25 Electronic Transactions on Artificial Intelligence

Vol. 2 (1998): 25-67 http:==www.ep.liu.se/ej/etai/1998/002/

Refereed Article

Marc Denecker, Daniele Theseider Dupré, and Kristof Van Belleghem:

An Inductive Definition Approach to Ramifications

Authors’ affiliations:

MD, KVB: Department of Computer Science, K.U. Leuven, Belgium; DTD: Dipartimento di Scienze e Tecnologie Avanzate, Università del Piemonte Orientale, Alessandria, Italy.

Abstract: In the current state of the art on the ramification problem, the purpose of causal laws is to restore the integrity of state constraints. In contrast with this view, we argue that causal laws should be seen as representations of how physical (or logical) forces and effects propagate through a dynamic system.

We argue that in order to obtain a natural and modular representation of the effect propagation process, a causal rule language is needed which allows for recursion to model effects on mutually dependent fluents, for negation to model effects which propagate in the absence of other effects, and with complex fluent formulae to model causality in a compact and natural way.

A fundamental property of the process of effect propagation in a dynamic system is that it is constructive: effects and change propagations do not spontaneously appear without an external cause. To adequately model the constructive nature of the physical change propagation process, we base the semantics of the formalism on the principle of inductive definition, the main mathematical constructive principle. We use a generalised inductive definition principle, generalising Clark completion and circumscription, to define a unique intended semantics for causal theories. Our approach can deal in particular with cyclic dependencies between effects, in such a way that to some definitions, in spite of syntactic cycles, we can assign a unique intended semantics in a constructive way, while other “actually cyclic” definitions are explicitly detected by the semantics as bad definitions.

Our formalism allows to express the effect propagation process with high precision. Evidence for this is found in the fact that in many applications, a representation is obtained which - almost as a side effect - correctly models the interacting effects of simultaneous actions. Our approach is presented independent of a specific time structure, such as situation calculus, A, or Event Calculus, but we briefly discuss how it can be embedded in different time structures.

Publication and review history

1. First version published by Linköping University Electronic Press on 29.7.1998 and permanently available at

http://www.ep.liu.se/ea/cis/1998/007/

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 26.6.1998; the summary on 7.7.1998.

3. Publicly discussed in the ETAI area of Reasoning about Actions and Change during July, 1998. The discussion protocol is available and will be retained in the Article Interaction Page at

http://www.etaij.org/ra/rac/009/

4. Revised version, with minor corrections compared to the first version, published by Linköping University Electronic Press on 20.11.1998 and permanently available at

http://www.ep.liu.se/ea/cis/1998/007/ under the label “Revised publication 1998-11-20”.

5. Revised version accepted after due refereeing and according to scientific journal standards by the Electronic Transactions on Artificial Intelligence (ETAI) on 8.3.1999.

6. Final version, with minor corrections according to the suggestions of the referees, published by Linköping University Electronic Press on 7.5.1999 and permanently available at

http://www.ep.liu.se/ea/cis/1998/007/ under the label “2nd revised publication 1999-05-07”.

7. Final version appears in Electronic Transactions on Artificial Intellligence, Volume 2 (1998), Issue 1-2, pages 25–67. The issue and the annual volume are made permanently available at

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

8. Paper editions of the ETAI issue and the ETAI volume containing this artice republished by the Royal Swedish Academy of Sciences.

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/009/ 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.

This paper describes a new approach to the ramification problem. The approach consists of several contributions.

First of all we show that the standard view on causal laws as rules serving to restore the integrity of state constraints is too restrictive. We argue that causal laws essentially represent the propagation of physical or logical forces through a dynamic system, and that state constraints may be a by-product of this propagation process but that this is not necessarily the case. Therefore we introduce causal laws as pure effect propagation rules independent of state constraints, and define a transition function only dependent on the causal rules which maps each state and set of actions to a resulting state.

Second, we argue that in order to obtain a natural and modular representation of the effect propagation process, the language of causal rules needs to allow for recursion to model mutually dependent effects, as well as for negation to model effects which propagate in the absence of other effects. To define a semantics for complex effect theories involving both negative and cyclic dependencies between effects, we observe that a fundamental property of the process of effect propagation is that it is constructive: effects do not spontaneously appear without an external cause; each effect must be caused by a preceding effect and in practice effects are generated in a bottom-up way. To adequately model this constructive nature of physical change propagation, we base the semantics of the formalism on the principle of inductive definition, the main mathematical constructive principle.

We use a generalised inductive definition principle, which in fact generalises several different approaches. For theories without recursion, the semantics we propose coincides with completion (and can as such be seen as a generalisation of explanation closure approaches). For theories without negation, the semantics coincides with positive inductive definition semantics and standard circumscription (which has also received a lot of attention in research on the frame problem). For stratified theories the semantics coincides with iterated inductive definitions and with the perfect model semantics for stratified logic programs. In the most general case the proposed operator used in the fixpoint calculation coincides with the well-founded operator in logic programming.

The proposed semantics allows to deal with any effect theories without syntactic restrictions on cycles or negations. As a consequence, syntactically correct effect theories exist which do not have a constructively well-defined model. In particular this is the case for effect theories containing actual cycles over negation, e.g. when the existence of each of two effects depends on the other effect’s absence. The physical systems corresponding to such effect theories are rare, and those that exist (those deliberately constructed to yield such an effect theory) exhibit unstable behaviour. But the distinction between good and bad effect theories can not be made based on syntactical properties. Our semantics is such that it detects and marks bad effect theories while it assigns a unique transition function to good, constructive, effect theories, including some that appear syntactically problematic.

A third contribution is the introduction of so-called complex effect rules which provide a higher-level description of effect propagations. These complex effect rules allow to state that it is the change in truth value of a complex fluent formula, rather than the change of a single fluent, which triggers certain effect propagations. Complex effect rules map to sets of low-level definition rules. We have observed that one form of complex effect rule is sufficiently expressive to model all kinds of temporal reasoning examples known to us, which also suggests that the corresponding low-level rules only occur in particular combinations in practice. The high-level effect rules offer a much more natural and compact way of describing ramifications than the low-level rules. In particular they prove to be very effective for modeling cumulative or canceling effects of simultaneous actions.

An essential property of the semantics, which distinguishes it from several other approaches, is that it is deterministic: for a given effect theory, any combination of a state and set of actions yields a unique set of causations and hence a unique resulting state (sometimes an inconsistent one, in which case the set of actions is not allowed in the given starting state). In our view nondeterminism should be explicitly represented if it is intended, hence we do not allow nondeterminism to arise from special combinations of otherwise deterministic rules. We do describe an extension of effect rules which allows for a limited form of nondeterminism, in that the rules can state that some effects are allowed, but not forced, to occur. This approach has been further extended to more expressive nondeterministic rules, but this issue is beyond the scope of the current paper.

Our approach is presented independent of a specific time structure or formalism, such as Situation Calculus, A or Event Calculus. We briefly discuss how it can be embedded in these different time structures.

We compare our approach to related work in the literature. In particular we show a correspondence between our nondeterministic effect rules and the causal rules proposed by Thielscher. Differences are, apart from the nondeterministic aspect, especially the different view on delays in effect propagations.