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INTERPOLATION PROPERTY
ON VISSER’S FORMAL PROPOSITIONAL LOGIC

Abstract

In this paper by using a model-theoretic approach, we prove Craig interpolation
property for Formal Propositional Logic, FPL, Basic propositional logic, BPL
and the uniform left-interpolation property for FPL. We also show that there are
countably infinite extensions of FPL with the uniform interpolation property.

Keywords: Basic propositional logic, formal propositional logic, layered bisimu-
lation, interpolation.

2020 Mathematical Subject Classification: 03F30, 03G25, 03B20.

1. Introduction

A Craig interpolant for formulas ¢(g,p) and (7, 7) where - ¢ — 1, is a
formula x(p) such that F ¢ — x and - x — . The uniform interpola-
tion property is, in a sense, the generalization of the Craig interpolation
property. If instead of two formulas, we restrict the interpolant to one
formula and a subset of its propositional variables (which are to be the
shared variables), we reach a stronger definition: a uniform left-interpolant
for ¢(q,p) with respect to p is a formula x(p) such that for all formulas
Y(p,7) with - ¢ — ¢, x acts as an interpolant for ¢ and 1. The uniform

*Corresponding author.

Presented by: Andrzej Indrzejczak
Received: April 23, 2021
Published online: September 20, 2022

© Copyright by Author(s), Lédz 2022
© Copyright for this edition by Uniwersytet Lédzki, L6dz 2022


https://doi.org/10.18778/0138-0680.2022.18
https://publicationethics.org/
http://orcid.org/0000-0003-2644-5959

298 Majid Alizadeh, Masoud Memarzadeh

right-interpolant is defined analogously. A logic whose formulas have both
uniform left and right-interpolants is said to satisfy the uniform interpola-
tion property.

It is easy to show that classical propositional logic has the uniform
interpolation property. But showing it for intuitionistic propositional logic
is highly nontrivial. This was shown first by using a proof theoretic method
in [6] and then semantically in [5]. A. Visser in [8] established the result
using bisimulation techniques.

The goal of this paper is to establish new interpolation results for Ba-
sic propositional logic BPL and Formal propositional logic, FPL, using
the bisimulation techinque of [8]. BPL and FPL are propositional logics
which correspond with modal logics K4 and GL by the Gdédel transla-
tion, respectively, in the same way that Intuitionistic Propositional Logic
IPL corresponds with modal logic S4. The main difference between IPL
and BPL is that the rule Modus Ponens is weakened in BPL. We show
that FPL satisfies the uniform left-interpolation property. The same ap-
proach with minor differences leads the Craig interpolation property for
Basic propositional logic, BPL. We Also show that there are countably
infinite extensions of FPL with the uniform interpolation property.

The organiztion of the paper is as follows: in the next section we present
an overview of the syntax and semantics of BPL. Basic model theory
for BPL including canonical models and layered bisimulation, which are
a natural generalization of results known for intuitionistic propositional
logic, will be studied in section three. Interpolation properties for formal
propositional logic and some of its extensions will be presented in section
four.

2. Axioms, rules and Kripke models

In this preliminaries section we introduce the most basic concepts and
notations we need related to syntax and semantics of basic propositional
logic, for more details see [7] and [3, 4].

The language for BPL is essentially the same as the language for IPL.
We build formulas in the standard way from propositional variables, or
atoms, using T, 1, A,V,—. Expressions —¢ and ¢ <> ¢ are usual abbrevi-
ations for ¢ — L and (¢ — ) A (¢ — ¢), respectively.
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We assume that p, g,r, ... range over propositional variables, ¢, 9, x, ...
range over arbitrary formulas, and p, ¢, 7, . . . range over finite sets of propo-
sitional variables. For p and ¢, we abbreviate pUq by p, §. PV(¢) is the set
of propositional variables in ¢. Sub(¢) is the set of subformulas of ¢. For
a set of propositional variables P, L(P) denotes the set of those formulas
which only contains propositional variables from P. There are different
axiomatizations for BPL. The natural deduction system for BPL was
first introduced by A. Visser in [7]. We choose axiomatization method
which was introduced in [3]. A sequent is simply an expression of the form
¢ = 1, where ¢ and ¢ are formulae. We write ¢ < 1 as short for ¢ = ¢
and ¢ = ¢.

In the rules below, a single horizontal line means that if the sequents
above the line are included, then so are the ones below the line. A double
line means the same, but in both directions.

Table 1. Sequent calculus of BPL

¢=¢ ¢p=T L=9¢ AV O)= (pAY)V(pA0)

o=y vy=0 ¢=% 60 =9 =9 dAY =0
o=10 o= N0 oVl =1Y o= —0

(=AW —=0)=0—0
(= V)N(d—=0) =00
(@=)AN0O =)= oVI—y

A sequent theory is a set of sequents that includes the sequent axioms
and is closed under the closure rules, as given in table 1. A sequent theory
3 is consistent if T = 1L & 3. A theory T' is schematic if I' - ¢ = @
implies I' - 7¢ = 79 for all substitutions 7. A basic intermediate logic
is a consistent schematic sequent theory. The intuitionistic propositional
logic, IPL, is BPL plus the sequent schema T — ¢ = ¢, and the Formal
Propositional logic, FPL, is the extension of BPL by the L&b’s axiom
schema, (T — @) = ¢ = T — @, or equivalently, by Lob’s rule:

ONT =)=

o=
The theories BPL, IPL, CPL and FPL are all basic intermediate logics.
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Sequents T = ¢ are often identified with formulas ¢. Given a sequent
theory ¥ we define F(X) as {¢ | T = ¢ € £}. A formula theory (or
simply a theory) is a set of formulas of the form F(X). The formula theory
is consistent if 3 is consistent or, equivalently, if | is not an element of
the formula theory. Let ¥ U {¢ = ¥} be a set of sequents. We say that
the ¢ = 1 is provable from the 3 in the logic BPL and we denoted it by
Y FppL ¢ = v, when the sequent ¢ = ¢ is provable in the sequent calculus
BPL augmented by ¢; = ; for all ¢; = ¢; € 3. When X is empty we
simply write - ¢ = 1. Also, we use X I ¢ instead of X F T = ¢.

PROPOSITION 2.1 ([3]). Let ¥ be a sequent theory. Then:

1. (Functional Completeness) X U {¢} F ¢ = 6 if and only if ¥ F
¢ NP = 0.

2. (Formalization) X U {¢1 = ¥1,....,0n = ¥n} F ¢o = 1o implies
Zl_((bl —>7/)1)/\---/\(¢n—>¢n):>¢0—>1/)o~

3 is called a faithful theory if the converse of Proposition 2.1.2, also
holds. IPL and all of its extensions including Classical Propositional Logic,
CPL, and BPL, FPL are examples of faithful theories.

Define the relation < on all theories by I' < A if and only if for all
¢,1 € L(P) such that both I' - ¢ — ¢ and A - ¢, we have A 1.

PROPOSITION 2.2. The relation < is transitive, and I' < A implies I' C A.

PROOF: We first prove the second claim. Suppose I' < A. If ¢ € T, then
I' ¢ which implies, by above Formalization theorem, that ' - T — ¢
and thus A - ¢. Hence ¢ € A. So I"' C A. For transitivity, suppose that
I' < A < A’ are such that T' - ¢ — ¢ and A’ ¢, for any ¢,¢ € L(P).
Then T CAF ¢ — 9, so A’ . Therefore I' < A/, O

Moving on to the samantics of BPL, a Kripke frame F is a pair (W, <)
where W is a non-empty set and < is a transitive binary relation on W.
The reflexive closure of < is denoted by <. Also, for k, k' €¢ W, k' = k
means that k < k’.

A Kripke model based on Kripke frame F is a triple M = (W, <,V)
where F = (W, <) and the function V assigns to each atoms p of the
language of BPL a subset V(p) C W which is upward closed, that is, if
ke V(p) and k < k', then k' € V(p).
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Given a Kripke model M = (W, <, V), the notion of a formula ¢ being
true at a point k € W, written M, k I ¢ or k IF ¢ for short, is like in IPL.
We extend I to all sequents. For any sequent ¢ = 1, it is defined by

klF¢ =1 if and only if for all k' =k, k' I ¢ implies k' I ).

A trivial induction on the complexity of formulas yields that, & I+ ¢ and
k < k' implies k¥’ I+ ¢. So, k IF ¢ if and only if k IF T = ¢. A sequent
¢ = 1 is true in a Kripke model M, written M I+ ¢ = 1, if and only if for
all k e W, k IF ¢ = 1. We often write M IF ¢ as short for M I T = ¢.
¢ = 1 is wvalid on a Kripke frame F, F |- ¢ = 4, iff ¢ = 9 is true on
every Kripke model based on F. Let C be a class of Kripke frames, ¢ = v
is C-valid, C IF ¢ = 1, iff ¢ = 9 is valid on every Kripke frame in C.

For a set I' of sequents, M I I' means that M I+ ¢ = ¢, for all
¢ = € T'. For a set of sequents I' U {¢ = ¢}, the notation I' IF ¢ = ¢
means that for any Kripke model M, if M IF T", then M I+ ¢.

In the sequel we show a Kripke model by its forcing relation. For k € W,
we call M = (W, <,IF k) pointed and it is called rooted, with root k, if
and only if K < &/, for all ¥’ € W. Also it is called a tree Kripke model
if and only if (W, <) is a tree. We denote the class of all models, pointed
models and rooted models by Mod, Pmod and Rmod, respectively. We
denote W by M when clear from the context. We write M(p) for the
result of restricting V' to p.

If M = (W, <,IF) is a Kripke model and w a world of M, the submodel
of M generated by w is the Kripke model M[w] := M’ = (W(w], <',IH)
where W(w] = {z € W|w < z}, and <’ and I are restrictions of < and I+
to Wiw].

Here we stick to the following characterization of BPL and FPL models
throughout the paper.

THEOREM 2.3 ([3]). BPL and FPL are sound and complete for the class
of all irreflexive Kripke models and all conversely well-founded irreflexive
Kripke models, respectively.

The depth of a node k € W is defined inductively by
d(k) .= sup{d(k') + 1 | kK" < k}, where sup(() =0,
and the depth of a model M is defined as
d(M) :=sup{d(k) | k € W}.
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We notice that d(M) = oo is possible. We define inductively ("¢ by
0% := ¢, O¢ := T — ¢ and 0" ¢ := OO"¢, for n € w. The following
extensions of BPL were introduced in [3]

e F, . =BPL+0"1, forn € w,
e FPL, :=BPL+ L, where L, := (0L — 1) —>0OL.

One can see that BPL proves L, < T — L, so FPL, is faithful.
Given a Kripke frame (W, <), a world e € W is called an end-node if it
is maximal with respect to <. A Kripke frame (K, <) with end-nodes is
a Kripke frame such that for every w € K there is some end-node e € W
with w < e.

PROPOSITION 2.4 ([3]).

1. FPL, is sound and complete with respect to the class of all irreflexive
Kripke frames with end-nodes,

2. For every n > 1, the logic F,, is strongly complete with respect to the
class of all irreflexive Kripke models with depth not greater than n.

3. Basic model theory

In this section, first we briefly review the notion of Henkin construction for
basic propositional logic. The results we report on the Henkin model can
be found in [4]. However, for the sake of entirety and because of phrasing
the results in terms of saturated sets of formulas instead of prime sequent
theories and also new relations between saturated sets compare to [4], we
decided to present them in full proofs. After which, we recall the notion
of bisimulation (and in general, layered bisimulation) between two models.
For convenience in our context, this notion has been slightly modified, i.e.,
the zig and zag conditions hold strictly. In the sequel we need to extend
the set of all natural numbers w with an extra top element co. Let w®™
be w U {00} which is equipped with the obvious natural ordering <. We
extend addition by, co+a = a4+ 00 = 0o and co —n = co. We let n range
over w, and a range over w™.

We start by the following lemma which can be proved by induction on
the complexity of formulas and distributivity axiom of BPL.
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LEMMA 3.1. Let ¢ € L(P) be a formula. Then it can be written, modulo
BPL provability, as \/; \; ¢ij where ¢i; is an atom in P, T, L or an
implication.

We call \/; A\; ¢ij the disjunctive normal form of .

A set X C L(P) is called P-adequate if P C X and X is closed under
subformulas. We say that a consistent set I' C X is X-saturated if it is
X -deductively closed and X -prime, i.e.,

o ' ¢ and ¢ € X implies ¢ € T,
e 'FoVviyand pVip € X impliessI'F ¢ or I' 1.

We say that a consistent set I' is prime exactly when it is £(P)-prime.
Given the P-adequate set X, let Hx be the collection of all X-saturated
sets. The Kripe model Hx := (Hx, <,IF) where for every I' € Hx and
every propositional variable p € P, I' IF p if and only if p € T is called
canonical model over P with respect to X.

PROPOSITION 3.2. Let X be a P-adequate set. For any formula ¢ € X
and any I' € Hy, Hx,I' F ¢ if and only if ' I- ¢.

PROOF: We complete the proof by induction on the complexity of ¢. We
consider the interesting case where ¢ = ¢ — 6. Let I' F v — 6 and
A € Hx be such that I' < A and A I 9. By induction hypothesis A - v
and because of I' < A and I' - ¢ — 6 we have A ¢ = 6 and hence A + 6.
First, applying induction hypothesis gives A I+ 0. And thus ' IF ¢ — 6.
Conversely, suppose that T' ¥ ¢ — 6. Put 'y = {n € X | T F ¢ — n}.
First, we notice that I'y is X-deductively closed. Suppose that I'y F «,
for @« € X. Then there exist formulas 7, - ,7; such that ny,---n; - a.
Putn =m A---An;. Hence, I' - ¢ — n and F n — « which implies
that I' = 9 — a. Then o € I'y,. Next, we show that I' < I'y,. Suppose
that I' H @« — B and I'y - a. Then I' F ¥ — o which implies, by
transitivity, that I' - ¢ — 3. Therefore, I'y, = 3. Note that, I'y, ¥ 0. Now,
Assume that ¥ = {A | A is a X- deductively closed set of formulas with
AF¢Y,AF0and I' < A}. ¥ is nonempty, since I'y, € 3. (X, C) satisfies
the chain condition for Zorn’s lemma. For, suppose that {A;};cr is a chain
of elements of ¥ then, one can see that |JA; is X deductively closed set,
UA; F ¢ and |JA; ¥ 6. We only show that I' < [JA;. So, suppose that
'+ — ¢ and JA; F . Then there exists a j such that A; = v which
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implies that A; -, since I' < A;. Hence, I' < [ JA;. Let A be a maximal
element of ¥. A is X-saturated. To see that, we need to show that it is
X-prime. Assume V3 € X is such that A+ aV 3, AF¥F o and A ¥ 5. But
' <A<Tan:={n|TFdNa—n, forsomed e A} and ' < A <T'prp,
then by maximality of A we obtain I'a o F 6 and I'a g I 6 which implies
that T F aAd; — @ and ' F B A dy — 6, for some §1,00 € A. Then
T (aAd)V(BAS) — 0. But A (aAdy) V(B Ad), then A+ 6 which
is a contradiction. Hence, we have I' < A and A ¥ 6. Then, by induction
hypothesis, I' < Ak, and AW 0. SoT' ¥ ¢ — 6. O

DEFINITION 3.3. Let IC be a set of disjoint pointed models for a X-saturated
set A. We define Glue(Hx[A], K) as follows:

o Glue(Hx[A],K) := (Hx[A] U (U, K;) U {m}, <), where m is a new
distinct point, (K;, <;,IF;, k;)’s are mutually disjoint pointed models
in IC and < is defined by:

= = =ilkik) Y <8x Hy(A]
U {(m,y) :yEUK \ {ki} UHX[A]\ {A}},

e m |- p exactly when p € A.

We would like to notice that in the model Glue(Hx[A],K), m is ir-
reflexive and m A k; and m A A unless k; <; k; and A <, (o] A.

LEMMA 3.4. Let K be a class of pointed models for a X -saturated set A
and ¢ € X. Then Glue(Hx[A],K),m |+ ¢ exactly when ¢ € A.

PRroOF: For atoms the claim is clear. From the construction, conjunction
and disjunction are easy due to X-saturatedness of A. For implication
suppose that ¢ = ¢ — 7. If v — v € A and m < [, then [ must be in
one of the models K;[k;] \ {k;} or Hx[A]\ {A}. If | € K;[k;] \ {k;} then,
since K;[k;] \ {k:;} is a model of A we have [ IF ¢) = v which implies that
m I — 7. The case | € Hx[A] \ {A} is obvious.

Conversely, suppose that m I+ ¢ — ~. Then for any [ € Hx[A] \ {A}
we have [ IF ¢ = ~ which implies that A |- 1) — «. But since ¢ — v € X
we have ¢ — v € A. O
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THEOREM 3.5. Let X be a P-adequate and A be X -saturated. Then A is
prime.

PROOF: Suppose that A F ¢ V ¢, for ¢ and ¢ € L(P). Since X is P-
adquate, ¢ and ¢ have disjunctive normal forms: ¢ = \/, A ; @iy and ¢ =
V.. A ¥rs, where ¢ij,1,s € X or they are in implication form. We will
show that there exist ¢ or r such that A /\j ¢ij or A A . It is clear
that it shows that either A+ ¢ or A F 1.

Assume, for any ¢ and r, that A A; ¢;; and A¥ A 1p,s. Then there
exist (K, k;) and (L,,l,) such that (K;, k;) IF A, (K, ki) ¥ /\j ¢;; and
(L, 1) I A, (Lyy 1) ¥ A\ rs. By Lemma 3.4 we have Glue(H x [A], { K; }U
{L.;}),mIF A. Therefore m I ¢ V ¢, since A F ¢V 1. Hence, there exist i
or r such that m I+ /\j ¢ij or m - A s, Assume m |- /\j ¢ij, the other
case is similar. Since (K, k;) ¥ /\j ¢ij, there are two cases: If ¢;; is an
atom then by Lemma 3.4 since m IF ¢;; and P C X we have ¢;; € A and
since (K, k;) IF A we would have (K, k;) I+ ¢;; which is a contradiction.
If ¢;; = 6 — v, for some § and . In this case, since m IF § — ~, then for
any [ > k; we have [ I § — ~ which implies that (K, k;) IF § — v which is
impossible. O

Remark 3.6. We notice that Henkin models can be constructed similarly
for FPL. Although H is not an FPL-model in this case, what we want
from H in our proof of Lemma 4.8 is for it to be transitive, which it trivially
is.

DEFINITION 3.7. We define the complexity measure i(¢) of a formula ¢
recursively as follows:

1. i(p) = 0, for each propositional variable p;
2.4(T) = i(L) = 0;

3. i(p A1) = i(o V1) := max{i(¢),i(¥)};

4. i(¢ = ) = max{i(¢),i(¢)} + 1.

We define B, (P) := {¢ € L(P) | i(¢) < n} and B (P) := L(P). By
induction on n we may prove the following fact:

Fact 3.8. B, (p) is finite modulo BPL-provable equivalence.

By the above fact, we assume that B,,(p) is finite from now on.
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DEFINITION 3.9. Let M = (W, <,IF) be any Kripke model. For each X C
L(P), m € W and n € w, we define:

1. Thx(m) ={¢ € X | mI- ¢};

2. Th (m) = {¢ € Bu(P) | m |- ¢};

3. Thx({M,m)) := Thx(m) and Th(m) := Thzp)(m);

5. Np(m) := Ny (D) := V{¢ € B,(P) | m ¥ ¢}.

FacT 3.10. Y, m(P) is a prime formula.

PRrROOF: We first note, by definition, that B, (p) is closed under subformu-
las. Next, we show that Y, ,,(p) is an B, (p)-saturated. Suppose that ¢ €
B, (p) and that Y,, ,,,(p) F ¢. Then m |= ¢ which implies that ¢ € Yy, ., (D).
For B, (p)-primness suppose that ¢V € B, (p) and Y, ,(P) F #V 1. Then

m = ¢ V ¢ which implies that m }= ¢ or m = 9. Hence, ¢ € Y, n(P) or
¥ € Yy m (D). Therefore, by Theorem 3.5, Y, n,(p) is prime. O

Let M = (W, <,IF) and M’ = (W', <’,IF), be any two P-models. We
say arelation Z C W xw™ xW' is a layered P-bisimulation (I-bisimulation)
between M and M if it satisfies the following three conditions:

1. (w,a,w") € Z implies w Ik p if and only if w’ IF p, for all atome

peP;

2. (w,a+ 1L,w') € Z and w < z implies (w',a,2’) € Z, for some

a:,/ >_/ w/,

3. (w,a+1,w') € Z and w' <’ 2’ implies (z, a, ") € Z, for some = > w.
We call (2) the zigqyi-property and (3) zage41- property. If a = oo,
we simply call them the zig- and the zag-property. We write wZ,w’ for
(w,a,w’) € Z and wZw’ for wZ,,w'. To clarify the definition in the case
of o = 0o, we rewrite clauses of the above definition, as follows:

1. (w,00,w’) € Z implies w IF p if and only if w’ I+ p, for all atome

peP;

2. (w,00,w') € Z and w < x implies (w’, 00, 2’) € Z, for some z’ =" w';

3. (w,00,w') € Z and w' <’ 2’ implies (z,00,2’) € Z, for some x > w.
A binary relation Z between M and M’ is a bisimulation between M and
N exactly when {(w, co,w’) | wZw'} is an [-bisimulation.
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We say I-bisimulation Z is downward closed if for any (w,n,w’) €
W xwx W, (w,n,w') € Z implies that (w,m,w’) € Z, for all m < n.
Let PVm(w) := {p € P : M,w Ik p}, we define wZ_ow’ exactly when
PVam(w) € PV (w'); and wZ< 41w exactly when PV (w) € PV (w')
and for all ' =" w’ there exists z = w with zZ,2’.

We notice that since the set of all [-bisimulations between two mod-
els M and M’ are closed under union, then there is always a maximal
[-bisimulation, :MvM/, which is also downward closed. We will often drop
the superscript of ~™MM' In case of @ = oo, we will drop the sub-
script of ~MM’ (if no confusion is possible). Z, is full if it is both to-
tal and surjective as a relation between M and M’. We say that M and
M’ a-bisimualte (bisimualte), or M ~, M’ (M ~ M) if there is a full
a- bisimulation (bisimulation) between them. Z : M ~, M’ means that
Z is a full a-bisimulation witnessing that M ~, M’. For a set of proposi-
tional variables @, M ~, ¢ M’ means that M and M’ a-bisimulate with
respect to the variables in Q. Note that for rooted models M and M’ we
have M ~, M’ if and only if rv ~¢ 7M.

We say that w € W and w’ € W' are a-equivalent, written w =, w’,
exactly when Th, (w) = Th,(w’). We notice that for o = oo, w and w’ are
a-equivalent if Th(w) = Th(w’).

THEOREM 3.11. Let M = (W, <,IF) and M’ = (W', <',IF') be any Kripke
models, w € W,w' € W' and o € w™®. Then wZ,w' implies w =, w'.

PrOOF: The proof is by induction on the complexity of formulas. We only
check the case of implication. So suppose that ¢ = v — . Suppose
w W v — 1. Then for some z > w, z IF v and = ¥ 1. Notice that
v,% € Bqa—1(P). Moreover, since wZ,w’, then there is 2’ >’ w’ such that
zZ,_17'. Hence, by induction, we get 2’ I v and =’ ¥’ 1. Therefore, w’ ¥
v — 1. By a similar argument, we can prove the reverse implication. [
THEOREM 3.12. Let M = (W, <,lF) and M’ = (W', <",IF) be any two
Kripke models. For any w € W,w' € W' and n € w, the following are
equivalent:

1. Th” (w) € Th? (w');

2. There exists a layered P- bisimulation Z between M and M’ such

that wZ_,w';

3. There exists a downward closed layered P- bisimulation Z between M
and M’ such that wZ_,w'.
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PROOF: (2 = 1): We prove that for all m € w,x € W and 2’ € W', if there
exists a layered P-bisimulation Z between M and M’ such that 2,2/,
then Thz(aj) - ThZ(w’).

Let m = 0, then the set By(P) is a set of implication-free formulas. By
the assumption PV (z) € PV (2'), so if ¢ = p is a propositional variable,
then we have our result. The cases for conjunction and disjunction can be
done by induction. Now, Suppose that the statement holds for m > 0,
and that there exists a layered P-bisimulation Z between M and M’ such
that £Z<,,+17'. By induction on the complexity of given ¢ € B,,11(P)
we prove, x I ¢ implies 2’ IF' ¢. We only check that for ¢ := v — .
We notice that 7,9 € B,,(P). Suppose that ' ¥/ v — 1) then for some
y ="',y I v and ' W . Since xZ-,,412', there is a y = x, such that
yZmy'. Then, by induction and Theorem 3.11, y IF v and y ¥ . That
means x ¥’ v — 1 which is a contradiction.

(1 = 3): We prove that for all m € w,z € W and 2’ € W', if Th” (z) C
Th” ('), then there exists a layered P- bisimulation Z between M and M’
with wZ_,,w'.

For m = 0, put £ = () which is obviously downward closed. Now assume
that the statement holds for m > 0. Suppose Thﬁﬂ(x) - Thzﬂ(w’).
Define a relation Z on W x w x W’ as:

wZ;w' if and only if Th! (w) = Th? (w').

Clearly, Z;’s are persistent over atoms. We only show the zig property,
suppose wZ;w’ and w < y. We want to show that there is 3y’ =" w’ such
that yZ;_1y’. Define ¢(y) := Y,_1(y) — N;—1(y). We have w ¥ ¢(y)
and since ¢(y) € B;(P), w’ ¥ ¢(y). Therefore, for some y’ =" w’ we have
v IFY;-1(y), but v ¥ N;_1(y). Hence yZ;_1y’. It remains to show that
X Z<m+12’. So assume that k' =" 2/, then o’ ¥ ¢(k’). Thus by assumption
we have z ¥ ¢(k') which implies that for some k > x, k I Y, (k") and k ¥
N,.(k"). Hence, kZ,,k’. Obviously, Z is a downward closed I-bisimulation.

3 = 2): Obvious. O
( )

4. Interpolation

In this section, we prove the lifting theorem which helps us in establishing
the Craig interpolation property. After which, we prove the amalgamation
lemma for FPL which results in its uniform left-interpolation property.
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The proofs are highly influenced by that of similar theorems in [8]. In this
section all models are irreflexive unless explicitly mentioned.

THEOREM 4.1 (Lifting). Let M = (W, <,IF) be a ¢,p-model and M' =
(W', <" IF) be a p, 7~ model with M(p) ~, M'(p). Then there exists q, p, -
model M = (W", <" ") such that M(q, §) ~a M"(Z,7) and M/ (7,7) ~a
M (7,7).

PROOF: Let Z : M(p) ~, M'(p). Define ¢, p, 7model M" as follows:
o W":={(w,w) | (w,B,w) € Z for some S};
o (w,w") <" (v,v") exactly when w < v and w’ <’ v';
o (w,w) IF" s exactly when w IF s or w' IH s.

It’s easy to see that for s € ¢, p'we have (w,w’) I’ s exactly when w I s
and for s € p,7 we have (w,w’) I s exactly when w’ I s. Next, define
Z' by wZ(w,w') if wZ;w’ and 2" by w' Z]'(w,w’) if wZ;w'. It’s easy to
see that Z': M(q, p) ~o M"(q,p) and Z" : M'(p,7) ~, M" (p, 7). O

COROLLARY 4.2. Let M be a ¢,p-model and M’ be a p,r-model with
M() ~,, M'(7). Then there exists ¢, 7, "model M” such that Th{Z?) (M) =
Th{%P) (M") and ThP"™(M’) = Th{P™ (M").

By the lifting lemma we are ready to prove the Craig interpolation
property for BPL. The Craig interpolation property for BPL was proved
in [4]. The proof of the Craig interpolation property for FPL, FPL |,
EBPL and F,,, for n € w are new.

We say a class C of Kripke models has the lifting property if for all
models M and M’ in C, the constructed model M” in the lifting lemma is
also in C.

THEOREM 4.3 (Craig Interpolation). Let L be a logic over BPL which is
sound and complete with respect to a class C having lifting property. Then
L satisfies the Craig interpolation property.

PROOF: Suppose that ¢ € B,,(7,p) and ¢ € B, (p, ) are such that L +
¢ — 1. We show that ¥} (p) :== V{x € Bx(p) | L+ x — ¢} is their Craig
interpolant, where k := max(m,n).

Clearly L - ¢3(p) — ¢. If L ¥ ¢ — ¢} (p), there exists a ¢, p-pointed
model (M, w) such that w I- ¢ but w ¥ ¢} (p). Let Y := Yg ,,((p)) and
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N := N,(f) (w). For contradiction, suppose Y = N V ). Note that by Fact
3.10, Y is prime. SoY F Nor Y F ¢. Since Y ¥ N, it follows that Y I ¢ and
hence by definition of ¢} () we have Y F ¢} (p) which is a contradiction,
since w ¥ ¥(p). So Y ¥ NV 1. Then there exists ¢, -pointed model
(M’,w’) such that w’ I Y but w’ ¥ NV . Now, by Theorem 3.12, we
have M/(p) ~; M(p). Then, by Corollary 4.2, there exists p, g, -model
M” such that Thi"? (M) = Th{%?(M”) and Th”" (M) = Th{"" (M),
In particular, M"” I ¢ and M"” JF ¢ which is a contradiction. Therefore,
L6 — ¥1(7). O

COROLLARY 4.4. BPL, FPL, and F,,, for n € w, have the Craig interpo-
lation property.

ProoFr: For BPL it is trivial. For FPL, note that in the lifting lemma,
when M and M’ are conversely well-founded, so will be the constructed
model M”. Also, when M and M’ have depth at most n, then M" also
has depth at most n. O

The following logic is another interesting extension of BPL which be-
haves very similar to IPL [2].

EBPL=BPL+ T = 1= 1.

It was proved in [2, Corollary 3.9] that the logic EBPL is sound and
complete for the class of finite models with reflexive leaves. Obviously this
class of models has the lifting property. Therefore we have the following
corollary.

COROLLARY 4.5. The logic EBPL has the Craig interpolation property.

We say a formulas ¢ is constant if V(¢) = (). In the following theorem we
show that every faithful extension of basic propositional logic with constant
formulas preserves Craig interpolation property.

THEOREM 4.6. Let X be a set of constant fourmulas. If a logic L has the
Craig interpolation property and L + X s faithful, then L + X also has
Craig interpolation property.

PROOF: Suppose that L has the Craig interpolation property. Let L+ X +
¢ — . Then by faithfulness we have L + X F ¢ = ¢. Then there are
constant formulas 61, --- , 0, in X such that in L we have 6,--- ,0, - ¢ =



Interpolation Property on Visser’s Formal Propositional Logic 311

dx ~2dx (m’)

A m n

Il
IA
IA

P x ; ~2dx (m’)+1 ,

A m

Figure 1. Witnessing triple

. Put § = A 6;, then by Proposition 2.1 we have L - 6 A ¢ = 1 which
implies that L - 8 A ¢ — 1. Now by interpolation property of L, there
is a formula n in V(¢) N V(¥) such that L 0 A ¢ — nand L Fn — 1.
Hence,by faithfulness, L+ X F¢ - npand L+ X Fn — . O

COROLLARY 4.7. FPL has the Craig interpolation property.

The proof of the next lemma is similar to the one used in [8] for IPL.
However, to show that this proof -especially claim 2- does not work for BPL
but does work for FPL, the details have been provided. In the following
lemma, all models are conversely well-founded, i.e., FPL- models.

LEMMA 4.8 (Amalgamation). Consider disjoint sets q,p and 7. Let X C
L(7,P) be a finite P-adequate set. Let (M, wq) € Pmod(q,p), (M',w}) €
Pmod(p, 7). Let:

v:=1|{¢ € X | ¢ is a propositional variable or an implicational formula}|.

Suppose that wo ~9,11 5 wj. Then there exists a §,p,7-model (M", w()
such that wi ~z 7 wj and Thx (wy) = Thx (wo).

PROOF: Let Z be a downwards closed witness of wg ~9,41 5 wy. Define
Oy : M — Hx by Ox(w) := A(w) :={¢ € X | w - ¢}. Define further
for w € M: dx(w) = du, (A(w)). Note that dx (w) < v.

Consider a pair (A, n) for A in H and n in M’. We say that m’, m,n’
is a witnessing triple for (A, n) if:

A= A(m) = A(m/); m/ j man/ jl n, m/Zde(m’)-‘rln/v mZde(m’)n~
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The requested model M” is defined as follows:
o W' ={(A,n) | there is a witnessing triple for(A,n)},
o wy = (A(wo), wp),
o (An) <" (I',n') exactly when A <T" and n <’ n/,
o (A n)lFs exactly when AlFsor nl-s.

Note that by assumption wyZs, 11w} and the fact that 2dx (wg) + 1 <
2v + 1 we have woZaq (wo)+1Wo- SO, Wo, Wo, wy is a witnessing triple for
w(. Let m',m,n’ be a witnessing triple for (A, n). For p € N X we have
A IF pif and only if m I p if and only if n IF p, and hence (A, n) I p if and
only if A IF p if and only if n IF p. Also, note that M" is an FPL-model.
The following claims prove the lemma.

Claim 1. w{ ~ 7w,
Claim 2. For ¢ € X, (A,n) IF ¢ exactly when ¢ € A.

Proof of Claim 1: For B defined by (A, n)Bn, by a same argument as [8],
we show that it is a bisimulation. Clearly Thy#((A,n)) = Thzz(n). We
only check the zag-property of B. Suppose (A, n)Bn < m. We are looking
for a pair (I',m) such that A < T. Let k', k,n’ be a witnessing triple for
(A,n). Since k' ~oqy (k)41 7' =X m, there is a h such that h < &' and
h ~9dy @y m. Put, I' := A(h). We need a witnessing triple &, k*, n"* for
(Dym). I T = A, then put: k™ := k' k* := h,n"™ :=n’, see figure 2.

If T # A, then put: k™ := h,k* := h,n”* := m. We notice that since
k' < h,then A = A(k") < T which implies that dx (h) < dx(k’). Therefore,
2dx (h) +1 < 2x(K'), s0 h ~a4y (k)41 m which implies that h ~oq, 1y m,
because Z is downward close. Clearly wg Buwy.

Proof of Claim 2: We proceed by induction on the complexity of a formula
¢ € X. The cases of atoms, conjuntctions and disjunctions are trivial.
Consider ¢ — 1 € X and the node (A, m) with witnessing triple k", k, m’.
Suppose ¢ — ¢ ¢ A. Since A = Th(k), then k ¥ ¢ — 1. So, there is an
h = k with h I ¢ and h ¥ . Let h, by conversely well-foundedness of
M, be a maximal in M with A = k, h IF ¢ and h ¥ ¥. By maximality, we
find h I ¢ — ¢. Let T := A(h). Since ¢ — ¢ ¢ A and ¢ — ¢ € T, we
find A < T, which implies that dx (k') > 1. Since kZy4, ym and k < h,
there is an n = m with hZ54, (,y—1n. Therefore hZ54, (ny41n. So we can
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Figure 2.

take h, h,n to witness (I',n). Clearly (A, m) <" (I',n). By the induction
hypothesis, (I',n) I ¢ while (I',n) ¥ ¥, i.e., (A, n) ¥ ¢ — 1.

The other half of the argument, i.e., that ¢ — ¥ € A implies (A, n) IF
¢ — 1, is easy. O

DEFINITION 4.9. Let ¢(q,p) be a formula.

1. A uniform left-interpolant for ¢(g, p) with respect to p'is a formula
X(p) such that for all formulas ¥ (p,7) with F ¢ — ¢, x acts as an
interpolant for ¢ and .

2. A uniform right-interpolant for ¢(g, p) with respect to 7'is a formula
X(p) such that for all formulas ¥(p,7) with F ¢ — 1, x acts as an
interpolant for ¢ and .

3. A logic whose formulas have both uniform left and right-interpolants
is said to satisfy the uniform interpolation property.

Although the Amalgamation lemma is held for FPL models, unlike in
intuitionistic logic, we can only prove the uniform left-interpolation prop-
erty.

THEOREM 4.10. FPL has the uniform left-interpolation property.
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ProOF: Note that by the Amalgamation lemma, in proof of Craig inter-
polation for FPL we can let X := sub(¢), and by defining v as before, we
find that ¢3,,, works as Craig interpolant for any given ¢ satisfying the
conditions. Therefore, ¢35, is the uniform left-interpolant for ¢. U

In the remainder of this section, we prove the uniform interpolation for
some extensions of FPL. As a matter of fact, we show that countably
infinite of such extensions exist.

A logic L is said to be locally tabular if for any finite set P of proposi-
tional variables, there are only finitely many formulas built from variables
in P up to L-provable equivalence.

THEOREM 4.11. If L is a locally tabular logic over BPL and has the Craig
interpolation property, then L has the uniform interpolation property.

PRrROOF: Consider a formula ¢(q,p). Let ¥ = {¢(p,7) | L+ ¢ — ¢}.
Consider an effective counting of members of ¥ as y,%s,--- ,%,. By
Craig interpolation, for every i we can find y;(p) such that L F x; — ¢
and L - ¢; — x;. Now,\/ x; works as the uniform left-interpolant of ¢ for

all ¥y,.

For the uniform right-interpolant, let ¥ = {¢(p,7) | L+ ¢ — ¢}. We
can, by locally tabularity, find an effective counting of members of ¥ as
Y1,%9, -+ ,1,. By Craig interpolation, for every ¢ we can find x;(p) such
that L+ ¢ — x; and L F x; — ;. Therefore A x; works as the uniform
right-interpolant of ¢ for all 1,. O

The following theorem was proved algebraically in [1, Theorem 2.12].
THEOREM 4.12. For every n € w, the logic ¥,, is locally tabular.

COROLLARY 4.13. The logic F,,, for n € w, have the uniform interpolation
property.
ProoF: Apply Corollary 4.4, Theorem 4.11 and Theorem 4.12. O

We close this paper with the following problem.

Problem. Do BPL, FPL, FPL, and EBPL have the uniform interpo-
lation property?
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FIRST-ORDER MODAL SEMANTICS
AND EXISTENCE PREDICATE

Abstract

In the article we study the existence predicate ¢ in the context of semantics for
first-order modal logic. For a formula ¢ we define p°—the so called existence
relativization. We point to a gap in the work of Fitting and Mendelsohn [1]
concerning the relationship between the truth of ¢ and ¢° in classes of varying-
and constant-domain models. We introduce operations on models which allow
us to fill the gap and provide a more general perspective on the issue. As a
result we obtain a series of theorems describing the logical connection between
the notion of truth of a formula with the existence predicate in constant-domain
models and the notion of truth of a formula without the existence predicate in
varying-domain models.

Keywords: First-order modal logic, constant-domain model, varying-domain mo-
del, existence predicate.

Introduction

Semantic theory for first-order modal logic makes use of two philosophi-
cally important notions of varying- and constant-domain models which may
shape the discussion about the role of existence predicate in modal logic
and the meaning of quantifying over non-existing entities. Models with
constant domains correspond to quantifying over merely-possible objects
in addition to actually existent entities, while models with varying domains
are in consonance with the actualistic interpretation of the quantifier, re-
straining quantification to that what actually exists. Relationship between
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the two approaches is often being studied via incorporating the existence
predicate in the first-order language and examination of the translation of
formulas without such a predicate into formulas containing it.

The question whether existence is a property of individuals or even
whether it is a property at all has baffled philosophers and logicians for
centuries, starting with Immanuel Kant and his Critique of Pure Reason
in which he argued that existence is not a genuine attribute of things.
This idea, defended in its particular form by Frege [2], is built into the
very foundation of modern mathematical logic. It manifests itself in the
use of the existential quantifier instead of the existence predicate. To say
that there exists a root of the equation 22 — 3z = 0 is to say that the
propositional function ‘z? — 3z = 0’ is satisfied by some number and that
is to say that the proposition 3z (2% — 3z = 0) is true.

However, some philosophers, like Alexius Meinong [4], have felt the need
for having the existence predicate in addition to the existential quantifier.
One obvious way of introducing such a predicate in a first-order language
is to define ‘@ exists’ as Jy(z = y). The problem is that in classical first-
order logic individual variables always denote something, and the formula
Jy(z = y) is satisfied in every model. Another possibility is to introduce
the existence predicate as a primitive symbol. Assuming the existence
predicate is a unary predicate € the question arises: what does and what
does not exist? And this depends on the quantifiers. (For some discussion
of these issues you can see [3].) For if the quantifiers quantify over existent
objects only, the proposition Vze(x) is logically true and for any formula ¢,
Va(e(z) A p(x)) and Vze(x) are equivalent, making the existence predicate
redundant. If, on the other hand, the scope of quantification includes
objects which do not exist but are possible, the existence predicate can
do its job and select among all entities those which actually exist. This is
exactly the idea standing behind the constant-domain models. Moreover,
if the existence predicate seems redundant when quantifiers are actualistic,
for then everything exists, but turns out to be useful when quantifiers are
possibilistic, surely there must be some kind of connection between these
two ways of doing logic. And, indeed, there is.
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1. Preliminaries

All crucial definitions and elementary facts can be found in [1]. For readers’
convenience let us remind basic concepts. The language with which we will
deal is the standard first-order language with individual variables as the
only terms with the addition of [J as the modal operator. We will take [J,
=, A and 3 as primitive.

Two of the most commonly used on the next pages will be notions
of constant- and varying-domain models. We will treat constant-domain
models as a special case of varying-domain models (as they actually are).
So for us ‘model’ and ‘varying-domain model” will mean pretty much the
same.

A (varying-domain) model M is a four-tuple (U, R,D,Z) such that
U is a non-empty set (its elements we will also call ‘worlds’ or ‘points’),
R C U x U is a binary relation (called the accessibility relation), D is a
function which maps elements of &/ to non-empty sets—to each element u
of U it assigns a non-empty set D(u) which we call a domain of u, and by
D(M) we mean the sum of all D(u). Z is an interpretation of predicates.
Strictly speaking, Z is a mapping such that Z(r,u) C D(M)T(T), where r
is a predicate and 7(r) is arity of r.

A wvaluation is a map v: Var — D(M), where Var is a set of all in-
dividual variables. For a € D(M) and z € Var, by v(a/r) we mean a
valuation such that v(a/z)(x) = a and for any variable y distinct from x,
vla/a)(y) = oy).

The satisfaction relation I is defined recursively in the standard way
as follows.

DEFINITION 1.1. Take a model M = (U, R,D,Z),u € U, valuation v, and
predicate r of arity n. For a formula ¢ we define the expression

(M, u) IF v,

which we read as ¢ is satisfied at u in model M under valuation v:
(i) M,u) Ik r(xy,...,z0)v] <= (v(1),...,0(zn)) € Z(r,u),

(i) (M, u) IF =pv] <= (M, u) I plv],

(iil) (M, u) IF (e AP)v] <= (M, u) I ¢lv] and (M, u) IF P[],
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(iv) (M, u) IFOplv] <= for any t € U, if uRt, then (M, ) IF p[v],
(v) (M,u) Ik 3zp[v] < there is a € D(u) and (M, u) I+ plv(a/z)].

A formula ¢ is satisfied by a class of models K, K IF ¢ in symbols, when
(M, 1) Ik p[v], for any M = (U,R,D,Z) € K, any t € U, and any valua-
tion v. By VD we denote the class of all (varying-domain) models. More-
over, let CD stand for the class of all models M = (U, R, D,ZT) such that
D(u) = D(w), for any u, w € U. Elements of CD are called constant-domain
models.

DEFINITION 1.2. Let € be a unary predicate. Following Fitting and Mendel-
sohn, for any ¢ we define ¢° as follows:

(i) For an atomic formula, r(z1, ..., 2)° = (1, ..., Tn),
(i) (mp)® =-(p)",
(ili) (e AY)® = (9)° A (¥)7,
(iv) (Op)® =D(p)*,
(v) (Fzp)® = Fx(e(z) A g®).

2. The construction

In [1] (Proposition 4.8.2.) one can find the claim that
VD IF ¢ <= CD IF ¢° (%)

for any sentence ¢ which does not contain €. Implication to the left is
proven by authors, while the other direction is left to the reader. However,
we observed that this implication fails. Indeed, let us consider the sentence:

Fz(r(z) V —r(x)),
where 7 is an arbitrary unary predicate (distinct from €). Then we obtain:

Ba(r(z) Vv —r(z)))” = Jz(e(@) A (r(z) V =r(z))%)
= Jz(e(z) A (r(x) V —r(x))).
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Clearly, Jz(r(x) V —r(x)) is valid in all varying-domain models, however
Jz(e(z) A (r(z) V —r(x))) is not valid in those constant-domain models in
which ¢ is interpreted as empty and this falsifies (x)*.

Although the implication VD IF ¢ = CD IF ¢° does not hold, we can
still prove a weaker version. Before we do it, let us introduce a couple
of definitions and facts. If K C VD, by K. we denote the class of those
models M = (U, R,D,T) from K such that Z(e,t) # (), for any t € U.

DEFINITION 2.1. Let M = (U, R,D,Z) € CD, and let w be any object such
that w ¢ U. We define a model MY € VD as MY = (U*,RY, DV, I"),
where YUY =U U {w}, R* = R, and

DU(t) = I(e,t) ift#w,
| DM) ift=w,

Z(rt) if t # w,

d TI9rt) =
o (r.?) {D(M)T(’") if = w.

Facr 2.2. M"Y € VD, for any M € CD..

FacT 2.3. Let S be any proposition of our meta-language (the very lan-
guage of this paper). For any U, t,w and R as in Definition 2.1, the follow-
ing assertions are equivalent:

(i) For any t € U, such that uRt, S
(ii) For any t € U U {w}, such that uR¢t, S

PROOF: (<) Trivial.
(=) Let t e U U {w}. If t € U, by the assumption, thesis holds. If ¢t = w,
then, by definition of R, uRt fails and therefore the thesis holds.

O

Now we can prove the following lemma.

LEMMA 2.4. For any formula ¢ not containing €, model M = (U, R, D,T)
eCD., weU,tel, and valuation v,

(M, 1) IF o [v] <= (M, 1) IF p[v].

ProoF: We will prove it inductively.

1An error of which Prof. Fitting had been aware before we observed it as he said in
personal correspondence, and gratefully offered a suggestion that non-emptyness of the
existence predicate is a requirement—an idea which we develop in this article.
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For an atomic formula r(z1,...,z,) we have:

(M) IF (1, ... 20)%[v] <= (M, 1) IFr(z1,...,2,)[v] (by 1.2)
> (v(z1),...,v(zyn)) € Z(r,t) (by 1.1)
— (Ww(z1),...,v(zy)) € T(r,t) (by 2.1)
— MY t) Ik r(xy,...,z5)[V] (by 1.1)

Crucial in this step is the fact that interpretations of predicates are the

same in the new model for the ‘old worlds’ and that valuations are the

same, i.e. every valuation into M is a valuation into M™ and vice versa.
For negation we get:

(M, t) IF (=) [v] <= (M, 1) IF —%[v] (by 1.2)
= (M.0) ¥ °[o] (by 1.1)
= (MY 1) IF Y] (induction)
— (MY)t) IF v (by 1.1)

For conjunction we get:

(M) 1= (@ AX) o] <= (M, 1) I (7 AX7)[] (by 1.2)
— (M,t) IF¢°[v] and (M, t) IF x°[v] (by 1.1)
— (MY t) IF ¢[v] and (MY, t) IF x[v] (induction)
= MU0 @A) (by 1.1)

For box we have:

(M, 1) - (O9)F[v] <= (M, ) I Op[u] (by 1.2)
<= for any s € U, if tRs, then (M, s) IF ¥[v] (by 1.1)
<= for any s €U, if tR"s, then (M™,s) Ik [v] (induction)
< for any s € U U {w}, if tRYs, then (M™,s) Ik ¢[v] (by 2.3)
— (MY, s) IF O¢[v] (by 1.1)
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For the quantifier we have:

(M, ) IF (Fzy)*[v] <= (M,t) IF Tz(e(x) A Y®)[v] (by 1.2)
< Juep@) (M, 1) IF (e(z) AY7)[v(a/z)] (by 1.1)
< Jaepr) (M, 1) IFe(@)v(a/x)] and (M, 1) IF ¥ [v(a/z)] (by 1.1)
<= Faep)y (M, 1) IF e(z)[v(a/x)] and (M™,t) IF Y[v(a/z)] (induction)
<= Juep@) a € I( t) and (M™,t) Ik Ylv(a/z)) (by 1.1)
<= Fuepr) a € DY(t) and (M", 1) |- Y[v(a/)] (by 2.1)
< Juepw(r) (MY, 1) IFYv(a/z)] (M € CD)
— (M"Y t) IF Jap[v] (by 1.1)

O

Now we can state and prove the said weaker version of (x).

THEOREM 2.5. For any formula ¢ not containing €, VD, IF o = CDy IF
o=
ProoF: Let M = (U,R,D,Z) € CD.,t € U and v such that (M,t) I

©°[v]. Let w be any object such that w ¢ Y. By Fact 2.2, M™ € VD,, and
therefore by Lemma 2.4 we achieve (M™,t) Iff ¢[v]. O

[U)

3. Conclusion

Let us recall the construction Fitting and Mendelsohn introduced in [1,
p. 107].

DEFINITION 3.1. Let M = (U,R,D,Z) € VD. Then we define M* =
(U*, R*,D*,IT*), where U* = U, R* = R,D*(t) = D(M), for any t € U,
and Z*(r,t) = Z(r,t), for any predicate r distinct from e, and Z*(e,t) =
D(t), for any ¢t € U.

Fact 3.2. M* € CDy, for any M € VD.
LEmMA 3.3 ([1, p. 107]). For any formula ¢ not containing ¢,
(M, 1) IF pv] <= (M*, 1) IF ¢°[v].

Finally, this allows them to prove the following theorem.
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THEOREM 3.4 ([1, Proposition 4.8.2]). For any formula ¢ not containing
g, CDIF ¢ = VD IF .
The very same construction and the same proof suffice to justify that
Fact 3.5. For any formula ¢ not containing ¢, CD, I+ ¢* = VD I ¢.
Obviously we have
Fact 3.6. For any formula ¢ not containing €, VD I ¢ = VD, IF ¢.

As a corollary of the above facts and Theorem 2.5 we obtain:

COROLLARY 3.7. For any formula ¢ not containing ¢, the following condi-
tions are equivalent:

(i) VDI ¢
(i) VD, IF ¢
(iii) CD, I ¢=.

Theorem 3.4 >:'<Error
Fact 3.6

Fact 3.5

Theorem 2.5

Figure 1. Summary
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4. Further results

Corollary 3.7 invites us to asking a natural question: how, if at all, can we
‘cut’ classes VDD, VD, and CD. to hold the equivalence? In other words:
when K IF ¢ <= K NVD;, IF ¢ <= K NCD; IF ¢* holds?

Obviously if K = (), then the equivalence in question is true. But we
can do a little better.

We will say that a class of models K is closed under x-operation (see
Definition 3.1), or simply %-closed, when for any model M, M € K implies
M* € K. We will say that K is closed under adding-new-points-operation,
or add-closed for short, when for any M = (U, R,D,I) € CD,, if M € K,
then for some w € U, M™ € K. Finally, we will say that K is add*-closed
if it is both *- and add-closed.

It turns out that operations introduced in Definitions 2.1 and 3.1 pro-
vide sufficient conditions for the examined equivalence to hold. Let us
decompose the equivalence into conditionals so we can prove the following
lemmas.

LEMMA 4.1. For any formula ¢ not containing € and any K C VD, if K
is *-closed, then K N CDy; IF ¢* = K NVD, I+ .

PROOF: Suppose (M, t) I ¢[v], for some M € K NVD.. By Lemma 3.3,
(M*,t) I ¢°[v]. By Fact 3.2, M* € CD, and by the assumption that K is
*-closed, M* € K N CD:. O

It is worth noting that the x-operation does not affect the domain nor
the accessibility relation of a model. Therefore if K is a class of models
defined by the property of frames? on which those models are based, then
the implication of Lemma 4.1 holds. Such classes of models, defined by
properties of the accessibility relation like reflexivity, transitivity, symmetry
etc, are in special interest of logicians, for they give rise to well-behaved
and largely explored logical systems.

LEMMA 4.2. For any formula ¢ not containing € and any K C VD, if K
is add-closed, then K NVD, IF p = K NCD, I ©°.

PROOF: Suppose (M, t) I ¢°[v], for some M = (U, R,D,T) € K NCD,.
By Fact 2.2, M* € VD, and by Lemma 2.4, (MY t) If ¢. Moreover,
MY € K for some w ¢ U, since K is add—closed. O

2By a frame of a model (U, R,D,T) we mean a structure (U, R).
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LEMMA 4.3. For any formula ¢ not containing € and any K C VD, if K
is add*-closed, then K N CDy; IF ¢* = K IF .

PROOF: Suppose (M, t) If ¢[v], for some M € K. By Lemma 3.3,

(M*,t) I ¢f[v]. By Fact 3.2, M* € CD, and by the assumption that
K is add*-closed, M* € K N CD,. O

Let us notice the following trivial facts.
Fact 4.4. For any K C VD, K IF o = K NVD; I .
Fact 4.5. KNVD, = K,

The above facts and lemmas entail:

COROLLARY 4.6. For any formula ¢ not containing ¢ and any K C VD, if
K is add*—closed, then the following conditions are equivalent:

(i) KIFo
(i) K.IF o
(i) KNVD, I ¢

(iv) K NCD; IF ¢°.

This corollary is a generalization of Corollary 3.7, for if we take K = VD),
the assumption of Corollary 4.6 becomes true and we get Corollary 3.7.

Fact 4.4

KNVD, IF ¢

Lemma 4.3

Fact 4.5

Lemma 4.2

Figure 2. Summary
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Abstract

The categorical dualities presented are: (first) for the category of bi-algebraic
lattices that belong to the variety generated by the smallest non-modular lattice
with complete (0,1)-lattice homomorphisms as morphisms, and (second) for the
category of non-trivial (0,1)-lattices belonging to the same variety with (0,1)-
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for bounded distributive lattices and their many extensions for categories
of algebras associated with non-classical logics the algebraic parts of which
contain distributive lattices. In this note, we present two results of this
nature. Each of them goes one step beyond distributivity. The variety of
bounded lattices generated by the smallest non-modular lattice is one of
the two minimal varieties that extended the variety of bounded distributive
latices.

A bi-algebraic lattice is a non-trivial lattice that is algebraic and the
lattice dual (by reversing the lattice order) is also algebraic. A (0,1)-lattice
is a lattice in which 0 and 1 are the smallest and greatest elements in the
lattice and they are included as constants to the signature of the lattice.
Lattices of this type are called bounded lattices.

A Q-lattice is the lattice whose elements are the quasivarieties con-
tained in a quasivariety. The lattice order of a Q-lattice is the inclusion.
A quasivariety is a class of structures that is closed under the operators
S of forming isomorphic substructures, Cartesian products P, and ultra-
products. A variety is a quasivariety that additionally is closed under the
operator of forming homomorphic images.

The lattices N5 and M3 each of which has 5 elements are the smallest
non-modular and modular but non-distributive lattices, respectively. They
are regarded as (0,1)-lattices. It is known that the variety of bounded
lattices generated by N5 coincides with SP(Ns).

For a partially ordered set (X, <) and subsets Y,Z of X, we write
Y <« Z to mean that for every y € Y there exists z € Z such that y < z.

For a lattice L, an element a € L, and a finite subset X of L with a
being below the lattice join in L of the elements of X, it is said that X is
a join cover of a. If a is not below any element of X, it is said that X is a
non-trivial join cover of X. A non-trivial join cover X of a in L is said to
be minimal if, for every non-trivial join cover Y of ¢ in L with ¥ <« X, it
follows that X C Y.

For a fuller account of concepts used in our note we refer to [9] and [11].

The four equations displayed below are valid in N5 and so they are valid
in every lattice belonging to SP(N5). They contain the key information
for what we need for the functors establishing the presented dualities to be
well defined on the objects of the considered categories. What we need is
stated in Lemmas 1.1 and 1.2.

The lattice equation D5 is a particular case of the family of lattice equa-
tions D,,, n > 2, which was introduced in [12]. Lattices which satisfy D,,



Categorical Dualities for Some Two Categories of Lattices. . . 331

are called n-distributive. In the presence of Dy the equation C is equiva-
lent to the equation 74;. The equation 74; belongs to the family of lattice
equations 7/, constructed in [14].

C: x/\(yo\/yl)/\(zo\/zl):\/[I/\yi/\(zo\/zl)] v

V VIzAzA@vy)] vV [zA (o Az) Vo Aas))]
1<2 <2
Dy w AoV V) =\ [zA\ yl;
i<2 j#i
NO: A (yoVyr)= \/[m/\ ((yz/\:zz) \/yl_,-)];

Ni: zA[(yoA(20V 1)) V] = [z AyoAz0V21)] V [z Ay ]V

vV [z A ((wo Azi) V)]
i<2
LEMMA 1.1. For a dually algebraic lattice L, the following conditions are
equivalent.

i) L e SP(N;).

i) For every join-irreducible element x of L that is not join-prime, there
is a unique minimal non-trivial join cover {a,b} of x such that both a
and b are join-irreducible and join-prime and, moreover, they satisfy
either a < x and {x,b} is an antichain or b < x and {z,a} is an
antichain.

PROOF (SKETCH): i) impliesii): The equations C and D5 or, equivalently,
74, and Da, by Theorems 3.2 and 3.4 of [14], together imply that every join-
irreducible  of L has a unique minimal non-trivial join cover {a,b}. By
minimality of {a,b}, a and b are join-irreducible. The equations N? and N}
justify that the unique pair has the remaining properties as stated in ii).
ii) implies 1): This implication is an easy consequence of the main result
of [3]. Tt can also be proved without the result of [3] but with some effort.
O

In every bi-algebraic lattice, every element is completely join-irreducible
or is the lattice join of all completely join-irreducible elements that are be-
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low. Moreover, completely join-irreducible elements are compact. Lemma
1.2 stated below follows from Lemma 1.1.

LEMMA 1.2. For a bi-algebraic lattice L, the following conditions are equiv-
alent.

i) L € SP(N3).

ii) For every completely join-irreducible element x of L that is not join-
prime, there is a unique minimal non-trivial join cover {a,b} of x
such that both a and b are completely join-irreducible and join-prime
and, moreover, they satisfy either a < x and {x,b} is an antichain
orb <z and {x,a} is an antichain.

Lemma 1.2 is the key lemma in the construction of the functor N: By —
N5 on the objects of B and, consequently, the functor B: N5 — Bs5 on the
objects of Ny but after having (discovering) the precise definition of the
category N5. Lemma 1.2 says how to define the function f: ¥ — X2 which
is the most important ingredient in the definition of Ns-space (an object
of N5) that is assigned to L (an object of Bj).

Lemma 1.1 is the key lemma in the construction of the functor T: Ly —
Ts on the objects of Ls and, consequently, the functor L: Ts — L5 on
the objects of Ts and again after having (discovering) the precise defi-
nition of the category Ts. Lemma 1.1 says how to define the function
f:Y(L) = X(L)? on the spectral Ns-space (an object of T5) assigned to
L (an object of Ls). In defining f, we use the known facts which say that
any lattice L embeds into the lattice F/(L) of filters on L, F(L) is dually
algebraic, and that L and F(L) satisfy the same lattice equations. A de-
tailed description of the correctness of the presented dualities depend on
the proof type context.

2. Categories N5 and B;

DEFINITION 2.1. A structure S = (XY, <, f) is an Ns-space, if
(s1) XUY # @ and X NY = &; moreover, if Y # &, then X # &;
(s2) < is a partial order on X UY;

(s3) f: Y — X?is a function and for all y € Y with f(y) = (a,b), the
following conditions hold:
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(a) a <y and {a,b}, {y,b} are antichains;
(b) if a,b < z for some z € X UY then y < z;
(c) if z <y for some z € X UY then either z < aorz<borzeY
and {u,v} < {a,b} where f(z2) = (u,v).
DEFINITION 2.2. Let S = (X,Y,<,f) and §' = (X', Y, <, f') be Ns-
spaces. A mapping p: S — S’ is an Ns-morphism, if the following condi-
tions hold:

(m1) ¢ maps X UY into X' UY’U2X’, where 2X’ denotes the collection
of 2-element antichains in (X', <)

(m2) if u,v € X UY are such that p(u),p(v) € X' UY’ and u < v then
plu) < @(v);

(m3) for all z € X, o(x) € X';

(m4) for all y € Y with f(y) = (a,b), the following holds:

(a) if p(y) € X', then either ¢(y) = p(a) or p(y) < ¢(b);
(b) if ¢(y) € Y, then f'(¢ ( ) = (‘P(a)vw(b));
(c) if p(y) € 2X’, then p(y) = {¢(a), ¢(b)} and, for every z € XUY
with y < 2, onehasgp a), (b ()1fcp()eX’UY’ and
(2

) <
{p(a), (b))} < p(2) if ¢ )€2X’

PROPOSITION 2.3. Let pg: Sg — S1, ¢1: S1 — Sy be Ns-morphisms. The
composition g o p1: Sy — Sg of py and ¢; in Nj is as follows, where
ze XogUY,.

(c1) If po(2) € X7 UY7, then ¢g o p1(2) = p1po(2).

(c2) If po(z) € 2X7, then

P1ep0(u), if p1p0(v) < 1p0(u);
@0 0 p1(2) = 4 P100(v), if p100(u) < p1e00(v);
{e1p0(u) prpo(v)},  if {p1po(u), prpo(v)} € 2Xo,
where f(z) = (u,v) in Sp.

The two categories N5 and Bs are as follows. Objects in N5 are Ns-
spaces; morphisms are Nz-morphisms. Objects in B are bi-algebraic lat-
tices belonging to the variety SP(N5); morphisms are complete (0,1)-
lattice homomorphisms. In this section, we construct two contravariant
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functors B: N5 — B5 and N: B; — N5 which establish duality between Nj
and Bs.

DEFINITION 2.4. Let S = (XY, <, f) be an Nj-space. A subset I C XUY
is an ideal of Ns-space S if I is a lower cone with respect to < and has the
following property:

if f(y) = (a,b) in S and a,b € I theny € I.

The set of all ideals of S forms a complete (0, 1)-lattice with the lattice
operations given by:

/\ieI A= mie] Ay
VierAi=U;c; AiU{y €Y |y = f(a,b) and a,b € | J,c; X N A;}.

The functor B: N5 — By is defined as follows, where S and S’ are Ns-
spaces and ¢: S — §' is an Ns-morphism:

B(S) is the complete (0, 1)-lattice defined above;

B(y): B(S') — B(S) is defined by B(¢)(Z2') = ¢~ 1(Z").
PRrROPOSITION 2.5. The following statements hold.
(1) B(S) is a bi-algebraic lattice that belongs to SP(N5).
(2) B(y): B(S") — B(S) is a complete (0, 1)-lattice homomorphism.
COROLLARY 2.6. B: N5 — B5 is a contravariant functor.

For a lattice L € Bs, let
N(L) = (X,Y.<, f),

where X is the set of all completely join-irreducible elements of L which
are join-prime, Y is the set of all completely join-irreducible elements of L
which are not join-prime, < is the lattice order in L, and f: Y — X? is a
function that is defined as follows: f(y) = (a,b), where {a,b} is the unique
pair of elements of X which, by Lemma 1.2, exists for y and, by choice,
a<uy.
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For L,L' € B5 and a complete lattice (0,1)-lattice homomorphism
g: L — L', consider the map:

Bg: L' = L, Bgrar \{beL|g(b)=al}.

We note that g(84(a)) = a for all a of L’. We also note that if a is
completely join-irreducible in L', then so is f4(a) but in L.

For a morphism ¢g: L — L' in Bs, we define N(g): N(L') — N(L) as
follows:

~ JBey) if By(y) € X UY;
N(g)(y) = {{59((1),@((,)} if B4(y) € 2X and f(y) = (a,b)

N(L) and N(g) above define the second contravariant functor N: Bs — Ny
justification of which follows from the proposition below.

ProPOSITION 2.7. The following statements hold.

(1) N(L) € Ns.

(2) N(g): N(L) = N(M) is an Ns-morphism.
COROLLARY 2.8. N: Bs — Nj is a contravariant functor.

Let 1y, and 1p, denote the identity functors within the categories Ny
and Bs, respectively.

PRrROPOSITION 2.9. The pair NB and 1y, as well as the pair BN and 1p, are
isomorphic functors.

Corollaries 2.6, 2.8 and Proposition 2.9 justify the following theorem.
THEOREM 2.10. The categories N5 and Bs are dually equivalent.

The following corollary of Theorem 2.10 and the properties of the func-
tors used show an advantage of dualities over algebraic approach if one
wants to establish a technically demanding in proof result.

COROLLARY 2.11. The following statements hold.

(1) Ns-morphisms in N5 which are onto correspond by duality to one-to-
one homomorphisms in By and wice versa.

(2) Ns-morphisms in N5 which are one-to-one correspond by duality to
onto homomorphisms in Bs and vice versa.
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(3) Disjoint unions of spaces (coproducts in Nj) correspond by duality
to Cartesian products in By and wvice versa.

Let (N5)¢in and (Bs)yfin, denote the full subcategories in Ny and Bs,
respectively, whose objects are finite. From our construction of functors B
and N and Theorem 2.10, we obtain

CoOROLLARY 2.12. The categories (N5) i, and (Bs) i are dually equiva-
lent.

3. Categories T5 and L;

The two categories in this section T; and LLs are as follows. Objects
in Ty are spectral Ns-spaces; morphisms are spectral Ns-morphisms; see
Definitions 3.1 and 3.4 provided below. Objects in L5 are bounded lat-
tices belonging to the variety SP(N;); morphisms are (0,1)-lattice ho-
momorphisms. In this section, we construct two contravariant functors
L: Ts — Ls and T: Ls — T5 which establish duality between Ty and Ls.

We will consider pairs (S,7) such that S = (XY, <, f) is a Ns-space
and 7 is a topology on X UY.

A subset A of X UY is said to be N5-compact in (S, T) if the following
conditions are satisfied:

(i) AN X is compact in (X,{XNZ|ZeT});

(ii) for every family {4; | ¢ € I} of open sets in (X UY,T), from A C
U,es Ai it follows that A C U, ; AiU{y € Y | f(y) = (a,b) and a,b €
Uies X N Ay} for some finite subset J of I.

We say that a subset A of X UY is f-closed in S if it is an ideal in S;
see Definition 2.4.

On the elements of every topological Ty-space with topology 7, there
is a partial order <7 defined as follows: x <7 y iff every open set of T
containing x contains y.

DEFINITION 3.1. A pair (S,7) is said to be a spectral Ns-space if the
following conditions are fulfilled:

(1) Sis a Ns-space, T is a Ty topology on X UY the restriction to X of
which makes X to be a spectral space, and X UY is Ns-compact in
(S, 7).
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(2) <=<7"

(3) The collection of all sets that are f-closed in S, open in (X UY,F),
and Ns-compact in (S, F) forms a basis for (X UY,T) that is closed
under finite set intersections.

(4) For all sets A and B that are f-closed in S, open in (X UY,F), and
Ns-compact in (S, F), AUBU{y € Y | f(y) = (a,b) and a,b €
(AUB)N X} is open in (X UY,T);

(5) (S,T) does not have a proper uN5-extension; see Definition 3.10 pro-
vided below.

Remark 3.2. One can show that the set in the conclusion of (4) in Definition
3.1 is Ns-compact in (S, 7) and, obviously, is f-closed in S.

Remark 3.3. The set of all subsets of X UY that are f-closed in S, open
in (XUY,T), and Ns-compact in (S, 7T) forms a (0, 1)-lattice with lattice
operations defined by:

ANB=ANB;
AVB=AUBU{yeY | f(y) = (a,b) and a,b € XN (AU B)}.

DEFINITION 3.4. For spectral Ns-spaces (S,7) and (S/,7’) and a map
©: S — S’ that is Ns-morphism, we say that ¢ is a spectral Ns-morphism if,
for every Ns-compact open set A in (S',T"), the set ¢ ~1(A) is Ns-compact
open in (S, 7).

The functor L: Ts — L5 is defined as follows, where (S, T), (S, 7") are
objects of T, and ¢: S — §' is a spectral Ns-morphism:

L(S,T) is the (0, 1)-lattice defined above;
L(p): L(S",T) — L(S,T) is given by L(p)(A") = ¢~ 1(4').
ProprosITION 3.5. The following statements hold.

(1) L(S,T) forms a lattice which is a (0, 1)-sublattice of the ideal lattice
of S (= B(S)) and so L(S, T) belongs to SP(N5).

(2) L(e): LS, T") = L(S,T) is a (0, 1)-lattice homomorphism.

Remark 3.6. Proof of the above proposition does not use the condition (5)
of Definition 3.1.
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COROLLARY 3.7. L: Ts — Ls is a contravariant functor.

In order to construct a contravariant functor T : Ls — T5, we now
consider, for a (0,1)-lattice L € SP(N5), the lattice F(L) of filters on
L with the inverse inclusion as the lattice order. The lattices L and F(L)
satisfy the same lattice equations. Moreover, F'(L) is dually algebraic. This
implies that every element of F(L) is join-irreducible (in fact, completely
join-irreducible) or is the lattice join in F'(L) of the join-irreducible (in fact,
completely join-irreducible) elements below it. We say that a filter on L is
join-irreducible or join-prime if the filter regarded as an element of F(L)
is join-irreducible or join-prime, respectively.

Let X (L) denote the set of join-prime filters of L and let Y (L) denote
the set of join-irreducible filters of L which are not join-prime. Then S(L) =
X(L)UY(L) consists of all join-irreducible filters of L. We put S(L) =
(X(L),Y(L),2, f), where f: Y(L) — X (L)? is a function which is defined
as follows: f(F) = (G, H), where {G, H} is the unique pair of elements
of X(L) which, by Lemma 1.1, exists for F' and, by choice, F C G. One
can show that S(L) is an Ns-space and, consequently, the ideal lattice of
S(L)(= B(L)) is bi-algebraic and belongs to SP(N5).

We now enhance S(L) by a topology and denote it by T(L). As a
consequence, we obtain the pair (S(L), T (L)).

For € L, let I(x) = {F € S(L) | * € F} and for M C L, let
I(M) = Ua:E]\/f I('T)

DEFINITION 3.8. The open sets of T (L) are exactly sets of the form (M),
where M C L.

Remark 3.9. Notice that the collection of all sets I(x), x € L, is a multi-
plicative base for 7(L). This is so because I(z) N I(y) = I(x A y). Notice
also that I(x) is f-closed in S(L) and that <. coincides with C because
T (L) is To. Moreover, one can show that the family {I(z) | z € L} is ex-
actly the collection of all sets that are f-closed in S, open in (S(L), T (L)),
and Ns-compact in (S(L),T(L)). Also, one can show that X (L) with the
topology T (L) restricted to X (L) is a spectral space. And also, one can
show that (S(L),7 (L)) fulfills the condition (5) of Definition 3.1 according
to Definition 3.10 that is now given below.

For Ns-spaces S = (X,Y, <, f) and ' = (X", Y, <, f/) with X UY C
X'UY’ and 2X C 2X’, we say that S is an Ns-subspace of S’ if the identity
map from X UY U2X to X' UY’U2X’ is an Ns-morphism.
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DEFINITION 3.10. For pairs (S,7) and (S/,7’) satisfying the conditions
(1)—(4) of Definition 3.1 with S being an Ns-subspace of S’ and (X UY,T)
a topological subspace of (X' UY’,T’), we say that (S',7’) is a ulNs-
extension of (S,T) if, for every A that is f-closed in §', Ns-compact in
(S',77), and open in (X' UY’, T"), the following holds:

A= J{BeT' |BNn(XUY)=A}.

Remark 3.11. The notion of uNs-extension originates from the concept of
u-extension considered in a general topological context in [6], see also [7]
and [8].

The functor T: Ls — Ts on objects of Ls is defined by T(L) =
(S(L), T(L)) and T(g): T(L') — T(L) on morphisms g: L — L’ of L;
by
roy ) - {7 it g~ (F) € X(L) UY (L)

! {974G) g7 ()}, if g7 '(F) € 2X(L) and f(F) = (G, H).
ProPOSITION 3.12. The following statements hold.

(1) T(L) is spectral Ns-space.
(2) T(g): T(L') = T(L) is a spectral Ns-morphism.
COROLLARY 3.13. T: Ls — Tj is a contravariant functor.
For (S,7T) € T5 and L € Ly, we define
e (5,T) = T(L(S, T)) by 75,7y (2) ={A€L(S,T) |z € A}
pr: L = L(T(L)) by pr(x) ={F € S(L) | z € F}.
PROPOSITION 3.14. The following statements hold.

(1) 7(s,7) is an Ns-isomorphism on the Ns-space part of (S, 7) and a home-
omorphism on the topological part of (S,7). Moreover, for every
morphism ¢: (S,7) = (S, 7") in Ts, TL(y) o 7(s,7) = T(s7,77) © -

(2) pr is a (0,1)-lattice isomorphism. Moreover, for every morphism
frL— L inlLs, LT(f)opr =pr o f.

Remark 3.15. We are now ready to explain the role of the condition (5) of
Definition 3.1. In the proof of (1) of Proposition 3.14, it is established first
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that 7(57) is an embedding in the Ns-space and topological space sense.
Next, it is established that T(L(S,7)) is a uNs-extension of the image of
(S,T) by 7(s,7). This, by the condition (5) of Definition 3.1 implies that
that 7(s 1) is surjective.

Corollaries 3.7, 3.13 and Proposition 3.14 justify the following theorem.
THEOREM 3.16. The categories Ls and Ts are dually equivalent.

COROLLARY 3.17. The categories (Ls)fin and (Ts) fin are dually equiva-
lent.

Remark 3.18. Under the assumption that Y = & in all spectral N5-spaces,
we obtain the category of spectral spaces with spectral morphisms which,
as was proved by M. H. Stone in [16], is dually equivalent to the cate-
gory of bounded distributive lattices with (0, 1)-lattice homomorphism as
morphisms.

4. The Q-lattice of a non-trivial variety of bounded
lattices

Let Py denote the category whose objects are partially ordered sets with
two distinguished constants and morphisms are mappings that preserve
partial orders and the distinguished constants.

Theorem 1.5 of [4] says that the category Py is universal. An inspection
of the proof of this result presented in [4] shows more. It shows that P
is finite-to-finite universal. This means that there is a faithful and full
functor from the category of undirected graphs with all compatible maps
as morphisms to the category P and has the property that it assigns a finite
object of Py to every finite graph. This in turn means that in the category
P, there exists a family of finite objects 4; = (X;, <;,ai,b;), ¢ < w, which
has the property:

(%) For ¢, j < w, there is a morphism of P, between A; and A; iff i = j.

For each i < w, let y; be an element not belonging to X;, and let A;" =
(Xi, {yi}, <77 fi), where <= <; U{(ai, 1), (yi,v:)} and fi(yi) = (s, i)
Each A is a finite Ns-space. Corollary 2.11 and the property (*) imply
the following: For I,J C w, SP(F(A]) | i € I) = SP(F(A]) | i € J) iff
I = J. Thus the Q-lattice of the variety of bounded lattices generated by
N5 is uncountable. Without much effort, one can construct a finite Ns-
space S such that the quasivariety generated by B(S) is a join-irreducible
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but not join-prime element in the Q-lattice. This means that the Q-lattice
of the variety SP(N5) is not distributive. On the other hand, by Corollary
1.5 of [2], we know that the variety of bounded lattices generated by Mj is
uncountable and non-distributive. The two lattices N5 and M3 are the only
lattices which separate lattices from those which are distributive. As the
Q-lattice of the variety of bounded distributive lattice is a 2-element chain,
the result announced in the abstract is true: The Q-lattice of any nontrivial
variety of bounded lattices is either a 2-element chain or is uncountable and
non-distributive.

5. Concluding remarks

Our first duality is an extension of the well known due to G. Birkhoff duality
for distributive bi-algebraic lattices (assume that Y = & in the definition
of Ns-space). Our second duality is an extension of the Stone topological
duality for bounded distributive lattices. The categories of duals of the
Stone and the well-known Priestley [15] duality for bounded distributive
lattices are equivalent (see [5]). Our work confirms (see also [13]) that a
successful attempt of having topological dualities in the categorical (com-
plete) sense for bounded lattices should be focused only on a variety that
is generated by a finite lattice and the outcome will be in the style pro-
posed by M. H. Stone in [16]. The key concept in searching for them will
be the concept of minimal join cover refinement property and the navigat-
ing result will be Theorem 3.4 of [14]. Our original motivation for having
the first duality was the open problem independently raised by G. Birkhoff
and A.I Maltsev which asks for a description of the Q-lattices (see [11] or
the survey article [1]). Based on our experience, we know that having a
good duality helps in contributing to this open problem. However, we do
not know what is the real lattice status of the Q-lattice of the variety of
bounded lattices generated by N5. For example, does this Q-lattice satisfy
any non-trivial lattice equation?

A result of [10] states that a variety of bounded lattices is universal iff
it contains a non-distributive simple lattice. Moreover, it states that the
variety is finite-to-finite universal iff the simple lattice is finite. As M3 is a
simple lattice that is not distributive, the variety of bounded lattices gen-
erated by Mj3 is finite-to-finite universal. The variety of bounded lattices
generated by N5 is not universal for N5 is not a simple lattice. Our origi-
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nal motivation of having the second duality was to know an answer to the
following question: Is the variety of bounded lattices generated by N5 finite-
to-finite universal relative to the variety of bounded distributive lattices?
The relative means that (0, 1)-lattice homomorphisms to bounded distribu-
tive lattices are disregarded in the successful construction of a functor from
the category of undirected graphs to the category of bounded lattices gen-
erated by N5. We do not know an answer to this well coined by literature
question.

Acknowledgements. We deeply thank the editors for giving us the op-
portunity to share our work in the form of an extended abstract with the
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Abstract

This paper proposes a semantic description of the linear step-like temporal multi-
agent logic with the universal modality L7 /K.sly based on the idea of non-
reflexive non-transitive nature of time. We proved a finite model property and
projective unification for this logic.
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1. Introduction

Temporal logics have been widely used for more than half a century as
an effective tool for describing information processes and calculations [15].
Here the most significant role belongs to logical systems L7 L and CT L,
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that constitute today one of the foundation in the theory of program ver-
ification [10]. The interweaving of such logics with multi-agent systems
makes it possible to model the intellectual reasoning of various nature sites,
including social ones. Examples of such logics are LTI [9], LKInd—as
a version with the induction axiom [20], LTK,—as a logic of a reflexive
non-transitive temporal relation [16].

In the field of modern approaches to modeling multi-agent systems,
there is a lack of a consistent approach: various methods of interaction be-
tween agents, modal operators and valuations are proposed, new versions
of combining modal systems are chosen. This situation can be partially
explained by the fact that suitable (from the idea of natural modeling of
processes) combined systems, after a deeper study, turn out to be complex
and even lack some useful properties [7]. Of course, this imposes signif-
icant restrictions on the applicability of such systems in real information
projects [8].

Most temporal logics are built on the idea of reflexive transitive time,
what helps make it possible to effectively apply the developed apparatus of
modal logics in their study. However, such systems have a lot of weak points
when modeling complex systems, in which we are usually required prop-
erties of dynamism, indeterminacy, instability of the information transfer
process and taking into account possible errors in the translation process.

In addition, the participants of computational process, described as
individual agents, whose knowledge is determined by multiple relations, are
able to communicate, make decisions under the influence of public opinion
of society or their own independent views, accumulate and expand available
information and, at the same time, "forget” or ”lose” entire segments over
time. In this regard, logical systems based on non-transitive, multiple
fragmentary relations look promising.

Among other things, the nature of time itself, as a physical process, in
many ways remains a mystery to humanity. The argument in favor of its
non-transitivity, at least from the point of view of the technical tools avail-
able to us for its modeling, is the step-by-step principle of implementing any
computational process—when at any moment we only have today’s knowl-
edge and know what actions will be taken to move to the next moment of
time. From this point of view, it is of interest to study a non-transitive and
non-reflective version of temporal logic LT L, in which, taking into account
the specified properties of relations, the temporal process is a step-like
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sequential procedure. Thereby, it seems rational to model such logics using
methods of relational semantics.

An adequate approach that allows both to enhance the expressive power
of a modal language and to bring some clarity to the process of studying
the fundamental properties of a deductive system is the universal modality
operator. In the case of non-transitive models it allow us to overcome the
limitations associated with the finiteness of the modal degree of formulas
and expresses statements that are valid ”forever” in temporal systems [14].

One of the important properties of any proposition in logic is its unifi-
cation, i.e. the ability to transform a formula into a theorem by the sub-
stitution of variables. In the case of social models, the unification process
actually separates an unconditional true fragment from the general infor-
mation of arbitrary truth values available to the agent. Among the effec-
tive approaches to solving the unification problem, the most important are
the method of projective formulas and projective approximation [12], the
method for describing complete sets of unifiers in terms of n-characteristic
models based on reduced form of formulas [19]. From the standpoint of the
social interpretation for the unification problem, it becomes clear that it is
also useful to define the boundaries of an wittingly non-unifiable fragment:
such an approach was proposed in [18] for extensions of modal logics §4
and (K4 + [OL = 1]), and later generalized for a cases of linear transitive
temporal logics of knowledge [1, 5].

It is clear that the most important task is to find maximal unifiers
that allow to build all the others. However, it is also interesting to find
minimal—ground—unifiers obtained by a substitution of constants. Often,
ground unifiers allow us expressing schemes for constructing maximal and
even the most general unifiers [11, 6], although this approach is not always
possible [13].

S. I. Bashmakov previously described one non-reflexive non-transitive
temporal linear logic with universal modality and proved projective unifi-
cation [2]. Later, in [3] he announced the possibility of generalizing this
result for the case of logic enriched with agent’s knowledge relations. In this
work, we realized the semantic construction of a linear step-like temporal
logic of knowledge with a universal modality, proved the finite model prop-
erty and projective unification. For this logic, we introduce the notation
LTK.sly. The term ”step-like” is an interpretation of the non-reflective
non-transitive nature of the temporal relation given to logic.
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As a basic tool for describing and study the logic LT K.sly, we use the
traditional and well-studied relational Kripke semantics of possible worlds,
generalized to the case of temporal multi-agent systems. A key object
here is a LT K .sly -frame, represented by a tuple of clustered elements and
(n + 3) binary relations specified on them.

2. Semantics for LT K.sly

There are various approaches to describing temporal logic. We will define
the logic under study as a multimodal system with the following semantics.

The alphabet of the language L“7%!v includes a countable set of
propositional variables Prop = {p1,...,pn,... }, constants {T, L}, brack-
ets (,), basic Boolean operations and the following set of unary modal
operators: {N,O.,0y,...,0,,0v}.

The smallest set containing propositional variables from Prop and closed
under connectives from the language L“7 %5l will be standardly denoted
by For(LFTk-slw),

LTK sly-frame is a tuple F := (W, Next, R., Ry, ..., R,, R,), where

o W = U,y Ct is a disjoing union of clusters C; indexed by natural
numbers: Cy, N Cy, = 0 if t1 # to;

e Next is a (non-reflexive non-transitive) binary relation ”next natural
number”: Va,b € W : aNextb < 3t € N(a € Cr&b € Ciy1);

e R, is a binary relation defining equivalence on each cluster:

Va,b € W(aReb <= 3t € N(a,b € Cy));

e Vi€ [1,n] R; C U,cn(Ct)? are an agent’s knowledge relations defined
on clusters;

e R, = W?is a relation of total reachability:

Va,b € W : aR,b.

A model on a LTK .sly-frame F is a pair M := (F,V), where V is
a valuation V' : Prop — 2W, where Prop is a countable set of proposi-
tional variables. Then Va € Cy C W,Vt € N truth conditions of formulas
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Figure 1. LTK .sly-frame

containing modal operators are determined in a standard way through the
corresponding relations:

o (Fa)lFy No < Vb € Cipq : (F,b) IFy ¢;

o (Fa)lFy Oup < Vb€ Cy : (F)b) IFy ¢;

o (Fa) by Oip o Vbe Cr:aRib= (F,b) by ¢;
o (Fla)lky Oyp < Vbe W : (F,b) Iy .

The operator [y is called a universal modality and actually sets the
truth of a formula on a model; [J. is a Common Knowledge-operator on
each cluster; [Jy,...,0, are operators of knowledge of agents that they
get on each of a frame cluster. We don’t impose any special properties on
the agent’s knowledge, except for the condition that any R; is a certain
limitation of R,.

We say that a formula ¢ is true in the model M := (F, V) (we denote
Flry @) if V(p) = W. A formula ¢ is valid on the frame F (F'IF ¢) if ¢ is
true in all its models. Finally, ¢ is valid on the class of frames K (K IF ),
if ¢ is valid on any frame F' € K. Recall that a class of frames is called
characteristic for a logic £ iff all theorems of a logic are valid on all frames
from this class. Let K be the class of all LT K .sl;-frames.

We will call a frame F' adequate to a logic £ if for any formula ¢ € £
it is true that F'IF ¢.

A linear step-like temporal multi-agent logic with universal modality
LTK.sly is a multimodal logic, defined as follows

LTK.sly == {p € For(LFT*sW) \VF € K : FIF p}.
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3. Finite model property of LT .sly

A modal degree d(a) of a formula o in LT K.sly is a number of nested
non-reflexive non-transitive modal operators N in a:

d(p) = 0,p € Prop;d(ca) = d(a), where o € {—,0.,0y,0; };
d(a ® B) = maz(d(a);d(B)), where ® € {V,A}; d(Na) = d(a) + 1.

A length d(a) of a formula « of the logic LT K.sly is defined as follows:
I(p) = 0 where p € Prop; l(ao ) = l(a) +1(B) + 1, where o € {A,V};
l(ea) = () + 1, where @ € {N, -, 0., 0y, 0; }.

An important property of logical systems is a finite model property,
which allows us to operate with simpler finite models, instead of their
infinite variants. A logic £ is said to have finite model property, if L is
complete with respect to the class of finite frames.

In order to prove that the logic LT K.sly has the finite model property,
we define a p-morphic mapping of an infinite L7 K.sly-model M to a finite-
by-time one, and then, using the technique of filtering clusters, we construct
a model with clusters of finite cardinality on the p-morphic version. This
section proves that such a model will preserve the truth of formulas in our
logic.

3.1. p-morphism for LT K.sly

A map f from a frame F := (W,Next, R., R1,..., Ry, R,) onto a frame
F' = (W R, R|,...,R,,R.) is called a p-morphism, if the following
conditions hold Va,b € WVR C {Next, R., R1,...,R,, R, }:

1. aRb = f(a)R'f(b);
2. f(a)R' f(b) = Jc € WlaRcA f(c) = f(b)].

Now we define the finite by the time (by the number of clusters) model
N as follows:

N = < Cj,Next/,R'e, '1,...,R;L,R;,V’>,
JEL,k+1]

where for some LT K.sly-model M = (W, Next, R, Ry, ..., Ry, Ry, V) the
following conditions are satisfied:
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° Uje[l,k] C; C W are finite number of clusters, Cp1 is a singleton
cluster;

e R R},...,Rl are given as limitations of corresponding relations
R, Ry,..., R, on clusters | ek C; supplemented by the following
conditions VR € {R., R1,..., Ry}

Va,b € W\ {C,...,Cr}ifaRb,thena = b € Cy11&aR'b;
e R/, coincides on clusters C1,...,C) with the relation R,, and for

elements out of these clusters it is given as follows:

Va e W\{C,...,Cx}Vb e WifaR,b,thena € Cry1&aR,D.

e Next' is defined as follows: Va € {C1,...,C.} if aNextb, then b €
{Cq,...,Cri1}, and Va € W\ {C4,...,C}, Vb € W if aNextb, then
a,b € Cry1&aNext'b;

e Vi(p) =V(p) NU,ep x Cj for p € Prop.

To simplify notation, we will denote a finite frame defining such a model
N as Fyp = <Uj€[1 1] C;,Next',R.,R},..., R}, R;L> For consistency,
we denote an infinite LT K .sly-frame here as Fj, .

Figure 2. An infinite frame Fj,; and a finite frame F;,

THEOREM 3.1. Any Fy;y, is a p-morphic image of Fyy.

PROOF: Let f be a mapping of infinite LT K .sly-frame
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anf = <W, Next, Re, Rl, ey Rn7 Ru>

onto a finite

Ffm:< J Cj Next',R., ’17...,R;,R;>,
JE[1,k+1]

given as follows:
1. Vx € Uje[l’k] Cj f(z) = x;
2. Vo € W\ U, e G fz) =y, where y € Ciy1.

Let us prove that the mapping f is a p-morphism. For this, it is nec-
essary to show the correctness of the given mapping, with respect to the
points (1.) and (2.) of the definition.

(1.) Ya,b € W if aNextb, hence by the definition of Next, a € C; and
be Ciyr. Ifbe {Cy,...,Ck}, then f(a) =a, f(b) =band f(a)Next'f(b).
Ifbe W\ {Ci,...,Cr}, then f(a), f(b) € Cry1 and f(a)Next'f(b).

If aR.b and a,b € C; C {C1,...,Cy} then f(a)R.f(b). If C; € W\
{C1,...,Ck}, then f(a) = f(b) =y € Cry1.

By virtue of R; C R.Vi € [1,...,n], for relations R},..., R, proof is
similar to R,.

By definition, R, = W? and then Va,b € {C1,...,Cx} f(a)R. f(b). If
a € WA\{Cy,...,Cr}orbe W\{C,...,Cx}, then f(a) = yR!,, f(b) or
f(a)R.y = f(b). Respectively, y € C41.

(2.) Va,b € W if f(a)Next'f(b), then the following cases are possible:

e if f(a)Next'f(b), then, by definition Next', f(a) € C;, f(b) € Cyy1,
where ¢ +1 € [2,...,k]. In this case f(a) = a, and for f(b) two
options are possible:

— when f(b) € {Cs,...,Ck}, b = c and aNextc;
— when f(b) € Cri1&f(a) € Ck, as ¢ we take Ve € Ckqq, then

aNextc.

o if f(a),f(b) S Ok-‘,—l, then a € Cj,b S Cj+1(where {Cj,0j+1} -
W\ {Ci,...,Ck}) and then as ¢ we take Vo € Cj41. In this case
f(C) = f(b) S Ck-+1 C Ffzn
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Va,b € W if f(a)RLf(b), then two options are possible:

— if f(a), f(b) € C;, where i € {1,...,k}, then aR.b, where a,b €
Ci, i €[1,...,k]. In this case ¢ € Cy;
— if f(a), f(b) € Cry1, then aR.b and a,b € W\ {C4,...,Ci}.
In the case of R;, the proof trivially repeats the reasoning for R..
Va,b € Wf(a)R,, f(b), therefore, as ¢ we can take any element of W.

Therefore, any finite frame Fy;;, is a p-morphic image of Fj, . O

Now let us prove that any formula refutable on L7 K.sly-model M is
refuted also on N.

THEOREM 3.2. Let M = (Fjy, 7, V) be an infinite by time LT K .sly-model,
« s an arbitrary formula with the modal degree d(a) = m, m € w.

Then Vo € Ujept k—m Cj C Fing (m < k) it is true:
(M,z) ¥ a < (N,z) ¥ a,
where N = (Fpin, V') = (Ujep rt1] C;,Next',R., R, R},...,R,, V).

PROOF: Let us prove that it is true for all formulas in L7 K.sly. The proof
is by induction on the length of the formula «.

The induction base I(a)) = 0 corresponds to the case a = p. Obviously,
in this case the modal degree is also equal to 0 and the statement is true
Va € UjE[l,k] Cj.

Suppose the statement of the theorem is true Vj3: 1(8) < ¢, i.e. (M,x) ¥
B < (N,z) ¥ 8. Let us prove for (o) = t.

The cases a € {—p, Oup, Do, D0, @ V1, p A1b} satisfy the conditions
of inductive hypothesis due to the fact that the modal degree of the formula
« is not increased by adding operators {—, Oy, 0., 0;} to the subformula
¢ of less length, and is potentially increased by adding {V, A} only up to
the value of max(d(p),d()), where ¢ and 1) are also shorter in length (by
the definitions of the truth values of such formulas).

lao = N, l(p) = l(a) —1 and d(«) = d(¢)+1. By inductive hypothesis,
(M,z) ¥ ¢ < (N,z) I ¢, where © € U;¢(p 4—(m—1y Cj- By the definition
of N, it’s true, that Vo € C;(M,z) I+ Np & Vy € Ciyy (i.e. xNexty)
(M,y) I+ ¢, hence, Fz € C;{(M,z) ¥ Np & Ty € Ci1 (M,y) ¥ . Then
Vi € Ujep pmm Ci (M, 2) ¥ No < (N, &) ¥ No. O
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4. Filtration for LT K.sl;;

To build a final finite model that is adequate to our logic, we apply the filter-
ing technique to the frame Fy;,. Let M = (W, Next, Rc, R1,...,Rn, Ry, V)
be a model, built on the infinite LT K .sly-frame defined above, ® C
For(L*TK-slw) is a set of formulas that is closed wrt sub-formulas. We
define an equivalence relation =4 on clusters from W as follows: Vit €
N,Vz,y € C;

=9y < [Va € P((M, ) IF a = (M,y) IF a)].
In accordance with this definition, below we will use the notation
e Var(®) for a set of all variables of formulas from ®;
o [7]=, = {y € W|z=4y} for equivalence classes;
o Wy := {[z]=,|Vx € W} for a set of all such classes;

Cjy = {[x]zs|Vx € C; C Ffin}, j € [1,k+1], for each cluster of such
classes obtained from each cluster of Flg;y,.

To get only finite clusters, we define a model filtered by a set ® C
FOT(LﬁTKZ.slU)

JE[1,k+1]

based on a version of model NV with a p-morphic frame F;,, and additional
following filtration of clusters:

L. vp € Var(®) [V4(p) = {la]=, [(N, a) I p}];

2. Va,b € {Ujep 411 it VR € [Next',R.,R},...,R,,R!] (aR'b =
[a]=4 R [bl=s);

3. Va,b € {Ujep 5411 Cla }

(a) VI € {e,1,...,n,u} ([a]=, Ry, b=, = [VOia € @ (N,a) IF
|:llO‘ = <N1 b> I Ck]);

(b) [a]z,Nextp[b]=, = ([ Na C ® (N,a) IF Na = (N,b) I a]).
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Well-known conditions for building the minimal and maximal filtration
can also be applied in our case:
— the minimal filtration

min __ ) min /min /main /min /main /

NI _< U Cj,, Nextg"" RImin Rymin . R RI™ ,V¢>,
JELk+1]

where

o Vie{e1,...,n,u} R™" ={([a]=,, [b]=,)|(a,b) € R}},

lo
o Next™ ™" = {(la]=y  [}=s)l(a,b) € Next'};

— the maximal filtration

maxr __ . 'max /max /max /max /max !

NI _< U  Cja.Nextg*e®, R R R RI™ ,V¢>,
JE[Lk+1]

where

e Vie{e1,...,nu}: [a]=, R [b]=, & VO, C @((N,a) IF Do =
(N, ) IF )],

o [a)=,Next]"*"[bl=, & (VNa C ® (N,a) I Na = (N,b) IF ).

Due to the choice of the set @, the finiteness of the number of relations
on a frame and all pairwise variants of their intersections, the clusters Cy,
obtained as a result of the proposed filtration are also will always have finite
cardinality. By virtue of the construction of a filtered model, we assume
the true following

LeMMA 4.1. Let N = (U, e 511) Ci Next',R., R/, R},..., R, V') be ap-
morphic model N of a LTK.sly-model M, ® C For(L*T*sv) is a closed

wrt subformulas set of formulas whose modal degree does mot exceed m
(m € w,k >m),

No = < U ChurNexth, R, R, ... .,R;q),R;q),vq;>
FE[1,k+1]
be a filtered variant of the model N to the set ®. Then Vx € U e y—m) Cj
Va € ®:
(N,z) ¥ a = (Ng,x) ¥ .

By virtue of Theorem 2 and Lemma 1, we conclude the finite model
property for LT K.sly.
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5. Unlification in LT K.sly

5.1. Definitions of unification theory

A formula ¢(p1,...,ps) is called unifiable in logic £, if 3o : p; — oy for
every p; € Var(yp), st. o(p) = p(o1,...,0,) € L. A substitution o
is called wunifier of . A ground unifier is a constant substitution (i.e.
gu:p; = {T,L},Vp; € Var(p)).

The preorder relation is defined on the set of unifiers: an unifier o of

o(p1,...,ps) is called more general than o' in L, if there is a substitution
v, s.t. for any pi: o' (pi) = y(o(pi) € L (01 < 0). ‘
An unifier o of ¢(p1,...,ps) is said to be mazimal, if for any other o*,

either 0% < o, or (0% £ 0)&(c £ ¢*). If o is more general than any other,
it is called a most general (mgu, for short).

A set of unifiers CU for a formula ¢ is called complete in L, if for any
unifier o of ¢ there is o1 € CU: o = o'.

In general, the existence of infinite sequences of unifiers with respect
to a given preorder is possible. If such chains are admissible, the formula
(and hence all logic) has a nullary unification type. In other cases, when
ascending chains are terminated in a finite number of steps, unification is
infinitary (case of a countable number of maximal unifiers for some for-
mula), finitary (case of a finite number of maximal ones for all formulas)
or unitary (in case of the existence of mgu for all formulas) type.

A formula @(p1,...,ps) is called projective in L, if there is an unifier 7
of ¢, s.t. Op — [p; = 7(p;)] € L for all p; € Var(p). An unifier with such
specified properties is called projective.

As was proved by S. Ghilardi [12], the projective unifier defines mgu
of a formula (and, accordingly, CU). Consequently, having established the
projectivity of unification in logic, we will obtain a universal scheme for
constructing an mgu and a unitary type of unification. The importance
of this approach is reinforced by a corollary from a projective unification,
which guarantees almost structural completeness of logic [17].

5.2. Projective unification in LT /.sly

To study the unification properties in LT K.sly we need to redefine the no-
tion of a projective formula because of the non-transitive and non-reflective
nature of the temporal operator N. Let’s do it through the universal modal-
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ity Ou: @(p1,...,ps) is called projective in LT K.sly, if there is an unifier
T for ¢, s.t. Oup — [ps = 7(pi)] € LTK.sly for all p; € Var(yp).

As the following theorem shows, unifiability of an arbitrary formula
o(p1,-.-,ps) in LTK.sly can be effectively establish using constant sub-
stitutions: Vp; € Var(p) o(p;) € {T, L}

THEOREM 5.1. If a formula ¢ is unifiable in LT K.sly, then ¢ has a ground
unifier.

PROOF: The proof of this theorem is similar to the proof in [4] for the case
of pretabular extensions of S4. Here we describe a sketch of the proof and
supplement it with some important comments.

Let’s take an arbitrary unifiable in £ formula ¢(p1,...,ps) and
01(q1y-+-5qr),---,0s(q1,...,qr) is its unifier. Then it is true that

0(p) :==w(01(q1y- -3 Gr)s---,0s(q1y -+, qr)) € L.

Any substitution of variables ¢i,...,q, to constants ¢; € {T, L} €
[1,7]) preserves truth values of the formula §(yp), because of §(p) € L.
In particular, ¢(gu(p1),...,gu(ps)) € L, where gu(p;) := d;(c1,...,¢.) €
{T, L}, is a partial case of §(¢). Therefore, any substitution of this form
is a ground unifier of ¢. To check the existence of such an substitution
for arbitrary formula ¢ (p1,...,ps), it suffices to consider no more than 2°
substitutions of {T, L} instead of all p;. If among them there is one s.t.
Y(gu(p1),-..,gu(ps)) =¢ T, then ¢ is unifiable in £ and gu is its ground
unifier. If for all 2° options gu(t) ¢ L, then ¢ doesn’t have a ground unifier
and therefore any other unifier in L. O

We are now ready to prove the main result of this work.
THEOREM 5.2. Any formula unifiable in LTK.sly is projective.

PRrROOF: Let ¢(p1,...,ps) be unifiable in LTK.sly. Then Vp; € Var(p)
we define the following substitution o(p;):

o(pi) == (Due Api) vV (=0ue A gu(p;)),

where gu(p1), ..., gu(ps) is an arbitrary ground unifier for ¢(p1,...,ps).

Let’s take an arbitrary LT K .sly-model M := (F, V). If ¢ is an unifier
for ¢, then o(p) € LTK.sly and Vo € F (M, z) IF o(p). Let us prove that
o is indeed an unifier for ¢ in LTK.sly.
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1. If Vo € F: (M,z) IF ¢, then (M, z) -y Oyp and, therefore, the
second disjunctive member will be refuted on x. If (M,z) I+ p;, then
(M, z) IF Oye A p;, hence, (M, x) IF o(p;). If (M,x) I+ —p;, then (M, x) ¥
Ou@Ap; and, therefore, (M, z) IF —o(p;). As a consequence, the truth value
©(p1, - . .,Dps) on an arbitrary element x wrt V' coincides with the truth value
w(o(p1),...,0(ps)) on the same element with the same valuation V' and,
in this case, (M, z) IF ().

2. If3zx € F: (M, x) IF -, then (M, z) ¥ Oye. In this case, the second
disjunctive member can be valid, but the first is refuted on x. Then truth
values of all o(p;) on z coincide with gu(p;) (i.e. o(¢) = gu(yp)), and since
(M, z) IF gu(p) (due to the choice of the ground unifier gu(p) € LTK.sly),
again (M, x) IF o(p). Hence, o(p) € LTK.sly for ¢ unifiable in LTKC.sly.

Let us prove that o(p) is a projective unifier. By the definition, if o(p;)
is a projective unifier for , we obtain the following: Vp; € Var(p)

Ouve = (pi < [(Ouve Ap:) VvV (0pe A gu(p;))]) € LTK.sly. (5.1)

Suppose the opposite: let ¢ not be a projective unifier and hence 5.1 is
refuted at some model. Then it is not difficult to verify that if the premise
of the implication is true, it is impossible to refute the conclusion, and
therefore we get a contradiction.

Consequently, o is a projective unifier for ¢ in LTK.sly, so ¢ is a
projective formula. O

From the proved theorems and mentioned results by S. Ghilardi, hold

COROLLARY 5.3. Let ¢ be an arbitrary unifiable formula in LT K.sly.
Then
1. o(pi) := (Oup Ap;) V (-Oue A gu(p;)) is a projective unifier and,
hence, mgu for ¢;

2. The logic LT K.sly has a unitary unification type.
Acknowledgements. We are grateful to the anonymous referee for the
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CONSTRUCTING A HOOP USING ROUGH FILTERS

Abstract

When it comes to making decisions in vague problems, Rough is one of the
best tools to help analyzers. So based on rough and hoop concepts, two kinds of
approximations (Lower and Upper) for filters in hoops are defined, and then some
properties of them are investigated by us. We prove that these approximations-
lower and upper- are interior and closure operators, respectively. Also after
defining a hyper operation in hoops, we show that by using this hyper operation,
set of all rough filters is monoid. For more study, we define the implicative
operation on the set of all rough filters and prove that this set with implication
and intersection is made a hoop.

Keywords: Hoop, rough set, rough approximations (lower and upper), rough
filter.
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1. Introduction

Pawlak proposed the theory of rough sets in 1982 as a new method for
modelling and processing uncertain data. There are different fields such as
machine learning, intelligence system, decision making, and etc, in which
rough set theory can help to solve some problems. So it has received al-
gebraic researchers attention too, and leads to apply rough set theory in
different algebraic systems such as BC K-algebra [13], BCC-algebra [14],
MV -algebra [17] and so on.
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Rough set theory includes different concepts some of them which are used
in rough controllers are rough relations and rough functions. From alge-
braic point of view, Iwinski [11] is the first one who algebraically approach
to the rough sets. In [16, 4], application of rough set can be seen in groups
and semigroups. Till today, relation between rough theory and some alge-
bras are studied, BCK-algebras by Jun [13], and MV-algebras by Rasouli
and Davvaz [17]. Bosbach [8] introduced hoop algebra as special groups
of monoids: naturally ordered commutative resituated integral monoids.
In recent decades, many mathematicians have worked on it and developed
structure theory by using the nation of hoop (see [3, 8]). Fuzzy logic and
hoops have strong impact on each other results. One of the famous ex-
amples is the short proof of the completeness theorem for propositional
basic logic introduced by Héjek in [10] which is obtained from the struc-
ture theorem of finite basic hoops. There are a lot of areas that hoops are
being implemented for algebraic structures such as (see [1, 2, 5, 6, 7]). By
considering the impact of rough set theory and since there was no study
on the relation between hoop and rough set theory, we decided to apply
the rough set theory in hoops. Experience of implementing soft set theory
in hoops [6], and the logic used in [15] helped us a lot to have a better
view. For this purpose, we defined the concept of the lower and the up-
per approximations in hoops and then investigated their properties. Also,
it is proved that the lower (upper) approximations is an interior operator
(closure operator). Moreover, we define a hyper operation on hoop and
then we show that by using this operation, the set of all rough filters is a
monoid. For more study, we define the implicative operation on the set of
all rough filters and prove that this set with implication and intersection is
made a hoop.

2. Preliminaries

Some definitions that may be required in the further discussions are re-
viewed in this part.

A hoop [8] is an algebraic structure i = (h, ®,—, 1) of type (2,2,0) such
that, for all x,v,d € A the following conditions hold:

(HP1) (h,®,1) is a commutative monoid,

(HP2) k > k=1,
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(HP3) (kOV) = d=Kk— (v —9),

(HP4) kO (k= v)=v0O (v — K).

A relation < on hoop A which is defined by x < v if and only if Kk — v =1,
is a partial order relation on A. A hoop & is called bounded if there is an
element 0 € & such that 0 < &, for all kK € i (see [8]).

Fundamental properties of hoops are provided in the next proposition.

PROPOSITION 2.1 ([8]). Let % be a hoop. Then, for all k,v,§ € R the
following properties hold:

(1) (h,<) is a A-semilattice with Kk Av =Kk O (kK — V);
kOv <difand only if Kk < v — 6

(i

(iii) Kk Ov < K,V

(iv) Kk <v—K;
(v

(vi

1 — Kk =k;
k—1=1;

(vit) v < (v = K) = K;

(viii) k < (k = V) = K;

(iz) k 5> v <(v—=908) = (k= 0);

() (k> v)O (v —=0) <k—0;

i)
)
)
)
)
) v
) K
)
)
)

(i) Kk <vimplies kOI<V I I >r<d—vandv —§< Kk —4.

Uninary operation “=” on a bounded hoop # is defined such that for
any k € h,~k =K — 0.
Then for any nonempty subset R of a bounded hoop h, consider the sets
“R:={-keh|kxeR}and DNP(h) :={x € h| ~(-Kk) = K}.

Double negation property (briefly, DN P of a bounded hoop # is when
DNP(h) = h.
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PROPOSITION 2.2 ([8, 9]). Let & be a bounded hoop. Then, for any ,v € #,
the following conditions hold:

(i) k<—-—kand KO- K=0

Let o be an equivalence relation on a hoop i and P(h) denote the

power set of . For all k € A, let [k], denote the equivalence class of &
with respect to ¢. Let g, and ¢* be mappings from P(#) to P(h) defined
by 0.(F) = {x € i | [K], C F}and o*(F) = {x € | [s], N F # 0},
respectively.
The pair (k, ¢) is called an approximation space based on o. A subset F
of a hoop # is definable if p.(F) = o0*(F), and rough otherwise. The set
0+(F) (resp. o*(F)) is called the lower (resp. upper) approximation. (See
[14])

PROPOSITION 2.3 ([14]). Let (%, o) be a p-approximation space. For any
R, M € P(h), we have

(i) 0+(R)CRC 0*(R),

(i1) o« (RNM) = 0.(R)N 0.(M),
(@) 0x(R)U 0+(M) C 0.(RUM),
(iv) o*(RNM)C o*(R)N o™ (M),
(v) 0" (R)U o*(M) = o"(RUM).
(vi) 0+(2"(R)) € 0*(2"(R)),
(vii) 0+(0«(R)) € 0" (0«(R)),
(viii) 04(R°) = (¢*(R))",

(iz) 0*(R°) = (0+(R))",

() 0+(R) =10 for R#h,
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(i) 0*(R) = R for R # 0.
(zii) 0+(R)=R & p*(R°) = R"

Function C : P(S) — P(S) on a set S is a closure operator [12] if the
following conditions are held for all subsets X,Y C S:

(i) X CC(X),
(43) if X C Y, then 0(X) CC(Y),
(ii7) C(C(X)) = C(X).

Function T : P(S) — P(S) on a set S is an interior operator [12] in
which for all subsets X,Y C S the following conditions are held:

(i) TX) € X,
(i7) if X C Y, then T(X) C T(Y),

(ii) T(T(X)) = T(X).

3. Roughness of filters in hoops

In this section, roughness of hoops is introduced and some properties of it
are investigated. Soppose F is a filter of a hoop A. We define a relation
“C¢” on h for any k,v € h as follows:

(k,v)eCr ifandonlyif k > vefF andv —> k€ [.

Then Cr is a congruence relation on A. Hence approximation space
(h,Cr) is called an F -approzimation space. The equivalence class of k € K
under Cr is denoted by Cr[k].

Let (h,Cr) be an F-approximation space. For any nonempty subset R
of h, the sets

Cr(R):={reh|Crs] CR} and C; (R) :={r € | Cr[k] N R # 0},

are called lower and upper rough approzimation, respectively, of R with
respect to the filter f .



368 Rajab Ali Borzooei, Elham Babaei

Ezample 3.1. Let h = {0,7, 3,1} be a poset such that 0 < 7,3 < 1. Define
the operations — and ® on # as follows,

- | 0 n B 1 © | 09 g 1
0 I 1 1 1 0 0 0 0 O
n g1 B 1 7 0 n 0 7
B n on 1 1 B 00 B8 p
1 0 n B 1 1 0 n B 1

Then (%,®,—,0,1) is a bounded hoop. Let f = {n,1}. Then Cr[n] =
Cr[l] = F and Cr[B] = Cr[0] = {0,8}. Suppose R = {n,,1}. Then
Cy (R) = {n, 1} and Cy (R) = h.

THEOREM 3.2. If (h,Cr) is an F -approzimation space, then the lower
rough approximation operator Cp is an interior operator and the upper

rough approximation operator @F is a closure operator.

PROOF: Let R be a nonempty subset of i and x € C(R). Then Cr [k] C R.
Since k € Cp[x], we have x € R. Hence, C/(R) C R. If Ry and R,
are two subsets of i such that Ry € Ry and x € Cp(R1), then Cp[s] C
Ry. Thus Cp[k] € Ro, and so k € Cp(Rz). Hence, C;(R1) C Cf(R2).
Since C;(R) € R, we have C, (C,(R)) € C,(R). Conversely, suppose
k € Cr(R). Then Cp[k] € R. Let 6 € Cp[x]. Then Cr[0] = Cr[k] C R,
and so 6 € Cp(R). Thus, Cf[k] € C/(R). Hence, k € C,(Cr(R)), and so
Cr(Cr(R)) = Cr(R). Therefore, the lower rough approximation operator
C, is an interior operator.

Let R be a nonempty subset of & and x € R. Since k € Cr[k], we
have k € Cr[k] N R # 0. Thus x € Cr(R). If Ry and Ry are two subsets
of fi such that Ry C Re and k € Cp(R1). Then Cr[s] N Ry # 0. Thus
Crlk]N Ry # 0, and so k € Cy (Rz). Hence, Cy (R1) C Cr (Rz). Since R C
Cr(R), wehaveC; (R) C Cp (Cp(R)). Conversely, suppose k € Cr (Cr (R)).
Then CF[H] n 5F(R) 7£ Q] Let 5 S CF[H] O@F(R) Then CF[§] = CF [K)]
and C[0) N R # 0, and so Cy[k] N R # (. Thus, k € C;(R). Hence,
Cr(Cr(R)) = Cr(R). Therefore, the upper rough approximation operator
Cy is a closure operator. O

Let (%,Cr) be an [ -approximation space. A subset R of 7 is said to be
definable with respect to f if C, (R) = Cp (R), and rough otherwise.
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It is clear that (), & and Cp[k] are definable with respect to F in an
F -approximation space (%, Cy ).

Ezample 3.3. Let h be a hoop as in Example 3.1 and F = {n,1}. Suppose
R ={0,8}. Then C; (R) =C,(R) = {0,3}. Hence R is definable.

THEOREM 3.4. If (h,Cr) is an F -approzimation space with f = {1}, then
every subset of h is definable with respect to F .

PROOF: Let R be an arbitrary subset of A. Since f = {1}, for all k € &
we have

Crlrl={0eh|r—d=10—-r=1}={0e€h|r=7} ={xk}
Thus,

C/(R)={reh|C/[x| R} ={neh|{x} CR} =R,

Cr(R)y={keh|CrklNR#0}={seh|{k}NR#0D} =R.
Therefore, R is definable with respect to F . O

For any subsets R and P of a hoop A, we define:

R—P={k—v|keRandv e P},
RoP={kOv|KkeR and v e P}.

PROPOSITION 3.5. If (f2,C) is an [ -approximation space, then C; (R) —
Cr(P)CCr(R— P)and Cr(R)©Cr(P) CCr(R® P) for any nonempty
subsets R and P of a hoop h.

PROOF: If § € C; (R) — Cp (P), then § = a — b for some a € Cy (R) and
b e Cr(P). It follows that Cr [a] N R # 0 and Cp [b] N P # 0. Hence, there
exist k € R and v € P such that Cr[a] = Cf [x] and Cf [b] = Cf [v]. Since

6:a—>b€CF[a] —)Cf[b] :CF[G—> b] :CF[KJ—>V],

we get C[d] = C[k — v]. Moreover since kK — v € R — P and C[§] = C|x —
V], we get C[0] N (R — P) # 0, and so § € C; (R — P). Similarly, we can
verify Cr(R) ©® Cr(P) CCr(R® P). O

DEFINITION 3.6. Let (f,Cy) be an f -approximation space. A subset R of
h is called a lower (resp. upper) rough filter of % if C, (R) (resp., Cr(R))
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is a filter of 4. If R is both a lower rough filter and an upper rough filter
of h, we say R is a rough filter of h.

Ezample 3.7. Let /i be a hoop as in Example 3.1. Suppose F = {3,1}.
Then F is a filter of fi. Cr[1] = Cr[8] = {B,1} and Cr[0] = Cr [n] = {0,n}.
If R = {n,B,1}, then C, [R] = {B,1} and Cf[R] = h. Hence, R is a
rough filter of 4. If R = {n,1} which is a filter of A, then C, [R] = () and
Cr[R] = h. Hence R is not a rough filter of .

THEOREM 3.8. If (h,Cr) is an F -approzimation space and R is a nonempty
subset of h, then

(i) F C Rif and only if F € Cp(R).
(i) RC F if and only if Cr(R) = F .

(iii) If G is a filter of h, then F C Cr(@Q). Also, F C G if and only if
Cr(G) =G =Cr(G).

(iv) Ewvery filter which is contained in F is an upper rough filter of h.

PRrROOF: (i) Assume that £ C R and 6 € F. Then Cr[d] = F C R and so
0 € Cp(R), that is, F C Cp(R). The converse is clear.

(ii) By Proposition 2.3(i), it is clear that if Cy (R) = F, then R C F.
Suppose R C F and 6 € Cy (R). Then Cp[6]N R # (). Thus x € Cp[6] N L.
Since L C F, we have k € F and Cr[0] = Cr[k] = F. Thus § € F,
which shows that Cy(R) C F. Now, if § € F, then C/[§] = F and so
CriflNR=FNR=R# 0. Hence § € Cp(R) andso F C Cr(R).
Therefore, Cr(R) = F .

(7i1) Let G be a filter of . If v € F, then Cr[v]=F and 1 € F NG =
Crlv]NG and so v € C; (G). Hence f C Cp(G). Assume that f C G.
By Proposition 2.3(i), it is clear that G C Cf(G) and C; (G) C G. If
§ € Cr(G), then Cr[6]) NG # 0. Hence Cr[8] = Cf[x], for some k € G. Tt
follows that d = k€ F CGand Kk — 6 € F C G. Since G is a filter of h
and k € G, we have § € G and so G = C; (GQ). Let v € G. If a € Cf [v],
then a - v,v - a € F C G. Since G is a filter of A, it follows that a € G,
and so Cp[¥] € G and v € C;(G). Thus C, (G) = G. Conversely, suppose
C,(G)=G=Cp(G)and v € F. Since 1 € C,[v]NG = F NG, we have
veCr(G)=G. Thus F CG.

(iv) Tt is clear by (ii). O
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The following corollary is obtained from Theorem 3.8.

COROLLARY 3.9. In an f -approximation space (h,Cr), every filter con-
taining F is a rough filter of A and every nonempty subset contained in
is an upper rough filter of A.

PROPOSITION 3.10. Let (#,Cp) be an [ -approximation space in which £
is bounded. Then the upper rough approximation operator Cr satisfies
—Cr(R) C Cr(—R) for all nonempty subset R of h.

PRrOOF: Let v € =Cy (R). Then v = —§ for some § € f such that C; [5] N
R # (). Hence there exists k € R such that Cg[d] = Cf[k], which implies
that Cp[v] = Cp[d] = Cr[—k]. Since -k € —R, we get Cr[v] N R =
Cr[-K] N =R # 0. Hence v € Cy (—R). Therefore, =C; (R) C C; (—R). O

Now by below example we show that the reverse inclusion in Proposition
3.10 is not true, in general.

Ezample 3.11. Let A = {0,7n,5,¢,1} be a poset with the following Hasse
diagram. Define the operations ® and — on # as follows,

1

¢
U] B
0
— 0 n B ¢ 1 ® 0 n B ¢ 1
0 11 1 1 1 0 0 0 0 0 O
U g1 g 11 n 0 n 0 n n
B n on 1 1 1 B 00 8 B B
¢ 0 n f 1 1 ¢ 0 n B ¢ ¢
1 0 n B ¢ 1 1 0 n B ¢ 1
) is a bounded hoop. Suppose F = {¢,1}. Then

Then (h,®,—,

0,1
Crl¢] = Cp1] = {¢ 1}, Crln) = {n}, Cr[B] = {B} and Cp[0] = {0}.
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Thus Cy (k) = h and =Cy (k) = {0,n, 8,1}. Also, =k = {0,n, 3,1} and so
Cr (—h) = h. Hence, Cr (—h) € —Cy (h).

In the following example we show that lower rough approximation op-
erator C, does not satisfies in the condition of Proposition 3.10.

Ezample 3.12. Let /i be the hoop as in Example 3.11 and R = {3,1}.
Then C,(R) = {f} and so =C,(R) = {n}. Moreover, =R = {0,7} and so
C; (-R) = {0,n}. Hence, C; (-R) € —=C, (R). Also, if R = {0,7, 8}, then
Cr(R) ={0,n,8} and so =C, (R) = {n, 3,1}. Moreover, =R = {n,[3,1}.
Then C, (~R) = {n,3}. Hence, =C, (R) € C, (-R). Therefore, lower
rough approximation operator C, does not satisfies in the condition of
Proposition 3.10.

ProposITION 3.13. If (A,Cr) is an f-approximation space and R is a
nonempty subset of A, then

(i) DNP(h)NCr(=R) C ~Cf (=(=R)).
(i1) DNP(h)NCr(=(RNDNP(h))) C =Cr(R).

Proor: (i) If & € DNP(h) N Cy(=R), then -(—x) = k and since xk €
Cr(=R), there exists v € R such that Cy [k] = Cf [-v].

It follows that Cy [-k]N—=(=R) = Cr (—[~v]) N—=(=R) # 0, that is, -k €
Cr(—=(=R)). Hence k € =Cr(~(—R)). Therefore, DNP(h) N Cr(—R) C
8 (-(-R). )

(17) Let 6 € DNP(h) N Cp(—~(RN DNP(k))). Then —(=d) = § and
Cr[6)N=(RNDNP(h)) # 0. Thus there exists x € C [§]N—=(RNDNP(#)),
it means that, Cr[6] = Cp[k] and there exists v € RN DN P(h) such that
k = —w and so Cg [0] = Cp[-w]. Then Cr[-0]NR = Cr[~(—v)]NR = Cr VN
R # 0, that is, § € =Cy (R). Therefore, DN P(h) NCy (~(RN DN P(h))) C
-Cr (R). O

PROPOSITION 3.14. If # is a bounded hoop, then the set A* := {x € A |
-k = 0} is a filter of A.

PROOF: Since -1 = 0, we have 1 € A*. Consider k,v € & so that &,k —
v € i*. Then =k = 0 and —(k — ) = 0. Considering Proposition 2.2(i)
and v < =—w, we get kK > v < kK — v = - — =K. Hence

Ay = oy = _|(_|1/ — 0) = _‘(_‘V — _'K/) S _‘(K/ - l/) = 0’

and so —v = 0, that is, v € A*. So it is proved that A* is a filter of 4. O
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COROLLARY 3.15. If (h,Cr) is an f -approximation space in which A is
bounded, then

where F ¥ :={§ € h | =(=6) € F }.

PROOF: By Theorem 3.8(iii) and Proposition 3.14, we know that F C
Cr(h*). Let k € Cp (h*). Then Cy [r] N A* # (), which implies that there
exists a € Cr[k] such that =a = 0. Thus Cr[0] = Cr[—a] = Cr[—k], and so
—(—Kk)=-k = 0€F,ie, k€ F*. O

We provide conditions for a nonempty subset to be definable with re-
spect to a filter of A.

THEOREM 3.16. Let (h,Cr) be an F -approximation space. Then a non-
empty subset R of h is definable with respect to F if and only if C; (R) = R
or Cr(R) = R.

PROOF: The necessity is clear. Conversely, suppose C,(R) = R. By
Proposition 2.3(i), it is clear that R C Cy (R). Suppose k € C; (R). Then
Cr[k] N L # 0. Thus, there exists v € Cr[] N L, such that Cr[x] = C¢[v].
Since v € R and C,(R) = R, we have v € C,(R). Then Cr[v] C R.
Thus, Cy [k] € R, and so x € R. Hence, C; (R) C R and so Cy (R) = R.
Therefore, C; (R) = R = C; (R) and R is definable. Now, assume that
Cr(R) = R. Obviously, C, (R) C R. For any £ € R, let § € C¢[k]. Then
CriflNR=Cr[klN R # 0 and so § € C;(R) = R. Hence Cr[k] C R, i.e.,
k € Cy(R). Then C;(R) = R = C; (R). Therefore, R is definable with
respect to F. ]

THEOREM 3.17. Let F and G be two filters of a hoop h. For any nonempty
subset F of a hoop h, we have

(i) If RCF NG, then Crng(R) =Cr(R)NCq(R).
(i7) If R is definable with respect to I, then Cyng(R) = Cr (R)NCq(R).
(iti) If R contains | and G, then Cpng(R) =Cp(R) NCq(R).

PrOOF: (i) Let k € Crng(R). Then Crnglr] N R # 0. Thus there exists
a € Craglk] N R. Since a € Rand R C F NG, we get a € F and
a € G. Moreover, from a € Crnglk], we get a — K,k - a € F NG.
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Since F and G are two filters of A, we have kK € F and Kk € G. Then
Cr k] = Crla], and so Cr[k] N R # (. By the similar way, Cg[k] N R # 0.
Hence, x € Cy (R) NCq(R). Therefore, Cy ng(R) € Cr (R)NCq(R).

Conversely, suppose k € Cr(R) N Cg(R). Since k € Cy(R), we have
Cr[k]NR # 0. Then there exists a € Cr [x]NR such that k = a,a = kK € F.
By the similar way, there exists b € Cg[x] N R such that b — k,k — b € G.
Since a,b € R, R C F NG and F and G are two filters of A, we have
k€ FNGandabeFNG. The Crnglk] = Crnglal = Crnglb]. Hence,
Crnc[k]NR # 0, and so k € Cyng(R). Thus, Cp (R)NCq(R) C Crag(R).
Therefore, Cy (R) NCq(R) = Crnc(R).

(ii) Suppose R is definable with respect to f. Then Cy(R) = R =
C; (R). Thus, C; (R)NCs(R) = RNCq(R) = R. Moreover, by defination of
upper approximation, we have R C Cyng(R). Now, suppose k € Cyng(R).
Then Cp ng[k]NR # 0. Let v € Cpng|k]NR. Since v € R and R is definable
with respect to F, we get Cr[v] € R. Also, from v € Crng[k], we obtain,
k= uv,v -k € FNGC[F. Then K € Cr[v] € R, and so k € R.
Hence, Crng(R) € R. Thus, Crng(R) = R. Therefore, Crng(R) =
Cr(R)NCg(R).

(i7) Let R be a filter of a hoop & containing f and G and k € C;(R).
Then Crnglk] € R, and so k € R. Thus, for any a € Cr[k], we have
a — K,k — a € [. Since R is a filter of  such that F C R and x € R,
we get a € R. By the similar way, for any b € Cg[x], we have b € R.
Hence, Cr [k] € R and Cg[k] € R. Then x € C(R) and k € Cy(R), and
so k € Cr(R)NCq(R). Hence, Cpng(R) € Cpr(R)NCG(R).

Conversely, suppose x € Cp(R) NCq(R). Then x € Cp(R) and K €
Co(R), Crlk] C R, Cglk] € R and so k € R. Let v € Crng[k]- Then by
assumption, v — k,k > v € FNG C R. Sincek v € R,k € Rand Risa
filter of h, we get v € R, and so Crng[r] € R. Thus, k € Cyg(R). Hence,
Cr(R)NCu(R) € Crng(R). Therefore, Cp (R) NCo(R) =Crag(R). O

LEMMA 3.18. Let f : h — k be a homomorphism of hoops. Then
(1) ker(f) ={r €h| f(k) =1} is a filter of h.

(i) If f is an epimorphism such that [ is a filter of h and Kerf C F
then f(F) is a filter of k.

PROOF: (i) Since f is a homomorphism of hoops, it is clear that f(1) =
1 € kerf. Suppose k,v € h such that K,k — v € kerf. Then f(k)
f(k = v) = 1. Since f is a homomorphism of hoop, we have f(v) =1

N
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fw) = f(k) = f(v) = f(k = v) = 1. Hence, f(v) =1, and so v € kerf.
Therefore, ker f is a filter of A.

(44) Since f is a hoop homomorphism and F is a filter of #, it is clear that
1= f(1) € f(F). Suppose k,k — v € f(F). Then there are a,b € F such
that f(a) = x and f(b) = K — v. Since f is onto and v € k, there exists
¢ € hsuch that f(¢) =v. Thus f(b) =k — v = f(a) = f(c) = f(a = ¢).
Thus b — (a = ¢) € Kerf C [. Since b € | and F is a filter of i, we have
a—c€F. From F isafilterof h, a € F anda = ¢ € F, we get ¢ € F.
Hence, v = f(¢) € f(F). Therefore, f(F) is a filter of k. O

THEOREM 3.19. Let f: h — k be an isomorphism of hoops. Then
(i) f(Cher(p)(R)) = f(R) for any nonempty subset R of h.

(i4) If G is a filter of k, then f~*(Cq(f(R)) = Cp-1(c)(R) for any
nonempty subset R of h.

(iii) Assume that f is onto. If I is a filter of h which contains ker(f),
then f(Cr(R)) = Cy)(f(R)) for any nonempty subset R of h.

PROOF: (i) Since by Lemma 3.18, ker f is a filter of i, by Proposition 2.3(i),
we have R C Crer(s)(R), and so it is clear that f(R) C f(Crer(s)(R)).
Suppose v € f(éker(f)(R)). Then there exists x € 5ker(f)(R) such that
f(k) = v. Since k € am.(f)(R), we have Cper(s)[k] N R # (0. Then there
is 0 € Crer(s)[k] N R such that Crer(s)[k] = Crer(p)[d] and 6 € R. Thus,
k= 0,0 = K € ker(f). So, f(k) = f(0) = f(§) = f(k) = 1. Hence,
f(k) = f(0). Since § € R, we have v = f(k) = f(0) € f(R). Hence,
f(cker(f) (R)) C f(Rl Therefore, f(ckrer(f) (R)) (R)

(ii) Let k € f=1(Co(f(R)). Then f(x) € Ca(f(R)), and so Ca[f(k)] N
f(R) # 0. Thus v € Calf(k)] N f(R). So Ca[f(k)] = Cglv] and v €
f(R). Thus, there exists 6 € R such that f( ) = v, and so f(9) € Cg[v].
Then Cg[f(6)] = Cg[f(k)]. Thus, f(k — ¢) € G and f(0 — k) € G
and so k — 8,6 = k € f71(G). Hence, Cy-1(q)[k] = Cs-1()[d], and so
§ € Cy-1(q)lk] N R. Therefore, k € Cy—1(c)(R). The proof of converse is
similar.

(#4i) Suppose f is onto and F is a filter of A which contains ker(f). Then
by Lemma 3.18, f(F) is a filter of k. Let v € f(Cy (R)). Then there exists
k € Cr (R) such that v = f(k). Since k € Cy (R), we have C [k] N R # 0.
Then there exists a € Cr [k] N R such that f(a) € f(R), and Cr[k] = Cfa],
and so kK = a,a = k € F. Thus, f(k) = f(a),f(a) = f(k) € f(F).
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Hence, from v = f(k) we get Cyp\[v] = Crp[f(5)] = Cyry[f(a)]. So
i(a) € Crn[WIN f(R) #0. Then v € Cy(py[f(R)]. Therefore, f(Cr(R)) C
Criry(F(R)). 3

Conversely, let £ € Cyr)(f(R)). Then Cyppy[s] N f(R) # 0. Since f is
onto, there exists a € A such that f(a) = x. Suppose v € Cyp[s] N f(R).
Then there exist b € R such that f(b) = v. Since v € Cy(y)[x], we have
v — K,k — v € f(F). Thus there are m,n € f such that v — k = f(m)
and K — v = f(n). So f(b) — f(a) = f(m) and f(a) — f(b) = f(n).
Since kerf C f andm € [, we get (b - a) > me f andm — (b —
a) € F,and so b — a € F. By the similar way, a — b € F. Thus
Crla] = Cp[b]. Morever, from b € Cr[b] N R, we get b € Cr(R), and
sov € f(b) € f(Cr(R)). Hence, Csry(f(R)) € f(Cr(R)). Therefore,

FCr(R)) =Cy(r)(f(R)). 0
We define a hyper operation “®” on # as follows:
@:Axh—=P), (kv)»{d€eh|rOV <}

For any k,v € h, ®(k,v) will be denoted by x ® v, that is, k ® v := {J €
h| k®v < 6} It is clear that the operation “®” is commutative and
associative. For any nonempty subsets F and G of a hoop £, we define

F®G:= U K® V. (3.1)
KEF ,VEG

Ezample 3.20. Let H be the hoop as in Example 3.11. Suppose F' = {(,1}.
Then by routine calculation, it is clear that k ® 0 = § ® n = h for any
keh nen=nel=na®(={nglLfef=C(af=F021=
{B.¢1h(®(=C®1={C1}.
Now, if we consider K = {n,1} and G = {(}, which are two nonempty
subsets of i, then K ® G:= |J k®v={n(1}.

reK,veG
THEOREM 3.21. If F and G are two filters of h, then F ® G is the smallest
filter of A which contains F and G.

PROOF: Let F and G be two filters of a hoop A. Then 1 € F and 1 € G,
andsol®1l={keh|1=101<k}={1}. Thus1l € F ®G. Now,

suppose k,v € hisuch that K,k > v € F ®G. Since F ®G:= |J a®b,
acfF,beG
there exist a,¢ € F and b,d € G such that K € a®b and k — v € ¢c®d. Thus
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keadb={0eh|aob<dflandk svec®d={mweh|cOd<w}.
So,a®b <k and c®d < kK — v. By Proposition 2.1(vii) and (xi), we have

(@O Bed)<aebeced<rkOc@d<ko (k=)<

Then (a®¢)®(b®d) <v. Since F and G are two filters of A, a,¢ € F and
b,d € G, wehave a®¢ € F and b&d € G. Hence v € (a®¢)®(bod) C F ®G,
and so f ® G is a filter of 2. Suppose J is a filter of A which contains
F and G. If Kk € F ® G, then there are a € F and b € G such that
kea®b={J€h|a®b<d}. Since J is a filter of h and F,G C J, we
get a,b € Jandsoa®b e J. Thus, kK € J. Hence, f ® G C J. Therefore,
F ® G is the smallest filter of A which contains F and G. O

PROPOSITION 3.22. Let F be a filter of a hoop A. Then for all R, P €
P(h)\ {0}, we have:

Cr(R)®Cp(P)CCr(R®P) CCr(R)®Cr(P).

PROOF: Let k € Cf (R)®Cp(P) = U a®b. Then there exist
UEQI—(R),EJEQ/—(P)

a€C,(R)and b € C;(P) such that kK € a® b. It means a ® b < z. On

the other hand, Cy[a] C L, and Cr[b] C M, soa € L, and b € M. Then

a®bCLeM= |J k®v. Now,sincea®b<zanda®be R®P, we
KER,vEP

get kK € R® P. We have Cr[z] N (R ® P) # (. Therefore k € Cr (R ® P).
For the second part, let x € C; (R ® P). Then Cr[k]N (R ® P) # (). Thus
there exists v € Cr [k]|N(R®P). Since v € Cy [k], we have Cr [k] = Cp [v] and
from v € R® P, we get that there are a € R and b € P such that v € a®b.
Moreover, since a € Cr[a] and a € R, we obtain that a € Cr[a] N R, and so
a € Cr (R). By the similar way, b € Cr[b] N P, and so b € C (P). Hence
a®b C Cr(R)®Cr(P),and so v € Cr(R)®Cf (P). Thus Cr [k]N(R®P) C
Cr(R) ®Cy (P). Therefore, C; (R® P) CCr(R) ®Cy (P). O

We provide conditions for the equality in Proposition 3.22 to be true.

THEOREM 3.23. Let F be a filter of a hoop h and R, P are two nonempty
subsets of h.
(i1) If R and P are definable with respect to I, then C;(R) ® C;(P) =
Cr(R®P)
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PROOF: (i) According to the Theorem 3.8(ii), if R, P C f, then Cf (R) =

Cr(P)=F.SinceR®P= |J {0eh|kOv<46}, R,PCF andF is
KRER,VEP
a filter of A, we obtain k @ v € F, and so 6 € F. Hence R® P C F which

means C; (R ® P) = F. Therefore Cy (R® P) =Cy (R) ® Cf (P).

(i4) According to Proposition 3.22, we have C; (R) ® C; (P) C Cy (R ®
P) CCr(R)®Cr(P). Since R and P are definable with respect to f, we
get R® P CCr(R® P) C R® P. It implies that Cr(R® P) = R® P.
Since C; (R® P) = R® P, by Theorem 3.16 we get C, (R® P) = R® P.
Therefore, C,(R® P)=R® P =C,(R® P). O

LEMMA 3.24. Let h be a linearly ordered hoop and F be a filter of h. If
a < b and Crla] # Cg[b], then for any u € Crla] and for any v € Cr[b]
we have u < v.

PrOOF: Let a < b and Cy [a] # Cf [b]. Suppose that u £ v. Since & is a
linearly ordered hoop, we get v < u. So v — u = 1. On the other hand, we
have u € Cr[a] and so u — a,a — u € F. By Proposition 2.1(ix), we have
v = u < (u—a)— (v— a). It implies that v — a € F. Since v € C¢[b]
we have v — b,b — v € F. Also, since a < b, by Proposition 2.1(xi) we
have b - v <a —wv. Soa — v € F. Then v € Crla] and v € Cf[b],
thus v € Crla] N Cr[b]. Hence, Cr[a] = Cf[b], which is a contradiction.
Therefore, v < u. O

THEOREM 3.25. Let i be a linearly ordered hoop, (h, F) be an approxima-
tion space and R be a filter of h. Then R is an upper rough filter of h.

PrOOF: If a < b and a € C;(R), then Crla] N R # 0. So there is an
element u € R such that Crla] = Crlu]. If Crla] = Crb], then clearly
b e Cr(R). If Cpla] # Cr[b], then by Lemma 3.24, we obtain v < b. Since
u € R and R is a filter of i, we get b € R. Thus, Cr[b] N R # (), and so
b e @F (R)

Let a,b € C; (R). Then Cy[a] N R # 0 and Cy[b] N R # 0. Hence there
exist w € Cpla] N R and v € Cp[b] N R. Since Cr[u] = Crla] and Crlv] =
Crlb], u,v € R, and R is a filter of /i, we have u®v € R and Cr[u©®v] =
Crla®b]l. Sou®v e Crla®bNR # (). Hence a®b € Cy (R). Therefore,
Cr(R) is a filter of . O

THEOREM 3.26. Let | and G be two nonempty subsets of a linearly ordered
hoop h and G be a filter of h. Then Cr(R® P) =Cr(R) ® Cr(P).
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PrOOF: Letn € Cr(R)®Cy (P). Then there are u € Cr(R) and v € Cf(P)
such that n € u®v and so u®v < n. Since Cf [u]NL # 0 and Cr [v]NM # 0,
we get that there are a € L and b € M such that Cpla] = Cflu] and
Crl6] = Cr[v]. Hence Crla® b] = Crlu] ® Cplv], and so, a©®@b e L ® M.
If Cr [n] # Cy[u®v], then by Lemma 3.24, since a ® b € Cf [u © v], we get
a®b <n. Thenn € L&M. Hence Cr [n]N(L&®M) # (). On the other hand,
if Cr[n] = Crlu®wv], then by hypothesis we get Cr[n]N(L® M) # (. Thus
n € Cy (R® P). Therefore, Cy (R) ® C; (P) C Cy (R® P). By Proposition
3.22, the proof of converse is clear. O

THEOREM 3.27. The algebraic structure (F(h),®) is a semilattice, where
F(h) is the set of all filters of a hoop h.

PRrOOF: By Theorem 3.21, it is clear that (F(h), ®) is well-defined. Also,
according to definition of operation ®, we get (F(%),®) is associative and
commutative. It is enough to prove that the operation ® is idempotent.
For this, let F € F(%) and 6 € F ® F. Then there exist x,v € F such that
k©v <. Since F is a filter of A, and k,v € F, we have Kk @ v € F and
so d € F. Hence F ® F C F. Conversely, since F € F(h), we have 1 € [ .
Then forany xk € F, 10k < kandsok € F ®F. Thus F C F ® F. Hence
F =F & F. Therefore, (F(h),®) is a semilattice. O

COROLLARY 3.28. The algebraic structure (F (%), ®, {1}) is a commutative
monoid.

Let F be a filter of a hoop A. Then each filter of i which contains f is
rough filter according to Theorem 3.8(iii). The set of all rought filters of
hoop # which contain F is denoted by RF(h).

Let K and G be two filters of i. We define the implication relation on F (k)
as follows:

K—-G={keh| Kn(k) CG} (3.2)
THEOREM 3.29. The set RF(h) is closed under the operation” — 7.

PRrROOF: Let K and G be two filters of RF(f). Then, F C G,K. Let
k€ F. Since F C K, weget (k) CF CKandso KN{(k) CKNF C
F CG. Thus, KN (k) C G, for any x € F. Hence f C K — G. Hence,
K — G € RF(h). O
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THEOREM 3.30. The algebraic structure (RF(h),N,—, h) is a hoop.

PROOF: According to definition of N, we get (RF(h),N, ) is associative
and commutative. So (RF (%), N, k) is a commutative monoid. It is enough
to prove that the other properties hold. Since G - G ={k € h | GN (k) C
G}, it is clear that G — G = h. Let Kk € (GNK) — J. It means
KYN(GNK)CJ=({(k)NG)NK C J. Then (k) NG C K — J. Hence,
k € G = (K — J). The proof of other side is similar. Moreover, since
GN(G—=K)=Gn{keh|Gn(k) CK}={ke G| (k) C K}, we have
GN(G — K) = GNK. By the similar way, we have KN(K — G) = KNG.
Hence GN (G — K) = KN (K — G). Therefore, (RF(h),N,—,h) is a
hoop. O

4. Conclusions and future works

In this paper, by considering the notion of a hoop, the notion of the lower
and the upper approximations are introduced and some properties of them
are given. Moreover, it is proved that the lower and the upper approxima-
tions are an interior operator and a closure operator, respectively. Also,
a hyper operation on hoop is defined and then it is shown that the set
of all rough filters is a monoid by using this operation. For more study,
the implicative operation on the set of all rough filters is introduced and
proved that this set with implication and intersection is made a hoop. For
the future work, we want to use the notion of soft and rough hoop and
introduce soft rough and rough soft on hoops.
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AN (o, B)-HESITANT FUZZY SET APPROACH TO
IDEAL THEORY IN SEMIGROUPS

Abstract

The aim of this manuscript is to introduce the (o, 38)-hesitant fuzzy set and apply
it to semigroups. In this paper, as a generalization of the concept of hesitant fuzzy
sets to semigroup theory, the concept of (v, 8)-hesitant fuzzy subsemigroups of
semigroups is introduced, and related properties are discussed. Furthermore, we
define and study (a, 3)-hesitant fuzzy ideals on semigroups. In particular, we in-
vestigate the structure of («, 8)-hesitant fuzzy ideal generated by a hesitant fuzzy
ideal in a semigroup. In addition, we also introduce the concepts of («, 3)-hesitant
fuzzy semiprime sets of semigroups, and characterize regular semigroups in terms
of (a, B)-hesitant fuzzy left ideals and («, 8)-hesitant fuzzy right ideals. Finally,
several characterizations of regular and intra-regular semigroups by the properties
of (o, B)-hesitant ideals are given.

Keywords: *-hesitant (o-hesitant) fuzzy set, (o, 8)-hesitant fuzzy subsemigroup,
(a, B)-hesitant fuzzy ideal, («,8)-hesitant fuzzy semiprime set, regular semi-
group.
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1. Introduction

An (a, §)-hesitant fuzzy set on a semigroup is a generalization of the con-
cept of fuzzy subsets, interval-valued fuzzy sets and hesitant fuzzy sets
in semigroups. A hesitant fuzzy set theory is an excellent tool to handle
the uncertainty in case of insufficient data. Many authors studied differ-
ent aspects of hesitant fuzzy sets (see [1, 5, 14, 19, 20]). Also, hesitant
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fuzzy set theory is used in decision making problem etc. (see [12, 16]),
and is applied to BCK/BCl-algebras and UP-algebras (see [10, 11, 13]).
The notion of interval-valued fuzzy sets has been applied to theory of semi-
groups [4]. They considered characterizations of left [right] simple, left
[right] duo and a semilattice of left [right] simple semigroups. In 2012,
Khan, Jun and Abbas [8] characterized regular (resp.intra-regular, simple
and semisimple) ordered semigroups by their (€, € Vg)-fuzzy interior ide-
als (resp. (€, € Vq)-fuzzy ideals). Also they proved that the an ordered
semigroup S is simple if and only if it is (€, € Vq)-fuzzy simple. In 2013,
Yaqoob [18] characterized regular LA-semigroups by the properties of in-
terval valued intuitionistic fuzzy left ideals [right ideal, generalized bi-ideal
and bi-ideal]. In 2014, Jun, Ahn and Muhiuddin [6] applied the notion of
hesitant fuzzy soft sets to BCK/BCl-algebras. They introduced the notions
of hesitant fuzzy soft subalgebras and (closed) hesitant fuzzy soft ideals
and investigated several properties. In 2015, Jun, Lee, and Song [7] intro-
duced the notion of hesitant fuzzy (generalized) bi-ideals on a semigroup,
which is a generalization of interval valued fuzzy (generalized) bi-ideals. In
2016, Khan et al. [9] applied the notion of interval-valued fuzzy subsets to
ordered semigroups, and proved that the intersection of non-empty class
of interval-valued fuzzy interior ideals of an ordered semigroup is also an
interval-valued fuzzy interior ideal. In 2017, Tang, Davvaz and Xie [15] de-
fined and studied the completely prime, weakly completely prime and com-
pletely semiprime fuzzy quasi-I'-hyperideals of ordered I'-semihypergroups,
and characterized bi-regular ordered I'-semihypergroups by the proper-
ties of completely semiprime fuzzy quasi-I’-hyperideals. In 2018, Abbasi
et al. [2] gave the concept of hesitant fuzzy ideals and 3-prime hesitant
fuzzy ideals in po-semigroup, which is a generalization of fuzzy ideals and
3-prime fuzzy ideals in po-semigroups. In 2019, Arulmozhi, Chinnadurai
and Swaminathan [3] introduced the notion of interval valued (77, 5)—bipolar
fuzzy ideal, bi-ideal,interior ideal, (€, € Vq)-bipolar fuzzy ideal of ordered
I'-semigroups and established some properties of bipolar fuzzy ideals in
terms of (€, € V g)-bipolar fuzzy ideals. In 2020, Yairayong [17] applied
the theory of hesitant fuzzy sets to completely regular semigroups and
introduced the notion of hesitant fuzzy semiprime sets and hesitant fuzzy
idempotent sets on semigroups, which is a generalization of fuzzy semiprime
and fuzzy idempotent sets. He also proved that the every hesitant fuzzy
two-sided ideal on a semigroup S is a hesitant fuzzy interior ideal if and
only if S is a semisimple semigroup.
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The aim of this manuscript is to introduce the («, 8)-hesitant fuzzy set
and apply it to semigroups. The rest contents of this paper are arranged as
follows. In Section 2, we present the fundamental concepts and properties
of “-hesitant (,-hesitant) fuzzy sets, («, 8)-hesitant fuzzy subsemigroups
and (a, B)-hesitant fuzzy ideals, which form the basis of our subsequent
discussion. In this regard, we prove that that every hesitant fuzzy set on a
semigroup S is («, 8)-hesitant fuzzy left (right, two-sided) ideal if and only
if g(SOH) CH(3(HOS) CH,5(SOH)U(HES)) C *“H). We prove
that the non empty subset of a semigroup S is a subsemigroup (left ideal,
right ideal, two-sided ideal) of S if and only if the hesitant fuzzy set on S
is the (a, B)-hesitant fuzzy subsemigroup ((«, 5)-hesitant fuzzy left ideal,
(a, B)-hesitant fuzzy right ideal, («, 3)-hesitant fuzzy two-sided ideal) on
S. In Section 3, we define the notions of (a, §)-hesitant fuzzy semiprime
sets and equivalent definitions of them. Some related properties of them are
obtained. In this paper, we give characterizations of semigroups in terms of
(a, B)-hesitant fuzzy ideals, and characterize regular semigroups in terms
of (a, B)-hesitant fuzzy left ideals and («, 8)-hesitant fuzzy right ideals.
Finally, several characterizations of regular and intra-regular semigroups
by the properties of («, 8)-hesitant ideals are given.

2. “-hesitant (,-hesitant) fuzzy sets

In this section, we present the fundamental concepts and properties of
“hesitant (,-hesitant) fuzzy sets, («, §)-hesitant fuzzy subsemigroups and
(a, B)-hesitant fuzzy ideals, which form the basis of our subsequent dis-
cussion. In this regard, we prove that that every hesitant fuzzy set on a
semigroup S is (a, B)-hesitant fuzzy left (right, two-sided) ideal if and only
if s(SOH) C*H(B(HOS) C*H,3(SOH)U(HGS)) C “H). We prove
that the non empty subset of a semigroup S is a subsemigroup (left ideal,
right ideal, two-sided ideal) of S if and only if the hesitant fuzzy set on S
is the (a, B)-hesitant fuzzy subsemigroup ((«, 5)-hesitant fuzzy left ideal,
(a, B)-hesitant fuzzy right ideal, («, §)-hesitant fuzzy two-sided ideal) on
S. These notions will be helpful in later sections.

Let H : S — P([0, 1]) be a hesitant fuzzy set on a semigroup S and let «
be any element of P([0,1]). Then the “-hesitant fuzzy set (,-hesitant
fuzzy set) on S is defined as *H, = H,Ua (o He = Hy Na) for all z € S.
Next, we define the hesitant fuzzy set over a semigroup S. If H, = [0, 1]
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for all x € S, then it is easy to see that H is a hesitant fuzzy set on a
semigroup S. We denote such type of hesitant fuzzy set H by S.
The proof of them is straightforward, so we omit it.

LEMMA 2.1. Let S be a hesitant fuzzy set on a semigroup S and let o be
any element of P([0,1]). The following statements are true.

1. *§=S8.
2. . S=a.

Next, we denote by H(.S) the set of all hesitant fuzzy sets on a semigroup
S. Let H and F be any elements of H(S). Then, H is said to be a subset
of F, denoted by H X Fif H, C F, forallz € S.

Now we are giving some basic properties of hesitant fuzzy subsemi-
groups on a semigroup S, which will be very helpful in later section.

THEOREM 2.2. Let ‘H be a hesitant fuzzy subsemigroup on a semigroup S.
Then, the following statements are true:

1. If a is an element of P([0,1]), then *H is a hesitant fuzzy subsemi-
group on S.

2. If « is an element of P([0,1]), then oH is a hesitant fuzzy subsemi-
group on S.

PRrROOF: 1. Let z and y be any elements of S and let o € P([0,1]). Then,
it is clear that

“Hay HeyUa
(HaNHy) U
(HeUa)N (HyUa)
= “HY.

v

This completes the proof.
2. Let z and y be any elements of S and let o € P([0, 1]). Since H is a
hesitant fuzzy subsemigroup on S, we obtain

aHazy Hoy N
(Hz NHy) Na
(He Na) N (Hy Na)

JHY.

Iy 1l

From here, we obtain that ,# is a hesitant fuzzy subsemigroup on S. O
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For a non empty family of a hesitant fuzzy sets {H; : ¢ € I'}, on a semi-

group S. The symbols U ‘H; and ﬂ ‘H; will mean the following hesitant
iel i€l
fuzzy sets:

(U%X:Umm

el i€l

and

(ﬂ%k=ﬂmm.

el el

If T is a finite set, say I = {1,2,3,...,n}, then clearly U H; =H1 UHa U
iel
...UH, and ﬂ%i:Hl NHaN...NH, (see [7]).
icl

THEOREM 2.3. Let H and G be two hesitant fuzzy sets of a semigroup S.
Then, the following statements are true:

1. If « is an element of P([0,1]), then * (HNG) = *HN*G.
2. If a is an element of P([0,1]), then o (HNG) = oH N 4G.
3. If a is an element of P([0,1]), then * (HUG) = *H U “G.
4. If a is an element of P([0,1]), then o (HUG) = 4H U ,G.

PROOF: 1. Let x be any element of S. For every a € P([0,1]) we have

*(HNG), (HNH), U«
(HaNGs)Ua

(Hy Ua) N (G, Ua)
He NGy

= (QH m ag>z ’

which implies that * (XN G) = *H N G for all o € P([0,1]).
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2. Let x be any element of S. Then, for every a € P([0,1]), we have
«aHNG), = (HNH):Na

= HsNGx)Na
= (HeNa)N (G Na)
= aHm N agm
= (OCH N ag)x :
This completes the proof.
3—4. Tt can be proved similarly to 1. O

Now we introduce the notion of («, )-hesitant fuzzy subsemigroups on
a semigroup.

DEFINITION 2.4. Let H be a hesitant fuzzy set on a semigroup S and let
a, B be any element of P([0,1]). Then # is said to be an («, §)-hesitant
fuzzy subsemigroup on S if “H,, 2 gHY for any z,y € S.

Thus every hesitant fuzzy subsemigroup on a semigroup S is an (a, §)-
hesitant fuzzy subsemigroup with & = () and 8 = [0, 1]. Thus every hesitant
fuzzy subsemigroups on S is an (a, §)-hesitant fuzzy subsemigroup on S.
However, the converse is not necessarily true as shown in the following
example.

Ezample 2.5. Consider the semigroup S = {a,b,c,d} with the following
multiplication “-” table below:

QU O ST

Q Q@ 2 9
Qe 2 |
Qe 2 2o
o o QX

We define the hesitant fuzzy set H : .S — P([0,1]) on S as follows:

0.7,0.8) U (0.8,0.9]; = € {a,b}
Hy =1 (0.2,0.8); x € {c}
{0,0.1,0.2,0.3}; otherwise.

Then, as is easily seen, H is an ([0, 3],{0,0.1,0.2})-hesitant fuzzy sub-
semigroup on S, but not a hesitant fuzzy subsemigroup on S. Since
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HE = HgNH, = {0,0.1,0.2,0.3} N (0.2,0.8) = {0.3}, while Hg.. = Hp =
(0.7,0.8) U (0.8,0.9].

Now we have the following result:

THEOREM 2.6. If H and G are any («, B)-hesitant fuzzy subsemigroups on
a semigroup S, then HNG is an («, B)-hesitant fuzzy subsemigroup on S.

PROOF: Let x and y be any elements of S. Since H and G are both («, 3)-
hesitant fuzzy subsemigroups on S, we have

“(HN g)a:y = (HayNGay) Uax

(Hay Ua) N (Gyy U )

“Hay NGy

gHY N pGY

(HaNHyNB)N (G NGy NS
= (H, ﬁgx) (Hy,NGy)N P

- (ng Hm@)mﬁ
= s(HNG)Y.

v 1l

Therefore, H NG is an («, B)-fuzzy subsemigroup on S. O

The following corollary follows from Theorem 2.6 and the definition of
(o, B)-hesitant fuzzy subsemigroup on a semigroup S

COROLLARY 2.7. If H; is an («, 8)-hesitant fuzzy subsemigroup on a semi-
group S for all 7 € I, then ﬂ H; is an (o, 8)-hesitant fuzzy subsemigroup
iel
on S.
Let F and G be two hesitant fuzzy sets on a semigroup, the hesitant
fuzzy product (see [7]) of F and G is defined to be a hesitant fuzzy set
F ® G on S which is given by

U FyNG.; Fy,z €S, such that x = yz
(]:Qg)w - r=yz

0; otherwise.

As is well known, the operation “®” is associative.
Next, we proved that every hesitant fuzzy set on a semigroup S is
(c, B)-hesitant fuzzy subsemigroup if and only if g(H © H) C *H.
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THEOREM 2.8. For a hesitant fuzzy set H on a semigroup S, the following
two statements are equivalent:

1. H is an (o, B)-hesitant fuzzy subsemigroup on S.
2. sg(HOH) C*H.

Proor: First assume that H is an (a, §)-hesitant fuzzy subsemigroup on
S. Let x be any element of .S such that it is not expressible as product of two
elements in S. Observe that g(HOH), = (HOH).NB=0NE =0 C *H,.
Otherwise, there exist elements y and z of S such that * = yz. Thus, by
hypothesis we have

= (U HaﬂHb>mB

r=ab
= U (Ha N Hb N 6)
r=ab
- U (Hab U a)

z=ab
= H,U«
= “H,.

Therefore g(H © H) C “H.

Conversely, assume that 7 is a hesitant fuzzy set on S such that g(H ©
H) C *H. Let z,y and z be any elements of S. Now, choose = yz. Thus,
we obtain

“Hy. = “Hg
D 3(HOH):
= [ Han Hb) N
r=ab
> (HyNH)NP
= 57‘[5.
Therefore, the proof is completed. O

Now, we can introduce the (o, 3)-hesitant fuzzy ideals on a semigroup,
in the following manner:
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DEFINITION 2.9. Let H be a hesitant fuzzy set on a semigroup S. Then H
is said to be an (a, §)-hesitant fuzzy left ideal ((«, §)-hesitant right
ideal) on S if “Hyy D gHy (“Hay 2 gHe) for any z,y € S. A hesitant
fuzzy set H is an («, 8)-hesitant fuzzy ideal (or (o, 5)-hesitant fuzzy
two-sided ideal) on S if and only if it is both (a, 8)-hesitant fuzzy left
and right ideal onS.

Remark 2.10. Let H be a hesitant fuzzy set on a semigroup S. Then, the
following statements are true:

1. If H is an (o, B)-hesitant fuzzy left (right) ideal on S, then H is an
(«, B)-hesitant fuzzy subsemigroup on S.

2. A hesitant fuzzy left ideal (right ideal, ideal) on S is an («, 8)-fuzzy
left ideal (right ideal, ideal) with & = @ and 8 = [0,1]. Thus every
hesitant fuzzy left ideal (right ideal, ideal) on S is an (a, §)-fuzzy left
ideal (right ideal, ideal) on S.

However, the converse is not necessarily true as shown in the following
example.

Ezxzample 2.11.

1. Consider the semigroup S = {a, b, ¢, d} with the following multiplica-
tion “-” table below:

QO &9

Q2 2 Qe
QUL |
ISEESERCIIRSE NeoY
Q QL Q|

Now, we define a hesitant fuzzy set H : S — P ([0,1]) by

b _ { 10,085); z € {a,b}
7 {0,0.22,0.42,0.52}; otherwise.

Let oo = (0.52,0.62] and 5 = {0.12,0.22,0.32,0.52}. Then, as is easily
seen, H is an (a, B)-hesitant fuzzy subsemigroup on S, but H is not
an (a, f)-hesitant fuzzy left (right) ideal on S. Because
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(0.52,0.62)9

Hq U (0.52,0.62]

= {0,0.22,0.42,0.52} U (0.5,0.6]
{0,0.22,0.42} U[0.52,0.62]
{0.12,0.22,0.32,0.52}

0,0.8) N {0.12,0.22,0.32,0.52}
= H,n{0.12,0.22,0.32,0.52}
{0.12,0.22,0.32,0.52}7‘117-

[N

2. Suppose that S is the semigroup of Example 2.11 (1). Now, we define
a hesitant fuzzy set F : S — P [0,1] by

£ _ [ 10,052,062}; ¢ {ab}
71 [0,0.52); otherwise.
Let o = [0,0.72) and 5 = (0.52,0.62). Then, as is easily seen, F is an
(o, B)-hesitant fuzzy ideal on S, but F is not a hesitant fuzzy ideal
on S. Because Fy., = Fq =[0,0.5) 2 {0,0.5,0.6} = Fp.

By Theorem 2.2 and Definition 2.9, we immediately obtain the following
theorem:

THEOREM 2.12. Let H be a hesitant fuzzy left (right, two-sided) ideal on a
semigroup S. Then the following properties hold.

1. If a is an element of P([0,1]), then ®H is a hesitant fuzzy left (right,
two-sided) ideal on S.

2. If a is an element of P([0,1]), then oH is a hesitant fuzzy left (right,
two-sided) ideal on S.

Next, we proved that every hesitant fuzzy set on a semigroup S is
(e, B)-hesitant fuzzy left (right, two-sided) ideal if and only if (S ® H) C
H(p(HOS) CH, 5 (SOH)U(HOS)) C*H).

THEOREM 2.13. For a hesitant fuzzy set H on a semigroup S, the following
statements are equivalent:

1. H is an (o, B)-hesitant fuzzy left (right, two-sided) ideal on S.
2. 3(SOH)CH(BHOS) C*H,3((SOH)U(HOS)) C*H).

PROOF: First assume that H is an («, 8)-hesitant fuzzy left ideal on S.
Let « be any element of S such that it is not expressible as product of two
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elements in S, we can write g(SOH), = (SOH),NB=0NE =0 C *H,.
Otherwise, there exist elements y and z of S such that z = yz. Since H is
an (o, 8)-hesitant fuzzy left ideal on S, it follows that

(SOH), = SOH).N
= <LJ&0HOH6
r=ab
= U (ounn,np
r=ab
= U (Hy N B)
z=ab
- U (Hab U Oé)
= “H,.

Therefore g(S ®@ H) C *H.
Conversely, assume that H is a hesitant fuzzy set on .S such that 3(S©®
H) C *H. Let y and z be any elements of S. Choose z € S such that
x = yz. Since
“Hyz “Ha
s(SOH)s
(SOH).NS

U San Hb) na
(S M) N B
([0,1]NnH.)N B
BHza

v

v

we obtain H is an («, 3)-hesitant fuzzy left ideal on S. O

In the following we show that if H and G are two (a, §)-hesitant fuzzy
left (right, two-sided) ideals on a semigroup, then H NG and H U G are
(o, B)-hesitant fuzzy left (right, two-sided) ideals on S.

THEOREM 2.14. Let H and G be two («, B)-hesitant fuzzy left (right, two-
sided) ideals on a semigroup S. Then the following statements hold:

1. HNG is an («, B)-hesitant fuzzy left (right, two-sided) ideal on S.
2. HUG is an (a, B)-hesitant fuzzy left (right, two-sided) ideal on S.
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ProOF: 1. The proof follows from Theorem 2.6.
2. By Theorem 2.13, we have

(SOMUG) = s(SOH)U(SOT))
B(SG)H)UB(SG)Q)

C *HUG
= *(HNQG).
Therefore, we obtain H UG is an (a, 8)-fuzzy left ideal on S. O

The following two corollaries are exactly obtained from Theorem 2.14.

THEOREM 2.15. Let H; be an («, 8)-hesitant fuzzy left (right, two-sided)
ideal on a semigroup S for all it € I. Then the following statements hold:

1. m H; is an («, B)-hesitant fuzzy left (right, two-sided) ideal on S.
iel

2. U H; is an («, B)-hesitant fuzzy left (right, two-sided) ideal on S.
iel
Now, we define a y-cut (or y-level set) of the hesitant fuzzy set H on a
semigroup S and then we present some results in this connection.

Let H be a hesitant fuzzy set on a semigroup S. For each v € P([0,1]),
the set

UH:v)={zeS:H, 2}

is said to be a y-cut (or y-level set) of H.

In the following, we characterize an («, 8)-hesitant fuzzy subsemigroup
((«r, B)-hesitant fuzzy left ideal, (o, 8)-hesitant fuzzy right ideal, («,3)-
hesitant fuzzy two-sided ideal) on semigroups in terms 4-level subsemi-
groups (left ideal, right ideal, two-sided ideal).

THEOREM 2.16. Let H be a hesitant fuzzy set on a semigroup S. Then the
following statements hold:

1. For each v € P([0,1]) such that v C « U B, the non empty set
U(“H :7) is a subsemigroup of S if and only if H is an (a,f)-
hesitant fuzzy subsemigroup on S.

2. For each v € P(]0,1]) such that v C a U B, the non empty set
U (“H :7) is a left ideal of S if and only if H is an («, B)-hesitant
fuzzy left ideal on S.
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3. For each v € P([0,1]) such that v C a U §, the non empty set
U (*H :v) is a right ideal of S if and only if H is an («, B)-hesitant
fuzzy right ideal on S.

4. For each v € P([0,1]) such that v C o U B, the non empty set
U(*H : ) is an ideal of S if and only if H is an (o, B)-hesitant
fuzzy ideal on S.

PRrROOF: 1. First assume that the non empty set U (*H : 7) is a subsemi-
group of S. Let x and y be any elements of S. Choose v € P([0, 1]) such
that v = “HY. Then we have “H, 2 v and “H, D v, which implies that
z,y € U(*H 7). Thus zy € U (*H : ), since U (*H : ) is a subsemi-
group of S. This implies that “H,y 2 v =*HY D HINB = gHY and so H
is an (a, 8)-hesitant fuzzy subsemigroup on S.

Conversely, assume that H is an (o, 8)-hesitant fuzzy subsemigroup
on S. Let z and y be any elements of S such that z,y € U (*H : ) for all
v € P([0,1]). We obtain that *H, D v and *H, 2 7. By hypothesis,

Hey = “HypyUa
2 (MY Ua
= H.NHyNPB) U«
= H,Ua)N(H,Ua)N(U«)
= “H,N*H,N(BU)
2 yNyN(BUa)
= ’y.
Therefore xy € U (“H : v) and the theorem is proved.
2—4. The proof is similar to 1. O

Let A be a subset of a semigroup S and let 6,¢ € P([0,1]) such that
0 # (. Recall that the (4, ¢)-characteristic function Cg A for a subset A of

S is defined by
( o ) _ 0 xe€A
ca/, (; otherwise.
Observe that if A =S, then it is easy to see that Céo’l]s =S.

LEMMA 2.17. Let Cg and CgB be two (0, ()-characteristic functions on a
semigroup S. Then the following statements hold:

5 5 _ 6
L CCAHCCB_CCAOB'

5 5 _ b
2. CCAQCCB*CCAB'
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PROOF: It is straightforward. O

Now, the result follows from fundamental theorem of (4, {)-characteristic
function.

THEOREM 2.18. Let A be a subset of a semigroup S and let 6,¢ € P([0,1])
such that § D (. Then the following statements hold:

1. If A is a subsemigroup of S, then O‘CgA is an (a, B)-hesitant fuzzy
subsemigroup on S.

2. If A is a left ideal of S, then anA is an («, B)-hesitant fuzzy left ideal
on S.

3. If A is a right ideal of S, then O‘CgA is an («, B)-hesitant fuzzy right
ideal on S.

4. If A is an ideal of S, then “CSA is an (a, B)-hesitant fuzzy ideal on S.

PRrROOF: 1. Let x and y be any elements of S. We consider the following
cases:

1. z,y € A.
2.x¢ Aory ¢ A

Case 1: Assume that z,y € A. Thus (CgA) = 0 and (CgA) =J.
z y

Since A is a subsemigroup of S, we obtain zy € A, which implies that

o (ach)ry = (CgA)my Ua =6Ua = ((C?A)z N (CgA)y) Ua 2
(CHARICHBLEEHCAR

Case 2: Assume that © ¢ A or y ¢ A. Then we have (CgA) =(or
xT
(05 ) — ¢, which implies that
CA y

“(eta),, = (@), e
(Ua

(ve), n (),
((vc2) n(vee,), ) no

= ()

I

V)
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Therefore, O‘Cg is an («, 8)-hesitant fuzzy subsemigroup on S.
2-4. The proof is similar to 1. O

The following theorem shows that a non empty subset of a semigroup S
is a subsemigroup (left ideal, right ideal, two-sided ideal) of S if and only
if the hesitant fuzzy set on S is the (o, 8)-hesitant fuzzy subsemigroup
((r, B)-hesitant fuzzy left ideal, («, 8)-hesitant fuzzy right ideal, («, 3)-
hesitant fuzzy two-sided ideal) on S.

THEOREM 2.19. Let A be a subset of a semigroup S and let 6,¢ € P([0,1])
such that § D (. Then the following properties hold.

1. For each (Ua 2 dUa C aUpP, A is a subsemigroup of S if and only
if aC‘S is an («, B)-hesitant fuzzy subsemigroup on S.

2. For each (Ua 2 6Ua CaUp, A is aleft ideal of S if and only if
an is an («, B)-hesitant fuzzy left ideal on S.

3. For each (Ua 20Ua CaUQpf, A is a right ideal of S if and only if
O‘Cg is an («, B)-hesitant fuzzy right ideal on S.

4. For each (Ua 2 0Ua C aUB, A is an ideal of S if and only z'fanA
is an («, B)-hesitant fuzzy ideal on S.

PrOOF: 1. By Theorem 2.18, the necessity is clear. Now let us show
the sufficiency. We suppose now that O‘Cg 4 Is an (a, B)-hesitant fuzzy
subsemigroup on S. Let z be any element of S such that z € A. Observe

that @ <C2A>x = (CgA>an = dUa implies that z € U (O‘CgA 00U a). On
the other hand, let = be any element of S such that z € U (anA :ouU a).
Thus we have (C‘gA) D § U« implies that z € A, since (Ua 2 d U a.

Therefore A =U (“CgA t0U a) and hence it follows from Theorem 2.16(1)

that A is a subsemigroup of S.
2—-4. The proof is similar to 1. O

The next result covers some basic properties, which will be useful in the
sequel.
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THEOREM 2.20. If H is an («, §)-hesitant fuzzy right (left) ideal on a semi-
group S, then HU (S ©@ H) is an («, B)-hesitant fuzzy ideal on S.

PrOOF: Then, by Theorem 2.13, we have

3 (SOHUSOH))) (SOH)U(SO(SOH)))
(SOH)U(E(S®S) O pH)
(SOH)U(E(S®S)®pH)
(SOH)U(“SO*H)
(SOH)U*(SOH)
*HUY(SOH)
“(HU(SOH)),

i

since § is an (a, B)-hesitant fuzzy left ideal on S. Thus, we obtain, H U
(S ©H) is an (o, B)-hesitant fuzzy left ideal on S. Also, we have

s(HUSOH)OS) G(HOS)U((SOH)®S))
s(HOS)Ug((SOH)OS)
CHUBSOg(HOS))
CHU (S © “H)
*(HU(SOH)),

NN

since H is an («, B)-hesitant fuzzy right ideal on S. Therefore HU (S © H)
is an (a, B)-hesitant fuzzy right ideal on S and the proof is completed. [

3. Characterizing regular semigroups

In this section we define the concept of («, 8)-hesitant fuzzy idempotent
sets on semigroups and then by using this idea we characterize the regular
semigroups in terms of hesitant fuzzy left ideals, hesitant fuzzy right ideals
and hesitant fuzzy ideals.

Recall that an element x is said to be regular if there exists an element
s in a semigroup S such that x = xsx. A semigroup S is said to be regular
if every element of S is regular.

First, we define the operation “~3” on a semigroup S. Let o and 8 be
any elements of P([0, 1]). We consider two hesitant fuzzy sets H and G on a
semigroup S. Then we have, H ~% G if and only if sH C *G and 3G C “H.
A hesitant fuzzy set H on a semigroup S is said to be («, )-idempotent
fH~FHOH.
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THEOREM 3.1. Ewery (a, B)-hesitant fuzzy right (left) ideal on a regular
semigroup is («, B)-idempotent.

PROOF: Let H be an (a, §)-hesitant fuzzy right ideal on a regular semi-
group S. Then by Theorem 2.13, we obtain that g (H O H) Cg(HOS) C
*H. On the other hand, let x be any element of S. Then, since S is regular,
there exists an element s in S such that x = xsx. Therefore

*HOH), = (HOH),Ua

= (U’Hamm> Ua

z=ab
(Hos N Hz) Ua
(Haps Ua) N (Hy U )
Hes N gHy
gHz N gHy
s

ie., ®(H©H) 2 gH and the proof is now complete. O

I 1viv I v

By Theorem 3.1, we immediately obtain the following corollary:

COROLLARY 3.2. Every (a, 8)-hesitant fuzzy ideal on a regular semigroup
is (o, B)-idempotent.

In the following theorem we give a characterization of a semigroup that
is regular in terms of (o, 3)-hesitant fuzzy right ideals and (a, §)-hesitant
fuzzy left ideals.

THEOREM 3.3. Let ¢ and ¢ be any elements of P ([0,1]) such that (Ua 2
6N B. For a semigroup S, the following statements are equivalent:

1. S is regular.

2. For every («, §)-hesitant fuzzy right ideal H and every («, 5)-hesitant
Juzzy left ideal F on S, HNF ~F H O F.

PROOF: First assume that S is a regular semigroup. Let H be any («, 3)-
hesitant fuzzy right ideal and F any («, 3)-hesitant fuzzy left ideal on
S. Then by Theorem 2.13, we obtain that g (HOF) C g (HOS) C *H
and g (HOF) C g(SOF) C *F. Consequently we have g (HO F) C
*HNOF = *(HNF). On the other hand, let x be any element of S.
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Then, since S is regular, there exists an element s in S such that x = zsx.
Observe that

CHOF), = (HOF),Ua

= <U7—laﬂ]—"b>Uoz

r=ab

D (HesNFi)Ua

= (HgsUa)N(FpUa)
2 gH.N(FNP)

= M. pFy

= p(HNF),

implies that * (H © F) 2 5 (HNF). Therefore HNF ~F H O F and so
(1) implies (2).

Conversely, assume that (2) holds. Let R and L be any right ideal and
any left ideal of S, respectively. In order to see that RN L C RL holds, let
x be any element of RN L. Then by Theorem 2.18, the (9, ¢)-characteristic
functions acg  and O‘Cé , of Rand Lis an (a, B)-hesitant fuzzy right ideal
and an (a, B)-hesitant fuzzy left ideal on S, respectively. Then it follows
from Lemma 2.17, it follows that

(i), =

Il
e~
)
(=11 =21
©
)
>
C
Q

U
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Hence € RL and so RN L C RL. Since the inclusion in the other
direction always holds, we obtain that R N L = RL. Therefore S is a
regular semigroup and so (2) implies (1). O

Recall that a semigroup S is said to be right (left) zero if zy = y(zy =
z) for all z,y € S. Now, we can give the main result.

THEOREM 3.4. Let ¢ and & be any elements of P ([0,1]) such that (U« 2
6N B. For a regular semigroup S, the following statements are equivalent:

1. The set £(S) of all (o, B)-idempotents of S forms a left (right) zero
subsemigroup of S.

2. For every (a, B)-hesitant fuzzy left (right) ideal H on S, H, ~3 H,
for all z,y € £(S).

PROOF: First assume that (1) holds. Let H be an (a, 8)-hesitant fuzzy
left ideal on S and let x,y € £(5). Since £(S) is a left zero subsemigroup
of S, we have zy = = and yz = y. Observe that “H, = “H,, D gH, and
“Hy = “Hyz 2 gHa, implies that H, ~F H, and hence (1) implies (2).
Conversely, assume that (2) holds. Let x be any element of S. Since
S is regular, there exists an element s € S such that x = xsx. Now
(xszs)(zsxs) = (xsx)s(zsx)s = zsxzs € £(S), implies that £(S) is non
empty. Thus it follows from Theorem 2.18(2) that the (0, ¢)-characteristic
function O‘Cg Sy of the principal left ideal Sy of S is an («, 8)-hesitant fuzzy

left ideal on S. Clearly, (acg Sy)m > (ﬁcg Sy)y = 6N B, which implies that

x € Sy. Therefore, there exist s € S such that z = sy = s(yy) = (sy)y =
xy. Hence £(S) is a left zero subsemigroup of S and so (2) implies (1). O

By Theorem 3.4, we immediately obtain the following corollary:

COROLLARY 3.5. Let ¢ and 0 be any elements of P ([0, 1]) such that (Ua 2
6 N B. For a regular semigroup S, the following statements are equivalent:

1. The set £(S) of all (o, B)-idempotents of S forms an zero subsemi-
group of S.

2. For every («, 8)-hesitant fuzzy ideal H on S, H, ~5 Hy for all z,y €
E(9).

Recall that a semigroup S is said to be left (right) regular if for each

element x of S, there exists an element s € S such that z = sz?(x = 22s).
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From the above discussion, we can immediately obtain the following
theorems.

THEOREM 3.6. Let ¢ and ¢ be any elements of P ([0,1]) such that (U« 2
6N B. For a semigroup S, the following conditions are equivalent.

1. S is left reqular.

2. For every («a, B)-hesitant fuzzy left ideal H on S, H, ~§ Ha2 for all
xeS.

PROOF: First assume that (1) holds. Let H be any (v, 8)-hesitant fuzzy
left ideal on S and let x any element of S. Then, since S is left regular,
there exists an element s in S such that @ = s2?. Hence we have, *H, =
“Hazz 2 gHy2 and “Hye 2 gHy. Therefore H, ~§ H,2 and so (1) implies
(2).

Conversely, assume that (2) holds. Let  be any element of S. Then it
follows from Theorem 2.18(2) that the (4, ¢)-characteristic function O‘Cg G2
of the principal left ideal 22 U Sz? of S is an («, 3)-hesitant fuzzy left ideal

: 2 2 2 aps 5 —
on S. Since z° € z° U Sz, we have ( CCmZUSIZ)w 2 (5(341%3032)12 =

(Cgﬂusscz) , N B =0nNp. This implies that = € 2?2 U Sz?. Hence S is left

regular and so (2) implies (1). O
From Theorem 3.6 we can easily obtain the following corollary.

COROLLARY 3.7. Let ¢ and 6 be any elements of P ([0, 1]) such that (Ua 2
6 N 3. For a semigroup S, the following conditions are equivalent.

1. S is right regular.

2. For every (a, B)-hesitant fuzzy right ideal H on S, H, ~§ H,> for all
zeS.

Recall that a subset A of a semigroup S is said to be semiprime if
for all z € S,2? € A implies x € A. Now, we give the definition of (a, 3)-
hesitant fuzzy semiprime set on a semigroup S, which is a generalization
of the notion of hesitant fuzzy semiprime sets.

A hesitant fuzzy set H on a semigroup S is said to be («, 8)-hesitant
fuzzy semiprime if “H, O gH,> for all x € S.
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THEOREM 3.8. Let ¢ and § be any elements of P ([0,1]) such that { Ua 2
6N B. If P is a non empty subset of a semigroup S, then the following
conditions are equivalent:
1. P is semiprime.
2. The (9,C)-characteristic function O‘Cgp of P is an («a,f)-hesitant
fuzzy semiprime.

PROOF: First assume that P is a semiprime set of S. Let x be any element
of S. We consider the following cases:

1. 22 € P.

2. x¢ Poryé¢P.

Case 1: Assume that 22 € P. Since P is semiprime, we have z € P.

: 5 _ § _

Then, we obtain (QCCP)w =JdUa and (5CCP):E2 =d0Ng.

Case 2: Assume that 22 ¢ P. It is easy to see that (5C2P)x2 =(Ng.
In any case, we have (ﬁcgp)xz - ("‘Cgp)x for all x € S. Therefore, anP
is an (a, 8)-hesitant fuzzy semiprime set on S and hence (1) implies (2).

Conversely, assume that (2) holds. Let z be any element of S such
that 22 € P. Since O‘Césp is an («, §)-hesitant fuzzy semiprime set on S,
it follows that (”‘Cép)w D (56219)12 = (Cép)wz N B = 6N B. Observe that
("‘Cgp) = ) U a, implies that x € P. Therefore, P is a semiprime set of

xr

S and hence (2) implies (1). O

In order to characterize the (o, 3)-hesitant fuzzy semiprime set gener-
ated by a hesitant fuzzy semiprime set in a semigroup, we need the following
theorem.

THEOREM 3.9. If H is an («, B)-hesitant fuzzy subsemigroup on a semi-
group S, then the following conditions are equivalent:

1. H is an («, B)-hesitant fuzzy semiprime set on S.

2. For every x € S, Hy G Hyo.
PROOF: It is clear that (2) implies (1). Assume that H is an («, 8)-hesitant
fuzzy semiprime set on S. Let x be any element of S. Otherwise, we have
My 2 pHyz and “Hy2 D gHE = gH,. Therefore Hy ~3F H,2 and hence
(1) implies (2). O

Recall that a semigroup S is said to be intra-regular if for each element
x of S, there exist elements r and s in S such that z = rz?s. Now we shall
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characterize the intra-regular semigroups in terms of («, §)-hesitant fuzzy
ideals.

THEOREM 3.10. Let ¢ and § be any elements of P ([0,1]) such that (U« 2
oNB. If S is a semigroup S, then the following conditions are equivalent:

1. S is intra-regular.

2. For every (a,B)-hesitant fuzzy ideal on S is («,B)-hesitant fuzzy
semiprime.

3. For every («, B)-hesitant fuzzy ideal H on S, Hy ~§ Hy2 forallz € S.

PROOF: First assume that S is an intra-regular semigroup. Let H be any
(a, B)-hesitant fuzzy ideal on S. Next, let « be any element of S. Then,
since S is intra-regular, there exist elements r and s in S such that z = ra?s,

which implies that

“Hy Hypzs U

Hyp2s U

BHrz2 U

(Hyzz N B) U
(Hrpz Ua) N (BU)
Hygz N (ﬁ @] a)
37‘[1;2 n (6 @] Oé)
HoeNBN(BUQ)
Hez NP

ﬁsz.

([ [ | 1 | A (O |

Thus, we obtain *H,2 D gH,, since H is an («, B)-hesitant fuzzy ideal.
Therefore H, ~§ H,2 and so (1) implies (3).

Assume that (2) holds. Let x be any element of S. Then it follows from
Theorem 2.18(2) that the (6, ¢)-characteristic function acngUSm2U12$USzZS
of the principal ideal 22 U Sz? U225 U S2%S of S is an (a, #)-hesitant fuzzy

: ard ) —
ideal on S. Therefore, ( CCwQUSwZUz2SUSw2S>I =2 (’HC zQUSxQUw2SUSw2S)I2 -

(ng%Sm?uﬂSuSzzS)ﬂ NS = 6N, since 22 € 22USz2Uz2S5USz2S. Clearly,
xr € 22USz2U22SUSx2S. Therefore it is easily seen that S is intra-regular
and so (2) implies (1). It is clear that (2) and (3) are equivalent. O

Now we characterize the intra-regular semigroup in terms of (a, f3)-
hesitant fuzzy left ideals and (o, §)-hesitant fuzzy right ideals.
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THEOREM 3.11. Let ¢ and § be any elements of P ([0, 1]) such that (Ua 2
dNpB. If S is a semigroup S, then the following conditions are equivalent:

1. S is intra-regular.

2. sg(HNF) C *(HOF) for every («,B)-hesitant fuzzy left ideal H
and every (a, B)-hesitant fuzzy right ideal F on S.

PROOF: First assume that S is intra-regular. Let H and F be any («, 5)-
hesitant fuzzy left ideal and any (o, 3)-hesitant fuzzy right ideal on S,
respectively. Next, let x be any element of S. Then, since S is intra-
regular, there exist elements r and s in S such that x = ra%s. Hence we

have,
*HoF), = HoF),Ua

= (U?—Lam}‘b>Ua

rz=ab
(Hyw N Fos) U
(Hrz Ua) N (Frs Ua)
aHT(E ﬂ a]::vs
gH: N gFa
s(HNF),,

Iy

vl

which implies that g (HNF) C *(H © F). Therefore (1) implies (2).
Conversely, assume that (2) holds. Let L and R be any left ideal and

any right ideal of S, respectively. Next, let = be any element of S such that

€ LNR. Then z € L and x € R. By Theorem 2.18 "‘CgL and anR is an

(a, B)-hesitant fuzzy left ideal and an («, §)-hesitant fuzzy right ideal on
S, respectively. Then, by Lemma 2.17, we obtain that

(vctpn), = (€ly), Ve
(CgLQC‘gR) Ua
= a(CgLQCgR -
5(CngCgR)z

- B (CngR>z

(¢2)p) 0B
= 0Ng,

U

U
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which means that x € LR. Therefore we obtain that L N R C LR and
hence S is intra-regular. Thus (2) implies (1). O

In the following theorem we give a characterization of a semigroup that
is both regular and intra-regular in terms of (a, 8)-hesitant fuzzy right
ideals and (c, 8)-hesitant fuzzy left ideals.

THEOREM 3.12. Let ¢ and 0 be any elements of P ([0,1]) such that (Ua 2
dNpB. If S is a semigroup S, then the following conditions are equivalent:

1. S is reqular and intra-reqular.

2. 3(HNF) C *(HOF)N(FOH)) for every (a,B)-hesitant fuzzy
right ideal H and every («, §)-hesitant fuzzy left ideal F on S.

PROOF: First assume that (1) holds. Let H and F be any («, 8)-hesitant
fuzzy right ideal and any («, 5)-hesitant fuzzy left ideal on S, respectively.
Then it follows from Theorems 3.3, 3.11 that g (HNF) C * (H © F) and
s(HNF)=5(FNH) C*(FeH). Therefore g(HNF) C *((HOF)N
(F ®H)) and so (1) implies (2).

Conversely, assume that (2) holds. Let H and F be any («, 8)-hesitant
fuzzy right ideal and any («, 5)-hesitant fuzzy left ideal on S, respectively.
We obtain

g(FNH) = g(HNF)

CgLQCgR Ua
(HoF)N(FoH)
(FOH).

N
2 R

Nl

Thus it follows from Theorem 3.11 that S is an intra-regular semigroup.
Now, we show that S is a regular semigroup. By the assumption, g (H N F)
CH{(HOF)N(FOH)) € *(HOF). On the other hand, g (H o F) C
g(SOF) C*Fand g(HOF) C g(HOS) € *H, which means that
s(HOF) C*HN*F =*(HNF). Hence it follows from Theorem 3.3
that S is regular. Therefore (2) implies (1). O

4. Conclusion

In study the structure of semigroups, we notice that the («, 3)-hesitant
fuzzy sets with special properties always play an important role. The («, §)-
hesitant fuzzy ideals on a semigroup are key tools to describe the algebraic
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subsystems of a semigroup S. By using the point wise (left, right) ideas and
methods, in this paper we defined and studied (a, §)-hesitant fuzzy (left,
right) ideals on semigroups. In particular, we introduced the concepts
of “-hesitant (,-hesitant) fuzzy sets, («, 8)-hesitant fuzzy subsemigroups
and (a, §)-hesitant fuzzy ideals of semigroups, and characterized regular
semigroups in terms of («, 8)-hesitant fuzzy ideals. Furthermore, we prove
that the non empty subset of a semigroup S is a subsemigroup (left ideal,
right ideal, two-sided ideal) of S if and only if the hesitant fuzzy set on S
is the (a, 8)-hesitant fuzzy subsemigroup ((«, 3)-hesitant fuzzy left ideal,
(«, B)-hesitant fuzzy right ideal, («, 8)-hesitant fuzzy two-sided ideal) on
S. As an application of the results of this paper, the corresponding results
of fuzzy sets. We hope that this work would offer foundation for further
study of the theory on semigroups.
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Abstract

Let 2 < n < w. Then CA,, denotes the class of cylindric algebras of dimension
n, RCA,, denotes the class of representable CA,s, CRCA,, denotes the class of
completely representable CA,s, and Nr,CA,, (C CA,) denotes the class of n-neat
reducts of CAys. The elementary closure of the class CRCA,s (Ky,) and the non-
elementary class At(Nr, CA,,) are characterized using two-player zero-sum games,
where At is the operator of forming atom structures. It is shown that K, is not
finitely axiomatizable and that it coincides with the class of atomic algebras in the
elementary closure of ScNr,, CA, where S. is the operation of forming complete
subalgebras. For any class L such that AtNr,,CA, C L C AtK,,, it is proved that
SP&mL = RCA,,, where €m is the dual operator to At; that of forming complex
algebras. It is also shown that any class K between CRCA, N SqNr,CA, and
ScNr,,CA, 43 is not first order definable, where Sq is the operation of forming
dense subalgebras, and that for any 2 < n < m, any [ > n + 3 any any class K
such that At(Nr,CA,, N CRCA,) C K C AtScNr,CA;, K is not not first order
definable either.
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of representable CA,s and Nr,CAg(C CA,) denotes the class of a-neat
reducts of CAgs.

DEFINITION 0.1. Assume that oo < 3 are ordinals and that 6 € CAg. Then
the a-neat reduct of B, in symbols Jr,B, is the algebra obtained from B,
by discarding cylindrifiers and diagonal elements whose indices are in 8\ «,
and restricting the universe to the set

NroB={zeB:{icf:cx#z}Ca}.

It is straightforward to check that 91c,B € CA,. Let @ < 3 be ordinals.
If A € CA, and A C MNe,B, with B € CAg, then we say that A neatly
embeds in B, and that B is a S-dilation of A, or simply a dilation of 2
if # is clear from context. For K C CAg, we write Nr,K for the class
{Me,B : B € K}. Following [3], Cs,, denotes the class of cylindric set
algebras of dimension n, and Gs,, denotes the class of generalized cylindric
set algebra of dimension n; € € Gs,, if € has top element V a disjoint union
of cartesian squares, that is V = [J;c; "U;, I is a non-empty indexing set,
U; # 0 and U;NU; = 0 for all i # j. The operations of € are defined like
in cylindric set algebras of dimension n relativized to V.

DEFINITION 0.2. An algebra 2l € CA,, is completely representable <=
there exists € € Gs,, and an isomorphism f : 2 — € such that for all
X CA fO-X) = Uex f(@), whenever ) X exists in 2. If ) X exists

in A, we denote this supremum by ZQLX . In this case, we say that 2 is
completely representable via f.

It is known that 2 is completely representable via f : % — € where
¢ € Gs,, has top element V say <= %2l is atomic and f is atomic in the
sense that f(3°AtA) = (J,cae f(2) = V [5] where At denotes the set
of atoms of 2. We denote the class of completely representable CA,s by
CRCA,,.

For an atomic Boolean algebra with operators 2 say, we may write
At2( to denote its atom structures, i.e. the set of atoms expanded with the
accessiblity relations corresponding to the non- Boolean operations- which
is a first order structure. In modal logic terminology, this atom structure
is nothing more than a Kripke frame. It will be clear from context what
we mean by At (either the atom structure of 2 or the set of atoms of ).
No confusion is likely to ensue. We write 2 C,; B if 2 is dense subalgebra
of B. Recall that A C; B if 2 is a subalgebra of B, in symbols 2 C B,
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and for all non-zero b € B, there exists a non-zero a € 2 such that a < b.
Let Sq denote the class of forming dense subalgebas; that is to say, for a
class K of Boolean algebras with operators SqK = {2 : (3B € K)(A C4
B)}. Given two Boolean algebras with operators 2,8 having the same
signature, we write 2 C. B if 2 is a complete subalgebra of ‘B in the
sense that for all X C A, if % X = 1 then Y.° X = 1.1 We write S,
for the operation of forming subalgebras, that is to say for a class K of
Boolean algebras with operators, ScK = {2 : (3B € K)(A C. B)}. Tt is
known that the class CRCA,, coincides with the class of atomic algebras
in S¢Nr,,CA,, as long as the number of atoms is countable [14, Theorem
5.3.6]. However, unlike ordinary reprsentations, this charactrization using
complete neat embeddings does not generalize to the uncountable case.
This will be proved below in Theorem 1.16, where an atomic 2 € Nr,,CA,,
having uncountably many atoms but 2 has no complete representation, is
constructed.

Define the class LCA,, as follows: % € LCA,, <= 2lis atomic and 3 has
a winning strategy in Gg(At) for all k£ < w, where Gy, is the k rounded
game defined on atomic networks in [7, Definition 3.3.2] truncated to k
rounds. Then this class is elementary, because a winning strategy for 3 in
G, can be coded by a first order sentence; call it pg. Hirsch and Hodkinson
study the class of atom structures of this class denoted by LCAS,, on [7,
p. 73] that they call atom structures satisfying the ‘Lyndon conditions’ [7].
In our context, working now on the algebra level, the Lyndon conditions
that Hirsch and Hodkinson use can be lifted to the algebra level as first
order formulas that are just the pgs.

Layout: Fix 2 < n < w. In the following Section 1, the class EICRCA,,
is characterized using neat embeddings. It is shown that EICRCA,, coin-
cides with the elementary class LCA,, defined by the Lyndon conditions and
that LCA,, = EICRCA,, = EIS:Nr,, (CA, N At) = (EIS:Nr,,CA,) N At, cf.
Theorem 1.4. In particular, Nr,,CA, C LCA,,. We show that LCA,, is not
finitely axiomatizable, and we prove that RCA,, is generated by At(LCA,,)
in the following strong sense RCA,, = SCmAt(LCA,,) and by At(Nr,CA,) in
the weaker sense RCA,, = SP¢mAt(Nr,,CA,), cf. Theorem 1.17. We also
show that for any 2 < n < [ < m, there exists an atomic 2 € Nr,, CA;,NRCA,,
such that its Dedekind-MacNeille completion?, namely, the complex alge-

IThis is different from that 2 C % and 2 is complete.
2Sometimes referred to as minimal or Monk completion.
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bra of its atom structure, in symbols €mAt2, is outside RCA,,, cf. Theorem
1.12. In Section 2 we continue study atom-canonicity for varieties of cylin-
dric algebras and introduce a new notion of ‘degrees of representability’ cf.
Theorems 2.2, which enables one to measure in a precise sense the degree
of representability of a given 2 € RCA,,; some algebras are more repre-
sentable than others: Given an atomic algebra 2l € RCA,, and n < m < w,
then 2l is representable up to m if €mAt2l € SNr,,CA,,. In the final Sec-
tion 4, using certain atomic games, we characterize the non-elementary
class At(Nr,CA,) and it is shown, using such games, that any class K
such that CRCA,, N SqNr,CA, C K C ScNr,CA, 13, K is not elementary,
cf. Theorem 3.1.

1. Complete representations and the Lyndon
conditions

Fix a finite ordinal n > 2. For a class K, EIK denotes its elementary
closure. By the Keisler-Shelah Ultrapower Theorem, EIK = UpUrK where
Up(Ur) denotes the operation of forming ultraproducts (ultraroots). For
a Boolean algebra 2 and a € 2, RI,2 is the Boolean with universe {x €
2 : x < a} and Boolean operations those of A relativized to the universe.
For a Boolean algebra 2, we write 20T to denote its canonical extension.

DEFINITION 1.1. [3, Definition 3.1.2] Let o be an ordinal. A weak space
of dimension « is a set V of the form {s € *U : [{i € o : s; # pi}| < w}
where U is a non-empty set and p € *U. We denote V by “U®). Following
[3], Ws,, denotes the class of weak set algebra of dimension a. The top
elements of Ws,s are weak spaces of dimension a and the operations are
defined like in cylindric set algebras of dimension « relativized to the top
element.

Observe that when o < w, Ws, = Cs,. To define certain deterministic
games to be used in the sequel, we recall the notions of atomic networks,
and atomic games [6, 7]. Let i < n. For n-ary sequences T and § <=

3(j) = 2(j) for all j # .
DEFINITION 1.2. Fix finite n > 2 and assume that 2 € CA,, is atomic.
(1) An n-dimensional atomic network on 2l is a map N : "A — At

where A is a non-empty set of nodes, denoted by nodes(N), satisfying the
following consistency conditions for all i < j < n:



Complete Representations and Neat Embeddings 415

o If Z € "nodes(N) then N(Z) < d;; < z; = z;,
o If Z,§ € "nodes(N), i < n and T =; g, then N(Z) < ¢;N(7).

For n-dimensional atomic networks M and N, we write M =, N <=
M(y) = N(g) for all j € "(n ~ {i}).

(2) Assume that m, k < w. The atomic game G7*(At2), or simply G},
is the game played on atomic networks of 2l using m nodes and having k
rounds [7, Definition 3.3.2], where V is offered only one move, namely, a
cylindrifier move: At round zero V picks an atom a € A. Then 3 has to
respond with a network N and a tuple g such that N(g) = a. Suppose that
we are at round ¢ > 0. Then V picks the played network N; (nodes(Ny) C
m), i < mn, a € AtA, x € "nodes(N;), such that N¢(Z) < c;a. For her
response, 1 has to deliver a network M such that nodes(M) C m, M =; N,
and there is § € "nodes(M) that satisfies § =; & and M (y) = a. We write
G (At), or simply Gy, for G (At) if m > w.

(3) The w-rounded game G™(At2) or simply G™ is like the game
G™ (At) except that V has the bonus to reuse the m nodes in play.

LEMMA 1.3. Let 2 <n < m < w and assume that A € CA,, is atomic. If
A € ScNr,,CA,,, then 3 has a winning strategy in G™ (At2).

PROOF: [15, Lemma 4.3]. O

For a class K of BAOs, recall that K N At denotes the class of atomic
algebras in K. Let Fs,, = {2 € Cs,, : A = p("U) some non-empty set U}.

THEOREM 1.4. For 2 < n < w the following hold:
1. CRCA, C ScNr,(CA, N At) N At C ScNr,, CA,, N At,
2. If2A€CRCA,,, then 3 has a winning strategy in G, (AtA) and G(At2l),

3The games G™ and G™ are based on a private Ehrenfeucht—Fraissé deterministic
games on two relational structures A and B between two players 3 lloise and V belard.
Each player chooses a pebble from a particular pebble pair outside the board of the game
and places it on one of the structures, A say. The other responds with the other pebble
in this pair putting it on the other structure B. The aim of 3 is to show that A and B are
alike while the ‘spoiler’ V wants to show that they are different—the ‘likeness’ here may
be measured by existence of isomorphisms between 2 and B, or partial isomorphisms or
elementary equivalence, ... etc. In G™ once V has chosen a pebble in his private game
Ehrenfeucht-Fraissé game, he cannot use it again. However, in G™ the pebbles chosen
by V always remain outside the board of the play, so that V has the option to re-use
them in every round of the game. This of course makes it harder for 3 to win.
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3. All reverse inclusions and implications in the previous two items hold,
if algebras considered have countably many atoms,

4. Non of the classes in the first item is elementary,
5. CRCA,, = S.PFs,,

6. Nr,CA,NAt ¢ CRCA,,, Nr,CA,NAt C ScNr,CA,NAt and CRCA,, C
ScNr,,CA, N At.

7. Neither of the classes CRCA,, and SqNr,CA,, are contained in each
other. In particular, SqNr,CA, C ScNr,CA,.

Proor: 1. Let 2 € CRCA,,. Assume that M is the base of a complete
representation of 2, whose unit is a generalized cartesian space, that is,
M = | J"U;, where "U; N "U; = 0 for distinct ¢ and j, in some index set
I, that is, we have an isomorphism ¢ : B — ¢, where ¢ € Gs,, has unit 1V,
and t preserves arbitrary meets carrying them to set-theoretic intersections.
For i € I, let E; = "U; and pick an arbitrary f; € “U; and let W; be the
w-dimensional weak space {f € “Ui(fi) {k € w: f(k) # fi(k)} < w}.
Identifying set algebras with their domain let €; = p(W;). Then €; € Ws,,
and is atomic; indeed the atoms are the singletons sets {f} for f € W;.
Note, for fge Wyad i <wif f [ w ~ {i} =g | w ~ {i}, then {f} <
Ci{g}.

Let z € 9, &, that is ¢;& = z for all n < ¢ < w. Now if f € x and
g € W; satisty g(k) = f(k) for all k < n, then g € = because [{n <i < w:
f(@) # g(i)}] < w. Hence Mr,, &; is atomic; its atoms are {{g € W; : {g(i) =
d:i<n},de U}. Define h; : A — N, &; by hi(a) = {f € W; : 3’ €
At a’ < a;(f(i) : i < n) € t(a')}. Let ® = P;¢;. Let m; : @ — €; be
the ith projection map. Now clearly © is atomic, because it is a product
of atomic algebras, and its atoms are (m;(3) : f € At(€;)). Now 2 embeds
into M, via J : a — (m(a) : i € I). If © € N, D, then for each i, we
have m;(z) € Nr,&;, and if x is non-zero, then m;(z) # 0. By atomicity
of €;, there is an n-ary tuple y, such that {g € W; : g(k) = yx} C mi(z).
It follows that there is an atom of b € 2, such that y € #(b). Hence
{9€U;:9(1) =y} Cm(<z-J(b) >, s0z-J(b) # 0, and so the embedding
is atomic, hence complete. We have shown that 2l € S¢Nr,,CA, N At, and
since 2 is atomic because 2 € CRCA,, we are done with the first inclusion.
The second inclusion is straightforward since CA, N At C CA,,.
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2. [7, Theorem 3.3.3]. Follows too from the first item taken together
with lemma 1.3.

3. Follows by observing that the class CRCA, coincides with the class
ScNr, CA,, on atomic algebras having countably many atoms, cf. [14, The-
orem 5.3.6], taken together with [7, Theorem 3.3.3]. Strictly speaking, in
[14] it is shown that the two classes CRCA,, and S:Nr, CA, coincide on
countable atomic algebras. One can show that they coincide on the larger
class of atomic agebras having countably many atoms by observing that
if 2 is an atomic algebra having countably many atoms, then TmAt2 is
countable and TmAt2l € CRCA,, < A € CRCA,,.

4. To show that non of the classes in the first item is elementary, let
® be an atomic RCA,, with countably many atoms that is not completely
representable, but is elementary equivalent to some % € CRCA,. Such
algebras exist; see e.g. [5]. Another such algebra is the algebra €z o used
in theorem 3.1 below. Then ® is not in any of the aforementiond classes
because it has countably many atoms, and by the first item B is in all three
classes, proving the required.

5. The inclusion C is straightforward. Conversely, assume that A C.
Picrp("U;). Then B = Picrp("U;) = p(V), where V is the disjoint union
of the "Uj, is clearly completely representable. Then since 2 C. B, and so
2 is completely representable, too.

6. First ¢ follows from the construction in [12], c¢f. corollary 1.16 for
more details. Second C follows from item (3) of Theorem 2.2. Last C
follows from the first two parts in this item together with the inclusions in
the first item.

7. That SqNr,,CA,NAt ¢ CRCA,, follows from the first part of item (6)
of theorem 1.4, cf. also corollary 1.16. To show that, conversely CRCA,, ¢
SaNr,CA, N At, we slighty modify the construction in [14, Lemma 5.1.3,
Theorem 5.1.4] lifted to any finite n > 2. The algebras 2 and B constructed
in op. cit. satisfy that 2 € Nr,,CA,, B ¢ Nr,CA,;1 and A = B. As
they stand, 2 and B are not atomic, but it can be fixed that they are
atomic, giving the same result, by interpreting the uncountably many n-
ary relations in the signature of 9 defined in [14, Lemma 5.1.3] for n = 3,
which is the base of 2l and % to be disjoint in 9, not just distinct. In fact
the construction is presented in this way in [11]. Let us explain why. We
work with 2 < n < w instead of only n = 3. The proof presented in op.
cit. lifts verbatim to any such n. Let u € "n. Write 1, for x* (denoted
by 1, (for n = 3) in [14, Theorem 5.1.4].) We denote by 2, the Boolean
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algebra Rl A = {z € A: 2z <1,} and similarly for B, writing B,, short
hand for the Boolean algebra Rl B = {x € B : z < 1,}. Using that M
has quantifier elimination we get, using the same argument in op. cit. that
2A € Nr,CA,. The property that B ¢ Nr,CA, 1 is also still maintained.
To see why consider the substitution operator ,s(0,1) (using one spare
dimension) as defined in the proof of [14, Theorem 5.1.4].

Assume for contradiction that 8 = Nr,€, with € € CA,11. Let u =
(1,0,2,...,n —1). Then A, = B, and so |B,| > w. The term ,s(0,1)
acts like a substitution operator corresponding to the transposition [0, 1];
it ‘swaps’ the first two coordinates. Now one can show that ,s(0, 1)¢%u c
Bo,1jou = Brd, 50 |ns(0, 1)%38,| is countable because B4 was forced by
construction to be countable. But ,,s(0,1) is a Boolean automorpism with
inverse ,,5(1,0), so that [B4| = |,s(0,1)B,| > w, contradiction. One
proves that 20 = 9B exactly like in [14]. Take the cardinality s spec-
ifying the signature of 9 to be 22° and assume for contradiction that
B € SqNr,,CA, N At. Then B C4 M, D, for some © € CA,, and D, D is
atomic. For brevity, let € = 9, ©. Then By C4 RI;4C; the last algebra
is the Boolean algebra with universe {x € € : < Id}. Since € is atomic,
then Rl;4C is also atomic.

Using the same reasoning as above, we get that |R[;4€| > 2¢ (since € €
Nr,CA,). By the choice of x, we get that |AtRI[4€| > w. By B C,4 €, we get
that By Cq RlqC, and that AtRI;4¢€ C AtB 4, so |At%1d‘ > |At9%[1d€| >
w. But by the construction of B, we have |B4| = |AtB 4| = w, which is
a contradiction and we are done. The algebra ‘B so constructed is atomic
and is outside SqNr,CA,,. Furthermore, 8 € CRCA,, because B € Gs,
and UAtB = U,cn,, UAtB, = Uyen, 1w = 1. Thus the identity may
establishes a complete representation of 3. O

Here we review and elaborate on the construction in [2] as our first
instance of a so-called blow up and blur construction in the sense of [16].
This subtle construction may be applied to any two classes L C K of
completely additive Boolean algebras with opertors (BAOs). One takes an
atomic 2 ¢ K (usually but not always finite), blows it up, by splitting*
one or more of its atoms each to infinitely many subatoms, obtaining an

4The idea of splitting one or more atoms in an algebra to get a (bigger) superalgebra
tailored to a certain purpose seems to originate with Henkin [3, p. 378, footnote 1] to
be reinvented by Hajnal Andréka as a nutcracker for proving non-finite axiomatizability
results for varieties of RCA,,.
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(infinite) countable atomic Bb(A) € L, such that A is blurred in Bb(A)
meaning that 2 does not embed in Bb(A), but A embeds in the Dedekind—
MacNeille completion of Bb(2), namely, CmAtBb(A). Then any class M
say, between L and K that is closed under forming subalgebras will not be
atom-canonical, for Bb(2A) € L(C M), but EmAtBH(A) ¢ K(2 M) because
A ¢ M and SM = M. We say, in this case, that L is not atom-canonical
with respect to K. This method is applied to K = SRaCA;, [ > 5 and
L = RRA in [6, SS 17.7] and to K = RRA and L = RRA N RaCA, for
all £ > 3 in [2]; the construction in [2] will be generalized below, and will
applied below to K = SNr,CA,,(,,41)/2 and L = RCA,;, where JRa denotes
the operator of forming relation algebra reducts (applied to classes) of CAs,
respectively, cf. [3, Definition 5.2.7].

DEFINITION 1.5. Let R be an atomic relation algebra. An n-dimensional
basic matrix, or simply a matrix on R, is a map f : 2n — AtR satsfy-
ing the following two consistency conditions f(z,z) < Id and f(z,y) <
f(z,2); f(z,y) for all x,y,z < n. For any f, ¢ basic matrices and z,y < m
we write f =5, g if for all w,z € m\ {z,y} we have f(w,z) = g(w, z). We
may write f =, g instead of f =,; g.

DEFINITION 1.6. An n-dimensional cylindric basis for an atomic relaton
algebra R is a set CAIM of n-dimensional matrices on R with the following
properties:

o Ifa,b,c € AtR and a < b; ¢, then there is an f € CAIM with f(0,1) =
a, f(0,2) =band f(2,1)=c¢

e For all f,g € CAIM and z,y < n, with f =, g, there is h € CAIM
such that f =, h =, g.

For the next lemma, we refer the reader to [6, Definition 12.11] for the
definition of of hyperbasis for relation algebras as well as to [6, Chapter 13,
Definitions 13.4, 13.6] for the notions of n-flat and n-square representations
for relation algebras (n > 2) For a relation algebra fR, recall that 23T
denotes its canonical extension.

LEMMA 1.7. Let R be a relation algebra and 3 < n < w. Then the following
hold:

1. RT has an n-dimensional infinite basis <= R has an infinite
n-square representation.
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2. RT has an n-dimensional infinite hyperbasis <= R has an infinite
n-flat representation.

PROOF: [6, Theorem 13.46, the equivalence (1) <= (5) for basis, and
the equivalence (7) <= (11) for hyperbasis]. O

One can construct a CA,, in a natural way from an n-dimensional cylin-
dric basis which can be viewed as an atom structure of a CA,, (like in [6,
Definition 12.17] addressing hyperbasis). For an atomic relation algebra
R and [ > 3, we denote by Mat,, (AtR) the set of all n-dimensional basic
matrices on R. Mat, (AtR) is not always an n-dimensional cylindric basis,
but sometimes it is, as will be the case described next. On the other hand,
Mats (AtR) is always a 3-dimensional cylindric basis; a result of Maddux’s,
so that €mMatz(AtR) € CAz. The following definition to be used in the
sequel is taken from [2]:

DEFINITION 1.8. [2, Definition 3.1] Let R be a relation algebra, with non-
identity atoms I and 2 < n < w. Assume that J C p(I) and E C 3w.
1. We say that (J, E) is an n-blur for R, if J is a complex n-blur defined

as follows:

(a) Each element of J is non-empty,

(b) UJ =1,

(¢) VPe)(VW e J)(I C P;W),

(d) VW,...Vp, Wa, ... W, e )(IT € J)(V2 < i < n)safe(V;, W;,T),
that is there is for v € V;, w € W; and t € T, we have v;w < t,

(e) VPy,...Py,Qa,...Qn € HVW € )W N Po;Qn N ... Py Qp
£,

and the tenary relation E is an index blur defined as in item (ii) of
[2, Definition 3.1].

2. We say that (J, E) is a strong n-blur, if it (J, E) is an n-blur, such
that the complex n-blur satisfies:

(Vi Vo, Wa, . . W, € J)(VT € J)(V2 < i < n)safe(V;, W;, T).

DEFINITION 1.9. An atomic algebra 2l € CA,, is strongly representable if
EmAt2l € RCA,,.
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LEMMA 1.10. Let A € CA,, be completely representable. Then 2 is strongly
representable.

PROOF: Since 2 is completely representable, then it is atomic. Let f :
2A — B be a complete representation of 2 via f, with 8 € Gs,. Then
one extends f to f from €mAt2 to B by defining f(a) = Zgzﬁtﬁxg f(x).
The last suprema is well defined because €mAt2l is complete. It is easy to
check that f is an isomorphism and so €mAt2l is isomorphic to B, hence,

by definition, €mAt2l is representable. O

DEFINITION 1.11. A completely additive variety V of BAOs is atom-cano-
nical if whenever 20 € V, then its Dedekind—MacNeille completion, which
is the complex algebra of its atom structure, namely, €mAt%, is also in V,

Monk prove that CA,, is atom-canonical; this follows from the fact that
CA,, can be axiomatized by positive in the wider sense equations, which
are are an instance of Sahlqvist equations. However, the variety RCA,, is
not atom-canonical; a result of Hodkinson’s [10]. We reprove the last result
differently based on the construction in [2].

THEOREM 1.12. For any 2 < n <l < w, there is an atomic algebra B €
Nr,CA; N RCA,,, but EmALB ¢ RCA,,. In particular, B is not completely
representable a fortiori B is not strongly representable, and RCA,, is not
atom-canonical.

PrROOF: Let 2 < n < m < w. First we prove the conditionally the non-
atom canonicity of SNr,,CA,, depending on the existence of a certain finite
relation algebra R with strong m blur- satisfying a condition that we high-
light as we go along. We use the flexible blow up and blur construction used
in [2]. The idea is to use R in place of the finite Maddux algebras denoted
by €x(2,3) on [2, p. 83]. Here k(< w) is the number of non-identity atoms
and then take it from there to reach the conditions, we move backwards
if you like. The required algebra witnessing non-atom canonicity will be
obtained by blowing up and blurring R in place of the relation algebra
ka(Qv 3) [2]

Our exposition addresses an (abstract) finite relation algebra R having
an [-blur in the sense of definition [2, Definition 3.1], with 3 <[ < k < w
and k depending on [. Occasionally we use the concrete Maddux algebra
€1(2,3) to make certain concepts more tangible. We use the notation in
[2]. Let 2 < n <1 < w. One starts with a finite relation algebra 9 that has
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only representations, if any, on finite sets (bases), having an {-blur (J, F) as
in [2, Definition 3.1] recalled in definition 1.8. After blowing up and bluring
R, by splitting each of its atoms into infinitely many, one gets an infinite
atomic representable relation algebra Bb(R, J, E) [2, p. 73], whose atom
structure At is weakly but not strongly representable. The atom structure
At is not strongly representable, because R is not blurred in CmAt. The
finite relation algebra PR embeds into €mAt, so that a representation of
¢mAt, necessarily on an infinite base, induces one of R on the same base,
which is impossible. The representability of Bb(fR,J, E) depend on the
properties of the [-blur, which blurs R in Bb(R, J, E). The set of blurs
here, namely, J is finite. In the case of € (2,3) used in [2], the set of blurs
is the set of all subsets of non-identity atoms having the same size | < w,
where k = f(I) > [ for some recursive function f from w — w, so that k
depends recursively on [.

One (but not the only) way to define the index blur E C 3w is as follows
[13, Theorem 3.1.1]: E(i,j,k) < (@p,q,7){p,q,7} = {i,j,k} and r —
q = q — p. This is a concrete instance of an index blur as defined in [2,
Definition 3.1(iii)] (recalled in definition 1.8 above), but defined uniformly,
it does not depends on the blurs. The underlying set of At, the atom
structure of Bb(®R, J, E) is the following set consisting of triplets: At =
{(#H, P,W) :i € w,P € AtR ~ {ld}, W € J} U{ld}. When R = &,(2,3)
(some finite k > 0), composition is defined by singling out the following
(together with their Peircian transforms), as the consistent triples: (a,b, ¢)
is consistent <= one of a,b,c is Id and the other two are equal, or if
a=(i,P,8),b=(j,Q,Z),c= (k,R,W)

SNZAW £0 = E(i, j,k)&|{P,Q, R} # 1.

(We are avoiding mononchromatic triangles). That is if for W € J, EW =
{(t, W) :i € w,P € W}, then

(i, P,S); (7,Q,Z2) = | {E" : SnZnW = 0}
ULk, R, W) : EG, 4, k), |{P,Q, R}| # 1}.

More generally, for the $R as postulated in the hypothesis, composi-
tion in At is defined as follow. First the index blur E can be taken
to be like above. Now the triple ((i, P, S), (j, @, Z), (k, R,W)) in which
no two entries are equal, is consistent if either S, Z, W are safe, briefly
safe(S, Z, W), witness item (4) in definition 1.8 (which vacuously hold
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oif SN ZNW=0), or E(i, j, k) and P; @ < R in R. This general-
izes the above definition of composition, because in €x(2, 3), the triple
of non-identity atoms (P, @, R) is consistent <= they do not have the
same colour <= |{P, @, R}| /~ 1. Having specified its atom structure, its
timely to specfiy the relation algebra Bb(fR, J, E) C €mAt. The relation
algebra Bb(R, J, E) is TmAt (the term algebra). Its universe is the set
{X C HU{ld} : X n EW € Cof(EW), for all W € J}, where Cof(E" )
denotes the set of co-finite subsets of EV | that is subsets of E" whose
complement is infinite, with E" as defined above. The relation algebra
operations lifted from At the usual way. The algebra Bb(R, J, F) is proved
to be representable [2].

For brevity, denote Bb(fR, J, E) by CAIR, and its domain by R. For
acAt,and We Jyset U={X€R:ac X}andUW ={X € R:|XN
EY| > w}. Then the principal ultrafilters of CAIR are exactly U%, a € H
and U™ are non-principal ultrafilters for W € J when E"W is infinite. Let
J ={WeJ:|EY|>w}, andlet Uf = {U%:a € F}U{UY : W € J'}. Uf
is the set of ultrafilters of CAIR which is used as colours to represent CAIR,
cf. [2, pp. 75-77]. The representation is built from coloured graphs whose
edges are labelled by elements in Uf in a fairly standard step-by-step con-
struction. The step-by-step construction builds in the way coloured graphs,
which are basically networks whose edges are labelled by ultrafilters, with
non-principal ultrafilters allowed. So such coloured graphs are networks
that are not atomic because not only principal ultrafilters are allowed as
labels. Furthermore, we cannot restrict our attension to only atomic net-
works because we do not want Bb(fR, J, F) to be strongly representable,
least completely representable. The ‘limit’ of a sequence of atomic net-
works constructed in a step-by-step manner, or obtained via winning strat-
egystrategy for 3 in an w-rounded atomic game, will necessarily produce
a complete representation of Bb(fR, J, E). But the required representation
will be extracted from a complete representation of the canonical exten-
sion of Bb(®R, J, E'). Nothing wrong with that. A relation algebra CAIR is
representable <= its canonical extension is representable. A complete
representation of the canonical extension of CAIR induces a representation
of CAIR, because CAIR embeds into its a canonical extension, but the con-
verse is not necessarily true. So here we are proving more than the mere
representablity of Bb(%R, J, E'), because we are constructing a complete rep-
resentation of its canonical extension, namely, the algebra €mUf, where Uf
is the atom structure having domain Uf, with Uf as defined above.
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Now we show why the Dedekind—MacNeille completion €mAt is not
representable. For P € I, let HP = {(i, W) :i € w,W € J,P € W}. Let
Py ={HY :Pel}and P, ={EY : W € J}. These are two partitions of
At. The partition P, was used to represent, Bb(R, J, E), in the sense that
the tenary relation corresponding to composition was defined on At, in a
such a way so that the singletons generate the partition (EY : W € J)
up to “finite deviations.” The partition P; will now be used to show that
Cm(Bb(R, J, E)) = €m(At) is not representable. This follows by observ-
ing that omposition restricted to P; satisfies: HY; H? = J{H? : Z; P <
Q@ in R} which means that 2R embeds into the complex algebra €mAt pro-
hibiting its representability, because R allows only representations having
a finite base.

The construction lifts to higher dimensions expressed in CA.s, 2 <
n < w. Because (J,F) is an [-blur, then by [2, Theorem 3.2 9(iii)],
At., = Mat;(AtBb(fR, J, E)), the set of [ by [ basic matrices on At is an
I-dimensional cylindric basis, giving an algebra 9B; = Bb;(R, J, E) € RCA,.
Again At., is not strongly representable, for had it been then a repre-
sentation of €¢mAt.,, induces a representation of 8 on an infinite base,
because Ra€mAt., 2 €mAt O R, and the representability of €mAt., in-
duces one of Ra€mAt,,, necessarily having an infinite base. For 2 < n <
| < w, denote by €; the non-representable Dedekind—MacNeille completion
of the algebra Bb;(R, J, E) € RCA;, that is €, = CmAt(Bb;(R, J, E)) =
¢mMat;(At). If the [-blur happens to be strong, in the sense of defi-
nition 1.8 and n < m < [, then we get by [2, item (3), p. 80], that
Bb,, (R, J, E) = Nr,,Bb;(R, J, E). This is proved by defining an embed-
ding h : R,,¢ — €, viax — {M [ m : M € z} and showing that
h | Nr,,€; is an isomorphism onto &, [2, p. 80]. Surjectiveness uses the
condition (J5); formulated in the second item of definition 1.8 of strong
I-blurness. Without this condition, that is if the I-blur (J, E) is not strong,
then still &€, and €; can be defined because by definition (J, E) is an t-
blur for all m <t <[, so Mat;(At) is a cylindric basis and for ¢t < [ €;
embeds into Nr,,&; using the same above map, but this embedding might
not be surjective. So for every [, now replacing S8 by the Maddux algebra
€;1y(2,3), the algebra 2; = Nr,,Bb;(€4(;y(2,3)), J, E)- with f(I) depending
recursively on [, having strong [-blur due to the properties of the Maddux
algebra €;(;y(2,3), is as required. In other words, and more concisely, we
have 2; € RCA,, N Nr,,CA;, but €mAt2(; ¢ RCA,,. O
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The following Theorem summarizes the proof of the previous Theorem,
generalizes the construction in [2] and says some more new facts. We use
the notation Bb(R, J, E) with atom structure At obtained by blowing up
and blurring R with underlying set is denoted by At on [2, p. 73] and is
recalled in the previous proof. The algebra Bb;(R, J, F)(€ CA,) is defined
in [2, top of p. 78] and also in the immediately previous proof.

A CA,, atom structure At is weakly representable if there is an atomic
2 € RCA,, such that At = At2(; recall that it is strongly representable if
¢mAt € RCA,,. These two notions are distinct as proved in Theorem 1.12.

THEOREM 1.13. Let2 <n<Il<m < w.

1. Let R be a finite relation algebra with an l-blur (J, E) where J is the
l-complex blur and E is the index blur.

(a) Let At be the relation algebra atom structure obtained by blow-
ing up and blurring R as specified above. Then the set of | by I-
dimensional matrices At., = Mat;(At) is an l-dimensional cylindric
basis, that is a weakly representable atom structure [2, Theorem 3.2].
The algebra Bb; (R, J, E) with atom structure At,, is in RCA;. Fur-
thermore, R embeds into CmAt which embeds into RaCm(At.,).

(b) If (J,E) is a strong m-blur for R, then (J,E) is a strong l-blur
for R. Furthermore, Bb;(R, J, E) = NeyBb,,, (R, J, E) and for any
1 <j<m, Bb(R, J, E) having atom structure At, is isomorphic to
Ra(Bb; (R, J, E)).

2. For every n < I, there is an R having a strong l-blur (J, E) but no
infinite representations (representations on an infinite base). Hence
the atom structures defined in (a) of the previous item (denoted by
At and At.,) for this specific R are not strongly representable.

3. Let m < w. If R is a finite relation algebra having a strong l-blur,
and no m-dimensional hyperbasis, then | < m.

4. If n=1<m < w and R is a finite relation algebra with an n blur
(J, E) (not necessarily strong) and no infinite m-dimensional hyper-
basis, then the algebras EmAt(Bb(R, J, E)) and EmAt(Bb;(R, J, E))
are outside SRaCA,,, and SNr,CA,,, respectively, and the latter two
varieties are not atom-canonical.
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PROOF: [2, Lemmata 3.2, 4.2, 4.3]. We start by an outline of (a) of item
1. Let R be as in the hypothesis. Let 3 < n < [. We blow up and blur
R. R is blown up by splitting all of the atoms each to infinitely many
defining an (infinite atoms) structure At. 2R is blurred by using a finite set
of blurs (or colours) J. The term algebra denoted in [2] by Bb(R, J, E))
over At, is representable using the finite number of blurs. Such blurs are
basically non-principal ultrafilters; they are used as colours together with
the principal ultrafilters (the atoms) to represent Bb(R, J, E). This repre-
sentation is implemented in step-by-step manner, and in fact this step by
step construction adopted in [2] completely represents the canonical exten-
sion of Bb(AR, J, E). Because (J, E) is a complex set of [-blurs, this atom
structure has an [-dimensional cylindric basis, namely, At., = Mat;(At).
The resulting I-dimensional cylindric term algebra TmMat;(At), and an al-
gebra € having atom structure At,., (denoted in [2] by Bb;(R, J, E)) such
that TmMat;(At) C € C €mMat;(At) is shown to be representable.

We prove (b) of item (1): Assume that the m-blur (J, E) is strong, then
by definition (J, E) is a strong j blur for all n < j < m. Furthermore, by
2, item (3), p. 80], Bb(R, J, E) = Ra(Bb;(R, J, E)) and Bb;(R, J, E) =
Ne;Bb,, (R, J, E).

2. Like in [2, Lemma 5.1], one takes | > 2n — 1, k > (2n — 1)I, k € w.
The Maddux integral relation algebra €(2,3) where k is the number of
non-identity atoms is the required 8. In this algebra a triple (a, b, ¢) of non-
identity atoms is consistent <= |{a,b,c}| # 1, i.e only monochromatic
triangles are forbidden.

3. Let (J, E)) be the strong [-blur of . Assume for contradiction that
m < [. Then we get by [2, item (3), p. 80|, that & = Bb, (R, J, E) =
Ne, Bb; (R, J, E). But the cylindric I-dimensional algebra Bb;(R, J, E) is
atomic, having atom structure Mat;At(split(fR, J, E')), so 2 has an atomic
[-dilation. So A = D, where ©® € CA; is atomic. But R C,. Radie,, D C.
RaD. By [6, Theorem 13.45 (6) <= (9)], R has a complete [-flat repre-
sentation, thus it has a complete m-flat representation, because m < [ and
l € w. This is a contradiction.

4. Let B = Bb,(R,J,E). Then, since (J,E) is an n blur, B €
RCA,. But € = CmAt®B ¢ SNr,CA,,, because R ¢ SRaCA,,, R em-
beds into Bb(R, J, E) which, in turn, embeds into Ra€mAtB. Similarly,
Bb(R,J,E) € RRA and Cm(AtBb(R, J, E)) ¢ SRaCA,,. Hence the al-
ledged varieties are not atom-canonical. O
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THEOREM 1.14. Let 2 < n < w. Then LCA,, is an elementary class that is
not finitely axiomatizable.

PROOF: For each 2 < n < | < w, let R; be the finite Maddux algebra
€;1y(2,3), as defined on [2, p. 83, S5, in the proof of Theorem 5.1] with
I-blur (J;, E;) as defined in [2, Definition 3.1] and f(I) > [ as specified in
[2, Lemma 5.1] (denoted by k therein). Let CAIR; = Bb(Ry, Ji, E;) € RRA
where CAlR; is the relation algebra having atom structure denoted At in [2,
p. 73] when the blown up and blurred algebra denoted R; happens to be the
finite Maddux algebra €;(;y(2,3) and let 2; = v, Bb; (R, Ji, Ep) € RCA,
as defined in [2, top of p. 80] (with Ry = €()(2,3)). Then (AtCAIR; :
l €w~mn),and (At2; : I € w ~ n) are sequences of weakly representable
atom structures that are not strongly representable with a completely rep-
resentable ultraproduct. O

We have shown that the three classes in the first item of the theorem
1.4 are not elementary and in the last item of op. cit. that at least two
are distinct. Now we show that their elementary closure coincide with the
class LCA,,.

THEOREM 1.15. Let 2 <n < w. Then:

EICRCA,, = E1[ScNr,, (CA,, N At) N At]
= EIScNr,CA, N At
= EI(ScNr,,CA,, N At)
= LCA,.

PrOOF: We show, as claimed, that all the given classes coincide with LCA,,.
Assume that 20 € LCA,,. Take a countable elementary subalgebra € of 2.
Since LCA,, is elementary, then € € LCA,,, so for k¥ < w, 3 has a winning
strategypy, in Gi(At€). Let © be a non-principal ultrapower of €. Then
3 has a winning strategyo in G, (At®) [7, Theorem 3.3.4]. Essentially
she uses pp in the K’th component of the ultraproduct so that at each
round of G, (AtD), 3 is still winning in co-finitely many components, this
suffices to show she has still not lost. Now one can use an elementary
chain argument to construct countable elementary subalgebras € = 2y =<
2A; <... =2 ...9 in the following way. One defines ;41 to be a countable
elementary subalgebra of ® containing 2(; and all elements of ® that o
selects in a play of G, (At®D) in which V only chooses elements from 2.
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Now let B = J,_,, ;. This is a countable elementary subalgebra of D,
hence necessarily atomic, and 3 has a winning strategy in G, (At*B), so B
is completely representable.

Thus A = € = B, hence A € EICRCA,,. We have shown that LCA,, C
EICRCA,. If % € ScNr,,CA, N At, then by lemma 1.3, 3 has a winning
strategy in G“(At2(), hence in G, (At), a fortiori, in G (At) for all
k < w, so A € LCA,. Since LCA, is elementary, we get that
E1(ScNr,,CA, N At) C LCA,,. But CRCA, C ScNr,CA, N At, hence
LCA,, = EICRCA,, C EI(S:Nr,,CA, N At) C LCA,. Now S.Nr,CA, N At
C EIS:Nr,,CA,NAt, and the latter class is elementary (if K is elementary,
then K N At is elementary), so EI(ScNr,CA, N At) C
EIS:Nr,CA, N At.

Conversely, if € is in EIScNr,,CA, N At. then € is atomic and € = D,
for some ® € S.Nr,,CA, since Sc.Nr,CA, is closed under ultraproducts.
Hence ® is atomic because atomicity is a first order property, so ©® €
ScNr,,CA, N At, thus € € E1(ScNr,,CA,, N At).

We have shown that EIS:Nr,CA, N At = EI(S:Nr,CA, N At) =
LCA,, = EICRCA,,. Finally, by lemma 1.3, ScNr,,(CA,NAt)N At C LCA,,
from which it follows that EIS:[Nr,(CA, N At) N At] C LCA,, since
LCA,, is elementary. The other inclusion follows from that, by item (1)
of theorem 1.4, CRCA,, C ScNr,(CA, N At) N At, so LCA,, = EICRCA,
C E1[ScNr,(CA,NAt) N At]. We have shown that all classes coincide with
LCA,,, which is the elementary closure of CRCA,,, and we are done. O

COROLLARY 1.16. For each 2 < n < w, there is an atomic algebra B €
Nr,,CA, N EICRCA,,, that is not completely representable. In particular,
CRCA,, is not elementary [5]. Furthermore, each 2, is constructed uni-
formly from one relation algebra.

PRrROOF: In [12], a relation atomic algebra 9 having uncountably many
atoms is constructed such that SR has an w-dimensional cylindric basis
CAIH (the latter is defined in opcit) and R is not completely representable.
It is shown in [12] that if one takes € = CA(CAIH), then € € CA,, € is
atomless, and 2 = Ra€. Now fix 2 < n < w. Then the required CA,, is B =
Nr,, &; 2, is atomic and has uncountably many atoms. Furthermore, 25 has
no complete representation for a complete representation of B induces one
of A. Since B € Nr,CA, N At, then by theorem 1.15, B € LCA, =
EICRCA,,.
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For the reader’s convenience, we give the details of the above proof. We
use the following uncountable version of Ramsey’s theorem due to Erdos
and Rado: If r > 2 is finite, k£ an infinite cardinal, then exp,(k)* —
(k7)1 where expo(k) = k and inductively exp,.q(k) = 2¢*P~(K). The
above partition symbol describes the following statement. If f is a coloring
of the r + 1 element subsets of a set of cardinality exp,.(k)* in k& many
colors, then there is a homogeneous set of cardinality kT (a set, all whose
r+ 1 element subsets get the same f-value). We will construct the requred
¢ € CA,, from a relation algebra (to be denoted in a while by 2() having an
‘w-dimensional cylindric basis.’

To define the relation algebra, we specify its atoms and forbidden triples.
Let x be the given cardinal in the hypothesis of the Theorem. The atoms
are Id, gf) : i < 2" and rj : 1 < j < &, all symmetric. The forbidden triples
of atoms are all permutations of (Id, z,y) for x # y, (rj,rj,r;) for 1 <j <k
and (g}, i, gl ) for 4,4,i* < 2%. Write go for {g} : i < 2°} and ry for
{rj : 1 < j < k}. Call this atom structure a.

Consider the term algebra 20 defined to be the subalgebra of the com-
plex algebra of this atom structure generated by the atoms. We claim
that 2, as a relation algebra, has no complete representation, hence any
algebra sharing this atom structure is not completely representable, too.
Indeed, it is easy to show that if 2 and B are atomic relation algebras
sharing the same atom structure, so that At = At*B, then 2 is completely
representable <= ‘B is completely representable.

Assume for contradiction that 20 has a complete representation with
base M. Let z,y be points in the representation with M = ry(x,y). For
each i < 2%, there is a point z; € M such that M = gi(z,2;) A ri(z;,y).
Let Z = {z; : i < 2"}. Within Z, each edge is labelled by one of the &
atoms in ry. The Erdos-Rado theorem forces the existence of three points
21,22, 2% € Z such that M = (21, 2%) A rj(22,23) A (23, 21), for some
single j < k. This contradicts the definition of composition in 2 (since we
avoided monochromatic triangles).

Let S be the set of all atomic A-networks N with nodes w such that
{ri + 1 <4 < kK : r;is the label of an edge in N} is finite. Then it is
straightforward to show S is an amalgamation class, that is for all M, N € S
if M =;; N then there is L € S with M =; L =; N, witness [6, Definition
12.8] for notation. We have S is symmetric, that is, if N € Sand 6§ : w — w
is a finitary function, in the sense that {i € w : 6(¢) # i} is finite, then N6
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is in S. It follows that the complex algebra CA(S) € QEA,. Now let X be
the set of finite [A-networks N with nodes C x such that:

1. each edge of N is either (a) an atom of 2 or (b) a cofinite subset of
ry ={r; : 1 <j <k} or (c) a cofinite subset of go = {g, : i < 2"}
and

2. N is ‘triangle-closed’, i.e. for all ,m,n € nodes(N) we have N(I,n) <
N(l,m); N(m,n). That means if an edge (I, m) is labelled by Id then
N(l,n) = N(m,n) and if N(I,m), N(m,n) < go then N(I,n)-go =0
and if N(I,m) = N(m,n) =r; (some 1 < j < w) then N(I,n)-r; = 0.

For N € X let N € CA(S) be defined by
{L €S :Lim,n) < N(m,n) for m,n € nodes(N)}.

For ¢ € w, let N [_; be the subgraph of IV obtained by deleting the node

—

i. Then if N € X, i < w then (;]\V = ]7[\_1 The inclusion CTJ\V C (N =)
is clear. Conversely, let L € (ﬁ) We seek M =; L with M € N. This
will prove that L € ¢;N, as required. Since L € S the set T = {ri ¢ L}
is infinite. Let T be the disjoint union of two infinite sets Y UY”’, say. To
define the w-network M we must define the labels of all edges involving
the node i (other labels are given by M =; L). We define these labels by
enumerating the edges and labeling them one at a time. So let j # i < k.
Suppose j € nodes(N). We must choose M (i,5) < N(i,7). If N(i,j) is
an atom then of course M(i,j) = N(i,j). Since N is finite, this defines
only finitely many labels of M. If N(i,j) is a cofinite subset of gy then
we let M(i,7) be an arbitrary atom in N(7,j). And if N(,7) is a cofinite
subset of ry then let M(4,7) be an element of N(4,7) N'Y which has not
been used as the label of any edge of M which has already been chosen
(possible, since at each stage only finitely many have been chosen so far).
If j ¢ nodes(N) then we can let M(i,j) =r, € Y some 1 < k < & such
that no edge of M has already been labelled by ry. It is not hard to check
that each triangle of M is consistent (we have avoided all monochromatic
triangles) and clearly M € N and M =; L. The labeling avoided all but

finitely many elements of Y’, so M € S. So (ﬁ) C (:]\\7
Now let X = {N : N € X} C CA(S). Then we claim that the sub-

algebra of CA(S) generated by X is simply obtained from X by closing
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under finite unions. Clearly all these finite unions are generated by X. We
must show that the set of finite unions of X is closed under all cylin-
dric operations. Closure under unions is given. For N € X we have
N = Um77L6nodes(N) ﬁ\mn where N,,, is a network with nodes {m,n} and
labeling N,,,(m,n) = —N(m,n). N,, may not belong to X but it is
equivalent to a union of at most finitely many members of X. The diago-
nal d;; € CA(S) is equal to N where N is a network with nodes {7, j} and
labeling N (i,7) = Id. Closure under cylindrification is given.

Let € be the subalgebra of CA(S) generated by X. Then A = Ra€. To
see why, each element of 2 is a union of a finite number of atoms, possibly a
co-finite subset of gy and possibly a co-finite subset of r. Clearly A C Ral.
Conversely, each element z € Rad is a finite union (Jy N , for some finite
subset F' of X, satisfying c;z = z, fori > 1. Let ig, ..., ix be an enumeration
of all the nodes, other than 0 and 1, that occur as io@s of networks in F'.
Then, ¢, ... ¢,z = UnepCio --- i N = Uner (N [{0,13) € A So Ra€ C
2. Thus 2 is the relation algebra reduct of € € CA,,, but 2 has no complete
representation. Let n > 2. Let B = M, &. Then B € Nr,,CA,,, is atomic,
but has no complete representation for plainly a complete representation
of % induces one of 2.

By Theorem 1.15 %8 is in EICRCA,, = LCA,,. It remains to show that
the w-dilation € is atomless. For any N € X, we can add an extra node
extending N to M such that § C M’ C N’, so that N’ cannot be an atom
in €. O

In the next theorem the inclusions in the third item are valid since by
Lemma 1.3, Nr,,CA,, N At C LCA,, and the last class is elementary.®

THEOREM 1.17. Let 2 <n < w. Then the following hold:
1. SEmLCAS,, = RCA,,
2. SP¢mAt(Nr,,CA,) = RCA,,

3. For any class L such that At(Nr,CA,) C L C LCAS,,, SPCmL =
RCA,,.

5The last incusion was implicitly prove in Theorem 1.3. To be more explicit, assume
that 2 € Nr,CA, is atomic. Then by lemma 1.3, 3 has a winning strategy in G%,
since there are infinitely many nodes, reusing them is superfluous, so 3 has a winning
strategyactually in (the harder to win game), G, (At2l), and so 3 has a winning strategy
in all k& rounded game G (At2), so by definition 2 € LCA,.
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In particular, SPCm(ElAt(Nr,CA,)) = RCA,,.

Proor: 1. If 2t € RCA,, then A" is completely representable [5], so
AtAT € LCAS,. By 20 C A" = CmAtAT, and €mAtAT € EmLCAS,,
we are done.

2. This follows from that Fs,, C €mAtNr, CA,. Indeed, suppose that
2 € Fs,, then 2 € Nr,CA,, hence Atl € AtNr,,CA, and 2 = EmAt €
¢mAtNr, CA,. Thus RCA,, = SPFs,, C SPEmAtNr,CA, C SPCmLCAS,, C
RCA,,.

3. Follows immediately from the previous item. O

2. Atom-canonicity and degrees of representability

In this section, unless otherwise indicated, n is a finite ordinal > 2. We
study closure properties of the classes Nr,CA,, (m > n) and CRCA,,. We
also introduce several new classes defined via the complex algebra operator
¢m and the neat reduct operator Nr and study their properties. The most
general exposition of CA rainbow constructions is given in [7, Section 6.2,
Definition 3.6.9] in the context of constructing atom structures from classes
of models. Our models are just coloured graphs [5]. Let G, R be two
relational structures. Let 2 < n < w. Then the colours used are:

e greens: g; (1<i<n-—2),¢g) i€g,

e whites : w; : i <n—2,

o reds: r; (1 < j€n,

e shades of yellow : yg : S a finite subset of w or S = w.

A coloured graph is a graph such that each of its edges is labelled by the
colours in the above first three items, greens, whites or reds, and some
n—1 hyperedges are also labelled by the shades of yellow. Certain coloured
graphs will deserve special attention.

DEFINITION 2.1. Let ¢ € G, and let M be a coloured graph consisting of n
nodes Zg, ..., Tn_2,2. We call M an i-cone if M(xq,z) = g and for every
1<j<n-2, M(zj,2) = g;, and no other edge of M is coloured green.
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(zo,...,Tn—2) is called the base of the cone, z the apex of the cone and i
the tint of the cone.

The rainbow algebra depending on G and R from the class K consisting
of all coloured graphs M such that:

1. M is a complete graph and M contains no triangles (called forbidden
triples) of the following types:

(&:g,8"), (g gi,wi) any1<i<n-—2, (2.1)
(gg)7gl(§7wo) any jvk € G7 .
(rijstjwrstieg=)  unless [{(4, k), (7, k'), (5", k") } =3 (2.3)

and no other triple of atoms is forbidden.

2. If ag,...,an—2 € M are distinct, and no edge (a;,a;) i < j < n is
coloured green, then the sequence (aq, ..., a,—_2) is coloured a unique
shade of yellow. No other (n—1) tuples are coloured shades of yellow.
Finally, if D = {do,...,dn—2,0} € M and M | D is an i cone with
apex ¢, inducing the order do,...,d,_o on its base, and the tuple
(do, - ..,dn—2) is coloured by a unique shade yg then ¢ € S.

Let G and R be relational structures as above. Take the set J consisting
of all surjective maps a : n — A, where A € K and define an equivalence
relation ~ on this set relating two such maps iff they essentially define the
same graph [5]; the nodes are possibly different but the graph structure
is the same. Let At be the atom structure with underlying set J ~. We
denote the equivalence class of a by [a]. Then define, for ¢ < j < n,
the accessibility relations corresponding to ¢jth-diagonal element, and ith-
cylindrifier, as follows:

(1) [d] € By iff ai) = a(j),

(2) [aTult] iff a [ n~ {i} = b 0~ {i},

This, as easily checked, defines a CA,, atom structure. The complex
CA,, over this atom structure will be denoted by g r. The dimension of
g R, always finite and > 2, will be clear from context. For rainbow atom
structures, there is a one to one correspondence between atomic networks
and coloured graphs [5, Lemma 30], so for 2 < n < m < w, we use the
graph versions of the games G}, k¥ < w, and G™ played on rainbow atom
structures of dimension m [5, pp. 841-842]. The the atomic k rounded
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game game G} where the number of nodes are limited to n to games on
coloured graphs [5, lemma 30]. The game G™ lifts to a game on coloured
graphs, that is like the graph games G [5], where the number of nodes of
graphs played during the w rounded game does not exceed m, but V has
the option to re-use nodes. The typical winning strategy for V in the graph
version of both atomic games is bombarding 3 with cones having a common
base and green tints until she runs out of (suitable) reds, that is to say, reds
whose indicies do not match [5, 4.3]. So roughly if |G| is larger that |R|
substantially, then V can win; otherwise 3 wins for if there is a winning
strategy for V it must be implemented as just described. The (complex)
rainbow algebra based on G and R is denoted by 2gr. The dimension n
will always be clear from context.

THEOREM 2.2. Let2 < n < w.

1. There exists 2A € RCA,, such that CmAtA ¢ SNr, CAy(,,y, where t(n) =
n(n + 1)/2. Therefore any completely additive variety V such that
RCA,, CV C SNrnCAt(n) 18 mot atom-canonical.

2. There exists A € Nr,,CA; N RCA,, such that €mAt2 ¢ RCA,,,

3. There exists B € Cs,, B ¢ EINr,,CA, 11, but AtB € Nr,CA, and
CmAtB € Nr,,CA,

PROOF: 1. The proof of the first item is given in full detail in [16, Theo-
rem 1]; here we give the main ingredients of the proof as another instance
of a blow up and blur construction. Take the finite rainbow cylindric al-
gebra R(T') as defined in [7, Definition 3.6.9], where I' (the reds) is taken
to be the complete irreflexive graph m, and the greens are {g; : 1 < i <
n—1}U{gl: 1 <i<n(n-1)/2} so that G is the complete irreflexive
graph n(n —1)/2.

Call this finite rainbow n-dimensional cylindric algebra, based on G =
n(n —1)/2 and R = n, CA,(,_1)/241,» and denote its finite atom struc-
ture by Atg. One then replaces each red colour used in constructing
CA,(n—1)/2,n by infinitely many with superscripts from w, getting a weakly
representable atom structure At, that is, the term algebra TmAt is repre-
sentable.

The resulting atom structure (with w-many reds), call it At, is the
rainbow atom structure that is like the atom structure of the (atomic set)
algebra denoted by 2( in [10, Definition 4.1] except that we have n(n—1)/2
greens and not infinitely many as is the case in [10]. Everything else is the
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same. In particular, the rainbow signature [7, Definition 3.6.9] now consists
ofgi:1<i<n—-1l,gh:1<i<n+lw:i<n-—11:k<l<n,
t € w, binary relations, and n — 1 ary relations yg, S C n(n —1)/2.

There is a shade of red p; the latter is a binary relation that is outside the
rainbow signature. But p is used as a label for coloured graphs built during
a ‘rainbow game’, and in fact, 3 can win the rainbow w-rounded game
and she builds an n-homogeneous (coloured graph) model M as indicated
in the above outline by using p when she is forced a red [10, Proposition
2.6, Lemma 2.7]. Then, it can be shown exactly as in [10], that TmAt is
representable as a set algebra with unit M.

We next embed CA,,(,_1)/2,, into the complex algebra ¢mAt, the De-
dekind-MacNeille completion of TmAt. Let CRGf denote the class of
coloured graphs on Aty and CRG be the class of coloured graph on At.
We can assume that CRGy € CRG. Write M, for the atom that is the
(equivalence class of the) surjection a : n — M, M € CRG. Here we
identify a with [a]; no harm will ensue.

We define the (equivalence) relation ~ on At by M ~ N,, (M,N €
CRG) <= they are everywhere identical except possibly at red edges:

M, (a(i),a(5)) =" < Ny(b(i),b(5)) = r*, for some I,k € w.

We say that M, is a copy of Ny if M, ~ N,. Now we define a map
O : CApy1n = CmAty to CmAt, by specifing first its values on Aty, via

M, +— Zj M(gj); where Méj) is a copy of M,; each atom maps to the

suprema of its copies. (If M, has no red edges, then by Zj Mé]), we
understand M,). This map is extended to CA,,11, the obvious way. The
map O is well defined, because €mAt is complete. It is not hard to show
that the map © is an injective homomorphim.

One next proves that V has a winning strategy for 3 in
Gt(”)At(CAn(n,l)/g,n), where t(n) = n(n + 1)/2 + 1 using the usual rain-
bow strategy by bombarding 3 with cones having the same base and dis-
tinct green tints. He needs ¢(n) nodes to implement his winning strat-
egy. In fact, he needs t(n) nodes to force a win in the weaker game
Gi(n) (At%n(n,l)/gyn) without the need to resue the nodes in play. To see
why, first it is straightforward to show that V has winning strategy first
in the Ehrenfeucht—Fraissé forth private game played between 3 and V on
the complete irreflexive graphs n + 1(< n(n — 1)/2 4+ 1) and n rounds
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EF71 (n + 1, n) since n + 1 is ‘longer’ than n. V lifts his winning strategy
from the last private Ehrenfeucht—Fraissé forth game to the graph game
on Aty = At(CA,(n—1)/2,n) see [5, p. 841] forcing a win using ¢(n) nodes.
One uses the n(n — 1)/2 + 2 green relations in the usual way to force a red
clique C, say with n(n — 1)/2 + 2. Pick any point « € C. Then there are
> n(n — 1)/2 points y in C'\ {x}. There are only n(n — 1)/2 red relations.
So there must be distinct y, z € C'\ {z} such that (z, y) and (z, z) both
have the same red label (it will be some r;;™ for i < j < n). But (y, 2) is
also red, and this contradicts the consistency condition of reds. In more
detail, V bombards 3 with cones having common base and distinct green
tints until 3 is forced to play an inconsistent red triangle (where indicies
of reds do not match). He needs n — 1 nodes as the base of cones, plus
|P | + 2 more nodes, where P = {(i, j) : i < j < n} forming a red clique,
triangle with two edges satisfying the same r,™ for p € P. Calculating, we
gett(n)=n —1+n(n—1)/2+2=n(n+ 1)/2 + 1. We proved that ¥
lifts his winning strategy from the last private game to the graph game on
At = At(CA,(,—1)/2,n forcing a win using ¢(n) nodes.

2. This follows from the proof of Theorem 1.12; we give a more stream-
lined proof. Like before, we use the construction in [2]. Let 2R be a re-
lation algebra, with non-identity atoms I and 2 < n < w. Assume that
J C p(I) and E C 3w. (J,E) is an n-blur for R, if J is a complex n-
blur and the tenary relation E is an index blur defined as in item (ii) of
[2, Definition 3.1]. Recall that (J, E) is a strong n-blur, if it (J, E) is an
n-blur, such that the complex n-blur satisfies: (VVi,...V,,Wa,...W,, €
J)VT € J)(V2 < i < n)safe(V;,W,;,T) (with notation as in [2]). Now let
I >2n—1,k > (2n—1)l, k € w. One takes the finite integral relation
algebra Ry = €;(2,3) where k is the number of non-identity atoms in ;.
Then R, has a strong I-blur, (J, E) and it can only be represented on a
finite basis [2]. Then Bb, (R, J, E) = Nr,BL(R,, J, E) has no complete
representation, so CmAtBb, (R, J, E) is not representable.

3. Let V = "Q and let A € Cs,, has universe p(V). Then clearly
2 € Nr,CA,. To see why, let W = “Q and let ©® € Cs,, have universe
(W). Then the map 6 : A — (D) defined viaa — {s € W : (s | a) € a},
is an injective homomorphism from 2l into $R9,,0 that is onto M, D. Let
y denote the following n-ary relation: y = {s €V :s0+1=3. s} Let
ys be the singleton containing s, i.e. ys = {s} and B = Sg*{y,ys : s € y}.
It is shown in [17] that {s} € B, for all s € V.
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Now B and 2 having same top element V', share the same atom struc-
ture, namely, the singletons, so B C; 2 and €mAtB = 2. Furthermore,
plainly 2,8 € CRCA,,; the identity maps establishes a complete represen-
tation for both, since (J,cy{s} = V. Since B C4 A, then B C. A, so
B € ScNr,,CA, N At because 2 € Nr,,CA,, is atomic. As proved in [17],
B ¢ EINr,,CA,+1(2 Nr,,CA, N At)). O

Recall that S, denotes the operation of forming complete sublgebras
and Sq denotes the opeartion of forming dense subalgebras. We let I
denote the operation of forming isomorphic images. For any class of BAO,
IK C S4K C ScK. (It is not hard to show that for Boolean algebras the
inclusion are proper).

DEFINITION 2.3. Let 2 <n <l <m <w. Let O € {S,Sq,S.,I}.

1. An algebra 2 € CA, has the O neat embedding property up to m
if A4 € ONr,CA,,. If m = w and O = S, we say simply that A
has the neat embedding property. (Observe that the last condition is
equivalent to that 2 € RCA,,).

2. An atomic algebra 21 € CA, has the complex O neat embedding prop-
erty up to m, if EmAt2l € ONr,,CA,,,. The word ‘complex’ here refers
to the involvement of the complex algebra in the definition.

3. An atomic algebra 2l € RCA,, is strongly representable up to l and m
if & € Nr,CA; and €mAt2 € SNr,,CA,,. If I = n and m = w, we say
that 2 is strongly representable.

4. Let L C K be subclasses of CA,,. We say that L is not atom-canonical
relative K if there exists an atomic algebra 2 € L such that CmAt2l ¢
K. Observe that if L is not atom-canonical relative to itself, then L
is not atom-canonical.

Ezxzample 2.4.

1. The algebra 2 constructed in the third item of theorem 2.2 has the
neat embedding property, but not the complex S neat embedding
propery up to m for any m > n(n + 1)/2. In particular, 2 is not
strongly representable and 2 lacks a complete representation. Fur-
thermore, the algebra 2 witnesses that RCA,, is not atom-canonical
relative to SNr,,CA,, 1 for any k& > n(n +1)/2.
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2. For every 2 < n <l < w, the algebra B = Bb,,(¢(2,3), J, E) used
in the second item of Theorem 2.2 based on Theorem 1.12, where k
depends on [ and (J, E) is the strong I-blur of the Maddux algebra
€1(2,3) as specified in op. cit., is in Nr,CA; N RCA,,, but is not
strongly representable up to [ and w. In particular, B, like 2 in
the first item, is also not strongly representable and lacks a complete
representation. The algebra B witnesses that RCA,, N Nr, CA; is not
atom-canonical relative to RCA,,.

3. The algebra ‘B used in the last item of theorem 2.2 has the complex
I neat embedding property up to m for any m > n but does not
have the I neat embedding property up to n+ 1, a fortiori up to any
m > n+ 1, cf. the second item of the forthcoming theorem 2.5.

Let 2 < n <1 <m < w. Let O € {S,Sq,Sc,I}. Denote the
class of CA,s having the complex O neat embedding property up to m
by CNPCAY, ., and let RCAY, := CNPCA?, NRCA,. Denote the class

of strongly representable CA,s up to [ and m by RCAlAm. Call an algebra
A € CA,, strongly representable if 2 is atomic and At2l is strongly repre-
sentable; that is €mAt2 € RCA,,. Observe that RCA}"™ = RCAim and
that when m = w both classes coincide with the class of strongly rep-
resentable CA,s. For a class K of BAOs, K N Count denotes the class of
countable algebras in K, and recall that KN At denotes the class of atomic
algebras in K.

THEOREM 2.5. Let2 <n<l<m<w and O € {S,S¢,Sa,I}. Then the
following hold:

1. RCAD,, C RCAD; and RCA]; C RCASY C RCAS C RCA} . The

last inclusion is proper for | > n(n + 1)/2

2. For O € {S,Sc,Sa}, CNPCAnwl C ONr,CA; (that is the complex
O neat embedding property is stronger than the O neat embedding
property), and for O = S, the inclusion is proper for 1 > n+ 3. But
for O =1, CNPCA}M ¢ Nr,,CA; (so the complex I neat embedding
property does not imply the I neat embedding property),

3. If A is finite, then A € CNPC/—\O <= 2 € ONr,,CA; and 2 €
RCAol <~ A € RCA,N ONrnCAl Furthermore, for any positive
k, CNPCA® ki1 & CNPCA? ks and finally CNPCA® C RCA,,

n,w -+
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4. (3A € RCA,NAt ~ CNPCAgJ) = SNr,,CA;, is not atom-canonical
for all k > 1. In particular, SNr,,CAg is not atom-canonical for all
k>n+3,

5. If SNr,,CA; is atom-canonical, then RCAEJ is first order definable.

There exists a finite k > n + 1, such that RCAik is not first order
definable.

6. Let 2 <n <1 <w. Then RCAL“ N Count # ) = [ < w.

PROOF: 1. The inclusions follow from the definition and the strictness of
the last inclusion in this item is witnessed by the algebra € = €z o used in
Theorem 3.1, since € satisfies € = €mAt¢€ € RCA,, but € ¢ S:Nr,,CA; for
I >n+3.

2. Let O € {S,S¢,Sa}. If €mAt2 € ONr,,CA;, then 2L C; CmAL2, so
2A € S4qONr,,CA; € ONr,,CA;. This proves the first part. The strictness of
the last inclusion follows from the first part of Theorem 2.2 since the atomic
countable algebra 2 constructed in op. cit. is in RCA,,, but ¢mAt ¢
SNr,,CA; for any | > n(n+1)/2.

For the last non-inclusion in item (2), we use the set algebras 2 and B
in item (3) of Theorem 2.2. Now B C; 2, A € Cs,,, and clearly CmAtB =
2A(e Nr,CA,). As proved in [17], B ¢ EINr,,CA, 11, so B ¢ Nr,CA, 1 (2
Nr,CA;). But €mAt®B € Nr,CA,, hence B € RCA}M. We have shown
that B € RC/—\}I,Z ~ Nr,,CA;, and we are through with the last required in
item (2). Here we basically use that Nr,CA,, is not closed under Sq, a
fortiori under S¢, while, conversely, CRCA,, is closed under S, since S. is
an idempotent operator (ScS. = S¢), a fortiori CRCA,, is closed under Sq.

3. Follows by definition observing that if 2 is finite then 20 = CmAt2l.
The strictness of the first inclusion follows from the construction in [9]
where it shown that for any positive k, there is a finite algebra 2 in
Nr,CA,+x ~ SNr,CA, 1xr+1 (witness the appendix for a simplified ver-
sion of the construction in [9]). The inclusion CNPCAgw C RCA,, holds

because if B € CNPCASM, then B C ¢mAtB € ONr,CA, C RCA,,. The
2l used in the last item of theorem 2.2 witnesses the strictness of the last
inclusion proving the last required in this item.

4. Follows from the definition and the construction used in item (3) of
theorem 2.2.

5. Follows from that SNr,,CA; is canonical. So if it is atom-canonical

too, then At(SNr,CA;) = {F : €mF € SNr,,CA;}, the former class is ele-
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mentary [6, Theorem 2.84], and the last class is elementray <= RCArsL’l
is elementary. Non-elementarity follows from [7, Corollary 3.7.2] where
it is proved that RCA,SLM is not elementary, together with the fact that
Mp<rew SN, CA, = RCA,. In more detail, let 2; be the sequence of
strongly representable CA,s with €mAtRl; = 2l; and 2 = II;,y2; is not
strongly representable. Hence €mAt2l ¢ SNr,,CA,, = (;c,, SNr,,CA, 14, so
CmAt2l ¢ SNr,K; for all I > k, for some k € w, k > n. But for each
such I, 2; € SNr,,CA;(D RCA,,), so ; is a sequence of algebras such that
CmAtR; = 2; € SNr,,CA;, but Em(At(IL;,yA;)) = CmAtA ¢ SNr,,CA;, for
all [ > k. That k£ has to be strictly greater than n + 1, follows because
SNr,,CA,, 11 is atom-canonical.

6. <: Let |l < w. Then the required follows from theorem 1.12, and
item (2) in Theorem 2.2 that there exists a countable 20 € Nr,,CA; N RCA,,
such that €mAt ¢ RCA,,. Now we prove = : Assume for contradiction
that there is an 2 € RCA;"’NCount. Then by definition 2 € Nr, CA,,, so by
[14, Theorem 5.3.6], we have 2l € CRCA,,. But this complete representation,
induces a(n ordinary) representation of €mAt2( which is a contradiction.
Indeed by Lemma 1.10, if f : 2 — B is a complete representation of
2 via f then one extends f to f from ¢mAt2 to B by defining f(a) =

Zggﬁtﬁixﬁa f(:l?) O
3. Non-elementary classes

Still Sq stands for the operation of forming dense subalgebras and for K a
class of BAOs, ScK = {B: (A e K)(XT¥'X =1 = Y ° X =1}.

THEOREM 3.1. Let 2 < n < w. Any class between SqNr,,CA,NCRCA,, and
ScNr,,CA, 13 is not first order definable. Furthermore any class between
At(Nr,,CA,, N CRCA,)) and At(ScNr,CA,.13) is not first order definable.

PROOF: The proof is long and is divided into four parts:

(a) We define an w-rounded (atomic) game H(«) played on so-called
atomic A-neat hypernetworks-\ a ‘label’.

(b) If « is a countable atom structure, and 3 has a winning strategy
in H(«), then any algebra § having atom structure « is completely



Complete Representations and Neat Embeddings 441

representable, €ma € Nr,,CA,, and « € AtNr,CA,,. In fact, there will
exist a complete ©® € CA,, such that ¢ma = Nr,,© and a = AtNr,, D,

(¢) Then the game H will be applied to the atom structure of a rainbow-
like CA,, denoted below by €z n. From a winning strategyof 3 in
Hj (AtCz ) (where Hy, is H truncated to k rounds) for all k < w-so
that H,, = H- it will follow that €z n = Tma for some completely
representable atom structure o € At(Nr,CA,), for which Cma €
Nr,,CA,. On the other hand, we prove that V has a winning strategy
in G"T3(At€z n), so by lemma 1.3 €7 5 ¢ ScNr,CA, ;3.

(d) The term algebra Tma will be used to show that any class between
SaNr,CA, N CRCA,, and ScNr,CA,, 3 is not elementary.

(a) Defining the game Hy(k < w) which is H restricted to k rounds
This new game Hj, is stronger than G. In Hy, not only the moves are more
(which they are), but now the board of the play is different.

Fix k£ < w. The new game Hj, is played on so-called A-neat hypernet-
works, A a ‘hyperlabel’ and it has k rounds. These are similar to m(< n)-
dimensional hypernetworks as defined in item(3) of definition 1.2; they are
roughly networks endowed with labelled hyperedges, whose length gets ar-
bitrarily long, but is still finite. Unlike m-dimensional hypernetworks here
the lengths of hyperedges are not uniformly bounded. So a hypernetwork
of an atomic 2 € CA,, has two parts (N%, N") where N is network whose
n-hyperdges are labelled by atoms of 2 and N" :<“ nodes(N) — A, where
hyperedges get their hyperlabels from a non-empty set (of hyperlabels) A.

There is a compatibility condition between N and N* which is a CA
analogue of condition (3) in [6, Definition 12.1] formulated for hypernet-
works of relation algebras. This condition for hypernetworks as defined in
[4], is given in [4, Definition 28]. The form for CAs needed is entirely analo-
gous to the condition in item (3) of definition 1.2. In any such hypernetwork
N = (N N"), there are so-called short hyperedges and long hyperedges in
N". The hypernetworks whose short hyperedges are constantly labelled by
a hyperlabel A € A are called A-neat hypernetworks. The game H offers
V three moves delivered by V during the play. There is a cylindrifier move
analagous to the cylindrifier move in G adapted the obvious way to A-neat
hypernetworks and two more amalgamation moves.

First amalgamation move: V can play a transformation move by picking
a previously played A-neat hypernetwork N and a partial, finite surjection
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0 : w — nodes(NV), this move is denoted (N, 6). J's response is mandatory.
She must respond with N§.

Second amalgmation move: V can play an amalgamation move by
picking previously played M-neat hypernetworks M, N such that
M rnodes(]\/l)ﬁnodes(N): N [nodes(]V[)ﬂnodes(N)» and nodes(M) N nOdeS(N)
# (. This move is denoted (M, N). To make a legal response, 3 must
play a A-neat hypernetwork L extending M and N, where nodes(L) =
nodes(M) U nodes(N).

(b) Forming the required w-dilation ® Fix some a € . The game
H,, is designed so that using 3 s winning strategy in the game H,,(«) one
can define a nested sequence My C My, ... of A-neat hypernetworks where
M is F’s response to the initial V-move a, such that: If M, is in the sequence
and M, (Z) < c;a for an atom a and some i < n, then there is s > r and
d € nodes(My) such that My(y) = a, §; = d and § =; Z. In addition, if M,
is in the sequence and € is any partial isomorphism of M,., then there is
s > r and a partial isomorphism 6% of M extending  such that rng(6%) 2
nodes(M,.) (This can be done using 3’s responses to amalgamation moves).
Now let M, be the limit of this sequence, that is M, = |J M;, the labelling
of n—1 tuples of nodes by atoms, and hyperedges by hyperlabels done in the
obvious way using the fact that the M;s are nested. Let L be the signature
with one n-ary relation for each b € «, and one k-ary predicate symbol for
each k-ary hyperlabel \. Now we work in L . For fixed f, € “nodes(9t,),
let Uy = {f € “nhodes(M,) : {i <w : g(i) # fa(?)} is finite}. We make §l,
into the base of an L relativized structure CAIM,, like in [4, Theorem 29|
except that we allow a clause for infinitary disjunctions. In more detail, for
bea, lg,...,ln—1,%0...,tk—1 < w, k-ary hyperlabels A\, and all L-formulas
¢v d)ivwv and f € Ua:

CAIM,, f Eb(zy ... 21, ) <= CAIM(f(lo),...,f(ln_1)) =b,
CAIM, f = Mxig, ..y i,) <= CAIM.(f(io), ..., flix_1)) = A,
CAIM,, f | ~¢ <= CAIM,, f £ ¢,
CAIM,, f = (\/ &) <= (Fie)(CAIM,, [ ¢),
el
=

CAIM,, f | ;¢ CAIM , fli/m] = ¢,

some m € nodes(CAIM,).
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For any such L-formula ¢, write ¢“AMa for {f € U, : CAIM,, f | ¢}.
Let D, = {¢“AMa : ¢ is an L-formula} and D, be the weak set algebra
with universe D,. Let © = P,c®,. Then D is a generalized complete
weak set algebra [3, Definition 3.1.2 (iv)]. Now we show that o & AtDir, D
and Cma = N, ®. Let © € ©. Then x = (z, : a € a), where z, € D,.
For b € a let m, : ® — D, be the projection map defined by mp(z, :
a € a) = xp. Conversely, let ¢, : D, — © be the embedding defined
by tq(y) = (xp : b € @), where z, = y and x, = 0 for b # a. Suppose
x € N, D\ {0}. Since x # 0, then it has a non-zero component 7, (x) € D,
for some a € a. Assume that () # ¢(x;,,...,z;,_,)° = 7a(x), for some
L-formula ¢(z4,, ..., xi,_,). We have ¢(ziy,. .., 7i_, )" € M,D,. Pick
f € (i, .. x5, )" and assume that CAIM,, f = b(zo,...2,_1) for
some b € a. We show that b(xg,Z1,...,Zn_1)"" C d(@iy,-. . Ti_, ) 0.
Take any g € b(xg, 21 ...,7,_1)%, so that CAIM,,g = b(xo,...Tn_1).
The map {(f(i),9(2)) : i < n} is a partial isomorphism of CAIM,. Here
that short hyperedges are constantly labelled by A is used. This map
extends to a finite partial isomorphism 6 of M, whose domain includes
f(io)y ..., f(ig—1). Let ¢ € CAIM, be defined by

I 0(i) if i € dom(#)
9'() = { g(i) otherwise
We have CAIM,,q & &(xig,...,24,_,). But ¢’(0) = 6(0) = ¢(0) and
similarly ¢’(n — 1) = g(n — 1), so g is identical to ¢’ over n and it differs
from ¢’ on only a finite set. Since ¢(z4,,...,7i,_,)"* € Nt,D,, we get
that CAIM ,,g = é(z4y, .., Ti,), 80 g € ¢(Tiy, ..., T4, _, )" (this can be
proved by induction on quantifier depth of formulas). This proves that

b(xg, x7 .. .xn,l)ga C ¢(ziy, - - - ,xik)ga = 7,(x),
and so

ta(b(zo, 21, . . . a:n_l)ga) < 1o (d(Tigy - - - ,:cikfl)@“) <z eD,\{0}.

Now every non-zero element z of 9, D, is above a non-zero element of
the following form ¢, (b(xo, z1, ..., 2,—1)°*) (some a,b € a) and these are
the atoms of M, D,. The map defined via b + (b(xg,T1,...,Tn_1)" :
a € «) is an isomorphism of atom structures, so that a € AtNr,CA,.
Let X C M, ®. Then by completeness of ©, we get that d = Zg X

exists. Assume that i ¢ n, then ¢;d = ¢; > X =3 vz = X =d,
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because the ¢;s are completely additive and c¢;z = =z, for all i ¢ n, since
z € M, ®. We conclude that d € M, D, hence d is an upper bound of
X in M, ®. Since d = ZfeX X there can be no b € N, (C D) with
b < d such that b is an upper bound of X for else it will be an upper bound
of X in ®. Thus ng;? X = d We have shown that 91t,® is complete.
Making the legitimate identification 91t,,© C4 €ma by density, we get that
Ne,® = Cma (since Nr, D is complete), hence Ema € Nr,,CA,,.

Finally, to show that any atomic algebra having atom structure « is
completely representable one can reason in one of the two following ways:

One: The game H is stronger than G and a winning strategyof 3 in
G(«) implies that the atom structure « is completely representable, hence
any atomic algebra having the atom structure a will be completely repre-
sentable.

Two: The complex algebra €ma has countably many atoms and is in
Nr,,CA,, so by the third item of theorem 1.4 it is completely representable.
Thus, any atomic algebra § sharing the atom structure « is also completely
representable.

(c) Applying H to a rainbow-like atom structure; excluding first
order definability of classes between SgNr,CA, N CRCA, and
ScNr,CA,+3 We apply the new game H to the rainbow algebra €z
based on the ordered structures Z and 91. The reds R are the set {r;; : i <
J < w(=MN)} and the green colours used constitute the set {g; : 1 < i <
n—1}U{g} : i € Z}. In complete coloured graphs the forbidden triples
are like the usual rainbow constructions based on Z and 91, but we add a
forbidden triple in coloured graphs. The triple (gf, g}, rxi) is forbidden if
{(i,k),(4,1)} is not an order preserving partial function from Z — 9. In
[15], it is shown that €z 5 = B for some countable B € SNr,,CA,NCRCA,,.
This is proved by showing that 3 has a winning strategy in Gy (At€z xn) for
all k£ € w, hence using ultrapowers followed by an elementary chain argu-
ment (like the argument used in the proof of theorem 1.15), we get that
Cz.m = ‘B, and 3 has a winning strategy in G,,(AtB), hence by [7, Theorem
3.3.3] B € CRCA,, C Sc(Nr,CA, N At); the last inclusion follows from the
first item of theorem 1.4. With some significantly more effort one can prove
more: It can be shown that that 3 can win the game Hy, (At€z xn) which is
the game H truncated to k rounds (on the same €7 i based on Z and 1) for
all £ < w. Recall that H is stronger than G hence Hy, is stronger than Gy.
Using ultrapowers followed by an elementary chain argument, it follows 3



Complete Representations and Neat Embeddings 445

has a winning strategy in H(«) for a countable atom structure «, such that
¢z m = Tma. We show that V has a winning strategy in the graph version
of the game G"*3(At€z n) played on coloured graphs [5]. The rough idea
here, is that, as is the case with winning strategy’s of V in rainbow construc-
tions, V bombards 3 with cones having distinct green tints demanding a red
label from 3 to appexes of succesive cones. The number of nodes are lim-
ited but V has the option to re-use them, so this process will not end after
finitely many rounds. The added order preserving condition relating two
greens and a red, forces 3 to choose red labels, one of whose indices form a
decreasing sequence in 91. In w many rounds V forces a win, so by the first
item of lemma 1.3, €z n ¢ ScNr,,CA,, 3. More rigorously, V plays as fol-
lows: In the initial round V plays a graph M with nodes 0,1,...,n—1 such
that M(i,j) =wp fori<j<n—land M(i,n—1)=g; (i=1,...,n—2),
M(0,n — 1) = g) and M(0,1,...,n —2) = yz. This is a 0 cone. In the
following move V chooses the base of the cone (0,...,n — 2) and demands
a node n with Ms(i,n) = g; (i = 1,...,n — 2), and M(0,n) = go_l. 3
must choose a label for the edge (n + 1,n) of Ms. It must be a red atom
Tmk, M,k € M. Since —1 < 0, then by the ‘order preserving’ condition
we have m < k. In the next move V plays the face (0,...,n —2) and
demands a node n + 1, with M3(i,n) = g; (i = 1,...,n — 2), such that
M3(0,n +2) = gy®. Then M3z(n + 1,n) and M3(n + 1,n — 1) both being
red, the indices must match. Ms(n+1,n) = r and Ms(n+1,7—1) = 1,
with [ < m € 9. In the next round V plays (0,1,...n — 2) and re-uses the
node 2 such that My(0,2) = gy . This time we have My(n,n — 1) = ry;
for some j < < m € 9. Continuing in this manner leads to a decreasing
sequence in 9. We have proved the required.

(d): Putting (a), (b), (c) together We get that €z n = Tma, where
« is a countable atom structure, such that o € At(Nr,CA,), any atomic
§ € CA, having atom structure a is completely representable, and
Cma € Nr,CA,. So Tma C4 Cma € Nr,CA,,, Tma € CRCA, and €z n ¢
ScNr,,CA,43. Let K be any class between SgNr,CA, N CRCA,, and
ScNr,CA,43. Then €z, ¢ ScNr,CA,ys 2 K. But €z = Tme,
and Tma C; €ma € Nr,CA,, and Tma € CRCA,, so Tma €
S4Nr, CA, NCRCA,, C K. We have shown that Tma = €z 5, Tma € K but
Czm ¢ K, and we are done.’

6Let m > n. It is easy to show that if ® € CA,, and At® € ScNr,CA,,, then
D € ScNrpCAp,. Since a € At(Nr, CAy), by the (contrapositive of the) above obser-
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We have also proved that any K between AtNr,CA, N CRCA,

and AtScNr,CA, 3 is not elementary, because a = At€zm, o €
At(NI’nCA“J n CRCAn) but At@:zgt §é At(SchnCAn+3) lest Q:Z,‘ﬂ S
ScNr,,CA,, ;3.7 ]

Remark 3.2. In forming the required w-dilation ©® we made use of the
‘stronger part’ of the game H, involving the amalgamation moves on A\-neat
hypernetworks, where \ is the constant hyperlabel kept on short hypernet-
works to build the w-dilation © which is a generalized weak set algebra of
dimension w, that is a set algebra, whose top element is a disjoint union
of weak spaces of dimension w; any such weak space is a set of sequences
that agree co-finitely with sequences in “U (some non-empty set U). This
w-dilation © can be (and was) described in a model theoretic framework.
Using 3’s winning strategy in H, one builds an w-dilation ©, of Tma for
every a € «, based on a structure M, in some signature specified above.
Strictly speaking, M, is a weak model [13, Definition 3.2.1], where assign-
ments are required to agree co-finitely with a fixed sequence in “M,. Thus
9, is a weak set algebra of dimension n with base M, This weak model M,
was taken in a signature L consisting of one n-ary relation for each b € «
and a k-ary relation symbol for each hyperedge of length k labelled by A.

For a € o, the weak model M, is the limit of the play H,; in the sense
that M, is the union of the A-neat hypernetworks on « played during the
game H,,, with starting point the initial atom a that V chose in the first
move. Labels for the edges and hyperedges in M, were defined the obvious
way, inherited from the A-neat hypernetworks played during the game;
these are nested so this labelling is well defined, giving an interpretation of
only the atomic formulas of L in M.

However, there is some freedom here in ‘completing’ the interpretation.
One can use any extension £, not necessarily a proper one, of L, ., as a
vehicle for constructing ©,. The algebra ©, constructed above was a weak

vation, At€z ;m ¢ At(ScNr,CA,13), and o = AtCz , because an atom structure of an
atomic algebra is interpretable in the algebra, then we have already proved the required.
However, if AtD € At(Nr,CA,) for some © € CA,, and some m > n does not imply
that ® € Nr, CA,,, even if the Dedekind—MacNeille completion of ® is in Nr, CA,,, cf.
the last item of Theorem 2.2.

"There is subtle distinction between Nr,, CA,, and the larger S¢Nr, CA,, for 1 < n <
m < w that we should point out and that is the following: While if At € AtNr,K,,
this does not imply that A € Nr, CA,,; but on the contrary if At2l € ScNr, CA,,, then
A € ScNr,,CA,,.
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set algebra of dimension w consisting of £-formulas taken in the signature
L. The base of ©, is M,, and the set-theoretic operations of ®, are
read off the semantics of the connectives avialable in £. In all cases, as
long as £ contains L, ., as a fragment, we get that Tma C Nr,®, where
D = P,uca®,. There are three possibilites measuring ‘how close’ Tma is
to Nr,®. We go from the closest to the less close. Either (a) Tma = Nr,©
or (b) Tma Cg4 Nr,® or (c) Tma C. Nr,®. It is reasonable to expect that
the stronger (the logic) £ is, the ‘more control’ o has over the hitherto
obtained w-dilation ®; the closer Tma is to the neat n-reduct of ® based
on L£-formulas.

Suppose we take £ = L, .. Then using the fact that in the A-neat
hypernetworks played during the game H short hyperedges are constantly
labelled by A, one shows that o = AtNr,®; the isomorphism defined via
b (b°(xg,...2y—1) : a € @). But using £ = Lo, in the same signature,
the resulting algebra ® which is isomorphic to a generalized w-dimensionl
weak set algebra in the sense of [3, Definition 3.1.2 (iv)] (with top element
the disjoint union of top elements of the ®,) based on the (now) L, ., weak
models M, taken in the same signature L, a € a, will be complete. This is
50, because the D,s are complete; ZZ@G“I PP = (Vier ¢i)°=. Here ¢®« is
the set of all sequences s agreeing co-finitely with a fixed sequence in “M,
such that Mg, s = ¢. So both ® = P,c.®, and its n—neat reduct Nr, D
will be complete. Accordingly, one makes the identification Nr,,© C; Cma.
By density, we get that Nr,® = €ma (since Nr,© is complete), hence
¢ma € Nr,CA, and so we get (b) (and (c)) since Tma C; €ma. Also
the property that o = AtNr,,® is plainly maintained when we passed from
Lyw 10 Log -

For a class K of algebras, we denote by K N Count the class of
countable algebras in K. Observe that the game H,, ‘captures’ the class
At(Nr,CA,,) N Count in the sense that if « is a countable atom structure
and 3 has a winning strategy in H,(«), then o € At(Nr,CA,). Con-
versely, it can be proved that if « € At(Nr,CA, N Count), then 3 has
winning strategy in a game with the same moves as H but played on
networks not A-neat hypernetworks. However, H,, does not characterize
the class Nr,CA, N At N Count for it can be shown that 3 has a win-
ning strategy in H, (AtB) where B is the atomic algebra used in item
(3) of Theorem 2.2, but B ¢ Nr,,CA,,+1(2 Nr,CA,); though (recall that)
AtB € At(Nr,,CA,) and €mAtB € Nr,CA,. On the other hand, the usual
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w-rounded atomic game G characterizes both the class CRCA, N Count
and the class At(CRCA,, N Count) (the class of countable completely repre-
sentable atom structures), and [7, Theorem 3.3.3].

COROLLARY 3.3. For any 2 < n < m, any class K such that
At(Nr,,CA,, NCRCA,,) C K C AtS:Nr,,CA, 13,
K is not elementary

PRrooOF: . Let 8 be he atom structure of €z . Then 8 = a where « is an
atom structure such that €ma € Nr,CA,, and o € At(Nr,,CA,NCRCA,,). So
if K is as in the hypothesis, then « € K, 8 = «, but S ¢ AtScNr,,CA, 13 2
K. O

COROLLARY 3.4. Let 2 < n < w and k£ > 3. Then the following classes,
together with the intersection of any two of them, the last four taken at
the same k, are not elementary: CRCA,, [5], Nr,,CA,, 41 [14, Theorem 5.4.1],
SdNrnCAn+k, SchnCAn+k.

4. Appendix

THEOREM 4.1. Let 2 < m < n < w. For any k > 0, the variety
SNr,, CAtkr1 1S not finitely axiomatizable over the variety SNr,, CA, 1k
and RCA,,, is not finitely aziomatizable over SNr,,CA, 1 for any 0 <1 < w.

PRrROOF: Fix 2 < m < n < w. Let €(m,n,r) be the algebra CA(H)
where H = HT1(A(n,7),w)), is the CA,, atom structure consisting of
all n 4+ 1-wide m-dimensional wide w hypernetworks [6, Definition 12.21]
on A(n,r) as defined in [6, Definition 15.2]. Furthermore, for any r € w
and 3 <m <n < w, €m,n,r) € Nr,,CA,, €(m,n,r) ¢ SNr,,CA,1; and
1L, ;y€(m,n,r) € RCA,, by [6, Corollaries 15.7, 5.10, Exercise 2, p. 484,
Remark 15.13] O

THEOREM 4.2. For 3 < m < n and r < w there exists finite algebras
D(m,n,r) € CA,,.

1. ®(m,n,r) € Nr,,CA,,
2. ®(m,n,r) & SNr,,,CA, 41,

3. 1L, ;u®(m,n,r) is elementarily equivalent to a € € Nr,,,CA, 1.
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We define the algebras ©(m,n,r) for 3 < m < n < w and r and then
give a sketch of (II) given in detail in [9, pp. 211-215]. We start with.

DEFINITION 4.3. Define a function k : wXw — w by k(z,0) =0 (all z < w)
and k(z,y+ 1) =142z x k(z,y)) (all z,y < w). For n,r < w let

Y(n,r) =k((n—1)r,(n—1r)+ 1.

This is to ensure that ¥ (n,r) is sufficiently big compared to n,r for the
proof of non-embeddability to work. The second parameter r < w may be
considered as a finite linear order of length r. For any n < w and any linear
order r, let

B(n,r) = {ld} U {ak(i,j) ri<n—1;j€er k<yln,r)}

where Id, a* (i, j) are distinct objects indexed by k,,j. (So here every atom
a(i,7) is split into 9 (n,r) subatoms). The forbidden triples) are:

{(ld,b,¢) : b # c € B(n,r)}
U
{(ak(i,j),akl(i,j),ak*(i,j’)) ck KRS <y(ngr),i<n—1, 7 <jer}

Let 3 < m < n < w. The set of m-basic matrices on R is is a QEA,,
atom structure Mat,, (AtR). ©(m,n,r) is defined to be the complex algebra
of the m-dimensional atom structure Mat,,(AtR), that is, D(m,n,r) =
¢mMat,, (AtR). Unlike the algebras €(m,n,r) used to prove theorem 4.1,
the algebras ®(m,n,r) are now finite. It is not hard to see that 3 <
m, 2 < n and r < w the algebra D(m,n,r) satisfies all of the axioms
defining CA,,, except, perhaps, the commutativity of cylindrifiers which
it satisfies because Mat,,(AtR) is a (symmetric) cylindric basis, so that
overlapping matrices amalgamate. Furthermore, if 3 < m < m/, then
D(m,n,r) =2 Nrp,D(m/,n,r) via X — {f € Mat,,, (AtR) : f [mxm€ X}

We give a sketch of proof of 4.2(IT), which is the heart and soul of
the proof. Assume hoping for a contradiction that ®(m,n,r) C Nr,,€
for some € € CA, 1, some finite m,n,r. Then for 1 < ¢t < n+ 1, it
can be shown inductively that there must be a ‘large set’ S; of distinct
elements of €, satisfying certain inductive assumptions, which we outline
next. Here largness depends on ¢ and weakens as ¢ increases; for example
S, has only two elements. For each s € S; and 4,5 < n + 2 there is an
element «(s,,7) € B(n,r) obtained from s by cylindrifying all dimensions
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in (n+ 1)\ {4,j}, then using substitutions to replace 4,j by 0,1. It can
be shown that the triple (a(s,i,7),a(s,j, k), a(s, i, k)) is consistent (not
forbidden). The induction hypothesis says chiefly that c, s is constant, for
s € S, and for | < n there are fixed i < n — 1, 5 < r such that for
all s € S, a(s,l,n) < a(i,j). This defines, like in the proof of theorem
15.8 in [7, p. 471] , two functions I : n — (n— 1), J : n — r such
that a(s,l,n) < a(I(l),J(l)) for all s € S;. The rank rk(I,J) of (I,J)
(as defined in [7, Definition 15.9]) is the sum (over i < n — 1) of the
maximum j with I(l) = ¢, J(I) = j (some ! < n) or —1 if there is no such
j. From S one constructs a set Sy1; with index functions (I’,J’), still
relatively large (large in terms of the number of times we need to repeat
the induction step) where the same induction hypotheses hold but where
rk(I’,J") > rk(I,J). By repeating this enough times (more than nr times)
we obtain a non-empty set 1" with index functions of rank strictly greater
than (n—1)x (r—1), an impossibility. We sketch the induction step. Since I
cannot be injective there must be distinct /1, ls < n such that I(l) = I(l2)
and J(I1) < J(l2). We may use Iy as a ”spare dimension” (changing the
index functions on ! will not reduce the rank). Since c,,s is constant, we may
fix so € Sy—1 and choose a new element s’ below ¢;s¢ - sj'c;s, with certain
properties. Let S;11 = {s’ : s € S¢\ {so}}. Re-establishing many of the
induction hypotheses for S;+1 is not too hard. Also, it can be shown that
J'(1) > J(I) for all I < n. Since (a(s,4,7),a(s,j, k), a(s,i,k)) is consistent
and by the definition of the forbiden triples either rng(I’) properly extends
rg(I) or there is | < n such that J'(I) > J(I), hence rk(I',J") > rk(I,J).
The idea of constructing Sy41 from S; is given pictorially on [8, Figure 2,
p. 8] in the context of CAs. The essence of the ideas used in [8, 9] is
the same. Suppose we are at stage t. Then every x € S; gives a set of
colours (atoms) denoted in [8] by x(i,t) (i < t). One gets Sy11 from S; by
first ‘glueing together’ any two elements x, z of S¢, using ¢t + 1 as a spare
dimension, first moving the tth co-ordinate of x to ¢t + 1 forming s, ;2. By
fixing z and varying x one gets a huge number of different elements. Their
(t,t+ 1)th colours cannot be controlled yet; they may not be the same. To
get over this hurdle, one uses the pigeon-hole principal to pick the still large
set Sgpq in which the (¢,¢+ 1)th colour is fixed to be the same. ‘Largness’
enables one to do so.

We summarize next the essence of the idea used in the solution of
[3, Problem 2.12]:
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In Figure 2 in [8] there is a top element that is connected by coloured
edges to the intermediate elements that are all connected to a bottom el-
ement. The number of elements (in this figure) is the number of colours
plus one. So one gets the same control as rainbow algebras provided by (the
second independent parameter) G. The key idea here is that the proof of
Ramsey in this context does not require an uncontrollable Ramsey number
of ‘spare dimensions’, which were the versions used by Monk and Mad-
dux before proving non finite axiomatizability but only one more than the
number of colours used.

For the above non-representable Monk-style algebras denoted by 2A(n, ),
3<m<n<wandr € w, it is easy to see that 3 cannot win the usual
infinite atomic game. But this time one can use ‘a hyperbasis game’ de-
noted by G™"*1 in [6] with » denoting the number of rounds, to pin
point the leask k > n for which 2((n,r) ‘stops to be representable’ get-
ting the sharper result we want. The game G "*! is stronger than G,
involving additional amalgamation moves played on n + 1-dimensional m-
wide hypernetworks. Omne can show that V has a winning strategy in
G FL(At(n, 1)), using exactly n + 1 nodes (for any r < w), getting
the same control we get from rainbows using the parameter G, and in fact
the best possible. This is the approach adopted in [7]. Here 2(n,r) has an
n-dimensional cylindric basis, but no n + 1-dimensional hypebasis. Worthy
of note, is that the last condition is strictly stronger than ‘not having an
n + 1-dimensional cylindric basis’. Relation algebras having n-dimensional
cylindric basis but no n + 1-dimensional cylindric basis were constructed
by Maddux. We refer to [8] for more. In the proof of theorem 4.1, one
uses that II, ,;y&€(m,n,r) € RCA,,. As stated in the last item of theorem
4.2, we do not guarantee that the ultraproduct on r of the D (m,n,r)s
(2 < m < n < w) is representable. A standard Lés argument shows that
L,y &(m,n,r) = &(m, n, 1L, ,yr) and II,. ;7 contains an infinite ascending
sequence. Here one extends the definition of ¢ by letting ¥ (n,r) = w, for
any infinite linear order r. The infinite algebra ©(m,n,J) € EINr,,CA, 1
when J is the infinite linear order as above. Since II,. ;7 is such, then we
get I, ,y®(m,n,r) € EINr,CA,1(C SNr,,CA, 1 1), cf. [9, pp. 216-217].
This suffices to show that for any positive k, the variety SNr,,CA,, 1541 is
not finitely axiomatizable over the variety SNr,, CA,, 1.
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