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Preface

This thesis is primarily devoted to the so-called ‘basic algebras’ which were introduced
in [11] as a by-product of an attempt to find a good common generalization of ortho-
modular lattices and MV-algebras. The original problem posed in [11| was to describe
‘MV-like algebras’ (i.e. algebras of the same signature as MV-algebras) that would stand
to orthomodular lattices as MV-algebras to Boolean algebras, and to MV-algebras as or-
thomodular lattices to Boolean algebras. This means that the algebras in question should
be algebras (A, @, -, 0,1) such that (i) the rule z < y iff —z @y = 1 defines a bounded lat-
tice; (ii) the elements z € A for which -z is a complement in this lattice form a subalgebra
which is an orthomodular lattice in its own right; and (iii) the algebra is the set-theoretical
union of its blocks, where a block is a maximal subalgebra which is an MV-algebra. These
requirements, however, are quite restrictive and lead to lattice effect algebras.

From another point of view, besides being lattice based algebras, both MV-algebras and
orthomodular lattices have the following interesting property: all principal filters (as well
as all principal ideals, and in fact all intervals) bear certain natural antitone involutions.
Indeed, in any MV-algebra (A, ®, —,0, 1), for every a € A, the map v,: © — -z @ a is an
antitone involution on [a, 1], and dually, d,: z — —(x @ —a) is an antitone involution on
[0,a]. The initial MV-algebra can be easily retrieved from its underlying lattice and the
Ya's (or 6,’s), because ~x = yo(z) = 61(z) and x By = v, (—z Vy) = =0, (x A ~y), for all
x,y € A. Likewise, in any orthomodular lattice (A, V,A,+,0,1), the map v,: z +— 2+ Va
is an antitone involution on [a, 1], and §,: x — 2 Aa on [0,a]. In fact, for an ortholattice,
orthomodularity amounts to saying that every ~, is an antitone involution on [a, 1] (or
equivalently, that every 4, is an antitone involution on [0,a]). Now, using the 7,’s (or
the 6,’s), we can make (A, V,A,+,0,1) into an ‘MV-like algebra’ (A, ®,—,0,1); namely, it
suffices to put ~z =z and z ®y = y,(z* Vy) = (x Ay) V.

Therefore, bounded lattices with antitone involutions (on principal filters or ideals)
can serve as a common framework for MV-algebras and orthomodular lattices, and basic
algebras are algebras (A, ®,—,0,1) corresponding to such lattices in the way indicated
above, i.e. 7z = () and z @ y = v, (-2 V y). The class of basic algebras is a variety
which may be axiomatized by the identities

r®0 =z,
- =z,
“(z@y)dy=-(-ydr)d,
“(m(-rey) By P2 @ (r@®z) =1
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The underlying order is defined by * < y iff -2 @& y = 1, and the associated lattice
operations are given by tVy = =(-x®y) Dy and x Ay = =(—x V —y). Moreover, for every
a, the map 7,: * — -z @ a is an antitone involution on [a, 1] and J,: x — —(z & —a) on
[0,a]. MV-algebras are precisely the associative basic algebras, and orthomodular lattices
can be identified with basic algebras satisfying the quasi-identity + < y = y ®x = y.
The above mentioned lattice effect algebras are equivalent to basic algebras satisfying the
quasi-identity t Gy < —z= (2 By) D z=2@ (y ® 2).

The name ‘basic algebra’ was used just as a makeshift and does not establish any
connection with other ‘basic’ structures, such as Hajek’s BL-algebras. In fact, a BL-
algebra can be made into a basic algebra only if it satisfies the law of double negation in
which case it is (equivalent to) an MV-algebra. We should mention that—though basic
algebras as such were first defined in [11]—the idea of associating algebras (A, @, —,0,1)
with bounded lattices with antitone involutions can be traced back to [9].

The thesis is based on the papers [28§|, [27] and [29] and is divided into four chapters.
The first part of Chapter [I]is an introduction to basic algebras and lattices with antitone
involutions. In the second part, we deal with algebras satisfying the identities

r®(rAy) =Dy, (C)
@ WYNz)=(xdy) A(z®2). (M)

The motivation behind these identities is explained in Section [I.3] We generalize most
of the result proved by Botur and Halas for commutative basic algebras, which are in a
sense too similar to MV-algebras. In particular, we prove that every finite basic algebra
satisfying the identity is an MV-algebra; cf. |6].

Chapter[2]is devoted to pre-ideals of basic algebras, i.e. downwards closed subsets which
are also closed under @. The name ‘ideal’ is reserved for the 0-classes of congruences.
The concept of pre-ideal is quite general and pre-ideals may fail to have some desirable
properties—for instance, a pre-ideal need not be a lattice ideal—and hence we focus mainly
on basic algebras satisfying . We prove that the pre-ideal lattice Pr(A) of such a
basic algebra is an algebraic distributive lattice which contains the ideal lattice Id(A) as
a complete sublattice. We describe the pseudocomplements and meet-prime elements in
Pr(A) and we show that Pr(A) belongs to the class IRN of ideal lattices of the so-called
relatively normal lattices (see [35]).

In Chapter [3, generalizing the well-known equivalence between MV-algebras and unital
lattice-ordered Abelian groups, we try to shed light on the connections between (commu-
tative) basic algebras and lattice-ordered commutative loops. First, we prove that in any
lattice-ordered commutative loop L, every interval [0, u] can be made into a basic algebra
which is monotone but need not be commutative. As in the case of MV-algebras, we denote
this interval algebra by I'(L, u), although = & y cannot be defined simply as (z + y) A u
(where + is the addition in the loop L). On the other hand, we prove that every semilinear
commutative basic algebra is isomorphic to I'(L, u) for a suitable lattice-ordered commu-
tative loop L and a positive element v € L, where semilinearity means that the algebra
is isomorphic to subdirect product of linearly ordered algebras. We generalize Chang’s
construction for linearly oredered algebras as well as Mundici’s method of good sequences.
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We also present a new example of a proper commutative basic algebra which is derived
from linearly ordered commutative loops.

In Chapter[d, we deal with derivations on basic algebras, where by a derivation is meant
an additive map satisfying d(z © y) = (d(z) ® y) ® (z ® d(y)) or, which turns out to be
the same, d(z ©y) = (x ©® d(y)) ® (d(x) ©® y). We give a simple complete characterization
of derivations; we prove that d(x) = x A d(1) and that d is actually a homomorphism onto
the interval algebra [0,d(1)]. In some particular cases, such as in MV-algebras or lattice
effect algebras, the element d(1) is even central, and hence derivations on such algebras
correspond to certain direct product decompositions. We also prove some auxiliary result
on sharp and central elements of basic algebras.



CHAPTER 1

Basic algebras

In the first chapter, after some introductory material on basic algebras and lattices
with antitone involutions, we focus on basic algebras satisfying the identities or
for which we prove some technical results. Among others, we show that these basic algebras
are distributive as lattices and satisfy a natural version of the Riesz decomposition property.
The main result of Chapter[I)is Theorem[I.4.4]stating that all finite basic algebras satisfying
(C) are MV-algebras.

1.1. Introduction

DEFINITION 1.1.1 (cf. [11,]13]). A basic algebra is an algebra (A, ®,—,0,1) of type
(2,1,0,0) satisfying the identities

r®0=r,

(1

T =, (1.
~(rr@y) by =-(-y®z) DI, (1
(oY) By D2)B (zB2) = 1. (1

If the operation @ is commutative or associative, then the basic algebra (A, ®,—,0,1) is
said to be commutative or associative, respectively.

The original definition in [11] included the redundant identities x 1 =1 =1 z, and
the constant 1, which was not in the signature, was defined as —0. The above axioma-
tization is independent, see [13|. The name ‘basic algebra’ was used just because these
algebras were in a sense a common base for all other structures considered in [11].

In addition to the negation — and the addition , it is useful to define multiplication
and two subtractions by

rOy=-(c®-y), zey=-(y®-x), and zQy=-(-2zdY).

Note that @ and © coincide only in commutative basic algebras. The identities (|1.3])
and (1.4)) can be rewritten as (x@y) Py = (y@z)®x and (((zDy)Qy)D2) 0 (rdz2) =0,
respectively. It is also possible to prove (see [11]) that basic algebras are term-equivalent
to algebras (A,©,0,1) of type (2,0,0) satisfying the identities
ro0=z, 2z61=0, z6(xz0y) =yo(yox),
(zey)e(zoe(yer)) =0

7
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The one-to-one correspondence between basic algebras and lattices with antitone invo-
lutions can be summarized as follows:

PROPOSITION 1.1.2 (cf. [11}]15,16]).
(i) Let (A, ®,—,0,1) be a basic algebra. If we define

tVy=(xoy)dy and zANy=z6(xOYy), (1.5)

then (A,V,A,0,1) is a bounded lattice that we call the underlying lattice of A and
denote it by ((A). The induced ordering of the lattice is given by

r<y iff x@y=1 off zoy=0 iff xey=0 iff zo©-y=N0.
Moreover, for every a € A, the maps
Yo: T xBa and x> aST

are antitone involutions on the principal filter |a, 1] and on the principal ideal [0, a],
respectively. The initial algebra (A, ®,—,0,1) is retrieved by ~x = yo(x) = 61(x) and
r@y =~z Vy)=00-y(xAy)) asox Sy =d.(xAy).

(ii) Let (A,V,A,0,1) be a bounded lattice and let v, be fized antitone involutions on the
principal filters [a,1]. If we define

r="7(z) and zHy=ry,(-xVy), (1.6)

then (A, ®,—,0,1) is a basic algebra; its induced lattice is just (A,V,A,0,1) and the
induced antitone involutions x — —x&a on the principal filters [a, 1] are just the 7, ’s.

(iii) Let (A,V,A,0,1) be a bounded lattice and let §, be fized antitone involutions on the
principal ideals [0, al. If we define

-z =01(x) and z®y=-(0-,(xA-y)),

then (A, &,,0,1) is a basic algebra in which v ©y = 0,(x Ay). The induced lattice
is just (A,V,A,0,1) and the induced antitone involutions x — a S = of the principal
ideals [0, a] are just the d,’s.

1.2. Special classes of basic algebras

1.2.1. MV-algebras. Let (G, V, A, +,—,0) be a lattice-ordered Abelian group, u € G
any positive element of G and A = [0, u]. Asis well-known, I'(G,u) = (A, ®, —,0, u), where
-z =u—x and @y = (x+y)Au, is an MV-algebra. In view of Proposition , A can be
made into a basic algebra: one readily sees that J,:  — a — x is an antitone involution on
0, a], for every a € A, hence if we define ~x = 0,(x) =u—zrand 2By = ~(6-, (A y)) =
u—[(u—y)—(xA(u—y))]=(xA(u—y))+y=(x+y)Au, then (A, &, —,0,u) is a basic
algebra, which is the same as the MV-algebra I'(G, u). Consequently, any MV-algebra is a
basic algebra. A direct verification of the identities — is also easy. It is not hard
to show that a basic algebra is an MV-algebra iff the addition @ is associative (and hence
also commutative). On the other hand, commutativity does not entails associativity; an
example of a commutative basic algebra is given in Section [3.4]
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Thus basic algebras, and especially commutative basic algebras, can be seen as a non-
associative generalization of MV-algebras. Other possible non-associative generalizations
are NMV-algebras |[14] and WMV-algebras (also weak basic algebras) [10}24]|. Both are
algebras (A, @, —,0, 1) such that the rule 2 <y iff -2 @ y = 1 defines a bounded poset in
which the element (zr@y) ®y = (y@x) @ is an upper bound of {x, y}, but not necessarily
the supremum, and where the maps ~,: x — —x @ a are involutions on the principal filters
la,1]; in case of WMV-algebras, the v,’s are antitone, in case of NMV-algebras, only the
negation — = vy is antitone.

1.2.2. Orthomodular lattices, see [25]. Let (A,V,A,>,0,1) be an orthomodular
lattice. The orthomodular law # < y = x V (2 A y) = y entails that for every a € A,
Ye: T — xt V a is an antitone involution on [a,1], and J,: z — 2zt A a is an antitone
involution on [0, a]. Thus the algebra (A, @, =,0,1), where -z = 2t and 2Dy = (zAyt)Vy,
is a basic algebra in which x ©y = 2 A (x A y)L and which satisfies the quasi-identity
r <y =ydx=y. Infact, orthomodular lattices are term-equivalent to basic algebras
satisfying this quasi-identity. However, the equivalence between orthomodular lattices and
basic algebras that fulfill x <y = y @& z = y is based on the choice of the above natural
antitone involutions 7,: x — x V a (or d,: z + x+ A a), so it does not mean that the
induced lattice of a basic algebra is orthomodular iff the quasi-identity is satisfied; to be
more concrete, the induced lattice of the basic algebra associated with an orthomodular
lattice is always an orthomodular lattice, regardless of the choice of the antitone involutions
in the intervals [a, 1] for a # 0 (or [0, a] for a # 1).

1.2.3. Lattice effect algebras, see [19]. Let (E,+,0,1) be a lattice effect algebra
(we use V, A and ' to denote the lattice operations and the operation of taking supplements,
respectively). Since, for every e € E, the map v.: © — 2’ + e is an antitone involution
on [e, 1] (this is true in any effect algebra, not necessarily a lattice one), we can make
(E,+,0,1) into a basic algebra by setting -z =2’ and x®y = (' Vy)' +y = (x Ay) +v.
The basic algebra (E, @, —,0,1) thus defined satisfies the quasi-identity

r<-y & z®y<-z = (2dy)Bz=xd(z8vY), (1.7)

which says that the partial addition +, which is the restriction of @ to the pairs (a,b) €
E x E with a < —b, is both commutative and associative. It is worth noticing that the
partial subtraction — is the restriction of @ as well as of © to the pairs (a,b) € E x E with
a > b. Indeed, by definition, a—b is the only element of F such that (a—b)+b = a provided
a > b. Henceifa > b, then a = aVb = (a@b)®b = (a@b)+b as a®b < —b, thus a®b = a—b.
Moreover, ma+b = b+-a is defined when a > b, and so a@b = =(—a®b) = ~(bd—a) = aSbh.

Conversely, if a basic algebra (A, ®, =, 0, 1) satisfies , then the corresponding lattice
effect algebra (A, +,0, 1) is obtained as follows: a + b is defined iff @ < —b in which case
a+b=a®db.

Basic algebras satisfying (1.7), sometimes called effect basic algebras, are therefore
equivalent to lattice effect algebras. Since can be rewritten as an identity, effect basic
algebras form a variety which contains both the variety of MV-algebras and the variety
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which is termwise equivalent to orthomodular lattices (but it is not their join in the lattice
of varieties of basic algebras).

1.3. Basic properties

In the first lemma we record some properties that will be used in doing calculations and
that can easily be derived from the correspondence between the operations @, -, ©, 6, ®
and the antitone involutions I' = {7, | e € A} and A = {6, | e € A}:

LEMMA 1.3.1. Let (A, ®,—,0,1) be a basic algebra. For all x,y,z € A we have:

(@) ife <y, thenz®2<y®z2,1202<y0z,202z<y®zand 26y <z26x;

b) z>z0yiff z:Qy > x;

(c) (z@y) 0y =12A~y;

(d) (zAy) Bz = (z®2)A(yD2), (xVy)0z = (z02)V(y22), (xVy)©z = (z02)V(y©2)
and z6 (x Ny) = (26 2)V (20Y);

(e) zoy=(xVy)oyandrzoy=z6 (zAy).

LEMMA 1.3.2. Let (A, &,—,0,1) be a basic algebra. For every a € A, the algebra
([070’]7@a;_‘a70,a>7 where

r@®,y=aS((a0y)©x) and —xr=aOux,
is a basic algebra. The operation &, is the restriction of & to [0, a].

PROOF. We know that for every e € A, the map J.: x — e©x is an antitone involution
on the interval [0,e]. Hence ([0, al,V, A,0,a) is a bounded lattice with the set of antitone
involutions A, = {6. | e € [0,a]}, and so in the associated basic algebra [0, a] we have
.2 = a6,z and B,y = (.Y Sa), where O, is given by 20,y = 0,(zAy) = z0y. O

LEMMA 1.3.3. Let A be a basic algebra and |a,b] an interval in €(A). Then [a,b]—as a
lattice—is isomorphic to [0,b @ a] and anti-isomorphic to [0,b© al.

PROOF. We show that ¢;: z — = @ a is an isomorphism of [a,b] onto [0,b @ a], and
that ¢o: @ — b© x is an anti-isomorphism of [a, b] onto [0,b & al.

The definition of ¢; is correct since x < b implies x @ a < b©® a. Let z € [0,b @ al.
Thena<z@a< (b@a)®a=bVa=band ¢1(z®a)=(2da)@a=zA—-a=z since
2<b@a<1@a=—a. Thus ¢; is onto. Let x,y € [a,b]. If x <y, then x @ a < y @ q,
which implies t = zVa=(xr@a)®a < (y0a)Pa =yVa=y. Hencez <y iff
o1(z) < ¢1(y), so that ¢, is an isomorphism.

Analogously, if a < x, then b&x < bSa, so ¢, is well-defined. For every z € [0,bSa] we
have z®-b < (bSa)®—b = —(a®—b)®—-b = —aV —-b = —a, whence bz = =(zd-b) > a.
Thus b© z € [a,b] and ¢2(b© 2) =bS (bS 2) = bA z = z. Finally, if x,y € [a,b], then
x <yimpliesbSxz >bSy whencez =z Ab=b8 (boz) <bS (bOY) =yAb=y. Thus
x <y iff ¢go(x) > ¢o(y), proving that ¢, is an anti-isomorphism. O
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In all basic algebras, the operations @, @, ® and & are monotone (isotone) in one
argument (see Lemma[1.3.1] (a)), while monotonicity in the other argument

r<y = zhr<z0y, 20yYy<z0zr, 2z0rx<zEy and rzoz<ysz
(1.8)

does not hold in general.
DEFINITION 1.3.4 (cf. [816]). A basic algebra is said to be monotone if it satisfies ([1.8)).

Obviously, every commutative basic algebra is monotone. In view of |16, Thm. 6.4],
an orthomodular lattice regarded as a basic algebra is monotone iff it is a Boolean algebra,
and a lattice effect algebra is monotone iff it is an MV-algebra.

In what follows, we focus on basic algebras which fulfill the identities

r®(~xANy)=xdy, (€)
r@WYNz)= (@Y A(rd2). (M)

Since x ¢~z = 1, it is readily seen that follows from . Also, in the language of the
subtractions @ and &, the two identities translate into

r@xANy)=20y, zO0(-zVy =20y, (xVyoy=z0y, (CT)
r@YNz)=(x0y)V(@oz), z0HVz)=@oyV(z0o:2), (M])
(zVy)oz=(z02)V(yo2).

The motivation for comes from lattice effect algebras where the identity captures
compatibility of elements. To be more precise, we recall that two elements a, b in an effect
algebra (E, +,0, 1) are said to be compatible if there exist aq, by, c € E such that a = a; +c,
b="by+cand ay + by + cis defined. If (E,+,0,1) is a lattice effect algebra, then a,b are
compatible iff (aVb) —b = a— (a Ab). Hence, using Subsection and Lemma[1.3.1] (e),
if (E,®,-,0,1) is the associated effect basic algebra, then for all a,b € E, the following
are equivalent:

(a) the elements a, b are compatible;

(b) a@b=a® (aNb);

(c) (avb)eb=asb;

(d) a® (maAb)=adb

() a® (maVb)=a®b.

Thus, roughly speaking, basic algebras satisfying are algebras with a single ‘block’ of
compatible elements. This means that an effect basic algebra which satisfies must be
an MV-algebra since if all the elements in a lattice effect algebra are compatible, then the
corresponding basic algebra is an MV-algebra.

We could also say that a, b are compatible iff a @b = a© b, but the identity xr 0y = xSy
is equivalent to commutativity of @, which is much stronger than . Indeed, in view of
Lemma [1.3.1] (d), the identity = ® y = y ®  would imply (M]), which implies (C]), but a
basic algebra satisfying need not satisfy (for instance, unlike , the identity
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is valid in all linearly ordered basic algebras) and there exist many non-commutative basic
algebras that satisfy . Here, we give two examples:

|
|
|
|
|
|
|
|
|
|
|
|
|
|
Bl
|
|
a

(b)
FIGURE 1. Examples of non-commutative basic algebras satisfying

EXAMPLE 1.3.5. Let L = ([0,1],V,A,0,1) be the real interval [0,1] with the usual
linear order and let the intervals [a, 1] of L be equipped with the antitone involutions -,
as follows (see Fig. [1| (a)):

(@) 1—=x for a =0,
a\r) =
! a+ \/(1 —a)® — (z—a)® otherwise.

Then the basic algebra A = ([0,1],&,-,0,1) associated with L and I' = {v, | @ € [0, 1]}
by satisfies , though it is not commutative.

Since the underlying lattice £(A) = L is a chain, in order to show that A satisfies ,
it suffices to verify that y < z implies z @y < x @ z. To see this, skipping the trivial
case y = z, let y < z. Then there are three possible cases: If =z < y, then z ®y =
Yz VY =7y =land 2@ 2z = v,(-xVz) =7(z) =1 Ify < -2 < z then
@y ="y(rVy =) <land @z =7,(-xVz) =7(2) =1 If 2 < -z, then
r@y =~z Vy) =y(-x) and & 2z = 7,(-x V 2) = 7,(—x) where y,(—z) < 7,(—x)
(see Fig. [1] (a)).

Finally, it is not hard to find a pair of reals in [0, 1] witnessing non-commutativity of

L L2V2 54 }l ®i= #g.

. 1 o 1
A. For instance, 5 ® ; = =5 5 =

REMARK 1.3.6. Botur [4] proved that (up to isomorphism) in all basic algebras on the
real interval [0, 1] the negation —z is given as 1 — z.

EXAMPLE 1.3.7. Let L = (Rj U{oo}, V, A, 0, 00) where the set R} of non-negative reals
is linearly ordered in the usual way and oo is a new top element. For every a € R{, let v,
be defined by 7,(z) = =+ a for a < 2 € R (see Fig. [1{ (b)), 7a(a) = 0o and v,(c0) = a.
For completeness, v (00) = oco. Then the basic algebra A = (Rf U {0}, P, —,0,00)
corresponding to L and I' = {, | a € R{} U {74} fulfills (M), which can be verified by
considering the three cases as in the previous example, but A is not commutative because,
e.g., %@i:%and}l@%:ﬁ.
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LEMMA 1.3.8. The underlying lattice of a basic algebra satisfying 15 distributive.

PROOF. We notice that (zVy) 0y =20y =2 @ (z Ay) owing to Lemma [1.3.1] (e)
and (C]]). Hence, assuming aVe = bVeand aAc = bAc, we have a = (a@(aic)) D (aic) =
((ave)oce)@®(anc)=(bVec)oc)d(bAe)=0ba (bAc)®(bAc)=bby (L5). O

REMARK 1.3.9. The converse of Lemma fails to be true. For, consider the basic
algebra A = ({0,a,b,1},®,—,0,1) where a Ga=bdb=1,a®db=b,bda=a, a=a
and —b = b (thus A is the horizontal sum of two three-element MV-chains). Then ¢(A) is
a Boolean lattice, but A does not satisfy (C): a ® (ma Ab) =a@® 0= a, while a ® b =b.

LEMMA 1.3.10. Let A be a basic algebra. The lattice £(A) is distributive if and only if
A satisfies any of the following equivalent identities:

ro@yVa)=@@oyA@ez), (xAy)oz=@0z2)A Yy :z2),

(Vi) Bz=(E82)VEE), (EAYOz=(E0)A([YO2). ®)

PROOF. It is straightforward to check that the identities are equivalent to one another,
so we will work with the first one. If ¢(A) is a distributive lattice, then z & (y V 2) =
oz A (yVz)) =00((xANy)V(zA2)) =0, (xAy)Ndx(xN2) = (xOy) A (z©2). Conversely,
if A satisfies the identity, then x A (yVz) =z (ze(yVz) =z (zoy) AN(z6z2)) =
(ze(zoy) V(e (xez2)=(xAy)V (zAz) by Lemmal[l.3.1] (d). O

DEFINITION 1.3.11. By an additive term we mean a term which is built from variables
using @ only; we also include 0 as an additive term.

LEMMA 1.3.12. Ewvery basic algebra A satisfying has the following Riesz decompo-
sition property: For all a,by, ..., b, € A, if a < 7(by,...,b,) where T is an n-ary additive
term, then a = 7(cq,...,¢c,) for some ci,...,¢, € A withc; <b; (i=1,...,n).

PROOF. We may assume that 7 is binary, the rest is an easy induction. Let a < by @ bs.
If we put co =aAby and ¢; = a @ g, then ¢ ¢y = (a @ ¢3) B g = a V cg = a. Trivially,
¢y < by, and by and Lemma (b) we also have ¢c; = a @ (aANby) =a @by < by. O

LEMMA 1.3.13. Let A be a basic algebra satisfying . Then

(a) the addition & is monotone, i.e., given any n-ary additive term T and a1, by, . .., ap, b, €
A ifa; <b foralli=1,...,n, then T(ay,...,a,) < 7(b1,...,b,);

(b) for every n-ary additive term T we have a AT(by,...,b,) < T(aAby,...,aANb,) for all
a,by,..., b, € A.

PROOF. We prove the statements for 7(z1,x2) = x1 ® 22; an induction then gives the
result for an arbitrary additive term.

(a) By Lemmam (a), a; < by implies a3 @ as < by @ ag, and by , ay < by implies
bl@ag < bl@bg, thus a1 D as S bl@bg.

(b) Using and Lemma [1.3.1] (d), we have (a Ab1) ® (a Ab) = (a®a) A (a® by) A
(by @ a) A (by ®bg) > aA (b @ by) since (a®a)A(adby)A(by ®a)>a. O

We need one more concept:



1.4. FINITE BASIC ALGEBRAS SATISFYING (C) ARE MV-ALGEBRAS 14

DEFINITION 1.3.14. A basic algebra which is isomorphic to a subdirect product of
linearly ordered basic algebras is called semilinear (or representable).

Semilinear (commutative) basic algebras form an equational class. This was proved
in |7] for commutative basic algebras, and in [16] for general basic algebras. Here, we
recall only the axiomatization in the commutative case.

PROPOSITION 1.3.15 (cf. [7], Thm. 2.9). A commutative basic algebra is semilinear if
and only if it satisfies the identity

(z®(y®(zouw)e(z®y)A(uez) =0.

We will study semilinear commutative basic algebras in Chapter [3]

1.4. Finite basic algebras satisfying (C) are MV-algebras

The aim of this section is clear from the title; as a matter of fact, we prove that every
finite basic algebra that satisfies is a direct product of linearly ordered ones, which
are necessarily MV-algebras. Indeed, in a finite chain, say 0 = a9 < a; < -+ < a, = 1,
there is only one way of defining the antitone involutions ~,, on the intervals [a;, 1], namely,
Ya; (@j) = apnyi—; for i < j, this being exactly the way in which the antitone involutions are
defined in the standard (n + 1)-element MV-algebra C,41 = ({0, 2,..., %=1 1}, @, -,0,1)
where y: (1) ==L @ L =min{l — £ + £ 1} = 2= if § < .

Let (HA, @®,,0,1) be a basic algebra. For every a € A and n € Ny, the ‘multiple’ n ® a
is defined inductively:

O0®a=0,
n®a=a®((n—1)®a) forn>0.

Thus, n®@a=a®(---®(a® (ada))...).

LEMMA 1.4.1. Let A be a basic algebra satisfying . For all a,b € A, ifaNb =0,
thena®b=aVb, and (m®a) A (n®0b) =0 for all m,n € Ny.

PROOF. Since a Ab = 0, we have a @b = a @ (a Ab) = a by (C]), and so a Vb =
(a@b)®b = a®b. Further, it suffices to show that aA(m®b) = 0 for all m € Ny, which is an
easy induction. If m > 0 and the assertion is true for all £ < m, then a A ((m—1)®b) =0
entails aV (m—1)®b) =a® ((m—1)®b) whence a =a A a® ((m —1)®b)| and

a/\(m@b)—a/\[ (m—1)®b)]
aNla®((m—=1)Q@b)]ADbS((m—1)®0b)]
:a/\[(a b) ® ((m —1) ®b)]
=aA((m—1)®b)
=0.
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Now, let A be a finite basic algebra that fulfills . Let us denote by €2 the set of the
atoms of (the underlying lattice of) A. Then for every a € €2, the set

N(a) ={n®a|n e Ny}

is a finite chain 0 < a < --- < @ where a is the greatest multiple of a such that n ® a >
(n — 1) ® a. Owing to the Riesz decomposition property, N(a) is the whole interval [0, .
Indeed, if b<aand G =n®a, thenb=c; ® (- ® (¢y_1 D ¢y) ... ) for some ¢; € A with
¢; < a. But a € Q, and hence ¢; € {0,a}, which means that b = k ® a for some k < n.

LEMMA 1.4.2. Let A be a finite basic algebra satisfying . With the above notation,

\Va=1
aeq)
PROOF. Let ¢ = \/ . @ and suppose that ¢ < 1. Then —¢ > 0 and there exists an

atom b EAQ vxiith b < =¢. Then —b iAs a coatom arAld -b>c> b, By the definition of b we
have b@® b = b, and hence 0 = (b & b) @ b = b A —b = b, a contradiction. O

By Lemma [1.3.8] the underlying lattice ¢(A) of a basic algebra A that satisfies is
distributive. By Lemma |1.4.1] we have a A b = 0 for all a,b € Q with a # b, and hence
Lemma [1.4.2| entails that the map

n:(:va|a€Q)»—>\/xa

a€f

is an isomorphism between the lattices [],.[0,a] and £(A). We are going to prove that n
is an isomorphism between the basic algebras [[,.[0,a] and A.

We recall from Lemmal[l.3.2] that in the basic algebra ([0, a], ®a, 74, 0, @), the operations
are given by sz = a0z, c @y =a0 (a0 y) ©x) and x S5y = v ©y. In fact, [0,a] is
an MV-algebra because the interval [0, a] is a finite chain.

LEMMA 1.4.3. Let A be a finite basic algebra satisfying and let a € ). Then
TQY=x0Yy=1Qy for al z,y € 0,a.

PROOF. The equalities obviously hold if x < y, so assume x > y. We can write z@y as
Ve 2 where 2, € [0, 5] For b # a we have Az, = 0 = y Az, (since y < x < a and z, < 5),
which implies 2, @y =2z Vyandz =2Vy=(20y) Oy = Vieq @) @Y= Vica(z DY)
by Lemma, thus 2 > 2, @y =z, Vy > 2z, for all b € Q\ {a}. Hence z, = 0 and so
TQyY =z, €10,a].

By Lemma the intervals [0,z @ y] and [0,z © y| are finite chains of the same
length. But we have just proved that x @y € [0, al, so that both [0,z @ y] and [0,z ©y] are
subsets of the chain [0, a], and hence x @ y = = © y. Finally, since [0, a] is an MV-algebra,
we have x @z y = _'&(_'&$ Ds y) = _‘a(y Dg _'dw) =TOY =TOUY.

O

Therefore, in order to prove that 7 is an isomorphism between the algebras ], [0, d]
and A, it suffices to show that 7 preserves the operation @. To this end, let (z, | a € Q),
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(Wa | @ € Q) € [[,eql0,a]. For every atom a € M we have
Tq © \/yb:xa®($a/\ \/yb) =2, O \/(xa/\yb> :xa®ya
beQ beQ beQ
since z, A yp = 0 if b # a, and hence

Nzala€Monelac =\ 2.0\ va= V(@2 Vmw=\ (v

a€e a€ef a€ef) beQ) acQ)
=n((zs | a € Q) (Yo | a €Q)).
We have proved the following generalization of [6]:

THEOREM 1.4.4. Let A be a finite basic algebra satisfying . Then A is isomorphic
to the MV-algebra [],.[0,a], hence A is an MV-algebra.

In |8] the same results were proved for basic algebras satisfying the identity x < z @ y.
So, every basic algebra satisfying x < x @ y is distributive and every finite basic algebra
satisfying © < x @ y is an MV-algebra.



CHAPTER 2

Pre-ideals of basic algebras

The 0-classes of congruences of MV-algebras are characterized as ideals, i.e., non-empty
subsets J such that (i) a® b € J for all a,b € J, and (ii) if a € J and b < a, then b € J.
In basic algebras, this is not enough for a subset to be the 0-class of a congruence, and
hence we will refer to the subsets satisfying the conditions (i) and (ii) as pre-ideals, and
to the 0-classes of congruences as ideals. Unfortunately, the concept of pre-ideal is quite
general and so pre-ideals can fail to have some natural properties we want them to have
(for example, a pre-ideal of a basic algebra need not be an ideal of its underlying lattice).
Therefore, we restrict ourselves to two subvarieties of basic algebras that are much closer to
MV-algebras than basic algebras in general. Namely, we focus on basic algebras satisfying

the identities and (M]).

2.1. Introduction and the pre-ideal lattice

DEFINITION 2.1.1. Let (A4, ®, —,0, 1) be a basic algebra. We call ) # P C A a pre-ideal
of A if

(P1) a®be P for all a,b € P;
(P2) for every a € Aand b€ P, if a <b, then a € P.

An ideal of A is a subset J C A such that J = [0]g for some congruence © of A.

It is proved in [11] that the variety of basic algebras is congruence regular, i.e., every
congruence is specified by an arbitrary class, in particular, by the 0-class. Hence if J is an
ideal, then the congruence © = ©(J) the kernel of which is J (i.e. J = [0]g) is uniquely
determined as follows (cf. [16]):

(a,0) € O(J) iff aobboacJ iff acbboac

Consequently, the assignments © — [0]g and J — O(J) are mutually inverse isomorphisms
between the congruence lattice of A, Con(A), and the ideal lattice of A, Id(A).

Besides MV-algebras, in some classes of basic algebras, the description of ideals is quite
simple. For instance, Pulmannova and Vincekova [31] proved that if A is an effect basic
algebra, then () # J C Ais an ideal of A iff (i) a® b € P for all a,b € P and (ii) b@a € J
forallae A, b e J.

REMARK 2.1.2. It is worth noticing that a pre-ideal of A need not be an ideal of the

lattice £(A). As a counterexample we can consider the 6-element orthomodular lattice
({0,a,b,a’,b',1},V, A/ ,0,1) which is usually called OMg. Then {0, a,b} is a pre-ideal of

17
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the corresponding basic algebra ({0, a,b,a’,t',1}, &, —,0,1) since a B a = a, bH b = b,
a®b=">band b® a = a, while aVb=1, so {0,a,b} is not a lattice ideal.

LEMMA 2.1.3. Let A be a basic algebra. For every P C A such that 0 € P, the following
are equivalent:
(a) P is a pre-ideal;
(b) foralla € A andb € P, ifa@b € P, then a € P;
(c) P is closed under the term p(x,y1,y2) = A (y1 B y2), in the sense that p(a, by, bs) € P
for alla € A and by,by € P.

PROOF. (a) = (b) Let a®b € Pand b e P. ThenaVb= (a@b)®b e P which yields
a€ P.

(b) = (a) Ifbe Pand a < b, thena@b=0 € P, and so a € P. Thus P satisfies (P2).
Hence, if a,b € P, then (a®b) @b = aA—b € P, which implies a &b € P. Thus P satisfies
(P1), too.

The equivalence of (a) and (c) is evident. O

For every B C A, let us denote by Pg(B) the pre-ideal generated by B, i.e. the
intersection of all pre-ideals that contain B. It can be described as follows:

LEMMA 2.1.4. Let A be a basic algebra and ) # B C A. Then
Pg(B)= | J B™

n€eNy
where B®) = B and, for n >0, B™ = {p(a,b1,by) | a € A, by,by € B®™ VY. Moreover, if
A satisfies , then Pg(B) consists of those elements a € A that are less than or equal
to finite sums of elements of B.

PROOF. The former assertion easily follows from Lemma [2.1.3] (¢). The latter one is
proved by observing that if A satisfies (M), then by Lemma (a), the addition is
monotone, and hence the elements a € A such that a < 7(by,...,b,), where 7 is an n-ary
additive term and by,...,b, € B, form a pre-ideal of A. O

The set of all pre-ideals of a basic algebra A will be denoted by Pr(A). In view of
Lemma m, Pr(A) partially ordered by set-inclusion is an algebraic lattice.

PROPOSITION 2.1.5. For every basic algebra A, the ideal lattice Id(A) is a complete
sublattice of the pre-ideal lattice Pr(A).

PROOF. Since the variety of basic algebras is congruence regular and permutable (see
[11]), the map © — [0]e is an isomorphism between the congruence lattice Con(A) and
the ideal lattice Id(A), and the join of © and ® in Con(A) is © o d.

For the moment we denote the join operations in Pr(A) and Id(A) by V and L, respec-
tively. It is clear that [0]e V [0]e C [0]e LU [0]e = [0]ecs for all ©,® € Con(A). Conversely,
let a € [0]e U [0]g, ie. (a,0) € © o ®. Then (a,b) € © and (b,0) € & for some b € A, so
a®be [0]g and b € [0]¢ whence aVb = (a@b) @b e Pg([0]o U[0]s) = [0]e V [0]e and
thus a € [0]e V [0]o.
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Let {©; | i € I} be a non-empty collection of congruences of A. Obviously, \/,.,[0]e, C
I_liel[o]ei' Ifae uie[[o]@n then a € [O]eilo""’@in = [O]Gil Ll---L [O]eln — [0]6%’1 (VY [O]Gin
for some iy, ...,i, € I, thus a € \/,,[0]e,, which proves | |,.;[0le, = V,c;[0]e,- O

PROPOSITION 2.1.6. Let A be a basic algebra satisfying (M). Then Pr(A) is a dis-

tributive lattice.

PROOF. Let P,QQ; € Pr(A) with i € I. If a € PN \/,.;Qi, then @ € P and a <
7(b1, ..., by) for some n-ary additive term 7 and by, ..., b, € (J,c; @i- By Lemma (b)
we have a = aAT(by, ..., b,) < 7(aNby, ..., aAb,) where aAb; € PN, Qi = U, (PNQ:)
for each j = 1,...,n, and hence a € \/,.;(P N Q;) = Pg(U,c;(P N Q;)). Thus we get
PN \/iel Qi © vz‘a(P NQi). O

Consequently, if A satisfies , then the pre-ideal lattice Pr(A) is relatively pseu-
docomplemented. In order to describe the relative pseudocomplements, we introduce the
following notation: Given () # B C A and a pre-ideal ) € Pr(A), we put

B—Q={acA|lanbe@ forall be B}.

PROPOSITION 2.1.7. Let A be a basic algebra satisfying . For every 0 # B C A
and @ € Pr(A), B — Q is a pre-ideal, B — Q = Pg(B) — Q and it is the relative
pseudocomplement in Pr(A) of Pg(B) with respect to Q.

PROOF. Clearly, 0 € B — Q. If a,b € B — @, then by Lemma (b) we have
cAN(a®db) < (cANa)®(cAb) € Q for every ¢ € B since both ¢ A a and ¢ A b belong to
Q. Hence c A (a®b) € Q, proving a @b € B — Q. Also, if a € B — @ and b < a, then
bAc<aNceforeachce B,andsobe B — Q. Thus B — @ is a pre-ideal.

Let a € B — @ and ¢ € Pg(B), i.e. ¢ < 7(by,...,b,) for some additive term 7 and
b; € B. By Lemma [1.3.13] (b) we have a Ac < 7(aAby,...,aAb,) € Q as each a A b; is in
Q. Hence a A ¢ € @, which shows that B — @ C Pg(B) — @Q; the converse inclusion is
obviously true, so B — @ = Pg(B) — Q.

Finally, it can easily be seen that, for every P € Pr(A), P C Pg(B) — Q iff PN
Pg(B) C @, and hence Pg(B) — @ is the relative pseudocomplement of Pg(B) with
respect to Q. [l

In particular, if we denote B — {0} by B+, then B+ = Pg(B)* is the pseudocomple-
ment of Pg(B) in the lattice Pr(A). We call B+ the polar of B.

PROPOSITION 2.1.8. Let A be a basic algebra that satisfies (M)). Then in the pre-ideal
lattice Pr(A) we have Pg(a)NPg(b) = Pg(aAb) and Pg(a)V Pg(b) = Pg(aVb) = Pg(a®b)
for all a,b € A.

PROOF. Let ¢ € Pg(a) N Pg(b), i.e., for some additive terms 7 and 7, we have ¢ <
T1(a,...,a) and ¢ < 7p(b,...,b). Then, using Lemma [1.3.13] (b), we get

c<m(a,...,a) AN1a(b,...,b) < m(aATeb,...,b),...,a ANTa(b,...,b))
<m(m(anb,...;aAb),...,a(aAD,...,a \D)),
and hence ¢ € Pg(aAb). Thus Pg(a) N Pg(b) C Pg(a Ab). The other inclusion is obvious.



2.1. INTRODUCTION AND THE PRE-IDEAL LATTICE 20

It is clear that Pg(a)V Pg(b) C Pg(aVb) C Pg(a®b) since aVb < a®b. Conversely, if
c € Pg(a®b), then ¢ < 7(a®b, ..., adb) for some additive term 7. But a,b € Pg(a)V Pg(b)
entails 7(a ® b,...,a ®b) € Pg(a) V Pg(b), so c € Pg(a) vV Pg(b) and hence Pg(a @& b) C
Pg(a) vV Pg(b). O

COROLLARY 2.1.9. If A satisfies , then the compact elements of the pre-ideal lattice
Pr(A) are precisely the pre-ideals Pg(a), a € A.

PROOF. A pre-ideal P is compact in Pr(A) iff P = Pg(B) for some finite B C A.
Letting a be the supremum of B, we have Pg(B) = Pg(a), so that P is compact iff
P = Pg(a) for some a € A. O

Let (A,®,—,0,1) be a basic algebra. Given a pre-ideal P € Pr(A), we define the
relation ©;(P) on A as follows:

(a,0) € O(P) iff a=x21®0( - ®(xp,®V)...)and b=y ® (- B (y, D ad’)...)
for some z;,y; € P and o’,b' € A with ' < a and 0" <.

(2.1)
If A satisfies (M), then in view of Lemmata [1.3.12] and [1.3.13] (a) we get
(a,b) e ©(P) iff a<z1®( - ®(xy, ®b)...) and b< 11 (- D (ypoDa)...) (2.2)

for some z;,y; € P.

PROPOSITION 2.1.10. Let A be a basic algebra that satisfies . If J is an ideal of A,
then ©,(J) is the only congruence relation whose 0-class is J, i.e., ©,(J) = O(J).

PROOF. By and we have (x Qy) B (zANy) = (0 (x ANy)) B (rAy) = x.
Hence if (a,b) € ©(J), then a @ b,b @ a € [0]g(y) = J together with a = (a @ b) ® (a A D)
and b = (b @ a) ® (a A b) imply (a,b) € ,(J).

Conversely, let (a,b) € ©)(J), ie,a=x2,D (- D (x,, ®V)...) and b=y S (--- B
(yn ® a’) ...) for some x;,y; € J = [Oloy) and @’ < a, V' < b. Then (a,b) € O(J) and
(b,a’) € ©(J), hence b/ =0 Nb =gy V' Nd =¢yaNd =d,s0 (a,b) € O(J).

Thus, O(J) = 6;(J).

PROPOSITION 2.1.11. Let A be a basic algebra satisfying (C). For every P € Pr(A),
©,(P) is an equivalence relation which is compatible with the meet operation A, and the

0-class of ©,(P) is P. Moreover, if A satisfies (M), then ©,(P) is a congruence of the
lattice ((A).

O

PROOF. Obviously, ©;(P) is reflexive and symmetric. To prove transitivity, assume
that (a,b) € ©,(P) and (b,c) € ©;(P). Then, by 1), a =z1 & (- & (z,n, ®V)...)
and b =y, & (- & (y, ® d’)...) for some z;,y; € P and o’ < a, ¥ < b, and at the
same time, b = u; B (- ® (u, & )...) and ¢ = v B (--- ® (vs B V") ...) for some
ug,v; € P and V' < b, ¢ < ¢. By the Riesz decomposition property (Lemma
we can write b’ = v} & (--- B (u, & ") ...) for some uj, < wy and ¢’ < ¢, and likewise,
V=9 ® (& (y,®a")...) for some y; < y; and ¢” < a’. Then we have a = 7, @
(D @n®W (D (u.d)...)))...) where each uj belongs to P and ¢’ < ¢, and
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c=0®(DWsd W ®(®(y,®a")...)))...) where each y’ belongs to P and
a” < a. Thus (a,c) € ©;(P), and so ©,(P) is an equivalence relation. It is also clear that
(a,0) € ©,(P) iff a € P, so [0le,p) = P.

For compatibility with A we need the following

CLAIM. For all a,b € A and x € P there exists y € P such that (x®a)\b=y®(aNb).

Indeed, if we put ¢ = (z @ a) Aband y = c@ a, then we have a A ¢ = a A b, which yields
y®(aNb)=(coa)®(anc)=(co(aNc))®(aNc)=c, and y € P because z & a > ¢
implies z > ¢ @ a = y. The claim is settled.

Now, let (a,b) € ©,(P),iec. a =21®(-- B (2, V) ... ) and b=y, & (- - - D (y,Dd’)...)
where z;,y; € Pand ¢’ < a, b <b. Given any ¢ € A, by the above claim there exist u;,v; €
Psuchthat ahNc=u1 & (- @ (up ® (V' Ac))...) and bAc=1v1B(--- B (v, B (d' A¢))...).
Hence (a A c,b A c) € ©,(P), proving that ©;(P) is compatible with A.

Let A satisfy (M). Let (a,b) € ©y(P),i.e.a < z1B(-- B (2, ®b)...) and b < y1 B (- B
(yn®a)...) for some z;,y; € P. Then, recalling Lemma[l.3.13| (a), for every ¢ € A we have
210 O(@n®dVe)...) 2 [0 @ (xm®d)..)]V[T1® (- ®(zm®c)...)] > aVe,
and similarly, y; & (- ® (y, D (aVe))...) > bV, so that (a Ve, bVe) € ©,(P). Thus
©,(P) is a lattice congruence. O

Consequently, if A is a basic algebra that fulfills , then for every P € Pr(A), the
quotient set A/O,;(P) is a meet-semilattice when ordered as follows:

lale,p) < [bloyrpy iff a=c@ (- @ (cn@V)...) for some ¢; € P and b’ <b,
and if A satisfies , then
lale,ipy < bloypy iff a<ca @ (- @ (¢, ®D)...) for some ¢; € P.

Symmetrically to ([2.2]) we could also define the relation ©,.(P) by saying: (a,b) € ©,(P)
iffa<(...0@x1)®...)Pzrandb<(...(aBy1)P...) Dy, for some z;,y;, € P. It is
not hard to show that ©,(P) is always an equivalence relation compatible with —, and if
A satisfies , then ©,.(P) is a lattice congruence. However, the relation ©;(P) seems to
behave better with respect to what we are interested in.

Another generalization of ideals corresponding to certain equivalence relations was con-
sidered in |16]. We now briefly discuss the connections between these ‘one-sided ideals’
and our pre-ideals.

DEFINITION 2.1.12. Let A be a basic algebra. We say that ) £ J C A is a weak ideal
of A if, for all a,b € A,

(i) ifaobe Jand b € J, then also a € J;
(ii) if a©be Jand a > b, then (c©b) & (c©a) € J for every ¢ € A.

For every weak ideal J, the relation ®(.J) defined by
(a,b) e ®(J) iff acbboac]
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is a congruence of the lattice ¢(A) which satisfies the following compatibility condition, for

all a,b,c € A:
(a,b) e ®(J) = (cSa,cob) e d(J). (2.3)

Generally, it is not a congruence of A, but if A is an effect basic algebra, then every weak
ideal J is an ideal and hence ®(J) is a congruence (see |[16]). The same is obviously true
in case when A is a commutative basic algebra because then amounts to saying that
®(J) is a congruence of A.

Since ®(J) is a lattice congruence, its O-class J must be a lattice ideal, and so it is clear
that a pre-ideal need not be a weak ideal (cf. Remark [2.1.2). On the other hand, we have:

PROPOSITION 2.1.13. Let A be a basic algebra. FEvery weak ideal J is a pre-ideal, and
if A satisfies (C]), then ®(J) = 0,(J).

PROOF. We first observe that (a,b) € ®(.J) implies (a®c, bdc) € P(J) for every ¢ € A,
because a @ ¢ = =(=c S a) =gy 7 (-c S b) =bd ¢ by (2.3).

Let a,b € J. Then (a,0) € ®(J) implies (a & b,b) € ®(J). Since (b,0) € ®(J), it
follows (a ® b,0) € ®(J), so a® b € [0]o) = J. Further,ifa <be J, thenacb=0¢c J
yields @ € J. Thus J € Pr(A).

Now, assume that A satisfies (C). Let (a,b) € ®(J). Then (—a,—b) € ®(J) by (2.3),
and so a @b =-bs —-a € Jand b®a = —-aS —b e J. Hence (a, ) @l( ) since we
have a = (a @ b) & (aAb) and b = (b @ a) & (a A D). Conversely, let (a,b) € ©,(J), i
a=218(-®(x,®V)...)andb=y; B(--- B (y,Bd’)...) for some z;,y; € J, d <aand
b <b. Since (z;,0) € ®(J) and (y;,0) € ( ), we get (a,b) € ®(J) and (b,d’) € P(J),
whence @' = a A d =¢() V' Nd =gy V' Ab =10 and thus (a,b) € (J). O

2.2. Prime pre-ideals

In this section, we characterize the meet-prime elements of pre-ideal lattices of basic
algebras satisfying (M)).

DEFINITION 2.2.1. We say that a pre-ideal P of a basic algebra A is prime when P
is meet-prime in the lattice Pr(A), i.e., if for all Q1,Q2 € Pr(A), Q1 N Qs C P implies
Q1 S Por@QyCP.

Since Pr(A) is a distributive lattice if A satisfies (M), it easily follows that P € Pr(A)
is prime if and only if it is meet-irreducible in Pr(A), that is, when proving that P is prime,
it suffices to show that whenever P = Q1 N @)y for some Q1,Qs € Pr(A), then P = Q) or
P = Q.

LEMMA 2.2.2. Let A be a basic algebra that satisfies . If F is a filter in the lattice
0(A) and P is a pre-ideal in A with PN F = (), then there exists a prime pre-ideal Q of A
such that P C Q and QN F = (. Hence, for every pre-ideal P and every a € A\ P there
exists a prime pre-ideal Q) such that P C Q and a ¢ Q.

PROOF. Let 9 be the set of all pre-ideals which are disjoint from F' and contain P.
A routine use of Zorn’s lemma shows that 9t has a maximal element, M say. Then M is



2.2. PRIME PRE-IDEALS 23

prime. Indeed, if M = Q1 NQy where Q1, Q- € Pr(A) and Q; # M # Q, then Q;NF # ()
(1=1,2) and for a; € Q; N F we have a1 Aas € Q1NQ2NEF = M NF = (), a contradiction.
Thus, by the remark following Definition 2.2.1] M is a prime pre-ideal. Il

THEOREM 2.2.3. Let A be a basic algebra satisfying . Then for every P € Pr(A),
the following are equivalent:

i) P is a prime pre-ideal;

(i) for all a,b € A, if Pg(a) N Pg(b) C P, thena € P orb € P;

(iii) for alla,b€ A, ifaNb € P, thena € P orb € P;

(iv) for alla,b € A, ifaNb=0, thena € P orb € P;

(v) foralla,be A, a@b€e P orb@a € P;

(vi) A/O(P) is linearly ordered;

(vii) the set of all pre-ideals exceeding P is linearly ordered by set-inclusion;
(viii) {a} - P =P foralla€ A\ P.

PROOF. The implications (i) = (ii) and (iii) = (iv) are obvious.

(ii) = (iii) It suffices to note that Pg(a) N Pg(b) = Pg(a A b) by Proposition [2.1.8]

(iv) = (v) Since the underlying lattice ¢(A) is distributive, by Lemma and
we have 0 = (a AD) @ (aAb)=(a@(aAND)AN (b2 (aAD))=(a@b)A (b a).

(v) = (vi) Ifa@b e P, thena < aVb=(a©b)®b entails [a]e,(r) < [b]o, -

(vi) = (vil) Let @, R be two distinct pre-ideals exceeding P and suppose that Q € R
and R ¢ Q. Then we can find « € Q@ \ R and b € R\ Q. We have [a]g,p) < [blo,p)
or [ble,py < [ale,p)- In the former case, there exist ¢,...,c, € P and b’ € A with
b < bsuchthat a = c; B (- B (¢, ®V)...). Since b € R and ¢; € P C R, we get
a=c1B(-B(c, ®V)...) € R, a contradiction. In the latter case we would analogously
reach the contradiction b € Q).

(vii) = (i) Since the pre-ideals that contain P form a chain under set-inclusion, P is
meet-irreducible and hence prime.

(iii) = (viii) Let a ¢ P. If b € {a} — P, then b A a € P, which yields b € P. Hence
{a} — P C P. The inclusion P C {a} — P is evident.

(viii) = (iv) If a Ab =0 where a ¢ P, then b € {a} - P = P. O

COROLLARY 2.2.4. For a basic algebra A satisfying , the following are equivalent:

(a) (the underlying lattice of ) A is a chain;
(b) {0} is a prime pre-ideal;
(c) Pr(A) is a chain.

THEOREM 2.2.5. Let A be a basic algebra satisfying . Then for every pre-ideal
P € Pr(A), the conditions (iii)-(vi) of Theorem are mutually equivalent and imply
(vit).

PROOF. We only have to show (vi) = (iii); the proofs of the other implications remain
unchanged. Let A/O;(P) be linearly ordered and assume a A b € P. If [a]e,(py < [b]o,(p),
thena =1 ® (- B (e, ®V)...) forsomec; € Pand ¥/ < b. But c;®(---®(c,®V)...) >V,
thus ¥ < aAband b € P, which yieldsa=¢; & (---® (¢, ®V)...) € P. Analogously,
[b]@l(p) < [CL]@l(p) implies be P. O
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2.3. Minimal prime pre-ideals

A lower bounded distributive lattice is relatively normal if its set of prime ideals is
a root system under set-inclusion. The class of all algebraic distributive lattice whose
compact elements form a relatively normal sublattice is denoted by IRN, see |34], |35].

LEMMA 2.3.1 (|34], Corollary 2.2; [35|, Corollary 3.2). Let D be an algebraic distributive
lattice such that the set of compact elements of D is a sublattice of D. The following
statements are equivalent.

(i) D is a member of the class IRN.
(ii) The meet-prime elements of D form a root-system.
(iii) The collection of all elements exceeding a given meet-prime element is a chain of
meet-prime elements.
(iv) For all compact elements a,b € D, there exist compact elements a’',b' € D such that

d A =0 and aVvb =adVb=aVh.

Let A be a basic algebra satisfying (M]). Then by Proposition the lattice Pr(A)
of all pre-ideals of A is distributive. By Proposition 2.1.8 and Corollary 2.1.9] the compact
elements of Pr(A) are just the principal pre-ideals Pg(a) for a € A.

THEOREM 2.3.2. Let A be a basic algebra satisfying . Then the lattice of pre-ideals
Pr(A) is a member of the class IRN.

PROOF. By Theorem (v), a pre-ideal which contains a prime pre-ideal is prime,
too, and hence, by Theorem (vii), the prime pre-ideals of A form a root system.
Therefore, Pr(A) € IRN. O

From the previous theorem and [35], Lemma 2.3, we have

COROLLARY 2.3.3. A prime pre-ideal P of a basic algebra satisfying s minimal
iff P=U{{a}"|a ¢ P}.

LEMMA 2.3.4 (|26]; [36], Lemma 3.1 (i); |32], Corollary 4.14). Let D be a distributive
lattice with 0. A prime ideal P of D is a minimal prime ideal iff for every x € P there
exists y € D\ P such that x Ay = 0.

PROPOSITION 2.3.5. Let A be a basic algebra satisfying . Then P C A is a minimal
prime pre-ideal of A if and only if P is a minimal prime ideal of the lattice {(A).

PROOF. First, we observe that, by the previous lemma, every minimal prime ideal
of the lattice ¢(A) is a pre-ideal of the algebra A. Indeed, if x,y € P, then there exist
a,b € A\ P with x Aa =0 = yAb. Then by Lemma [1.3.13] (b), (x B y) AaAb <
(x ANaAb)® (yAaAb) =0. Since P is a prime ideal and a,b ¢ P, we have a Ab ¢ P,
which together with (z @ y) Aa Ab=0 entails z ®y € P. Thus P € Pr(A).

Now, it easily follows that if P is a minimal prime ideal of ¢(A), then it is a minimal
prime pre-ideal of A. Conversely, let P be a minimal prime pre-ideal of A. Then P is a
prime ideal of ¢(A) which is minimal because if P is not a minimal prime ideal of ¢(A),
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then there exists a minimal prime ideal Q C P of ¢(A), but ) is a prime pre-ideal of A,
hence, we have a contradiction with P is a minimal prime pre-ideal of A. If P were not
minimal, there would exist a minimal prime ideal @ of ¢(A) with @ C P. But we know
that such a ) must be a prime pre-ideal of A, which contradicts the assumption that P is
a minimal prime pre-ideal of A. Hence P is a minimal prime ideal of the lattice ¢/(A). O

THEOREM 2.3.6. Let D be a non-trivial distributive lattice with a least element 0. The
following conditions are equivalent:

(1) 0 is a dually compact element;

(ii) D is atomic and every minimal prime ideal is a polar,ﬂ
(iii) for every minimal prime ideal M there exists an atom a € D\ M;
(iv) every mazximal filter is principal.

PROOF. (i) = (ii) Firstly, if B is a maximal chain in D \ {0}, then A\ B # 0, since
/\ B' # 0 for every finite subset B’ of B. Hence, A\ B is an atom for every maximal chain
Bin D\ {0}.

Secondly, let M be a minimal prime ideal of D. Now, suppose that L(D \ M) is {0},
where L(D \ M) is the set of all lower bounds of D \ M. Then A(D \ M) = 0 and there
exists a finite subset N of D \ M such that AN = 0. But M is prime, so there exists
x € N such that x € M, a contradiction.

Let 0 # a € L(D \ M). Then, by Lemma [2.3.4 a Az = 0 for every x € M, whence
M C {a}* and a ¢ M. Since M is prime, a ¢ M entails {a}* C M. Hence M = {a}*.

(ii) = (iii) Let M be a minimal prime ideal. By (ii), M = B* for some B C D.
Since M # D, B # {0} and so there exists an atom a < b for some b € B. Then clearly
a¢ Bt =M.

(iii) = (iv) If P is a maximal filter, then P is prime since D is distributive. Thus D\ P
is a minimal prime ideal. Hence, there exists an atom a € P and so P = {x € D |z > a}.

(iv) = (i) Let S be a set such that A S’ > 0 for every finite subset S” of S. Then S is
a subset of some maximal filter P. Hence, we have A S > 0 since P is principal. (|

COROLLARY 2.3.7. Let A be a basic algebra satisfying . The following conditions
are equivalent:

(i) 0 is a dually compact element;
(i) 1 is a compact element;
(i) A is compactly generated, i.e., if a = \/ X ezists in A, then a = \/ X' for some finite
subset X' C X;
(iv) A is atomic and every minimal prime pre-ideal is a polar;
(v) for every minimal prime pre-ideal M there exists an atom a € A\ M;
(vi) every mazximal filter of the lattice ((A) is principal.

PROOF. By Lemma|l.3.8 the underlying lattice ¢(A) of a basic algebra A that satisfies
is distributive. Hence, by the previous theorem, (i), (iv), (v), (vi) are equivalent.

'We define the polar BL of a subset B of a lattice D as B- = {a € D|aAb =0 forallb € B}.
Clearly, if D is a distributive lattice, then B is an ideal of D, for every () # B C D.
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(i), (ii), (iii) are equivalent since there are antitone involutions on all intervals [0, al,
and if a = \/ X for some X C A then X C [0, al. O



CHAPTER 3

Basic algebras and lattice-ordered commutative loops

It is well-known that MV-algebras are closely related to lattice-ordered Abelian groups.
Namely, if G is a lattice-ordered Abelian group (additively written) and u any positive
element of G, then the interval [0, u] of G equipped with the operations -z = u — x and
r®y = (r+y) Au forms an MV-algebra which is commonly denoted by I'(G, u), and more
importantly, due to Mundici [|30], every MV-algebra is isomorphic to I'(G,u) for some
lattice-ordered Abelian group G with a distinguished strong order-unit « in G. Essentially
the same remains true for pseudo-MV-algebras (also called GMV-algebras), which are a
non-commutative generalization of MV-algebras, and lattice-ordered (non-commutative)
groups.

The goal for this chapter is to establish an analogous connection between (commutative)
basic algebras and lattice-ordered commutative loops. We show that every interval [0, u] of
any commutative lattice-ordered loop L is a monotone basic algebra which we denote by
['(L, u) despite the fact that x @y is not defined as in MV-algebras. On the other hand, for
any semilinear commutative basic algebra A we construct a lattice-ordered commutative
loop L with a strong order-unit u such that A is isomorphic to I'(L, ). The main tool
used in the construction are the so-called good functions (see Definition [3.3.2). In the final
section, we present a new example of a commutative basic algebra.

3.1. From lattice-ordered commutative loops to basic algebras

In this section, we generalize the passage from Abelian /-groups to MV-algebras (Mun-
dici’s functor I'), that is, given a lattice-ordered commutative loop (L, V, A, +, —,0) and
its positive element u € L, we equip the interval [0, u] with operations @& and — so that
it becomes a basic algebra. While -z is defined as v — x, x @ y cannot be defined as
(x + y) A u in general, but it must be derived from the natural antitone involutions d,
on the intervals [0, a]; thus the basic algebra I'(L,u) = ([0, u],®,—,0,u) is constructed
according to Proposition m (iii). We restrict ourselves to commutative ¢-loops because
in the non-commutative case the intervals [0, a] do not bear natural antitone involutions,
which are necessary in order to define a basic algebra.

First, we recall the basic concepts (cf. |3], [20]). A commutative loop is an algebra
(L,+,—,0) of type (2,2,0) satisfying the identities t+y = y+z, z+0 =z, (z+y)—y ==
and (z—y)+y = x. If every element = € L has the inverse «’ € L such that '+ (x+y) =y
for all y € L, then (L,+,—,0) is a commutative inverse loop. It is clear that z” = «x,
(x+y) =2 +y andz—y=x+1y forall z,y € L.

27
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A partially ordered commutative loop is a structure (L, <,+, —,0) such that (L, <) is a
poset, (L,+,—,0) is a commutative loop, and
<y ff z+2<y+z (3.1)

for all z,y,z € L. If (L, <) is a lattice with associated lattice operations V and A, then
(L,V,N\,+,—,0) is a lattice-ordered commutative loop, or a commutative £-loop for short.
In this case, the condition (3.1)) is equivalent to saying that + distributes over the lattice
operations.

The positive cone of L is the set LT = {x € L | 0 < z} of all positive elements of L. In
contrast to Abelian /-groups, the positive cone need not determine the whole commutative
(-loop—it is possible that two non-isomorphic commutative /-loops have the same positive
cone. For example, if we define roy =24y —zy if x,y <0, and x oy = x + y otherwise,
then we get a linearly ordered commutative loop which has the same positive cone as the
linearly ordered Abelian group (R, <,+,—,0), see [3].

It easily follows from ({3.1)) that in partially ordered commutative loops we have

r<y iff z—y<z-—ux,
r<y iff z—2<y—z
in lattice-ordered commutative loops we have the ‘distributive laws’
(xVy)—z=(r—2)V(y—=2) and z—(xVy) =(z—x2)A(z—1y), (3.4)

and dually.
Now, the next observation is an easy consequence of ((3.2)):

LEMMA 3.1.1. Let (L, <,+,—,0) be a partially ordered commutative loop. Then for
every positive element a € LT, the map d,: * — a — x is an antitone involution on the
interval [0, a).

PROOF. By (3.2)), d, is an antitone map on [0,a] because 0 < z < y < a implies
a=a—0>a—x>a—y>a—a=0. Also, d, is an involution because a— (a—z) = z. 0O

In the light of the above lemma and Proposition [1.1.2] (iii), it is clear that every interval
[0, u] of a commutative ¢-loop is a basic algebra. More precisely:

PROPOSITION 3.1.2. Let (L,V,A,+,—,0) be a commutative {-loop and v € LT an
arbitrary positive element of L. If we define

r=u—z and z@y=u—((u—y)—2)V0)=(u—((u—y)—1x)) Au,
for z,y € [0,u], then T'(L,u) = ([0, u],®,—,0,u) is a monotone basic algebra in which
roy=(x—-y)Vo=z—(zAy)=(xVy) —y.
PROOF. The internal [0, u] is a bounded lattice with antitone involutions d,: = +— a—=x
on the principal ideals [0, a] C [0, u]. Hence, upon defining -z = §,(z) = u — x and
1@y =-0y(yAz)=u—[(u-y) - (u-—y)A2)] =
=u—(0V((u—y)—x) =uA(u—((u-y) - ),
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the algebra I'(L, u) is a basic algebra by Proposition [1.1.2] (iii).

Ifz <y, then (u—2)—2>(u—y)—=2z whence 2@z =u— (((u—2) —2) vV0) <
u—(((u—y)—2)Vv0) =zdy. Thus I'(L, u) is a monotone basic algebra. Finally, we have
reoy=-(yd-z)=((u—(u—2))—y) Vo= (r—y)VO0. O

Note that if L is an Abelian (-group, then x®y = (u— (v —y) —x)) Au = (x +y) Au,
but as the following example shows, if L is only a commutative ¢-loop, then I'(L, u) with
@ defined by = @y = (z + y) A u need not be a basic algebra at all. The example also
shows that the basic algebra I'(L, u) need not be commutative in general.

EXAMPLE 3.1.3. Let R be equipped with the usual linear order and with the operations
o and ~ that are defined as follows:

x4y +min(z,y) ifz,y >0,
roy=
Y T4y otherwise,

rey=q3(—y) f0<§<y<uz,
xr—y otherwise.

Then (R, <,0,~,0) is a linearly ordered commutative loop.

Obviously, (R,0,0) is a commutative groupoid with identity 0, and it is easy to see
that r <y iff roz <yoz forall z,y,z € R.

In order to verify the identity (z ~ y) o y = x, we basically distinguish three cases:

(1) If0 <y <%, then (z ~y)oy =2 — 2y + min(z — 2y,y) = = because y < x — 2y.

(i) If 0 < £ <y <z, then (z ~y) oy = F¥ + y + min(*5, y) = x because ¥ < y.

(iii) In all other cases we have x ~y =z —y and (x ~y)oy=x—y+y ==x.

Analogously, the identity (x oy) ~ y = x is verified by considering the following three
cases:

(i) f0 <z <y, thenxoy = 2x 4+ y and 0 < 290;1’ < y < 2x + y, and hence
(roy) ~y=352c+y—y) ==

(i) f0<y <z thenzoy=z+2yand 0 <y < "’3223’, so (zoy) ~y=1x+2y—2y = x.

(iii) In all other cases we have roy =z +y and (zoy) ~y=x+y—y ==x.

Thus (R, <,0,~,0) is indeed a linearly ordered commutative loop, and so for any
u € RY T(R,u) = ([0,u],®,—,0,u) is a monotone basic algebra. For instance, for u = 1

we have 5 @ ¢ = 2 while ; @ § = 3. Hence I'(R, u) need not be commutative.

1
On the other hand, if we equip [0, u] with z By = min(z + y, w), then ([0, u], B, =, 0, u)

need not be a basic algebra. For instance, again for u = 1 we have =(~; B ) H: =  but

—(—-¢ B 1) B = 1. Thus the identity (L.3) does not hold.

1
6

LEMMA 3.1.4. Let L be an inverse commutative {-loop. For any u € LT, the following
conditions are equivalent:
(@) u+(x+y)=(ut+x)+y forallz,yeL;
(b) v+ (z+y)=(+2x)+y forall z,y € L.
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PROOF. To prove that (a) = (b), it suffices to note that v’ + (z+vy) = (u+ (x +y)") =
(u+ (@ +y) =(u+2")+vy) =(u+2")+y=(v+z)+y. The argument for (b) =
(a) is parallel. O

Note that when L and uw € LT are as above, then owing to the condition (a) of

Lemma [3.1.4] for any £ € N we can unambiguously write k- u = u + --- + u, though
L is not a group.

LEMMA 3.1.5. Let L be an inverse commutative (-loop. If u € Lt satisfies the equivalent
conditions (a) and (b) of Lemma then the basic algebra T'(L,u) is commutative and
we have

rdy=(x+y) Au
for all x,y € [0,u]. More generally, for all x1,...,z, € [0,u],

1B @@ 1By ) =1+ F (Tpor+20)...)) A

PROOF. By Proposition [3.1.2) we have z®y = uA (u— ((u—y)—x)). But u—((u—y)—
r)=u+((ut+y)+2) =u+((u+y) +2) = (u+(u+y))+z = (u+ W +y)+z=y+z
by the condition (a). Hence z @y = (x + y) Au = y @& x. The rest an easy induction on
m. We know that x; @ o = (21 + x2) A u. Let n > 3 and suppose that the equality holds
for all £ < n. Then

21D (X2 ® (B (X1 Dayp)...)) =
=21D ((x2+ (- + (Xpo1+20)...)) Au)

)
=14+ (2 4+ (- + (Tp1+x0)...)) ANu)] Au
=@+ (xa+ (- + (Tpo1+xn)...)) A1 +u) Au
=(z1+ @2+ (- + (X1 +x0)...))) A,
as required. O

As in MV-algebras (see [18123,[30]), by a good sequence of elements of a commutative
basic algebra A be mean a sequence (aq, as, ... ) of elements of A such that
(i) aj1 @ a; = a; for all ¢ € N, and
(ii) there exists n € N such that a; = 0 for all ¢ > n.
The next result says that if u € L™ is a strong order-unit for L, in the sense that for every
a € LT there is k € N such that a < k-u, then every positive element of L can be uniquely
written as the sum of a good sequence of elements of I'(L, u).

LEMMA 3.1.6. Let L be an inverse commutative (-loop. Let uw € LT be a positive
element satisfying the equivalent conditions of Lemma[3.1.4 If a € L™ and a < k - u for
some k € N, then there exists a unique good sequence (ai, ..., ax,0,...) of elements of the
basic algebra I'(L,u) such that a = a; + (- -+ + (ag—1 + ax)...).

PROOF. By induction on £ € N. There is nothing to prove where £ = 1. Let £ >
2 and suppose that the statement holds true for all [ < k. Since a < k - u, we have
b=a—(aANu) =0V (a—u) < (k—1)-u. By the induction hypothesis there exists
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~—

a unique good sequence (by,...,bx_1,0,...) such that b = by + (- + (bg—2 + bg—1) - ..
Let ay = a Aw and a; = b;—y for ¢ > 2. Then a3 + (a2 + (- + (ag—1 + ax)...)) =
a;+ by + (- + (bp2+b_1)...)) =a1+b=(aAu)+ (a — (a Au)) = a. Moreover,
a; < ap®ag=a &b = (a1 +b) ANu< (a3 +b) ANu=aAu = ay, hence a; ® ay = ay,

showing that the sequence is (a1, as,...,ax,0,...) is good.

Uniqueness: Suppose (z1,...,2,,0,...), (y1,..., Y, 0,...) are two good sequences such
thata =21+ (- + (zp_1+ k) -.. ) =y1 + (- + (Yye—1 + yx) ... ). Then 1 = 21 ® x5 =
1@ (@) = =21 (- O (vp_1Bag)...) = (@1 + (- + (Tp—1 + k) ...)) ANu=aAu

and, analogously, y1 = a A u.
Note that a —xy = o + (- + (vp—1 + 1) ... ), (a —x1) — 29 = 23+ (- + (Tp_1 +

o))y ooy (ola—x) — o) —wisg =2+ (- + (-1 + ) ... ) for any @ < k. Also,
(cla=y) =) —via=y+ o+ W1 U)o )
Now, let + > 2 and suppose that y; = 21, ..., y;,_1 = x;_1. Then
a:,-:a:i@xiﬂ:---:xi@(---@(a:k1@xk)...)
= (x;+ (- + (Tpo1 +ap) - ))
=(((a—z1) =) =zig) A
=((-(a=yp)—...) —yia1) Au
= (i + (- +(?/k1+yk) ) A
=YD (D (Y1 D yr))
=Yi
Thus we have x; = y; for all ¢« < k. The proof is complete. O

3.2. From linearly ordered basic algebras to linearly ordered loops

We begin with linearly ordered (commutative) basic algebras. First, we mimic Chang’s
original construction of the enveloping linearly ordered Abelian group of a given linearly
ordered MV-algebra (see [17]).

Let A be a linearly ordered basic algebra. Now, we do not require that A is com-
mutative. Recall that the subtractions in A are defined by z © y = =(y & —z) and
r@y = (-x@y). Let £4 be the Cartesian product Z x A where, however, for each
m € Z, the pairs (m, 1) and (m + 1,0) are identified. To be more precise, £, is the quo-
tient set (Z x A)/= where = is the smallest equivalence on Z x A identifying (m, 1) and
(m+1,0), for all m € Z. Then £,4 bears the following natural lexicographic order:

(m,a) < (n,b) iff m<nor(m=mnanda<b>).



3.2. FROM LINEARLY ORDERED BASIC ALGEBRAS TO LINEARLY ORDERED LOOPS 32

Further, we equip £4 with two binary operations, + and —, as follows:

(m,a) + (mb) = { (M Ta®l) ifa®b<d(ie ma>b)
’ ’ (m+n+1,a0b) ifa®b=1 (e ~a<b),
(mya) - (n,p) = | T ma@D) - fazh
) ) ( —n—l,a@—nb) if a <b.

Note that for a = b we have (m—n,a®b) = (m—n,0) = (m—n—1,1) = (m—n—1,a®-b).

First of all, we must verify that + and — are correctly defined (i.e., that = is compatible
with + and —). We have (m,1) + (n,b) = (m +n + 1,b) and (m + 1,0) + (n,b) =
(m+n+1,0b)if b <1, and (m+ 1,0) + (n,1) = (m+n+2,0) = (m+n+ 1,1).
Likewise, (m,a) + (n,1) = (m +n+ 1,a) and (m,a) + (n +1,0) = (m +n + 1,a) if
a <1, and (m,1)+ (n+1,0) = (m+n+2,0) = (m+n+1,1). Thus the definition of
+ correct. The definition of — is correct, too, because (m,1) — (n,b) = (m — n, —=b) and
(m+1,0) — (n,b) = (m — n,-b), and analogously, (m,a) — (n,1) = (m —n — 1,a) and
(m,a) — (n+1,0) = (m—n—1,a).

Now, we describe the properties of the structure (£4, <,+, —, (0,0)) we have just de-
fined. There is an evident similarity with linearly ordered commutative loops.

LEMMA 3.2.1. Let A be a linearly ordered basic algebra. Let £4, <, + and — be as
above. Then:

(i) (0,0) is an identity element for the addition +;
(( ; g( a) — (n,b)) + (n,b) = (m,a) for all (m,a), (n,b) € £4;
)t

(iv

(m,a)+ (n,b)) — (n,b) = (m,a) for all (m,a),(n,b) € £4;
he lemcogmphzc order < is right-compatible with +, in the sense that (m,a) < (n,b)
iff (m,a) + (p,¢) < (n,b) + (p, ¢), for all (m,a), (n,b), (p,c) € La;

(v) for every (m,a) € £4, (—m — 1,-a) is the inverse of (m, a).

PROOF. (i) We have (m,a)+(0,0) = (m,a) ifa < 1, and (m, 1)+ (0,0) = (m+1,0) =
(m, 1), and also (0,0) + (n,b) = (n,b) if b < 1, and (0,0) + (n,1) = (n+1,0) = (n, 1).
(ii) We distinguish the following cases:

e if 1 > a > b, then ((m,a)—(n,b))+(n,b) = (m—n,a@b)+(n,b) = (m, (a@b)®b) =
(m,a) because (a@b) Bb=aVb=a<1I;

e if 1 =a > b, then ((m,a) — (n,b)) + (n,b) = (m +n,=b) + (n,b) = (m —n+n+
L,=b®b)=(m+1,0) = (m,1) = (m,a); and

e if a < b, then ((m,a)—(n,b))+(n,b) = (m—n—1,a®-b)+(n,b) = (m, (a®—b)®
b) = (m,a) because (a ® —b) ©b = =(=(a® —b) & —b) = ~(-aV -b) =aAb=a.

(iii) Here, we distinguish two cases:
e if a®b < 1, then ((m,a)+(n,b))—(n,b) = (m+n,a®b)—(n,b) = (m, (adb)@b) =

(m,a) because (a ®b) @b = =(=(a®b) Bb) = =(-aVb) =aA b= a, since
a®b<1iff =a £biff =a>biff a < —b;
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eif a®b = 1, then ((m,a) + (n,b)) — (n,b) = (m +n+ 1l,a®b) — (n,b) =
(m, (a ®b) ® —b) = (m,a) because (a ®b) B b= —(-ad—-b)H-b=aV-b=a,
sincea®b=11if -a <biff a > —b.

(iv) It will suffice to show that (m,a) < (n,b) implies (m,a) + (p,¢) < (n,b) + (p,c);

the converse implication then directly follows from the fact that £,4 is linearly ordered. To
this end, suppose that (m,a) < (n,b). There are two possible cases:

e If m =n and a < b, then (m,a)+ (p,c) < (n,b) + (p,c). Indeed, if a® ¢ < 1, then
(m,a)+(p,c) = (m+p,a®c) < (m,b)+(p,c) where (m,b)+(p,c) = (m+p,b&c)
ifbdc<1,and (m,b)+ (p,c) = (m+p+1,b0c)ifbdc=1,sinceadec < bdec.
If a®c=1, then also b® c =1 and we have (m,a) + (p,c) = (m+p+1,a®c) <
(m+p+1,00c¢)=(m,b) + (p,c) since a®c < bO ec.

o Letm<n. Ifa®dec=1but bdc < 1, then (m,a)+(p,c) = (m+p+1,a®c) while
(n,b)+ (p,¢) = (n+p,b®c). In this case, m+p+1<n+pandaGc<c<bdc,
thus (m,a) + (p,¢) < (n,b) + (m,c). If a @ ¢ < 1, then one readily sees that
(m,a)+ (p,c) = (m+p,a®c) < (n,b)+ (p,c) where (n,b) + (p,c) = (n+p,bdc)

ifbdc<1, and (n,b) + (p,c)=(n+p+1,00c)ifbBc=1.

(v) This is an easy consequence of the definition of +. Indeed, (m,a)+ (—m—1,-a) =
(0,a ®—a) = (0,0) and (—m — 1,-a) + (m,a) = (0,-a ® a) = (0,0). O

THEOREM 3.2.2. Let A be a linearly ordered commutative basic algebra. Then £4
is a linearly ordered commutative inverse loop and A is isomorphic to the basic algebra

I'(L4,(1,0)). Moreover, (1,0) = (0,1) is a strong order-unit for £4 and we have
((1,0) + (m, a)) + (n,0) = (1,0) + ((m, a) + (n, b))
for all (m,a), (n,b) € £4 (i.e., (1,0) satisfies the equivalent conditions of Lemmal[3.1.4)).

PROOF. Since A is commutative, it is clear by the previous lemma that £ 4 is a linearly
ordered commutative inverse loop. The map ¢: a — (0, a) is a bijection from A onto the
interval [(0,0), (1,0)] of £4. In order to prove that ¢ is an isomorphism between the basic
algebras A and T'(£4, (1,0)), since ¢(0) = (0,0) and (1) = (0,1) = (1,0), it suffices to
show that ¢ preserves the operators © = ©@. To this end, let a,b € A. If a < b, then
wlaeb) = p(0) = (0,0) since (0,a) < (0,b). Also, if a > b, then p(a ©b) = (0,a ©b) and
v(a) © ¢(b) = (0,a) ©(0,b) = (0,a) — (0,b) = (0,a ©b). Therefore, A = T'(£4,(1,0)).

The pair (0,1) = (1,0) is a strong order-unit for £, because for every (m,a) € £4, if
(0,0) < (m,a), then m > 0 and (m,a) < (m,1) = (m+1,0) = (... ((1,0)+(1,0))+...)+
(1,0), with m + 1 occurrences of (1,0).

Lastly, if a®b < 1, thus ((0,1)+ (m,a))+(n,b) = (m+1,a)+ (n,b) = (m+n+1,a®b)
and (1,0) + ((m,a) + (n,b)) = (1,0)+ (m+n,a®b) = (m+n+1,a®db), and analogously,
if a®b =1, then ((0,1)+ (m,a))+(n,b) = (m+n+2,a®b) and (0,1)+ ((m,a)+ (n,b)) =
0, )+ (m+n+1,a0b) =(m+n+2,a©db). Thus ((1,0) + (m,a)) + (n,b) = (1,0) +
((m,a) + (n,b)) for all (m,a), (n,b) € La. O
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Note that (owing to the satisfaction of the conditions of Lemma [3.1.4)) the addition &
in I'(£4, (1,0)) is given by the rule

(0,a) 4+ (0,b) = (0,a ® b) ifa®b<1,

(0,&)@(0,5):{“’0):(0’1) fa®b=1.

By a semilinear (or representable) commutative ¢-loop we mean a commutative ¢-loop
which is isomorphic to a subdirect product of linearly ordered commutative loops.

COROLLARY 3.2.3. Let A be semilinear commutative basic algebra. There exists semi-
linear commutative inverse {-loop L such that A can be embedded into the algebra T'(L,u)
for some positive element u € LT.

PROOF. Let A be a subdirect product of {A; | i € I} where each A; is a linearly ordered
commutative basic algebra. Let L; = £4, where £4, is constructed as above. Then A;
is isomorphic to I'(L;, u;) where u; is a strong order-umit for L;. If we put L = [[..; Li,
0=(0;|ie€l)and u=(u; |7€l),then A can be embedded into I'(L,u) = [[,.; A;. O

3.3. From basic algebras to /-loops—good functions

We have seen that every semilinear commutative basic algebra A is isomorphic to a
subalgebra of I'(L, u) for a suitable inverse commutative ¢-loop L and a positive element
u € L*. The goal for the present section is to construct L such that A = I'(L,u) where
u is a strong order-unit from L. It would be possible to use good sequences just as in
MV-algebras (cf. [18,/30]), but the disadvantage of this approach is that it only leads to
the positive cone of L and L need not be fully determined by L*. Instead, we present
another construction which directly leads to the ¢-loop L.

First, a technical lemma:

LEMMA 3.3.1. In any basic algebra A, we have:

)zdy=yiff aVy=11if y®-x =z

(i) ife®y=y, thena®y=vy foralla<z andx®b=1"> for allb>y.
If A is distributive, then

(i) r®z=y®zandx©z=y Oz imply r = y.
Moreover, if A is linearly ordered, then

(iv) zdy=y ifft=0o0ry=1;

(v) forallz,ye A, z®dy=10orzoy=0;

(Vi) ifr®z=ydz<1, thenx =y.

PrOOF. (i) f s dy =y, then -z Vy = (D y) Dy = -y y = 1. Conversely, if
zVy=-(xdy)dy=1thenzdy <y, sox@y =y. Clearly, gy ® -z = -z is
equivalent to ~z Vy = 1.

(i) Let zdy=y. fa<z theny<ady<azdy=y, thusa®y=y. If b >y, then
l=-2Vy<-xVb so-xVb=1, which is equivalent to z ® b =b by (i).

Now, let A be a distributive lattice. If t ® 2 = y@® 2z and x ® z = y ® z, then
zVaz==(2®2) @ z=20z2)@2= Yoz ®-z=yV-zand also z A =z =
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(mxVz)=a(-(rd2)®z) =(-(y®2) ® z) =y A—z. Distributivity entails © = y. We
have established (iii).

Lastly, suppose that A is linearly ordered.

(iv) By (i), z®y = y iff -z vV y = 1, which is possible any if -x =1l ory=1,s0x =0
ory =1.

(v) Suppose that z @y # 1. Then —z £ y, so =& > y, or equivalently, z < —y. But
then =z @ -y =1 and so x ©® y = =(—x & —y) = 0 as required.

(vi) Let x @ 2 = y @ 2z < 1. Then by (v) we have  ® z = y ® 2z, and hence by (iii) we
conclude that z = y. U

Now, we define the central concept of this section:

DEFINITION 3.3.2. Let A be a basic algebra. A good function in A is a function
g: Z — A such that
(i) gi + 1) @ g(i) = g(i) for all i € Z, and
(ii) there exist k,l € Z with k <[ such that g(i) = 1 for all i < k and g(j) = 0 for all
g > 1.

Such a good function can be visualized as (..., 1,g(k),...,8({),0,...). We will often
write g = (g(k),...,9(0)),, i.e. g = (a1,...,a,), means that g(i) = 1 for i < k, g(k) =
ap,...,g(k+m—1)=a, and g(j) =0 for j > k+m — 1.

Note that g(i) = 0 yields g(j) = 0 for all 7 > i, and g(j) = 1 yields g(i) = 1 for all
1< 7.

REMARK 3.3.3. In [2|, the concept of a good sequence on an MV-algebra is defined
essentially in the same way as our good functions, except that the condition (ii) requires
the existence of n € N such that g(i) = 0 for all ¢ > n and g(i) = 1 for all i < —n. Also

the operations with good functions that we define below are basically the same as those
in [2].

LEMMA 3.3.4. If A is linearly ordered, then all good functions in A are of the form
(a),, for some a € A and k € Z.

PROOF. Let g: Z — A be a good function in A. For each ¢ € Z we have g(i+1)@g(i) =
g(i), which is equivalent to g(i + 1) = 0 or g(i) = 1, by Lemma [3.3.1] (iv). Hence g must
be of the form g = (a), for some a € A and k € Z. O

PROPOSITION 3.3.5. Let A be a subdirect product of basic algebras A; (t € T'). Then a
function g: Z — A is a good function iff
(i) for everyt € T, the projection of g, m(g): i — m(g(i)), is a good function in Ay,
(ii) there exist k,l € Z with k <1 such that m(g(i)) = 1 and m(g(j)) =0 for allt € T
and i,j € Z with i < k and j > .

PROOF. This is obvious since g(i + 1) ® g(i) = g(4) iff m(g(i +1)) ® m(g(i)) = m(g(7))
forallt e T. U

NOTATION. In what follows, in order to simplify the notation, we let @, x; denote
the ‘left sum’ z1 & (- B (xp_1 B xy) ... ).
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Now, let A be a basic algebra. Given a = (a1, ...,a,,), and b = (by,...,b,), two good
functions in A, we define the sum of a and b as the function a + b = (¢, ¢a, ... ),,, where

ci =P (ai; O b))
=0

with a9 = by = 1. Thus the ¢;’s are given by ¢; = a1 @ by, c2 = as @ ((a1 © by) @ bs),
ez =a3® [(a2 ®b1) & ((a1 @ by) B b3)], ete.

Note that ¢; = 0 for i > m + n because if i = (i — j) +j > m+mn, theni—j7 > m
or j >mn,so a_; = 0orb; =0, thus a;_; ©b; = 0 and hence ¢; = 0. Hence we can
write a +b = (c1,...,Cnin)py, and the function a + b fulfills the condition (ii) from the
definition of good functions.

Also note that if a = (1,...,1,ar41,...,am), and b = (1,...,1,bs41,...,b,);, then
c; =1fori <r+s. Indeed, if : <7+ s, theni=p+q where 0 <p <rand 0 < q < s;
thus a, = 1 = by, s0 a, © b, = 1 and hence ¢; = P;_,(a;—; © b;) = 1.

By (i) of Lemma 3.3.1} if a = (ai,...,an), is a good function in A, then so is the
function (—an, ..., —ay),, for any | € Z. Hence, for any good function a = (ai,...,am),,
we can define the good function a* = (—ay,, ..., —01) 4

LEMMA 3.3.6. Let A be a subdirect product of linearly ordered basic algebras A, (t € T)).
Leta = (ai,...,am), and b = (by,...,b,), be good functions in A. If the t-th projections of
a and b are, respectively, Ti(a) = (ay),, and 7(b) = (by),,, then the t-th projection of a+ b
is m(a+b) = (a; © b, ay © by),, ., and the t-th projection of af is m(af) = (mag) _p,_1-

PrROOF. We have

mi(a) = (m(ar), ..., mlap), .. s me(am)), = (1,...,1,a4,0,...,0), = (as),,
where k; = k+p—1, and

7(6) = (m(b1), s Telbg)s o T (b)) = (1, 1,B,,0,. ., 0), = (By),,

where [; =1+ q — 1. .

By definition, a +b = (c1,..., Cmin)yy; Where ¢; = B)_o(ai—; © b;). Thus m(a+b) =
(me(c1), oy Te(Cmin)) oy Where mi(ci) = Dj_g(me(ai—j) © m (b)) for all i = 1,2,.... But
m(ap) = ag, m(by) = by, m(a;) = m(b;) = 1 for i < p and j < ¢, and likewise m(a;) =
m(bj) = 0 for i > p and j > ¢, and hence m(a +b) = (1,...,1,a, Db, a0, O by),,, =
(ar & by, ap © bt)k;th = (at>kt + (bt>lt = m(a) + (D).

Furthermore, recalling that m;(a) = (1,...,1,7m(ay),0,...,0), = (a), with k; =k +
p— 1, we get m(a*) = (=m(am), ..., —m(ap), ..., mar)) , . = (1,...,1,7m(ap),0,...

s 0) e = (milap)) . = (mag)_y,_, because ky = k +p — 1 yields —k — 1 =
—k —p. O

PROPOSITION 3.3.7. Let A be a semilinear basic algebra. The sum a+ b of two good
functions a,b in A is a good function in A, too.
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PROOF. First, suppose that the algebra A is linearly ordered. Then a = (a), and
b = (b), for some a,b € A and k,l € Z. It is evident that a4+ b = (a®b,a ® b)x4;. Since A
is linearly ordered, we have a @b =1 or a ® b = 0, thus a + b is a good function.

Second, let A be a subdirect product of linearly ordered basic algebras A; (¢t € T).
The sum a +b = (¢1,...,Cnin)py of @ = (a1,...,an), and b = (by,...,b,), satisfies
the condition (ii) of Proposition . For every t € T, the t-th projection of a + b is
(ar @ by, ay © by) kotly® which is good function in A;. Thus, by Proposition we conclude
that a + b is a good function in A. O

LEMMA 3.3.8. Let A be a semilinear basic algebra. If a,b are good functions in A, then
) a+(0)g=a=(0),+a,
) a+af=(0),=a"+a,
i) (a+b)+b*=aq,
) (a+b%) +b=a, and
) (Dy+a)+b=(1),+ (a+b).

PROOF. If A is a subdirect product of linearly ordered basic algebras A; (t € T'), then
in view of Proposition it suffices to verify the equalities (i)—(v) for each projection
of A onto A;. Therefore, we may assume that A is linearly ordered and a, b are of the form
a=(a), and b = (b),. Then a+b=(a®ba®b),,, a* =(-a)_,_, and b* = (=b)_, ,

(i) Obviously, (a), 4 (0), = (a),, = (0), + (a);.

(ii) We have (a),+(-a)_;_, = (a @ =a,a ® na)_; = (1,0)_; = (0), and (=a)_;_,+(a), =
(ra®a,~a®a) ;= (1,0)_ 1:(0)0'

(iil) ((a), + (0)) + (=0)__y = (@a®b,a®b), 4+ (2b)__; = (c1,¢2,¢3),_, Where ¢ =
(a®b)d-b=1,cy= ( ©®b) @ ((a ®b) ®—b) = a because in linearly ordered basic
algebras eithera@b—O ifa<-bora®b=1ifa> b, and c3 =(a®b) ® -b=0.
Thus (c1, c2,¢3),_y = (1,0,0),_; = ().

(iv) This actually follows from (ii) and (iii) because b* = b.

(v) We have ((1), + (a);,) + (b), = (1,a), + (b); = (a); + (b); = (a® b,a ® b),,; 4, and
on the other hand, (1),+ ((a), ( )= 1)+ (@®b,a®b),,, = (1,(a®db)®(a®b),
a®b),, =(@dba®b),,,.  because (a ®b) ® (a ®b) = a® b, which follows from
(v) of Lemma (we have either a@®b=1o0r a ®b=0).

k+0

g

In what follows, given a commutative basic algebra A, we use &4 to denote the set of
good functions in A.

COROLLARY 3.3.9. If A is a semilinear commutative basic algebra, then the algebra
(B4, +,—,(0),), where a — b = a+ b, is an inverse commutative loop.

LEMMA 3.3.10. If A is semilinear, then & 4 is a lattice with the respect to the point-wise
ordering; the joins and meets in & 4 are point-wise, too.

PROOF. Let A be a subdirect product of linearly ordered basic algebras A; (t € T).
Let a,b € & 4. It suffices to show that the functions a vV b = (..., a(i) vV b(i),...) and
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aAb=(...,a(i) Ab(7),...) are good. To this end, it suffices to show that each projection
is a good function in A;. Let m(a) = (a;),, and m(b) = (b;),. We have m(aV b) =
(- Wt(a(i)) Vv mi(b(i)), ... ), m(anb) = (..., m(a(i)) A7Tt( ()) ), mi(a) = (ar)y, =
(.. m(a(ke)),0,...) and m(b) = (b)), = (..., 1,m(b(l)),0,...). If k, <, then (a;),, V
(bt)lt (be),, and (a¢),, A (b)), = (ar),,. If kt =1 and a; < by (or ay > b;), then
(a0)e V (be), = (b, and (ar), A(be), = (ar), (o (ar)y, ¥ (b, = (ar), and (ar), A (bi), =
(be)g,» respectlvely) In any case, m(aVb) = ( az)y, V (by),, and m(a A b) (at)y, N (), are
ood functions in A;. O

Note that a < b iff a(i) < b(i) for all ¢ € Z iff m(a) < m(b) for all ¢ € T Also, if A is
linearly ordered, then (a), < (b),iff k <l or (k=1and a <b); thus &4 is linearly ordered
provided that A is linearly ordered.

Now, we can state our main theorem.

THEOREM 3.3.11. Let A be a semilinear commutative basic algebra. Then the structure
(B4, V, A, +,—,(0),) ts a lattice-ordered commutative inverse loop, and the basic algebra A
is isomorphic to T'(® 4, (1),), where (1), is a strong order-unit for & 4.

PROOF. We have already seen that &4 is both a lattice and a commutative inverse
loop, so there remain to show that the point-wise ordering is compatible with 4. Let
a,b,c € &4 If a < b, then my(a) = (as),, < (b)), = m(b) for each t € T’ that is, k; < I;

r (ky =l and a; < by). If m(c) = (cr),,, then (ap),, + (cr),, = (@ © a0 © )y, <
(b ® ¢, be © 1)y, 4y, = (Bi);, + (cr),,- Indeed, first, if k, < I;, then the only possibility which
is not obvious at first glance is that the left hand side is (1, a; © ¢1)y,,,, = (@ © ¢t)y, 411
while the right-hand side is (b; @ c1),, +p, Where ki +p; +1 =1 + p;. But in this case the
inequality holds, too, because a; ©® ¢; < ¢; < by @ ¢;. Second, if k; = [; and a; < by, then
this case is impossible since 1 = a; @ ¢; < by & ¢; implies by & ¢; = 1, so the right-hand side
is (bt © Ct)k’t-i-pt-‘rl'

We have just shown that a < b implies a + ¢ < b + ¢, because this is true in all
projections. Also conversely, if a + ¢ < b + ¢, then a < b since for every projection
e, me(a) + m(c) < m(b) + m(c) implies m(a) < m(b) because &4, is a linearly ordered
commutative loop.

As for the latter statement, it is clear that the map ¢: a — (a), is an order-preserving
bijection from A onto the interval [(0),, (1),] of & 4. Moreover, ¢(—-a) = (—a), and ~p(a) =
—(a), = (1)) — (a)y = (1)g + (—ma)_, = (1,7a) , = (—a),, so ¢(—a) = —p(a), and finally,
(@)@ (b) = (@) + B)) A (D) = (185,00 by A(L)y = (@ b,0), = (a8 b) = p(ad).
Therefore, ¢: a — (a), is isomorphism between the basic algebras A and I'(&4, (1),) as
claimed.

That (1), is strong order-unit for & 4 follows from the fact that m- (1), = (1), +[--- +
((1)y+(1),) - ] (1),, 4, thusif a = (a4, ..., a,), is a positive element of &4 (i.e. k£ > 0),
then a < (1,...,1), = (1) g = (K +m) - (1)0. O
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3.4. Lexicographic products

In a sense, commutative (and also monotone) basic algebras are very similar to MV-
algebras, but they are not the same, though it is no so easy to find a proper commutative
basic algebra which is not an MV-algebra. The first example was given in [4]; roughly
speaking, Botur’s algebra was constructed by ‘deforming’ the addition &y = min(z+y, 1)
in the standard MV-algebra [0, 1]yry. In [5], this method was generalized and it was proved
that there exist subdirectly irreducible linearly ordered proper commutative basic algebras
of any infinite cardinality.

In this section, we present a new class of examples of proper commutative basic algebras;
our construction is based on lexicographic products Zx L where L is a commutative ¢-loop.

Let L be a commutative ¢-loop and let Z be the additive group of integers with the
usual linear order. Certainly, the direct product Z x L of Z and L as loops is a commutative
loop; it is an inverse one if L is an inverse loop. The lezicographic product ZX L is the
direct product Z x L equipped with the lexicographic order

(m,a) < (n,b) iff m<nor(m=mnanda<b).

It is easy to see that ZX L is an f-loop in which (m,a) V (n,b) = (m,a) if m > n, (m,a) v
(n,b) = (n,b) if m < n, and (m,a)V (m,b) = (m,aVb), and (m,a) A (n,b) is given dually.

Moreover, for any k € N, (k,0) is a strong order-unit satisfying the conditions (a) and
(b) of Lemma[3.1.4] Indeed, it is plain that (k,0) + ((m,a)+ (n,b)) = (k+m+n,a+b) =
((k,0) + (m,a)) + (n,b) for all (m,a),(n,b) € ZXL, and if (m, a) is a positive element in
ZXL, then (m,a) < (m+1) - (k,0). Hence, if L is an inverse loop, then the basic algebra
[(ZXL,(k,0)) is commutative.

EXAMPLE 3.4.1 (cf. Example|3.1.3). Let RT, the set of all reals > 0, be equipped with
the following operations:

zoy=x+y+min(z,y) and z+y=<3(@x—y) iff<y<uz,
0 if v <u.

That is, z =y = max(z ~ y,0) where ~ is defined in Example [3.1.3] Then the structure
(R*,<,0,+,0) is a commutative positive divisibility semiloop in the sense of Bosbach [3|
(also see Appendix), and hence, by [3], Prop. 2.11], it is the positive cone a linearly ordered
commutative loop, for instance, of the linearly ordered commutative loop (R, < o,~,0)
from Example 3.1.3] In addition, by [3| Prop. 2.14], it is the positive cone of a unique
linearly ordered commutative inverse loop, say (L, <,o0,~,0). We don’t need to recall the
entire construction of L, but it is worth observing that in this linearly ordered commutative
loop L we have z oy = z+y+ max(z,y) for ,y € R~ (here, R~ is the set of all reals < 0).

Now, the lexicographic product ZX L is a linearly ordered commutative inverse loop and
the basic algebra A = I'(Zx L, (1,0)) is commutative. Note that (0,a) @ (0,b) = (0,a o b),
while (1,a) ® (1,b) = (1,0).

The structure of the basic algebra A can of course be described in terms of antitone
involutions. We have A = {(0,a) | a € R*}U{(1,a) | a € R™}. The antitone involutions
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Ska): (N, ) = (1,0) © (n,x), for (k,a) € A, are given as follows:

(0,a + x) fork=n=0and 0 <z <a,
Spay(n, ) = ¢ (0, (—z) + (—a)) fork=n=1andz <a<0,
(L,ao(—x)) fork=1n=0and a <0<z



CHAPTER 4

Derivations on basic algebras

In the last decade, there have been several papers about derivations on MV-algebras and
other related algebras; see [1,22,38]. The concept has been inspired by derivations on rings,
hence a derivation on an MV-algebra A is amap d: A — A satisfying d(x®y) = d(x)Dd(y)
and d(z © y) = (d(z) ®y) ® (r ©® d(y)) for all ,y € A. Sometimes, by a derivation is
meant a map satisfying the latter condition only, while a map that satisfies both conditions
is called an additive derivation. In this short note, we give a complete characterization
of (additive) derivations on MV-algebras. Actually, we prove the result for derivations on
basic algebras.

Adopting the definition from MV-algebras, we prove that every derivation d on a basic
algebra A is of the form d: z — x A e where e = d(1). In fact, d is a homomorphism
onto the interval basic algebra [0, e] which has the property that all its elements are sharp
(idempotent) in A. In some particular cases, the element e is even central, so the algebra A
is isomorphic to the direct product [0, €] x [0, —e] and, roughly speaking, d is the ‘projection’
onto (z,y) +— (2,0). On the other hand, if a € A is such that the map f: z — x Aais a
homomorphism from A onto [0, a] and all elements of the interval algebra are sharp in A,
then f is a derivation on the basic algebra A.

4.1. Sharp and central elements

An element a of a basic algebra A is said to be sharp if a A =a = 0 or, equivalently, if
aV —a = 1. Thus a € A is a sharp element iff —a is a complement of a in A, in which case,
however, a can have other complements besides —a. On the other hand, it is possible that
—a is not a complement of a, though a has some complement(s).

An element a € A is central if a = ¢71(1,0) or a = ¢ 1(0,1) for some isomorphism
p: A — A; x Ay. Clearly, if a = ¢~ 1(1,0), then —a = »=1(0, 1), and vice versa. Suppose
that a = ¢=1(1,0). Then [0,a] = ¢ 1(A; x {0}) and [0,—a] = o 1({0} x Ay), whence
[0,a] = Ay and [0, —a] = A,, and so [0,a] X [0,—a] = A. Tt can easily be seen that the
isomorphism in question is 7: (z,y) — x V y; its inverse is n': z — (x A a,z A —a).

The central elements of A correspond to the decomposition of A as a direct product of
two basic algebras, hence to factor congruences of A. Recall that © € Con(A) is a factor
congruence if there exists ©* € Con(A) such that © N ©* = A4 and © 0 ©* = V4 where
A4 and V4 denote the least and the greatest congruence on A, respectively.

It is well-known that sharp and central elements coincide in MV-algebras. A simple
characterization of central elements is known also for lattice effect algebras (= basic alge-
bras satisfying (1.7))); namely, an element a € A is central iff z = (z A a) V (z A —a) for

41
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all z € A (see [19,33]). A description of central elements of general basic algebras can be
found in [12] where the term ‘decomposing’ was used instead of ‘central’.

We use S(A) and C(A) to denote respectively the set of the sharp elements and the set
of the central elements of the algebra A. Obviously, we have C(A) C S(A) with equality
in some particular cases, e.g.in MV-algebras. Whereas C'(A) is always a subalgebra of A,
S(A) is neither a sublattice nor a subalgebra in general. But S(A) is a sublattice when A
is distributive.

It is easy to prove that a € S(A) iff a @ a = a (see [11]). Since the variety of basic
algebras is arithmetical, we have © V & = © o ® for all ©,® € Con(A), whence the factor
congruences of A form a Boolean sublattice of Con(A).

LEMMA 4.1.1. Let A be a basic algebra. Then a € A is a central element iff
O ={(z,y) [z Na=yANa}
s a factor congruence of A.

PROOF. Let ¢: A — A; x Ay be an isomorphism, a; = ¢ '(1,0) and ay = ¢ 1(0,1).
If ©; is the kernel congruence of the homomorphism ¢ o m;: A — A; where 7; is the
projection of Ay x A onto A;, then clearly ©; N Oy = A4 and ©7 0 ©; = V4. Moreover,
the map m,,: © — x A a; is a homomorphism of A onto the interval algebra [0, a;]; its
kernel congruence ©,, is just ©; (because m;(p(z)) = m(p(y)) iff o(z A a;) = p(y A a;)
iff x Aa; = y A a;). This shows that if a € A is a central element, then ©, is a factor
congruence of A with ©! = 0_,.

Conversely, let © € Con(A) be a factor congruence; then there exists a unique a € A
such that (1,a) € © and (a,0) € ©*. The map ¢: z — ([z]e, [r]e+) is an isomorphism
of A onto A/O© x A/O* such that p(a) = ([1]e, [0]e+). Thus a is a central element of A.
Moreover, it is easy to see that © = ©, and ©* = O_,. Now, if b € A such that ©, is a
factor congruence, then ©, = ©, where a € C(A) and, obviously, b = a. O

Consequently, the map a — O, is a bijection between the central elements of A and
the factor congruences of A.

PROPOSITION 4.1.2. For every basic algebra A, C(A) is a subalgebra of A isomorphic
to the Boolean algebra of factor congruences of A.

PROOF. Let a,b € C(A). We known that both ©, N 6, and 6, V 6, = O, 0 O, are
factor congruences, thus, ©, N 6, = O, and ©, 0 O, = O, for some ¢,d € C(A). In fact, ¢
is the least element of [1]g,ne, and d is the least element of [1]g,.0,-

Clearly, (aVb,1) € ©,N Oy, soc<aVb, and (¢, 1) € O, N O, means ¢ > a V b. Hence
O, N O, = Ouup.

Furthermore, (a A b, 1) € ©,00;, because (a Ab,b) € ©, and (b, 1) € O, thus d < aAb.
But there exists © € A such that (d,z) € ©, and (z,1) € Oy, so dAa =z Aaand = > b,
whence d N\aNb=xANaANb=aAb,ie. d>aANb Hence ©,00, = O,.

This shows that C'(a) is a sublattice of A. However, it is clear that a Vb = a @ b (in
fact, a V& = a @ z for every x € A), and also —a € C(A) for any a € C(A). Thus C'(A) is
a subalgebra.
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Finally, the map ¢: a — ©_, is an isomorphism between C'(A) and the Boolean algebra
of factor congruences. Indeed, p(0) = ©1 = Ay, (1) =0p = Va4, pla®b) = p(a V) =
O-an-b = O-a V O = p(a) V (b) = p(a) 0 ¢(b), and ¢(-a) = O, = O, = ¢(a)". O

LEMMA 4.1.3. If a basic algebra A satisfies (M), then S(A) = C(A).

PROOF. Let a € S(A). Since A satisfies (M), it is a distributive lattice and it follows
that n: (z,y) — x Vy is a lattice isomorphism between [0, a] x [0, —a] and A. If x < a and
y < —a, then x Ay =0, whence 6y =26 (xANy) =260 ==z and also yo zr = y.
Distributivity is equivalent to @, and hence for any (z;,y;) € [0,a] x [0, —a] we have:

n(z1,y1) ©n(x2,42) = (21 V y1) © (22 V 32)
= (10 (12 Vy2)) V (11 © (22 V 12))
= (110 22) A1 0 92)) V (41 © 22) A (41 © 92))
= ((z1©22) A1) V (11 A (11 © 12))
= (11 812) V (y1 © 42)
= 1n(x1 6 T2, Y1 © Y2)
=n((z1,91) © (22, 42))-

Therefore, the map 7 is also an isomorphism of basic algebras, proving that a € C(A). O

Given a basic algebra A, a map h: A — A is additive if h(z @ y) = h(z) ® h(y) and
isotone x < y implies h(z) < h(y), for all z,y € A. Every additive map is isotone because
x <y iff y = 2@ x for some z, whence h(x) < h(z) ® h(z) = h(y).

LEMMA 4.1.4. Let A be a basic algebra and let a € A. If the map f: x — x Aa or the
map g: x +— = © a is additive, then a € S(A) and x Na =z ® a, i.e. f(x)= g(z), for all
x € A

PROOF. Suppose that f is additive. Then a®a = f(a)® f(a) = f(a®a) = (a®a)Na =
a, thus a € S(A). Since f(a) =a = f(1), we have (a B x)Na = fla®z) = f(a)® f(x) =
fOaf(xr) = f(1dz) = f(1) = a. Thusa < ad®x, or equivalently, ~a > —(a®z) = 7a@w,
whence f(-a@x) = (mra@x)Aa = 0. Since (r®a)B—-a =-aVzr = (-a@z)Pw, it follows
that t©Qa=((z©a)Na)®0=f(zr®a)® f(-a)=f((z®a)®-a)=f((ra0z)Bx)=
f(raox)® f(x) =0® f(x) = f(x).

Conversely, if g is additive, then zAa = (z®—a)©a = glxB—a) = g(z)Dg(—a) = g(x)
because g(—a) = -a® a = 0. O

LEMMA 4.1.5. Suppose that the map f: x — x A a is additive, for a fired a € A. Then
forall x,y € A:

(i) f(=z) = f(=f(2));

(i) f(roy) = f(z)© f(y);

(iii) f(zroy) = flr)Oy=20 f(y);
(iv) f(roy) = f(z)o f(y).
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PROOF. (i) Since f(z) = xAa = z®a by Lemmal[l.1.4] we obviously have f(—f(z)) =
—(r®a)®a=-xANa= f(-x).
(ii) By (i) we have

f@) o fly) = f(f(z) o f(y) = f(=(f(@) & ~f(y) = F(f(=f(2) ® ~f(y))-
But, again by (i),

fox @ —y) = f(-z) @ f(my) = f(=f() & f(=f(y) = f(=f(x) @ ~f (),

and hence f(z ©y) = f(z) © f(y).

(iif) Since 2 ® f(y) < f(y) < a, we have z © f(y) = f(z © f(y)) = ()Qf(f( ) =
f(z)® f(y). On the other hand, f( ) <a<a®-yimplies f(z)Oy < (a®—y) Oy = aly,
whence f(x) Oy = f(f(2) @) = [(f() © f(y) = f(z) @ f(y).

(iv) Using (i) and 2 © y = -y © z, this follows from (ii): f(z S y) = f(-y) © f(z) =
FEFW) © f(f(2) = F(=fy) © f(2) = [(f(z) © fy) = fz) © f(y)- 0

COROLLARY 4.1.6. Let A be a basic algebra, a € A and suppose that f: x — x N a is
additive. Then f is a homomorphism from A onto the interval basic algebra [0, a] in which
the operations are given by —,x = "xNa, TB, Yy =TPY, TOLY =2OY and x D,y = x QY.

PROOF. In view of Lemma (iv), the map f is a homomorphism from A onto
[0,a]. Since f fixes the elements of [0, al, for any z,y € [0,a] we have -,z = —,f(x) =
(o) = =2 Aty 2 ®ay = [(2) B [(4) = (2@ y) = [(2)® [(y) = 2 @y as [ is
additive, 7 ©u y = f(2) @a /() = f(2 ©y) = f(2) ® f(y) = © ® y by Lemma
(ii), and 2 @, y = f(x) @4 fy) = f(z@y) = (r@y) ANa. But z < a < a @y implies
r0y<(a®y)y=aA-y,and S0 T D,y =2 QD Y. O

4.2. Derivations on basic algebras

We have already recalled that a derivation on an MV-algebra is an additive map that
satisfies the condition

d(z ©y) = (d(z) ©y) ® (z © d(y)). (4.1)
However, in the case of non-commutative basic algebras, (4.1)) is not the same as
dlz ©y) = (z©d(y)) ® (d(z) ©y), (4.2)

and hence we can seemingly define two types of derivations[] We let D;(A) and Dy(A)
denote the set of all additive maps d: A — A satisfying and , respectively, and
by a derivation on a basic algebra A we mean every map d which belongs to D(A) :=
D1(A)UDy(A).

EXAMPLE 4.2.1. The simplest examples of derivations are:

n a non-commutative basic algebra A, the conditions (4.1) and (4.2) are not equivalent without
additivity of d, but we are going to show that if d: A — A is additive, then it satisfies (4.1)) iff it satisfies
(4.2). Thus there is only one type of derivations on A, in symbols, D(A) = D1(A) = Da(A).
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(a) For any basic algebra A, the zero map 04: x — 0 is a derivation (of both types). On
the other hand, the identity map ids: x +— z is a derivation iff S(A) = A.

(b) Let A, B be two basic algebras such that S(A) = A. Then the ‘projection’ pa: (z,y) —
(x,0) is a derivation (of both types) on the direct product A x B. We will see that in
some particular cases all derivations are of this form.

LEMMA 4.2.2. Let A be a basic algebra. For any deriwation d € D(A), we have:

d(0) =

( i) d is zsotone in particular, d(x) < d(1) for every x € A;
d(x )<xf07" every v € A;

d(1) € S(A);
d(—=d(1) ®z) =0 for every x € A.

PROOF. Suppose that d € D;(A); the proof for d € Dy(A) is parallel.

(i) We have d(0) =d(0©0) = (d(0) ®0)& (00 d(0)) =040=0.

(ii) Obvious since d is additive.

(iii) Recall that t @y = 0 iff 2 = y = 0. Since 0 = d(0) = d(—~z © z) = (d(—z) © z) @
(mz ®d(x)), it follows d(z) © x = =z © d(z) = 0, so d(z) < x.

(iv) We have d(1) = d(1) & d(1).

(v) By (b), (¢) and (d) we have d(-d(1)) < d(1
ql(le;ltly, <1( d(1) ©x) = (d(=d(1)) © ) & (=

) A—d(1) =0, so d(—d(1)) = 0. Conse-
N d(1 ) ©d(x)) = —d(1) ©®d(x) = 0 because
)-
O

Every derivation d is completely determined by the element d(1), namely:

LEMMA 4.2.3. Let A be a basic algebra and d € D(A). Then for every x € A:
(i) d(w) = Ad(1); ]
(i) d(z) = x ®d(1);
(iii) d(x) € S(A).

PROOF. (i) Let d € Dy(A). First, d(x) = d(z©1) = d(x)® (z®d(1))
x € A, and hence, by replacing = Wlth r®-d(1), we get d(xd—d(1)) > (x
x/\d(l) Then, byLemma( ), d(z) = d(z) ®0 =d(x) ® d(—d(1)
xAd(1). But by Lemma and (iii) we also have d(x) < xAd(1), thu

Let d € Dy(A). If x < d(1), then =z V d(1) > —d(1) Vd(1) =1, so = \/
r=(-zVvdl)ozr=d1)®x. Thend(z) =d(loz)=d(z)® (d(l)@x) =
Since d(z) < x, we get d(z) = d(x) ® v = x. Hence x @ = = x for any x < d
replacing = with = A d(1), and since d is isotone, we have d(z) > d(x A d(1)
As above, by Lemma (ii) and (iii) we conclude that d(x) = x A d(1).

(ii) By Lemma (v) we have d(—d(1) @ ) = 0 for any x € A, because ~d(1) © x =
—d(1) ® —z. Since (x ©® d(1)) @ ~d(1) = =d(1) Va = (=d(1) @ z) @ z, in view of (i) we

~—_— —~

m/\d(l).

2Though it is clear, we emphasize that (i) entails d(z) = z for 2 < d(1), and in particular, d(d(x)) =
d(x) for every x € A. Thus d is an interior operator on A.
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have 2 ®d(1) = [(z©d(1)) Ad(1)] &0 =d(z ®d(1)) ®d(—d(1)) = d((z ®d(1)) & ~d(1)) =

d(md(l)oz)®z)=d(—d(l) @x)®d(z) =0 d(z) =
(iii) If d € Dy(A), then d(z) = d(z © 1) =d(z) & (z © )

proving (i) for d € Dy(A) we have shown that d(x) = d(z) @ z for any = < d(1). Since

d(d(x)) = d(z) Nd(1) = d(x) for every x € A, it follows that d(x) = d(z) @ d(z). In either

case, the element d(x) is idempotent, thus d(z) € S(A). O

REMARK 4.2.4. The map f: z — x Aa (or g: © — x ® a) need not be a derivation,

even when it is additive. In fact, recalling Lemma |4.2. 3 (iii), it is obvious that if the map
is additive, then f =g isa derlvatlon on A iff [0,a] C S(A). Indeed, if [0,a] C S(A), then

f(z ©y) € S(A), 5o that f(z ©y) = (f(x) ©1) & (0 fy) = (& f) & (f(z) O y) by
Lemma [£.1.5] (iii).

By Lemma we know that a derivarion d is an additive map given by d(z) =
xAd(1) = x®d(1), and that d(x) is always a sharp element. Hence, by the above corollary
we obtain:

COROLLARY 4.2.5. Let A be a basic algebra. FEvery derivation d € D(A) is a homo-
morphism from the basic algebra A onto the interval algebra [0, e] with e = d(1). Moreover,
[0,e] € S(A) and the operations in [0,e| are given by —.x = "x Ne, T By = Dy,
TOYy=2x0y andr .y =Y.

REMARK 4.2.6. It is easily seen that every d € D(A) is a lattice derivation in the sense
of [37] (also [21]), i.e., d(x Vy) = d(x)V d(y) and d(z Ay) = (d(x) ANy) V (z Ad(y)) for all
x,y € A. Indeed, the former equality holds since d: = +— x A e is a homomorphism onto
[0, €], and the latter since d(z Ay) =x AyAe=d(x) Ny =x Ad(y). The converse is not
true — a lattice derivation need not be a derivation on the algebra, but it is proved in [22]
that a lattice derivation d on an MV-algebra is a derivation on the algebra iff all elements
d(x) are sharp.

The question arises which homomorphisms onto interval subalgebras are derivations.
The next lemma is a partial converse to Corollary

LEMMA 4.2.7. Let A be a basic algebra, a € A and let f: x — x Aa be a homomorphism
onto the interval algebra [0,a]. Then f is additive, the operations in [0,a| are given by
=, =" Aa and x B,y = x By, and moreover, f € D(A)—in fact, f € Di(A)NDay(A)—
if and only if [0,a] C S(A).

PROOF. The first part is parallel to the proof of Corollary |4.1.6 For any z,y € [0, a],
Tl = “of(x) = f(-x) = xANaand x D,y = f(x) D, fly) = flxdy) = (xDy) Aa.
Since ~yAa=f(1oy) = f(1) Q4 f(y) = f(a) @ f(y) = fla@y) = (a @ y) A a, we have
ady=(yrha)dy=((aoy)Na)dy<(aQy) By =a, whencexdy <ady < a.
Hence = &, y = = @ y. Now, it follows that f is additive because, for any x,y € A,
flx@y) = f(2) @ fly) = f(2) © f(y)

Since f(1) = a, we know that [0,a] C S(A) if f € D(A); see Lemma (iii) and
Corollary On the other hand, if [0,a] C S(A), it suffices to apply Remark 4.2.4, [
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FIGURE 1. The basic algebra from Example [4.2.9]

By Corollary and Lemma we conclude:
COROLLARY 4.2.8. For any basic algebra A, D(A) = Di(A) = Dy(A).

For any derivation d on any basic algebra, every element less than or equal to d(1) is
sharp. The following example shows that, in general, d(1) need not be central.

EXAMPLE 4.2.9 (cf. [15], Example 3.1). Let (A, ®,—,0) be the basic algebra whose
underlying lattice is shown in Figure [l where a®c¢ = —-b® ¢ = —a, b c = —a®c = —b and
x@®y = xVy in all other cases. The antitone involution 7. on [c, 1] is given by 7.(—a) = —a
and ~.(—b) = —b, while in every other principal filter [y, 1], 7, is just complementation in
ly,1]. Note that S(A) = A.

It is straightforward to verify that the map f: x — x A ¢ is a homomorphism onto
the interval basic algebra [0,c¢|. Since [0,¢] C S(A), f € D(A). But the element c is not
central in A. Indeed, were n: (z,y) — « V y an isomorphism from [0, ¢] x [0, —¢| onto A,
we would have (¢, a) = =—b = b, while n(—(c,a)) = n(0,a) = a, because the negation of
ain [0,—c]is 7—.a =—cSa=-(a®c)=—-"a=a.

For completeness, C'(A) = {0, 1}.

However, there is a large class of basic algebras where d(1) is central, namely, the class
of lattice effect algebras (= basic algebras satisfying (1.7))).

4.3. Derivations on lattice effect algebras and /-groups

Two elements ,y of a lattice effect algebra are said to be compatibld] (see [19], Section
10.1) iff (zVy) —y=2—(x Ay), ie,if r@y=2x6y. By [11], this is also equivalent to
x @y =1y ®z. Obviously, any two comparable elements are compatible.

We need one more property of lattice effect algebras. It is known (e.g. [19], Prop. 1.8.9)
that if z Ay = 0 and x 4y is defined, then zVy = x4+ y. In the language of basic algebras:
ifrAy=0and x < —y,thenaxVy=xdy.

3Compatibility is also briefly discussed in Section (p. .
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LEMMA 4.3.1. Let A be a lattice effect algebra. For every derivation d € D(A), the
element e = d(1) is central and [0, €] is an orthomodular lattice, or a Boolean algebra when
A is distributive.

PROOF. Recall from Section [4.1)that e € C(A) iff z = (x Ae) V (x A —e) for all z € A.

Obviously, d(x) V (z A —e) < z, thus we want to show that d(z) V (z A —e) > .
Since d(x) < z, we have = @ d(z) = d(x) ® z > x. Since d(z) < e, it follows directly
from that d(z) @ —e = —e @ d(x). We have d(z) ® —e = (z ANe)® —e =xd e =
—(-zx ®e) = ~d(—z) = ~(-x Ae) = xV —e, and hence —e @ d(z) > x. Now, since
e € S(A) and d(z) < e, we have d(z) A (x A —e) = 0 and d(z) < =(xz A —e), whence
d(x)V(x A—e)=(xAN—e)®d(z) = (xd&dx)) A (-edd(z)) > x, as required.

For the latter statement, since [0,e] C S(A) and @, is the restriction of & to [0, €],
the interval algebra [0, ] satisfies the identity x @& x = x and hence is (equivalent to) an
orthomodular lattice, or a Boolean algebra when A is distributive. ]

Let d be a derivation on a basic algebra A such that e = d(1) is a central element. Then,
by definition, the direct product [0, €] x [0, —e] is isomorphic to A under n: (z,y) — x V y;
the inverse isomorphism is 6: x — (2 A e,z A —e). Therefore, the derivation 6(d) on the
direct product that corresponds to d under 6 is given by (z,y) — (z,y) A (e,0) = (x,0);

see Example (b). Therefore, by Lemma [4.3.1}

COROLLARY 4.3.2. In any lattice effect algebra (or any MV-algebra) A, there is a one-
one correspondence between the derivations on A and the direct product decompositions
A= Ay x Ay where Ay is an orthomodular lattice (or a Boolean algebra, respectively).

In conclusion, we briefly focus on MV-algebras. We refer the reader to [18] or |23].

Let (G, +, <) be an Abelian ¢-group, i.e., an Abelian group equipped with a compatible
lattice order. For any 0 < u € G, the algebra I'(G,u) = ([0, u],®,—,0), where x ® y =
(x+y) Au and ~x = u — x, is an MV-algebra. Up to isomorphism, all MV-algebras are of
the form I'(G, u) where, moreover, u is a strong unit for G, i.e., the convex ¢-subgroup of G
generated by u is GG. Even strongly, I' as a functor is an equivalence between the category of
unital Abelian ¢-groups (G, u) where arrows are /-group homomorphisms preserving strong
units and the category of MV-algebras where arrows are homomorphisms of MV-algebras.

Now, let A = I'(G,u) be an MV-algebra and d € D(A) a derivation on it and, as
before, e = d(1). Further, let A; = [0,¢e] and Ay = [0, —e]. Since A = Ay x Aj, it follows
that G = G x Gg, where G and G are the convex (-subgroups of G generated by e and
—e, respectively. In fact, G is the direct sum of Gy and Gj, because G; N Gy = {0} and
G = Gy + Go. The MV-algebra I'(Gy, e) is just the interval algebra A; = [0, ¢, and since
the derivation d is a homomorphism from A onto A;, d can be extended to a morphism,
say d, from (G, u) onto (Gy,e). It is not hard to show that d agrees with the projection of
G onto (G5 as a direct summand.



Appendix

The appendix contains two papers about structures related to basic algebras. In the
first article, we introduce the so-called skew residuated lattices which are similar to (integral
commutative) residuated lattices, except that - may not be associative and the adjointness
property is replaced by the condition (z Vy) -z =y iff 2 = x — y. We characterize skew
residuated lattices as lattices (L, V, A) where for every a € L there exists a map 1,: L — L
such that

e 1, is an involution on [a) = {z € L|a < x} for every a € L,

e Uu(x) = tiy(y) for every z,y € L,

e for every x,y € L there exists a unique z € L such that x = ¥,(y V z) and

Yy = wz (.1' Vz )

We show that the negative cones of commutative ¢-loops (CND-semiloops) can be regarded
as skew residuated lattices. In Chapter [3, we needed commutative inverse ¢-loops, but
by [3] there is a one-one correspondence between commutative inverse ¢-loops and skew
residuated lattices satisfying the identity « - (y V z) = (z - y) V (z - z). This is very useful
in finding examples of commutative inverse /-loops and commutative basic algebras, see
Section [3.4

In the second article, we study congruences on directoids. A directoid is a partially
ordered set with a binary operation LI, where x iy = max{z, y} if x and y are comparable,
and x Ly = z for some z > x,y otherwise. We present several simplified characteriza-
tions of congruences on directoids, directoids with an antitone involution, directoids with
sectionally antitone involutions and double directoids.

Since every basic algebra is a lattice (directoid) with sectionally antitone involutions,
we can use the results of Section 4 of the second article for congruences on basic algebras.
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Abstract

We replace the so-called adjointness in the definition of residuated lattice by its strict version where inequalities are replaced by
equalities. We prove that such structures, called skew residuated lattices, can be characterized as lattices with certain involutions in
principal filters. Since skew residuated lattices have the cancellation property, they are close to divisibility loops introduced by B.
Bosbach in 1988. We show the condition under which the skew residuated lattices can be represented by such loops.
© 2012 Elsevier B.V. All rights reserved.

Keywords: Skew residuated lattice; Adjointness property; Reversion; Difference property; Sectional involution; Divisibility semiloop

1. Introduction

Residuated lattices are very useful algebraic structures because they describe the structure of truth values of fuzzy
logic. As a source of basic concepts, the reader is referred to the compendium by Bélohldvek [1].
Recall that a residuated lattice is an algebra R = (R; Vv, A, -, —, 0, 1) of type (2, 2, 2, 2, 0, 0) such that

(@) (R; Vv, A, 0,1)is a bounded lattice;
(b) (R; -, 1) is commutative monoid satisfying x - 1 = x;
(c) it satisfies the adjointness property, i.e. x - y<z if and only if x<y — z.

In the corresponding fuzzy logic, the operation - is recognized as logic connective “conjunction” and — is considered
as “implication”.

However, residuated structures have their own lives and hence non-commutative versions of residuated lattices (called
residuated lattice ordered monoids) also exist where the neutral element e of the monoid (R; -, ¢) need not coincide
with the greatest element 1 of the lattice (R; Vv, A).

In what follows, we will assume that groupoid (R; -) is commutative but its associativity is not supposed, i.e. it
need not be a semigroup. This concept was used by the first author [3] to get an algebraic axiomatization of a certain
fuzzy-like logic. Hence, we define:

7 This work is supported by the project “Algebraic Methods in Quantum Logic” by ESF, No. CZ.1.07/2.3.00/20.0051.
* Corresponding author. Tel.: +420 585634653.
E-mail addresses: ivan.chajda@upol.cz (I. Chajda), jan.krnavek @upol.cz (J. Kridvek).

0165-0114/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.fss.2012.11.019
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Definition 1. An algebra £ = (L; Vv, A, -, —, e) is called a skew residuated lattice if

(i) (L; Vv, A)is alattice;

(i1) (L; -, e) is a commutative groupoid satisfying x - e = x;
(iii) x vy)-z=yifandonlyifz = x — y;
@iv) x - y=y.

Let us note that the condition (iii) replaces the adjointness in residuated lattices. It was mentioned by G. Champenois
(personal communication) that these skew residuated lattices are useful for some applications.

Other applications of skew residuated lattices are in the area of logic of quantum mechanics. The domain of quantum
events is described by effect algebra introduced by Foulis and Bennet in [7]. It was proved in [5] that they can be
represented by certain conditionally residuated structures. The concept of effect algebra has been generalized in [6]
to the non-associative case. Now, non-associative effect algebras can be represented as conditional skew residuated
lattices, see [4]; hence it is natural to study them in their own right. As another application it will be shown that skew
residuated lattices in which multiplication distributes over join are precisely CND-semiloops: a commutative dual
version of certain structures introduced in [2].

Moreover, the condition (iii) is called a reversion or a difference property in [8]. Under this property, the multiplication
“.” resembles the lattice operation meet. Let us note that the lattice (L; Vv, A) is not assumed to be bounded. However,
we can prove that e is the greatest element with respect to the lattice order <.

Lemma 1. In every skew residuated lattice L = (L; V, A, -, —, e), the following holds:

@x—>y=xVvy -y

(b) x<yifandonlyif x > y =e;
©x-y=xny;

(d) e is the greatest element w.r.t. <.

Proof.

(a) is followed directly by (iii) due to the fact that (x Vy) -z =((x Vy)Vy) - z.

(b) Assume x<y. Then (x Vy)-e =xVy = yandhence e = x — y. Conversely,e = x — yyieldsx Vy =
(x Vy)-e=yproving x<y.

(c) Due to (iv) we have x - y<y and, using commutativity, alsox - y = y - x<x. Thus x - y<x A y.

(d) By (ii) and (iv) we infer x = x - e<e foreachx € L. O

We are going to show that skew residuated lattices satisfy the cancellation property, i.e. the commutative
groupoid (L; -, e) is close to a loop. Recall that a loop means a quasigroup with unit element 1, i.e. it is an alge-
bra (A; -, 1) such that x - 1 = x = 1 - x for each x € A and for each a € A there exists b,c € A witha - b = 1 and
c-a=1

Lemma 2. Every skew residuated lattice has the cancellation property, i.e. x - a = x - b implies a = b.

Proof. Denote by y = x - a and assume x - @ = x - b for x,a,b € L. Using (iv) and commutativity, we have
y=x-a=a-x<x;thusx = xV yandhence (x Vy)-a = y.Similarly (x V y)-b = y and thus, by (iii), we conclude
a=x—y=5b 0O

One technical result can be stated.

Lemma 3. Every skew residuated lattice satisfies the following:

(@) y=x — y;
G x—>y)—>y=xVvy

Proof.

(a) Letz =x — y. By (iii) and (iv) we have (x Vy) -z =y, thusx - y =z>(x Vy)-z=y.
(b) By(a)wegetx — y = (x — y)Vyand thus, using (iii) and (ii), (x — y)Vy)-(xVy) = (xVy)-(x = y)Vy) =Y.
Applying (iii), we obtain (x - y) - y=xVvy. 0O
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The next result shows that the “implication reduct” (L; —) of a skew residuated lattice is very close to a quasigroup.
Namely, we have

Theorem 1. Let L = (L; V, A, -, —, e) be a skew residuated lattice. Then for each a, b € L there exists a unique
element y € L such that

a=b—y and b=a—y.

Moreover,y = a - b.

Proof. Leta, b € L and denote a - b = y. By (ii) and (iv) we have y<a, y<b thus
(@av(a-b)-b=a-b,
(bva-b)-a=b-a=a-b.

By (iii) these yield b = a — (a - b), a = b — (a - b) proving the existence. For uniqueness, let z € L and assume
a=b— z,b=a — z. By Lemma 3(a) we obtain z<a, z<b and thus @ V z = a, b v z = b. Using (iii) we derive
a-b=(@vz-b=z 0O

In what follows, we are going to show that (iii) of Definition 1 can be replaced by two identities. Since (i), (ii) and
(iv) are identities, this yields the fact that the class of skew residuated lattices is a variety of algebras.

Theorem 2. An algebra L = (L; Vv, A, -, —, e) is a skew residuated lattice if (L; Vv, A) is a lattice satisfying the
identities (i), (iv) and

I xvy)-&x—>y)=y;
I2) x > (x-y)=y.

Proof. If £ is a skew residuated lattice then it satisfies x — (x - y) = y directly by Theorem 1. Sincex — y =x — y,
by (iii) we infer the identity (x V y) - (x — y) = y.

Conversely, assume that £ is a lattice satisfying (iii), (iv) and the identities (I1), (12). Assume x - y=x - z. Then
y=x— (x-y)=x — (x - z) = z, i.e. the cancellation property holds.

Now, assume (x V y) -z = y. Since (x V y) - (x — y) = y, the cancellation property gets z = x — y. The converse
implication is evident. [

Remark 1. If a skew residuated lattice L is non-trivial, i.e. if it has more than one element, then it is infinitive. Namely,
let L contain an element a distinct from the greatest element 1. Due to (iv), we have a -a < a = a - 1. Due to
cancellability, a - a differs from a - 1 and hence a - a < a. Analogously we obtain an infinite chain--- <a-a-a-a <
a-a-a<a-a<a<1Il.

Recall that an involution on a set A means a selfmap f: A — A such that f ( f (x)) = x for each x € A. Of course,
every involution on A is a bijection on A.

In what follows, we show that skew residuated lattices can be fully determined as lattices (L; Vv, A) equipped by a
set (zﬁy)yE 1 of involutions on principal filters [y) = {a € L; y<a]}.

Theorem 3. Let L = (L; V, A, -, —, e) be a skew residuated lattice. Define !//y(x) =(xVy)— y. Then

(2) W, is an involution on [y);
®) ¥, (») = Y, (x);
(c) forevery a, b € L there exists unique y € L such that a = (b Vv y)and b = ,(a V y).

Proof.

(a) Assume x € [y). Then y<x;i.e.x Vy = x and hence y,(x) = x — y. By Lemma 3(a) we have y,(x)>y, i.e.
maps [y) into itself. Moreover, for x € [y) we have by Lemma 3(b) also y,, (lpy(x)) =(x—>y)—>y=xVy=ux;
thus v, is an involution on [y).
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(b) By Lemma 1(b) we have y,(y) = (y Vy) = y =y — y = e whence (b) is evident.

(c) Leta,b € L and take y = a - b. Then, by (iv) and (ii), a - b<a, b and hence (a V a - b) - b = a - b. Due to (iii)
we conclude b = a — a - b =y, ,(a). Hence, such y exists. Assume now thata = (b VvV z)and b =y (a V ).
Then(aVvz)-b=z=(bVz)-a SinceaVz,bVze[z)andy, maps [z) onto itself, alsoa = Y, (b V 2) € [2)
and b =y, (a v z) € [z) whence z<a,b. Thena -b = (a V z) - b = 7 as above. Hence, the element y = a - b is
unique. [J

To prove that the aforementioned result is a characterization, we have to show the converse:

Theorem 4. Let (L; \V, A) be a lattice such that for each y € L there exists a mapping 1//},: L — L such that (a)—(c)
are satisfied. If we define x — y =y, (x Vy),e =y, (x)andx -y = zifand only ify = Y (x Vz) and x = (y V 2),
then L = (L; V, A, -, —, e) is a skew residuated lattice.

Proof. By (b) it is evident that e is an algebraic constant which is correctly defined.

Leta,b € L. By (c) there exists unique y € L witha = ¢, (b vV y)andb = (@ Vv y) and hence a - b = y is also
correctly defined. Moreover, it yieldsa - b = b - a. Since e = Y, (x) =, (x Vx),and alsox - e = x thus (L; -, e) is a
commutative groupoid with a neutral element e.

Assumenow a -b = y. Thenb = Y (a vV y)>y = a - b since Y, is a selfmap of [y) by (a). We have shown (iv). Due
to commutativity, also a - b<a. Hence, if x - z = y then y<x and thus x = x V y and x - z = (x V y) - z. By definition,
it yields immediately that (x v y) - z = y ifand only if z = ¥ (x vV y) = x — y which s (iii). O

It was already mentioned that, due to the cancellation property, the multiplication groupoid (L; -, e) of a skew
residuated lattice is close to a loop. In what follows, we show how close it is and we get a loop-like characterization of
skew residuated lattices satisfying the distributivity law

x-(avb)y=x-a)V(x-b).
At first we borrow one concept from [8] and we modify it for our reasons.

Definition 2. By commutative negative divisibility semiloop (CND-semiloop, for short) we mean an algebra G =
(G; -, Vv, 1) of type (2, 2, 0) satisfying the following conditions:

(D1) (G; v, 1) is a semilattice with the greatest element 1;

(D2) (G; -, 1) is a cancellative commutative groupoid satisfying x - 1 = x;
(D3) G satisfies the distributivity law x - (a vV b) = (x - a) V (x - b);

(D4) if b<a - x then there exists y € G where b = a - y.

Let us note that if G = (G; -, e, V, A) is a commutative I-group (lattice ordered group) then its negative cone, i.e.
G~ = {x € G;x<e} is a CND-semiloop. More generally, if £ = (L; -, e, Vv, A) is a lattice ordered commutative
loop then L~ = {x € L; x<e} forms a CND-semiloop. This is the motivation for the name “commutative negative
divisibility semiloop”.

Now, we show that skew residuated lattices satisfying distributivity law (D3) are just CND-semiloops.

Theorem 5. Let G = (G; -, V, 1) be a CND-semiloop. Definex — y := ziff (xVy)-z=yandx Ay :=x-(x = y).
Then L(G) = (G; V, A, -, —, 1) is a skew residuated lattice satisfying the distributivity law (D3).

Proof. At first, we show that the operation — is correctly defined. Namely, (x Vv y) - 1 > y and hence there exists z
such that (x V y) - z = y by (D4). Moreover, if (x V y)-z = y and (x V y) - w = y then, using the cancellation property
(D2), we infer z = w.

Further, x<y ifand only if z - x<z -y foreachz € G because z-x Vz-y =z -yifandonlyifz-(x Vy)=z-yif
and only if x V y = y. Hence, x<1 yields x - y<1 - y = y proving (iv).

(ii) is followed directly by (D2) and (iii) follows by the definition of —. (i) Remains to be proved. We must show
that x A y as defined is an infimum of {x, y} with respect to the induced order of (G; V).
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At first, we have x - (x — y)<xand x - (x - y)<(x Vy)-(x > y)=y,ie.x Ay :=x-(x — y)isalower
bound of {x, y}. Assume z<x, z<y. Then z = x - a for some a € G due to the fact that z<x - 1 and (D4). Hence,
Y=yVOravEa)=((xvy) > )V (E V) a) =@ vy (> va).

However, y = (x Vy)-(x — y)andhence ((x — y)Va) =x — ythusa<x — y. Weconclude z = x-a<x-(x —
y),i.e. x - (x — y) is the greatest lower bound of x, y, i.e. it is really inf{x, y}. We have shown (i). O

We are able to prove the converse statement.

Theorem 6. Let L = (L;V, A, -, —, 1) be a skew residuated lattice satisfying the distributivity law (D3). Then
G(L) = (L; -, V, 1) is a CND-semiloop.

Proof. Since (z-x)V (z-y)=z-yifandonlyifz-(x vV y) =z -yifand only if x V y = y due to the cancellation
property and (D3), we get

x<yif andonlyif z-x<z-y ()

foreachz € L.

Hence, x = x - 1<1 and, applying (iv), we get (D1). (D2) follows directly from (ii) and Lemma 2. The axiom (D3)
is assumed. We need to only prove (D4).

First we show that

xX-Ax-2)=x-(yA2). (xx)

Of course, x - (y A 2)<x -z, x - (¥ Az)<x -y by (x). Assume c<x - y,c<x-z. Thenc =x - (x - ¢)<x-y,x -z
because x V ¢ = x. Hence, x — c¢<y,zand thus x — c¢<y A z. This gets c = x - (x = ¢)<x - (y A z). This shows
that x - (y A z) is infimum of {x - y, x - z} proving (:x).

Now, assume b<a - x. By () we inferb =bA(a-x)=(a-(a > b)) A(@a-x)=a-((a > b)Ax),ie.b=a-y
fory=(a—>byArx. O

Example 1. Let L be a chain of non-positive real numbers with natural ordering. Of course, it is a lattice. Define
xQy:=x+y—x-y;x = y:=min{0, (y — x)/(1 — x)} for all rational numbers x,y < Oandx © y := x + y;
x — y := min{0, y — x} if x or y is not a rational number. It is easy to see that £ = (L, V, A, ®, —, 0) satisfies (i),

(i), (iv).

Now, we show that £ satisfies (I1) and (I2) too.

—_

.Assume x < y. Then(x Vy)O(x > y)=y©®0=y+0=ysincey —x >0.

2. Assume y < x < 0 and x, y to be rational numbers. Then (x Vy) O (x — y) = x4+ (y —x)/(1 —x) — x -
(y—x)/A—=x)=x+A—-x)((y—x)/(1—-x)) =x+y—x = ysince y — x, (y —x)/(1 — x) are rational
numbers.

3. Assume y < x < 0 and x or y not to be rational number. Then (x V y) ©® (x = y) = x + (y — x) = y since x or

y — x is not a rational number.

Similarly,

1. Assume x, y to be rational numbers. Thenx - (x QO y)=x+y—x-y—x)/ (1 —x)=(Qy —x-y)/(1 —x) =
(y-(1—=x))/(1 —x)=ysincex +y — x - yisarational numberand x +y —x -y < x.

2. Assume x or y not to be a rational number. Then x — (x ©® y) = (x + y) — x = y since x or x + y is not a rational
number and x + y < x.

Now, L is not a residuated lattice because —1 ® —1 = -3 < —ﬁ, but—1 > —1 = —/5 = —+/5+1. Moreover,
£ do not satisfy (D3) because =1 O (=1V —/2) = =10 -1 = —3# — 1+ —/2 = =3V (-1 + —/2) =
(-10-DHV(-10-v2).

Recall that an algebra A is called arithmetical if its congruence lattice Con A is distributive and congruences are
permutable, i.e. @ o ® = @ o O for each @, @ € Con A, where o means the composition of binary relations. It is
well-known that if there exists a Pixley term p(x,y,z) on A, ie. p(x,z,2) = x, p(x,y,x) = x and p(x,x,z) = 2

54



APPENDIX

1. Chajda, J. Kriidvek / Fuzzy Sets and Systems 222 (2013) 78—-83 83

then A is arithmetical. For varieties of algebras, the existence of a Pixley term is a necessary and sufficient condition
arithmetically.
We are going to show that the variety S of skew residuated lattices satisfies an interesting congruence property.

Theorem 7. The variety S of all skew residuated lattices has a Pixley term p(x,y,z) = (x = y) = 2) A ((z =
y) = x) A (x V ) and hence every L € S is arithmetical.

Proof. Of course,¢e - v = (v —> v) > v =v Vv = v then

px,z,2)=((x > 2) > DA(e—>x)A(xVYY=CXVDAX =X,
px,x,2)=((x > x) > DA (z—=>x) > x)AxV)=zA(xX V=2
px,y, x)=(x > y) > 0)A((x > y)=>20)AEVI)=((x > y) > X)AX =1x.

since (x — y) — x>x by Lemma 3(a). O

Fuzzy logics form an important tool of applications in numerous areas outside mathematics. They are axiomatized
by means of residuated lattices, see e.g. [1]. The logics of quantum mechanics can be axiomatized by means of effect
algebras introduced by Foulis and Bennet [7]. A non-associative version of effect algebras, the so-called skew effect
algebras (see [5]) form an axiomatization of the corresponding logic. Since skew effect algebras are represented by
means of skew residuated lattices, we can consider our skew residuated lattices as a common generalization of both of
these structures and hence as a tool for certain unification of the fuzzy logic and the non-associative logic of quantum
mechanics.
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Abstract. Directoids are groupoids defined on every upward directed poset.
They fully characterize these posets. Hence, in order to study conguences on
directed posets, we can convert the poset into a directoid and study congru-
ences on it. The paper is devoted to several characterizations of congruences
on directoids, on directoids with an antitone involution, on directoids with
sectionally antitone involutions and on double directoids.

1. Introduction

There are various (mutually distinct) definitions of congruences on certain
posets, a topic treated by several authors (M. Kolibiar, R. Halas, G. Dorfer,
V. Snégel, to mention a few) in the past see, e.g., [2], [3], [5] and [7]. How-
ever, every up-directed poset, i.e. poset (A, <) where for any a,b € A the set
U(a,b) := {z € A|xz > a,b} is non-empty, can be organized in a (in general)
non-unique way into a directoid which is a certain groupoid, see [4] and [6]. In
particular, every upper bounded poset (i.e. a poset with greatest element 1) is up-
directed since 1 € U(a,b) for all a,b € A. Now congruences on up-directed posets
can be defined as the congruences of a corresponding directoid. This is the leading
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idea of our paper. Posets may have several different representations as directoids
which (surely will) give rise to different congruences. Therefore, from the point of
view of posets, this concept of congruences is not intrinsic. Directoids as algebras
inherently comprise a canonical concept for congruences which can be transferred
to the corresponding poset. This motivates us to study which binary relations
on directoids, directoids with an antitone involution, directoids with sectionally
antitone involutions respectively double directoids are congruences.
We start with the definition of a join-directoid.

Definition 1.1. A (join-)directoid is a groupoid (D,Ll) such that there exists a
partial order relation < on D with z,y < z Uy such that z Uy = max(x,y) in case
x and y are comparable (z,y € D).

Remark 1.2. The relation < is uniquely determined by U since for xz,y € D we
have x <y if and only if x Uy = y.

The great advantage of using directoids as a representation of up-directed
posets is that directoids can be characterized by equations (cf. [6]):

Lemma 1.3. A groupoid (A,U) is a directoid if and only if it satisfies the following
identities:
(i) zUzx ==,
(i) (zUy) Uz =z Uy,
(iii) yU(zUy) =z Uy,
(iv) zU ((zUy)Uz) =(zUy) Uz

In view of investigating congruences on directoids let us mention that G. Dor-
fer (see [3]) characterized congruences on lattices without using lattice operations.
This motivated us to characterize congruences on directoids in a similar way.

2. Congruences on directoids

Definition 2.1. For every directoid (D,U) the poset (D, <) defined by = < y if
xUy =1y (z,y € D) will be called the poset corresponding to (D,L!).

Although the operation Ul in a directoid D = (D, U) need not be monotone (in
fact * <y implies z Ux < zUy for all z € D if and only if D is a join-semilattice,
see e. g. [4] and [6]), we are able to prove that classes of congruences on D are
convex.

All rightsreserved © Bolyai Institute, University of Szeged
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Lemma 2.2. If D = (D,U) is a directoid, a € D and © € ConD then [a]© is a
convex subset of the corresponding poset (D, <).

Proof. Ifb,c € [a]O© and d € [b, ¢] then d € [d]© = [dUb]O© = [dUc]® = []© = [a]O.
[

Next we consider some properties that are automatically fulfilled by congru-
ences on directoids:

Lemma 2.3. Let D = (D, ) be a directoid and © a binary relation on D satisfying
(1)—(iii) for all z,y,z € D:

(i) (z,zUy),(y,zUy) € © implies (z,y) € O.

(ii) z <y <z and (z,2) € O together imply (x,y) € O.

(iii) = <y and (z,y) € © together imply (x U z,yUz),(zUz,2Uy) € O.
Moreover, assume (a,d) € © and b,c € [a,d]. Then (b,c) € ©.

Proof. Since a < ¢ < d and (a,d) € © we have (a,c) € O according to (ii). Now,
using (iii), a < b together with (a,c) € © and a < cyields (b,bUc) = (bUa,bUc) €
©. Interchanging the roles of b and ¢ we obtain (a,b) € © and thus, with (iii),
(c,bUc)=(alc,bUc) € O. By (i), (b,bUc),(c,bUc) € O implies (b,c) € O.

[

Now we are able to characterize congruences on directoids:

Theorem 2.4. If D = (D,U) is a directoid and © a reflexive binary relation on D
then © € ConD if and only if © satisfies (i)—(iv) for all z,y,z € D:
(i) (z,y) € © implies (x,x Uy), (y,xUy) € O.
(ii) 2 <y and (z,y) € © together imply (x U z,yUz),(zUz,zUy) € O.
(iii) z <y <z and (z,y), (y, z) € O together imply (z,z) € O.
(iv) z,y <z and (x, z), (y,2) € © together imply (x,y) € O.

Proof. It is straightforward to check that a congruence © satisfies (i) — (iv). To
prove the converse, let a,b,c € D.

First assume (a,b) € ©. Then (b,a U b), (a,a U b) € © according to (i) and
hence (b,a) € © by (iv) proving symmetry of ©.

Now assume (a,b), (b,c) € ©. Since (b,c) € © we have (b,bL¢c) € © by (i)
which together with b < bU ¢ yields

(aUb,(ab)U(bUCc) =((aUb)UDb,(aUb)U(bUC)) €O

All rightsreserved © Bolyai Institute, University of Szeged
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according to (ii). Analogously, since (a,b) € © we have (b,aUb) € © by (i) which
together with b < a U b yields

(bUc,(aUb)U(dUe)=(bU((BUC),(aUb)U(bUCc)) €O

according to (ii). Now (a,b) € © implies (a,a U b) € © according to (i) which
together with (aUb, (aUb)U(bUc)) € © yields (a, (aUb)U(bUc)) € O according to
(iii). Analogously, (b,c) € © implies (¢,blc) € O according to (i) which together
with (bU ¢, (aUb)U (bUc)) € © yields (¢, (aUb) U (bUc)) € © according to (iii).
Now (a,(aUb) U (bUc)),(c,(alb)U (bUc)) € O implies (a,c) € O according to
(iv) proving transitivity of ©.

Finally, assume (a,b) € ©. Then (a,aUb),(b,alUb) € © by (i) and hence

(aUc,(alb)Uc), (bUc,(aUb)Uc),(cUa,cl(alb)),(cUb,cl(alld)) €O

according to (ii). Now (aU¢,bUc), (cUa,cUb) € © follows from symmetry and

transitivity of © completing the proof of the theorem.
|

3. Congruences on directoids with an antitone involution

In applications, directoids with an antitone involution play an essential role.
We define

Definition 3.1. An antitone involution on a poset (P, <) is a unary operation ’ on
P satisfying (i) and (ii) for all z,y € P:
(i) x <y implies ' > v¢/'.

(i) (') = a.

Definition 3.2. A directoid with an antitone involution is an algebra (D, U, ) of
type (2,1) such that (D, L) is a directoid and ’ is an antitone involution on the
corresponding poset.

For directoids with an antitone involution, Lemma 2.3 can be modified as
follows:

All rightsreserved © Bolyai Institute, University of Szeged
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Lemma 3.3. Let D = (D,U,) be a directoid with an antitone involution, x My :=
(' Uy") for all x,y € D and © a binary relation on D satisfying (1)—(iv) for all
x,y,z € D:

(i) (z,y) € © implies (y',2") € O.
(ii) (z,y) € © if and only if (x Ny, zUy) € O.
(i) x <y <z and (z,y), (y,z) € © together imply (z,z) € O.
(iv) <y and (x,y) € © together imply (xUz,yUz),(zMz,zMNy) € O.
Moreover, assume (a,d) € © and b,c € [a,d]. Then (b,c) € ©.

Proof. It is evident that (i) and (iv) together imply that for every x,y,z € D we
have

(v) z <y and (z,y) € © together imply (x M z,yMz),(zUz,zUy) € O.
Since a < b < d, using (iv) and (v), we infer

(b,d) = (aUb,dUDb) € © and (a,b) = (aMb,dMb) € O.
Further, by a < ¢ <d, (v) and (iv), we get
(bNeye)=(bMe,dMe) €© and (¢,bUc) = (ale,blc) € O.

Since bMe < ¢ < bl e we apply (iii) to get (bMe¢,blUc) € © and, by (ii), (b,c) € O.
[

Now we are able to characterize congruences on directoids with an antitone
involution:

Theorem 3.4. If D = (D,U,) is a directoid with an antitone involution and ©
a reflexive and symmetric binary relation on D then © € ConD if and only if ©
satisfies conditions (1)—(iv) of Lemma 3.3 for all z,y,z € D.

Proof. It is straightforward to check that a congruence © satisfies (i)—(iv) of
Lemma 3.3. We want to prove the converse.
We first prove transitivity of ©. Assume (z,y),(y,z) € ©. By (ii) of
Lemma 3.3 we have
(zMNy,zUy),(yMNz,ylz) €O

and, due to (iv) and (v)
(ynz)N(znNy),ynz)=((yNz)N(zNy),(yMz)NzUy) €0
and

(yUz (yUz)U(zUy)) = ((yUz)U(zNy),(yUz)U(xUy)) € O.
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Applying (iii) of Lemma 3.3 twice yields ((yMz)MN(zMNy),(yUz)U(zUy)) € O.
Since x, z € [(yMz)MN(xNy), (yUz)U(xUy)], we apply Lemma 3.3 to get (z,z) € ©.
Hence, © is an equivalence relation on D.

Now we prove the substitution property. By (i) of Lemma 3.3, © has the
substitution property with respect to . Suppose (z,y) € © and z € D. Then, by
(ii) of Lemma 3.3, (xNy,zUy) € © and z,y € [Ny, zUy]. Thus, by Lemma 3.3,
(z,zUy),(y,xUy) € O. According to (iv) of Lemma 3.3,

(xUz,(xUy)Uz2),(yUz (xUy)Uz) € O.

Since © is symmetric and transitive, we conclude (x Ll z,y Ll z) € ©. Analogously,

it can be shown that (z Uz, zUy) € ©. Thus © € ConD.
]

4. Congruences on directoids with sectionally antitone involutions

Directoids with sectionally antitone involutions were used by several authors
(e. g. by R. Halag and L. Plojhar) for introducing algebras axiomatizing certain
propositional logics. Moreover, these structures serve as underlying structures for
so-called effect algebras which are used for an axiomatization of the domain of prob-
abilities of observables in the logic of quantum mechanics. Hence it is important
to study algebraic constructions of these directoids. In particular, we are going to
describe their congruences. We were successful in the case of bounded directoids.

Definition 4.1. A directoid with sectionally antitone involutions is an algebra
(D,U,—, 1) of type (2,2,0) such that (D,U, 1) is a directoid with 1 and for every
a € D there exists an antitone involution ¢ on ([a, 1], <) with (x Uy)Y = 2 — y for
all xz,y € D.

a

Remark 4.2. The unary operation * on [a, 1] is uniquely determined by — since

z* =x — a for all x € [a, 1].

Definition 4.3. The kernel of a congruence © on a directoid (D, U, 1) with 1 is the
class [1]©.

The connection between congruences and their kernels by means of sectional
involutions is described in the following two lemmas.
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Lemma4.4. IfD = (D,U, —,1) is a directoid with sectionally antitone involutions,
© € ConD, a,b € D and b < a then (a,b) € O© if and only if a® € [1]O.

Proof. “=": a*=a—be [b— b0 =[O =[1]0.

“<": (a,b) = ((a®)?,1%) = (a®* — b, 1 — b) € O.
|

Lemma4.5. IfD = (D,U,—,1) is a directoid with sectionally antitone involutions,
© € ConD and a,b € D then (a,b) € © if and only if there exists an element ¢ of
D such that ¢ > a,b and c*,c® € [1]0.

Proof. “=”: We have aUlb > a,b,
(@Ub)® = (alb) > a € [(ala) — al® = [a — a]© = [a°]® = [1]©
and
(@Ub)’ = (alUb) > be [(ala) — a]® = [a — a]® = [a*]© = [1]©.
“<”: We have
(a,0) = (1% () = (1 > a,c” — a) € O
and
(e.b) = ()2, 15) = (" > b,1 > b) €O

and hence (a,b) € ©.
[

Theorem 4.6. If D = (D,U,—,1) is a directoid with sectionally antitone involu-
tions, © € ConD and F := [1]© then for all x,y,z € D, (i)—(v) hold:
(i) x € F, x >y and ¥ € F together imply y € F.
(ii) z > z,y and 2%, 2Y € F together imply (z Uy)*, (zUy)Y € F.
(iil) = <y < z and z¥ € F together imply (y*)*") € F.
(iv) z >y and 2¥ € F together imply that there exist u,v € D with u > xUz,yUz,
v>zUx, 2z Uy and u®?, u¥Y* 0% Y € .
(v) © <y < z and y* € F together imply that there exists an w € D with
u> 2%, 2% and u*) uz’) € F.

Proof. (i) y=1¥=1—>y € [2¥ - y|O =[(2¥)Y]© = [2]© = [1]© = F.
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(i) Since
r=1"=15202">2z=0:) 0 =z2=")=Y>5y01l-sy=1=y
we have
(zUY)*=(xUy) wze|(zlz) 5 z|0=[z—2z]®=[2"]0=[1]0=F
and
(zUy)Y =(zxUy) sye(zlz) > 2]0 =[x — 2|0 =[2"]0 =[1]© = F.
(iii)
(°)E) =y 5P =(y =)= (z—=x)= (1Y = 2) = ((2Y)Y = 2)

=((I=y)=a) = (" =y) = 2)e[((l=y) = 2) = (1 =y =)0
=1 =y =)0 =[1]6 = F.

(iv) (z,y) = (2¥)¥,1¥) = (2¥ — y,1 — y) € O and hence (z U z,y U
2),(zUx,zUy) € O©. According to Lemma 4.5 there exist u,v € D with
uwuz uyuz vzum ,Uzuy c F.

v) (z,y) = (1%, (¥*)*) = (1 — z,y* — z) € O and hence (2%,2Y) = (z —
z,z = y) € O©. Using Lemma 4.5 we conclude that there exists some u € D with
u) u=") € F.

]

We are going to introduce the concept of a filter in order to explain the role
of the kernel of the corresponding congruence.

Definition 4.7. A filter of a directoid (D, U, —, 1) with sectionally antitone invo-
lutions is a subset F' of D containing the element 1 and satisfying (i) — (v) of
Theorem 4.6.

Definition 4.8. For a directoid (D, LU, —,1) with sectionally antitone involutions
and a non-empty subset F' of D we define

Or := {(2,y) € D?*|there exists an element z of D with z > x,y and 2%, 2¥ € F}.

Lemma4.9. IfD = (D,U, —,1) is a directoid with sectionally antitone involutions,
a,b€ D, a>band F is a filter of D then (a,b) € OF if and only if a® € F.

All rightsreserved © Bolyai Institute, University of Szeged
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Proof. “=7: There exists some ¢ € D with ¢ > a,b and ¢* ¢’ € F. By (ii) of
Theorem 4.6 we conclude a® = (a LIb)® € F.
“«<": According to Definition 4.7, a® = 1 € F and hence a?, a® € F showing

(a,b) € Op.
]

Lemma 4.10. If D = (D,U,—,1) is a directoid with sectionally antitone in-
volutions, F is a filter of D and a,b € D then (a,b) € Op if and only if
(a,aUb),(b,alld) € Op.

Proof. “=": There exists an element ¢ of D with ¢ > a,b and ¢%, ¢® € F and, by
(ii) of Theorem 4.6, we have (a Lb)%, (aUb)® € F. Using (iv) of Theorem 4.6 with
x=alUb, y = a and z = a yields the existence of some d € D with d > alUb
and d®* d* € F and, by the definition of O, (a,a Ub) € Op. Analogously,
(b,aUb) € O can be shown.

“«<=": According to the definition of O there exist ¢,d € D with

e,d>aUband ¢, ™, d 4" e F.

By (ii) of Theorem 4.6 we obtain (aLb)%, (aUb)® € F. By the definition of O we
conclude (a,b) € OF.
]
Now we are able to characterize congruences on bounded directoids with sec-
tionally antitone involutions.

Lemma 4.11. Let D = (D,U,—,0,1) be a bounded directoid with sectionally anti-

tone involutions and © a reflexive binary relation on D. Then © € ConD if and

only if D satisfies (i)—(iv) of Theorem 2.4 and for all z,y,z € D, (v) and (vi) hold:
(v) z <z <y and (z,y) € O together imply (x*,y*) € ©.

(vi) x <y <z and (z,y) € © together imply (2%, zY) € O.

Proof. It is straightforward to check that a congruence © satisfies (i)—(iv) of The-
orem 2.4 as well as (v) and (vi). We want to prove the converse.

From Theorem 2.4 it follows that © is a congruence on (D,LU). Assume
(a,b) € © and let c € D.

Then c<alc<(alUc)U(bUec) and (aUe, (ale)U(bUc)) € © and hence

((aue) ((aUc)u(bUe))?) €O
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according to (v). Analogously, it follows ((bU c)¢, ((aUc) U (bU¢))¢) € ©. Now
(@ = c,b—c¢) = ((aUe), (bUc)) € O follows from symmetry and transitivity
of ©.

Moreover, 0 < a < aUb and (a,a Ub) € © and hence (a°,(a LUb)?) € ©
according to (v). Analogously, (b°, (a LUb)?) € ©. Now symmetry and transitivity
of © yields (a®,b) € ©. Moreover, we have (a® Ub°)? < a < cUa and ((a U
b9)% a) € © and hence ((cl_la)(ao'—'bo)o, (cUa)®) € © according to (vi). Analogously,
((cl_lb)(“oubo)o7 (cUb)®) € O©. Finally, we have (a’°Ub°)° < clia < (cUa)U(cUb) and
(cUa, (cUa)U(clib)) € © and hence ((cUa)@")” ((cUa)U(cLUb))@ ")) e ©
according to (v). Analogously, ((cLb)@* ") ((cLa) U (cLb))@)°) € ©. Now
(c— a,c—b)=((cUa)? (cUb)®) € O follows by symmetry and transitivity of ©

completing the proof of the lemma.
]

Theorem 4.12. If D = (D,U,—,0,1) is a bounded directoid with sectionally anti-
tone involutions and F is a filter of D then O € ConD.

Proof. It is evident that © is reflexive and symmetric. According to Lemma 4.11,
we need only check conditions (i)-(iv) of Theorem 2.4 and conditions (v) and (vi)
of Lemma 4.11.

Let a,b,c € D.

(i) holds because of Lemma 4.10.

(ii) If @ < b and (a,b) € Op then by Lemma 4.9 we have b* € F. According
to Theorem 4.6 (iv) there exists an element d of D with d > a U e¢,bUc
and d*¢,d""¢ € Op. By the definition of O it follows (a U c,blic) € Op.
Analogously, (cUa,cUb) € O can be proved.

(iii) If @ < b < ¢ and (a,b), (b,c) € OF then b, c* € F according to Lemma 4.9
and hence (b*)(¢") € I by Theorem 4.6 (iii) whence ¢* € F using Theorem 4.6
(i). This implies (a,c) € O by Lemma 4.9.

(iv) If a,b < ¢ and (a,c), (b,c) € Op then %, c® € F because of Lemma 4.9 and
hence (a,b) € O according to the definition of O p.

(v) If ¢ < a < b and (a,b) € Op then b* € F because of Lemma 4.9 and
hence (a®)®*) € F according to Theorem 4.6 (iii) whence (a¢,b¢) € Op by
Lemma 4.9.

(vi) If a < b < c and (a,b) € Op then b* € F because of Lemma 4.9 and hence
according to Theorem 4.6 (v) there exists an element d of D with d > ¢%, ¢® and
de),d") e F showing (c%, c?) € O completing the proof of the theorem.
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5. Congruences on double directoids

As mentioned in Chapter 3, a directoid having an antitone involution can be
considered as an algebra with two binary operations where the second one is defined
by the first one via the de Morgan laws. However, there exists another approach to
get algebras which are directoids with respect to both basic operations and which
satisfy some absorption laws, but which need not have an antitone involution.
These algebras will be called double directoids. It is worth noticing that they may
differ from so-called A-lattices (cf. [1]) since the fundamental operations need not
be commutative. In fact A-lattices coincide with double directoids both operations
of which are commutative.

For introducing this concept we need the following definition:

Definition 5.1. A meet-directoid is a groupoid (D, M) such that there exists a par-
tial order relation < on D with My < z,y such that x My = min(z,y) in case x
and y are comparable (z,y € D).

Remark 5.2. The relation < is uniquely determined by M since for z,y € D we
have x <y if and only if x My = x.

Analogously to the case of join-directoids, meet-directoids can be character-
ized by equations (cf. [6]):

Lemma 5.3. A groupoid (A,N) is a meet-directoid if and only if it satisfies the
following identities:
(i) zNzx ==z,
(ii) yM(zMy) =z Ny,
(iii) (zMNy)MNz=xzNy,
(iv) (M (yMz)Nz=aM(yMNz).
Now we define our concept of a double directoid:

Definition 5.4. A double directoid is an algebra D = (D,U,N) of type (2,2) such
that (D,U) is a join-directoid, (D,) is a meet-directoid and the absorption laws

NzUy)=(yNz)Ur=2x

hold.
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Remark 5.5. It is easy to see that x Uy = y if and only if z My = z. If this
is the case we write © < y. The ordered pair (D, <) is then a poset which we
call the poset corresponding to (D,U,M). Tt follows that the poset corresponding
to (D,U) coincides with the poset corresponding to (D,MM) and with the poset
corresponding to D.

Now we are able to characterize congruences on double directoids in a similar
way as it was done for lattices by G. Dorfer (cf. [3]).

Theorem 5.6. If D = (D,U,N) is a double directoid and © an equivalence relation
on D then the following are equivalent:
(i) © € ConD
(ii) O satisfies the following conditions for all x,y,z € D:
(1) If z,y are comparable and (x,y) € O then there exists an element u of
[z U 2]O with uw >y Uz and an element v of [z Ux]|O with v > zUy.
(2) If z,y are comparable and (x,y) € O then there exists an element u of
[x M 2]0 with uw <yMz and an element v of [z M x]|O with v < zMNy.
(3) [x]© is a convex subalgebra of D.
(4) x <y and z € [x]© implies that there exists u € [y]O© with z < u.
(5) x <y and z € [y]|O implies that there exists u € [z]O with u < z.
(iii) © satisfies the following conditions for all x,y,z € D:
(6) (z,y) € © implies (z,zUy),(y,zUy) € O.
(7) x <y and (x,y) € O together imply (x U z,yz),(zUz,zUy) € O.
(8) z <y and (z,y) € © together imply (x M z,yMz),(zMNz,zMNy) € O.

Proof. (i)=-(ii):

(1) Put u:=yUzand v:=zUy.

(2) Put u:=yMzandv:=zMNy.

(3) Ify,z € [x]® thenyU z € [z Ux]© = [2]© and y Mz € [z N z]© = [z]O. If,
moreover, u € [y, z] then u = yUwu € [z Uu|O = [2]0 = [2]O.

(4) Put u:=zUuy.

(5) Put u:=zMNax.

(i) = (ii):

(6) follows from (3).

(7) Assume x < y and (z,y) € ©. According to (1) there exists an element u of
[xUz]© with u > yU z and an element v of [y z]© with v > U z. According
to () there exists an element w of [x U 2]© with w < y U 2. This yields
w,u € [xUz]0 and w < yUz < u. From (3) it follows (zUz,yUz) € ©. The
fact (z Uz, 2z Uy) € O follows analogously.

(8) can be proved similarly as (7).
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(iii)=-(i): Assume (x,y) € ©. According to (6) we have (z,zUy) € © and (7)
implies (zUz, (zUy)Uz) € ©. Analogously, (y, zUy), (yUz, (zUy)Uz) € © because of
(6) and (7). Together we obtain (zUz,ylLiz) € ©, Analogously, (zUz, zUy) € © can
be proved. Similarly, (z,zUy), (zMz, (zUy)Mz) € © by (6) and (8). Analogously,
(y,zUy), (yMz,(xUy)Mz) € © by (6) and (8). This yields (zMz,yMz) € ©. The

relation (z Mz, 2My) € O can be proved in an analogous way.
|

Lemma 5.7. Let (D,U,MN) be a double directoid, a,b,c € D, © an equivalence
relation on D satisfying (3) — (5) and assume (a,b) € ©. Then there exists an
element d of [aMc]® and an element e of [a U c]© with b, c € [d, €].

Proof. Because of a ¢ < a there exists an element d of [a M ¢|© such that d < b
according to (5). Thus dM(aMc) < b,c and dM (aMe¢) € [aM¢]O according to (3).
Similarly, because of a < a Ll ¢ there exists an element e of [a U ¢]O such that
b < e according to (4). Thus b,c < el (alc) and el (aUc) € [a U c]O according
to (3).
[
Contrary to the case of lattices, we need two more conditions (1) and (2).
Namely, in [3] it was shown that for a lattice D = (D, L,M), an equivalence relation
© on D satisfying (3) — (5) is already a congruence on D. That this does not hold
in general for double directoids is shown by the following example:

Example 5.8. Let D = (D,U, M) = ({0,u,a,b,c,1},01,M) be the commutative dou-
ble directoid (i.e. A-lattice) with the following Hasse diagram and a Mc¢ := 0 and

bMe:=u:
1

0

Then the equivalence relation on D having {a,b} as its unique non-singleton class
satisfies (3) — (5) and even (1), but not (2) and is therefore not a congruence on D.
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