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Abstract. In this paper, we propose three knowability logics LK, LK™, and
LK™. In the single-agent case, LK is equally expressive as arbitrary public
announcement logic APAL and public announcement logic PAL, whereas in
the multi-agent case, LK is more expressive than PAL. In contrast, both
LK™ and LK™ are equally expressive as classical propositional logic PL. We
present the axiomatizations of the three knowability logics and show their
soundness and completeness. We show that all three knowability logics
possess the properties of Church-Rosser and McKinsey. Although LK is
undecidable when at least three agents are involved, LK~ and LK™ are
both decidable.
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1. Introduction

Intuitively, a proposition is known to you, if you know it; in contrast, a
proposition is knowable for you, if you can get to know it. The knowa-
bility paradox is that if all truths are knowable, then all truths are
actually known. The standard references for the knowability paradox
are [8, 13]. However, following Salerno’s archival efforts the obligatory
precursor to that Church’s ‘anonymous’ referee report of what (much)
later became [13]:

[...] there is always a true proposition which it is empirically impossible
for a to know at time t. For let k be a true proposition which is unknown
to a at time ¢, and let k¥’ be the proposition that & is true but unknown
to a at time t. Then %’ is true. But it would seem that if a knows &’

Received April 24, 2021. Accepted November 29, 2021. Published online December 8, 2021
© The Author(s), 2021. Published by Nicolaus Copernicus University in Torun


http://dx.doi.org/10.12775/LLP.2021.018
https://orcid.org/0000-0001-6033-8212
https://orcid.org/0000-0003-2441-5019
https://orcid.org/0000-0003-4526-8687
https://orcid.org/0000-0001-6696-9023

386 M. Liu, J. FAN, H. vaN DIiTMARSCH, L. B. KUIJER

at time ¢, then @ must know k at time ¢, and must also know that he
does not know k at time ¢. [9], reprinted in [20]

Fitch finally writes:

If there is some true proposition which nobody knows (or has known, or
will know) to be true, then there is some true proposition that nobody
can know to be true. [13, p. 139]

Formally, ‘proposition ¢ is knowable’ later became Ky [8], where ¢ is
some modal diamond, representing a process, or time, or some alethic
modality of truth. This modal diamond does not yet occur in [13]. Let us
sketch the paradox. The existence of unknown truths is semi-formalized
as “there is a proposition ¢ such that o A—Ky”. That all truths are know-
able is semi-formalized as “for all propositions v, ¢ — QK. Fitch’s
paradox is that the existence of unknown truths is inconsistent with the
requirement that all truths are knowable. This can now be easily shown:
let ¥ be ¢ A =Ky, then we get (p A = Kp) — OK(p A =Kp). On the
assumption of ¢ A =Ky, we therefore obtain O K(p A =Kyp). Whatever
the interpretation of ¢, this will result in having to evaluate K(pA—Kyp).
But this is inconsistent for knowledge, as can be shown by very simple
means: since knowing a conjunction entails knowing each of the con-
juncts, we obtain K¢ and K—Kyp from this, and from the latter and that
knowledge entails truth, =K, and Ko A —Kp is inconsistent.! This is of
course Church’s argument cited above. It is also inconsistent for belief,
as was already observed by Hintikka [16].

Knowability is a subjective concept; it is possible that a proposition
is knowable for an agent but not for another. Take the proposition “it
is raining but Alice does not know it” as an example. This proposition
is not knowable for Alice, as above. But the proposition is knowable
for another agent Bob, who may be aware of Alice’s ignorance. We are
moving from ¢ Ky to O K,p and O Kpp.

Since Fitch’s 1963 publication, the topic of knowability has done the
rounds of philosophical communities [see, e.g., 11, 20, 21]. The knowa-
bility paradox is relevant in verificationism and in anti-realism. The
verification principle requires a non-analytic, meaningful true sentence
to be empirically verifiable [4]. Replace ‘empirically verifiable’ for ‘know-
able’ (or recall ‘empirically impossible for a to know’, cited above) and

! Instead of using the two properties of knowledge in question, one can show in
the monotone logic of unknown truths [12] that the unknown truths ¢ A =Ky is not
known.
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we are there. Anti-realism or non-realism is the philosophy that denies
the existence of an objective reality of entities. In other words, there are
no true unknowable propositions: a true proposition about the objective
reality that has no counterpart in a knowing subject would be such an
unknowable proposition [10].

A dynamic view for knowability was subsequently proposed by van
Benthem [22]. According to this dynamic view, knowable means ‘known
after some announcement’, where ‘announcement’ is the truthfully public
announcement of what is indeed known as public announcement logic [19]
(PAL). A logic extending public announcement logic with this notion
of knowability was proposed in the logic APAL (for ‘Arbitrary Public
Announcement Logic’) [5].

Unlike PAL, APAL is undecidable, has an infinitary axiomatization,
and even model checking is already highly complex (PSPACE complete
[1]). In [27] it was subsequently shown that after all everything is know-
able in the sense that in this logic, 0 KpV O K- is valid; in other words,
everything is knowable to be true or false. But some kind of cheating
is involved: for example, p A = K,p is ‘knowable’ in this sense, because
after Bob announcing this to Alice it has become false: Alice now knows
p, Kup, which entails =(p A =K,p).

In this investigation we will consider the combination ¢ K as a prim-
itive modality in the logical language, and investigate the properties
of various logics with this modality. Instead of O K, or rather QK; for
an agent i, we will then write (X, but this is mere syntactic sugar: the
point is that we are not allowed to use the ¢ modality independently, but
only followed by K;. This technique of packing or bundling a knowledge
modality with another modality (or a quantifier) was pioneered in works
by Wang and collaborators [17, 18, 29]. As one may see, this packing
can help us see the logical properties of knowability, such as McKinsey
and Church-Rosser, more clearly. As can be expected, this may affect
the properties of the logic, for example its expressivity, or complexity,
or even the existence of an axiomatization. Such logics with a primitive
‘knowability’ modality (X will be called logics for knowability.> We will
focus on matters involving expressivity, axiomatization and decidability
of such knowability logics. In particular, we show that the logic that is

2 Although the method to pack two modalities into one is different from the
usual modelling of the knowability paradox, the formalization of the paradox still re-
quires two modalities, namely the novel knowability modality as well as the knowledge
modality (see Corollary 3.6 below).
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like APAL but instead of the ¢ modality has the packed ¢} modality
also has a complete axiomatization, and we demonstrate various logical
properties of OX. Moreover, as we will show, although the full knowa-
bility logic is undecidable for at least three agents, two of its fragments
are decidable, since both of them are equally expressive as the classical
propositional logic.

The remainder is organized as follows. After introducing the syntax
and semantics of knowability logics and other related logics (Section 2),
we investigate the logical properties of knowability and also a fragment
of positive formulas in Section 3. Section 4 introduces the bisimulation
for a knowability logic LK and compares the relative expressivity of LK
and some related logics. Section 5 proposes an axiomatization of LK and
shows its soundness. Section 6 shows its completeness of LK, and explore
the decidability of LK, which turns out to be undecidable when there
are at least three agents. We then propose two decidable knowability
logics, which are both equally expressive as the classical propositional
logic PL, and axiomatize them in Section 7. Finally we conclude with
some future work in Section 8.

2. Syntax and Semantics

In what follows, we let P denote a denumerable set of propositional
variables, and Ag a finite set of agents.

DEFINITION 2.1 (Languages). We consider various fragments of the fol-
lowing recursively defined language L:

eu=p|-p|(eAe) ]| K| (o) | 0Fp | Op

where p € P and 7 € Ag.

Without the construct ¢, we obtain the language LK of knowability
logic; without the construct K;¢ as well, we obtain the language LK™
without the construct (@) further, we obtain the language LK~. With-
out the construct OX¢, we obtain the language APAL of arbitrary public
announcement logic; without additionally the construct (¢, we obtain
the language PAL of public announcement logic; without additionally the
construct (p)p, we obtain the language EL; without even the construct
K, additionally, we obtain the language PL of classical propositional
logic.
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Although we have different primitives (X and ¢, we could alterna-
tively have defined ¢X by abbreviation as the ‘packing’ or ‘bundling’ of
K; and ¢, namely as (}Z»Kgo := QK p, such that the inductive definition of
LK could have been given as ¢ :=p | = | (p A p) | Kip | (p)e | OKip.
Instead, we will now after the presentation of the semantics have this as
a property of the complete language £. The main focus of our investi-
gations is the logic LK.

Intuitively, K;p, (¥)p, (}Z»Kgo, and Q¢ are read, respectively, “agent 4
knows that ¢”, “after some truthful announcement of v, it holds that
p”, “p is knowable for agent i”, “after some truthful announcement, it
holds that ¢”. Other connectives are defined as usual. In particular, we
abbreviate Ko, [V]e, OKp, and Op as, respectively, =K;—p, ={()=p,
-0K=p, and =0—¢. Moreover, var(yp) is the set of propositional vari-
ables occurring in ¢.

DEFINITION 2.2 (Models and Frames). A model is a tuple M = (S, {R; |
i € Ag}, V), where S is a nonempty set of states, for each i € Ag, R;
is an equivalence relation over S, that is, R; is reflexive, transitive, and
symmetric, and V' is a valuation function. Given any s € S, R;(s) is the
set of all successors of s with respect to R;; in symbol, R;(s) = {t € S |
sRit}. A frame is a model without a valuation.

DEFINITION 2.3 (Semantics). Given a model M = (S,{R; | i € Ag},V)
and a state s € S, the formulas of £ are interpreted recursively as follows:

M,sEp — seV(p)

M, sE —p = M,sFyp

M,sEpANY <— M,sFyand M,sF

M, sE K;p < M,tF g forall t € Ri(s)

M,sE () <= M,sE¢and M|y, sk ¢

M,skEOKp <= for some formula 1) € EL: M, s F () K;
M, sE Qp <= for some formula ¢ € EL: M,sF (¢)¢

where M|y, = (S, {R} | i € Ag},V’) is such that S’ = [p]m ={s€ 5|
M, sE o}, Ri = Ri 0 ([]m x [e]m), and VI (p) = V(p) 0[]

A formula ¢ is wvalid, notation: E ¢, if for all models M and all
states s in M, we have M, s E . Given any two states s,¢ in M and
any formula o, we say that s and t agree on o, if M, sE @ iff M, tE .

Note that in the semantic definition of (X, the quantification is
restricted to EL-formulas. This is to avoid circularity of the definition.
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As EL is expressively equivalent to PAL, we can also define the semantics
of <>iK as follows:

M, sk OKp <= for some formula ¢ € PAL: M, s E () K;.
For convenience, we also give the semantics of (X as follows.
M, s EOEp <= for all formulas ¢ € EL : M, s F [¢] Ki¢p.

From Definition 2.3 it follows that F (¢) K;p — 0X¢, where ¢ € EL.
We can also use its equivalent version [y — [1)]K;p (where ¢ € EL),
which means intuitively that if —¢ is unknowable (—0X—¢), then after
any announcement —¢ is unknown ([¢]=K;—¢).

By definition of the semantics we obtain:

PROPOSITION 2.4. For all ¢ € L, F O0Xp « OK;p.

Due to the presence of the knowability operators, in the completeness
proof, we need to use a method of induction with, on one hand, the size
of formulas (as usual), and on the other hand, the depth of knowability
operators. These two notions are combined into the notion of complexity.
This notion and the next proposition will be also used in proving the
proof theoretical results in Proposition 3.19 and Sec. 5.2.

DEFINITION 2.5 (Complexity). The complezity of a formula consists of
two aspects: size and {*-depth, which are defined as follows.

The size of a formula ¢, notation: Size(y), is a positive natural
number, defined recursively as follows:

Size(p) =1

Size(—p) = 1+ Size(p)

Size(p A1) = 1+ max{Size(yp), Size(1))}
Size(K;p) = 3+ Size(p)

Size(()p) = Size(yh) + 3 - Size(p)
Size(OKp) = 1+ Size(y)

The OX-depth of a formula ¢, notation dé{(go), is a natural number,
defined recursively as follows:

a5 (p) =0

ds(—p) = df(y)

d5 (e Ap) = max{df(p),d5(¥)}
A3 (Kip) = d§(e)

dg(()e) = dg(@)+d§(p)

dg(0ffe) = 14df(e)
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With the definitions of size and <>K—depth in hand, we define <g as a
binary relation between formulas such that

¢ <21 <= either df(p) < d§(¢), or
g (p) = df (1) and Size(p) < Size()).
If p <€ 1, then we say that ¢ is less complex than .

One may easily show by induction that dé{ (¢) = 0 for all ¢ € EL.
And also, it is easily computed that Size([v)]¢) = 4+ Size(1)) 43 Size(y).

ProposITION 2.6. In 5 and 17, ¢ € EL.

1. <g -

2. o <g pAY

3. Y <g YAY

4. ¢ <3 Kip

5. (W)Kip <3 0Fp

6. ¥ < ()

7. Y <g (W)p

8. p<3 (¥

9. ¥ < ()
10 (P)e <Z (¥)-p
1. () <Z () (e Ax)
12, o <3 (¥)p
13 ()x <Z (W) (e Ax)
4. <5 (WK
15. K[yl <3 (V) K;
16.  ((v)x)e <§ (W) ()¢

17 ()W) Kip <2 (x)0Ke

PROOF. We take some of them as examples.

5: It is because df (()Kip) = di(¢) < 1+ d§(¢) = d§(0F¢).

8: This is because d§ (p) < d§(¢) +dg (p) = d§ (()p) and Size(p) =
1 < Size(¢) + 3 - Size(p) = Size((¢)p).

15: This is because d§ (K;[¢]p) = d§ () +d§ (p) = di ((¢) Kip), and
Size(K;[]p) = 3+ 4+ Size(v) 4+ 3 - Size(p) = 7+ Size(y)) + 3 - Size(p) <
9 + Size(v) + 3 - Size(p) = Size((¢) K; ).
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16: Tt is since df§ (((¥)x)¢) = dg (V) +d5 (x) +d§ (9) = d§ (1) (X)),
and Size({({(¢Y)x)p) = Size(v) + 3 - Size(x) + 3 - Size(p) < Size(¢) + 3 -

Size(x) + 9 - Size(p) = Size((Y)(x) ). .

Note that in the definition of Size( K;¢), the number 3 is the least nat-
ural number to provide K;[1h]¢ <3 (¢) K. In contrast, in [6], Size(K;¢)
is defined to be 1 + Size(y), in other words, plus 1 rather than plus 3.

3. Logical properties of knowability

This section explores the logical properties of the knowability operator
in the logic LK.

It has been shown in [27] that everything is knowable, in the sense
that 0K, V OK;—p is valid. In LK this becomes <>Z~K<,0 Vv <>1Kﬂ<,0 and
indeed this is also valid, by a very similar proof (only the case quantifier
is occasionally different). For clarity we give the entire proof.

Given a model M, the valuation of propositional variable p is con-
stant on its domain S if V(p) = S or V(p) = 0, i.e., if any two states in
S agree on the value of p.

PROPOSITION 3.1 (5, Lemma 3.2). Let ¢ € LK, and let M be a model
with constant values for all variables occurring in ¢. Then M E ¢ or
ME —p.

PRrROOF. Suppose that each propositional variable occurring in ¢ has
constant value on M. If V(p) = S, that is, M Ep <« T, then M E ¢ <
o(T/p); if V(p) =0, that is, M E p <+ L, then M E ¢ + ¢o(L/p). We
denote the result obtained by substituting T or L for all propositional
variables in ¢ in that way as ¢?. Obviously, M E ¢ < ¢?. Note that
900 contains no propositional variables.

We now show by induction on the structure of ¢ that F ¢? <+ T or
E % <+ L. Cases atom, conjunction and negation are trivial. Further:

e FK, T+ Tand F K; 1 < 1;

e E(MT - T,E(T) L& LE(L)T+ L,and F (L)L < L;

o FOXT & Tand F OX L « L (in particular, F T — OXT follows from
the correctness of knowledge after the trivial announcement of T).

Therefore £ ¢ <+ T or E ¢? «» L. Combining this with M E ¢ < ¢?,
we derive that M F p <+ T or M FE ¢ < L, that is, M F ¢ or M F -,
respectively. =
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THEOREM 3.2 (27, Thm. 1). For all ¢ € LK, we have
F 00V 0f .

PRrROOF. Given any model M and s in M, define §¥ as the characteristic
formula of the restriction of the valuation in s to var(y):

02 = N{p|p € var(p) and M, sk p} A
N—p | p € var(¢) and M, s ¥ p}.

For all p € var(y), we obviously have
M,sEpor M,sE —p,

and therefore
M|se,s Epor Mlge,s E—p

and even
M|5;P ':p or M|5;P = -p.

Then by Proposition 3.1, we have
Mlse E p or M|se E —p.

Thus
M|se E Kip or M|se F K.

Since s € M|s¢, we have
M|se, s E Kip or M|se, s F Ki—p.

Therefore,
M, sE (02)Kip or M, sE (69)K;—yp,

that is,
M, sE Qf(np V Qf{wp.

As M and s are arbitrary, we now conclude that
E <>Z~K PV <>Z~K . =

Since OXp v OX—p is equivalent to =0X=p — 0Ky, and since 0K is
the dual of <>Z~K , we immediately have

COROLLARY 3.3. For all ¢ € LK, F OXp — OKop.
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However, we recall that although every formula is knowable in the
sense of Thm. 3.2, this does not mean that every true formula is knowable
(to be true), as the announcement may ‘flip’ the value of the formula
in question. Fitch [13] showed that there is an unknowable truth, for
example ¥ (p A ~K;p) — OX(p A =K;p). In fact, we have a stronger
result: every unknown truth is unknowable; in Salerno’s term in [20,
p. 32], this says that “Fitch-conjunctions are unknowable.”

PROPOSITION 3.4. F =0X(p A —K;p).

PROOF. Suppose not, that is, there is a pointed model (M, s) such that
M, s ¥ ~OK(pA=K;p), then M, s E OK(pA—-K;p). This means that for
some formula ¢ € EL such that M, s E ¢ and M|y, s E Ki(o A = K;p).
The latter entails that M|y, s F K;p A K;—K;p. Since F Kjp — ¢, we
have M|y, s F Kjp A —K;p: a contradiction. o

Consequently, we have F (pA=K;p) — 0K (o A=Kip) Ao A= K;p),
which says that if it is an unknown truth that ¢, it is an unknowable
truth that it is an unknown truth that ¢; in short, every unknown truth
is itself unknowable, see [13, Thm. 2] and [30, p. 154].

COROLLARY 3.5. OK(p A =K;p) is unsatisfiable. That is, there is no
pointed model satisfying OX (¢ A —K;p).

In comparison, <>]K (p A —K;p) is satisfiable, as one may easily check.
This tells us that the notion of knowability is a subjective concept: the
proposition p A = K;p is unknowable for the agent ¢ but knowable for
another agent j, as mentioned in the introduction.

Also, as we mentioned in the introduction, the knowability paradox
says that if all truths are knowable, then all truths are actually known.
This can be shown semantically as follows.

COROLLARY 3.6. IfF ¢ — 0Ky for all ¢, then F ¢ — K;p for all ¢.

PROOF. Suppose that F ¢ — 0Ky for all . Then of course, F ¢ A
-K;p — OK(p A —K;p) for all p. By Proposition 3.4, we have = —(¢ A
—K;) for all ¢, and therefore = ¢ — K;o for all ¢. -

PROPOSITION 3.7. F K;o — 0Kp
PROOF. This is because F K;¢ — (T)K;p and F (T)K;p — OKop. B

We continue our survey of the properties of the knowability operator
with a number of validities only involving that operator.
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THEOREM 3.8. £ 0KXO0Kp — 0Ky

PROOF. Let M = (S,{R; | i € Ag},V) and s € S. First, suppose that
M, s E OKOEp, then for some ¢ € EL: M, s F (¢) K;0Xp. This means
that M, s F ¢ and M|y, s F K;0Xp. Since R; is an equivalence relation
and equivalence relations are closed under public announcements, R;|y
is an equivalence relation as well. Thus M|y, s E Of{go, which entails
that for some x € EL: M|y, s E (x)K;p, which amounts to saying that
M|y, s E x and (Mly)ly, s E Kip.

Summarizing the above results, we have that for some ¢, x € EL:
M, s E ¢ and M|y, s E x and (M|yp)|y, s F Kip. As a sequence of two
announcements is an announcement [28, Proposition 4.17], it directly
follows that M|y, s F Kip. From M, s E (¢)x and M|y, s F Kip
it now follows that M, sk <>Z~K<,0. .

The following result indicates that ¢X (and thus OX) are monotone.
Straightforward from the semantics we obtain:

PROPOSITION 3.9. IfFE ¢ — v, then F 0K — 0Ky and F OFp — O,

Note that <>Z~K is not regular. In other words, ¥ <>Z~Kg0/\<>iKl/J — <>Z~K(<p/\
1): one may easily construct a pointed model (M, s) such that M, s F
OKp and M, s = OK—p but M, s OK(p A —p).

The next result states that unknowable truths are themselves un-
knowable.

COROLLARY 3.10. F 0K (o A =0F o).

PRrROOF. By Proposition 3.7, £ Ko — 0K, thus F ¢ A =0Kp —
@A=K;p. Then from Proposition 3.9, it follows that F 0K (pA-0Kp) —
OK(p A =K;p). Finally, using Proposition 3.4, we conclude that F

~0i (0 A 0 ). B
PROPOSITION 3.11. F O0Xp — 0K K.

PROOF. Let M = (S,R,V) and s € S. Suppose that M,s E 0K,
then for some ¢» € EL, M,s E (¢)K;p. Since R; is an equivalence
relation, F K;p — K; K;p, and thus M, s F () K; K;p. Therefore M, s E
OF K. B

THEOREM 3.12. F OXp — 0KOK .

ProOF. By Proposition 3.7, F K;¢ — <>,LK<,0. Then by Proposition 3.9, F
OKK, o — 0KOKp. Now due to Proposition 3.11, F O0Kp — 0KOKp. A
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COROLLARY 3.13. F 0Ky < 0K0Kyp, and thus E 0K0Kp « 0K K,
FOKKp < 0Ky, and F K;0Kp — 0K K.

COROLLARY 3.14. F Oy — 0KOKp and F OFp — OKOKp. As a
consequence, £ OFOKp — 0Fp and E OFXOKp — 0FKp.

PrOOF. By Corollary 3.13, we have F 0¥y < OXOKp. By Coro. 3.3,
we infer that F 050K — OXOKp, and therefore F O0X¢ — OXOXp: by
Corollary 3.3 and Proposition 3.9, F OX0X ¢ — OKOKp, and therefore
FOKe — OFOKe. -

We have shown that F OX0Kp — 0Ky, However, 0Ky — ¢ is
not valid, since its equivalent ¢ — <>ZK @ is not valid. Proposition 3.4
demonstrated that some true propositions are not knowable, for example
¢ = p A =K;p. This also shows that F 0X¢ <+ ¢ does not hold for all
¢ € L1k, though it does hold for all ¢ € Lpy, [5, Proposition 3.11.2].

LEMMA 3.15. Let ¢ € LK, and let M be a model where all states agree
on each propositional variable occurring in ¢. Then M F ¢ — OKp.

PrROOF. Let s be any state in M, and M,s F ¢. Now consider any
EL-formula ¢ such that M, s E 1. Let M’ be the disjoint union of M
and M|y. The valuation of atoms in var(yp) is also constant on M’. By
Proposition 3.1, it follows that M’ E ¢ or M’ E —¢. If M’ E —¢, then
it contradicts M, s F ¢. Thus M’ E ¢, and therefore M|, F . That is
to say, for any state ¢ such that sR;t in M|y, we have M|%,t F ¢. By
semantics, it follows that M|y, s E K;p, and thus M|y, s E K;p. As 4 is
arbitrary, by semantics we know that M, s = OXp. So far we have shown
that M, s E ¢ — OXp. As s is arbitrary in M, M F ¢ — O, o

In what follows, we show that the McKinsey property (MK) and the
Church-Rosser property (CR) hold for LK.

THEOREM 3.16 (MK). F OX0Kp — 0XOKp

PROOF. Let a model M = (S,{R; | i € Ag},V) and a state s € S
be given. Suppose that M, s F OX0Xp. Then by the semantics, for all
¥ € EL, we have M, s E [¢] K;0Xp. Consider 62 in the proof of Thm. 3.2.
It is obvious that M, s F §7 and 07 € EL, thus M|s¢, s F K;0Kyp. Since
all states in M|s¢ have constant values for variables in ¢, by Lemma 3.15
we have M|s» F ¢ — OKp and its dual M|ss F 0fp — ¢, therefore
Mse £ OKp — OFp. Note that all states in M|z¢ also have constant
values for variables in 0f¢. Then by Prop. 3.1 we have M|se F 0K¢p
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or Mlse F =0Kp. As M|se,s E K;0Kyp, there is a state ¢ such that
M(se,tE O, contradicting M|se F 20K, Thus M|se F OFp. From
that and M|se F OKp — OKyp already obtained above, it follows that
M|se E OFp. Therefore, for any state s’ such that sR;s" in M|se we
have M|se, s’ E OFp. By semantics, M|se, s F K;05p, and therefore
M, sE OEOK . .

THEOREM 3.17 (CR). F 0XOKp — OKOK

PROOF. Let a model M = (S,{R; | i € Ag},V) and a state s € S be
given. Suppose that M, s F O0XOXp. By semantics, for some ¢ € EL:
M, s E ($)K;OKp. Then M,s F 1 and for any ¢ in M|, such that
sR;t, M|y, t E OFyp. Consider §7 in the proof of Theorem 3.2, it is an
EL-formula and thus (M|y)|se,t E K.

Let n € EL be arbitrary such that M, s F n. The valuation of atoms
in var(yp) is constant on (M|,)|se. By Prop. 3.1, we have (M|,)|s¢ F ¢ or
(M])]se E —p. Since ¢ € EL and M, s = ¢, we have also (M|y)[s¢ F ¢
or (M|y)lse F —p. As (M]y)|se,t F K;¢p, there must be a ¢’ such that
(Mly)lse,t" F ¢ which contradicts (M|y)|s¢ F —¢. Thus we obtain
that (M|y)|se F ¢. Consider the disjoint union M’ of (M]y)|se and
(M|y)]se. Since M’ has constant values for variables in ¢ as well, we
conclude that M’ E ¢, and therefore (M|,)|se F ¢. Let s’ be any state
such that sR;s" in (M|,)|se. Now we know that (M],)|se,s" F ¢. Then
(Mly)|se, s F K, and thus M|y, s E OFp. This follows that M|,,s F
K;0Kp. Asn € EL is arbitrary, we conclude that M, s £ OK0Kp, A

As we have seen above, not every true formula is knowable. In con-
trast, every valid formula is knowable, in symbol: F ¢ implies F 0K, as
easily shown. This then follows that F OXT. Besides, it may be worth
noting that the knowability operators are not normal.

PROPOSITION 3.18. ¥ OK(p — ¢) — (0Kp — OKy)
ProoF. Consider the following model M:

s:p 7 t: —p

o M,sE OX(p — pA—K;p): firstly, note that M,sEp — p A -~K;p
and M,tE p— pA-K;p, thus M, sF K;(p — pA-K;p). By Prop. 3.7,
M, sE OK(p — pA-Kip).

o M,sF OEp: clearly, M, s (p)K;p, thus M, s = OXp.

o M, s¥ OK(p A =K;p): this follows directly from Prop. 3.4. o
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This refutes the claim that “knowable-in-principle, knowability, is
closed under consequence” in [3].

We conclude this section with the fragment of the positive formulas
in LK. The fragment, denoted LK™, is inductively defined as follows:

pu=pl-wlere|loVe| Kel-vle|Of

In modal logic, the fragment of the language where negations do not
bind (box-type) epistemic modalities is known as the positive fragment
[5, 23, 26]. It corresponds to the universal fragment in first-order logic.
It has the property that it preserves truth under submodels. Intuitively,
this is because a box modality says that something is true in all accessible
worlds, so if you go to a submodel it is still true in all remaining accessible
worlds, whatever remains. The result we present here is a generalization
of a similar result in [5]. We should point out the surprising negation
in the inductive clause [—¢]p. This has to do with the semantics of
public announcement. Note that we have that M, s [—p]1, iff (by the
semantics of public announcement) M, s F —¢ implies M|, s F v, iff
(propositionally) M, s E ¢ or M|-,, s F 1. In the last formulation the
negation has disappeared! This aspect will also play a role in the proof
of the subsequent proposition.

We say that ¢ is successful, if after being announced, ¢ still holds;
in symbol, F [p]e. The following result states that positive formulas are
successful.

PROPOSITION 3.19. For all ¢ € LK™, we have F [¢]op.

PRrROOF. We show the following claim: For any M’ and M” with M" C
M, se SM" and o € LK: If M', s E ¢, then M”, s E .

The proof is by induction on the complexity of ¢. Recall that the
notion of complexity is given in Def. 2.5.

e ¢ is atomic: Since the valuation of atoms is local, it is trivial.

e Boolean cases: It is straightforward by induction hypothesis.

e o is K;1: Suppose M’, s E K;1, by semantics M’, s’ E 1) for any s
such that sRM's’. Consider any ¢ such that sRM”t. Since M” C M/,
we have sRZM/t. Thus M’,t F 9, and then by inductive hypothesis
M" t E ). By semantics again, it follows that M", s E K;1).

e p is [-)1]tba. Suppose M’ s E [-)1]1pe and M”,s E —1);. By
induction hypothesis, M', s E =t)1. By semantics, M|, , s E 3. Note
that M”|-y, € M'|_y,, then by induction hypothesis M" |y, , s E 3.
By semantics M” | s E [=1)1]1)s.
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o ¢ is OXy. Suppose M’ s £ O, Assume, for reductio, that
M" s ¥ OFy. By semantics, there is a x € EL such that M”,s F x
and M"|y,s £ Kqp. As M"|, € M” C M, by induction hypothesis,
we infer that M/, s ¥ K1, that is, M', s ¥ [T]K;1p. Then M’, s ¥ Ofy,
contrary to the supposition.

Given any ¢ € LK™, for any model M and s € SM: If M, s E ¢, then
no matter what submodel of M that ¢ defines, it follow that M|, s F ¢
by the above claim. By semantics it means M, s E [¢]p. Since (M, s) is
arbitrary, we conclude F [p]ep. o

4. Bisimulation and Expressivity

4.1. Bisimulation

In this part, we show that the notion of bisimilarity is tailored for the
logic of knowability LK. That is, LK is invariant under bisimulation,
and the Hennessy-Milner Theorem (H-M for short) holds for LK. First,
we introduce the notion of bisimulation.

DEFINITION 4.1 (Bisimulation). Let M = (SM {RM | i € Ag}, VM)
and N = (SN, {R) | i € Ag}, V") be models. A non-empty relation
7 C SM x SN is a bisimulation between M and N if for all Zst,peP
and ¢ € Ag:

e atoms: s € VM(p) iff t € VN (p).
o forth: if sRMs’, then there is a t' € SV such that tRNt and Zs't.
e back: if tRNY, then there is a s’ € SM such that sRMs’ and Zs't'.

If there exists a bisimulation Z between M and N we write M < N (or
Z: M & N, to indicate the relation), and if it contains the pair (s,t),
we write (M, s) € (N, 1).

Given pointed models (M, s) and (N, t) and a language L, (M, s) =,
(N, t) denotes: for all ¢ € L1, M,s = iff Nt = .

PROPOSITION 4.2. For all pointed models (M, s) and (M’,s'), if (M, s)
& (M',s'), then (M, s) =k (M, s).

PROOF. Suppose that (M,s) € (M’',s’), we show for all ¢ € LK:
M, s E ¢ if and only if M’ s’ F . The proof proceeds with induction on
the structure of ¢. As it is known that PAL is invariant for bisimulation,
we need only present the case (X.
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Assume that M, s F OX¢. Then there is an EL-formula x such
that M,s E x and M|,,s F Kjyp. As (M,s) & (M',s’) and x is an
EL-formula, M’ s’ £ x. Consider a relation Z|x as the bisimulation Z
between M and M’ restricted to M|, and M’|,. We can check Z|x is
also a bisimulation and (s, s”) € Z|x . Therefore, for any t' € M|, such
that s'R;t’, there is a t € M|, such that sR;t and (M|, t) & (M|, 1),
which by induction hypothesis implies that M|,,¢ & 9 if and only if
M|, t' E 9. Since M|y, s E Ky, for any t € M|, such that sR;t:
Ml|y,t E 9. Then by induction hypothesis, M'|,,t’ F 1, and hence
M|y, s" E K;ip. We have now shown M’ s" E x and M'|,, s’ F K. Tt
then follows that M’, s' E ¢X¢). The other direction is similar. .

PROPOSITION 4.3. For all image-finite models M and N, for all s in M
and t in N, if (M, s) =1k (N, t), then (M, s) < (N, t).

PROOF. Let M and N be image-finite. Suppose that (M, s) =1k (N, t).
Since LK is an extension of EL, it follows that (M, s) =gy, (N, t). By the
Hennessy-Milner theorem of EL [see, e.g., 7], we have (M, s) & (N, 1),
as desired. =

4.2. Expressivity

In this part, we shall compare the expressive powers of our logic LK,
PAL, and APAL. It turns out that in the case of single-agent, the three
logics are equally expressive; however, in the case of multi-agent, LK is
more expressive than PAL. First, we introduce the definition of related
concepts.

DEFINITION 4.4 (Expressivity). Let L and L’ be two logics are inter-
preted over models.

o L is at least as expressive as L', notation: L <X L/, if for ¢ € L there is
a ¢’ € L/ such that ¢’ is equivalent to ¢ over the class of S5-models.

e L and L’ are equally expressive, notation: L = L/, if L < L’ and
L' < L.

e L is less expressive than L', or L’ is more expressive than L, notation:
L<L,ifL=<L but L' £L.

e L and L’ are incomparable (in expressivity), notation: L =< L/, if
LAL and L' A L.

PRrOPOSITION 4.5. In the single-agent case, LK and APAL are equally
expressive. As a corollary, LK and PAL are equally expressive on the
single-agent case.
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PRrOOF. Recall that in the single-agent case, APAL is equally expressive
as EL (thus PAL) [5, Proposition 3.12]. Moreover, LK is an extension of
EL. This entails that LK is at least as expressive as APAL in single-agent
case. Besides, as LK is a fragment of APAL due to the definability of ¢X
in terms of ¢ and K, APAL is at least as expressive as LK. Therefore,
in the single-agent case, LK and APAL are equally expressive. .

The following result is shown as in the proof of [5, Proposition 3.13]
via slight revisions. To make the exposition self-contained, we prove it
in the following.

PROPOSITION 4.6. LK is more expressive than PAL.

ProoF. First, as LK is an extension of PAL with the knowability op-
erators, PAL < LK. It suffices to show that LK A PAL. We show that
OK(p A =Ky K,p) is not equivalent to any PAL-formula.

Suppose not, then as PAL is equally expressive as EL, the given
knowability formula is equivalent to an EL-formula, say . Because 1
is finite, it contains only finite many propositional variables. Let ¢ be a
propositional variable not occurring in 1. Consider the following models,
where the left-hand side is M and the right-hand side is M’:

10 : p,~q —a— 00 : =p, ~q

b b

a

l:p 0:—-p 11:p,q —a—01: —p,q

Since (M, 1) and (M’,10) are bisimilar for atoms other than ¢, we
have that M, 1 F « iff M’,10 E 9. However, M, 1 ¥ OX(p A =K, K,p)
but M’, 10 F OX(pA-K, K,p). The argument for the former is as follows:
every announcement that makes a know that p at 1 (that is, M, 1 F K,p)
must delete the state 0, and therefore K,—K,K,p is false at 1. To see
the latter, just notice that M’ 10 E (p V q)(Kup N K~ Ky K,p), which is
equivalent to M’, 10 E (p V q)Ku(p N =~ KpK,p), and therefore M’, 10 F
Ou(p A —KpKqp). B
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We conjecture that LK is less expressive than APAL. In the con-

cluding Section 8 we will explain in some detail why this is a difficult
problem.

5. Axiomatization
To present the proof system, we need a notion of ‘admissible forms’
originally from [15, pp. 55-56], also known as ‘necessity forms’ in [5, 6].
DEFINITION 5.1 (Admissible Forms). Where ¢ € LK and i € Ag, the

set of admissible forms 7(f) is defined recursively as follows:

n(#) =181 e —=n) [ Kn) | [eln()

It is worth noting that § is not a formula, but a placeholder. The
result from replacing £ in an admissible form 7(#) by a formula 1, denoted
n(1), is a formula. It is defined as follows:

f(v) = 9
(p—=n)®) = v—=n)
(Kin(8)(v) = Kin(y)

)
(PlnEN@) = [eln(®)

Now we are close to the proof system, denoted by LK.

5.1. Proof system and soundness

DEFINITION 5.2. The system LK consists of the following axioms and is
closed under the following rules.

TAUT all instances of propositional tautologies
K Ki(p = ¢¥) = (Kip — Kit))

T Kip = ¢

4 Kip — KiK;p

5 “Kip = Ki~K;p

IATOM  (¢)p <> (Y A p)

WEG  (¥)—¢ < (VA (Y)p)

ICON (D) (e Ax) < (D)o A {¥)x)

'K (V) Kip < (Y A Ki[p)

/\

V)X < ((V)x)e

Dual Oy« -OK—p
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ARK 0Ky — [ Kip, where ¢ € EL
MP ij;w

NECK Kf@

RM(-) ﬁ

RKb ”([lﬁ]Kif?)( é}r{;;l Y € EL

A formula ¢ is a theorem of LK, or ¢ is provable in LK, notation
F o, if  is either an instantiation of an axiom, or obtained by applying
inferences to axioms. We use Thm for the set of all theorems of LK.

Note that although our reduction axioms are different from the more
familiar ones from, e.g., [6, 28], we will show that they are provable from
ours (see Proposition 5.7).

Also note that we include Dual as an axiom. This is because we are
now using OX rather than 0K as modal primitives. This is similar to
some case in the minimal normal modal logic, e.g. [7, Sec. 1.6], where
the possibility operator ¢ instead of the necessity operator [J is used as
a modal primitive and Q¢ <> —[O—¢p is used as an axiom. The axiom
Dual will be used later, namely in the proofs of RE (Proposition 5.6),
Proposition 5.12 and Proposition 5.13.

To see the intuition of AKK, we can use its dual form:

(VYKo — <>iKg0, where ¢ € EL,

also denoted AKK. Intuitively, this formula says that if ¢ is known after
some announcement, then ¢ is knowable.

ProrosITION 5.3. LK is sound with respect to the class of all frames.

PROOF. By the soundness of public announcement logic, it remains only
to show the soundness of Dual, AKK and RKb. The soundness of Dual is
obtained from the semantics of ¢f and OX. The soundness of AKK is
straightforward by semantics of (JX. To show the soundness of RKb, we
show a stronger result:

() for all (M, s), if M, s E n([¢]K;p)for all ¢ € EL,
then M, s F n(OFp).

The proof proceeds by induction on the structure of admissible forms.
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Base case #. Since #([|Kip) = [ Kip and $(0Kp) = Oy, (x)
follows directly from the semantics of (5.

Inductive cases. We assume by induction hypothesis (IH) that (x)
holds for n(f), we show that (x) also holds for the cases x — n(4), K;n(f)
and [x]n(4), as follows. R

e Case x — n(#). Note that (x — n(t))([¥]Kip) = x — n([¥]Kie)
and (x — n(8)(OKp) = x — 77([! ). Our goal is to show that for
all (M, s), if M,s F x — n([¢)]Kip) for all ¢ € EL, then M, s F x —
n(0f ). For this, suppose that M,s F x — n([)| K;p) for all ¢ € EL
and M, s E x, then M, s £ n([¢)] K;¢) for all b € EL. By (IH), we infer
that M, s E n(OXyp), as desired.

e Case Kin(t). Note that (Ki(®)([9]Kip) = Kin([¢]Kig) and
(K (1)) (OKp) = Kin(OXp). Our goal is to show that for all (M, s), if
M, s £ Kin([v]Kip) for all ¢ € EL, then M, s = Kin(Ofp). For this,
suppose that M, s E K;n([¢] Z<,0) for all b € EL, and for any ¢ in M
such that sR;t, then M, t E n([¢] f(lgo) for all ) € EL. By (IH), we derive
that M, t E n(0Xp). Therefore, M, s F Km(@fﬂp), as desired.

o Case [xn(t). Note that ([xIn(®)([¥)Kip) = [n([¥]Kig) and
(I (Ofe) = XIn(OFp). Our goal is to show that for all (M, s),
if M,s F [xIn([¢]Kip) for all ¢ € EL, then M, s & [x|n(0fp). For
this, suppose that M,s F [x]n([¢] Z4,0) for all ¥ € EL and M, s E y,
then M|y, s F n([w]f(igo) for all v € EL. By (IH), we obtain that
M|y, s E n(0OKp). Therefore, M, s F [x]n(OF¢), as desired. -

5.2. Proof theoretical results

In this subsection we present some proof theoretical results for LK. Al-
most all proofs are in Appendix, as they are rather lengthy.

In the first place, some common alternative derivation rules are deriv-
able in the system LK (where Lemma 5.5 is essential in showing Propo-
sition 5.6).

ProprosITION 5.4. The following rule is derivable in LK:

p—=Y
ol Xy = X9
PrOOF. We have the following derivation in LK:
(i) =7 assumption
(i) =Y —=-p (i)

(iii) ()= = (X))~ (ii), RM(-)
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(iv) =) = ()Y (iif)
v)  IXle = Xy (iv), Def.[] -

LEMMA 5.5. For all p, ¢ and x, if - <> x, then F () <> (x)p.
PROPOSITION 5.6. The following rule called RE (for ‘replacement of
equivalents’) is derivable in LK:

Y x
e(p/v) < o(p/x)

Recall that the axiomatization of public announcement logic, denoted
PA, is given in e.g. [28, Sec. 4.8].

ProrosiTION 5.7. PA C LK.
PRrROPOSITION 5.8. The following axiom is provable:
AKK* () K;p — O, where ¢ € PAL.

ProOOF. It is known that for any PAL-formula ), there is an EL-fomula
1’ such that F ¢ <+ ¢’. By the completeness of PA, we have Fpy ¢ <> ',
By Proposition 5.7, PA C LK, thus Fyx ¢ <+ ¢’. Then by AKK and RE,
AKK* is derivable. —

PROPOSITION 5.9. Let ¢ € LK. F ¢ <> (T)p
COROLLARY 5.10. F [Tl «» ¢ for all ¢ € LK.

PROOF. By Proposition 5.9, F (T)=p <> =p. Thus F —(T)=p <> .
By Def. [-], we obtain - [T]p <> ¢. =

PROPOSITION 5.11. If I ¢ — 1), then - 0Ky — O,

Recall that in Proposition 3.8 and Proposition 3.12 we show that
FOKOKp — OKp and F OXp — OKOK, respectively. We can also give
a syntactic proof of them.

PROPOSITION 5.12. F 0Ky — OKOKp
PROPOSITION 5.13. - 0KOKp — 0Ky

We conclude this section with a derivable rule.
ProprosITION 5.14. The following rule is derivable in LK:

Y
OFp
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PrOOF. We have the following derivation in LK:

i) ¢ assumption
(i) K; (i), NECK
(iii)  (T)K; (ii), Proposition 5.9
(iv) 0Ky (iii), AKK 8

For contrast, note that ¢ — (X is not derivable (see the remarks
before Proposition 3.4).

6. Completeness and Decidability

6.1. Completeness

This section deals with a demonstration of the completeness of LK. The
canonical model will be based on a notion of maximal consistent theory,
rather than the more familiar notion of maximal consistent set. The
reason of defining consistency for a theory rather than any set of for-
mulas, is because we need the clousure condition under RKb, which is
indispensable in the completeness proof.

DEFINITION 6.1 (MCT). A set I of formulas is said to be a theory, if
besides containing Thm, it is also closed under the rules MP and RKb. A
theory I is said to be consistent, if L ¢ I'; I' is said to be mazimal, if
for all p, ¢ € I or —~p € I'. I is a mazimal consistent theory (MCT), if
it is a theory which is consistent and maximal.

One may easily check that Thm is the smallest theory.
Define s + ¢ as {¢) | ¢ = 9 € s}. We omit the proof details of the
following result.

PropPoOSITION 6.2. Let ¢ € LK and s be a theory. Then
1. s+ ¢ is a theory, and s U {p} C s+ .
2. s+ ¢ is consistent iff ~p & s.

Lindenbaum’s Lemma can be proven as [5, Lemma 4.12], with only
corresponding changes of the rule RKb. Thus we omit the proof details.

LEMMA 6.3 (Lindenbaum’s Lemma). Every consistent theory can be
extended to a MC'T.

DEFINITION 6.4 (Canonical Model). The canonical model for LK is
M = (5°{RS | i€ Ag}, V), where
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e 5S¢ is the set of all MCTs;
o Forall i € Ag, sRSt iff {¢p | Kip € s} C t;
o Ve(p) ={se€ S°|pes}

Using axioms T, 4 and 5, we can show that each R is an equivalence
relation. Thus M€ is indeed a model.

The following proposition can be shown as in [6, Lemma 7]. Thus
again, we omit the proof details.

PROPOSITION 6.5. Let s € S¢, ¢ € LK, and i € Ag such that K;v ¢ s.
Then there exists t € S¢ such that sR$t and ¢ ¢ t.

LEMMA 6.6 (Truth Lemma). For all ¢ € LK and s € S, we have
M sEp < p€s.

ProOOF. It is straightforward to show that <g is a well-founded strict
partial order between formulas. Let ¢ € LK and s € 5S¢ we proceed

with <€—induction on ¢, that is, with induction on the complexity of .
Def. V¢

e p=p. We have M€ skEp < seV¢p) < peEs.
e p = ). Recall that <€ —1) (Proposition 2.6). We have
ME sE ) &= M sEY
oy ¢ s
— Y Es.
e © = 1 Ax. Recall that ¥ <g WAx and x <€ ¥ Ax (Proposition 2.6).
We have
MEsEYANY < M sEyYand M sk x
PLN Y €sand x €s
<~ YAYXEs.
e v = K;. Recall that ¢ <g K;v (Proposition 2.6). We have
M sE K <= M tE forallt € R{(s)
A petforalte R (s)
& goes.

The equivalence () follows from the definition of R{ and Proposition 6.5.
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e » = (¢)p. Recall that <‘g (¥)p and p <g ()p (Proposition 2.6).
We have
M sE ()p <= M sk and M skEp
PN Y Esand p € s
< YApEs

Ax, IATOM <w>p cs.

e ¢ = (). Recall that <5 (1) and (6)x <5 ()= (Propo-
sition 2.6). We have

ME s E (P)y—x <= M sEpand M sk (¢)x

PN Y€ sand (Y)x ¢ s
< Y €sand = (Y)x € s

Ax. INEG <77Z1>_‘X € s.

e 0 = () (x1Ax2)- Recall that (1)x1 <3 (¥)(x1/Ax2) and ()x2 <§
(¥)(x1 A x2) (Proposition 2.6). We have

M sE () (x1 A x2) <= M sE (¥)x1 and M sE () x2

L )y € s and (P)ys € s

= (W)x1 A {WY)x2 € s

A (1) (x1 A x2) € 5.

o v = (P)Kix. Recall that ¢ <3 (¥)Kix and K;[¢]p <3 () Kix
(Proposition 2.6). We have
M sE (W) Kix <= M sk and M sF K;[¢y]x
AL e sand Ki[Y]x € s
—= YAK[YlxEs
Az (VYK;x € s.
e ¢ = (¥)(x)6. Recall that (()x)é <2 (¥)(x)d (Proposition 2.6).
We have
M sE (D) (X)) == M sE (P)x)0

s () es

2L () ()b es.
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o v = (P)OKx. We have

ME s E ()0 <= M sE ¢ and M|y, s F Oy
= M sEp, My, sE (6)K;x for some 0 € EL
< M sE (¢)(0)K;x for some ¢ € EL

PN (V) (6)K;x € s for some 0 € EL

FON [][0] Ki—x ¢ s for some § € EL
&L ok-x ¢ s
& ofxes.

Recall that (¥)(8) Kix <2 (1)0Kx for any § € EL (Proposition 2.6),
thus we can use the induction hypothesis (IH) in the fourth step. In
(#), the left-to-right direction follows from Axiom AKK and rule RM[],
and the other direction is because s is closed under the rule RKb for the
admissible form [¢]f. (1) and (2) hold due to the maximal consistency
of s.

°p= Of{w. We have

ME s E 0Ky «—= M sE (x)Kpp for some y € EL

PN (X)K;v € s for some x € EL

L [X] K;—p ¢ s for some x € EL
¢y OK—p ¢ s
&) <>¢K¢ € s.

Recall that (x)K;y <€ 0Ky for any x € EL (Proposition 2.6), thus
we can use the induction hypothesis (IH) in the second step. The equiv-
alence (k*x) is due to Axiom AKK and the fact that s is closed under the
rule RKb for the possible form f. (a) and (b) hold because of the maximal
consistency of s. -

With the Truth Lemma in mind, we obtain the completeness theorem
as usual.

THEOREM 6.7 (Completeness Theorem). LK is sound and complete with
respect to the class of frames. That is, if F ¢, then F ¢.
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PROOF. The soundness is immediate. For the completeness, suppose
¥ @, ie. ¢ ¢ Thm. Since Thm is a theory, it is closed under MP, thus
——p ¢ Thm. By Proposition 6.2, Thm + {—¢} is a consistent theory
and ¢ € Thm + {-¢}. By Lindenbaum’s Lemma (Lemma 6.3), there
exists t € S¢ with Thm + {—¢} C ¢, and thus —p € t, that is, ¢ ¢ t. Due
to the Truth Lemma (Lemma 6.6), we obtain M€ t ¥ ¢. Moreover, as
remarked before, M€ is a model. Therefore ¥ . -

6.2. Decidability

Recall that the satisfiability problem of APAL is shown to be undecidable
when there are at least two agents [2, 14]. The approach is by reducing an
undecidable tiling problem into APAL [2]. Following the same approach,
we may infer that LK is also undecidable when there are at least three
agents. We will sketch the main idea of the proof.

In [2] an APAL-formula ¢ is defined such that a certain finite set of
tiles I" tiles the infinite plain N x N, if and only if ¢ is satisfiable on a
certain model M defined for two agents a and b. We can transform ¢ into
an LK-formula v by substituting all quantifiers 1J in ¢ for knowability
operators DiK , and we can change the model M into a model MY¥ that is
the same as M except that we add another agent ¢ that has the identity
relation on the domain. Since for any state ¢ in the model, ¢t has itself
as the only ¢-successor, it follows for any subformula 6 of ¢:

MK 9 o K0
For example, a constituent of the formula ¢ is:

Capal(V) =0 = O(Ks(r — (K (I = (Ks(u — Ke(d —
Ko(l = Ke(r = Kq(d = Ke(u— K.9))))))))))

It is transformed into:

ar(V) == - OF(K(r — (K (I = (Ks(u — K.(d —
Ko(l = Ke(r = Kq(d = Ke(u— K,9))))))))))

and MEE ¢ E ¢;,(Q) if and only if M, tE capar(Q).

This may sufficiently demonstrate that a detailed proof of the unde-
cidability of the satisfiability of LK would be nearly identical to the proof
in [2]. Therefore, LK is undecidable for at least three agents. Whether
LK is decidable for only two agents needs further investigation.

In what follows, we will give two decidable knowability logics.
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7. Decidable knowability logics

7.1. Logic LK™
We recall that the language of the logic LK™ was defined as the fragment

pu=p|-p|(pAp) ]| OFp

In this fragment we can no longer quantify over all epistemic formulas,
but, for a similar treatment of the quantifier, over all Booleans only. Its
semantics are:

M, sE <>Z»K<p <= there is a ¢ € PL such that
M, s E 1 and for all t € R;(s), M|y, t E ¢

This quantification is therefore like the one in so-called Boolean arbitrary
public announcement logic BAPAL [24] (where again ) K;¢ corresponds
to OKp).

M, skE Op <= there is ¢ € PL such that M, skF ¢ and M|y,sE ¢

As the semantics of the quantifier in LK™ are different, the properties of
the quantifier (}ZK that were observed in Section 3 now have to be shown
again. It is straightforward that (¢ implies Q.

It may be interesting and surprising to see that the knowability oper-
ators are dispensable in classical propositional logic. That is to say, the
addition of knowability operators does not increase the expressive power
of classical propositional logic.

ProprosiTION 7.1. LK™ is equally expressive as PL.

Proor. As LK™ extends PL, LK™ is at least as expressive as PL. It
suffices to prove that PL is at least as expressive as LK.

For this, let ¢ be a formula in the language of LK~. We prove that
@ is equivalent to a formula in PL. The proof is by induction on the
number of OX modalities in .

If ¢ contains no OX modality, then ¢ is already in PL, and we are
done. Otherwise, consider a subformula ¢Xv of ¢ such that ¢ € PL.

We first show that F 0K < 1.

Let M = (S,R,V) and s € S be given.

Assume that M, s F (X, By definition, there is a x € PL such that
M, s E x and for all t € R;(s), M|y,t F 9. In particular, M|y, s F 1.
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Therefore, as 1 is Boolean and as the valuation does not change after
model restriction, we have M, s E 1.

Conversely, assume that M, s F 1. Consider the characteristic for-
mula 0% defined as in the proof of Thm. 3.2. Then M, sk §¥, and also
M ]5?, s E 1. As the valuation of the variables in v is constant on M‘éip,
it follows from Proposition 3.1 that M ’5;” F 1), and therefore M ’(;éb JEEY
for all t € R;(s). From that and M, s E 6% it follows by semantics that
M, sk <>iK?/1-

This proves F 0X «» 1. Now replace 0K by ¢ in . Let the result
be ¢'. Note that F ¢ <> ¢'. As ¢’ contains one less knowability modality
than ¢, by induction hypothesis we can conclude that ¢’ is equivalent
to a Boolean formula ¢”. From F ¢ <+ ¢’ and F ¢’ < " it follows that
Eopw o =

It may be instructive to present an example.

Ezample 7.2. We will show that the formula OO (0 (p — ¢) vOF—r),
read “it is knowable for ¢ that it is knowable for j that either it is
unknowable for k that p does not imply ¢ or it is unknowable for k£ that
r”, is equivalent to a Boolean formula. The proof is as follows:

OKOK(OK(p — @) VOE=r) ¢ OKOK(=0K-(p — q) V ~0F =)
& 0705 (==(p — q) V =)
& 080K ((p = q) v )
< 0K((p—q) Vv )
=g Vor

In what follows, we show the properties of Church-Rosser and McK-
insey hold for LK™. For this, we define a translation from LK™ to PL.

DEFINITION 7.3. Define ¢ : LK™ — PL as follows.

t(p) = p

trp) = t(p)
tlpAy) = tlp) Nt(P)
tOFe) = ty).

Intuitively, ¢ removes every occurrence of O in the formulas of LK™.

It is straightforward to compute that t((0Xyp) = ——t(y).
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This translation helps us show the properties of Church-Rosser and
McKinsey holds for LK=, namely, 0X0Xp — OX0Kp and 050Ky —
(}Z»K[Jf{go, respectively, are valid on the semantics of LK=. To see this,
we first show the following result.

LEMMA 7.4. For all ¢ € LK=, we have

F o< t().

Proor. By induction on ¢ € LK~.

e ¢ =p € P. Since t(p) = p, we obviously have F p <> t(p).

e © = —). By induction hypothesis, F ¥ <> t(¢)). Then F =) <
).

e © = 1 A x. By induction hypothesis, F ¢ <> t(¢)) and F x <> t(x).
Then E (¢ A x) <> t() A ).

e o = 0Ky, By induction hypothesis, F 1 <> t(1). Then F (X <
OKt(x). Since t(¢) € PL, by the proof of Proposition 7.1, F OXt()
t(1). This follows that F QX < t(1).3 As t(0Ky) = t(3), we conclude
that £ OXy < t(OKq). .

THEOREM 7.5 (CR and MK). F OXOKp < OKOKe.

PRrOOF. Note that t(O0X0Xp) = +(OKp) = ==t(p) and t(OKOKp) =
——t(OKp) = ~=t(p). Thus t(OXOEp) = t({OKOKp). By Lemma 7.4, we
have F OXOKp « t(OXDOEKp) and F OXOKp «» t(OKOKp). Therefore,
FOKOKp «» OKOK . -

Now we add an axiomatization for LK~. In retrospect, Lemma 7.4
essentially gives us the following reduction-like axiom (denoted Red):

OKp & .

Intuitively, Red removes all <>Z~K operators from formulas in LK™ within
finitely many steps.

We use LK™ to denote PL + Red, in which PPL is the classical propo-
sitional calculus. In what follows, we will show that LK™ is determined
by the class of frames. For this, we first need an important result.

LEMMA 7.6. For all p € LK™, we have I ¢ <> t(p).

3 Note that Proposition 7.1 only shows that F Qf(x <> x holds for every x € PL,
but it does not show this statement holds for any LK™ -formula. This is what we are
doing here.
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PrOOF. By induction on ¢ € LK™.

e p =pecP. Ast(p) = p, we have F p <> t(p).

e © = —). By induction hypothesis, - ¢ <> t(v)), and thus - —) >
—t(1), that is, F =) <> ().

e © = 9 A x. By induction hypothesis, we have - ¢ < () and
F x <> t(x). Therefore, - (¢ A x) <> t(¢ A x).

e o = OXy. By induction hypothesis, - 9 < t(3)). By axiom
Red, - O <+ 9. Moreover, t(0X¢) = t()). Then we conclude that
= O 107 Y). 3

THEOREM 7.7. LK™ is sound and complete with respect to the class of
all frames.

PRrROOF. For the soundness, it remains only to show the validity of axiom
Red. By Lemma 7.4, F 0Kp < t(0Kp) and F ¢ <> t(p). As t(0Kp) =
t(), we therefore obtain F K¢ < .

As for the completeness, suppose F ¢, then by Lemma 7.4, E t(yp).
Since t(p) € PL, by the completeness of PL, Fp, t(¢). Since PL. C LK™,
then - ¢(¢). Now using Lemma 7.6, we conclude that - ¢, as desired.

Remark 7.8. With axiom Red in hand, we can even give a syntactic proof
of CR and MK in LK™ (without use of completeness), because we can
derive that = 0y <+ ¢ and - Oy < ¢. Therefore, both 0X0Xp and
OXOKp are provably equivalent to ¢. Therefore, - OXOXp +» OXOK .

7.2. Logic LK™

One may naturally ask whether the announcement operators increase the
expressivity in LK=. Again, the answer is negative. Recall that when
the announcement operators are added to LK™, we obtain the language
LK™ . In other words, LK™ is defined recursively as follows.

pru=pl el (pAe) | (e | 0f
ProrosiTiON 7.9. LK™ is equally expressive as PL.

Proor. As LK™ extends PL, LK™ is at least as expressive as PL. It
suffices to show that PL is at least as expressive as LK.

For this, let ¢ be a formula in the language of LK™~. We show that
@ is equivalent to a formula in PL. The proof is by induction on the
number of (-) modalities in ¢.
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If ¢ contains no (-) modality, then ¢ is a formula in the language of
LK™. As we shown in Proposition 7.1, ¢ is equivalent to a PL-formula.
Otherwise, consider a subformula (x)1 of ¢ such that ¢, x € LK™. By
Proposition 7.1 again, each of ¢ and x is equivalent to some PL-formula.
Then by using the reduction axioms concerning announcements and
Boolean formulas, we can infer that (x)t is equivalent to a PL-formula,
namely x A 1. Now replace (x)¥ by x A in . Let the result be ¢'.
Note that F ¢ <> ¢'. As ¢’ contains one less (-) modality than ¢, by
induction hypothesis we conclude that ¢’ is equivalent to a formula ¢”
in PL. From F ¢ <> ¢/ and F ¢’ < ¢", it follows that F ¢ <> ¢”. .

Also, we give a concrete example to illustrate the result.

Ezample 7.10. We will show that the formula 0 (p) 05 (0 (g A r))(p —
q), read “it is knowable for ¢ that after a truthful announcement of p, it
is knowable for j that after a truthful announcement of the fact that the
conjunction of ¢ and r is knowable for 4, p implies ¢”, is equivalent to a
Boolean formula, as follows:

OFP)OT(OF (g Ar))(p = q) < O )OS anr)(p — q)
< O YO ((gAr) A (p— q))
< OFpY(aAr) A (p—q))
“ 0K AgAT) A (p—q))
< pAgAT)AN(p—q)
S pAgAT

Also, we can axiomatize LK™~ over the class of all frames. Define
LK™ as the smallest extension of LK™ plus the following axiom Red’:

(@) < (e ANY).

In what follows, we show the properties of Church-Rosser and McK-
insey also hold for LK™ . For this, we define a translation from LK™ to

PL.
DEFINITION 7.11. Define ¢’ : LK~ — PL as follows.
t'(p) = p
(=) = ()
teNy) = t(p) At (P)
‘(o)) = t(p) AN(Y)
0fp) = t'(»)
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That is, ¢ extends ¢ for the fragment LK™ in Def. 7.3 with the extra
case ().

LEMMA 7.12. For all ¢ € LK™, we have E ¢ < t'(¢p).

Proor. By induction on ¢ € LK™. By Lemma 7.4, it suffices to show
the case that ¢ = (¢)x.

By induction hypothesis, F ¢ < ¢/(¢) and F x < t/(x). Thus
E (W & (E)E(X). Since #(x) € PL, F (L)) + (£ () A ().
As t'(()x) = t' () ANt'(x), we conclude that F (¢)x < t/((¥)x). .

Then as in Theorem 7.5, we can show that the properties of Church-
Rosser and McKinsey hold for LK™.

THEOREM 7.13 (CR and MK). F 0XOKp «» OKOK .

In what follows, we will also show that LK™ is determined by the
class of all frames. For this, we show

LEMMA 7.14. For all ¢ € LK™, we have F ¢ <> t'(¢).

ProOF. By induction on ¢ € LK™ . The cases for ¢ € LK™ formulas is
similar as in Lemma 7.6. It remains only to prove the case that ¢ = (¢)x.

By induction hypothesis, - ¢ < t'(¢) and F x < t/(x). Thus
F(@Ax) < () At'(x)). By axiom Red’ and definition of ¢/, we
derive that = () x <> t'((¥)x). !

THEOREM 7.15. LK™ is sound and complete with respect to the class of
all frames.

PRrROOF. For the soundness, by Theorem 7.7, it suffices to show the va-
lidity of axiom Red’. By Lemma 7.12, E (p)y <> t/((@)0), E ¢ <> t'(¥),
and F ¢ <> t/(¢). By definition of ¢/, t'({¢)¥) = t'(¢) At'(¢). Therefore,
F{o)¥ < (9 A1).

As for the completeness, suppose F ¢, then by Lemma 7.12; F t(y).
Since t(¢) € PL, by the completeness of PL, Fpy, /(). Since P C LK™,
we have F t'(p). Now using Lemma 7.14, we conclude that - ¢, as
desired. o

Similar to Remark 7.8, we can also give a syntactic proof of CR and
MK in LK~ without use of completeness.

As both LK™ and LK™ are equally expressive as PL, and PL is
decidable, we have the following decidability result.

THEOREM 7.16. LK™ and LK™ are both decidable.
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8. Conclusion and future work

In this paper, we proposed three knowability logics, namely LK, LK™
and LK™. We compared the relative expressivity of the three logics and
other related logics. It turns out that in the single-agent case, LK is
equally expressive as arbitrary public announcement logic APAL and
public announcement logic PAL, whereas in the multi-agent case, LK is
more expressive than PAL. In contrast, both LK™ and LK™ are equally
expressive as classical propositional logic PL. We axiomatized the three
knowability logics and showed their soundness and completeness. We
showed that the properties of Church-Rosser (CR) and McKinsey (MK)
holds for all three knowability logics, both syntactically and semantically.
LK is undecidable for at least three agents; in contrast, LK™ and LK™
are both decidable for any number of agents.

We currently see three topics for future research.

Firstly, one may investigate whether LK is already undecidable for
only two agents.

Secondly, we would wish to determine whether LK is less expres-
sive than APAL. We have a proof that LK < APAL on the class of
reflexive models, but we have not yet managed to modify this proof to
work with S5 models. The issue with S5 models is that they provide
far less freedom to make certain states distinguishable while others are
indistinguishable. For example, if s; and s in an S5 model are distin-
guishable and t; and t; are a-successors of s; and ss, respectively, and
only of those states, then ¢; and t5 cannot be indistinguishable. As a
consequence, potential S5 counterexamples to LK being as expressive
as APAL need to be for more complex than the counterexamples for
reflexive models, and are therefore harder to find. We do still conjecture
that such counterexamples exist, and therefore that LK < APAL on S5
models, but so far we have not managed to find them.

Finally, an remaining important open question is what the axiom-
atization is of the logic with the language of LK but without public
announcements, so that the semantics of the quantifier is given directly
(and equivalently). A similar open question remains for the logic APAL
but without the public announcement in the language (see also [25] where
this is discussed at some length). In such cases, we can no longer resort
to the public announcement in the axiom and in the derivation rule for
the quantifier, and it is very unclear how to proceed alternatively.
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Appendix

This appendix deals with the proof details in Section 5.2.

PROOF OF LEMMA 5.5. Assume that - 1 <> x, to show that - () <>

(x)¢. The proof goes by induction on the complexity of ¢ (recall that

the notion of the complexity of a formula is given in Definition 2.5).
Case p. We have the following derivation in LK:

(i) (Pp < (P AP) IATOM
(i) (x)p < (xAp) 'ATOM
(iii) (Y Ap) < (xAD) assumption
(iv)  (Wp < (X)p (i) (iii)

Case —p. Recall that ¢ is less complex than —¢ (Proposition 2.6).
By induction hypothesis (IH), - ()¢ <> (x)p. We have the following
derivation in LK:

1) (W)mp & (YA (D)) INEG
(i) () < (A= (X)p) INEG
(iil) (W A=@)p) < (XA (X)e) assumption, TH
(iv)  (¥)mp < ()¢ (i) (iii)

Case p1 A pa. Recall that both ¢; and @y are less complex than
©1 A @2 (Proposition 2.6). By induction hypothesis (IH), F (¢)p1 <
()1 and F ()ps <> (x)p2. We have the following derivation in LK:

(1) (W) (1 Apa) < ()1 A (¥)p2) ICON
(i) Qw1 Aw2) < ()P A (X)w2) ICON
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(i)  (W)e1 < (¢ IH
(iv)  (p)pa < (X)p2 IH
(V) ()1 A (W)p2) < ((X)e1 A (X)p2) (iii), (iv)
(vi) (W) (1 A p2) <> (X) (01 A g2) (1), (i), (v)

Case K;p. Recall that ¢ is less complex than K;p (Proposition 2.6).
By induction hypothesis (IH), - ()¢ <> (x)¢. We have the following
derivation in LK:

(D) () Kip < (b A Ki[]p) 'K
(i) OO Kip < (x A Kilx]e) 'K
(i) () & (X)¢ IH
(iv)  (¥)—p < (X)—p (iii), similar to the case —p
(v) [y < Xy (iv), Def.[
(vi)  Ki[Ylp < Ki[xle (v), NECK, K, MP

(vil) (Y A Ki[)e) < (x A Kai[x]e) (vi), assumption
(vil)) () Kip < (x) Kip (1), (it), (vii)
Case (p1)p2. Recall that o1 is less complex than (p;)ps (Proposi-

tion 2.6). By induction hypothesis (IH), F (¢)p1 <> (x)¢1. We have the
following derivation in LK:

1) (WX e1)pe © ((V)p1)p2 ¥

(i) OO{p1)e2 < ((X)w1)p2 Y
(i) ()1 < ()1 H
(iv)  ((yer)pa2 < (()e1)e2 IH by (iii)
(V) (W) {(e1)e2 < (x)(e1)e2 (i), (i), (iv)

Case OFp. Let 6 be any EL-formula. Recall that (9)K;¢ is less
complex than (K¢ (Proposition 2.6), and thus —[0]K;—¢ is less ex-
pressive than 0Ky, By induction hypothesis (IH), F (¢)=[0] K;—¢ <>
001 “Then - ~(0)01Kip < () ~Wlfp. By Det. []

F (9]0 Ki—e < [X][0]Ki—p. We denote this by (x). Then we have the
following derivation in LK:

(i)  OF-p— B1Ki~¢ AKK
(i) [W]OF=p — [¥] [9]{@—«,0 (i), RM[-] (Proposition 5.4)
(i) [@I0f~p = [X][0]Kimg (i), (*)
(iv) [W)O0K=¢ — X]OK-p (iii), RKb
V) (00Fe— (¥ ><>K (iv)
(vi)  ()OKp — (x)OK similar to the proof of (v)

(vii)) ()0 p < ()Of (v), (vi) -
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PROOF OF PROPOSITION 5.6. Assume that - ¢ <+ x. Then, by induc-
tion on the complexity of ¢, we show - ¢(p/v¥) <> ¢(p/x). Recall that
the notion of complexity is given in Definition 2.5.

e o = p. Then p(p/v) = ¢ and ¢(p/x) = x. By assumption, we
have immediately that - ¢(p/v) <> ¢(p/X).

e o = q # p. Then p(p/v) = ¢(p/x) = ¢q. It is then clear that
= e(p/y) < ep/x)-

e o = 0. Then ¢(p/v)) = —0(p/) and ¢(p/x) = —0(p/x). Since 0
is less complex than ¢ (Proposition 2.6), by induction hypothesis (IH),
F0(p/v¥) < 8(p/x). Then = =0(p/) <> =0(p/x).

® o = o1 Apz. Then o(p/v) = o1(p/¥) A p2(p/¥h) and o(p/x) =
©1(p/x)ANp2(p/x). Since both ¢ and s are less complex than ¢ (Propo-
sition 2.6), by induction hypothesis (IH), F ¢1(p/¥) < ¢1(p/x) and
Epa(p/¥) < @2(p/x)- Then - o(p/v) < @(p/x)

* ¢ = K;. Then ¢(p/v) = Kif(p/+)) and ¢(p/x) = Kif(p/x). Since
0 is less complex than ¢, by induction hypothesis (IH), F 0(p/¢) <
6(p/x). Then using NECK, K and MP, we obtain that - ¢(p/v) <> v(p/x).

* » = (p1)p2. Then o(p/v) = (p1(p/¥)p2(p/¢) and @(p/x) =
(p1(p/X))p2(p/x). Since both ¢ and s are less complex than ¢ (Propo-
sition 2.6), by induction hypothesis (IH), - ¢1(p/®) <> ¢1(p/x) and
F wa(p/v) < @a(p/x). From the former and Lemma 5.5, it follows
that F (@1(p/¥))e2(p/v) < (p1(p/X))e2(p/v); from the latter and
RM(), it follows that = (p1(p/x))p2(p/¥)  (p1(p/x))w2(p/X). Then
Eo(p/v) < ¢(p/x)-

* ¢ = 0;°0. Then @(p/t) = 0f0(p/v) and w(p/x) = 0{*0(p/x). Let
1 be any EL-formula. By Proposition 2.6, (n)K;0 is less complex than
¢, s0 is []K;—0. Then by induction hypothesis (IH),  [n]K;—0(p/1)) <
(7] K;—0(p/x). We then have the following derivation in LK:

(1) OF=0(p/x) — [ Ki=0(p/x) AKK
(i)  OF=0(p/x) — [0 Ki=0(p/v) (i), TH
(i) Of=0(p/x) = OF=0(p/v) (ii), RKb
(iv)  —Of~0(p/¢) — -OF=0(p/x) (iii)
(v)  OF0(p/v) — Of0(p/x) (iv), Dual
(vi)  OK0(p/x) — OKo(p/v) similar to the proof of (v)

(vii)  Of0(p/v) < Of0(p/x) (v),(vi)

PROOF OF PROPOSITION 5.7. We need only show the reduction axioms
of PA are derivable in LK:
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[ ]p < ﬂ<so> Def. []
—(¢ A ~{¢)p) INEG
< ﬁ(so/\ﬁ(sa/\p)) IATOM
< (p—p) TAUT
[p] =1 < ={p)—¢ Def. []
< (e A= () ) INEG
< (e Alely) Def. []
< (¢ = =[p]¥) TAUT
[P](¥ A x) < ﬁ<s0> (¥ AX) Def. []
(e A=) (¥ A X)) INEG
(w A=) A {p)X)) ICoN
(P A={@)) V(e A=(p)x))  TAUT
() V (p)=x) INEG
(M Alelx) TAUT, Def. []
(o] Kitp <> =(p) Kt Def. [
< (o A () Kit) INEG
< (e A =(p A Kilply)) K
< (p = 0 A Kilpl) TAUT
< (p — Kifp]¥) TAUT
[pl[¥]x < ~{p) = (¥)~x Def. []
< =(p) (¥)~x RM(-)
< = {(e)¥)~x 1
< (o Alpl)—x
< [ A lp]Ylx Def. []

423

where the penultimate ‘<>’ follows from F (p)¥ < (¢ A [¢]p) and
Lemma 5.5. The proof for - (p)y <> (¢ A [¢]) is as follows:

()b > (o)~ TAUT, RM(-)
< (e A =(p)) INEG
< (P A lply) Def. [] -



424 M. Liu, J. FAN, H. vaN DIiTMARSCH, L. B. KUIJER

PrROOF OF PROPOSITION 5.9. By induction on the complexity of LK-

formulas ¢ (recall the notion of complexity of a formula is given in
Definition 2.5).

Case p.
i) (Mp (TAp) IATOM
(ii) (TAp) «p TAUT
(i) (Tpep (i), (ii)

Case —p. Recall that ¢ is less complex than —, that is, ¢ <€ —p
(Proposition 2.6). By induction hypothesis (IH), F (T)p <> ¢

(i) (T)=@ <+ (TA(T)p) INEG
(i) (TA=(T)p) < (T TAUT
(i) ()= e ~(T)e (i), (ii)
(iv) (M IH
(v) (T (iif), (iv)

Case ¢ AN 1. Recall that both ¢ and v are less complex than ¢ A
1 (Proposition 2.6). By induction hypothesis (IH), - (T)¢ < ¢ and
E(T)Y < 9.

1) A(THeAy) & (T)eA(T)) ICON
(i) (M H
(i) (MY < H
(iv)  (THeAY) < (@A) (i) (iii)

Case K;p. Recall that ¢ is less complex than K;p (Proposition 2.6).
By induction hypothesis (IH), F (T)¢p > ¢.

(i) (T EKip < (T AK[Tp) 'K
(i) TAK[T]e <+ K—~(T)-¢ TAUT, Def. [-]
(iii) K~ (T)—p < K;=(T A=(T)p) INEG, RE
(iv)  K~(TA=(T)e) < K(T)p TAUT, RE
(v) (Meeoe H
(Vi) Ki(T)p < Kigp (v), RE
(vii)  (T)Kip ¢ Kip (i)-(v), (vi)

Case (). Recall that v is less complex than ()¢ (Proposition 2.6).
By induction hypothesis (IH), F (T)y <> 4.

1) (M« (M)e ¥
(i) (M H
(i)  (T)H)e & (P)p (i), (i), RE
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Case OXp. Let ¢ be any EL-formula. Recall that () K;p is less
complex than (X¢ (Proposition 2.6). By induction hypothesis (IH),

H{(T) (W) Kip < (1) K.

[TIOf e — [TI[] K~

[TIOE=p — [W] K~
[T]Df;w — Dgw
T~ < O e
[T] ’ .
(MO < Ot

AKK

TH

(), (i)
(iif), RKb
(i), R[]
(i), (v)
(vi), RKb
(iv), (vii)

(viii), RE

PrROOF OF PROPOSITION 5.11. Assume that - ¢ — ¢, we have the
following derivation in LK, where x is any EL-formula:

= 2

K~ — K~
XK~ — (x) K~
(X) Ki~p — 0f =
(X)Ki=p — OK=p
0K = = =(x) K

() Ki~ < =(x) =K =

() K <> [x] Kitp
OFe — [x] Ky
Ofe — Ofy

assumption, TAUT
(i), NECK, K, MP

(ii), RM(")

AKK

(iii), (iv)

(v)

TAUT, RM(-)

(vii), Def. [-], Def. K;
(vi), (viii), Def. OF
(ix), RKb .

PrOOF OF PROPOSITION 5.12. We have the following derivation in LK,
where x is any EL-formula:

o~~~
PN
~—

—
=
I

< —~
= < = e
== << B

(viii

AAQ
SRV

0K K~ — YK K~
f(if:(ijsﬁ - KL‘—'@A

X Ki Kimp — [x] Kimp
DEKi—¢ — [x]Kimp
OKKi~p — OK—p
OK—p — [T]Ki~p

[T K~ ¢ Kim
D,LK—mp — IA(i—'go
DzKDiK_‘SD — DiKki_‘SO
OFOf ¢ — OF ¢
OFp = OF0Kp

AKK

4

(ii), Proposition 5.4
(i), (iii)

(iv), RKb

AKK

Corollary 5.10

(vi), (vii)

(viii), Proposition 5.11
(i), (v)

(x), RE, Dual .
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ProoF oF ProprosITION 5.13. We have the following derivation in LK,
where 1), x are any EL-formulas (thus (¢)x € PAL).:

(i) OF-p— KO0
(i)  [@Of e = [PIKOf >
(i)  Of=p = [ A [PIx]King.

(iv) [ A RIX]IKine < [Y]X]Kime

(v)  Of=¢ — [W]x]Ki~e
(vi)  Of—¢ = [Y]OF ¢

1

(vii)  OF-p — [Y] KO8~
(viii)  OF—p — OXKOK—p

(ix)  Of0Ke = O
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