS(L'), (see section 1.10) as
follows:

X,Y € BS(L'),X=Y ifandonlyif VX =VY and AX = AY.
If X € BS(L') we denote C(X) ={Y € BS(L'): Y = X}.
Let L(BS(L')) = BS(L')/ =, then A. Monteiro, [32], and L. Monteiro, [70],
proved that:
Lemma 5.7.9. (L(BS(L)),C(E),~,V,N, 1) is a Lukasiewicz algebra, if the
operations are defined by ~ C(X) = C((X), VC(X) = C(VX),C(X)nC(Y) =
C(XNY)and C(X)UCY)=C(XUY).

We will prove that £(BS(L')) and L are isomorphic Lukasiewicz algebras.
Lemma 5.7.10. If X, Y € L' and X =Y then X =Y.
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PRrOOF. From X,Y € L', it follows as (L', V) is a Lukasiewicz algebra, that
VX,VY € L' and by Corollary 5.6.8 AX,AY € L'. By hypothesis VX = VY,
AX = AY, and since V and A are the possibility and necessity operators of
the Lukasiewicz algebra L', then Moisil’s determination principle we have that
X=Y. O

Lemma 5.7.11. If X,Y € L' then there exists a unique Z € L' such that
Xnly =2

PROOF. Let Z = (AXN~Y)U (X NA ~Y), then it is clear that Z € L.
(1) VZ=V(AXN~Y)UV(XNA~Y)=(AXNV~Y)U(VXNA~Y)=
(by Lemma 5.6.11 b)) = V(X NCY), and (2) AZ = (by Lemma 5.6.10 b))
= AAXN ~Y)UAXNA ~Y) = (Lemma 5.6.10 ¢)) = (AXNA ~Y)U
(AXNA~Y)=AXNA ~Y = (by Lemma 5.7.8) = A(XNCY),so Z = XNCY.

From (1) and (2) we deduce that X NCY = Z and by Lemma 5.7.10, Z is
unique. 0

Lemma 5.7.12. If A,B € BS(L') then AUB=AUBUA(AUB).

PrRoOOF. By Lemma 5.7.6:

V(AUBUA(AUB)) =VAUVBUVA(AUB)=VAUVBUA(AUB) =
V(AUB)UA(AUB) =V(AUB).

A(AUBUA(AUB))=AAUABUAA(AUB)=AAUABUA(AUB) =
A(AU B). O

Corollary 5.7.13. If A,B € BS(L'), X,Y € L' and A= X, B=Y, then
AUB=Z, where Z € L.

PROOF. We saw in Lemma 5.7.12, that AUB = AU BUA(AU B). By the
hypothesis A = X, B=Y, we have that AUB=XUY so AUBUA(AUB) =
X UY UA(AU B). Finally, observe that since AUB € BS(L') then by Corollary
575 A(AUB) € L', so by Lemma 5.7.7, Z = X UY UA(AUB) € L'. Then
AUB=Z, withZe L' O

Lemma 5.7.14. If A € BS(L'), there exists X € L' such that A= X.

PROOF. Let A € BS(L'), then A = |J X; where X; = Y;n0Z;, and Y}, Z; € L',
i=1
for 1 <i <n. By Lemma 5.7.11, A; = W, , where W, € L', for1<i<n.

If n = 1, then the lemma holds trivially. Assume that n > 2. By Lemma
5.7.11, X1 = W; and X, = W, with Wiy, Ws, € L', so by Corollary 5.7.13, we have
that: (1) Xy U X, = Hy, where H; € L.

Since (2) X3 = Ws, with Wy € L' then from (1) and (2) it follows by Corollary
5.7.13 that: X; U X, U X3 = H,, where H, € L'. Applying this reasoning n — 1
times we have that |J X; = H,,_, where H, ; € L', which ends the proof. O

i=1

Lemma 5.7.15. The transformation H from L to L(BS(L")), defined by
H(z) = C(S(x)), verifies:

a) H is biunivocal,
b) H is surjective.



5.8. A CONSTRUCTION OF THE LUKASIEWICZ ALGEBRA WITH ... 121

PRrROOF. a) If H(xz) = H(y), this is C(S(x)) = C(S(y)), then S(x) = S(y),
and since S(x),S(y) € S(L) = L', then by Lemma 5.7.10, S(z) = S(y), and since
S is biunivocal it follows that = = y.

b) Given C(A) € L(BS(L')), where A € BS(L'), by Lemma 5.7.14, we know
that there exists X € L' = S(L) such that X = A, then since X = S(z), where
x € L, we have that H(z) = C(S(z)) = C(X) = C(A). O

Lemma 5.7.16. The transformation H verifies:
a) H(x Ay) = H(x)H(y).
b) H(zVy) = H(x)UH(y).
c) H(~x) =~ H( ).
d) H(Vz) = VH(z).
PROOF. a) (1) V(S(z)NS(y)) = (Lemma 5.7.6 b)) = VS(x)NVS(y) =
(by Lemma 5.6.3) = V(S(z) N S(y)).
(2) A(S(x) M S(y)) = (by Lemma 5.7.6 d)) = AS(x) N AS(y) = (by
Lemma 5.6.10 ¢)) = A(S(z) N S(y)).
From (1) and (2) it follows that S(z) M S(y) = S(z) N S(y), so

(
H(z Ay) = C(S(x Ay)) = C(S(x) N S(y)) = C(S(x) N S(y))
= C(S(x))NC(S(y) = H(x) M H(y).

b) (3) V(S(x)U ( )) = (by Lemma 5.7.6 a))=
VS(z) UVS(y) = (by Lemma 5.6.10 a)) = V(S(z) US(y)).
(4) A(S(z)US(y)) = (by Lemma 5.7.6 ¢)) =
AS(x) UAS(y) = (by Lemma 5.6.10 b)) = A(S(z) US(y)).
From (3) and (4) it follows that S(z) US(y) = S( )US(y), so
H(zvy) = C(S(xVy)) = C(S(x) US(y)) =
C(S(x)) U C(S(y)) = H(x) U H(y).
¢) VS(~ z) = (by SR5)) = V ~ S(x) = (by Lemma 5.6.4 a)) = VCS(z),
and AS(~ z) = (by SR5)) = A ~ S(z) = (by Lemma 5.6.4 b)) =
ACS(z). Then S(~ x) = (S(z) and therefore H(~ z) = C(S(~ z)) =
C(LS(x)) = ~ C(S(x)) =~ H(x).
d) H(Vz) = C(S(Vz)) = (by Lemma 5.6.2)= C(VS(x)) = (by Lemma
5.7.9) = VCO(S(x)) = VH(x).

O

By Corollary 5.7.4, M = BS(L') is a monadic boolean algebra and by Lemmas
5.7.15 and 5.7.16 we have that the Lukasiewicz algebra L is isomorphic to L(M),
which proves Theorem 5.7.1.

As we said before, this result was proved in a different way by L. Monteiro in
[65].
5.8. A construction of the Lukasiewicz algebra with n free generators

Let M, be the monadic boolean algebra with n free generators. It is well
known, [22], [64], that M, is a boolean algebra with 2" - 22"~1) atoms and that
K(M,) is a boolean algebra with 22" — 1 atoms. Furthermore, (*) the partition
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of the atoms of M associated with K(M,,) has (2:) classes with ¢ atoms of M,
1< <2n,

Let L = L(M,,), then by Remark 1.10.4, the boolean algebras B(L) and K (M,,)
are isomorphic.

We know that the Lukasiewicz algebra L,, with n free generators has 22"
elements and that B(L,,) has 3" atoms, so if L = L,, we would have that B(L) =
B(L,) so 22" —1 = 3", and this holds only for n = 1. Then if n > 1 we have that
the Lukasiewicz algebras £(M,,) and L,, are not isomorphic.

Let us see how we can determine L,, from £(M,) when n > 1. By (*) and
Remark 3.3.10 we know that

L(M,) = B*" x T?"~1-2",

.33n_2n

If
b=(1,1,...,11,1,...,1,0,0,...,0),

' N
2n 3n _2n
N - J/

22" —1—2n

then by Remark 5.3.5
L(M,)/[b) = (b = B* x T¥ 2",

5.9. Determinant system of a Lukasiewicz algebra

The proof of the following results about De Morgan and Kleene algebras can
be found, for instance, in [51].
If M is a De Morgan algebra, and X C M, let

~X={zreM:~zeX}

If P € P(M) then we know that ¢(P) = C ~ P, is the Birula-Rasiowa transfor-
mation [6], [7], from P(M) to P(M), which verifies (1) ¢(¢(P)) = P, and (2) If
P,Q € P(M) then P C @ if and only if ¢(Q) C ¢(P).

Lemma 5.9.1. If P € P(M) then:
a) ~r €P <= x¢ p(P), b)~zx¢P < xecplP).

If K is a Kleene algebra, then
If P € P(K) then: P C o(P) or ¢(P) C P.

Let us denote with Py (K) the set of all the filters P € P(K) such that P C
¢(P). Then Py(K) C P(K).

Since every Lukasiewicz algebra L is a Kleene algebra, then if b € B(L), the
boolean complement of b, which we denote by —b, is equal to ~ b, this is —b =~ b.
The original proof by A. Monteiro was reproduced in [11]. A simpler proof was
obtained, as announced in [45], by L. Monteiro, [59].

If R is a non trivial finite distributive lattice, we represent by II = II(R) the
poset of the prime elements of R.

Theorem 5.9.2. If R y R are non trivial finite distributive lattices such that
I = II(R), II' = TI(R') are isomorphic posets then R and R are isomorphic
lattices.
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PROOF. Let f: I — II' be an order isomorphism and put by definition:

0, it x=0
o= {V{f(p) pellp<a}, ifz#0

then it is easy to check that H : R — R’ is a lattice isomorphism and H(p) = f(p)
for all p € 1I. O

Corollary 5.9.3. Fvery non trivial finite distributive lattice R, is determined
up to isomorphisms, by the set I1 = II(R) of its prime elements.

Let X be a poset, a subset Y of X is said to be a lower section of X,
if Y = 0 or if it verifies “If y € Y and x < y then x € Y”. The subsets
(] ={y € X : y < x} are lower sections of X.

We represent by S(X) the set of all the lower sections of X.

Theorem 5.9.4. (G. Birkhoff.) If X is a finite poset, there exists a finite
distributive lattice R such that X and II(R) are isomorphics posets.

PROOF. It is well known that (S(X),N,U,0, X) is a bounded distributive
lattice. Since X is finite then the distributive lattice S(X) is finite as well.

It is easy to prove that II(S(X)) = {(z] : x € X}, and if we put B(z) = (=],
for all x € X then § is an order isomorphism from X to II(S(X)). O

Definition 5.9.5. Let X be a finite poset. We say that x € X is linked to
y € X, if there exists a finite sequence of elements of X, ay,as, -+ ,a, such that
a; = x,a, =y, and a; is comparable to a; 1, 1 < i < n—1. To denote that a
is comparable to b, we write a || b, and to indicate that x is linked to y we write
TR,

If z # y, with x,y € X, we can assume that the elements a;, 1 < i < n, verify
a; #a;,1# j,1 <i,7 <n.

It is well known that the relation = is an equivalence relation defined over X.
Let K(z) = {y € X : y = x} be the equivalence class containing element z € X.
Observe that if y ¢ K(z), then y is incomparable with every element in K (z).

Let K(z1), K(z2),...,K(x,) be the equivalence classes. It is well known that
the subsets K(z;),1 < i < n, of X are connected posets, which we can denominate
connected components of X, and that the poset X is the cardinal sum of the
posets K(z;),1 <i < n, this is:

X = Z K (z;).

Notice also that the sets K(x;) are pairwise disjoint, and that each element
(*) a € K(x;) is incomparable with every b € K(z;) if i # j.

We can assume that the elements x;,1 < i < n are maximal elements of the
poset X. Indeed, each K(z;) is a finite poset, so there exist m € K(z;), m a
maximal element of K (x;). Let us see that m is also a maximal element of X. If
z € X is such that m < z, since m € K(x;), then by (*) m is incomparable with
every element y € K(z,),j # 7, so v € K(x;) and since m is a maximal element
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of K(x;) we have that x; = m. This shows that m is a maximal element of X.
Then we can write:

n
X => K(x),
i=1
where z;,1 < i <n are maximal elements of the poset X.

Lemma 5.9.6. If R is a non trivial finite distributive lattice, where the poset
IT = TI(R) of its prime elements is isomorphic to the poset X = X1 + Xo and if
R;, 1 = 1,2 is a distributive lattice whose set of prime elements is isomorphic to
X;, 1 =1,2 then R is isomorphic to Ry X Rs.

If R is a finite distributive lattice, then we know that P € P(R) if and only if
P=F(p)={z€ R:p<x}, where p € Il =II(R).

Let A be a De Morgan algebra, so in this case the Birula-Rasiowa transfor-
mation ¢ from P(A) to P(A), induces a transformation ¢ from II = II(A) to II
as follows:

(5.9.1) Y(p) = ¢ if and only if ¢(F(p)) = F(q).
The transformation 1 has the following properties:

Inv1) ¥(i(p)) = p, for all p € 11,
Inv2) p < ¢ if and only if ¥(q) < ¥(p), where p, ¢ € I

This means that ¢ is an anti-isomorphism of the poset I onto II of period 2.
We say that the pair (II(A), ) is the determinant system of the algebra A.

Definition 5.9.7. A Birula—Rasiowa space is a pair (X, «) formed by a poset
X and a transformation o from X to X such that:

Invl) a(a(x)) =z, for every x € X,
Inv2) x <y if and only if a(y) < a(z), where x,y € X.

It is clear that « is a bijective mapping from X to X, and that the determinant
system of a De Morgan algebra is a Birula—Rasiowa space.

Definition 5.9.8. Two Birula-Rasiowa spaces (X,a), (X', ') are said to be
isomorphic if there exists an order isomorphism f from X onto X' such that

flax)) =o' (f(z)) for all x € X.

Theorem 5.9.9. (A. Monteiro, [35], [38], [43], [51]). If (A, ~) is a non trivial
finite De Morgan algebra, and if (Il = I1(A), ) is its determinant system then

~x=\/{peIl:¥(p) £ z}.
If we put II, = {p € I : p < z} then L. Monteiro proved in [51] that:

Lemma 5.9.10. If (A, ~) is a non trivial finite De Morgan algebra, then
~a=\/{pell:pe s\ L)} -

Vip:p e\ ¢(IL)} = \/{v(q) : g € M\ TL}.
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Theorem 5.9.11. If (A,~) and (A',~") are non trivial finite De Morgan
algebras such that their determinant systems (II = TI(A),+)), (1T = TI(A"),4)")
are isomorphic Birula—Rasiowa spaces, then the De Morgan algebras (A, ~) and

(A", ~") are isomorphic as well.

Corollary 5.9.12. Every non trivial finite De Morgan (A, ~) is determined,
up to isomorphisms, by its determinant system (I = I1(A), ).

The previous result was announced in 1960, [35] and its proof presented in
1962, [38], [43], [51]. According to his own words, [45] A. Monteiro’s proof from
1960 was too complicated.

Theorem 5.9.13. If (X, «) is a finite Birula—Rasiowa space, there exists a
finite De Morgan algebra (A, ~), such that its determinant system (I1 = TI(A), )
is a Birula—Rasiowa space isomorphic to (X, a). [51]

PrROOF. We know that S(X) is a distributive lattice such that II(S(X)) is a
poset isomorphic to X. The transformation o : X — X induces a transformation
Y II(S(X)) — II(S(X)) of the following manner: ¥ ((z]) = (a(x)], for all z € X.

For each lower section Y of X let us put (see Lemma 5.9.10):

~Y = J{w((]) : (2] € I(S(X)) \ Ty }.

Then it is easy to prove that ~ Y = X \ o(Y). We prove now that ~ Y is
a lower section of X. If ~Y = X \ a(Y) = 0, then ~ Y is a lower section. If
~Y =X\aY)#0D let (1) pe X\ a(Y), and x € X be such that 2 < p. Then
(2) a(p) <a(x). fxé¢ X\ aY), then z € a(Y) this is x = a(y’), where ¢/ € Y,
so (3) a(z) =y €Y. Since Y € S(X) then from (2) and (3) we deduce that
a(p) €Y sop=ala(p)) € a(Y), which contradicts (1). Furthermore:

e ~ X=X \aX)=X\X =10,

e~ (~Y)=X\a(~Y)=X\aX\aY)). Then, as « is a period 2
bijection, we have that: ~ (~Y) = X\ (o(X)\Y) =X\ (X\Y) =
XNY =Y.

e Since « is biunivocal then ~ (YNZ) = X\a(YNZ) = X\ (a(Y)Na(Z)) =
(X\a(Y)U(X\a(Z2)=~YU~ Z.

Thus (S(X),~) is a De Morgan algebra. Let us see that the Birula-Rasiowa
spaces (X, «) and (II(S(X)), ) are isomorphic. We already know that the trans-
formation § : X — II(S(X)), defined by f(z) = (z], € X is an order iso-
morphism. By the definition of ¢, we have that: S(a(x)) = (a(z)] = ¥((z]) =
Y (B(x)), which concludes the proof. O

Let A be a non trivial finite De Morgan algebra, IT = II(A) the set of its prime
elements and IT = > X;, where X;, 1 <i < n, are the connected components of
i=1
II. In general, if p € X; we cannot claim that a(p) € X;, but for finite Kleene
algebras we have that:
P(Xi) =X, 1 <i <,

since a(p) || p for all p € II.
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Let A be a non trivial finite De Morgan algebra, (IT = TI(A), ¢) its determinant
system and IT = > K (p;). It is clear that if p,q € TI, p = ¢, then ¥ (p) = 1(q), so:

i=1
o If 4(p) € K(p) then ¢ (K(p)) = K(p).
o If ¢ = ¢Y(p) ¢ K(p) then (K(p)) = K(q), and Y(K(p) + K(q)) =
K(p) + K(q).

We say that in the first case (K (p), 1) and, in the second case, (K (p)+K(q),v)
are -connected components of (II,1), and that the respective Birula—Rasiowa
spaces (K (p),v) and (K(p) + K(q), ) are undecomposable.

In the case in which A is a finite Kleene algebra, every connected component
of II(A) is a 1-connected component of II(A).

Lemma 5.9.14. If A is a non trivial De Morgan algebra, and its determinant
system (I = 1I(A),v) is isomorphic to the Birula—Rasiowa space (X, a) where
X = X1+ Xy, a(Xy) = Xy, a(Xs) = Xy and if A; ; 1 = 1,2 is a De Morgan
algebra whose determinant system (I1(A;), ;) is isomorphic to ( x;);1=1,2,
then A is isomorphic to A1 X A,.

iy

Definition 5.9.15. A Kleene space is a Birula—Rasiowa space (X, ) such
that every x € X is comparable with o(z).

Lemma 5.9.16. For a finite De Morgan algebra A to be a Kleene algebra it
is necessary and sufficient that its determinant system (I1 = T1(A), ) is a Kleene
space.

PRrOOF. It is clear that the condition is necessary. Let us see that it is suffi-
cient. If yA ~ y = 0 then the Kleene condition holds. Assume that yA ~ y # 0.
To prove that the Kleene condition holds it is enough to check that:

fpell:ip<yn~y} C{gell:qg<2v~z}

Let p € II be such that (1) : p < yA ~ y. By hypothesis (2) ¥ (p) < p, or
(3) p < ¢(p). If (2) holds then by (1) we have : ¥(p) < yA ~ y, then in particular
P(p) <~y = V{¥(q) : ¢ € IT'\ 1}, from where it follows, since ¢(p) € II,
that ¢(p) < ¥(qo), for some ¢y € I\ II,. Thus ¢y < p and by (1) we have that
g < yN ~y <y, so q € II,, contradiction. Therefore condition (3) must hold.
If ¥(p) £ z then ¢(p) € IT\ 1., so (4) : Y¥(p) <~ 2z < 2V ~ z. From (3) and (4)
we have p < 2V ~ z. If ¢o(p) < 2z, then p < z < 2V ~ 2. O

Theorem 5.9.17. If (A, ~) and (A',~") are non trivial finite Kleene algebras
such that their determinant systems (I1 = I1(A), ), (IT' = TI(A"), ") are isomor-
phic Kleene spaces, then the Kleene algebras (A, ~) and (A',~") are isomorphic
as well.

Corollary 5.9.18. Every non trivial finite Kleene algebra, (A, ~) is deter-
mined, up to isomorphisms, by its determinant system (I =TI(A), ).

Theorem 5.9.19. If (X, «) is a finite Kleene space, there exists a finite Kleene
algebra (A, ~) such that its determinant system (II = T1(A), ) is a Kleene space
isomorphic to (X, ).
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Remark 5.9.20. a) If X = {z}, then a(z) =z, and A = {0,1}, where 0 < 1,
~0=1and ~1=0.

b) If X = {x,y}, where x <y, a(x) =y y a(y) = x, then A = {0,¢, 1}, where
0<ec<l,~0=1,~1=0, and ~c=c.

Let L be a finite Lukasiewicz algebra. Then (P(L), C) is a finite poset and

=Y K(®)

where P;,1 < i < n are the maximal elements of the poset (P(L),C). We shall
prove that K(P) = {P,¢(P)}, for every maximal element P of P(L), this is
P e U(L). Since U || p(U), for all U € U(L), then {U, p(U)} C K(U).

It is clear that V ={U € U(L) : U € p(L)}, W={U € U(L) : U ¢ p(L)}, is
a bipartition of the set U(L).

U eV, (1) U € UL) and (2) U € p(L). Since L is a Kleene algebra
then (3) U C ¢(U) or (4) ¢(U) C U. From (1) and (3) or from (2) and (4) we
have: U = ¢(U). Let P € K(U), where U € V, then there exists a sequence
P, Py, ..., P, of elements of P(L) such that: P, = U, P, = P, and P, || Piy1,
P, # R+11 < i < mn—1. By hypothesis U || P, so if U C P,, since U is an
ultrafilter we have: P, = U. If P, C U, since U is a minimal prime filter minimal
we have: Py =U. Then P =U, for all P € K(U), so K(U) = {U}.

IfUeW, (1) U e U(L) and (2) U ¢ p(L), then there exists (3) M € p(L)
such that (4) M C U, then M € K(U). By (2) we have that (5) M ¢ U(L). By
Corollary 2.5.16 we know that (6) ¢(M) is the unique proper filter containing M
as a proper part. From (5) and (6) we deduce that U = ¢(M), this is M = ¢(U).

Let us see that in this case:

Lemma 5.9.21. Let U be such thatU € U(L), U ¢ p(L) and M = p(U) C U.
Then:

a) If Q || U and Q # U then Q = M.
b) If Q || M and M # Q then Q =U.
c) IfU e W then K(U) ={U,¢U)}.

PROOF.

a) Since @ || U, Q # U and U is an ultrafilter of L then @ C U.

If @ ¢ p(L), then there exists P, € p(L) such that P, C @ C U,
which is impossible by Corollary 2.5.14. So we have that @) € p(L),
then: Q,M CU, Q,M € p(L), Q,M ¢ U(L) and by Corollary 2.5.16,
Q=M = p(M).

b) From @ || M, it follows that @ C M or M C Q. Since Q # M, and
M is a minimal prime filter we must have M C @. We deduce then
that M ¢ U(L) and since M € p(L) it follows by Corollary 2.5.16 that
Q=U.

c¢) Since U € W and P € K(U), then there exists a sequence Py, P, ..., P,
of elements of P(L) such that P, = U, P, = P, and P, || Piy1, P, # Py,
1 <i<n-—1 Since P, || U, P, # U, then by a), P, = M. Since
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M = P, || Py and P, # Pj, then by b) we have P; = U. Then K(U) =

U, 0(U)}.
O

Remark 5.9.22. From the lemma above, if L is a non trivial finite Lukasiewicz
algebra, the connected components of P(L) are of the form (A) {F(p)} = {p(F(p))}
or (B) {F(p), p(F(p))}, where p € I1, is a minimal element of II. Then the poset
IT us the cardinal sum of posets 11;, 1 < 1 < n where each I1; is a chain with one
or two elements. Notice furthermore that in case (A), since F(p) = ¢(F(p)) then
¥(p) = p, and in case (B) F(q) = ¢(F(p)) € F(p) if p < q and ¥(q) = p, with
both p,q € 11.

Notice that if L is a Lukasiewicz algebra, we have that for all x € L:
Vo= A\{beB(IL):x<b}; Ae=\/{be B(L):b<a}.

Theorem 5.9.23. If L, L' are non trivial finite Lukasiewicz algebras such that
their determinant systems (I = TI(L), ), (II' = TI(L"), ") are isomorphic Kleene
spaces, then the Lukasiewicz algebras L and L' are isomorphic as well.

PROOF. We know that the function H : L — L defined in Theorem 5.9.2
is a Kleene algebra isomorphism from L to the Kleene algebra L' (see Theorems
5.9.11 and 5.9.17).

Let us prove that H verifies (*) H(Vz) = VH(z), for all x € L. It is clear that
if x =0, (*) holds. Assume that z # 0. H(Vz) = H(A{b: b€ B(L),x <b}) =
ANH®D) : b€ B(L),r <b} and VH(z) = A\{b : b € B(L'), H(x) < ¥}. Let us
prove that {H(b) : b € B(L),z <b} = {b : b € B(L'), H(z) < V'}, from where
(*) follows.

Let y € {H(b) : b € B(L),x < b}, soy = H(b), where b € B(L),z < b.
Since H is a lattice isomorphism and b € B(L), then y = H(b) € B(L') and
H(x) < H(b) = y. Conversely, if b € B(L') and H(x) < ¥/, since H is surjective
b = H(b), for some b € B(L). We have thus that H(z) < H(b), from where it
follows that z < b. 0

Corollary 5.9.24. Every non trivial finite Lukasiewicz algebra is determined,
up to isomorphisms, by its determinant system.

Recall the following definition and result (see [L1], [16]) : If K is a Kleene
algebra, we say that the set B(K) of boolean elements of K, which is a boolean
algebra, is:

e relatively upward complete if it verifies: If z € K then there exists A{b €
B(K):2 <b}in B(K) and Vo = A\{b € B(K) : z < b}.

e separating if it verifies: If x,y € K and y £ z, then there exists b € B(K)
such that < b and y £ b, or there exists ' € B(K) such that &/ <y
and b/ £ x.

Theorem 5.9.25. If K is a Kleene algebra such that the set B(K) of its
boolean elements is relatively upward complete and separating, then there exists a
unique Lukasiewicz algebra structure one K, [11].
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The operators V and A are defined by:
Vx:/\{bEB(K):be}; Ax:\/{bEB(K):be}
for all z € K.

Lemma 5.9.26. If K is a non trivial finite Kleene algebra and its determinant
system (II(K),v) is isomorphic to the Kleene space (X, ) where X = X1 + X,
(with a(X;) = X;, @ = 1,2) and if K;, i = 1,2 is a Kleene algebra such that
its determinant system (IL(K;), ;) is isomorphic to (X;, «), i = 1,2, then K is
1somorphic to K1 x K.

Lemma 5.9.27. If Ky, Ky are non trivial finite Kleene algebras, and B(K7),
B(K5) are relatively upward complete and separating, then K; x Ky is a Kleene
algebra and B(K; x Ks) is relatively upward complete.

Theorem 5.9.28. If (X, «) is a non trivial finite Kleene space such that X =

t
Y;, where
i=1

{yi}, and a(y:) = y;, if 1<i<s,
Y, =
{zi,wi}, zi <w;, az) =w;, and o(w;) = z;, if s+1<i<t

then there exists a non trivial finite Lukasiewicz algebra A such that its determi-
nant system (I1(A), ) is a Kleene space isomorphic to (X, «).

PROOF. It is clear that N[X]| = 2t — s.

ws+Ist+Qst+3I th
Y10 Y20 Y30 e YsO Rs+1 O Zs+2 O #s+3 e 2t

(. (.

\

tsr t\—,s
Let A;, 1 < i <t be a Kleene algebra such that II(A;) is isomorphic to Y;,

i
then we can let (see Remark 5.9.20):

{05, 1;}, ~0; =1, if 1 <i<s,
A=
{0;,¢i, L}, ~0;,=1;, ~¢;=¢;, ifs+1<i<t.
Then,
(L}, if1<i<s,
II(A;) =
{c;,1;}, ifs+1<i<t,
and if h;, 1 <i <t are isomorphisms from Y; to IT1(A;) then
o hi(y;) =1;, for 1 <i<s,
o hi(z)=¢; for s+1<i<t,
o hi(w;)) =1;, for s+1<i <t
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t
We now let A be the Kleene algebra [] A;.

i=1
A, if 1<4<s,
Since B(4A;) =
{0;,1;}, if s+1<i<t,
and both are relatively upward complete and separating sets, then by Lemma
5.9.27, B(A) is a relatively upward complete and separating set as well, so by
Theorem 5.9.25, there is a unique Lukasiewicz algebra structure defined on A.

We prove now that (X, «) and (II(A), ) are isomorphic Kleene spaces. It is
well known that TI(A) = {pV}?2°, where

P(j) = (ng), s >ng)>]9§]-217- - 7p§j))a 1 S] < 2t — s.

and pl(-j ) is defined as follows:
o if 1 <j <s, then
; L, ifi=j
P = s
Oi Z#]?
o if s+1<j <t then
pY = L
Oi Z#]?
o ift+1<j<2t—s, then

G _ 1i ifiZj—t+S
' 0; otherwise.

Then p+7) < pttn) for 1 <r <t —s.

DO ptH+2)0 p(t+3) p(2t=s)
PO PO pBO - p()O PO pGFHIO pHIO  « - - p®)

vV vV
s t—s

By (5.9.1) and Remark 5.9.22
(6) (p) =p, 1<j<s,
(7) ¥(p)) = pli+t=9) 541 < j <t and
(8) Y(pW)) =pU=t9) 41 <j<2—s.
If z € X, we define H : X — II(A) as follows:
(9) H(y;) =pV, for 1< j<s,
(10) H(z;) =pW, for s +1 < j <t, and

(11) H(w;) = plitt=s) for s +1<j <t

It is easy to see that H is an order isomorphism from X to II(A).
By hypothesis, we have that

Furthermore H(a(z)) = ¢(H(z)). Indeed:

. (1) ©) L (6) s
o If 1 < j <s, then H(a(y;))=H (y;)=p? and ¢(H (y;)) = 1 (p?)=p",
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oIf s+1 < j <t then H(a(2)Z H(w,)'Y pu+=9 and w(H(z)) =
D(p) & plitt=s),

e lf s+1 < j < s, then H(a(wj))@ H(zj)(g) pY) and (H(w;)) =






CHAPTER 6

Geometric construction of free algebras

In the annual meeting of the U.M.A. of 1964, A. Monteiro and R. Cignoli
[33] presented the following results. The details of this work have never been
published before. The method used is similar to the one employed in 1961, for
free De Morgan algebras, by O. Chateubriand and A. Monteiro, [10] (this work
was developed during A. Monteiro’s stay in the Universidad de Buenos Aires).

In 1979 R. Cignoli publishes an article [15] generalizing the results from [33].

6.1. Introduction

Let T be a non-empty set and ¢ an involution on 7. For each X C T put (see
Example 1.8.1):

(6.1.1) ~ X = Cp(X)
and
(6.1.2) VX =XUpX)
The operations defined above verify (see Example 1.8.1):
St1) V=0 ; St4) X CVX
Sth) V(X NVY)=VXNnVY ; St9) ~~X=X
St10) ~(XNY)=~Xu~Y ;  Stll) ~T=10
It is easy to verify also that:
St12) ~0=T ; St13) ~(XUY)=~XN~Y
St14) vVvI'=T ; Stl5) V(XUY)=VXUVY
St16) ~XUVX =T ; StI7) ~XNVX=~XNJX

By St9), St12) and St13) it follows that the system (27,N,U,~,T) is a De
Morgan algebra.
From St15) it follows that

St18) If X CY then VX C VY.
Then since X NY C X and X NY CY by St18) it follows that
V(XNY)C VX and V(X NY) C VY

therefore:
St19) V(X NY)CVXNVY.

133
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A. Monteiro proved (see Example 1.8.1) that the inclusion:
(6.1.15) VXNVY CV(XNY)

holds if and only if ¢ is the identity function on 7. Then, the system (27,N, U,
~,V,T) is a Lukasiewicz algebra if and only if the involution ¢ which defines ~
and V through the formulas (6.1.1) and (6.1.2) is the identity function on 7". In
this case ~ coincides with the complement (on 7") and V is the identity operator
on 27, so it is a boolean algebra, and therefore a Lukasiewicz algebra. There
can exist subalgebras S of the De Morgan algebra (27, N, U, ~,T) such that the
relation (6.1.15) holds for every pair of elements X,Y € S, and in this case S is
a non trivial Lukasiewicz algebra, as we saw in Example 1.8.1.

Lemma 6.1.1. Let T be a non-empty set, ¢ an involution on T and {G;}icr a
family of subsets of T. Let L be a subalgebra of the De Morgan algebra (27, N, U, ~
, T') with the operations ~ and V defined using the involution ¢ and the formulas
(6.1.1) and (6.1.2), and containing the sets G; for alli € I.

Then L is a Lukasiewicz algebra if and only if for everyi,j € I:

V(Gin~G)NV(GN~Gj) CV(GiN~G NG;N~Gy).

PROOF. It is clear that the condition is necessary. We shall prove that it is
sufficient. In order to do that, consider for each i € I, the following sets:

)

Using (6.1.1) and (6.1.2), it is easy to see that:
(1) G? = (G;n Lp(Gy)) U (p(G;) NCGy),

Now we prove that:

G, =G UGS 20 ; ~G =G UG} (3)
~Gl=GluUG UG} 4) ; ~G=GUuUdG! (5)
~ G =GPuGh 6) ; ~GI=G*uGs (7)
VGl = G? 8) : VG2=(2 (9)
VG =G (10) ; VGI=aG] (11)

(2) GIUG? = (Gin Cp(Gy)) U (G N o(Gy) = Gy N (Cp(Gy) U p(Gy)) =
G:NT =G,
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Cp(Gi) NT =Cp(Gy) =~ G,
(4) GiUGFUGH = (by (21)) = G}U ~ G; = (Gi N p(Gy))J ~ G; =

(GiU ~ G)N(p(GHU ~ G;) =~ GiN(p(G)ULp(G;)) =~ GINT =~ G1.
~ G} = Lp((GinCp(Gy))U(p(Gi)NEG))) = (Cp(Gi)UG:)N(CGUp(G))).
(6) G UG = (Gin Cp(Gy)) U (p(Gi) NCGy) U (Cp(Gi) NCGy) =
Co(G)) NT) U (o(G;) NCG;y) = Cp(G;) U CG,.
~ G3 =Cp(G;Np(Gy)) = Cp(G;) ULG,.
(7) G;UGE = (G;nBp(G)) U (p(Gi) NCGi) U (G N o(Gy)) =
(GiN (Cp(Gi) U p(Gi))) U (p(Gi) NBGy) = (GiNT) U (p(Gi) NCG;) =
G U (¢(Gy) NCG) = G U o(G)).
~ G} =Cp(Cp(Gi) N0G;) = Gi U p(Gy).
(8) VG = G Up(G)) = (GiNCp(Gy) U (p(G) NCGy) = (by (1)) = G7.
i =G ) (1)) = GFU (p(Gy) NCGy) U (Gi N Bp(Gy)) =

(10) VG2 = G2 Up(G2) = (GsNp(Gi)) U (p(Gi) NGy) = Gi N p(Gy) = G2,

With the sets G, i € I, 1 < p <4 we define the family of subsets C;; of T', in
the following manner:

Cij = (;NGHU(ESNGHU(E NG U (] NGY)

where 5? is either () or T. Then for each i € I we have at most 2* different sets
Ci;. Moisil ([25], p. 441) proved that for each i € I there exist exactly 12 different
sets Cyj, s0 1 < j < 24,

Let £ be the sublattice of the distributive lattice (27, N, U) generated by the
elements C;;. We shall prove that the system (£,7,~,V,N,U) is a Lukasiewicz
algebra of subsets of T (determined by ¢) containing all the G, i € I.

(i) GP e L, for 1 <p < 4.
Indeed:

(12) If»sjl.:Tanda??:5?:»5?:@13}16110@']':6;@1Eﬁ-
(13) If e = T and €] = €% = ] = () then Cy; = G} € L.
(14) Ifs?:Tands;:8?:€§:@then0ij:G?€£.
(15)If&‘?:T&HdE]l-:€?:€§?Zwthencij:G?€£'

(ii) G;, ~G; € L.
By (12), (14) and (2) we have that G; = G} UG? € L.
By (12), (15) and (3) we can also claim that ~ G; = G} UG? € L.
(i) ~GY € L, for 1 <p < 4.
This is an immediate consequence of (i), (4), (5), (6) and (7).
(iv) 0,T € L.
Ifej=cf=cl=cj=0then 0 =Cj; € L.
By (8) VG! = G2,'s0 by St16) T = VGIU ~ G} = G2U ~ G} and by
(i) and (iii), G;U ~ G} € L, thisis T € L.
(V) ~ Cij € L.
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4

Since Cj; = J (€ N GY) from St10) and St13) it follows that:
p=1
4
p=1

By (iii), we know that ~ G¥ € L, for 1 < p < 4, then for each i € T
and each p,1 < p < 4 there exists an index j, such that:

~ P =G
Therefore, by (16) we have:

Jp*

4
(17) ~Cyi =~ UCij).
p=1
From St11), St12) and the definition of %, we have that ~ eZUC;;, is
equal to T or C;,, and since T, C;;, € L from (17) it follows that ~ Cj;
is the intersection of a finite number of elements of £, so ~ Cj; € L.
(vi) If X € £ then ~ X € L.
If X € {0, T} then by St11) and St12) ~ X € {0, T}.
It is well known (see for instance [8]) that every X € £\ {0, T} is of

the form: .
X = U ﬂ Ci(r,s)j(r,s)
r=1s=1
so, by St10) and St13) we have that:
m Ny
~X =~ Gt
r=1s=1

from where it follows using (v) that ~ X € L.
(vii) The system (L£,T,N,U, ~) is a De Morgan algebra of subsets of T
By construction (£,N,U) is a distributive lattice of subsets of 7" and
by (v) L is closed under the operation ~, so by (6.1.1), T" € £ and since
St9) and St13) hold, (vii) follows.
4
Since Cy; = U (€ N GY), by St15) we have that

p=1

4
(18) VC; = JV(EEnGD).
p=1

By St1) and St14) €} = Ve’ so by St5) we have that:
(19) V(EiNGY) = Vel N VG =N VG,
Then from (18) and (19) we have that:
VCi; = (e;NVGHU(ESNVGE;) U (2N VG U (65N VGY)
and by (8) to (11) it follows that:
VCi; = NGHU(EENGHU(E NG U (] NG



6.1. INTRODUCTION 137

this is
VC; =0NGHU((6Ueh)NGHU(EING))U (N GY)
and therefore VCj; € L.
(ix) V(GYNGY) =VGINVGY i,j€l,1<pq<4
If 2 < g < 4, then by (9) to (11) we have that VG{ = G and therefore
using St5) we have

(20) V(GINGT) =V (GINVGT) =VGINVGE, 2<p,q<4.

Interchanging G} and G we have that (20) holds for all 4,5 € I and
p, ¢ not simultaneously equal to 1.
By St19) we know that:

V(G NGj) C VG NVG;.
On the other hand, using the hypothesis of the lemma
VG NVG; =V(GN~G;) NV(G;N~Gy) C

V(GiN~GiNGN~G;) =V (GN~G)),
so (20) also holds for p = ¢ = 1.
(X) V(CU N Ck;l) = VCZJ N VCM
4 4
Let Cy = U (€5 NGY) and Cy = | (¢f N G}) then we have
p=1 q=1
4
CijNCy = U (e NGY N GY), where eff = el Nef.
p,g=1
Since Vel = e then using St5), St15) and (ix) we have

4 4

V(CynCw) = |J EEnv(@EEnGh) = | (I nVGEInVGE]) =
p,q=1 p,q=1
4 4
UJEnved) n| (e nVGE) = VCi; NV C.
p=1 q=1

(xi) If X € £ then VX € L.
If X € {0, T} then by St1) and St14) we have that VX € {0, T}. If

X e L\{0,T} then X = ﬁ Ci(r.)j(r,s) 50 by St15) and (x),
r=1s=1
VX = [J () VCisits)
r=1s=1

then using (viii) we have VX € L.
(xii) The system (£, T,~,V,N,U) is a Lukasiewicz algebra.
By (vii) we have that the system (£,T,~,N,U) is a De Morgan alge-
bra and by (xi) £ is closed under the operation V. Axioms L6) and L7)
are a consequence of St5) and St16).
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To prove L8) we proceed as follows: if X, Y € L, suppose first that
X € {0, T}. Then L8) follows immediately from St1) and St14).

If X,Y € £\ {0, T}, then we proceed as in the proof of part (xi),
using the identity we proved in part (x) for the sets Cj;.

Items (ii) and (xii) prove the lemma. O

Remark 6.1.2. We shall prove that in the setting of the previous lemma, we
also have that L = LS(G).

If £ is a Lukasiewicz algebra of subsets of T determined by ¢ such that (1)
Gi; € L' for alli € I, then (2) L C L'. Indeed, by (1) it follows that GY € L/,
1 < p < 4 and therefore (3) C;; € L. Thus if X € L and X € {0,T} then

Xel. If X e L\{0,T}, we have that (4) X = ﬁ Citrs)j(r,s)- From (3)
r=1s=1
and (4) it follows that X € L', which proves (2). So L is the least subalgebra

containing G = {G,}icr and therefore L = LS(G).

6.2. Geometric construction of the free Lukasiewicz algebras

Given the poset D = {0,1}, where 0 < 1, let B = {0,1} x {0,1}, [10], so the
poset B has the following diagram:

o ps=(1,1) Let ¢ : B — B be defined by the fol-
/ \ lowing table:
=(1,0) ¢ O = (0,1
D2 ( ) ) \ P ( ) ) T Po | P1 | P2 | P3
x
o po = (0,0) Y(x) [ p3 | p1| P2 | Po

Observe that if b = (z,y) € B then ¢(b) = ¢((z,y)) = (1 —y,1 — z).
Let I be a set of cardinality ¢ (c # 0) and consider the set £ = [] B;, where

i€l
B, =B foralliel.
Let E’ be the set of all the elements (z;);c; € F that do not have simultane-
ously coordinates with the values py and ps.
If (z;)ier € E' we define a function ¢ : E' — E’ as follows:

p(a) = ((2))ier,

where 1) is the involution on B indicated before. Clearly p(z) € E' and ¢ is an
involution on E’. Then by the previous section, the formulas (6.1.1) and (6.1.2)
let us define the operations ~ X and VX for every subset X of F'.

For each i € I, let

(6.2.1) G ={r=(x))jer € E' 1 x; € {p2,p3}},
and g = {Gl}zej

Consider the following element of E’: e = (e;);c; where ¢; = p3 for alli € I, so
e € G, for all i € I, and therefore all the sets G; are non-empty. Analogously, the
element f = (f;)ier where f; = po for all i € I, of E’ belongs to every G;,i € 1.
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Let z0) = (xgj )il be such that x(‘) = p; and J; ) = py for all i # j, so
) ¢ G; and therefore ) € G for all i # j. This proves that G and I have the
same cardlnahty

Remark 6.2.1. From the definition of ¢ we have that v € G;, this is x; €
{p2,p3} if and only if¢($i) € {¢(p2),w(p3)} = {pz,pa}, S0

o(G;) ={z € F' :z; € {p2,po}} and ~ G; = Cgp(Gi) ={z e F :z
{p1,p3}}-

We define, as in Lemma 6.1.1, G? = V(G;N ~ G;). We also saw in that
lemma that (1) G? = (G; N Cp(Gy)) U (p(Gi) NCGy). Let z € X = V(GiN ~
G;,) NV (G;N ~ Gj) = G7 N G7 so by (1) we have that:
(2) x € (Gzﬂ ~ Gl) U (QD(GZ) N CGZ) and (3) x e (Gjﬁ ~ G ) ((P( ) N CGJ)

From (2) it follows that (4) x € G;N ~ G, or (5) z € 90( ) NC

From (4) it follows that z; € {p2,ps} and by Remark 6.2.1 z; E {pl,pg}, S1o)
xr; = P3.

From (5) it follows by Remark 6.2.1 that z; € {ps, po} and since z € CG; we
have that x; € {po,p1}, so x; = po.

Analogously from (3) it follows that z; = p3 or x; = po.

Therefore if x € X we have that (6) z; = p3 or (7) x; = po and (8) z; = p3 or
(9) x; = po. Since z € E’, (6) and (9) cannot hold simultaneously, and the same
is true for (7) and (8).

Then if x € X and (6) and (8) hold, then z; = z; = ps, and if (7) and (9)
hold, then z; = x; = py.

Therefore if x € X we have that x; = x; = py or z; = x; = ps.

Now let

Y =V(GnN~GNGN~G;) =
= (GiN ~ G;NGN ~ G;) U (p(G)) NCG; N o(G;) NEG))
then y € Y is equivalent to
yeGN~GNGN~Gjorye p(G)NLG;Np(G;)NLG,
and by Remark 6.2.1, this is equivalent to:

Yi € {p2,p3} N {p1,p3} and y; € {p2, p3} N {p1,p3}
or
Yi € {p2,p0} N {po.ps} and y; € {p2, po} N {po, ps}
this is y; = y; = p3 or y; = y; = po, SO
V(GiN~G;)NV(G;N~Gj) CV(GN~G NGN~G,).
Then, by Lemma 6.1.1, there exists a Lukasiewicz algebra L of subsets of E’,

determined by ¢, which contains all the sets G;,i € I.
By Remark 6.1.2, £ = LS(G), where G = {G, }ier-

Theorem 6.2.2. L is a Lukasiewicz algebra with a set of free generators of
cardinality c.
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PROOF. We need to prove that given an arbitrary Lukasiewicz algebra A and
a function f: G — A, f can be extended to a homomorphism A : £ — A.

If A has a single element, A = {0}, then f(G;) =0 for all i € I and therefore
the function h(X) = 0 for all X € £ is a homomorphism extending f.

If A has more than one element, we know (see sections 5.6 and 5.9) that A
is isomorphic to a Lukasiewicz algebra A, which is a subalgebra of subsets of a
certain set 7', determined by an involution a on T, where ~ X = Cra(X) and
VX =XUaX), forall X CT.

Let f: G — A. Then for each i € I we write f(G;) = H;, where H; € A this

Given X C T, let Kx : T — D = {0,1} be the function defined by:

1, ifte X
Kx(t) =
0, ift ¢ X.
Notice that (1) Kg, x(t) =1 — Kx(t).
Consider now the function K; : T — B defined by:
Kit) = (Ku, (1), Kxn, (1),
so by the definition of ~ and (1) we have that
(2> Kl(t) = (KHz<t>7 KCTa(Hi)(t)) = (KHz<t>7 11— Ka(Hz)(t))
Let us prove that (3) Kpy,(a(t)) = Kam,)(1).
Indeed, Kp,(a(t) =1 < at) € H; < t = ala(t)) € a(H;) =
Koy (t) = 1.
From (3) it follows that replacing ¢ by a(t) we get: (4) Kg,(t) = Ko, (a(t)).
As in [10] let us define K : T'— E’ by:

K(t) = (Ki(t))ier-

Notice that:

(KHi(t)7 I KOC(Hi)<t>> = (1’ 0) or (KHi(t)7 1- Ka(Hz‘)(t)) - (17 1)'

~—
—~
—_
—_
~—
——

Then:
Ky, (t)=1and 1 — Ka(Hi)(t) =0
or
Ky, (t)=1and 1 — Kyuy(t) =1
and therefore
(5) K(t) e G, < Kpg,(t)=1.

It is clear that K is a function from 7" to E. To prove that K is a function
from T to £ we need to prove that for each ¢t € T', the element K (t) = (K;(t))icr
does not have coordinates with values py and ps simultaneously. Assume that
there exists t € T" and two elements 4, j € T such that K;(t) = po and K;(t) = ps,
then by the definition of the functions K; we have that:

(6) t¢ H; and t ¢ a(H;)
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(7) tEHj andtgéoz(Hj).

But the conditions (6) and (7) are contradictory. Indeed, from (7) it follows
thatt € Hjandt €~ Hj,sot € H;N ~ H; and since every Lukasiewicz algebra is a
Kleene algebra, we have that H;N ~ H; C H;U ~ H; and therefore t € H,U ~ H;,
which contradicts (6).

Since K is a function from T to E', if we define h : 27 — 27 by h(X) =
K~1(X) for all X C E’, then for all X, Y C E’ the following hold:

(8) (X NY)=hX)Nnh(),
(9) (X UY)=h(X)Uh(Y),
(10) h(E) =T,
(11)  hCpX)=K'CpX)=CrK1(X)=Crh(X).
Thus & is a De Morgan homomorphism from 27 to 27 if and only if
h(~ X) =~ h(X), for every X C E'.
This is, if and only if, for every X C £,
h(Cep(X)) = K (Cpp(X)) = Cra(K7(X)) = Cra(h(X)),
so by (11) this is equivalent to prove that
CrKHp(X)) = Cra(K (X)), for every X C E’
this is
(12) K (o(X)) = a(K X)), for every X C E'.
Let us prove now that (12) holds. Indeed t € K '(o(X)) <+ K(t)

p(X) = (13) p(K(1)) € p(p(X)) = X. But since p(K(#)) = ((Ki(t))ier)
((K;(t)))ier then (13) is equivalent to (14) (Y (K;(t)))ier € X.

)

As by (2) Ki(t) = (K () — Ko, (1)), then
- (1=
)

Il m

(K1) = (1 1) (), 1= Ky (8) = (Kauy (1), 1 = K, (t))
and therefore using (3), (4 ) and (2) we have that
P(Ki(t) = (K, (a(t), 1 = Koy (a(t)) = Ki(a(t)).
So (14) is equivalent to K (a(t)) = (K;(a(t)))ier € X which in turn is equiva-
lent to a(t) € K~1(X) thisis t € a(K1(X)).
We have proved (12), which gives us
(15) h(p(X)) = a(h(X)), for every X C E".
From (11) and (15) we deduce
(16)  h(~X) =h(Cpp(X)) = Cra(p(X)) = Cra(h(X)) =~ h(X).
Thus we have proved that (i) & is a De Morgan homomorphism from 27 to 27.
Furthermore, from the definition of V, (9), (15) and the definition of V we
have that:
(17)  MVX)=h(XUpX))=h(X)Uh(p(X)) =h(X)UJa(h(X)) = VA(X).
From (8), (9), (10), (16) and (17) it follows that:

(ii) h is a homomorphism from £ to A.
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Let us prove now that (iii) h extends f, this is, that
K 1Gy) = hMG;) = f(G;) = H;, for every G; € G.

Indeed t € H; <= Ky, =1 so by (5) this is equivalent to K (t) € G;, which
is equivalent to t € K~ 1(G;) = h(G;).

Finally, let us prove that (iv) h(£) C A. By (ii), h(L) is a subalgebra of the
algebra 27 and since LS(G) = L, then h(G) generates h(L), this is LS(h(G)) =
h(L). Since h(G;) = f(G;) = H; € A, for all i € I then h(G) C A so h(L) =
LS(G) C A, which concludes the proof. O
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