
Combining Logics for Multi-agent SystemsAlessio Lomuscio and Mark RyanSchool of Computer ScienceUniversity of BirminghamBirmingham B15 2TTEmail fA.R.Lomuscio, M.D.Ryang@cs.bham.ac.ukFebruary 10, 1997This document contains some preliminary ideas about the application of Combining Logicsto Agents Theory.1 IntroductionIn the last twenty years or so, many logic systems have been proposed to model particularaspects of agenthood, e.g. beliefs, knowledge, actions, intentions, goals, etc.. Nevertheless,the design of agents and multi-agents systems (MAS) in general require all these mentalphenomena to exist in a single system.Rather than building new systems for dealing with multiple aspects of agenthood, the ideaof combining di�erent logics seems a strategy worth investigating for modelling multi-agentssystems.2 Requirements of a formalism for MASAgents are complex objects: they have goals, intentions, beliefs, obligations, and they performactions (co-operatively or otherwise) in a society of other agents. Several logics have beenproposed for describing MAS; for example,� logics of knowledge and belief ([HM92], etc.) for describing agents' information states;� logics for goals and intentions ([CL90, Woo94], etc.) for describing agents' pro-attitudes;� formalisms for representing communication acts ([CM86], etc.).� temporal logic [vB83], for specifying how an agent will change over time;These formalisms have been successful in dealing with the particular aspect of agents thatthey address. But generally, they ignore the other aspects, and sometimes just consider thesituation from the point of view of one agent. A formalism for a multi-agent system mustreect all those aspects of agents, and the agent multiplicity. A few logics have emergedwhich attempt to deal with several aspects at the same time, and/or address several agents[vLvdHM96, FHMV95, KL88, RG91, Kro96, Wag96, Woo96]. However, we are still some wayo� having a logic which addresses all the features.1



3 Combining logics and MASBuilding a logic addressing all the aspects of MAS is a monolithic and error-prone task. Ratherthan build such a logic from scratch, we believe that it is better to study how the existinglogics dealing with individual aspects may be combined. Indeed, the �eld of combining logicsis emerging as an active area, promising powerful results such as the preservation of importantproperties of the logics being combined [Gab92, Gab, KW91, dR92, BdR].The problem of combining logics is this: given two logics A and B, how to combine theminto a single logic ANB which extends the expressive power of each one? For example,suppose A addresses temporal aspects of agents and B addresses epistemic aspects. Theircombination should be able to express both temporal and epistemic properties, but also theinteraction of these two aspects: evolving knowledge, and knowledge about a changing world.Several techniques for combining logics have been proposed, having di�erent properties.Let L1 and L2 be two logics, having the normal modalities 21 and 22 respectively (as wellas the usual boolean connectives). The language of the combination is usually the entire setof formulas which can be constructed from the boolean connectives and 21 and 22. Thisincludes the languages of L1 and L2, and also (for example) 2122p ! 22p and 21p! 22p.The semantics of the combination may be roughly characterised as follows:Fusion. [KW91] consider the fusion of L1 and L2, being `the least bimodal logic contain-ing both'. They show that several properties of the component logics transfer to thecombination, such as completeness, fmp, interpolation. However, the fusion of two log-ics doesn't satisfy any interaction between the two modalities, such as the interactionexpressed by the formula 21p! 22p.Embedding. Finger/Gabbay [FG92] describe a technique in which a logic is embedded insidea temporal logic. According to this method, the language is restricted: 22 of thetemporal logic may not occur in the scope of a 21 from the other logic. A model ofthe combination consists of a model of the temporal logic, together with a map fromeach time point to a model of the other logic. More generally, any two logics can becombined by embedding one inside the other. This is an asymmetric combination: the\outer logic" can talk about formulas of the \inner" one, but not conversely.Full-�bring. A more symmetric combination is provided by Gabbay's `full-�bring' technique[Gab, Gab92, BdR]. In that work, formulas of the combined logic can mix operatorsfrom the component logics arbitrarily, and the semantics is de�ned by going back andforth between models of the component logics.Full-join. In this approach [FG] (called the `T �W approach' in [Tho84]) Kripke frames ofthe combined system are of the form (W1�W2; R1�=; R2�=), where (Wi; Ri) is an Liframe. This approach satis�es many formulas expressing interaction between the twomodalities, such as 2122p$ 2221p.Join. The `fusion' and `full-join' approaches represent the two ends of a spectrum, alongwhich di�erent degrees of interaction are satis�ed. Intermediate positions along thespectrum may be speci�ed by taking as frames (W;R1; R2), and imposing certain extraconditions. Fusion occurs when there are no extra conditions; full-join occurs when theconditions are (among others): if xR1y and xR2z then exists w s.t. yR2w and zR1w.2



There are more techniques in the literature.We believe these techniques can be applied to building logics to model MAS. To motivateour claim we briey explore some known logics and ask whether they can be seen as com-binations of simpler logics. We believe that such examples should be used to evaluate thetechniques for combining logics, and to guide the future development of the area.4 Examples� Extension to n agents. KD45n [HM92] is a generalisation to n agents of the modallogic KD45 used for modelling beliefs.Question: Is KD45n a fusion of KD45 with itself, n times?This would provide a general technique for extending an arbitrary modal logic to nagents.� Knowledge and time. One one hand, the culmination of decades of MAS researchby Halpern, Moses and others on epistemic logic and its interaction with temporal logichas appeared as [FHMV95]. They consider systems for modelling perfect recall, syn-chronicity, asynchronicity, etc. On the other hand, the embedding and full-�bringtechniques have been designed explicitly for temporalising modal logics, such as epis-temic logic.Question: To what extent can systems in [FHMV95] be seen as embedding non-temporal epistemic logics within temporal logic?Such an embedding will allow us to consider evolving knowledge. The dual embedding(temporal logic within epistemic logic) provides the ability to reason about knowledgein a changing world.A positive answer to this question will help validate the embedding technique as a toolfor temporalising any static aspect of agents.Question: What sort of join of the epistemic logic KT45 and a temporal logic arethese systems?� Quanti�ed logics for MAS. Much work has taken place to tailor predicate modallogics for some intensional aspects of agents (eg, beliefs [LC96], knowledge [LM94]).But, as [BdR] point out, this should be seen as a combination of modal logic andpredicate logic. Since the language should allow arbitrary nesting of the quanti�ers andthe modalities, we should ask:Question: Are standard systems of quanti�ed modal logic full-�bring combinationsof modal and predicate logics?This would give us a systematic way of developing highly expressive systems for speci-fying MAS.5 OutlookThe techniques for combining logics are theoretically general and powerful, but their appli-cability needs to be explored. MAS provides an excellent test-bed which should be used to3



guide the development of further techniques. Combining logics could provide a systematicattack on the problem of relating di�erent aspects of agency in a formalism for MAS.Answers to the questions in the preceding section will help evaluate the claim that theemerging �eld of combining logics can yield rigorous and expressive formalisms for MAS, ina general and systematic way.References[BdR] P. Blackburn and M. de Rijke. Why combine logics? Studia Logica. Edited byDov Gabbay and Fiora Pirri, to appear.[CL90] Philip R. Cohen and Hector J. Levesque. Intention is choice with commitment.Arti�cial Intelligence, 42(2-3):213{261, March 1990.[CM86] K. M. Chandy and J. Misra. How processes learn. Distributed Computing,1(1):40{52, 1986.[dR92] M. de Rijke. A system of dynamic modal logic. Technical Report LP-92-08,ILLC, University of Amsterdam, 1992.[FG] M. Finger and D. M. Gabbay. Combining temporal logic systems. Notre DameJournal of Formal Logic. to appear.[FG92] M. Finger and D. M. Gabbay. Adding a temporal dimension to a logic. Journalof Logic, Language and Information, 1:203{233, 1992.[FHMV95] Ronald Fagin, Joseph Y. Halpern, Yoram Moses, and Moshe Y. Vardi. Reason-ing about Knowledge. MIT Press, Cambridge, 1995.[Gab] D. M. Gabbay. Fibred semantics and the combination of logics, part 1, modaland intuitionistic logics. Journal of Symbolic Logic. To appear.[Gab92] D. M. Gabbay. Fibred semantics and the weaving of logics, part 2: Fibringnonmonotonic logics. In L. Csrimaz, D. Gabbay, and M. de Rijke, editors,Proceedings of the Logic Colloquium 92, SILLI Book Series, pages 75{94, 1992.[HM92] J. Halpern and Y. Moses. A guide to completeness and complexity for modallogics of knowledge and belief. Arti�cial Intelligence, 54:319{379, 1992.[KL88] S. Kraus and D. J. Lehmann. Knowledge, belief, and time. Theoretical ComputerScience, 58:155{174, 1988.[Kro96] C. Krogh. The right way to analyse agents. In Pierre-Yves Schobbens, editor,Working Notes of 2nd ModelAge Workshop: Formal Models of Agents, Sesimbra,Portugal, January 1996.[KW91] Marcus Kracht and Frank Wolter. Properties of independently axiomatizablebimodal logics. The Journal of Symbolic Logic, 1991.[LC96] Alessio Lomuscio and Marco Colombetti. QLB: A quanti�ed logic for belief. InATAL96: Workshop on Agent Theories, Architectures and Languages, 1996.4
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