Chapter 1

Nonmonotonic reasoning: towards efficient calculi and implementations

Jürgen Dix Ulrich Furbach Ilkka Niemelä

Second readers: Gerd Brewka, Mirek Truszczyński.Contents

1 General Nonmonotonic Logics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.1 Herbrand vs. General Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.2 Default Logic (DL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.3 Circumscription (CIRC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.4 Autoepistemic Logic (AEL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.5 Rational Closure (K rat ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2 Automating General Nonmonotonic Logics . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.1 Decidability and Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.2 Finitary Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.3 Algorithms for Default Logic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.4 Algorithms for Autoepistemic Logic . . . . . . . . . . . . . . . . . . . . . . . . . . 35 2.5 Implementing Circumscription . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.6 Implementing Rational Closure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3 From Automated Reasoning to Disjunctive Logic Programming . . . . . . . . . . . . . . 40

3.1 Restart Model Elimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.2 Procedural Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.3 Negation as Failure-to-Explain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.4 Relation to Other Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.5 Hyper Tableau . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 3.6 Minimal Model Reasoning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 4 Nonmonotonic Semantics of Logic Programs . . . . . . . . . . . . . . . . . . . . . . . . . 56 4.1 Classical Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 4.2 What Do we Want? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 4.3 WFS and STABLESTABLESTABLE—textbf Semantics . . . . . . . . . . . . . . . 63 4.4 GCWA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4.5 D-WFS and D-STABLED-STABLE . . . . . . . . . . . . . . . . . . . . . . . . . . 67

HANDBOOK OF AUTOMATED REASONING

Edited by Alan Robinson and Andrei Voronkov

cfl Elsevier Science Publishers B.V., 1999

5 Implementing Nonmonotonic Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 WFS for Normal Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.2 STABLE for Normal Programs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 5.3 D-WFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.4 D-STABLE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 6 Benchmarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 6.1 Graph Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 6.2 Propositional Satisfiability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 6.3 Planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 6.4 Diagnosis Problems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 Topic index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Nonmonotonic reasoning: towards efficient calculi and implementations 3Preface

Research in nonmonotonic reasoning has begun at the end of the seventies. One of the major motivations came from reasoning about actions and events. John McCarthy and Patrick Hayes had proposed their situation calculus as a means of representing changing environments in logic. The basic idea is to use an extra situation argument for each fact which describes the situation in which the fact holds. Situations, basically, are the results of performing sequences of actions. It soon turned out that the problem was not so much to represent what changes buttorepresentwhatdoesnotchange

when an event occurs. This is the so-called frameproblem . The idea was to handle the frame problem by using a default rule of the form

If a property P holds in situation S then P typically also holds in the situation

obtained by performing action A in S.

Given such a rule it is only necessary to explicitly describe the changes induced by a particular action. All non-changes, for instance that the realcolour of the kitchen wall does not change when the light is turned on, are handled implicitly. Although it turned out that a straightforward formulation of this rule in some of the most popular nonmonotonic formalisms may lead to unintended results, the frame problem was certainly the challenge motivating many people to join the field.

In the meantime a large number of different nonmonotonic logics have been proposed and we have many results that clarify the close relationship as well as the different aspects of such logics. There is quite an agreement in the field that now, after almost twenty years, the conceptual phase has ended and there is enough knowledge available to start implementing nonmonotonic reasoning systems and applying them to non-trivial problems.OverallOrganization

In this chapter we do not want to give a detailed overview of the various formalizations of nonmonotonic reasoning that have evolved (those can be found in [Brewka, Dix and Konolige 1997, Brewka 1996, Marek and Truszczyński 1993]), but we want to give an overview of the main computational techniques and methods leading to implementions of nonmonotonic reasoning. However, to make this chapter self-contained, we give compact overviews (parts of which are taken from [Brewka et al. 1997, Brewka and Dix 1999]) of the main nonmonotonic logics (in Section 1) and semantics of logic programs (in Section 4).

It turns out that logic programming techniques as well as methods that originated in automated reasoning, like resolution or tableaucalculi, can be successfully applied. We can compare this with the programming language PROLOG, that proved to be successful because it is based on a subset of first-order predicate logic, so calledHorn-clauses , or definitelogicprograms. Although already definite programs give rise to nonmonotonic semantics, full nonmonotonicity comes in when we extend definite programs by negation and/or disjunction. Consequently, we will distinguish in this chapter between general nonmonotonic logics and semantics of logic programs with negation and disjunction. The latter class is syntacticly more restricted (no negation in the head) but has also features which makes it incomparable to general theories.

The chapter is organized as follows. In Section 1 we first introduce the main nonmonotonic logics: DefaultLogic, Circumscription and AutoepistemicLogic. They form the basis of most nonmonotonic reasoning systems that are in use today. We also consider the abstract approach of Kraus, Lehmann and Magidor to associate with any reasoning system an abstractconsequencerelation. Abstract properties of these relations often help to better understand the overall behaviour of the reasoning system and irregularites in the induced relations give sometimes rise to define new systems, like the rationalclosureK^{rat} of Lehmann and Magidor (which was motivated by shortcomings the cumulative and preferential system.

In Section 2 we investigate universal methods for computing in general nonmonotonic logics. We do this with a special eye on the underlying complexity and show how this lead to automated theorem proving in such logics.

Finding efficient computation mechanisms for the logics introduced in the former section is the aim of Section 3. There we consider techniques that originated from automated reasoning in first-order predicate calculus. We depict how these techniques can be applied for disjunctive logic programming with programs with variables but only limited use of negation. In particular, we handle GCWA as a basis for nonmonotonic negation therein.

Section 4 gives a declarative overview on nonmonotonicity in logic programming.

We introduce (nonmonotonic) semantics of logic programs with negation and disjunction, notably the well-founded and the stable semantics and their extensions to programs containing disjunction— they constitute the most important semantics and are in close relation to the logics introduced in Section 1.

While in Section 3 we considered techniques that can be successfully applied for programs with variables and only limited use of negation, we treat in Section 5 propositional programs with full negation and disjunction. In particular, we provide implementations of D-WFS and D-STABLE in polynomial space.

We end with Section 6, where we treat the problem of finding good benchmarks to test and compare nonmonotonic systems against.

1.GeneralNonmonotonicLogics_{Nonmonotonic reasoning as a form of reasoning contrasts with standard deductivereasoning in the following way. Suppose we know that all men are mortal and thatSocrates is a man. Then it follows, by simple syllogistic reasoning, that Socrates}

is mortal. Further, nothing we can add to our knowledge will change that conclusion, given that we still hold the premises. Deductive reasoning within a theory is “local” in the sense that, having derived a conclusion from premises, we need not worry about any other sentences in the theory. To use the technical term, deductive reasoning is monotonic:

If S ‘ ’ then S [fg‘ ’ ; (1.1)

where S ‘ ’ means that proposition ’ follows from the propositions S.

Obviously, nonmonotonic reasoning does not share this property. Why would we ever want a logic that is nonmonotonic? Historically, the need for nonmonotonic reasoning was identified in the course of trying to solve knowledge representation problems in several application areas of Artificial Intelligence (AI). For more detailed discussions on the need of nonmonotonicity we refer to the literature ( [Brewka et al. 1997, Brewka 1996, Marek and Truszczyński 1993]). Here it suffices as a first example to consider the ClosedWorld-Assumption (CWA). It intuitively means that any information not mentioned in a database is taken to be false. More precisely, if a positive instance of a predicate is not contained in the database, its negation is assumed to hold. For example, if an airline flight database does not contain any information about a flight from Chicago to San Francisco on May 22, 1998, it is assumed that such a flight does not exist.

For a database that is a simple set of facts, the closed-world assumption can be implemented by a search of the database. If the database includes a deductive component, then the CWA can be phrased in terms of the models of the database. Generally the theories considered for the CWA are restricted to finite languages with only predicates and constant symbols. [Reiter 1978] defines the CWA as:

1.1. Definition (CWA).

The closed world assumption of a database T is the theory

CWA(T ) = Cn(T [f:p : T 6‘ pg) ;

where p is a ground predicate instance.

That is, if a ground atom cannot be inferred from the database, its negation is added to the closure. The CWA is a strong nonmonotonic closure operation since any ground predicate not deduced from the database has its negation added to the closure. A problem with strong closures is that they risk being inconsistent for perfectly reasonable databases. For example, consider a database containing just the disjunctive statement p _ q. Since neither p nor q is deduced, both :p and :q are in the closure, which is then inconsistent with the original database.

The CWA served us as one particular simple example of a nonmonotonic logic. There exist other systems and one usually can distinguish between four major types of such logics:Section1.2:

Logics using nonstandard inference rules with an additional consistency check to represent default rules. Reiter’s DefaultLogic and its variants are of this type.Section1.3:Circumscription and its variants. These approaches are based on a preference relation on models. A formula is a consequence ifandonlyif it is true in all most preferred models of the premises. Syntactically, a second order formula is used to eliminate all non-preferred models.

Section1.4: Nonmonotonic modal logics using a modal operator to represent con-_{sistency or (dis-) belief. These logics are nonmonotonic since conclusions maydepend on disbelief. The most prominent example is Moore’s autoepistemiclogic.}
Section1.5: Conditional approaches which use a non truth-functional connectivej̧_{to represent defaults. A particularly interesting way of using such condi-tionals was proposed by Kraus, Lehmann and Magidor. They consider ’ as adefault consequence of} ifandonlyif_{the conditional} j
        ¸ ’ is in the closure

of a given conditional knowledge base under a collection of rules. Each of the rules directly corresponds to a desirable property of a nonmonotonic inference relation.

The various logics are intended to handle different intuitions about nonmonotonic reasoning in a most general way. On the other hand, the generality leads to problems, at least from the point of view of implementations and applications. In the first order case the approaches are not even semi-decidable since an implicit consistency check is needed. In the propositional case we still have tremendous complexity problems. For instance, the complexity of determining whether a formula is contained in all extensions of a propositional default theory is on the second level of the polynomial hierarchy. As mentioned earlier we believe that logic programming techniques can help to overcome these difficulties (see Sections 4, 3).

Originally, nonmonotonic reasoning was intended to provide us with a fast butunsound approximation of classical reasoning in the presence of incomplete knowledge. Therefore one might ask whether the higher complexity of NMR-formalisms (compared to classical logic) is not a serious drawback of this aim?

The answer is that NMR-systems allow us to formulate a problem in a very com-pact way as a theory T . It turns out that there are theories T , where any equivalent formulation in classical logic (if possible at all) as a theory T 0 is much larger: the size of T 0 is exponential in the size of T ! We refer to [Gogic, Papadimitriou, Selman and Kautz 1995] and [Cadoli, Donini and Schaerf 1996, Cadoli, Donini, Schaerf and Silvestri 1997, Cadoli, Donini, Liberatore and Schaerf 1995] where such problems are investigated.1.1.Herbrandvs.GeneralModels

The alert reader may have taken a second glance at the “ground term” phrase in the definition of CWA. In first-order logic, ground terms that are syntactically different can refer to the same individual, e.g., a = b means that the individual referred to by a is the same as the one referred to by b. In deductive databases, one generally assumes that different terms refer to different individuals: the names are unique. For most database applications, this makes sense: United is a different airline thanDelta , for example. The standard name schema is the Unique Names Assumption:

UNA : ft_i 6= t_j j t_i and t_j are different ground termsg (1.2)

A second assumption is that the number of individuals is finite and that every individual has a name in the underlying language. Again, in the context of databases, this is justified because there exist only a finite number of airlines, cities, etc..

The assumption of a finite domain is formalized by assuming a finite set ft_i j1ˇ

i ˇ ng of ground terms and formulating the Domain Closure Assumption:_{DCA :} 8_{x (t 1 := x} __{t 2 := x} __{t 3 := x} _ΔΔΔ__{t n := x) (1.3)}

The schema UNA is a consequence of the CWA, and the schema DCA is consistent with it. We will consider the importance of these schemas when comparing the CWA to circumscription.

When function-symbols are available, then restricting to finite domains would be too restrictive in general. Therefore one often restricts the set of all models toHerbrandmodels. Herbrand models have as underlying domain exactly the termalgebra generated by the underlying language. The domain closure assumption in this setting means that we restrict to those models I where for any element a in I there is a L-term t that represents this element: a = t I .

The difference between Herbrand mo