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. INTRODUCTION exponential time. For the first-order systems we use fixédtpo

O,ogic (FPL), an extension of FOL with least and greatest fixpo

Producthn system_s (PS.) are one .Of the oldest knoyvle gperators. Even though reasoning with FPL is not decidable i
representation paradigms in artificial intelligence, arel sill .

. : .the general case, there are decidable sulisets [4].
widely used today@ for example to preserve consistency in

databases, Al planning, etc. Such a system consists of a@at main contributions with this paper are as follows. We
of rulesr of the form “if condition. thenaction,”, a working present an embedding of propositional production systetos i
memory, which contains the current state of knowledge, and,aalculus and show how this embedding can be used for the
rule interpreter, which executes the rules and makes clsangestatic analysis of production systems. We then present an em
the working memory, based on the actions in the rules. bedding of first-order production systems in fixed-pointidpg

In general rule-based systems are administered and edecsteow how the embedding can be used for reasoning over the
in a distributed environment where the rules are interckdngoroduction system, and discuss two decidable cases.
using standardized rule languages, e.g. RIF, RuleML, SWRL.We use properties of these logics to derive (un)decidgbilit
The new system obtained from adding (or removing) the intetad complexity results for deciding properties such as iterm
changed rules need to be consistent, and some properties-benation and confluence of production systems. The embedding
served, e.g. termination. In this work we address the stiaéd- of first-order production systems into FPL serves as a starti
ysis of such production systems, which means deciding prgmint for investigating further decidable subsets (e.gseal on
erties like termination and confluence (all runs of the syste the guarded fragmeritl[4]), in particular when considering f
terminate with the same working memory) . We propose usitiger strategies that limit the choice in the conflict resolustep
logics and their reasoning techniques from the area of so#w (2) of the rule application — for example, such strategieg ma
specification and verification, in particularcalculus [1] and guarantee termination, and thus finite models of the embegddi
fixed-point logic (FPL)[[2].

Given a working memory (a set of facts, i.e., ground atomic Il. PROPOSITIONAL PRODUCTION SYSTEMS
formulas), the rule interpreter applies rules in three steft) |n this section we present formal definitions of proposiibn
pattern matching(2) conflict resolutionand (3)rule execution production systems, and then the axiomatization needed to
In the first step, the interpreter decides — nowadays tylpiaat  check properties on PS.
ing the RETE algorithmi [3] — for each rulg and for each vari-  Definition 1: A Generic Production Syste(GPS) is a tuple
able substitutiors; whetherr; can be applied in the working PS = (Prop, L, R), whereProp is a finite set of propositions,
memory usings;, i.e., whether the working memory satisfiegsepresenting the set of potential facisjs a set of rule labels,
o;(condition, ). This step returns all pairg;,s;) such that; andR is a set ofrules which are statements of the form
can be applied using;; this set is called the conflict resolution _ v if Or theny),
set. In step (2), the interpreter chooses zero or one pair fr/Nerer € L, ¢r is a propositional formula, ang, = a; A+~ A
the conflict resolution set; in case the set is empty or no p A7by A A aby, With a; # b (a;,b; € Prop) signifying the
. L opositions added, respectively removed by the rule
is chosen, the system terminates. In the last step, the mgr he following, letPS — (P L, R) be a production sys-
memory is updated following the additions and removals & thn the 9, r'op, £, proc y

X . . tem. A Working MemoryW M C Prop for PS is a set of

action part of the selected rule. The interpreter thensstayain o

: propositions.
with step (1).

. . . Arulerisfireablei ki Mif WM .
The operational semantics of production systems makesél tdI;l/J ;;:Vl{r/ejva} Ue;;agdv{(zprr!?@%vr?;mmg%?/ WM = ¢

difficult to an_alyze. their behaV|(_)r. Therefqre, it is dgbi@to A concrete production syste(@PS) is a paif P:S, W Mp),
use a formalism with a declarative semantics for staticyeasl herelV Mo i Ki
We use two well-known logics that are frequently used in the erel 2o s a working memory.

Definition 2: A computation tree CT}5, for a CPS

area of software verification. For the analysis of proposéi PS,W M) is a(PropU L)-labeled tregT, V') such that the

systems we usg-calculus, which is a modal logic extendeqqqt of T is 0, V(0) = W M,, and each branch represents a run
with the least and greatest fixpoint operators, and for whigh the system.

common reasoning tasks, such as entailment, are decidable i
A. Axiomatization

1 http: // ww. | essrules. com . . .
Rtt =77 ¢l T pSFul €5 . Sour cef or ge . net/ The existence of a formal description of any language is a

http: / / ww. i l0g. conV products/ | rul es/ prerequisite to any rigorous method of proof, validationyer-
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ification. Here we present (due to lack of space) the general [1l. FIRST ORDER PRODUCTION SYSTEMS

idea of the axiomatization of production systemgtgalculus. We now consider the case of production systems with vari-

I_n the following subsecnons-we will show hOW. this axiomatiz ables. In the first order case Interpretations in FPL are- first
tion can be used for reasoning about production systems. order structures; therefore, we capture the structuresofm-
We first define the necessary components of the formula coation tree using the binary predicate and we divide the
prising the axiomatization. These components (nine axiomgmain into two parts: the nodes of the tree, i.e., the s{atgs
encode the Coqstralns and reqwrements in _th_e reIa’Flonelmetwand the objects in the working memoridg)( The arity of the
one state and its successors depending if it is an intermeedigedicates iU L is increased by one, and the first argument of
state in the execution _of the PS_, or a state representingithe gacn predicates will signify the stajy, a1, ..., z,,) intuitively
of a run. We also provide an axiom to solve the frame problefeans thap(z1,...,2,) holds in statey.
for this case. A greatest fix point composed of these COMPO-Analogous to the propositional case, we defined a formula
nents restricts the models to the ones which are bisimilar tqnat captures the behavior &S. The most notable differences
computation tree (CT). The states in the models of the axiomth the propositional axiomatization is that in the firstier
tization can be seen as nodes in the computation tree. Aligtracase we have a set of “foundational” axioms to describe the do
the y-calculus formula that captures the production systeéh main. and that in the propositional case, we could requixeah

looks like: fireable rule is applied at least once, but it could be apsed
eral times. In the first-order case, we can require a fireathée r
®ps = [(Root Alone) V (Exists Applicable Rules/ to be applied exactly once. We can therefore obtain a stronge
O(v.X.(intermediateV end) A 01X)))] correspor_ldence (compargd with the one in Thegdem 1)_betV\_/een
computation trees and Kripke models: they are essentidly i

orphic.

Where the greatest fix point requires every successor of mef:PL is undecidable, but under certain constrains we cdn stil

root to be an intermediate node in the run (satisfying a st tneduce the problem to a decidable logic

axioms, for example, a rule was applied, it has a predecessgprnosition 2: Let PS be an FO production system such that
in which a precondition of the rule holds) or the last node of @les are quantifier-free and the set of constants are fanitblet
terminating run (satisfying other set of axioms encodirg th 1771/ be a working memory. Then, the properties termination
has no successor, no rule can be applied, etc). and confluence can be decided in double exponential time, on
We now proceed to prove bisimilarity between the modep9th PS and(PS, W M).
of ®pg and the computation trees &S. We will exploit this
result later for reasoning abofnsS.
Theorem 1:Given a Production systeiS = (Prop,L,R), ~In this paper we presented an embedding of propositional
a starting working memory¥ M, and the formula®ps, a production systems intp-calculus, and first-order production
Kripke structurek = (S, R, V) is a model of® p¢ iff there is a systems into fixed-point logic. We exploited the fixpoint cpe
working memoryiW’ M for PS such that there is anc S and tor in both logics to encode properties of the system ovee.tim

IV. CONCLUSIONS ANDFUTURE WORK

(K,s) is bisimilar to(CTyy3,,0) One of the advantages of our encodings is the strong comespo
An analogous theorem state the bisimilarity relation betwedence between the structure of the models and the runs of the
CPS and an specifi€T},3, - production systems, which enables straightforward modeif
properties of the system in the logic. We plan to extend thikwo
B. Deciding Properties of Production Systems presented in this paper in a number of directions. We plar+to e

. . . . tend both the propositional and first-order case with aolditi
Typical properties of production systems one would like 19,y resolution strategies, e.g., based on rule présitWe
. : - _ - V[ﬁﬁn to extend the first-order case with object inventian, the
one could imagine many ad_dltlonal properties of interegf,, € jeq may assert information about new (anonymous) objects
redundancy of rules (usefgl n the de_5|gn of the syst_em)eHe{his is strongly related to existential quantification igilo An-
due to lack of space, we will discuss just gbout terminatiosh 4other topic we plan to address are new decidable fragments of
confluence. Termination can be encodegi@alculus as: our first-order encoding, in particular restricting the ditions
(1. X.0X) and possibly the Working memory, and conflict resolutioatstr
gies in order to exploit the guarded fragment of FPL [4], alt we
and Confluence as translations to monadic second-order logic over treet b

fragments are known to be decidable.
Ngicprop(-X.(O L Agi) VOX) — (v.X.(O L— ¢;) ADX)
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