In William J. Clancey and Dan Weld, editors, Proceedings of the 13th National Conference on Artificial Intelligence (AAAI-96), pages 621–626. cfl AAAI Press/The MIT Press, 1996.

Contextual Reasoning is NP-complete

Fabio Massacci

Dipartimento di Informatica e Sistemistica Univ. di Roma “La Sapienza” via Salaria 113, I-00185 Roma, ITALY e-mail massacci@dis.uniroma1.it

Abstract

The logic of context with the ist (c; p) modality has been proposed by McCarthy as a foundation for contextual reasoning. This paper shows that propositional logic of context is NP-complete and therefore more tractable than multimodal logics or Multi Language hierarchical logics which are PSPACE-complete. This result is given in a proof-theoretical way by providing a tableau calculus, which can be used as a decision procedure for automated reasoning. The computational gap between logic of context and modal logics is analyzed and some indications for the use of either formalisms are drawn on the basis of the tradeoff between compactness of representation and tractability of reasoning.

Introduction

In the last few years there has been a renewed interest in the use of contexts for natural language understanding and knowledge representation form. Indeed, the discussion about contextual reasoning in AI can be traced back to McCarthy’s Turing Award Lecture in 1971, and has been recently tackled by Shoham (1991) and McCarthy (1993). The need to put theories in their contexts is also connected to meta-reasoning (Weyhrauch 1980; Aiello & Levi 1984), while (Fagin et al. 1995) also discuss the modeling of human reasoning as non interacting contexts.

There has been many proposals to give a logical formalization of contextual reasoning. Just to mention a few, we may start with (Shoham 1991), which uses an exponent ϕ^c to say that ϕ holds in context c; or the logic of context introduced by (Guha 1991a), where the expression ist (c, ϕ) is used; this approach is followed also by Buvač et al. (1993; 1995); one may also refer to the Multi Languages systems by Giunchiglia et al. (1993; 1994), where ⟨ϕ, i⟩ means that ϕ holds in the i-th meta-theory. Although arising from different perspectives, all proposals share a common intuition: contextualize the formulae of a knowledge base, i.e. label formulae with additional information to “situate” them in the appropriate context.

The explicit representation of the context, where a property of a common sense knowledge base holds, or an English sentence is uttered, etc. can be a possible solution to the problem of generality in AI (Buvač & Mason 1993; McCarthy 1993) and also make it possible to effectively manage huge knowledge bases by localizing deduction and constraining the search space (Guha 1991a; Giunchiglia et al. 1993).

It is important to notice the practical aspect of this research, as noted in (Giunchiglia & Serafini 1994):

[. . . ] One of our main interest is, in fact, to provide foundation to the implementation of “intelligent” reasoning systems.

Thus Multi Language hierarchical logics (ML systems for short) from Giunchiglia et al. (1993; 1994) may be seen as the foundation of the FOL and GETFOL systems by (Weyhrauch 1980; Giunchiglia 1992), whereas the logic of context of Guha (Guha 1991a) and Buvač et al. (1993; 1995) could play the same role for Cyc microtheories (Guha & Lenat 1990; Guha 1991a).

In this setting, a question is definitely relevant: Question 1 Which is the computational complexity of (these formalizations for) contextual reasoning? A partial answer has already been given: the equivalence results with modal logics established by (Giunchiglia & Serafini 1994) prove (indirectly) that their Multi Language hierarchical logics are PSPACEcomplete as modal logics (Ladner 1977; Halpern & Moses 1992). The question was still open for the logic of context since the decidability proof of (Buvač, Buvač, & Mason 1995) gives a NEXPTIME algorithm.

We show that the satisfiability problem for propositional logic of context is NP-complete and give a tableau based decision procedure which solve the satisfiability problem in nondeterministic polynomial time O(| Φ |^4) in the size of the formula Φ, also when multiple contexts are present. Hence logic of context is more tractable than modal logics (unless NP=PSPACE), somehow vindicating McCarthy’s claim “Modality yes, modal logic no.” 1

Unfortunately, there is trade off between tractability of reasoning and compactness of representation (Cadoli, Donini, & Schaerf 1994; Gogic et al. 1995). In rough terms, PSPACE-completeness means that an exponential model can be polynomially represented by a modal formula (Halpern & Moses 1992). Since the logic of context is NP-complete, then it cannot represent such information in compact form.

Back to intelligent systems this means that a tree of theories can be compactly stored with modal logics (and ML systems) but not with the logic of context.

This paper analyses further these differences from the viewpoint of the compactness of the representation and shows how a formula can represent a tree in modal logic but not in propositional logic of context. We also show how logic of context can be seen as an approximation of modal logics.

From these results we conclude drawing up some indications to answer the following question: Question 2 When should we choose multi modal logics (or ML systems) or the logic of context?

Propositional Logic of Context

We assume some basic knowledge of the propositional logic of context by (Guha 1991a; McCarthy 1993; Buvač, Buvač, & Mason 1995). Thus, if P is a set of propositional letters p, C is a set of contexts c (eventually indexed), then our formulae φ, ψ ∈ L_{CXT} are φ, ψ ::= p | ¬φ | φ ∧ ψ | ist (c, φ) Other connectives can be seen as abbreviations. In the sequel ⃗c_n is a sequences of contexts ⟨c_1, . . . , c_n⟩. The sequence ⃗c_n∘c_A is a shortcut for the concatenation of ⃗c_n and ⟨c_A⟩. A sequence ⃗c_n extends a sequence ⃗c_i if there is a sequence ⃗c_j such that ⃗c_n = ⃗c_i∘⃗c_j .

Intuitively, ist (c, φ) means that φ “is true” in the context c. We follow (Buvač, Buvač, & Mason 1995) and interpret ist () as “is valid” in a context since we are interested in deduction in knowledge bases.

The semantics is a slight modification of Kripke model and we present here a simplified version of the original one from (Buvač, Buvač, & Mason 1995): Definition 1 A layered model is a pair ⟨W, Σ⟩ where W is a set of propositional valuations (possible worlds) and Σ a function which maps sequences of contexts ⃗c_n into subsets of W .

The term “layered” has been used since a sequence of contexts can be seen as a sequence of layers, each build up from the valuations proper of that sequence. For instance Fig. 1 shows the case of Gen. Powell from US politics, where he is considered a conservative although, among republicans, he is regarded as a leftist.

œ æ ¸ ß_{US}`ȷ

´ı_2`ȷ

´ı_{1 -}

US • politics œ æ ¸ ß̀ȷ ´ı_{3 -}

US • politics • republican œ æ ¸ ß^6`ȷ

´ı^5`ȷ

´ı^4`ȷ ´ı politician(Powell) ´´ ´/ � � � �fl conservative(Powell) � �ffl œ �^{leftist(Powell)}

Figure 1: A layered model

The original proposals of (Guha 1991a; Buvač, Buvač, & Mason 1995) also included a vocabulary to cope with partial world descriptions i.e. meaningless sentences (neither true nor false in a given context). In this paper we only deal with complete descriptions. In (Buvač, Buvač, & Mason 1995) this is called definedness convention. A tableau calculus which takes into account also meaningless sentences has been developed in (Massacci 1995).

Definition 2 Let ⟨W, Σ⟩ be a layered model, ⃗c_n a sequence of contexts and w ∈ Σ(⃗c_n) a valuation, then the entailment relation ⃗c_n, w|=φ is such that:

• ⃗c_n, w|=p iff w(p) = true where p ∈ P • ⃗c_n, w|=φ ∧ ψ iff ⃗c_n, w|=φ and ⃗c_n, w|=ψ • ⃗c_n, w|=¬φ iff ⃗c_n, w|̸=φ • ⃗c_n, w|=ist (c, φ) iff for every w^∗ ∈ Σ(⃗c_n∘c) it is ⃗c_n∘c, w^∗|=φ Definition 3 A formula Φ is satisfiable for the context sequence ⃗c_i if and only if there is a layered model ⟨W, Σ⟩ and some w ∈ Σ(⃗c_i) such that ⃗c_i, w|=Φ.

An Hilbert axiomatization, under the definedness convention, has been given by (Buvač & Mason 1993; Buvač, Buvač, & Mason 1995) and knowledge bases can be integrated into this framework either with the deduction theorem as in (Buvač, Buvač, & Mason 1995) or directly incorporating them into the tableau calculus as in (Massacci 1995).

Tableau-based Decision Procedure

The tableau calculus – see (Fitting 1990) for an introduction – is based on prefixed tableaux as in (Fitting 1983; Massacci 1994): L_{CXT}-formulae are labelled with some model theoretic information. 2 α : ⃗c_n[m] : φ ∧ ψ ⃗c_n[m] : φ ⃗c_n[m] : ψ β : ⃗c_n[m] : ¬(φ ∧ ψ) ⃗c_n [m] : ¬φ | ⃗c_n[m] : ¬ψ dneg : ⃗c_n[m] : ¬¬φ ⃗c_n[m] : φ

Pos-entering :

⃗c_n[m] : ist (c, φ) ⃗c_n∘c[k] : φ where ⃗c_n∘c[k] is present in the branch

Neg-entering : ⃗c_n[m] : ¬ist (c, φ) ⃗c_n∘c[k] : ¬φ where ⃗c_n∘c[k] is new and some ⃗c_n∘c[j] : ¬φ does not occur already

Figure 2: Tableau Rules for Contextual Reasoning

For the logic of context, the labels must capture two semantical information: the sequence of contexts and the possible world. So, a contextualized formula is a pair ⟨⃗c_n[m] : φ⟩ where ⃗c_n is a sequence of contexts, m an integer and φ a formula of L_{CXT}. Intuitively, a contextual prefix ⃗c_n[m] “names” the m-th superficial valuation of Σ(⃗c_n), where φ holds. In Fig. 1 we may represent our knowledge as ⟨U S, politics⟩[3] : conservative(P owell) The definition of tableau is standard: a tableau is a binary tree, whose nodes are labelled with contextualized formulae, and a branch is a path from the root to a leaf. Tableau rules (Fig. 2) transform a tree into another tree by adding nodes or branching the tree. The basic intuition behind a tableau calculus is refutational theorem proving: break down connectives and search for contradictions. If all possible choices lead to a contradiction, then the initial formula is unsatisfiable.

The rules for propositional connectives are standard, whereas the entering rules are the “truly” contextual ones. They require some terminology i.e. ⃗c_n[m] is present in a branch if there is a contextualized formula ⟨⃗c_n[m] : φ⟩ already in the branch, whereas it is new for a branch if it is not present. Intuitively, we enter into a context to perform some further deduction there.

For example, we may state that, in the context of US politics, conservative are not leftist and that Powell is a conservative. Still, it should be satisfiable to say that among republicans Powell is not regarded as a leftist: ⟨U S⟩[1] : ist(politics, conservative(P owell) → ¬leftist(P owell)) ⟨U S⟩[2] : ist (politics, conservative(P owell)) ⟨U S⟩[1] : ¬ist(politics, ist(republican, ¬leftist(P owell))) Here we assume that ⟨U S⟩[1] and ⟨U S⟩[2] are the only worlds generated at this stage by the tableau calculus.

To verify that this situation is indeed satisfiable, we can apply Neg-entering to the last contextual formula and thus introduce a new world ⟨U S, politics⟩[3] and the contextualized formula ⟨U S, politics⟩[3] : ¬ist (republican, ¬leftist(P owell)) Thus, in Σ(⟨U S, politics, republican⟩) there should be a world where ¬leftist(P owell) does not hold. We call this “new” world 6 and apply negative entering again to obtain: ⟨U S, politics, republican⟩[6] : ¬¬leftist(P owell) We continue with dneg to get: ⟨U S, politics, republican⟩[6] : leftist(P owell) We may also go back to ⟨U S⟩[1] and check whether conservative and leftist are compatible by applying at first Pos-entering and then β to the implication. In one branch we get ⟨U S, politics⟩[3] : ¬conservative(P owell) which is clearly contradictory with the knowledge gathered so far and makes it possible to discard the branch. However the other branch leads to ⟨U S, politics⟩[3] : ¬leftist(P owell) which does not lead to a contradiction: the general context of US politics is a different from the more specific context of republican politics in US. We use a notion of contradiction which is sensible to the context:

Definition 4 A branch is closed if two contextualized literals ⟨⃗c_n[m] : p⟩ and ⟨⃗c_n[m] : ¬p⟩ are both present in the branch for the same contextual prefix ⃗c_n[m]. It is completed if all rules have been applied. It is open if it is completed and not closed. 3

• initialize B := {⃗c[0] : Φ}

• repeat

– if B contains ⃗c_n[m] : p and ⃗c_n[m] : ¬p for some prefix and some propositional letter then stop with failure;

– else if B is completed then stop with SAT; – else select a formula ⃗c_n[m] : ψ not yet processed;

∗ mark the formula as processed unless it is a ⃗c_n[m] : ist (c_A, φ) which has not been applied to all ⃗c_n∘c_A[k] present in B;

∗ if the (β) rule branch the tableau then choose nondeterministically a branch;

∗ add the consequent formulae to B;

∗ if a new prefix ⃗c_n∘c_A[k] has been introduced

then mark all prefixed formulae of the form

⃗c_n[m] : ist (c_A, φ) as not yet processed.

Figure 3: Algorithm CXT-SAT

Definition 5 A tableau is closed if all branch are closed. It is open if at least one branch is open.

Definition 6 A validity proof for the formula Φ for the initial context ⃗c_i is the closed tableau starting with ⟨⃗c_i[0] : ¬Φ⟩. A satisfiability proof for Φ is an open branch of the tableau starting with ⟨⃗c_i[0] : Φ⟩.

Intuitively, to prove that Φ is valid we try to construct a counter model for it and if we fail (the tableau is closed) we conclude that it is valid. Thus, we have an effective proof theory and a nondeterministic algorithm for the satisfiability of Φ can be easily derived (Alg. CXT-SAT). For a deterministic one, simply add backtracking at choice points as in (Fitting 1990).

Completeness and Complexity

Soundness and completeness of the calculus can be proved with an almost standard procedure (Fitting 1983; Massacci 1994).

Theorem 1 A formula Φ is satisfiable for the context ⃗c_i iff the tableau starting with {⃗c_i[0] : Φ} is open.

Proof. We sketch the completeness part. Start with {⃗c_i[0] : Φ} and apply a systematic procedure to the tableau. If it does not close, one can choose an open branch and construct a model.

The key idea is to use the labels ⃗c_n[m] occuring in the branch as possible worlds and to define the assignments of propositional variables so that w(⃗c_n[m])(p) = true iff ⟨⃗c_n[m] : p⟩ is present in the branch. This can be safely done since for no p ∈ P both ⟨⃗c_n[m] : p⟩ and ⟨⃗c_n[m] : ¬p⟩ are present (otherwise the branch would be closed). Then, let Σ maps each sequence of contexts ⃗c_n into the set of valuations w(⃗c_n[m]) built so far.

Finally one exploits the completion of the branch to shown that if ⟨⃗c_n[m] : ϕ⟩ is present in the branch then ⃗c_n, w(⃗c_n[m])|=ϕ. For instance if ⟨⃗c_n[m] : ϕ ∧ ψ⟩ is present in the branch both ⟨⃗c_n[m] : ϕ⟩ and ⟨⃗c_n[m] : ψ⟩ must be present and the claim follow by a induction.

Hence ⃗c_i, w(⃗c_i[0])|=Φ and thus Φ is satisfiable. 2

Now we are left with the following.. .

Question 3 Which is the complexity of CXT-SAT?

The problem is clearly NP-hard since it subsumes propositional satisfiability (Cook 1971), and therefore we only need NP membership.

So let Φ be the formula to be checked and C, P and L be respectively the number of ist (), propositional connectives and different literals occuring in Φ.

Lemma 2 Alg. CXT-SAT generate at most O(C^3) different prefixes ⃗c_n[m] whichever branch is chosen.

Proof. At first observe that any application of the entering rules decrease the number of ist () modalities present in the new formula. Hence the length of each sequence extending the initial ⃗c_i is bounded by C.

Next, for each sequence ⃗c_i∘⟨c_{i+1}, . . ., c_n⟩ present in the branch, there must be at least one sub-formula of the form ist (c_{i+1}, . . . , ist (c_n, . . .)) occuring in Φ, where each ist () may be either prefixed by a negation or not. Since the number of ist () subformulae is bounded by C, so is the number of different sequences.

Third, given a sequence ⃗c_i∘⟨c_{i+1}, . . . , c_n⟩ we must prove that for each j between i + 1 and n the number of different prefixes ⃗c_j[m] is bounded by C. The only rule which introduces new prefixes is negative entering (Fig. 2). Note that from the generating formula ⃗c_j [m] : ¬ist (c_{j+1}, ϕ) to the new formula ⃗c_j∘c_{j+1}[k] : ¬ϕ, the information about the generating world is discarded and only the information about the sequence ⃗c_j is kept. Thus, no matter how many worlds we generated at step j, at step j + 1 we need a different ¬ist (c_{j+1}, ϕ) subformula of Φ to create a new world. These subformulae are also bounded by C and hence the claim. 2

Now, for every prefix ⃗c_n[k] we may have to reduce some propositional connectives i.e. O(P ) times O(C^3). After this stage, when everything has been broken down into prefixed literals we must check for consistency each prefix ⃗c_n[m] i.e.check whether there are two contradictory literals and this takes O(C^3 × L). So a nondeterministic upper bound of O(| Φ |^4) follows by a simple multiplication: 4

Theorem 3 Propositional logic of context is NPcomplete and satisfiability can be checked in nondeterministic polynomial time O(| Φ |^4).

One may wonder why this proof cannot be applied to modal logics. Indeed, the first two part of the proof of Lemma2 hold for modal logics. The third step fails: the information about the generating world matters.

Comparison with Modal Logic

The logic of context, in its propositional form, can be seen as a normal multi modal logic: just replace ist (c, ϕ) with [c]ϕ. Therefore one would have expected also the same complexity. On the contrary, modal logics for knowledge and belief are PSPACE-complete in the multi-modal case (Ladner 1977; Halpern & Moses 1992). It is therefore worth to analyze further the differences between these logics.

In the sequel we assume some knowledge of modal logic (Fagin et al. 1995; Halpern & Moses 1992). As mentioned, the language is (practically) the same, whereas the semantics is based on Kripke models, that is pairs ⟨W, R_C⟩ where W is a set of propositional valuation (possible worlds) and R_C a family of relations over W . One may obtain different logics by varying R_C. In the sequel we focus on the simple logic K_n (no restriction on R_C ).

Definition 7 Let ⟨W, R_C⟩ be a Kripke model, w a valuation in W , then the entailment relation w|=ϕ is s.t. • w|=p iff w(p) = true where p ∈ P; • w|=ϕ ∧ ψ iff w|=ϕ and w|=ψ; • w|=¬ϕ iff w|̸=ϕ; • w|=[c]ϕ iff for every w^∗ such that wR_cw^∗ it is w^∗|=ϕ where R_c ∈ R_C

A formula Φ is satisfiable iff there is a Kripke model ⟨W, R_C ⟩ such that for some w ∈ W it is w|=ϕ.

In the sequel we use the term objective knowledge of a world (either in a layered or a Kripke model) to denote the truth values it assigns to propositional letters. For instance in Fig. 4 worlds ⟨1⟩ and ⟨2⟩ differ for the objective knowledge of p.

The key part of the PSPACE-hardness proof in (Halpern & Moses 1992) is to show that in multi modal logic one can represent a complete tree of depth m with a short formula, polynomial in m. In case of Fig. 4 we can reformulate this problem as follows:

Question 4 Can a formula say that worlds ⟨1⟩ and ⟨2⟩ generate a pair of worlds (with different objective knowledge) without being repeated twice?

Kripke Model � �` `ȷ́ı@_{@@R} q`ȷ́ı_{�*}

`ȷ́ı^HH_{Hj}¬q`ȷ́ı q`ȷ́ı_��^{�*}`ȷ́ı_{HHHj¬q} `ȷ́ı 0 p 1

¬p 2

3 5 4 6

Layered Model

`ȷ́ı^q`ȷ́ı `ȷ́ı^{¬q}`ȷ́ı q`ȷ́ı `ȷ́ı^{¬q}`ȷ́ı œ æ ¸ ß^- œ æ ¸ ß - œ

æ

¸

ß 0 p 1

¬p 2

3 5 4 6 3 ≡ 4

5 ≡ 6

Figure 4: Kripke and Layered Models

Question 5 Can a formula distinguish the subtree rooted in world ⟨1⟩ from that rooted in world ⟨2⟩ by looking locally at those worlds?

If both answers are yes, we can represent a tree-like model with a formula of polynomial size.

Fact 1 To represent branching either in the logic of context or in the modal logic K (replacing ist (c, ϕ) with [c]ϕ) we can put in the world ⟨0⟩ the formula

Φ_{branch} = ist (c, ¬ist (c, q) ∧ ¬ist (c, ¬q))

One can use the tableau to verify it: start with ⃗c_i[0] : Φ_{branch} and assume that the context prefixes ⃗c_i∘c[1] and ⃗c_i∘c[2] were already present.

So question 4 does not discriminate enough.

Fact 2 Modal logics can distinguish the subtrees with

Φ_{local−inherit} = [c] ((p → [c]p) ∧ (¬p → [c]¬p))

but logic of context cannot.

The key point is that we can use p → [c]p to express a local constraints: once we arrive at ⟨1⟩, then all worlds accessible from it will inherit p, without touching the worlds reachable through ⟨2⟩. In the logic of context we have global inheritance: all worlds reachable in two 5 c-steps will be affected, no matter if reached through ⟨1⟩ or ⟨2⟩. Hence we can distinguish logics with:

Φ_{DIFF} .= ¬[c]p ∧ ¬[c]¬p ∧ Φ_{branch} ∧ Φ_{local−inherit}

Proposition 4 The formula Φ_{DIFF} is satisfiable in modal logic K_n but not in logic of context. In the layered model shown in Fig. 4 this means that ⟨3⟩ and ⟨4⟩ are identical: both satisfy q and both can satisfy either p or ¬p (but clearly cannot satisfy them together and thus Φ_{DIFF} is unsatisfiable).

At this stage one may wonder if the same trick used to prove PSPACE-completeness of S5_n in (Halpern & Moses 1992) works here: replace [c] with [c_A][c_B] and check the satisfiability of Φ^{S5}_{DIF F} in the logic of context. One can use the tableau to check that Proposition 5 The formula Φ^{S5}_{DIFF} is satisfiable in modal logic S5_2 but is not in logic of context. Hence we may conclude with the following property: Theorem 6 Modal logic is exponentially more succinct than logic of context.

Proof. In the modal logics for knowledge and belief K_n. . . S4_n (and also S5_n for n ≥ 2) one can represent a Kripke model with at least 2^m worlds with a formula of size only O(m^2), generalizing Φ_{DIFF} to tree of depth m as in (Ladner 1977; Halpern & Moses 1992). On the contrary, in the logic of context, each formula Φ can be satisfied in a layered model with at most O(| Φ |^3) worlds by Lemma2. Thus, to represent structures with at least 2^m worlds one needs a formula almost of the same size i.e. O(2^{m/3})). 2

Still, the relationship between modal logics and logic of context is much subtler. Intuitively we may characterize a world by. . .

1. its objective knowledge,

2. the introspection steps necessary to reach it,

3. the particular path used to reach it.

Logic of context uses only the first two information to distinguish a pair of worlds whereas modal logic uses all three. Therefore logic of contexts can be seen as an approximation of modal logics K_n which takes into account only the steps of introspection. For instance in the mono-modal case (one context) we only look if we need one, two, three etc. steps of introspection.

Conclusions

We can summarize new and old results about the complexity and compactness of logic of context and modal logics (ML systems) as follows:

Tractability of Reasoning: logic of context is NPcomplete whereas modal logics and ML systems are PSPACE-complete. Logic of context can be seen as an approximation of modal logic where only the steps of introspection does matter.

Compactness of Representation: the logic of context can store compactly non-theorems for a group of theories while modal logics (and ML systems) can represent in compact form such a tree plus local inheritance of theorems. Thus modal logic can be exponentially more succinct than logic of context.

At this stage we may look back to intelligent systems and ask whether these technical results can provide an indication for the choice of a formalism in practice.

Of course, there are many different viewpoints that must be taken into account: the expressiveness of the language, the possibility to cope with limited omniscience etc. In this respect we refer to Guha (1991a), McCarthy (1993) and Buvač et al. (1995) for the logic of context, to Giunchiglia et al. (1994) for Multi Language Systems and to (Fagin et al. 1995; Halpern & Moses 1992) for modal logics.

Still, in the quest for intelligent and effective systems some indications can be drawn:

• if positive knowledge is the main (and overwhelming) component then logic of context fits better;

• whenever positive and negative knowledge are mixed we may choose the logic of context if global inheritance of positive knowledge between theories is the main requirement;

• complex structures with negative knowledge and local inheritance of positive knowledge suit better modal logics since storing same information with logic of context may lead to an exponential blow up.

Finally there is also the possibility to use the tableau for the logic of context as a sound approximation for the satisfiability of modal logics.

As a conclusion, we may rephrase McCarthy’s statement from a computational perspective: “Modality yes, logic of context. . . sometimes”.

Acknowledgments

I would like to thank L. Carlucci Aiello and F. Pirri for their encouragement and support; Marco Cadoli, the AI group in Rome, the participants of the AAAI Fall Symposium, and the anonymous reviewers for their many useful suggestions. This work has been supported by ASI and MURST grants. 6

References

Aiello, L. C., and Levi, G. 1984. The uses of metaknowledge in AI systems. In Proc. of the 6th European Conf. on Artificial Intelligence (ECAI-84), 705–717. Amsterdam: North-Holland Publ. Co., Amsterdam.

Buvač, S., and Mason, I. 1993. Propositional logic of context. In Proc. of the 11th Nat. Conf. on Artificial Intelligence (AAAI-93), 412–419. AAAI Press/The MIT Press.

Buvač, S.; Buvač, V.; and Mason, I. 1995. Metamathematics of contexts. Fundamenta Informaticae 23(3). To appear.

Cadoli, M.; Donini, F. M.; and Schaerf, M. 1994. Is intractability of nonmonotonic reasoning a real drawback? In Proc. of the 12th Nat. Conf. on Artificial Intelligence (AAAI-94), 946–951. AAAI Press/The MIT Press.

Cook, S. A. 1971. The complexity of theorem proving procedures. In Proc. of the 3rd ACM Sym. on Theory of Computing (STOC-71), 151–158.

Fagin, R.; Halpern, J. Y.; Moses, Y.; and Vardi, M. Y. 1995. Reasoning about Knowledge. The MIT Press.

Fitting, M. 1983. Proof Methods for Modal and Intuitionistic Logics. Dordrecht: Reidel.

Fitting, M. 1990. First Order Logic and Automated Theorem Proving. Springer-Verlag.

Giunchiglia, F., and Serafini, L. 1994. Multilanguage hierarchical logics or: How can we do without modal logics. Artificial Intelligence Journal 65:29–70.

Giunchiglia, F.; Serafini, L.; Giunchiglia, E.; and Frixione, M. 1993. Non-omniscient belief as contextbased reasoning. In Proc. of the 13th Int. Joint Conf. on Artificial Intelligence (IJCAI-93). Morgan Kaufmann, Los Altos.

Giunchiglia, F. 1992. Getfol user manual, vers. 1.0. Technical Report 9204-01, DIST, Università of Genova, Italy.

Gogic, G.; Kautz, H.; Papadimitriou, C.; and Selman, B. 1995. The comparative linguistic of knowledge representation. In Mellish, C., ed., Proc. of the 14th Int. Joint Conf. on Artificial Intelligence (IJCAI-95), 862–869.

Guha, R. V., and Lenat, D. B. 1990. Cyc: A midterm report. AI Magazine 11(3):32–59.

Guha, R. V. 1991a. Contexts: A Formalization and Some Applications. Ph.D. Dissertation, Stanford University. Also published as (Guha 1991b).

Guha, R. V. 1991b. Contexts: A formalization and some applications. Thesis STAN-CS-91-1399, Stanford University.

Halpern, J. Y., and Moses, Y. 1992. A guide to completeness and complexity for modal logics of knowledge and belief. Artificial Intelligence Journal 54:319– 379.

Ladner, R. E. 1977. The computational complexity of provability in systems of modal propositional logic. SIAM Journal of Computing 6(3):467–480.

Massacci, F. 1994. Strongly analytic tableaux for normal modal logics. In Proc. of the 12th Int. Conf. on Automated Deduction (CADE-94), volume 814 of Lecture Notes In Artificial Intelligence, 723–737.

Massacci, F. 1995. Superficial tableaux for contextual reasoning. In Proceedings of the AAAI-95 Fall Symposium on ”Formalizing Context”, 60–66.

McCarthy, J. 1993. Notes on formalizing context. In Proc. of the 13th Int. Joint Conf. on Artificial Intelligence (IJCAI-93), 555–560. Morgan Kaufmann, Los Altos.

Shoham, Y. 1991. Varieties of context. In Lifschitz, V., ed., Artificial Intelligence and Mathematical Theory of Computation: Papers in Honor of John Mc- Carthy. Academic Press. 393–407.

Weyhrauch, R. W. 1980. Prolegomena to a theory of mechanized formal reasoning. Artificial Intelligence Journal 13(1):133–176.

7