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Abstract

The present thesis studies formal properties of a family of so-called modal
information logics (MILs)—modal logics first proposed in van Benthem (1996) as
a way of using possible-worlds semantics to model a theory of information. They
do so by extending the language of propositional logic with a binary modality
defined in terms of being the supremum of two states.

First proposed in 1996, MILs have been around for some time, yet not much is
known: van Benthem (2017, 2019) pose two central open problems, namely (1) ax-
iomatizing the two basic MILs of suprema on preorders and posets, respectively,
and (2) proving (un)decidability.

The main results of the first part of this thesis are solving these two problems:
(1) by providing an axiomatization [with a completeness proof entailing the two
logics to be the same], and (2) by proving decidability. In the proof of the latter,
an emphasis is put on the method applied as a heuristic for proving decidability
‘via completeness’ for semantically introduced logics; the logics lack the FMP
w.r.t. their classes of definition, but not w.r.t. a generalized class.

These results are build upon to axiomatize and prove decidable the MILs
attained by endowing the language with an ‘informational implication—in
doing so a link is also made to the work of Buszkowski (2021) on the Lambek
Calculus. Moreover, concluding the study of MILs on preorders and posets, it is
shown that interpreting the modalities based on minimal upper bounds instead
of least upper bounds does not alter the logics.

Broadening the study, the basic MIL of suprema on join-semilattices is axioma-
tized with an infinite scheme. This constitutes the by far most substantive part of
the thesis. Accordingly—as to contribute to the toolbox of techniques for (modal)
completeness proofs—an informal focus is also lend to accenting key ideas.

Finally, as an appendix, the (compactness and) decidability result(s) in Fine
and Jago (2019) are significantly extended, chiefly via defining and proving a
truthmaker analogue of the FMP.
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Preface

In this thesis, preliminary definitions of and basic results about preorders, partial
orders, join-semilattices, modal logics, homomorphisms, congruences and more
are omitted and knowledge thereof is assumed.

Regarding notation, terminology and design choices, two things are worth
mentioning: I (1) largely use the terminology of Blackburn et al. (2001), and
(2) use margin notes for informal comments, typically providing intuition or
recalling notation. I owe my thanks to Levin Hornischer for having shared his
TEX-template with me. Any design choice of your liking is most likely due to
him (and any that isn’t is — of course — my responsibility).

Here’s a margin note.



Introduction

This introduction is divided into two parts. First, we give a more general intro-
duction, forwarding the logics of concern, placing them in the broader landscape
of logics, and motivating their study. Second, we break down the thesis chapter-
by-chapter, outlining the mathematical issues at hand and how they are solved,
ending with a list of the main results achieved in this thesis.

Motivation and general introduction

The ‘fusion connective’ ‘o’ characterized by its semantics
xIF@o iff there exist y,z such that y IF ¢; z I- 1); and x = sup{y, z}

features in an array of logical systems: as ‘intensional conjunction” or simply
‘fusion’ in relevance logics (Anderson et al. 1992); as regular conjunction in seman-
tics for exact truthmaking (Fine 2017; van Fraassen 1969); as ‘tensor disjunction’
in the team semantics of Yang and Vaananen (2016, 2017); and as “split disjunc-
tion” in the state-based semantics of Aloni (2022), to name some. Occurring in
such a varied range of settings modeling all sorts of phenomena, it is maybe
somewhat surprising that next to nothing is known about the logic(s) resulting
from enriching classical propositional logic (CL) with the fusion connective;i.e.,
about the modal logic(s) with a binary modality for fusion.! In a nutshell, this
thesis seeks to fill this gap.

It does so by studying formal properties of a family of so-called modal informa-
tion logics (MILs), not least by providing axiomatizations and proving decidability
results. The name owes to van Benthem (1996). Aiming to model a theory of
information by using the possible-worlds semantics of modal logic, van Ben-
them (1996) introduces a modal logic of a single binary modality ‘(sup)’ with
the semantics of the fusion connective. The logic is motivated by construing
the ‘worlds’ as information states; the relation as an ordering of the information

'We are aware that some readers might be stumbled by our almost casual identification of the
(somewhat vague) term “logic(s) resulting from enriching classical propositional logic (CL) with
the fusion connective” with (the more well-defined) “modal logic(s) with a binary modality for
fusion”. From one perspective, modal logic is a formal study of intensional notions modeled via
‘possible worlds’, but from another perspective modal logics are nothing but CL enriched with
‘relational connectives’. When making the identification, we are tacitly alluding to this second
perspective.



states; and the supremum modality ‘(sup)” as providing language for speaking of
‘merge’ (or ‘fusion’) of information states. Thus, besides from the more abstract
‘CL-enriched-with-fusion’ interpretation, the modal logics with a binary modality
for fusion have a more concrete informational interpretation. This provides a
second motivation for studying our logics of concern.

To explain our third and last main point of motivation, we must first get clear
on a principal way in which MILs can differ, namely in their notion of ‘fusion”:
on what class of structures do we want to interpret the ‘(sup)’-modality — what
is our choice of frames? Rather general are preorders where the modality ‘(sup)’
is defined in terms of quasi-least upper bounds; i.e., ‘merges’ are not unique
but come in clusters. This defines the basic modal information logic denoted
MILpy,. Both the informational and the CL-augmented-with-fusion interpretation
further suggest examining the cases where (a) the relation is also anti-symmetric
(resulting in posets) and, moreover, (b) any two worlds (or information states)
have a unique merge (resulting in join-semilattices). We denote the corresponding
logics as MILpos and MILs,;, respectively.

Now for the last point of motivation, beginning with the logic MILs,. Studying
modal logics of algebraic structures has recently found a newborn interest (van
Benthem and Bezhanishvili 2022; Wang and Wang 2022), so as a modal logic
of join-semilattices with a modality for the join-operation, a study of MILsg,,
contributes to this line of research. As regards MILp,, and MILp,s, even if MILs,,
also has been considered by van Benthem (1996, 2017, 2019, Forthcoming), in
these papers it is the former two that takes centre stage of the three of them. In
part, this is because of yet another interesting aspect of these two logics: using
‘(sup)’ the past-looking modality ‘P’ becomes definable, so by being modal logics
of preorders and posets, they mildly extend S4. Put in this light, MILp,, and
MILp,s are quite natural extensions of S4 obtained by adding vocabulary for
describing further structure of preorders and posets. Thus, seen from a purely
mathematical angle, these MILs can be motivated by an interest in seeking a
modal perspective on either (a) algebraic structures or (b) rather ubiquitous
mathematical structures (preorders and posets).?

We end this part of the introduction by setting out the remaining MILs we
will be studying. To begin with, this manner of construing MILp,, and MILp,s
as extensions of S4 also invites investigation of kindred logics: what logics
do we obtain if we likewise extend S$4 but through vocabulary for describing
(quasi-)minimal upper bounds instead of (quasi-)least upper bounds? That is,

2This takes on a third perspective on modal logic, namely as a way of studying relational structures
- including viewing algebraic structures as such. Needless to say, as with all other mathematical
concepts, the abstraction involved permits multiple fruitful perspectives — counting many more
than the mentioned three.



a ‘(sup)’-formula will be satisfied also in case a world is the (quasi-)minimal
upper bound even if not (quasi-)least. We denote these modal information logics
MILM" and MILM™ and will be particularly interested in how they relate to MILp,
and MILp,,, respectively. For good measure, let us mention that in terms of the
informational viewpoint, they can be seen as formalizing settings in which there
can be multiple incomparable ‘merges’; and in terms of the CL-augmented-with-
fusion viewpoint, they, in a similar vein, formalize how CL can be augmented
with an ‘incomparable fusion connective” while keeping the semantics for the
propositional connectives classical.

The last kind of logics in the vast space of MILs we will engage with, is obtained

by further enlarging the language with the modality “\” with semantics
y Ik e\ iff forall x, z, if z IF @ and x = sup{y, z}, then x |- 1.

In particular, we will be concerned with the logics attained by enriching MILp;,
and MILp,s with *\” and denote these as MIL\_p,, and MIL\ _p,;, respectively. This
extension was suggested in van Benthem (Forthcoming), and is motivated under
the informational interpretation as an ‘informational implication”: an information
state y ‘satisfies” @\ iff for all information states z and all merges x = sup{y, z} of
information states y, z, if z satisfies ¢ (the antecedent), then the merge x satisfies
1 (the consequent).

Once again, to the best of our knowledge, this connective is not well-studied in
a modal setting (if at all), even if connectives with this kind of semantics feature
prominently in several logics: in fact, our informational interpretation is that of
the relevance logic of Urquhart (1972, 1973) where “\” is relevant implication; and
the symbol “\" is the (left) residual of the Lambek Calculus (Lambek 1958) — a
logic we will make a junction with. It should also be noted that *\" compliments
‘(sup)” (or ‘o’) very naturally: if, say, x = sup{y, z}, then “\" accesses this from the
perspective of y (or z) while ‘(sup)” accesses it from the perspective of x. It is
thus not surprising that the “intensional conjunction” of Urquhart (1972, 1973)
and the ‘product connective’ of Lambek (1958) are analogues of ‘(sup)’.

Wrapping up this general introduction, an unsurprising, nonetheless (perhaps
the most) interesting, consequence of MILs essentially being (versions of) CL
extended with a fusion connective,’ is how they connect with other logics. Thus,
the Lambek Calculus is not the only logic we will make a junction with: albeit in
an appendix (B), we, among more, briefly study how the truthmaker logics of
Fine (2017) relate to our MILs.

3And in the case of MIL\_p, and MILx_pys, also with an informational implication.



Guide to chapters

Zooming in, in the order as they occur in this thesis, we explain the mathematical
problems we will be addressing. Starting off, we examine MILp,, and MILp,,
motivated by two central open problems posed by van Benthem (2017, 2019,
Forthcoming), namely (1) axiomatizing the logics and (2) proving (un)decidability.
The first three chapters of this thesis are concerned with these two problems.

In Chapter 1, after having formally defined the logics, we, in particular, show
that MILp;, lacks the finite model property (FMP) w.r.t. preorders. This proof
extends to all above mentioned MILs on their respective classes of frames as well.
Although this can be taken as a (clear) indication of undecidability, we end the
chapter by explaining why this need not be, forwarding a method for proving
decidability ‘via completeness” when dealing with semantically introduced logics
(like MILs).

In Chapter 2, we provide an axiomatization of MILp,, and prove it to be sound
and strongly complete. We do so by, given a consistent set, constructing a model
for it. As the constructed models are, in fact, posets, we get as a corollary that
MILp,, = MILp,s; thus, solving problem (1) for both logics in one go.

Following the method laid out in Chapter 1, in Chapter 3, we, first, use this
axiomatization to find another class of structures € for which the logic also is
complete. Second, we show that on this class of structures we do, in fact, have the
FMP—allowing us to deduce decidability. As an appendix (A.2) to the chapter,
we show that on € we have the tree model property (TMP). This concludes the
first part of the thesis.

Next, in Chapter 4, we explore the conservative extensions MIL\_p, and
MIL\_p,s obtained by adding the informational implication “\’". Combining ideas
from our study of MILp,, = MILp,s with some new ones—among which some
are ours and some, more interestingly, are due to work on the Lambek Calculus
of Buszkowski (2021)—we (i) axiomatize the logics, (ii) show that MIL\ p,, =
MIL\_pys, and (iii) prove them to be decidable. This crossing with the Lam-
bek Calculus sheds one more illuminating light on modal information logics:
MIL\ _pye = MIL\ _p,s is the Lambek Calculus (augmented with CL) of suprema on
preorders (or posets).

In Chapter 5, we investigate the logics MILM" and MIL}". Perhaps a bit sur-
prising, we show that MILA™ = MILY" = MILp,, and also MILM# = MILMn - —
MIL\ _pre.

Chapter 6 concludes our study of modal information logics, primarily in axiom-
atizing MILg,,,. While MILp,, and MILp,s coincide and are finitely axiomatizable,
going one step further to join-semilattices triggers an explosion in complexity;

"Semantically introduced’ as
contrasting logics introduced by a
syntactic (or proof-theoretical)
definition.



for instance, in axiomatizing this logic, we employ an infinite extension scheme.

The completeness proof is through model construction, allowing for a corol-

lary in terms of identifying MILg,,, with the MIL of suprema on the subclass of

join-semilattices having all finite bounded infima.

Lastly, Appendix B deserves mention too. First, through translation, compact-

ness and recursive enumerability of a family of truthmaker logics (TMLs) are

achieved. Second, a ‘truthmaker FMP” is developed and proven, thus entailing
decidability of many a truthmaker logic. Third and finally, how TMLs and MILs
are related is explored through translations.

In summary, the main results achieved are:

Axiomatizing MILp,, and deducing MILp,, = MILpys.

Proving MILp,, decidable.

Axiomatizing MILM and deducing MILM%. = MILM#

Proving MILM#  decidable.

Showing MILM™ = MILM™ = MILp,, and MILM%. = MILMS = MIL\ py,.
Proving the FMP and decidability for a family of truthmaker logics (app).

Axiomatizing MILs,,.



1. Modal Information Logics: Preliminaries

We start off this chapter by formally defining the basic modal information logics
(section 1.1). Then we show lacks of properties related to that of decidability, most
notably proving that all of the logics of concern lack the finite model property
w.r.t. their respective classes of definition (section 1.2). Lastly, in section 1.3, we
sketch a general method for proving decidability in cases like ours — a method
which we will employ in Chapter 2 and 3.

1.1. Defining the logics

Definition 1.1 (Language). The basic language L1 of modal information logic
is defined using a countable set of proposition letters P and a binary modality
(sup). The formulas ¢ € L are then given by the following BNF-grammar

e:=L[pl= | V] (sup)p,

where p € P and L is the falsum constant. -

Modal information logics are defined by semantical means; i.e., as sets of
Lm-validities on classes of structures. The most general class of interest is that of
preorders; formally, we define as follows:

Definition 1.2 (Frames and models). A (Kripke) preorder frame for Ly is a pair
F = (W, <) where

e Wisaset;and
* isa preorder on W, i.e, reflexive and transitive.

A (Kripke) preorder model for L is a triple M = (W, <, V) where
* (W, <) is a preorder frame; and

¢ Visavaluation on W, i.e., a function V: P — P(W). -

For clarity, before defining other classes of structures we will be considering,
we set out the basic modal information logic of preorders in full detail. Having
defined the structures in which to interpret the £n-formulas, we are about to
define the actual semantics. In order to do so, we provide the following definition
generalizing the notion of supremum from partial orders to preorders:



Definition 1.3 (Supremum). Given a preorder frame (W, <) and worlds u,v,w €
W, we say that w is a quasi-supremum (or simply supremum) of {u, v} and write
w € sup{u, v} iff

* wis an upper bound of {u, v}, i.e, u < wand v < w; and
* w < x for all upper bounds x of {u, v}.

In general, sup{u, v} denotes the set of quasi-suprema of {u, v}, and if this happens

to be a singleton {w}, we may write w = sup{u, v}. = Note how w € sup {u,v}ona
preorder < iff
Definition 1.4 (Semantics). Given a preorder model M = (W, <, V) and a world (w] =sup {[ul, v]}onits

w € W, satisfaction of a formula ¢ € Ly atw in M (written ‘M, w IF @ or ‘w I ¢’ ‘skeletal” partial order <.

for short) is defined using the following recursive clauses on :

M, w ¥ 1,
M, w - p iff weV(p),
M, w Ik —¢ iff M, w ¥ o,

M, wliF @V iff M,wlk @ or M,wl-1,
M, w IF (sup)py iff there existu,v € W such that M, ulF @; M,v I 1;

and w € sup{u, v}.

Notions like global truth, validity, etc. are defined as usual in possible-worlds
semantics (see, e.g., Blackburn et al. (2001, ch. 1)). -

With these notions laid out, we can define the logic as follows:

Definition 1.5. The basic modal information logic of suprema on preorders is
denoted by MILp,,, and defined as the set of Lj4-validities on the class of all
preorder frames; that is,

MILp, :={@ € Lm : (W, <) Ik @ forall preorder frames (W, <)}. 5

Using the defined notions and semantics, we further define the basic modal in-

formation logics of suprema on posets and join-semilattices, respectively, namely

MILp,s, which is the logic of poset frames, i.e., frames (W, <) where ‘<’ is a partial
order (viz. an antisymmetric preorder); and

MILsg,,, which is the logic of frames (W, <) where ‘<’ is a join-semilattice, i.e., a
partial order with all binary suprema. Le., for allw,v € W, there is some
w € Ws.t. w = sup{u, v}
As an appetizer, we end this section remarking what is already known about Note how these additional logics

how these logics relate. arise from a uniqueness and
existence requirement, respectively.



Remark 1.6.
MILPre c MILPos g MILSem-

As the notation suggests, these inclusions follow from latter logics being semanti-
cally defined by restricting classes of frames for former logics.

The latter inclusion being strict is witnessed by, e.g., the associativity formula

(As.) (sup)({sup)pq)r <> (sup)p((sup)qr),

which is valid on join-semilattices but not on posets, as the reader can easily
check. 4

1.2. Road to decidability: negative results

Having formally set out these logics and semantics, we continue with some
preliminary remarks. Objective being to get a feel for how the semantics works
by stating a few minor — yet interesting — results, and, most notably, showing
that the logics lack the FMP w.r.t. their respective frames of definition; viz., for
instance, MILp;, does not have the FMP w.r.t. preorder frames. Foremost, we

mention how to express the past-looking modality.

Remark 1.7. Besides the connectives ‘/\', ‘—’, ‘7, ‘[sup]’, and * T’ being definable
in the standard way, the past-looking unary modality ‘P’ is definable as

P = (sup)oT.
This can be seen by recalling the definition
M, w Ik P iff there exists v < w such that M, v I ¢,
and observing that also
M, w I (sup)eT iff there exists v < wsuch that M, v IF .

Using this observation, the first contribution of our thesis is to show a lack of
the FMP.

Proposition 1.8. MILp,, does not have the FMP w.r.t. preorder frames.

Proof. Consider the formula

U = HP(sup)pp A HP—(sup)pp,

The former inclusion is, in fact, an
equality. This will be a corollary of
our completeness proof in Chapter
2.

Thus, as promised in the
introduction, MILp,, and MILp,s
are (quite natural) extensions of S4.

Since for any v, w:
w € sup{w,v}iffv < w.



where H := —P—is the dual of P. We claim that { only is satisfiable in infinite
models.

First, we show that { is, indeed, satisfiable on an infinite model. Accordingly,
let M := (Z_,<, V) where

* 7Z_ is the set of negative integers;
* < is the less-than relation on the negative integers; and
* V(p) is the set of even negative integers.

Then M, clearly, is a preorder model, and forallz € Z_:
M, z IF (sup)pp iff z is even.
Thus, forallz € Z_:
M, z IF P(sup)pp A P—(sup)pp.

But then 1N must be globally true in M; in particular, Py is satisfied in M,
proving the first part of the claim

Second, to see that \n isn’t satisfiable in any finite model, observe that for any
preorder, if two points are situated in the same cluster, then they are suprema
of the exact same (sets of) points. It follows that for any preorder model, points
in the same cluster satisfy the exact same ‘(sup)’-formulas (those are: formulas
with ‘(sup)’ as main connective).

With this in mind, it is easy to see that the satisfaction of {n necessitates the
existence of an infinite, strictly descending chain: if some w I P and some
vi < w satisfies, say, (sup)pp, then, in particular, there must be some vi1 < v;
s.t. vi41 IF —(sup)pp, whence vi;1 must be in a cluster strictly below v;. Thus,
PN cannot be satisfied in any finite model. O

Remark 1.9. The above proof applies to the classes of posets and join-semilattices
as well since the frame (Z_, <) was, in fact, a join-semilattice, hence neither do

MILp,s nor MILg,,, enjoy the FMP w.r.t. their respective classes of definition. A

Beyond not having the FMP, there are even more indicators of undecidability.
For the purpose of this thesis, these are not central, so we mention them without

(elaborate) proof.

Remark 1.10. MILp,, does not have the tree model property (TMP) w.r.t. preorder
frames. That is, there is a formula xn which is satisfiable, but not in a preorder

10

The subscript "N’ is short for

‘negative’, as \pN witnesses a

negative property.

Because for any zy, zp:
sup{zi, z2} = max{zy, z5}.

For clarity, recall that given a
preorder <, w, v are said to be in
the same cluster :iff w < v < w.



frame (W, <) where (W, >) is a reflexive and transitive tree.* —

Proof. The following formula is satisfiable but not in a (converse) tree

XN = pAqA(sup)(p A=q)(=pAq)
AH([p A=ql = P(=p A=q)) AH([=p A gl = P(=p A—q))
AH((sup)(—p A—=q)* = [=p A—q]). 0

Remark 1.11. Not having the TMP extends to MILp,s and MILg,,, as well. This can
be witnessed by the same formula. And for the case of MILsg,,,, the satisfaction of
X~ even implies the existence of a tile; i.e., four pairwise distinct worlds n, s, e, w
st.s<es<we<nwn =

Observation 1.12. Our modal information logics are neither guarded nor packed
(as, e.g., the guarded and packed fragments do enjoy the FMP). N

1.3. Road to decidability: general idea

At first glance, the results of the previous section might make decidability appear
unlikely. As it turns out, there is an alternative way of proving decidability
circumventing these problems. In this section, we lay out our method for doing
so. This will serve two purposes: by describing the method, we hope to (1),
generally, elucidate how and when our method can work as a heuristic for
proving decidability, and (2), specifically, help the reader get a better grasp of the
underlying ideas and structure of the ensuing two chapters of this thesis.

To help explain this method of proving decidability ‘via completeneness’, we
go by example, designing a thought-experiment:

(1) Sem. def. logic: Imagine wanting to use the basic modal language of one unary modality to
describe the structure of posets. That is, being interested in poset models
M = (W, <, V) with semantics

M, w I Qo iff FeWwvAvIE @)

One might then wonder whether the problem of determining whether a
formula ¢ is satisfiable/valid on the class of all poset frames is decidable.

4Consult, e.g., Blackburn et al. (2001, ch. 1, def. 1.7) for the definition of a tree and, in particular, a
reflexive and transitive one.

Additionally, note how we define the TMP in terms of the converse relation “>>’; this is motivated
by the way in which “(sup)’ is backward-looking. Otherwise, for the case of ‘<’, a formula like
“p A (sup)(q A\ —p)(—q /A —p) already shows the lack of ‘a TMP". For now, this suffices: we
return to this as an addendum to Chapter 3 in Appendix A.2.

11



(1.5) No FMP: For this, the FMP is highly useful. However, the formula
O (Op A O—p)

is only satisfiable on infinite partial orders.

(2) Completeness: At first glance, this makes decidability seem farfetched. But, in fact, there
is an alternative road to decidability, beginning by axiomatizing the logic.
Having axiomatized the logic, one realizes that it is also complete with

respect to preorders (because, in fact, what one gets is S4). Instead of first axiomatizing, a
direct ‘p-morphic’-argument would

(3) FMP on other class: And on preorders, one can prove the FMP (via, e.g., the Lemmon filtration), work as well. In a way, this is the

and then decidability follows easily. recipe Chapter 4 will follow.

Summarizing the method conveyed by this example, when dealing with logics
introduced by a semantic definition (cf. (1)), not having the EMP (cf. (1.5)) might
not be very telling. The reason being that the resulting logic can very well be
complete w.r.t. to another, bigger class of structures (cf. (2)) for which it does
have the FMP (cf. (3)).

In our case, we will follow this recipe for the cases of MILp,, and MILp,s. Having
already gone through steps (1) and (1.5), we proceed with step (2) in the coming
chapter where we axiomatize the logics and show that MILp,, = MILp,s. Using
this axiomatization, in Chapter 3, we find another, bigger class of structures
(where the ternary relation of (sup) won’t necessarily be the supremum relation
of a preorder, but something more general) which is sound and complete w.r.t.
the logic MILp,, and, importantly, do enjoy the FMP.

12



2. Axiomatizing MILp,.

While van Benthem (Forthcoming) obtains an axiomatization of a variant of
MILp,, extended with nominals and the global modality, the very same paper
also inquires finding an axiomatization without hybrid extensions. In this chapter,
we answer this inquiry, providing a purely modal axiomatization. In section
2.1, we give a proof-theoretic description of MILp,,, prove it to be sound, and lay
some groundwork for the completeness proof of section 2.2, which also allows
us to conclude that MILp,, = MILpys.

2.1. Soundness and preparatory lemmas

We begin by syntactically defining a normal modal logic (NML), suggestively
called MILp;e. Through a soundness and completeness proof, we then show
MILp;. exactly is an axiomatization of our semantically defined logic MILp;,.

Definition 2.1 (Axiomatization). We define MILp,. to be the least normal modal
logic in the language of L containing the following axioms:

(Re.) p/Aq— (sup)pq
(4) PPp — Pp (= (sup)({(sup)pT)T — (sup)pT, cf. Remark 1.7)

(Co.) (sup)pq — (sup)qp

(Dk.) (p A\ (sup)qr) — (sup)pq B

Having proof-theoretically defined the logic MILp,., we can promptly show it
to be sound w.r.t. MILp,,.

Theorem 2.2 (Soundness). MILp,e C MILp,.

Proof. Standard, tedious task checking that MILp,, is a normal modal logic and
that (Re.), (4), (Co.), and (Dk.) all are valid on preorder frames. O

As oftentimes is the case, while proving soundness is straightforward, proving
completeness is much more intricate. Our proof will be a construction using
maximal consistent sets (MCSs) for which some preparatory observations and
lemmas are needed.

First hurdle is that the (sup)-modality is in a general sense a ‘logical modality”:
although accompanied by a ternary relation (namely the supremum relation) its
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interpretation is fixed given a binary relation (namely a preorder). For starters,
this means that the standard construction of the canonical frame for MILp,.
won’t come equipped with a binary relation for interpreting the binary modality
(sup)—as is the case for the preorder frames of MILp,—but with a ternary one.
Fortunately, defining an underlying preorder from this ternary relation spells no
trouble. This is summarized in the definition below.

Definition 2.3. We denote the set of all maximal consistent MILpe-sets by Wpye,
and the ternary relation of the canonical MILpy.-frame by Cpre.? That is Cpre'A®
holds just in case

Vo e A0 €O ((sup)sb eT).

From Cpye, we define the following binary relation on the canonical frame:
<pre .= {(A,T) € Wpre X Whye : 30 (Cpre 'AB)}. -

We want to show that <p actually is a preorder. To do so, we begin by making
two observations.

Observation 2.4. Since MILp,. is an NML, we have all the usual lemmas regard-
ing its canonical model. =

Observation 2.5. The formula
(T) p—Pp

is derivable in MILpe.
In fact, {(T), (4), (Co.), (Dk.)} is an alternative axiomatization of MILp. -

Proof. Some straightforward syntactical manipulations prove the claim; the key
steps being

(Re.) = (T): uniformly substitute q for T in (Re.); and
(T) = (Re.): use (T) to getp A q = p /A Pq and then use (Dk.). O

Using these observations, in the ensuing lemma, we prove that not only is <pre
a preorder, but more ‘supremum-like’ properties hold of the canonical relation
CPreo

Lemma 2.6. The following hold:

(a) Cpre'AO® iff CrreOA

5Consult Blackburn et al. (2001, ch. 4) for basic definitions, results, and techniques regarding
canonical models for modal logics; we have sought to align our notation and terminology with
this.
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(1) (ii)
(b)) A <pre T iff Cpre[ TA iff Voe A:PdeT.
(c) <pre is a preorder.
(d) Cprel'AO onlyif A <prel, 0O <pre I

Proof.  Since (Re.), (4), (Co.), (Dk.) all are Sahlqvist, one can prove all but (b)(ii)
via the Sahlqvist-van Benthem algorithm (cf. next chapter’s Lemma 3.1). As

often is the case, though, a direct argument is faster; we provide such here.

(a) Let {0, 08} C Lm be arbitrary. Then — by (Co.), US of MILp,., and closure
under MP of MCSs — we have

(sup)0d €T < (sup)d0 €T,

which suffices to prove the claim.

(b) Right-to-left of (i) is immediate (using (a)). For left-to-right, suppose
Cpre'AO for some ©@ € Wpe andy € I',0 € A. Since T € 0O, we have
that (sup)dT €T, hence (y A (sup)dT) € I' and so we get by (Dk.) (and US
and MP of MCSs) that (sup)yd € I'—as suffices. Regarding (ii), left-to-right
follows by (a), while right-to-left is proven using (Dk.).

(c) Reflexivity. Let T € Wpee and v € T be arbitrary. By (b), it suffices to show
that Py € T, but this follows by MILp;e - p — Pp.

Transitivity. Suppose I <pre [2 <pre I3 and y1 € T7. Then by applying (b)
twice, we get that PPy; € I3, hence since MILpy - PPp — Pp, we're done.

(d) Consequence of (a). O

2.2. Completeness: constructing our model

Given the previous section’s results — indicating that the canonical frame is well
behaved — one might start wondering whether the canonical relation Cpy is, in
fact, the supremum relation on <pre. If so, we would have completeness in our
pocket. Unfortunately, this is far from being the case: not only is the canonical
relation Cpyre not the supremum relation on <py, it is utterly wild.

This forces us to make a rather complicated construction where we do not work
with the canonical model per se. Instead, we construct our frame by recursively
repairing so-called ‘defects” and ‘labeling’ points of a subset of our frame with
MCSs for which we prove a truth lemma. This somewhat generalized approach
is useful since it (a) allows for reuse of the same MCS —i.e., different points of
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the frame might get labeled with the same MCS — and (b) utilizes that, in the
extreme, we only need a truth lemma for one MCS, namely the one extending a
given consistent set; thus, we may and will include (non-labeled) points in our
construction only to ensure that other (labeled) points satisfy formulas dictated
by their MCS-label. That is, we do not care what formulas these points satisfy
themselves—their role is entirely auxiliary.®

To be more concrete, when recursively constructing this frame, we make sure
that at each stage, its corresponding ‘approximating frame’ is determined by a
triple (1, <, D) satisfying the definition (of IP) below. Specifically, in the recursive
step from, say, n to n + 1, we will make sure that if (1,,, <;, D) € P then also
(lns1, $<n+1,Dnt1) € P.7 This is needed for the colimit construction — i.e., the
structure obtained after all finite stages in the recursive construction — to be of
the right form.

Definition 2.7. Let W be countable set, and P the set of all triples (1, <, D) such
that

1. lis a partial function from W to the set of all MCSs, Wpye.

2. |[dom(1)| < No.

3. DCW,D| < X,.

4. DNndom(l) = @.

5. deDAd<a=a=d.

6. <is a partial order on dom(1l) U D, and the diagonal on W \ (dom(1) U D).

7. If y < x then 1(y) <pre L(x) (Whenever x,y € dom(1)). 4

As mentioned, the recursion is carried out by repeatedly repairing ‘defects’.
Since our goal will be to prove a truth lemma for labeled points, any defect is, in

essence, either

(1) that a point x’s MCS-label T dictates that x satisfy some formula (sup) e;
or

(2) that a point x’s MCS-label I" dictates that x satisfy some formula —(sup) @.

6Tt is worth noting that it is not that we cannot make a construction in which all points are labeled
(as, essentially, is done in our later Lemma 4.20 and Proposition 4.23), but doing so would obscure
the central idea making the construction work.

7Our framework is loosely that of Burgess (1982) with terminology borrowed from Blackburn et al.
(2001, sec. 4.6). More generally, this is a ‘step-by-step” construction for which an(other) excellent
introduction is the exposition of the ‘construction method C’ in Jongh and Veltman (1999).
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Although this captures the gist of what defects are, as it turns out, for the proof to
work, the precise definitions must be more detailed than this. We proceed giving
these.

Definition 2.8 ((sup)-defect). Let (1, <, D) € P. Then a pair ((sup)xx’, x) denotes
a (sup)-defect (of (1, <, D)) :iff

(i) x € dom(1), (ii) (sup)xx’ € U(x),

and (iii) there are no y,z € dom(1) s.t. That is, a (sup)-defect is the failure
of a rather strict requirement on a
X €Uy, CrellxUyl(z), Ty=TxUIU(ynfwltwnpe=g)), (om0 s e

x' €llz), x= suply, z}, Tz=txU{z}U (Tzn{w [twN Tx = &}), The ‘upset requirements’ on y, z,
state that — besides from themselves
— if they see a point that x does not,

where tw = {v | w < v} B
then that point is ‘incompatible’

Definition 2.9 (—(sup)-defect). Let (1, <, D) € P. Then a quadruple with x.
(—(sup)p’, x,y,z) is denoted a —(sup)-defect (of (1, <, D)) :iff

x € dom(l), x = supfy, z}, —(sup)pp’ € 1(x), Note that - by 5. — if x € dom(1)
, and x = sup{y, z}, then
P € ly), P’ e l(z). B y,z € dom(1).

With these defects defined, next up is repairing them. Before providing the
actual repair lemmas demonstrating how to coherently repair each of the defects
(making sure that if (1, <n, Dn) € P, then also (ln11, <n+1, Dny1) € P), we give
an example to convey intuition for the repairs and the general construction.

Example 2.10. Suppose (1,<,D) € P and ({sup)xox(,x) constitutes a (sup)-
defect; that is, (i) x € dom(1), (ii) (sup)Xoxg € l(x), and there are no y, z fulfilling
(iii). Put crudely, the problem is that x’s label 1(x) requires x to satisfy (sup)XoX,
but x is not the supremum of any y,z s.t. Xo € Ll(y),X{ € U(z). To solve this, we
simply add two fresh points y, z immediately below x. Then using the existence
lemma of the canonical model for the case (sup)xox; € l(x), we get two MCSs
Ty, Tz s.t. Cprel(x)IyT:. Setting l(y) := Ty and 1(z) := T, the defect has been Regarding the existence lemma,
repaired. The idea is illustrated in the top left corner of the figure below. recall Obseroation 2.4

Further, if, say, ({(sup)xix{,x) also constitutes a (sup)-defect, we simply repeat
the process as illustrated in the top right corner of the figure below.

While these two repairs did solve the problems they intended to, they might
have created new ones. If, say, ~(sup)yp’ € l(x), ¥ € l(z) and P’ € 1(z'), in
solving these problems they have made (—(sup)’, x, z,z’) constitute a —(sup)-
defect. This is where we need the ‘dummies’: to repair this defect, we add a
quasi-blind point d as an incomparable upper bound of {z, z’} so that x no more
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is the supremum of {z,z'} (cf. the bottom part of the figure). Since d is quasi-
blind—and stays quasi-blind (viz. condition 5.)—whatever formula it satisfies
is of absolutely no influence to the rest of the points: they cannot ‘access’ d. So,
at bottom, adding dummies is a technique for altering the supremum relation
without having to give second thought to what formulas the added points (the
dummies) are to satisfy: they are entirely auxiliary (and, hence, do not get
labeled, cf. condition 4.). And, most importantly, the alteration of a supremum
relation caused by adding a dummy is sufficiently local to not mess up previously
repaired defects; in this simplest of cases, we still have x = sup{y, z} = sup{y’, z'}

after having added the dummy d.

X X
{{sup)xoxg, (sup)xixi} € Ux) o
(sup)-repair B (sup)-repair
oy o"v.Z oy ¢ Z z! :'o y/o
Xo € y) xg € Uz) Xo € y) xg € Uz) x1 € Uz')x1 € Uy')

g o

X
{=(sup)bb’} € 1(x) 8

—(sup)-repair
A

-

We continue by making this basic intuition rigorous — starting with providing

the repair lemmas.

Lemma 2.11 ({(sup)-repair lemma). Suppose ({(sup)xx’, x) is a (sup)-defect of some
(1,<,D) € P. Then we can extend to (1/,<',D’) € P by taking distinct y,z €

AN
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W\ (dom(l) UD) s.t.

UVi=1U{(y,1),(z4)}, <'=<Uflyu),(zuk<u}, D":=D,
X G FIX/ 6 A/ CPrel(X)rA/

and y, z witness that ((sup)xx’, x) does not constitute a (sup)-defect of (1',<’,D’).
Proof. Define as in the lemma by taking fresh y # z and mapping them to ', A
obtained via the existence lemma for ({(sup)xx’, L(x)). Then the last claim is easily
checked to be satisfied, and (1/, </, D’) also clearly satisfies 1.-6.; thus, it remains
to show 7. Since (1, <,D) € P - and having the definition of <’ in mind - it
suffices to consider the subset

{(yuw), (zu)x<up € <’

and the casesy <’ y,z <’ z. For these, we find:

(y <'y) Uy) <pre L{y) follows by <pre being a preorder, hence reflexive, cf. Lemma
2.6 (c). Observe how the axioms are being
used via Lemma 2.6; each ‘item’
(y <’ x) Hy) <pre L(x) follows by Lemma 2.6 (d). employs an axiom: first (Re.), then
(Dk.), then (4), then (Co.). This

(y <’ u) Foru > x, ly) <pre L(ut) follows by transitivity of <pre. elucidates their role, and why they

are — even if rather weak — adequate:
z<'z,x,u) Same as for y. O
(z2<"2 ) Y they need only ‘encode’ this lemma

Lemma 2.12 (—(sup)-repair lemma). Suppose (—(sup)p\’,x,y,z) is a —(sup)- 2.6, which enables extending to
defect of some (1,<,D) € P. Then we can extend to (1',<’,D’) € P by taking d € (U, <", D), and then the

. ‘dummies’ do the rest.
W\ (dom(l) U D), letting

V=1 < =<u{(wd),vdu<yv<z), D’:=Du{d},

and getting x # sup_,{y, z}. This is where we add a dummy d,
h whose sole purpose is to ensure that

Proof. Extend to (1’,<’, D) as described. It follows that (1, <’,D’) € P. Toshow . up_,(y, 2).

x # sup </ (y,z),
since d >’ yand d >’ z, it suffices to show
d 2’ x.

To see this, observe that if x = y, since z < x, we would have by 7. that
1(z) <pre L(x) hence (cf. Lemma 2.6 (b))

Crrel(¥)1(y)Uz),
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but then (—(sup)Yy’, x,y, z) couldn’t have been a —(sup)-defect. Same for x = z.

Thus,
y<x and z<x,

whence d #’ x by definition of <’ and < being a partial order by assumption (cf.
condition 6.). O

With all of these preliminaries out of the way, we are finally in a position to
construct the needed frame and prove completeness.

Theorem 2.13 (Completeness). MILpye is strongly complete w.r.t. MILpy. So, in
particular, MILpre 2O MILpy,.

Proof. Suppose I} is consistent. It suffices to show that [} is satisfiable. As
previously mentioned, to show so, we will construct a model satisfying a truth
lemma for labeled points by taking the colimit of a sequence of models getting
ever closer to satisfying this truth lemma. We begin by extending I to a maximal
consistent set I' O Ty, and letting <o be the diagonal on W, Dy := @ and 1j :=
{(x0,T)} for some xg € W. Then 1.-7. are satisfied, where 7. follows by reflexivity
of <pre. We continue by constructing a sequence

(1’0/ <0/ DO), (1'1/ gl/ DO), crcy (ln/ gn/ DT\)/ e

s.t. foralli € w
L Clit1, <4 C<iv1, DiCDiyy,

using the repair lemmas repeatedly. We do so by enumerating the set of all pairs
((sup)xx’,x) and all quadruples (—(sup)p’,x,y,z). Then at each stagen + 1
we pick the least tuple constituting a defect to (1., <n, Dn), which we repair
obtaining (ln41, <n+1, Dny1)- Letting

(lwrgerw) = (U ln, U <ns U Dn) ’

new ncw new

we get that (1) (1w, <w, Do) satisfies 4.-7.; (2) 1y, is a (partial) function from W
to the set of all MCSs; and (3) (1w, <w, D) neither has any (sup)- nor —(sup)-
defects. Only (3) isn’t straightforward. To show this, we prove two claims, and
in order to do so, we need the following observation.

Observation. Let n € w and {x, v} C dom(l,,) be arbitrary s.t.

Ty =Tax U U (tavn{w [ Thw N Thx = 3}).
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Then for all m > n:

va = me U {V} U (va N {W ‘ me n me = @}),

hence also
TwV=Tox UMU (Tuvn{w ]| TowNtex = Y.

This is easily seen by induction, using that each (lm1, <m+1, Dm+1) is ob-
tained from (ly, <m, Dm) using either of the repair lemmas.

Claim (a). Suppose ({sup)xx’, x) does not constitute a defect for some (1, <n, Dn)
at which (i) x € dom(l,) and (ii) (sup)xx’ € ln(x). Then this must be witnessed by
some Y, z (cf. Definition 2.8). We show that for all m > n:

((sup)xx’, x) does not constitute a defect for (L, <m, Dm), witnessed by y, z.

A fortiori, neither does it for (1o, <w, Dw).
By the observation and noting that l; C li1; for all i € w, it suffices to show

that forall m > n:

X = supmly, z}.

We prove this by induction on m > n. By assumption, this holds for m = n.
Accordingly, suppose it holds for an arbitrary m > n. We show it holds for m + 1.
We have two cases, depending on the type of defect being repaired at stage m + 1.

First, suppose the defect repaired was a (sup)-defect for some world s. Since
the corresponding introduced dom(l,+1)-worlds ys, zs have no proper < 1-
predecessors, the claim follows. Reason being that, cf. the IH and the definition

Smt1:=<m U {(ysru)r (ZS,‘U,)|S <m u}r

ys and z, are the only possible counterexamples to the claim.
Second, suppose (lm+1, <m+1, Dm+1) was obtained via —(sup)-repairing some
$,Ys, zs by introducing the dummy ds. Notice that, by IH and the definition

Sm+1 = <m U {(LL, ds)/ (V/ ds)|LL <m Ys,V <m Zs}r

the only possible counterexample to the claim is ds. Accordingly, suppose

ds >m+1 Y, z. Going by cases, we prove that this implies ds >m41
* Ifys >m y,z then, by IH, ys >m x50 ds Zm41 x.

e Ifz, > Y,z then as above.

21



* Ifys >m y and zs 2>, z, then, by the observation, either (a) ys =y or (b)
Ys Zm X or (¢) Tmys N Tmx = . If (b), then ds >m41 x. And if (), then
note that as s is a <;-upper bound of {ys, z}, it must also be a <, -upper
bound of {y, z}, hence, by IH, x <; s — contradicting tmys N Tmx = 2.
Thus, we may assume (a) ys = y; and, analogously, z; = z. But then
s =sup ¢, {Ys, zs} = sup <, 1y, z} = x, hence (s, ys, zs) = (x,y, z) couldn’t
have constituted a —(sup)-defect because Cprelm (X)lm (Y)lm (2).

e Ifz, > yand ys > z then as above.

This exhausts all cases, showing ds >m 41 x, which completes the induction. [,

Claim (b). Supposen € w and a,b € (dom(l,)UDy) ares.t. a #yn b. Then for all
m = n, we have that a #., b. A fortiori, a #, b.
Follows by induction on m, noting that if (Lin+1, <m+1, Dm+1) was obtained

by (sup)-repairing some x by introducing some y, z, we would have
<m+1 = gm U {(U,U)/ (Z,U.) | X < U.},

that is, there is no change in successors of b.

Likewise, if (Lin+1, <m+1, Dm+1) was obtained by —(sup)-repairing some x, y, z
by introducing a dummy d, there is no change in predecessors of a. This exhaust
the cases, hence proves the claim. Ow)

Using (a) and (b), it is straightforward to see (c): If some tuple did constitute a
defect at some stage 1, but no longer at some later stage m > n, then it didn’t for
allk > m.

With these claims at hand, we can show (3) that (1, <, D) neither has
(sup)- nor —(sup)-defects. For (sup), let

({sup)xx’, x)

be an arbitrary pair in our enumeration s.t. x € dom(l,,) and (sup)xx’ € o (x).

Then x € dom(l,,) for some n € w, hence
x € dom(Ly), (sup)xx’ € lin(x)

for all m > n. If, on one hand, ({(sup)xx’,x); didn’t constitute a defect to
(ln, <n, Dy) — using claim (a) (and the observation) — we get that it wouldn't for
(1w, <w, D) either. On the other, in case it did, it would no more no later than
at stagen +1i+ 1 (cf. (¢)), and henceforth — by claim (c) — remain repaired. Thus,
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(lw, <w, D) has no (sup)-defects.
For —(sup), suppose towards contradiction that

(~{sup)Pd’, x, y, )
denotes a —(sup)-defect. Then x >, y and x >, z, so there is some n € w s.t.
X 2n Y,z
If

X # sup <, {y, z}
for some m > n, there must be some a € (dom(l,,)UD,) s.t.
Y,z2<m a Fm X,
but then - cf. claim (b) -
Y, z<w @ Fu X,
which, in particular, shows x # sup  {y, z}—contradicting (—(sup)yp’,x,y,z);

being a —(sup)-defect. Thus, we must have

X = Sup <nl{y/2}

for all m > n, implying — and simultaneously contradicting — that the defect
will be repaired no later than at stage n + i+ 1 (cf. (¢)). That is, there can be no
—(sup)-defects either.

Finally, setting
V(p) == {x € dom(ly) : p € Lo (x)},

we show that for all x € dom(l,,) and all ¢ € Lp:
(W, <, V),xlFeo iff @ € ly(x). This is our truth lemma.

The proof goes by induction on the complexity of formulas. Base case is by

definition and Boolean cases are straightforward. For the (sup)-case, we get

Def
x|k (sup)@1@2 iff Jy,z[x = supu{y,z},y Ik @1,z IF @2l

(IH)
iff 3y, z[x =supuiy, z}, 1 € lu(Y), 92 € lw(2)]

(i)
iff  (sup)@i192 € Ly (x),
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where we in the left-to-right direction of (IH) use — apart from the induction
hypothesis itself — that (1., <, D) satisfies 5.-6.; i.e., in particular, neither of
the witnessing y, z are dummies nor in W\ (dom(l,,) U D), and so they must
be in dom(ly, ). Further, left-to-right of (i) holds by there being no —(sup)-defects,
while right-to-left follows from there being no (sup)-defects.

This completes the induction, from which it follows that

(W/ <(,U/ V)/XO I- rO/

showing that I is satisfiable in a preorder model and, thus, at long last, finalizing
our proof of completeness. O

Corollary 2.14. MILp;, = MILpys.

Proof. As noted in Remark 1.6, MILp,, C MILp,s, while the other inclusion follows

from the frame constructed in the completeness proof being a partial order. [J
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3. Decidability of MILp,e

This chapter consists of two parts. In section 3.1, we show that MILpy, is complete
w.r.t. another class of structures C. Then, in section 3.2, we show that MILp.
has the FMP w.r.t. C-frames and conclude that MILp,, (and MILp,,) are, after all,
decidable—solving a problem posed in van Benthem (2017, 2019, Forthcoming).
Lastly, as an addendum, in Appendix A.2, we show that MILp,. also enjoys the
TMP w.r.t. C-frames.

3.1. Reinterpreting (sup) on generalized structures C

Following the method of section 1.3, and with an axiomatization of MILp,, at
hand, we continue our road to decidability by proving completeness relative to a
different class of structures. These structures will be named C-frames, alluding to
our denoting this class of structures as C.

Before we get that far, though, the first key observation to make is that there is
nothing in the syntactic definition of MILp,. implying that the binary modality-
symbol (sup) need be interpreted in terms of the supremum relation on a pre-
order. lLe., there is nothing a priori hindering us from reinterpreting MILp
through reinterpreting the symbol (sup).

Further, MILp,, being an NML means that there might be a canonical reinter-
pretation, namely the one reached through frame correspondence of MILp,. on
the class of all pairs (W, C) where W is a set and C is an arbitrary ternary relation
on W. And, indeed, that is how we proceed.

Lemma 3.1. Let (W, C) be a frame for the modal language with a single binary modality.
Then we have the following frame correspondences:

(1) (W,C)IF (Re.) iff (W,C)EVw (Cwww)

(i) (W,C) I+ (4) iff (W,C)Evyw,v,x (Cwwx A Cvuy — 3z [Cwuz])
(iit) (W, C) IF (Co.) iff (W,C)EVw,v,u(Cwvu — Cwuv)

(iv) (W,C)IF(Dk.) iff (W,C)EVYw,v,u(Cwvu — Cwwv)

Proof. Standard frame correspondence proofs work, using arguments similar
to the ones in the proof of Lemma 2.6(a), (b)(i), (c) and (d). Alternatively, the
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Sahlqvist-van Benthem algorithm also applies because the formulas are Sahlqvist.
O

Definition 3.2. We denote the first-order correspondents of (Re.), (4), (Co.) and
(Dk.) as (Re.f), (4f’), (Co.f) and (Dk.f), respectively. -

While (Re.f), (Co.f), and (Dk.f) all match neatly with (Re.), (Co.), and (Dk.),
respectively, (4f") is a bit ugly FO-correspondent of (4). However, as the following
proposition shows, in the presence of the other axioms, the correspondence
crystallizes.

Proposition 3.3. Let (W, C) be a frame for the modal language with a single binary
modality. Then TFAE:

e (W,C) I MILp,e
e (W,C)E (Re.f) A\ (Co.f) A (Dk.f) AVw,v,u (Cwwv A Cvvu — Cwwu)

In other words, (4f’) and (4f) are equivalent modulo (Re.f), (Co.f) and (Dk.f), where
(4f) := Vw, v, u (Cwwv A Cvvu — Cwwu) .

Proof. Straightforward consequence of Lemma 3.1. O

It now follows that we have obtained a different class of structures, namely C,

which is complete w.r.t. MILp, — as summarized in the ensuing corollary.
Corollary 3.4. MILpy is sound and (strongly) complete w.r.t.
C:={(W,C) E (Re.f) A\ (Co.f) A\ (Dk.f) N (4f)}.
In particular,
MILp,. = Log(C),
where Log(C) :={p € Lm | (W, C) IF @, (W, C) € C} denotes the NML of C.

Proof. The preceding proposition implies soundness, and then our earlier com-
pleteness theorem (2.13) gives us (strong) completeness. O

This corollary proven, we have arrived at the final step described in section 1.3:
showing the FMP of MILp,. when reinterpreted on C. Before proving this in the
next section, we find it instructive to revisit the formula P from Proposition 1.8
and show that, although not satisfiable on a finite preorder frame, it is satisfiable
on a finite C-frame. We do this right after observing the following;:
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Observation 3.5. Itis not hard to prove that for any (W, C) € €, x € W, valuation
Von (W, C) and formula ¢, we have that

(W,C,V),xIF P iff Jy e W(Cxxy Ay - @),
and hence also

(W,C,V),xIFHe iff Yy e W (Cxxy =y - o). 5
Remark 3.6. Although

Un = HP(sup)pp /A HP—(sup)pp

only is satisfiable on infinite preorder models under the standard interpretation
of (sup) (cf. Proposition 1.8), it is satisfiable on a finite C-frame. —|

Proof. Set

W :={w,v}, C:={w,w,w),v,v,v),(wwv),(wv,w),v,v,w),vwv)l

V(p) :={w}. (W, C) can be intuited as a
two-point cluster in which
We claim that (W, C) € € and (W, C, V), w IF Y. x & sup(y,y) whenx # y.

The former can be seen by a quick (yet tedious) check that (W, C) models the
given first-order conditions [otherwise, our later Remark A.3.1 also implies this].
The latter can be seen by first noting that

(@ w I (sup)pp while (b) v I (sup)pp,

since, respectively, (a) Cwww and w I p, and (b) ~Cvww and v ¥ p.
Moreover, using that (W, C) € C, we get

wlF HP(sup)pp  iff Vx € W (Cwwx — x I P(sup)pp)
iff ¥x € W(Cwwx — 3y [Cxxy Ay IF (sup)pp]),

hence also

wlF HP=(sup)pp iff Vx e W (Cwwx — Jy[Cxxy Ay (sup)ppl).

With this spelt out, we find that w |- { as we have Cwww, Cwwyv, Cvvv, Cvvw;

i.e., the existential consequents are always fulfilled. O
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3.2. The finite model property

As promised, we go on proving that MILp enjoys the FMP w.r.t. C and then use
this to deduce decidability of MILp,.. The proof of the FMP is done by employing
a filtration-style argument. To this end, we define a notion extending the standard

notion of a set of formulas being subformula closed.
Definition 3.7. We say that a set ~ of L -formulas is C-closed :iff
(Sub) it is subformula closed;
(Com) (sup)ey € X implies (sup)pep € Z; and
(5-P) (sup)e € X implies Pp € L.

Moreover, for any set of formulas ¥y, we say that X is the C-closure of X :iff it is

the least C-closed set of formulas extending X. . Note that the C-closure of a set of
formulas always exists.

An immediate consequence of the definition is the following lemma:

Lemma 3.8. Suppose L is a finite set of Ly-formulas. Then its C-closure £ D L, is

finite as well.

Less immediate is how to use this notion for a filtration-style argument of
the FMP. This is the content of the following theorem, whose proof contains the

actual definition of a filtration through a C-closed set of formulas.

Theorem 3.9. MILpye admits filtration w.r.t. the class €. Thus,
MILp,e = Log(eF)/

where Log(Cr) denotes the NML of the class of finite C-frames.

Proof. Cf. Lemma 3.8 and the obvious inclusion Log(€) C Log(CF), it suffices to
show that for any C-model (W, C, V) and C-closed set of formulas X, the following
hold:

1. (Wg,C g) € @G, where our filtered universe is

Ws = {x|lg : x € W} |x|x denotes the equivalence class
on the set of worlds W defined as

. . satisfying the same X-formulas as
with relation
X.

CSixllyllzl  :iff  Y(sup)ow € Z([(y IF @,z IF ) = x IF (sup) @] and
[(yIF P, zIFPY) = xIFPo APY] )
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2. Forallp € £, x e W:
(W, CE,Ve), Xl IF@  iff (W, C,V),xIF o,

where Vs (p) :={|x] € Wx : x € V(p)}forallp € L.
We begin by proving 1.; i.e., showing (W5, C$) € €. This we do as follows:
* (Ws,C$) F (Re.f) can be seen using (W, C) I- (Re.).8
e (Ws,C$) E (Co.f) can be seen using (W, C) I (Co.) and the (Com)-closure.

* Showing (W5, C§) F (Dk.f) is a bit more tricky. Accordingly, suppose
C¢lxllyllzl and let {(sup) @ € L be arbitrary. It then suffices to show

(xIF@,ylFb)=xIF (sup)ep and (xIFPe,yl-PP)=xIFPe APy.

For the former, since (sup)pT = Py € X by (Com)- and (S-P)-closure, we
have that if y I- 1y, then x I (sup)p T because CE[x|[yllzl. So if also x IF ¢,
then using (W, C) IF (Dk.), we get x IF (sup) @.

Further, for the latter, if y I Py, using z I PT because (W, C) I (T) [and,
again, (sup)pT =Py € L and Cglx\lyllzl], we get x I P.

* Lastly, to prove (Ws, C$) F (4f), suppose CElxIxllyl, CElyllyllzl and (sup) e €
Y. We show that

(xIF@,zIFY) = xIF (sup)ep and (xIFPe,zIFPYP) = xIFPo APy.

For the former, if z I+ 1V, then Cg\yllyllz\ and (sup)Ty € Z imply y IF
(sup) T, hencey IF Py by (W, C) IF (Co.). But then this along with x I- PT

8 Alternatively, below we show that this filtration indeed satisfies the homomorphic filtration
condition: Cxyz = Cg [x|lyllz|. From this and surjectivity of x — |x|x, (Re.f) follows.

On this node, it is worth (foot)noting that the culprit in hindering this inheritance argument for
the three other FO-conditions are the implications in their respective definitions; e.g., for (Dk.f)
we have Cwvu — Cwwv = =Cwvu V Cwwv, so when this implication holds by virtue of
the first disjunct, namely ‘—Cwvu’, we cannot likewise conclude — Cg [wllv||ul.

This also explains that the filtration relation and the set of formulas we are filtering through
have been defined to accommodate these three axioms. As for the transitivity axiom, we have
drawn inspiration from the Lemmon filtration.

Lastly, we briefly indicate why FO-conditions with an existential in the consequent of an
implication are much worse [e.g., (one-way) associativity: Yw,v,x,y, z([Cwvz A Cvxy] —
Ju[Cwxu A Cuyz])]. When we didn’t have an existential in the consequent, the general
idea was — to use the previous example — to ensure that in cases where Cg [w||v]||u| while also
—Cwvu, we always had C g [wllwllv|. Crucially, we had some concrete worlds to try to get
a handle on: the worlds of the consequent appeared in the antecedent. As soon as we have an
existential instead, this ‘handle” goes down the drain.

While a bit of an aside, we find it an interesting general aspect worth pointing out, and it also
connects with our later Remark A.3.2 and section 6.5 in general.
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and Cglxlleyl imply that x IF Py. So if also x IF ¢, then (W, C) I+ (Dk.)
implies x I (sup) @1p.
Further, if z IF Py, using z I PT, then y I P, and in turn x I+ P.

This completes our proof of 1. For proving 2., it suffices to show that (Wx, C$, Vs )
is a filtration of (W, C, V) through Z. That is, we need to check two conditions,

namely
(F1) Cxyz = C$K|lyllzl; and
(F2) C$Klyllzl = V(sup)op € Z[(y IF @,z IF ) = x Ik (sup) o).

(F2) follows by definition of our filtration relation. For (F1), suppose Cxyz and
(sup) @ € X. Then the only non-trivial part is to show that

(yIFPo,zIFPY) = xIFPp AP.

Since (W, C) E (Dk.f) A (Co.f), we also have Cxxy and Cxxz. Thus, if y I- P
and z I Py, we get that
x |- PP A PP,

hence from (W, C) I (4), we get
x IF Pe A PY

as desired. O
Finally, we end this chapter by deducing decidability.”
Corollary 3.10. MILp,, is decidable (and so is MILp,s).

Proof. Cf. Theorem 2.13 and Corollary 3.4, we know that
MILpre = MILpre = Log(GF)

So since MILp; is a finitely axiomatized NML admitting filtration w.r.t. €, we
get decidability. O

9For the interested reader, in Appendix A.2 we show that the general heuristic regarding decidability
and the FMP outlined in section 1.3 also applies to the TMP.
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4. MIL with Informational Implication

With MILp,, = MILp,s axiomatized and proven decidable, this chapter investi-
gates their enrichments, MIL\.p,, and MIL\_p,s, with the ‘informational implica-
tion” “\’. The main goals are to provide an axiomatization and a decidability
proof.

In section 4.1, we formally set out the logics of concern and briefly comment on
the increased expressibility. In section 4.2, we, first, put forward an axiomatiza-
tion and point out on an interesting junction with the Lambek Calculus. Before,
second, pausing our investigation of MIL\ p,, and MIL\ _p,;s per se, to show that
the proposed axiomatization is sound and complete w.r.t. the class €. Using this
result, in section 4.3, we obtain soundness and completeness w.r.t. our poset
frames through combining two representation results: the first achieved via an
adaptation of ‘bulldozing’, and the second via supplementing the framework
of section 2.2 with an additional defect. We deduce that MIL\_p,, = MIL\ _pys.
Lastly, in section 4.4, we modify the filtration technique of section 3.2 to attain
decidability of MIL\_py,.

4.1. Augmenting with ‘\’

As noted, we seek to study the enrichment of the basic modal information
logic(s), MILp, and MILp,, given by adding an “informational implication” as a
binary modality. In this section we cover some preliminaries, specifically, some
definitions followed by a few comments on expressivity. We start with supplying

the following pertinent definitions:
Definition 4.1 (Language). The language £\ .y is given by extending the basic
language of modal information logic £y with a binary modality symbol “\".

As a convention we use infix notation for “\’ instead of prefix/Polish notation;

that is, we write ‘@\{’, rather than "\ @1’ (as we, e.g., would do with ‘(sup)” and
‘Isup]’). 4

Definition 4.2 (Semantics). Given a preorder model M = (W, <, V), a world

v € W and a formula @\ € £\.pm with main connective “\’, we let

M, v IF @\ iff forallu,w e W, if M, u I- @ and w € sup{u, v},
then M, w |- ).
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Definition 4.3 (Logic). We denote the modal information logic on preorders in
the enriched language of £\_y1 as MIL\_p,,, which — to be explicit — is defined as

MIL\ pre :={@ € Li.m : (W, <) IF @ forall preorder frames (W, <)}.

MIL\ _pys is defined analogously. o

Remark 4.4. As a minor interlude, as mentioned in the introduction, the choice
of symbol “\" concurs with standard notation in the Lambek Calculus. With
the semantics given, the reason becomes evident: the interpretation is the same
(given a supremum relation). It is also worth pointing out that the commutativity
of suprema implies that the other Lambek residual — typically denoted by */” -
collapses into “\” in the sense that ¢/ = P\ ¢. Lastly, the modality ‘(sup)’ is
interpreted (again, given a supremum relation) exactly as the binary product ‘-’
is in the Lambek Calculus. In the next section, we expound this connection even

further. 4

Now, recall that the primary results we are after are (1) axiomatizing MIL\_p,
and MIL\.p,s and (2) showing them to be decidable. Once more, we will be
following the heuristic laid out in section 1.3; however, this time our completeness
theorem will not be proven via model constructions but via representation results.
For this to work, we, needlees to say, must (a) have another class of structures
for which we can prove the representation results, and (b) also already have the
logic of this other class axiomatized. Regarding (a), a natural candidate arises:
the C-frames of the previous chapter. Before being able to (b) axiomatize the
logic of this class (as we will in the next section), we must clarify how “\" is to be
interpreted on €-models. This is the content of the following definition:

Definition 4.5. Given a frame (W, C) € €, a valuation V on (W, C), a world
v € Wand a formula @\ € £\_\ with main connective “\’, we let

(W,C,V),viF o\ iff foralluwe W,if (W,C,V),ul ¢ and Cwvu,
then (W, C, V), w Ik . 5

To be precise, we explicate how this generalizes our definition on preorder

frames.

Definition 4.6. Let Spye (resp. Spos) be the class of pairs (W, S¢) where W is a set
and S¢ C W2 is a ternary relation for which there is some preorder (resp. partial
order) < on Ws.t. forall w,v,u € W:

Scwvu  iff  w e supg{u,vh
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Then the semantics of *\” on a preorder model (W, <, V) comes down to

(W,S¢, V),viF o\ iff forallu,w e W, if (W,S¢, V), ul- ¢ and S¢wvu,
then (W, S¢, V), w Ik,

where S¢ is the supremum relation induced by <. a

As the last definition of this section, we set forth the logic of C-frames in this
extended language:

Definition 4.7. We write Log, (C) for the logic of C-frames in the language £\.m;

ie., Log, (C) denotes the set of £\_p-validities on C-frames. 5

With these definitions out of the way, we finish up this section with the
promised comments on expressivity. First off, we show that with the addi-
tional vocabulary provided, we are not only able to express the past-looking
unary modality ‘P’, but also the future-looking ‘T

Remark 4.8. The future-looking unary modality ‘F’ (i.e., the standard “{’) is
definable as

Fo :=—=(T\~o).

This can be seen by recalling the definition
M, v I Feo idff Jwlv <w,wik @),
and observing that also

M, v IF—=(T\—) iff Ju, w(w € sup{u, v, ul- T, w ¥ —¢)
iff IJwv <w,wik o). a
Finally, for good measure, observe that “\” is not expressible in our simpler
language Lm. To see this, take, e.g., a two-chain {0, 1} where 0 < 1 and a one-

chain {0’}; and let 0 I —p, 1 IF p, and 0’ IF —p. Then 0 I+ Fp while 0’ ¥ Fp, but for
all @ € Lp: 01k @ iff 07 I .

4.2. Axiomatizing Log\((‘f)

Now for the promised axiomatization of Log, (€), which - via the representation
results of the next section — entails that it even is an axiomatization of MIL\_p,,
and MIL\ _pys.
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Definition 4.9 (Axiomatization). We define MIL\ p,, to be the least set of £\ _pm-
formulas that (i) is closed under the axioms and rules of MILp,; (ii) contains the

K-axioms for \; (iii) contains the axioms

(I1) (sup)p(p\q) — q, and
(12) p — q\({sup)pq);

and (iv) is closed under the rule

(N\) if }_\-Pre P, then '_\-Pre 11)\(.0 -

Before showing that MIL. p,. is sound and strongly complete w.r.t. C-frames,
some remarks are due.

Remark 4.10 (Lambek Calculus of suprema on preorders). In its basic version,
the Lambek Calculus only contains the three binary connectives ‘-, “\" and ‘/’, of
which the first matches our ‘(sup)” and the last two, modulo (Co.), both match our
‘\. It is defined proof-theoretically with the constitutive rules of the connectives
(when given in our language) being

(L1) if - (sup)e — ¥, then -1 — @\x; and its converse

(L1) if - — @\x, then F (sup)oh — x.

Unsurprisingly, both of these rules are derivable in our Hilbert system for
MIL,\ p,.. We refer the reader to Buszkowski (2021) for a proof; in this paper,
Buszkowski considers the extensions of both the associative and non-associative
Lambek Calculus—which he denotes L and NL, respectively—with the classical
propositional calculus, resulting in the logical systems L-CL and NL-CL, respec-
tively. It is his proof of derivability of (L1) and (L2) in his Hilbert system for
NL-CL that readily applies to our MIL, p,e. Reason being that MIL\ p. turns
out to be nothing but an extension of NL-CL with the axioms (Re.), (4), (Co.),
and (Dk.)—shedding another interesting light on modal information logics and,
especially, MIL\_p,, (and MIL\_p,;) when having in mind that we end up proving
that MIL\.pos = MIL\.pp = MIL\ _pse. In other words, MIL\ p, is the Lambek

Calculus (augmented with CL) of suprema on preorders (or on posets). =

Remark 4.11. Besides from Buszkowski (2021) being a recent gem in the literature
on the Lambek Calculus extended with CL (i.e., essentially, studying it as a
classical modal logic with three binary modalities), it has received some newborn
attention: in Buszkowski and Farulewski (2009) NL-CL is denoted BFNL, and
in Kaminski and Francez (2014) L-CL and NL-CL are denoted PL and PNL,

respectively. o
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We continue with the pledged completeness proof.

Theorem 4.12. MIL, p,, is sound and strongly complete w.r.t. the class €. Thus, in
particular, MIL\ _pre = Log\(e).

Proof. Soundness MIL _p;e € Log\((‘,’) is routine.

For strong completeness, we define the canonical frame as we did in Definition
2.3, but now defined w.r.t. the language £\ 1 instead; i.e., we let WA _p. denote
the set of MIL\ _p;e-MCSs, and set C\_pr['AO :iff

Vo e A0 €O ((sup)db eT).

Note that Lindenbaum’s Lemma and standard properties of MCSs hold, since
our logic contains all classical propositional tautologies and is closed under MP
and US. As in Lemma 2.6, we then get that (WA _pe, C\_pre) € C.

Thus, it suffices to show the standard truth lemma. The base and Boolean cases
are straightforward by standard properties of MCSs, and since ‘[sup]’ is a normal
modality and C\ _p is defined in terms of it(s dual), the corresponding inductive
step of the truth lemma goes through. Therefore, it only remains to cover the
inductive step for *\".! To this end, the following two claims will suffice:

® Claim: If o\ € A, @ € © and C\,p;e['AB, then{ € T.

Proof. Assume @\ € A, @ € © and C\ pr['AB. By definition of C\ pr., we
would have that (sup)(@\W)¢ € I'. P € T then follows by (I1), (Co.), US,
and MP of MCSs.

e Claim: If =(@\\) € A, then there are some ©,'s.t. ¢ € ©,—p € I'and
C\pre'AB.

Proof. Assume —(@\) € A. Then
Io == {(sup)d@ | & € A}U{—y}
is consistent because if not, then

F\-Pre /\ (sup)dip —

i<k

10For another, more elaborate proof of a truth lemma which resembles ours, see the one given for the
canonical model of NL-CL (their PNL) in Kaminski and Francez (2014).
We provide our own proof and keep it brief, assuming familiarity with the techniques involved.
This will be done in the terminology of Blackburn et al. (2001, ch. 4), which also is an excellent
resource for an explication of arguments and details sufficiently similar to the ones we will omit.

35

Nevertheless, for soundness, to
understand how "\ and *(sup)’
capture different aspects of the same
relation, it might be instructive for
the reader to check that (I1) and (12)
are valid on C-frames.

This is the existence lemma for *\.



for some finite {8, ..., 6} C A, hence (a)

I_\—Pre <Sup>/6\(p — 11’

where 5 := /\i<k 8;. Moreover, since 5¢ A, we get by (12), US, and MP of
MCSs that (b) @\((sup)g(p) € A. Thus, since all MCSs extend MIL, _p. and
the monotonicity rule

if I_\—F‘re Xp — 1, then I_\-Pre B\O‘O — [3\“1
is easily derived, we get by (a), (b), US and MP of MCSs that o\ € A -

contradiction. Consequently, I) must be consistent.

Now, let X0, X1, - . - be an enumeration of all £\_yi-formulas, and define

O == {o},
and
Oy {@n U{xn}, zf{(sup}é(é:1 Axn) | & € AYU{—} is consistent
O, U{—xn}, otherwise.
We claim that the set

{(sup)8©y | 5 € A}U{—p}

is consistent for all n € w. For the base case, notice that I being consistent
precisely means that

{(sup)8@y | 5 € A} U {—}

is consistent.

So assume
{{sup)8Oy, | 8 € A}U {1}

is consistent for some n € w. If
{(sup)8(@n Axn) | 6 € AU {1}

is consistent, we are done, so suppose not. Enumerating the formulas of A
as 0g, 81,... and setting &/ := {3 : j < i}, there must then be some k € w s.t.
forallm > k:

Fpre (SUP)S/ (O Axn) A= — L. (+)
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Furthermore, since by the IH
{(sup)80y, | 5 € A}U{—p}
is consistent, using Lindenbaum, we can extend it to an MCS A,,. For this

MCS A, we must then have for all i € w:

—

(sup)8! (On A Ixn V —xnl) € An.
So foralli e w:
(sup)d/(@n Axn) € An or  (sup)d!(On A—xn) € An.

Thus, combining this with (x) [and having in mind that mp € A, ], we get
that for all m > k:
(SuP)8in (On A =xn) € An.

But this entails that
(((sup)8(@n A—xn) 8 € AU W) C A,

wherefore {(sup>6®/n: | & € A} U{—} is consistent, as required for the
induction proof.

From this, one easily sees that (1)

Mo = |J {{sup)86y |8 € A} U~}

ncw

is consistent, and (2)

©:= ] o

ncw

is an MCS. Extending 'y, C ' to an MCS, we getthat € © C ©,™p € T
and C\ pre'AG, which precisely shows the claim.

With these claims at our disposal, the inductive step regarding “\” in a proof of

the truth lemma is immediate (the two claims cover one direction each). Since

this was the last obstacle for proving the truth lemma, and we have already noted

that (W\ _pre, C\-pre) € €, we can deduce strong completeness—finishing not only

our proof, but also this section. O
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4.3. Bulldozing and completeness-via-representation

With Log\(G ) axiomatized, next up is showing Log\((i’) = MIL\_p;e = MIL\_pos

via representation; i.e., via onto ‘p-morphisms’. Another commonly used term for
Importantly, to find the technique of onto p-morphisms in our arsenal of P _mo;fhlsfn is ‘bounded
morpnisnt .
validity-preserving techniques, when dealing with preorder frames, we have to g
define the ‘back’- and ‘forth’-conditions in terms of the accompanying ternary
(and not binary) relations.!! For ease of reference, let us spell this out:
Definition 4.13. Given any two frames {(W, C), (W’,C’)} C €, a function
f:W —-w
is denoted a p-morphism if it satisfies the following conditions:
(forth) if C'x’y’z’, then Cf(x')f(y’)f(z’); and
((sup)-back) if Cf(x')yz, then there exist {y’,z’} C W’ s.t. f(y') = y,f(z') = z and
C'x'y’z’.
If f additionally satisfies
(\-back) if Cxf(y’)z, then there exist {x’,z'} C W' s.t. f(x') = x,f(z’) = z and
C /X/y /Z/
we denote it a \-p-morphism. Note the symmetry in the two back

When dealing with preorder frames (W, <), [\-]p-morphisms are defined in clauses: this is caused by "\ and

. “(sup)’ referring to the same
terms of the induced (W, S¢) € Spre C C. —

relation, but from different

erspectives.
Now to be clear, onto p-morphisms preserve validity (and, generally, conse- PP

quences) of Lni-formulas, while onto \-p-morphisms even preserve validity (and
consequences) of £\ _p-formulas. This means we have a formal framework for
developing representation results. In this section (and in the next chapter), this is
a substantial part of what we will be doing.'

First up is our plighted proof that any C-frame (W, C) is the \-p-morphic
image of a poset frame (W’, S ’g) € 8pos, entailing that with MIL,\ p,e we have
achieved an axiomatization of both MIL\ _p,, and MIL\_p,s. This representation is
obtained by composing two other representations; the first of which generalizes

‘bulldozing’ from the usual unary modality setting to our binary modality setting.

1 As also noted in Observation A.2.3.

12Regarding \-p-morphisms, it is important to have in mind that they are also required to meet
((sup)-back). A notion for simply meeting (forth) and (\-back) would appear appropriate, but
we will not be needing such since we do not deal with modal logics having only the modality “\".
In general, of course, the results of this chapter have these modal logics as special cases; e.g., our
decidability proof in the next section.
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To explain how this works, we briefly (re-)observe the following (cf. Observation
A2.1):

Observation 4.14. For any (W, C) € €, let <c and <. be given as follows:
<c :={(y,x) : Cxxy}, <¢ ={(y,x) : Iz(Cxyz VV Cxzy)}

Then, by definition of the class C, it is not too hard to see that (a) <c = <(, and
(b) <c is a preorder on W.

Moreover, if C happened to be the supremum relation of some preorder <,
then <c = <. -

With this observed, we are ready for the first representation result, mending
C-frames (W, C) so that <¢ becomes a partial order.

Proposition 4.15 (Bulldozing). Let (W,C) € C. Then (W, C) is the \-p-morphic
image of some (W', C’) € C for which <c is a partial order.

Proof. Let (W, C) € C be arbitrary. We construct (W’, C’) by adapting the well-
known bulldozing technique from the binary-relation setting to our ternary-
relation setting. More precisely, let X denote the set of maximal non-degenerate
clusters of (W, C) w.r.t. the preorder <c. We then define the underlying set as

W' = (W\ U K> u | (Kxz),
KeX KeX

and let the function
f:Ww —-w

be given by

f(x) = {x, x € (W\ Ukex K) .
k, x=(k,z) eKxZ,KeX

To define the relation C’, fix some linear order <X for each K € X, and for all

39

Le, Cxyz iff x € sup{y, z}.



x,a,b € W/, let C'xab :iff

Cf(x)f(a)f(b) and ((i) x € W\ U K, or

Kex

(ii) x=(kz)eKxZ;(KxZ)Nn{a,b}=g, or

(ii)) x = (ky,2x) EKXZ S (Ka,za) = ;b & K X Z; [z > 24 0F (2 = 2q and ky =X kq)], or
(i) x=(Ke,2¢) EKXZ3 (kp,zv) =b;a ¢ KX Z;lzy >2zp 0r (zx = zp and ky =X k)], or
(@) {x,a,blCKxZx= (ke zy),a=(kqa,za),b=(kp,zp);

[2y > 2q OF (24 = zq and ky =X ko)1; 24 > zp 07 (2 = 2o and ky =X kb)]>.

We claim that (1) (W’,C’) € C; (2) (W, C) is a \-p-morphic image of (W', C’)
witnessed by f; and (3) < is a partial order.
We begin by proving (1) (W', C’) € €. We have that

(Re.f) is satisfied because (a) (W, C) E (Re.f) by assumption and (b) for all K € X:
<K is, as a (weak) linear order, in particular, reflexive;

(4f) can be seen to be satisfied by a straightforward, but tedious check using
(W, C) E (4f). Only non-trivial case is when C’xxa by virtue of (iii): there
one must observe that if C’aab then f(b) cannot be in the same cluster as
f(x) by maximality of clusters K € X;

(Co.f) is satisfied because (a) (W,C) E (Co.f) and (b) the definition of C’ is
symmetrical in the two last arguments; and

(Dk.f) is satisfied because (a) (W, C) k (Dk.f) and (b) if C'xab holds by virtue of
(i), then C’xxa holds by virtue of (i); if C'xab holds by virtue of (ii) or (iv),
then C’xxa holds by virtue of (iii); if C'xab holds by virtue of (iii), then
C’xxa holds by virtue of (v); and if C'xab holds by virtue of (v), then C'xxa
holds by virtue of (v).

Having proven (1), we continue by proving (2). f is clearly (a) surjective and (b)
a homomorphism. Therefore, it remains to show that (c) the back conditions are
satisfied. Beginning with ((sup)-back), suppose Cf(x)a’b’ for arbitrary x € W',
{a’,b’} C W. We then have to find a,b € W’ s.t. C'xab, f(a) = a’, and f(b) = b’.
We go by cases:

(i) Ifx € (W\Ukex K), pickany a € f~!(a’) and b € f~!(b’) using surjectiv-
ity of f.

(i) f x = (k,z) € Kx Zand {a’,b’} N K = g, pick any a € f!(a’) and
befl(b).
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(i) Ifx = (ky,z¢) € KxZand a’ € K # b/, set a := (a’,zx — 1) and pick any
bef (b))

(iv) If x = (ky,2zx) € KxZand b’ € K # a’, set b := (b’, zx — 1) and pick any
ac f1(a’).

(v) If x = (ky,zx) € Kx Zand a’ € K> b/,seta:= (a’,zy —1)and b :=
(b’,z, —1).

This exhausts all cases, hence f satisfies the ({(sup)-back) condition, thus is a
p-morphism. Continuing with (\-back), suppose Cxf(a’)b for some a’ € W’ and
{x, b} C W. Again, we go by cases:

(i) Ifa’ € W\ Ukex Kor [a" = (kq,zq) € K x Zand x ¢ K], then pick any
x’ € f71(x). Then Cf(x')f(x’)b, so by the (sup)-back condition and the
definition of C/, we can find a b’ € W’ s.t. C'x'x’b’ and f(b’) = b. It
follows that C'x’a’b’.

(i) Andif a’ = (kq,2q) € K X Z and x € K, then setting x’ := (x,zq + 1), we,
again, get that Cf(x’)f(x’)b, hence we can findab’ € W’ s.t. C'x'x'b’ and
f(b’) =b. Thus, we get that C’'x’a’b’, as required.

This covers all cases—completing our proof of f being an onto \-p-morphism.

Lastly, we show that (3) <¢- is a partial order. Reflexivity and transitivity are
consequences of (W’,C’) € €. To show anti-symmetry, let x,y € W' be arbitrary
s.t. C'xxy and C’'yyx. We have to show that x = y. Going by cases we find that:

o If {x,y} € (W\ Ukex K), then Cxxy and Cyyx by definition of f and C’,
so since (W \ Uy K) contains no non-degenerate clusters by definition,

we must have x = y.

o If x € (W\UkexK) andy = (k,z) € K x Z, then Cxxk and Ckkx so
x € K—contradicting x € (W \ Ugex K).

o Ify € (W\Ugex K) and x = (k, z) € K x Z, then as above.

o Ifx = (ky,2¢) € KxZand y = (ky,zy) € K’ x Z for K # K’, then Ck, kyky
and Ckykyky so ky € K’—contradicting maximality of the clusters (which
implies that whenever K # K’, we even have KN K’ = @).

o Ifx = (ky,2x) € KXZ 3 (ky,zy) =y, then x =y follows by anti-symmetry
of our lexicographical ordering (since the ordering of the integers is linear
and so is <).
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Thus, we’ve shown <¢- to be anti-symmetric, which completes our proof of (3)
<’ being a partial order, thus finalizing our bulldozing proof. O

Using this representation, we continue further mending C-frames (W, C) into
real poset frames (i.e., frames whose ternary relation is the supremum relation of
a partial order). We do so through another representation, which is obtained by
adopting the framework of the completeness proof of Chapter 2 (2.13). In brief,
in the proof to come, we will also be constructing a poset frame recursively by
repairing defects. However, this time, the defects will be determined by an onto
function, which we iteratively extend seeking to make it an onto \-p-morphism.
And, although the (sup)- and —(sup)-defects only need minor revision, we do
need to include a third kind of defect corresponding to (\-back).

Many of the arguments will be almost identical to the ones of the completeness
proof of Chapter 2, and so will be omitted or only hinted at. But — although the
general set-up is very similar — there are some differences, and since we will also
reuse this set-up in the next chapter, it is worth spelling out. We proceed doing

SO.

Definition 4.16. Given any (W, C) € C, we let E be some set disjoint from W of
cardinality max{|W/|, ¥}, and P(\y c) be the set of all quadruples (f, D, X, <) such
that

1.” fis an onto function from (W UD U X) to W,

2/ IDUX| < |E[;

3/ (DuUX)CE

4’ DNX=g;

6.” <is a partial order on (W U D U X); and

7. ify < x then f(y) <c¢ f(x). 4

Next, we define the revised versions of the (sup)- and —(sup)-defects and their
complementary revised repair lemmas, before subsequently stating and proving
the last defect/repair pair.

Definition 4.17 (((sup)-back)-defect). Let (W,C) € Cand (f,D, X, <) € Piw ).
Then a triple (x,y,z) € (WUE) x W x W denotes a ((sup)-back)-defect (of
(f,D, X, X)) :iff

iHx" e WUDUX), (i) Cf(x")yz,
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and (iii) there arenoy’,z’ € (WU D UX) s.t. x’ =sup{y’,z'} and

fly') =y, Ty = Ufytu My nw 1w N’ =a)),
f(z') =z, 12/ =t Uy tu (2’ n{w’ [tw' nx’ = a}). -
Definition 4.18 ((forth)-defect). Let (W,C) € Cand (f,D, X, <) € P(w,c). Then

a triple (x’,y’,z') € (WUE) x (WUE) x (WUE) is denoted a (forth)-defect (of
(f,D, X, X)) :iff

Xy, 2} c(WUDUX), x' =suply’,z'}, —Cf(x)fly')f(z'). A

Lemma 4.19 (((sup)-back)-repair lemma). Suppose (x’,y,z) is a ({sup)-back)-defect
of some (f,D,X, <) € Piw,c). Then we can extend to (f',D, X', <) € Piw,c) by
taking distinct y’,z" € E\ (D U X) and setting

f=fu{ly’y),(z,2)}, X =Xuly,z),

< =< u{y,uw), 2w Ix <wu{ly’,y), (=, 2}

Then, witnessed by y' and z’, (x’,y, z) does not constitute a ({(sup)-back)-defect of
(f,D, X', <').
Proof. Defining as described, the proof of (f/,D,X’, <’) € P\ c) resembles the
one of Lemma 2.11: 1.”-6.” are obvious, and 7.” is shown using Cf’(x)f’(y’)f’(z’)
and (W, C) € C.

Moreover, the latter claim is immediate. O

Lemma 4.20 ((forth)-repair lemma). Suppose (x',y’,z') is a (forth)-defect of some
(f,D,X,<) € Pw,c). Then we can extend to (f',D’, X, <) € P, c) by (a) taking
d’ € E\ (D UX), (b) letting

fi=fu{(d,f(x'))}, D’:=Du{d’},
< =< u{wd),vd)lu<y,v<ZIu{(d,hd)},

and (c) getting x" # sup.{y’, z'}.

Proof. Extending to (f/,D’, X, <’) as described, it follows similarly to the proof
of Lemma 2.12 that (f/,D’, X, <’) satisfies 1.-7.” and x’ # supg/{y’,z’}. Only two
things are worth mentioning: (1) for proving 7.", we use that if u <’ d’ then u <
x’, hence f'(u) = f(u) <c f(x’) = f'(d’), and (2) for proving x’ # supg,{y',z’},
we need that < is a partial order (this is where we use bulldozing). O

Our third and last defect, naturally, bears much resemblance to the ({sup)-
back)-defect. It is defined as follows:
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Definition 4.21 ((\-back)-defect). Let (W, C) € Cand (f,D, X, <) € Ppw c). Then
a triple (x,y’,z) € W x (WUE) x W denotes a (\-back)-defect (of (f, D, X, <)) :iff

i)y’ e WuUDUX), (ii) Cxf(y')z,
and (iii) there are no x’,z’ € (WUD UX) s.t. x’ = sup{y’, z’} and

f(x') =x, Ty = UyTu y' niw’ 1w nx’ = a)),
f(z') =z, 2 =t U{ZTu (2 n{iw’ [t ntx’ = a)). 4

This new defect is repaired in this fashion:

Lemma 4.22 ((\-back)-repair lemma). Suppose (x,y’, z) is a (\-back)-defect of some
(f,D,X,<) € Pow,c). Then we can extend to (f',D’, X', <') € Piw,c) by taking
distinct x',z" € E\ (D U X) and setting

i =fu{(x’,x),(z/,2)}, D’ :=DuU{x’}, X' =Xu{z'},

< =< u{lux) [u<ytu{x,x), (2,2, (2',x")}.

Then, witnessed by x" and 2, (x,y’, z) does not constitute a \-back defect of (', D', X', <’
).

Proof. A matter of going over the definition. O

Employing these repairs, we are ready to prove the desired representation

result.

Proposition 4.23. Every (W, C) € C for which <c is a partial order, is a \-p-morphic

image of a poset frame.

Proof. Let (W,C) € € be arbitrary s.t. <c is a partial order. For the sake of
simplicity, assume W is countable: as oftentimes is the case, the adjustments
of the ensuing proof needed for the case where [W| > N, are conceptually
insignificant but notationally taxing. Besides, by a ‘standard translation” and the
Lowenheim-Skolem Theorem, € has the countable model property w.r.t. £\.m-
formulas, so, for instance, starting with a countable frame, we can bulldoze it
into a countable C-frame whose underlying preorder is a partial order.

As in the completeness proof of Chapter 2, using the repair lemmas repeatedly,

we will be constructing a sequence

(fo, Do, Xo, <o), (f1, D1, X1, <4), - .
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such that foralli € w
(fi, Di, Xy, <) € Powey, fi € figr, Di € Diy1, Xi € Xig1, <6 C <igre
We begin the sequence by setting
for=Id:- W —->W, Dog:=Xp:=9, <o:=<c.

Then (fo, Do, Xo, <o) € Piw,c)-

At each stage n + 1, we then pick the least tuple constituting a defect to
(fn, Dn, Xn, <n)—according to a fixed enumeration of the set of all triples (x’,y,z) €
(WUE) x W x W and all triples (x/,y’,z’) € (WUE)? and all triples'® (x,y’,z) €
W x (WUE) x W—and repair it to obtain (fn+1, Dnt1, Xn+1, ln41)- Letting

(ferw/prgw) = (U Tn, U D, U X, U gn) ’

new new new new

we get that (1) (fo, Dw, Xw, <w) satisfies 1.” and 3.”-7., and (2) (fw, Dw, Xw, <w)
has no defects whatsoever. Again, only (2) is not straightforward, and, again, for
proving (2) two claims and an observation are helpful.

Observation’. Letn € w and {x,v} C (W U Dy, U X;,) be arbitrary s.t.
v =Tux U TU (v n{w’ | taw’ N tax’ = o).
Then for all m > n:
TmV' = tmx U T (v 0w’ [ Tmw’ 0 tmx = 271),
hence also
TV =Tox" UPTU (Tov N [Tuw' Ntex’ = 2}).

This follows by an easy induction, using that each (fm+1, Dm+1, Xm+1, <m+1)

is obtained from (i, Dm, Xm, <m ) using one of the repair lemmas.

BFor simplicity of argument, we assume all (xg, Yg, xo) € (WU E) X W X W to be distinct from
all (x1,y1,21) € (W U E)3 -and so forth.
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Claim (a’). Let n € wand {x’,y’,2'} C (WU Dy, UXy,) be arbitrary s.t.

x" =supn{y’,z'}, Cfn(x")fn(y")fn(z'),
Tny/ = TnX, U {U/} U (Tny/ m{wl | anl N TnX/ = @})/
Tz’ = X' U{Z U (tnz' N’ | Taw’ Ntax’ = 2)).

Then for all m > n:

x" =supmiy’, z'});

a fortiori, x' = sup {y’, z'}.

We prove the claim by induction. By assumption, it holds for m = n, so assume
it holds for some m > n. We show it holds for m + 1. This time we have three
cases, depending on the type of defect being repaired at stage m + 1. The cases
of a ((sup)-back)-repair and (forth)-repair are the exact same as in Theorem 2.13.

Consequently, suppose stage m + 1 was obtained by (\-back)-repairing some
(s,ys,zs) through introducing the worlds s’,z;. Then s’ is the only possible
counterexample to x" = sup, _;{y’,z'}, so assumey’ <;ny1 8" Zm1 z'. Then we
must have y’ <y, y% >m 2/, so by the IH x" <y, y/, hence x’ <mi1 8" Octaim )

Claim (b’). Let n € w and suppose that a,b € (W U Dy, UXy) ares.t. a ?n b.
Then for all m > n, we have that a #., b. A fortiori, a %, b.

Once again by induction on m > n with no change concerning the cases of
({(sup)-back)-repairs and (forth)-repairs. Therefore, assume (lim+1, <m+1, Dm+1)
was obtained by (\-back)-repairing some (x,y’,z) by introducing x’,z’. Then

there is no change in predecessors of a, which suffices for the claim.  Ocjaim 1)

Finally, from these claims we likewise get (c): If some tuple did constitute a
defect at some stage n, but no longer at some later stage m > n, then it didn’t for
allk > m.

Noteworthy is the overlap between our definitions of ({(sup)-back)-defects and
(\-back)-defects, which assures that claim (a’) applies to both types of defects.
And using (c) along with claim (a’) and (b’) in an analogous manner to what we
did in the completeness proof, we get that (f.,, D, Xw, <w ) neither has (forth)-,
({(sup)-back)- nor (\-back)-defects.

Lastly, the fact that there are no defects, entails that f,, is a \-p-morphism
from (WUD U Xy, <o) to (W, C), so since f, also is onto, we've shown the
desired. O

At long last, combining the two representations, we can deduce that we have
achieved the axiomatization we were seeking.
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Theorem 4.24. Every (W, C) € C is a \-p-morphic image of a poset frame.
Thus, MIL\ .pye is sound and strongly complete w.r.t. preorder frames, and, in particu-
lar,
MIL\_pre = MIL\_pos = MIL\ _pye.

Additionally, as a special case, we get another proof of MILpye being sound and strongly
complete w.r.t. preorder frames, and, particularly

MILpye = MILpys = MILpye.

Proof. The first assertion follows from propositions 4.15 and 4.23 because onto
\-p-morphisms are closed under composition.

Soundness and strong completeness is the upshot of onto \-p-morphisms
preserving the consequence relation of a frame and the fact that Spys C Spre C C;
so also, in particular

MIL\ pre = MIL\ pos = MIL\—Pre-

Lastly, since \-p-morphisms are p-morphisms and Ln1 C £y, this also restricts

to the special case of the basic modal information language. O

4.4. Decidability

The problem of axiomatizing our conservative extension(s), MIL\ _p,, = MIL\_ps,
of the basic modal information logic(s), MILp,, = MILp,s, solved, the biggest
remaining problem is, arguably, that of decidability. As already mentioned, we
continue being guided by the procedure outlined in section 1.3, thus showing
decidability qua a proof of the FMP w.r.t. another class of frames, which, of
course, is € anew. Albeit the £ -filtration through a C-closed set of formulas (cf.
section 3.2) is not an £\ -filtration—that is, through a C-closed set of formulas it
does not preserve satisfaction of £\_yi-formulas, but only of £p1-formulas—we
are not at a loss: only some minor modifications are needed.

Borrowing the idea of a suitable set of formulas from Buszkowski (2021), we
define a notion extending our notion of a C-closed set of formulas.

Definition 4.25. We say that a set Z of £\ .y -formulas is C-suitably closed :iff
(©) itis C-closed; and
(Suit) @\ € L implies (sup)p(@\P) € L.

Moreover, for any set of £\ \-formulas Ly, we say that X is the C-suitable closure
of L, :iff it is the least C-suitably closed set of formulas extending Z,. =
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Afresh, an immediate consequence is:

Lemma 4.26. For any finite set of L\ _am-formulas X, its C-suitable closure L O X,
too, is finite.

As the last ingredient for achieving decidability, we show that when filtrating
through C-suitably closed sets of formulas, the £n1-filtration of Theorem 3.9 lifts
to an L\ _pm -filtration:

Theorem 4.27. MIL\_pe admits filtration w.r.t. the class C. Consequently,
MIL\—Pre = Log\ (Cr),

where Log, (Cr) denotes the logic of the class of finite C-frames in the language of L\ m.

Proof. Let (W, C, V) be an arbitrary C¢-model; £ an arbitrary C-suitably closed set
of formulas; and (W5, C§, V5 ) be the filtration of (W, C, V) through £ defined in
Theorem 3.9. Then, as shown in the proof of said theorem, (W5, C ;j) € € and the
filtration conditions (F1) and (F2) hold for the modality ‘(sup)’. Thus, because of
Lemma 4.26 and the inclusion Log\ (€) C Log\ (Cr), we need only show that the
synonymous filtration conditions for the modality *\” likewise are met.

The former, homomorphism condition is evidently the same, while the latter
becomes

(F2') CSlxllyllzl = Vo\b € Zl(y Ik o\, z I+ @) = x -]

Consequently, all that remains to be proven is (F2")."* So assume C glxllyllz\, and
let @\ € X be arbitary s.t. y IF @\ and z IF ¢. By (Suit), (sup)e(e\P) €
so by (Com) we have that (sup)(@\W)¢e € Z. But then (F2) entails that x I
(sup)(@\WP)@, whence x I (sup)p(@\) by (W, C) E (Co.f), so finally since

(W, C) I (I1), we have x I as required. O

Using this, we can conclude that the basic modal information logic of preorders
(or posets) endowed with the informational implication is decidable.

Corollary 4.28. MIL p,. is decidable (and so is MIL\_pos).

Proof. We have shown that
MIL\ pre = MIL\—Pre = Log\(eF)/

so since MIL p, is finitely axiomatizeable and complete w.r.t. a recursively
enumerable (r.e.) class of finite frames [simply check for satisfaction of the

14The proof of Lemma 2 in Buszkowski (2021) pertains to showing the satisfaction of (F2’) in our
present setting, so the ensuing argument is only given for the sake of completeness of the current
proof—we claim no originality whatsoever.
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first-order formulas (Re.f), (4f), (Co.f), and (Dk.f)], we obtain decidability of
MIL. _pe. O

Closing off this chapter, we state the following corollary:

Corollary 4.29. Let £¢.m be the extension of the basic language L with the unary
modality ‘O’ and let the semantics for “Q” be the usual one, namely those of the forward-
looking modality ‘¥ given in Remark 4.8. Then letting MIL.pre and MIL.p,s be the
MILs of this language on preorders and posets, respectively, we get that both are decidable.

Proof. A decision procedure is given as follows: For any £¢.m-formula ¢, trans-
late it into a formula t(¢@) € £\.m in accordance with Remark 4.8, and then use
the decision procedure of the preceding corollary. O
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5. MIL of Minimal Upper Bounds

So far we have been concerned with modal vocabulary for capturing the structure
of (quasi-)least upper bounds on preorders and posets. In this chapter, we change
the interpretation to that of (quasi-)minimal upper bounds, with the aim of (a)
giving the resulting logics (MILY", MILY", MILAYE , and MILY' ) the attention
they deserve on their own merits, and not least (b) studying how this different
minimal-perspective relates to the more standard least-perspective.

In section 5.1, we define the logics of concern in the basic language of MIL,
show soundness w.r.t. MILp., and end with a cautionary remark regarding
completeness. Section 5.2 continues in the spirit of the preceding chapter: via
representation it is proven that MILM" = MILM" — MILp,,, which then is gener-

alized to show MILM# = MILM# - — MIL\_py,.

5.1. Introducing the logics
Before defining the actual ‘minimal MILs’ of the basic language £, for the sake
of completeness, we first get clear on what a quasi-minimal upper bound is:

Definition 5.1. For any preorder (W, <) and any w,v,u € W, we say that wis a
quasi-minimal upper bound — or simply a minimal upper bound — of {u, v} and write

w € min{u, v} :iff
* wis an upper bound of {u,v},i.e. u < wand v < w; and
e x £ worw < x, for all upper bounds x of {u, v}.

Note that if < is a partial order, w is a quasi-minimal upper bound iff it is a

minimal upper bound in the usual sense. =

We proceed by defining these MILs of (quasi-)minimal upper bounds on

preorders/posets.

Definition 5.2. We define Mp;, to be the class of pairs (W, M) where W is a set
and M is a ternary relation on W for which there is some preorder < on W s.t

forallw,v,ue W-:
Mcwvu  iff  w € ming{u, v}

Mpos is defined analogously. =
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Definition 5.3. The modal information logics of minimal upper bounds on
preorders and posets, respectively, are defined as follows:

MILM™ .= (@ € L : (W, M) Ik @ forall (W, Mc) € Mpy),
and
MILYI™ .= (@ € Ly : (W, M) Ik @ forall (W, Mg) € Mpys). -

The logics having been defined, we can show soundness of MILpre.
Theorem 5.4 (Soundness). MILp,e C MIL%@”.

Proof. Routine check that MILIA{I,Q” is a normal modal logic validating (Re.), (4),
(Co.), and (Dk.). O

As hinted at earlier, the converse inclusion - i.e., completeness — will be a
consequence of a representation result, showing that any poset frame is a p-
morphic image of an Mpys-frame. Before plunging into this, a warning might be
in place.

Remark 5.5 (Caution). While it is the case that for any preorder (W, <), we have
that S¢ € M where

S¢:={lw,v,u) € W3 we sup{u, v}, Mg ={(w,v,u) € W2 w € min{u, v}},

it is a (natural) misunderstanding to think that this implies MIL%Q” C MILp,.. To
conclude so—rather than, given any preorder, having the inclusion S¢ € M¢—
one would need the inclusion Spre € Mpr. And this inclusion is easily seen to fail.
To exemplify, consider the below depicted Hasse diagram of a preorder (W, <):

While, of course, on one hand S¢ € M. On the other—since, e.g., sup{u, v}
w € min{u, vj—the induced ternary relations are distinct, so because they are
induced by the same preorder, we get that Spre 3 (W, S¢) ¢ Mpyre, which shows
Spre € Mpye as desired. -
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5.2. Collapsing the minimal-u.b. relation

With this last clarification of the previous section, it perhaps, contrarily, now
appears a bit surprising that we soon will show that MILM:" = MILp,s—especially
having in mind the way we repaired —(sup)-defects (and (forth)-defects): by
introducing incomparable upper bounds, so-called dummies (or duplicates),
which do, indeed, ensure that if x = sup, {y,z}, then x # sup, ,,{y,z}, but,
contrariwise, do not change that x is a minimal upper bound of {y, z}. L.e., when
dealing with the induced supremum relation of a preorder/poset, the dummies
did repair the defects, but had it been the induced minimal-u.b. relation, dummy
repairs would not have worked.

Before embarking on the principal lemma allowing us to deduce MIL}" =
MILp,s, we provide some intuition for it—also gesturing at why the fact that

MILY™ = MILpys actually is not so surprising when further analyzed.

Intuition for representation construction. Given any poset frame (W, <) we know
that S¢ € Mc. The basic idea then is to transform the frame so that M ¢ collapses
into S¢; i.e., we get an equality S¢ = M, hence whether the binary modality
refers to the supremum or the minimial-u.b. relation does not matter: the same
formulas are satisfied.

We will make this transformation by exploiting the fact that there are two ways

for an upper bounded set {u, v} to not have a supremum:
(i) incomparable u.b.s; vs.

(if) infinitely descending chain(s) of u.b.s.

Essentially, the idea is to transform all cases of (i) into (also being) cases of (ii).

In this way, we transform all cases where sup{u, v} # w € min{u, v} into cases
where sup{u, v} = min{u, v} = &, thus collapsing the relation M into S¢. Put

naively, we will be shooting in points as illustrated below:
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This transformation will take place in a stepwise manner, adding one point
of the infinitely descending chain at a time (first wy, then wy, etc.). We will
need our transformation to be satisfaction-preserving, whence the worlds of a
constructed infinitely descending chain wy, wy, ... below, say, w are constructed
as to satisfy the same formulas as w. Exactly because of this, the idea conveyed
by the illustration above does not work in general; it conveys the very basic idea
but is, as-such, too naive and runs into the following problems:

¢ w (or m) might be the supremum of some other worlds, hence only ‘du-
plicating” w is not enough. Our solution will be to duplicate its downset,
and placing each member of the duplicated downset right below the corre-
sponding ‘original’.

* When shooting in, say, wy, not only do {u, v} get a new upper bound, but so
do, say, {y, z} where y < uand z < v. Problem then is that, although {u, v}
does not have a supremum, {y, z} could have some supremum x. So for x
to stay supremum of {y, z}, it does not suffice to make (everything below) u
and v see wy: we must also make x see wy. Taking this line of argument to
its ultimate conclusion, wy must be seen by any world in the least downset
containing {u, v} and closed under binary suprema.

Hopefully, the depiction has illuminated the (naive) spirit of the argument, and
the two bullet points some intuition for the actual, more complicated construction

taking place. It is all made rigorous in the the following lemma:
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Lemma 5.6. Let (W, <) be a poset frame and {w,u,v} C W s.t. w € min{u, v} but
w # sup{u, v}. Then (W, <) is the p-morphic image of a poset frame (W', <) s.t.

1. WC W', W' < max{No, |WI};
2. </ NWxW) =<
3. if x = suply, z}, then x = sup'{y, z};
4. w ¢ min'{u, v}.
Proof. Let W/ :=W U |w={(x,0),(y,1) | x € W,y € [w}, and
f:W —-w
be the function given by
f(x, 1) =x

forall x € W,1 € {0,1}.
To define the relation <’, first, let A C W be the least downset containing {v, u}

and closed under binary suprema. Le.,, A = An, where Ag = v U Ju, and

new
Ans1 = L(An U {sup{bn, cn} [{bn, cn} C An}).

Then for all (x, 1), (y,j) € W/, welet (y,j) <’ (x,1) iff
(i) i=0andy < x, or
(i) j=i=1landy < x, or
(iii)) j=0,i=1y € Aand x =w.

We claim that (1) (W', <’) is a poset frame; (2) 1.-4. are satisfied; and (3) f is an
onto p-morphism.

To prove so, we begin by proving the following claims in the order they appear:
(a) ify € A, theny < w; and
(b) fis order-preserving.

To show (a), note that since w € min{u, v} but w # sup{u, v}, there must be some
m > u,vs.t. mand w are incomparable. Using this, we show that foralln € w,
An € Jwand A,, € | m, which suffices to prove the claim.

Since w and m are incomparable upper bounds, we must have d < e for
d € {u,v} and e € {w, m}, which shows the base case. Accordingly, assume
for some n € w that A,, € |wand A, C |m, and let {b,,,cn} C A, be arbi-
trary s.t. sup{bn,cn} exists. It then suffices to show that sup{bn,cn} < w and

54

We write Jw :={v | v < w}.



sup{bn, cn} < m. Since both w and m are upper bounds of {b.,, c,,} by the IH,
we have that sup{bn, cn} < W and sup{bn, cn} < m. And because w and m are
incomparable, the inequalities must be strict—finalizing our proof of (a).

Now, to show (b), assume (y,j) <’ (x,i). fi=0o0rj =1i =1, we have that
f(y,j) =y < x = f(x, 1), showing the required. And ifj =0,i =1,y € A and
x =W, then, by the previous claim, f(y,j) =y < w = x = f(x, 1), which covers
the last case.

With these claims proven, we’re ready to tackle (1), (2), and (3), beginning with
(1): showing that <’ is a partial order.

Reflexivity follows by reflexivity of < and (i), (ii).

Transitivity: Suppose (z,k) <’ (y,j) <’ (x,1). By (b), z < y < x, s0, since <
is transitive, z < x. Thus, if i = 0 or k =1 =1, then (z,k) <’ (x,1) as required.
And if k = 0 and i = 1, we must show z € A and x = w. If j = 0, then since
(y,j) <’ (x,1), we have thaty € A and x = w, so because z < yand A is a
downset, we also have z € A. Lastly, if j = 1, then since (z,k) <’ (y,j), we have
thatz € A andy = w, so since y < x and x € |w, it must also be that x = w.

Anti-symmetry: Suppose (y,j) <’ (x,1) and (x,1) <’ (y,j). If j =i, we're done
by anti-symmetry of <. Moreover, we cannot have j # 1, since if, say,j = 0,1 =1,
theny € A and x =w, soby (a),y < x, but by (b) we also have x <y ¢.

Having proven (1), we continue by proving (2), namely that 1.-4. are satisfied.

1. and 2. are clearly satisfied: It is only a matter of notational convenience
that we have defined W’ to be the disjoint union of W and |w; we could just
as well have defined W’ to be an ‘actual extension’ of W. To be clear, what is
then meant in 3. and 4. is that: if x = sup{y, x}, then (x,0) = sup’{(y,0), (z,0)};
and (w,0) ¢ min{(u,0), (v,0)}. For the latter, simply note that (w,1) <’ (w,0),
and since {u,v} C A, we also have (u,0), (v,0) <’ (w,1); therefore, (w,0) ¢
min{(u, 0), (v,0)}. Regarding the former, if x = sup{y, z}, we have that (x,0) is
an upper bound of {(y, 0), (z,0)}. Accordingly, suppose that (s,1) is an upper
bound of {(y,0), (z,0)}. We then have to show that (x,0) <’ (s,1). By (b) and
x = sup{y, z}, we know that x < s. Soif i =0, we are done. And if i =1, we must
show that x € A and s = w. Since (s, 1) is an upper bound of {(y, 0), (z,0)}, we
have that {y, z} C A and s = w. But then since A is closed under binary suprema
and x = sup{y, z} by assumption, we also have x € A, which completes the proof
of (2).

It remains to show (3): f is an onto p-morphism. It is certainly onto, so we
need only show that the back and forth clauses hold. We begin with the latter.
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Forth. Suppose (x,1) = sup’{(y,j), (z,k)}. By (b), we know that x is an upper
bound of {y,z}. So assume that s is also an upper bound. Then (s,0) is an
upper bound of {(y,j), (z,k)}, hence (x,i) <’ (s,0), so by another application
of (b), we get that x < s, which exactly shows that f(x,i) = x = sup{y,z} =
sup(f(y, ), f(z, k).

Back. Suppose f(x,1) = x = suply, z} for some y,z € W. Going by cases, we
get:

e If i =0, we have, by 3., that (x,1) = sup’{(y, 0), (z,0)}, which shows the
required since, clearly, f(y,0) =y, f(z,0) = z.

e Ifi =1, then x € |w, hence {y,z} € |w. Thus, {(y,1),(z,1)} € W'
Besides, clearly, f(y,1) = y,f(z,1) = 1, so we need only show (x,1) =
sup’{(y,1),(z,1)}. Since x = supfy, z}, we know that (x,1) is an upper

bound of{(y, 1), (z,1)}. So suppose (s,j) also is an upper bound of {(y, 1), (z,1)}.

Then s is an upper bound of {y, z}, therefore x < s, and, thus (x,1) <’ (s,j)
as required.

This completes our proof of (3), hence of the lemma. O
With this key lemma at our disposal, we can deduce the succeeding two results.

Proposition 5.7. Every poset frame (W, <) is the p-morphic image of a poset frame
(W', ') satisfying

vw’, v, u" e W (w' € min{u’,v'} = w' =sup{u’,v'}).

Proof. Follows by using a formal framework similar to the one presented in
the completeness-via-representation proof of the previous chapter. To be a bit
more concrete, the construction is as follows: w.l.o.g. we assume that (W, <) is
countable; then we enumerate all triples (w, v, u) possibly constituting a “min-
defect”: w € min{u,v} but w # sup{u,v}; and then we repeatedly use the
previous lemma as our repair lemma to obtain a sequence (W, <, 1d) = (Wp, <o
,To0), (W1,<4q,f1),... from which we define (W, <o, fw).

Importantly, the f,s are obtained by composing the onto p-morphisms ob-
tained via the previous lemma, and it then remains to show that (1) their union f,
is an onto p-morphism from (W, <o) to (W, <); (2) (Wy, <w) is, in fact, a poset
frame; and (3) (W, <) satisfies the condition of the proposition description
(ie, S¢, =Mg,)-

The argument for (1) goes: f,, is clearly an onto function; the forth condition
follows using 2. of the previous lemma and the forth condition of the f,s; and the
back condition follows using the back condition of the f,;s and 3. of the previous
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lemma. (2) is, as always, easily shown. Lastly, (3) follows by the enumeration
of triples potentially constituting a min-defect and 2. and 4. of the foregoing
lemma. O

Finally, we can deduce the following:
Theorem 5.8. MILY" = MILM™ — MILp,,.

Proof. We have that
MILMm ¢ MILMn

because the latter logic is defined by restricting the class of frames of the former
logic. Moreover,
MILp,, € MILM"

since MILpye = MILpre C MILM" of Theorem 5.4. Thus, since we also know that

Pre 7

MILp,, = MILp,s, it suffices to show that

MILY" C MILpos.

Pos

We claim that this is an immediate implication of the proposition just proven.
It showed that all poset frames (W, <) are a p-morphic image of a poset frame
(W', <') satisfying

vw’, v, u e W (w' € min{u/,v'} = w’ =sup{u’,v'}),

which means S¢» = M. That is, all poset frames (W, <) are a p-morphic image
of a frame (W', M¢/) € Mpos, exactly as required. O

Corollary 5.9. MILM™ is decidable (and so is MILM™).

With this proven and the previous chapter in mind, a most natural follow-up
is what happens when we include the informational implication “\" and consider
the resulting logics MILY  and MILM . As is the content of the proceeding
theorem, the short answer is: nothing really.

Theorem 5.10. MILM#  — MILM# = MIL\ pr,.

Proof. Examining the proofs of Theorem 5.8, Proposition 5.7 and Lemma 5.6, it
becomes clear that all we need to show is that the p-morphism f of Lemma 5.6 is,
in fact, a \-p-morphism. And since we have shown it to be a p-morphism, it is
enough to show the \-back clause.

\-back. Accordingly, suppose x = sup{f(y,j), z} for some x,z € W. Going by

cases, we get:
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e Ifj = 0, we have, by 3. (cf. 5.6), that (x,0) = sup’{(y,0), (z,0)} — showing
the desired.

e Ifj =1and x € Jw, then also z € |w. Thus, {(x,1),(z,1)} € W/, and
(x,1) is an upper bound of {(y, 1), (z, 1)}. So suppose (s, 1) also is an upper
bound of {(y, 1), (z,1)}. It then suffices to show that (x,1) <’ (s,1). Since f
is order-preserving, we have that y < s > z, so by assumption x < s, hence
(x, 1) < (s,1).

e Ifj =1and x ¢ Jw, then we claim that (x,0) = sup’{(y, 1), (z,0)}. Since
x = sup{f(y,j), z} by assumption, (x,0) is an upper bound of {(y, 1), (z,0)}.
Assume (s, 1) also is an upper bound of {(y, 1), (z,0)}. Theny < s > z, so
x < s. Thus, s ¢ Jw, hence we must have i = 0, whence (x,0) <’ (s,1) as

required.

Thus, we have shown the \-back condition of the function f defined in Lemma
5.6, hence we may conclude that Lemma 5.6, Proposition 5.7 and Theorem 5.8 all

extend to our present richer setting. O
Corollary 5.11. MILY%. is decidable (and so is MILY%. ).

One might conclude that, on preorders and posets, the landscape of MILs is
both uniform and decidable:

MILpye = MILpys = MILM® = MILMin - MIL\_p,, = MIL\_pos = MILM% = MLV

Pos 7

However, even if the suprema and minima interpretations neither come apart in
the basic MIL-setting nor in the \-augmented setting, our central proof method
does suggest a setting where they might do.

To see this, summing up, our proof(s) fundamentally relied on there being two
distinct ways for an upper bounded set {1, v} not to have a supremum: (i) incom-
parable u.b.s vs. (ii) infinitely descending chain(s) of u.b.s. And, importantly, us
being able to ‘eliminate’ (i)—or, rather, make sure that (ii) is the case whenever
(i) is—so that any {u, v} has a supremum iff it has a minimal upper bound. In
light of this, it is not only (a) not surprising that beyond MIL}" = MILp,, also
MILME = MILY - = MIL\ py,, but also (b) further suggestive of a place where
the differing interpretations do result in differing logics; we end this chapter with

a comment on this:

Remark 5.12. Suggested by the preceding paragraph, although the two inter-
pretations (min. u.b. vs. least u.b.) result in the same logics when defined

on arbitrary preorders/posets, the logics come apart when restricting to finite
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structures. This is witnessed by the formula

(Pp APq) — P(sup)pq,

which is easily seen valid on the class of finite Mp.-frames, but not on the class
of finite Spr-frames. Reason being that making sure that (ii) is the case whenever

(i) is the case requires adding an infinite chain. =
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6. Axiomatizing MILse,

This chapter is the most comprehensive chapter of this thesis—but for counting
the sheer number of results proven because those are few. Having fairly thor-
oughly studied modal information logics on preorders and posets, we expand
this line of inquiry to join-semilattices. The central goal being axiomatizing
MILsg,,, which, intriguingly, turns out to be an intricate manner. For this rea-
son, the chapter begins with a section (6.1) solely concerned with providing
intuition and highlighting key ideas of the subsequent two sections. Section 6.2
then proceeds to supply the actual infinite axiomatization and prove soundness,
before the completeness proof of section 6.3. Using the completeness proof, in
section 6.4, it is shown that MILg,, also is the logic of join-semilattices with all
lower-bounded binary meets, but not all binary meets simpliciter (i.e., lattices).
This concludes our actual study of modal information logics; section 6.5 ends the

chapter with a direction for future work.'

6.1. Axiomatization: conceptual solution

Arguably, the axiomatization of this chapter contains the most complex ideas of
the thesis. While all accompanying proofs are verifiable without prior insight
into these ideas, doing so could feel like navigating by GPS: one follows the
instructions given and does end up in the right place, but is not really sure how
one got there. This is not to say that the proofs themselves do not convey these
ideas — they must do — but untangling some of the ideas from the get-go amplifies
the salient points and, like studying the map before starting the car, provides
intuition for where we are heading.

For that reason, we continue by informally highlighting key ideas, showing
how they solve particular problems in the setting of attempting an axiomatization.
The method being working out what axioms are needed to construct a model
satisfying some MCS Iy D X extending some consistent set Xo.10

15As the only chapter of the thesis, this chapter presumes familiarity with basic notions and results
from universal algebra. If ever needed, the reader may consult Burris and Sankappanavar (1981).

16\We assume familiarity with such axiomatization practice, but, even so, we are aware that what
follows still (probably) requires significant effort to properly understand. In this vein, let us finally
stress that what follows is not clear-cut mathematical arguments, but heuristic guidance. It is
not intended to be ‘literally true” but ‘metaphorically helpful'—hopefully not least for applying
similar ideas and drawing inspiration in other axiomatization settings.
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Starting off, we define the single-state join-semilattice ({{+}},{({x},{*})}) and
label 1({*}) = I,. Constructing our model stepwise, the objective is then to prove
a truth lemma. If, say, {(sup)@o@(, (sup)@19;} C Ty, we would want to add
corresponding points—for convenience called {@o}, {@{}, {@1}, {@1}—as in the left
part of the figure below, and label them according to the existence lemma so that
©o € L({@o}), etc.

The first complication then becomes that although, e.g., {x} = sup{{@§}, {®1}],
we need not have Cseml0l{@})l({@1}). Therefore, we would want a formula
1y € MILs,, somehow enabling us to add a point, {@{, @1}, and label it s.t. not
only Cseml({0§, @1 @01} but also CsemTol(@o)L{@}, @1} and
CsemloU(@1)1{@}, @1}). Taking this argument a step further, we would want
7 to enable freely generating a join-semilattice modulo the requirements {x} =
sup{@o, ®¢} and {x} = sup{e1, @{} (i.e., the RHS semilattice of the figure below)
so that whenever x = sup{y, z}, it is also the case that Cgem(x)1(y)l(z).

{x

Wl (o oo il

“{oo} < {og}

Now, it is obviously false that whenever some w I (sup)@o@] /\ (sup) @1 9]
in some join-semilattice model, the sub-join-semilattice generated by w and
witnesses for {(sup) o, (sup) 1@} is isomorphic to the RHS join-semilattice.
But it is true that this sub-join-semilattice will be the (join-semilattice) homorphic
image of the RHS join-semilattice. Moreover, this can adequately be encoded into
the formula 71; and will suffice for dealing with this first complication. This helps
explain the following parts of the coming axiomatization:

* The axioms, like 711, will be implications that can be intuited as follows:
given the satisfaction of some formulas (the antecedent), a certain sub-join-
semilattice is the homomorphic image of a certain other join-semilattice
which is freely generated modulo some specified requirements (the conse-
quent).

¢ To define formulas like 711, we must, first, define this “certain other join-

semilattice” which is “freely generated modulo specified requirements”. In
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particular, we will formalize this by taking freely generated join-semilattices
P(S) \ {@} and quotienting out under the least congruence relations ~
meeting the given requirements.

Continuing the stepwise construction, suppose, say, (sup)Pp’ € 1({@o}). Again,
simply adding corresponding worlds {{}, {1’} labeled using the existence lemma
for 1({¢o}) does not do the job. Because then, for instance, {x} = sup{{p’}, {@{}}
while we need not have Cgem L{*x})1{'N1({@§}). Once more, the solution must
be to have some formula 7, € MILs,, enabling us to construct an extended
join-semilattice freely generated modulo the obvious requirements so that, cru-
cially, x = sup{y, z} implies Cgeml(x)1(y)l(z). This brings about a second (minor)
complication: since (sup)pp’ € L({¢o}), it is instinctive to want to find a formula
My € MILg,, ascertaining this when ‘evaluated at” 1({go}); however, our join-
semilattice interpretation of £ -formulas can, clearly, only express properties of
worlds below any given world of evaluation. Thus, there can be no formula 7,
expressing the desired when evaluated at l({go}). Fortunately, a solution can be
found: 1({*}) = T} is all-seeing (backwardly), so we should (and will) be able to
express the desired with a formula 7, evaluated at 1({x}) = I. Before going any
further, let us summarize the key take-aways.

* To achieve the truth lemma, we will need to unboundedly extend the
join-semilattice under construction. This explains one way in which our ax-
iomatization will be infinite: having, e.g., defined the RHS join-semilattice
(P(S1) \ {@},U) /-, using the formula 7, if, e.g., (sup) P’ € L({@o}), we
will need to construct an extended join-semilattice (iP(Sz) \{a}, U) /~, using a
formula 7. And then an extended one using a formula 713, etc. That is, we
must be able to ascertain that an ever-increasing sub-join-semilattice is the
homormorphic image of a correspondingly ever-increasing join-semilattice

freely generated modulo ever-more specified requirements.

* In a sense, the item above explains a way in which we must include ax-
ioms for each ‘depth’ n € w. On top of that, we must also include axioms
for each ‘width’ n € w: the join-semilattice freely generated modulo re-
quirements of {x} = sup{@o, @4} and {x} = sup{e1, @1} is obviously smaller
than the one generated modulo requirements of {x} = sup{{@o}, {@{}}, {*x} =
sup{{@1}, {@1}} and {x} = sup{{@2}, {@;}}, etc.

* When constructing the model to ensure that x = sup{y, z} always implies
Cseml(x)U(y)l(z), we have to label all points with MCSs obtained by evalu-
ating the formulas 7y, 7, . . . at the top MCS 1({x}) = Tp.

Continuing, although solving one problem, this last solution of evaluating at
L({*}) inevitably constructs another (major) problem: having first labeled, e.g.,
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{@o} via evaluating the formula m; at I, we now relabel {@,} via evaluating
another formula 7, at [y. How then are we to ascertain that 7, and 71; agree on
the labeling; i.e., that, e.g., LL({@o}) = li({@o})? If we by using formulas somehow
could ‘name’ the MCSs of the labeling induced by 711, we could construct 7,
using these ‘names’ as to ensure that the labeling of {¢¢} induced by 7, agrees
with the labeling of 7r1; thus, solving the problem. Evidently, (without nominals)
there can be no way of doing so when dealing with MCSs. There is an alternative,
though: while an MCS © is equivalently defined as an infinite conjunction ©,a
finite set of formulas Or is equivalently defined as a finite conjunction G/)\F ;e in

some sense, going finite facilitates ‘naming’. This suggests the following idea:

¢ Instead of starting out with some (possibly infinite) consistent set Xy, we
go for weak completeness and start with a consistent formula ¢ which
we extend to the least subformula-closed set ® containing {¢}. We then
label our worlds according to which ®-formulas they satisfy instead of
with MCSs. In this way, using finite conjunctions, we can contain the
labeling in the formula 717, and then also in the extended formula 7, etc.
We then get that (1) x = sup{y, z} implies Cgem[xIyI; for some 7 O 1(i),
and, importantly, (2) 1 (x) = 1,(x).

Yet again, solving one problem we have caused another: how can m; also contain
the information determining what ®-formulas the worlds are to satisfy and still
be valid: that, say, some w I (sup)@o @ does not determine what ®-formulas
the witnessing @o- and @g-worlds satisfy. Key here is that @ is finite, so there
are only finitely many ‘names’ over @, and we do know that the witnessing ¢o-
and ¢}-worlds must have some ‘®-name’. Therefore, the consequent of 7; will
not state that one particular sub-join-semilattice is the homomorphic image of
one particular other join-semilattice, but instead disjunctively quantify over all
such options induced by all possible ®-names. This brings us to our final point
of elaboration:

¢ If the consequents of the formulas 71, 7, . .. consist of disjunctions defining
distinct join-semilattices, which disjunct shall we choose when stepwise
extending our join-semilattice as to satisfy the truth lemma? To answer this,
it is helpful recalling how 7, is to ‘extend” 7r;. Essentially, we want 7, to
encode how a bigger sub-join-semilattice must also be the homomorphic
image of another bigger join-semilattice. So since each disjunct of the
consequent of 71; encodes how a sub-join-semilattice is the homomorphic
image of another join-semilattice, 71, must encode the extended claim for
each disjunct. To do so, m, must, in particular, split each disjunct of m
into further disjunctions to quantify over all possible ®-names for the ‘new
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worlds’ of the extended join-semilattices. And so forth as for 7, . . ..

What we are left with is a tree where each node at each layer i, in particular,

defines a join-semilattice (the one that a given sub-join-semilattice must be
the homomorphic image of) and also a corresponding disjunct of a formula

7, and the edges mark “extension’ of both join-semilattices and formulas.

The main observations are then (1) the tree is finitely branching, and (2)

we can assure that at each layer at least one disjunct must be ‘satisfied’,

allowing for an infinite subtree where Konig’s Lemma applies to supply an
infinite chain of join-semilattice models of which its colimit is our satisfying
join-semilattice model.

This concludes our ‘study guide’ for the axiomatization to come. While it is in
no way exhaustive and should be treated as nothing but an informal heuristical
guide, we hope that by having called attention to particular features, we have
(1) made what comes more edible, and (2) called to the fore ideas potentially
applicable in other axiomatization settings.

6.2. Soundness

We proceed with the actual definitions and proofs. To axiomatize MILs,,,, we use
an infinite extension scheme for which we need the following definition:

Definition 6.1. Given any set of formulas ® C L, we say that A C L is a
maximal theory over @ just in case there is some ®’ C @ s.t.

A=0'U{-~pelmlpe(@\D)}.

We write MT(®) for the set of all maximal theories over ®. =

Besides from this definition, in order to define the formulas, we will need
auxiliary constructions, namely trees. We continue by defining these.

Definition 6.2 (Extension scheme: trees). For any finite, subformula-closed set of
formulas ® C £ and maximal theory A € MT(®), we define a tree T** with
layers Tp " for all k € w. We do so recursively, going layer by layer specifying
the immediate successors of any t;. € T, DA asa set Tk i " (ty) and then setting

DA
Tk+1 = U Tk+1 ti).
tkETE)A

For layer k = 0, it will be notationally convenient to first define

T(DA- {(S—1,~—1,19)},
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then abbreviate t_; := (S_1,~_1,1_1) and use it to define

So :={*}, Lo : P(So) \ {2} - MT(D),{*} — A,
~o={({*L,{x)}, Ty (t-1) :={(So,~0, L)}, Ty :={(So,~o0, Lo)},

for some symbol . Le., at layer k = 0, our tree consists of the root (So, ~o, lo).

For layer k = n + 1, assume that for all t, = (Sy,~n,ln) € T there is a
unique th—1 = (Sn—1,~n—-1,ln-1) € TCD 1 such that t,, € T®A(t,_1). Further,
assume that these satisfy the following conditions:

i Sn 2 Sn—lr ~n 2 ~“n—1, Ln ) 111—1;

* ~, is a congruence relation on join-semilattice (iP(Sn) \ {a}, U), and ~,_1 is
a congruence relation on join-semilattice (iP(Sn,l) \ {2}, U);

* Ly PSS\ {2} = MT(®), L, 1 : P(Sn—1) \ {&} = MT(®); and
o if Y~ Y/, then 1, (Y) = L, (Y).

For each
th = (Snan/ 11’1) € TSI)’Ar

we continue defining its set of successors T} (tn). Accordingly, suppose tn €
T A(t, ;) for some

th1= (Sﬂ—llNﬂ—lll’ ) € T(D A

n—1/

and consider their corresponding set

N(tn) == {Y € (PISNM@)\(P(Sn-1)\@}) | =3V (Y ~n Y, Y € (P(Sn-1) \{2))) }

Clearly, if Y € N(ty), then [Y], C N(ty,). Therefore, we can (a) consider each of N is short for ‘new worlds’.
these equivalence classes [Y];, € N(t,), (b) let

(sup) g @g - -+, {sup) @y, @1,
denote all formulas x € 1, (Y) with main connective ‘(sup)” and (c) define

Ylnr . _ Y Y Y Y
Sn+1l Ca {(Po ,(p() ,/‘ . ~/(pmyr (pmy,}

assuring that all such boldface symbols for formulas are pairwise distinct.
Using this, we further define

/ [Ylny
n+1 U Sn+1 7
[YInCN(tn)
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and
Snt1:=S)41USn.

Then (P(Sn+1) \ {@},V) is a join-semilattice on which we let ~ 1 be the least

congruence relation satisfying
1. if Y~, Y/, thenY ~,,1 Y’; and

2. VIVl S N(t) V{o), oY} € S5 {o), @ '}~ V.

n+1

O,A
Tn+1

two components (namely Sy, ;1 and ~n 1), they disagree on the last: the labeling.

Lastly, while the elements of (tn) (i-e. the successors of t,,) agree on the first

This we define by considering!”

Ln+1(tn) = {1n+1 : (P(STLJrl) \{@} — MT(@) ‘ ln+1 H(P(Sn) \{@}) = 1n/ [Y ~“n+1 Y = lTLJrl(Y) = lnJrl(Y/H/

¥IYIn C N(tn) V{@Y, @'} S S oY € luyt ({0 }), @) € luia ({0)'}) }
and then letting

®,A _ _
T, (tn) = {(Snt1,~n+1, 1) [ Tngr € Lnga (ta)}e Incase S,y = @, wewould get

Sn+1 = Sn,~n41 = ~n. This
.. do-probl b
Defining so for all t,, € TS A we set p.seu >pro er.n e e
circumvented in multiple ways;

w.l.o.g. we act as if any such ty 41

Tf:_'ﬁ = U Tfl)_ﬁ (tn), is formally distinct from any other
th €T node previously constructed
(formally, the disjoint union, e.g.,
which completes the recursive step, whence the definition as well. = achieves this, but this clutters
notation).

To see that the recursive step actually was well-defined, we assert that our
assumption used when defining the successor nodes was granted.

Lemma 6.3. For any finite, subformula-closed set of formulas ® C L, maximal theory

A € MT(®), and t, € TEA, there is a (unique) tn 1 € TS such that

th € TOA (th ).
Moreover, whenever t,, € T2 (t,,_1), then
th = (Snr ~ns ln) and th1 = (Snflz“nfl/ lnfl)

for some Sy, ~n, ln, Sn—1,~n—1, ln—1 such that

* Su2Sn—1, ~n 2 ~n—1, ln 2 ln—1;

7In this chapter—for clarity, but compromising aesthetics—we have allowed for overflows.
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* ~, is a congruence relation on join-semilattice (iP(Sn) \ {2}, U), and ~n_1 s a
congruence relation on join-semilattice (P(Sn—_1) \ {2}, V);

* 1, 1 P(Sn)\{@} = MT(®), and 1,1 : P(Sn—1) \{&} = MT(D); and
o ifY ~n Y, then 1, (Y) = 1,(Y’).
Proof. Follows by an easy induction, scrutinizing the preceding definition. I

Even if immediate by definition, explicitly including the following lemma
underlines and elucidates important aspects of the previous definition:

Lemma 6.4. For any finite, subformula-closed set of formulas ® C L, maximal theory
A € MT(®), and t,, = (Sn,~n, ln) € T we have that

* S, is finite; and

* if Y], C N(tn) and (sup)@Y @Y’ € 1,,(Y), then for all successors of t, —1i.e., all
tni1 = (Snat, ~nt1, ns1) € T®A(t,) — it is the case that

(92( € lny1 ({(plY}) ’ (PI/ € lny1 ({‘plYl}) ’

and
I:{(plY}] n+1 UNTL+1 [{(plY,}] n+1 = [Y]n+1l
where 'U.. " refers to the join of the join-semilattice (P(Sn41) \{@},U)/~, -
Proof. Doing an induction, the proof becomes immediate by definition. O

Although it will not be needed until our much later completeness proof, it is
instructive to have explicated this second assertion of the lemma to understand
our tree definition. Now, put in the light of a model construction for completeness,
informally speaking, it spells out that whenever a world [Y],, is ‘new’ (i.e. [Y],, C
N(tn)), if the labeling function 1,, requires [Y],, to satisfy some (sup)Y @Y’ €
1 (Y), then this requirement is met in all successor steps tn41; i.e., in all successor
models.

To gain even more familiarity with these trees, we additionally prove the

following lemma, although it, too, only will be needed in the completeness proof:

Lemma 6.5. For any T®?, sequence to,...,tn satisfying ti,1 € Tﬂ?(ti), and
Y € P(Sn) \ {2}, there are X € P(Sn) \ {@}and m < n such that

Y~ X and X €& N(ty).
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Proof. We prove the claim by induction on n. For n = 0, it holds because ~g is
reflexive and

P(So) \ {2} = {{+}} = N(to).

Forn > 0,if Y € N(ty,), we are done by reflexivity of ~,. And if not, by definition
of N(ty), there is some Y’ € P(S,_1) \ {@} such that Y ~, Y’. By IH, there must
be some X € P(S,,_1) \{@}and m < (n —1) such that Y/ ~,, 1 Xand X € N(t,,,).
But then Y’ ~, X, so — by transitivity of ~,, = Y ~, X, which proves the claim. [

Picking up where we left, we define the formulas of our extension scheme

using the auxiliary trees.

Definition 6.6 (Extension scheme: formulas). For any finite, subformula-closed
set of formulas @ C Ln1, maximal theory A € MT(®) and k € w, we define a
formula 71,? A,

To do so, we will need to first define formulas cxfgk]k, for each ty € TS A
which, in turn, are build from other formulas ocm e

Accordingly, for each ti = (Sk,~x, ) and [Y]x € (P(Sk) \{@},U)/~,, define
the set Cy[Y] consisting of the pairs of congruence classes ([Yqlx, [Yvlk) strictly
below [Y]y and of which it is the join; that is,

CilYlk = {([Yali, Yoli) | VI = [Yalx U<, Yoli, Yalk # Yl # [Yolx),

and use it to define the formula

te T W
gy, = W(Y)A A
(IYali, Yo i) €CK [Y]k

/\ Pocfk .

Y] > Xk

t t
<Sup> oc&a]k oc&b]k A

To see that the formulas «!¥, are well-defined, notice that

[Y]e

([Yali, [Yoli) € Cx[Yl

implies that
Yl >x [Yalk, [Yolk.

Consequently, since the partial order > induced by the join-semilattice (P(S) \
{a}, U) /~. is well-founded (because it is on a finite set), the formulas are well-
defined.

Using these formulas, we set

(Sk,~wlk)

DA _ A
T =A = \/ X511, ,

(Sk~i Lk ) ET DA
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which completes our definition. !

Definition 6.7. For any finite, subformula-closed set of formulas ® C L4 and
maximal theory A € MT(®), we write TT®A = {7 | k € w}. H

Having defined the formulas of our extension scheme, we are in a place to
proof-theoretically define a logic, MILgem, which we will show to be an axiomati-

zation of MILs,,.

Definition 6.8 (Axiomatization). We define MILg,p, to be the least normal modal
logic in the language of £ which (a) extends MILp,e and (b) contains %4
for all finite subformula-closed sets of formulas ® C L4 and maximal theories
A € MT(D). =

Prior to proving soundness, let us show how the associativity axiom

(As.) (sup)({sup)pq)r <> (sup)p((sup)qr),

of Remark 1.6 is derived in MILgem. Because it is not derivable in MILp,, it must
be derivable by virtue of the tree formulas. Thus, its derivation serves as an
obvious way of further elucidating this extension scheme — this time by giving a

concrete example.
Example 6.9. To show that MILgem - (As.), it is enough to show one direction
MILsem = (sup)((sup)pq)r — (sup)p((sup)qr),

since the converse direction then follows by (Co.), propositional tautologies, US
and MP. To this end, let @ := {(sup) ((sup)pq)r, ({(sup)pq), p, q, 7}, and observe
that @ is subformula closed and finite. Further, note that

MILgem F (sup)((sup)pq)r — \/{A | (sup)((sup)pq)r € A € MT(D)}.

Thus, it suffices to show that for any maximal theory A € MT(®) which contains
(sup)((sup)pq)r, we have that

MILge H A — (sup)p({sup)qr).

To show this, given any A € MT(®) s.t. (sup)((sup)pq)r € A, we will be con-
structing (some of) the formula 7y .1 Consequently, we have to construct layer
2 of the corresponding tree; that is, Ty . Following the recursive construction,

18For the sake of keeping the example within reasonable length, we will be omitting quite some
details and only include the steps illuminating the bare workings.
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the base case is given as follows:

Sqg=—_1=l4:=0, T®A = {(S_1,~1,11)},

and

So :={x}, lo : P(So) \ {&} = MT(@),{x} — A,

~0 = {({*}/{*})}/ T(SD,A (t—l) = {(SO/ ~0s 10)}/ T(C)D,A = {(SOI ~0/ 10)}/
where t_; := (S_1,~_1,1_1). For layer 1, since Tg) A s a singleton, we only

need to construct the successors of tg = (Sp,~o,lo). Since N(tg) = {{*}} and
(sup)((sup)pq)r € A = lo({*}), we know that

{(sup)pq,r} C S{*h7 C sy,

hence

{(sup)pq, v} ~1 {+},

and for all l; € L;(tg):

(sup)pq € Ly ({{(sup)pq}), rel ({r}).

Knowing this regarding T;"* is adequate for our purposes. Because now for any
t1 =(S1,~,4) € Tld)’A, we find that

{{(sup)pq} € N(t1),
hence by similar reasoning to before: for all t; = (S1,~1,11) € T;D A

P, a}~{(sup)pq}, VheLi(ti):pel{ph,qgecl{qh.

Again this is adequate concerning Ty **. It is then not too hard to check that for
allt, € T,

PEA Oy G EA O, T EA Xy
({at2, {r)2) € Collq, 72, (HpH2 Hg,1H2) € CalSalo,

whence

12 t2 t t t t2
(SUp) iy, X(fry, €A Xilq ey,  And (SUP)XLy &g 1)) €A X[G,)

where the occurrence of ‘€A’ in, e.g., p €A oci‘{zp}]2 denotes that ‘p” occurs as a
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conjunct of a conjunction ‘/\” occurring as a main connective in ’oc&zp}]z ". Therefore,

by normality, we get that

MILsem b o3, — (sup)p({sup)qr).

Lastly, since (1) this holds for all t, € T;D A and (2)

MILgem 2 7'C§D’A = A N \/ (XESSZZ]’;ZJZJr
(S2,~2,LL)ET, ®A
we get that
MILsem - A= <SUP>P(<Sup>qr)
as sufficed. .

Now for showing soundness. For this, we will need a preliminary result, which
we have split into two lemmas: the latter being what we need, and the former
being helpful in proving the latter.

Lemma 6.10. Suppose (W, V) has a greatest element w and is a sub-join-semilattice of
(V, V). Further, suppose there is an onto (join-semilattice) homomorphism

h: (PN {2LU). = (W)
for some set S, and that
h([Xol~) =uo Vv
for some [Xo]~ € (P(S) \{@},U)/~ and {uy,vo} C V. Then the following hold.

o The structure
(W/,\/) = ({Xl Ve Vxg k> 1,{X1,...,Xk} CcCWu {LLQ,V()}},\/),

is a sub-join-semilattice of (V,\V) with greatest element w.

* Define
§" := {uy, vo}

assuring ug # vo (note that we need not have uy # vo) and S’ NS = @, and let
~' be the least congruence relation on the join-semilattice (CP(S uUSH\{e}, U)

satisfying
0. if X~ Y then X ~"Y; and

1. Xo ~' {uyg, vo}.
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Then sending

{uo}ll~ = uo, {voll~r — Vo

and, for all @ # X C S, sending
(X]~ = h([X].)
defines a partial function which canonically extends to an onto homorphism

"L(PSUSHN\{eLu)/o = (W,V).

Proof. For the former claim, all we need is that (1) w > h([Xol.) = uy Vvp and (2)
the set
{a Ve Ve ik = 1,{x,..,x} € W U{ug, vol}

is closed under taking joins, which both clearly are the case.
For the latter, observe that sending

{uo} = ug, {vo} — vo,

and forall@ A#X C S
X = h([X].)

defines a partial function since ug # vp and SN'S’ = @. In fact, it generates the
function

" (PSUS)\{a}uU) = (W, V)

which is well-defined by being defined on all atoms; a homomorphism because
h is; and onto because (a) it is onto on W (because h is), (b) it is onto on {ug, vo},
and (c) it is a homomorphism and W’ consists of finite joins of elements from
WU {ug, vo}.
Thus, f’ induces another congruence relation ~¢/ on (TP(S uUSH\{a}, U) given
as
X~ Y iff  f(X)=f(Y).

Importantly, ~¢ satisfies the defining conditions 0.-1. of ~'. 0. because if X ~ Y,
then

and 1. because

'(Xo) = h([Xol~) = w0 Vo = f'({uo}) V f'({uo}) = f'({uo} U {uo}) = f'({uo, vo}).
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Thus,
~! C ~fy

which suffices to prove the claim. O
Generalizing this result, we prove the needed lemma.

Lemma 6.11. Suppose (W, /) has a greatest element w and is a sub-join-semilattice of
(V, V). Further, suppose there is an onto homomorphism

h: (PS)\{2LU)/. — (W,V)

for some set S, and that

L h(Xol) =uf Vg = = uf, VY,
m. h(Xml) =ul Vvt =--- =uy Vv,
for some
{Xol-, ml~} C (P(S)\ {2}, u)/-
and
R = {ug,vg,...,ugo,vgo, R V7 VPR TR il S T4
Then the following hold.

e The structure
({x1 VooVt k> 1,{xq,...x ) CWU R’},\/),

is a sub-join-semilattice of (V, V) with greatest element w.

* Define

. 0 .0 0 0 m _m m m
S"i={ugy,vg,..., Up,, Vny,---, U, Vg, oo, Up, Vi

assuring all elements are pairwise distinct (this need not be the case for ug, vy, ..., ul
so essentially we're considering a multiset) and S’ N'S = &, and let ~' be the least
congruence relation on the join-semilattice (P(S U S’) \ {@},U) satisfying

0. if X~Y then X ~"Y;

1. Xo~"{ud, v} ~" -~ {ud ,v2
m. Xy ~" {ugt, vgth~" -~ {ug vt 1.
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Then sending

[{ug}]u — ug, [{Vg}]u — v8, ey, [{u?10 = ugw, [{vgo}]u — v(T)LU, o,

{ug' e = ugh, {vg' e = v, oo, Hug Hor = ut v N vt
and, for all @ # X C S, sending
[X]< — h([X].)
defines a partial function which canonically extends to an onto homorphism

h': (P(SUSH\{gLu)/- — (W,V).

Proof. As before, the former of the claims is basically by definition.
For the latter, we use the previous lemma repeatedly. To be precise, first, we

list

{ugl Vg}/ s r{ugof Vgo}/ ey {uBn/ van}, s r{uglmf vnmm

so that

SUS' =SU ({ud, v}u - Ufu,vo U U{uf, vi U - U {ul vt )
=(~--(---(-~-(Su{u8,vg})U~--U{ugo,vg0)U~-~U{u{,“,Vf,“})U~-~U{uﬁm,V?m).

Second, iteratively defining congruence relations

C..-C~rC...Cam

— Mm

0
~C-C~

0
= ny

and corresponding target join-semilattices (W, V),..., (W, ,V) as given in the
previous lemma — and using that the corresponding homomorphisms ‘extend’
each other — that exact lemma gives us an onto homomorphism h[* . Itis then an
easy matter to check that ~* =~/, (W[ ,V) = (W/,V), and that h[* satisfies

the given conditions. O
Using this lemma, we continue by proving soundness.
Theorem 6.12 (Soundness). MILgen, € MILgy,.

Proof. We show that for any finite, subformula-closed set of formulas ® C L,
maximal theory A € MT(®), and k € w, it is the case that

e € MLy

Therefore, suppose (W, V, V) = M is a join-semilattice model, and w is a world
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such that
M, w Ik A.

Further, let k € w be arbitrary. We prove the claim by constructing a sequence of
tuples

t1 = (S—1,~—1,11),t0 = (So, ~0, Vo), t1 = (So,~0, bo), - - ., t = (Sk, ~x, k)

such that forall 0 <i<k
t € T?’A(tifl)r

and then showing that
t
M, w I+ (x[gk]k.

The sequence of tuples will be constructed using a concurrent construction of
onto homomorphisms

hi: (P(S)\{2},U) /<, = (W4, V),

where (Wi’\/)ogigk
greatest element w, and such that

constitutes a chain of sub-join-semilattices of (W, V) all with

L(Y) = [h([YI)II N (@ U —D)

forallY € P(S;) \ {o}.
Base case. t_1 and t, are already given, and the unique function

ho : (P(So) \ {2}, U)/, — (W}, V)
is obviously an onto homomorphism such that
Lo(Y) = lIho([YIo)[[ N (© U ~D)

forallY € P(So) \ {@}.
Recursive step. Suppose for some i < k that we have constructed

to1 = (S—1,~—1,121), to = (So,~0, o), t1 = (So,~0, Lo), ..., ti = (Si, ~i, Li)

and a corresponding chain of onto homomorphisms and sub-join-semilattices.

By definition, we know that

Sit1:=S{,1USs,
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where
r [Yli/
L= Uosy

and

Ylis . Y Y Y Y
Sivi =100, 0 - Pny, 00, }

arise from the formulas x € 1;(Y) with main connective ‘(sup)’ for all [Y]; C N(ty).
Enumerating representatives of these equivalence classes as Yy, ..., Y, we geta
list

Y; Y1/ Y. Y, 7 Ym Ym 7 Y Ym 7
{(901/‘901 },-..,{@nlYl,@nlYl },...,{(po /9o },...,{@n';m,@n';m }

such that

Ym

Siy1 =5 U ({(P(Tl,(l)(\;(l’} u---u {(PIIYI/(PIIYII} U---uU {‘P(\J(mr(l)(\)(m'} u---u {‘PX’L‘m/‘PIm /}> .

Since, by IH,
L(Y) = [[h([YI)I N (O U—D)

forall Y € P(S;:) \ {@}, we, in particular, have that forall 1 <j < mu:

Rl -\ (sup)ea’ oo,

agnyi

hence it must be witnessed by some

3 Yj ] Y'/
w, Ik ed, vl IFed

such that h;([Y;];) = w, V.

Consequently, cf. the preceding lemma and the IH, these witnessing worlds
together with W; generate a sub-join-semilattice (W;1,V/) with greatest element
w that is a homomorphic image through

hig1: (P(Sip) \{@hU) /<, = (Wi, V),

{oe )] ok [{ow )] o
i ~iH

forall 1 <j < mand a < ny,. Because of this latter fact, and since also (a) hi 1

where

‘extends’ hy, and (b) (® U —®) is subformula closed (because @ is), letting

Lit1: (P(Si1) \ {2}, U) = MT(®)
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be given by
Liv1(Y) = [[hip1 (Vi )N (@ U —D),

(D,A(
i+1

our construction of the sequence.

defines an element ti,1 € T t1), which finishes the recursive step and, thus,

It therefore remains to show that

(S, ~x,lk)
w k- X5, T,

We do so by induction on the join-semilattice (fP(Sk) \ {2}, U) /~. showing that
for all [Y]y:
R (YD) I g™,

For atoms [Y]x of (P(Sx) \{@},U)/~,, using that
L (Y) = [ ([YI)IIN (@ U —D),
this amounts to
hu ([YTie) I [[hue (YT N (@ U — D),

which obviously is the case. So let [Y]y be arbitrary so that the claim holds for
all points [Yqli <k [Ylk and [Yplk <k [Ylk. Again, this is well-defined since <y is
well-founded (because our join-semilattice is finite). Clearly,

—

hue ([Yhe) IF L (Y),

while

t t t
e ([V]e) I A (suphacyy oy A\ oy,
([IYalx, [Yolx)eCr [Y]k [YTe > Xk

follows by (1) induction hypothesis, (2) hy being a join-semilattice homomor-
phism — hence preserving joins and (weak) order — and (3) (W, V) being a
sub-join-semilattice of (W, V).

This finalizes the induction; a fortiori, since hy is onto and [Sy]x and w are the
greatest elements of (P(Sx) \{@},U) and (W, V), respectively, we get

w =R (1Sidi) - g,

as desired. O
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6.3. Completeness

Having shown soundness, next task is to show completeness. As with soundness,
we begin with some preliminary results; the first of which we have split into two
lemmas: once again, the latter being what we need, and the former being useful
in proving the latter.

Lemma 6.13. Suppose S,S’,{a, b} are sets such that {a,b}NS = &,S’ ={a,b}US,
and ~ is a congruence relation on

(P(S) \ {2}, v).

Then mapping
Y. = [Y].

forall @ #Y C S, defines an embedding

e: (P(S)\{a},u)/~ = (P(S)\ (e} L)/,
where ~' is the least congruence relation satisfying
1. if X ~ Y then X ~' Y; and
2. {a,b}~" Z,
forsome @ # Z C S.

Proof. First, note thatsince S C S" and ~ C ~' (cf. 1.), the map
e: [Yl.— [Y]o

is well-defined.
Second, to see that e is a homomorphism, observe that for any [X]., [Y]., we
have that

e([XI. UL [YI) =e(XUYL) =XUYl =Xl U [Vl
e(X].) U e(lVlL).

Third, we have to show that e is injective; i.e., the converse of condition 1.,
namely that
forall X,Y € P(S)\{@}, if X~" Y then X ~ Y.

To show so, it suffices to find another relation ~” O ~’ for which this holds.
Consequently, consider the relation on P(S’) \ {&} given by X ~" Y :iff
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either (i) (XN {a,b}) = (Y N{a,b}), (X\{a,b}) ~ (Y\{a, b}) or (X\{a,b}) = (Y\{a,b}) = 2)
or (i) (X \{a,b}) UZ) ~ (X\{a,b}) or X 2 {a, b}), (((Y\{a,b) UZ) ~ (Y\{a,b}) or Y 2 {a, b}),

(X\{a,b) UZ) ~ ((Y\{a,b}JUZ).

forall {X,Y} C P(S") \ {o}.

We show that ~” extends ~'. First, observe that (i) implies condition 1. in the
definition of ~’, and (ii) implies condition 2. in the definition of ~’. Thus, for
showing ~” D ~/, it is enough to show that ~” is a congruence relation. Reflexivity
is an easy consequence of (i) and ~ being reflexive, and symmetry is an easy

consequence of ~ being symmetric. For transitivity, suppose
X N Y N W

(i) (i)
IfX~"Y~"W (thatis, X ~" Y ~" W by virtue of fulfilling condition (i)), then
(ii)
"

(i) (ii)
X ~"" W follows by transitivity of ~, so suppose instead that X ~” Y ~” W. Then
(X\{a,bh U Z) ~ ((Y\{a, b)) U Z) ~ (W\{a, b U Z),
(ii) i) (i)
hence X ~" W follows by transitivity of ~. Now suppose X ~” Y ~” W. Then
(ii)
Y ~"” W implies that either (1) Y D {a, b} or (2) ((Y\{a,b}) UZ) ~ (Y\{a,b}). In

case of (1), also X D {a, b} because X Lig’ Y. Ifeven Y = {a,b}, we have X =Y,
hence
(X\{a,ph U Z) = ((Y\{a,bh) U Z) ~ (W\{a,b)UZ),
so X SZ’)’ W. And if (X \ {a,b}) ~ (Y \ {a, b}), then since Z ~ Z, we get
(X\{a,bhuZ) ~((Y\{a,bh U Z) ~ (W\{a,bh U Z)

by ~ being a congruence relation, hence, in particular, compatible with ‘U’". Thus,
(ii)
X ~" W. In case of (2), we find that

(X\{a,b) U Z) ~ ((Y\{a,b}) UZ) ~ (Y\{a,b}) ~ (X\{a, b}).

Thus, ((X\{a, b})UZ) ~ (X\{a, b}). Moreover, transitivity and ((Y\{a,b}) UZ) ~
((W\{a,b}) U Z) entail that

(X\{a,bh U Z) ~ (W\{a,b}) U Z),
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(ii) (i) ()
showing X ~” W. Finally, for the remaining case, X ~" Y ~” W, we use symmetry
(i) (ii) (ii)
to get that W ~”" Y ~" X, for which the previous proof shows W ~” X, so by
(ii)
symmetry X ~” W. Thus, we’ve shown ~" to be transitive.
Lastly, we have to show that ~" is compatible with taking unions. Accordingly,
suppose

X1 ~"Yy, Xo ~" Y.

(i) (i)
Then we are to show (X; UXz) ~” (Y1 UY,). If X3 ~” Y and X5 ~”" Y, then using
that
(X1 \ {a, b}) ~ (Y1 \{a, b}), (X2 \ {a, b}) ~ (Y2 \{a, b})

entail

(X1 UX2) \{a,b}) = (X1 \{a,b}) U (X2 \ {a, b})
~ (Yi\{a, b)) U (Y2 \{a,b}) = ((Y1 U Y2) \ {a, b})

(i)
by ‘U’-compatibility of ~, we find that (X; U X;) ~” (Y7 U Y2) follows easily. And
(i) (i) (i)
if X3 ~"” Yy and Xz ~" Yy, then to see that (X3 U Xz) ~” (Y1 UY2), simply observe

that (1)

(X1 UX2) \{a, b)) UZ) = (((Xi \{a,b}) U Z) U ((X2 \{a,b}) U Z))

~(((Yi\{a,bhUZ) U ((Y2\{a,b}) U Z))
= (((v1UY2)\{a,b}J U Z),

and (2a) (X; 2 {a, b} = (X1 UX;) D {a, b}), while (2b)
(X1 \{a,bh U Z) ~ (X1 \{a, b}), (X2 \ {a,b}) UZ) ~ (X2 \{a, b})
entail

(X1 U X2)\{a,bP) U Z) = ((X1 \{a,b}) U Z) U ((X2\{a,b}) U Z)
~ (Xi\{a, b)) U (X2\{a,b}) ~ ((X1 UXz) \{a, b}).

And, analogously, for Y1, Y,, the arguments of (2a) and (2b) go through, hence we
(ii) (i i
"

) (i)
get (X1 UXz) ~” (Y1 UY,). Therefore, suppose X; ~” Y1 and Xz ~” Y. Then

(X1 UX2) \{a, b)) U Z) = ((X1\{a,b}) U ((X2\{a,b}) U Z))
~ ((YiN{a,b}) U (2\{a,b}) U Z)) = (((Y1 UY2) \{a,b}) U Z)
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because (1)
(X2 \{a,bh U Z) ~ (Y2 \{a,b}) U Z),

and (2)
either (X1 \{a,b}) ~ (Y1\{a,b})  or (X1\{a,b}) = (Y1 \{a,b}) = 2.

Thus, if (X; U Xz) 2 {a,b}and (Y1 UY2) 2 {a, b}, we're done. So suppose
(X1 UXz) 2 {a, b}. Then

(X2 \{a, b)) UZ) ~ (X2 \{a, b}),
hence

(X1 UX2)\{a,b}) U Z) = (X; \{a,b}) U ((X2\{a,b})UZ)
~ (Xi\{a, b)) U (X2\{a,b}) = ((X1 UXz) \{a, b}).

(ii)
The case {Y1, Y2} 2 {a, b}is analogous; thus, (X; U Xz) ~” (Y; UY,). Finally, the
(i) (i)
remaining case, X; ~” Y; and X; ~” Y2, is covered by the exact same reasoning

using commutativity of ‘U’
Summarizing, this shows that ~” 2 ~’, so to show injectivity of e, it suffices to
show that
forall X,Y € P(S)\ {2}, if X~" Y then X ~ Y.

Accordingly, let X, Y € P(S) \ {@} be arbitrary such that X ~” Y. Notice that then

(i)
(XN{a,b}) = @ = (YN{a, b}). Soif X ~"" Y, we have both (XN{a, b}) = (YN{a, b})
and —since X 2 & £ Y —

X=(X\{a,b}) ~ (Y\{a,b}) =Y

as required.
(i)
And if X ~" Y, we have

X = (X\{a,b}) ~ (X\{a, b U Z) ~ ((Y\{a,b}) U Z) ~ (Y \{a,b}) =Y,
completing our proof of injectivity, hence completing our proof of the lemma.
As stated, even though it is of no concrete use for the time being, we will show

that the converse inclusion holds as well; that is, ~” C ~’. We show this because

not only does an unraveled characterization of ~’ as ~” provide some intuition,
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but, more importantly, it will also be of explicit reference in the proof of Lemma
6.23. .

Consequently, first, suppose X ff’ Y. Then (XN {a,b}) = (YN{a,b}). Soif
(X\{a,b}) = (Y\{a,b}) = &, we must have X =Y, hence X ~' Y by reflexivity.
And if (X \{a, b}) ~ (Y \{a, b}), we get by compatibility with unions and ~" 2 ~
that

X=(X\{a, b)) U(XN{a,b}) = (X\{a, b)) U(YN{a,b})
~"(Y\{a,b) U (YN{a,b}) =Y.

(ii)
Second, suppose X ~" Y. If (1) X D {a, b}, then

X=XU{abl~"XUZ=(X\{a,b)UZU{a,b}
~ X\{a,bh)UZuUZ=X\{a,bhUZ

by repeated use of {a, b} ~' Z and compatibility with unions. And if (2) ((X\
{a,b}) U Z) ~ (X\ {a, b}), then, using that

Z=72UZ~"7ZU{a,b}D ZU(XN{a,b}),

SO
Z~"ZU(ZU(XN{a,b}))=ZU(XN{a,b}),

we get

X=(X\{a,b}) U (XN{a,b}) ~" (X\{a,b}) UZ) U (XN{a,b})
= (X\{a,b}) U (ZU (XN{a,b})) ~" (X\{a,b}) U Z.

Le., in either case we get that
X~" (X\{a,b}) UZ.

Analogously, we get
Y~ (Y\{a,bhUZ,

whence
X~ (X\{a,b)UZ~ (Y\{a,bhUZ-~"Y,

so X ~" Y as required, finishing our proof of ~” C ~" and, therefore, allowing us
to conclude ~" = ~’. O

Employing this lemma, we prove the following:
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Lemma 6.14. Let ® C Lpy be a finite, subformula-closed set of formulas and A

a maximal theory over ®. Then for any n € w,tn = (Sn,~n,ln) € TOA and

tn1 = (Snat, ~ni1, lns1) € Tat (tn), mapping

defines an embedding

e: (ﬂ)(sn) \{@}, U)/N“ — (‘P(Sn+1) \{@}, U) /1 Le., this lemma formalizes and
proves how the generated
join-semilattices extend each other

Proof. As in the soundness proof, we know that (cf. section 6.1)

STL+1 = S‘:1+1 U Sn/

where
n1 = U 821’1 ’,
[YInCN(tn)
and
SUA = (ol ol ok, 0%, )

arise from the formulas x € 1,(Y) with main connective ‘(sup)’ for all [Y],, C

N(tn ). Therefore, we can enumerate representatives of these equivalence classes

as Y1,..., Ym and using each of their corresponding enumerations of pairs of
Yi oYir ;

formulae {@d’, ¢’ '}, we get a list

Y Yy Y- Y, 7 Y Ym 7 Y, Y, /
{‘Polr‘Pol }w.-,{(pnlyl,(pnlyl },-..,{@om,@o’“ },--.,{@nvmf@n‘;‘m }

such that
Sn+1 = S, U ({(pgl,(p:”} U---U {(pxlvl’(pl\?yl/} U---U {(p(\)(m,(pgml} U---U {(plem,(px?m/}>

(o (o (v oo ) U U {0l D)

J.---u {(p()Ym/(pOle}) J---uJ {(pTY1$mI(pTY1$m,}>

Iteratively defining corresponding congruence relations
N(‘)’i cC...cn C ...CNgm C..-C~Ym

= = ny, = = Nym

as given in the previous lemma, and using that embeddings compose, that exact

83



lemma gives us that
[Y]Nn — [Y]Nan

is an embedding from

(P(Sn)\ {2} u)/~,

to
(?(SnJrl) \ {@}, U) /NI‘T\?,“ .

Moreover, an easy induction shows that

Ym _ ~
My, n+1,

~

which completes the proof. O
In addition to the preceding lemma, we will also need the following;:

Lemma 6.15. Let TP, t,, = (Sn,~n,ln) € T2 and tn 1 = (Sns1,~nt1, Int1) €

T® 'ﬁ(tn) be arbitrary. Then for any @ # Y C Sy, it is the case that

t'r1+1 tn
Xy, ™ Xy, € MILsem.

Proof. We prove the claim by induction on the join-semilattice (P(S), V) /-, . If
[Y], is an atom, then

(XJ[[\T([]“ = l‘n(Y)/
so since 1,11 2 Ly, it follows by uniform substitution on a propositional tautology
that

t
o n—+1 — (th

YIn 1 1, € MILsem.

Now suppose it holds for all [Yq]n <n [Y]n and [Ypln <n [Yln. By the preceding
lemma,
Xln — Xlnt1

defines an embedding, hence

([Ya]n/ [Yb]n) € Cn [Y}n = ([Ya]nJrl/ [Yb]nJrl) € Cn+1 [Y}nJrl

and
[Y]n >n [X]n = [Y]n+l >n41 [X}n—b—lr

from which it easily follows by (1) IH, (2) 1,41 2 ln, and (3) normality of MILgem
that

J[n+1 tn
%y, oy, € MlLsem,
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exactly as required. O
With these results at hand, we embark on the actual completeness proof.
Theorem 6.16 ((Weak) Completeness). MILgem 2 MILgep.

Proof. Suppose ¢ € Ln is MILgem-consistent, and let @ be the least subformula-
closed set of formulas containing ¢. Extend {¢} to a MILgem-MCS T, and let

Xo:=ToN(®dU—D).

Then © is finite, and X, is a maximal theory over @ containing ¢. We show

that X is satisfiable on a join-semilattice model. We construct this model by

constructing a tree in which every node is a join-semilattice embedding into all

of its successor nodes. The tree will be infinite, but finitely branching, hence

Konig’s Lemma asserts the existence of an infinite branch, and taking the colimit

of the models on the infinite branch then gives us our join-semilattice model.
Since @ is finite, and X is a maximal theory over @, we get a tree

T X0 .— U T Xo
: o

ncw

While this is a finitely branching, infinite tree, it is not quite what we seek: it is too
‘big’ in the sense of containing ‘incoherent’ nodes or, more precisely, ‘incoherent’
generated subtrees. To explicate, in order to show that X is satisfiable, we will
need a truth lemma, which —loosely speaking — asserts that for any node t,, at
layer n the truth lemma is (partially) satisfied up to ‘depth’ n. To ensure this, we
have to get rid of some nodes and we, therefore, cut the tree by restricting the
layers as follows:

Sn,~noln
TOX0! = {(Sn,~n,ln) e T |t e FO}

for all n € w. To see that this, indeed, defines a subtree T® X0’/ C T®X0 it suffices
to show that if Tg’ ’+X1°’ S tpy € Tff ’+X1° (tn) then t,, € T®X/. However, this
follows by (1) closure under modus ponens of MCSs; (2) the preceding Lemma
6.15 which, in particular, implies

tht th .
O([S:]n b XS, © MILsem C To;

and (3) the easily provable fact that [Sn]nt1 = [Snt1ln+1.
Moreover, T®*X0/ is clearly finitely branching (because T®X is), but also
infinite since
MPX0 C MILsem CTo,  Xo ST,
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and MCSs enjoy the disjunction (and converse conjunction) property and are
closed under modus ponens. lLe., this entails that for each n € w, there is a
tn € TOX0/ 50 |TOX0/| > K.

Thus, by Kénig’s Lemma, there must be an infinite branch
t() - (SO/ ~0/, l'0)/ e /tn = (STL/ ~ns ln)/ cery

for which we have that t,, 1 € Tfff’ (tn) and ocg;‘]’:“’L") eIy foralln € w. Our

satisfying join-semilattice will be the colimit of the join-semilattices correspond-
ing to each t,, and the embeddings between them.

To explicate how the colimit is constructed, first note that, cf. Lemma 6.14, for
each m < n, we have an embedding

emn t (P(Sm)\{@})/~, = (P(S0)\{2})/,
given by Le., we tacitly use that embeddings

dform=mn,e
. v iy compose, an , €mn
m’n([ Jm) YIn becomes the identity.

for all [Y], € (fP(Sm) \ {@}) /~..- Thus, we can take the disjoint union

W= | | (P(Sn)\{2})/, = {([Vln,n) In € w,[YIn € (P(Sn) \{@}, V) /- },

ncw

quotient out under the equivalence relation
(XIm,m) ~ (Vln,m)  iff emn(XIm) = [YIn or enm([YIn) = Xlm,
write [[Yln, ] for an equivalence class [([Y]y,n)] , and let
Wi=W'/~
be the underlying set of a join-semilattice (W, V) for which
(X, ] = [[YIm, m] V [[Z]n, 7] Aiff Xl = Y], U-, [Z],, where p = max{k, m,n}.

It is then (tedious but) straightforward to check that (1) this object (W, \/) is,

indeed, a join-semilattice; (2) it — together with the maps
ew  (P(Sn) \{2}))/~, = (W,V)
given by sending [Y], — [[Y]n, n] —is the colimit of the chain; and (3) e} even

are embeddings.
While this defines our join-semilattice frame, we still need to prove three
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preparatory claims before defining the valuation and subsequently proving a

truth lemma.

Claim (a). Suppose (sup) Y’ € 1,,(Y) for some t,,. Then there exist [Yqlnt1, [Yoln+1
such that

[Y}n—o—l = [Ya}n—o—l U~n+1 [Yb]n+1

and P € 1y11(Ya), V' € Lnga(Yo).
Proof of claim (a). We first prove the claim for the subcase where Y € N(t,,).
In those cases, we have that

Yl
fwpcsly,
so, by definition of ~ 41,
Wu =P~ V.

Thus,
[Y]n—H = [{Il)}]n+1 U~n+1 [{1l’l}}n+1 ’

and since 141 € Lny1(tn), it must satisfy

Vel (), ¥ €la (W'}

as required.

Using this, we prove the general claim. By Lemma 6.5, we know that there
are X € P(Sn) \ {@} and m < nsuch that Y ~,, Xand X € N(t,). So there are
[Yalmat, [Yolmae1 such that

[X}erl = [Ya]erl U~m+1 [Yb]m+1

and P € 1;;41(Ya), ¥’ € Linta1(Yo). But then

Yny = em+1,n+1([x]m+1) = €m+1,n+1 (Yalm+1 Ui Yolm+1)

= em+1,n+1([Ya}m+1) U~n+1 em+1,n+1([Yb}m+1) = [Ya]n+1 U~n+1 [Yb]n+1r

and since ln4+1 2 lm+1, this proves the claim. Octaim (@)
Claim (b). Forallm € wand @ #Y C Sy, there is an MCS Ty such that

tn
Iy > (X[Y] .

n
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Hence, in particular, Ty D 1,(Y).
Proof of claim (b). To prove this, we go by cases. If [Y], = [Sy]n then Ty >
tn JE— tn

XS nln = X(¥a
And if [Y],, # [Snln then [Y];, <u [Snln, hence

Py, €nogg g, €T,

n

tn
[Snln
’

as a conjunct of a conjunction ‘/\” occurring as a main connective in ’ocfg e
nin

where the occurrence of ‘€ A" in ’Pocf\‘}} EA X " denotes that ’Po{[‘{}} " occurs

Thus, Po{[‘\’(‘]n € Ty, so, by the existence lemma for the canonical MILgem-frame,
tn

Yln*

Lastly, the last part of the claim follows from 1, (Y) Ca oC[‘QJn ely.  Ocuimw

there is some I'y > «

Claim (c). Suppose
(X, K] = [V, m] V/ [[Z], ]

That is,

Xl, = [Yl, Ue, [Z],, where p = max{k, m,n}.

P

Then there are MCSs Tx 2 1,(X), Ty 2 1,(Y), Tz 2 1,(Z) such that
CsemIxTYTZ,

where Cgem denotes the ternary relation of the canonical MILgem-frame.

Proof of claim (c). We prove the claim going by cases.

o If [X], = [Yl, = [Z],, then, by claim (b), there is I'x 2 1,,(X), so since (Re.)
is Sahlqvist hence canonical, the claim follows.

o If [X], = [Y], # [Z],, then Poc%p N ocf;]p € Ix, so it follows by the
existence lemma and canonicity of (Dk.).

o If [X], = [Z], # [Y]p, then same as before and using canonicity of (Co.).

o If [V, # [X], # [Z],, then (sup)ocmpocfz]p En ocBg]p € Ix, so, by the exis-
tence lemma, there are 'y, I'z such that CsemxI'yI'z and 1, (Y) CA ocﬁ;]p €

t
N, (Z) Ch ez €Tz Dlciaim (c)

With these claims proven and our satisfying join-semilattice frame defined, we
continue by defining the satisfying valuation:

V(p) = {[Xlx, k] e W:p e l(X)}.
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Note that this is well-defined because (a) 1,, 2 1, for alln > m and (b) X ~, X’
implies 1, (X) = 1,,(X’). We then wish to show that for all{ € (® U—~®) and all
[X]k, k] € W:

(W,V, V), [Xi, K] Fo iff b e L(X).

The proof goes by induction on the complexity of formulas. Base case is by defi-
nition and Boolean cases are straightforward using properties of MCSs (enabled
by claim (b)) and having in mind that (® U —®) is subformula closed because ®
is.

For the (sup)-case, we have

(X, k] I- (sup)brpy  iff  3[[Ylm, m], [[Z]n, 0] s.t. XIp, = [V, U [Z],, wherep =

(Yl m] IF 1, and [[Z]n,n] -,

(IH)
iff 3V, m], [[Z0n,n] st [X]p = [Y]p Uo

ll)l S 1m(Y) and 11)2 € Ln(z)

P

iff  3[[Ylm, m], [[Z]n,n] s.t. X]p = [Vl U<, [Z],, wherep =

Y1 € L,(Y) and Py € 1,(Z)

(i)
iff 3k’ € w: (sup)P1P; € Lo (X)

iff  (sup)P1s € W(X),

where we in the left-to-right direction of (i) use that — cf. claim (c) — there
are MCSs Tx 2 1,(X),Ty 2 1,(Y),Tz 2 1,(Z) such that CsemI'xI'YI'z, hence

Y1 € L,(Y), 2 € 1,(Z) imply (sup)i1, € 1,(X). Further, right-to-left of (i)
holds by claim (a).
This completes the induction, from which it follows that

(W/\//V)r [[SO]O!O] I- XO

showing that ¢ € Xj is satisfiable in a join-semilattice model and, thus, at long

last, finalizing our proof of completeness. O
As an immediate follow-up, we deduce strong completeness.
Corollary 6.17. MILgen is strongly complete w.r.t. MILgey.

Proof. Since MILgen, is sound and weakly complete w.r.t. MILs,, it suffices
to show compactness of MILg,,: for any set I' C Ly, if all finite subsets of I’
are satisfiable then I' is satifisable. However, this is an easy consequence of (1)
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compactness of first-order logic; (2) a standard translation for £n1-formulas; and

(3) the fact that being a join-semilattice is a first-order definable property. O

Remark 6.18. An alternative, more overt way of proving strong completeness is
the following:

* Suppose I' C L is MILgem-consistent.

* For each finite subset [+ C T, get a join-semilattice model using the colimit
construction of the completeness proof.

* Obtain a join-semilattice model of all of I" using the standard ultrafilter-
compactness construction. —|

In addition to the question of strong completeness we just addressed, our
(weak) completeness proof naturally sparks some further questions and inquiries.

Firstly, while we did explicitly use (Re.), (Co.), (Dk.) and, of course, formulas
from the infinite extension scheme in the completeness proof, the reader might
have noticed that we did not explicitly use (4). Although this seems peculiar, it is
actually not, as is explained by the following remark:

Remark 6.19. Let A be an arbitrary NML for the modal language with a single
binary modality containing the axiom (As.). Then A - (4).
To see this, recall that

(4) = PPp — Pp = (sup)((sup)pT) T — (sup)pT,

and use that

(sup) ({sup)pT)T s (sup)p((sup)TT) and (sup)TT — T. N

Secondly, after axiomatizing MILp,,, we could promptly deduce that MILp, =
MILp,s because the constructed frame of the completeness proof was not only a
preorder but, in fact, a poset. Likewise, it is reasonable to inquire whether our
constructed model, beyond being a member of the class of join-semilattices, is a
member of some interesting subclass of structures. This is the subject matter of
the next section.

Thirdly, having axiomatized MILs,,, echoing our work in the setting of pre-
orders, axiomatizing the augmented MIL, g, is an interesting follow-up. We
have not attempted so but leave it for future work.

Lastly, exploring the connected properties of decidability, finite axiomatizability
and the FMP w.r.t. the class

Csem :={(W, C) [ (W, C) IF MILsem},
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constitutes an extremely intriguing direction for future work. In the last section
of this chapter, we expand on this and draw similarities with longstanding open

problems in relevance logic.

6.4. Join-semilattices with finite (bounded) infima

As outlined, in this section, similar to how we showed MILp,, = MILpys & MILgep,
we explore how far the logic MILsg,,, stays constant when considering subclasses
of join-semilattices. In particular, we show that the logic stays constant just short
of the class of lattices: we can have all lower-bounded binary meets, but not all
binary meets simpliciter. First, we show the former, for which it suffices to prove
that the model of the completeness proof is finite lower bounded complete; that

is:

Definition 6.20. A poset (W, <) is finite lower bounded complete :iff any finite

subset A C W which has a lower bound, has a greatest lower bound. = For context, a poset is (upper)
bounded complete :iff any subset

To prove finite lower bounded completeness of the colimit, we will need that ~ which has some upper bound has a

(1) any object of the diagram is lower bounded complete, and (2) the embeddings, et #pper bound.

em,n, preserve infima. This is the content of the two ensuing lemmas, respectively.
When proving these, we will frequently be needing the following observation:

Observation 6.21. For any n € w and any [X], € (P(S,) \ {g},U)/~,, the
following hold:

i U{Xl c Sn ‘ X/ ~n X}Nn X; and
o if X' ~n X, then X' C [J{X’ C Sy | X ~n X}.

While the latter is obvious, the former holds because P(S,,) \ {@} is finite and ~,,

is a a congruence relation on (CP(Sn) \ {2}, U) —hence compatible with unions.

Lemma 6.22. Foranyn € w and any two elements {[Xln, [YIn} C (P(Sn)\{@},U)/~..,
we have: inf{[X]n, [Y]n} exists iff

U{X/gsn‘X/Nnx}mU{Y/gSn|Y/NnY}7é®-
And if so, then
inf{[X]n/ [Y}n} = [U {X/ - Sn ‘ X/ ~n X}ﬂ U{YI c Sn | Y/ ~n Y}]n

A fortiori, all (P(Sn) \{@},U)/-, are lower bounded complete.
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Proof. (=) First, suppose inf{[X]y, [Y]} = [I]s exists. Then, in particular,

[UX S Sn X ~n X}, = Xln = XIn Ue, [T = XU Ty,

n

cf. the foregoing observation. Hence,

U{X/gsn|X/NnX}“nXUIr

SO

U{X/gsn‘X/NnX}:_)I#Q
Similarly,

UY CSalY ~n Y} D1 # 2.
Thus,

U{X/gsn‘X/NHX}QU{Y/gSn|Y/NnY}QI7é®r

which not only shows the left-to-right direction of the first claim, but also implies
the second claim; that is,

inf{[Xln, [Yln} = Mo = [UX S Sn [ X~ XINULY S S | Y ~u V]

because join-semilattice homomorphisms preserve (weak) order.
(<) Second, suppose

UDX S Sn [ X~ XENULY S Sn | Y~ VI £ 2.

Then the congruence class of this intersection exists, and it is a lower bound of
{IXIn, [Y]n}. To see that it is the greatest lower bound, given any lower bound
(I, simply replicate the reasoning above. This completes the proof of the
biimplication.

Lastly, given any two elements [X],,, [Y]n which have some lower bound [I},,,
the previous reasoning also shows that

U{X/gsn‘X/NHX}QU{Y/gSn|Y/NnY}QI7é®r
hence

inf{[X]n/ [Y}n} = [U {X/ - Sn ‘ X/ ~n X} N U{YI c Sn | Y/ ~n Y}]

n

Consequently, (T(Sn) \ {2}, U) /~,. is “binary lower bounded complete”, so since
P(Sn) \ {@} is finite, it follows by a standard induction argument that it is lower
bounded complete since also inf(@) = [Sn]n. O
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Lemma 6.23. For all m < n, the embedding ey, . preserves infima.

Proof. Fix some m < n. Again, since P(Sm ) \ {2}, P(Sn) \ {2} are finite, it suffices
to show that e, n, preserves binary infima. Therefore, cf. the preceding lemma,
we need only show that for any {[X];m, [YIm} € (P(Sm) \ {@},U)/~,., if

UX CSn I X~ XINUY CSn | Y ~ Y £ &,
then
(U{X/ - Sm | X/ ~m X}HU{Y/ - Sm | Y/ ~m Y}) ~n (U{X/ c Sn | X/ ~n X}OU{Y/ - Sn | Y/ ~n Y}),

since the congruence class of the left-hand side is inf {[X], [Y]m}, and the con-

gruence class of the right-hand side is inf,{[X]n, [Y]n} (because the right-hand

side extends the left-hand side and, consequently, must be non-empty).
Assuming the antecedent, we will prove the consequent by showing that

(U{X/ g Sm ‘ X/ ~m X}ﬂ U{Y/ g Sm | Y/ ~m Y}) ~m+1 (U{X/ g Sm+1 | X/ ~m+1 X}ﬂ U{Y/ g STn+1 | Y/ ~m+1 Y}) ~“m42 "
~n (U{Xlgsn|xl ~n X}QU{Y/gSn|Y/ ~n Y})

Therefore, let k € {m, ..., n — 1} be arbitrary. As in the proof of Lemma 6.14, we
can construct a sequence of sets with corresponding congruence relations

Y Y Y Y
ng~01g...g,\,n1Y1 g...g,\,op g"‘g'\‘nr;p = ~k+1,

. Y . .
where the congruence relations ~gl soeeomby, are defined as in the proof of Lemma

6.13; i.e., in terms of their predecessor in this chain of congruence relations.
Then, by (1) letting ~; € {~k,~g 1,...,~nyp 71} be arbitrary; (2) denoting its
successor in the above chain ~;; and (3) denoting their matching sets S; and

Sj4+1, respectively; it is enough to show that (4)

(UXT S S IX ~ XN ULY S S5 1Y~ YD) ~jia (UIXT S S0 X~ XENULY € S50 1Y ~j40 YD)
For this purpose, we begin by proving that

(UX'CSIX ~ XFnULY S S5 1Y~ V) = (UX" C Sjia [ X~ XENULY' € Sj5a 1Y ~j41 YD\{a, b},

where ‘a’ and ‘b’ denote the boldface formula-symbols for which S;,1 = S; U

{a, b} and ~j1 is defined to be the least congruence relation extending ~; and

satisfying {a, b} ~j41 Z for some @ # Z C S;. Using the alternative characteriza-

tion of ~j;1 given in the proof of Lemma 6.13, we prove this going inclusion by~ Le., ‘the ~" characterization’.
inclusion.
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“C” is a consequence of ~; C ~i;1 and {aq,b} N'S; = @. For “D”, suppose
q P j j j p PP
X"~ Xo IE XY ~jl+1 X, then also X” ~; X. And if X" ~ju+1 X, then since

X N{a, b} = &, we have that
X =X\ {a, b}~ (X\{a, b)) UZ~; (X" \{a,b}) U Z.
Therefore, in any case,
X" \{a,b} CU{X" C S5 X ~ X].
Analogously, for any Y ~j;1 Y, we find that
Y'\{a, b} CUL{Y TS 1Y ~ Y},

so we get “O” as well, whence we have proven the equality, showing that these
two intersections agree on the complement of {a, b}.
Using this, we find that if they also agree on {a, b}, then

(i
UX S8 [ X~ XInUY SS5 1Y ~ YY)~ (UIX S S50 [ X~ XENULY €S540 1Y ~ 1 YD)
So suppose they don’t. Then we must have

(UX C S | X~ XENULY € S50 1Y~ Y N{a, b} # 2,

so, in particular, there is some X’ ~;1; X s.t. X’ N{a, b} # @. Thus, because

XN{a, b} = @, we must have X’ ~§’21 X, so
X =X\ {a, b}~ (X\{a,b)UZ=XUZ

Consequently,
ZCUX' TS5 1X ~ X},

and, likewise,
ZCUY' CS51Y ~ Yy,

SO
ZC (U{X/ QS] | X' ~j X}ﬂU{YI - Sj Y’ ~j Y}).

Therefore,

(UX S S 1X ~ XInULY S5 1Y ~ YD\, bl = ((UX S5 | X~ XEnU{Y € S5 1Y~ YD\{a, b})UZ,
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and

UX CSIX 5 XInUY CS51Y ~ Y = (UX S5 I X~ XENULY € S50 1Y ~j41 YD \ {a, b}
= ((UX CSjua I X~ XEnULY' € Sj1 1Y ~j1 YD \{a, b}) U Z,
which exactly imply that

(ii)
(UX CS X ~ XFnULY S S5 1Y~ Y1)~ (UIX C S5 [ X~ XENULY © S50 1Y~ YD),

completing our proof of the embeddings ey, n, preserving infima. O

With these lemmas at our disposal, we are ready to prove finite lower bounded
completeness of the colimit.

Lemma 6.24. The colimit is finite lower bounded complete; i.e., any finite set of worlds
which has a lower bound has a greatest lower bound.

Proof. Since inf(@) = [[So]o, O] , it suffices to show that it is binary lower bounded
complete; that is, whenever two worlds [[X]y, k], [[Y]m, m] have some lower
bound [[Z],, n], they have a greatest lower bound. Accordingly, suppose

Then, by definition,
Xlp, Zp, [Zlp, and Ylp, 2p, [Zlp,,

where p; = max{k, n} and p, = max{m, n}. Hence, for p = max{p1, p2}, we find
that
Xlp, Ylp =5 [Z],

SO

infp{[x]p/ [Y]p} = [U{X, c Sy | X’ ~p X}n U{Y/ CSy Y’ ~p Y}}p/

and, particularly,
[inf o {[X]p, YIp}, p] < [XIk, k], [[YIm, m].
Moreover, for any lower bound [[Bly, b] < [[Xlx, k], [[Y]m, m], we find that

By <1 Xy, [Yh
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for 1 = max{b, p}, so by the foregoing lemma
[Bh 1 infl{[x]lr [Y]l} = [U{X/ - Sp ‘ X' ~p X}ﬂ U{Y/ C S‘p | A ~p Y}]l’

whence
[[B]b/b] < [lnfp{[x]p/ [Y]p}/p]/

which completes the proof by allowing us to conclude
inf { [[XJie, K], [V, m] } = [inf o{IXJp, (Y]}, P]

as desired. n
With this shown, we may now conclude the following:

Corollary 6.25. Let MILrrpc.sem denote the modal information logic of finite lower
bounded complete join-semilattices in the language Lnq. Then

MILSem = MILFLBC—Sem-

Although the term ‘finite lower bounded complete join-semilattice’ is clumsy,
its denotation nearly rhymes with the denotation of the term ‘lattice”: we have
binary joins and binary bounded meets—can we have binary meets simpliciter?

The answer is no, as we now demonstrate.

Remark 6.26 (MILs.; C MIL;,). The formula
PHp APH—p

is satisfiable in a join-semilattice, but not in any lattice, whence — already in
the language L — the modal information logic of lattices properly extends the
modal information logic of join-semilattices. =

Albeit it would not be entirely uninteresting to axiomatize the MIL of suprema
on lattices, it seems (a lot) more fitting to have vocabulary for not only talking
aboutjoins (i.e., our ‘(sup)’) but also for meets (i.e., an additional ‘(inf)’-modality).
In fact, this exact study has been initiated in a very recent paper, namely in Wang
and Wang (2022, sec. 5) where the authors axiomatize the MIL over lattices in
the language Ly extended with an “(inf)’-modality and nominals. While we
have not tried—given the symmetry between, on one hand: join-semilattices
and the ‘(sup)’-modality and, on the other: lattices and both the ‘(sup)’- and
“(inf)’-modality—it seems likely that our methods from this chapter adapt to
axiomatize this MIL of lattices without the hybrid extension of nominals. We
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leave this for future work.

Having mentioned the ‘(inf)’-modality, we end by including this remark:

Remark 6.27. All results obtained also obtain in a dual form if one substitutes the
modality of suprema “(sup)” with the modality of infima “(inf)” and substitutes

all mentions of suprema/joins with infima/meets (and alike). =

6.5. On decidability and S: a direction for future work

Out of several potential future lines of research, we find one particularly en-
ticing, deserving more than a mention in passing, namely the one centering
around the problem of decidability of MILs,,, and the ancillary problems of finite
axiomatizability and the FMP w.r.t. Csem = {(W,C) | (W, C) I MILgem}. To
us, there is something alluring about the (seemingly) paradoxical increase in
complexity caused by chaffing away most of the posets to only consider the more
well-behaved ones with all binary joins. For this reason, we use this section to
set forth this line of research amplifying salient points—not least what appears

to be a deep connection with relevance logic.

Practically foreseen by van Benthem (Forthcoming), the problem of decidability
of MILs,,, and its two ancillary problems resound enduring open problems in
the relevance logic of positive join-semilattice semantics, usually denoted S and
introduced by Urquhart (1972, 1973). Thus, getting clear on the problems of
one logic, might very well necessitate/entail getting clear on the problems of
the other. Accordingly, we continue by detailing this connection—primarily
through exhibiting how these three problems of MILg,, all have counterparts
in S. Secondarily, but first off, it is in place to set out S as to illuminate the
similarities already occurring in the very definitions of the logics.

S is defined semantically with the frames, like MILsg,,,, being join-semilattices
but, unlike MILg,,,, with a least element 0. The formulas are formed standardly
based on propositional variables and the three connectives ‘/\’, *V" and “\” with
semantics as in this thesis; valuations are standard (i.e., with the powerset as
codomain for all propositional variables). S is then defined as the set of formulas
satisfied at 0 in all models. Besides from the similarity in frames [join-semilattices
vs. join-semilattices with least element] and connectives [(sup)’ vs. ‘\], it is
worth noting that Urquhart (1972, 1973), like van Benthem (1996), motivates the
semantics with an informational interpretation, namely (basically) the one we
mentioned in the introduction.
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This displays similarity in the basic framework; now for the counterparts
of the three mentioned problems and some comments on how one might ap-
proach these. First, the problem of axiomatizing S was solved by Fine (1976)
and worked out in detail by Charlwood (1981). Interestingly, the axiomatization,
like our MILgem, is infinite,'” and it is (to the best of our knowledge) an open
problem whether S is finitely axiomatizable. Plausibly, this partly owes to the
fact that it hardly could be—the same goes for MILgeym which we (strongly) con-
jecture to not be finitely axiomatizable.? Although showing MILgem and/or S
to not be finitely axiomatizable would be rather unsurprising per se, it could—
beyond being novel—very well serve as an excellent stepping stone in a proof of
(un)decidability: perhaps especially through a resulting better understanding of
Csem-frames and/or some generalized class of S-frames.

Second, this brings us to the S-counterpart of whether MILgem has the FMP
w.r.t. Csem-frames. Most prominently, it is still an open problem whether S
has the FMP w.r.t. its class of definition.’! Less prominently, since S, too, is
semantically defined and already has been axiomatized, the heuristic of section
1.3 could pertain; that is, using the axiomatizing to reinterpret the formulas on
another class of structures for which one can prove the FMP.

Regarding MILgem and the FMP w.r.t. Csem-frames, we have not attempted
a proof/refutation yet, but scratching the surface two things become clear that
are worth mentioning: (1) the formula Py from Proposition 1.8 is satisfiable
on a finite Csem-frame—i.e., Pn does not immediately eradicate hope of the
FMP w.r.t. Cgem—and (2) the Theorem 3.9 filtration fails for Cgem-frames—i.e.,
contrarily, we do not immediately get the FMP either (see Appendix A.3 for
quick proofs of these claims). In fact, (2) was already suggested by results
covered in the overview paper by Kurucz et al. (1995), where the authors
gather and prove (un)decidability results for various modal logics with a binary
modality—including that the least NML of a single associative binary modality
is undecidable.

On this node, we, third, begin directly commenting on the last, and most

9Contrariwise, there seems to be no similarity qua proof methods.

20We have not worked on this problem in particular, but we have a clear strategy in mind: It suffices
to show that MILs,,, is not axiomatizable by any finite subset of our infinite axiomatization, and
any such subset must have finite ‘depth’ and ‘width’ (cf. 6.1). Using this, it should then be
possible to construct a counterframe validating these axioms but not an axiom of greater depth
(and width). In the process of axiomatizing MILs,,,, we constructed a C-frame validating (As.)
but not an axiom of greater depth; if the reader is interested in pursuing this, feel free to reach out
and we will happily send our proof to draw inspiration from for proving the general case.

2lIn a recent paper, Yale Weiss (2021) shows that after augmenting with a connective ‘—;’ for
intuitionistic negation, the resulting logic lacks the FMP.
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central, of the three problems: decidability. As for MILgem, the fact that it extends
the least associative NML is cause for concern (or hope) that it is undecidable:
albeit the techniques of Kurucz et al. (1995) do not directly apply to MILsg,,, their
general idea of encoding the Post correspondence problem might still work;
i.e., encoding the quasi-equational theory of semigroups (which is undecidable).
This would be an algebraic manner of attempting an undecidability proof. For
a relational manner, ‘tiling” might work, cf. Remark 1.11 where we noted that
the formula xn when satisfied in a join-semilattice implies the existence of a tile.
Lastly, even with said strategies for proving undecidability in mind, our intuition
on whether MILs,,, is decidable is not strong at all: it might also be decidable.?
To the contrary, the fact that many a relevant logic have been proven undecidable
while S has escaped these techniques (Urquhart 1984), suggests that S maybe is
decidable, as Urquhart (2016) conjectures. So if MILs,,, and S truly are intimately
connected and Urquhart (2016) is right, then MILsg,,, could be decidable as well.

This concludes our exposition of this research direction—hopefully serving
not only as inspiration for others, but also as an initial guide for such study.

21t should be (foot)noted that in Appendix B, we show that the (tiny and) positive first-degree
fragment of MILsg,,, is decidable.
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Conclusion and Future Work

Our exploration of modal information logics has come to an end. We summarize
this inquiry, clarify where it leaves us, and point to future lines of research.

First, we examined the basic modal information logics of suprema on preorders
and posets, namely MILp,, and MILp,;. We showed that — even if they do not
enjoy the FMP w.r.t. their frames of definition — they are decidable. This was
shown ‘via completeness’ by (1) axiomatizing them; (2) deducing that they are
one and the same logic; and (3) obtaining another class of frames € complete
w.r.t. the logic(s), which, importantly, did enjoy the FMP.

Second, we tackled these same problems but for the enriched logics MIL\_py.
and MIL\.p,s and achieved analogous results. However now, already having a
clear candidate for a generalized class of frames, namely C, we could axiomatize
this logic first, and subsequently solve the problem of axiomatization of MIL\_py,
and MIL\_p,s through representation.

Third, we considered modal information logics of minimal upper bounds on
preorders and posets, and showed that no change occurs in the resulting logics;
on preorders and posets, the landscape of MILs is decidable and uniform:

MILp,e = MILpys = MILM™ — MILMn " MIL\_p,, = MIL\_pps = MILM2 = MILM

Fourth and last, we expanded our inquiry to include the class of join-semilattices,
and so from the savanna of preorders and posets a mountain appeared: we
axiomatized MILg,, using an infinite extension scheme and left the problem of
decidability wide open.

This brings us to directions for further research. In no particular order, we

conclude this thesis by mentioning a few:

¢ Proving (un)decidability of MILs,,, and solving the ancillary problems of
finite axiomatizability and the FMP w.r.t. Cgem, cf. section 6.5.

* Applying the axiomatization ideas of this thesis in other settings—not least
those of Chapter 6, which, in particular, could be directly transferable to
axiomatize the MIL of lattices with both a ‘(sup)’- and an ‘(inf)’-modality;
thus, continuing the work of Wang and Wang (2022), which achieves an
axiomatization of this logic with nominals.
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¢ Further examining how MILs relate to other logics, including those men-
tioned in the introduction. This could shed new perspicuous lights on not
only MILs but also the logics of comparison (cf. 4.10 and B.4).
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Appendix

A. Various addenda

A.1. Wildness of canonical frames

As an informal addendum to Chapter 2, we briefly remark that the canonical
relation Cpye of the canonical frame for MILpye is not the supremum relation of

KPre-
Remark A.1.1. The following hold:

1. There are MCSs T', A s.t. CpreAA evenif I’ ﬁpre A. In other words, although

I"and A aren’t in the same cluster (I' £pre A), I' “claims’ to be the ‘supremum
of A.

2. In fact, there are continuum many such MCSs T; all claiming to be the

supremum of A. 4

Proof. Consider the model depicted below where the worlds satisfy all and only
the proposition letters shown.

wlFp
vilF—p v IF—p
Then |vill, |Iv2ll, IIw|| are MCSs where ||x]| := {¢ € Lm | x IF @}. Moreover,
Pp & [v1ll = [[v2ll, so (a) since p € |[[w|| we have that " := [[w|| pre [[v1]] =: A, and

(b) since w = sup{vy, vo} we also have Cpr.['AA, which proves the first claim.
For the second, simply change the valuation of w for proposition letters q # p

to get the same results for different MCSs I3. Since there are countably many

proposition letters (so continuum many subsets of proposition letters), we get

continuum many MCSs claiming to be supremum of A = [[v{|| = [[v,]|. O

Observation A.1.2. The above depicted frame is, in fact, a join-semilattice, hence
the claims extend to the canonical frame for MILs,,. =
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Evidently, this technique can be
adapted to quickly show many more
‘absurdities’; for instance, an
infinite strictly ascending chain of
MCSs all claiming to be the
supremum of two MCSs below.
Even if amusing, by now, this
becomes too much of a sidetrack
(even for an appendix), so we leave
this as an activity for the reader.



A.2. The tree model property

Having shown that MILp, — although not enjoying the FMP w.r.t. preorder
frames — does enjoy the FMP w.r.t. the generalized C-frames (cf. section 3.2),
an analogous inquiry regarding the tree model property arises most naturally.
However, given that trees are defined in terms of a binary relation, and C-frames
(W, C) come equipped with a fernary relation, one might wonder whether ‘to
have the tree model property w.r.t. C-frames’ even is a well-formed predicate.
We begin by showing that it is: all C-frames (W, C) canonically induce binary

relations <c.

Observation A.2.1. For any (W, C) € €, let <¢ and <(. be given as follows:
<c :={(y,x) : Cxxy}, <¢ :={(y,x) : Iz(Cxyz V Cxzy)}.

Then, by definition of the class C, it is not too hard to see that (a) <c = <(, and
(b) <c is a preorder on W.

Moreover, if C happened to be the supremum relation of some preorder <,
then <c = <. -

As alluded to, this enables us to state what it should mean for MILp,. to have
the tree model property w.r.t. C-frames, namely: whenever a formula ¢ € L, is
satisfiable, it is satisfiable in some frame (W, C) where (W, >c-) is a (reflexive
and transitive) tree.

As we did when concerned with the FMP, before showing the TMP in general,

we revisit the formula xn from Remark 1.10.
Remark A.2.2. Although
XN = pAqA(sup)(p A=q)(—p A q)

AH(lp A—=gql = P(=p A—=q)) AH([=p Aql = P(=p A—q))
AH((sup)(=p A —=q)* = [=p A —=q)

witnesses that MILp,. lacks the TMP w.r.t. preorder (and poset) frames, it is
satisfiable on a C-frame whose underlying preorder <¢ defines a (converse

reflexive and transitive) tree. -
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Proof. Let

W = {err U., XVIXLL}/ V(P) = {WI u}/ V(q) = {W,V},
C = {(W/ W,W), (V/ V,V), (U., u'/ u)l (XV/X\)/XV)/ (Xu/ Xu/ Xu); (W/ W/V)/ (W/V/W)/.
(w,w,u), (w,u, w); (w,w, %), (W, %, Wi (w, w, xu), (W, X, w);

(v, v, %), (v, %0, V)5 (1,1, Xqy), (1, Xy, u); (W, v,u), (w,u, v) 1

We claim that (1) (W, C) € €; (2) (W, >c) is a (reflexive and transtive) tree; and
3 (W,C,V),wlFxn.

Showing (1) is routine, and regarding (2), it is straightforward to check that
the Hasse diagram of <¢ is the one depicted below, which certainly is a converse
tree.

P 9 oW

e Xy o X,

Lastly, to see that (3) holds, (i) recall Observation 3.5, (ii) have the Hasse
diagram in mind, and (iii) observe that

V(pAq)={w}, Vip A=q) ={u}, V(=pAq)=1{v},
V(=p A—q) = {xu, xv}, Cwuv.

Then (W, C, V), w IF xn follows by an easy check. O

When proving the general case —i.e. the TMP — we will be using the satisfaction-
preserving technique of taking generated submodels. Because of this, ahead of
the actual proof and for the sake of completeness, we include the following
observation:

Observation A.2.3. The standard results regarding generated submodels (and
-frames), p-morphisms, etc. apply to C-models (and -frames).

OBS: When we are dealing with preorder frames (W, <, V), the notion of p-
morphism must be defined in terms of the supremum relation induced by < —
and not in terms of < per se; otherwise, we do not get the sought invariance result.

That said, coincidentally, defining the notion of generated submodel in terms
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yet =Cwux,,.

We define
Vie) :={ylyl- o}

Another commonly used term for

‘p-morphism’ is ‘bounded

morphism’.



of > does give us satisfaction-preservation because, by pure happenstance, the
resulting model is identical with the one defined in terms of taking the generated
submodel w.r.t. the supremum relation. o

With this observation in mind, we close off this addendum by showing that
our discussion in section 1.3 applies just as well to the case of the TMP: when
dealing with semantically introduced logics not having the TMP (w.r.t. the class
of structures of definition) need not be very telling: although our logic does
not enjoy the TMP w.r.t. preorder/poset frames, it does enjoy the TMP w.r.t.
C-frames.

Proposition A.2.4. MILpy, has the TMP w.r.t. C-frames.

Proof. Suppose ¢ is satisfiable. Then {¢} is consistent, so we can apply our
completeness proof (2.13) to obtain a poset model (W, <, V) and world xg € W
s.t.

(W, <w, V), x0 IF @.

Now, let S¢ , be the supremum relation induced by <,; that s,

S< wvu «iff W = supe{v, u},

Sw

and define
C":==S<, N{wxo X dwXo X $wXo), V/(p) :=V(p) N lwxo, forall p € P.
Then, cf. the preceding observation,
(dwxo, C', V), % IF .

Thus, it suffices to show that (1) (}wXo, >c-) is a tree, and (2) (JwXo, C’) € C.
We begin with (1). Observe that <c' = <o N (JwXo X wXo), SO we are to show
that

Hwxo, Zw N wXo X $wXo))
is a tree. We do so by showing, by induction, that for all n € w:
(dnxo, =n N (Inxo X Inxo)) is a tree with root xg.

For n = 0, this is clear. Moreover, the induction step is an easy matter as well:
use the IH and that stage n + 1 is obtained by either (sup)- or —(sup)-repairing.

Regarding (2), from the definition of C’ as being the restriction of S¢ to
the | xo-worlds and the fact that (W, C) E (Re.f) A (4f) A (Co.f) A (Dk.f), we
immediately get (Jwxo, C’) F (Re.f) A (4f) A (Co.f) A (Dk.f), which completes
the proof and concludes this addendum. O
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A.3. On the FMP of MILg,,, W.r.t. Csem-

This addendum contains proofs of the results mentioned in section 6.5, namely (1)
that the formula 1y from Proposition 1.8 does not witness non-FMP for MILgem
w.r.t. Csem-frames, and (2), to the contrary, that the filtration of Theorem 3.9 fails

for Csem-frames.

Remark A.3.1. Although

U = HP(sup)pp A HP—=(sup)pp

only is satisfiable on infinite join-semilattices (cf. Remark 1.9), it is satisfiable on

a finite Cgem-frame. -

Proof. It suffices to show that the frame (W, C) from Remark 3.6 is a Cgem-frame.
To this end, we consider the chain (Z_, <) from Proposition 1.8 consisting of
the negative integers with the less-than relation. We show that (W, C) is the p-
morphic image of (Z_, <), which proves the claim because (a) onto p-morphisms
preserve validities, and (b) (Z_, <) is a join-semilattice, whence, in particular, a
Csem-frame.
Consequently, let
f:Z_—-W

be the function given by setting

. {w il is odd.

v otherwise

Then f is clearly onto. Further, it meets the forth condition because z = sup{x, y}
implies z € {x, y}. Lastly, if Cf(z)ab for some {a, b} C {w, v}, thenalso f(z) € {a, b},
so w.lo.g. f(z) = a. Besides, we have that either f(z) = b or f(z—1) = b, soin
any case we find some z' € Z_ s.t. z = sup{z,z'}, f(z') = b and Cf(z)f(z)f(z).
This shows the back condition, thus completing the proof. O

Remark A.3.2. Let (W, C,V) be a Cgem-model, X a C-closed set of formulas, and
(Ws, CE,VZ) the filtration of (W, C, V) through X as defined in Theorem 3.9.
Then, even if we do have (Ws, Cg) € G, we need not have (Wyg, Cg) € Csem.

Proof. In order to show this, we provide a counterexample showing that the
filtration does not preserve associativity even given the additional conditions
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demanded by (W, C) € Csem. Accordingly, let

L :={T,po,P1,P2,P,q,7, (sup)qr, (sup)rq, Pq, (sup) T q, Pr, (sup) Tr,
(sup)pp1, (sup)p1p, Pp, (sup) Tp, Pp1, (sup) Tp1},

and let (W, <, V) be the join-semilattice model depicted below where the worlds
satisfy all and only the proposition letters shown in the figure.

w I po

Iull—pl
v I /

VAN

xlFp yl-q

Then I is C-closed, and (W, <, V) is, in particular, a Cgem-model. However, in
the filtrated model, we have C§wl|lvl|z| and C§vlix|lyl, but there is no |al s.t.
Cg\al\yllzl and Cglwl\xllal; that is, the filtrated model do not validate (As.). To
expound, only for |a| = [u] do we get Cglallyllz\, but Cglwl\xllu\ fails because
x IFp and u Ik p; yet w ¥ (sup)pp:. O
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B. Truthmaker logics

The present appendix does two things. Foremost, it studies formal properties of
truthmaker logics (TMLs), specifically compactness and decidability. While com-
pactness and decidability of a variant of truthmaker logic already were proven
in Fine and Jago 2019, an alternative proof method general enough to obtain
compactness and decidability of a family of truthmaker logics is put forward.
The fundamental results enabling these proofs are (1) ‘standard translations’ into
first-order logic, and (2) a truthmaker analogue of the finite model property.
Second, it studies how TMLs relate to MILs through translations using the one
of van Benthem (2019), with the aim of (1) casting an interesting light on either
logic in terms of the other, and (2) allowing for transfer of results.

This work is structured as follows: B.1 defines several TMLs; B.2 achieves
compactness and recursive enumerability through standard translations; B.3
develops and proves the FMP for TMLs and concludes decidability; and B.4

investigates how TMLs connect with MILs through translations.

B.1. Defining the logics

Before presenting the actual compactness and decidability proofs of this first
part of the appendix, we set the stage by formally laying out various truthmaker
logics.

Definition B.1.1 (Language). The language £ of truthmaker logics is defined
using a countable set of proposition letters P. The formulas ¢ € L7 are then
given by the following BNF-grammar

pi=7pl-e oV |leAY,
where p € P. 4

Truthmaker logics are defined semantically and rather commonly in terms of

join-semilattices.”® Formally we define as follows:

Definition B.1.2 (Frames and models). A frame for £ is a pair F = (S, <) where
e Sisaset;and
* < is ajoin-semilattice on W.

A model for Lt is a quadruple M = (S, <, V*,V~) where

2Quite frequently, TMLs are also defined on other structures than join-semilattices; we will get back
to this later.
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¢ (S,<)isaframe; and
e V* and V~ are valuations on S, that is: functions V*,V~—:P — P(S).

In some truthmaker logics valuations do not go to the powerset, but have
additional requirements. The following alterations are frequently used in the
literature:

* Valuations are required to be closed under binary joins.

* Valuations must be such that no state both ‘truthmakes” and ‘falsitymakes’
a propositional letter; i.e., VT (p) NV~ (p) = @ forall p € P.

* Each proposition letter is required to be made true and/or false somewhere;
ie, Vt(p) # o forallp e Pand/or V™ (p) # @ forallp € P.

Besides differing on the valuations, truthmaker logics can differ on the actual

semantics. One version is the following:

Definition B.1.3 (Semantics). Given a model M = (S,<, V", V™) and a state
s € S, truthmaking and falsitymaking of a formula ¢ € Lt at s in M (written
M, s IFT @ and M, s IF~ ¢, respectively) are defined by the following recursive

clauses:
M,sIF" p iff seV'(p).
M,slF p iff seV (p).

M, s -t —o iff M,sl- @.

M,sIF~ —g iff M,slIF" .

M,s -t @ A iff there exist u,v € S such that M, uwlF" @, M,vIFT 1,
and s = sup{u, v}.

M,slF~ @ AWV iff M,slF~ @ or M,s -~ 1.

M,slF" @V iff M,sl-" @ or M,sI-T 1.

M,slF~ @V iff thereexistu,v e SsuchthatM,ulF" @, M,v I~ 1,

and s = sup{u, v}.

Notions like global truth(making), validity, consequence, etc. are defined as usual in
possible-worlds semantics. In particular, consequence I' IF* ¢ for ' C L1 5 @ is
defined distributively. Thatis, I' - ¢ holds iff whenever M, s I-* y forally € T,
M, s IF+ @.2* -

24Note that decidability of the distributive reading has as a special case decidability of the collective
reading, which is where I' I ¢ holds iff whenever M, s |-+ /\yer v, M, s IFT @ (this is,
of course, only defined for finite I' [which suffices for decidability], but the definition can be
canonically extended to the infinite case).
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This semantics is ‘non-inclusive’. Alterations, we are aware of, are:

¢ ‘Inclusive’ semantics where (1) M, s I @A also suffices for M, s IF™ @V,
and, analogously, (2) M, s I~ ¢ V1 also suffices for M, s -~ @ A.

* Semantics where the disjunction is defined in terms of infimum instead —

mirroring how conjunction is defined in terms of supremum.?

B.2. Compactness and r.e.

With these various definitions laid out, we, first, present the compactness and
decidability results proved by Fine and Jago (2019) before, second, presenting
our results and methods of proof.

Theorem B.2.1 (Compactness (Fine and Jago 2019)). The truthmaker logic of join-
semilattices with valuations closed under binary joins and inclusive semantics is compact;
that is, if T -1 @, then Ty IFT @ for some finite Ty CT.

Theorem B.2.2 (Decidability (Fine and Jago 2019)). The truthmaker logic of join-
semilattices with valuations closed under binary joins and inclusive semantics is decid-
able; that is, for finite Ty it is decidable whether T I+ .2

In what follows, we (1) provide another way of obtaining these results, and
(2) show how this method generalizes to prove compactness and decidability of
several truthmaker logics. We begin with compactness.

Essentially, the idea is the following: Since being a join-semilattice is first-order
definable and the truth- and falsitymaking clauses of the truthmaker logics are
as well, we get standard translations into FOL, and then compactness of FOL
implies compactness of the truthmaker logics.

Spelt out a bit more, the key things are: (a) the translation uses a double
recursion trick [as the one van Benthem (2019) use to translate TML into MIL] to
reduce two consequence relations (truth- and falsitymaking) to one consequence
relation; (b) contrary to truthmaker logics, the object logic FOL can speak about
‘not truthmaking’ (hence, also ‘not falsitymaking’) through regular first-order
negation; and (c) everything is first-order definable.

We now present the translation into FOL, which can be thought of as the
standard translation for TMLs. Or, alternatively, as basically the composition
of the translation given in van Benthem (2019) from TMLs into MILs with a
standard translation of MILs into FOL.

ZNote that, under the ‘disjunction-as-infimum’ definition, it might be natural to require the frame to
not only be a join-semilattice but also a meet-semilattice, or, in other words: a lattice.

261t should be noted that the proofs of these two theorems given in Fine and Jago 2019 (1) do
somewhat generalize to other truthmaker logics, and (2) are of independent interest, nevertheless.
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Definition B.2.3. The target FO-language is with equality, contains a binary
relation symbol ‘<’, and two unary predicate symbols ‘PT’, “P™” for each propo-

sitional letter p € P. The translation is then given by these double recursive

clauses:
ST (p) = PTx
ST (p) = PFx
ST (—d) = ST ()
ST, (=) = ST (¢)
ST (b A) = Ay, z(x = suply, 2} A ST () A ST, ()
ST (dAD) = ST, (9) VST (W)
ST (¢ V) = ST (@) V ST (W)
ST, (¢ V) = Ely,z(x = sup{y,z}/\ST;(d)) /\ST;(1J2))

where x = sup{y, z} is short fory < x Az < x AVu(ly <uAz<u] - x <u).

Examining the translation, the succeeding proposition is almost self-explanatory
(see Blackburn et al. (2001, ch. 2) for similar results in the setting of modal logics).

Proposition B.2.4 (Correspondence). For all models M and all ¢ € L1, we have:

(Loc.) Forallstatess € M: (i) M,sl-" @ iff ME ST ()

.
(i) M,sl-— @ iff ME ST, (@)ls].
(Glo.) (i) MIF" @  iff MFEVYXST (@)

( .

(
i) M @ iff MFEWST, ()

; and

[s]
[s]

To be clear, on the right-hand side of the “iff’s, strictly speaking, ‘M’ refers to the corre-
sponding first-order definition of the truthmaker model ML

Proof. An easy induction shows (i) and (ii), which then imply (i’) and (ii’),
respectively. O

Definition B.2.5. Denote the FO-formula defining being a join-semilattice J; i.e.,
] is the conjunction of the formulas for refl., tr., anti-symm., and having all binary
joins. 4

Theorem B.2.6 (Compactness). All versions of truthmaker logics mentioned above are

compact.

Proof. First, we give the compactness proof for the truthmaker logic of join-
semilattices with valuations going to the powerset and the non-inclusive seman-
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tics of Definition B.1.3. Second, we outline how the proof is modified to apply to
other truthmaker logics.

Let (TU{e}) C Lt be arbitrary, and set ST, (T") :={ST, (y) | v € T}. Then

(i)
Pt e iff STHM)U{J)ESTY (@)
(c) (i)
iff STHIF) U{J}E ST (@) iff Tr I @

where [ is a finite subset of " obtained via compactness of FOL in the step (c),
and (i) follows from the first assertion of the above-stated proposition. This
shows compactness.

The reasons this proof lifts to all of the truthmaker variants mentioned previ-
ously (and more) are:

(Sem) The various sorts of semantics for the connectives all admit a standard
translation so that Proposition B.2.4 holds.

(Val) For any propositional variable p € P, all of the listed potential conditions
on its valuation can be defined by a first-order formula, denote it V;,. Thus,
for the proof to go through, it is simply a matter of changing the first-order
premise {J}" to {J}U{V,, | p € P} in the just-proven sequence of ‘iff’s. [J

Now for decidability of the truthmaker logics. First off, we observe that
we achieve recursive enumerability (r.e.) through our standard translations
connecting truthmaker logics to first-order logic.

Proposition B.2.7 (Recursive enumerability). All versions of truthmaker logics
mentioned above are recursively enumerable; that is, there is an effective procedure for
enumerating the pairs (T¢, @) s.t. T¢ |-+ @ for finite Ty.

Proof. Once again, we begin by covering the case of our set out truthmaker logic,
before explaining how the proof generalizes to the other mentioned TMLs.
For this, simply observe that for any such (I, ¢), we have that

TelFt o iff ST/ (TR) U{J} E ST, ()
iff = NSTL TR U = ST (o),

where (ii) follows by there being finitely many premises and the first-order
semantics for conjunction and implication; i.e., essentially, the deduction theorem
of FOL in a semantic disguise.

Now, since FOL is r.e. (and this procedure of constructing the formula

ASTS () U{J}H) — ST (@) from a pair (T, @), evidently, is effective), we have
attained r.e.
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Albeit the argument of (Sem) still go through to account for why this proof
generalizes to other TMLs, the argument given in (Val) pertaining to potential
requirements on valuations does not generalize straight away. The problem
is that the set {V,, | p € P} is infinite. Fortunately, we can restrict this set to
the propositional variables occurring in I'+ U {¢}, thus obtaining a finite set of
formulas instead, which is adequate for the proof to apply to these truthmaker

logics restricting the admissible valuations. O

B.3. FMP and co-r.e.

Now, to establish decidability, it remains to prove co-r.e.; viz., giving an effective
procedure for enumerating the pairs (I, @) s.t. I[f ¥ ¢ for finite I'r. This will be
our main concern in this section.

In many a logic, not least in modal logic, the most common way of establishing
co-r.e. is by means of proving the FMP. Mirroring this, we develop and prove
what, arguably, is the truthmaker analogue of the FMP.

Before doing so, notice that a direct analogue of the FMP, namely that whenever
a formula is made true (resp. false) [or truth-refuted (resp. falsity-refuted)] it
is made true (resp. false) [or truth-refuted (resp. falsity-refuted)] in a finite
model, is trivial and unhelpful for the purpose at hand: the single-state model
making true and false all propositional letters [or none at all], makes true and
false all formulas [or none at all] in general. And, importantly, this does nothing
for proving co-r.e. Instead, we must prove an ‘FMP’ that—just like the FMP
of, e.g., modal logic—allows for a model-theoretical proof of co-r.e. via some
sort of finite-model checking. To do so, we need two preparatory lemmas and a

definition.

Lemma B.3.1. Suppose My = (So, <o,V ,Vy ) and My = (S1,<q, Vi, V) are
models s.t. (i) (S1,<1) is a sub-join-semilattice of (So, <o), and (ii) for all p € P:

Virlp) =V, (p)NS,  Vip) =V, (p)nS'.
Then for all formulas @ € Lt and all states s; € S1, we have that
Mo, s1 " @ = M1 ¥ @

and
Mo, s1 ¥~ @ = My, s1 ¥ o.

Proof. By induction on ¢ € £Lr. Base cases are by definition and the inductive
steps follow by use of the IH and (S1, <1) being a sub-join-semilattice of (Sg, <o).
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To illuminate, we cover the inductive case of not truthmaking ¢ =1 Ax. So
suppose
Mo, s1 ¥ P Ax,

and let (u;,v1) € S1 x Sy be arbitrary s.t. s; = sup,{u;, vi}. Since (S1, <1) is a sub-
join-semilattice of (Sg, <o), the inclusion mapping i: S; < Sy is a join-semilattice
homomorphism, hence s; = sup,{u, vi}. But then since M, s; " 1 A, we
must have that

Mo, wy ¥+ P or  Mp,vi ¥,
whence, by the IH,
My, w KT or  My,wv Ky,
which suffices for the claim since (uy,v1) was arbitrary. O

Observe that this proof goes through for all of the previously mentioned

semantics.?’

Definition B.3.2. For any model M, state s € M and formulay € £ s.t. M, s I
Y (resp. M, s I~ v), we define a set T(y, s) (resp. F(v,s)), which we denote a
T-selection w.r.t. (y,s) (resp. F-selection), by the following recursive clauses:

T(y,s) ={s} iff y=p.
Fly,s) ={s} iff y=p.
T(v,s) ={s}UF(g,s) iff vy =-0o.
Fly,s) ={s;UT(e,s) iff v=—o.
T(y,s) ={s}UT(@,u) UT(,v) iff y=¢APpand M,ul-t ¢,
M, v IF" 4, s = sup{u, v}.
Fly,s) = {stUF(@,s), M,slF-~ ¢ iy — oA,
{s}UF(Y,s), otherwise
T(y,s) = SHOTles), Ms e g y=0Vi.
{stUT(W,s), otherwise

F(v,s) ={s}UF(,u) UF[p,v) iff y=¢VivandM,ul-" o,

M, v IF" 1, s = supfu, v}

Clearly, this need not define unique sets because, e.g., the truthmaking case of
Y = ¢ A might be satisfied by multiple choices of u, v; for the purpose of what

271 one also deals with infima and, e.g., requires the underlying frames to be lattices, one shall
assume (S’, <’) to be a sublattice of (S, <).

114

The intuition for T(7y,s) (resp.
F(v,s)) is that it is a set of states
by virtue of which s |-+ ~y (resp.
s 17 y).



we are to prove, this is irrelevant: any choice will do, so no reason to complicate
the definition.? 4

Lemma B.3.3. For any model M, state s € M and formulay € Lt s.t. M,s -+ vy
(resp. M, s I 7y), the corresponding set T(y, s) (resp. F(vy, s)) contains {s} and is finite.

Proof. By inductiononvy € L. O
With these results at hand, we can prove our truthmaker analogue of the FMP.

Proposition B.3.4 (Truthmaker FMP). For any model My = (So, <o, V", V), state
s € So, and finite set of formulas Ty C Lt s.t.

My, s IF* T,
there is a finite submodel M s.t. (a)
My, s IFT T,
and (b) forall @ € L:
My, s ¥t @ = My, sk' o.

Proof. For eachy € I, choose a set T(vy, s) according to the previous definition,

and let (S1, <1) be the sub-join-semilattice generated by Uy ey T(v,s). Since TF is
finite, the set of generators |, cr, T(v,s) is finite by the preceding lemma, hence
S, is finite.

Further, as in Lemma B.3.1, define V;" and V| as the restrictions of V; and V;,
respectively. Then M := (S, <1, V;", V;) is a model.” By Lemma B.3.1, we have

that (b) for all ¢ € L7,
My, st @ = My sk .

It remains to show (a)
M1, S ”‘Jr r]:.

To show so, we prove that for all formulas ¢ € £1 and all generator states
s’ € UyerF T(v,s): if there is some T-selection T(¢g,s’) C UyeFF T(y,s) (resp.

28For other semantics (e.g. inclusive), we make a likewise modification of this definition.
2In case we require, e.g., all V™ (p) # @, the proof goes through by simply adding a state Sp+ €
V4 (p) to the set of generators for all propositional letters occurring in the formulas T U{¢}.
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F-selection F(¢,s’) C UyerF T(v,s)), then

My, s’ IF o = My, s’ IFT o
(resp. My, s" I~ @ = My, s’ IF~ o).

The proof is by structural induction on @. The base cases follow by definition of
Vi and V7, and all of the Boolean cases are straightforward as well. Again, for
clarity, we consider the case of truthmaking ¢ =1 A x.

Accordingly, suppose s’ € U’YEFF T(v, s) and there is some T-selection T({ A
x8") € Uyer, T(v,s). By definition of a T-selection, there must be some {u’, v’} C
So s.t. (i) Mo, u/ - p; (id) M, v' IFF x; (iii) s” = sup,{u’,v'}; and (iv)

T Ax ") ={sTUT,u)UT(x V).
So by (i), (ii) and the IH, we get that
M, u IFH and My, v’ IFT x.
Moreover, cf. the preceding lemma and (iv), we have that

weTWuw) ST AXs)C |J Tlys) 2T Axs') 2 T(x V) 3V,
YETE

whence {u’,v’,s’} C Sy, and, thus, s’ = sup,{u’, v’} because of (iii) and the fact
that (S1, <1) is a sub-join-semilattice of (S, <o). Consequently, My, s’ I Ax —
exactly as we wanted. This completes the induction, which entails (a) as a special
case; consequently, completing the proof. O

Again, using the canonical modifications, this proof works for all truthmaker
logics mentioned so far. With this proven, we got co-r.e., hence also decidability,
in our pocket.

Theorem B.3.5 (Decidability). All versions of truthmaker logics mentioned above are
decidable.

Proof. Since we have proven r.e. in Proposition B.2.7, it suffices to provide an
effective procedure for the case of I't ¥* ¢ for finite I'+. This is done as follows:

1. Enumerate all finite join-semilattices.

2. For each such finite join-semilattice, check the finitely many valuations
('r U{ @} is finite, so only finitely many proposition letters occurs in I'+ U{¢})
and states for whether we witness I't ¥ .
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This suffices because, by the previous proposition, we have that if My, s IF* T
and My, s ¥t @, then there is a finite model M s.t. M, s IF" T'r and My, s ¥+
©. O

Coming to a close, we end with a few remarks on (a) other truthmaker logics
that might be of philosophical interest and for which our proof methods apply,

and (b) a general limitation of our proof methods.

Remark B.3.6 (TMLs with non-FO-conditions). We begin with the latter: in both
our compactness and decidability proof we have made use of the conditions being
first-order definable. An immediate limitation, thus, becomes when conditions
are not; our proof methods for compactness and r.e. do not, e.g., apply to a
truthmaker logic where the frames are taken to be posets with all (non-empty)
joins because it is not first-order definable. And this is, indeed, a version of TMLs
quite frequently considered in the literature — so as regards to (compactness
and) r.e. our proof method falls short. That said, our proof of the FMP does not
rely on something being FO-definable, and for, e.g., the case of posets with all
(non-empty) joins we do get the FMP, hence co-r.e. =

Remark B.3.7 (TMLs of preorders and posets). Inversely, there are also cases
where our compactness and r.e. proofs apply, but our proof of the FMP does
not. If one were to consider a truthmaker logic where the frames simply are
taken to be preorders or posets (if one, e.g., wants to consider a philosophical
setting where any pair of states need not have a ‘fusion’), our proofs adapt
straightforwardly to obtain both compactness and r.e.; however, our proof of the
FMP does not. Problem being that these frames are not algebraic, so we cannot
generate subframes algebraically. Fortunately, there is a way of circumventing
this problem combining a few ideas from this thesis. We sketch it here.
As in the FMP proof, for each y € I, choose a set T(, s), but instead let

2

(S,<):=| U Tw.sh<on | | Tv,s)
YETF YETF

Now, whenever (x,y,z) € Sf is s.t. sup,{y, z} = x # sup,ly, z}, add a ‘dummy’ d
(cf. Lemma 2.11) seen by all and only the states in the least downset containing
{y, z} and closed under suprema (cf. Lemma 5.6). This results in the desired finite
model. -

Remark B.3.8 (Language enrichment). As a last remark of this section, another
kind of truthmaker logic for which our proofs straightforward are seen to apply

are those defined by enriching the vocabulary with a binary connective /\.
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with the semantics of classical conjunction. Philosophically this enrichment can
be motivated by, for instance, wanting to examine the interplay between the
statements

(1) “[s exactly makes true @] and [s exactly makes true \]”
(2) “s exactly makes true [¢ and {]”
Without the extra connective “/\.”, these would be ‘formalized’ as
1) M,s - @ and M, s IF+
(2)) M, sIF" @ A.

But with the extra connective, we enable the object language to make this distinc-
tion by formalizing (1) as

17) M, s -+ @ Ac . 2

B.4. Fragments of MILs

The last two remarks of the foregoing section were not only interesting in their
own right, they also served as teasers for the forthcoming and last study of this
appendix: exploring how TMLs relate to MILs.

Our goal is two-fold: (1) to elucidate how TMLs can be seen as {V, (sup)}-
fragments of MILs or, vice versa, how MILs can be seen as augmenting TMLs
with classical negation ‘—.’, and (2) to instantiate how this connection allows for
transfer of results by showing that the positive first-degree fragment of MILs,, is
decidable.

We begin by presenting the translation of van Benthem (2019) from TMLs to
MILs.

Definition B.4.1. The target language is £y but where we have two propositional
variables for each propositional variable p € L1, namely p" and pF.3* The

translation is then given by these double recursive clauses:

Pt = (p)~ = 7,
)" = o7, (=)™ = o7,
(@ AP)" = (sup)e ™, (@AP)™ = ¢ Vi,
(V) = et Vut, (V)" = (sup)p ¥ .

1

Inspecting the translation,® as van Benthem (2019) notes, we see that

30From a purely mathematical perspective, we can w.l.o.g. think of these as corresponding to whether
pT [resp. pF]was even [odd] in our original enumeration of the propositional variables of £ .
31For, e.g., inclusive semantics the translation modifies canonically.
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Proposition B.4.2 (Correspondence). For all models M and all ¢ € L1, we have:

(Loc.) Forall statess € M: (i) M,sl-* @ iff M,sl (@)"; and
) Mshk @ iff Msh (o).

i) MIF" ¢ iff MI- ()"
(i) MIF o iff MI- (o)

(Glo.)

To be perfectly clear, on the right-hand side of the ‘iff’s, ‘M refers to the corresponding
MIL-definition of the truthmaker model M, and ‘I’ to MIL-satisfaction.

It, thus, becomes obvious that for ‘complementary” TMLs and MILs,*? we get
the following proposition (as stated in van Benthem (2019)):

Proposition B.4.3. Forall (' U{¢@}) C L7:
T iff  (D*IF (@)%,

where (T)* :={(y)* |y €T}

With these results re-capped, we explore this translation a bit more. As stated,
most glaring is that it, in a way, licenses us to characterize TMLs as the {V, (sup)}-
fragment of MILs—or MILs as augmenting TMLs with classical negation. To
explicate this a bit further, consider the following translation:

T 4F
Definition B.4.4. Let Lg\ﬁ PIANASIPI 5 be the fragment of the language of
basic modal information logic restricted to the propositional letters, connective

{pT,p",V, (sup)}
Lm

V" and modality ‘(sup)’. Then for all ¢ € , we recursively define

its translation (¢)® into £t as follows:
D o= p (p")* = P
e*V*. -

(p
((sup)e)® = @*AY°, (eVU)*

Once again, we can immediately deduce a correspondence proposition.
Proposition B.4.5 (Correspondence). For all models M and all ¢ € L%T’pF’v’<suP>},

we have:

(Loc.) Forall statess € M: (1) M,slFe iff M,slE" (@)°.
(Glo.) i) Mo iff M- (@)

$Le., whenever the logics are defined on the same class of structures with the same admissible
valuations, and we do not have, say, disjunction in the TML defined in terms of infima without
also having an infimum-modality in the MIL. So, for example, the main TML of the previous
chapter is complementary to MILs,,, but not to MILpy,.
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Thus, the translations (-)" and (-)® are, essentially, each other’s ‘inverses’:

Forall ¢ € L1 and all M, s: M,slF" @ iff M,slF (¢T)°.
Forall o € £8P VA gug ol M,s: Myslk@  iff M,sl- (@*)F.

Corollary B.4.6 (Characterization). TMLs are (at least, in a mathematical precise
sense) the {\/, (sup) -fragments of MILs, or alternatively, MILs arise from augmenting
TMLs with classical negation.

Besides providing a perspicuous view on both TMLs and MILs, these transla-
tions are also mathematically conducive; e.g., enabling us to transfer decidability
results. We close off this appendix by quickly exemplifying this, showing that
the ‘positive first-degree’ fragment of MILs,,, is decidable.

Definition B.4.7. We say that a formula ¢ € L{MT’L’@up)’/\’V}

it is constructed from propositional letters, T, and L by applying V, (sup), /\.

is positive; that is, if

Further, we call a formula ¢ — 1 € L a positive first-degree formula :iff ¢ and
1 are positive.

Lastly, we define the positive first-degree fragment (of Ln1) as the set of positive
first-degree formulas. o

Corollary B.4.8. MILs,, restricted to the positive first-degree fragment (of L) is
decidable.

Proof. Given any such formula ¢ — \{, we have that
MILsew IF @ = iff (@) IF" (P)°

where (-)*® refers to the translation given previously, canonically extended for
T, Land A [which goesto T, L and /\.; i.e., we use the last remark of the previous
section]. Since this translation is effective, and we have shown the translated
problem to be decidable, we have proven the claim. O
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