1 Electronic Transactions on Artificial Intelligence

Vol. 2 (1998): 1-23 http:==www.ep.liu.se/ej/etai/1998/001/

Refereed Article

Iliano Cervesato, Massimo Franceschet, and Angelo Montanari:

The Complexity of Model Checking in Modal Event Calculi with Quantifiers

Authors’ affiliations:

IC: Department of Computer Science, Stanford University, USA; MF, AM: Dipartimento di Matematica e Informatica, Università di Udine, Italy.

Abstract: Kowalski and Sergot’s Event Calculus (EC) is a simple temporal formalism that, given a set of event occurrences, derives the maximal validity intervals (MVIs) over which properties initiated or terminated by these events hold. It does so in polynomial time with respect to the number of events. Extensions of its query language with Boolean connectives and operators from modal logical have been shown to improve substantially its scarce expressiveness, although at the cost of an increase computational complexity. However, significant sublanguages are still tractable. In this paper, we further extend EC queries by admitting arbitrary event quantification. We demonstrate the added expressive power by encoding a hardware diagnosis problem in the resulting calculus. We conduct a detailed complexity analysis of this formalism and several sublanguages that restrict the way modalities, connectives, and quantifiers can be interleaved. We also describe an implementation in the higher-order logic programming language

˘Prolog.

Publication and review history

1. First version published by Morgan-Kaufmann Publishers in the Proceedings of the 1998 International Conference on Knowledge Representation.

2. Received by the research area “Reasoning about Actions and Change” of the Electronic Transactions on Artificial Intelligence, posted on its web site, and advertised in its Newsletter on 8.5.1998 (the summary on 17.5.1998).

3. Publicly discussed in the ETAI area of Reasoning about Actions and Change during May - September, 1998. The discussion protocol is available and will be retained in the Article Interaction Page at http://www.etaij.org/ra/rac/007/

4. Revised version accepted after due refereeing and according to scientific journal standards by the Electronic Transactions on Artificial Intelligence (ETAI) on 22.12.1998.

5. Revised version published by Linköping University Electronic Press on 23.12.1998, and permanently available at

http://www.ep.liu.se/ea/cis/1998/021/

6. Revised version appears in Electronic Transactions on Artificial Intellligence, Volume 2 (1998), Issue 1-2, pages 1–23. The issue and the annual volume are made permanently available at

http://www.ep.liu.se/ej/etai/1998/

7. Paper editions of the ETAI issue and the ETAI volume containing this artice republished by the Royal Swedish Academy of Sciences. For purchase of this edition, please refer to the URL mentioned in the previous item.

The review policy and the quality requirements for acceptance are documented at

http://www.etaij.org/info/

Article maintenance

The Electronic Transactions on Artificial Intelligence maintains an Article Interaction Page for this article at

http://www.etaij.org/ra/rac/007/ Besides the publication and review history, it contains links for contacting the author(s), as well as to amendments and other related information for the article. It is intended to keep these links up-to-date in the future.

Copyright conditions

For all versions of the article mentioned above, the copyright belongs to the author. The publishing agreements specify that it is permitted for anyone to download the article from the net, to print out single copies of it, and to use classroom sets of copies for academic purposes. Please refer to the article URL:s for additional conditions.

Summary

ETAI authors are recommended that each article be accompanied by a summary. Longer and more specific than a conventional abstract, it should specify in concrete terms what are the new results in the article. If present, the summary also plays a role in the refereeing process: referees are asked to judge whether the results as specified in the summary are of importance to the field, and whether the body of the article gives sufficient evidence for the claims made in the summary. – The Editor.

The Event Calculus

The Event Calculus, abbreviated EC, is a simple temporal formalism designed to model and reason about scenarios characterized by a set of events, whose occurrences have the effect of starting or terminating the validity of determined properties. Given a possibly incomplete description of when these events take place and of the properties they affect, EC is able to determine the maximal validity intervals, or MVIs, over which a property holds uninterruptedly.

State-of-the-art

A systematic analysis of EC has recently been undertaken in order to gain a better understanding of this calculus and determine ways of augmenting its expressive power. The keystone of this endeavor has been the definition of an extendible formal specification of the functionalities of this formalism. This has had the effects of establishing a semantic reference against which to verify the correctness of implementations, of casting EC as a model checking problem, and of setting the ground for studying the complexity of this problem, which was proved polynomial. Extensions of this model have been designed to accommodate constructs intended to enhance the expressiveness of EC . In particular, modal versions of EC, the interaction between modalities and connectives, and preconditions have all been investigated in this context.

Contributions

The main contributions of the present paper are the following:

ffl The extension of a family of modal event calculi with quantifiers.

We enhance the expressive power of EC by considering the possibility of quantifying over events in queries, in conjunction with boolean connectives and modal operators. We also admit requests to check the relative order of two events. We thoroughly analyze the representational and computational features of the resulting formalism, that we call QCMEC . We also consider two proper sublanguages of it, EQCMEC, in which modalities are applied to atomic formulas only, and CMEC, which is quantifier-free.

ffl The use of the proposed formalisms to encode diagnosis problems.

We consider a case study taken from the domain of hardware fault diagnosis. We model it using EC and use the various extensions of EC to draw conclusions about it.

ffl The use of the higher-order features of modern logic programming languages in temporal reasoning.

We provide an elegant implementation in the higher-order logic programming language ˘Prolog and prove its soundness and completeness.

ffl Analyzing the complexity of model checking in the proposed extensions of EC.

We prove that model checking in CMEC, EQCMEC, and QCMEC is PSPACE-complete. However, while solving an EQCMEC problem is exponential in the size of the query, it has only polynomial cost in the number of events, thus making EQCMEC a viable formalism for MVI verification or computation. Since in most realistic applications the size of databases dominates by several orders of magnitude the size of the query, the former is asymptotically the parameter of interest.