THE OSCAR PROJECTTECHNICAL REPORTJanuary, 1992HOW TO REASON DEFEASIBLYJohn L. PollockDepartment of PhilosophyUniversity of ArizonaTucson, Arizona 85721(e-mail: pollock@ccit.arizona.edu)(Forthcoming in Artificial Intelligence.)AbstractThis paper describes the construction of a general-purpose defeasible reasoner that iscomplete for first-order logic and provably adequate for the argument-based conception ofdefeasible reasoning that I have developed elsewhere. Because the set of warrantedconclusions for a defeasible reasoner will not generally be recursively enumerable, a defeasiblereasoner based upon a rich logic like the predicate calculus cannot function like a traditionaltheorem prover and simply enumerate the warranted conclusions. An alternative criterionof adequacy called i.d.e.-adequacy is formulated. This criterion takes seriously the ideathat defeasible reasoning may involve indefinitely many cycles of retracting and reinstatingconclusions. It is shown how to construct a reasoner that, subject to certain realisticassumptions, is provably i.d.e.-adequate. The most recent version of OSCAR implementsthis system, and examples are given of OSCAR�s operation.1

1. IntroductionThe aim of the OSCAR project is the construction of a general theory of rationalityand its implementation in a computer system, thus producing an artificial rational agentnamed �OSCAR�. This is of central relevance to AI. At least for most purposes, a generalconstraint on AI systems should be that they draw conclusions and make decisions that we,as human beings, regard as rational. As long as their reasoning remains simple, we canevaluate the rationality of AI systems just by using our intuitions about rationality andwithout appeal to a general theory of rationality. But as the reasoning of AI systems getsmore complicated and the objectives of the systems more ambitious, the reasoning outstripsour uninformed intuitions. Eventually, complex AI systems are going to have to be developedagainst the background of a theory of rationality.This paper addresses an aspect of rationality that is of central importance to muchcurrent work in AI � defeasible (nonmonotonic) reasoning. Most reasoning is defeasible,in the sense that it can lead not only to the adoption of new conclusions but also to theretraction of previously adopted conclusions. The structure of defeasible reasoning hasbeen a topic of interest in both philosophy and AI, although until recently researchers in thetwo fields were largely oblivious of each other.1 The purpose of this paper is not toconstruct a new theory of defeasible reasoning, but to ask a new question about an oldtheory � the theory that can probably be regarded as the dominant model in philosophy forthe last fifteen years. The question is, how can an automated reasoner be constructed sothat it can, in some reasonable sense, be regarded as an implementation of the theory?Although the general form of the philosophical theory of defeasible reasoning hasremained constant since the early 70�s, it has recently undergone considerably refinementin detail, motivated largely by its encounter with AI. These refinements are recounted inPollock [1987], [1989], [1991], and [1991a]. Rather than repeat all of the details andarguments here, I will just give enough of a sketch of the theory to enable the reader tounderstand its structure, and refer the reader to those earlier publications for the details andfor the defense of the theory.1. 1 Reasons and argumentsDefeasible reasoning is, a fortiori, reasoning. Reasoning proceeds by constructingarguments, where reasons provide the atomic links in arguments. Conclusive reasonslogically entail their conclusions. Defeasibility arises from the fact that not all reasons areconclusive. Those that are not are prima facie reasons. Prima facie reasons create apresumption in favor of their conclusion, but it is defeasible. To illustrate, we often judgethe colors of objects on the basis of what color they look to us, taking apparent color toprovide a prima facie reason for a judgment about actual color. Thus, for example, —xlooks red to me› is a prima facie reason for me to believe —x is red›. Similarly, —Most A�sare B�s, and this is an A› is a prima facie reason for —This is a B›. I will represent a reasonas an ordered pair ÆG,pæ, where G is the set of premises of the reason and p is the conclusion.2

1 The work on defeasible reasoning in philosophy stems mainly from the publications ofRoderick Chisholm and myself. See Chisholm [1957], [1966], [1977], and Pollock [1965], [1967], [1970],[1974], [1986], [1987], [1990]. See also Kyburg [1974] and [1983].The simplest kind of defeater for a prima facie reason ÆG,pæ is a reason for denying the

conclusion. Let us define � as follows: if for some q, j = —~q›, let �j = q, and let �j =—~j› otherwise. Then we define:If ÆG,pæ is a prima facie reason, ÆL,qæ is a rebutting defeater for ÆG,pæ iff ÆL,qæ is areason and q = —�p›.For instance, if something looks red to me, that gives me a prima facie reason for thinkingit is red; but if Jones, whom I regard as reliable, insists that it is not red, that gives me arebutting defeater. There are also defeaters that are not rebutting defeaters. They attack aprima facie reason without attacking its conclusion. They accomplish this by insteadattacking the connection between the premises and the conclusion. They do this by givingus a reason for denying that the premises wouldn�t be true unless the conclusion were true.Suppose again that I judge an object to be red on the basis of its looking red to me. If Isubsequently learn that the object is illuminated by red lights and such illumination canmake things look red when they are not, it is unreasonable for me to maintain my beliefthat it is red. In other words, this is a defeater. But it is not a reason for denying that theobject is red, so it is not a rebutting defeater. It is instead a reason for denying that theobject would not look red unless it were red. Symbolizing —it is false that P wouldn�t betrue unless Q were true› as —P � Q›, and letting PG be the conjunction of the members ofa set G, we can define:If ÆG,pæ is a prima facie reason, ÆL,qæ is an undercutting defeater for ÆG,pæ iff ÆL,qæ isa reason and q = —(PG � p)›.It is of interest to inquire about the logical properties of �, but that will not be relevant tothe present paper. For now it can be taken as an undefined primitive. It is my convictionthat rebutting defeaters and undercutting defeaters constitute the only kinds of defeatersnecessary for describing the structure of defeasible reasoning. The basis for this claim isthe success I have had over the years in using them as tools in epistemological analysis (seePollock [1974], [1986], [1990]).Reasoning starts with premises that are input to the reasoner. (In human beings, theyare provided by perception.) The input premises comprise the set input. (I assume throughoutthat input is finite.) The reasoner then makes inferences (some conclusive, some defeasible)from those premises using reason schemata. Reasons are combined in various patterns toform arguments. The simplest arguments are linear arguments. These can be viewed asfinite sequences of propositions each of which is either a member of input or inferable fromprevious members of the sequence in accordance with some reason schema. But it isimportant to realize that not all arguments are linear. We engage in various kinds ofsuppositional reasoning. In suppositional reasoning we �suppose� something that we havenot inferred from input, draw conclusions from the supposition, and then �discharge� thesupposition to obtain a related conclusion that no longer depends upon the supposition.The simplest example of such suppositional reasoning is conditionalization. When usingconditionalization to obtain a conditional (p � q), we suppose the antecedent p, somehowinfer the consequent q from it, and then discharge the supposition to infer (p � q) independentlyof the supposition. Similarly, in reductio ad absurdum reasoning, to obtain �p we maysuppose p, somehow infer �p on the basis of the supposition, and then discharge the3supposition and conclude �p independently of the supposition. Another variety of suppositional reasoning is dilemma (reasoning by cases).In suppositional reasoning, we cannot think of arguments as finite sequences ofpropositions, because each line of an argument may depend upon suppositions. We caninstead think of lines of arguments as ordered triples ÆX,p,bæ where X is the set of propositionscomprising what is supposed on that line, p is the proposition obtained on that line, and bdescribes the basis for the line. b will be taken to be an ordered pair Æl,Ræ where R is therule of inference used to obtain the line and l is the set of line numbers of the lines fromwhich the present line is inferred by using R. X is the supposition set of the line. Anargument s supports the proposition p relative to the supposition X iff one of its lines hasthe form ÆX,p,bæ. s supports p iff s supports p relative to the empty supposition. Theconclusion of an argument is its last line. For further details about the structure of arguments,see Pollock [1991] and [1991a].Arguments defeat other arguments by supporting rebutting or undercutting defeatersfor some of their defeasible steps. If we make the simplifying assumption that all reasonsare of equal strength, this is described as follows:An argument s rebuts an argument h iff:(1)some line of h has the form ÆY,q,Æa,reasonææ where the propositions supportedon the lines in a constitute a prima facie reason for q; and(2)some line of s has the form ÆX,�q,bæ where X ˝ Y.An argument s undercuts an argument h iff:(1)some line of h has the form ÆY,q,Æa,reasonææ where the propositions p1,...,pksupported on the lines in a constitute a prima facie reason for q; and(2)some line of s has the form ÆX,((p1 & ... & pk) � q),bæ where X ˝ Y.If we do not assume that all reasons are of equal strength, then this account must becomplicated somewhat. A proposal is made in Pollock [1991] for how to do this, and it hasbeen implemented in OSCAR, but to keep the current presentation as simple as possible, Iwill ignore variations in reason-strength in this paper. We can then define:An argument s defeats an argument h iff s either rebuts or undercuts h.1.2 Justified beliefs and warranted propositionsTheories of reasoning are basically procedural theories. They are concerned withwhat a reasoner should do next when it finds itself in any particular epistemologicalsituation. Correct reasoning can involve numerous false starts, wherein a belief is adopted,retracted, reinstated, retracted again, and so forth. At each stage of reasoning, if thereasoning is correct then a belief held on the basis of that reasoning is justified, even ifsubsequent reasoning will mandate its retraction. Epistemic justification, in this sense, is aprocedural notion consisting of the correct rules for belief updating having been followedby the system up to the present time in connection with the belief being evaluated.We can think of a reasoner as a belief-updater, i.e., an effectively computable setfunction update that operates repeatedly on sets of beliefs to generate new sets of beliefs.The reasoner starts with the set input, and each cycle of the reasoner constitutes theapplication of update to the previous set of beliefs. Let us define the function J recursively4by stipulating

J(0) = inputJ(n+1) = update(J(n)).Then J(i) is the set of beliefs justified at the ith stage of reasoning.In contrast to justification, warrant is what the system of reasoning is ultimatelystriving for. A proposition is warranted in a particular epistemic situation iff (if and onlyif), starting from that epistemic situation, an ideal reasoner unconstrained by time or resourcelimitations would ultimately be led to believe the proposition. Warranted propositions arethose that would be justified �in the long run� if the system were able to do all possiblerelevant reasoning. A proposition can be justified without being warranted, because althoughthe system has done everything correctly up to the present time and that has led to theadoption of the belief, there may be further reasoning waiting to be done that will mandatethe retraction of the belief. Similarly, a proposition can be warranted without being justified,because although reasoning up to the present time may have failed to reveal adequatereasons for adopting the proposition, further reasoning may provide such reasons.Analogously, reasoning up to the present may mandate the adoption of defeaters which,upon further reasoning, will be retracted. So justification and warrant are two importantlydifferent notions, although they are closely related.

abgPFigure 1. Interacting arguments.A characterization of what ought to be believed given all possible relevant argumentsis a characterization of the set of warranted propositions. Such an account can be givenfairly easily in terms of the notion of one argument defeating another. Suppose we have anargument a supporting a conclusion P, and an argument b that defeats a. If these are theonly relevant arguments, then P is not warranted. But now suppose we acquire a thirdargument g that defeats b. This situation is diagramed as in figure 1. The addition of gshould have the effect of reinstating a, thus making P warranted. We can capture this kindof interplay between arguments by talking about arguments being in or out at differentlevels. Let us provisionally define:5

All arguments are in at level 0.An argument is in at level n+1 iff it is in at level 0 and it is not defeated by anyargument in at level n.An argument is ultimately undefeated iff there is an m such that for every n ‡ m, theargument is in at level n.My proposal is then that a proposition is warranted iff it is supported by some ultimatelyundefeated argument.21.3 Collective and provisional defeatSuppose you have two friends, Smith and Jones, that you regard as equally reliable.Smith approaches you in the hall and says, �It is raining outside.� Jones then announces,�Don�t believe him. It is a fine sunny day.� If you have no other evidence regarding theweather, what should you believe? It seems obvious that you should withhold belief,believing neither that it is raining nor that it is not. If the state of the weather is importantto you then you should seek more evidence rather than deciding at random to hold one orthe other of these beliefs. This is an illustration of the phenomenon of collective defeat.Consider a simple scenario in which input = {p,q}, and Æ{p},ræ and Æ{q},�ræ are prima faciereasons of the same strength. Then we can construct two simple arguments:a: p - - -> rb: q - - -> �rIt follows from our analysis that each argument defeats the other. Accordingly, they are inat level 0, out at level 1, in again at level 2, out again at level 3, and so on. Hence neither isultimately undefeated, and hence neither r nor �r is warranted.Collective defeat operates in accordance with the following general principle:

The Principle of Collective DefeatIf S is a set of arguments such that (1) each argument in S is defeated by some otherargument in S, and (2) no argument in S is defeated by any argument not in S, thenno argument in S is ultimately undefeated.This is because each argument in S will be in at every even level, but then it follows thateach will be out at every odd level. We can define:An argument s is ultimately defeated iff there is a level n such that s is out at allhigher levels.An argument s is provisionally defeated iff there is no level n such that s is in at all6

[1974], [1986], [1987], [1990]. See also Kyburg [1974] and [1983].2 I first made this proposal in Pollock [1979]. It was first published in Pollock [1986]. A similarproposal is contained in Horty, Thomason, and Touretzky [1987].higher levels or out at all higher levels.

Collective defeat is familiar in AI from the discussion of skeptical and credulousreasoners (see Touretzky, Horty, and Thomason [1987]). Roughly, skeptical reasonerswithhold belief when they have equally good reasons for and against a conclusion, andcredulous reasoners choose a conclusion at random. It has been urged that the choicebetween skeptical and credulous reasoners is more a matter of taste than a matter of logic,but my own view is that credulous reasoners are just wrong. In the above example, if Iannounced �I realize that I have no better reason for thinking that it is raining than forthinking that it is not, but I choose to believe that it is raining�, no one would regard me asrational. I have argued in Pollock [1989] (pg. 129) that this controversy stems from aconfusion of theoretical reasoning (reasoning about what to believe) with practical reasoning(reasoning about what actions to perform). In practical reasoning, if one has no basis forchoosing between two alternative actions, one should choose at random. The classicalillustration of this is the medieval tale of Buridan�s ass who starved to death standingmidway between two equally succulent bales of hay because he could not decide fromwhich to eat. This marks an important difference between practical reasoning and theoreticalreasoning. But regardless of what one thinks about all this, the theory of reasoning beingimplemented in this paper is skeptical.Collectively defeated arguments are provisionally defeated, but it turns out that anargument can be provisionally defeated without entering into collective defeat with otherarguments. This results from the fact that, although an ultimately defeated argumentcannot defeat another argument, provisionally defeated arguments can still provisionallydefeat other arguments. To illustrate, suppose a and b defeat one another collectively. Inthis case, a is in at every even level, and out at every odd level. Now suppose a supports adefeater for a third argument g. This will have the effect that g is out at every odd level,and back in at every even level, so g is also provisionally defeated, even though it may notin turn defeat the arguments at whose hands it suffers provisional defeat. This observationwill turn out to be extremely important in the design of a defeasible reasoner.1.4 Self-defeating argumentsIn my [1991a], I showed that if the only source of defeat among arguments were therebutting and undercutting relations defined in section 1.1, purely formal manipulationswould produce arguments defeating virtually any defeasible argument, with the result thatthe whole structure of defeasible reasoning would collapse. For example, suppose P is aprima facie reason for R, Q is an equally good prima facie reason for ~R, S is a prima faciereason for T, and input = {P,Q,S}. Then we can construct the following three arguments(where defeasible inferences are indicated by dashed arrows):a P - - -> R b Q - - -> ~R s S - - -> Ta and b collectively defeat one another, but s should be independent of a and b andultimately undefeated. The difficulty is that we can construct a fourth argument (wheredeductive inferences are indicated by solid arrows):P - - -> R �> (R � ~T) �>�h� �> ~TQ - - -> ~R �>�7h uses a standard strategy for deriving an arbitrary conclusion from a contradiction. The problem is now that h rebuts s. Of course, h itself is defeated by either a or b, or for thatmatter, by itself (it supports defeaters for its own defeasible steps). But that only results inh being provisionally defeated, and as I pointed out above, a provisionally defeated argumentcan still provisionally defeat another argument. h is out at every even level, but it is still inat every odd level. Consequently, it still forces s to be out at every even level, and hence sis provisionally defeated too. But s should not be provisionally defeated � it should beultimately undefeated.To handle self-defeat correctly, the theory of defeasible reasoning must be mademore complicated, and in Pollock [1991a] I made a proposal regarding how this should bedone. As a start, the definition of being in at a level is modified so that self-defeatingarguments are ruled out at every level. But it turns out that additional complications mustbe added to the theory to adequately handle collective defeat. The proposal of Pollock[1991a] is incorporated into OSCAR, but to simplify the account, I am going to ignorethese complication in the present paper. The justification for this is that they turn out not toaffect the overall structure of the automated reasoner. All they do is make it a bit moredifficult to compute which arguments defeat which.1.5 Comparison with AI theories of nonmonotonic reasoningAlthough in general outline this theory predates the most familiar theories ofnonmonotonic reasoning in AI, it will seem unfamiliar to many researchers in AI becauseof the past isolation of philosophy and AI from each other. Accordingly, it is useful tocompare this theory to theories more familiar in AI. The comparison will be brief, becausethe point of this paper is not to defend this theory (that has been done elsewhere), but to askhow an automated reasoner could implement it. In spirit, the theory of defeasible reasoningseems close to Reiter�s default logic [1980], with prima facie reasons and defeaterscorresponding to Reiter�s defaults. But there are also profound differences between thetwo theories. First, prima facie reasons are supposed to be logical relationships betweenconcepts. It is a necessary feature of the concept red that something�s looking red to megives me a prima facie reason for thinking it is red. (To suppose we have to discover suchconnections inductively leads to an infinite regress, because we must rely upon perceptualjudgments to collect the data for an inductive generalization.) By contrast, Reiter�s defaultsoften represent contingent generalizations. If we know that most birds can fly, then theinference from being a bird to flying may be adopted as a default. In the theory ofdefeasible reasoning, the latter inference is instead handled in terms of the following primafacie reason schema:—Most A�s are B�s, and this is an A› is a prima facie reason for —This is a B›.This is the statistical syllogism, and constitutes the central topic of discussion of Pollock[1990].A second contrast between the present theory of defeasible reasoning and Reiter�sapproach is that the latter is semantical (proceeding in terms of an unspecified deductive-consequence relation), whereas the former is argument-theoretic. Argument-basedapproaches to defeasibility can be found in the work of Loui [1987] and also that of Linand Shoham [1990]. The work of Horty, Thomason, and Touretzky [1990] can also beviewed as an argument-based theory of defeasible reasoning, where the arguments arerepresented as trees. However, these theories are all based upon much simpler conceptions8of argument, confining their attention to linear arguments, and they do not investigate the phenomena of collective defeat or self-defeat. None of the AI theories of nonmonotonicreasoning appear to be sensitive to the importance of suppositional reasoning, but suppositionalreasoning seems to be essential in any reasoner that is capable of performing deductive anddefeasible reasoning simultaneously. In addition, the systems of Horty, Thomason, andTouretzky accommodate only rebutting defeaters.It is easily proven that if we identify prima facie reasons with defaults, confine ourattention to linear arguments, consider only cases in which there is no collective defeat orself-defeat, and identify the deductive-consequence relation with deductive provability usingthe linear arguments, then the set of warranted conclusions generated by the present theorywill be the same as the unique extension generated by Reiter�s default logic. In situationsin which collective defeat occurs, the two theories yield completely different results, becausedefault logic is credulous and the present theory is skeptical. A skeptical version of defaultlogic can be generated by requiring that default consequences be members of the intersectionof all extensions, and I conjecture (but have not proven) that this brings the two theoriesback into agreement if there is no self-defeat and we consider only linear arguments. Oncewe allow suppositional reasoning, the two theories diverge again. For instance, if weconsider a default theory with the normal default P:~Q/Q and the corresponding defeasibletheory in which P is a prima facie reason for Q and there are no undercutting defeaters,then from the empty set of premises the present theory of defeasible reasoning will generatethe warranted conclusion (P � Q), but skeptical default logic will not.No theories of nonmonotonic reasoning handle self-defeat in the same way as thepresent theory of defeasible reasoning. For example, suppose we are given P, and P is aprima facie reason for Q, Q is a prima facie reason for R, and R is a prima facie reason for(P � Q). Then the following argument is self-defeating:P - - -> Q - - -> R - - -> (P � Q)On the theory of defeasible reasoning (as further developed in Pollock [1991a]), Q and Rwill be warranted, but (P � Q) will not be warranted. If we try to represent this in defaultlogic, we find that the only extension is the logical closure of {P,(P � Q)}. This has theperverse consequence that although Q and R are unwarranted, (P � Q) is warranted. I takethis to be an intuitive counterexample to default logic.2. Criteria of Adequacy for a Defeasible ReasonerIn designing an automated defeasible reasoner, one is faced with the problem of howto evaluate the reasoning that the reasoner performs. We want the reasoning to be �correct�,but what is the criterion for correctness? The desideratum is not necessarily to build areasoner that replicates human reasoning in all respects, because there may be more efficientways of doing it. However, before we can decide whether a particular procedure is a moreefficient way of doing it, we have to determine what the �it� is that we want the reasoner todo. The analysis of warrant constitutes an �argument-based semantics� for defeasiblereasoning, but what exactly is the connection between warrant and what we want a reasonerto accomplish? The simplest proposal would be that we want the reasoner to �computewarrant�. But if this is understood as requiring that the reasoner implement an effective9procedure for deciding warrant, then it is an impossible desideratum. All theorems of logic are automatically warranted because the arguments supporting them are non-defeasible.This includes all theorems of the predicate calculus. If we give the system no non-logicalreasons, these are the only warranted propositions. Thus a decision procedure for warrantwould give us a decision procedure for the predicate calculus. However, by Church�stheorem, the set of theorems of the predicate calculus is not decidable. Thus no reasonercan compute warrant in this sense. A weaker proposal would be that we want the reasonerto systematically generate all warranted propositions in some effective way, analogous tothe manner in which a complete theorem prover generates all theorems of the predicatecalculus. But this desideratum is also provably unsatisfiable, because the set of warrantedpropositions can fail to be recursively enumerable. This is because, as has been observedby numerous authors,3 on any theory of defeasible reasoning, the ultimate correctness of apiece of reasoning (i.e., whether the conclusion of the reasoning will survive an indefiniteamount of further reasoning and hence be warranted) will always turn upon something elsebeing unprovable. Making this more precise, we have the following theorem:There are finite sets of input premises and finite sets of non-logical reasons such thatthe set of conclusions warranted with respect to them is not r.e.To prove this, suppose otherwise. Then for any finite set input and finite set of non-logicalreasons, there is a way of mechanically generating the list of formulas warranted relative tothem. Given any first-order formula P, choose a sentence letter Q not occurring in P, letinput = {Q}, and let the only non-logical reason be the prima facie reason Æ{Q},Pæ. Wehave a prima facie reason for P, so P is warranted iff there is no ultimately undefeated orprovisionally defeated argument defeating this inference. Because Q is logically unrelatedto P, and there are no other prima facie reasons, the only possible defeating argumentwould be a deductive argument for ~P. Thus in this situation, P is warranted iff ~P is not atheorem of the predicate calculus. Consequently, the mechanical procedure for listingwarranted conclusions will list P iff ~P is not a theorem. This would constitute a recursiveenumeration of the non-theorems of the predicate calculus, but that is impossible by Church�stheorem. It follows that the set of defeasible consequences of a set of premises may not ber.e., and there can be no effective procedure for generating the set of warranted consequencesof an arbitrary set of input premises and non-logical reasons.If the desideratum for an automated reasoner is neither that of computing warrant norrecursively enumerating the set of warranted conclusions, what is it? We should takeseriously the idea that defeasible reasoning is defeasible. That is, a defeasible reasonermay have to adopt a belief, and then retract it in the face of defeaters, and then reinstate thebelief because the defeaters are themselves retracted. This cycle may be repeated anindefinite number of times. The most we can require of the reasoner is that its rules forreasoning guarantee that it will systematically modify its belief set so that it comes toapproximate the set of warranted propositions more and more closely. We want the set ofbeliefs to �approach the set of warranted propositions in the limit�. In my [1989] and[1991], I proposed that we understand this in the following sense:10

proposal is contained in Horty, Thomason, and Touretzky [1987].3 I think that the first were David Israel [1980] and Raymond Reiter [1980].

The rules for reasoning should be such that:(1)if a proposition p is warranted then the reasoner will eventually reach a stagewhere p is adopted and stays adopted;(2)if p is unwarranted then the reasoner will eventually reach a stage where p isnot adopted and stays unadopted.So the task of a reasoner is not to compute warrant. It is to generate successive sets ofbeliefs that approximate warrant more and more closely, in the above sense. We can makethis mathematically precise as follows. Define:A set Aisdefeasibly enumerable (henceforth �d.e.�) iff there is an effectively computableset function s and a recursive set A0 such that if we define Ai+1 = s(Ai) then:(1)("x) if x˛A then ($n)("m > n) x˛Am;(2)("x) if xˇA then ($n)("m > n) xˇAm.I will say that the pair ÆA0,sæ is a d.e. approximation of A, and the sequence Ai of recursivesets is a defeasible enumeration of A. An equivalent definition is:A set A is defeasibly enumerable iff there is an effectively computable function fsuch that for each n, f(n) is a recursive set, and(1)("x) if x˛A then ($n)("m > n) x˛f(m); and(2)("x) if xˇA then ($n)("m > n) xˇf(m).Defeasibly enumerable sets are the same as those Gold [1965] calls �limiting recursive�and Putnam [1965] calls �trial and error�. Both authors establish that a set is of this type iffit is D2 in the arithmetic hierarchy.The intuitive difference between recursively enumerable sets and defeasiblyenumerable sets is that recursively enumerable sets can be �systematically approximatedfrom below�, while defeasibly enumerable sets that are not recursively enumerable canonly be systematically approximated from above and below simultaneously. More precisely,if A is r.e., then there is an effectively computable sequence of sets Ai such that(1)("x) if x˛A then ($n)("m > n) x˛Am;(2)("x) if xˇA then ("m)xˇAm.The sets Ai approximate A from below in the sense that they are all subsets of A and theygrow monotonically, approaching A in the limit. If A is defeasibly enumerable, however,the sets Ai need not be subsets of A. They may only approach A from above and belowsimultaneously, in the sense that they may contain elements not contained in A. Every suchelement must eventually be taken out of the Ai’s, but there need not be any point at whichthey have all been removed. The process of defeasible enumeration can be pictured bythinking of A as a spherical region of space and the Ai’s as representing successive stages ofa reverberating elastic ball whose center coincides with the center of A. As the reverberationsdampen out, the outer surface of the ball will come to approximate that of the sphericalsurface more and more closely, but there will never be a point at which the ball is contained11entirely within the spherical surface.

The reverberating sphere metaphor can be used to give a precise mathematicalcharacterization of the the difference between A being r.e. (approximation from below) andd.e. (approximation from above and below simultaneously). If A is r.e. thenA = � An. n˛wOn the other hand, if A is d.e. then what we have is:A = ` � Am = � ` Am. n˛w m£n n˛w m£nMy proposal regarding reasoning and warrant is that the set of warranted propositionsis defeasibly enumerable, and the rules for reasoning are rules for successively approximatingwarrant in this way, i.e., they are rules for constructing a d.e. approximation. Moreaccurately, thinking of a reasoner as an effective set function update that starts with the setinput and operates repeatedly on sets of beliefs to generate new sets of beliefs, we candefine:A reasoner update is d.e.-adequate iff, for any set input of inputs, Æinput,updateæ is ad.e. approximation of the set of propositions that are warranted given that set ofinputs.Equivalently:If J(i) is the set of propositions justified after i applications of update to input, thereasoner is d.e.-adequate iff J is a defeasible enumeration of the set of warrantedpropositions.I propose d.e.-adequacy as the primary criterion of adequacy for a reasoner, and the objectiveof this paper is to investigate the question of how to construct a reasoner that is d.e.-adequate.4It should be emphasized that at this point it remains nothing but a fond hope that theset of warranted conclusions is defeasibly enumerable and hence d.e.-adequate reasonersare possible. But the principal result of this paper will be to answer these questions in theaffirmative and produce such a reasoner.In actual practice, an automated reasoner does not strive to do all possible reasoning.Instead, it is constrained to construct arguments built using only limited resources forargument formation. For instance, it might construct only arguments that can be formulatedwithin a certain system of first-order logic. These arguments will comprise a class A. The12

3 I think that the first were David Israel [1980] and Raymond Reiter [1980].4 It can be observed that d.e.-adequate reasoners might also be constructed for other theories ofdefeasible and nonmonotonic reasoning. I have not pursued that, because it is my conviction that insofaras such theories disagree with the present theory they give incorrect accounts of rationality. But, ofcourse, others will disagree with me on this.preceding adequacy condition must be relativized to A to make it applicable to such

reasoners. Given any class A of arguments, we can relativize all our argument-basedconcepts to A by relativizing all quantification over arguments to the class A. In particular,we can define:P is warranted relative to A iff P is supported by some argument in A that isultimately undefeated relative to A.A reasoner update is d.e.-adequate relative to A iff, for any set input of inputs,Æinput,updateæ is a d.e. approximation to the set of propositions that are warrantedrelative to A given that set of inputs.Our actual objective will be to construct reasoners that are d.e.-adequate relative to particularclasses of arguments.The requirement that a reasoner provide a d.e. approximation to warrant is a minimalcriterion of adequacy. Other criteria must also be involved in the choice of a reasoner. Atthe very least we must consider efficiency. But there is a different kind of adequacycondition that must also be met. If a reasoner is d.e.-adequate, there will be cases in whichit will never stop reasoning. Any given proposition may be adopted, retracted, and reinstatedmany times. Every warranted proposition will eventually be adopted without subsequentlybeing retracted, and every unwarranted proposition will eventually become unadopted withoutsubsequently being adopted, but the reasoner may never know that a given proposition hasreached this stable state. It can inform us that �so far� a certain conclusion is justified, butit may have to continue forever in a possibly fruitless search for defeating arguments. This,of course, is just the way people work. This highlights a distinction between two conceptsof defeasibility. The sense in which correct human reasoning is defeasible is that we regardsuch reasoning as �innocent until proven guilty�. Once a conclusion becomes justified, it isreasonable to accept it provisionally and act upon it. By contrast, AI theories of nonmonotonicreasoning (default logic, circumscription, etc.) have usually focused on a stronger notion ofdefeasibility according to which a defeasible conclusion is acceptable only if it has beenestablished that it is objectively devoid of faults. The latter amounts to proving that theconclusion is warranted. This has made it seem mysterious how nonmonotonic reasoningcan possibly function in a finite agent. The solution is to instead adopt the �innocent untilproven guilty� construal of defeasibility, and allow a rational agent to act on its defeasibleconclusions even though it has not conclusively established that there are no defeaters andeven though, in the absence of more pressing tasks, it will continue to search for defeaters.The reasoning employed by such a rational agent must be interruptible,5 in the sense that ifat some point the agent must stop reasoning and act, it is reasonable to act on the conclusionsdrawn to that point. This is not ensured by d.e.-adequacy. For example, let R1 be areasoner that is both interruptible and d.e.-adequate. Let R2 be just like R1 except that forthe first million steps it draws conclusions purely at random, and then after one millionsteps it withdraws all those randomly drawn conclusions and begins reasoning as in R1.Clearly, it would be unreasonable to make use of any of the conclusions drawn by R2during its first one million inference steps, so it is not interruptible. On the other hand, R213

course, others will disagree with me on this.5 This point and the terminology are due to George Smith.is still d.e.-adequate, because that concerns only its behavior in the limit, and its behavior

in the limit is the same as that of R1.It is not clear how to construct a formal criterion of adequacy that will ensureinterruptibility. It is tempting to at least require that the conditional probability that aconclusion is warranted given that it is drawn at a certain stage of the reasoning is (1) high,and (2) a monotonic increasing function of the number of the stage. But this is stillinsufficient to insure interruptibility. For example, a reasoner satisfying this condition willcontinue to satisfy it if we modify it to draw conclusions at random when it is dealing witha certain isolated subject matter.Because of the difficulty in formulating a mathematically precise characterization ofinterruptibility, I am going to ignore that condition in this paper, but it is a topic that musteventually be addressed with care. My objective here will be merely to design a reasonerthat is d.e.-adequate. I will return to interruptibility briefly in section seven.3. Building a Defeasible Reasoner3.1 The monotonic reasonerIn constructing a defeasible reasoner, we need rules governing the adoption of beliefs,the retraction of beliefs in response to the adoption of defeaters, and the reinstatement ofbeliefs in response to the retraction of defeaters. I propose to begin with the constructionof a reasoner that ignores defeaters. This monotonic reasoner will be analogous to adeductive reasoner in that it constructs arguments and adopts as beliefs any conclusionssupported by any of the arguments it constructs, but it will differ from a deductive reasonerin that it will use prima facie reasons as well as conclusive reasons as links in arguments.For the most part, it need not distinguish between prima facie and conclusive reasons.3.2 Defeasible reasoning without collective defeat or self-defeatIf we did not have to contend with collective defeat or self-defeat, it would be quiteeasy to build a defeasible reasoner by modifying the monotonic reasoner. A defeasiblereasoner must perform three kinds of operations: belief adoption, retraction, and reinstatement.These proceed as follows:(1) The reasoner must adopt beliefs in response to constructing arguments, providedno defeaters have already been adopted for any step of the argument. This can be handledjust as in the monotonic reasoner, except that when a defeasible inference occurs, theremust be a check to ascertain whether a defeater for it has already been adopted as a belief.(2) The reasoner must keep track of the bases upon which its beliefs are held. Whena new belief is adopted that is a defeater for a previous inference step, then the reasonermust retract that inference step and all beliefs inferred from it.(3) The reasoner must keep track of defeated inferences, and when a defeater isitself retracted (in accordance with (2)), this should reinstate the defeated inference. Thereasoner can then either repeat the reasoning that followed from that defeated inference, orthe reasoner can be constructed in such a way that it keeps track of that reasoning andreinstates it en block.It is simple to build a reasoner that performs these functions, and in fact such areasoner is described in my [1987]. Let us call a reasoner performing these functions astage I reasoner. One of the salient characteristics of a stage I reasoner is that once a14defeasible inference step is defeated, the reasoner ceases exploring its consequences. The reasoner expends its resources investigating the consequences of a defeated inference onlyif the inference is reinstated. This seems like the only sensible way to proceed in defeasiblereasoning. Why put effort into developing the consequences of an inference you alreadyknow to be defeated? But as we will see, this seemingly obvious design feature leads toapparently insuperable difficulties when we begin to worry about collective defeat.3.3 Collective defeat and provisional defeatSome special device must be adopted for handling collective defeat. For example,suppose input = {P,Q}, and P is a prima facie reason for R while Q is an equally goodprima facie reason for ~R. The stage I reasoner will fail to discover the collective defeat.It will adopt P and Q, and then infer R. The next move would be to infer ~R, but it hasalready adopted a defeater for that inference (namely, R), so it will refrain from makingthat inference. It will thus never adopt a defeater for the inference to R, and hence thatbelief will remain adopted, whereas it should be provisionally defeated.A first stab at handling collective rebutting defeat might have the reasoner note that~R is a defeater for the inference to R, and so in addition to refraining from inferring ~R,the reasoner will also retract the belief in R. However, the reasoner cannot stop there,because upon retracting R, it will no longer have a defeater for the inference to ~R, andhence that inference would be reinstated according to the rules governing the stage Ireasoner. To block this, the reasoner must maintain a special database recording theessential facts governing any collective defeat that has occurred. By appealing to thedatabase, the reasoner can avoid repeating collectively defeated reasoning unless it isreinstated, and it can also use the database to govern reinstatement. In collective rebuttingdefeat, a set X of prima facie reasons all of whose premises are adopted as beliefs is shownto deductively entail a contradiction. A convenient way to record such collective rebuttingdefeat is to have the database be a list of such sets X. If one of the reasons in X issubsequently defeated in some other way, or if its premises are retracted on the basis ofdefeat elsewhere, that should reinstate the other reasons in X. Let us call a reasonerhandling collective rebutting defeat in this way a stage II reasoner. The reasoner of my[1987] was also a stage II reasoner. Note that stage II reasoners are like stage I reasonersin that it is still true that once a defeasible inference step is defeated, the reasoner ceasesexploring its consequences.In my [1987], I observed that the reasoner described there did not handle some casesof collective undercutting defeat correctly. At the time, I supposed this could be correctedby adding a special database and rules for processing it analogous to the above treatment ofrebutting defeaters. But I have subsequently come to realize that this is incorrect, andfurthermore that the stage II reasoner handles some cases of collective rebutting defeatincorrectly. The problem stems from the seemingly desirable feature that once a defeasibleinference step is defeated, the reasoner ceases exploring its consequences.The cases in which collective rebutting defeat is handled incorrectly arise from thefact noted in section 1.3 that collectively defeated arguments can still render other argumentsprovisionally defeated. However, such provisional defeat will not be discovered by a stageII reasoner. If it simply retracts beliefs in the face of collective defeat, this will preventtheir provisionally defeating other beliefs. For instance, suppose we have an argument afor ~(P & Q), and b for (P & Q). a and b are collectively defeated. If the reasoner thenconstructs an argument g for ~P, it will not notice the conflict between that and (P & Q),because the latter was retracted before the reasoner had a chance to infer P from it.15Consequently, the reasoner will not take g to be provisionally defeated. In order to discover the provisional defeat of g, it would have to continue reasoning from (P & Q) to P, evenafter b has been provisionally defeated. (I am assuming here that without some specialreason for doing so, the reasoner will not automatically infer ~(P & Q) from ~P. I believethat this is true of all existing monotonic reasoners. The alternative is combinatoriallyexplosive.) It appears that the only way to handle this correctly is to flag provisionallydefeated beliefs as provisionally defeated, and have the reasoner continue to reason fromthem instead of simply discarding them as in the stage II reasoner.An analogous problem occurs in collective undercutting defeat. Suppose a and b arelong arguments each of which undercuts an early defeasible inference in the other. This isdiagramed in figure 2. If the reasoner first discovers the defeat of b by a, it will stopreasoning from propositions supported by b and never discover the defeat of a by b. Theonly way to handle this is to continue reasoning with beliefs even when they are defeatedoutright (not just provisionally defeated). Again, the reasoner must flag them as defeated,and continue reasoning with them.a: P - - > Q - - > ... - - > (A � B)

b: A - - > B - - > ... - - > (P � Q)Figure 2. Collective undercutting defeat.3.4 Flag-based reasonersThe preceding considerations seem to indicate that the production of arguments bythe monotonic reasoner must be relatively insensitive to their defeat status, because thereasoner must continue reasoning from conclusions even when they are defeated. Thissuggests building a defeasible reasoner out of two relatively autonomous modules. Thefirst is the monotonic reasoner, which systematically makes inferences (generates arguments)without concern for their defeat status, and the second is a module that computes the defeatstatus of all the arguments produced at each stage of reasoning relative to the set of allarguments so far produced. The reasoner will then be a simple loop: (loop(make-an-inference)(recompute-defeat-statuses))Each time the reasoner makes an inference, it thereby produces a new argument. Let Ai bethe set of arguments produced after i inferences. It is assumed that the set A of argumentsrelative to which we assess warrant is the union of the Ai. Define:An argument a is ultimately undefeated at stage i iff a is ultimately undefeatedrelative to Ai.An argument a is ultimately defeated at stage i iff a is ultimately defeated relative to16Ai.

An argument a is provisionally defeated at stage i iff a is provisionally defeatedrelative to Ai.A proposition P is justified at stage i iff P is supported by some argument ultimatelyundefeated at stage i.The function recompute-defeat-status determines which of the arguments in Ai are ultimatelydefeated, which are ultimately undefeated, and which are provisionally defeated, at stage i.To avoid confusion, the reader should bear in mind that the levels of arguments employedin the recursive definition of warrant are unrelated to the stages of inference employedhere. I will refer to the latter as stages of the monotonic reasoner. Let J(i) be the set of allpropositions justified at stage i of the monotonic reasoner. These will be taken to be theinterim conclusions (the current beliefs) of the reasoner. The hope is that the sequence ofjustification-sets J(i) will constitute a defeasible enumeration of the set of warrantedconclusions. I will call a reasoner of this sort a flag-based reasoner. Whether thisapproach will actually work remains to be seen, but the principal result of this paper will bethat flag-based reasoners can be made to work.Flag-based reasoners mark a serious divergence from stage II reasoners. Flaggingbeliefs as provisionally defeated or defeated outright, and then continuing to reason withthem, seems outrageously expensive. But there appears to be no alternative. It is worth atleast noting that human reasoners are not totally insensitive to the consequences of defeatedbeliefs, even if they do not usually expend a large amount of effort in developing thoseconsequences. In section six, I will mention possibilities for minimizing this cost. Butfirst, in sections four and five, I will address theoretical issues concerning the possibility ofconstructing a d.e.-adequate flag-based reasoner.4. The Defeat GraphThe main result of this section will be a theorem to the effect that, given certainreasonable assumptions, it is possible to construct a d.e.-adequate flag-based reasoner for aclass of arguments A. Such a reasoner consists of a monotonic reasoner and an algorithmfor computing defeat status. Initially, the only assumption that will be made about themonotonic reasoner is that it systematically generates every argument in A. An algorithmwill be constructed for computing defeat status, and then we will consider what additionalconstraints must be imposed on the monotonic reasoner in order to ensure that the resultingflag-based reasoner is d.e.-adequate.The algorithm for computing defeat status will be based rather directly upon theargument-based semantics. This will facilitate understanding how it works, but it would beimpractical to try to implement it directly because of the inordinate demands it would makeon memory. To surmount this difficulty, a second algorithm will be described in sectionfive. The second algorithm is derived from the first by adopting a different representationof arguments, and it can be implemented in a more practical way. However, a d.e.-adequateflag-based reasoner based on either algorithm can be seen to require an unreasonable17assumption about the monotonic reasoner. In order to relax this assumption, we must modify the criterion of d.e.-adequacy to make it interest-relative. Section six will addressthe task of constructing a truly practical defeasible reasoner based upon an interest-drivenmonotonic reasoner.The first algorithm is based upon the defeat graph, which represents defeat informationin a graphical form. Let us define:The defeat graph for a set arg of arguments is a graph whose nodes are the membersof arg and which is such that if a,b˛arg, Æa,bæ is a link iff b defeats a.I will construe the directionality so that it is the parents of a node that defeat it. Indiagraming defeat graphs, I will write �a ‹ b� when b is a parent of (defeats) a. It will beuseful to talk about the defeat graphs both for the infinite set A and the finite sets Ai.As usual, a branch is any finite or infinite sequence {xk} such that for each i, Æxi,xi+1æis a link. A circular branch is an infinite branch that repeats, i.e., there is a k such that forevery i ‡ k, there is a j < k such that xi = xj. Collective defeat gives rise to circularbranches. For example, the collective defeat diagramed in figure 3 gives rise to thecircular branch Æa,b,g,b,g,b,g, ...æ. Unless they are defeated by other nodes not on thebranch, the nodes of a circular branch are all provisionally defeated. This is because theywill all be in at level 0, but that will force them all out at level 1, and then in again at level2, and so on.a b

gFigure 3. Circular branches.Given any argument a, the nodes on the branches ascending from a can be put intocorrespondence with argument levels. If arg is finite, this enables us to construct analgorithm for computing defeat status relative to arg in terms of the structure of the defeatgraph. The algorithm is as follows:(4)Mark all initial nodes (nodes having no parents) as undefeated.Apply the following two rules recursively until there are no more nodes to whichthey are applicable:(a)If a node is unmarked and all of its parents are marked as defeated, mark thenode as undefeated.(b)If a node is unmarked and one of its parents is marked as undefeated, mark thenode as defeated.Mark any remaining nodes as provisionally defeated.(Remember that the parents of a node are the arguments defeating it.) The correctness ofthis algorithm is easily proven as follows. Define:An argument a becomes stably in (or out) at the nth level iff (1) either n = 0 or a isout (or in, respectively) at the (n-1)th level, and (2) for all m ‡ n, a is in (or out,respectively) at the mth level.18

a is ultimately undefeated (or defeated) iff a becomes stably in (out, respectively) at somelevel. If we count the marking of initial nodes as the 0th step of the recursion, then it istrivial to prove the following by induction on n:a is marked undefeated (or defeated) at the nth step of the recursion in (4) iff abecomes stably in (or out, respectively) at the nth level.The correctness of the algorithm follows.The objective is now to show that the sequence of justification-sets J(i) produced bya flag-based reasoner using this algorithm constitutes a defeasible enumeration of warrant.This cannot be proven without imposing further restrictions on the monotonic reasoner.What is required for J to be a defeasible enumeration of warrant is that for each propositionP, the status of P eventually stabilizes, i.e., at some stage i of the monotonic reasoner, Pbecomes justified and subsequently remains justified, or P becomes unjustified andsubsequently remains unjustified. For J to be a defeasible enumeration of warrant, it issufficient (and perhaps necessary) that the following hold:(5)For any argument a,a is ultimately defeated (or ultimately undefeated, or provisionallydefeated) relative to A iff there is a stage n of the monotonic reasoner such that a isultimately defeated (or ultimately undefeated, or provisionally defeated, respectively)at every stage ‡ n.The only way (5) can fail is for the status of a to cycle indefinitely at progressively laterstages of the monotonic reasoner. This in turn can only happen if there is an infinitesequence {xk} of arguments produced by the monotonic reasoner all of which are relevantto the defeat-status of a. Obviously, there are only two ways to get infinitely manyarguments connected to a: (1) either a or some node that is an ancestor of a could be aninfinite branch point in the defeat graph for A; (2) the defeat graph for A could contain aninfinite branch having a as its initial node. Let us consider these two possibilities separately.Infinite branch points can lead to infinite cycling. To illustrate this possibility,suppose input = {P,R,S}, where P is a prima facie reason for Q, R is a prima facie reasonfor each of an infinite list of propositions Di, where each Di is a prima facie reason for (P �Q), and S is a prima facie reason for each proposition (Di � (P � Q)). With this set ofprima facie reasons, if the ordering of the arguments is such that those supporting Di andinferring (P � Q) from it alternate with those supporting (Di � (P � Q)), then Q willalternate indefinitely between being justified and being unjustified at the different stages.However, the mere existence of infinite branch points is not sufficient to guarantee infinitecycling. This is obvious when we realize that, for many argument systems, it will bepossible to construct infinitely many variants for any given argument. For example, wemay be able to construct notational variants, or add unnecessary steps. This can have theconsequence that every branch point will be an infinite branch point. But this need notgive rise to infinite cycling because the different branches are not independent � anythingdefeating one will defeat the other. Let us define:An argument b is parasitic on an argument g iff any defeater for g is also a defeaterfor b.19

A necessary (but not sufficient) condition for infinite cycling to result from an infinitebranch point is that there is no finite set of parents of the branch point such that every otherparent is parasitic on one of the parents in the finite set. I will call such a branch point anon-redundantly infinite branch point. If a branch point is not non-redundantly infinite,then defeating a finite set of its parents would defeat them all, and so the only way to getinfinite cycling at the branch point would be to already have infinite cycling at one of theparents.Noncircular infinite branches can also lead to infinite cycling. For example, infinitecycling would result if there were an infinite sequence of propositions Qi all either in inputor supported by arguments, and such that if we define Di recursively by stipulating that D1= (Q0 � P) and for i > 1, Di+1 = (Qi � Di), then (1) Q0 is a prima facie reason for P, and (2)for each i ‡ 1, Qi is a prima facie reason for Di. On the other hand, circular branchescannot lead to infinite cycling. They contain only finitely many different arguments, soonce those arguments are all generated by the monotonic reasoner, they will be marked asprovisionally defeated and will stay that way unless one of the nodes is defeated by othernodes not on the branch. If one of the nodes of the circular branch is defeated by a node nnot on the branch, that will lead to infinite cycling only if n cycles infinitely. n itself couldbe on another circular branch, and so on. Thus we might get a sequence of interactingcircular branches as in figure 4. If the sequence is finite, there will still only be finitelyarguments involved, and so infinite cycling will not result. Infinite cycling would only bepossible if the sequence of interacting circular branches were infinite, but then we couldconstruct a noncircular infinite branch by just combining the top parts of each loop.a ‹ x1 ‹ x2 ‹ x3 ‹ x4 fl › x8 fi x7 fi x6 fi x5 ‹ m1 ‹ m2 ‹ m3 ‹ m4 fl › m8 fi m7 fi m6 fi m5 ‹ …Figure 4. Interacting circular branches.Summarizing, we have the following simple lemma:(6)If the defeat graph for A contains no noncircular infinite branches and no non-redundantly infinite branch points, then (5) holds.Although arrays of prima facie reasons and defeaters that will generate noncircularinfinite branches and non-redundantly infinite branch points are a formal possibility, Idoubt that they are a real possibility. That is, we cannot find real examples of prima faciereasons having these structures. (My only reason for saying this is that I have tried andfailed.) Accordingly, my strategy will be to adopt some realistic assumptions about thestructure of the set of prima facie reasons that preclude these possibilities, and impose themas constraints on the monotonic reasoner. It will then follow that J is a defeasible enumeration20of warrant. Recall that, so far, we have made no assumptions about the monotonic reasoner except that it generates all arguments in the set A.Unless they are defeated by side branches, noncircular infinite branches lead to theprovisional defeat of all of their nodes, but this defeat is odd because it does not arise fromcollective defeat. The only cases of provisional defeat that seem to arise in realisticsystems of prima facie reasons and defeaters involve collective defeat. Accordingly, myfirst assumption will be that noncircular infinite branches are impossible:(7)The defeat graph for A contains no noncircular infinite branches.The second assumption to be adopted is:(8)For every proposition P and finite set X of propositions, there is a finite (possiblyempty) set arg of arguments in A supporting P relative to X such that any otherargument in A that supports P relative to X is parasitic on some member of arg.Both of these assumptions are finiteness assumptions. They tell us that for any finite inputand finite supposition X, there is a limit to how much non-deductive reasoning we can do.Again, the only reason for making these assumptions is that I can think of no plausiblecounter-examples. Both assumptions ought to be provable for particular classes of arguments.Note, however, that we cannot expect to prove them as general theorems about the monotonicreasoner. Their truth will depend essentially on what arrays of prima facie reasons anddefeaters are supplied for the use of the monotonic reasoner, and that will vary fromapplication to application.Assumption (7) precludes infinite cycling resulting from infinite branches. The roleof assumption (8) is to rule out non-redundantly infinite branch points. To see that it doesthis, consider any argument a in A. a contains finitely many defeasible steps, and theparents of a are arguments supporting defeaters for those defeasible steps. If a defeasiblestep infers P from G relative to a supposition X, then an argument supporting a defeater forthis step must support either ~P or (PG � P) relative to a subset of X. Accordingly, thereare only finitely many conclusions that a defeating argument can have, and hence by (8)there is a finite set arg of arguments in A supporting those conclusions and such that anyother argument in A that supports one of those conclusions is parasitic on some member ofarg. In other words, non-redundantly infinite branch points are impossible.We now have the following theorem, which is the central theorem of the paper:If (7) and (8) hold, then J is a defeasible enumeration of warrant.This follows from the fact that if (7) and (8) hold then the defeat graph for A contains nonon-circular infinite branches and no non-redundantly infinite branch points, and hence by(6), condition (5) holds and consequently J is a defeasible enumeration of warrant. Inother words, given assumptions (7) and (8), a flag-based reasoner using the marking algorithmdescribed above will be d.e.-adequate.21

5. The Inference GraphIn section four, an algorithm was described for computing J(i). This algorithmcould, in principle, be used to construct a d.e.-adequate flag-based reasoner. However,implementing this algorithm directly would require too much memory because argumentsare going to be repeated over and over again in the defeat graph as they recur as subargumentsof larger arguments. Fortunately, the information that is represented in the defeat graphcan be represented more efficiently in an inference graph, whose nodes are labeled withpairs of the form ÆG,pæ. The pair ÆG,pæ signifies that p has been inferred from the suppositionG. The inference graph can encode both arguments and defeat-relations with two differentkinds of links. Where n and h are nodes, Æn,hæ is an inference link iff n is labeled by a pairÆG,pæ, h is labeled by a pair ÆW,qæ, and ÆG,pæ was inferred from a set {ÆW1,q1æ,...,ÆWn,qnæ} ofpairs where ÆW,qæ˛{ÆW1,q1æ,...,ÆWn,qnæ}. The intent is for arguments to be encoded in theinference links. However, if we are to be able to recover the arguments from the inferencelinks, we must take care in one respect. There can be more than one argument supportingÆG,pæ. We must keep the inference links embodied in the different arguments separate.That can be done by having a different node labeled ÆG,pæ for each argument supportingÆG,pæ. Nodes and their inference links then become unambiguous. (Note that this will alsoallow us to associate unique strengths with nodes.) The immediate inference ancestors of anode are the nodes connected to it by inference links. Let us say that h is an inferenceancestor of n iff there is an inference branch connecting n to h. A node is a pf-node iff, ifits label is ÆG,pæ and the set of labels of its immediate inference ancestors is {ÆW1,q1æ,...,ÆWn,qnæ},then G = W1 = ... = Wn, Æ{q1,...,qn},pæ is a prima facie reason, and the monotonic reasonerinferred p from {q1,...,qn} on that basis. Let us say that m is a deductive ancestor of n iff mis an inference ancestor of n and the branch connecting them contains no pf-nodes.Æm,næ is a defeat link iff m is a pf-node, and if its label is ÆG,pæ and the set of labels ofits immediate inference ancestors is {ÆG,q1æ,...,ÆG,qnæ}, and the label of n is ÆW,qæ, then W ˝G and q is either �p or ((q1 & ... & qn) � p). Defeat links encode undercutting andrebutting defeat.Given the inference graph, replete with inference links and defeat links, we want analgorithm for determining which nodes are defeated, which are provisionally defeated, andwhich are undefeated. This can be done in an obvious way by translating the algorithmthat was applied to the defeat graph into an algorithm that is applied to the inference graph.Let us say that a node m is potentially defeated iff there exists a node n such thatÆm,næ is a defeat link. A node is d-initial iff neither it nor any of its inference ancestors ispotentially defeated. D-initial nodes are guaranteed to be undefeated. They correspond toarguments that are initial nodes in the defeat graph. So the algorithm for computing defeatstatus from the inference graph will proceed as follows:Mark all d-initial nodes as undefeated.Apply the following two rules recursively until there are no more nodes to whichthey are applicable:(a)If n is marked as undefeated and Æm,næ is a defeat link, then if m is unmarked,22mark it and all its inference descendants as defeated.

(b)If m is unmarked and (1) for every n such that Æm,næ is a defeat link, n ismarked as defeated, and (2) every inference ancestor of m is marked as undefeated,then mark m as undefeated.Mark any remaining nodes as provisionally defeated.The flag-based defeasible reasoner should now work as follows. The monotonicreasoner builds the inference graph one node at a time. As each node is constructed, defeatlinks between it and pre-existing nodes are computed and the defeat-statuses of the nodesare recomputed. Rather than recomputing defeat-status from scratch each time a new nodeis added to the inference graph, it is sometimes possible to update the markings by onlyexamining those nodes whose status might be changed by the addition. This is at least trueif the new node does not defeat any pre-existing node. In that case: (1)if every node defeating the new node is marked as defeated and all of its immediateancestors are marked as undefeated, we mark the new node as undefeated; (2)if some node defeating the new node is marked as undefeated or at least one of itsimmediate ancestors is marked as defeated, we mark the new node as defeated; (3)otherwise, mark it as provisionally defeated.If the new node is a defeater for a pre-existing node, then it appears that all the nodestatuses must be recomputed from scratch because there is always the possibility of defeatcycles that can only be detected by starting from d-initial nodes.6. An Interest-Driven Defeasible ReasonerThe flag-based reasoner described in section five could actually be constructed, but itis impractical in one important respect. It operates by having the monotonic reasonersystematically generate all possible arguments in the class A. This is the so-called �Britishmuseum algorithm�. Any automated reasoner that is practical employs a more efficientcontrol structure enabling it to focus its attention on arguments that are more intimatelyconnected with the conclusions it is trying to establish. There are various ways of doingthis, but my own preference is to begin with the interest-driven deductive reasoner OSCARdescribed in my [1990a] and use it as the monotonic reasoner on which the defeasiblereasoner is built.Interest-driven reasoners are characterized by their use of two databases. One is theset adoptions of conclusions that have thus far been drawn, and the other is the set interestsof conclusions the reasoner is trying to get. The conclusions that are of ultimate interestare inserted into interests at the beginning of the reasoning, but an interest-driven reasonermay also employ rules for adopting interest in additional conclusions during the course ofits reasoning.The desideratum for an interest-driven defeasible reasoner should no longer be d.e.-adequacy, because we only want to require the reasoner to discover the warranted propositionswe assign as interests. The obvious proposal is to relativize d.e.-adequacy to interests:A reasoner is i.d.e.-adequate relative to A iff, for any input and any proposition P ininterests: (1) if P is warranted relative to A then there is some n such that after n23cycles of reasoning, P is marked as undefeated and that marking is never subsequently changed; and (2) if P is not warranted relative to A then there is some n such thatafter n cycles of reasoning, P is marked as defeated and that marking is neversubsequently changed.An interest-driven defeasible reasoner makes no attempt to build the entire inference graph.It begins with certain initial interests, and then it attempts to perform just those inferencesthat are relevant to those interests and build just that part of the inference graph that recordsthe relationships between those inferences. The relevant inferences are those involved inconstructing arguments supporting the propositions in interests, and all those argumentssupporting defeaters for those arguments, and defeaters for the defeating arguments, and soon. This will automatically be achieved if (1) the monotonic reasoner is guaranteed to findall relevant arguments for anything in which it is interested, and (2) the reasoner automaticallyadopts interest in defeaters for each defeasible inference it performs. By virtue of thesetwo conditions, if there is an argument supporting a desired conclusion, the reasoner willfind it. If there is a defeating argument it will find that. Then it follows recursively that ifthere is a reinstating argument, the reasoner will find that, and so on.However, condition (1) is not quite the condition that should be imposed on themonotonic reasoner. The difficulty is that every argument has infinitely many variationsthat result from adding redundant steps or from varying the way in which deductive inferencesare made. It is not necessary for the monotonic reasoner to produce more than one of theseinfinite variations. It will suffice to produce just one on which all the others are parasitic.Accordingly, let us define:A monotonic reasoner is interest-complete relative to A iff, for any input and any Pand any argument a in A inferring P from input relative to a supposition X, if thereasoner is given input as premises and adopts interest in P relative to X, then thereasoner will construct an argument b inferring P from input relative to X which issuch that any defeasible inference occurring in b also occurs in a and does sorelative to the same or a less inclusive supposition.Then we have the following theorem, which is the justifying theorem for defeasible reasoning:

Fundamental Theorem for Defeasible ReasoningIf(1)the defeat graph for A contains no noncircular infinite branches, and(2)for every proposition P and finite set X of propositions, there is a finite (possiblyempty) set arg of arguments in A supporting P relative to X such that any otherargument in A that supports P relative to X is parasitic on some member of arg,and a flag-based defeasible reasoner(3)is based upon an interest-driven monotonic reasoner that is interest-completerelative to A,(4)adopts interest in defeaters for every defeasible inference it performs, and(5)uses the marking algorithm of section five to compute defeat-status,then it is i.d.e.-adequate relative to A.It was observed in section three that a defeasible reasoner may never stop reasoning.24However, by restricting the monotonic reasoner to interests, the defeasible reasoner may

often halt simply by running out of things to do. That cannot always be the case, but inmany simple cases this is what will happen. This is illustrated in Appendix Two. Itfollows from interest-completeness that if the reasoner halts, anything in interest that isunproven is unprovable, so members of ultimate are warranted iff they are justified at thestage at which the reasoner halts.I have observed several times that flagging beliefs as provisionally defeated orultimately defeated and then continuing to reason with them seems outrageously expensive.However, there is a way of alleviating this cost, at least to some extent. I assume that themonotonic reasoner uses some scheme for prioritizing potential inferences and stores themon an inference-queue. This could be a simple �last in, first out� stack, but there isabundant reason to prefer more complex control structures. OSCAR uses a fairly sophisticatedprioritizing scheme. Whatever prioritizing scheme is used, if it is modified in such a waythat once beliefs are defeated, either provisionally or ultimately, inferences involving themare given low priority, then the reasoner will pursue the consequences of defeated reasoning�only when it has time�. This looks much like what human beings do. As long as theprioritizing is done in such a way that even low priority inferences are eventually performed,the reasoner will remain i.d.e.-adequate.This reasoner has actually been implemented, and is now being tested and refined. Itis considered the latest version of OSCAR. Appendix One goes into a bit more detailregarding the implementation. Appendix Two gives some examples of its operation.7. An Interrupt-Driven Defeasible ReasonerEtherington [1987] makes the observation that for most nonmonotonic logics, littleattention has been paid to the problem of updating beliefs (or extensions) in response toadding new premises (as opposed to simply starting over in the construction of the belief-setor the computation of the extension). If a defeasible reasoner is to be used as the inferenceengine in a real-time system, e.g., a robot (or a human being), this is a serious problem.Such a system is embedded in an environment that is continually feeding it more information,and it must repeatedly update its beliefs in response to such inputs. It is totally impracticalto require such a system to start over again from scratch every time it is given a newpremise.In OSCAR, there is no updating problem. If OSCAR is supplied a new premise afterreasoning has already begun, OSCAR will quickly reach a point in its reasoning where itsbeliefs and arguments are the same as if that premise had been supplied at the beginning.This means that OSCAR can provide the inference engine for an interrupt-driven reasoner.Such a reasoner will receive additional premises from time to time after it has alreadybegun reasoning. This will cause the reasoning to be interrupted at the end of a cycle, thenew premises inserted into input, and then reasoning resumed. OSCAR�s standard prioritizingscheme will have the result that if OSCAR is reasoning in some supposition other than theempty supposition, it will continue that reasoning until it exhausts the moves it can makewithin that supposition, and then it will return to the empty supposition and process thenew members of input. However, different prioritizing schemes can be adopted dependingupon how much precedence we want the new members of input to be given.There is another way in which an interrupt-driven reasoner is important. Mostproblems with which a reasoner is actually presented will be simple and the reasoner will25be able to perform all relevant reasoning and stop. This is illustrated in Appendix Two. It has been observed, however, that on problems of sufficient complexity, reasoning maynever terminate. Note that this is equally true for human reasoners. Nevertheless, such areasoner may have to take action at specific times, even though reasoning has not terminated.This is just the point made in section two that the reasoning must be interruptible. Whenthe time comes to act, the reasoning will be interrupted and action taken based uponwhatever the current set of beliefs is. It is always possible that if the reasoner had moretime to reason, its beliefs would change in some crucial way, but the presumption behinddefeasible reasoning is that at any stage of reasoning, if action must be taken then it isreasonable to act on the basis of the current set of beliefs.The upshot of this is that a real-time defeasible reasoner must be interrupt-driven intwo respects. It must be continually receptive to new inputs, and it must be prepared tointerrupt its reasoning and act on its current set of beliefs whenever action is required. Theintention is that OSCAR will supply the inference engine for such a real-time reasoner.8. ConclusionsThe general objective of the OSCAR project is the construction of a comprehensivetheory of rational inference and its implementation in an automated reasoner. This projectis a continuation of my epistemological work on defeasible reasoning that began as early as1965, in my PhD dissertation. Defeasible reasoning has provided the principal logical toolthat I have employed ever since for epistemological analysis. Most of the results of thatanalysis can be found in my [1974], [1986], and [1990]. The general approach to defeasiblereasoning that is presupposed by all my work is the argument-based approach that I sketchedat the beginning of the paper. It has been developed in detail and defended in the paperscited in section one. Those papers propound a theory of warrant for defeasible reasoning.The objective of this paper is not further development of the theory of warrant, but thequite different question of how it is possible for a system to reason in a way that can beregarded as implementing that theory of warrant, particularly in light of the fact that the setof warranted conclusions is not generally r.e.The first main proposal of the paper is that the appropriate criterion to apply inevaluating defeasible reasoners is that of i.d.e.-adequacy. This makes is possible forreasoners to be adequate despite the fact that the set of warranted conclusions is not r.e.The paper then investigates how to construct an i.d.e.-adequate reasoner. It is argued thatsuch a reasoner cannot stop reasoning from such a conclusion just because the argumentssupporting it are defeated. Instead, it must mark conclusions as defeated or undefeated, butcontinue to reason from them. This suggests building the defeasible reasoner out of twolargely autonomous modules � a monotonic reasoner that systematically produces argumentswithout worrying about their defeat status, and a module that computes defeat status relativeto the arguments that have been produced at any given stage of reasoning. The main resultof the paper is that the sequence consisting of the sets of undefeated conclusions producedat each stage of operation of the monotonic reasoner constitutes a d.e.-approximation towarrant provided the monotonic reasoner satisfies certain plausible constraints. Twoalgorithms for evaluating defeat status are described. The first is based on the defeat graph,and arises directly out of the theory. The second is essentially a more practical reconstructionof the first, in terms of the inference-graph. The inference graph encodes the same informationas the defeat graph, but does so in a more efficient way. This is not yet sufficient to26produce a truly practical defeasible reasoner, however. The d.e.-adequacy of the reasoner constructed in this way requires the totally impractical assumption that the monotonicreasoner will systematically produce all possible arguments (the British Museum algorithm).This assumption is replaced by the more reasonable assumption that the monotonic reasoneris interest-driven. This requires a change to the adequacy condition, replacing d.e.-adequacyby its interest-relative analogue, i.d.e.-adequacy. It is then shown that, subject to reasonableassumptions about the interest-driven monotonic reasoner, either algorithm for evaluatingdefeat status will yield an i.d.e.-adequate reasoner. This final approach (using the inference-graph algorithm) has been implemented in OSCAR.There have been several earlier attempts to construct theories of reasoning (misleadinglycalled �proof theories�) for defeasible reasoning and there have been a few attempts toimplement such theories in automated defeasible reasoners. The most noteworthy are thoseof Nute and Lewis [1986], Nute [1990], Levesque [1990], Ginsberg [1989], Baker andGinsberg [1989], and Geffner [1990]. There have also been some (often unimplemented)special-purpose reasoners like that described by Horty, Thomason, and Touretzky [1990]for reasoning within defeasible inheritance hierarchies. These reasoners are based upon awide variety of approaches to defeasible reasoning. For example, the Ginsberg system isbased upon circumscription, the Levesque theory on autoepistemic logic, and the Horty,Thomason, and Touretzky theory on defeasible inheritance. Despite their variety, it is verysimple to compare all of these theories simultaneously to the present theory. This isbecause all of these theories attempt to build a reasoner that is analogous to a traditionaltheorem prover. Such reasoners produce r.e. sets of conclusions. Because that is onlypossible if the underlying logic is decidable, such defeasible reasoners have typically beenrestricted to the propositional calculus or some other very weak logic. By contrast, becauseOSCAR seeks to provide an i.d.e.-approximation to warrant rather than a recursiveenumeration of warranted conclusions, it is applicable to the full predicate calculus, andindeed, OSCAR is deductively complete for the predicate calculus as well as being i.d.e.-adequate for defeasible reasoning.OSCAR also stands in an interesting relationship to RMS�s (reason maintenancesystems). McDermott [1991] constructs a general framework for RMS�s, and emphasizesthe distinction between the application program and the RMS itself. That is parallel to thedistinction in OSCAR between the monotonic reasoner and the module computing defeatstatus on the basis of the inference graph. The latter module by itself is quite similar to a�justification-based� RMS (of which the original example was Doyle�s TMS [1979]).There are also some important differences, however. Standard justification-based RMS�shave only one kind of link, corresponding to the inference links in the inference graph.They have no links corresponding to the defeat links, and correspondingly they are incapableof detecting undercutting defeat. They can only respond to inconsistencies, which is to saythat they detect rebutting defeat. McDermott, however, constructs a more general kind of�nonmonotonic RMS� by adding dependencies between nodes that are formulated using amodal operator L meaning �it is definitely true that�. The idea comes from McDermottand Doyle [1980]. The result is not an RMS that computes defeat status in the same wayOSCAR does, because McDermott explicitly opts for a credulous nonmonotonic logic. Butit may be possible to use the same ideas to build a skeptical RMS that really does computedefeat statuses equivalently with OSCAR. In doing this, it should be noted that the literalsupon which McDermott�s RMS operates must be interpreted as expressing inferences (nodes27of the inference graph) rather than propositions, but that seems to make no difference to the functionality..6Although RMS�s are quite close, at least in spirit, to OSCAR�s defeat-statuscomputation based on the inference graph, it is important to realize that the defeat-statuscomputation is only part of OSCAR. RMS�s are not themselves reasoners. The idea ofbuilding an i.d.e.-adequate reasoner by cycling between the monotonic reasoner and thedefeat-status computation on the inference graph, and the proof that this will work, takes usfar beyond an RMS.Appendix OneImplementation1. The Monotonic ReasonerThe monotonic reasoner incorporated into the defeasible OSCAR is based upon theinterest-driven deductive version of OSCAR described in Pollock [1990a]. Without goinginto details, let me indicate roughly how this reasoner works. It is based upon the simpleidea that when trying to infer a specified conclusion from a set of premises, the reasonernot only works forwards from the premises but also backwards from the conclusion. Thelatter is just goal reduction. The reasoner begins with the set of premises input and a setultimate of conclusions in which it is ultimately interested. The reasoner keeps two distinctdatabases � adoptions and interests. The former comprises the propositions believed atany given time, and the latter comprises those propositions the reasoner is trying to infer atany point. The reasoner reasons forwards from adoptions to new conclusions which arethen inserted into adoptions, and backwards from interests to new interests. The bases foradopting new interests are recorded in forset. A distinction is made between those reasonschemata of use in forwards reasoning (from adoptions to adoptions) and those of use inbackwards reasoning (from interests to interests). Then the three basic rules governinginterest-driven reasoning are:R-Infer:If ÆG,pæ is an instance of a forwards reason schema, and for some supposition X andfor some q in G, q is adopted relative to X and all the other members of G havealready been adopted, then adopt p relative to X.28

5 This point and the terminology are due to George Smith.6 It can also be observed that the assumption-based aspect of McDermott�s RMS is unnecessaryfor this application. In addition, the introduction of the modal operator L introduces more expressivepower than is required for formulating prima facie reasons. All prima facie reasons can be expressed in asingle form:�P � �L�Q � �L(P � Q) � Q (P is a prima facie reason for Q)Accordingly, forms like (LP � P) that give McDermott trouble (�odd loops�) do not even arise in theformulation of prima facie reasons.

Interest-adoption:If ÆG,pæ is an instance of a backwards reason schema, and for some supposition X, thesystem adopts interest in p relative to X, then adopt interest in the members of Grelative to X and record the basis for the interest by inserting ÆG,p,Xæ into forset. Ifall the members of G have already been adopted relative to X, then adopt p relative toX.I-Infer:If the system adopts p relative to X and p is in interest, then for any member ÆG,q,Xæof forset, if p˛G and the other members of G are already adopted relative to X, thenadopt q relative to X.In addition, OSCAR embodies various structural rules like conditionalization and reductio-ad-absurdum that govern suppositional reasoning. OSCAR is complete for the predicatecalculus.For incorporation into the defeasible reasoner, the deductive reasoner is modified infour main respects. First, a supposition is now taken to inherit all of the adoptions maderelative to less inclusive suppositions, and adoptions are made explicitly in only the minimalsuppositions relative to which they can be inferred. By contrast, in the deductive reasoner,when a new supposition was made, all the adoptions from less inclusive suppositions wereautomatically moved into the set of adoptions for the new supposition, but if a new conclusionwas subsequently inferred in the new supposition from adoptions drawn from a less inclusivesupposition, that new conclusion was not automatically adopted in the less inclusivesupposition. Even though this sometimes required repeating the same reasoning in two ormore suppositions, it made the deductive reasoner run faster. But for the i.d.e.-adequacy ofthe defeasible reasoner it is important to ensure that conclusions are always availablesimultaneously in the minimal suppositions possible and all more inclusive suppositions.The second modification allows the reasoner to employ substantive reasons in itsreasoning in addition to formal principles of logic. When the reasoner is given a problem,this now consists of a set of premises, a desired conclusion, a set of prima facie reasonschemata, and a set of conclusive reason schemata. For example, it might be informed that—Fx› is a prima facie reason for —Gx›, and that —Rx› is a conclusive reason for —Sx›.These reasons are given in the form of a triple Æpremise-set,conclusion,variablesæ wherepremise-set is a set of formulas, conclusion is a formula, and variables is the set ofvariables occurring free in the schema. The reasoner then uses these substantive reasons inits reasoning, both backwards and forwards, just as it previously used principles of deductivereasoning. One complication is that in an interest-driven reasoner it must be specifiedwhether a reason is to be used for backwards reasoning, forwards reasoning, or both. It isimportant that this be done properly, or relevant arguments may not be constructible by thereasoner. To take a very simple example, suppose input = {P}, P is a reason for Q, and Qis a reason for R, and ultimate = {R}. If P is designated as only a backwards reason for Q,and Q is designated as only a forwards reason for R, the reasoner will be unable to infer Rfrom P. With any other combination of designations, the reasoner will be able to infer Rfrom P. For instance, if P is designated as a forwards reason for Q, and Q is designated asa backwards reason for R, then the reasoner will adopt interest in Q on the basis of interestin R, and will then infer Q from P and then R from Q. I do not have a general theory topropose regarding how directions are to be assigned to reasons. More theoretical work is29needed on this question. However, to avoid combinatorial explosion, a necessary condition for a forwards reason is that any variables free in the conclusion are also free in thepremises, and a necessary condition for a backwards reason is that any variables free in thepremises are also free in the conclusion. For now I have also adopted these as sufficientconditions for the designation. When presented with a problem, the reasoner assignsdirections to the reasons on this basis. This has the consequence that most substantivereasons will be designated as both backwards and forwards reasons. Although OSCAR iscomplete for the predicate calculus, it is unclear whether this handling of substantivereasons makes OSCAR interest-complete.The third modification concerns reductio ad absurdum and is required by theintroduction of prima facie reasons into the reasoning. Reasoning by reductio ad absurdumappears to be essential in the predicate calculus (see the discussion in my [1990a]), but it isnot generally valid for defeasible reasoning. If a contradiction is inferred at the end of adefeasible argument, rather than justifying an inference to the negation of the premise, thiswill normally have the effect of defeating some of the defeasible reasoning. Thus the ruleof reductio ad absurdum must be qualified. If we suppose �P with the intent of inferring Pfrom it, only deductive reasoning can be allowed within this supposition. Of the substantivereasons, the conclusive reasons can still be used within a reductio-supposition, but theprima facie reasons cannot. The results of defeasible reasoning within less inclusivesuppositions can, however, still be used in the reasoning, because the contradiction in thelarger supposition cannot defeat reasoning in less inclusive suppositions.The final modification concerns the rules for interest-cancellation. In the deductivereasoner, once a conclusion is obtained, the reasoner cancels interest in both it and (exceptin reductio-suppositions) its negation In a defeasible reasoner, however, this is inappropriate.Having constructed one argument for a conclusion, a reasoner cannot thereby ignore thepossibility of others, because the first argument might get defeated while other argumentsare not. Instead, we simply impose a restriction against circular reasoning (i.e., a propositionP cannot be inferred from prior conclusions already inferred, in part, from P). Similarly,having inferred P, the defeasible reasoner cannot thereby cancel interest in �P, becauseinferring the latter may just be a matter of acquiring a rebutting defeater. Accordingly, themonotonic reasoner keeps track of whether any defeasible inferences have been made ininferring a conclusion. If the reasoning has been entirely deductive, then the deductiveinterest-cancellation rules are employed, but otherwise not.A further modification may ultimately be required, but has not yet been implemented.This involves changing the prioritizing scheme so that when interest is adopted in defeaters,they receive a lower priority than other interests. Implementing this may involve ratherlarge changes, because much of OSCAR�s current prioritizing scheme involves built-instructures in suppositions.2. The Defeasible ReasonerThe defeasible reasoner results from making several additions to the monotonicreasoner. When a proposition is adopted in a particular supposition, three new operationsare performed: adopt-interest-in-defeaters, make-nodes, and update-defeat-statuses. Inaddition, whenever the defeat-status of a member of ultimate changes, the reasoner announcesthis fact, and if the reasoning terminates, all relevant arguments are displayed. As previouslyobserved, it cannot be assumed that the reasoning will terminate, but the reasoner can alsobe interrupted at any point and asked to display all relevant arguments found so far. Thethree new operations mentioned above are as follows.30When the monotonic reasoner performs a defeasible inference, adopt-interest-in-defeaters leads it to adopt interest in defeaters for that inference.The operation make-nodes builds the inference graph. The inference graph consistsof a list *nodes* of nodes, where each node k is a structure containing slots for thefollowing information: node-proposition: a formula p node-supposition: a set of formulas node-basis: the set of formulas from which p is inferred node-justification: a string describing the reason for the inference immediate-ancestors: a set of nodes node-ancestors: a set of nodes immediate-descendants: a set of nodes pf-node: t or nil depending upon whether k is a pf-node node-defeaters: a set of nodes node-defeatees: a set of nodes defeat-status: 0 of undefeated, 1 if defeated, nil if provisionally defeatedWhen a proposition is adopted relative to a supposition, make-node adds a node to theinference graph encoding this adoption. When a node is added to the inference graph, itsdefeat relations to other nodes are computed Then update-defeat-statuses recomputes thedefeat statuses of all nodes using the algorithm of section five. If this results in a change tothe status of any member of ultimate, this is announced.To some extent, it is arbitrary when these last two operations are performed, becausethey do not affect the performance of the monotonic reasoner. They could all be postponeduntil the operator queries the reasoner regarding the status of the members of ultimate, oruntil the reasoning terminates. This would be more efficient, but for aesthetic reasons Ihave chosen instead to have the reasoner perform these operations as it goes along andsupply a running commentary on the status of the members of ultimate.31

Appendix TwoExamplesThis appendix gives some examples of the operation of OSCAR. For simplicity, allbut one of the examples are formulated in the propositional calculus, but that is not anessential feature of OSCAR. OSCAR can deal with problems in the full predicate calculus,and on deductive problems it is complete. The final (predicate calculus) example wasexplicitly chosen to illustrate what happens when the reasoner does not halt. The defeasiblestructure in that example is the same as in the previous example except that first-orderinferences must be performed to find the defeaters. The reasoner quickly does the requisitereasoning, but the first-order structure of the premises forces the reasoner to continuesearching for additional defeaters, which it never finds. In the following examples, thediagrams of the inference graphs are done by hand, but the rest is an actual printout of theoperation of the program. The times are for the program running in Allegro Common LISPon a MacIIx. The following symbols are used in the diagrams of the inference graphs:

deductive inference defeasible inference defeat undefeated nodedefeated node provisionally defeated node32

Example1This is a case of undercutting defeat.GIVEN: P ADESIRED CONCLUSIONS: R PF-REASONS: P Æ� Q Q Æ� R B Æ� (P � Q) CON-REASONS: A Æ� B33ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łA defeasible argument has been constructed for: Rł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is undefeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is defeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łAll the available inferences have been performed.FINAL STATUS: R is unwarrantedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łThis reasoning took 1.283 secł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł—————————————————————————————————————————The following relevant arguments were constructed:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #1This is an ultimately defeated argument for: R1. P given4. Q pf reason from 15. R pf reason from 4Line #4 of argument #1 is directly defeated by the following argument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #2This is an ultimately undefeated argument for: (P � Q)2. A given3. B conclusive reason from 26. (P � Q) pf reason from 3

RQPBA(P � Q)

Example2This is a case of defeat and reinstatement.GIVEN: P A DDESIRED CONCLUSIONS: R PF-REASONS: C Æ� (A � B) D Æ� C B Æ� (P � Q) A Æ� B Q Æ� R P Æ� Qł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łA defeasible argument has been constructed for: Rł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is justified..ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is unjustified.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is justified..ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łAll the available inferences have been performed.FINAL STATUS: R is warrantedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łThis reasoning took 2.033 sec—————————————————————————————————————————The following relevant arguments were constructed:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #1This is an undefeated argument for: R1. P given6. Q pf reason from 17. R pf reason from 6Line #6 of argument #1 is defeated by thefollowing argument:34ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #2This is a defeated argument for: (P � Q)2. A given5. B pf reason from 28. (P � Q) pf reason from 5Line #5 of argument #2 is directly defeated by thefollowing argument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #3This is an undefeated argument for: (A � B)3. D given4. C pf reason from 39. (A � B) pf reason from 4

RQPBA(P � Q)

CD(A � B)

Example3This is a case of collective rebutting defeat.GIVEN: P ADESIRED CONCLUSIONS: R PF-REASONS: A Æ� B B Æ� C C Æ� ~R P Æ� Q Q Æ� Rł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łA defeasible argument has been constructed for: Rł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is undefeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł R is provisionally defeatedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łAll the available inferences have been performed.FINAL STATUS: R is unwarrantedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łThis reasoning took 1.183 secł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł35—————————————————————————————————————————The following relevant arguments were constructed:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #1This is a provisionally defeated argument for: R1. P given5. Q pf reason from 16. R pf reason from 5Line #6 of argument #1 is directly defeated by thefollowing argument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #2This is a provisionally defeated argument for: ~R2. A given3. B pf reason from 24. C pf reason from 37. ~R pf reason from 4Line #7 of argument #2 is directly defeated by argument #1.

~RCRQPBA

Example4This is a case of hidden collective undercutting defeat (as in figure 2).GIVEN: A PDESIRED CONCLUSIONS: C PF-REASONS: A Æ� B B Æ� C C Æ� (P � Q) P Æ� Q Q Æ� R R Æ� (A � B)ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łA defeasible argument has been constructed for: Cł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł C is undefeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł C is provisionally defeatedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łAll the available inferences have been performed.FINAL STATUS: C is unwarrantedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łThis reasoning took 1.617 sec—————————————————————————————————————————The following relevant arguments were constructed:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #1This is a provisionally defeated argument for: C1. A given5. B pf reason from 16. C pf reason from 5Line #5 of argument #1 is defeated by thefollowing argument:36ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #2This is a provisionally defeated argument for: (A � B)2. P given3. Q pf reason from 24. R pf reason from 38. (A � B) pf reason from 4Line #3 of argument #2 is directly defeated by thefollowing argument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #3This is a provisionally defeated argument for: (P � Q)1. A given5. B pf reason from 16. C pf reason from 57. (P � Q) pf reason from 6Line #5 of argument #3 is directly defeated by argument #2.

(A � B)

CBARQP(P � Q)

Example5This has the same defeasible structure as the previous example, but the reasoner must perform first-orderinferences to find the defeaters. The first-order structure of the problem prevents the reasoner fromhalting. Eventually, it is halted manually by the operator, and then all relevant arguments that have beendiscovered are displayed.GIVEN: (P a) (A a) (�x)[(C x) ¥ (�y)[(C y) & (F x y)]] (�x)[(R x) ¥ (�y)[(R y) & (G x y)]]DESIRED CONCLUSIONS: (C a) PF-REASONS: (A x) Æ� (B x) (variables = x) (B x) Æ� (C x) (variables = x) (P x) Æ� (Q x) (variables = x) (Q x) Æ� (R x) (variables = x) CONCLUSIVE-REASONS: (� y)(� z)([(C y) & (C z)] & [(F y z) & (F x y)]) Æ� ((P x) � (Q x)) (variables = x) (� y)[(R y) & (G x y)] Æ� ((A x) � (B x)) (variables = x)((A a) � (B a))

(C a)

(B a)(A a)

(R a)

(Q a)(P a)

((P a) � (Q a))

(�x)((R x) ¥ (�y)((R y) & (G x y))) (�y)((R y) & (G a y))(�x)((C x) ¥ (�y)((C y) & (F x y)))(�y)(�z)(((C y) & (C z)) & ((F y z) & (F a y))) 37

At this point the reasoning was aborted by the operator.——————————————————————————————————————————————The following relevant arguments were constructed:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #1This is a provisionally defeated argument for: (C a) 2. (A a) given 5. (B a) pf reason from 2 6. (C a) pf reason from 5Node #5 in argument #1 is defeated by the followingargument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #2This is a provisionally defeated argument for: ((A a) � (B a)) 1. (P a) given 7. (Q a) pf reason from 1 4. (�x)((R x) ¥ (�y)((R y) & (G x y))) given 8. (R a) pf reason from 7 9. (�y)((R y) & (G a y)) all-detachment from 8,4 13. ((A a) � (B a)) conclusive reason from 9Node #7 in argument #2 is defeated by the followingargument:ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łARGUMENT #3This is a provisionally defeated argument for: ((P a) � (Q a)) 2. (A a) given 5. (B a) pf reason from 2 3. (�x)((C x) ¥ (�y)((C y) & (F x y))) given 6. (C a) pf reason from 5 16. (�y)((C y) & (F a y)) all-detachment from 6,3 17. ((C @@y) & (F a @@y)) EI from 16 18. (C @@y) simplification from 17 20. (�y)((C y) & (F @@y y)) all-detachment from 18,3 38. ((C @@@@y) & (F @@y @@@@y)) EI from 20 39. (C @@@@y) simplification from 38 19. (F a @@y) simplification from 17 40. (F @@y @@@@y) simplification from 38 41. (�z)(((C @@y) & (C z)) & ((F @@y z) & (F a @@y))) EG from 40,19,39,18 43. (�y)(�z)(((C y) & (C z)) & ((F y z) & (F a y))) EG from 41 44. ((P a) � (Q a)) conclusive reason from 43Node #5 in argument #2 is defeated by node #13 (argument#3):

ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łA defeasible argument has been constructed for: (C a)ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł (C a) is undefeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł (C a) is defeated.ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł (C a) is provisionally defeatedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER580 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER997 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER1514 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER2041 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER2421 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER2807 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER3221 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER3575 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER3927 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER4329 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł łTHE REASONER HAS NOT YET HALTED, BUT AFTER4668 INFERENCES, THE CURRENT STATUS IS: (C a) is unjustifiedł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł ł38

BibliographyBaker, A. and M. Ginsberg1989A theorem prover for prioritized circumscription. Proceedings IJCAI-89, 463-467.Chisholm, Roderick1957Perceiving. Ithaca: Cornell University Press.1966Theory of Knowledge. Prentice Hall, first edition1977Theory of Knowledge. Prentice Hall, second editionDoyle, Jon1979A truth-maintenance system. Artificial Intelligence 12, 231-272.Etherington, David1987Formalizing nonmonotonic reasoning systems. Artificial Intelligence 31, 41-86.Geffner, Hector1990Conditional entailment: closing the gap between defaults and conditionals.Proceedings of the Third International Workshop on Non-Monotonic Reasoning,58-72.Ginsberg, M. L.1989A circumscriptive theorem prover. Artificial Intelligence 39, 209-230.Gold, E. M.1965Limiting recursion. Journal of Symbolic Logic 30, 28-48.Horty, J., R. Thomason, and D. Touretzky1990A skeptical theory of inheritance in nonmonotonic semantic networks. ArtificialIntelligence 42, 311-348.Israel, David1980What�s wrong with non-monotonic logic? Proceedings of the First Annual NationalConference on Artificial Intelligence. 99-101.Kyburg, Henry1974The Logical Foundations of Statistical Inference. Reidel.1983The reference class. Philosophy of Science 50, 374-397.Levesque, H. J.1990All I know: a study in autoepistemic logic. Artificial Intelligence 42, 263-310.Lin, Fangzhen, and Yoav Shoham1990Argument Systems: a uniform basis for nonmonotonic reasoning. Technical reportNo. STAN-CS-89-1243, Dept. of Computer Science, Stanford University.Loui, Ron1987Defeat among arguments: a system of defeasible inference. ComputationalIntelligence 3, 100-106.McDermott, Drew1991A general framework for reason maintenance. Artificial Intelligence 50, 289-329.McDermott, Drew, and Doyle, Jon1980Non-monotonic logic I. Artificial Intelligence 13, 41-72.Nute, Donald and M. Lewis1986A users manual for d-Prolog. ACMC Research Report 01-0016. The University ofGeorgia, Athens, Georgia.Nute, Donald391990Basic defeasible logic. In Intensional Logics for Programming, ed. L. Farinas-del-

Cerro and M. Pentonnen.Pollock, John1965Implication and Analyticity. PhD dissertation, University of California, Berkeley.1967Criteria and our knowledge of the material world. Philosophical Review 76, 28-60.1970The structure of epistemic justification. American Philosophical Quarterly,monograph series 4, 62-78.1974Knowledge and Justification. Princeton University Press.1979Reasons and reasoning. APA Symposium, Denver, Colorado. Unpublished.1986Contemporary Theories of Knowledge. Rowman and Littlefield1987Defeasible reasoning. Cognitive Science 11, 481-518.1989How to Build a Person. Bradford/MIT Press.1990Nomic Probability and the Foundations of Induction. Oxford Univversity Press.1990aInterest-driven suppositional reasoning. Journal of Automated Reasoning 4, 419-462.1991A theory of defeasible reasoning. International Journal of Intelligent Systems 6,33-54.1991aSelf-defeating arguments. Minds and Machines 1, 367-392.Putnam, Hilary1965Trial and error predicates and the solution to a problem of Mostowski. Journal ofSymbolic Logic 30, 49-57.Reiter, Raymond1980A logic for default reasoning. Artificial Intelligence 13, 81-132.Touretzky, David, Horty, John, and Thomason, Richmond1987A clash of intuitions: the current state of nonmonotonic multiple inheritance systems.In Proceedings of the Tenth International Joint Conference on Artificial Intelligence40(IJCAI-87), Morgan Kaufmann Publishers, 476-482.