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1 Introduction

In this paper, we propose a new semantic model and the corresponding syntactic characterization
for autoepistemic reasoning. In contrast with the well-known work of Moore [Moo85], who
proposed an autoepistemic logic of self-belief, our goal is to propose an autoepistemic logic of
self-knowledge.

We are interested in formalizing reasoning of an ideally rational agent with full power of
introspection, used by the agent to reflect on his/her knowledge. Initial assumptions of an agent
are encoded as a theory in a propositional modal language with a single modality K, which we
interpret as is known.

In the case when K is interpreted as an operator of self-belief, comprehensive analysis of
autoepistemic reasoning was given by Moore in [Moo84, Moo85]. Some of his analysis carries
over to the case of reasoning about self-knowledge. For example, theories describing the agent’s
total knowledge must be stable (for the definition see Section 3, or [Moo85]). Moreover, reason-
ing about self-knowledge is nonmonotonic, by the very nature of autoepistemic reasoning (see
[Moo85, Lev90]).

The key concept behind our approach to autoepistemic logic of self-knowledge is the paradigm
of minimal knowledge, extensively studied in the past [HM85b, Sho87, Lev90, 1S90, Lif91].
Usually, knowledge sets are represented as theories associated with collections of possible worlds
(or, equivalently, Kripke S5-models with a universal accessibility relation; such models will be
referred to in this paper as universal S5-models). In order to minimize knowledge, the collection
of possible worlds is maximized. Up to now, the standard way to minimize knowledge has been
to maximize collections of possible worlds with respect to the inclusion relation. We propose
an essential modification to this approach. Namely, we recognize that the state of a possible
world is determined not only by the objective facts true in the world, but also by what is known
in this world. Consequently, we allow only such extensions of a collection of possible worlds
that preserve their states, understood as explained above. We show that our logic avoids some
counterintuitive properties of earlier proposals while retaining much of their expressive power.

The formalism we obtain is nonmonotonic, simply because the reasoning it models is non-
monotonic. We study the relation of our logic to other nonmonotonic formalisms and discover
interesting connections with the nonmonotonic logics of McDermott and Doyle [MD80, McD82].
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As a byproduct, we obtain a syntactic characterization of our system. Relations to default and
autoepistemic logics are also discussed.

2 Minimal-knowledge paradigm: a short overview

The first attempt to revise Moore’s autoepistemic logic so that it would capture the notion of
knowledge rather than belief is due to Halpern and Moses [HM85b)]. Their approach is based on
the idea of minimizing knowledge (they use the term “only knowing”).

An HM-knowledge model (or, simply, an HM-model) is a set M of propositional interpreta-
tions. Each interpretation identifies a possible world or a possible state of the world and defines
which objective (that is, modal-free) statements are true in the world. A sentence K, ¥ is
known, is true in a world o € M, if for each 8 € M, ¥ is true in B. Thus, the agent knows a
sentence if it is true in all possible worlds. The theory (or the knowledge set) of an HM-model
M, denoted Th(M), is defined as the set of all modal formulas true in every possible world from
M.

Clearly, HM-knowledge models are simply universal S5-models for the well-known modal
logic $5. Monotonic logic S5 seems to be adequate for modeling reasoning about knowledge (see
[HM85b)), but not if the agent is reflecting on what is known and not known to him/her. In the
case when the agent possesses introspection powers, in the absence of any initial assumptions
the agent should conclude ~Kp (p is unknown) for each atomic sentence p. But logic S5, as well
as all other monotonic modal logics for that matter, does not allow such derivations.

Instead of considering all HM-models in which agent’s initial assumptions I are satisfied,
Halpern and Moses [HM85b] propose to restrict attention to, as they call them, minimal models
of I. An HM-knowledge model M of I is minimal if all the formulas of I are true in M, and for
no proper superset N of M, I is true in N. In other words, an HM-model M of I is minimal if
it is an inclusion-mazimal HM-model of I. If I has a unique minimal HM-model, then I is said
to be HM-honest, and the formulas true in this model are regarded as logical (auto)epistemic
consequences of I.

Clearly, if M’ and M" are two H M-knowledge models and M’ C M", then the set of all
objective formulas true in M’ contains the set of all objective formulas true in M”. That is,
maximizing HM-models is equivalent to minimizing (objective) knowledge. However, minimizing
knowledge not by directly comparing knowledge sets but by comparing the corresponding models
has important advantages. Instead of dealing with knowledge sets that are infinite and difficult
to explicitly describe, models, which often admit finite representations (for example, when the
set of initial assumptions I is finite), are compared and the same effect is obtained.

The approach of [HM85b] was further extended by Lin and Shoham [LS90] to handle two
epistemic notions within one system: knowledge and assumption. Their logic GK (logic of
ground knowledge) contains two modalities: K and A (“is assumed”). In [LS90], there are two
important ideas concerning minimizing knowledge: (1) knowledge should be minimized with
respect to a fixed assumption set, and (2) in the preferred (maximal) model, the knowledge set
of the model should coincide with the assumption set of the model. In this paper, we show how
to achieve both desiderata in a unimodal logic.

Building on the ideas of Lin and Shoham, Lifschitz [Lif91] proposed a modification to the
logic GK and extended his system to the predicate case.

The logic of [HM85a)] has the following logically counterintuitive property: it is not conser-
vative with respect to introducing explicit definitions. That is, if F' is a formula of the language,
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adding axiom ¢ = F to a theory I, where ¢ is a new propositional letter, may affect theorems
not containing ¢, and may even convert an HM-honest theory into a dishonest one. (Example:
consider the empty theory and its extension by ¢ = Kp.) This property is inherited by logics
based on the same idea of minimizing knowledge by maximizing collections of possible worlds
with respect to inclusion [Lif91, LS90]. In the case of the logic GK [LS90], by an explicit defini-
tion we understand both ¢ = F and K(gq = F), the latter formula stating that the agent knows
about the new definition.

All methods of minimizing knowledge discussed in [HM85a, LS90, Lif91], as well as our
approach introduced below, can be regarded as special cases of a very general method proposed
by Shoham [Sho87], which yields different notions of minimality by allowing us to vary the class
of models and the preference relation between them.

In the next section we use the ideas of [Sho87] and [L.S90] as a starting point for our proposal
for a logic of minimal knowledge. We will argue that our logic is simpler (it is a single-modality
logic) than bimodal systems of [LS90, Lif91], yet, for an important class of theories without
nested modalities, equally expressive. In the same time, it is conservative with respect to
additions of new definitions, a property that other logics do not have.

3 Minimizing knowledge differently

The approaches of [HM85b, Lif91] to the problem of minimizing knowledge identify a possible
state of the world with a propositional interpretation, that is, with the set of objective sentences
valid in the world. But it is well known that, “in reality”, a state of the world depends not only
on the objective truths in the world but also on what agents (agent) know(s) in this world (see
[Par89, HM90], where this observation is exploited for the many-knower situation).

Let us discuss first the method of extending knowledge models mentioned in the introduction.
Consider two HM-knowledge models M and N (recall that a knowledge model is just a set of
propositional valuations). Suppose that M is a proper subset of N. Is it indeed justifiable to say
that the model N is an extension of the model M? Take a world & € M. Clearly, the truth of
a formula K in a depends on whether a is treated as a world of M or N and, in general, K7
may be true in a treated as a world of M and may not be true when « is treated as a world of N.
Therefore, world o considered as a world of M is different from world a when considered as a
world in N. Consequently, when we minimize knowledge by means of simple inclusion relation,
the same propositional interpretation may represent different states of the world, depending on
whether it is considered as a member of M or N. But if so, N should not be considered an
extension of M.

Before we present our approach, let us introduce some notation. We will consider a fixed
propositional modal language £ with the only modality K interpreted as “is known”. We will
use also the dual modality M = =K~ meaning “is possible” (if the negation of 1 is not known
to an agent, then the agent considers ¢ possible). The language of objective formulas will be
denoted L£y. Throughout the paper, I always denotes the theory encoding the agent’s initial
assumptions.

What is the correct notion of extension of a model? What is the total knowledge set that
might be associated with I? Following Halpern and Moses [HM85b] and Moore [Moo84, Moo85),
we will require that knowledge sets be stable.

Formally, a theory T C L is stable if T is closed under propositional consequence, necessi-
tation and if for every ¢ € L, if ¢ ¢ T then K¢ € L. Two properties of stable theories are
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crucial for our discussion. First, a theory T is stable if and only if it is the theory of an S5-model
with a universal accessibility relation [Moo84]. In particular, theories of HM-models (knowledge
sets) are stable. Secondly, for every set S of modal-free formulas there is a unique stable theory
T such that TN Lo = Cn(S). (Here, Cn denotes the operator of propositional consequence in
the language £o.) This unique stable theory will be denoted in the paper by ST(S).

The main novelty of our approach is the way in which we test whether a model is maximal.
In order to precisely describe our approach, we will need somewhat more complicated Kripke
models than just S5-models (HM-models).

Definition 3.1 By a knowledge model (we use the same term as before; we hope that no ambi-
guity will arise) we mean a Kripke model of the form M = (M, M3, R,V), where M = M UM,
is the set of possible worlds, My and M, are disjoint, M, is nonempty, for each o € M, V(a) is
a propositional valuation and R is the accessibility relation on M = M; U M3 such that aRg if
and only if 8 € M, or a € M;.

That is, in a knowledge model (M;, M3, R, V) the worlds in M, are accessible from all other
worlds, and the worlds in M, are accessible only from the worlds in M;. As R is uniquely defined
by M and M,, we will identify a knowledge model (M1, M2, R, V) with a triple (M;, M,,V).

Every S5-model (M,V), with a universal accessibility relation, can be identified with a
knowledge model (@, M,V). Thus, slightly abusing notation, we may say that the class of
knowledge models extends the class of universal S5-models (that is, HM-models).

The relation (M, a) = 9 is defined in a standard Kripke-semantics way. If a € M, then
(M,a) = K if 9 is true in all worlds, and if @ € M>, then K4 is true in o if 9 is true in
all worlds in Mj. This observation suggests the following intuition: the worlds in M; are those
where the agent knows more facts, and the worlds in M; are those where the agent knows fewer.

Now we will introduce the preference relation between knowledge models or, equivalently,
describe a way of extending a knowledge model.

Definition 3.2 Let ' = (N, M,V) be a knowledge model. Consider the universal S5-model
M = (M,V|M) (that is, the “upper cluster” of A/). We will say that N is preferred over M,
or that A ectends M if for some formula ¢ € Lo, M |= 9, but for some @ € N, (N, a) |~ 9.

As we have said earlier, M is a special case of a knowledge model with an empty lower
cluster; compare with [L.S90], where in a preferred model the knowledge set coincides with the
assumption set, but the preference relation involves also models without this property. If A is
preferred over an S5-model M, then A contains an isomorphic copy of M. In addition, all the
worlds in M have the same meaning (state) no matter whether treated as worlds of M or N,
that is, for each modal formula, its truth value in each a € M is the same in M as in A/. In
other words, AV is a true extension of M.

Definition 3.3 Let M = (M,V) be an S5-model. We say that M is a minimal-knowledge
model of I, if M |= I, and for every knowledge model A/ such that A is preferred over M,
N £ I. If there is exactly one minimal-knowledge model M of I, then I is said to be honest,
and its theory {¢ : M |= 9} is the set of autoepistemic consequences of I.

Intuitively, we can say that M is a minimal-knowledge model of I if its knowledge set will
not decrease even if we add worlds with less information, as long as I remains valid and the
states of all worlds in MM are preserved after extension.
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Example 1. I) = {Kp}. There is exactly one minimal-knowledge model, which coincides with
the (only) HM-minimal model. This theory has no stable expansions, which agrees with the
interpretation of K as “is believed” in Moore’s logic.

Example 2 I, = {Kp D p}. There is again a unique minimal-knowledge model (consisting of all
propositional interpretations). Likewise, there is a unique HM-minimal model. This theory has
two stable expansions. One of them corresponds to the minimal knowledge model (HM-minimal
model), and another contains the formula p.

Example 8. I3 = {-~Kp D ¢q}. This theory is dishonest according to [HM85b]: it has two
HM-minimal models. One model consists of all interpretations in which q is true, and the other
consists of all interpretations in which p is true. The latter one is counterintuitive. In our case,
this latter model is not a minimal-knowledge model. So I3 is honest and ¢ is its autoepistemic
consequence, in agreement with intuition.

4 Minimal-knowledge logic as nonmonotonic logic S4F

McDermott and Doyle [MD80, McD82] proposed a general scheme of defining expansions, that
is possible sets of knowledge an agent is justified in assuming by reasoning introspectively from
initial beliefs. Let S be a modal logic. A consistent set of formulas T is an S-ezpansion for a
set of initial knowledge I if

T=Cns(JU{~Kv¢:9 ¢T}),

where by Cng we denote the consequence operator in a modal logic S (in the language C).
The epistemic consequence operator is defined as the intersection of all S-expansions for [
(alternatively, we can define I to be S-honest, if there is exactly one S-expansion of I and
regard only S-honest theories as consistent ones). The corresponding nonmonotonic logic is
referred to as the nonmonotonic modal logic S. It is well-known that S-expansions are stable.
In particular, for each S-expansion T there is a universal S5-model M such that T = Th(M).

The McDermott-Doyle approach has proved to be very powerful [Shv90, MST91, Tru91].
It admits constructive syntactic characterization [Shv90, MST91] and natural preferred-model
semantics [Sch91]. It contains Moore’s autoepistemic logic as a special case (when S = KD45)
[Shv90], and Reiter’s default logic can be embedded into nonmonotonic S for some suitable logics
S [Tru91]. The great advantage of this approach is that a whole family of epistemic formalisms
can be investigated in a uniform way using techniques developed in the area of (classical) modal
logic.

The logic of minimal knowledge proposed in the previous section also falls into the McDermott-
Doyle scheme. The class of knowledge models defined above is well-known in classical modal
logic and was studied extensively by Segerberg [Seg71]. The modal logic characterized by this
class of models is known as the modal logic S4F, and its axiomatization consists of the schemata
of the logic S4 plus the axiom schema Mo A MK D K(M¢ V 9). The following theorem is a
special case of a more general result of [Sch91]}.

Theorem 4.1 An S5-model N is a minimal-knowledge model for I if and only if the theory of
N is an S4F-ezpansion of I. i

This result yields a proof-theoretic characterization of the logic of minimal knowledge in
terms of the consequence operator in the logic S4F and allows us to apply techniques developed
in [Shv90, MST91, Sch91] to investigate it.
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Another consequence of Theorem 4.1 is that minimal-knowledge models are preserved when
new definitions are introduced. Let ¢ be a propositional variable distinct from all variables in
a propositional language £o. By £] we denote the extension of Lo by ¢, and by £7 the modal
language corresponding to £J. We say that a theory U C L7 is a conservative extension of a
theory TC LifT=UnNL. |

Consider a modal logic S. Let Cng denote, as before, the consequence operator in S in
the language £, and let Cn} be the consequence operator in § in the language £7. Consider a
formula n € £. For a theory I C L, define

" =T1u{q=n}
The rule of uniform substitution implies that
Cns(I) = Cng(I*"")N L,

that is, Cnk(I?9") is a conservative extension of Cng(I).

The next theorem shows that there is a natural one-to-one and onto mapping between
S-expansions for I and I?"". Moreover, S-expansions for I9" are conservative extensions for
corresponding S-expansions for I.

Theorem 4.2 Let S be any normal modal logic. Let I C L. Then

(i) A stable theory T is an S-expansion for I if and only if Cng(TU {n = ¢}) is an S-ezpansion
of I9M;

(ii) each S-expansion of I is of the form Cn%(T U {n = q}) for some stable theory T C L.

There is a simple test for “groundedness” of an epistemic formalism for reasoning about
knowledge. A formula of the form

Kot A...ANKpy D,

where ¢y,...,¢, and 1 are objective, n > 0, is called a positively determined clause. Theories
consisting of positively determined clauses should be honest in any reasonable logic of (minimal)
knowledge [Kon88]. The autoepistemic logic of Moore (nonmonotonic KD45) does not pass this
test (not surprisingly perhaps, as it is a logic of self-belief and not self-knowledge) and the same
is true for the nonmonotonic logic S5. Our next theorem shows that, although the logic S4F
is very strong (“almost” S5), in its nonmonotonic variant and, consequently, in our logic of
minimal knowledge, every theory I is honest.

Theorem 4.3 If I consists of positively determined clauses, then I has a unique minimal-
knowledge model (the canonical S5-model of Cngs(I) N Lo) or, equivalently, a unique S4F-
expansion.

In fact, it is easy to show that even for a very weak modal logic N, which does not contain any
modal axiom schemata, if a theory consists of positively determined clauses, then it possesses
an N-expansion [MT90]. In addition, it is also well known that for every two modal logics S
and 7 contained in S5 and such that S C 7, if T is an S-expansion for a theory I then T is a
T -expansion for I. Consequently, it follows that the assertion of Theorem 4.3 holds for every
modal logic containing N and contained in S4F. But it turns out that the logic S4F is maximal
in this respect.

Theorem 4.4 If S is a modal logic properly containing S4F and contained in S5 then there is a
theory I consisting of positively determined clauses such that S has more than one S-expansion.
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5 Expressive power of logic of minimal knowledge (nonmono-
tonic logic S4F)

In this section we will show that the logic of minimal knowledge (nonmonotonic logic S4F)
naturally generalizes default logic and autoepistemic logic.

Autoepistemic logic and default logic are two essentially different formalisms. Our results
show that both are embeddable into the same logic. We explore implications of this result here.
By comparing the corresponding embeddings we gain insight into the nature of the differences
between default and autoepistemic logics.

A default is an expression of the form

My, ..., M,
¥, ¢ln ¢ . (1)

where @, %1,...,%n,n € Lo. For more details on default logic the reader is referred to [Rei80].
If we encode a default d given by (1) as

emb(d) = KpAKMypyA...AKMyp, D Kn
and, for a default theory (D, W), define
emb(D,W) = {Ky:p € W} U {emb(d):d € D},

then we have the following result [Tru91] establishing embeddibility of default logic into non-
monotonic logic S4F.

Theorem 5.1 Let (D,W) be a default theory and let S C Lo be consistent and closed under
propositional consequence. Theory S is an extension of (D,W) if and only if ST(S) is an
S4F-ezpansion of emb(D,W). O

In theorem 5.1, logic S4F can be replaced by any modal logic (not necessarily normal)
contained in S4F and satisfying axiom T [Tru91). But it turns out that S4F is a maximal logic.
contained in S5 and sound with respect to the translation emb.

Theorem 5.2 Let S be a modal logic properly containing SAF and contained in S5. There is a
default theory (D, W) such that (D,W) has ezactly one extension and emb(D,W) has at least
two S-ezpansions.

We will show now how Theorems 4.1 and 5.1 can be used to establish a minimal-knowledge
model semantics for default logic. If S is a consistent set of propositional sentences, then
the canonical model for S is the universal S5-model M whose worlds are all the propositional
interpretations in which § is true. It is well known that if M is the canonical model for S, then
Th(M) = {p: M = ¢} = ST(S) ([Moo85]). Theorems 4.1 and 5.1 imply the following corollary.

Corollary 5.3 Let (D,W) be a default theory and let S C Lo be consistent and closed under
propositional consequence. Theory S is an extension of (D, W) if and only if the canonical
S5-model for S is a minimal-knowledge model of emb(D,W). O

Corollary 5.3 makes it possible to adapt the minimal-knowledge semantics for default logic.
The obtained semantics is closely related to the semantics proposed in [GC90].
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Definition 5.1 A default modelis a pair V = (V4,V2), where V; and V; are sets of propositional
valuations of £ and V; # 0. A default d of the form (1) is valid in a default model V = (V1,V3)
if the following conditions hold:

(1) whenever ¢ is true in all valuations of V; UV; and each ¢;, 1 < i < n, is true in at least one
valuation of V3, then 7 is true in all valuations of V; U V3;

(2) whenever ¢ is true in all valuations of V; and each ;, 1 < i < n, is true in at least one
valuation of V3, then 7 is true in all valuations of V3.

We write V |= d to denote that d is valid in a default model V.

We say that a formula ¢ € Lo is valid in a default model V = (V4,V2) if ¢ is valid in every
valuation from V; U V,. We write V |= ¢ to denote that ¢ is valid in V.

We say that a default theory (D, W) is valid in a default model V if all defaults in D and all
formulas in W are valid in V. We write V |= (D, W) if (D, W) is valid in V.

There is an obvious analogy between the definitions of knowledge models and default models.
Further extending this analogy, we define next the notion of a minimal-knowledge default model.

Definition 5.2 Let (D, W) be a default theory. A default model (#,V) is a minimal-knowledge
model for (D, W) if

(MAX1) (0,V) |= (D,W); and
(MAX2) for every set of valuations V', if (V',V) |= (D, W) then V/ C V.
The following theorem is an immediate corollary to Theorem 5.1 and Corollary 5.3.

Theorem 5.4 Let (D,W) be a default theory and let S C L be consistent. Theory S is an
extension of (D,W) if and only if S = Th(V), where V is a minimal-knowledge model for
(D, W). O

We will compare our semantic characterization of default logic with that of Guerreiro and
Casanova [GC90]. Let us recall basic elements of their approach. Given a set V' of valuations,
we define (V) to be the largest set V/ of valuations such that for any default of the form (1),
if o € TR(V') and ~¢; ¢ Th(V), 1 < i < n, then n € Th(V'). It is easy to show that for each
V, B(V) is well-defined. Guerreiro and Casanova [GC90] proved the following theorem.

Theorem 5.5 Let (D, W) be a default theory and let S C Lo be consistent. Theory S is an

extension of (D, W) if and only if S = Th(V'), for some set V of valuations such that V = L(V).
O

By a strong default model we mean a default model (V;,V5) with Vi NV, = 0. A default
model V = (B, V) is a weak minimal-knowledge model of (D, W) if

(MAXY') (0,V) = (D,W); and
(MAX2") for every strong default model (V’,V) such that (V',V) |= (D, W), V' = 0.
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It follows directly from the definitions that each minimal-knowledge model for a default theory
(D, W) is a weak minimal-knowledge model as well. It is also not hard to prove that each weak
minimal-knowledge model for (D, W) is a minimal-knowledge model for (D, W).

Clearly, a set of valuations V' can be identified with a default model (8, V) and the operator
L can be treated as defined on default models of the form (B, V). It is easy to see that for a
default model V such that V |= (D, W), V = (V) if and only if V is a weak minimal- -knowledge
model for (D, W) and, by the remarks in the preceding paragraph, if and only if V is a minimal-
knowledge model for (D W). Thus, the minimal-knowledge model semantics described here and
the semantics of Guerreiro and Casanova are equivalent.

Remark 5.1 When we define a knowledge model (M;, M2, V) (in Section 3) we could, in prin-
ciple, require that for each @ € My, 8 € M3, V() be different from V(8) (which would yield
a notion of a . model analogous to a strong default model). We have just seen that such a re-
striction on the class of models has no effect when defining minimal-knowledge default models.
Similarly, for modal translations of default theories, restricting the class of models used in defin-
ing minimal-knowledge models will have no effect. The same class of minimal-knowledge models
will be obtained. In general it is essential to allow the possibility that some worlds in M; and
M, agree on all propositional variables (see [Sch91] for examples). Forbidding such a possibility,
in particular, yields logics of knowledge that do not preserve minimal-knowledge models under
the introduction of new definitions ¢ = 7.

Somewhat surprisingly, autoepistemic logic can also be embedded into the logic of minimal
knowledge. Thus, the logic of minimal knowledge (nonmonotonic S4F) is a common gener-
alization of default and autoepistemic logics, which makes formal comparisons of these logics
possible.

For each formula ¢ € £, by ¢ we denote the formula obtained from ¢ by replacing each
ocurrence of K in ¢ by MK. For a theory I C L, we define [ = {¢:¢ € I}. The following
theorem was proved in [Shv91] for modal logic SW5 instead of S4F. However, the proof remains
valid if we replace SW5 by S4F everywhere.

Theorem 5.6 Let T C L be consistent. Then T is a stable (KD45-) expansion for I if and only
if T is an S4F-expansion of I or, equivalently, the theory of a minimal-knowledge model of 1.0

The difference between default logic and autoepistemic logic is now evident. An autoepis-
temic formula if ¢ is believed then 7, expressed in autoepistemic logic as K¢ D 7, is encoded
in nonmonotonic S4F as M K¢ D n, while default if ¢ is established, then establish 7 ( 2) is ex-
pressed as K¢ D 7. In other words, default logic is a logic of self-knowledge, since the meamng
of the modalities implicitly present in default logic coincides with the meaning of K and M in
nonmonotonic S4F (the logic of minimal knowledge). On the other hand, autoepistemic logic is
a logic of self-belief, since the meaning of the modality K of the autoepistemic logic is the same
as that of MK (possibly known) in the logic S4F.

6 Comparison with other minimal-knowledge logics

Let us reformulate basic notions of [LS90]. By an LS-structure we mean a quadruple M =
(w, Mr, M4,V), where w is a world, Mg and M, are sets of worlds, and for each o € {w}u
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My U My, V, is a propositional valuation. The satisfaction relation M |= ¢ between LS-
structures and bimodal propositional formulas is defined as follows:

(w, Mk, Ma,V) | p, where p is a propositional variable, if V(w)(p) = 1,

The Boolean connectives are treated in a standard way and the modalities are handled by:

(w, Mg, Ma,V) |E K if for each a € Mg, (o, Mk, Ma,V) = ¥,

(w, Mg, M4, V) = Ay if for each a € My, (o, Mg, M4, V) = 9.

M= (w,Mg,M4,V) and N = (v, Ng,Na,W) are two LS-structures, then we say that
M is LS-preferred over N, if

(1) Mg = N4 and Mg D Ng;
(2) V coincides with W on Ng U N4;

(8) there exists « € Mg \ Nk and an objective formula 1 such that for every 8 € Nk,

V(e)(®) # V(B)(¥)-

An LS-structure M is an LS-minimal model of a theory I if M |= I, Mg = M4 and for
every LS-structure A/ such that A is LS-preferred over M, N |£ I.

From the definition of LS-minimal models it is clear that, without the loss of generality, we
can restrict ourselves to LS-structures of the form (w, Mk, M4, W), where M4 C Mg. With
each such LS-structure M we can associate the S4F-model M* = (Mg \ Ma, M4, W). Worlds
in Mg \ M4 are accessible from the worlds in M4 in the LS-structure M but are inaccessible
in M*,

Let ¥ be an objective formula. Clearly, M = K% if and only if M* |= K. In addition,
M = Ay if and only if M* |= M K1. Thus the modality A (“is assumed”) may be identified
with the modality MK (or, equivalently ~K-K), “possibly known”, and thus, it is closely
related with the modality K in the autoepistemic logic (see our interpretation of autoepistemic
logic in minimal-knowledge logic and the results in [LS90]).

Let 9 be any formula of Lin-Shoham’s bimodal language. By ¢' we denote the result of
substituting M K(= -K-K) for each occurrence of A in 9. The formula 1 is called fully-
modalized if each occurrence of each propositional atom in 9 lies within the scope of a modal
operator (A or K). The following proposition follows from the observations made above.

Proposition 6.1 Let I be a set of fully-modalized formulas without nested modalities of the
bimodal language of the logic GK. Then (w,M4,M4,V) is an LS-minimal model of I if and
only if (M4, W) is a minimal-knowledge model (as defined in Section 4) of I'. O

Results of [LS90] which establish the correspondence between GK and default logic, and
between GK and autoepistemic logic of Moore, interpret defaults and autoepistemic formulas
as subjective formulas without nested modalities, so for such theories the above theorem applies
and the bimodal logic GK can be replaced by our simpler, unimodal logic of minimal knowledge.

7 Conclusions

We propose a new minimal-knowledge model reflecting the idea that a state of the world is
determined not only by the objective sentences true in it, but also by agent’s knowledge in
the state. The resulting logic has intuitive preference semantics and an elegant syntactical
characterization as nonmonotonic logic S4F.
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Earlier formalisms (Halpern-Moses, Lin and Shoham, Lifschitz) share the unpleasant prop-
erty of not preserving minimal models with respect to additions of new definitions. Our logic
of minimal knowledge (nonmonotonic S4F) preserves minimal models (S4F-expansions) when
new denotations are introduced, which is a simple consequence of the corresponding result for
normal monotonic modal logics.

Our logic, being unimodal, is simpler than bimodal logic GK of [LS90] and its extension
described in [Lif91]. Yet it is applicable in all situations discussed in [LS90, Lif91] if the modality
A is replaced by M K. In particular, default logic and autoepistemic logic can be embedded into
our system.

Lifschitz’s [Lif91] modification of the logic GK has the important advantage that it allows
a natural generalization to the predicate case. Our logic of minimal knowledge allows such
generalization as well. Moreover, because our knowledge models have two clusters, we can vary
domains, which was impossible in the approach of Lifschitz.

Finally, since our logic of minimal knowledge coincides with nonmonotonic S4F, techniques
developed to study nonmonotonic logics S ([McD82, Shv90, MST91, Tru91]) can be applied
to our logic. In particular, there are algorithms for computing theories of minimal knowledge
models of finite theories (S4F-expansions).

In the framework of McDermott-Doyle, many nonmonotonic modal logics share good prop-
erties of S4F, discussed in this paper. We showed that S4F is a mazimal monotonic modal logic
such that these properties hold. These maximality results provide, in addition to intuitively
acceptable, clear and natural semantics of nonmonotonic S4F as a logic of minimal knowledge,
a strong argument in favor of the importance of this long-overlooked logic for knowledge repre-
sentation applications.

8 Proofs of the results

Proof of Theorem 4.2: First observe that because § is normal, we have

n=qbks{={(q/n)

for each ¢ € £, in particular, for ¢ of the form ~ K1 (here, ((g/n) denotes the result of replacing
in ¢ simultaneously all occurrences of ¢ by 7, s denotes the provability in S by using modus
ponens and necessitation rules). Since S-expansions are closed under deduction in S, it follows
that a theory S C £? is an S-expansion for I?%7 if and only if

S=Cni(Iu{n=qtU{-Ky:9 € L\S}). (2)

(Notice that only the formulas of the form — K1, where ¢ € £\ S are needed on the right hand
side of the equation.)

In order to prove the part (i) of the theorem, assume first that T is an S-expansion of I.
Then T C CnE(JU {~K¢ : ¢ € L\ T}). Define § = CnL(T U {n = ¢}). The theory S is a
conservative extension of T' with respect to £. Hence, £\ S = £\ T. Consequently,

SCCal(JUu{n=qlu{-Kp:¥eL\S}.

Next, consider a formula ¢ € £\ S. Since £\ S = £\ T and by stability of T, K+ € T.
Then, by the definition of S, =K € S and the converse inclusion follows.
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Conversely, assume that § = Cn%(T U {n = ¢}), where T is stable, is an S-expansion for
I97", Then, (2) holds for S. Since JU{~K¢y:¢p € L\S}C L,andsince T = SNL,

T=SnL=Cni(Iu{n=qtu{-K¢:9p€ L\SHNL =Cns(TU{~Kyp:9 € L\T}).

Thus, T is an S-expansion for I.
In order to prove (ii), assume that S is an S-expansion of I?". Then § is stable and,
consequently, T' = § N L is stable. From (2) it follows that

S =Cn¥(TU{n=q}).
Thus, (ii) follows. . o

Proof of Theorem 4.3: The theorem was proved in [MT90] for a modal logic N which is
contained in S4F. Hence, I has at least one S4F-expansion.

Assume T;, i = 1,2, are S4F-expansions of I. Let N; = (N;, Vi), i = 1,2, be universal S5-
models such that T; = Th(A}), i = 1,2. Clearly, N; |= I, i = 1,2. Consider the knowledge model
N = (N1, N, V3 UVL). Since I consist of positively determined clauses, it is straightforward to
check that A |= I. Since A3 is a minimal knowledge model for I, it follows that if ¢ € Lo and
N |= 9, then for every @ € Ny, (N, a) |= 9. That is, Th(Nz) N Lo C Th(N) N Lo.

By a symmetry argument, Th(N1)N Lo € Th(N2) N Lo. Hence, Th(N)N Lo = Th(N2)N Lo.
Since M;, i = 1,2, are universal S5-models, Th(N;) = Th(N3), that is, Ty = Ts. |

Because of space restrictions we provide only rough sketches of the proofs of Theorems 4.4
and 5.2. In what follows we assume some familiarity with modal logics. The reader is referred
to [HC84] and [Che80] for the comprehensive treatment of the sub ject.

Following Segerberg [Seg71}, by an indez we mean a finite sequence (€i,...,€,), where n > 0,
and for each i, 1 < i < m, €; is a positive integer or w (the first infinite ordinal). A frame (M, R)
is said to be determined by indez (€1,...,€,) ift

1. M is a disjoint union of sets My, ..., M, such that for each i, 1 < i < n, ¢; is the cardinality
of M;;

2. for each a,8 € M, cRf if and only if a € M;, p € M; forsome 1 <7 <7< n.

Clearly, different indices determine different frames and all frames determined by the same
index are isomorphic. A frame determined by an index is called an index frame. A logic S is
determined by an indez a if S is determined by the class of all index frames with index a. We
will denote this logic by S,. If {a1,...,as} is a finite set of indices, by S, ,....a, We denote the
logic S, N...NS,,,.

Now, we have the following facts.

Proposition 8.1 Logic S5 is characterized by the indez frame with the index (w). Logic S4F is
characterized by two index frames, one with inder (w,w) and the other with index (w).

Proposition 8.2 Let S be a normal modal logic contained in S5 and properly containing S4F.
Then, there are positive integers m and n such that Sy, m) N Sin,w)(= S(wmy,(nw)) s contained
mn S.
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Proof: Segerberg [Seg71] proved that each normal modal logic contained in S5 and containing
S4F is the intersection of finitely many index logics. Thus, there are indices ay,...,a, such that
S =58, N...n8,,. Since axiom F may be falsified in any index frame determined by an index
of length greater than 2, it follows that each index a;, 1 < 7 < n, has length at most 2. Now,
the assertion follows from Proposition 8.1 and the three easy observations (the proofs can also
be found in [Seg71]):

1. For each positive integer n, Si,y C Siny;

2. For all m,n, where m and n stand either for a positive integer or w, Sy ny C S(n);

3. Let each of my, mg,ny,n2 denote a positive integer or w. If m; < my and n; < ng, then

S(mz,nz) c S(ml,ﬂl)' O
The following result plays the crucial role in the proofs of Theorems 4.4 and 5.2.

Proposition 8.3 Let S = Sinwywmy- Let I be a theory consisting of the following n + 1 for-
mulas:

g = K(ppDp2)Dps
Prp1 = K(p1A...ApnD pat1) D p1,

where p1,...,pny1 are pairwise different propositional variables. Then the theories ST(Q) and
ST(p1,...,Pnt1) are S-ezpansions of I.

Proof: It is proved in [MST91] (see also [MT90]) that if a stable theory ST(.S) contains a theory
Iand S C Cns(JU{~K:9 ¢ ST(S)}), then ST(S) is an S-expansion for I. From this result,
it follows immediately that ST(@) is an S-expansion for I.

The argument showing that ST(p;,...,pn+1) is an S-expansion for I is rather long but
straightforward. The main idea is the following. Let ¢y,...,gm+1 be a list of pairwise different
propositional variables. Denote by ; the formula - K¢, and for 1 < i < m + 1, denote by ;
the formula ~K(q1 A ... A ¢i-1 D ¢;). It is straightforward to check that the formula

(KaAMEp Ao AMK(DtA . c.AP D Prpt)AK YL A .. oA KYig1) D (1A oo A Prt),

where o is the conjunction of all the formulas in I, is a theorem of S (it is sufficient to check
that this formula is valid in each of the two index frames: (n,w) and {w,m)).
It follows from our discussion that

{plv oo ’pn+1} - CnS(IU {_‘I(’Qb.‘lﬁ ¢ ST(pl, oo 7p'n+1)})’

Since I C ST(p1,.-.,Pnt1), it follows that ST(p1,...Pn+1) is an S-expansion for I. =]

Proof of Theorem 4.4: The assertion of the theorem follows directly from Proposition 8.2
and 8.3. o

Proof of Theorem 5.2: Let S be a modal logic properly containing S4F and contained in S5.
Consider the default theory (D, W), where W = () and D consists of n + 1 defaults:

n AN AP D Pyt
—_— e, .
P2 n
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Clearly, (D,W) has exactly one extension. On the other hand, emb(D, W) is exactly the theory
specified in Proposition 8.3. Hence, the theorem follows. o

Acknowledgments

The authors are thankful to Vladimir Lifschitz, Fangzhen Lin and Wiktor Marek for useful
discussions on the subject of the paper.

The second author gratefully acknowledges the support of the following grants: Army Re-
search Office Grant DAAL03-89-K-0124, National Science Foundation and the Commonwealth
of Kentucky EPSCoR Grant RII 8610671, National Science Foundation Grant IRI-9012902.

References

[Che80] B.F. Chellas. Modal logic, and introduction. Cambridge University Press, 1980.

[GC90] R. Guerreiro and M. Casanova. An alternative semantics for default logic. Preprint.
The Third International Workshop on Nonmonotonic Reasoning, South Lake Tahoe,
1990.

[HC84] G.E. Hughes and M.J. Cresswell. A companion to modal logic. Methuen and Co. Ltd.,
London, 1984.

[HM85a] J.Y. Halpern and Y. Moses. A guide to modal logics of knowledge and belief. In Pro-
ceedings of the Ninth International Joint Conference on Artificial Intelligence, pages
480-490. Morgan Kaufmann, 1985.

[HM85b] J.Y. Halpern and Y. Moses. Towards a theory of knowledge and ignorance: preliminary
report. In K. Apt, editor, Logics and Models of Concurrent Systems, pages 459 — 476.
Springer-Verlag, 1985.

[HM90] J.Y. Halpern and Y. Moses. Knowledge and common knowledge in a distributed
environment. Journal of the ACM, 37:549 — 587, 1990.

[Kon88] K. Konolige. On the relation between default and autoepistemic logic. Artificial
Intelligence, 35:343-382, 1988.

[Levo0] H. J. Levesque. All i know: a study in autoepistemic logic. Artificial Intelligence,
42:263-309, 1990.

[Lif91] V. Lifschitz. Nonmonotonic databases and epistemic queries. In Proceedings of IJCAI-
91, pages 381-386, San Mateo, CA., 1991. Morgan Kaufmann.

[LS90] F. Lin and Y. Shoham. Epistemic semantics for fixed-points non-monotonic logics. In
Proceedings of TARK-90, pages 111-120, San Mateo, CA., 1990. Morgan Kaufmann.

[McD82] D. McDermott. Nonmonotonic logic ii: Nonmonotonic modal theories. Journal of the
ACM, 29:33-57, 1982.

[MD80] D. McDermott and J. Doyle. Nonmonotonic logic i. Artificial Intelligence, 13:41-72,
1980.

197



198

Schwarz and Truszczyriski

[Moo84]

[Moo85]

[MST91]

[MT90]

[Par89]

[Rei80]
[Schoi]

[Seg71]

[Sho87]

[Shvao]

[Shv91]

[Tru9g1]

R.C. Moore. Possible-world semantics autoepistemic logic. In R. Reiter, editor, Pro-
ceedings of the workshop on non-monotonic reasoning, pages 344-354, 1984. (Reprinted
in: M.Ginsberg, editor, Readings on nonmonotonic reasoning. pages 137 — 142, 1990,
Morgan Kaufmann.).

R.C. Moore. Semantical considerations on non-monotonic logic. Artificial Intelligence,
25:75-94, 1985.

W. Marek, G.F. Shvarts, and M. Truszczyfiski. Modal nonmonotonic logics: ranges,
characterization, computation. In Second International Conference on Principles of
Knowledge Representation and Reasoning, KR ‘91, pages 395-404, San Mateo, CA.,
1991. Morgan Kaufmann.

W. Marek and M. Truszczyfiski. Modal logic for default reasoning. Annals of Mathe-
matics and Artificial Intelligence, 1:275 — 302, 1990.

R. Parikh. Finite and infinite dialogues. In Y. Moschovakis, editor, Logic from Com-
puter Science. Springer-Verlag, 1989. To apear.

R. Reiter. A logic for default reasoning. Artificial Intelligence, 13:81-132, 1980.

G.F. Schwarz. Minimal model semantics for nonmonotonic modal logics. Technical
Report 184-91, Department of Computer Science, University of Kentucky, 1991.

K. Segerberg. An essay in classical modal logic. Uppsala University, Filosofiska Studjer,
13, 1971.

Y. Shoham. Nonmonotonic logics: meaning and utility. In Proceedings of IJCAI-87,
San Mateo, CA., 1987. Morgan Kaufmann.

G.F. Shvarts. Autoepistemic modal logics. In R. Parikh, editor, Proceedings of TARK
1990, pages 97-109, San Mateo, CA., 1990. Morgan Kaufmann.

G.F. Shvarts. Autoepistemic logic of knowledge. In A. Nerode, W. Marek, and
V.S. Subrahmanian, editors, Logic Programming and Non-monotonic Reasoning, pages
260-274. MIT Press, 1991.

M. Truszczyiiski. Modal interpretations of default logic. In Proceedings of IJCAI-91,
pages 393-398, San Mateo, CA., 1991. Morgan Kaufmann.



