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Relational Semantics for
Kleene Logic and Action Logic

Katalin Bimbo6 and J. Michael Dunn

Abstract  Kleene algebras and action logic were proposed to be solutions to
the finite axiomatization problem of the algebra of regular sets (of strings). They
are treated here as nonclassical logics—with Hilbert-style axiomatizations and
semantics. We also provide intuitive accounts in terms of information states of
the semantics which provide further insights into the formalisms. The three types
of “Kripke-style” semantics which we define develop insights from gaggle the-
ory, and from our four-valued and generalized Kripke semantics for the minimal
substructural logic. Soundness and completeness are proven each time.

1 Introduction

Finite state automata (FSAs) are important in computer science due to their wide
applicability—despite the fact that they are not full-blown models of computa-
tion. FSAs and their equivalents—regular languages (regular sets) and regular
expressions—have been extensively investigated for decades. Regular expressions
contain three operations, which are called “regular operations.” These are union
(Vv or +), concatenation (o, -, or simply juxtaposition), and the Kleene star (*).
There are two distinguished elements, namely, the empty language (F or @) and
the empty string language (t or {&}). The set of regular languages is closed under
these operations (and also under some other operations including intersection and
complementation).l Kleene algebrasio (KAg) were proposed in Kozen [24] as a
solution to the problem of the finite axiomatization of the algebra of regular sets
by finitely many equations.” Although KA is only a quasi variety, it can prove
the equality of any two regular languages that correspond to the same minimal
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deterministic FSA. Action logic (ACT) was introduced in Pratt [25] as a solution to
the same problem. ACT is a variety (over an extended vocabulary) and it is complete
for the equality problem of regular languages. Another natural interpretation of ACT
is that it talks about actions and “program execution.” This interpretation is closely
related to the interpretation of one of the sorts in dynamic logic. Both KAy and ACT
have other models beyond regular sets, notably, relation algebras.

Our interest in these logics stems from their lack of conjunction (meet) and their
lack of a set theoretical semantics. Nonclassical logics have been supplied with set
theoretical semantics from the late 50s—early 60s. First, some normal modal logics
and intuitionistic logic were given such semantics by Kripke. Then in the early 70s
Routley and Meyer defined relational semantics for various relevance logics, and
many other nonclassical logics received set theoretical semantics along the same
lines afterward. The theory of generalized Galois logic (gaggle theory) provides
a unified framework for relational semantics for various nonclassical logics. Our
paper might be viewed—beyond giving semantics for particular logics—as a further
extension and development of gaggle theory.

To make our paper self-contained, in Section 2 we introduce syntactic calculi for
KL and ACT, and we elaborate on why these logics are interesting from the point
of view of representation theory. In Section 3—as a background for the semantics
we are to define—we recall the basic principles of gaggle theory. Section 4 contains
our semantics for KLj, together with the proof of adequacy. We also show that a
natural interpretation—in terms of information states—emerges from a view akin to
Shannon’s concept of information. Section 5 concerns the undefinability of transitive
reflexive closure in first-order logic. Section 6 introduces ideas from our four-valued
approach and provides a sound and complete semantics for ACT. We also point out
the modifications that are necessary and sufficient to have adequacy for KLy. We
end this section by showing that a “dual” to Shannon’s view on information, which
perhaps could be called the “common view,” provides additional explanation of the
logics and algebras. In Section 7 we make precise the intuitive idea that the * opera-
tion is related to o and not merely yet another connective of the logic. The semantics
we define uses a single (ternary) relation to model both o and *. Lastly, Section 8
highlights the results that show how to extend gaggle theory in various ways—what
we consider to be the primary contribution of our paper.

2 KLjg and ACT Defined

KAy was introduced in the form of an algebra. We define KL, as a Hilbert-style
calculus, so that the Lindenbaum algebra of KL, turns out to be a KAjy. KLg is a
0-order logic, with binary connectives \, o, —, a unary connective *, and constants
tand F.°

The connectives may be informally interpreted as extensional disjunction (V),
intensional conjunction (fusion) (o), and the Kleene star (*). — is entailment, and
we allow this connective to occur only as the main connective of a formula. ¢ is
intensional truth and F is extensional falsity."

The axioms and rules of KL, are as follows. (Here ¢, v, y, ... are restricted to
be wifs that do not contain —.)
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(A1) >0

(A2) op—(pVy)

(A3) o —>(yVe)

(A4) F— ¢

(AS) (tog) >0

(A6) p— (top)

(A7) (pot) > ¢

(A8) ¢ —(pob)

(A9)  (po(yoyx)— ((poy)oy)
(A10)  ((pow)oy)— (po(woy))

(All) (poF)—> F

(A12) (Fogp)—> F

(A13)  (po(y Vv ) — ((poy)Vi(poy))
(Al4)  ((poy)V(poyx)) — (po(y V)
(A15)  ((pVvy)oy)—= ((poy)V(yoyx)
(A16) ((poy)V(xow) — ((pVy)oy)
(A17)  (tV(pop™) — o*

(A18)  (tV (p*o0p)) — o*

R oo w,x—>w//(leV)y)—> vy
R2 o=y, x—>C//(@poy)—> (yol)
R3)  (pow)—=y//(9pFoy)—>y

R4 (pow)—=9//(poy™) =9

(RS) o>y —>x//e—>x

Definition 2.1 U = (A; Vv, o, *, t, F) is a Kleene algebra;o when’
(i) (A; Vv, F)is ajoin semi-lattice with bottom,

(i1) (A; o, t) is a monoid,

(iii) aoF =F =Foa,

@iv) ao(Vvc)y=(aob)V(aoc) (bvc)yoa=(boa)V (coa),
V) tVv(aoa*)<a* tv (a*oa)<a*,

(Vi) aob<b = a*ob<b boa<b = boa* <b.

Two formulas ¢ and w are in the equivalence relation, which is used in the definition
of the Lindenbaum algebra, whenever - ¢ — w and - v — ¢. (We leave the proof
of the next lemma to the interested reader.)

Lemma 2.2  The Lindenbaum algebra of KL is a KA.

ACT extends the set of connectives by implications (— and <), which are the (right
and left) residuals of fusion. The introduction of residuation is what allows equa-
tional axiomatization. A Hilbert-style calculus for ACT is the following collection of
axiom schemes and rules.

(A1) o —>9

(A2) op—(pVy)

(A3) o —>(yVo)

(A4) F— g

(A5) ((poy)oy) = (po(yoy))
(A6) (po(yoyx)— ((poy)oy)
(A7) (togp)—> 0
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(A8) o —>(tog)

(A9)  (pot)—> o

(A10) ¢ —> (pot)

(ALD  ((p = y)op) =y

(A12) 9= (v — (poy))

(A13)  (po(y <o) — v

(A1) v = ((poy) <)

(ALS)  (tV(p*op™) V) > ¢*

(A16)  (p > )" — (¢ — ¢)

RO 9=y y—=>x//9p—>x

R o= w//(x =9 = =)

R3) o=y //(p<=0)=> (v <)

Ry o= wv x>y // V)Y

RS 9=y, x> //pox —>wyol

RO) 9= y//o* > y*

R 9=y /Yy

The equivalence relation to define the Lindenbaum algebra of ACT is—again—
generated by ¢ —  and w — ¢ both being theorems. For our purposes it is not of
primary importance to formulate the algebra with equations only; therefore, we give
the Lindenbaum algebra in a form that is more suited to semantical proofs. (The
proof of the following lemma is left to the reader.)

Lemma 2.3  The Lindenbaum algebra of ACT is A = (A;V,o0,—, <, *, t, F)
where®

i) (A; vV, F) is a join semi-lattice with a least element,

(i) (A; o, t) is a monoid,

(iiil) a<b—>c & aob<c & b<c<a,

(iv) tVv(@*oa™ va<a®

(V) a* <(avb)*¥

i) (@— a)*<a—a.

A common feature of Kripke-style semantics for various logics is the use of (some
kind of) filters in the canonical model. In the case of normal modal logics (that have
Boolean negation) these are ultrafilters; without Boolean negation these are prime
filters. (In both cases conjunction is N and disjunction is U.) If conjunction and
disjunction are not in the language but there is a fusionlike operation and maybe its
residual(s), then cones (upward closed subsets) may be used instead of filters. If a
logic has both conjunction and disjunction but they do not distribute over each other,
then the semantics might become more complicated; in particular, ideals might be
used too. Nonetheless, the intensional connectives are defined on the filters, or on
some combination of filters and ideals. The ideals are primarily exploited to define a
closure operation on the union of sets of filters; that is, conjunction is unchangeably
modeled as N and disjunction is the closure of U.’

KL and ACT do not have conjunction; therefore, there are no filters whatsoever
in their Lindenbaum algebras. This means that if we are to define a semantics for
these logics then we should rely not on filters or a combination of filters and ideals
but either purely on ideals or on a combination of cones and ideals. (Of course, yet
another possibility is to extend these logics to include conjunction; however, our aim
is to give semantics for them as they are.)
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Our first semantics (for KLyq) is based on ideals only. Thus we start with solving
the problem of representing the intensional connectives on ideals. Of course, we also
change the usual modeling of disjunction; we trade the customary U for a N, which
makes perfect sense once we have moved from filters to ideals. For insights we rely
on gaggle theory turned on its head, so to speak. More precisely, we show how to
extend gaggle theory to join semi-lattices with a technical trick, namely, by using
Zorn’s lemma to define suitable ideals.

Another problem to solve is how to model *. One way to look at this operation is
simply as yet another operation in the algebra. Since there is no distribution pattern
to base the proper modeling on according to gaggle theory, we will let the behavior
of * on the extremal element guide us in choosing the modeling.”

3 Gaggles

Gaggle theory provides semantics for a wide range of nonclassical logics in a sys-
tematic way. The regularity of the semantics is based on the distribution patterns of
operations (over the lattice operations meet and join) and the interrelations of oper-
ations via abstract residuation. We want here only to introduce the main ideas of
gaggle theory in order to explain how our present representation results are related
to and go beyond it. Hence, we do not give a comprehensive description, and we use
illustrations, which involve binary operations only.”

A gaggle contains a distributive lattice and a family of operations. Each oper-
ation is required to distribute info meet or join over meet or join. The last sen-
tence is not a misprint. For example, let us consider D —classical implication.
(p Vy) D yisequivalentto (9 D x) A (w D x),and y D (p A ) is equiv-
alent to (y D @) A (x D w). In other words, D distributes into A over V in its
first and over A in its second argument place. From the distribution pattern a certain
tonicity of an operation follows, because both meet and join allow the definition of a
partial order—in a lattice, of one and the same partial order. A family of operations
is not simply a collection of operations but a collection of operations of the same
arity, where the operations are connected via abstract residuation laws. A concrete
example of (abstract) residuation is the relation that links the (binary intensional)
operations o, —, and < in the Lambek calculus into a family. These operations are
related in the Lindenbaum algebra as a o b < c if and only if a < b — c if and
only if b < ¢ < a. Roughly speaking, residuation allows moving back and forth
between the left- and right-hand side of inequations with the operations changed
appropriately.

Given a family of operations on a distributive lattice, gaggle theory provides rules
as to how to define n-ary operations from an n + 1-place accessibility relation on a
frame and how to define the canonical accessibility relation. Instead of stating the
rules we give an illustration on a familiar example of o and — from relevance logic.
o distributes into join over join in both places. Therefore, the operation defined from
a ternary relation is the existential image operation; that is, the definition is an ex-
istentially quantified conjunction. — distributes into meet; hence it is represented
via a universally quantified disjunction that has the complemented “converse” of this
relation—where the “converse” corresponds to picking another argument place to
“stand for” the implication than the one that was inhabited by fusion. Set member-
ships in the definitions are positive when an operation distributes into join over join
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or into meet over meet; they are negated otherwise. That is,
AoB = {z|3xy(RxyzAx € AAy€EB)},
B—C {x|Vyz(§lz:);3€\/y§éB\/zeC)}.

These definitions are easily seen to be (or to be equivalent to) the usual ones—we
chose their form only to emphasize the points of the previous paragraph. (1 = 3
indicates “converse”, i.e., the relation is as R except that the first and third arguments
are interchanged.)

The canonical accessibility relation is defined as a universally quantified disjunc-
tion if the operation distributes into join and as an existentially quantified conjunc-
tion otherwise. Set memberships in the definitions are negative when an operation
distributes into join over join or into meet over meet; they are negated otherwise.
Continuing with the same example, the canonical accessibility relation is defined as

VYab(a¢xVbéyVaob € 7). (R)

Of course, we tacitly assumed in this example that conjunction and disjunction are
modeled in the usual way, that is, as intersection and union, and the objects of the
canonical model are (proper) prime filters. As a first step toward turning gaggles
upside down we state a small representation theorem.

Theorem 3.1 Let U = (A; A, Vv, ®) be a distributive lattice with an operation ©
which has a distribution pattern A, A — A. (That is, a © (b Ac) = (@@ Db)A (a®c)
and (a Ab)® c = (a ® ¢) A (b ® ¢).) The powerset of a structure (U, R) with in-
tersection, union, and the existential image operation of R contains a homomorphic
image of 2. The canonical structure is the set of prime ideals with R defined as in
(R) above.

Proof We leave some of the details of the proof to be filled in by the reader; how-
ever, we fix some ideas. The powerset is certainly a distributive lattice, so a subset
closed under N, U, and © (the operation defined from R) is suitable as a carrier set.
To see that the distribution pattern is preserved it is enough to note that meet is union,
and the existential quantifier distributes over disjunction. U

This theorem provides an important insight on how we are to model the operation
o and * when there are only ideals. (The above operation is like an intensional
disjunction that appears in some substructural logics.)

4 Semantics Motivated by Gaggle Theory
A semantics for Kleene logic is obtained from a structure ¥ defined as follows.

Definition 4.1 & = (U, Ro, Ry, 1 ) where the elements of the four-tuple satisfy
the following conditions.

() @#U, @#I1CU, R, CUxUxU, Ry CUxU
(2) 3AB(R.Paa AP &) (Roafy Na ¢ TNy eA) = BeA
3B(R.afa A p & 1) (Roafy ABéIny cA) = acA
(3) (Roafe A Roeyd) = 3 (RPy ¢ A Roald)
(Rofye A Roaed) = 3 (RoafiC A Ro(y )
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@4 (@RxfracA) = pel

(5) (Roofy NORxy AeRxa Ad e A) = (e¢ AN e A)
(Roafiy ANORxy NeRxfAO€A) = (6 ¢ AAa € A)

(6) (Ro0eB A& BAPeB) = I9(IRxe A RIYP)
(RO Ae ¢ BAPeB) = (IR« A RIep)

Informally, U is a set of information states, and I is a nonempty subset of distin-
guished states. Informally speaking these are the logical states. R, is a ternary and
R is a binary accessibility relation on U. The role of the rest of the conditions will
become clear in the soundness proof.

Definition 4.2  Let % be a structure. A KL g-model 3t (based on ) contains a set
of subsets of U (M C £ (U)) which has as its elements the sets defined in (7) and (8)
and which is closed under the operations defined in (9)—(11). (The (meta)variables
A and B range over £ (U).)

(Nt =aer 1
8) F =gt U

(9) AVB=¢fANB

(10) Ao B =gr{y:Voap(RoaPy na ¢ A) = f€B)}
(11) A* =ger {: Fa(aRxf Ao € A)}

The set I, which models the intensional truth ¢, is sometimes created from a special
situation. In the present semantics postulating the set outright avoids some compli-
cations. The bottom element of a lattice is usually the empty set of (prime) filters, so
“dually” here it is the set of all the information states.

(9) is straightforward if one thinks in terms of ideals. (10) relies essentially on
the insights from Theorem 3.1 together with the observation that just as 3 distributes
over V, so does V over A. Note that (10) and (1 1) are very different despite the fact
that o and * are related—for example, as are concatenation and the Kleene star in
regular languages. However, as we already mentioned, * does not distribute over v
and does not preserve the bottom element—unlike o does. The latter suggests that (if
there were A in the logic) a Ya (- - - Vv - - - )-type definition would be appropriate (on
filters). Thus, using Ja (- - - A - - -) is indeed the correct “necessity sort of”” definition.

Theorem 4.3 (Soundness) A KL;y-model I is a KA.

Proof In effect, we show that the Lindenbaum algebra is freely generated by (the
equivalence classes of) the propositional variables with respect to the class of KLjq-
models. Namely, we show that (i) — (vi) (from Definition 2.1) hold in any KL, model.

1 Disjunction is interpreted via set intersection; therefore, associativity, commu-
tativity, and idempotence are immediate. With F = U, F is clearly the bottom
element.

2 We prove that conditions (2)—(3) are sufficient to ensure that o is associa-
tive with / being its identity. First, let us assume that y € [ o A, that is,
VYap((Roafy Aa ¢ I) = B € A). Let us also assume (to the contrary)
that y ¢ A. By universal instantiation from the previous formula we have that
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Ya((Reayy Aa ¢ I) = y € A). (2) provides that 3(R.faa A B ¢ I). From
the apparent contradiction we obtain y € A. For the other direction we assume
that y € A, and additionally that R,afy and « ¢ I. One of the other frame
conditions listed in (2) is Yafy (Roafy Ana ¢ I) = (y € A = S € A)).
By two detachments § € A. Eliminating the last two assumptions we have that
Yaf((R.afy Aa ¢ I) = f € A), thatis,y € [ o A. (Ao = A may be proven
analogously using the next two conditions in (2).)

Now we prove that o is associative. Let 0 € (A o B) o C. Then Yay ((R,ay A
o ¢ AoB) = y e C). Further, let us assume that R,e¢d and ¢ ¢ A as well
as R,y¥¢ and ¥ ¢ C. By eliminating and introducing a few conjunctions we have
the antecedent of the second condition in (3), (R,y ¥¢ A Roed). Modus ponens
yields 3a(Roey a A Roa)d). Having instantiated Ja, and having conjoined the sec-
ond subformula with ¥ ¢ C, we apply modus tollens, and so we get a € A o B.
Then, from the definition of o and Roeya A ¢ ¢ A, we obtain y € B. Further,
Vy 9 ((Roy¥¢ Ay ¢ B) = ¥ € C), thatis, € BoC;henced € Ao (B oC) after
we introduce = and apply the definition of o. (The other inclusion may be proven
similarly using the first condition in (3).)

3 To prove that o is normal, we first prove that F = F o A. From right to left
the inclusion is trivial. From left to right the inclusion means that if y € F, then
y € F o A. However, the latter is the same as Vaf((R.afy A ¢ A) = a € F)—
which is certainly true. (F = A o F is alike.)

4 We prove that o distributes over join from both sides as follows. Let
y ¢ Ao (BVC),thatis, Jaf(Roafily Aa ¢ AAS & (BVC)). Since f ¢ BV C if
andonlyif f ¢ Bor S ¢ C,bydistributiony ¢ AoBory ¢ AoC,thatis, y is not
a member of their intersection, which means that y ¢ (A o B) V (A o C). (The other
direction is by retracing the steps, and the “from right” is analogously by a certain
symmetry of the definition of o.)

5 There are two equations and two quasi equations characterizing *, but we chop
the two equations into “subequations.” To prove A* C I we assume € A*. Then
da(aRxf N o € A). By modus ponens from (4) we obtain f € I. For the second
subequation, let us assume that y € A*, that s, A5(6Rxy A 6 € A). Assume also
R.ofy and eRxa. From (5) ¢ ¢ A and f € A. By = introduction & ¢ A*, and
further, y € A* o A. (The third subequation is proven similarly to this one.)

6 Lastly, we prove that the two quasi equations hold too. Suppose that B C Bo A
and f € B. Expanding f € B o A we get Vay (Roayf Ay ¢ A) = a € B).
Relying on the definition of o and the conclusion we are to derive, let us assume
that R,d¢f as well as d ¢ B. From the first condition in (6) by detachment we get
39 (9 Rxe A R,0Up). Instantiating in f € B o A and detaching the antecedent we
have ¥ € A. Then ¢ € A*; hence, § € B o A* as we had to show. (The other
inequation may be proven to hold similarly using the other condition in (6).) (|

Before we turn to prove completeness we pause to provide a more detailed informal
interpretation of the semantics in terms of actions. The background concept is that
information is “proportional” to the amount of eliminated possibilities. This idea is
famous with Shannon, who developed it quantitatively. Here we do not assume a
fixed numerical space, rather we assume that information states might be “incom-
mensurable,” in which case it is still meaningful to interpret some logical operations
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on them. Thus, the lack of information corresponds to the whole set U of infor-
mation states. Actions are represented by the information states that they exclude.
Given two actions A and B the choice (that is, A v B) excludes only the states which
are excluded by both A and B. These are the states which fall into the intersection
of A and B. The composition of actions A and B (that is, A o B) admits an infor-
mation state which can be reached from any state that is not excluded by A via R,
and through a state not excluded by B. Lastly, the result of the repeat of the action
A excludes any information state that is accessible from an already excluded state
passing along the relation Ry.

Now we prove completeness of KLq with respect to our first canonical model that
is defined as follows.

Definition 4.4 (Canonical model)  The canonical model is )t = (4, Ro, Rx, I, h)
where [ is the set of (nonempty) proper ideals on the Lindenbaum algebra, and the
other elements of the quintuple are defined as

(12) R.afy <def Yab(aobey = (acaVvbelf)),

(13) aRxfB <get Yala e a = a* € p),

(14) I =gt {a:aed At eal,

(15) U =gt 4 (or equivalently, U =qef {0: a € LA F €a}),
(16) h(a) =gef {a:a € I ANa€a}l.

Theorem 4.5 (Completeness) % is an isomorphism.

Proof First we prove that i is a homomorphism and, second, that / is 1-1.
1.1 The two constants are obviously preserved by A.

1.2 The easiest connective is V. If y € h(a v b) thena vV b € y by the definition
of h,anda € y and b € y since y € {. Then y is in both ha and hb and so also in
ha Vv hb using properties of N. All the steps are reversible; hence & preserves V.

1.3  We prove that i(a o b) = ha o hb. From left to right, let us assume that y is
a member of the set; then @ o b € y. Additionally let us suppose R.afy. Modus
ponens givesa € a vV b € f, thatis, a € ha v f € hb. By implication introduction
Yapf(R.afy = (a € haVv p € hb)), which is the same—according to the definition
of o—as y € ha o hb.

For the inclusion from right to left we assume y ¢ h(a o b); henceaob ¢ y.
We have to show that there are ideals that are in relation R, with respect to y
and not elements of ha and hb. Let E be the set of pairs of ideals defined as
{{I1,hy:Yab(aob € y = a € I1 vb € I)}. Whatever y is, if a o b is in
y, then (a] and (b] are suitable ideals, because o is a monotone operation. Thus E
is surely nonempty. As usual, £ might be partially ordered by pointwise inclusion.
We are to use Zorn’s lemma in a somewhat unusual form.'" For this purpose we
note that ideals are subalgebras of a semi-lattice, and their intersection is an ideal
too. In particular, if a chain of ideals is in E then so is the intersection of the chain.
Then there is a maximal element in E.'" To see that I; and I, from the maximal
pair (I1, I>) are ¢ ha and ¢ hb, respectively, we argue in two steps. First, if a o b
is not of the form (a; vV --- VvV ay) o (by vV ---V by) then I} ¢ ha and I, ¢ hb by
monotonicitiy of o. If a o b is of the mentioned form then by distributivity a o b is an
m X n element disjunction where the disjuncts are a; ob; (1 <i <n,1 < j < m).
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For the sake of transparency, let us assume n = 2 and m = 2. (The cases when one
of the indexes is 1, or one or both of them are > 2 are argued similarly. We only give
an illustration in Figure 1 to help the reader to see how to construct the argument for
the m,n case.) Since a o b ¢ y at least one of the four disjuncts is not in y. By
simple combinatorics one can choose just one of a; and a, and just one of b and b;
to account for all the disjuncts that are in y . Hence if a € I or b € I, then the pair
of these two ideals is not maximal in E contradicting the assumption. It remains to
introduce existential quantifiers Jaf(R,afy A a ¢ ha A f ¢ hb) and to apply the
definition of o to get y ¢ ha o hb.

ay o b ajp o by,
Cl], 9a17]
ai+1,~~-:an
a, o by a, o by, ]
—_—— —_——
by,...,bj1 bitvi,...,bm

Figure 1 The m x n matrix of disjuncts where (a; o b;) € y.

1.4 Let us assume that 8 € h(a™), that is, a®* € B. By the definition of Ry and
monotonicity of *, we have that (a]Rxf. Since (a] € ha, Ja(aRxf A a € ha),
which is the same as # € (ha)*. To prove the converse, suppose the latter. Then
Ja(a R« f Aa € ha), and further, Ja (o R« A a € a). From the definition of Ry we
geta™ e B, and hence § € h(a*), as desired.

2 To show that / is one-one, let us assume that a % b. Then (b] € hb but (b] ¢ ha
because a ¢ (b], that is, hb ¢ ha. This completes the proof. ]

Before we proceed to define our next semantics, we briefly recall a result from model
theory.

5 Undefinability of Transitive (Reflexive) Closure

Transitive closure of binary relations plays an important role in many places from set
theory to filtration in modal logics. Transitive closure and transitive reflexive closure
are defined as follows.

Definition 5.1  Let p be a binary relation on X. The transitive closure of p (denoted
by o) is inductively defined as

(D) (x,y)ee = (r,y) €0,

@) ()2 ee” = (x,2) o™,
where x, y, z range over X.
The transitive reflexive closure of p (denoted by p*) is inductively defined as

(3) (x,x) € 0¥,

@ (x,y)ee = (x,y) o,

() (x,y),(y.2) €0* = (x,2) € 0™,
where x,y,z € X. (Of course, if o7 is already defined from p then o™ is just
ot U{(x,x):xeX})
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Despite the seeming simplicity of these definitions, it is useful to underscore that
the definitions are inductive (recursive). There are two possible misunderstandings
concerning the definability of p*. First, a confusion might be caused by the following
two formulas:

Vx.P(x, x)

Vxyz((P(x,y) A P(y,2)) = P(x,2))

which do state that P (or, more accurately, the interpretation of this two-place predi-
cate) is a reflexive and transitive relation. However, these are sentences (closed wifs)
and they do not define a binary relation at all.

Another potential misunderstanding is that given a binary relation p, it is possible
to define o™ by the formula

(x,2) €™ & yo..mix =y Ay =2AVi.0<i<n = (y,vis1) €0

Of course, for this formula to be a definition of Q* the index n would have to be
thought of as tacitly quantified (i.e., bound by 3n € N). However, according to a
well-known metatheorem of first-order logic there is no wif with one free variable
that is true of models of arbitrary finite size but false on models of infinite size. In
other words, the seemingly first-order formula above, in fact, is not such and cannot
be turned into a true first-order formula.

The first-order undefinability of the (reflexive) transitive closure of a binary re-
lation does not follow simply from these observations; however, it may be proven
using pebble games (or any of the equivalent methods—cf. Ebbinghaus and Flum
[20]). This undefinability result is, of course, not an issue for KLy, and ACT itself,
since these are not first-order logics, but it is useful to keep the undefinability in mind
when we build the semantics, especially when we want to use the same relation to
represent o and *. Now we turn to define our second semantics.

6 Semantics Motivated by Four-valued Approach

The idea behind our four-valued approach to substructural logics was to use filters
and ideals in the semantics. The filters were thought of as theories, whereas ideals
were considered countertheories, and a proposition consisted of a set of theories and
a set of countertheories. Moreover, theories and countertheories jointly characterized
a proposition by being sets of sentences which were implied and which implied a
particular sentence. To conform to our terminology in the preceding sections we will
continue to talk about ‘information states’ instead of ‘theories’.'”

Definition 6.1 A structure for action logic is § = (U",U~, C, R,, Rx,1, S)
where the elements satisfy the conditions (1)—(10). & is called a x-structure if it
additionally satisfies (11) and (12).

() Ur#£04£U": 1€eUT, C,ReCUT; R, CU"; = CU xU"
2) (asxAaCa') = a’sx and JaVx.aSx

(3) F'aVB.pE a (thisa is denoted by T)

4 (@CpAPCy) =>aly and aCla
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(5) Rt and 1Ry, ie.,
(Roafy na' Eanp TBAy Ey') = Roa'B'y’
(@R« AaEa' AP CB) = o Ryf’
6) Fa(R.offpAniCTa) and (Roafly AitCa) = FCy
da(Rofafp A1t Ta) and (R.affy ANiES) = aCy
(7 (Roafin A Ronyd) = Je(Rofye A Roaed)
(RoBye A Roaed) = An(Roafn A Rony d)
®) (Roafy na €[T)) = y €[T)
(Roafy AB elT) = y €[T)
9 GCAAaRxp) = acA
(10) aRxf = BCa
(11) (Roafly AVO(ORxa = 0 € A) AVe(eRxff = e € A)ADRxy) =1 € A
(12) 3py(Reafy ABp e ANy ¢ A) = A0 (SRxa A Rde) Ne € AND ¢ A)

We borrowed from the four-valued approach the idea that states are of two kinds.
However, below we primarily rely on sets of positive states, moreover, only on those
that are stable. Stability is to be defined via the relation S which links positive
and negative states and—by going a type level up—sets of positive states to sets of
negative ones.

Definition 6.2 Let X C UtandY CU~. Fand 9(°: PUT) — PU"),
9: P(U™) — L (UT)) are defined as

(13) "X =qer (v: Va(a € X = asy)),

(14) ¥ =gt {a: Vy(y € ¥ = a=y)).
A set of positive states X is stable when X = (PX)T The set of stable subsets of
U™ is denoted by £ (U +)Y. A model is a x-structure with a valuation added—
M = (F, h), where h maps wifs into stable sets in accordance with (15)—(21). In

other words, M = (M, V, o0, —, <, ¥, ¢t, F), where M C JP(U"’)Y, M contains
[7) and [T), and M is closed under the operations defined in (17)—(21).

Definition 6.3 Let A, B e P(UT)".

(15) k@) =11)

(16) h(F)=[T)

(17) h(Av B) = (h(A) N "h(B))'

(18) h(AoB)={y:3ach(A)3B € h(B). Rsafy }
(19) h(A— B)={y:Vp € h(A)Va ¢ h(B). R.yfo }
(20) h(A < B) ={y:VB € h(B)VYa ¢ h(A). R.Bya}
1) h(A®) ={f:Va ¢ h(A).aRf}
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Of course, in general, the clauses themselves do not guarantee that having started
with stable sets the resulting sets are stable too. Therefore, now we prove that cer-
tain relationships hold between the various types of structures and closure under the
operations we have just defined. First we introduce the notion of upward closed sets.

Definition 6.4 Let (W, <) be a pre-ordered set. The set of upward closed subsets
of W (denoted by 2 (W)1) and the upward closed subset generated by x (denoted
by [x)) are defined as

22) VePW) iff VePW)AVxy(xeVAx<y) = yeV)

23) yelx) iff x<y.

Lemma 6.5 Let & be a structure. If X € P(UT) " then X € (U,

Proof Let us suppose the antecedent and X ¢ £ (U*)'. Then Jaf(a € X A
a T AP ¢ X). Since X is stable, Vy(y € "x = asSy). However, a Sy and
a C fimplies f S y; hence f € (PX )ﬁ, which is a contradiction. O
Lemma 6.6 (Hereditary operations) If h(A), h(B) € P(UT), then h(A v B),

h(A o B),h(A — B),h(A < B),h(A*) € P(U)'. Also, h(t) and h(F) are
upward closed.

Proof For V the claim follows from the proof of the preceding lemma, which also
established that Y e P(UM)! (for Y € U™). The cases of o, —, <—, and * follow
from the tonicity conditions imposed on R, and Rx. (We omit the details.) %(¢) is
an element of 2 (U )" by its definition, and so is 4 (F). O

Definition 6.7 Let  be a structure. a, f € U™ are indistinguishable whenever
asx & Bsx (Vx € U7). § is distinguished if and only if there are no distinct
a, B € UT which are indistinguishable.

Clearly, a subset of & (U ™) together with the indistinguishability relation gives rise
to a partition on U™. Furthermore, any structure satisfying (2) and divided out by
this equivalence relation yields a distinguished structure which again satisfies (2).
Informally, in a distinguished frame any two positive states differ from each other in
regard to which negative states they are linked.

Definition 6.8  Let  be a structure for action logic. & is

24) inverted iff "a) C"f) = a C 4,

(25) complete iff . o, i) ="18).

(26) Rofir  iff 3y’ [y)={y:3apRafy nacla)npelf))},
27) Ry +it iff Fla'.[o)) ={a:VBy (Reafy ABelB)) = yely N}
(28) Ry +fit iff 3NBLB)={p:Vay(Reafy Aa€la’) = y ey}
(29) Rx-fit  iff 3 B.[B) ={B:Va(aRxf = a c[a')}).

Lemma 6.9 Let § be a distinguished complete inverted structure. Then X €
PWUNY ifand only if Jo.. X = [a)."

Proof From right to left let us assume that X = [a). By (2) y € I—>[oz) & asy.
Were X ¢ e7’(U‘*‘)Y then there would be a f € (F)X)(T such that f ¢ X, that is,
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a Z . By the definition of 1Vy(y € Cx = fSy). Replacing the antecedent we
getVy(a sy = fSy), which means that r)[oz) - r)[,b’). Since § is inverted it follows
that o C ff—a contradiction.

For the other direction let us assume that X is stable, but for no a holds that
X =[a). X € 2(U")" implies X € L. 'X = (), "To). which by the
frame being complete is r>[,6’) (for some p). If there is a y such that r>[ﬁ) C r>[y )—
which puts y into (P[,B))ﬁ—then indeed y € X because  C y by the invertedness
of the frame. U

The properties of structures that we introduced so far are sufficient for the stability
of constants and operations.

Lemma 6.10 (Stability of constants and operations)  Let i be a distinguished struc-
ture. Then

0 h(F)=[MePWN;

() h@)=[1)ePWUD if Fisinverted.
Let § be a distinguished complete inverted structure and h(A), h(B) € P(U +)Y.
Then

(i) h(AvB)ePWUHY;

(iv) h(AoB)e LU  if Jis R-fir;

) h(A— By ePWU™)Y if JisR-fir;

(vi) h(A<B)ePWUHY if Jis RS -fit;

(vii) h(A*) e P(UT)Y if  ®is Re-fit.

Proof

1 (3) together with the assumption that the frame is distinguished guarantees that
[T) is stable.

2 From Lemma 6.9 follows that [1) € £(U1) " since: generates [1).

3 Itis easy to see that (iii) follows from the completeness of a structure; indeed, a
special case of the completeness condition, namely, I = 2 suffices.

4 The conditions (26), (27), (28), and (29) guarantee, respectively, that (iv), (v),
(vi), and (vii) are true. U

Theorem 6.11 (Soundness)  All the equations of the Lindenbaum algebra of action
logic hold in a model JN.

Proof
1 Levi’s definition of Vv (cf. Birkhoff [7]) guarantees that the stable subsets of U™
form a join semilattice. Since h(F) = [T) "h(F) N "h(A) = "h(A).

2 The conditions in (7) make o associative, and from (6) it follows that [7) is the
left-right lower-upper identity of the operation. (We leave the details to be filled in
by the reader.)

3 Residuation follows from the definitions of o and —, <— (18)—(20). (Again, we
leave the details to be filled in by the reader.)

4 We show that h(FoA) = h(F), because our way of modeling F' is somewhat un-
usual. Letus assume that y € h(FoA), thatis, Jaf(R.afy Ao € h(F)AP € h(A)).
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From one of the conditions in (8) we immediately get that y € [T) which means
y € h(F). The other inclusion is obvious and h(A o F) = h(F) is alike.

5 To prove h(t) € h(A™*), assume f € h(t). Additionally, let us also suppose
o Ry f. Condition (9) implies a € h(A); hence f € h(A¥).

Next let # € h(A), and suppose aRxf. (10) implies f = «, however, since
h(A) € P(UT)T. Also a € h(A) and so S € h(A¥).

For the third part of the equation, let us assume that y € h(A>I< o A*), that is,
JoB(R.0fy Aa € h(A*) A B € h(A*)). To prove that y € h(A™) let us also
assume that 1 Rxy —from which we intend to derive ¥ € h(A). The definition of
h for * gives Vo(0Rxa = J € h(A)) and VO(JR«f = J € h(A)). Conjoining
the last two formulas with the R, and R formulas we get the antecedent of (11);
by detachment, then ¢ € h(A). Eliminating the last assumption and applying the
definition of 41 on * we get that y € h(A™).

6 Let us assume that y € h(A¥®), that is, VB (BRxy = S € h(A)). Let us also
assume that fRyy. By modus ponens f € h(A) and since h(A) € h(A Vv B), it
follows that f € h(A Vv B). Theny € h(A Vv B).

7 We prove the last inclusion contrapositively. Thus, o ¢ h(A — A) if and only
if 3By (Roafy A B € h(A) Ay ¢ h(A)). This is the antecedent of the implication
in (12), and so by modus ponens, 3de?) (5§*a A R, 00 AN e € h(A) A & h(A)).
Using the definition of &, the latter is the same as 39(0Rxa A 0 ¢ h(A — A));
further, o ¢ h(A — A). (]

The following is an immediate consequence of Lemma 6.10 and Theorem 6.1 1—it
summarizes the relationship between the properties of structures and models of ACT.

Corollary 6.12  Let § be a distinguished, inverted, complete RS~ -fit and Rx-
fit ®-structure. Then I = (M, V, o0, <, —, *,[1),[T), h) (where M C e7’(U+)Y
and Im(h) € M) is a model for ACT whenever h maps propositional variables into
?(U*)Y and is extended to complex formulas according to (17)—(21).

Our earlier representation results in Bimb6 and Dunn [6] (for the minimal substruc-
tural logic LS) contained two different semantics. One of the representations relied
on both positive and negative states. Another one, which we called “generalized
Kripke semantics,” used only positive states. In the present representation we “uni-
fied” the two approaches (by slightly modifying the one that used pairs). Although
we have two sets, the set of positive and that of negative states, we now show that
the canonical structure and model may be defined both ways.
In the first case we define only the canonical model for ACT.

Definition 6.13  The canonical model is It = (C, 4, C, R,, R, [1), (), h) where
the elements are as follows.

(1) C=gf{X: X#£ATAXeP(A)}

2) I=gf{X: XePA)AVab((ae X Ab<a) = beX)A
Yab(a,be X = aVvbeX)}

() S=awrclC
4) Roafly <gef Yab(la€caAnbef) = aobey)



476 Katalin Bimbd and ). Michael Dunn

(5) aRxf <gef Va(a®* € p = a € a)
6) a(x ©ger Jala €a na € x)
(7)) h(a) =gr{X: X€eCAaecX}

Informally, C is the set of cones on the Lindenbaum algebra of ACT, whereas J
is the set of ideals.'"* R, and Ry might look familiar when o and * are thought
of as fusion and necessity. () is the nonempty intersection of pairs of cones and
ideals; that is, a cone a and an ideal x are in this relation whenever they overlap. h
maps formulas into upward closed subsets of C such that each element contains the
formula in question.'”

Theorem 6.14 (Completeness)  The canonical valuation is an isomorphism.

Proof First we prove that & maps all formulas into stable sets. By definition, ha
is a principal cone of cones generated by a principal cone, namely, [[a)). Since {
contains ideals (without any restrictions) ' ha is an upward closed set—a principal
cone (with respect to C)—of ideals generated by (a]. In other words, Cha = [(a]),
and so (ﬁha)(1 = ha.

The rest of the proof falls into two parts, namely, showing that & preserves the
operations and constants and then that % is 1-1.

1.1 a € ht if and only if ¢ € a by definition; /¢ is stable since it is of the form ha.
a € hF if and only if F € «a, and so, h F is stable too.

1.2 To show h(a v b) = ha v hb we suppose that y ¢ h(a Vv b). Since
aVv b ¢vy,letus consider (a Vv b]. Certainly, =y () (a Vv b], but [a) { (a v b] and
[6) O (a v b]. Then (a Vv b] € "ha N"hb, and so Ix(x € Tha N Thb A =y Sx).
Thus, y ¢ ha Vv hb. For the converse inclusion, let us assume that the last formula
holds. From 3x(x € "ha A x € Thb A =y ( x) and the definition of " we get
VB(B € ha = B ) x) and VB(B € hb = S () x). Since [a) € ha and [b) € hb,
a,b € x and so a Vb € x (because of x € 1). But from =y {§ x follows that
avbg¢yandsoy ¢ h(aVDb).

1.3 Lety € h(aob). Thena ob € y, and by the definition of R,, R.[a)[b)y.
[a) € ha and [b) € hb; therefore, af(R.0fy N a € ha A B € hb), that is,
y € ha o hb. For the other direction let y € ha o hb, which means that for some
a, B, Roafy and a € ha and B € hb. Then, froma € a, b € f and the definition of
Roaob e y;thusy € h(aob).

14 Leta € h(b — ¢), thatis, b — ¢ € a. Let us also assume that R,afy and
b € p. In the Lindenbaum algebra (b — ¢)ob < c¢,soc € y,and y € hc. Then
o € hb — hc. For the other inclusion, let a ¢ h(b — c), thatis, b — ¢ ¢ a. Let us
consider the cone [b) for B, and for y take {c¢: Jab'(a € a AD' € [b)Aaob’ < ¢)}—
which is a cone by monotonicity of o. Let us assume that ¢ € y. Thenx o b < ¢
for some x € a. But then x < b — ¢, which is a contradiction. Therefore,
Ay (Roafy ANB € hb Ay ¢ hc), thatis, a ¢ hb — hc. (The case of <« is
alike.)

15 Leta € h(a®) and fRxa. Then a* € a and V(b* € a = b € ). Since
a € p, B € h(a), and a € (ha)*. For the converse suppose that o ¢ h(a™), that
is, a* ¢ a. For B consider {c: Ib(b* € a A b < c)}, which is a cone because
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* is isotone; then f Rxa. If a were an element of S then there would be a c* € a
such that ¢ < a. However, then it follows that a* € o contradicting the original
assumption. Hence 38 (BRxa A B ¢ ha), and so a ¢ (ha)™ as we had to show.

2 The separation of any two (i.e., distinct) elements is obvious. If a £ b, then
b ¢ [a); hence [a) ¢ hb, but certainly, [a) € ha. Therefore, ha ¢_ hb. O

Now we prove a second completeness theorem based on a canonical frame which is
like a structure in the generalized Kripke semantics in [6]. One of the novelties of the
four-valued semantics for first-degree entailment was that it allowed formulas to be
true and false at the same time—cf. Dunn [10] and [1 1]. We develop this idea further
by identifying the set of positive and negative states, that is, U and U~. In other
words, it is not determined a priori, so to speak, if an information state is positive or
negative. Rather the role that the state plays determines its “sign.” Thus it is not a
“typo” that C is repeated in the following definition.

Definition 6.15  The canonical structure & is (G, C, <, Ro, Rx, [t), ©) where C,
C, Ro, Rx, [t) are as in Definition 6.13.

This canonical structure is very much like the one in the generalized Kripke seman-
tics for minimal substructural logic. Since U T and U™, as well as C and S are
identified, the structure could be presented in a simpler form as (C, C, R,, R, [1)).
This way the similarity to the original Kripke semantics for modal logics would be-
come more obvious—with the exception that a relation is added.'®

Lemma 6.16 X € 2(C)" ifand only if X € P(C)! and Nxex.!

Proof From right to left, () X € X implies that () X = «, and since X € P(C)"
and (| X € X, in fact, X = [a). Then "x = (a], and so (r)X)ﬁ =X.

From left to right, let X be stable. (] X is a cone, and it is not empty, because
the semi-lattice of the Lindenbaum algebra has a greatest element too. Furthermore,

(N X1 equates to "x , since these are precisely the cones that are included in all

elements of X. Then [(] X) is (PX )ﬁ, and so if (] X were not a member of X then
X would not be stable. Since it is stable, X = [[) X) proving both (] X € X and
X er@@)". O

This lemma is more general and more specific at the same time than Lemmas 5.2
and 5.3 in [6]. This lemma uses cones not filters, but now we deal with a bounded
semi-lattice, whereas in [6] we had an unbounded lattice.'®

Lemma 6.17  The canonical structure (as defined in 6.15) is a structure (as defined
in6.1).

Proof

1 Clearly all the conditions in (1) hold.

2 Ifa D xanda C a’ then a’ D x. Further, Vx.[F) D x; thus (2) holds.
3 [F) e C,andclearly, [F)=T.

4 C is transitive and reflexive as needed.

5

We show that R has the right tonicity—R, is similar modulo some changes. Let
us assume aRxf, a C o', and p/ € B. Then Va(a™ € p = a € a). Buta € «
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implies a € a’ and a™ € f’ implies a™ € B. Thatis, Ya(a™ € f/ = a € a’), which
is o/ Ry f3'.

6 By monotonicity of o, the definition of R,, and because f oa = a R,[t)ff as
well as R,f[t)f. For the two other conditions, let us suppose [£) € a and b € f.
t € a,and b € B imply (by the definition of R,) bot = b € y. Switching the
argument places of R, does not affect the reasoning; thus all four formulas in (6) are
true.

7 Let us assume R,afn A Ronyo. To construct an appropriate ¢ let us define
{e:Jad(a € a A aod € d A d < e)}. Monotonicity ensures that ¢ is a cone and
Roaed. To verify that R,fy ¢, let us assume thata € a, b € f, and ¢ € y. By the
assumptionsa ob € yand (@ ob) oc = a o (b o ¢) € J; therefore, b o ¢ € &. Then
indeed, R,fy €. (The other condition is provable by permuting a, 5, and y .)

8 Let us assume that R,afy and a € [T), thatis, a = [F). Since F € a, for any
beffFobey,but Fob=F andsoy = [F). (The condition for the second
argument place of R, may be shown to hold similarly.)

9 If[t) € pthent € . By the definition of Ry if a* € f then a € a whenever
aRxp. Then F € a, which implies o = [F). However, for all A [F) € A whenever
Ae (@) and A # @.

10_ Let al?*/)’. Then if a € B, sois a* (because a < a™* and p € C). However,
aRxp and a* € B imply a € a; therefore, f C a. O

Lemma 6.18  The canonical structure % is distinguished, complete, and inverted as
well as an R;—° 7 -fit and Rx-fit structure.

Proof

1 Leta and f be two cones, that is, o # f. By reflexivity a € a and f € f. If
o C B and B C o would hold, then o would be equal to . Therefore, either a ¢ f

or ¢ a,and so Iy € C distinguishing r>{ a } from r>{ﬁ }.

2 Let r>[oc) C F}[/)’), that is, whenever y C a also y C f. By universal instantiation
a Ca = a C f;hence a C S as we had to show.

3 Leta;cs be a collection of cones. For each i |—>[oz,~) is (a;]. The intersection of co-
cones is a cocone.'”  Since the Lindenbaum algebra has a top element T [T') € («;]
for all i, the intersection of all (a;]s is not empty. For any collection of cones their
intersection is a cone; moreover, ;¢ (a;] = (ﬂie, ai], that is, (f] for some g € C.

Since C is a partial order f is unique. Then, indeed, 3!4 (;<; F}[a,-) = |—)[ﬁ).

4 Wedefine y tobe {c: Jab(a e a Ab € fAaob <c)}.y isacone and clearly
minimal among those cones for which R,afy . y is unique to have this property and
so the structure is Rg-fit.

5 The cases of the two implications are “symmetric”’ and so we detail only one of
them. Let us consider the principal cones of cones [£) and [y ). We define « to be the
set {c: Jda < cVb € f.a ob € y}. By monotonicity of o, « € C. Furthermore, a is
obviously minimal among the cones for which R,afy and at the same time 8’ € [f)
ensures y’ € [y). Therefore, indeed [a) = {a': VB'y' (R.0'B'y’ A B € [B)) =
y" € [y))}. Since a is the only minimal such set, it is unique.



Relational Semantics 479

6 Let us take [a), a principal cone of cones. We define 8 to be {c: Ja(a € a A a™
< ¢)}. Since * is isotone, f is upward closed, and clearly the minimal set which
ensures that o’ E*ﬂ = a' € [a) is true. The tonicity of Ry then gives that
[B) = (B : Va'(a'Rxf’ = a' € [a))}. Antisymmetry of C ensures that /3 is
unique. (]

Since some of the conditions imposed on a structure involve propositions in an es-
sential way, we prove completeness after we introduce the notion of admissible as-
signments. We limit the set of potential assignments because, as we saw before, a
model is built of stable sets of information states (rather than arbitrary sets of possi-
ble worlds—as in ordinary modal logics). In other words, we want to make sure that
A ranges over sets that may enter a model (in particular, when it comes to conditions
(11) and (12)).

Definition 6.19 (Admissible assignments) s is an admissible assignment on the
canonical structure ¥ if s(p) € P(@) ", s(¢) = [[¢)), and s(F) = [[F)).

In Lemma 6.18 we proved that the canonical structure has all properties defined in
(24)-(29), and in Lemma 6.10 we proved these properties to guarantee the stability
of the operations. Therefore, any admissible assignment s on the canonical structure
can be extended to a valuation /,; however, the so obtained valuation need not be the
canonical valuation.

Lemma 6.20 Let s be an admissible assignment and hy its extension to a valuation.
If Ya(a € hy(A) = a € a) then VB(B € hy(A*) = a™ € p).

Proof We argue contrapositively that the statement holds. Suppose Jf(f €
hs(A¥)Aa* ¢ p). By the definition of hs(A*), Va(a R« = a € hg(A)). Consider
the cone o, which is minimal with respect to inclusion among those for which a R« 8
is true. Assume, nonetheless, that a € a. This means that for some b < a, b* € f.
But by monotonicity then a* € g which contradicts to the conjunct a* ¢ f. Hence,
Ja(a € hs(A) A a ¢ a) which concludes the proof. O

Lemma 6.21 (x-structure) The canonical structure § with a valuation hg (where
hy is the valuation that extends an admissible assignment s) is a x-structure.

Proof Lemma 6.17 provides the first half of the proof. It remains to show that
given a valuation &g the conditions (11) and (12) are also satisfied on the canonical
structure.

Let us assume that y € hg(A* o A*), and let a be an element of all § € hy(A).
Then by Lemma 6.20 a* € a, § (where R.afy and a, B € hy(A*)). By the def-
inition of R,, a* o a* € y, that is, a® € y. Further, by the definition of Ry, it
follows that a € 1 whenever 9 Ry . Since the argument may be repeated without
any change for the generators of the minimal cone in A;3(A), ¥ € hs(A), and so
Vi (9 Rxy = ¥ € hg(A)), which is the same as y € hy(A™).

For the last condition (12) let us suppose the antecedent. Let us assume that
A is [¢). There is an a such that a € ¢ but a ¢ y. Since R,afy implies
Roaey, by the definition of R, we know that ¢ ¢ a. We define J as the set
{c:3b(* € a A b < c)}. *is isotone; hence § € €. Further, in order to have
R.0e we defined = {c: Jab(a € 0 A b € ¢ A aob < ¢)}. The monotonicity of o
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ensures that ¢ € C, too. Let us assume, for a reductio, that ¢ C . Since, for any a,
a =t o a, the inclusion implies ¢ € &, which is a contradiction (t = t* ¢ a, ). O

Definition 6.22 The canonical valuation h is defined as
h(a)={C:CeCAacC}
Theorem 6.23 (Completeness)  The canonical valuation is an isomorphism.

Proof From Lemmas 6.17 and 6.18 we know that the canonical structure is a distin-
guished, inverted, complete, as well as an RZ % -fit and Ry-fit structure. Clearly,
h(p) € {P‘(('?)Y by Lemma 6.16. Therefore, by Lemma 6.10, & is indeed a valua-
tion provided it is a homomorphism. From Theorem 6.14 we can extract for all the
operations—except for V—that 4 is a homomorphism and also preserves the con-
stants. (The definitions of the operations (save that of V) are the same as before.)

Now we prove that i preserves V too. Let us assume that y € ha Vv hb, that is,
Vx(x € Than"hb = x C y). By definition of h, y € haifand only ifa € y, that is,
ha = [[a)); similarly, hb = [[b)). Since the least upper bound of {a,b}isa Vv b,
x € "ha N "hb whenever x C [a Vv b). Therefore, y 2 [a vV b),andsoa Vb € y.
The steps may be traced back, and so h(a Vv b) = ha V hb.

Then by Lemma 6.21 the canonical structure with the canonical valuation 4 is a
s-structure. Thus it only remains to be shown that # is 1-1, for which Theorem 6.14
step 2 suffices. (]

The following claim, a consequence of Lemma 6.21 and of the proof of the com-
pleteness theorem (Theorem 6.23), may be viewed as an analogue of the claim that a
normal modal logic is canonical. The latter means that if the Lindenbaum algebra of
alogic is in a class of algebras, then the complex algebra of the canonical structure of
the Lindenbaum algebra is in that class too. To put it differently, any assignment of
(the equivalence classes of) propositional variables into elements of the complex al-
gebra of the canonical structure extends to a homomorphism. That is, under arbitrary
valuations the complex algebra of the canonical structure contains a homomorphic
image of the Lindenbaum algebra of the logic. The disanalogy between the case of
ACT and modal logics stems from what the canonical embedding algebra for ACT
turns out to be and what the complex algebra of the canonical structure would be.
(In the case of normal modal logics these two algebras are the same.)

We contend that as a first approximation to the notion of canonicity (when a BA
is not a reduct of the Lindenbaum algebra) the algebra suitable as an embedding
algebra is the algebra of stable sets of the canonical structure. Then, of course, the
more restricted notion of assignment that we introduced under the name “admissible
assignment” is immediately justified.

Corollary 6.24  ACT is sound on the canonical structure whenever hy is a valuation
that extends an admissible assignment s.

Now we interpret informally the semantics we gave in this section. The propositions
are characterized by the information states that are implied by a proposition. We
should point out that there might be information states that are neither excluded nor
implied by a certain proposition; thus the role of the two functions " and 1 is to
allow us to move from a set of information states that are implied to those that are
excluded—uvia ", and vice versa—via ‘. The information states that are excluded
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by A v B—a choice between A and B—are exactly those that are excluded by both
A and B; that is, in "A N TB. Then we get to the set of states that are implied by
moving back, so to speak, which is what (PA N |—>B)<—| means. The interpretation of
sequencing actions is straightforward. If the relation R, allows passing from states
a and B which are implied by the propositions A and B, respectively, to a state y,
then y is implied by A o B. In the case of —, <—, and * it is easier to consider when
an information state is not implied by those complex propositions. An information
state is not implied by the action ‘B if ever A’ (A — B) when A implies a state from
which one can get to a state—via R,—that is not implied by B. Dually, the action
‘had A then B’ (B < A) implies an information state a when from any state implied
by A there is a path through R, and « to some state in B. Lastly, an information state
is not implied by the iteration of A whenever that state can be reached via Ry from a
state not implied by A. In other words, state /3 is implied by A* when f is reachable
from a only if « is an information state implied by the proposition A.

We conclude this section by listing the modifications that are necessary to obtain a
semantics that is not only sound but also complete for KL;y. Since ACT is a conserva-
tive extension of KL, the conditions that concern — and < have to be dropped. But
some conditions have to be added to compensate for some implied losses. In Defi-
nition 6.1, condition (7) should include that o is additive; in an abbreviated form the
formulas look like Ao(BVC) C (AoB)V(AoC)and (BVC)oA C (BoA)V(CoA).
Clause (11) should be replaced by two clauses, namely,

JaB(R.afy Ao € AAVS(ORxf = 6 € A)) = YO(ORxy = € A)
and
Jaf(R.fay Aa € AAVI(ORxS = 6 € A)) = Yo(ORxy = 0 € A).

Condition (12) should be replaced similarly by two conditions, which are in short-
hand form

AoBCB = A*oBCB

and

BoACB = BoA* CB.

In Definition 6.8, (27) and (28) are now superfluous, as is the closure for — and < in
the following definition of a model. Similarly, in Definition 6.3 and Lemmas 6.6 and
6.10, the clauses concerning the two residuals are to be omitted. In Theorem 6.11,
step 3 is to be dropped, and the distributivity of o is to be inserted—which is guar-
anteed by the new frame condition and the definition of o. Also steps 6 and 7 should
be replaced by showing (v) and (vi) (from the definition of KA (). In the first com-
pleteness theorem (6.14) the only change is that 1.4 is omitted. As a preliminary to
the second completeness theorem, in Lemma 6.17, step 7 should include a proof that
the “half” distributivity of o over V holds. In Lemma 6.18 two cases of fitness are,
obviously, to be omitted. Lastly, in Lemma 6.21 it should be proven that the new
conditions (which replace (11) and (12)) hold. Having carried out all these modifi-
cations, there are no changes to be made to Theorem 6.23—because of the way we
structured the presentation of the second completeness theorem. (We leave filling in
the details to the reader.)
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7 Star Semantics

Gaggle theory is about representing families of operations that are of the same arity
and are appropriately linked (as we sketched in Section 3). Gaggles and partial
gaggles may also include constants that are related to an operation in a family, for
example, as are identities and combinators. In some applications constants were used
to define new (with respect to the family) operations—as in the case of intuitionistic
logic where negation is definable from a constant falsity and implication. Now we
show that *, thought of as an operation which is “derived” from concatenation (o),
can be modeled using the same relation that models fusion.

We will define the * operation in two stages, but before that we return to the
Lindenbaum algebra and introduce some notation to simplify some expressions.

Definition 7.1  The nth power of a in the Lindenbaum algebra of ACT is defined as
follows.

1 a"=¢

(2) a"t!'=aoa"® (whenevern > 0)

This notation is well in accordance with the usual definitions in formal language

theory. a° corresponds to the empty string of which ¢ is indeed an analogue.

a' =a ot =aanda" are completely usual in formal language theory except that o

is ordinarily omitted from the notation.

Lemma 7.2  In the Lindenbaum algebra of ACT,

Vn eN. d" < a*.

Proof For the basis we note that # < a™ by a (sub)equation in (iv). If a” < a*, then
aod <aoa* by monotonicity, and since a o a* < a*, the proof is finished. [

Lemma 7.3  Let U be the Lindenbaum algebra of action logic. There is no x such

that a* < x, foralln € N, and x < a*.

Proof Consider the relational algebra N which contains all the binary relations on
two elements o] and 0. There are 16 relations in I, with { {01, 01), {(02,02)} = ¢,
g=F,U=V,o=o,and * =* (that is, composition is o and reflexive transitive
closure is *). The implications are added by the definitions r; — r, = {(x,y)
Vz((y,z) erni=(x,z) er) o < ri={{x,y): Vz({z,x) e r1=(z,¥) € 1) }
(cf. [25]). (Complementation, converse, and intersection are as usual.)

To see that there is no x as specified in the claim, let us consider, for instance,
a = {{o1,02), (02,01)}. Then a® = { (01, 01), (02, 02) }, a' = a—of course—and
a® = a°. The only element which is greater than both of these elements is the total
relation on {01, 07 }, indeed, the * of the element we started with. (We leave the
inspection of the other elements to the interested reader.) o

Definition 7.4 A structure for ACTis § = (U, C, R, S, T, 1) where the elements
of the six-tuple satisfy conditions (1)—(8). If ¥ additionally satisfies (9) and (10)
then it is called a *-structure.”’

(1) @+£U; CeU?% R,CU? scU?* T,eU
2) (@spraCa’) = a'sp and FavVp.asp
(3) VB.BETAVa(VB.BCa=a=T)
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4 @EBABCy) = aly and aCa

5) R, thatis,
(Roofy Na' TanB TBAy CTy') = Roa'B'y’

©6) Fa(R.offA1CTa) and (R.afy AiCa) = STy
Ja(R.paf A1 Ca) and (R.ofy AtC ) = aCy

(7)) (Roafin A Ronyd) = Fe(RoBye A Roaed)
(Rofy e A Roaed) = In(R.afin A Rony o)

®) (Roafy na=T) = y=T
(Roafly AB=T) = y=T

(9) A*o A* C A*
(10) [1)VAoBCB = A*CHB

Let & be a valuation. The operations—except *__are as in Definition 6.3 (17)—(21);
the constants are interpreted as in (15)—(16). Additionally, #(A”) and h(A*) are
defined as follows.

Definition 7.5  We define inductively 4 (A") and based on this definition we define
h(A®).
@ h(A%) =1[1)
() h(AY) =h(A)
(i) A(A"™Y)={y:3aB(Reafly Aa € h(A) AP € h(A")} (n=>1)
(v) h(A*) ={0:Vy@n(neNAy € h(A") = y o))

Lemma 7.6 (Power and * are hereditary operations) If h(A) € P(U)" then
h(A™), h(A*) e P(U)'.

Proof The first can be proven inductively. /#(A%) and h(A!) are upward closed.
h(A"+1Y is upward closed too—h(A™) is such by the hypothesis of induction, and
since so is #(A), the tonicity of R, ensures that 1(A"+!) € £(U)'. The definition
obviously ensures that the claim is true for 21(A™). (]

Lemma 7.7 (Stability of #(A") and h(A*) Let ¥ be a distinguished, inverted,
complete RZ-fit structure. Then h(A) € J)(U)Y implies h(A™) € J)(U)Y and
h(A*) e P(U)Y.

Proof

1 From Lemma 6.10 we know that 2(A%) (h(¢)) is stable because of the assumption
that the structure is inverted. h(A!) = h(A) € P(U )Y by the assumption of the
lemma. Assuming that /(A”") is stable, the definition of #(A"*!) and the structure’s
RZ-fitness together with Lemma 6.10 ensure that h(A"1) is stable too.

2 Completeness means that for an arbitrary set of stable sets there is a unique in-
formation state which generates a cone that has the same I’-image as the intersection
of the stable sets. Since * is the 7-image of this set, it is stable. (|

Theorem 7.8  On a distinguished, inverted, complete, R3 7 -fit *-structure §
with a valuation h added (such that h(p) € e7’(U)Y and h satisfies (15)—(20) (from
Section 6)) all the equations of the Lindenbaum algebra of action logic hold.
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Proof Note that we changed only the conditions relating to the *, and so the first
part of the proof is the same as steps 1 —4 in the proof of Theorem 6.11.”!

1 Obviously, h(t) € h(A*) and h(A) C h(A*) by the two base cases of the
definition of #(A"), and further, by the definition of h(A™®).

2 Since h(A) € h(A Vv B), clearly, X N h(A) € X N h(A v B) (for any X). The
latter suffices for 7(A*) € h((A v B)*) to hold.

3 The last two conditions take care of the remaining equalities. (|

Definition 7.9  The canonical structure § is (G, <, R,, C, [F), [t)) where C, C,
and R, are as in Definition 6.13, and [F), [¢) are the principal cones generated by
{F}and {t}.

We assume that the notions of admissible assignment and valuation from the previous
section are adapted (with the obviously needed modifications) to the present frame.

Lemma 7.10 Let s be an admissible assignment and hy its extension to a valuation.
Then

(i) (Va € hy(A).a € anVp € hy(B).b e B)=Vy(y € hy(AoB)=aob € y);
(i) VYo(a € hs(A) = aca) = YB(B € hs(A") = a" € p);
(ili) Va(a € hy(A) = a € a) = VB(B € hy(A*) = a™ € p).

Proof

1 Let us assume the antecedent together with the negation of the consequent. Then
daf(Roafy ANa € hy(A) A B € hg(B)). It follows that a € a, and b € f; hence by
the definition of R, also a o b € y —which is a contradiction.

2 hgisavaluation, and so Va € hy(t).t € a. Forn = 1 the claim is a propositional
tautology. From n we move to n 4 1 using the previous step.

3 Using the definition of * together with Lemma 7.3 and the previous step in this
proof, indeed, a* e p. O

Lemma 7.11  The canonical structure § with a valuation hg, which is an extension
of an admissible assignment, is a x-structure.

Proof

1 Let us assume that y € hy(A™* o A™), that is, Jaf(R.afy Aa € hy(A¥) A B €
hy(A*)). Since hy(A*) = [6) for some J, we also have R,d0y A J € hy(A*) by
R, ||t. From Lemma 7.10 we know that if @ € 1 for all ¥ € hy(A), then a™® € 6.
By the definition of R,, a* € y. The definition of /;(A™) means that it is generated
by a cone of the form [{ai, ..., a,,...}). Therefore, a* € y (for any a that is an
element of the cone that generates h;(A)) is sufficient for y € hy(A™).

2 Let us assume that hg(t vV A o B) € hg(B). Of course, for any valuation
hs(t) = [[t)); hence t € ¥ for all ¥ € hy(¢). Assuming a € a € hy(A) and
bepf e hg(B),byLemma7.10,ao0b € y € hy(A o B). The inclusion in the first
assumption guarantees that both # < b and a o b < b. In the Lindenbaum algebra
then a* < b.”2 However, by the definition of A (A*), a® must be in 0 € hy(A*)
and so ks (A*) C hy(B) as we wanted to show. O
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Definition 7.12  The canonical valuation h is defined as
h(a)={C:CeCAracC}.

Lemma 7.13  h(a") = (ha)" (for all n € N), that is, h is a homomorphism for the
power operation.

Proof Let us assume that y € h(a"). Then a” € y by the definition of #.”*

(i) If n = 0 then a" = ¢, thatis, ¢ € y. Since 1 canonically is [#) and
h@®) =1[8)),y € (ha)’.

(i) Ifn = 1, then we have h(a') = ha = (ha)'.

(i) Let the hypothesis of induction be that the claim is true for n. Since
a"t! € y, surely R,[a)[a")y. By the hypothesis of induction [a") € (ha)"
and [a) € ha. Therefore, 3af(R.afy A a € ha A f € (ha)"). This means
exactly that y € (ha)"*!.

For the converse, let us assume that y € (ha)”.

(i) Letn = 0 to start with. Then (ha)" = [[¢)), and since a® = ¢, y is indeed
an element of 4 (a”).

(i) Letn = 1. Again, ha = ha.

(iii) Lastly, if the claim is true for n, then we have by inductive hypothesis that
daf(Roafy Ana € ha A € (ha)"), and so f € h(a™). The definition of R,
implies that a o a" € y, since a € a and a* € B. Thus, y € h(a"*!) as we
wanted to show. ]

Theorem 7.14  The canonical valuation h is an isomorphism.

Proof In view of the proof of the previous completeness theorem we only have to
prove that & preserves *. (Note that we proved in Lemmas 6.17 and 6.18 that the
current canonical structure is a distinguished, complete, inverted R; >>~ -fit struc-
ture. In Lemma 7.11 we proved that the canonical structure with a valuation is a
*-structure.)

Let us assume that § € h(a™). Then a* € 8. Since a* < a* forall n € N, and
by the preceding lemma & preserves the power operation, a* is in the intersection
of the h(a")s. Thus, § € (ha)®. For the converse let us assume the latter. Since
0D ﬂneN[[a”)), any x such that ¢” < x for all ns is an element of 0. Therefore,
a* € d,and so § € h(a™). O

Corollary 7.15  With a valuation the canonical structure yields a model of ACT.

We conclude this section noting that to obtain an adequate semantics for KL;, only
Definition 7.4 and the second step in Lemma 7.11 need a slight adjustment. Namely,
the conditions on the structure have to be modified as before making o additive
and replacing (9) and (10) with [1) V A o A*¥ € A*, [1)VA* 0 A C A* and
AoBCB = A*oBCB,BoACB = BoA*C B, respectively. Then in
Lemma 7.11 the new clauses have to be proven to hold. (We leave the few omitted
details to be filled in by the reader.)

8 Extensions of Gaggle Theory

This paper may be seen to continue a program begun in [12] and [13] by Dunn—
the results of which were applied to particular logics in further papers, for instance,
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Dunn [16] and Dunn [17].”* The first paper [16] showed how to represent relation
algebras using Routley-Meyer frames. The second paper [17] gave a philosophical
interpretation that can be put on these kinds of representations, pointing out that a
ternary relation on “states” can be viewed as an indexed binary relation that is a
transition between states. Thus a set of states (a “proposition””) can be simultane-
ously viewed as static and dynamic, and one can model von Neumann’s concept of
a “stored program.” This paper additionally posed the problem of modeling action
logic (representing action algebras) as well as modeling Pratt’s dynamic logic and
Hoare’s logic using Routley-Meyer frames. The present paper solves the first of
these problems.

In conclusion we would like to emphasize once again some of the ways in which
we extended—on the examples of action logic and Kleene logic—gaggle theory.
Our first semantics showed how to dualize gaggles to obtain a semantics for a join
semi-lattice ordered monoid—[13] considered (only) meet semi-lattices with fusion.
Our second semantics showed how to add to a partial gaggle only one of the lattice
operations.

In both semantics where we used a separate relation to model * we relied on
distribution patterns in a way that was not predicted by gaggle theory itself. More
precisely, we observed that the only distribution pattern that could hold for * on a
join semi-lattice—namely, V —> V—does not hold. Therefore, we based the choice
of the modeling on the preservation (or the lack of preservation) of the least (and in
the case of action logic also on the greatest) element of the Lindenbaum algebra.
(Incidentally, we also modeled the least element differently than usual. We contend
that our modeling is the general one, since it does not use special properties of the
empty set—which are customarily exploited in definitions of normal operations on
lattices with a bottom element.)

Lastly, in the star semantics we showed that a partial gaggle may be extended with
an operation of different arity when the new operation is inductively definable—as
the power operation—or the new operation is the closure of an inductively definable
operation—as the Kleene star operation.

Notes

1. A comprehensible introduction to FSAs, regular languages, and regular expressions (and
more) is, for instance, Sipser [26].

2. We use the names KLjy and KA to honor Kozen’s claim that there were nine other
inequivalent definitions of Kleene algebras before his—a claim we did not attempt to
disprove or verify.

3. Weuse p,q,r, p,, ... for propositional variables of the object language and ¢, v, y,
@, - - - as metavariables for well-formed formulas (wffs). We assume familiarity with
basic logical notions and Hilbert-style axiom systems, in particular. (See, e.g., Curry [9]
and Enderton [21].) Accidentally, KL is neither of Kleene’s two well-known three-
valued logics, the weak nor the strong one.

4. Kozen and Pratt—by and large—use different notation than we do. We treat KL o and
ACT as nonclassical logics and use a notation that (probably) originated in relevance
logics and by now is widely accepted in substructural logics. In particular, in naming the
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residuals we follow Anderson and Belnap [2], §18, not Pratt. (However, note that * here
is very different from * in the syntax (or in the semantics) of some relevance logics.)

A monoid has a binary associative operation and an identity element. For standard defi-
nitions of algebraic notions see, for instance, Gritzer [22] and Dunn and Hardegree [18].

We use the same symbol for an operation in the Lindenbaum algebra as we used for
the connective from which it originated. However, instead of [¢], [y], ... we denote
equivalence classes of formulas simply by a, b, c.. ..

For various semantics that involve ideals see Birkhoff and Frink [8], Urquhart [28], All-
wein and Dunn [1], Hartonas and Dunn [23], [6], and Bimb6 [3]. We note that ideals may
not be necessary to define a closure operation. For example, in one of the semantics in
[6] the closure operation is defined from a proto-order (which is canonically exemplified
by set inclusion).

* has no distribution pattern since it does not distribute over V in the model on regular
sets, and, of course, there is no conjunction in the language. (Actually * does not dis-
tribute over the intersection of regular languages either.) * does not preserve F, because
F*=1.

For a complete exposition of generalized Galois logics (gaggle theory) and some of its
applications we refer the interested reader to Dunn’s papers [12], [13], [14], and [15].

For different formulations of Zorn’s lemma see, for example, Stoll [27], p. 116, or Dunn
and Hardegree [18], p. 30. Zorn’s lemma is commonly used in semantics to obtain a
suitable ultra, prime, or join irreducible filter, or a maximally disjoint pair of filters and
ideals. We use the lemma to define appropriate ideals because there seems to be no
straightforward way to define an a and a # from the information that a o b ¢ y. (The
problem with a Lindenbaum-style construction here is that it is not clear what ordering of
the wifs to use to ensure that both (12) is satisfied and the minimally necessary additions
are made to « and S.)

Of course, from the point of view of “size” these ideals are minimal, but from the point
of view of the ordering C they are maximal elements.

Since we have to distinguish between two sorts of objects, we will use the terms ‘positive
states’ and ‘negative states’, mostly for mnemonic purposes. Lowercase Greek letters
range over positive states, whereas lowercase Roman letters are variables for negative
states. A, B, C, ... are subsets of UT.

Notice that @ does not play a role in the representation; & is not stable due to the second
half of condition (2).

We excluded @ only because it has no role to play in the representation.

The definition of & differs from that in [6], however, very much like the valuation / in
the first representation there—in its spirit.
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Of course, in modal logics (e.g., in a frame for any of the unimodal normal modal logics)
there is only one binary relation, whereas here there are two relations; moreover, one of
them is ternary. However, in ACT there are binary intensional operations in addition to a
unary * operation.

. We pointed out that @ ¢ P (U Jr)Y. It is easy to see that @ ¢ J)(G)Y because the

Lindenbaum algebra has a least element. Indeed, (F)Q)‘1 —cl= {[F)}.

. Also, the present proof is somewhat different from the other one, although the proofs,

perhaps, merely reflect different ways of looking at algebras that are similar to an extent.

. A cocone is the dual of a cone, that is, a downward closed subset.

20. We use here o, Vv, and * as abbreviations—to enhance readability—which are meant to

be understood in the sense of the previous definition for o and Vv, and in the sense of the
following definition (Definition 7.5) for *.

A reader who scrutinized the two semantics probably noticed that in the second we
postulated a single set of information states only. However, nothing in the proof of
Theorem 6.11 depended on U~ and U™ being distinct—indeed the second canonical
construction identified the positive and negative states.

The quasi equation £ Vaob < b = a* < bholds in the Lindenbaum algebra. (Cf. [25].)

. The definition of a" was inductive; therefore, our proof is inductive too—a situation

somewhat unusual in the context of the semantics of nonclassical logics only because
ordinarily operations are not inductively defined.

We singled out the two papers that are motivationally most closely related to our treat-
ment of KLy and ACT. However, we could mention a whole series of papers which
define semantics for various logics by generalizing in one way or other the Jonsson-
Tarski-Kripke-Routley-Meyer-Dunn approach. (From among the references we could
list here also [1], [31, [4], [5], [6]1, [14], [15], [16], [17], [19], [23].)
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