1The Situation Calculus andEvent Calculus ComparedRobert Kowalski and Fariba SadriILPS 94Department of Computing, Imperial College,180 Queen’s Gate, London SW7 2BZrak@doc.ic.ac.uk fs@doc.ic.ac.ukAbstractThe situation calculus and event calculus both formalise common sensereasoning about the initiation and persistence of properties andrelationships over the course of time. The main difference is that, whereasthe situation calculus deals with transitions between global situations, theoriginal event calculus was designed to deal with the effect of actions onlocal states of affairs. In this paper, to facilitate comparison, we deal witha special case of the event calculus where, like the situation calculus,actions bring about transitions between global situations.Another difference is that, whereas the event calculus was intendedprimarily for reasoning about actual events (narratives), the situationcalculus was designed primarily for reasoning about hypothetical actionsand situations. In this paper we consider variants of the two calculi whichcombine the use of deduction to reason about narratives with abduction toreason about hypothetical events.With these and a number of other minor modifications to the originalsituation and event calculi, we show that the event calculus logicallyimplies the situation calculus and that the situation calculus augmentedwith induction logically implies the event calculus. To facilitate the proof,we formulate both calculi as logic programs and use the technique ofproving properties of logic programs by reasoning with their completionsaugmented with induction.We also explore extensions to the two calculi to deal with ramifications.1 IntroductionIt has long been known that the situation calculus ([20], [21]) can beformulated as a logic program (e.g. [14]). An obvious advantage of such aformulation is that it facilitates implementation. Another is that throughthe use of negation as failure it provides both an implementation and avariety of sound and useful semantics for default reasoning. In particular,it has been shown that the interpretation of negation as negation as failuresolves the Yale shooting problem ([10], [11], [2]).In this paper we illustrate another advantage of the logic programmingformulation, namely that it allows well established techniques for provingproperties of logic programs to be applied both to the situation calculusand to the event calculus. One of the most powerful of such techniques and

2the one we shall use in this paper is to regard the meaning of a logicprogram as represented by its iff-completion augmented by axioms ofinduction. This technique was developed by Clark and Tarnlund [5] whoobserved that the use of this technique for logic programs is analogous tothe use of Peano axioms for reasoning about arithmetic. A similarformulation of the situation calculus has recently been developed by Reiter[25].In contrast to the situation calculus, the event calculus [19] was originallyformulated as a logic program, although it was derived from a formulationin standard first-order logic. The original version of the event calculus wasvery general and allowed both reasoning with maximal periods as well asforward and backward persistence. This version of the event calculus hassome similarities [26] with Allen’s interval calculus [1].Later, simplified versions of the event calculus focused on the special casewhich allows only forward persistence ([9], [27], [17]). Although theoriginal event calculus was intended only for narratives, Eshghi showedthat the simplified event calculus could be used for planning by allowingthe occurrence of events and the temporal relationships between them to be"abducible". Shanahan showed that abduction could also be used forexplanation. Kowalski, on the other hand, discussed an implementation ofthe simplified event calculus, and informally compared it with thesituation calculus. More recently, Pinto and Reiter [24] criticised thiscomparison and argued that the event calculus is not sufficiently precise toallow a formal comparison with the situation calculus.In this paper we partly address the Pinto-Reiter criticism by presenting aformal comparison of the situation calculus and the simplified eventcalculus. For this purpose we formulate the two calculi as logic programssharing a common vocabulary and common axioms, except for a core axiomin each, which defines what sentences hold in a given situation. In bothcases, event descriptions are given explicitly for narratives and areabduced for hypothetical reasoning.In the following sections we present the logic programming formulations ofboth calculi, present their "semantics" in terms of iff-completions andaxioms of induction, and then show that the situation calculus withinduction implies the event calculus, whereas the event calculus withoutinduction implies the situation calculus. We also show how actual andhypothetical events can be combined and how ramifications can be dealtwith in both calculi.2 The situation calculusThe following two clauses constitute the core of our formulation of thesituation calculus as a logic program. Together they define what sentencesP hold in the situation result(A, S) that results from performing an actionof type A in situation S.holds(P, result(A, S)) ‹ happens(A, S) � initiates(A, S, P)S1

3holds(P, result(A, S)) ‹ happens(A, S) � holds(P, S) � � terminates(A, S, P)S2Terms starting in the upper case are variables. Unless otherwise indicated,all variables are assumed to be universally quantified in front of theformula in which they occur.The first clause defines what sentences hold because they are initiated byan action. The second clause, called the frame axiom, defines whatsentences hold because they held before the action and were not terminatedby it.The predicate holds(P, S) can be understood as a metapredicate whichexpresses that the sentence named P holds explicitly (i.e. as an axiom) inthe situation named S. A situation can be thought of either as a time pointor as the set of all sentences, namely the theory, that hold at a given timepoint. Under this latter interpretation, holds(P, S) is a special case of thepredicate demo(S, P) used to represent the proof predicate inmetaprogramming (e.g. [14]).A definition of demo for the simple case of propositional Horn sentences Pand the relationship of demo to holds can be given simply by three clauses:demo(S, P) ‹ holds(P, S)D1demo(S, P) ‹ demo(S, P‹ Q) � demo(S, Q)D2demo(S, P�Q) ‹ demo(S, P) � demo(S, Q)D3Of course, the definition of demo can be extended to handle more generalforms of object level sentences. Of special interest are the additionalclauses:demo(S, �P) ‹ � demo(S, P)D4demo(S, P) ‹ demo(S, " X P)D5which we will use later. Clause D5 can be regarded as relating the so-calledground and non-ground representations of variables as discussed in [16].This interpretation of the relationship between holds and demo appears toimprove upon the conventional formulations of the situation calculus. Themost obvious improvement is that it allows actions to initiate and terminatearbitrary sentences. This enables the treatment of such actions asupdating a deductive database, or as passing or repealing legislation. Theconventional formulations are normally restricted to actions that updateatomic sentences, as in "closed world" relational databases, or that updateatomic sentences or their negations in "open world" domains. We will showlater in the paper that combining actions that initiate or terminatearbitrary sentences with the definition of demo in terms of holds providesa simple treatment of the ramification problem.The definitions of the predicates initiates and terminates are domain-

4dependant. For example, the fact that an act of donor X giving object Y torecipient Z initiates the property of Z possessing Y and terminates theproperty of X possessing Y can be defined by the two clauses:initiates(give(X, Y, Z), S, possess(Z, Y))terminates(give(X, Y, Z), S, possess(X, Y))Similarly, in the Yale shooting problem, the fact that if the gun is loadedthen an act of shooting initiates the death of the turkey and terminates itslife can be represented by the conditional clauses:initiates(shoot, S, dead) ‹ demo(S, loaded)terminates(shoot, S, alive) ‹ demo(S, loaded)(The use of the conditions demo(S, loaded) instead of holds(loaded, S)facilitates the treatment of ramifications.)A possibly more familiar formulation of the situation calculus uses asingle predicate abnormal ([3], [28]) instead of the two predicates initiatesand terminates. The frame axiom in this formulation is often given in theform:[holds(P, S) « holds(P, result(A, S))] ‹ �abnormal(A, S, P)In our formulation we can derive an analogous formula[ holds(P, S) « holds(P, result(A, S)) ] ‹happens(A, S) � �initiates(A, S, P) � �terminates(A, S, P)by using the iff-completion of clauses S1 and S2, which is exactly thesemantics we use for our formulation of the situation calculus. Thissemantics is discussed in section 3.We use the predicates initiates and terminates instead of abnormal becausethey facilitate the comparison with the event calculus. Moreover, it can beargued that they provide a semantically more meaningful formulation of thesituation calculus itself, distinguishing between abnormalities due toinitiation of sentences and those due to termination.The inclusion of the condition happens(A, S) in S1 and S2 is a moresignificant deviation from standard formulations. It is this conditionwhich allows the same axioms, S1 and S2, to be used both for narratives andfor hypothetical reasoning. For narratives it suffices simply to addassertions that certain events have actually happened. For hypotheticalreasoning it suffices to prove that goals can be achieved or observations canbe explained provided that appropriate, relevant events can consistently beassumed to happen. Such assumptions can be determined by means ofabduction.Although our formulation of the situation calculus can be used for

5planning and for many other kinds of hypothetical reasoning, there is oneparticular kind, namely counterfactual reasoning, which needs furtherinvestigation. Counterfactual reasoning in this case has the form:"Supposing that an event e1 had happened resulting in outcome p, whatwould have been the outcome if event e2 had happened instead?"Some formulations of the situation calculus can reason with suchcounterfactuals relatively easily, at the expense of not being able to dealwith narratives. We conjecture that our formulation could perform thiskind of counterfactual reasoning either by employing an appropriate formof abduction or by using metalevel reasoning. Further discussion of thisissue is beyond the scope of this paper.Before accepting an actual or hypothetical event, it is necessary to verifythat all its preconditions can hold. This can be done by verifying that thefollowing integrity constraint is maintained:demo(S, P) ‹ happens(A, S) � precondition(A, S, P)I1In the case of narratives the constraint should be verified whenever anupdate asserts that an event has happened. In the case of hypotheticalreasoning it should be checked whenever an event is assumed to happen.In general, an integrity constraint can be any first-order formula. Thereare many different views of integrity satisfaction and different techniquesfor integrity verification. For the main purpose of this paper, namely thetheorem of section 5, these differences are not significant, and we shall notdiscuss them further.As with the domain-specific predicates initiates and terminates, thedefinition of the predicate precondition is domain dependant, for example:precondition(give(X, Y, Z), S, possess(X, Y))In the standard formulations of the situation calculus, either thepreconditions of actions are ignored or they are catered for by includingextra conditions in the analogues of clauses S1 and S2. In [18] we showedhow a theory with integrity constraints can be transformed into anequivalent theory without constraints by including extra conditions insome of the rules. The proof of equivalence was based on the answer setsemantics of Gelfond and Lifschitz [12]. Whether this equivalence can alsobe demonstrated for the completion semantics, which we use in this paper,has still to be investigated.In addition to I1, other integrity constraints are needed, including:A1 = A2 ‹ happens(A1, S) � happens( A2, S)I2I2 is necessary to prevent different actions from happening in the samesituation. Although the original formulation of the event calculus allows

6concurrent events, we will also apply I2 to the special case of the eventcalculus which we investigate later in this paper. This will facilitate ourcomparison of the situation calculus with the event calculus.Before we present the semantics of the situation calculus logic program inthe next section, we need to discuss the representation of the initial state,s0. There are at least two possibilities. We can define the properties of theinitial state by means of a clauseholds(P, s0) ‹ initially(P)together with appropriate clauses defining the predicate initially.Alternatively, we may assume, without loss of generality, that nothingholds in the initial state s0 and that all properties of the initial state areactually properties of the successor of the initial state,result(creation, s0), where creation is defined by clauses of the forminitiates(creation, s0, P). For our purpose, the second alternative is moreconvenient than the first.Because a creation event can initiate any property and has nopreconditions, we need an integrity constraintS = s0 ‹ happens(creation, S)I3to prevent abducing the occurrence of creation in any situation other thanthe initial situation. Alternatively, we could simply formulate the relevantinitiates facts so that creation initiates properties only in the initialsituation.3 The semantics of the situation calculus programMany different semantics have been defined for proving properties of logicprograms. To compare the situation and event calculi, it is convenient touse the completion semantics [4] augmented with axioms of induction [5].The completion of axioms S1 and S2 can be represented in the formholds(P, S2) «$A1,S1 [ [S2= result(A1, S1) � happens(A1, S1) � initiates(A1, S1, P) ] � [S2= result(A1, S1) � happens(A1, S1) � holds(P, S1) � � terminates(A1, S1, P)] ]SCtogether with the Clark equality theory (CET), which consists of the uniquename axioms including[A1=A2 � S1=S2] ‹ result(A1, S1) = result(A2, S2)CET1� $ S [s0 = result(A, S)]CET2and the usual axioms of equality.

7In fact, the proof of the theorem in section 5 requires no further uniquenames axioms additional to CET2.Similarly, we need to complete the definitions of the initiates, terminates,precondition and demo predicates as well as any other non-abduciblepredicates.Alternatively, we may "selectively" complete only certain instances ofpredicates and treat the remaining instances as abducible. This isparticularly useful for combining actual and hypothetical events. Forexample, a theory can contain a completed clausehappens(X, s0) « X = loadto record the actual occurrence of an event, while leaving other instances ofthe predicate abducible.We will use the technique of selective completion later in sections 6 and 7.Another approach [7], which achieves similar results is to treat allinstances of incompletely defined predicates as abducible and to representinformation about incomplete predicates by means of integrity constraints.In all of these approaches, the fact that a predicate or an instance of apredicate is abducible is represented by excluding it from the completionand thereby leaving it undefined. Console et al [6] have shown that, withthis representation, abduction using the if-form of a logic programbecomes deduction using the iff-completion.One of the limitations of most formulations of the situation calculus is thatsituations need to be named explicitly in terms of a sequence of actionsfollowing the initial state. As a result, it is virtually impossible torepresent narratives with incomplete information. This limitation can beovercome by relating situations to one another by means of an orderingrelation. Such ordering relations have been defined for the situationcalculus by Shanahan [28] and Reiter [25].S < result(A, S) ‹ happens(A, S)S < result(A1, S1) ‹ happens(A1, S1) � S < S1The "semantics" of this program is given by its completion:S1< S2 « $ A,S [ S2=result(A, S) � happens(A, S) � S1 £ S ]LESSwhere S1 £ S abbreviates S1=S � S1< S.Here the condition happens(A, S) ensures that the only situationsconsidered are those that result from actions that actually happen in thecase of narratives or that can happen in the case of hypothetical actions.To ensure that situations have the intended form of a finite sequence of

8actions following the initial state, we need the further integrity constraints0 £ S ‹ happens( A, S)I4Here (and elsewhere) the expression s0 £ S functions as a type expression,stating that S is of the type "situation".Induction can now be expressed in the form"S [F(S) ‹ s0 £ S] ‹ F(s0) � " A,S [F(result(A, S)) ‹ F(S) � s0 £ S] INDF is either a metavariable standing for any first-order formula (as in Peanoarithmetic) or a universally quantified second-order variable (as incomplete axiomatisations of arithmetic). In practice, the metavariableversion is sufficient for our purposes.Similarly to ([24], [25]), given LESS, CET2 and IND we can show thefollowing properties of the predicate < . We need most of these in the proofof the main theorem in section 5.a)� $ S [S< s0]b)"S1,S2,S3[S1< S3 ‹ S1< S2 � S2< S3] c)"S1,S2[�S2 £ S1 ‹ S1< S2]d)"S,A � $ S1[S< S1 � S1< result(A,S)]e)"S �S< S4 The simplified event calculusThe original version of the event calculus [19] allowed concurrent andpartially ordered events as well as the persistence of properties bothbackwards and forwards over time. It also catered for properties holdingboth during time periods and at time points.To compare the event calculus with the situation calculus we shall considera special case of the former that is analogous to the restrictions of thelatter. We can obtain this special case by pre-processing away the timeperiods and removing any consideration of backward persistence ofproperties. Such a special case was introduced in ([15], [17], [27]). Thisversion of the event calculus has at its core a single axiom:holds(P, T2) ‹ happens(E1, T1) � initiates(E1, P) � T1< T2 � � $ E*,T*[happens(E*, T*) � terminates(E*, P) � T1< T*� T*< T2]which expresses that a property holds at a time point if it was initiated byan event which happened at an earlier time point and no intervening eventhappened to terminate the property.The condition T1< T2 has the effect of ensuring that properties hold onlyafter their initiating event happens. The inequality T*< T2 ensures thatproperties , including preconditions of events, hold at the time they are

9terminated by some event. The inequality T1< T*, instead of the strongerinequality T1 £ T*, builds in the assumptions that two different events donot occur at the same time (expressed by I2), and that no event initiatesand terminates the same property.We further restrict our version of the event calculus to the special casewhere the < relation on time points is identified with the < relation onsituations. In this case, event tokens are unnecessary because individualevents can be identified by their action or event types and the situations inwhich they occur. We may, therefore, instantiate the event calculus axiomby means of a particular representation for events, representing eventtokens E by pairs (A, S) consisting of an action or event type A and asituation S. This reformulates the event calculus predicates in thesituation calculus vocabulary, replacinghappens(E,T) by happens(A, S, S) which simplifies to happens(A, S)initiates(E, P) by initiates(A, S, P)terminates(E, P) by terminates(A, S, P)The resulting completion of the event calculus axiom has the iff-form:holds(P, S2) « $A1,S1 { happens(A1, S1) � initiates(A1, S1, P) � S1< S2 � � $A*,S* [ happens(A*, S*) � terminates(A*, S*, P) � S1< S* � S*< S2 ] }ECLike our version of the situation calculus, this formulation of thesimplified event calculus can be used either for narratives by lettinghappens assertions be given as input, or for hypothetical reasoning byletting them be generated by abduction. In both cases, integrity of thehappening of events can be checked by verifying that such assertionssatisfy the integrity constraints I1-I4.Our formulations of the situation calculus and of the simplified eventcalculus differ only in the core axioms SC and EC. The remaining axioms,IND, LESS, CET, D1-D5 and constraints I1-I4 are common to both calculi.Although the axiom EC itself is noncommittal with respect to the notion oftime (which could be continuous or discrete), the axiom LESS identifiestime with the discrete situations of the situation calculus.5 The relationship between the situation and event calculiThe relationship between our formulations of the situation and eventcalculi can now be stated as follows.Theorem:i)COMM, EC |= SCii)COMM, SC, IND |= EC

10where SC and EC are the iff-forms of the situation calculus and eventcalculus core axioms respectively, IND is the axiom schema of inductionand COMM consists of I2, I4, LESS and the properties (a)-(d) common to thetwo calculi.Proof:i) Given COMM, EC is equivalent toholds(P, S2) « (event1) � (event2)where (event1) has the form $ A1,S1,A,S{ happens(A, S) � happens(A1, S1) � S2=result(A, S) �initiates(A1, S1, P) � S1=S � $ A*,S* [happens(A*, S*) � terminates(A*, S*, P) � S1< S* � S*< S2] }and (event2) has the form$ A1,S1,A,S{ happens(A, S) � happens(A1, S1) � S2=result(A, S) �initiates(A1, S1, P) � S1< S � $ A*,S* [happens(A*, S*) � terminates(A*, S*, P) � S1< S* � S*< S2] }This equivalence can be shown by replacing the condition S1< S2 in EC byits definition in LESS and distributing disjunction over conjunction.On the other hand, SC is equivalent toholds(P, S2 ) « ( sit1) � ( sit2)where (sit1) has the form$ A,S [S2 = result(A, S) � happens(A, S) � initiates(A, S, P)]and ( sit2) has the form$ A,S [S2 = result(A, S) � happens(A, S) � holds(P, S) � � terminates(A, S, P)]It is not difficult to show that (event1) and (sit1) are equivalent in thetheory COMM using lemma (d), stating that there is no situation S*between S and result(A, S), and the assumption I2, that only one eventoccurs in any situation. Also (event2) is equivalent to$ A1,S1,A,S{ happens(A, S) � happens(A1, S1) � S2=result(A, S) �initiates(A1, S1, P) � S1< S � � terminates(A, S, P) �$A*,S* [happens(A*, S*) � terminates(A*, S*, P) � S1< S* � S*< S] }