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Abstract

Much of what passes for knowledge about the world is defeasible, or can be mistaken. Our
perceptions and premises can never be certain, we are forced to jump to conclusions in the presence
of incomplete information, and we have to cut our deliberations short when our environment closes
in. For this reason, any theory of artificial intelligence requires at its heart a theory of default
reasoning, the process of reaching plausible, but uncertain, conclusions; and a theory of belief
revision, the process of retracting and adding certain beliefs as information becomes available.

In this thesis, we will address both of these problems from a logical point of view. We will provide
a semantic account of these processes and develop conditional logics to represent and reason with
default or normative statements, about normal or typical states of affairs, and statements of belief
revision. The conditional logics will be based on standard modal systems, and the possible worlds
approach will provide a uniform framework for the development of a number of such systems.

Within this framework, we will compare the two types of reasoning, determining that they are
remarkably similar processes at a formal level of analysis. We will also show how a number of
disparate types of reasoning may be analyzed within these modal systems, and to a large extent
unified. These include normative default reasoning, probabilistic default reasoning, autoepistemic
reagoning, belief revision, subjunctive, hypothetical or counterfactual reasoning, and abduction.
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Chapter 1

Introduction

They arrive at their favorite pub after Craig has just soundly trounced Pete in their weekly ten-
nis match. Craig is thirstily awaiting the loser-bought first round when Pete casually mentions
something about being disappointed that hockey season has ended. Impatiently, Craig chastises
Pete for the stalling tactics and small talk, urging him to get up and buy some beer. Smugly, Pete
announces that Craig still owes him a night out because of a wager on the Stanley Cup (hockey)
championships, and Craig, conceding this round of gamesmanship, heads to the bar for the first
round.

This scene illustrates a number of important aspects of commonsense reasoning. First, we notice
Craig is reasoning on the basis of expectations about the typical or normal state of affairs. Normally
the loser buys the first round and Craig has no reason to expect otherwise tonight, so he sits down
fully anticipating Pete’s going to get a pitcher. Craig also discounts Pete’s initial comment about
hockey as being irrelevant to the current situation. It doesn’t affect Craig’s expectation (or at
least he hasn’t yet admitted it!). Finally, Craig is forced by overwhelming evidence to the contrary
to admit he will end up paying for the night. Not only is he forced to retract the belief in his
initial conclusion, but also a number of other beliefs, such as the fact that he will get away cheaply
tonight, and that he will get home early.

Reasoning about normal or prototypical situations, jumping to conclusions, or making assump-
tions is commonly referred to as default reasoning, and the ubiquity of this process in commonsense
reasoning has been widely acknowledged. In just about any situation one can imagine, certain
assumptions must be made, and certain inferences must be drawn in the face of incomplete or in-
conclusive information. We must expect that conclusions we reach are, in general, merely plausible
(to greater or lesser extent) and fallible, rather than certain or infallible. If we were to ever suspend
belief in facts of whose truth we were not entirely assured, we would be in a position to know very
little (if anything), much to the delight of the philosophical skeptics. However, contemporary epis-
temologists have increasingly come to accept that knowledge may be based on defeasible reasons
(Pollock 1986) and, hence, that beliefs (even those that count as knowledge) cannot be arrived at
with logical certainty. That Pete buys the first beer might be a reasonable inference, but it is not
certain. Believing that Aunt Martha’s pet Tweety can fly because it is a bird is also not guaranteed
— it might turn out to be a penguin, or dead.

Since most of our beliefs are arrived at through default reasoning and are based on defeasible
reasons, it should not be surprising that our beliefs often turn out to be mistaken, justified though
they might be. The conclusion that Pete buys the first round given that he has lost the match
seems reasonable, but turned out to be wrong. If Tweety has a broken wing, inferring that Tweety
can fly will probably be wrong as well. When we learn of the wing, we must revise our beliefs.
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Not only do we add to our stock of beliefs that Tweety has a broken wing, but we also remove the
fact that Tweety can fly (at the present time), perhaps that Aunt Martha keeps Tweety at a safe
distance from the cat, or maybe even that Aunt Martha is a nice person (who doesn’t mistreat
pets).

l;eca.use default reasoning pervades commonsense (and not so common) reasoning, any general
theory of artificial intelligence (AI) must include some account of the process of reasoning by
default, as well as of belief revision, the process of revising states of belief in the presence of new,
often contradictory, beliefs or evidence. It is usually admitted that any intelligent agent, artificial
or otherwise, must have the capability to possess knowledge of its environment and itself, and to
reason with that knowledge to infer new beliefs and expectations from which it can make decisions
regarding future actions and goals. In order to characterize the types of knowledge required by such
an agent, and the reasoning it should perform, an account of default reasoning and belief revision
is crucial, as most knowledge and reasoning will be of this form.

A number of logical and procedural accounts! of default reasoning and belief revision have been
proposed over the last ten to fifteen years, in both the AI and philosophical communities. The
logical accounts have become predominant, and in this thesis we will provide a logical account of
both default reasoning and belief revision, and examine the relationship between the two. Our
treatment will be in terms of conditional logic, whereby we represent default rules and statements
of revision in conditional form. For instance, a default about the social aspects of tennis playing
may be phrased as “If Pete loses at tennis, he buys the beer,” expressing a statement about typical
or normal states of affairs. A statement of revision might be “If I am forced to believe I'm buying,
then I'll cease believing I’ll get home early.” We will propose a logic within which one can represent
and reason with statements of both types. While default reasoning and revision appear to be quite
distinct (though complementary) forms of reasoning, the conditionals and logic for representing
them will turn out to be the same in each case, allowing us to differentiate the two processes
using a technically uniform framework for comparison. This framework will also be general enough
to allow us to show a number of correspondences with existing characterizations of defaults and
revision.

Before getting on with the business of developing such a characterization, a few words regarding
the role of logic in AI, and especially in knowledge representation and reasoning (KR), are in order.
In particular, a number of people have taken issue over the years with the dominant part played
by logic in KR, so we will attempt to address some of these criticisms.

1.1 The Role of Logic in Knowledge Representation and Rea-
soning

There are two (extreme) ways one can attempt to build a program or agent that embodies knowledge
of the world and acts with some degree of intelligence. At one end of the spectrum, one can write
a program, using any means necessary, that exhibits the desired behavior. At the other, one can
make explicit every piece of knowledge required by the program, and characterize the behavior
formally in terms of this knowledge. Of course, a number of gradations lie between the two poles,
but somewhat surprisingly, some Al researchers view the two approaches as mutually exclusive (of
course, we have suggestively phrased the positions so they do not appear so). While the first view
has been dubbed the procedural approach to Al, the second is known as the declarative or logical

1See the next section regarding this distinction.
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approach, and has often been summed up by B.C. Smith’s Knowledge Representation Hypothesis:

Any mechanically embodied intelligent process will be comprised of structural ingredi-
ents that a) we as external observers naturally take to represent a propositional account
of the knowledge that the overall process exhibits, and b) independent of such external
semantical attribution, play a formal but causal and essential role in engendering the
behavior that manifests that knowledge. (Smith 1982, p.82)

There are several reasons the logical view has emerged as predominant. If some program exhibits
the desired (intelligent) behavior, then clearly the knowledge of the world and ability to reason with
such required to exhibit this behavior is present within the program, though such knowledge might
be only implicit and not readily apparent from the code. If we are to understand, reason about, and
predict the behavior of this system, or combine this component with other (intelligent) programs,
it makes sense to state explicitly the behavior of the program as a function of its knowledge and
external environment.

But why should this knowledge be represented as sentences in some logic? The most compelling
answer is that logics (usually) come equipped with formal semantic accounts that specify the
meaning of sentences in the associated language and justify the notion of consequence determined
by the logic. Because of this, knowledge represented as sentences in some logical language can
be readily associated with facts in the domain of interest via the model theory. Hayes (1974),
for instance, has argued that this is the primary reason for logical representations: we require no
commitment by a system to represent knowledge explicitly in terms of logical sentences, and to
reason with a (general-purpose) theorem prover, only that such a system be able to be understood
in such terms. Notice that this view of the role of logic is much weaker than that espoused in the
Knowledge Representation Hypothesis.?

Once the (explicit) Knowledge Representation Hypothesis has been abandoned, of course, one
might claim that any formal system will do when it comes to characterizing precisely and in
a principled manner the reasoning performed by a program or agent, and that logic should be
accorded no special status in this regard. If a set of differential equations will accurately model the
behavior of a program, why bother with logical accounts? While prediction of behavior might be
accurate within any formal system, it is the model-theoretic semantics of logics that give logical
representations their advantage in understanding behavior (Hayes 1974; Moore 1982). Now, one
might argue that formal semantic analysis provides no real meaning to sentences, it is merely the
mapping of one mathematical structure (the logical language) into another (an interpretation of the
language). These so-called models may be any structure whatsoever. For instance, term models
(or Herbrand models) of a first-order language cannot be said to provide meaning to sentences in
any natural sense. Clearly, intuitive semantics is a matter of degree. Certain models might seem
completely arbitrary and unnatural, though formally adequate. However, others might correspond
more readily to our intuitions about the structure of the “real world” or relevant application domain.
The notion of natural semantics is evidently subjective, but to the extent such semantic accounts
exist for our formal characterizations, they can aid in the evaluation of the adequacy, propriety and
utility of the corresponding system.® In any event, “formal semantics reduce an impossible problem,
that of understanding the meaning of arbitrarily complex sentences of a recursive language, to a
more tractable problem, that of understanding the meaning of an atomic set of primitive semantic
features and functions” (Bacchus 1990, p.3).

*This idea is related to that developed in Newell’s (1982) account of the knowledge level.
3See (Pollock 1984, Chapter 6) for a discussion of the philosophical importance and unimportance of formal
semantics.
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Given this view of the role of logic in KR, a number of other criticisms of logical representations
remain unaddressed. Minsky (1974) has argued that translating “real world” knowledge into a
formal language is a difficult task at best, and that determining the relevant facts in such a
knowledge base for the job at hand is problematic. This point is at least partially valid: to the extent
that the first-order predicate calculus has been the standard logic in knowledge representation,
writing facts as logical sentences can be difficult. Expressing probabilistic, temporal, epistemic,
and deontic notions, not to mention our subject, notions of typicality, in first-order logic (FOL)
is a virtual impossibility, at least doing so in a natural or appealing manner. However, logics
and other formalisms extending the expressive power of FOL with intuitive accounts of these
notions have been proposed (for instance, Shoham (1988), Bacchus (1990), Levesque (1984a),
and Horty (1991) present examples of such systems). This thesis is concerned with representing
statements of normality, a problem addressed by a number of other logical systems (Reiter 1980;
McCarthy 1980; McDermott and Doyle 1980; Moore 1985). The epistemological adequacy and
naturalness of expression afforded by such systems is a matter of debate, and we will present a logical
representation that is indeed quite intuitively appealing. It is hard to see how a completely non-
logical system can allow one to represent knowledge more naturally (and unambiguously) without
disregarding all principles whatsoever.

Regarding the objection of selecting appropriate knowledge from a large set of facts for various
reasoning tasks, suffice to say that if a program performs a reasoning task properly, it must “select”
the relevant facts from the irrelevant facts, implying the designer of the program (or the program
itself) is “aware” of such relevance. In this case, the specification of the program’s behavior in
terms of the knowledge it possesses and uses should not be problematic, in principle. At the very
least, it should be a useful exercise to enhance the understanding of the program. The Knowledge
Representation Hypothesis (at least on our weakened conception) does not require the program be
a theorem prover running over some set of sentences; but, in principle, it could be (with appropriate
heuristics determining some notion of relevance).

Minsky (1974) and McDermott (1987) have also suggested that logic is inappropriate for mod-
eling human reasoning because of its “perfect” nature. For example, logical reasoning is both
sound (all conclusions reached are valid or “true”) and complete (all true facts can be deduced),
while human reasoning possesses neither quality. Certainly these are not achievable properties in
practical reasoning nor are they necessarily desirable. For instance, the problem addressed in this
thesis regarding the ability to make assumptions or jump to conclusions illustrates the need for
“unsoundness”: if we know birds normally fly and that Tweety is a bird then the reasonable conclu-
sion that Tweety flies is not guaranteed true, and the inference is not deductively valid. But this
criticism neglects what we might call inductive logic, or logical accounts of plausible inference. The
flying bird inference, while not (deductively) valid, is what Rankin (1988, following Fetzer) calls
inductively proper. A suitable inductive logic would sanction precisely the inferences Minsky calls
“unsound.” Indeed, some properties of inductive inference are identified by Rankin that distinguish
it from deductive inference. Inductive inference is:

(a) nondemonstrative — its conclusion could be false though its premises are true;
(b) ampliative — its conclusion contains more information than the premises;

(c) nonadditive— further premises could change the strength or conclusion of the argument.

*These and many other such systems will be surveyed in Chapter 2.
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It is precisely the nondemonstrative nature of inductive inference that accounts for “unsoundness,”
but unsoundness only in a deductive sense. If by unsoundness one is referring to the mistakes and
poor decisions for which human reasoners are notorious, then inductive inference is not unsound,
for it sanctions only reasonable conclusions, and we should expect no less from our formal systems
and (intelligent) programs. However, unsoundness in the deductive sense is not outside the province
of inductive reasoning and is perfectly amenable to logical analysis.

The nonadditive nature of default inference is the essential cause of this nondemonstrativity,
or unsoundness. If we come to believe that Tweety has a broken wing, the inference that Tweety
flies is no longer forthcoming. Additional premises might change conclusions in a way that is
impossible to represent deductively (see the qualification problem below). If the initial inference
had been deductively sound, it would remain so when accompanied by new information. This
leads to another criticism of logical formalisms: logic is monotonic. That is, if X and Y are sets
of sentences (premises) and X C Y, then Cn(X) C Ci(Y'), where Cn is the logical consequence
operator under discussion. New premises cannot invalidate old conclusions. Yet we have seen that
inductive logics are not subject to this criticism as they have built into their structure a certain
nonmonotonicity. A hallmark of current approaches to default reasoning is their nonmonotonic
quality, Typically, such systems start with a classical (monotonic) propositional, first-order, or
modal logic and add some extra-logical mechanism for deriving inductive conclusions. Because of
this, while the (apparent) meaning of sentences of the logic is derived from the underlying classical
semantics, any systematic account of the inference process is often unclear or uncompelling.

An alternative view, and one developed to a certain extent in this thesis, is that the logic
characterizing reasoning need not be nonmonotonic (nor, in the strictest sense, inductive), even
though it captures inductive patterns of reasoning. This view is implicit in the work of Moore
(1985) and is made explicit by Levesque (1990). It asserts that while human reasoning is inductive
in nature, we can account for the, say, nonadditive character of inference within a monotonic logic.
For instance, consider again the flying bird inference. While learning new premises changes our
conclusion, the change can be viewed monotonically: the conclusion that Tweety flies is derived
when “all we know” about T'weety is that she is a bird, in particular, when we believe nothing about
Tweety’s wing being broken. When “broken wing” is added to our stock of beliefs, the conclusion
is no longer (inductively) proper. But, on the view that “nothing about a broken wing is believed”
is not a premise of the new inference, the consequence relation is no longer nonmonotonic. To
model the nonadditive nature in our logical analysis, we take into account among our new premises
that certain facts are no longer disbelieved; hence, our set of premises has not strictly increased.
The logical model of reasoning developed in this thesis will adopt this stance: the nonmonotonic
nature of inference can be captured logically (and monotonically).

Perhaps the hardest criticism to address is the completeness of logical reasoning. Obviously,
human reasoning is not complete, and for computational reasons (see discussion below) such a
goal is unattainable by any intelligent artifact. How can we propose logical accounts of reasoning
(and the accompanying semantics) as characterizations of intelligent programs when we know full
well that such specifications cannot come close to being met? Israel (1980) makes a related point,
that logical rules of inference (the cause of completeness and computational difficulties) are not
real rules of inference and AI should be more interested in such rules. He recommends turning to
epistemological theories, which are (arguably) interested in just such rules. Unfortunately, theories
of knowledge all seem to require notions of belief, truth, justification, and so on, and it appears
most such theories (e.g., Levi (1980), Swain (1981), Pollock (1986)) rely on, to some degree, logical
relations between sentences (or other “items of knowledge”), and, in fact, seem to be converging
toward the same problems as Al, not solving them.
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Certainly theories of knowledge can be either descriptive or normative; but each type influences
the other, in particular, normative theories guiding the form of descriptive theories (MacLennan
1988). In this respect, logical accounts of KR can also be viewed as normative, or prescriptive,
theories. They describe how an ideal, rational, computationally-unbounded agent should reason. It
is to this lofty ideal that an intelligent artifact (or human being, even) should aspire, unattainable
though it might be. However, as Glymour (1988, p.204) puts it: “Ought implies can, or so I think,
and any normative epistemological theory, like any ethical theory, bears the burden of showing how
its imperatives can be fulfilled, or if not fulfilled, how they can be better or worse approximated.”
It is on this score that most theories of KR can be criticized, but only to a certain extent.

Comparatively little effort has been put into developing effective and meaningful approxima-
tions to existing theories.® Unfortunately, there is, as yet, little consensus as to what constitutes an
adequate normative theory of reasoning, especially one that encompasses default reasoning. Most
would agree that no adequate theory yet exists, and implicit in Glymour’s statement is a method-
ology for Al that requires an adequate (idealized) normative theory that can be approximated.
While work should be progressing toward these notions of approximate and incomplete reasoning,
research should also continue into the development of this prescriptive component.®

Theories of incomplete inference still require some notion of inference. For instance, Cherniak’s
(1986) theory of minimal rationality gives an account of why agents cannot be ideally rational and
proposes certain weaker conditions that any successful agent should (attempt to) satisfy. But even
minimal rationality is specified in terms of feasible and sound inference. A normative theory is a
theory of sound inference on which such approximations may be based. Again, this is not to deny
the importance of heuristics. “Formally incorrect heuristics need not in fact be irrational at all.
They are not just unintelligible or inadvisable sloppiness, because they are a means of avoiding
computational paralysis while still doing better than guessing” (Cherniak 1986, p.82). How do we
know if a heuristic is formally incorrect? Perhaps we needn’t be concerned with that question.
How do we know when a heuristic is appropriate, when it “does better than guessing”? This is a
question we must be able to answer; it is the case just when it sanctions sound inference more often
than not.” Again, to judge the efficacy of heuristics an appeal to a normative theory is required.

As mentioned above, computational difficulties prevent us from realizing effective implementa-
tions of complete logical reasoning. Even classical propositional reasoning is intractable, yet it is
generally agreed that at least the expressive power of FOL will be required of any reasonable KR
service. Determining the consequences of a first-order theory is undecidable in general. One moti-
vation for early investigation into default reasoning was to circumvent such difficulties in reasoning,
by allowing one to ignore (almost) meaningless preconditions that would have to be proven true
before being certain of a conclusion. An instance of what McCarthy (1977) calls the qualification
problem is not having to prove, to consider starting a car, that the battery is connected, the tank
is not empty, there is no potato in the tail pipe, and an endless list of such trivial, silly details.

5Some work using 4-valued semantics and weakened rules of inference for FOL (Patel-Schneider 1987; Lakemeyer
1987), and weakening the expressive power of default rules (Selman and Kautz 1988), for instance, has led to
decidable or tractable fragments of KR schemes. This work is best viewed as first steps in this direction, and
demonstrates the thesis of Levesque and Brachman (1985) that there exists a fundamental tradeoff in the expressive
power of representations and the computational effort required to use them. However, these cannot be said to directly
address the issue of “approximating completeness,” since these logics give up entire classes of inference within the
semantics, hence remaining complete with respect to the weakened model theory.

6Kelly (1988) expounds a somewhat different view of normative theories in which the effective component of a
theory is of prime importance.

"We take the term “more often than not” to be sufficiently vague to allow a number of interpretations. Presumably,
some decision theoretic criteria will be involved.
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Even specifying such a list is a hopeless task. Standard default formalisms allow one to conclude
that the car will start if all one knows is that the key has been turned, ignoring the possibility of
these strange conditions; but, to discount these, default systems require at least they be shown not
considered true, for if they are “known” the conclusion should be invalid. Thus it is required that
the negation of these conditions (i.e. the qualifications) be consistent with existing knowledge, and
one saves effort, it is claimed, by not having to prove these negations. Herein lies the problem, for
the set of satisfiable formulae in FOL is not even recursively enumerable,

This fact has been the subject of much criticism (McDermott (1987), for example), since default
reasoning is supposed to make reasoning easier, yet has made a semi-decidable problem completely
undecidable. There are two ways to address this point. The first is to assert that, from a practical
standpoint, both non-r.e. problems and r.e., non-recursive problems are unwieldy. If we are to
keep the expressive power of FOL, approximation techniques for reasoning will be required that
are decidable (or tractable), in which case (for this notion of “theoremhood”) consistency checking
will be decidable (or tractable, assuming consistency defined in terms of negation). The second
answer is to notice that the gains afforded by default reasoning are not necessarily computational
(in particular, with respect to the qualification problem). Having to prove the consistency of the
qualification might not be an easier reasoning task than proving the qualification, but consistency-
checking can certainly save much investigative effort if nothing is known about the condition; and
it is precisely this (likely) physical effort that is certainly more costly than any reasoning that takes
place.® Default reasoning liberates one from the task of exploring the environment to prove that
unlikely conditions are false by permitting one to assume such.

1.2 Overview

In this thesis, we will propose conditional logics for representing default rules that have an intuitive
semantic characterization and allow us to reason about and combine default rules in a manner that
lies outside the scope of most existing default reasoning systems. Roughly speaking, a default rule
will take the form A = B and be read as “In the most normal situations in which A holds, B holds
as well,” or “A normally implies B.” Hence, default statements can be interpreted as statements of
normality or prototypicality, or as exception-allowing generalizations, such as “Birds normally fly.”
We will also develop a conditional account of belief revision in which we read A X2, B as “If the
initial state of belief KB were revised to incorporate A, then B would be believed.” This account
will be related to our logic of default rules, and we will demonstrate that revision and default
reasoning are remarkably similar processes. Both accounts will be related to existing approaches
and will extend them in meaningful ways.

Very little attention will be given to implementation issues. In this regard, the work here should
be viewed as (a step toward) a normative theory of default reasoning and belief revision, against
which methods of approximation and actual implementations can be measured.

Throughout, we assume a familiarity with classical propositional logic (CPL), and to some
extent first-order logic. A brief survey of the motivations and techniques underlying modal and
conditional logic will be given in Chapter 2, but only to the degree such matters are relevant to
subsequent developments. An acquaintance with these topics is helpful, but not necessary.

#We draw attention to an analogy to file processing. The first lesson learned by any student in a basic file structures
course is that the (computational) efficiency of a program, in terms of the number of CPU cycles for example, can
be sacrificed to a great extent if it minimizes the number of disk accesses, which are orders of magnitude slower due
to their physical component. Similarly, the lesson of default reasoning should be that it is desirable to expend quite
a bit of “mental effort” in order to save the physical requirements of exploring the environment.
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In Chapter 2 we survey a number of developments in default reasoning and its logical represen-
tations, as well as some applications of default reasoning. We then discuss briefly some details of
modal and conditional logics. We show that conditional logics possess many properties that are
desirable, in general, of default representations. This, in turn, motivates the perspective adopted
in this thesis, that default rules can be captured naturally through the use of conditional logics (in
particular, those defined in terms of modal logics).

In Chapter 3 we briefly survey the area of belief revision, concentrating on the work of Al-
chourrén, Géardenfors and Makinson, and that related to it. We also discuss truth maintenance
systems, the primary area of research about belief revision in AL

The natural representation of defaults is addressed in Chapter 4, where we present a family
of conditional logics for default reasoning that are equivalent to the modal logics extending S4.
In fact, we adopt the view that these modal logics are themselves logics for default reasoning
within which the conditional connective can be defined. We examine properties of these logics, in
particular discussing the role background and evidence play in our representations, a distinction
made in probabilistic reasoning systems but seldom in symbolic, qualitative systems. We then show
how our modal framev ork subsumes several standard conditional approaches to default reasoning,
namely preferential and rational entailment, and e-semantics.

Some difficulties exist in standard conditional approaches to defaults, however, the key problem
being that of irrelevance. In Chapter 5, we discuss this problem at some length and detail current
solutions to the problem, all of which rely on extra-logical notions. We extend our modal logics with
an additional unary modal connective, one corresponding to truth at inaccessible worlds. With the
increased expressive power, the new logics CO and CO* are able to capture the assumptions made
to deal with irrelevance purely axiomatically. This is demonstrated by proving the equivalence of
a class of CO*-theories to the extra-logical systems determining rational closure and 1-entailment.
We continue by comparing two notions of relevance, statistical relevance, based on intuitions
of conditional independence, and practical relevance, a more coarse-grained notion to which our
conditional notion of relevance corresponds.

In Chapter 6 we turn our attention to the problem of belief revision. We define a conditional
connective for revision based on the extended bimodal logics presented in Chapter 5, showing it
to be equivalent to the standard AGM model of revision. Unlike the AGM model, the approach
based on CO* is again defined purely within the logic, with the “postulates” for revision taking
the form of derived rules and theorems. Our approach allows the obvious generalization of AGM
revision as revision can be defined for any of a number of modal logics. Furthermore, our approach
makes no commitment to the Limit Assumption made by most current approaches to revision.
Within this model, we can define naturally (using the modal language) concepts of entrenchment,
plausibility, and various forms of integrity constraints, along with an account of subjunctive queries
that improves on existing approaches in several ways.

Key to our model of revision are several epistemic notions, in particular the concept of only
knowing. We discuss how our logics of revision are related to standard autoepistemic reasoning
systems, and show that we can view CO* as a generalization of the autoepistemic logic OL.

In Chapter 7 we discuss the relationship of the normative conditional defined in Chapters 4
and 5 to the subjunctive conditional presented in Chapter 6. We conclude that the subjunctive
and normative conditionals are, in fact, the same conditional, and that default reasoning and
belief revision differ only in the way the logics are used, or the perspective that one adopts when
applying the logic. Given this relationship, we demonstrate some and suggest many other possible
connections between a number of diverse reasoning systems for defaults and revision. Among these
are conditional approaches to default reasoning, including the probabilistically motivated system
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of e-semantics, autoepistemic logic (and hence logic programs, default logic, etc.), AGM belief
revision and some generalizations of it, abduction, possibility theory, subjunctive (or hypothetical,
or counterfactual) reasoning, and standard probabilistic reasoning.

In Chapter 8, we summarize the contributions of this thesis and examine interesting avenues of
further research, reviewing some mentioned in earlier chapters. In discussing potential extensions
to this, we will make explicit some of the assumptions underlying our approach and justify the
possible worlds framework we adopt.



Chapter 2

Logical Foundations for Default
Reasoning

In this chapter we will survey a number of developments in default reasoning. We distinguish
default reasoning from the more general class of nonmonotonic reasoning. Roughly, a default
reasoning system is one that can represent and reason with arbitrary facts of the form “If A then
normally B,” or the like. This excludes from consideration a number of nonmonotonic systems. For
example, certain temporal reasoning schemes (Shoham 1988; Kautz 1986), though nonmonotonic,
can make default assumptions only about the persistence of events. Similarly, systems based on the
closed-world assumption (Reiter 1978a) can make assumptions only regarding negative information.
Hence, these will be examined only cursorily.

We will follow by providing a very brief discussion of modal and conditional logics, introducing
some of the notation and terminology we use in later chapters. We also point out some similarities of
theorems of conditional logics to principles of default reasoning. In this way we motivate the view-
point adopted in this thesis, that conditional logics may be used profitably to model nonmonotonic
aspects of reasoning.

Probabilistic approaches to reasoning have played a crucial role in the development of non-
monotonic theories. ‘While we do not survey the development of such systems in this chapter,
several recent approaches to default reasoning based on probabilistic principles will be examined
in subsequent chapters, and compared to the models of reasoning developed here.

2.1 Logical Preliminaries

We assume a familiarity with classical propositional logic (CPL) and some formulation of first-order
logic (FOL), as well as an acquaintance with modal logics. We take P to denote a denumerable
set of atomic variables and L¢py, to denote the propositional language over this set. Letters A,
B, C, etc. sometimes denote propositional variables or atoms, but often are used for arbitrary
formulae. Lower-case letters (p, g, 7, e, etc.) are used similarly. Upper-case letters near the end of
the alphabet (S5, T, X, Y, etc.) typically denote sets of formulae. The primary exception is the use
of a letter (say P) to abbreviate an atom with an intended reading (say penguin). Typeface words
such as bird always indicate relation symbols (and usually atoms), and when capitalized refer to
constants (e.g., DCS). Greek letters a, 3, 7, etc., are variables ranging over arbitrary formulae. We
will often lapse and present derived theorems or rules of inference in a form without a, 3, etc., but
with atoms A, B, and so on. Due to principles of substitution in our logics, these should be viewed

10
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as, for instance, theorem schemata. The symbol T denotes the identically-true proposition (e.g.,
any truth-functional tautology) and L denotes falsity (e.g., any contradictory sentence).

We use |- to denote derivability generally, and in CPL in particular. When the symbol is
subscripted (as in Fopq) we intend derivability in the system thus indicated. We write o, 8 F v
for {e, 8} F 7, and F « for § F a (thus, - a indicates the theoremhood of ). We say « is
contingent if If a and i/ ~a; and a is contingent with respect to 3 (or given f; or on ) just when
B aand f i/ ~a. We use Cn to denote logical consequence operations in the Tarskian sense
(though generalized in the sense of Gabbay (1985) for nonmonotonic systems), and typically use
it for consequence in CPL; so Cn(X) = {a: X F a}. If § is a set of sentences and Cn denotes
consequence for some logic L, then we say S is L-consistent iff Cn(S) # Cn(L) (this is sufficient
for our purposes). We say o is L-consistent to mean {a} is (which will be true in all systems of
interest here just when /[, -~a.)

All logics will be defined on propositional languages. However, some examples will be clearer
if first-order notation is used. If we write, say, p(x), we take this to mean that there exists some
(finite) set of propositions p1,p2,...pn that assert that predicate p is true of domain objects 1
through n. So Vxp(x) stands for p1 A p2 A ...pn, while 3xp(x) means p1Vp2V...pn.

We introduce some scoping conventions for logical connectives that will simplify parenthesized
formulae. Unary connectives such -, O, and other modal operators will have the narrowest scope
(or will bind most tightly). Among binary connectives, conditional connectives (D, =, =, >, etc.)
will have the wider scope (will bind less tightly), than other binary connectives (A, V). Thus

~AANOBDOCVD

will be interpreted as
(mA)A(OB)) D> (CV D).

Naturally, occurrences of parentheses override these conventions.

We refer to propositional valuations loosely as possible worlds or states of affairs. We write
w k= a if w is a world that assigns 1 (or truth) to o, and | « if « is valid. When w = a we call
w an a-world. We also use |= for satisfaction more generally (see Section 2.3) and for semantic
entailment, subscripting |= as we do .

If X is some set of elements, a partial order < is a binary relation on X that is reflexive,
transitive and antisymmetric. That is, for all z,y,2z € X:

(a) z <L =,
(b) 2 <y, y < zimplies z < 2,
(c) z <y, y <z implies z = y.

A partially ordered set (or poset) is a pair (X, <) where < is a partial order on X. A relation < is
a strict partial order if it is transitive and antisymmetric as well as irreflezive:

(d) z £ z.

A relation < is a preorder if it is reflexive and transitive, and it is a total preorder if it is, in addition,
totally ordered:

() z<yory<ua.

A total order is a totally ordered partial order.
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2.2 Default Reasoning

Because of the ubiquity of default reasoning, any general theory of Al must include some component
that specifies the manner in which default conclusions can be made and justified. In this section
we will examine a number of formal, logic-based systems for default reasoning.

It should be noted that material implication is not adequate as a representation of default rules.
There are a number of inference patterns that hold for classical implication that are undesirable
for any sort of default rule or prototypical statement. Consider the following rules.

Strengthening From A D B infer AANC D B.
Transitivity From A D B and B D C infer A D C.

Each of these is valid for material implication, but should not be for our default rules. Consider the
default “birds fly.” Taking A, B and C to stand for the propositions “bird”, “flies” and “penguin”,
respectively, we see that if strengthening were valid, we should be able to conclude that penguins
(which are birds) fly as well. But this runs contrary to the type of nonmonotonicity or nonadditivity
that is a hallmark of default reasoning. Similarly, if transitivity were to hold, we would be forced
to conclude that penguins fly because penguins are birds and birds fly. Thus, many people have
attempted to develop systems that treat default rules in a systematic, principled, and logical way,
yet do not fall prey to these “fallacies”.

As well as providing a general account of default reasoning in commonsense domains, a number
of these systems can be applied to more specific expert or practical areas of AI research that have
a default character (Reiter 1987a). For example, semantic accounts of logic programs, deductive
databases and inheritance networks often appeal to default reasoning systems. Diagnostic theories
can adopt these formalisms, and the frame problem (see (Shoham 1988) for a survey of this
problem) provides a useful testing ground as well. Default reasoning systems have also found
use in computational linguistics (Mercer 1988). Another recent area of research in which default
reasoning might be of integral importance is that of vivid knowledge (Levesque 1986a). Often the
computational cost of deductive inference is prohibitive, but “complete” knowledge might reduce
the operation to that of database lookup. Such completeness may be gained by making default
conclusions, filling in gaps in the knowledge base. While these conclusions are defeasible (and
hence, might be incorrect), they will speed up inference considerably (see also Selman (1990)); and
if the validity of these facts is irrelevant to the queries we intend to ask, this unsoundness might
not be a problem. Vivid knowledge has also been addressed to some extent in psychological circles
(Johnson-Laird 1983).

A number of informal ideas involving default reasoning have been forthcoming in the areas of
Al psychology and philosophy. The notion of frames was proposed by Minsky (1974) to represent
information about objects or situations. A frame corresponding to a situation is activated when an
instance of that situation is encountered. These frames have roles that are often filled with default
values. These values are “attached loosely ...so0 that they can easily be displaced by new items
that fit better the current situation” (Minsky 1974, p.247). This seems to fit the reasoning pattern
“Assume A in the absence of contradictory evidence.”

The concept of prototypes was developed in psychology as a method of representing categories
(Rosch 1978). Since categories are continuous, necessary and sufficient conditions for category
membership, the demarcation of category boundaries, might not exist. Prototypes are the “best
examples” (those that best reflect the redundancy structure) of a category, but whose prototypical
properties are, at best, default conclusions to reached about arbitrary members. A similar notion
of stereotype occurs in philosophy in an account for the meaning of natural kind terms, which
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also resist definition by classical means (Putnam 1970). Formal default reasoning schemes might
provide significant insight regarding the character of these three notions (Reiter 1987a), and these
also suggest properties that ought to be accounted for in any reasoning scheme,

2.2.1 Defeasible Reasoning

Default reasoning has not been addressed exclusively by AI researchers. It has generally been
acknowledged in contemporary epistemology that reasons for a belief need not logically entail their
conclusion (Pollock 1986). Such reasons are defeasible, and since much of a person’s knowledge is
based on defeasible reasons, an account of this phenomenon is critical to any theory of knowledge.

For some time, the definition of knowledge as justified true belief was widely accepted. Recently,
this definition has been rejected as too weak;' however,.any subsequent characterization will still
require an account of justified belief. It is this that may be construed as central to the study
of default reasoning. The other components of knowledge will be of less relevance, for a default
reasoner will in general have no way of determining if its beliefs are actually true, or if there is
some unknown fact that renders the belief unjustified. In designing a system (or even in our own
reasoning), the best we can expect is that the system’s beliefs be justified.

Pollock (1986; 1987) argues that beliefs are based on foundational states, original input states
requiring no justification. These justify all subsequent beliefs. P is a reason for agent A to believe @
(written P — @) iff it is logically possible for A to become justified in believing @ on the basis of P.
Here @ is some proposition and P is a set of propositions representing other beliefs or foundational
states. This reason P is defeasible or prima facie if there is an R such that R is logically consistent
with P and P A R is not a reason for ¢); and in this case, R is a defeater for reason P. Nondefeasible
reasons are called conclusive. For instance, “Tweety is a bird” is a conclusive reason for “Tweety
is a vertebrate,” but a prima facie reason for “Tweety flies.” Pollock also distinguishes two types
of defeaters for P — @, namely rebutting defeaters, where defeater R is a reason for denying @ (i.e.
a reason for ~Q)), and undercutting defeaters, where R is a reason to deny that P wouldn’t be true
unless @ were (i.e. a reason for -(P — @) ). In the previous example, “Tweety is a penguin” is
a rebutting defeater for the flying conclusion, while the conclusion that an object is red, based on
the fact that it appears red, is undercut by the fact that the object is under a red light. Types
of reasons include deductive reasons (which are conclusive), perceptual reasons, recollection (of
beliefs), and inductive reasons, all of which are prima facie.? '

Pollock (1987) provides a detailed account of the structure of defeasible reasoning. Such reason-
ing proceeds from an epistemic basis, consisting of a collection of foundational states and reasons.
A warranted belief is one that is supported by an ultimately undefeated argument. Though we
provide no details, this notion is reminiscent of consistency-based approaches to default reasoning
(see, e.g., default logic in the next section) and has a built-in account of specificity (cf. (Poole
1985)), a concept we discuss later.

Pollock’s account is rather syntactic and reasons are extremely rule-like. Reasons are used only
to derive new beliefs from old ones, and cannot themselves be reasoned about. For instance, if
P — Q and P — ~Q are reasons, one cannot derive —P. Reasons are meant to represent epistemic

"The Gettier problem (Gettier 1963) marked a turning point in epistemology. In his paper, Gettier gives two
simple examples where this definition of knowledge is insufficient. Since that time, much effort has been applied to
augmenting this definition with new conditions to provide an intuitive account of knowledge.

?Others have taken a somewhat different approach to reasons, For instance, while Pollock’s view requires that
reasons and justification of a belief are intimately related, Swain (1981) holds the view that reasons are states that
cause a person to believe something, regardless of the justification for that belief.
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norms that, Pollock argues, are more like production rules than explicitly stored conditionals.
Without making any claims about how reasoning is performed, we remark that such a theory
of warrant is hard to evaluate without some semantic account and analysis of the “conditional”
corresponding to these rules using —. %

2.2.2 Default Logic

Reiter (1980) introduces default logic as a method of default reasoning. Given a set of first-order
sentences representing knowledge of the world or domain, the idea is that there exist various
plausible (but fallible) ways in which this knowledge can be extended. These possible extensions
are represented by default rules of the form (%) : (Z)/7(Z), where a(Z), (T) and v(Z) are first-
order formulae.® A rule of this form is intended to express something like “If a is known and f is
consistent with what is known, then assume 7 is true.” For example, the assumption that Tweety

flies could be represented as
bird(Tweety) : fly(Tweety)

fly(Tweety)

A default theory is an ordered pair (D, W) where W is a set of first-order sentences and D is a set
of closed default rules (in some fixed language £).

In order to capture the fashion in which default rules induce completion of W, Reiter defines
the notion of an eztension of a default theory by appealing to the operator I'r (for any default
theory T' = (D, W)). The idea is to apply as many default rules as possible to theory W. For any
S C L, we define I'r(5) to be the smallest set such that

L. W PT(S)&
2. I'r(S) is deductively closed, and
3. fa:8/y€ D,a €I'r(S),and =g ¢ S, then v € I'r(95).

An extension of T' is any E C £ such that I'r(E) = E. In other words, E is an extension if for any
default rule whose prerequisite is in E' and whose justification is consistent with E, the consequent
of that rule is also in E.

Clearly, this characterization is nonmonotonic, for if D contains only the default rule about
Tweety (above), and W = {bird(Tweety)}, then the only extension of 7' contains £1y(Tweety).
However, if W is augmented with ~f1y(Tweety), this extension is disallowed. Extensions can be
thought of as plausible ways (according to the default rules) in which an agent can extend its initial
set of beliefs W.

Default theories can have more than one extension. For instance, the theory

T:c T:d
<{ -d ’ - }{9}>
has two extensions, one containing —c, the other ~d. Reiter’s original idea was that an agent
should pick one extension as a “working” model of the world and reason from that extension,?

In the sequel, we will assume that a,f,+ are sentences, called the prerequisite, justification and consequent,
respectively. The results below hold only for closed default theories. Reiter (1980) deals with open default rules
through Skolemization and uses all ground instances of the open rules. Also, a more general form of default rule
allows the use of multiple justifications (with the obvious interpretation).

*This is related to the use of vivid knowledge.
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although consequences of a default theory could be viewed as those sentences in the intersection
of all extensions. We will adopt the latter view, assuming if there were some criteria by which an
appropriate extension could be chosen (in preference to others), this could be represented in the
theory itself, thereby eliminating the unwanted extensions.

Unfortunately, some theories have no extensions, for example ({T : p/-p},0). However, Reiter
identifies the class of normal default theories as those whose default rules have the form « : 8/8.
These types of theories have a number of desirable properties, among them the existence of exten-
sions for any such theory, and semi-monotonicity (whereby adding new normal default rules will
ensure new extensions subsume old ones). This semi-monotonicity also leads to a proof theory® for
normal theories that is constructive in the sense that it does not rely on fixed points. Since normal
default rules have an identical justification and consequent, by “applying” a default rule, we guar-
antee that its justification remains consistent, regardless of which rules are applied subsequently.
This is not the case for nonnormal defaults, Of course, even normal defaults can be applied only
when the justification is consistent with what is known; hence, this reliance on consistency prevents
extensions of a default theory from being recursively enumerable.

The class of normal defaults is very encompassing. In fact, Reiter (1980) claimed that all
naturally occurring defaults might be normal. However, due to interaction of rules, anomalous
extensions can arise (Reiter and Criscuolo 1981), indicating that normal defaults are not adequate
for all default reasoning. For instance, consider a representation of the facts that adults are typically
employed, while students are not, and that most students are adults. The intuitive representation
uses three normal defaults, namely, A : E/E , § : -E/-E, and S : A/A. However, if we know
that § (student) is true, we get an undesirable extension where E (employed) holds (along with
the proper extension containing —E). This can be resolved by the use of nonnormal defaults, for
example, by replacing the first rule with A : =S A E/E. Of course, using semi-normal defaults
destroys Reiter’s “constructive” characterization; but Reiter and Criscuolo also suggest that if
adults are normally not students, normal defaults can be used again.®

Lukaszewicz (1988) suggests a reconstruction of default logic that has the attractive property
that all default theories have extensions. In essence, the theory of Lukaszewicz requires one to keep
track of the justifications used by applied defaults. This js not required in default logic, so if P and
- P are justifications for distinct rules, both rules may be activated when these are consistent with
the theory. This is forbidden by the extended version of default logic.

There are several difficulties with default logic as an account of default reasoning. Because
defaults are expressed as rules outside the logical language, they cannot interact with one another,
nor with (first-order) facts. Thus new rules and facts cannot be derived in circumstances where they
should be. For instance, if p: T/q and p : T/-q are default rules, it might be expected that —p is
derivable, which it is not. This problem is also reflected in the student example, where the intended
interaction of rules necessitates the use of seminormal defaults (to “mimic” such interaction).

Finally, default logic is defined purely proof-theoretically. Several semantic accounts have been
proposed since Reiter’s initial presentation, among them the work of Etherington (1987b) and
Lukaszewicz (1988); but neither account is particularly compelling, and while describing the in-
ference process of default logic, neither provides an interpretation of the default rules themselves.

5 An algorithm to decide whether § is in some extension of T.
®This could be solved by using S : A/A, A :=5/=5, S:~E/-E, and AA=S: E/E. In fact, this might be a more
appropriate course (see Section 2.3.3).
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2.2.3 Circumscription

Given a theory about some domain, we might want to infer, unless contrary evidence exists, that
objects in our domain do not possess a certain property, for example, the ability to fly. Adding
an axiom Vx-fly(x) might be too strong however, because we may also have bird(Tweety) and
Vzbird(x) D £ly(x) in our theory as well. McCarthy (1980) observes that many forms of default
reagsoning can be viewed as minimizing the extensions of various predicates. For instance, in the
above example, if we only consider models of our theory in which the extension of £1y is minimal
(with respect to set inclusion), this has the effect of asserting ~f1y(x) only for those individuals
that can’t be shown to fly.

In a slight generalization of McCarthy’s original formulation, we will first consider parallel
circumscription (McCarthy 1986; Lifschitz 1985b). Given a tuple of predicate symbols P, and
a first-order sentence A(P), we want to consider only those models of A(P) in which extensions
of predicates in P are minimal. Models M; and M, will be comparable only if M; and M; have
the same domains, and interpret all nonlogical symbols other than those in P similarly, We write
M,y S_P M, iff for each P; € P, the extension of P; in M; is no bigger than that in M. The
(nonmonotomc) conclusions we draw on the basis of circumscribing P in A are those sentences true
in all <P-minimal models of A.

McCarthy (1980) describes the circumscription of P in A, denoted C'irc(4; P), to be an (mﬁmte)
set of first-order sentences of the form

(A(®) A VZ[®7 D PZ]) D VZ[PZ D 87,

for each tuple of predicate symbols @ similar to P, where % O P7% stands for the conjunction
of % > PZ. This schema is intended to express the fact that if predicates ® satisfy A and
are “smaller” than predicates P (the antecedent), then P and @ have identical extensions (the
consequent). By having @ range over all tuples of predicate symbols,” the desired effect is to make
the extension of P as small as possible while still satisfying A, since any model of Circ(A; P) must
satisfy each sentence of this schema.

McCarthy shows circumscription is sound; that is, consequences of Circ(A;P) are true in all
<P_minimal models of A. However, Davis (1980) shows that circumscription is not complete, so
that some sentences are true in all minimal models of certain theories A, yet are not derivable from
Circ(A; P).

A second-order version of circumscription is provided by McCarthy (1986) (see also (Llfschltz
1985b)). Cire(A; P) now refers to the single second-order sentence

A(P) A =3p(A(p) A YZ[pZ D PZ] A -VZ[PT D pZ])

where p is now a tuple of predicate variables similar to P. Fortunately, second-order parallel
circumscription is both sound and complete with respect to the minimal model semantics, as
shown by Lifschitz (1985b) and Etherington (1988). In the sequel, circumscription will refer to
the second-order formulation, unless explicitly stated otherwise.

While parallel circumscription is a powerful formalism, it does have certain drawbacks. A
crucial weakness is pointed out by Etherington, Mercer and Reiter (1985), namely that one cannot
derive various kinds of information using parallel circumscription. In particular, for any symbol
P € P, no new positive information can be derived (i.e., Circ(A4; P)+ Pa iff A+ Pa), and for any

"In fact, all possible predicates must be represented, so we must allow @ to range over, say, all A-expressions of
similar type.
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predicate not in P, no new information, positive or negative, can be derived. For instance, taking
an example from Etherington, Mercer and Reiter (1985), consider the theory with axioms:

Vz(bird(x) A -ab(x) D £ly(x))
Vz(penguin(x) D ab(x))
Vz(ostrich(x) D ab(x))
bird(Tweety).

By circumscribing ab (standing for “abnormal”), we might expect to derive £1y(Tweety). However,
since the interpretation of predicates other than ab must remain fixed, certain models where, say,
ostrich(Tweety) holds will be minimal; so we can’t conclude Tweety flies.

To remedy this problem, variable circumscription has been proposed (McCarthy 1986; Lifschitz
1985b). This allows the minimization of some predicates while allowing certain others to vary in
their interpretation. The variable circumscription of the sentence A(P,Z) (denoted Cire(A; P;Z))
is the second-order sentence

A(P,Z) A ~3p, z(A(p, z) A VZ[pT D PZ] A ~VZ[PZ D pz))

Z is now a tuple of predicate symbols allowed to vary in interpretation, while z is a tuple of
predicate variables of similar type. Lifschitz (1985b) shows this form of circumscription is sound
and complete with respect to the minimal model characterization given by the relation SP?Z, which
is identical to <P except that models need not agree on the interpretation of predicate symbols
from Z in order to be comparable. In the above example, by circumscribing ab with Fly, Penguin
and Ostrich varying, we obtain the desired result £1y(Tweety).

A noticeable aspect of circumscription is the difficulty we have expressing simple commonsense
knowledge in a manner amenable to circumscription, and choosing which predicates to minimize and
vary. McCarthy (1986) addresses this problem by suggesting a uniform approach to representing
such knowledge. He advocates the use of the abnormality predicate, that is minimized (while
most or all other symbols are allowed to vary), in effect asserting that most individuals are not
abnormal. Default assumptions are true of those things that are not abnormal. Since individuals
may be abnormal in a variety of ways, a number of aspects of abnormality are introduced. For
instance, if a bird is abnormal with respect to, say, aspect2 (e.g., it can’t fly), then we don’t want
to conclude it is abnormal in other aspects as well (e.g., it has three legs). Hence, we write of a
bird that can’t fly ab(aspect2, tweety). The use of abnormality is illustrated by the following
theory:

Vz(-~ab(aspecti,x) D -fly(x)) (2.1)
Vz(bird(x) D ab(aspecti,x)) (2.2)
Vz(bird(x) A -ab(aspect2,x) D £1ly(x)) (2.3)
Vz(penguin(x) D ab(aspect2,x)) (2.4)
Vz(ostrich(x) D ab(aspect2,x)) (2.5)

By minimizing ab most things will be inferred not to fly; but birds will be abnormal in aspecti,
disabling that conclusion. Similarly, birds will be assumed to fly, other than those abnormal in
aspect?2, such as ostriches and penguins.

Another version of circumscription, called prioritized circumscription, is suggested by McCarthy
(1986) to reduce the complexity of abnormality theories. By allowing certain predicates to be min-
imized in preference to others (at a higher priority), axioms such as (2.2) above can be eliminated.
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Given the fact bird(Tweety) together with axioms (2.1) and (2.3), minimizing ab results in the
weak conclusion ab(aspectl,tweety)Vab(aspect2,tweety). By giving priority to the minimiza-
tion of ab(aspect2,x), the more specific information, we can conclude that Tweety flies without
the need for axiom (2.2). Lifschitz (1985b) shows prioritized circumscription to be equivalent to a
conjunction of variable circumscriptions. Lifschitz (1986b) also introduces pointwise circumserip-
tion in which predicates can be minimized at certain points in their extensions, and ignored at
others.

Because the second-order circumscription axiom is complete with respect to predicate-minimal
models and various theories do not possess such models (Davis 1980), the circumscription of certain
consistent theories can be inconsistent (even using the first-order schema). Some work has been
done on identifying satisfiable classes of theories (Etherington, Mercer and Reiter 1985; Lifschitz
1986a). The theorems of a circumscriptive theory are not generally recursively enumerable due
to its second-order nature:® Perlis and Minker (1986) identify several useful classes of theories
that are r.e. and Lifschitz (1985b) shows a class of theories whose second-order circumscription
axiom is equivalent to a first-order formula; Kolaitis and Papadimitriou (1988) demonstrate that
determining if the circumscription of a formula is first-order definable is an undecidable problem.

Minimal Models

Shoham (1988) has suggested that nonmonotonic inference can be viewed as selecting from models
of a theory those that are in some sense preferred. Those facts true in all preferred models are the
nonmonotonic conclusions to be derived from the theory. Shoham gives this notion of preference
a precise technical interpretation. For any standard (monotonic) logic L, a preference relation is a
preorder < on the interpretations suitable for L. M; < M; means M; is as preferable as M,, and
M, < Mj means M, is preferred over M3.° The preferred models of theory T' are those models that
are minimal in the preorder (restricted to models of T'), and the defeasible consequences of T" are
those sentences true in all preferred (or minimal) models of 7.

It can be seen that this formulation is indeed nonmonotonic, for the preferred models of some
superset of T need not be included in the set of preferred models of T'. This framework is extremely
general, Shoham’s idea being that the details of most nonmonotonic reasoning systems can be cap-
tured by using specific instances of his nonmonotonic logics (a logic together with some preference
relation). It has a certain intuitive appeal, and perhaps a certain psychological plausibility; it seems
quite natural to restrict attention to likely or plausible models of the world rather than to consider
all possible models of some theory. Besides accounting for novel forms of default reasoning, minimal
models can also provide a semantic basis for existing techniques.

Of course, the most studied minimal model approach has been circumscription. A related
approach is that of Bossu and Siegel (1985).  Motivated by the closed-world assumption for
databases, the idea is to minimize positive information. Semantic characterizations of default logic
also appeal to minimal models. Etherington’s (1987b) and Lukaszewicz’s (1988) semantics for
default logic can be viewed as preferring models of a default theory that violate as few default
rules as possible. Conditional logic approaches to default reasoning (Section 2.3.3) such as those
of Kraus, Lehmann and Magidor (1990), Pearl (1990), and the approach espoused in this thesis,
can be viewed as enforcing a form of model preference, but they do not require an extra-logical
notion of preference. Rather such assumptions are embedded within the logic through some type

®In fact, Davis (1980) uses this fact to show the incompleteness of the (r.e.) first-order version of circumscription.
®This is, in fact, a slight generalization of Shoham’s approach, where < is required to be a partial order. Using a
preorder allows distinct models to be equally preferable.
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of possible worlds semantics.

Besides default reasoning, minimal model semantics can account for other forms of nonmono-
tonic reasoning. In particular, various forms of temporal reasoning have been successfully defined
using this technique. Indeed, Shoham’s original motivation for developing his thesis of preferred
models was the need for a theory of temporal reasoning. His chronologically mazimally ignorant
models attempt to deal with certain problems in temporal domains.

2.2.4 Autoepistemic Logic

Often default statements can be thought of as expressing rules or sentences involving the consistency
of certain beliefs with an agent’s current knowledge, for example, “If it’s consistent with your beliefs
that Tweety flies, then assume it’s true.” McDermott and Doyle (1980) attempt to capture this

notion directly by augmenting the predicate calculus with a consistency operator. While their
nonmonotonic logic has been found to be somewhat problematic, it gave rise to a number of more
promising approaches. Autoepistemic logic, due to Moore (1985), attempts to alleviate some
troublesome aspects of nonmonotonic logic by appealing to the notion of belief. In a related vein,
nonmonotonic reasoning has been analyzed through the use of more traditional logics of knowledge
and belief (e.g., by Levesque (1981; 1984a)).

Nonmonotonic Logic

McDermott and Doyle (1980) introduce nonmonotonic logic in an attempt to capture the con-
sistency interpretation of default statements. The predicate calculus is extended with a modal
operator M, the desired interpretation of Ma being “a is consistent.” The flying bird default,
for instance, can be represented as bird A Mfly D fly. The difficulty with the consistency in-
terpretation of M is deciding when a formula Ma should be derivable and what consequences it
should have. In general, a theory should entail Ma exactly when it does not entail ~a. This defi-
nition is circular however, so consequences of a nonmonotonic theory are captured via a fixed-point
construction. T is a fized point of a set of sentences A iff

T=Cn(AU{Ma:~a¢T})

where Cn(S) is the set of (first-order) consequences of §. The nonmonotonic consequences of a
theory A are those sentences true in all fixed points of A.

A nonmonotonic theory, as with default theories, can have one, many, or no fixed points. The
theory counsisting of the flying bird default together with the fact £1ly has just one fixed point,
containing the appropriate conclusion £1y. The theory

{Mc D -d,Md>D —lc}

has two fixed points (one with —d, the other —c), while {M¢ D —¢} has no fixed points.

We notice immediately that, while nonmonotonic logic deals with a modal language, the only
inferences it allows (other than first-order) using modal sentences is the addition of a sentence Ma
when a is not “known.” This weak interpretation of consistency leads to undesirable consequences.
For instance, the theory {Mec,—c} is consistent, as is {M(c A d),~Mc}. This difficulty can be
attributed to a lack of semantics for nonmonotonic logic (or correspondingly, the lack of axioms
restricting the interpretation of the M operator).

In (McDermott 1982), the semantic difficulties surrounding the modal connective are addressed.
The language of nonmonotonic logic remains the same, and the definition of a fixed point of theory
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A is as above, except now Cn(S) refers to the closure if S under deducibility in some modal logic
(McDermott discusses T, S4, and S5). The consistency operator is restricted in its interpretation by
the axioms and inference rules of the appropriate modal logic. McDermott also provides something
of a semantic account for this version of nonmonotonic logic.

Unfortunately, for the most reasonable version of modal nonmonotonic logic, NMS5, the formu-
lation proves to be equivalent to standard, monotonic S5, and hence useless as far as nonmonotonic
inference is concerned. Conversely, the other candidates are too weak to capture the intuitive in-
terpretation of the consistency operator (although, see (Marek, Shvarts and Truszczysiski 1991)).

Autoepistemic Logic

Moore (1985) analyzes the difficulties with nonmonotonic logic and proposes an alternative autoepis-
temic logic. He begins by observing that rather than default or defeasible reasoning, nonmonotonic
logic is better suited to autoepistermic reasoning, or to an agent reasoning about its own beliefs.
With this in mind, he augments classical propositional logic with the modal connective L, La being
interpreted as “a is believed.”'® Moore claims that autoepistemic reasoning is nonmonotonic, not
because of any unsoundness of inference, but rather due to its indexical nature: -~ L-a refers to the
consistency of a with an agent’s current set of beliefs.

Given an initial set of beliefs or premises A, Moore characterizes those beliefs that are reasonable
for an agent to hold. Call an autoepistemic theory T' stable iff

1. T is closed under tautological consequence,
2. fpeT, then Lpe T, and
3. £pgT,then ~LpeT.

Stable sets of belief are semantically complete in the sense that an agent knows all consequences
(introspective and tautological) of its initial knowledge. Given initial premises A, stability means
a complete theory T includes

Cn(AU{Lp:peT}U{-Lp:p¢T})

where Cn refers to tautological consequence. In order to capture the notion of soundness, T' is said
to be grounded in A iff T' is identical to this set, rather than merely including it. Ezpansions of A
are just those autoepistemic theories that are stable and grounded in A. Unsurprisingly, a theory
may possess one, many or no expansions. =

In contrast to the original version of nonmonotonic logic, autoepistemic logic expansions include
the set {Lp: p € T} (not used in nonmonotonic logic), along with the set {-Lp : p ¢ T} (which
is used by McDermott and Doyle). This provides a stronger interpretation of “consistency” or
“belief,” but one that is not as strict as that of McDermott’s NMS5 (since tautological consequence
is used, rather than S5-provability).

Konolige (1987) introduces an alternative characterization of autoepistemic logic and defines
stronger notions of inference to deal with the problem of self-justified expansions. Konolige also
investigates the relationship between default logic and autoepistemic logic, and this is pursued
further in (Marek and Truszczyiski 1989) and (Truszczyiski 1991). Levesque (1990) provides an

1%This can be viewed as the dual of McDermott and Doyle’s M operator.
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appealing semantics for autoepistemic logic in terms of only knowing. This will be discussed at
length in Chapter 6, along with certain problems concerning the representation of default knowledge
as autoepistemic statements.

2.2.5 .Applications of Default Reasoning
Logic Programming and Negation-as-Failure

Logic programs provide one method of implementing the ideas upon which default reasoners are
based. Systems for logic programming, such as Prolog, often use the technique of negaiion-as-
failure (NF) to achieve the desired nonmonotonicity. Given a goal —p, a logic program attempts
to prove the goal p. If each branch of the evaluation tree fails (i.e., goal p finitely fails) then —p
is “proven” using NF. Clearly, this approach is nonmonotonic (for adding p to a program prevents
the proof of —p) and can be used for default reasoning in a number of ways. For instance, Reiter
(1987a) suggests logic programs might be used to implement McCarthy’s (1986) simple abnormality
theories. Consider program P with clauses

fly(x) « bird(x) A —ab(x)
ab(x) « penguin(x)
bird(A); bird(B); penguin(B).

Using NF, -ab(x) is proven whenever ab(x) cannot be. This has the effect of circumscribing ab
in P, resulting in £1y(A) being concluded, but not £1y(B).

In general, logic programs are “procedural” in the sense that formal characterizations of their
behavior is often lacking. However, recently much effort has been applied to providing formal
semantic and syntactic accounts for programs. Reiter’s (1978a) closed-world assumption (CWA) is
one such attempt. If a program is considered to be a deductive database, often negative information
is not explicitly represented. For example, if A is not an employee of company X, this fact is
represented by leaving out the entry (A4, X ) in the Employee relationship table. The CWA attempts
to capture this notion formally. For a given program P, define

ezt(P) = {~A : groundatom(A) and P |£ A}.

Then CWA(P) = P U ezt(P). The consequences of program P are then identified as those (first-
order) consequences of CWA(P), obtained by adding to P all negative ground atoms not entailed
by P.

While this captures the notion of implicitly represented negative information, some problems
exist with this formulation. Most importantly, for general logic programs,'! CWA(P) can be
inconsistent when P is not, for instance, by allowing indefinite information about ground atoms
(e.g., PVq). Reiter (1978a), however, shows that if P consists of Horn clauses, CWA(P) is consistent
whenever P is.

While the assumption of complete information is often appropriate for deductive databases,
in other logic programs the CWA might be too strong. Clark’s (1978) predicate completion is
another attempt to explain the mechanism of NF. Let P be any program consisting of extended
Horn clauses. For each clause p(t1,...tn) < L1,...Ln, its general form (cf. Shepherdson (1988))
is

p(:t],...mﬂ) — 3?(31 St Mol =14 /\Ll A. ..Lm).

N Programs consisting of eztended Horn clauses, i.e., Horn clauses allowing negative literals in the body.
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For each predicate symbol p, let Bj, ...B, be the bodies of the general forms of the clauses in
which p occurs in the head. The completed version of predicate p is p(Z) = B, V... B,. COMP(P)
is the collection of completed predicates from program P. The idea is that when we write a series
of clauses about predicate p, we intend these clauses to be the only ways in which the program
can prove the truth of p. As with the CWA, the consequences of a program are intended to the
first-order consequences of the completed program COMP(P). For instance, if we complete the
flying bird program above, we obtain the same results as given by Prolog’s NF mechanism.

Predicate completion can be seen to give a more intuitive account of general logic programs than
does the CWA. For example, the CWA can provide no new positive information, only augmenting
P with new negative facts; thus, it can’t derive £1y(A) in the previous example.!?  Predicate
completion is more useful in this respect, but when restricted to definite Horn programs COMP(P)
is similarly restricted in its ability to derive new positive facts. Furthermore, COMP(P) can be
inconsistent (e.g., p «+ —p), but this cannot occur when P is in Horn form. It should also be noted
that the CWA has the advantage of relying on the semantic content of a program, while COMP(P)
is sensitive to the syntax of a program as well. Shepherdson (1988) shows a number of ways in
which the CWA and predicate completion differ, despite their superficial similarities.

As far as accounting for NF, neither approach is entirely adequate. However, NF on program
P is shown by Clark (1978) to be sound with respect to COMP(P) and, by Shepherdson, to be
sound with respect to CWA(P) (cf. Shepherdson (1988)). While not complete for either approach
in general, Shepherdson (1988) reports on some partial completeness results for NF, The CWA
has also been extended and refined by several people (Minker 1983; Gelfond, Przymusinska and
Przymusinski 1989) to the point of being almost a form of circumscription.

Diagnosis from First Principles

Default reasoning and nonmonotonicity is not a quality unique to “commonsense” reasoning. Diag-
nostic reasoning is the task of determining an explanation for the aberrant behavior of some system
(say, a physical device). As opposed to the ezperiential or rule-based approach, diagnosis from first
principles uses structural and behavioral knowledge of a system to derive diagnoses, rather than
heuristic information. Reiter (1987b) presents a theory of diagnosis based on these ideas. A system,
for which a diagnosis will be made, is a set of first-order sentences SD (the structural description),
and a set of constant symbols COMP (the components of the system). The structural description is
intended to describe the behavior of the system when it is functioning properly, how it can fail, and
how such failures manifest themselves in system behavior. For instance, a typical sentence might
take the form “If condition X holds and component ¢; is functioning properly, then observation Y
should be true.” Reiter suggests the use of the distinguished predicate ab, standing for abnormal-
ity (or failure) of components (cf. McCarthy (1986)). The above sentence could be represented as
X A —ab(e;) D Y. Given a set of observations OBS, a diagnosis is some minimal set A C COMP
such that SDU OBSU {—-ab(c) : ¢ € COMP— A} is consistent. Hence, if {—ab(c) : ¢ € COMP} is
consistent with SDU OBS, the empty set is the only diagnosis, since nothing in the observations
indicates deviant behavior.

This formulation is nonmonotonic in the sense that the (minimal) diagnoses of some set of
observations need not be the diagnoses for some superset of those observations. If a diagnosis
were any set of abnormal components that explains system behavior, nonmonotonicity could not
arise; new observations could only remove candidate diagnoses. However, we can view this theory

2In fact, it does entail £1y(A), but only because CWA(P) is inconsistent in this case.
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of diagnosis as using preferred theories or models of the system behavior, those in which as few
components as possible have failed. This nonmonotonicity suggests a relation to default reasoning
and Reiter (1987b), in fact, shows how to model this system using default logic. The system
representation also suggests the possibility of implementation using circumscription, by minimizing
the predicate ab.

Poole (1989) provides a similar treatment of diagnosis, but allows candidate diagnoses to be
arbitrary sets of sentences (taken from a candidate set of hypotheses) that explain the observed
behavior, rather than a set of faulty components. Poole (1988) also claims that this framework,
upon which the Theorist system is based, provides a coherent semantical basis for default reasoning.
We will examine the Theorist framework in Chapter 7.

2.3 Modal and Conditional Logics -
2.3.1 Modal Logics

We've seen that material implication is not adequate for representing default rules. Similar defi-
ciences motivated the development of modern modal logic. In particular, implication is inadequate
as an account of entailment due to the paradozes of material implication:

»2(¢gDp)
~pD(pDyg).

The first says that p is implied by anything if p is true; the second that p implies anything if p is
false. While perfectly reasonable truth-functional principles, they are not acceptable properties of
entailment. For instance, if p is false, it does not mean that anything at all follows from p. To
capture this stronger sense of implication it was suggested (e.g., by MacColl and C.I. Lewis, cf.
(Hughes and Cresswell 1968)) that p D ¢ should be (logically) necessary if p entails ¢. If we use
O to stand for necessity, entailment corresponds to strict implication O(p D ¢).}* Modal logics
provide accounts of just such a necessity operator (though O is often given other interpretations,
and will be given two distinct readings in this thesis).

The presentation and terminology of propositional modal logic we give here is derived from that
of (Hughes and Cresswell 1984), together with certain ideas from (Segerberg 1971). The reader
is referred to these works along with (Hughes and Cresswell 1968) and (Chellas 1980) for further
details.

A modal language Ly is any propositional language augmented with the unary connective O,
so that Da is well-formed just when o is. Oa is typically read as “a is necessary.” The connective
< is introduced by definition as ~0O-, and Qo is read as “a is possible.” A modal system or modal
logic S is any set of sentences § C Lps** that includes all propositional tautologies and the axiom
K, and is closed under modus ponens, uniform substitution and the rule of necessitation, Nec:

K 0(4>B)>(0DADOB)
Nec From A infer OA

The smallest such set is the weakest modal logic K. For any modal system S we define derivability
as follows:

®Naturally there are other opinions on nature of entailment, e.g., (Anderson and Belnap 1962).
More precisely, these are normal modal systems. Nonnormal systems are not considered in this thesis. We use
“S” to denote a logic while S is the corresponding set of sentences.
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Definition 2.1 A sentence a is provable in S (written kg a) iff @ € §. a is derivable from a
set I' C Ly (written I' kg ) if there is some finite subset {aj,...,a,} of ' such that
Fs(aaA...Aay) D a.

We will discuss various extensions of K, but it will be instructive to motivate these systems se-
mantically. The semantic account we adopt, taken from (Hughes and Cresswell 1984), draws its
inspiration from the work of Kripke (1963).

Definition 2.2 A modal model structure'® is a triple M = (W, R, ) where W is a set, R is a
binary relation on W and ¢ maps P into 2%,

The members of W are referred to as possible worlds or states of affairs. ¢(A) is the set of worlds
where A holds, but we often talk about the induced valuation associated with w € W. Thus we may
think of ¢ as assigning propositional valuations to members of W, those valuations determining
the facts true at those states of affairs.

We take possible worlds to be hypothetical states of affairs or counterfactual situations (among
whose number we count the “actual world”). Certain situations might be consistent with an agent’s
knowledge, or such that an agent has no reason to believe they do not, in fact, obtain; but we assume
an agent can also “imagine” or conceive of situations in which a proposition A holds, even though it
knows that A is actually false (see Section 2.3.2 on hypothetical deliberation and conditionals). In
a quantificational setting, a model must also map a domain of individuals to each world, over which
quantification takes place (Kripke 1963). This account, and, indeed, the very idea of quantified
modal logic, has been subject to criticism, most notably by Quine.!® In Chapter 8, we discuss the
potential extension of our approach to the first-order case, and discuss the difficulties that might
arise.

A model also contains an accessibility relation or alternativeness relation R on W. When wRv
we say v is accessible to w, or w sees v, and when this is the case we intend (on one standard
interpretation at least) that v is a possible alternative state of affairs given w. In other words,
if w is the actual state of affairs, one is unwilling to reject v as possibly being the actual world.
For this reason a sentence a is necessary from the perspective of w just in case a is true at all
worlds accessible to w. Given the definition of Ca, we say « is possible just when it is true at some
accessible world.

Definition 2.3 Let M = (W, R, ¢) be a Kripke model with w € W. The satisfaction of a formula
a at w in M (where M |=,, o means a is true at w) is defined inductively as:
1. M |y aiff w € ¢(a) for atomic sentence a. -
2. M=y -aiff M, .
3. MEyaDpBif M, Bor My, a
4. M |, Da iff M =, a for every v such that wRv.

If M =y a we say that M satisfies o at w. a is valid on M (M [= @) just when M |, a for
alwe W,

We denote by ||c|| the set
{fweW:ME, o}.

130ften called 2 Kripke model, or simply a model.
%3¢ee, for example, (Quine 1961).
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Strictly speaking, some reference to M should be made in this notation, but the model we have in
mind when writing this will always be clear from context.

Modal systems are typically associated with various classes of models via characterization re-
sults. Let C be some class of models. « is valid with respect to C iff M |= « for all M € C, which
we write as =¢ @. Let S be a modal system. S is sound with respect to C iff ks a implies ¢ a.
S is complete with respect to C iff |5¢ a implies g a. C is characterized by S iff S is sound and
complete with respect to C.

Most important modal systems correspond to interesting classes of models. For instance, the
class of all models is characterized by the logic K. If we restrict the relation R to be reflexive we
determine the logic T, which is K plus the axiom '

T OAD A.

This corresponds to the intuition that all worlds consider themselves possible, or that the actual
world is possible. Adding to T the axiom

4 OAD0OOA

we get the logic S4, which corresponds to the class of reflexive and transitive models. This system
is especially important when we use accessibility to represent some ordering on possible worlds
(e.g., a temporal ordering, see footnote below). Most well-behaved notions of ordering are at the
very least reflexive and transitive, and, as pointed out by Segerberg (1971), this class of models is
especially nice to study.

Given any model for which R is transitive (and we will always assume reflexive), a cluster
is defined to be any subset U C W such that each member of U is mutually accessible (i.e. if
u,v € U then uRv and vRu), and no proper superset of U has this property. In other words, R
as restricted to U forms a maximal subrelation of R that is an equivalence relation. Given this,
any such accessibility relation can be viewed as a partial order on the set of clusters in M. With
an ordering interpretation of R, clusters are the maximal sets of worlds all members of which have
the same “rank.” Worlds are comparable in R iff their containing clusters are comparable in the
induced partial order (see Figure 2.1).

Another important system is S5, which imposes an extreme ordering on worlds. It adds to S4
the axiom

5 CADOCA

and characterizes the class of models formed from equivalence relations (reflexive, transitive and
symmetric). Such a model consists of a set of mutually inaccessible clusters, so the induced partial
order is empty (see Figure 2.2). Between S4 and S5 lies the logic 54.3, which we will have occasion
to use in later chapters. This logic is especially important given the ordering interpretation of R,
and consists of S4 plus the axiom

D 0O(0A D> B)vO(OB D A).
This adds fotal connectednessto reflexivity and transitivity; that is, for all v, w either vRw or wRv.

Such structures consist of a set of clusters that is totally ordered, so R is a weak linear ordering
on W (see Figure 2.3).17 Because of the implicit ordering imposed on W by R, S4.3 will find

1784.3 also characterizes other classes of models including the larger class of connected models (if uRv and uRw
then either wRv or vRw). Furthermore, the “bulldozing” technique of Segerberg (1971) shows S4.3 to correspond to
the class of linearly ordered models (a totally ordered set of clusters each of which is a singleton). This has important
implications for viewing S4.3 as a temporal logic (Prior 1967), where wRv means v is some moment as late or later
in time than w. Thus OA is read as “At all later moments in time (including the present) A is true.”
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Figure 2.1: A typical S4-model. Each large circle forms a cluster whose elements (represented by
points) are mutually accessible. So wRv and vRw. The transitive closure of the arrows determines
accessibility outside cluster; thus wRr and wR{, but neither »Rw nor rRs, hold.

o

Figure 2.2: A typical S5-model. It consists of a set of clusters that are mutually inaccessible. So
neither wRv nor vRw holds.

—O0—0—0—

Figure 2.3: A typical totally connected model. It consists of a totally ordered set of clusters. So
wRv or vRw for all v and w.
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application in the interpretation of default rules.

Modal logics can also be generalized to include more than one modal operator. We will use
a series of bimodal logics in Chapters 5 and 6, with two modal operators corresponding to acces-
sibility and inaccessibility. Typically, such logics have model theories with separate accessibility
relations for each modal connective. Bimodal logics are often important for dealing with temporal
interpretations of accessibility, and in this context constrain one relation to be the inverse of the
other (Segerberg 1970). This contrasts with our treatment where we constrain a second (implicit)
relation to be the complement of the first. Multimodal logics with a finite number of boxes are
often used for representing the knowledge of multiple agents in an epistemic setting (Halpern and
Moses 1985), and infinite families of operators find applicability in dynamic logic (Pratt 1976).

2.3.2 Conditional Logics

While the modal concept of strict implication is an adequate account (for some) of entailment, it
still has essentially the same drawbacks as material implication when viewed as a representation
of typical linguistic usage of conditional constructions, or of default rules. The paradoxes have
counterparts for strict implication certainly, but more discouraging is the fact that strict implication
is still “monotonic”; we have the strengthening rule of inference:

0(ADC)D>O(AABDC).

Conditional logics have appeared over the last number of years to account for the properties
of conditional statements in natural language, statements of the form “If ...then ...” (or some
paraphrase thereof). Focusing on propositional logics, conditional logics are generally based on
the language of CPL augmented with a conditional connective, variously denoted =, >, O—, or
otherwise. The convention here shall be to use > for arbitrary, abstract conditionals, and reserving
= for the conditional we develop here.

The two main types of conditional statements are indicative conditionals and subjunctive con-
ditionals. Indicative conditionals are generally intended to be statements about how the world
actually is, for example,

“If it rained, Pete didn’t show up for our match.”
Subjunctive conditionals usually express how the world might have been or could be, for example,

“If it had snowed, we would have gone skiing,” or
“If it should snow, we would go skiing.”

While definitive boundaries between the two classes of statements are rarely proposed, or even
thought to exist, there is little doubt that the classes must be treated distinctly (Jackson 1987;
Appiah 1985).

The general approach toward the treatment of subjunctive conditionals is (relatively) uncontro-
versial, while it is less so for indicative conditionals. Subjunctive conditionals are generally viewed
as having truth conditions based on some possible worlds semantics; the controversy surround-
ing indicative conditionals is due to the debate over whether or not indicative conditionals have
truth conditions. An example illustrates their problematic nature. Clearly, normal conversational
conventions do not allow one to assert “If it rained, Pete didn’t show up for our match” merely
because it is known that no rain had fallen. Yet one paradox of material implication allows such
an inference, namely the conclusion of A O B from —A. This is evidence supporting the claim
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that indicative conditionals do not have truth conditions corresponding to those of the material
conditional. This is just one of many problems that arise in trying to determine a set of truth
conditions for indicative statements, There are various accounts of indicative conditionals suggest-
ing alternatively that indicatives have no truth conditions but instead have assertibility conditions
(e.g., “If A then B” is appropriate when P(B|A) is high), that they have the truth conditions of
the material conditional, or both. We will not discuss indicatives further here for it is subjunctives
that are of more interest in this thesis. We refer the reader to, for example, (Adams 1975; Appiah
1985; Jackson 1987; Lewis 1976).

Subjunctive conditionals are generally thought to have truth values determined by hypothetical
possible worlds, following (Stalnaker 1968). While specific details differ, this thesis is maintained
in most proposals dealing with subjunctive conditionals and discrepancies exist only over relatively
minor details (compared to indicatives). Some basic considerations for any semantic account of
conditionals are provided by Stalnaker and are recalled here.

First, a truth-functional analysis of conditionals (i.e., as material conditionals) is inappropriate.
For instance, the falsity of the antecedent of a conditional is insufficient reason to affirm the truth
of the conditional. Consider Stalnaker’s (now dated) example:

“If the Chinese enter Vietnam, the U.S. will use nuclear weapons.”

Even if one believes the Chinese will stay out of Vietnam no matter what events occur, this is no
reason to affirm the conditional. This suggests a second consideration, namely that a “connection”
should exist between antecedent and consequent. However, a connection isn’t always required for a
conditional to be true: consider one who believes that (for whatever reason) the U.S. will definitely
use nuclear weapons in Vietnam. In this case, one should assent to the truth of the conditional, even
if no opinion about the Chinese is forthcoming. Stalnaker’s final (rough) suggestion for determining
the truth of a conditional is known as the Ramsey test (see Chapter 6). Briefly, one should adopt a
hypothetical belief in the antecedent of the conditional, make some minimal changes in old beliefs
to accommodate this, and finally consider whether the consequent follows in this new belief state.
This view is also detailed in Nute’s (1980) account of hypothetical deliberation.

Stalnaker (1968) develops a possible worlds semantics for such a conditional logic. Formulae
are interpreted with respect to a model structure and a selection function, where a model structure
consists of a set of possible worlds (including an absurd world) and an accessibility relation, and
a selection function takes a proposition and a possible world as arguments and has as a value a
possible world. The selection function f is intended to represent the selection of the most reasonable
or closest'® possible world in which to consider the truth of the antecedent of a conditional, in the
sense discussed above. The conditional sentence A > B is true at a possible world w iff B is true
at f(A,w). A number of restrictions are placed on the selection function, all reflecting reasonable
intuitions regarding hypothetical deliberation. For all antecedents A and B and worlds w and v,
the following conditions should hold:

(a) Ais true at f(A,w).

(b) f(A,w) = A (the absurd world satisfying all sentences) only if v is inaccessible from w
for any A-world v.

(c) If Ais true at w, f(4,w) = w.
(d) If A is true at f(B,w) and B is true at f(A,w) then f(A,w)= f(B,w).

8For instance, the world selected should differ minimally (in some pragmatic sense) from the actual world.
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Lewis (1973a) presents an alternative semantics for (counterfactual) conditionals that deals
with some problems occurring in Stalnaker’s logic. Lewis abandons two assumptions: the Limit
Assumption, which states that a closest (most similar to the actual) possible world in which the
antecedent of a conditional holds must exist; and the Uniqueness Assumption, that exactly one
closest antecedent-world need exist.

The Uniqueness Assumption is due to Stalnaker’s view that exactly one antecedent-world is
closest to the actual world. The logic presented by Stalnaker has as a theorem the Law of the
Conditional Excluded Middle

CEM ©AD (-(A> B) = (4> -B)).
This theorem entails the (objectionable, according to Lewis) theorem

(A> B)V (A > -B).

Lewis disputes the validity of such a theorem with the classic pair of conditionals (due to Quine)
“If Bizet and Verdi had been compatriots, they would have been Italian” and
“If Bizet and Verdi had been compatriots, they would have been French.”

Intuitively, neither of these statements is true because it seems equally likely that Verdi could have
been French or Bizet Italian. Lewis proposes that hypothetical deliberation may involve a number
of equally (most) similar possible worlds where the antecedent of a conditional holds.}® We discuss
the Limit Assumption and Lewis’s key counterfactual logic VC in Chapters 4 and 6.

Lewis’s final analysis for determining the truth of a (counterfactual) conditional is as follows:
A > C is true at a world w iff some world (accessible to w) in which A and C' hold is closer to w
than any world (accessible to w) at which A and ~C hold, if there are in fact accessible A-worlds.

In general, conditional implication is thought to lie between material implication and strict
implication, being somewhat stronger than material and weaker than strict. A view of conditionality
is that it expresses some sort of relative necessity (Chellas 1975; Nute 1980). To quote Chellas (1975,
p.133): “‘If A, then B’ means that the proposition expressed by B is in some way necessary with
respect to that expressed by A.” Therefore, conditionality can be viewed as either a sententially-
indexed modality or a propositionally-indexed modality. A selection function determines, given
the antecedent A of a conditional A > B, the worlds to be considered in deciding if B is (relative
to A) necessarily true.

If the selection function maps propositions?® and possible worlds into sets of possible worlds?!,
then the conditional connective can be taken as a propositionally-indexed modal operator (e.g.,
see the unifying approach to conditional logic found in (Chellas 1975)). This view ensures that
any conditional logic based on this type of selection function will have as a rule of inference full
substitution of equivalents. If the selection function maps sentences of the language and possible
worlds into sets of possible worlds?? then the conditional connective can be taken as a sententially-
indexed modal operator (e.g., see the general approach to conditional logic found in (Nute 1980)).
In this case, the inference rule RCEC will hold (this rule allows equivalents to be substituted in
the consequents of conditional sentences), but the rule RCEA (this rule allows equivalents to be
substituted in the antecedents of conditionals), in general, will not be valid. For a discussion of why
RCEA might not be appropriate as a rule of inference for all conditional logics, see (Nute 1980).

1®Gtalnaker (1980) defends CEM by appeal to van Fraassen’s notion of super-valuations.

20We take a proposition to be a set of possible worlds, identified with the “sentence” it makes true.
UThat is, f:2W x W s 2W,

2That is, f: L x W~ 2%,
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2.3.3 Conditional Logics and Default Reasoning

Conditional logics have found application for many types of conditionality. For example, counter-
factual conditionals have been described by Lewis and others using conditional logic (Lewis 1973a;
Lewis 1973b; Nute 1975). Standard deontic logics based on the typical unary modal operator have
been found to be inadequate in certain respects, most notably by.leading to certain paradoxes
(von Wright 1964; Aquist 1967; van Fraassen 1972). Conditional logics based on the notion of
conditional obligation seem more promising in this respect.

Conditional logic can be seen to be generally useful for applications in default reasoning. A
number of properties of conditional logics suggest that they are ideal candidates for expressing
facts of the form “If ...then normally ...”. Unlike corresponding sentences using the connective
of material implication, conditional sentences of the type problematic in default reasoning can be
asserted consistently in most conditional logics. Consider the pair of conditionals

“If a match were struck, it would light” and
“If a wet match were struck, it would not light.”

While the pair of formulae M D L and W AM D -L is inconsistent with the fact W A M, the pair
M >Land WAM > -L is not.

A number of properties, desirable in default reasoning, are true of the conditional connective
in most conditional logics. We now take the connective => to be the specific conditional “normally
implies.” A = B is interpreted as “If A then normally B.” For example, consider the following
“fallacies,” or inference rules that hold for material implication but not for conditional connectives
in most conditional logics:

Strengthening From A = B infer AAC = B.
Transitivity From A = B and B = C infer A = C.
Contraposition From A = B infer =B = -A.

As well, while not true of Stalnaker’s or Lewis’s semantics, most general approaches to conditional
logic do not require that all logics obey:

Modus Ponens From A and A = B infer B,

Clearly, none of these inference patterns is desirable in a logic for default reasoning, as discussed
previously. 5=

There are a number of advantages to using the conditional logic approach to default reasoning,.
First, the language of conditional logic provides a naturalness of expression that cannot be found
in most current schemes. A = B is a concise way of expressing that B should normally follow from
A. There is no need to account for qualifications to prevent the inconsistency of such an assertion,
for the connective = is “nonmonotonic.” Second (once a semantics for this interpretation of the
connective = is developed), conditional logic offers a more intuitive semantics for sentences in a
default theory, and one that is well-developed (since the approach developed in this thesis is based
on existing modal logics). The semantics provided for the interpretation of statements and default
rules in many systems of default reasoning are problematic or unintuitive, or perhaps non-existent.
Finally, with conditional logic, conditional statements can be interpreted as default rules. One can
reason about default rules, or their negations, deriving new ones from existing rules together with
facts about the world. This is because these “default rules” are themselves merely statements of fact
about the world being modeled, allowing interaction with other default rules and facts. This is not
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the case with most approaches. Even with techniques such as nonmonotonic logic or autoepistemic
logic, where the default rules are sentences in the theory, the propriety of the rules that can be
derived is somewhat dubious (Reiter 1987a). So conditional logic does offer some advantages for
certain aspects of default reasoning.

Conditional logics have been examined previously in the context of AI applications and non-
monotonic reasoning. For instance, Ginsberg (1986) examines the use of counterfactuals in Al,
listing uses in such areas as inconsistency-detection in knowledge bases, planning, and diagnosis.
But more recently, conditional logics have started to find popularity as representation systems for
default rules and specifications for default reasoning. One of the earliest attempts to develop a
default reasoner based on conditional logic was made by Nute (1984b; 1984a). In (Nute 1984b), he
describes PROWIS, a system implemented in Prolog for reasoning with subjunctive conditionals,
and based on the logic VW. The idea is to answer queries of the form “Would C be true?” given
an initial database of facts, and conditionals of the form A > B. In general, the query “Would C?”
is answered positively if there is some conditional A > C that holds along with A, and there is no
true A’, stronger than A, such that A’ > —C holds also. This encompasses the notion of specificity:
we accept as true the consequences of the more explicit information in the case of conflict. For
example, given the conditionals above describing the behavior of matches, we would accept the
conclusion L (rather than L) in the presence of W A M (which is more specific than M).

Nute (1984a) provides a formal notion of derivation of subjunctive consequences that accounts
for (and generalizes) the behavior of the PROWIS system. This system, LDR1, is again based on
Horn clause logic and uses the notions of absolute and defeasible rules, and defeaters. In this sense,
it is very similar to Pollock’s system of defeasible inference. Also related is the fact that it is a
purely syntactic system. The defeasible rules and defeaters are intended to represent a certain type
of conditionality, yet the system fails to respect the semantics of the logic on which it is based. For
instance, (A > B) D (4 D B) is VW-valid, but neither of Nute’s systems necessarily draws the
conclusion B from A and A > B. Since the semantics of VW cannot apply to Nute’s defeasible
rules, these essentially have the status of unanalyzed conditional statements.

A promising approach to the use of conditional logic for default reasoning has been initiated
by Delgrande (1987; 1988), among others. In this thesis we will adopt the conditional approach
to default reasoning precisely because of the advantages discussed above. Along the way we will
present, discuss and compare the more important conditional representations of defaults, including
the work of Delgrande (1986; 1987; 1988), Lehmann (Kraus, Lehmann and Magidor 1990; Lehmann
1989; Lehmann and Magidor 1990) and Pearl (Pearl 1988; Pearl 1990; Goldszmidt and Pearl 1990).



Chapter 3

Models of Belief Revision

In the previous chapter we looked at the problem of default reasoning, the task of drawing plau-
sible conclusions based on a static set of beliefs. We’ve seen that this notion of consequence is
nonmonotonic in the sense that as belief sets are augmented with new information certain infer-
ences might be deemed less plausible than they once were, and certain conclusions unacceptable.
Because default reasoning is nonmonotonic and states of belief are in constant flux, it is necessary
to accommodate the revision of beliefs, In this chapter we will survey various formal approaches
to belief revision.

3.1 Truth Maintenance Systems

Until recently, belief revision in AI had generally only been studied under the guise of {ruth main-
tenance systems (Doyle 1979; de Kleer 1986). These systems are tools used to manage a changing
set of beliefs in such a way that justified beliefs are labeled and can be identified as such, while
unjustified facts are not accorded the status of beliefs. The complexity of the task lies in the dy-
namic aspect of keeping track of justifications. If a certain belief is justified by the presence of
other beliefs, the removal of the justifying beliefs should cause the original belief to be discounted
unless other justification can be found. This, in turn, may cause other beliefs to be disregarded, or
support belief in others still.

Implicit in this approach to revision is a commitment to a foundational epistemology. In such
a theory only facts having adequate justification are granted the status of beliefs, and a rational
agent is required to keep track of such justification on the threat of being forced to give up beliefs.
A justification is a set of beliefs that permit one to accept a fact as a justified belief. These
justifications cannot be circular and must ultimately be grounded in foundational states, or basic
beliefs that are self-justifying. For instance, these are often considered to be perceptual states
(Quine and Ullian 1970). These theories are especially appealing as normative accounts of belief
since they describe a rather intuitive conception of what an agent ought to believe (or at least what
one is permitted to believe). If one comes to believe A on the basis of learning B, but later has
reason to disbelieve B, then the belief in A ought to be suspended as well.

In the original formulation of a truth maintenance system (TMS) Doyle (1979) proposed that
the TMS be used in conjunction with some reasoning program. This program transmits various
beliefs and reasons for these beliefs (or justifications) to the TMS, which is charged with the task of
recording and managing these beliefs and reasons. As beliefs change, other beliefs for which these
are justifications may have to be added or retracted by the TMS. -

A belief is represented as a node in the system, whose status is either in or out. An innode

32
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represents a currently held belief while an outnode is not currently believed (not to be confused with
belief in the negation of the node). The set of innodes at any point in time completely determines
the belief set of the program at that time. A justification for a node (there may be several) is an
ordered pair of lists of nodes, the inlist and the outlist. A justification is valid for a belief if each
node on the inlist is in and each node on the outlist is out. Thus a node is believed just when it
possesses some valid justification.

Because a belief can be justified by a lack of belief in other nodes, the TMS can exhibit non-
monotonic behavior. By simply adding the belief in a node on a second node’s outlist, the second
node can become disbelieved. Of course, this can cause belief in other nodes to be suspended, and
still others added. The main task of the TMS is to propagate these changes throughout the system.
Doyle presents a number of algorithms for inconsistency removal and change propagation.

Notice belief in a node can be suspended only when some node on the (justifying) inlist becomes
out or some outlist node becomes in. Thus all possible qualifications for a nonmonotonic inference
must be placed on the outlist in negated form (see Chapter 2). It is not enough to say bird is a
reason for £1y. On the outlist of the bird-justification for £1y must be the qualifications penguin,
emu, brokenWing, dead, etc.

One criticism of the basic justification-based TMS is its inability to consider multiple states of
affairs at any point in time, and the difficulty involved in switching contexts (an especially important
component in search). The assumption-based TMS (ATMS) of de Kleer (1986) generalizes the TMS
through the use of conterts and labels for nodes. Given a set of nodes and justifications, a context for
a node is a set of assumptions from which the node can ultimately be derived using the justifications.
Assumptions themselves are typically viewed as requiring no further justification (like foundational
states). The label of the node is the set of all contexts for the node and can be derived from the
justifications; and in (Reiter and de Kleer 1987) the ATMS is logically reconstructed to reflect
this. The task of the ATMS is to keep track of (but not completely recompute) such labels as new
nodes and justifications are added to the system. de Kleer describes such methods.

Since nodes are labeled with various contexts in which they can be assumed to hold, many
inconsistent states of affairs can be considered at one time. These contexts are components of
various nodes and the set of beliefs (roughly) associated with a particular situation are just those
nodes labeled with the appropriate context.

3.2 The AGM Theory of Revision

In foundations theories, and truth maintenance systems in particular, an agent is required to
keep track of justifications for beliefs and to give up beliefs when no justification exists. While
intuitively appealing, the computational cost of keeping track of justifications might be prohibitive,
and certainly psychological evidence overwhelmingly supports the hypothesis that human reasoners
do not do this (Harman 1986, Chapter 4). A consequence of foundations theories is the suspension
of beliefs when adequate justification cannot be found, for example, when a (sole) justification is
forgotten. Coherence theories of belief, however, do not require such bookkeeping, and revision is
guided by principles that ensure one’s entire belief set remains a reasonable view of the world, or
coheres. Much work in the philosophical community on the logic of theory change is consistent
with such a coherentist epistemology in the sense that belief sets are unstructured collections of
sentences, and belief revision is not accomplished through the use of justifications.!

1Of course, belief revision based on unstructured sets of beliefs cannot be said to constitute an adequate coherence
theory. Indeed, some degree of implication and explanation is required among beliefs in a coherence theory (Harman
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Recently, work on the logic of theory change has been adopted by the AI community for use
in the task of belief revision. By far the most influential approach to revision has been that of
Alchourrén, Géardenfors and Makinson (1985), which we refer to as the AGM theory of revision.?
Most of this work assumes beliefs sets to be modeled as deductively closed sets of sentences, and for
concreteness we will assume that the underlying logic of beliefs is CPL, although nothing critical
hinges on this decision, the only requirement, in general, being the compactness of the underlying
logic. As usual, = and Cn will denote propositional entailment and consequence respectively. We
will use K to denote arbitrary belief sets, and if K = Cn(KB) for some finite set of sentences
KB, we say K is finitely specified by KB. In this case, we will often refer to the revision of K as
the revision of its base set KB, and since this should cause no confusion, we will also refer to the
sentence formed by conjoining its members as KB. Typically, it will only be finitely specifiable
theories with which we concern ourselves. It may be useful to think of KB as the ezplicit beliefs of
some agent, while Cn( KB)— KB are the implicit beliefs, those inferable given these explicit beliefs
(cf. (Levesque 1984b) for a more detailed account of this distinction). This distinction makes clear
how to represent in a computer (or other finite agent) the infinite belief set Cn( KB).

Revising a belief set K is required when new information is learned and must be accommodated
with these beliefs. If A is consistent with K (that is, when K [ -A), learning A is relatively
unproblematic, as the new belief set Cn(KBU {A}) seems adequate for modeling this change in
theory. This process is known as ezpansion. For instance, if Craig has no opinion regarding the
truth of the fact that Pete has a very expensive new tennis racquet, learning this new information
is merely a matter of adding it to his belief set, together with certain implications associated with
this belief, perhaps that Pete has gotten a raise or that he is taking his tennis game more seriously
(though these are most certainly default implications).

More troublesome is the revision of K by A when K | —A, A being inconsistent with the
current state of belief. Simply adding A to the belief set as with expansion is not an adequate
solution since an inconsistent theory will be the result. Some beliefs in the original theory must
be given up before the new fact can be accommodated. Suppose now that Craig believed, before
discovering Pete has a new racquet, that Pete was on a budget and would make no significant
purchases. To adjust to this new information Craig must make certain changes to his original set
of beliefs. However, there are a number of ways to oblige this new information; for instance, he
could drop his belief that Pete is on a budget (perhaps he got a raise) and that Pete is careful with
his money, or he could question his belief that Pete is not a kleptomaniac, or that Pete only plays
with his own racquets,

Typically, there are a multitude of choices for massaging a theory K in order to adapt to new
information. The problem lies in choosing what beliefs to give up, and is further compounded
by the fact that, in general, there are no logical grounds for choosing which of these alternative
revisions is acceptable (Stalnaker 1984), the issue depending largely on context. Fortunately, there
are some logical criteria for reducing this space of possibilities.

The main criterion for discarding some revisions in deference to others is that of minimal change.
Informational economy dictates that as few beliefs as possible from K be discarded to facilitate
belief in A (Gardenfors 1988), where by “few” we refer not to the number of beliefs given up (alone),
but the “quality” of these beliefs (information content). While pragmatic considerations will often
enter these deliberations, e main emphasis of the work of Alchourrén, Gardenfors and Makinson

1986); that is, some “glue” is needed to make beliefs cohere.
?Girdenfors’s (1988) provides an excellent exposition of the AGM theory and its relationship to other theories.
We will usually refer to this account.
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is in logically delimiting the scope of acceptable revisions. To this end, the AGM postulates, given
below, are maintained to hold for any reasonable notion of revision (Girdenfors 1988). We use
K to denote the belief set that results from the revision of K by A, assuming * to be a function
mapping belief set-sentence pairs to belief sets. We use K I to denote expansion.’

(R1) K} is a belief set (that is, deductively closed).
(R2) A€ Kj.

(R3) K4 C K}.

(R4) If ~A ¢ K then K} C K.

(R5) K3 = Cn(1)iff | -A.

(R6) If £ A = B then K% = K},

(R7) Kj\p S (K2}

(R8) If B ¢ K} then (K})} C Kjap.

The first two postulates state that the result of revising K by A should be a belief set containing
A. (R3) and (R4) taken together assert that if A is consistent with K then K’ should merely be
the expansion of K by A. This seems to reflect our intuitions about informational economy, that
beliefs should not be given up gratuitously. This makes (consistent) expansion a special case of
revision. (R5) says it is possible to revise a theory consistently to include the belief of any logically
consistent sentence, while (R6) asserts that only the semantic content of new beliefs should be
considered when performing revision. That the semantic content of K and not its structure is
significant follows from the fact that % takes as (part of) its domain deductively closed sets. (R7)
and (R8) are essentially (R3) and (R4) applied to conjunctions and iterated revisions. Indeed (R3)
and (R4) are derivable from these under the reasonable assumption that K} = K, where T is the
identically-true proposition.

Other than revision (which includes expansion as a special case), one may consider another form
of belief change whereby certain beliefs are given up, but not replaced with others. This process
is known as contraction, and K, denoted the belief set that results from “deleting” A from K.
While this appears to be a different form of theory change, it is definable in terms of revision. AGM
have provided postulates for coherent contraction functions (see (Gardenfors 1988) for details), and
have shown that * and — are interdefinable in such a way that each set of postulates is satisfied.
In particular, we can define contraction by means of the Harper identity

K;=KnK:,

and revision via the Levi identity N
K3 =(K —_-A)A'

Thus, though we consider primarily revision functions, we can effect any form of theory change,
including contraction and expansion.

®The postulates are taken from (Gardenfors 1988).
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3.3 Alternative Models of Revision

Some other models of belief revision have been proposed that capture roughly the same ideas as
the AGM model. For instance, Grove (1988) has proposed a system of spheres model for revision*
that captures a number of intuitions regarding revision. If K is the belief set of some agent then
the set of possible worlds || K || that satisfy K are precisely those the agent considers epistemically
possible. In the course of revision, certain beliefs are given up in order to accommodate others,
but giving up beliefs is merely expanding one’s set of possibilities, considering possible more states
of affairs. Grove captures the intuition that certain beliefs should be given up instead of others by
imposing an ordering on possible worlds that reflects the order in which an agent prefers to add
states of affairs to its set of possibilities. This ordering is reflected in a collection S of spheres,
or sets of possible worlds, This collection must be totally-ordered under set inclusion so that S
consists of an increasing sequence of sets S; C 52 C - -+ The minimum of this sequence §; must be
|| K[|, since this is the set of possibilities an agent most prefers, in accordance with the requirement
of informational economy. When revising by A, the idea is to find the minimal A-permitting sphere
(any sphere containing some A-world), denoted s(A), and let K = ||A]| N s(A). This corresponds
to the notion that the closest (most similar) A-worlds to K are the ones considered possible after
revising by A. Grove shows the class of revision functions determined by such models is exactly
the class of AGM revision functions. We can view the spheres model as imposing a total preorder
on worlds by considering w < v iff w is contained in every sphere that contains v.%

Another manner in which to specify belief revision is to provide an ordering on formulae re-
flecting the degree to which an agent is willing to give up these beliefs to oblige new information.
Such relations are known as orderings of epistemic entrenchment and were proposed by Gérdenfors
(1984) as a means of resolving conflict when deciding among different ways of giving up beliefs.
Not surprisingly, just as Grove’s ordering on worlds captures the AGM postulates, so too can
an ordering on sentences. In fact, the natural ordering induced on sentences by Grove'’s model is
closely related to entrenchment orderings.

From (Girdenfors 1988), let an entrenchment ordering (for a given theory K') be any relation
<g on Lgpy, satisfying these postulates. '

(E1) ¥ A<g B and B <g C then A<g C.

(E2) If A+ B then A <g B.

(E3) fA,B€ K then A<gp AANBor B<g AAB.
(E4) If K # Cn(L) then A ¢ K iff A <g B for all B.
(ES) If B <g A for all B then F A.

The inverse of the entrenchment relation is a plausibility relation, which Grove (1988) relates
to entrenchment. Intuitively, a sentence A is more plausible than B (written A <g B) iff A is more
acceptable than B, or would be more readily adopted as a belief if the opportunity arose. Let a
Grove ordering be any relation <g on L¢py satisfying the following postulates.

(G1) Either A <g Bor B <g A.

*This model is similar to Lewis’s (1973a) system of spheres model for counterfactual conditionals, which we will

examine in Chapter 6.
®This view of Grove’s model is quite like the model of revision provided in (Katsuno and Mendelzon 1990).
Systems of spheres will be presented more formally in Chapter 6.
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(G2) If A<g B and B < C then A <g C.
(G3) HFADBVC then B<g Aor C <g A.
(G4) If ~A ¢ K then A <¢ B for all B.

(G5) If - —A then B <g A for all B.

Grove (1988) shows that such a relation is induced by a system of spheres by defining A <g B iff
8(A) C s(B), and that any such ordering has a corresponding spheres model. Hence, this model is
appropriate for revision if we consider (defining A <g B to mean A <g B and not B <g A):

Be K} iff ANB <g AA-B.

Gérdenfors (1988) shows that the ordering <g, defined as A <g B iff -4 <g -B, will satisfy
(E1)-(E5) iff < satisfies (G1)-(G5). Hence, revision functions specified by means of epistemic
entrenchment are also equivalent to AGM revision functions.

Another model for belief revision proposed by AGM defines revision using the Levi identity in
terms of partial meet contraction functions. Consider the problem of constructing the contraction
K3 (from which K7 will be defined). One approach is to consider the set of maximal subsets of K
that fail to imply A (denoted K L A), that is, those beliefs sets that give up just enough to suspend
belief in A. Given these sets one can define contraction in two obvious ways. The first, mazichoice
contraction, consists of choosing some element K5 € K1LA. The problem with such contraction
functions is evident when we try to define revision, for if we add =4 to K; (according to the Levi
identity) the resulting belief set will be complete. This is due to the fact that either

“ADBe€K; or ~AD-BeKj,

for all B. Hence, revising by - A results in commitment to every proposition or its negation. The
second choice is full-meet contraction in which K} is defined as NK L A. The problem with revision
in this case is just the opposite, for (KZ):A = Cn(-A). In other words, when revising by - A, all
other beliefs are given up. Partial meet contraction consists of picking an arbitrary (determined
by context) subset of K1 A via some selection function §, and letting K; = NS(K LA), hence
avoiding the problem of excessively large or small revisions.

One may notice that the problem with maxichoice and full-meet revision is that certain “ob-
scure” consequences of beliefs come into play. For instance, if A € K then -A D B € K is a
(frequently trivial) consequence of this belief. Intuitively, these implicit beliefs are generated by
explicit belief in, say, A, and revising by = A should not only remove A from K, but also the im-
plicit beliefs due to A.° Nebel (1989) has proposed just such an approach in which belief sets are
represented as finite sets of sentences (not deductively closed) viewed as the explicit beliefs of an
agent. The contraction of K by A then amounts to removing from K those explicit beliefs that
imply A. Again, some choice may be involved, but whether we choose one or intersect all maximal
subsets of K, the results will generally be nontrivial. Unfortunately, such an approach is extremely
sensitive to the syntactic structure of the representation of K. For instance, revising K by A has
different results when K = {4, B} and K = {A A B}. In the first case K} = {B}, while in the
second K% = 0.7

8This feels much like a foundations theory of revision.
"One could argue that this sensitivity to syntax might be useful_in practlce For example, if AA B is used instead
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Other approaches to revision have also used representations of belief sets that don’t allow
arbitrary theories, but only those representable by a sentences in some language. This has the
advantage of making explicit our assumption that we will generally only be concerned with such
finitely representable KBs, yet does not rely on the syntax of the KB or sentence. Katsuno and
Mendelzon (1990) define a sentential connective for revision where Ao B is intended to represent the
theory resulting from revising A by B. They also present postulates that characterize revision in the
case of a finitary language and show these to correspond to the AGM postulates. Furthermore, they
demonstrate that, in this case, the revision of KB by A coincides with imposing a total preorder on
interpretations (such that all KB-worlds are minimal) and considering the models of A minimal in
this ordering to represent the revised state of affairs. In a sense, this corresponds to Grove’s (1988)
system of spheres representation that implicitly imposes such a total preorder on possible worlds.

Katsuno and Mendelzon also generalize their version of the AGM postulates to characterize the
case where revision is determined by relaxing the ordering on models to be a (simple) preorder (or
a partial order), This partial order revision has the appealing quality that when ranking states of
affairs one need not insist that all worlds be comparable. In contrast, implicit in the AGM approach
is the requirement that if a world is neither more nor less similar to KB than another then these
worlds are equally similar — there can be no ambivalence. This generalization will be explored
further in Chapter 6.

Update

The models of belief revision thus far examined have all been quite abstract and general, stipulating
very few conditions on revision, and allowing pragmatic considerations to play a dominant role.
Some more concrete proposals do exist however, for instance, for revising databases (e.g., (Fagin,
Uliman and Vardi 1983; Dalal 1988); see (Katsuno and Mendelzon 1990) for a brief survey). Dalal’s
(1988) approach deals with the problem of belief revision by requiring that the truth value of as
few atomic propositions as possible change when exacting a revision. In particular, let dif{w) be
the minimal number of propositional atoms on which w differs in interpretation from all v € || KB||.
Then the models of the revised KB when incorporating A are just those w € ||A|| such that diff{w)
is minimal. It is clear that this is a specific instance of a revision operator® and does not permit
contextual information to bias the process. It should also be evident that this form of revision is not
appropriate in general, in the sense that it does not necessarily preserve “information” unless the
informational content of each atom is identical, which is unquestionably not the case. For example,
if an agent revises its beliefs to include “Bush pushed the button” surely we should not expect a
“minimal change in atoms” (so to speak), though it would be consistent to maintain beliefs like
“The car will start” or “The store will open at 9AM.” Unless a representation is sufficiently bizarre,
atomic truth values are not an adequate measure of information loss, as pragmatic factors cannot be
accounted for (see (Gardenfors 1988, pp.91-94) for a discussion of how pragmatic concerns influence
revision).

Recently, a distinction has been made between the revision of a knowledge base and the update
of a knowledge base (Winslett 1988; Winslett 1990; Katsuno and Mendelzon 1991; Grahne 1991).
The problem with revision that merits this dichotomy is illustrated with the following example.

Suppose a means the book is on the floor and b means the magazine is on the floor.
Then % [a = b] states that either the book is on the floor or the magazine is, but not

of A and B, some dependence between A and B might be intended by the user. It is debatable, however, whether
this is the most compelling or principled way to represent such dependence.
8But not an AGM revision operator.
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both. Now, we order a robot to put the book on the floor. The result of this action
should be represented by the revision of 1 with a. After the robot puts the book on
the floor all we know is a...(Katsuno and Mendelzon 1991, p.390)

However, in this case, since a is consistent with KB = {a = b} the AGM postulates assert that the
revised KB should be a A —b, contrary to intuition.

In response to such problems, Winslett (1988) presented the posszble models approach to update.
The idea is to consider not the models of the updated fact closest to some model of the original
theory (as does Dalal), but rather to consider, for each model of KB, those models closest to it. In
more detail, suppose we want to update K by A. Let u € ||A]| and w € ||K||. We say u is closest
to w if there is no v € ||A|| such that » differs from w on the interpretation of fewer atoms than
does u (in the sense of set inclusion). The models of the updated belief set K’ are just those worlds
closest to some world in || K||; that is

|1K’)| = U {v: v is closest to w}.
wel|K]|

This notion of update seems to capture the change in belief about a changing world, since for
each epistemically possible world we consider the way it might have changed. Revision on the other
hand seems more suitable for changing beliefs about a static world. This difference is reflected in
the way consistent changes are handled. In the case of revision consistent change amounts to the
conjunction of the new information, in accordance with postulates (R3) and (R4). Update, as we've
seen, need not satisfy this property.

Again, the possible models approach seems to be a concrete proposal addressing the general
phenomenon of update. That minimal change in the world is reflected by minimal change in
atomic truth values is in general dubious. Katsuno and Mendelzon (1991) have proposed a general
definition of update and provided postulates that capture arbitrary partial orderings on worlds while
respecting the intuition that each world be considered separately when updating. Grahne (1991)
has axiomatized a logic for updates in which the notion is related to counterfactual implication.
The relation of update and revision to conditionals will be examined in fuller detail in Chapter 6.



Chapter 4

Conditional Logics of Normality

Many aspects of reasoning, both in commonsense and expert domains, have a default component.
In most circumstances, conclusions must be reached lacking complete information, and cannot be
inferred with logical certainty. In Chapter 2 we saw that a multitude of formal systems have been
proposed to characterize the notion of reasonable defeasible inference. Yet among the traditional
systems, such as default logic, autoepistemic logic and circumscription, an entirely adequate ac-
count cannot be found. Much of our default knowledge seems to be based on statements of typicality
or normality, but none of these systems can be said to be a logic of such statements.

Consider a standard default statement “birds fly.” In the circumscriptive framework of (Mc-
Carthy 1986) such a statement is written as

bird A —ab D fly

where ab is some abnormality predicate! intended to mean that a bird is abnormal with respect

to its flying ability. Unfortunately, this statement is made vacuously true by the fact =bird, as is
the circumscriptive formulation of the opposite default “birds do not fly.” A similar criticism can
be made of autoepistemic logic. Clearly, statements of normality should not be made true by the
falsification of their antecedents. This is simply the paradox of material implication in a default
setting. As pointed out by Kraus, Lehmann and Magidor (1990), the traditional default systems
do not represent conditional defaults in a compelling manner.

Some notion of normality seems central to the representation of defaults. We would like to read
the flying bird default as something like “Birds normally fly,” or “In the most normal circumstances
in which z is a bird, z flies.” Recently, several conditional approaches have been proposed that
can be interpreted as allowing such a reading of a default rule (Delgrande 1987; Kraus, Lehmann
and Magidor 1990; Pearl 1988). Aside from (to varying degrees) some commitment to a normative
interpretation,? a crucial aspect of all these models is the conditional aspect of the representations.
A unary modality for normality (like a unary abnormality predicate) appears inadequate in general.

Suppose we have some such connective, say IV, for normality, and read Na as “a is normally the
case.” Straightforward default assumptions can be encoded in this manner (e.g., “Assume your car
is parked where you left it”); but conditional defaults are not susceptible to such an analysis. One
obvious encoding of “birds fly” is N(bird D fly), but again such a statement is made vacuously

!We think of ab as a nullary predicate for this propositional exposition.

#We use “normative” here to refer to aspects of normality in general, and the aforementioned linguistic conditional
in particular. It should not be confused with its traditional “reason-guiding” meaning, though we will have occasion
to require both versions. Context should make clear the intended connotation.
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true if bird is false in the most normal states of affairs (i.e. N-bird). We have moved from
the paradox of material implication to the paradox of strict implication. This situation will also
validate N(bird D -fly). The other obvious representation is something to the effect that “If
z is a bird then it normally flies,” or bird O N(fly), but this is subject to the same criticism
as autoepistemic and circumscriptive defaults. For this reason, unary modal approaches (for
instance, that of Halpern and Rabin (1987)) appear to be of limited applicability for representing
normative defaults. A substantive conditional approach, in contrast, can accommodate conditional
defaults as well as unary defaults (e.g., “assume o” can be encoded as T > a).

In this chapter, we will present several logics for conditional statements of normality using a
conditional connective =>, Though we have assumed => to represent this conditional connective, we
use => in this chapter, since => will be defined slightly differently in the next chapter. A = B will
be read as “In the most normal states of affairs in which A holds, B is true as well,” or “A normally
implies B.” We will provide a Kripke-style possible worlds semantics for these conditional logics,
but the conditional connective will not be primitive. It is defined in terms of a unary modal operator
0O, although, as we’ve seen, we cannot interpret Oa as “normally «.” In fact, we will show that
these conditional logics of normality can be defined using either of O or =» as the basic connective
and that these logics are equivalent to standard modal systems extending S4. We describe a number
of advantages of the conditional approach to default reasoning, and show that existing conditional
logics for defaults are fragments of the logics presented here, and hence standard modal logics. The
key results of this chapter are: Theorems 4.2 and 4.3, that show the completeness of our conditional
logic CT4 and its equivalence to the modal logic S4; Corollary 4.5, that shows that any extension
of CT4 is also equivalent to a modal system; Theorems 4.21 and 4.22, which demonstrate that
two existing logics for default reasoning, P and R, are fragments of our conditional logics; and
Theorems 4.26 and 4.29, that determine a simple proof procedure for conditional sentences in CT4
and show that e-semantics can be embedded in CT4.

Before we present our account of conditionals, there are some obvious proposals we can dismiss
immediately. The most basic is to use universally-quantified material conditionals for default rules,
but this has the obvious drawbacks, mentioned in Chapter 2, of not allowing exceptions and suffering
from the paradoxes. Doyle (1983) has argued that the material conditional can be used provided
the exceptions to the rule are explicitly listed. For instance, qualifying the material implication
bird D f1y with exceptions may lead us to a (non-default) rule like “Birds that are not penguins,
not emus, not dead, ..., fly.” This seems to ignore the qualification problem. We’ve seen that
specifying such conditions is not an easy task. =

A more appealing proposal is to interpret such statements as making statements about condi-
tional probabilities. If we let “birds fly” mean P(£ly|bird) > ¢ for some constant ¢, the default
statement can certainly allow exceptions, for the existence of a nonflying bird need not affect the
conditional probability. Given this proposal, one cannot logically infer that a certain bird flies
given the default;® but the principle of direct inference (cf. Carnap (1950), Bacchus (1990)) allows
us to assign the subjective probability, or degree of belief, ¢ to the proposition £ly if we know
bird and the conditional probability is ¢. Together with some rule of acceptance (e.g., believe any
proposition with subjective probability greater than c), direct inference can sanction belief in such
default conclusions. As well, strengthening of such rules is not typically valid, allowing the desired
nonmonotonic behavior. So one could consistently assert that P(fly|bird A penguin) < c.

Unfortunately, straightforward probability theory seems quite weak in the types of inference
it sanctions. Certain rules of inference such as restricted transitivity and cautious monotonicity

3Indeed, this would prevent the exception-allowing feature.
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are not forthcoming.* For instance, consider facts “Most students get an A” and “Most students
are male.” A plausible conclusion is “Most male students get an A,” but it is not a deductively
sound inference on the basic probabilistic interpretation (e.g., a logic of majority). For instance, it
could be that 51 of 100 students get an A and 51 students are male, yet only two male students get
an A (Pear]l 1988). However, Bacchus (1990) has proposed a system for probabilistic reasoning
that adds to probability theory the capacity for direct inference together with the ability to make
assumptions of independence, and thus reason by default. Just as classical logic can be extended,
so too can probability theory.

Many have argued that we often do not want to “reason with the numbers,” for reasons of
efficiency, or because of the unnatural aspect of probabilities in many circumstances, or because
they just don’t exist (McCarthy and Hayes 1969; Doyle 1983; Loui 1987b; Halpern and Rabin
1987). It makes sense to talk about the probability of drawing a black ball from the proverbial urn,
but it is more difficult to assign a conditional probability to “birds fly.” Less obvious still is the
actual probability to be assigned to a conditional like “If Bill and Ted come to the party, Sue will
have a good time.” It might be natural to suggest that Sue “probably” will enjoy herself, but it is
less 50 to assign some meaningful number (or range of numbers) to the statement. Furthermore, if
one has to assent to or deny such a statement, what conditional probability constitutes an adequate
acceptance criterion? See, for example, (Halpern and Rabin 1987) for a brief discussion of this
and related issues.

We would like an account of conditional defaults that doesn’t require an explicit rule of ac-
ceptance or explicit conditional probabilities. This is not to say a probabilistic account is not
meaningful or even required in certain circumstances, nor that we should ignore intuitions gleaned
from such accounts. In fact, our conditional logics will compare favorably to, say, the system of
Bacchus (1990), and to a certain extent can be v1ewed as a qualitative version of probabilistic
inference with a built-in rule of acceptance.

Many conditional logics have just the properties we require of such normative conditionals.
For instance, the paradoxes are avoided and strengthening of the antecedent is generally invalid,
allowing the desired nonmonotonicity of default rules. Our conditional logic must differ from
standard subjunctive logics however. Instead of evaluating the truth of the consequent at the
antecedent-worlds most similar to the actual world, as determined by some notion of comparative
similarity, we will evaluate the consequent at the most normal such worlds, based on some abstract
ordering of normality.

4.1 The Conditional Logic CT4

Our semantics for conditional logics of normality (CLNs) will be based on Kripkean possible worlds
structures. Roughly speaking, a conditional A = B will be true if the most normal worlds that
make A true also satisfy B. A standard conditional semantics would evaluate A = B at a world
w by use of a selection function f, mapping pairs consisting of a world and some proposition into
sets of worlds. The set f(w,||A]|) is intended to represent the set of most normal A-worlds (from
the perspective of w).® Obviously, A = B will be true at w iff B is satisfied at each most normal
A-world, that is if f(w,||4]|) € ||B]|-

Delgrande (1986; 1987) defines a conditional logic of normality N in just such a manner. The
selection function semantics is, of course, very general and requires no constraints on various values

“See the next section and rules RT and CM.
®Recall that ||A|| is the set of worlds satisfying A (or, the proposition denoted by A.
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of the selection function. So there need not be any relationship between, say, f(w,||A||) and ||A4]|.
This can lead to undesirable behavior; for example, A need not be true in f(w,||A]|), so A need
not normally imply itself. Delgrande places various restrictions on f to enforce reasonable behavior
and axiomatizes the resulting semantics.

The approach we take here is different, more congruous with traditional modal semantics.
Instead of a selection function that picks out the most normal A-worlds, we will assume all states
of affairs are ordered to reflect some measure of normality. With each possible world is associated
an implicit rank, and the most normal A-worlds will be those worlds with the lowest rank, or
(roughly) minimal in the order. This ordering will be specified as an accessibility relation R on
the set of possible worlds W, hence determining a Kripke model.

Delgrande (1986) presents similar intuitions to motivate his semantics for N, but ends up using
the selection function semantics instead. As a result, thedogic N is not complete with respect to the
accessibility semantics, and differs from the logics we present.® In a sense, the ordering of normality
can be construed as placing a preference on states of affairs. Given this ordering, we prefer to think
of the most normal A-worlds (when only A is known) as representing the actual state of affairs.
Thus, the preference logics of Shoham (1988) embody similar intuitions. However, Shoham’s work
determines preferential consequence relations, whereby A =< B means B is true at the preferred
A-models. Since |=< is a consequence relation rather than a connective like our =, the expressive
power of preferential logics is much weaker in comparison.

Lehmann and his colleagues (Kraus, Lehmann and Magidor 1990; Lehmann 1989; Lehmann
and Magidor 1990) have studied nonmonotonic consequence relations that are determined by a
model theory similar to Shoham’s preference semantics and our semantics. They propose a number
of such relations and investigate them in proof-theoretic terms as well as semantically. They are
intimately related to our CLNs and we explore the connection in detail in Section 4.3.

4.1.1 The Modal Logic S4

The concept of normality we wish to impose on states of affairs will be represented as a binary
accessibility relation K on a set of possible worlds W. The interpretation of R is as follows: wRv
iff v is at least as normal as w. That is, a world sees only those worlds that are considered to be
as normal as itself. As usual, we will say v is more normal than w just when wRv and not vRw.
Often we say v is less ezceptional than w in this case. Worlds v and w are equally normal iff they
are mutually accessible (wRv and vRw). This ordering of normality is a measure of the degree to
which we would be willing to accept a possible world as representing the actual state of affairs given
that this is consistent with our knowledge. If w and v both satisfy our set of beliefs (that is, they
are epistemically possible states of affairs) and v is more normal than w, then we prefer to consider
v as possibly representing the actual state of affairs, and are willing to consider those propositions
satisfied by v that are not contained in our belief set to be more likely than those satisfied by
w. This ordering will often be context- or application-dependent, a world being considered more
normal just when it is less exceptional in relevant respects. We will say a few words about the
nature of such orderings on possible worlds in Section 4.1.4.

There are some restrictions that must be placed on R if it is to represent a coherent notion of
normality. Evidently, R must be reflexive, for any world is as normal as itsell. As well, we require
transitivity for R to be considered an ordering at all. We take these to be the minimal requirements
of R, and insist on no other conditions, in general. Such accessibility relations are associated with

8We return to this point in Section 4.2.2.
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the class of Kripke models that characterize the modal logic 54 (or KT4).
We take the language Ljs to be a standard unary modal language formed from a denumerable set
P of propositional variables, together with the connectives - (negation), D (material implication),
and O (necessity). All variables are well-formed formulae and —a, a O f# and Oa are well-formed
just when a and 8 are. The connectives A (conjunction), V (disjunction), = (equivalence), and <
(possibility) are introduced by definition.

(a) AAB =g -(AD-B)
(b) AVB=4-ADB

(c) A=B=¢(ADB)A(BDA)
(d) OA =g ~O-A

The following definitions are standard in the modal logic literature (Hughes and Cresswell 1984;
Chellas 1980).

Definition 4.1 An S4-model is a triple M = (W, R, @), where W is a set (of possible worlds), R
is a reflexive, transitive binary relation on W (the accessibility relation), and ¢ maps P into
2" (p(A) is the set of worlds where A holds).

Definition 4.2 Let M = (W, R, ¢) be an S4-model, with w € W. The satisfaction of a formula o
at w in M (where M £, o means «a is true at w) is defined inductively as:

1. M =y e iff w € ¢(a) for atomic sentence a.

2. M Ey maiff M |y, o

3. MEyaDBif My, for MK, a

4. M =, Oa iff M |, a for every v such that wRv.

If M =, a we say that M satisfies a at w.

It is easy to verify that the connectives introduced by definition have the following familiar truth
conditions:

(a) My aABif M Ey,aand M=y B

(b)) MEyaVBif M, aor M [, B.

(¢) Mk, a = g iff either M =y, o and M |y, B, or M |y ~a and M |, -8.
(d) M =y Caiff M =, a for some v such that wRv.

The sentence Oa can be read as “In all worlds at least as normal as the actual, a holds,” and ¢a as
“In some world at least as normal as the actual, a holds.” Validity is defined in a straightforward
manner.

Definition 4.3 Let M = (W, R, ) be an S4-model. A sentence a is valid on M (written M = «)
iff M =y « for each w € W. A sentence a is S4-valid (written =54 ) just when M = « for
every S4-model M.
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We now provide a standard axiomatization of S4 (see, e.g., (Hughes and Cresswell 1984)).

Deflnition 4.4 The modal logic S4 is the smallest set S C Ljs such that S contains CPL and the
following axioms, and is closed under the following rules of inference:

K 0(AD B)>(0ADOB)

TOADA

4 0OADDOA

Nec From A infer OA

MP From A D B and A infer B

US From A infer A’, where A’ is a substitution instance of A

Definition 4.5 A sentence a is provable in S4 (written kg4 @) iff @ € S4. « is derivable from
a set I' C Ly (written I' kg4 a) if there is some finite subset {ai,...,a,} of I such that
Fsa(aaA...Aay) D a.

Theorem 4.1 (Hughes and Cresswell 1984) The system S4 is characterized by the class of
S4-models; that is, Fgq a iff Esq .

Thus, the logic S4 fully characterizes the class of models based on the minimal intuitions about
normality, specifically those models consisting of a reflexive, transitive normality ordering. The
question remains, however: how do we define the truth conditions for A = B? Roughly, we want B
to be true at the most normal A-worlds, so if (using selection function notation) f(w, ||A||) is the set
of A-worlds minimal in ordering R then A = B holds just when f(w,|A4||) C || B||. Unfortunately,
nothing about the structure of S4-models ensures the existence of minimal A-worlds. We may have
models where every A-world sees another that is more normal. For example, if A is the proposition

“Pete has height greater than seven feet”

and worlds are ranked as more normal (in this context) as a function of Pete’s decreasing height, then
there is no obvious minimal or most normal A-world, only an infinite sequence of more and more
normal worlds approaching the seven foot limit. A selection function semantics cannot adequately
represent such a situation (for example, Delgrande’s (1987) logic). Even semantics based on a
normality ordering cannot be applied in this case where the truth of A = B is defined in terms
of most normal A-worlds (e.g., the systems of Kraus, Lehmann and Magidor (1990) and Shoham
(1988)), for such semantics must make the Limit Assumption, whereby in each model there exists
some minimal A-world for any proposition A. Without this assumption any conditional A = B
would be made vacuously true whenever minimal worlds failed to exist. In this case, they would
assent to the truth of, say,

“If Pete had height greater than seven feet he would be under six feet tall.”

We will discuss the Limit Assumption in greater detail in Chapter 6.

Fortunately, we can provide meaningful truth conditions for A = B without assuming the
existence of minimal A-worlds. In the case where such worlds do exist, obviously A = B should
hold just when B holds at all such worlds, for these are the most normal A-worlds. In contrast,
suppose there is some unending chain of more and more normal A-worlds. If some B-world lies in
this chain having the property that B holds, whenever A does, at all (still) more normal worlds in
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Figure 4.1: A model verifying A = B. At each world where A can be “seen” A A O(A D B) can
also be seen. For v there is a set of minimal (most normal) A-worlds verifying B. For u there is
not; but there is a point w at which A and B hold and at which A D B holds at all lower points.

the chain, then A => B ought to be considered true. Even though no most normal A-world exists,
B would hold at the “hypothetical limit” of A-worlds in this chain. In other words, if A = B is
to be true it must be that whenever some more normal A-world exists, say w, there must exist an
even more normal A A B-world v (so wRwv) such that A D B holds at all worlds more normal still
(all worlds u such that ¥Ru). Another phrasing of this: for every A A ~B-world there exists a more
normal A A B-world w such that no A A ~B-world is as normal as w (see Figure 4.1).

We want to express these truth conditions within our modal language Lps. These considerations
suggest that for each state of affairs there should be a more normal state where both A and
0O(A D B) hold, for this will mean A D B holds at all more normal worlds. Thus an initial attempt
to define A = B would be

OC(AAO(A D B)).

However, this can’t be right because it fails to account for worlds where 0-A holds. It may be that
O-A holds because A is some exceptional property, yet we still want to allow conditional A = B
to be true. For instance, animals might normally not be birds, yet birds still normally fly. We want
to discount these states of affairs as having no influence on the truth of the conditional. Thus we
are lead to the following definition.”

"David Makinson (personal communication) has pointed out that this definition is equivalent (in S4) to the simpler
O(A D ¢(AADO(A D B))). This definition was also discovered independently by Lamarre (1991). We retain our
formulation since a simpler definition (not equivalent in S4) for the stronger logic CT4D or S4.3 is just our definition
with the outer O dropped (see Proposition 4.8 and Chapter 6).
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Deflnition 4.8 The normative conditional A => B is defined in Ljs as

(A= B)=0(0-AV<O(AAD(A D B))).

As this makes some formulae easier to read we introduce the fol.lowing abbreviation:
A% B =4 (A= B).

Before examining properties of this conditional, we will examine an equivalent formulation of the
logic in which the conditional connective is primitive.

4.1.2 Equivalence to S4

We have defined the conditional connective in terms of a unary modal operator, but an interesting
question is whether we can use the language in which the conditional is primitive and determine the
“same” logic. The fact that we can express the conditional in terms of modal operators contrasts our
logic sharply with traditional conditional logics. Lewis (1973a) has suggested that the subjunctive
cannot be defined with necessity and standard truth functions. However, conditional logics often
express necessity and possibility in terms of the conditional so, in fact, this should be an easier
task.

Let L¢ be a conditional language similar to L s except that it adds to L cpr, the binary connective
= instead of the unary operator O. We wish to define a conditional logic that ensures the same
treatment of = as in the previous section. Though based on the class of S4 (or KT4) models, we
denote the new logic CT4 to indicate that the conditional connective is primitive. A CT4-model is
just an S4-model, but the truth conditions are modified to capture the new connective. The only
new clause is the following

Deflnition 4.7 Let M = (W, R, ¢) be a CT4-model, with w € W. The truth of a formula A = B
at w in M is defined as:

1. M =y a = g iff for each wy such that wRw; either

(a) there is some wy such that w; Rwy, M |=,, o, and for each wj such that wyRws,
M [y, o or M =y, B;or
(b) for every ws such that wiRwse, M |y, o

We define the unary modalities in the standard manner (Stalnaker 1968; Lewis 1973a) as
Da =4 o= a and

Ca =g4¢ "t(Ot 4 '1(1).

It is easy to verify that these connectives, introduced by definition, have the following familiar truth
conditions:

1. M Ey Oa iff M |, a for each v such that wRv.

2. M Ey Qaiff M |, a for some v such that wRv.
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Validity in CT4 is defined in the usual way as truth at all worlds in all models and |=g74 @ means
o is CT4-valid. In order to axiomatize CT4, it should be evident from the truth conditions of
the defined O that the axioms of S4 (taking O and © to be the appropriate abbreviations in L)
are valid. In fact, a complete axiomatization of CT4 requires in addition only the “characteristic”
axiom for the conditional connective

C (A= B)=0(0-4V O(AATO(A D B))).
Completeness of CT4 follows quite readily from the interdefinability of O and =>.8

Definition 4.8 The conditional logic CT4 is the smallest § C L¢ such that S contains CPL and
the following axioms, and is closed under the following rules of inference:

K 0O(AD B)>(0ADOB)

TOADA

4 OADOOA

C (A= B)=0(0-AV<O(AAD(A D B)))

Nec From A infer OA

MP From A D B and A infer B

US From A infer A’, where A’ is a substitution instance of A

Provability and derivability, denoted by F¢r4, are defined as usual. Completeness is given by

Theorem 4.2 The system CT4 is characterized by the class of CT4-models; that is, Fors o iff
Fer4 a.

It should be clear that CT4 and S4 are definitional variants of each other and are, in a strong
sense, equivalent systems. We can freely translate between the languages Lo and Ljs in a manner
that preserves consequence in the logics S4 and CT4. Of course, in itself, this cannot be a claim of
equivalence.® But the nature of the translations provided by the definitions is such that they induce
isomorphisms between the Lindenbaum algebras of the logics CT4 and S4, and each induces the
inverse of the other. In other words, if we consider the set of provably equivalent sets of sentences
in each logic, the structure of both sets under implication will be identical, with the translation
induced by the definitions mapping any element (set of equivalent sentences) to the corresponding
element in the other algebra. Thus we are able to show that either CT4 or S4 can be taken as
primitive, by demonstrating their essential equivalence.

More precisely:

Definition 4.9 For a € Lg¢, the translation of @ into Las (denoted a°) is defined inductively as
follows:

1. a, if a is atomic.
2. =f°, if a has the form —f.

®Keep in mind that O and © in the axiom system for CT4 are abbreviations in L. So, for example, T actually
stands for (A = A4) D A.

®For example, each of intuitionistic and classical propositional logic can be embedded in the other in a like fashion
(cf. (Achinger and Jankowski 1986)) yet they are not considered equivalent logics.
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3. B° D 7°, if a has the form g D 7.
4. O(O-6° vV O(B° AD(B° D 4°))), if @ has the form 8 = 7.

Definition 4.10 For a € Ly, the translation of « into L¢ (denoted a*) is defined inductively as
follows:

1. a, if a is atomic.

2. ~f*, if a has the form —g.

3. f* O 4", if o has the form 8 D #.
4. =f3* = (*, if a has the form Op.

Theorem 4.3 Fory a = (a°)* and kg4 a = (a*)°. Also, Fora a D B iff Fs4 @® D B°. In other
words, CT4 and S4 are equivalent.

Hence reasoning performed in one logic can be just as easily accommodated in the other. For
this reason, we take the modal formulation to be basic and let the connective => be defined within
S4. However, we continue to refer to the logic as CT4 to emphasize our interest in the conditional
aspect of the logic, and it should be kept in mind that this is just S4.

4.1.3 Properties of CT4

A number of derived rules of inference and theorems of CT4 suggest it is an appropriate logic for
representing and reasoning with exception-allowing generalizations and statements of normality
and typicality. For instance, the following theorems are expected of a logic of normality.

Proposition 4.4 The following are valid in CT4.1°

ID A= A

LLE 0O(A=B)D>((A=>C)=(B=C())

And (A= B)A(A=>C))D (A= BAC)

RT (A= B)D((AAB=C)D> (A= C))

Or (A= C)A(B=C))D(AVB=C)

RCM OBD>C)D((A=B)D> (4= C))

CM (A= B)A(A=C))D(AANB=C)

The theorem ID asserts that A normally implies A while And and RCM ensure that the set of facts

normally implied by A is closed under logical consequence (and, even stronger, strict implication).
We have seen that most conditional logics will not validate the the following theorems. CT4 is

no exception, as the following are not valid (using the names of inference rules for the corresponding
sentences).

®Many of the names of rules and theorems are taken or adapted from (Nute 1980; Delgrande 1987; Lehmann
1989).
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Strengthening (A= B) D (AAC = B)
Transitivity (A= B)A(B= C)D (A= C)
Modus Ponens AA (A= B) D B

It is interesting to note, however, that weaker versions of these rules hold. The following theorems
of CT4 are the “normal” counterparts of these rules.

Weak Strengthening (A = B) » (AAC = B)
Weak Transitivity (A= B)A(B=>C) = (A= C)
Weak Modus Ponens AA (A= B)= B

Therefore, while one cannot infer B from A and A = B, it is reasonable to conclude that normally
B would hold. This suggests that default reasoning can be modeled as the process of asking what
normally follows from a knowledge base that includes conditional statements, appealing to Weak
Modus Ponens. In Chapter 5 we will see that this proposal is inadequate.

Full transitivity is not a desirable rule of inference in general. For instance, if we know

penguin = bird and bird = fly

the conclusion penguin = fly should not be forthcoming. A restricted form of transitivity is,
however, ensured by RT. If

canary = bird and canaryAbird = fly

hold, the conclusion canary = fly is valid.
Strengthening of the antecedent is not valid in CT4 either. It is consistent to assert

{A=>D,ANB=-D,ANBAC = D,--}.

For example, we can represent the facts contained in the following account.

If the U.S.A. threw its weapons into the sea tomorrow, there would be war; but if the
U.S.A. and the other nuclear powers all threw their weapons into the sea tomorrow
there would be peace; but if they did so without sufficient precautions against polluting
the world’s fisheries there would be war; but if, after doing so, they immediately offered
generous reparations for the pollution there would be peace .... (Lewis 1973a, p.10)

Of course, the conditional is exception-allowing for conditional modus ponens is not valid. We can
assert that birds normally fly while Tweety the bird does not. The conditional law of excluded
middle

CEM (A= B)V(A= -B)

is not valid in our logic. In contrast with Stalnaker’s (1968) conditional semantics, a proposition A
need not normally indicate an attribute or its negation. This is because our models do not insist

that most normal A-worlds be unique. CT4 is more closely related to Lewis’s (1973a) conditional
logic VC than Stalnaker’s logic C2.1

"This is so regarding the Limit Assumption as well, which is a property of Stalnaker’s but not Lewis’s semantics.
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The definition of the normative conditional allows the derivation of A = B from O-A. For
instance, if it is known that it never snows it is consistent to assert “We normally go skiing when
it snows” (as well as “We normally do not go skiing when it snows”). This seems to contradict
linguistic usage of normative statements, where the conditional “When it snows, we ski” generally
conveys the possibility of snow, or the existence of occasions of snowing. We view this as a matter
of the conversational implicature of normatives, relegating it to the pragmatics of linguistic usage
rather than the semantics of such statements. The normative A = B pragmatically implicates the
possibility of its antecedent ©A. The negation of the implicated statement is logically stronger
than the conditional (that is, ~0OA semantically implies A = B), so if it were known, it would be
a more appropriate or informative assertion. This can be viewed as a scalar Quantity implicature,
whereby statements of certain types implicate the negation of semantically stronger counterparts
(Levinson 1983). For example, “possibly A” implicates “not necessarily A,” while “some B’s have
property P” implicates “not all B’s have P.”

Another implicature of A = B is ~O(A D B), which semantically entails the conditional. It
is (semantically) consistent, but (pragmatically) inappropriate, to say that “penguins are normally
birds” when in fact penguins are necessarily (or by definition) birds.

Other properties of the conditional are illustrated by the following examples.

Example 4.1 Suppose we know both
obsD1 ¢ faultyCl and obsD1 ¢ —faultyCl,

meaning if device D1 fails in some specified way (observation obsD1) that the diagnosis should
favor neither the inclusion nor the exclusion of component C1 among the set of faulty compo-
nents. This situation would probably lead to further testing. However, if obsD1 = faultyCi
holds, then it cannot also be the case that obsD1 = —faultyCi.

Example 4.2 CT4 can deal with simple cases of inheritance with exceptions (see, e.g. (Touretzky
1986)). Let KB contain
bird = fly, penguin = —fly,

penguin = bird, penguin = wings.

If something is both a penguin and a bird inheritance of properties is derived from the more
specific superclass penguin in the case of conflict. Hence, by CM both

penguin A bird = -~fly and

penguin A bird = wings

are derivable. Now suppose we want to assert that penguins are (or must be) birds, rather
than that they are typically birds. This strict information is captured by replacing the third
premise with O(penguin D bird). The same conclusions are still derivable from KB.

Adding the fact that emperor penguins are penguins
O(emp-penguin D penguin)

allows the derivation of emp-penguin = —fly, even though we can also derive O(emp-penguin D
bird). This holds even when the relationship between penguins and birds is not strict. Fur-
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thermore, we can derive
bird = —-penguin.

Since penguins are exceptional birds, birds should typically not be penguins.

This example illustrates the semantics underlying simple inheritance with exceptions (Touret-
zky 1986; Touretzky, Horty and Thomason 1987; Horty, Thomason and Touretzky 1987). Since
penguin is a specific subclass of bird, we conclude that emperor penguins do not fly even though
they are both birds and penguins. In the case of conflict, properties are inherited from the more
specific (the exceptional) superclass in this simple case. This can be explained as follows (using the
obvious abbreviations): if P A B % - F is true, some most normal P A B-worlds must satisfy F.
Since P = —F there must also be a P A =F-world more normal than any such P A B-worlds. As
this P A = F-world must satisfy =B, this contradicts the truth of P = B. So P A B = —F must be
true.

In this example, we also have that birds must typically not be penguins. However, suppose all
we know is that penguins are not typically fliers (rather than typically not fliers). In CT4 we can
make such a distinction since we can negate defaults. This ability is useful when we want to assert
an exception to a default without committing to the opposite conclusion, a task not achievable in
most default systems (at least not in such a straightforward fashion), for instance, in Pearl’s (1988)
e-semantics or even inheritance networks. Thus we can state that penguins are exceptional birds,
in that they can’t be inferred to fly, without requiring that they typically do not fly. This is the
distinction between

~(penguin = fly) and

penguin = ~fly.

We call this first sentence the weak negation and the second the strong negation of the conditional.
Assuming the antecedent is possible, the strong negation entails the weak negation. We can think
of the weak negation as an undercutting defeater for the conditional default bird = fly, while
the strong negation is a rebutting defeater (see Section 2.2.1).

Intuitively, if we assert the weak negation of “penguins fly” we’d still like to conclude that birds
are typically not penguins, since penguins are still exceptional birds, if only in the weaker sense.
Unfortunately, such an inference is not valid in CT4, for the appropriate inference rule, Rational
Monotonicity, is not valid. We can extend CT4 to include such a rule (see the next section).

More complex inheritance, including straightforward chaining is not sanctioned (logically) within
CT4 (for instance, simple transitivity we've seen is invalid and logically undesirable). To remedy
this, approaches to inheritance based on normality augment logical inference with extra-logical
principles. In (Boutilier 1989; Boutilier 1991d) such a model is based on an extension of CT4, dis-
cussed in the next section, to which is added a preference relation on interpretations corresponding
to some intuitions about inheritance. Delgrande (1990) provides a similar treatment based on the
logic N. We will examine more general approaches to default reasoning using our conditional logics
in the next chapter.

Example 4.3 In (Goldszmidt and Pearl 1989) it is argued that inconsistency of default rules has
been ignored for the most part. For example, in default logic or circumscription the obvious
encodings of the following three sentences is consistent: “All birds fly”; “Typically penguins
are birds”; “Typically penguins do not fly.” Assuming that some penguins exist, intuitively
these sentences form an inconsistent set: there is no state of affairs that can satisfy the set.
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In CT4, the expected contradiction is derivable, for the set
{O(bird D fly), penguin = bird, penguin = ~fly}

is inconsistent (given Openguin).!? This is similar to the treatment of such rules in (Gold-
szmidt and Pearl 1989), but the correspondence is not coincidental (see Section 4.3.2).

4.1.4 Normality Orderings

The use of S4-models and the connective = to represent normality presumes that possible worlds
can be ranked according to their degree of normality. But what does it mean for one world to be
more normal than another? Why is it that a world where all birds fly is less exceptional than one
where some birds (or all birds) do not fly? Surely there is no inherent property of possible worlds
that allows them to be judged to be more or less normal. Does this make the notion of comparing
worlds in this way ill-conceived?

We do claim that such an ordering is meaningful. However, we do not require that there
exist something intrinsic about the concept of a possible world, or counterfactual situation, that
makes one world more normal than another. These rankings are purely subjective and the (space
of) rankings deemed plausible by a (supposedly) rational agent will typically be determined by
empirical data. Possible worlds are used in this context in much the same manner that they are
used to represent epistemic states. To criticize possible worlds accounts of knowledge because no
intrinsic property of possible worlds determines which worlds are epistemically possible is misguided.
Of course there is no a priori property of worlds that determines that, say, world w; is “believable”
while w; is not. This is a subjective matter. World w; is considered epistemically possible by
a particular agent if w; is consistent with that agent’s beliefs. These beliefs should be grounded
by an agent’s experience, so it is entirely possible that a different agent views w; as epistemically
impossible.

In analogous fashion, it is perfectly reasonable that one agent considers w, (where all birds fly)
to be more normal than w, (where no birds fly), while another agent adopts the inverse relation.
The first agent believes that birds normally fly and its ordering reflects that, while the second agent
believes that birds normally do not fly. Why does the first agent believe what it does? Presumably,
this belief was accepted for the same reason as most (justified) beliefs, because of empirical evidence.
In the agent’s experience, some statistically significant large proportion of birds were observed to
fly (or perhaps it read this fact in a book, etc.). As we discussed at the beginning of this chapter,
it might not be feasible to keep track of probabilities, so an agent abstracts the details of its
experience, encoding the distillation as “birds normally fly.”

Why do we not simply say “birds probably fly” or “birds fly with some high probability”?
Sentences of this type carry certain implicature not intended by normality or typicality, especially
when dealing with individuals rather than classes. If we say “The probability that ABC Dry
Cleaners gets my shirt clean is .9” when we’ve just gotten a shirt back, we convey the false impression
that we do not know whether the shirt is clean. However, once we have the shirt in our possession
we either know it is clean (and the probability is 1) or we know it is not clean (and the probability is
0).}® We cannot take the probability of the known outcome of an event to be other than 0 or 1. Of

12Gee the next section regarding the purpose of the use of O in front of bird D fly.
13We ignore degrees of cleanliness, not examining the shirt, etc.
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course, we can randomize over all similar events (see the next subsection) and say “Although they
did not clean my shirt this time, the probability of of getting a clean shirt (over the space of similar
— including counterfactual — cleaning situations) is .9.” In order to arrive at any probability other
than .5 as such a degree of belief, possible worlds must be weighted as either more or less probable.
Of course, in a case like this, it seems more natural to say “They normally get my shirts clean.”
Adopting this perspective relieves us from the task of assigning actual probabilities to situations,
requiring only relative rankings of normality.

By using rankings in this way, we encode our ezpectations about the world, information that
enables reliable performance in (implicit of explicit) predictive tasks. We do not need to rely on
the numbers, or randomize over counterfactual situations. However, we can impose a probabilistic
interpretation on our ordering of normality. This is discussed in Sections 4.3.2, 5.4 and 7.2.3.

An important question we do not address here is that of learning or adopting defaults. When is
it the case that an agent is justified in adopting belief in a sentence “If A then normally B” based
on empirical evidence? Surely some statistical knowledge plays a role in justification, but it need
not be decisive. That is, probabilities need not directly constrain the acceptance of conditionals.
The second agent above might have decided that birds normally do not fly based on the observation
of one bird that did not fly. The evidence is not highly significant statistically and one may be
well-advised to abstain from belief in the conditional; but acceptance need not imply a degree of
irrationality. Perhaps an agent is forced into action due to circumstances beyond its control, and
must accept or reject this fact.!* In any case, the representation of such defaults is crucial, even if a
compelling theory of justification is lacking. Certainly much of the knowledge we wish to impart of
our knowledge bases is defeasible, and the only justification for acceptance required by a database
is the fact that it has been “told” something. While a fully rational agent will need to learn its
own default rules (just as it will need to discover its own beliefs), this does not obviate the need of
a theory of inference for such rules.

These are difficult questions, and will not be discussed further here, but it should be clear
that they can be addressed within the framework of normality orderings. It is important to notice
however that such orderings are not dependent on a priori relations among possible worlds. The
set of most normal worlds for a particular agent are just those that violate none of its expectations.
If an agent has no expectations (a practical impossibility certainly), all worlds are equally normal.
If an agent has the (sole) expectation that birds normally fly then any world where some bird does
not fly is less normal than worlds where all birds fly. More expectations impose more structure on
the orderings an agent considers plausible. This structure is discussed in detail in Section 5.4 where
we present Pearl’s (1988) notion of Z-ranking and compare it to our interpretation of normality. In
this way we can say precisely what it means for one world to be more normal than another relative
to a given set of expectations or default rules.

4.1.5 Background Versus Evidence

Example 4.2 also illustrates a distinction between background knowledge and evidence provided by
the current situation. This dichotomy has been deemed essential (either implicitly or explicitly)
by a number of researchers (Bacchus 1990; Poole 1988; Delgrande 1988; Pearl 1988; Kraus,
Lehmann and Magidor 1990; Geffner 1989), and is especially important in a probabilistic framework.
Background knowledge is “generic” information, either in the form of default rules or constraints
on permissible probability distributions, etc., while evidence includes information relevant to the

To take Reiter’s example, maybe an agent is lost in the jungle and must design and build a bird trap to survive.
It has seen one instance of a bird, which cannot fly.
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actual situation about which we are reasoning. Accounts of the distinction in the literature are
often vague or impressionistic and provide little guidance as to what should count as background
and what as evidence. For instance, in (Geffner 1989) a context for a particular reasoning situation
is a pair (K, E) where K is background and F is a set of (for our purposes, propositional) sentences
counting as the evidence constraining the situation at hand. Unfortunately, K itself is a pair (L, D)
where D is a set of defaults and L is also a set of sentences. What exactly distinguishes L from
E is not made clear, although intuitively facts about the actual world, such as “Tweety is a bird”
count as evidence while facts such as “Penguins are birds” count as background.

Delgrande (1988) makes the distinction somewhat more sharply. His default theories are pairs
(D,C) where C is a set of contingent sentences, constraining how the world is, and D is a set
of necessary and default statements about how the world must or could be. C can contain only
propositional sentences and elements of D must have the form a = f or ~(a = f) (which includes
sentences of the form Da and ©a). Here it is made clear that background information consists of
sentences expressing intensional information (loosely, facts whose truth depends on states of affairs
other than the actual) while evidence does not. If some fact is to be considered true no matter how
the current situation might have been (or will be), then it must be expressed intensionally.

In a probabilistic system, like that of Bacchus (1990) or Pearl (1988), the distinction is similar.
Background is information about (subjective) probabilities that can include necessary information
(having probability 1), and evidence consists of a set of propositional sentences, a knowledge base
KB on which we condition to derive the probability of new information (say some prediction we
wish to make).

Example 4.2 assumes default information about the normal state of affairs is background, or
intensional, as it is expressed using the conditional connective. For the proper conclusions to be
reached when we know penguins are (in the strict sense) birds, this must be considered back-
ground as well, and must be expressed intensionally as O(penguin D bird). Indeed, if we included
penguin D bird in KB instead, we could not have inferred that penguin-birds normally do not fly,
for such a sentence constrains only the actual state of affairs, and it could be that penguins are
not generally birds. The difficult part of distinguishing background from evidence is deciding what
“real world knowledge” counts as which, and we do not address this issue here. We claim that
translating such knowledge into logical sentences is an easier task when this distinction is made
logically precise, and that intensional versus extensional is a more precise discrimination than one
afforded by nebulous concepts like background and evidence.!®

The problems that arise when background and evidential “components” of a knowledge base
are not distinguished are discussed at length by Poole (1991), for instance, the problem of infer-
ring specificity of defaults. He suggests that a knowledge base be divided into two components
representing background and evidence, that these be treated distinctly and kept apart, and even
that background information need not be considered in a lot of reasoning. We will see that this
dichotomy, in the extreme form presented, can lead to problems.

One aspect of this distinction obviated by our treatment is the division of KB into these two
components before reasoning is done. A KB will typically consist of a set of facts, some of which
are contingent and some of which are to count as background. To ask which sentences a (normally)
followed from KB in the previous example, when penguin A bird formed our specific evidence, we
asked if

penguin A bird = a

5 The distinction is also clearer in probabilistic systems where background is given by probabilistic information or
distributions.
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was derivable from KB (the background). More generally, using Delgrande’s terminology, we ask
Dleors C = a.

While this phrasing makes just the aforementioned distinction, we could equivalently ask
ters DUC = a,

putting background and evidence on logically equal footing, and thus eliminating this discrimination
altogether.'® The knowledge of intensional and extensional facts need not be distinguished (other
than having to be expressed appropriately).

In Delgrande’s logic this mixture of components is not permitted since the logic N does not
deal properly with nested conditionals (see Section 4.2.2), so DU C = a will not be valid in
most natural cases, though it is well-formed. In the conditional logics of Pearl (1988) and Kraus,
Lehmann and Magidor (1990) such nesting cannot be expressed. A similar criticism can be levied
against the probabilistic system of Bacchus (1990). In general, we would like to ask for the
conditional probability P(a|D U C). However, this is ill-formed when D contains statements of
(subjective) conditional probability (i.e., defaults).}”

Evidently, there is a certain methodological simplicity in blurring the distinction between back-
ground and evidence at this logical level. However, aside from any putative advantages of this
homogeneity, there is a clear increase in expressive power afforded by such a conflation, for it al-
lows one to achieve a degree of interaction between the two components otherwise unobtainable.
Suppose one wishes to express the fact that if A and B hold then As are normally Bs. For instance,
we might be eager to draw some conclusion about the class of As based on a particular exemplar.!®

Example 4.4 Consider an agent that takes some shirts to ABC Dry Cleaning for the first time
(I suppose we Al types expect this agent to be a robot?). If the shirts come back poorly
cleaned, we might want the robot to infer that cleaners ABC normally do a poor job. We
can represent this as

(takeshirts(x) Anotclean(x)) D (takeshirts(x) = notclean(x))

and capture some interaction between evidence and background (as well as a simple case of
inductive learning).

[ |
It is precisely this type of interaction that cannot be accounted for in systems where background

16We assume D and C are finite sets and use them to represent the conjunction of their elements. We show that
this query mechanism is too weak for default reasoning in most situations in the next chapter.

171n fact, this is a somewhat unfair criticism of Bacchus’s system. While subjective probabilities cannot be condi-
tioned on, the novel aspect of his system is that it allows degrees of belief to be inferred (by default) from objective
probabilities. These objective probabilities are drawn from distributions in the “actual world” and are represented as
objective facts in the evidential part of KB. Hence, one can condition on objective conditional probabilities. In the
example below, indeed, his system could take an objective conditional probability of 1, infer a degree of belief 1 in
the statement A D B and derive the default A = B. In fact, the default would necessarily be strict, O(A D B), so we
still allow an expressiveness not possible in his system, where a “subjective probability” A =+ B need not correspond
to the “objective probability” O(A D B). But the ability to link evidence and probabilities logically (see below)
certainly exists in Bacchus’s system.

38In fact, it appears people are notorious for this statistically unreliable form of inference. For instance, people
seem to ignore sample size in assessing the reliability of their statistical judgements, even when the relevance of
sample size is emphasized (Tversky and Kahneman 1974).
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and evidence are separated in a KB.

4.2 Extensions of CT4

While CT4 captures many aspects of normal implication, there are some theorems, intuitively valid
in many circumstances, that fail to hold. For instance, the rule of Rational Monotonicity (Lehmann
1989) discussed above (Example 4.2), and the related axiom CV (Delgrande 1987), are not valid
in CT4.

RM From A= C and AA B# C,infer A= ~B
CV (A% B)D>((A=>C)D>(AA-B=C))

RM says, for instance, that if birds normally fly and penguins are exceptional birds (that do not
typically fly), then it must be the case that birds are normally not penguins. An instance of CV
says that if birds are not normally penguins and birds normally fly, then birds that are not penguins
also typically fly.

We would like to extend the logic so that these and other reasonable properties of normal
implication are validated. For this reason, we will allow any system in the language Lo that
extends CT4 to be called a conditional logic of normality.

Definition 4.11 A conditional logic of normality (CLN) is any system S C L¢ closed under the
inference rules Nec, MP and US, such that CT4 C S.

The following obtains immediately given Theorem 4.3. This result has tremendous impact, as it
indicates that for any logic in the class of CLNs, an equivalent modal formulation can be used.
Thus results concerning existing modal logics can be appropriated directly for the corresponding
CLNs.

Corollary 4.5 Any modal system that eztends S4 is equivalent to some CLN, and, conversely, any
CLN is equivalent to some modal system that eztends S4.

We take the modal logic S5 to be the upper limit of useful CLNs. The corresponding conditional
logic, denoted CT45, consists of CT4 and the additional axiom

5 CA D OCA.

This logic is characterized by the class of models in which R is an equivalence relation on W. Thus
every world is as normal as every other.!® For this reason, normal implication reduces to strict
implication in this system. That is,

Foras (a = B) = O(a D B).

Any exception-allowing capacity or nonmonotonicity permitted by = disappears, for strict impli-
cation has no such ability; it is monotonic as

O(a2>B)D>0O(aAy D fB)

19More exactly, each world is as normal as those it can see. Restricting attention to cohesive models (see Chapter
6), this means all worlds are mutually accessible.
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is valid in any normal modal system. In fact, in CT45 normal implication reduces to straightforward
logical implication, relative to the states of affairs contained in a model. While its usefulness as a
CLN might be limited, CT45 does demonstrate that logical implication can be viewed as a form of

normal implication.
Weaker extensions of CT4 appear more interesting. Let CT4G be the extension of CT4 con-

taining the axiom
G ©ODA D OQA.

This logic corresponds to the modal logic S4.2 and is based on the class of reflexive, transitive,
convergent models?® (Hughes and Cresswell 1984).  This logic fails to validate RM but does
include a weaker version of it:

WRM (A= C)A~(AAB = C)D (A= ~B)V (T = ~A).

So, for instance, if we know birds normally fly and penguins (which are birds) do not normally fly,
then we can cannot conclude that birds are normally not penguins, but we can infer the disjunction
of this with the fact that “things” are normally not birds. It is hard to motivate the property of
convergence for a normality ordering, but it might be useful in some applications.

4.2.1 The Logic CT4D

Another compelling condition we may impose on an accessibility relation is that of connectedness:
if wRv and wRu then either uRv or vRu. This condition requires that all states of affairs (from
the perspective of any particular world) be comparable with respect to normality. If neither of u
nor v are more normal than the other (but both are more normal than some w) then they must be
equally normal, or mutually accessible. They cannot be incomparable. The modal logic associated
with connected orderings is KT4D, or S4.3 (Hughes and Cresswell 1984).

Definition 4.12 M = (W, R, ) is a CT4D-model (or an S4.3-model) iff M is a CT4-model and
R is a connected relation.

Definition 4.13 The conditional logic CT4D is the smallest CLN including axiom
D 0O(0A D B)v O(OB > A).

Theorem 4.6 (Boutilier 1988) The system CT4D is characterized by the class of CT4D-models;
in other words, =or4p @ iff Forap .2

Not surprisingly, CT4D and S4.3 are equivalent systems.
Theorem 4.7 (Boutilier 1988) CT4D and S4.3 are equivalent.

The fact that CT4D-models are connected means that the set of worlds accessible to a particular
world w (the submodel generated by w) determines a totally-connected set. From the “point of
view” of w, every conceivable world is ranked and comparable to each other world. In other words,
unlike in CT4-models, there is only one “path” of normality; there are no competing alternatives
to consider. This should allow us to simplify our definition of the conditional =>. Indeed, we

20R is convergent if wRw; and wRw; implies there exists a w3 such that w; Rws and w2 Rws.
#In (Boutilier 1988), CT4D is called E.
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can simply remove the outer modal box in our earlier definition since its function was to ensure
consideration of the (hypothetical) most normal antecedent world in each chain of increasingly more
normal worlds. In CT4D (or S4.3) models, there is only one chain. For A = B to be true either
A is false at every world in this chain, or at the “most” normal A-worlds in this chain O(A D B)
holds. This leads us to the following reformulated definition:

A= B =4 O0-AVO(AADO(A D B)).
Proposition 4.8 Foryp O(O0-AV O(AAD(A D B))) = 0-AVO(AAD(A D B)).

When dealing with CT4D, we will use the simpler definition of = afforded by this sentence.

CT4D appears to be a very natural logic for representing and reasoning with default state-
ments. The aforementioned theorems of CT4 are obviously theorems of CT4D, and the desirable
nontheorems, such as conditional modus ponens, transitivity and strengthening, all remain invalid.
Furthermore, CT4D validates both RM and CV.

Proposition 4.9 The following are valid in CT4D.

RM (A=>C)A(AAB# C))D (A= -B)

CV (A# B)D((A=>C)D(AAN-B = C))

Example 4.5 Suppose some diagnostic system needs to reason about the behavior of a robotic
manipulator. We can assert that the robot usually grabs parts with its right arm with the

sentence
holding(x) = holdingright(x).

If two distinct parts (say, “widgets”) are normally handled together for assembly and the
robot can grab each in either hand, we can state the exceptions as

—(holding(x) A widget(x) = holdingright(x)) and

—(holding(x) A widget(x) = holdingleft(x)).

Of course, we must constrain the relationship between the right and left arms as the back-
ground or intensional (rather than evidential) sentence

O(holding(x) D (holdingright(x) = -holdingleft(x))).

In CT4 we cannot infer that widgets are atypical parts: if KB consists of the above sentences
together with (evidence) holding(P), then

Yore KB = -widget (P).
But in CT4D this fact is derivable since

Ferap KB = —widget(P).
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4.2.2 The Conditional Logic N

As we mentioned at the outset, Delgrande’s (1986; 1987) logic N was motivated using a reflexive,
transitive, connected relational semantics like that of CT4D, but is characterized by a selection

function semantics, which we present here.

Definition 4.14 (Delgrande 1987) An N-model is any triple M = (W, f, ) where W is a set
(of possible worlds), ¢ (the valuation) maps P into 2%, and (the selection function) f maps
W x 2% into 2% such that the following conditions hold:

L f(w,[lA]l) < llAll-

2. I f(w,||All) € [IB]|, then f(w, [|A]]) € f(w,[|A A B).
3. If f(w, | All) € [|B]|, then f(w,[|AA-BJ|) € f(w,||Al])-
4. f(w,||AV B||) € f(w,[|A) U f(w, | B])).

The truth conditions for sentences in N-models are straightforward with the conditional case given
by
MEyA=B iff f(w,|Al)C B

An axiomatization of N can be found in (Delgrande 1987).

The logic CT4D was first studied in (Boutilier 1988) as an extension of N and there it was
shown that N and CT4D do not coincide precisely, for they differ on the validity of various nested
conditional sentences. In particular, certain natural nested theorems of CT4D do not hold in N,
for instance

AAN(A= B) = B.

However, it was shown that all N theorems are derivable in CT4D.
Theorem 4.10 (Boutilier 1988) N C CT4D.

There it was conjectured that on only these nested sentences does theoremhood in the two logics
differ, and that while N fails to provide a compelling account of nested conditionals, the “flat”
fragments on N and CT4D are identical. We can show this is actually false. In particular, the rule
of Cautious Monotonicity, CM, does not hold in N, as indicated by the following proposition.?2

Proposition 4.11 (A= B)A(A=C)D>(AAB=C) ¢ N.

Let the language L be the language L¢ restricted so that no occurrence of a conditional lies
within the scope of another. The flat logics CT4D- and N- are just those systems consisting of the
theorems of CT4D and N, respectively, that are contained in the impoverished language L. As
an easy consequence of Proposition 4.11 we have that the flat fragment of N is properly contained
in that of CT4D.

Theorem 4.12 N- C CT4D-.

#2This fact is also shown in (Lehmann and Magidor 1990) by considering the relational semantics for N. We give
a proof in terms of the selection semantics.
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4.3 Relationship to Other Conditionals

Several other conditional approaches to the representation of default statements have been proposed
in the literature. We’ve briefly looked at the logics of (Bacchus 1990) and (Delgrande 1987), which
share some underlying motivation with our approach. Some models can be viewed as argument
systems in which a “conditional” A — B means A is an argument, or a defeasible reason, for B
(Loui 1987a; Pollock 1987; Nute 1984a; Nute 1984b; Lin and Shoham 1989). Two very influential
conditional representations are the cumulative (and especially the preferential) consequence rela-
tions of (Kraus, Lehmann and Magidor 1990; Lehmann 1989) and the e-semantics of (Pearl 1988).
The motivation underlying preferential relations is quite similar to ours, and that of e-semantics is
rather different; yet both approaches turn out to be equivalent to fragments of CLNs developed in
our framework.

4.3.1 Preferential and Rational Consequence Relations

The original notion of a logical consequence operator as studied by Tarski and Scott (see
(Czelakowski and Mrmalinowski 1985)) required a consequence relation to be monotonic. In the
Tarskian notation this means Cn(X) C Cn(X UY') where X and Y are any sets of sentences. In a
Gentzen-style sequent calculus (Gentzen 1934) monotonicity is expressed as a rule of inference

aly
a,pFy

Thus, from a F 4 one can infer a,f F 7, if the derivability relation I is monotonic. Gabbay
(1985) proposed a generalization of logical consequence, motivated by default reasoning, in which
monotonicity is violated for the purposes of representing the behavior of nonmonotonic inference
systems as consequence relations. To distinguish this notion from (monotonic) logical derivability,
Gabbay uses the relation symbol p+ to denote nonmonotonic consequence, and suggests three basic
conditions that any such relation should meet:

apa (Reflexivity)
ahfpy, e B

e (Cut)

% (Weak Monotonicity)

The theory of nonmonotonic consequence relations has been studied by a number of people,
including Makinson’s (1989) semantic account of these relations, and Besnard’s (1988) study of
proof-theoretic properties. But the most comprehensive treatment seems to be that of Lehmann
and his colleagues (Kraus, Lehmann and Magidor 1990; Lehmann 1989; Lehmann and Magidor
1990). They study a series of consequence relations satisfying increasingly stronger principles and
provide a model-theoretic account of each such logic. As discussed in the introduction to this
chapter, the semantics of these systems is very much like our modal relational semantics and can
be interpreted as ordering states of affairs according to some measure of normality.”® The theory

23n fact, for weaker relations than those we examine here the orderings are on (possibly incomplete) states of
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of cumulative inference is the weakest notion they develop (see also (Makinson 1989)) but we are
interested particularly in two stronger systems, the logics of preferential and rational relations.

The suggested reading of a sequent a |~ 3, dubbed a conditional assertion, is something like “if
were all the information about the world available to an agent then § would be a sensible conclusion”
(Lehmann 1989). We assume our underlying logic and language (from which a,f are drawn) to
be classical propositional. Again, this is for convenience, as Kraus, Lehmann and Magidor (1990)
treat arbitrary languages, assuming only certain connectives and compactness. A nonmonotonic
consequence relation C is any binary relation on Lgpy satisfying certain requirements. We write
a v B to indicate (a,8) € C, and a ¢ B when (a,8) ¢ C. Two classes of relations are given
particular emphasis by Lehmann (1989), namely preferential and rational relations, which satisfy
the inference rules given in the following definitions (some of which are renamed to emphasize the
similarity to various theorems of CLNs).

Definition 4.15 (Lehmann 1989) A preferential consequence relation is a consequence relation
that satisfies the following rules of inference:

EorL c; Tv i a7y (LLE)
meii%7ha (RCM)
apa )
3§§%¥%1 (And)

Definition 4.16 (Lehmann 1989) A rational consequence relation is a preferential consequence
relation that satisfies the following rule of inference:

apy, aNB oy
ab -5 W

Families of models are proposed to characterize these notions of consequence. These models
determine the truth of conditional assertions. Intuitively, < ranks worlds according to their degree
of normality.

knowledge, or sets of states of affairs, rather than possible worlds.
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Definition 4.17 (Lehmann 1989) Let (X, <) be a poset. V' C X is smooth iff for each v € V,
either v is minimal in V (that is, there is no z € V such that z < v) or there is some element
w minimal in V such that w < v.

Definition 4.18 (Lehmann 1989) A preferential model (or, a P-model) M is a triple (S, ¢, <)
where § is a set (of possible worlds), ¢ maps propositional variables into 25 (¢(A) is the set
of worlds where A holds) and < is a strict partial order on S such that for all propositional
formulae ¢, ||a|| is smooth.

Definition 4.19 (Lehmann 1988) A ranked model (R-model) is a preferential model M = (S, ¢, <
) where the relation < is such that there exists a totally ordered set (§2,<) and a function
f:8 - Q, where s < tiff f(s) < f(1).

Definition 4.20 (Lehmann 1989) A P-model or R-model M = (S, ¢, <) satisfies a conditional
assertion a v (8 (written a pvps B) iff for any s <-minimal in |||, s € ||B]l. v is the
consequence relation defined by M.

Intuitively, a preferential model can allow certain states to be incomparable according to the
ranking <. The requirement that ranked models respects some total ordering amounts to insisting
that each world be comparable in the partial order; for if each world has some rank in 2, then
it must be comparable (via <) with each other world. The similarity to CT4 and CT4D models
possessed by such structures is readily apparent. The smoothness condition is required to ensure
the truth conditions for a |~ B are not vacuous when o« is possible, and is precisely the Limit
Assumption. The following representation results are also obtained.

Theorem 4.13 (Lehmann 1989) |~ is a preferential consequence relation iff it is the consequence
relation defined by some P-model.

Theorem 4.14 (Lehmann 1989) |v is a rational consequence relation iff it is the consequence
relation defined by some R-model.

The logic defined by preferential consequence relations is called P and we denote by R the logic of
rational relations.

Let KB be some set of conditional assertions. The consequences of KB in P are just those
assertions derivable using the rules of P, and these form the set of assertions preferentially entailed
by KB, or true in all P-models of KB. Presumably, rational relations are more reasonable in
many instances as they must satisfy RM. We would hope a similar result holds for the logic R.
Unfortunately, Lehmann presents the following apparently discouraging result.

Theorem 4.15 (Lehmann 1989) Let KB be a set of assertions. An assertion A is satisfied by
all R-models of KB iff A is satisfied by all P-models of KB.

This result seems to suggest that the logic R is no stronger than the logic P. However, on further
inspection of the theorem, it should be evident that this result obtains only because of the restricted
form of sentences in KB. Consider the rule RM, which distinguishes R from P. This rule allows
the derivation of a v = when a |~ v and a A B [~ v hold. However, when our set of premises KB
consists solely of conditional assertions, the second premise, @ A # [# v cannot be represented, for
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it says a certain assertion is not derivable. The best we could hope for is to, say, assert & pv v and
infer a A 3 [ « due to its absence from KB; but of course, this is not derivable because, in general,
a A B pv v is consistent with @ v 4. There exist (ranked) models of KB that satisfy a A f# |~ 7,
so all models of KB need not satisfy the second premise of RM, and the conclusion of RM is not
derivable. '

The obvious solution for this specific problem is to allow for the inclusion of “negations” of
assertions among our premises KB. In this case, Theorem 4.15 cannot hold (consider a generic
instance of RM, which will not be true of all P-models of KB). In essence, the language of
conditional assertions is too weak to express the negation of assertions, or any boolean combinations
of such. This is acceptable if an assertion is viewed as constraining some consequence relation. But
we claim a more profitable interpretation of pv is as a conditional connective in some language,
rather than a relation symbol in the meta-language.

We can extend the language of conditional assertions in the obvious way, permitting boolean
combinations of assertions as well as propositional formulae (with no occurrence of ) by viewing
- as a connective. We will permit these extended assertions to include sentences such as -(a |~ 8)
or (a v )V (a v v), but forbid nesting of the connective pv (e.g., @ ) (8 ~ v)); so no v can
appear within the scope of another.

The well-formed formulae of this enriched language will be called eztended conditional asser-
tions, the set of which is denoted Lge. It’s not hard to see that P and R can be extended
with little difficulty to account for these new formulae. To capture reasonable inferences using this
language of extended assertions, we must enhance the systems R and P to reason propositionally
with assertions. P* and R* will denote the systems obtained by augmenting P and R with the
axiom and rule schemata of CPL together with the axiom (=A p» A) D A. CPL will allow stan-
dard propositional reasoning with conditional assertions as well as nonconditional formulae. The
additional axiom allows interaction between propositions and assertions, and corresponds to the
modal axiom T (OA D A). We also translate the inference rules of P and R into the corresponding
Hilbert-style axioms (and note that the inference rules remain valid due to MP).?4

Definition 4.21 P* is the smallest set S C Lgc containing CPL and the following axioms, and
closed under the following rules of inference:
ID apa
And (apvBAapvy) D apBAy
Or (abyABRT)DaVvB by
CM (apvBAapy)DaAB vy
T (~rapa)da
LLE From [cpr a = finfer (avv) D (B 7)
RCM From [=cpr a D finfer (Y a) D (v b B)
MP From a D § and « infer
US From « infer o/, where o’ is a substitution instance of a

Definition 4.22 R* is the smallest set S C Lg¢ that contains P* and the following axiom, and is
closed under the inference rules LLE, RCM, MP, and US:

24Thanks to Karl Schlechta for pointing out the need to translate LLE and RCM further than was done in an
earlier paper (Boutilier 1990).
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RM (apv A~(aAf b7))de b

We will use Fp, and Fg. to denote derivability in these systems, which is defined in the usual
manner. The notions of satisfiability and validity in P-models will be adjusted as follows:

Definition 4.23 Let M = (5,¢,<) be a P-model, and let s € S§. The truth of an extended
conditional assertion @ € Lg¢ at s (M |, @ means a is true at s) is defined inductively as
follows:

1. M |, aiff s € ¢(a) for atomic sentence a.
2. M, ~aiff M, a.

3. ME,aDpBiff M=, for M, a.

4. ME,ap Biff a v B.

Sentence a is valid on M (written M |= a) iff M |=; a for each s € §. a is P*-valid (=p. @)
iff M |= a for each P-model M. a is R*-valid (R« @) iff M [ a for each R-model M.

It is not hard to see P* and R* correspond to the classes of P-models and R-models, respectively,
using this extended notion of validity, and that these logics extend P and R in a natural way. In
fact, P* and R* are not much more interesting than P and R, except they will allow us to show a
correspondence between these notions of nonmonotonic consequence and CLNs.

Theorem 4.16 Ep. a iff Fp. .
Theorem 4.17 g, o iff Fr. .

That each of the inference rules of P is a valid derived rule or theorem of CT4 can be readily
shown. Furthermore, the additional rule of Rational Monotonicity from R is also valid in CT4D.
Therefore all assertions A derivable from a set of assertions KB in P are derivable from KB in CT4
(provided we translate @ p 3 in the first instance to a = f in the second). Also, A is derivable
from KBin R only if it is derivable in CT4D. Thus CT4 and CT4D subsume P and R, respectively.
We’d like to show this inclusion is not proper and that, in fact, each corresponding pair of logics
is equivalent. This cannot be the case of course, as the languages are different, L ¢ allowing nested
conditionals. What we can show is that, phrased as the derivability of assertions only, the restricted
logics CT4 and CT4D are equivalent to their corresponding consequence operators.

Theorem 4.18 Let KB be a set of conditional assertions and A an assertion. A is preferentially
entailed by KB iff KB tcorg A.

Theorem 4.19 Let KB be a set of conditional assertions and A an assertion. A is rationally
entailed by KB iff KBFeorap A.

An important corollary of these results and Lehmann’s result, Theorem 4.15, is that CT4 and
CT4D are indistinguishable with respect to the task of reasoning with simple conditional sentences
(where = is the main connective and no nesting occurs).

Definition 4.24 A simple conditional is a sentence of the form a = S, such that a, 8 € L¢py.

Corollary 4.20 Let KB C L¢ be a set of simple conditionals and A a simple conditional. Then
KBtery A iff KBForap A.
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Rather than prove these results directly, we can show even stronger results via an excursion
through the language of extended conditional assertions. Now if KB is a set of extended assertions
then again it should be clear that derivability from KBin P* and R* is subsumed by derivability in
CT4 and CT4D, respectively. If we restrict attention to the fragments of CT4 and CT4D containing
no nested conditionals, we can show the converse holds and that P* and R* are exactly CT4- and
CT4D-. Thus the motivation underlying CLNs is corroborated by the equivalence of these existing
logics to logics developed within our framework.

Definition 4.25 An extended conditional is any sentence @ € L¢ such that no occurrence of
= lies within the scope of another (this includes propositional formulae). The language of
extended conditionals, L, is the (largest) sublanguage of L ¢ containing no nested conditional
sentences.

Definition 4.26 Let system S be a CLN. By S- we denote the system S restricted to extended
conditionals. That is, S—=SNLg.

Theorem 4.21 Let A € L. Then beors- A iff Fp. A.
Theorem 4.22 Let A € L. Then torap- A iff FRr. A.

These theorems are proven using the similarity of the structure of CT4 (respectively CT4D) models
and P (respectively R) models, showing that satisfiable conditional assertions have satisfiable coun-
terparts in L. From these, Theorems 4.18 and 4.19 are easily derivable corollaries. Thus, viewing
the nonmonotonic consequence relations of Kraus, Lehmann and Magidor (1990) and Lehmann
(1989) as more standard conditional logics, and interpreting the relation symbol p as a conditional
connective, allows the conclusion that they are equivalent to “flat” fragments of our CLNs CT4
and CT4D, as well as to fragments of the standard modal logics S4 and S4.3.

Extending P* and R* additionally to allow nested conditionals suggests that we could push the
equivalence even further, but this is not the case. The treatment of conditionals in preferential
models is global whereas our treatment is local. More precisely, if an assertion is satisfied at some
world in a P-model, it is satisfied at all worlds. Our semantics is local in that only worlds accessible
to w (or more normal than w) can influence the evaluation of a conditional in a CT4-model. So if,
say, some model contained an A-world, but w was more normal than the most normal A-worlds,
w would satisfy O-A and, hence, would validate any conditional A = B, given the CT4 truth
conditions. In contrast, the preferential semantics would make A = B true, even at w, only if B
were true at these most normal A-worlds. For this reason, our CLNs are equivalent to the usual
modal logics. We can express any modality using the connective =, while the global quality of pv
forbids this. In effect, |~ can be used to express the distinct modalities in S4 and S4.3, but cannot
express arbitrary modal functions.?®

There are a number of reasons to consider the global definition of Kraus, Lehmann and Magidor
(1990) more reasonable and we explore these in the next chapter, where we will modify the truth
conditions for = somewhat to reflect this.

Other notions of nonmonotonic consequence have been proposed by Kraus, Lehmann and
Magidor (1990), as well. An interesting avenue to pursue is the further examination of these

?>We can show that each of the ten distinct modalities of S4.3 (Dummett and Lemmon 1959) is expressible using
no nesting of = or p~ (hence, within L g¢); and we expect that the fourteen modalities of S4 are also so expressible.
However, 54.3 (and hence S4) has infinitely many modal functions (Makinson 1966), so obviously a lack of nesting
decreases expressive power.
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consequence relations to determine the extent to which they can be characterized as CLNs or
modal logics. We remark here that the strongest system that they study, denoted M, appears to
correspond to the conditional logic CT45 and the modal system S5. The system M is determined
by preferential models where the ordering < is empty. As noted there, preferential entailment
reduces to logical entailment relative to the underlying set of possible worlds. Of course, this is
exactly strict entailment in an S5 setting and, as we’ve noted above, normal implication and strict
implication within S5 coincide. The global nature of p~ in this circumstance is not restrictive at all,
for all modal functions in S5 are reducible to simple modal functions of one modality (cf. (Hughes
and Cresswell 1968)). Each of these six distinct modalities in S5 is definable using pv.

4.3.2 e-semantics

Another conditional theory of default reasoning based on quite different intuitions is the theory of ¢-
semantics pursued by Pearl and his colleagues (Pearl 1988; Goldszmidt and Pearl 1989; Goldszmidt,
Morris and Pearl 1990; Pearl 1990). This work takes as a starting point the system of probabilistic
inference developed by Adams (1975). Adams’s logic generalizes straightforward deductive inference
by characterizing inference that preserves “high probability” rather than truth; that is, if a set
of premises has some arbitrarily high probability, then the consequences should also have high
probability. For this reason, he identifies the probability of a conditional with its conditional
probability, instead of with the probability that the conditional is true. For instance, consider the
paradox of material implication where one infers A D B from -A. While this inference preserves
high probability, if the probability of the conditional “If A then B” is identified with P(B|A) instead
of P(A D B), this inference is no longer sound.?®

Pearl (1988) proposes a semantics similar to Adams’s for conditional defaults. The idea is
roughly that a default statement, say “birds fly,” makes an assertion that the conditional probability
P(£f1y|bird) is sufficiently high so that one can conclude that an arbitrary bird flies. In general, we
do not specify some acceptance criterion, so “sufficiently high” is left intentionally vague. However,
if we want to infer new default rules from a given set, then whatever acceptance criteria we adopt
(implicitly) in certain situations should be satisfied by the conclusions. Thus, arbitrarily high
conditional probabilities must be preserved. These notions are generalized further in (Goldszmidt
and Pearl 1989) and we present a number of definitions taken from there. We will assume an
underlying propositional language generated by a finite set of variables. Its conditional extension
includes sentences @ —  and a = S, but these connectives can only appear as the main connective
in a sentence (so a, 3 € Lgpr). We refer to these sentences as rules. The material counterpart of
either rule is a D (.

A sentence A — B is intended as a default statement of the aforementioned type, and we take
it to mean “the conditional probability of B given A is high,” or “if A then typically B.” A = B
is meant to be a strict sentence and asserts that B is certain given A, or if A is true then B must
be true. A default theory T'= D U § consists of a set D of defeasible sentences (having — as the
main connective) and a set S of strict sentences (having = as the main connective). We are also
interested in how truth assignments (or worlds) treat the material counterparts of such sentences.

Definition 4.27 (Goldszmidt and Pearl 1989) A valuation (possible world) w verifies the rule
a — B iff w = a A B, falsifies the rule iff w = a A -f, and satisfies the rule iff w | a D B,
and similarly for a = 8.7

%6We can make P(A D B) arbitrarily high by making P(=A) sufficiently large, but this is not the case for P(B|A).
27T'his use of “satisfies” is ours, and means the rule is not falsified.
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The models of interest are probability assignments that assign probabilities to each possible world.
From such an assignment P we can determine the probability of any sentence; and, of immediate
interest, the conditional probability of B given A is given by

Y {P(w):w = AA B} .

PBIA) = = {P(w) v F 4]

As assignment is said to be proper (for T') if
Y {P(w):w [ A}

is non-zero for every antecedent A in T, and means the conditional probability is defined for
each conditional in T'. Intuitively, a model for T is any probability assignment that makes each
conditional reasonably probable. So if A — B € D then P(B|A) should be high, while P(B|A)
should be 1 for any A = B € 5.8 The definition of consistency reflects the noncommittal nature
of these considerations.

Definition 4.28 (Goldszmidt and Pearl 1989) Let 7' = D U S be a default theory. T is e-
consistent if, for each € > 0, there is a proper assignment P such that P(a) > 1 — ¢ for all

a€D,and Pla)=1foralla € S.

We will say such an assignment P satisfies T to degree €. If there is no such proper assignment for
T, for some ¢, T is e-inconsistent. It can be that T is inconsistent because no proper assignment
satisfies some antecedent A, rather than it being the case that the conditional probabilities cannot
be made sufficiently high. For instance, if D contains A — B and S contains A = - A then = A must
have probability 1 in any distribution P, making P improper. A stronger notion of consistency
rules out such a circumstance. This is analogous to prohibiting the inference of A = B from O-A
in CT4.

Definition 4.29 (Goldszmidt and Pearl 1989) Let T be e-consistent and a some (strict or
defeasible) rule with antecedent A. T U {a} is substantively inconsistentif T U {4 — T} is
e-consistent but T'U {a} is e-inconsistent.

Goldszmidt and Pearl also extend Adams’s notion of confirmability, which is used to characterize
e-consistency. a is tolerated by a set of conditionals if it can be verified by some world that satisfies
all conditionals in the set.

Definition 4.30 (Goldszmidt and Pearl 1989) Let @ € T be some rule. a is tolerated by
T — {a} iff there is some valuation v such that v verifies @ and v satisfies all members of
T - {a}.

Definition 4.31 (Goldszmidt and Pearl 1989) T' = D U § is confirmable iff some rule @ € D
is tolerated by T' — {a} (when D # () or each rule a € § is tolerated by T' — {a} (when
D =0).

This notion of confirmability allows a generalization of Adams’s result on probabilistic consistency.

Theorem 4.23 (Goldszmidt and Pearl 1990) T is e-consistent iff every nonempty subset of
T is confirmable.

22We identify the probability of statements in T with their conditional probabilities.
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Thus a simple decision procedure for testing e-consistency (and e-entailment to follow) can be
constructed (which we discuss in the next chapter). The notion of entailment in e-semantics is, of
course, based on the idea of preserving arbitrarily high probabilities of the premises.

Definition 4.32 (Goldszmidt and Pearl 1889) Let T be an ¢-consistent default theory and «
a conditional rule. 7' e-entails a iff there exists a proper assignment for 7'U {a} and, for
all £ > 0, there exists some § > 0 such that for any proper assignment P that satisfies T" to
degree §, P(a) > 1 —&.

This is related to e-consistency as follows:

Theorem 4.24 (Goldszmidt and Pearl 1990) Let T' be an e-consistent default theory. Then
T e-entails a iff T U {~a} is substantively inconsistent.

It has been noted by Kraus, Lehmann and Magidor (1990) that for default theories with no
strict conditionals ¢-entailment corresponds precisely to preferential entailment.?® From this result
the following corollary is automatic.

Definition 4.33 Let T' C L¢ be a finite set of simple conditionals. T° denotes the corresponding
set of probabilistic rules
T*"={A—> B:A= BeT}.

Corollary 4.25 Let T C L¢ be a finite set of simple conditionals, and T be e-consistent. Then
TVFers A= B iff T¢ e-entails A — B.

This does not hold in the general case where T is inconsistent, for CT4 allows conditionals to
hold vacuously; for example, A = B and A = - B are mutually CT4-consistent and entail O-A.
This corresponds to allowing improper assignments for 7, something disallowed by e-entailment.
However, we can discount this difference by prohibiting vacuously satistied conditionals as follows:

Definition 4.34 Let T C L be a finite set of simple conditionals. The proper counterpart of T is

TP = {CA:A=> BeT}UT.

Now we can use Pearl’s notion of confirmability to determine a proof procedure for simple condi-
tional theories.

Theorem 4.26 TP is CT4-consistent iff every non-empty subset of T is confirmable.
As a very simple corollary we have the following,.

Corollary 4.27 Let T C L¢ be a finite set of simple conditionals. TF is CT{-inconsistent iff T¢
is not e-consistent.

We’ve seen the substantive inconsistency of a conditional is due to its consequent not achieving
the desired probability, rather than its antecedent being unsatisfiable in any proper distribution.
In CT4, this is reflected in the possibility of the antecedent.

9 At least for finite theories, since e-entailment is not compact (Adams 1975).
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Theorem 4.28 Let T C L be a finite set of simple conditionals. T° U {A — B} is substantively
inconsistent iff TY U {O A} is CT4-consistent, while T¥ U {OA, A = B} is CT4-inconsistent.

This leads to another key result, the equivalence of e-semantics to (a fragment of) CT4.

Theorem 4.29 Let T C L¢ be a finite set of simple conditionals such that TP U {CA} is CT4-
consistent. TP Fory A = B iff T® c-entails A — B.

Thus substantive inconsistency amounts to inconsistency in CT4 of a proper set of conditionals,
and Pearl’s test for inconsistency can be used to test the consistency of a set of conditionals in
CT4, or the substantive consistency of such a set. As well, e-entailment is seen to be equivalent
to a fragment of CT4, and, hence, to the modal logic S4. The obvious extensions including strict
sentences follow easily if we translate A = B into O(A D B).

Definition 4.835 Let T' C L¢ be a finite set of simple conditionals. The set of sirict sentences in
T is the subset of T

S(T)={a=>pPeT :tepra=-(AD B) and kcpr f=AD B}.

For each such sentence a = § we write O(A D B) € T. The set of default sentencesin T is
D(T) =T — S(T). The strict proper counterpart of T is

TP = {OA: A= Be D(T) or O(AD B) € S(T)}UT.

We usually take the proper counterpart of T' to mean this strict version. 7'° denotes the
corresponding set of probabilistic conditionals

T*={A—-B:A=>BeD(T)}u{A=B:0(ADB)eT}.

Corollary 4.30 Let T C L¢ be a finite set of simple conditionals including strict sentences. TT
is CT4-inconsistent iff T is not e-consistent.

Corollary 4.31 Let T C L¢ be a finite set of simple conditionals including strict sentences.
TP Fors A = B iff T¢ e-entails A — B.

The intuitions that underlie e-semantics and CT4 are genuinely distinct and it seems somewhat
surprising they should sanction precisely the same inferences, and that ¢-semantics corresponds
to the modal system S4. However, an examination of Adams’s (1975) construction equating
¢-consistency with confirmability of all subsets reveals a very close relationship, even at a model-
theoretic level. Roughly, Adams’s construction proceeds as follows: if every nonempty subset of T’
is confirmable, there exists some sequence of subsets of T, say T, C -+« C To C T; = T, such that
for each T;

(a) There exists a world w; verifying each a € T; — T;_; and falsifying no sentence in T; (so
wy, verifies all of T7,).

(b) Ti—1 is the set of sentences in T; not verified by w;.
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Adams shows this is sufficient for e-consistency by associating, for fixed ¢, (unnormalized) proba-
bilities of (1 — £)e*~! with each world w;, thus making the conditional probability of each member
of T at least 1 — £.3% More importantly, we see that the (proper) conditional counterpart of T' will
be CT4-satisfiable just if it can be partitioned similarly. If this is the case then we can construct
a CT4-model for T' where the set of worlds is just the set of w;, and w; is more normal than w;
just when ¢ < j. In other words, if we rank the worlds w; according to the probability assigned by
Adams’s construction, we determine a CT4-model for the corresponding set of proper conditionals.
In a sense more normal worlds can be arbitrarily more probable than their less normal counterparts.

We note here that by Corollary 4.20 any of the definitions and results relating CT4 to -
semantics hold for CT4D also.3! As with the relationship to preferential and rational consequence
relations, this is due to the equivalence of rules to simple conditionals. To distinguish the logics,
more expressiveness is required. Hence, the logics CT4 and CT4D suggest natural extensions to
e-semantics that include nesting and boolean combinations of default rules. It is not clear that
the essential nature of the semantic interpretation of rules in terms of high probabilities can be
preserved in this extension, however. This would suggest that CLNs (and preferential relations)
provide a somewhat more natural and robust interpretation of defaults, in this respect.

4.4 Miscellany

The framework presented for conditional logics of normality seems very general and intuitively
appealing. However, its generality and applicability is reinforced by the fact that logics within the
literature, while independently motivated, turn out to be equivalent to the “unnested” fragments of
logics developed in this framework. Theorems 4.2 and 4.3 show the completeness of our conditional
logic CT4 and its equivalence to the modal logic S4, while Corollary 4.5 demonstrates that any
extension of CT4 is also equivalent to a modal system. Thus we can use modal logics or conditional
logics interchangeably here, taking either as primitive. Theorems 4.21 and 4.22, that demonstrate
that Lehmann’s (1989) logics P and R are fragments of our conditional logics; and I'heorem 4.29
shows the same result for Pearl’s (1988) ¢-semantics. Moreover, Theorem 4.26 determines a simple
proof procedure for simple conditional sentences based on Pearl’s notion of confirmability.

While we have seen that our CLNs are very similar to the logics of (Delgrande 1987; Kraus,
Lehmann and Magidor 1990; Goldszmidt and Pearl 1989), there are a number of differences be-
tween our account of conditional logics and existing accounts in the literature. Viewing CLNs as
extensions of CT4 provides several conceptual and practical advantages from the standpoint of de-
fault reasoning research. This perspective suggests a wide variety of conditional logics, which may
determine useful interpretations of normality. The correspondence with standard modal systems
provides a widely-studied, well-developed and well-understood semantics for such logics. Further-
more, this relationship permits the appropriation of a host of ready-made results for these logics,
results regarding axiomatizability, axiomatic bases, decision procedures and their complexity, and
the like. For example, Lehmann (1989) showed that deciding whether K |=p a |~ B is a problem
in co-NP when K is a finite set of assertions. Using the correspondence between R* and CT4D,
and the fact that the problem of deciding S4.3-satisfiability is NP-complete (Ono and Nakamura
1980), we can state the following stronger result.

Corollary 4.32 For a finite set of extended assertions K U {a}, deciding whether K |=p. a is in

30The exception is P(wn) = ™",

3Semantically, this can be seen by the nature of Adams’s construction. The verifying worlds are not just partially
ordered, but totally ordered by probability. Thus, the corresponding CT4-model is also a CT4D-model.
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co-NP.

That this holds for P in the case of extended assertions (i.e. P*) does not follow immediately, for
S4-satisfiability is PSPACE-complete (Ladner 1977). It might still be the case however, as the
language of extended assertions does not allow the expression of nested S4-modalities (that is,
arbitrary S4 modal functions). As well, the validity problem for CT4D- is in co-NP and that of
CT4D is co-NP-hard.

Regarding conditional logics as CLNs not only provides a uniform basis for comparison of such
logics, but also extends the type of reasoning that can be performed using conditional logics, as
they typically appear in the literature. More specifically (as discussed in Section 4.2 in the context
of background and evidential knowledge) conditional logics, including those of (Delgrande 1987;
Delgrande 1988; Lehmann 1989; Kraus, Lehmann and Magidor 1990; Nute 1984a), do not allow
nested occurrences of the conditional connective in the language or do not provide an adequate
semantic account of such sentences. Probabilistic accounts of conditionals (e.g., (Adams 1975;
Pearl 1988)) suffer from the same weakness. CLNs, on the other hand, do allow such sentences,
which might be of some value. A number of examples of default knowledge that appear to require
nested defaults are given in (Asher and Morreau 1991). For instance, a sentence “Typically people
who do not normally drive do not normally fly either” might be expressed as

(P = ~D) = (P = -F).

Other sentences are interesting for logical reasons. For example, the following sentences are theo-

rems of CT4 and its extensions:
(AN(A= B)) = B,

(A= C)=» ((AANB) = C).

The first sentence appears to embody a rough version of the probabilistic principle of direct in-
ference whereby the degree of belief associated with a sentence B, given that A holds, is equal
to the conditional probability P(B|A). Here we do not deal with degrees of belief or numerical
probabilities, but rather with acceptance or rejection of facts, assuming normality. So when A and
A = B hold, we are willing to conclude B (in normal circumstances).

The latter sentence is important when dealing with a “principle of irrelevance” (see Chapter 5),
which states that unless otherwise informed, assume that attributes are irrelevant or independent
of one another. This principle allows one to conclude, for instance, that yellow birds normally
fly, given that birds normally fly. This inference is problematic for most logics of normality (and
probabilistic logics (Pearl 1988)) and requires the meta-inference of irrelevance. This theorem of
CT4 can be seen as justifying this principle as being true in the normal state of affairs, and therefore
“irrelevance” (or “independence” in probabilistic terms) is just another default inference. The next
chapter will focus on the problem of handling the problem of irrelevance in a logical framework.

Several avenues for future study of CLNs remain open. One concerns weaker notions of normal
implication. These may be investigated by studying logics weaker than CT4, or by allowing weaker
definitions of the connective =». For instance, in CT4D, A = B is equivalent to

D-AV O(AAT(A D B))

which is weaker than its definition for CLNs in general.>? This weaker notion of normal implication
might be interesting in subsystems of CT4D. In CT4, for example, this definition allows A = B

32Gee Proposition 4.8. In Chapter 6, we will motivate this definition in terms of belief revision.
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and A = B to be consistent with A, and has possibly useful interpretations. It might lead to some
notion of paraconsistent default reasoning in which one can believe (by default) both a sentence
and its negation without committing to belief in every proposition. Again, the appealing aspect
of this model of paraconsistency is the standard modal semantics used to characterize it. In some
ways, this logic might be more natural than traditional paraconsistent logics and the associated
nonstandard semantics for inconsistent beliefs (Belnap 1977; Levesque 1984b; Lakemeyer 1987).
It might also turn out to correspond quite naturally to the idea of a “belief cell” (cf. (McArthur
1988)), for the inconsistent default conclusions only arise when certain sets of worlds are considered
incomparable, restricting the interaction of their “consequences.”

Another connection worthy of investigation is that of CLNs with probabilistic logics, such as that
of (Bacchus 1990). While the relationship to the (nonstandard) probabilistic logic of £-semantics is
very clear it remains to be seen how exactly notions such as conditionalization can be approximated
within our framework. Clearly, some parallels exist, for instance, with our qualitative version of
direct inference. Bacchus’s logic also appears close to ours in the ability to conditionalize on
(objective) probabilistic information. We have given a cursory treatment of the relationship to his
logic, but have yet to investigate the connection in great detail.



Chapter 5

The Problem of Irrelevance

In the previous chapter we presented a family of logics for representing and reasoning with normative
statements, which may be interpreted as default rules or prototypical facts. But we said little about
characterizing the process of default reasoning using these logics. Given a set of facts, including
normative facts such as “birds normally fly” and “penguins normally don’t,” and factual statements
like “Tweety is a bird,” what appropriate default inferences should be forthcoming?

Of course, the obvious answer is that the logical consequences of the knowledge base (in the
desired logic, say CT4D) are the desired conclusions. Such a proposal is easily dismissed, for the
very properties that make CT4D an attractive logic of normality also encumber the system with a
caution unsuitable for default reasoning. For example, given the set of premises

KB = {bird,bird = fly},

a desirable default conclusion is £1y. However, f1y cannot be a logical consequence of KB as ~fly
is consistent with this information. This is logically appealing since we require that the conditional
exemplify this exception-allowing quality. Thus the burden of “proof” must be placed on some
default reasoning component.

In Section 4.1.3 we alluded to a mechanism for default reasoning using CT4D (or CT4)! based
on the intuition that we should be interested not only in the logical consequences of KB, but in the
normative consequences. In other words, we should ask what is normally the case when KB is true
rather than what must be the case. This exploits the fact that Weak Modus Ponens is a theorem
of CT4D. Thus, given a KB including both “background” and “evidential” statements, we ask

Forap KB = «

to ascertain the status of a potential default conclusion a. Naturally, default inference includes
logical inference since For4p O(KB D @) whenever KB entails a, and

Ferap O(KB D a) D (KB = a).

This proposal deals adequately with a large class of examples and captures the intuition that
we are willing to accept the most normal states of affairs that satisfy KB. For instance, given the

!We will use CT4D as the logic of choice in our exposition of concepts in this chapter for clarity. When distinctive
features of CT4D are integral to some idea this will be made clear.
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set of premises above, we can derive
bird A (bird = fly) = fly.

More complicated examples are also handled quite nicely.

Example 5.1 Let KB be the set of premises
{bird =» fly, O(penguin D bird), O(emu D bird),

penguin = —fly, emu= —fly}.
Adding bird to KB we can derive fly by default as

Fersap KBAbird = fly.
Adding penguin to KB, we can derive =fly, as well as when it is disjoined with emu, for
Ferap KB A penguin = bird A -fly and

Fcrap KB A (penguinV emu) = bird A —=fly
are both valid derivations.

Unfortunately, it turns out that a very natural class of examples is not amenable to such an
analysis, namely, examples that include irrelevant information. If we add the fact green to any of
the premise sets in this example, none of the natural default conclusions (whether f1y or ~fly)
can be reached. Once again, the cautious nature of the conditional logic, attractive from a logical
point of view, prevents desirable default inferences, even when reasoning about the most normal
states of affairs. With KB as above, for instance,

KB Abird A green = fly

is not CT4D-valid. This is due to the nonvalidity of the strengthening of the antecedent inference
rule for CT4D. So even though bird => fly holds, it need not be the case for the green birds.
Logically,

-(bird A green = fly)

must remain consistent with KB, otherwise we would be able to infer not only that green birds fly,
but also penguins, emus, dead birds, and so on. Indeed, the validity of strengthening would cause
KB to be inconsistent (assuming the possibility of the antecedents).

In the case at hand, however, fl1y is deemed a reasonable conclusion because green is judged to
be irrelevant to the fact that birds normally fly. Nothing in KB indicates green birds are exceptional
with respect to flying ability, so we assume they are not. The reason adding penguin to KB altered
the default conclusion is the explicit indication that penguins are exceptional.

The caution exhibited by conditional reasoning causes the “inverse qualification problem.” In
standard systems (such as default logic, etc.) a rule like “birds fly” cannot be stated as is. It must
be qualified with exceptional conditions: “birds that are not penguins, not emus, not dead, and
so on, fly.” Conditionals are much more natural representations of default rules in this respect.
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But to be reasoned with effectively, we must also describe all conditions that are irrelevant, or
unexceptional with respect to a conditional. If we know bird = fly, we have to explicitly assert
green A bird = fly, ~green A bird =» fly, and so on, if we wish to reason about such contexts.?

This problem of irrelevance plagues all approaches to default reasoning based on conditional
logics. A number of solutions have been proposed to circumvent these difficulties. All consist of
schemes whereby the conditional logics in question are augmented with extra-logical machinery with
which appropriate default conclusions are drawn. Each of these solutions shares certain underlying
intuitions. Very roughly, the schemes of Delgrande (1988), Pearl (1990) and Lehmann (1989) can
be viewed as adding sentences of the form a A f = v to KB whenever a = 7 is in KB and the
result is consistent. A more semantical view is the following: these systems make states of affairs
as normal as possible subject to the constraints of KB. Naturally, these systems are nonmonotonic
as the added assumptions are defeasible. Adding constraints in the form of conditionals to KB can
render certain assumptions inconsistent. Learning =(aAf = ) can render the previous assumption
inconsistent, for example.

While each of these systems is extra-logical, we will extend the logics CT4 and CT4D to include
the expressive power required to enforce these common assumptions logically, as sentences within
the logical language. In order to capture these assumptions we require a notion of conditional
only knowing, similar to the only knowing of (Levesque 1990). Briefly, if we know bird = fly
then to conclude bird A green = fly we must assume that at the most normal antecedent (bird)
worlds only the consequent fly is known. In that way, all worlds consistent with bird and fly
are deemed to be among the most normal bird-worlds, and, hence, any irrelevant properties can
be discounted. We will define a new conditional connective > and read A > B as “At the most
normal A-worlds, at most B is known,” roughly the dual of A = B. As in the previous chapter,
however, the conditional connective will not be primitive. Rather it is defined in terms of two unary
modal operators, the standard modal connective O that constrains truth at accessible worlds, and
the less standard modality E, that refers to truth at inaccessible worlds.

In Section’5.2 we present four bimodal logics of inaccessibility. Two of these logics extend CT4
and CT4D with inaccessibility, and these are further extended to ensure models are “full”. Next,
in Section 5.3, we discuss only knowing and inaccessibility, defining a notion of conditional only
knowing and the connective >. In Section 5.4 the connective > is used to axiomatize Pearl’s (1990)
system of default reasoning known as 1-entailment. This is achieved by defining a natural preference
semantics in terms of the logic CO*, proving its equivalence to 1-entailment, and showing how the
structure of preferred models can be captured concisely in the extended modal language. Finally,
we investigate the qualities of relevance and irrelevance, distinguishing statistical relevance from
practical relevance, and show how either notion may be modeled qualitatively within our logics.

The key results of this chapter are: Theorems 5.4 and 5.7, which show the completeness of our

bimodal logics CO and CO*; Corollaries 5.24 and 5.25, which determine axiomatizations of 1-
entailment and rational closure within our logics; and Theorem 5.27, which determines a nontrivial
characterization of practical relevance.

5.1 Current Solutions to Irrelevance

As we’ve seen, conditional approaches to default reasoning must account for the cautious nature of
conditional connectives. Before examining such models, let us see why traditional default reasoning

?Indeed, it is not hard to see that the list of irrelevant conditions is necessarily longer than the list of exceptional
conditions, for every exceptional property P to A => B has a corresponding irrelevant condition —P.
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systems do not run into this problem. Imagine a circumscriptive default rule “birds fly” represented

as
bird A -ab D fly.

Because material implication is used, whenever bird is provable and ab is not provable (hence, by
circumscribing it —ab is derived) £1y will be derivable. Even when facts such as green or raining
are known, the derivation remains valid, unless something like green D ab is asserted, stating that
green birds are known to be exceptional. Default logic is similar, for the default rule

bird : fly
fly

is applicable whenever bird is provable and —~fly is not. The ease with which irrelevance is dealt
comes at the expense of a compelling semantic account of default rules, and the ability to derive
or reason about defaults.

5.1.1 Assumptions of Relevance and Normality

Delgrande’s (1987; 1988) conditional logic N is very similar to CT4D and, unsurprisingly, fails
to characterize logically all reasonable default inferences. To deal with this inadequacy, Delgrande
(1988) specifies some extra-logical criteria to complement his logic and describe appropriate default
conclusions. Conditional modus ponens is not valid in N, so from A and A = B one cannot conclude
B. Furthermore, one cannot conclude A A C = B from A = B, even when there is no reason to
believe C is an exceptional property, this due to a lack of strengthening. Delgrande’s default scheme
attacks these problems separately by making two general assumptions.

The assumption of normality states that the world being modeled is as normal as can consistently
be believed, given the constraints imposed by KB. So in the first case where A = B and A are in
KB, it is not logically necessary that B be believed since the actual world may be exceptional in
this respect; but since B normally holds when KB does, this assumption ensures B is believed.

The assumption of relevance asserts that the only sentences known to affect the truth of a
conditional sentence are those known to have an effect. In the second case, given A, C and A = B,
it need not be the case that A A C = B holds, so (even with the assumption of normality) we
cannot conclude B. However, relevance states that C should not affect the status of A = B, so
A A C = B is inferred, and by normality so is B.

Delgrande defines two somewhat complementary approaches to default reasoning that embody
these assumptions and shows that they determine the same notion of default consequence. We
describe each in turn. A default theory T is a pair (D,C) where D is a set of simple conditional
sentences or negations of such, and C is a set of propositional sentences (though Delgrande deals
with first-order theories). Intuitively, D is the background or intensional knowledge (both default
and necessary) and C forms the evidence or extensional knowledge relevant to the specific reasoning
situation.

The first approach takes the assumption of relevance to be primary. Roughly, one extends
conditionals in the manner described above, adding these strengthened sentences to the theory
when this is consistent. This can lead to conflict however when, say, @ = P and R = —P are
in the theory, stating Quakers are pacifists and Republicans are not. One can decide that Quaker
Republicans (the demographically elusive class of “Nixons”) are or are not pacifists, but not both.
Since either choice would be arbitrary in the absence of further information, Delgrande’s definition
allows the addition of @ A § = 4 based on a = v only if no other “relevant” conditional (say
B =+ =) contradicts this.
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Definition 5.1 (Delgrande 1988) Sentence a => 7 is supported in D if there is some 3 such that

(a) Fepra D B
(b) DFn B =y
- (c) If there is some 3’ such that Fcpr @ D 8’ and D Fy ~(8" = 7), then Fopr 8 D f'.

So in the case of @ = P and R = - P, neither of RAQ = P or RAQ = —P is supported. With
the standard birds and penguins example, bird A penguin = —fly is derivable so

yellow A bird A penguin = fly
is not supported by bird = fly. However,
yellow A bird A penguin = —fly

is supported by bird A penguin = —fly since the “contradictory” default bird = fly is less
specific (or weaker) than the supporting default.
A mazimal default eztension of D, denoted E(D), is a maximal, consistent set of sentences all
of which are supported in D, and is defined to be unique. A default conclusion based on T' = (D, C)
is any « € Lgpg such that
E(D)FN C = a.

In this manner the assumption of relevance is captured by using the extension of D, and normality
is achieved by asking what normally follows from C in this context.

The second approach views normality as the primary assumption. Roughly, whenever a = § is
believed o D 3 must be true at the most normal worlds (as is the case with CT4D). To make the
world as normal as possible, as many of these sentences as possible should be added to C. Again, in
the case of conflict, more specific conditionals take precedence, as conflict indicates exceptionality.
So if we have bird = fly and bird A penguin = =fly in D, with bird A penguin in C, both
of the corresponding material implicants cannot be added to C consistently. Given context D,
C must represent an exceptional state of affairs, so the exceptional, or more specific, sentence
bird A penguin D —fly is added to reflect this.

Definition 5.2 (Delgrande 1988) Sentence a D v is contingently supported in T = (D, C) iff

(a) DbFyacsy
(b) CU{a D v} is consistent
(c) If there is some @’ such that Fcpr, C D @' and D by =(a' = 7), then Fopr @ D o'.

A mazimal contingent extension of T = (D,C), denoted E(C), is a maximal consistent set of
sentences including C such that all sentences in E(C) — C are contingently supported. A default
conclusion based on T is any a € L¢pr such that

E(C)FepL @

for all contingent extensions E(C). The assumption of normality is captured by assuming a D f
holds for suitable @ = . Relevance follows trivially for the same reason it does in traditional
systems: once the material implicant is asserted, the default is “applicable” no matter what else is
known.
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The probabilistic reasoning system of Bacchus (1990) makes similar assumptions to deal with
the weakness of logical derivability. Given some statistics about the proportion of birds that fly in
the form P(fly|bird), it is often the case that we want to associate some conditional probability
with fly given the class of, say, yellow birds, even though adequate statistics are unavailable. Like
the assumption of relevance, Bacchus allows the nonmonotonic assumption that the probability
associated with the narrower reference class is identical to that for the known class. Also similar
to relevance, conflicts are resolved in favor of more specific reference classes. The assumption of
normality in Bacchus’s system can be thought of as embodied in the processes of randomization
and direct inference. Given an individual bird about which nothing else is known, the subjective
probability that it can fly can be assumed to be P(fly|bird). Hence, if birds normally fly (the
conditional probability is sufficiently high) then a “random” bird is believed to fly with that degree
of belief.?

5.1.2 System Z

The other main probabilistic approach we examined in Chapter 4 was Pearl’s (1988) logic of &-
semantics. Given the equivalence to the simple fragment of CT4, it should not be surprising to
learn that similar problems arise in this system. The assumption of normality is a lesser problem
for e-semantics as evidence C can be represented only implicitly as the antecedent of a simple
conditional query C — «. In particular, evidence cannot form a distinguished part of a theory
(which consists solely of simple conditionals). The problem of irrelevance remains.

To handle this difficulty Pearl (1990) proposes System Z, a natural method of ranking rules and
arbitrary formulae. This ranking reflects the degree to which sentences are considered abnormal
or exceptional. Imagine a rule r tolerated by theory T'. Since it violates no constraints imposed
by T, r is considered normal and is given low rank. Suppose, however, that r is not tolerable. If
r is to be satisfied at some possible world, this world must falsify at least one rule in 7. But the
falsified rule must be verified at some world that is more normal, so the verifying world for 7 must
be somewhat exceptional. Therefore r is considered exceptional and is assigned a higher rank.

‘Tolerance (see Definition 4.30) can be used to define a natural ordering on default rules by
partitioning T as follows:

Definition 5.3 (Pearl 1990) T; = {r : r is tolerated by T = To — Ty — + -+ T;_1}, for i > 0.

Assuming T is e-consistent, this results in an ordered partition 7= ToU Ty U ---T},. Now to each
rule 7 € T' we assign a rank (the Z-ranking), Z(r) = i whenever r € T;. Roughly, but not precisely
(see (Boutilier 1991a)), the idea is that lower ranked rules are more general, or have lower priority.
Given this ranking, we can rank possible worlds according to the highest ranked rule they falsify:

Z(w) = min{n : w satisfies r, for all 7 € T such that Z(r) > n}.

Again, lower ranked worlds are to be considered more normal.
Now, a € Lgpr, can be ranked according to the lowest ranked world that satisfies it; that is

Z(a) = min{Z(w): w [ a}.

30f course, this allows much finer distinctions than normality, which says that one either accepts or rejects the
fact that a random bird flies. Note also that this a very loose characterization of the assumptions of Bacchus (1990).
More exactly, the ezpected values of certain conditional probabilities (over various possible worlds) are used in these
processes.
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Given that lower ranked worlds are considered more normal, we can say that a default rule a —
should hold iff the rank of @ A B is lower than that of a A (. This leads to the following definition:

Definition 5.4 (Pearl 1990) Formula § is I-entailed by o with respect to T' (written a F; g) iff
Z(aAB) < Z(a A -p) (where Z is defined with respect to T').

System Z solves the problem of irrelevance by assigning the lowest possible rank to valuations
or worlds consistent with the theory T'. l-entailment is defined such that lower ranked worlds are
considered more normal. Hence, if we know the rule bird — fly, worlds satisfying green and
verifying this rule will be given the same rank as the most normal bird-worlds (supposing no other
rules). Thus, the most normal green A bird-worlds satisfy f1y and

green A bird -y fly.

We will examine the structure of Z-ranking in detail in Section 5.4.

5.1.3 Rational Closure

Given a set T of conditional assertions in the sense of (Kraus, Lehmann and Magidor 1990), the
Lehmann and Magidor (1990) theory of rational relations maintains that any reasonable set of
conditional assertions derivable (by default) from T should form a rational consequence relation.
Unfortunately, Theorem 4.15 shows that the intersection of all rational relations extending T is
Cnp(T), the set of preferential consequences of T'. As discussed in Section 4.3.1, this is due to
the fact that a set of simple conditionals cannot distinguish ranked models from one another. To
alleviate this quandary the theory of rational closure is proposed (Lehmann 1989; Lehmann and
Magidor 1990) whereby certain rational extensions of T' are deemed preferable, and from those
default conclusions arise. Rational closure also handles irrelevance.

Roughly, the rational closure of T attempts to extend T to include supported sentences, much
like Delgrande’s supported sentences, not sanctioned by preferential entailment. a A g |~ 7 is
supported in 7' if there is some a v 4 € T.* Unfortunately, Lehmann and Magidor show that the
perfect extensions of T' do not always exist. Rational closure is an approximation to such perfect
extensions that is well-defined for any admissible theory 7.5 We provide a simple definition here and
note that a number of alternate characterizations and representation results for rational closure,
reflecting a number of different intuitions, are provided by Lehmann and Magidor (1990), and the
reader is referred there for details.

Definition 5.5 (Lehmann 1989) Let T be a set of conditional assertions. The degree of formulae
« is defined inductively as follows:

(a) degree(a) = 0 iff there is no 3 such that aV 8 v ma € Cnp(T).
(b) degree(a) = i iff degree(a) is not less than i and aV B v =a € Cnp(T) only if

degree(f) < i.
(c) degree(a) = oo iff a is assigned no degree by the previous clauses.

“More precisely, @ |~ v need only be in Cnp(T) (Lehmann and Magidor 1990) since any rational extension
of T must include all preferential consequences of T.. For simplicity, we assume T to be closed under preferential
consequence in the remainder of this section when T is a set of assertions.

®In particular, if T is a well-founded preferential relation (which includes any finitely generated T'), the closure is
defined.
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If a sentence a V 8 pv =« is a preferential consequence of T', we say « is more exceptional than
f. Whenever this assertion holds, the minimal a V f-worlds must satisfy ~a. This implies any
minimal a-world is less normal than any minimal S-world, hence « is more exceptional, Thus
degree(a) represents the degree of exceptionality of «, given premises 7. As with l-entailment,
we implicitly assign the lowest possible rank to states of affairs using the following definition of
rational closure.

Definition 5.6 (Lehmann 1988) Let T be a set of conditional assertions. The rational closure
of T, denoted Cng(T), is defined as

ap B € Cnp(T) iff degree(a) < degree(a A =) or degree(a) = .

Lehmann and Magidor (1990) also characterize rational closure in terms of a preference ordering
on the rational relations extending T, as well as in terms of rational model construction from
preferential models of T'.

5.1.4 Common Intuitions

In the three main conditional approaches to default reasoning we’ve examined, the emphasis appears
to be the extension of conditionals to include irrelevant conditions in the antecedents, and then
reasoning from the augmented knowledge base assuming normality. In Delgrande’s model this
approach is taken explicitly via syntactic considerations of the theory at hand. In Pearl’s System Z
irrelevance is handled semantically, extensions of conditionals implicitly determined by constraints
on the preferred model of the theory. Rational closure is defined and represented in a number of
ways and seems to reflect both semantic and syntactic considerations.

Given the striking similarity of the definitions of 1-entailment and rational closure, the fol-
lowing results of Goldszmidt and Pearl (1990) should not be surprising. For simple conditional
sentences, we use A — B to represent rules in the case of e-semantics and assertions in the case of
nonmonotonic consequence relations.

Theorem 5.1 (Goldszmidt and Pearl 1990) LetT be a finite set of simple conditionals. Z(a) =
n iff degree(a) = n.

Theorem 5.2 (Goldszmidt and Pearl 1990) Let T be a finite set of simple conditionals. a b
B with respect to T iff a — B € Cnp(T).

One noticeable aspect of both System Z and rational closure is their extra-logical nature. Both
approaches can be viewed as imposing a preference relation (in the sense of Shoham (1988)) on the
set of models of a particular theory and drawing conclusions true of the preferred structure. This
preferred structure is the model of 7' in which all worlds are as normal as possible. A likeness exists
to circumscription, where models of a theory that minimize the extent of designated predicates are
preferred. Unlike circumscription, however, these systems do not come equipped with a sound and
complete axiomatization.®

At least, not a natural one. It could be argued that the set of supported sentences form an axiom system, similar
to Delgrande’s maximal default extensions E(D). But this does not have the flavor or simplicity of the second-order
circumscription axiom, nor will it generally be finite for logically infinite languages.
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In the next three sections, we will develop a logic in which we may axiomatize, in a natural way,
the assumptions made by rational closure and 1-entailment. In this way, we present a small set
of axioms sufficient for reasoning with irrelevant information, just as the circumscriptive schema
characterizes predicate-minimal models. However, just as circumscription requires the increased
expressive power of second-order logic to capture the nature of minimality concisely, so too will we
require a stronger language in which to model our notion of minimality.

Consider the modal logics we have been using. The modal connective O allows us to express
what is true or false at accessible worlds. A sentence OA says A is true at all accessible worlds,
while ~0OA says A is false at some accessible world. Given our interpretation of accessibility, we
can express truth at more normal worlds. We can also determine what holds at such worlds in a
more sophisticated manner by use of the conditional connective. When we say A = C we assert
the truth of C' at all most normal A-worlds.” Reverting to selection function notation, let us say
that f(w,||A]|) is the set of most normal A-worlds for a particular CT4D-structure, relative to
w, but understanding f(w,[|A]) to be defined in terms of R. To say A = C is true is to say
f(w,||A]]) € ||C||- Since A must be true at all selected (most normal) A-worlds, we can constrain
this further as f(w, ||A]]) C||AAC]|.

The statement A = C says nothing about the truth of A A B =& C. For instance, f(w,||A|)
could consist of only worlds satisfying =B, and the next-to-most normal set of A-worlds could
all satisfy B and -C. Thus A A B = ~C is conceivable. The approaches to irrelevance we’ve
examined void this possibility whenever possible by saying worlds are as normal as possible. So
if some model could consistently place these “extraordinary A-worlds” in f(w,||A]|), then such a
model is preferred. In this preferred model A A B = C holds just because A = C does. Since this
is the case for arbitrary propositions a (not just B), in general A A a = C can also be inferred. In
summary, whenever A = C holds, we know f(w,||4]||) C ||A A C||, and we would like to insist that
the converse hold as well, that [|[A A C|| € f(w,||A]|). When this is true we can derive AAa = C
for any a (provided A A C' A a is true at some world in the structure).

Expressing the condition f(w,||4||) € ||A A C|| naturally in a modal logic is not feasible, for it
requires an inordinate number of sentences of the form described (see Delgrande’s (1988) assump-
tion of relevance and Lehmann’s (1989) definition of support). While ||A A C|| C f(w,||A]|) can
be summarized by ensuring certain facts are true at accessible (or more normal) worlds, that is by
asserting A = C, this converse seems to require the ability to express truth at inaccessible worlds
or less normal worlds. In particular, if we could just say that A A C must be false at all worlds
less normal than f(w,||A||) then all A A C worlds must be at least as normal as f(w,||A||). But
f(w,||A])) is the set of most normal A-worlds, so ||[A A C|| € f(w,]||Al|), or, when A = C holds,
||AAC|| = f(w,||Al]). This implies the desired strengthening of the conditional A A @ = C and
irrelevance is obtained. We now turn our attention to logics where such truth at inaccessible worlds
can be expressed.

5.2 Modal Logics of Inaccessibility

In this section we will present modal logics of inaccessibility with which conditions of irrelevance
can be expressed concisely. In addition to the standard modal operator O, we add to the language
the unary modal connective O. The sentence DA will be true just when A is true at all inaccessible
worlds, so just as OA is read “A holds at all more normal worlds,” §A is read “A holds at all

"This is a simplification since the Limit Assumption may be violated. However, it will serve the purpose of
illustrating the main concepts.
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(2) (b)

Figure 5.1: In the connected structure (a) w and v are mutually inaccessible. In the totally
connected structure (b) this is impossible.

less normal worlds.” The semantics for the bimodal logics will be based on the same Kripke
structures used for (mono-) modal logics, with additional truth conditions for O defined on these
models. Unlike the connectives in many multimodal systems, this new operator adds no “ontological
baggage” to our semantic conception of normality.

We will start by extending CT4D with this expressive power, referring to the resulting logic
as CT4DO, or CO for short.® In the standard modal case, CT4D is characterized by the class of
connected structures. But CT4D is also characterized by the class of totally connected structures

(Hughes and Cresswell 1984), where R is totally connected iff vRw or wRwv for all v,w. To see
this, imagine satisfaction of a formula a at any world w in a connected structure. The truth of
a is determined solely by worlds accessible to w (the submodel generated by w). This submodel
is of course totally connected, for connected structures can “branch backwards” only. Thus, from
the point of view of a particular w, all alternatives are totally connected.® While connectedness
and total connectedness are indistingunishable within our modal language Ly, it is not hard to see
the two kinds of models are vastly different when inaccessibility is considered. For instance, in a
totally connected structure, if w cannot see v, v must see w. This need not be the case for merely
connected structures, so long as no world sees both w and v. They may be situated on separate
branches of the model and be incomparable (see Figure 5.1). Since our intuitions about CT4D tell
us any two worlds should be comparable in the normality ordering, we take total connectedness to
be a basic condition for CO.

8The “O” suffix stands for “only knowing”, which can expressed in these logics. See Section 5.3 and Chapter 6.
9They form a total preorder, or a set of clusters that are totally ordered.
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Our bimodal language Lg will be formed from a denumerable set P of propositional variables,
together with the connectives =, D, O and 0. The connectives A, V and = are defined in terms of

these in the usual way (see Chapter 4).

Definition 5.7 A CO-modelis a triple M = (W, R, ¢), where W is.a set (of possible worlds), R is
a reflexive, transitive totally-connected binary relation on W (the accessibility relation), and
¢ maps P into 2% ((A) is the set of worlds where 4 is true).

We repeat the definition of satisfaction with the added clause for .

Definition 5.8 Let M = (W, R, ¢) be a CO-model, with w € W. The truth of a formula a at w
in M (where M |=,, a means a is true at w) is defined inductively as:

M k. aiff w € p(a) for atomic sentence a.

M Ey —a iff M, o.

MEyaDpBiff M, Bor M, a.

M [, Do iff for each v such that wRv, M |, a.

M E, Ga iff for each v such that not wRv, M Ev a.

e

If M |, a we say that M satisfies a at w.
We now define several new connectives as follows:
(a) Ca =g ~O~a
(b) Sa =4¢ ~O-a
(c) Ga =4 Oa A Oa
(d) Ba =g CaVla

(Note that Sa can also be defined as ~-a.) It is easy to verify that these connectives have the
following truth conditions:

(a) M [y Qa iff for some v such that wRv, M |, a.

(b) M |, Oa iff for some v such that not wRv, M |=, o.
(¢) M gy, Baiff for all v € W, M |=, e

(d) M |, Sa iff for some v € W, M [, a.

These connectives have the obvious readings: OA means “A is true at all more normal worlds”; A
means “A is true at some more normal world”; DA means “A is true at all less normal worlds”; SA
means “A is true at some less normal world”; 04 means “A is true at all worlds, whether more or
less normal”; finally, 3A means “A is true at some world, whether more or less normal.”® Validity
is defined in a straightforward manner.

10«More normal” is used in this context in a nonstrict sense, meaning “at least as normal.”
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Definition 5.9 For any CO-model M = (W, R, ¢), a is valid on M (written M = a) iff M |, a
for each w € W. A sentence a is CO-valid (written [=co @) just when M | o for every
CO-model M.

Inaccessibility has been studied in AI by Levesque (1990), who presents a bimodal logic for
only knowing that makes use (at least implicitly) of inaccessible worlds. The work of Humberstone
(1983) deals explicitly with logics of inaccessibility and we take this as a starting point.

Humberstone presents an extension of the basic normal modal logic K in which inaccessibility
can be expressed. The logic KO consists of K?, the standard bimodal extension of K (see (Segerberg
1970)), but where the accessibility relations are constrained to be the complements of one another
via the Humberstone schemata H*.11 That is, the following denumerable set of axiom schemata
must be satisfied:

H* D(OaABB) D B(aVp),
where D is any sequence of the connectives ¢ and & having length > 0, and B is any such
sequence of O and .

Fortunately, given the additional constraints imposed by total connectedness, we need not consider
each instance of H* as axiomatic, but only one instance H.

Definition 5.10 The conditional logic CO is the smallest § C Lg such that § contains classical
propositional logic and the following axiom schemata, and is closed under the following rules
of inference:

K 0O(AD> B) > (0A D> OB)

K' G(A4>B)>(0A>0B)

T OAD A

4 0ADODA

s A>B04

H 3(mAATB)>8(Av B)
Nes From A infer OA.

MP From A D B and A infer B

Axiom 4 ensures transitivity of the accessibility relation R and S ensures total (or strong) connect-
edness. Reflexivity, usually associated with the axiom T, is derivable from total connectedness.

Definition 5.11 A sentence « is provable in CO (written Fgp a) iff @ € CO. a is derivable from
a set I' C L (written T Fgo @) if there is some finite subset {ay,--+,a,} of T such that
Fco (a1 A -+ A aywe.

Lemma 5.3 Any instance of a Humberstone schema H* is derivable in CO.

This allows us to show the completeness of the logic CO.

KO is referred to as K* + (*) in (Humberstone 1983).
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Theorem 5.4 The system CO is characterized by the class of CO-models; that is, Fco a iff
=co a.

It is interesting to note that the derivation of H* in Lemma 5.3 uses only axiom H and the
properties of K?, except that T is used to derive instances of H* where either B or D is the empty
sequence. This suggests that the logic KO does not need to have as axiomatic each instance of H*
but only H and three instances dealing with these empty sequences.

Corollary 5.5 The logic KO (Humberstone’s (1983) K* + (*)) has the following aziomatic basis.
K 0O(AD B)D>(0DADOB)

K' 8(4>B)> (BA>GB)

H 3(@AAEB) > B4V B)

H1 (0AABB)>(AV B)

H2 3(0AAEGB)> (AV B)

H3 (0DAAGB) > 8(Av B)

Nes From A infer OA.

MP From AD B and A infer B.

Thus we have the following result, not appearing in Humberstone’s original paper:
Corollary 5.6 KO is finitely aziomatizable.

Often it is the case when ranking states of affairs according to normality we want to consider
all logically possible worlds. No matter how implausible, each should be somehow ranked and
should occur in our models. This consideration is important when dealing with the concept of only
knowing and will be crucial in our account of irrelevance in the next section. For this reason we
consider a class of CO-models in which all propositional truth valuations are represented by some
possible world. Recall P is the set of atomic variables in our language.

Definition 5.12 Let M = (W, R, ¢) be a Kripke model. For all w € W, w* is defined as the map
from P into {0,1} such that w*(A) = 1 iff w € p(A); in other words, w* is the valuation
associated with w.

Definition 5.13 A CO*-model is any M = (W, R, ¢), such that M is a CO-model and

{w*:we W} 2 {f: f maps P into {0,1}}.

We can enforce this constraint axiomatically by appropriating the rather nonstandard schema of
Levesque (1990), and show that CO* is sound and complete with respect to the class of CO*-models.

Definition 5.14 CO* is the smallest extension of CO closed under all rules of CO and containing
the following axioms:
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NB 8a > -0« for all falsifiable propositional a.!?

Theorem 5.7 The system CO* is characterized by the class of CO*-models; that is, Foox a iff
}-—_CO- «.

Clearly, any theorem of CO is also a theorem of CO*. However, CO* is a proper extension of
CO since, for any satisfiable propositional sentence @, CO* has as a theorem Oo while ~Ja is
CO-satisfiable. Little else distinguishes the logics.

Finally, we define the bimodal extension of CT4 (or S4) that incorporates inaccessibility, though
we will not have occasion to use this logic until the next chapter. The logic CT40 is based on
the class of CT4-models, now also referred to as CT40-models. In particular, a CT40-model is a
reflexive, transitive Kripke model with the additional truth conditions for O understood.

Definition 5.15 The conditional logic CT40 is the smallest S C Lp such that S contains classical
propositional logic and the following axiom schemata, and is closed under the following rules
of inference:

K 0O(AD>B)>(0AD>OB)

K' G(A>B)>(BA>6B)
TOADA

4 OAD>O0A4

H 3(mAADB) > 84V B)
Nes From A infer OA.

MP From A D B and A infer B.

Lemma 5.8 Any instance of a Humberstone schema H* is derivable in CT40.

Theorem 5.9 The system CT40 is characterized by the class of CT{O-models; that is, FoT40 @

iff Ecrso 0.

Definition 5.16 A CT{O*-model is any M = (W, R, ¢), such that M is a CT40-model and
{w*:we W} D {f:f maps Pinto {0,1}}.

Definition 5.17 CT40* is the smallest extension of CT40 closed under all rules of CT40 and
containing the following axioms:

NB Ga > ~0Oa for all falsifiable propositional a.

Theorem 5.10 The system CT40* is characterized by the class of CT4O*-models; that is, For40.
a iff EcT40. .

12 Alternatively, we could use Sa for all satisfiable a.
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Figure 5.2: The difference between the local and global definitions of =>. On the earlier (local)
definition w satisfies A = B since it can see no A-worlds. On the new (global) definition the truth
of A = B is determined by the entire structure. Since the minimal A-worlds satisfy =B, A = B is
false at w (and at all other worlds) even though w cannot see the minimal A-worlds. This reflects

the use of O and 3 in the new definition instead of O and ©.

5.3 Conditional Only Knowing

Before returning to the problem of irrelevance, we will redefine the connective = so that it more
closely resembles the nonmonotonic consequence relations pv of (Kraus, Lehmann and Magidor
1990) and their global nature (see Chapter 4). We use = to denote the new connective as defined
in CO.

Definition 5.18 The connective = is defined in Lp as

A= B =4 B-Av3(AAND(A D B))

Proposition 5.11 Let M be a CO-model. Then M = A= B iff M |=,, A = B for some w .

Figure 5.2 shows a CO-model at which a world satisfies a conditional according to the definition
given in Chapter 4, but not according to the new global definition. On this definition of =,if A = B
holds at any world in a model then it holds at all worlds. Previously, A = B could hold “vacuously”
if there were no accessible worlds satisfying A (i.e. O0-A). While this is in accord with an epistemic
reading of the relation R, it does not conform to our normative interpretation. Accessible worlds
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are not meant to represent states of affairs considered possible by some world, but those states
that are more normal. It is entirely unreasonable to expect only more normal worlds to determine
which normative statements we take to be true. Worlds that are exceptional should also play a
role in such deliberations. On this definition conditionals are satisfied vacuously only when no
world, accessible or inaccessible, satisfies the antecedent. This is the perspective reflected in Kraus,
Lehmann and Magidor’s (1990) definition of jv. One advantage of our modal definition of = is
that the connective O allows us to define the truth of = at individual worlds, whereas the truth
conditions of jv can only be defined with respect to entire structures. We note, however, that no
differences of great consequence exist between the properties of =& and =>. We take => (and hence
CO) to be the connective (and logic) of choice for representing normative implication.

To deal with the problem of irrelevance, we want to ensure that the set of most normal A-
worlds, f(w,||A]|), is as large as possible given the constraints of a theory, for any sentence A.
When A = C holds it must be that no ~C-worlds are in f(w, ||A]|). So ||=C|| N f(w,||4]]) = 0. If
we consider the set of worlds f(w, ||A]|) to represent an agent’s state of knowledge then we can say
an agent knows C, that any (epistemically) possible world must satisfy C.1® In a sense, A = C
expresses a conditional form of knowledge, for we may read this as “If A were the case, normally
an agent would know C.” Of course, at the most normal A-worlds A must hold, so A = C says
even more: “If A were the case, normally an agent would know A A C” (see Figure 5.3).

Our considerations in the previous section suggest that we should also insist an agent normally
know nothing more than AAC when A holds. For an agent to know more than AAC it must exclude
certain possible worlds from its state of knowledge, worlds that make this additional knowledge
false. If an agent knows no more than AAC then all A A C-worlds must be considered epistemically
possible. Suppose we define a new connective A > C that holds just when [|[A A C|| C f(w,||A]])-
When A > C is true it is legitimate to say “If A were the case, normally an agent would know at
most ANC” (see Figure 5.4). It is important to keep in mind, however, that this type of “knowledge”
is conditional on accepting the most normal states of affairs satisfying A as epistemically possible.

This is analogous to Levesque’s (1990) concepts of knowing at least and knowing at most, except
conditionalized on a particular antecedent A. In general, given A = C we’d like to assume an agent
normally only knows AAC when A is true; that is, the agent knows at least AAC (i.e. A = C) and
knows at most AA C (i.e. A > C). If this is the case, then f(w,||A||) = ||A A C|| and assumptions
of irrelevance are forthcoming.

We now must define the connective > in terms of the primitive operators O and 0. The sentence
A > C says at most A A C is known at the set of most normal A-worlds. For this to be true in the
principal case we must insist at least that S A be true, for otherwise there are no A-worlds, normal
or not, and all sentences are trivially satisfied by the (empty) set f(w,||A]|); thus, everything is
known. In the case where C is a falsehood, we will let A > C hold only when =~3A holds —
everything is known at least (since A = C') so everything will be known at most.

If there is some A-world w such that A A C holds at some inaccessible (less normal) world v,
then A > C cannot hold. If this is the case w is more normal than v, so there is some A A C-world
(v) that is not among the most normal A-worlds. So a requirement for A > C is

8(4 > 8(4 5 -C)).

3For details regarding logics of knowledge see, e.g., (Hintikka 1962; McArthur 1988; Levesque 1986b). Further
discussion of only knowing is given in Chapter 6.
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Figure 5.3: When A = C all worlds in f(w, ||A]]) satisfy AA C.
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Figure 5.4: When A > C all A A C-worlds are in f(w, ||A]]).
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Furthermore, since all AAC-worlds are to be included in f(w, ||A||), every A-world should see some
A A C-world (in fact, all A A C-worlds). So we insist that

B(4 > O(AAC)).

Putting these together we arrive at the following definition.

Definition 5.19 The connective > is defined in Lg as

A> B =4 8(A > (8(A > -B)AO(AA B))) AJA.

Proposition 5.12 Let M = (W, R, ) be a CO-model. Then for any w, M |z, A> B if M |=
A> B. If M |= A > B then there ezists a cluster C in W such that ||A A B|| C C and no A-world
is strictly more normal than C. Furthermore, ||A A B|| must be nonempty.

Thus A > B ensures all A A B-worlds are among the most normal A-worlds.

Proposition 5.13 Let M = (W, R,¢) be a CO-model. If M = A > B and M |= A = B then
there ezists a cluster C in W such that ||AA B||UN = C, where each world in N satisfies = A, and
no A-world is strictly more normal than C.

Given A = B and A > B as premises one can infer that all A A B-worlds are most normal A-
worlds, and conversely that all most normal A-worlds satisfy A A B. This means if any proposition
a consistent with A A B is possible (represented in the structure), then A A a = B is derivable.

Proposition 5.14 A = B,A> Btco S(AABA@)D (AAa= B).

Thus, determining the irrelevance of condition & to A = B depends on the existence of some
state of affairs where all three propositions are satisfied. For example, given bird = fly one
cannot conclude bird A green = fly unless the existence of a bird A green A f1y-world is assured.
However, such assurance is guaranteed in CO* as all valuations are represented.

Proposition 5.15 Let A A B A a be propositionally satisfiable. Then

A= B,A>Bltcor ANa= B

While the logic CO* seems able to express the concept of irrelevance, it is not clear how a
default reasoner should proceed given such a logic and a set of facts KB. A modest proposal is
simply to assert A > B for each A = B in KB, so long as the result is consistent. This works on a
wide variety of examples.

Example 5.2 Let KB = {bird = f1y}. If we assert bird > fly, we can derive conditionals such
as
bird A green = fly.

If penguin = -fly and O(penguin D bird) are added to KB, bird > fly is no longer
consistent. However,

bird A -penguin => fly and bird A penguin = —~fly
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are both derivable and it is consistent to assert
bird A -penguin > fly and bird A penguin > -fly.
Adding these to KB, we obtain the following theorems:
(KBAbird) = fly

(KBAbird A green) = fly
(KB A penguin) = ~fly
(KB A penguin A green) => ~fly

Such an approach, however, has limitations.

Example 5.3 Consider a KB of two independent conditionals A = B and C = D, where A, B, C
and D are distinct variables. In this case, it is inconsistent to assert both A > B and C > D.
If each of the four sentences hold then all A A B-worlds are most normal A-worlds, including
C A D-worlds and C A—=D-worlds. From C' > D we can infer that all C' A D-worlds are equally
normal and must be just as normal as the aforementioned C A ~D-worlds. This contradicts
C=D.

|

In this case it is not clear what “extendible” conditionals of interest are derivable from such a
KB. Thus, the use of the connective > for dealing with irrelevance requires further investigation.
Another simple proposal, that adequately handles this KB, can be described as follows: since the
material counterparts of these sentences, A O B and C D D, must be normally true (that is
T = (A D BAC D D)), it should be the case that T > (A D BAC D D) holds as well. While this
scheme seems quite syntactic, it has a more detailed semantic counterpart. Extending this idea,
we will show that the connective > is capable of representing a certain form of default reasoning,
namely l-entailment, or rational closure.

5.4 An Axiomatization of 1-entailment and Rational Closure

5.4.1 A Simple Preference Relation

Both rational closure and 1-entailment intuitively determine a preference for models in which
worlds are ranked as low as possible, or where worlds are considered as normal as possible. We
will now formalize this notion of preference explicitly by defining a preference relation < on the
class of CO-models. If M; and M; are two CO-models then following Shoham (1988) we say M,
is as preferable as My when My < M,. If M; < M; but not M; < M; then we say M, is preferred
to My, writing My < M. In standard fashion, the conclusions derivable nonmonotonically from a
theory T are just those sentences true in all preferred models of T'.

Recall, a CO-model consists of a totally ordered set of clusters of possible worlds. For illustra-
tive purposes, imagine this totally ordered set forms a discrete, well-founded order, so there is a
minimum element (cluster), labeled 0, which is the set of most normal worlds, and a sequence of
increasingly less normal clusters that we label 1, 2, 3 and so on. In general, CO-models will not
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be so well-behaved, but this assumption will clarify the discussion.!* We will also assume in our
discussion of various models that W and ¢ are fixed, so comparing models is a matter of shuffling
around a fixed set of states of affairs in a normality ordering.

The question to answer is the following: when should one CO-model be preferred to another?
Intuitively, in a preferred model, each world should be as normal as possible. Obviously, the degree
of normality (or rank) of any world w can be viewed as the label of the cluster to which it belongs,
and wRv just when the rank of w is greater than or equal to that of v. Hence, the most preferred
CO-model assigns a rank of 0 to each world, making each equally (and most) normal. Of course,
such a structure is an S5-model and is maximally ignorant, satisfying no interesting conditionals
A = B (see Section 4.2). Therefore, if we have a theory with some conditional A = B, no
A A =B-world can have rank 0, for they would then be among the most normal A-worlds.

It should be clear that M; < M, ought to hold just when each world in M; has rank at least as
low as its rank in M;. We can say world w is more normal in M; than in M> if it has been removed
from its cluster and put in a lower cluster, that is, given a lower rank. In terms of accessibility, this
means there exists some v mutually accessible to w (in the cluster of w) in M; such that v sees w
in M; but w does not see v. Of course, if w forms a singleton cluster in Mj, this is meaningless,
but for technical reasons we say w is more normal in M; in this case.

Now, if all worlds are to have rank at least as low in M; as in Mj, then every world ought to
see at least as many worlds in M; as in M,. To see this suppose w sees fewer worlds in M; than
in M, (assuming w is not more normal in M7). Then some v accessible to w in M, is no longer
accessible in M;. This means v has become less normal in M;, and M; should not be preferred.
So if M, is preferable to M, we say each world that is not more normal in M; than in M, should
see at least as many worlds (in the sense of set inclusion) in M; as M.

More formally, assume M; = (W, Ry, ¢) and M, = (W, Rs, ¢) are CO-models. We are interested
in the preferred models of simple conditional theories in order to characterize 1-entailment.

Definition 5.20 w € W is more normal in M, than in M, (written N(w, M;, M;)) iff there is
some v € W such that vRyw, wRyv, and not vRyw, or there is no v such that wR;v and
vRiyw (w # v).

Definition 5.21 M, is as preferable as M, (written My < M>) iff for all w € W, N(w, My, M3) is
false only if {v: wRyv} C {v : wR;yv}.

M is preferred to M (written My < M) iff M1 < M; and not M, < M.

Definition 5.22 Let T' C L be a set of simple conditionals. M is a preferred modelof Tiff M T
and for all M’ such that M' =T, M' £ M.

Definition 5.23 o is a default conclusion based on T (written T' |=< a) iff M [ a for each
minimal model M of T.

This definition compares only models that agree on possible worlds, hence W and ¢ must
agree. If we are considering only CO*-models, this makes little difference (as long as we “rename”
worlds appropriately). We will see below that duplicate worlds (having the same induced valuation)
have no effect on default conclusions. In the case of CO-models, we will obtain sets of minimal

MIn fact, the models constructed for simple conditional theories in the next subsection will have precisely this
structure, and for finite theories these will be finite sets (of clusters).
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models for each set of worlds W. If we wish to allow different sets of worlds to be comparable,
we may “relativize” the preference criteria (below) to those worlds the models have in common.
However, in the subsequent developments CO*-models will be of primary interest. As well, T should
consist only of conditional sentences since a model will in general not satisfy any non-tautologous
propositions (they will not be true at all worlds in the model, unlike conditionals). If we wish to
consider propositional facts as well, our preference relation can be extended easily to “models” of
T consisting of pairs (M, w) where w is some world in structure M. Similarly, default conclusion
a should be a conditional sentence. Extending the relation to pairs (M, w) and a (finite) theory T
including propositional facts, we can then conclude any o such that

TF£T=>O‘..

Such a will include all conditional default conclusions sanctioned by Definition 5.23, as well as
propositional sentences that normally follow from T.

In what follows we assume T to be a simple conditional theory, ignoring propositional evidence.
The types of inference allowed by this preference criterion will become apparent as we compare it
to l-entailment and rational closure.

5.4.2 Equivalence to 1-entailment

We now assume a language generated by a finite set of propositional variables, and consider only
CO*-models based on this language, assumptions made by System Z (where all valuations are
ranked).® Given a set of simple conditionals 7', Z-ranking provides a unique “preferred model”
for T from which 1-entailment is derived. For such a fixed T' we can define a corresponding CO*-
model.

Definition 5.24 Zr = (W, R, ) is the CO*-model where wRv iff Z(w*) > Z(v*).1¢
Corollary 5.16 Z7 is a CO*-model.

Corollary 5.17 Z7 Fco. T.

Corollary 5.18 Zr Fco. a = B iff a 1 B whenever a is satisfiable.

We can also show that Z7 is the (unique) <-minimal model of T. Let M be an arbitrary CO*-model.

Lemma 5.19 If M |=co. T, then Zy < M.
Lemma 5.20 If M Fco. T and M < Zt, then M = Z7.
Theorem 5.21 T =< a = B iff a by B with respect to T

This means that the minimal Z-ranking of worlds corresponds to a theory-dependent instance
of the more general preferential ranking of CO*-models. Thus, the preference relation < seems

15While all such CO*-models need not be finite, the nature of the theories and preferred models we consider ensure
nothing is lost if we assume all models are finite, or even if we assume all models have unique worlds corresponding
to the finite set of propositional valuations.

'6Recall that w* is the valuation associated with w.
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to respect the intuition that worlds should be given the lowest possible rank. Furthermore, the
explicit nature of Z-ranking allows us to describe the exact nature of the (unique) preferred model
Zp. In particular, if T is e-consistent and is partitioned as Tp,---,T,, then Z7 consists of n + 2
clusters of mutually accessible (or equally normal) worlds; cluster 0 consists of all worlds of rank
0, cluster 1 consists of all worlds of rank 1, and so on, with the most exceptional worlds being those
of rank n + 1.

Example 5.4 Let T be the theory consisting of the default rules B = F, P = B and P = ~F
(the usual “bird and penguin” example). The rule B = F' has rank 0, since the valuation
{B, F,~ P} verifies the rule without violating the other two. The other rules cannot be verified
in the presence of B = F (since either B or ~F must be made true). Hence, they are assigned
rank 1. Worlds.that violate no rules are assigned rank 0. All such worlds satisfy both B O F
and =P. So the “most normal” worlds are exactly those at which birds fly (if they exist),
but no penguins exist. The rank 1 worlds are the next most normal, and they consist of the
worlds where birds are penguins and they do not fly. Finally, the least normal worlds are the
rank 2 worlds, those that have penguins that either can fly or are not birds.

Since the preferred model of T is unique, we can capture the exact structure of Zr using
sentences in the logic CO containing the connective > as worlds in each cluster can be characterized
by the rules they violate. For instance, the worlds in cluster 0 are exactly those that satisfy all
rules (or falsify no rules) in 7. Suppose R{ stands for the conjunction of the material counterparts
a D B of all rules in 7. If we assert T > R{, then any model of 7' that satisfies this sentence will
have a cluster of most normal worlds consisting of exactly all worlds of rank 0. To see this, recall
that T > R{ means that at the most normal T-worlds (i.e. the most normal worlds) at most R} is
known. Thus any world of rank 0 (i.e. satisfying R)') must be most normal. But no other worlds
can be considered as normal, for any world of rank greater than 0 must falsify some rule, violating
T

Similarly, if R} stands for the conjunction of the material counterparts of rules in T' — Tp,
asserting ~R{ > R} assures that the most normal worlds falsifying some rule will consist exactly
of those worlds satisfying rules of rank 1 or greater; in other words, the cluster of next-to-most
normal worlds will be the set of worlds of rank 1.

Let T be a finite set of conditionals, partitioned as Tp,T3,- -+, Ty.

Definition 5.25 Let R?, =4¢ L. For 0 < i < n+ 1, define R} as
R:\ Edf/\{ﬂ DB:a=>p€ T—Tg—”'T.'...l}.
We assume A =g¢ T; therefore, R}, = T.

Definition 5.26 For theory T as above, the closure of T is defined as

CI(T)=TU{-~R}>R{y; : ~-1<i< n}.

The closure of T' constrains models of T' to have exactly the structure we desire.
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Lemma 5.22 CI(T) is consistent iff T' is, and is “categorical” in the sense that there is a unique
CO*-model that satisfies it, namely Z7."

Theorem 5.23 Cl(T)Fco.a = f iff T < a= 4.

Corollary 5.24 Cl(T)Fcox ¢ = B iff aty f with respect to T.

Corollary 5.25 Cl(T)Fco.a = B iff a v B € Cng(T).

Just as the (second-order) circumscriptive axiom applied to a theory T closes that theory to
correspond to (predicate-) minimal models, so too does this closure correspond to our notion of
minimality. Theorem 5.23 shows that CI(T") can be regarded as an axiomatization of the notion
of preference described above, and of the implicit preference ordering determined by System Z.
Hence, the types of conclusions sanctioned by 1-entailment (see (Pearl 1990) for details) are also
determined by this form of closure. This implies, given the results of (Goldszmidt and Pearl 1990),
that CI(T) determines the same consequence relation as that of rational closure (Lehmann 1989).
Notice, however, that the size and number of additional axioms required to form the closure in our
case is not large (roughly bounded by twice the number of original defaults), in contrast with the
inordinately large number of sentences required by, say, the scheme of Delgrande (1988). .

We provide an example, due to Pearl (1990), illustrating the types of conclusions sanctioned
(and not) by System Z, rational closure and CI(T").

Example 5.5 Let T contain the following conditionals:
P=>B,B=>F,P=3-F,P=>A,B=>W,F=M,

where we read P, B, F, A, W, and M as “penguin,” “bird,” “fly,” “antarctic-dweller,”
“has-wings,” and “mobile,” respectively. Deductive consequence in CT4D (and CO¥) allows
the derivation of the following from 7'

BAP=-F, F=-P,B=-P,P\NA=B.
Using the closure of T', we can derive from CI(T') in CO* the further consequences:
-B=-P,-F=-B,B=>M,-M=-B, P\-W = B.

Underivable facts include (appropriately) F' = B and -F = P. Unfortunately, other under-
ivable conclusions seem intuitively desirable, in particular

P=W, and PA-A= B.

We briefly discuss these difficulties in the closing section of this chapter.

" Again, it is categorical if we ignore “duplicate” worlds (associated with the same valuation), which contribute
nothing to the truth or falsity of formulae in Z7.
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5.5 Statistical and Practical Relevance

We haye discussed the problem of irrelevance and various solutions that lead to a reasonable notion
of default inference, yet little has been said about what it means for one proposition to be relevant
to another. Intuitively, when we nonmonotonically assume B is irrelevant to C given A, we intend
that AAB = C holds when A = C does; in other words, B does not affect our willingness to accept
C when A is known. But few formal studies of the concept of irrelevance have been undertaken.

An obvious set of criteria for deciding the relevance of some data to other information in a
quantitative setting is based on conditional independence. Suppose we have background evidence
(or contezt) E and want to know if proposition A is relevant to B in context E. We should judge
A to be relevant iff it can affect our degree of belief in B given E. A is relevant to B iff P(B|E) #
P(B|E A A), or iff B and A are conditionally dependent given E. A is irrelevant to B iff A and B
are conditionally independent. Such a notion appears to rely heavily on quantitative information of
the type we have assumed is typically unavailable. However, the concept of independence can be
represented qualitatively as a set of relations about independence. Pearl (1988) presents a set of five
sound axioms for reasoning with conditional independence relationships (which are also conjectured
to be complete) that can be viewed as a logic of independence.'®

While independence is a vital concept, there are reasons to think irrelevance should not be
identified with conditional independence. Suppose we take the following definition of relevance as
determined by independence.!®

Definition 5.27 (Gardenfors 1978b) (a) p is relevant to r on evidence e iff P(r|pAe) #
P(rle).
(b) pis irrelevant to r on evidence e iff P(r|p A e) = P(r|e) or - ~(pAe).

Thus if p is logically impossible given e, we say p is irrelevant by fiat.?°

As noted by Keynes (cf. Girdenfors (1978b)), there is a sense in which aspects of relevance
are missing from this definition. Certain information p may be judged to be irrelevant to r on this
definition even though various components of p are separately viewed as relevant. For instance,
we can have P(r|pA g A e) = P(r|e) while also having P(r|pAe) # P(r|e) and P(r|qAe) # P(r|e).
The combination of p and ¢ negates the individual effects these pieces of evidence have on the
acceptance (or degree of belief) of 7.2! However, one may still be willing to view p A ¢ as relevant
to r, so Keynes proposed a stronger definition of relevance.

Definition 5.28 (Gardenfors 18978b) (a) pis irrelevant to r on evidence e iff there is no
sentence ¢, that is derivable from p A e but not from e alone, such that P(r|gAe) #
P(r]e).
(b) p is relevant to r on evidence e otherwise.

Given this new definition, the feature of independence allowing the combination of relevant
evidence to become irrelevant is counteracted. If p is relevant to r, then so is any information

!8The axioms are sound and (likely) complete in the sense that any set of relationships satisfying the axioms
corresponds precisely to the set of independencies determined by some probability model P.

1®The definition is taken from Gardenfors (1978b) following Carnap (1950).

?*The definition is formulated asymmetrically to handle the case of logically impossible information. Otherwise
relevance and irrelevance are completely determined by a shift (or not) in conditional probability.

#1For example, adapting the party example from the counterfactual literature, we can state that Pete will likely
have a good time at the party (with some probability); but he will have a rotten time if either Mary or Jane come (the
probability goes down in each case); but he will have a good time if they both come (with the original probability),
since they usually go off together and leave him alone.
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that includes p. Unfortunately, Carnap (1950) has shown Keynes’s definition to be vacuous in
the following sense: if proposition r is contingent on evidence e, then p is irrelevant to r on e iff
e D p. This is certainly not a reasonable definition of relevance, for we must allow some sentences
p, contingent on e, to be irrelevant to r (which is also contingent on e). Otherwise, there is no
need to define relevance at all — everything is relevant to everything else!

Gérdenfors (1978b) shows that Carnap’s trivialization result does not rely on the formulation
of Definition 5.28 in terms of conditional probabilities. Rather it is the essential nature of Keynes’s
proposal, that information is relevant if any part of it is relevant, that is untenable. Géardenfors
proposes five basic qualitative postulates for relevance and irrelevance, and a sixth that captures
the spirit of Definition 5.28. Let pR.r mean p is relevant to r on evidence e and pZ.r mean p is
irrelevant to 7 on e. The Girdenfors (1978b) postulates are:

(I0) If + e D (p = q) then pR.r iff gR.r.

(I1) pRer iff not pZ.r.

(12) pR.r iff ~pR.r.

(13) TZr.

(14) If r is contingent on e, there is some g such that gR.r.??
(I5) If pR.r and I/ ~(p A g A €) then (p A q)R.r.

(10)—(14) are considered basic postulates any notion of relevance must satisfy. So, for instance,
relevance depends only on semantic content (I0) and is the complement of irrelevance (I1). (12)
says that if p is relevant to r then so is =p. This is motivated by statistical considerations, for if
the conditional probability of r given p is different from P(r), then so is the conditional probability
given —p. We return to this point later. (I5) reflects Keynes’s considerations for a stronger concept
of relevance. In conjunction with the other postulates, (15) leads to the following trivialization
result.

Theorem 5.26 (Gérdenfors 1978) For fized evidence e, let R, and I, satisfy (10) through (I5).
Then every sentence contingent on e is relevani to every other sentence contingent on e.

Thus, Keynes’s definition cannot be satisfied meaningfully, assuming the other five postulates,
(10) through (I4), are accepted. For this reason, Géirdenfors puts forth and examines two weaker
conditions that separately reflect part of the motivation for Definition 5.28 and do not lead to
trivialization. However, another approach, which we will now investigate, is to keep (I5) and
weaken the other postulates. The concept of relevance thus determined is certainly distinct from
that envisioned by Gardenfors and Keynes, but (we will argue) is no less meaningful.

We want to provide a qualitative account of relevance that we may relate to the normative
conditional sentences of CO*. Just as quantitative relevance is determined by some probability
model P that determines all conditional probabilities, we will define qualitative relevance in terms
of CO*-models (or CO* theories) that determine the truth or falsity of conditional sentences. If
sentence A = B is true we may think of A as some background evidence from which we are willing
to infer B (analogous to assigning some high conditional probability to P(B|A)). Without actual
probabilities, we cannot determine the effect of C' has on this degree of belief assigned to B (given

221n fact, Gardenfors considers both this weaker postulate and the stronger rR.r, but requires only the weaker
version for the following results.
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A), but we can tell if C' causes a change in the acceptance of B. If AA C = B is true, then C is
irrelevant since B is still accepted given A, even if C is learned. Otherwise, when ~(A A C = B)
holds, C is relevant to B given A.

One consequence of these preliminary considerations is the abandonment of postulate (12).
Indeed, whenever e = ¢ holds both of p and —p cannot be relevant to q.

Example 5.6 Suppose e = ¢ and p is relevant to ¢ on evidence e, that is, =(p A e = ¢). In CO¥,
we can derive e = —p (by RM) and hence -p A e = ¢q (by CM). So —p must be irrelevant
to g on evidence e.

While (12) seems well-motivated statistically, the shift to a qualitative notion of relevance jus-
tifies the violation of (I2). Consider the example of Gardenfors (1978b). If I am about to cross
a long wooden bridge in a heavy truck and someone informs me that an earthquake is going to
occur within a minute, I certainly will consider this new information relevant. Suppose e forms
my evidential knowledge, s means “I will cross safely” and ¢ indicates an impending earthquake.
Assuming I was willing to cross before learning of the earthquake, we have P(s|e) > P(s|gAe) and,
by Definition 5.28, ¢R.s. Given an appropriate representation in CO*, we also consider ¢ relevant
to s based on the facts e = s and g A e = —s.

Now consider a similar situation where someone decides to tell me there will be no earthquake
as I’'m about to cross the bridge. I'm liable to dismiss my informant as a lunatic and discount the
new information —q as being irrelevant. On Definition 5.28, it must be the case that —qR s, since
P(s|e) # P(s|~q A e); that is, learning of no earthquake is relevant to my deliberations. This is a
simple consequence of the fact that

P(sle) = P(slgAe)- P(gAe)+ P(s|~gAe)- P(~g Ae),

and P(sle) > P(s|q A €). Intuitively, though, —q is irrelevant to s because P(s|e) is very close to
P(s|=~q A e), assuming P(q A e) is very slight. Since the probability of an earthquake is judged to
be negligible anyway, the shift in the chance of a safe crossing on learning —¢ is smaller than need
practically be considered. Thus, we’d like to say —gq is irrelevant.

The problem with notions of relevance satisfying (12), which we dub statistical relevance, or
s-relevance, is the indistinguishability of the marginal relevance of —¢ to fact s and the significant
relevance of ¢ to s. Note that it is not the magnitude of the change of degree of belief that is
important, but rather the change in the degree of acceptance of a belief. Defining relevance in
terms of normative conditionals, we lose the quantitative distinctions, but gain qualitatively in
terms of acceptance. If e = s and gAe = s, then we can infer ~gAe = s. While ¢ might change
the quantitative degree of belief in s given e it does not change the acceptance of s, whereas ¢
does. Learning of an earthquake is relevant because it causes the belief that a crossing will be safe
to be given up. Learning of no earthquake is irrelevant because the fact that a crossing will be
safe is accepted both before and after being so informed. This sort of relevance is called practical
relevance, or p-relevance, as it is based on coarse-grained, nonstatistical principles. We contrast
p-relevance with s-relevance by noting that s-relevance satisfies (I12) at the expense of (I5) while
p-relevance can be defined to satisfy (I5) but not (12).

Definition 5.28 Let M be a CO*-model, and p,q,r,e € Lgpr. The p-relevance relation deter-
mined by M is defined as follows:

(a) If + =(p A e) then pZ,r.
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(b) f M |= e = r then
pIrlfftherelsnoqsuchthatel-p)qa,ndMI=--(q/\e=>r)

(c) M |= e = -r then
pZ.r iff there is no ¢ such thateFp D gand M | ~(¢Ae = -r).

(d) I M |= —(e = r) A ~(e = —r) then
pZ.r iff there is no g such thatekFpDgand M FqAe=>ror M EgqAe = r.

(e) pR.r iff not pZ,r.

We say p is p-irrelevant to r on evidence e, writing pZ.r, just when no weaker sentence ¢
changes the acceptance or nonacceptance of r (given €). So if r is accepted given e (e = r) then
it is accepted after learning p (or any weaker ¢). If r and —r are unaccepted (both —(e = r) and
-(e = —)) then both remain unaccepted when learning p (or any weaker ¢).

We can show that this notion of relevance respects postulate (I5) without falling prey to trivi-
alization.

Theorem 5.27 Let M be a CO*model. The p-relevance relation determined by M satisﬁes (10),
(11), (13), (14) and (I5).

Proposition 5.28 P-relevance is nontrivial, in general. That is, there are CO*-models M and
sentences p and r, both contingent on e and pairwise contingent, such that pI.r where I, is deter-
mined by M.

Thus, it seems Keynes’s intuitions that lead to Definition 5.28, although incompatible with s-
relevance, can be fully realized using the weaker notion of p-relevance. The only part of s-relevance
given up is Gérdenfors’s postulate (I2). But we have seen how this discrepancy can be justified
when one views relevance based on changing degrees of acceptance rather than changing degrees of
belief. Thus, nothing intrinsic in (I5) leads to triviality.

The connective >, defined in Section 5.3, can now be related to a formal definition of irrelevance.
In particular, the following holds.

Proposition 5.29 Let M be a CO*-model and I, and R the p-relevance relation determined by
M.IfMEe>rand M = e = r then pI.r for all p such that lf ~(pAeAr).

The claim that A > B extends the conditional A = B with irrelevant properties can be justified
by appeal to the relation Z..

5.6 Miscellany

In this chapter we described several bimodal logics in which truth at inaccessible worlds is express-
ible. With the increased expressive power, we defined a new connective > expressing conditional
knowing at most, in some sense the dual of =, conditional knowing at least. Combining the two we
have a conditional version of Levesque's (1990) only knowing connective. Theorems 5.4 and 5.7
show the completeness of our bimodal logics CO and CO¥*.

We formalized to some extent the problem of irrelevance and showed how two a.pproa,ches, 1-
entailment and rational closure, can be axiomatized in CO* using >. Corollaries 5.24 and 5.25
demonstrate the adequacy of our axiomatization of 1-entailment and rational closure within our
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logics. We view this as analogous to the second-order circumscriptive axiomatization of predicate-
minimal theories. Because our modal language allows information other than simple conditional
sentences to be expressed, we expect that similar criteria can be developed for extended theories that
include boolean combinations of conditionals (e.g., negated or disjoined defaults) and propositional
facts, as well as nested conditionals. We have yet to investigate this idea fully, but the modal
framework should allow the extension of rational closure to more expressive theories.

Finally, we discussed the concept of relevance in more detail, discussing properties of two kinds of
relevance relations. While certain intuitions regarding relevance have been shown to be incompatible
with statistical relevance, Theorem 5.27 and Proposition 5.28 demonstrate that practical relevance
is in accord with these intuitions.

Much research remains to be carried out in relating irrelevance to CO*. The use of the connective
> and the additional expressive power is somewhat unsatisfying. While the closure of a theory T
corresponds to l-entailment, the formulation of C!(T') uses axioms that “mimic” the structure of
the unique preferred model Z7.%® Ultimately, we would like to see a purely logical characterization
of default inference in the spirit of Levesque (1990). There we can derive default conclusions simply
by asking what beliefs are entailed by supposing an agent only knows a knowledge base; that is,
we derive a such that o7, O(KB) D Ba. While Levesque’s characterization is semantically
very clear and quite elegant, it relies on an autoepistemic interpretation of default rules. Such an
interpretation has drawbacks. For instance, new default rules are not derivable in general. In this
respect, the use of conditional logic to represent defaults is more desirable.?4

We consider this approach of conditional only knowing as a step towards unifying these two views
and combining the natural representation of default rules as conditionals with the clear semantics
of only knowing. Again, the goal is to find a connective and a natural semantics, analogous to
Levesque’s O operator, such that O(KB) yields the proper default conclusions using conditional
default representations. In this respect, the logical characterization of 1-entailment presented here
is incomplete, in the sense that it still relies on certain extra-logical machinery.

While the use of the modal connective 8 has been somewhat ad hoc in characterizing 1-
entailment, it does illustrate the power afforded by inaccessibility. In the next chapter, we will
use O more naturally to capture only knowing a knowledge base in order to model belief revision,
and thus demonstrate its wider applicability.

Rational closure and 1-entailment make apparently reasonable assumptions, but forcing worlds
to be as normal as possible is a bit too heavy-handed in many circumstances. In general, more
subtle preference criteria are needed for default reasoning with conditionals. Consider Example 5.5.
Although we have P = B and B = W, we cannot conclude P = W via 1-entailment even though
nothing in the rule base contradicts this. This is precisely because worlds are made as normal as
possible. Since we have P = —F and B = F, P is more exceptional than B, so the most normal
B-worlds (satisfying, e.g., F' and W) are not P-worlds. But because P-worlds are more exceptional,
we can consider both P A W and P A ~W-worlds to be among the most normal P-worlds. This
will not violate the constraint B = W (satisfied due to the most normal B-worlds). Since it is
consistent to allow P A ~W to be as normal as P A W, 1-entailment and rational closure insist on
it.

As Pearl (1990) explains, P A ~W-worlds are intuitively more exceptional because they violate
more rules than P A W-worlds. In particular, such worlds cannot satisfy both P = B and B = W.

#*The term “hack” comes to mind!
#*We discuss autoepistemic logic and conditional default rules further in Chapters 6 and 7, along with Levesque’s
work.
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The mazimum entropy formalism of Goldszmidt, Morris and Pearl (1990) addresses this problem
by (roughly) ranking worlds according to the number and weight (Z-ranking) of the rules they
falsify. More precisely, this system assigns the probability distribution of maximum entropy to the
set of worlds subject to the constraint that the conditional probabilities represented by default
rules are at least 1 — ¢ (thus we have a family of distributions parameterized by &).' This seems to
capture the spirit of counting weighted rule violations (Goldszmidt, Morris and Pearl 1990).

We can explicitly capture “counting weighted rule violations” in CO* by mimicking the struc-
ture of such models, for fixed theories, just as we did for 1-entailment. However, there are two
objections to such an approach: first, while this might yield useful conclusions, it will not usually
correspond to the ranking of maximum entropy.?® Second, the usefulness and naturalness of such
a characterization is limited. Indeed, what new insights this lends to default reasoning is unclear.

A more important avenue for exploration is the relationship between only knowing and max-
imum entropy. Maximum entropy (all other things being equal) prefers distributions where the
probability associated with each possible world is the same (or close to the same). Interpreting
more probable worlds as more normal, this is very similar to the bias of only knowing. If one only
knows a theory T, then all T-worlds are indistinguishable, or have the same rank. It would be
interesting to discover the extent to which we can view only knowing as a symbolic, qualitative
interpretation of maximum entropy, and just what such a formulation should look like. This work
is merely a starting point for discussing such questions, and we hope logics like CO* provide an
adequate framework within which to address such issues.

2®Moisés Goldszmidt, personal communication. In fact, it is not clear which is more appropriate.



Chapter 6

Conditional Logics for Belief
Revision

In the previous two chapters we developed an approach to default reasoning, the task of drawing
plausible conclusions based on a static set of beliefs. We’ve seen that this notion of consequence is
nonmonotonic in the sense that as a belief set is augmented with new information certain inferences
are deemed less plausible than they once were, and certain conclusions unacceptable. Partly because
default reasoning exhibits such nonmonotonicity our beliefs are in a constant state of flux, and it is
necessary to adjust our viewpoint to allow the revision of beliefs. In this chapter we will present a
formal model for belief revision, inspired by the AGM method of revision and based on a modally-
defined conditional logic.

One point that emerges in Chapter 3, where various approaches to revision are surveyed, is that
the AGM model, along with other characterizations such as those of Grove (1988), Katsuno and
Mendelzon (1990; 1991), Nebel (1989) and Dalal (1988), have a somewhat extra-logical nature.!
Such models are based on postulates that describe the properties of revision operators or structures
that can be said to represent such operators. Clearly, some of these models carry intuitive appeal,
but none can be said to be a logic of revision in the traditional sense. They do not provide a logical
calculus or explicit consequence operation with which one can reason about the process of revision,
the results of revising a KB, the constraints imposed by certain facts on the revision of a KB, and so
on. The goal of this chapter will be to provide just such a logic for belief revision. We will develop
a possible worlds semantic characterization of revision, strongly related to the representational
structures of Grove (1988) and Katsuno and Mendelzon (1990), based on the logics CT40 and
CO, and define a conditional connective within these modal logics that is adequate for revision
(with respect to the AGM postulates and a certain generalization of them).

In Section 6.3 we will show how revision is related to subjunctive conditionals, claiming that
our conditional for revision is just such a subjunctive. We will use this relationship to develop
a framework for answering subjunctive queries of a knowledge base. In the next section, we will
discuss a peculiarity of this relationship discovered by Géardenfors (1986) known as the triviality
result and attempt to “explain it away.” Finally, in Section 6.5, we investigate the epistemic nature
of revision and show that our logic for belief revision subsumes, in a certain sense, autoepistemic
logic.

!One notable exception is the logic of Grahne (1991); however, that work describes the related but distinct update
operator. As well, Lewis’s (1973a) counterfactual logic VC can be viewed to some extent as effecting revision. See
Section 6.4.
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There are a number of important results in this chapter. Theorem 6.1 and Corollary 6.3 show
how the concept of only knowing can be defined in the language of CT40 and CO. Theorems 6.7
and 6.8 demonstrate the equivalence of our logic for belief revision to the AGM postulates. Theo-
rems 6.13, 6.16 and 6.19 show how various types of integrity constraints on the revision process can
be enforced, and other intensional constraints, in the form of plausibility and entrenchment, are
shown to be expressible by Theorems 6.23 and 6.24 and Corollaries 6.25 and 6.26. Proposition 6.29
is used to refute the classic triviality results in belief revision. Finally, Propositions 6.30 and 6.35
show how the notion of belief can be defined in CO*, while Theorem 6.38 demonstrates that CO*
is a generalization of autoepistemic logic.

6.1 A Conditional for Revision

Consider the problem of belief revision in the case where some new fact A must be reconciled with a
theory or belief set K such that K = ~A. To accommodate this new fact certain beliefs in X must
be given up before A is accepted because inconsistency must be avoided at all costs.? The maxim
of informational economy dictates that as “few” beliefs as possible be given up, where by “few”
we mean that information loss should be kept to a minimum. As discussed in Chapter 3, there
are few logical constraints on what counts as an acceptable revision, or what form minimal loss
of information should take. For this reason, the AGM approach to revision allows one to consider
arbitrary maximal subsets of K consistent with A in the course of these deliberations. The only
requirement is that the set of all such subsets, K 1 A, should be ordered in a way that reflects
the amount of information they contain, and the maximal elements of this ordering (the mazimal
maximal elements if you will) should be the basis for the revised belief set. This is essentially the
motivation for partial meet revision.

A key observation of Grove (1988) and Katsuno and Mendelzon (1990) is that such an ordering
of subsets can alternatively be viewed as an ordering on possible worlds reflecting a preference
on states of affairs an agent would accept as epistemically possible if change in belief required it.
We take this observation as a starting point for our Kripkean possible worlds semantics for belief
revision.

6.1.1 Preorder Revision

Our semantics will be based on structures consisting of a set of possible worlds W and a binary
accessibility relation R over W. Implicit in any such structure for revision will be some theory
of interest K that is intended as the object of revision. We return momentarily to the problem
of specifying K within the structure. The interpretation of R is as follows: wRv iff v is as close
to theory K as w. As usual, v is closer than w iff wRv but not vRw. Closeness is a pragmatic
measure that reflects the degree to which one would accept w as a possible state of affairs given
that belief in K might have to be given up. If v is closer to K than w, loosely speaking, v is “more
consistent” with our beliefs than w, and is a preferable alternative world to adopt. This view may
be based on some notion of comparative similarity, for instance.®

2This, of course, only applies to ideally rational agents since consistency can always be maintained by such
hypothetical beasts. But even allowing inconsistent beliefs to be held by less than ideal agents does not asperse this
normative goal. To quote Levi (1980, pp.27-28): “To allow X to consider a contradictory corpus feasible does not
imply that if he should detect inconsistency in his corpus he should rest content. When X’s corpus is inconsistent,
it breaks down as a standard of serious possibility. ...It is useless as a resource for inquiry and deliberation.”

See (Lewis 1973a; Lewis 1973b; Stalnaker 1984) for a defense of this notion.
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The minimal requirements on relation R are quite straightforward. Clearly R should be reflexive,
for w is surely as close as itself to any belief state. As well, R should be transitive, for if w is closer
than v which is closer than u, then w ought to be closer than u. Other requirements on R are a bit
harder to defend, for instance a requirement of forward- or total-connectedness, which we examine
below. So we take reflexivity and transitivity to be the only properties, definable solely in terms
of R, that it need satisfy.

As it stands, the modal logic S4 seems suitable for the task, as we appear to be dealing with
simple preorder Kripke frames. However, there are other restrictions that must be imposed on
our modal structures if they are to be considered appropriate for revision of K. For instance, we
must insist that no world is closer to K than any world consistent with K. That is, any world
minimal in R must be a K-world. This condition is hard to express in general, but when K is
finitely specifiable as KB (the case in which we are most interested), this corresponds to insisting
that OOKB be true on the model M. To see this imagine that some R-minimal world w does not
satisfy KB; then obviously M £, OCOKB.

This sentence does not give equal status to all K-worlds, for there may be such structures in
which only K-worlds are minimal, but not all K-worlds. This condition is not definable in our
monomodal language, but if we consider the bimodal extension of S4 that allows for inaccessible
worlds, namely CT40, we can enforce this condition by asserting KB D EﬂKB, when K is finitely
representable. To see this, imagine some KB-world w is not R-minimal on M. Then there must be
some minimal KB-world v such that vRw fails; but then M £, KB > O-KB.

Making some simplifying assumptions, these conditions combine to give us

G(kB > (0KBA G-KB)).4 (6.1)

We will abbreviate sentence (6.1) as O(KB) and intend it to mean we “only know” KB. The reason
for this nomenclature will become apparent later in the chapter.

This condition gives models a structure in which the set of K-worlds forms a mutually accessible
cluster of worlds minimal in R, but in general CT40-models need not be cohesive.> This implies
that certain - K-worlds need not be related to the cluster of K-worlds at all in the ordering
of closeness. Intuitively, any =~ K-world should be related, and should be further away than any
K-world. To enfore this requirement, we insist that

doKB (6.2)
be satisfied at some (or equivalently, all) worlds in the structure.

Definition 6.1 A preorder revision model for theory K is any structure M = (W, R, ) such that
R is reflexive, transitive and cohesive on W and w € W is R-minimal in M iff M [,
aforal a € K. '

Theorem 6.1 Let K be finitely specified by KB and M = (W, R, ¢) be a CT4O-model such that

“We use O in front of this formula a so that truth of a at all worlds in structure M can be expressed as M =, a
for any w. We could equivalently ask M }= o when o has no O, but find the former notation more convenient.

That is, it may be that w and v are not related in the transitive closure of the relation (RU R™"), for some worlds
w and v. We use R~ to denote the inverse of R, so wR™ v iff vRw. If a frame is cohesive then for any pair of worlds
w and v, v can be reached from w using some number of forward or backward steps along R, as if the directed graph
corresponding to R were undirected.
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All
K-worlds

Figure 6.1: A preorder revision model for K.

for some v,w € W, M =, O(KB) and M =, BOKB. Then M is a preorder revision model for
K.

So the class of CT40-models is appropriate for what we term preorder revision, revision satisfy-
ing the minimal requirements on the closeness relation (see Figure 6.1). The question remains: how
do we express the revision of K by A within the modal logic? The intuition is that when revising
by A we should consider the worlds closest to K at which A is satisfied to represent the revised
state of affairs. It is precisely these worlds that represent the minimal change or loss of information
in our belief set. One problem with this characterization of the revised belief set is the assumption
that such closest or minimal A-worlds exist.® Nothing about CT40-models presupposes such a
constraint, or prevents an infinite “descending chain” of closer and closer A-worlds. Fortunately,
we can define an approach to revision without this constraint. :

By adopting a different perspective on belief revision in which conditionals are key, we can
ignore the Limit Assumption. Often when revising a belief set, we are not interested so much in
characterizing the entire new belief state as in certain consequences of the revised theory. In other
words, we are interested in facts of the sort “If I revised my beliefs to include A then I would believe
B,” meaning B € K. Indeed, we typically cannot (or do not want to) specify the entire belief set
that results when revising since it will often be too large (even for a finite KB) or contain many
facts that aren’t of interest. We’d rather specify certain constraints on revision in this conditional
form.

We will use a conditional connective —= to represent these statements and read A == B as
“B is a consequence of revising (an implicit theory K or KB) by A.” In the case where some

SThis is known as the Limit Assumption and will be discussed in Section 6.2.
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set of minimal A-worlds exists, clearly, such an assertion is true iff B is true at every such world.
However, if such a set does not exist, for instance, if every A-world has some A-world closer than
itself, we can still tell if A X2, B is true. Suppose for any A-world there is some closer A-world w
(which cannot be minimal in this case) such that B holds at w, and for all worlds closer than w,
B holds whenever A does. Then A <% B should be true, for even though there are no minimal
A-worlds, in some hypothetical limit B would be true. Another way of phrasing this is to say that
for every state of affairs for which some closer A-world exists, there exists some closer A A B-world
such that A D B holds at all worlds closer still. Yet another wording: for every A A =B-world,
there exists a closer A A B-world w such that no A A B is as close to K as w.

The goal is to express the truth conditions for such a connective within our bimodal language,
that is, the requirement that B be true at all “minimal” (at least, at some hypothetical limit) A-
worlds. Roughly, our considerations lead us to postulate that for each state of affairs there should
be a closer state where A holds and O(A D B) holds; that is A D B holds at all even closer worlds.

We express this as .
OC(AAO(A D B)).

But this isn’t quite right, for some worlds may not have any A-worlds that are closer, though the
conditional should still hold. For instance, if K | -A then -0A will hold at each K-world. We
can ignore any world where 0-A holds as having no influence on what should count as a “minimal”
A-world. Thus we are lead to the following definition.

Definition 6.2 The revision conditional A ~> B is defined in Lp as

A 55 B =4 8(0-4AVv O(AAD(A D B))).

In Figure 6.2 a model is shown verifying A X8, B. Interestingly, the definition of A =% B
is precisely that given for A = B in Chapter 4. The consequences of this equivalence are quite
important for the relationship between default reasoning and belief revision. The bulk of Chapter 7
will examine these consequences and relate the two connectives. It is important to note that —
does not describe a family of related connectives indexed by KB. It is a conditional connective in
the usual sense. “KB” is used to emphasize the fact that == is typically used for the revision of
some intended knowledge base. The connective is perfectly well-defined and meaningful when KB
is left unspecified, as some derived theorems below indicate.

As expressed in the AGM revision postulates, in particular (R5), usually we want to allow
revision by any satisfiable sentence to result in a consistent belief set. In other words, we rule out
no logically possible worlds in the course of deliberations. This intuition is captured by insisting
that preorder revision models have among their set of worlds all propositional valuations. In other
words, they should be CT40*-models. We refer to this class of preorder revision models as full.

Definition 6.3 A full preorder revision model for K is any preorder revision model M for K such
that M is a CT40*-model.

Of course, the analogous result to Theorem 6.1 holds for CT40*-models that satisfy the sentences
given above. Before examining consequences of these definitions, we turn our attention to a spe-
cialization of them.
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Figure 6.2: A model where revising K by A results in belief B. At each world where A can be
“seen” A AO(A D B) can also be seen. For v there is a set of minimal (closest) A-worlds verifying
B (the shaded area). For u there is no such set of minimal A-worlds; but there is a point w at
which A and B hold and at which A D B holds at all lower points.
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6.1.2 Total Order Revision

We noted in Chapter 3 that Grove’s (1988) system of spheres model and the model of Katsuno
and Mendelzon (1990), that correspond to the class of AGM revision functions, can be viewed
as placing a total preorder on worlds instead of merely a preorder. This is in agreement with
the intuition that any two worlds should be comparable according to the closeness or similarity
measure. If we consider two states of affairs to be such that neither is closer to K than the other,
then we insist that both be judged equally close or similar. It should be evident that imposing this
additional constraint on R yields the logic CO, as shown by the following theorem.

Definition 6.4 A total order revision model for theory K is any structure M = (W, R, ) such
that R is reflexive, transitive and totally connected on W and
vE€{w: M |5, afor all @ € K} iff v is R-minimal in M.

Theorem 6.2 Let K be finitely specified by KB and M = (W, R, ¢) be a CO-model such that for
some v,w € W, M [, O(KB) and M |=, BOKB. Then M is a total order revision model for K .

Of course, the constraint of cohesiveness specified by sentence (6.2) is redundant in the case of
CO-models, which are totally connected.

Corollary 6.3 Let M = (W, R, @) be a CO-model such that M |=,, O(KB) for some w € W. Then
M is a total order revision model for K.

We will refer to such models more simply as revision models for K, or K-revision models. In case
K = Cn(KB), a revision model for KB denotes a revision model for K.

We have motivated the definition of A == B in terms of CT40-models and certainly such a
definition is applicable in the case of total order revision, it being a special case of preorder revision.
However, we can provide an alternative definition based on clearer intuitions that take advantage of
the additional structure. Recall that CO-models are total preorders, and consist of a totally ordered
set of clusters of possible worlds. Hence a revision model has the cluster ||K|| as a minimum.

In the case where A is inconsistent with K, clearly A X5, B is true exactly when the formula

B(AAD(A D B))

is true at any w € || K||. This formula says there is some world satisfying A such that A D B is true
at all closer worlds. Since the ordering on W is total, this ensures any “minimal” A-world satisfies
B. However, if there is an A-world in || K|, this is unsatisfactory, as the operator & refers only to
possibility at inaccessible worlds (hence, not to any K-worlds). In such a circumstance 4 <> B is

true when
O(AANO(A D B))

holds at any w € ||K||. This is so because O(A O B) means K = A D B so that the closest
A-worlds, those in || K| satisfy B. Disjoining the two,” we arrive at

S(AADO(AD B)).

We can drop the restriction that A = B be evaluated at some w € || K||, since if it holds at some
w € W, it holds at all worlds in W. This sentence does not account for impossible antecedents, in

"This disjunction is valid because if the first condition holds and some K A A-world exists, the second will be true
also.
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which case we should expect the conditional to be vacuously true; that is, revising by impossible
A entails every sentence B. Finally, the definition is given as

A X5 B =4 O0-4vS(AAD(A D B)). (6.3)

If this motivation is accurate the definition of ~ given in Definition 6.2 should be equivalent to
this sentence in CO. This is indeed the case.

Proposition 8.4 M =co 8-4Av 3(AADO(A D B)) iff
M oo B(O-4V O(AADO(A D B))).

When dealing with total order revision, we will use the simpler definition of — afforded by sen-
tence (6.3).% Once again, we usually want to consider only those models by which every consistent
sentence is capable of being revised consistently.

Definition 6.5 A full total order revision model (or full revision model) for K is any total order
revision model M for K such that M is a CO*-model.

6.1.3 Characterization Results

The connective — does not characterize belief revision in the manner of a revision function .
Rather than asserting that a belief set K% results when we revise by A, A —» B makes a weaker
assertion, that B will be believed when we revise by A, or (abusing notation) B € K. This view of
revision could be adopted within the AGM framework; for instance, one could define a conditional
connective > such that A > B is true iff B € K} (see Section 6.3). In this sense, our conditional
approach is no more general than the AGM approach. In fact, one might claim that using a revision
function # strictly subsumes the use of —=. However, this is not the case; we can define a revision
operator * in terms of — that does map belief sets into revised belief sets. This is fortunate as it
allows us to compare the conditional model for revision to the AGM postulates.

Definition 6.6 Let M be a preorder revision model for K. The revision function determined by
M is denoted ¥ and is defined for each A € L¢py by

Ky ={BeLcpy: ME A B).

Some derived theorems and rules of inference for the CT40 will shed some light on the nature
of the connective <> and on the induced revision functions *M.2

Proposition 6.5 The following are derived theorems and inference rules in CT40 (assuming as
a premise O( KB) wherever KB is mentioned).

RCM From B D C infer (A =% B) > (A =5 C)
And (A BIA(ASBC)> (A BAC)

80f course, given the equivalence of the definitions of X2, and = we can use this simpler definition for = in CO.
See Chapter 4. _
?More theorems of the logics and other properties will be examined in the next section.
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ID A5 4

KC (AX% B)> (KBAAD B)

CK S(KBA A) D> (B(KBAAD B)> (4 X5 B))
Cons O-4=(4 % 1)

LLE From A = B infer (A =5 C)> (B =5 C)
KCI (AABX.C)> (A5 (BD Q)

These theorems ensure that # behaves in a reasonable manner. In fact, these correspond
precisely to the first seven AGM postulates. RCM ensures that if revising by A entails belief
in B and B implies C then C will also be believed. Together with And this ensures K ;M is a
deductively closed set, that is, a belief set (postulate (R1)). ID asserts that A will be believed
when K is revised by A, so A € Ii';'l“ (R2). KC says B € K:lu only of KB A A implies A, where

= Cn(KB). In other words, B € K;‘M only if B € K} (R3). CK asserts that if KBA A is
possible then B is a consequence of KB A A only if it is believed when KB is revised by A. If we
assume our revision models are full so that all logically possible worlds are represented, then CK
means B € K} iff B € K% 4 Whenever A is consnstent with K (R4). We return to the case of
arbitrary revision models below. Cons ensures that K3 4 1s the inconsistent belief set iff A is not
possible. Once again, in the case of full revision models this is postulate (R5). LLE asserts that
revision dﬁpends only on the semantic content of the new information, not its syntactic structure.
Hence K" = K if A and B are semantically equivalent (R6). KCI ensures that if C € I\’fﬁ\s

then BDO C € KA , hence that C € (I(}‘M);, ensuring the satisfaction of (R7).
A further theorem of CO is the following.

Proposition 6.6 CKI is derivable in CO.
CKI -(A55 -B) > (A3 (B>C))>(AAB X5 0))

CKI ensures that whenever B is consistent with K% % then C € (K3 ); if C € I(ﬂ\g. This is just
postulate (R8).

If we assume that we are dealing solely with full revision models or CO*-models, clearly the
revision functions *™ determined by revision models satisfy the AGM postulates.

Theorem 6.7 Let M be a full revision model and ™ the revision function determined by M. Then
*M satisfies postulates (R1) through (RS8).

In the case of arbitrary CO-models, where some logically possible worlds may be excluded from
consideration, postulates may be violated.

Example 6.1 Let M be a (nonfull, preorder or total order) revision model for K such that M |
~$A for some satisfiable proposition A. Then I(;"M = Cn(L), since (by definition of =)
M |= A X% B for all B. This contradicts (R5).
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CK and Cons correspond only weakly to (R4) and (R5) unless we assume that we are using the
stronger logic CT40*. CK states that if KB A A is possible in the structure under consideration,
which we take to be an agent’s set of logical possibilities, then KB revised by A is to be the same
as merely conjoining A to KB. Similarly, Cons asserts that revising by A results in an inconsistent
belief set only when A is not possible relative to the structure of interest.

Let A be relatively consistent with respect to a particular model (or agent who “accepts” this
model) if A is true in that model (the agent considers A logically possible!?). We can understand
A being relatively consistent to mean that an agent would be willing to accept A if circumstances
or new information warranted. If we replace the notion of logical consistency in (R4) and (R5)
with relative consistency then CK and Cons correspond to these weakened postulates, namely

(WR4) If A is relatively consistent with K then K} C K7%.
(WRS5) K = Cn(1) iff A is relatively consistent.

Of course, the conception of expansion used in the remaining postulates and any implicit use of
consistency must be adjusted to this idea of relative consistency. Consider (R3) for instance: if
A is relatively inconsistent, but logically satisfiable, then certainly K ::J Z K I, since K I will be

logically consistent whereas K:,M will not. To get this correspondence with (R3), (R7) and (R8),
we say that expansion relative to M is given by

K} ={B:M |, B whenever M |=,, K and M =, A}.

In the case of logic CT40* or CO* the notions of logical consistency and relative consistency
coincide, since $A is derivable for any propositionally satisfiable A. In this case, CK and Cons
are equivalent to (R4) and (R5). If we adjust the AGM postulates to reflect consistency relative
to a model, then the theorem above will hold for any K-revision (CO) model, not just full revision
(CO*) models.

In general, only the full versions of (preorder or total order) revision models will be of interest.
Therefore when we refer to revision models of either type we will intend full revision models unless
otherwise stated. Most results for full revision models will hold for their more general counterparts
if any (implicit or explicit) reference to logical consistency is replaced by relative consistency.

Theorem 6.7 shows revision models to satisfy the eight AGM postulates and to form a subclass
of the space of AGM revision operators. If this conditional approach to revision is to be completely
general we must show that any AGM revision operator has a corresponding revision model M
for each theory K in the domain of *. This can be shown by constructing, for any AGM revision
function #, a revision model such that #* is identical to * (for the theory K implicit in M ). Roughly,
we proceed by considering all possible worlds over the propositional language and ordering them as
follows: let v < w (i.e. wRv — recall that worlds “see” other worlds lower in the order of closeness)
iff there is some A such that w |= A and v € ||K7}||. The idea is that if v satisfies theory K then
it should be at least as close to I as any other A-world. This leads us to one of the main results of
this thesis, that demonstrates, along with Theorem 6.7, that CO* is an adequate logic for reasoning
about belief revision.

Theorem 6.8 Let * be a revision function satisfying postulates (R1) through (R8). Then for any
theory K there ezists a full revision model M such that K% = K% for all A.

1 Fpistemically possible might be a better term here, but we have reserved that to refer to the facts consistent
with an agent’s beliefs, rather than those facts an agent might be willing to accept if new information forces such
revision. Perhaps physical possibility would capture our intent in certain circumstances.
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In other words, the class of revision functions determined by revision models is exactly the class
of AGM revision functions. Hence, the modal logic CO* is an appropriate calculus for reasoning
about belief revision. In fact, CO*, together with the defined connective X2, appears to be the
first sound and complete logical axiomatization of AGM revision in the traditional sense. No
other system for AGM revision is specified solely in terms of “standard” logical consequence over a
fixed logical language. Furthermore, the weaker logic CO allows a generalization of AGM revision
in which- certain logical possibilities can be excluded from such deliberations. Perhaps an agent
considers these possibilities too remote, or there might exist certain integrity constraints on a
database that prohibit such possibilities.!?

One aspect of this theorem that is perhaps not obvious is the manner in which the inconsistent
belief set Cn(L) is dealt. We have imposed no special conditions for revising Cn(.L). Of course,
the only set of worlds satisfying each sentence in this set is the empty set, thus representing Cn(L)
as the minimal cluster in some K-belief model is impossible. Indeed, the constraint that we only
know L is vacuous, since O(L) is a tautology in CO.1?2 While we are not primarily concerned with
this belief set, the AGM postulates require that a revision function is applicable to any belief set,
and that a consistent set should result when we revise a belief set by a consistent sentence. So
while there is no K-revision model corresponding to the inconsistent belief set, there must still be
a model corresponding to its revision.

It is not hard to see that we can still represent revision of Cn(L1) by imagining some K -revision
model as having an empty cluster of worlds lying “below” all other worlds, that is, having an empty
minimal cluster. When Cn(L1) is revised by A, we can quite easily determine the minimal A-worlds
in the model; but since there are no worlds in the (imagined) “minimal” cluster, this forces us to
accept (as representative of the revised theory) worlds that are not part of the “current” belief
set. In other words, there can be no consistent revision of the type described by (R4). This is the
key difference when revising the inconsistent belief set. However, this does not imply that no K-
revision model corresponds to a revision function with respect to the belief set Cn(.L). Rather, there
is not (necessarily) a model in which the set of worlds satisfying Cn(L) is minimal in the model.
For a particular AGM revision function *, we may take as the minimal cluster of an appropriate
I -revision model the set of worlds satisfying the belief set

K ={A: A€ (Cr(L))})

Thus, the minimal set of worlds is made up of those that are deemed possible by merely “returning”
Cn(L) to consistency; and a K-revision model for this theory K can also be construed as a revision
model for the inconsistent belief set.

We now return our attention to the class of preorder revision models. It is easy to see that
any such model determines a revision operator that satisfies postulates (R1)-(R7). However, pos-
tulates for preorder revision have not been proposed by AGM, so we cannot compare such revision
models to an existing general standard. However, Katsuno and Mendelzon (1990) have proposed
postulates for preorder revision that they show to be adequate for propositional languages with
finitely many atomic variables in which belief sets are modeled as (finite) propositional sentences.
These postulates cannot be directly applied to our situation for they do not deal with deductively
closed (infinite) theories. We do not pursue the properties of preorder revision here, though this is
certainly an interesting avenue for further investigation. In particular, it should prove instructive

1'We return to this point in Section 6.3.
12This is discussed in more depth in Section 6.5 in the context of autoepistemic logic, where such belief sets are
important.
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to construct a set of postulates, similar to (and including most of) the eight AGM postulates.
Certainly, (R8) will not be satisfied, but a weaker version will likely be required to prove the ap-
propriate representation theorems. Such a representation would allow further comparison of this
preorder revision model with that Katsuno and Mendelzon, though on the surface they appear to
reflect the same intuitions. :

6.2 Properties of the Logics

6.2.1 Some Derived Theorems and Examples

In general, reasoning about the process of revising an objective KB with the modal logics CT40*
and CO* requires one to assert as a background theory the sentence O(KB), together with the
sentence DOKB in the case of CT40*. This background theory enforces the restriction that all
states of affairs consistent with our objective knowledge are minimal in our ordering of closeness,
that we prefer to “hang on to these beliefs” if possible. This background induces the logical
constraints required of belief revision but specifies little else. Consider the following example.

Example 6.2 Consider a background theory O(KB) where
KB = {bird, fly,bird D fly,penguin D -fly}.
If we want to ask about revision of KB by green, we can show
O(KB) Fco. green =5 o iff KBU {green} F a
for any proposition a, since green is consistent with KB. However, if we ask
O(KB) Fco. penguin — a

very little is derivable as penguin is inconsistent with KB. In general, this will only hold for
those a that are logical consequences of penguin.

|
This example illustrates the extreme generality of the AGM postulates and our approach to revision.
From the context of KB (in particular, the suggestively labeled atomic propositions), it seems
we ought to be able to derive more than penguin when we revise by it, but this is a matter of
pragmatics. It should be evident that, say, ~f1y should not be derivable without further constraints
on the revision process. For example, penguin D ~£fly might only be in KB because it is vacuously
true and has no information content. Therefore revising by penguin should result in keeping all
beliefs but this one. It could also be that bird or bird D fly should be given up.

These contextual difficulties are resolved by introducing as premises conditional sentences con-
straining the revision process. In fact, most of our information might be of this form. Asserting
penguin XB,'~£1y ensures that penguin D —~fly is not given up.

Example 6.3 Let KB be as before and let S be the set of additional premises containing
bird - fly, penguin =, -fly, penguin X5, bird.
From S U {O(KB)} we can derive in CO*

penguin =, -fly, penguinA bird =5, -fly.
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. A
Indeed, the content of KB only constrains revision when the new information is consistent with KB.
As these examples illustrate, the AGM postulates say very little about what information should be
given up in the case of revising a knowledge base by a fact inconsistent with it. Only by asserting as
premises constraints on the revision process can we determine some consequences of such a revision.
In the next section we will present a methodology for reasoning about belief revision using both
the content of the knowledge base and premises expressing constraints on revision. These examples
each fit within this framework.

Some further theorems derivable in CO are given below. The first four are also valid in CT40.

Proposition 6.9 The following theorems are derivable in CO.
And (A2 B)IANABC)D (A= BAC)

Or (A C)ABZC)>(AVBE0)

RT (A= B) D((AAB % C)d(4A=0))

CM (A BAA4AZS C):)(AAB =, 0)

RM (455 C)A-w(AAB c):JA—-mB

CV ~(A=5B)> (A= C)>(AA-B 55 0))

As well, revision by A need not result in the belief of B or ~B, hence — fails to satisfy CEM, the
Conditional Law of Ezcluded Middle (Stalnaker 1968); for in general the set

{~(4=> B),~(4 = -B)}

is consistent. However, if revision by A results in belief B, it cannot also result in -~ B (for consistent
A), since
SAD((AXS B)>~(4 55 -B))

is valid.
Example 6.4 Let S be the set of premises

{bird X5, f1y, penguin =5 bird, emu X5, bird,

penguin = —fly, emu —» -fly}.

Revising some KB by emu or by penguin results in the belief bird A -f1y because by And
(for example)
. S Foo. emu =2 bird A “£1y.

Furthermore, if we only want to revise by the disjunction penguinV emu this still holds as by
Or
S Fco. penguin V emu = bird A -£fly.

By RM one can also conclude

bird = -penguin and bird —> -emu.



6.2. PROPERTIES OF THE LOGICS 117

|

Certain facts in the objective KB can also influence the conditionals that hold. For instance, if in
this example bird € KB then for {O(KB)} U S to be consistent, it must be the case that —emu,
-penguin and fly are in (or are entailed by) KB. Revising by bird should leave KB intact, and
by the premises 5, should entail these facts; hence, they must be contained in KB.

Proposition 6.10 Let M be a revision model for KB. If M = A == B then KB|= A D B.

Example 6.5 The “unemployed student” example reveals the default quality of revision. Let §
be the set of premises

{student =2 adult ,student — -~employed}.

By CM we can derive
student A adult —> —employed.

If adult == employed is added to S then we can also infer
~(student A adult 22, employed)

and by RM
adult XL —8tudent.

So if we learn someone is an adult we should believe she is not a student.

Example 6.6 In general, since CEM is not valid, we can have as consistent premises in § both
-(holding(Cup) — holdingright(Cup)) and

-(holding(Cup) —> holdingleft (Cup)).
However, considerations of tractability might require a default assumption, say,
holding(Cup) — holdingright (Cup),

that the robot typically grabs things with its right hand (see Chapters 2 and 4). In this case,
if we have a constraint!®

holdingleft(Cup) = -~holdingright(Cup)

then we can derive
holding(Cup) <= —holdingleft (Cup).

Example 6.5 demonstrates that our approach to revision has a definite default character. Revis-
ing by adult alone would cause a belief in employed while revising by this together with student

13This constraint is not useful if expressed in KB. It could be expressed less naturally in S; however, in the next
section we discuss- a method for enforcing such intensional constraints.
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results in believing unemployed. Nevertheless, Example 6.4 and Proposition 6.10 illustrate an im-
portant difference between default reasoning and deliberations of revision, that is a commitment
to (a form of) modus ponens. If bird — fly is a true description of revision and bird is among
our beliefs about the world in KB, then it must be that fly is in (or entailed by) KB. Other-
wise, bird =5 f£1y could not be true, for revising by bird must result in the original KB. The
relationship between belief revision and default reasoning will be examined in greater detail in
Chapter 7.

6.2.2 The Limit Assumption and Intensional Constraints

The results of the previous section would seem to suggest that there are no important differences in
the type of reasoning sanctioned by the AGM postulates and our conditional (or modal) approach
to belief revision. While the logic CO* captures AGM revision functions via logical axioms, all
(CO*) revision functions satisfy the AGM postulates. However, we will examine Grove’s (1988)
representation theorem for AGM functions in order to highlight some important advantages of our
logical characterization of revision:

In Chapter 3 we briefly discussed Grove’s system of spheres model of revision, for which we
now provide a formal definition.

Definition 6.7 (Grove 1988) Let W be the set of valuations (or possible worlds)!* for some
fixed language and K some theory. A system of spheres centered on K is a collection § of
subsets of W such that

1. S is totally ordered under set inclusion, C.
2. {w:w [ K} is the C-minimum of S.
3. W € S (and hence is the maximum of 5).

4. For any sentence A, there is a smallest s € S intersecting || A|| (the set of worlds satisfying
A). This smallest s is denoted s(A).

Thus S consists of a sequence Sp C §3 C -+ C W of subsets of W with So = || K]|| being its
minimum. The intuition is that smaller members of S (spheres) contain worlds “closer” to the
actual state of affairs K. The sentences resulting from revising K by A are just those true at all
worlds in s(A) N ||A||. That is, we define K7 as

K = {o: s(A) N 4] | a}.
Grove shows that this model of revision exactly characterizes AGM revision function.

Theorem 6.11 (Grove 1988) A revision operator induced by a system of spheres (as described
above) satisfies postulates (R1) through (R8).

Theorem 6.12 (Grove 1988) If a revision operator * satisfies postulates (R1) through (R8) then
for any theory K there ezists a system of spheres centered on K that induces *.

14 Grove actually uses maximal consistent sets of the underlying language. This distinction is unimportant for our
purposes.
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We observe that a system of spheres can be viewed as imposing a total preorder on the set of
worlds W as follows: let w < v iff every sphere that contains v also contains w. In other words,
the smallest sphere containing w is enclosed in the smallest sphere containing v. This observation
leads to a quick proof of Theorem 6.8, which we sketch here.

Proof (sketch) Let * be any AGM revision function. By Grove’s theorem there exists a system
of spheres S for any K that determines *. Let < be the total preorder on W induced by S
and define a CO*-model M = (W, R, ¢) as follows:

1. W=U{S;:5; € S}
2. ¢ is defined in the usual manner
3. wRviff v < w.
It should be clear that R is reflexive, transitive and connected and that W contains all

propositional valuations (as W € §); hence, M is a CO*-model. Furthermore, M is a full
revision model for suitable for K since S is centered on K.

In case A is inconsistent, K% = Cn(L) as does K%, since M |= 8-A. So suppose B € K%
for some consistent A. By Grove’s result,

s(A)n|lAll = B

so there is some sphere s(A) such that for all A-worlds w € 3(A), w |= B. By construction
(and the fact that s(A) is A-permitting)

M E, AAND(A D B), so
M |z S(AAD(A D B)),
and thus M = A X2 B;ie. Be K%',
Conversely, assume B € K:,M. Then M |= A = B; and there exists some w such that
M, ANO(A D B).
Since w |= A, wRv for all v € s(A). Hence v = A D B for all v € s(A). This means
s(A)n|jAl| = B

and by Grove’s result, B € K.

This lends further support to the claim that there is no distinction between our conditional
approach to revision and the AGM model. Notice however that a system of spheres is defined
so that for any sentence A there is some minimal A-permitting sphere. This points to a crucial
divergence in the intuitions underlying spheres models and revision models, which do not necessitate
minimal A-worlds in the accessibility relation R. The truth conditions for B € K} with a spheres
model state that B must hold at all minimal A-worlds. We circumvent this restriction by insisting
B € K7} iff AAO(A D B) holds at some world, that there is some A-world such that B is true at
all closer worlds.
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The requirement that there exists a closest A-world in the ordering for revision has been dubbed
the Limit Assumption, and has received considerable attention in the philosophical literature on
counterfactual conditionals (Lewis 1973a; Lewis 1973b; Stalnaker 1968; Stalnaker 1984). Lewis

(1973b) has argued that the Limit Assumption is inappropriate in general when discussing or-
derings of comparative similarity, or closeness, in the context of counterfactual reasoning. These
considerations apply directly to deliberations of revision as well (see the next section). Consider
the following example of Lewis:.

“If I were over seven feet tall, I would play basketball.”

Imagine the speaker of this utterance, say Pete, has a height of six feet. Intuitively, an ordering
of comparative similarity (in this context) should rank possible worlds according to Pete’s height;
the nearer this value is to six feet, the closer to the actual state of affairs a possible world should
be ranked. Now to evaluate the conditional (or to revise by its antecedent) is to ask whether Pete
would play basketball at the closest world(s) where he is over seven feet tall. But intuitively there
is no closest set of such worlds, only an infinite sequence in which Pete’s height approaches a limit
of seven feet. Lewis claims that this circumstance is perfectly acceptable, and that these truth
conditions for counterfactuals are malformed. We should ask instead if, as we consider closer and
closer worlds, we find a point where Pete plays basketball at all closer worlds (short of the seven
foot limit).

Stalnaker argues that such considerations are not relevant in practice, though admitting: “Noth-
ing I can think of in the concept of similarity ...would motivate imposing this restrictive formal
structure [the Limit Assumption] in the ordering determined by a similarity relation” (Stalnaker
1984, p.140). For instance, assuming that such a fine-grained level of detail is not relevant to the
conditional, we need not pick the closest antecedent-world, but merely the closest one(s) worlds
that differ only in relevant respects. In this case, a world where Pete is seven-feet one-inch tall
might suffice as a standard for evaluating the conditional. The basis for this argument seems to be
the use of selection functions (see Chapter 2) for conditional semantics. Such a selection function
may ignore irrelevant aspects of similarity and pick “relevantly closest worlds.”

It might be the case, nevertheless, that such aspects as Pete’s exact height are important (though
perhaps not in this context). Stalnaker would then argue that the conditional is worded unsuitably,
that Pete should assert ;

“If I were the shortest height greater than seven feet I would play basketball.”

In such a circumstance the selection function would pick out no world and any consequent would
follow vacuously. Unfortunately, this seems unnecessarily restrictive, and, we claim, an indictment
of selection function semantics. Without the Limit Assumption a selection function fails in this
case, since in attempting to determine the closest antecedent-world it comes up empty and makes
all conditionals vacuously true. Certainly it seems some conditionals should remain true and some
false in this case; for instance,

“If I were over seven feet tall I would be under seven feet tall”

seems absurd even without assuming the existence of a limiting world.

The Limit Assumption is a technical device postulated for the convenience of selection functions.
Without such a requirement we can still provide adequate truth conditions for conditionals in terms
of comparative similarity by following Lewis’s suggestion. Hence, the “expressive” benefits of
the Limit Assumption are negligible in comparison, and certainly not sufficient to outweigh the
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ontological constraint it imposes. What our approach to revision discloses is that Lewis’s account
of truth conditions for counterfactuals can be defined or axiomatized in terms of modal operators.

Returning to Grove’s system of spheres model for belief revision, the constraint that minimal
A-permitting spheres exist is precisely the Limit Assumption and allows Grove to specify truth
conditions for K’ in terms of a selection function, namely s(A) N |[[A]|. The logic CO* and Theo-
rem 6.7 show that Grove’s restriction is unnecessary, that given the appropriate truth conditions
(corresponding to O(A A O(A D B))) the AGM postulates are still satisfiable.

Of course, Grove’s representation theorem gives the impression that this bit of philosophical
exorbitance is unnecessary for modeling AGM revision functions, for any such function has a corre-
sponding (set of) system of spheres (or CO* revision models) that satisfies the Limit Assumption.
Furthermore, one could argue that, since our underlying logic is propositional and we are only
interested in finite theories, expressing such concepts of infinite extent is impossible anyway.

The second claim is easier to dispose of, for concepts such as “least height greater than seven
feet” and constraints on the ordering of possible worlds that reflect, say, a rational ordering are
easily expressible in a first-order language, and we must suppose that any notion of revision should
be applicable (in essential ways) to a first-order logic. We can imagine imposing constraints on
the closeness ordering of possible worlds in our modal language, suitably extended to encompass
first-order concepts. We first require some (necessarily incomplete, but sufficient for our purposes)
theory of the real (or rational) numbers, say R, that we assert holds at all worlds with the sentence
BR. For this example, we could probably get by with a partial theory of < together with the
sentence

BYz3y((z > 7) D (y > TAy < ). (6.4)

We want Pete’s height to be unique, so we assert
H(height(Pete) = z A height(Pete) =y D z = y). (6.5)

To express the fact that worlds closer to Pete's actual height of six feet are considered more similar
we assert that height (Pete) = 6 and

8Yy > 6[y < z D (height(Pete) = z = O-height(Pete) = y)). (6.6)

Given this background theory, we want to ask what follows from the revision of an objective theory
K by
height(Pete) > 7, (6.7)

in particular, if “Pete plays basketball” follows from this revision.

This leads us to the first objection, that any AGM revision can be modeled by a structure
satisfying the Limit Assumption. A problem immediately crops up for the AGM theory and Grove’s
spheres models, for the intensional constraints we have proposed in this example cannot even be
expressed in their language. We cannot assert a sentence such as that constraining the notion
of similarity to be applied, sentence (6.6); nor can we even ensure in a natural manner that our
revised theories contain certain sentences, such as sentences (6.4) or (6.5), that can be thought of
as “integrity constraints” on the belief set. Other than the logical axiomatization it provides, the
key advantage of regarding revision in terms of modal logic is the ability to express such intensional
constraints on the revision process. Revising by sentence (6.7), since it is inconsistent with KB,
need not even satisfy the constraints (6.4) or (6.5), if these are expressed within the (objective)
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KB.'® In CO* we can specify these constraints as premises in the logical language, as well as the
restriction that the accessibility relation be “defined” in terms of Pete’s height; they are just kept
separate from the objective KB.1® We will examine these integrity constraints further in the next
section.

Returning to the Limit Assumption, Grove’s result assures us that any AGM function has a
model satisfying the assumption. This is the case precisely because the “traditional” language of
revision cannot express intensional constraints, and hence cannot distinguish models that satisfy
the Limit Assumption from those that do not. Any revision function that says Pete plays basketball
when he is over seven feet tall has a model (system of spheres or CO*-model) with a minimal world
where Pete is over seven feet tall. As Stalnaker claims, the existence of such a model might not be
problematic in practice. But suppose we have a large knowledge base and a language that permits
intensional constraints to be specified. In this knowledge base there might exist some theory R of
the real numbers. A user, asking some query about Pete, might now wish to express the (quite
natural) constraint that the notion of similarity appropriate in this context should respect Pete’s
varying height. On interaction with R, this constraint ensures no minimal antecedent-world exists,
and on Grove’s truth conditions revising by the antecedent results in an inconsistent theory. Our
truth conditions suffer from no such drawback, although in the cases where limiting worlds do exist
the semantics coincides with Grove’s.

6.3 A Framework for Subjunctive Queries

To this point we have investigated the revision conditional connective <= in the context of changing
a knowledge base. However, the question of how to revise a KB is important not just in the presence
of changing information, but also when we want to investigate questions of the form “What if A
were true?” A subjunctive conditional A > B is one of the form!? “If A were the case then B
would be true.” Subjunctives have been widely studied in philosophy and it is generally accepted
that (some variant of) the Ramsey test is adequate for evaluating the truth of such conditionals:

First add the antecedent (hypothetically) to your stock of beliefs; second make whatever
adjustments are required to maintain consistency (without modifying the hypothetical
belief in the antecedent); finally, consider whether or not the consequent is true. (Stal-
naker 1968, p.44)

The connection to belief revision is quite clearly spelled out in this formulation of the Ramsey test:
to evaluate a subjunctive conditional A > B, we revise our beliefs to include A and see if B is
believed. On this view, 4 <2 B is nothing but a subjunctive conditional where the (implicit) KB
represents our initial state of knowledge, and will be true exactly when B € K7}, in accordance
with the Ramsey test.!®

A number of people have argued that counterfactual and subjunctive conditionals have an
important role to play in Al logic programming and database theory. Bonner (1988) has proposed

1% Although, these could be explicitly “asserted” in the form B € K.

1$This is only because they are not propositional. It is possible to “only know” these sentences in conjunction with
objective knowledge.

7 At least, in “deep structure.”

"It would seem, however, that subjunctives based on the Ramsey test and belief revision are not the only type
of subjunctives. They may also be based on other types of “knowledge base revision,” for example, update (see
Section 7.1).
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a logic for hypothetical reasoning in which logic programs or deductive databases are augmented
with embedded implications of the form

A~ (B<C).

Roughly, such an implication is read as “If adding C' to the database causes B to be true, then
A is true.” The embedded rule (B « C) acts like a subjunctive premise “If C' were true, then B
would be,” from which one can infer A. Bonner provides an interesting intuitionistic semantics and
proof procedure for logic programs augmented with this feature, and the logic is extended to allow
embedded universal quantification in (Bonner, McCarty and Vadaparty 1989).

Ginsberg (1986) has identified a number of areas in Al in which counterfactuals might play an
important role in the semantic analysis of various tasks. For instance, in a planning domain a robot
might ask of a state of belief

“If I removed the cup from my hand could I pick up the spoon?”

If this counterfactual A > B is true, it suggests a natural regression of goals: in order to accomplish
B the robot should take steps to ensure the truth of A. Similarly, in diagnosis we may consider the
observation of a fault to counterfactually imply a diagnosis or explanation of that fault, as in

“If outputs z and y did not coincide then circuit C' would be faulty.”

This conditional must be interpreted as a counterfactual with respect to the specification of a
device’s (proper) behavior because such a description should entail the negation of the antecedent,
making such a material conditional vacuously true.

Ginsberg proposes a system for reasoning about counterfactuals that is similar in spirit to
Nebel’s (1989) system for belief revision. Given some KB, to determine the counterfactual con-
sequences of A we consider those maximal subsets of KB consistent with A, and add A to these.
Notice, if A is consistent with KB then only one such subset (KB itself) exists and A > B is true
ifl A D B is entailed by KB, coinciding with our intuitions about consistent revision. Certain
subsets can be preferred to others through some ordering < on these subsets, similar to partial
meet revision. However, Ginsberg’s model of counterfactual reasoning suffers from the same defect
as Nebel’s revision model, specifically sensitivity to the syntactic structure of KB.

Jackson (1989) considers the problems with Ginsberg’s approach and presents a model-theoretic
system BERYL that addresses these difficulties. We assume a finitary propositional language and
a theory K that must be revised by A. As in the possible models approach to update of (Winslett
1988), those worlds that satisfy A and differ minimally (with respect to set inclusion of atoms)
from some world in ||K|| are models of the revised state of affairs. To satisfy the postulate of
consistent revision (R4) (which distinguishes BERYL from the possible models approach) Jackson,
in a somewhat ad hoc fashion, requires that

I = LK n (Al
whenever A is consistent with K. This would seem to void either the claim that set inclusion of
atoms reflects some notion of comparative similarity or that BERYL respects this notion.
6.3.1 Belief Revision and Subjunctive Conditionals

These systems both take seriously the idea that counterfactuals are intimately tied to belief revision.
However, this connection had not gone unappreciated by the revision community. Géardenfors
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(1978a, as presented in (1988)) provides an explicit postulate for revision and conditional reasoning
based on the Ramsey test. If we assume that conditionals can be part of our belief sets then a
concise statement of the Ramsey test is

(RT) A>Be K iff Be Kj.

Girdenfors also describes a formal semantics for conditionals in terms of belief revision systems
(as discussed in the next section). By imposing certain constraints on these models in the form
of postulates (R1) through (R8), and using (RT) to evaluate conditionals, Girdenfors comes up
with a conditional logic based on a revision “style” semantics that corresponds exactly to Lewis’s
(1973a) counterfactual logic VC. The logic VC is Lewis’s “official logic of counterfactuals,” an
axiomatization of which is given below. .

(1) From A, A D B infer B

(2) From Cy A+--ACy D B infer ((A> C1)A-+-A(A>Cp))D(A> B) foranyn > 1
(3) All truth functional tautologies

(4) A> A

(8) (FA>A)D (B> A4)

(6) (A>-B)V((AAB)>C)=(A> (B> C()))

(7) (A> B) > (4D B)

(8) (AAB) D (A> B)

Let KB be as usual a set of beliefs representing our knowledge of the world. We also expect
there to be some conditional beliefs among these that constrain the manner in which we are willing
to revise our (objective) beliefs. These take the form a 2.8 (or & > B), and will be referred to
as subjunctive premises. By a subjunctive query we intend something of the form “If A were true,
would B hold?” In other words, is A > B a consequence of our beliefs and subjunctive premises?

Given the connection between VC and belief revision, and assuming the Ramsey test is an
appropriate truth test for subjunctives, it would appear that VC is exactly the logical calculus
required for formulating subjunctive queries. However, we have misrepresented the Gardenfors
result to a certain degree; in fact, his semantics does not account for the postulate of consistent
revision (R4). It is excluded because it results in triviality (see the next section) and, together with
the other postulates, is far too strong to be of use. Because (R4) is unaccounted for in VC, it is
inadequate for the representation of certain subjunctive queries.

Example 6.7 Suppose KB = {B}, a belief set consisting of a single propositional letter. If we were
to ask “If A then B?” intuitively we would expect the answer YES, when A is some distinct
atomic proposition. With no constraints (such as A > -B), the postulate of consistent
revision should hold sway and revising.by A should result in KB’ = {A, B}. Hence, A > B
should be true of KB. Similarly, =(4 > C) should also be true of KB for any distinct atom
C. ‘
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In VC there is no mechanism for drawing these types of conclusions. At most one could hope
to assert B as a premise and derive A > B or (A > C), but neither of

BlFyc A>B or

BlFyc ~(A4>C)

is true, nor should they be. It should be the case that if A is consistent with our beliefs that A > B
holds, but merely asserting B doesn’t carry this force. In a sense, when B is a premise we mean
“B is believed,” but this does not preclude the possibility of A, or = A, or C, or anything else being
believed. When KB = {B} we intend something stronger, namely that “B is all that is believed.”
Because B is the only sentence in KB, we convey the added information that, say, neither A nor
-A is believed. In Levesque’s (1990) terminology, we only know KB.

To only know some sentence is to both know (or believe) A and to know nothing more than A.
To know A is to restrict one’s set of epistemic possibilities to those states of affairs where A is true.
If some ~A-world were considered possible an agent could not be said to know A, for the possibility
of = A has not been ruled out. To know nothing more than A is to include all possible A-worlds
among one’s set of epistemic possibilities. Adding knowledge to a belief set is just restricting one’s
set of epistemic possibilities to exclude worlds where these new beliefs fail, so if some A-world were
excluded from consideration, intuitively an agent would have some knowledge other than A that
ruled out this world. We return to these ideas in Section 6.5.

In our logic CO* we have precisely the mechanism for stating that we only know a knowledge
base. In CO*-structures for revision we consider the set of minimal worlds to represent our knowl-
edge of the actual world. Exactly those possible worlds consistent with our beliefs KB are minimal
in any KB-revision model; this is precisely what the sentence O(KB) asserts. It says that KB is
believed (since only KB-worlds are minimal) and that KB is all that is believed (since only minimal
worlds are KB-worlds).

Returning to the subjunctive query A XZ, B, we take this analysis to mean that

BFCO-A—KE?B

is not the proper formulation of the query. This derivation is not valid (just as it is not in VC).
Our analysis suggests that we ought to ask if A = B holds if we only know B. In fact this is the
case: both :

O(B)Foox A=> B and

O(B) Fco. ~(A i C)

are legitimate derivations.

This leads to an obvious framework for subjunctive query answering, given a set of beliefs. Our
knowledge of the world is divided into two components, a set KB of objective or propositional facts
or beliefs, and a set S of subjunctive conditionals acting as premises, or constraints on the manner
in which we revise our beliefs. To ask a subjunctive query @ of the form a X8, Bis to ask if # would
be true if we believed «, given that our only current beliefs about the world are represented by KB,
and that our deliberations of revision are constrained by subjunctive premises 5. The expected
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answers YES, NO and UNK (unknown) to @ are characterized as follows.

YES if {O(KB)}U S [Ecos Q
ASK(Q)=< No if {O(KB)}U S Eco. ~Q
UNK otherwise g

Objective queries about the actual state of affairs (or, more precisely, our beliefs) can be phrased
as a Q of the form T =2 3 where f is the objective query of interest. It’s easy to see that

ASK(Q) = YES iff Fco. KBD B.

The ability to express that only a certain set of sentences is believed allows us to give a purely
logical characterization of subjunctive queries of a knowledge base. The logic VC seems adequate
for reasoning from subjunctive premises and for deriving new conditionals, but it cannot account
for the influence of factual information on the truth of conditionals in a completely satisfying
manner; for it lacks the expressive power to enforce compliance with postulate (R4). In fact, it
is not hard to verify that the axioms for VC are each valid in CO* if we replace nonsubjunctive
(factual) information (say a) by statements to the effect that « is believed (in CO*, belief in a
is expressed as OOa; see Section 6.5). The approaches of Ginsberg and Jackson take VC to be
the underlying counterfactual logic. Indeed, their approaches (under certain assumptions) satisfy
the Lewis axioms. However, they recognize that the ability to only know a knowledge base is
crucial for revision and subjunctive reasoning, an expressive task not achievable in VC. Therein
lies the motivation for their extra-logical characterizations, and the underlying idea that KB is
representable as a set of sentences or set of possible worlds from which we construct new sets in the
course of revision. Winslett’s (1988) possible models approach to update has a similar extra-logical
quality. CO* can be viewed as a logic in which one can capture just this process.

Naturally, important distinctions between the proposals of Ginsberg and Jackson and ours
do exist. For instance, our characterization is not swayed by the syntactic form of KB; and a
“consistent” ordering on states of affairs is adhered to for any type of revision, in contrast to
BERYL, which requires that its ordering of set inclusion be ignored during consistent revision.

6.3.2 Integrity Constraints

Often only certain states of knowledge, certain belief sets, are permissible. The concept of integrity
constraints, widely studied in database theory, is a way to capture just such conditions. For a
database (or in our case, a belief set) to be considered a valid representation of the world, it must
satisfy these integrity constraints. For instance, we might not consider feasible any belief set in
which certain commonsense laws of physics are violated; or a database in which there exists some
student with an unknown student number might be prohibited.

This apparently straightforward concept actually has several distinct interpretations. Reiter
(1990) surveys those and proposes the definition we favor, which essentially asserts that an integrity
constraint C should be entailed by KB. The distinguishing characteristic of Reiter’s definition is
that integrity constraints can be phrased using a modal knowledge operator that refers to “what
is known by the database.” This connective is given a semantics, and satisfaction of an integrity
constraint is defined using an implicit appeal to the concept of only knowing. We can phrase the
definition within our language as follows (though Reiter’s underlying logic is first-order).

Definition 6.8 (Reiter 1990) Let C' € Lp and KB C L¢pr. KB satisfies integrity constraint C
iff O(KB) Fco. C.
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Typically, C' will contain operators referring to the knowledge contained in KB (see (Reiter 1990)
for examples). For our purposes, since we do not intend to give a full account of what a knowledge
base knows,'? we will assume constraints are propositional and that KB satisfies C' just when KB
entails C.

As emphasized in (Fagin, Ullman and Vardi 1983) and (Winslett 1990), integrity constraints are
particularly important when updating a database. Any new database (or belief set) should satisfy
these constraints, therefore any reasonable model of update or revision must explicitly account for
integrity constraints (Winslett 1990). Consider the following example.

Example 6.8 Let the constraint C, that a particular department has only one chair, be expressed
as
chair(x,d) A chair(y,d) D x=y (6.8)

Suppose we want to update KB with
chair(Ken,DCS) V chair(Maria,DCS).

If (6.8) is consistent with KB, the constraint C' can be placed in KB and will ensure that
exactly one of Ken or Maria is the chair of Computer Science.?’ Suppose, on the contrary,
that

KB = {chair(Derek,DCS)}

so the new fact is inconsistent. The constraint can no longer be enforced in the updated KB,
for nothing about (6.8) says it must be true in the revised state of affairs. Simply viewing
the constraint as an objective fact is inappropriate.

m

This example illuminates the need for integrity constraints to be expressed intensionally. They
refer not only to the actual world, but to all (preferred) ways in which we may view the world. We
can ensure the satisfaction of a constraint by adding it to KB.2! This will not, however, guarantee
that the constraint remains consistent when KB is revised. Since revision often entails giving up
certain facts, this “constraint” expressed as a fact in KB can be lost as easily as any other. We
want those revisions to be preferred that keep the constraint C in the revised KB.

As mentioned in the previous section, we can ensure a revised belief set or database satisfies a
constraint C by asserting OC as a premise in our background theory (on the same level as O(KB)).
This has the effect of ensuring any possible worlds ever considered satisfy C. This tack has two
disadvantages. First, it takes us from the realm of CO*, and requires the logic CO. Thus we lose
the uniformity of our models and require a proper subset of the axiom schemata corresponding
to CO* (and perhaps lose a more uniform proof procedure). Second, it might be too strong an
assertion in many applications. Such a statement will force any revision of KB by a fact inconsistent
with C to result in the inconsistent belief set Cn(L). In certain (maybe most) circumstances, we
can imagine a constraint C ought to be satisfied if at all possible; but if it cannot be we should not
be forced into inconsistency.

% A rough characterization would be fairly straightforward, however. We can replace Reiter’s knowledge modality
K with the sequence 513, or even with KB D, as-we discuss in the next section in terms of autoepistemic logic. In
the context of only knowing, KB knows (propositional) o just when KB entails «.

20We adopt the Unique Names Hypothesis (Reiter 1978a), so, e.g., Ken # Maria is true of KB. Propositionally this
can be written as chairMaria D —chairKen

21This is true only of simple propositional constraints. These are not the only constraints we will want to enforce
in general (Reiter 1990).
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Instead of abolishing =C-worlds outright, we’d like to say all C-worlds are “preferred” to —C-
worlds, or they are closer to the actual state of affairs, theory K, than any world violating the
constraint. Such a condition is expressible as

O(c 5> 00).

To see this, imagine some ~C-world v is closer than some C-world w, in a model M of K. Then
wRv and M B, C D OC.
Of course, we are often concerned with a set of constraints C = {C} ,--+,C,}. A set of sentences

of the form
8(c, > acy),---,8(C, > 0C,)

will be CO*-inconsistent if any C;, C; are pairwise contingent, since it is impossible to satisfy the
condition, for some w |= C; A ~C;j and v = =C; A Cj, that v is closer than w and w is closer than
v. For a set C of multiple constraints, we use C to denote their conjunction

8(C >0OC) where C = N\ C..

i<n
We now define a revision model with integrity constraints. We assume C is satisfiable.

Definition 6.9 M is a revision model for K with weak integrity constraints Cy,+++,Cr iff M is a
revision model for K and M |= 8(C D OC) where C is the conjunction of the constraints.
We will often say that M is a revision model with constraints C' where C' is understood to
be either the set or conjunction of the individual constraints. The set {3(C > 0OC)} will be
denoted WIC.

Theorem 6.13 Let M be a revision model for K with weak integrity constraints C. Then I(;“ EC
for all A consistent with C.

Thus we validate the definition of integrity constraint. If a sentence A is consistent with C' it must
be that revising by A results in a belief set that satisfies C'. Of course, this requires that the original
belief set must also satisfy the integrity constraints.

Corollary 6.14 Let M be a revision model for K with weak integrity constraints C. Then K |= C.

Corollary 6.15 If KB [£ C then {O(KB)} UWIC is CO*-inconsistent.

These corollaries state that if KB does not entail constraints C, it can have no revision model
satisfying WIC. That is, if the initial KB violates C we cannot postulate a model in which KB
satisfies C' no matter how it is revised. Our concern is not with the (traditional) question of when
KB satisfies C, but instead with the question of when KB will satisfy C after arbitrary revisions.??

In order to get off the ground, we assume the original KB in our examples satisfy C (i.e.
KB = C). The simplest way to do this is to “throw in” the constraints, assuming they are part of

?2The problem we address here might also differ from the classical problem of integrity constraints in the sense that
we are dealing with revisions of databases rather than updates of databases (see Section 3.3 and 7.1). This suggests
that, just as there are (at least) two distinct types of theory change, there are also two kinds of integrity constraint.
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KB. Otherwise O( KB) will require that ~C-worlds be among those considered to model the actual
world. Often, integrity constraints and objective knowledge are kept separately. In our examples,
we will always consider KB to include as an objective fact any constraint C,2® although we may
not explicitly write C' as a member of KB.

Example 6.9 Let KB = {chair(Derek,DCS)} and
C = {chair(x,d) A chair(y,d) D x=y}.
Suppose we want to revise KB with
chair(Ken,DCS) V chair(Maria,DCS).
Then from {O(KB)} UWIC we can derive in CO*
chair(Ken,DCS) V chair(Maria,DCS) =5

chair(Ken,DCS) = —chair(Maria,DCS).

This definition of integrity constraint has the unappealing quality of being unable to ensure
that as many constraints as possible be satisfied. For instance, if some update A violates some C;
of C, then revision by A is not guaranteed to satisfy other constraints. Only worlds that satisfy all
constraints in C' are preferred. For this reason we included the qualifier “weak” in the definition.
In general, we want other members of C' to be satisfied even though a certain C; may be violated.

Example 6.10 Let KB = {chair(Derek,DCS)} and C = {C},C>}, where
Cy = chair(x,d) A chair(y,d) D x=y,

Cy = chair(x,DCS) = teachnocourse(x).

C? is intended to constrain the database such that only the chair of Computer Science teaches
no courses. From {O(KB)} UWIC we cannot derive in CO*

chair(Ken,DCS) A chair(Maria,DCS) =2 teachnocourse(Ken),

nor can we derive

chair(Ken,DCS) A chair(Maria,DCS) — teachnocourse(Maria).

|
So once Cy has been violated, we cannot assume C; will be satisfied.

In order to ensure a more reasonable behavior on the part of integrity constraints, we’d like to
insist that as many of them as possible be satisfied. This can be accomplished by asserting that
worlds in which a certain subset of constraints C' = {C},+++,C,} is violated are preferred to any
world in which a larger subset of these is violated, where by preferred we intend worlds are lower

23 Although, from previous examples we have seen this is not sufficientfor C to be considered an integrity constraint,
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in our ranking of closeness. Let Sy, S3,...,S52» be an enumeration of the subsets of C. We will use
S; to denote the sentence

Si= A{Cf : Cj € S}

5; will denote its “complement”

Si= /\{"'-Cj :Cj € Si}.

We can think of §; A 5; as stating that some state of affairs satisfies exactly the constraints in S;.
Suppose w |= S; A §;. To say w is preferred to any world that violates strictly more constraints is
to assert that, for every §; C S;,

8((5: A 5) o O-5;).

To see this, suppose this sentence is violated. Then for some such w there is a world » that is at
least as close as w at which 5; holds. This means some superset, C — S, of the constraints violated
at w, C — 9, is violated at v, yet v is equally or more preferred. We can state this more concisely,
without quantifying over all subsets of S; as follows:

B((S: A 5:) 2 O(5i 2 ).
The (strong) integrity constraints determined by C are specified by the set
IC = {8((S: A %) > 0B D 5)) : i < 27}
Definition 6.10 M is a revision model for K with (strong) integrity constraints C iff M is a
revision model for K and M = IC.

Once again, we assume C is satisfiable. The set IC determines a partial order on the subsets
of C that respects set inclusion. When revising by a sentence A, in general there will be several
maximal subsets S; C C consistent with A. The revision of K by A will result in either the belief
in one such subset of C or the disjunction of several such maximal §;, if the revision model fails to
“complete” the partial order determined by sentence IC.

Theorem 6.16 Let M be a revision model for K with strong integrity constraints C. Let S be the
collection of L1;1&.:::::'17:3! subsets S; C C such that S; is consistent with A. For some S C S, it is the
case that K EV S.

Corollary 6.17 Let M be a revision model for K with strong integrity constraints C. Then K = C.

Corollary 6.18 If KB} C then {O(KB)} U IC is CO*-inconsistent.
Example 6.11 Let KB = {chair(Derek,DCS)} and C = {C;,C>}, where
Cy = chair(x,d) A chair(y,d) D x=y,

(s = chair(x,DCS) = teachnocourse(x).

From {O(KB)} U IC we can derive in CO* both

chair(Ken,DCS) A chair(Maria,DCS) <2 teachnocourse(Ken)
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and
chair(Ken,DCS) A chair(Maria,DCS) XB, teachnocourse(Maria).

The specification of integrity constraints as the set IC seems much more reasonable, but gives
equal weight to each constraint in C. Fagin, Ullman and Vardi (1983) have argued that sentences
in a database can have different priorities and that updates should respect these priorities by
“hanging on to” sentences of higher priority whenever possible during revision. For instance, as we
have argued throughout, sentences with more information content should be retained in a belief
set if it is possible to give up those with less. In their theory of updates, sentences in a database
are tagged with nonnegative integer priorities, and sentences are removed from the database during
the update process according to this ranking.

Consider the previous examples where constraints assert that a department has one chair and
that the chair of Computer Science is the only person without a course to teach. It can be the case
that certain information cannot satisfy both of the constraints, but could satisfy either one singly
— for example, when we learn that Maria is the chair and Ken has no course load. It might also
be that we prefer to violate the constraint that a non-chair faculty member teaches no course in
deference to the fact that Computer Science has only one chair; it seems more plausible that Ken
has cut a special deal than that he is another chair..

Suppose that the set C = {Cy,---,Cr} is now an ordered set of integrity constraints with C;
having higher priority than C; whenever ¢ < j. So we prefer C; when a conflict arises with Cj.
Expressing the fact that C, is preferred at all costs is merely asserting that C; is a weak integrity
constraint, so

(¢, > acy)

should be satisfied. Since C; has the next highest priority, it should be satisfied when possible
unless that entails violating C;. This means any world that satisfies C; and C; is preferred to any
world that does not. In other words,

8((C1 A C2) D O(C1 A C2)).

In conjunction with the first sentence, this implies that any preferred world that violates C; will
satisfy Cj. Let P; denote the conjunction of the ¢ highest priority integrity constraints

P=CiANCyA---Cj.
The the set of prioritized integrity constraints is specified as

ICP = {8(P, > 0OPF):i< n}.

Definition 6.11 M is a revision model for K with prioritized integrity constraints Cy,--+,Cy iff
M is a revision model for K and M |= ICP.

Theorem 6.19 Let M be a revision model for K with prioritized integrity constraints Cy,-++,Cy.
Then K;;M = C; whenever A is consistent with the conjunction of all constraints C;, j < i.
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Corollary 8.20 Let M be a revision model for K with prioritized integrity constraints C. Then
KEC.

Corollary 6.21 If KB £ C then {O(KB)} U ICP is CO*-inconsistent.

Example 6.12 Let KB = {chair(Derek,DCS)} and C' = {C;,C;}, where
Cy = chair(x,d) A chair(y,d) D x=y,

Cy = chair(x,DCS) = teachnocourse(x).
From {O(KB)} U IC'P we can derive in CO*

teachnocourse(Ken) A chair(Maria,DCS) 2,

chair(x,DCS) = x = Maria.

It may be that certain constraints should have equal priority, that none in a certain subset of
C have priority over others. It should be easy to see that the strong version of integrity constraints
and the prioritized version can be combined. One needs just assert the premises IC for this subset
of equal-priority constraints and adjust the set JCP to reflect this. We leave the details to the
reader.

6.3.3 Epistemic Entrenchment

In (Fagin, Ulman and Vardi 1983) the tags on sentences are not meant for integrity constraints
alone. In fact, the only sentences tagged with 0 are called integrity constraints, and anything
that can be viewed as violable (to greater or lesser degree) is not correctly called a constraint. If
we adopt this perspective, we see that prioritized integrity constraints are really just prioritized
sentences in a belief set reflecting the degree of epistemic entrenchment associated with each such
belief. Thus, what we have termed prioritized integrity constraints can also be viewed as premises
constraining belief revision to respect pragmatic concerns. Instead of such premises being in strictly
conditional form, it might be the case that notions of entrenchment are more naturally specified
in this way. A conditional 4 <2 B ensures that A A B is more plausible (ranked lower) than
A A ~B. Priorities can express this idea unconditionally, for if C; has lower priority than C, then
-(3 is considered more plausible than —~C;. Reviewing the examples in the last section regarding
the Limit Assumption, it seemed quite natural to represent certain constraints on belief revision
in a non-conditional form. For instance, the theory of rational numbers (from which we reasoned
about height) ought to hold at “any” world, and is given highest priority (its negation is given
lowest plausibility). Certainly beliefs about subjects like commonsense physical laws ought to have
a high degree of entrenchment in general, as opposed to various contingent facts.

To say a belief C, is an integrity constraint of higher priority than C; implies that C; is more
epistemically entrenched than Cs, and that its negation is less plausible. However, the converse is
not always the case. We can have a belief C'; be more entrenched than Cs, yet C; need not be an
integrity constraint. To say Cj is an integrity constraint is a much stronger assertion, for it means
that all states of affairs where C; holds are more plausible than any state of affairs where it does
not (discounting higher priorities). But this is precisely what is intended in many circumstances,
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such as the ones we’ve examined above. Thus, not only is entrenchment expressible modally in
CO*, but so is the stronger concept of integrity constraint.

Of course, one might want to express an absolute notion of entrenchment rather than a condi-
tional one, without relying on integrity constraints, which can be much too strong. That is, we’d
like to be able to assert or ask something like “A is more entrenched than B,” or “A is more firmly
held than B.” Not surprisingly, entrenchment can be expressed as well. Recall Grove’s ordering
<@ is in a sense the dual of entrenchment and is easier to motivate; so we start there.

When A <g B it is intended that A is at least as close to the actual world as B, or A is at least
as plausible as B. But this just means the closest A-world is as close as the closest B-world; the
rank of min(A) (hypothetically speaking) is no greater than that of min(B). This is the case exactly
when every B-world can see some A-world, given our total ordering of clusters; every B-world sees
min(B), which in turn sees min(A). This leads to the following obvious definitions.

Definition 6.12 Let M be a CO*-model. We say A is at least as plausible as B (in context M)
iff M B(B D ©A). The plausibility ordering determined by M is <pps given by

A <pyp B iff A is as plausible as B.
A is more plausible than B iff A <py B and not B <ppr A.%4

Definition 6.13 Let M be a CO*-model. The entrenchment ordering determined by M, denoted
<EM, is given by

B <gp A iff =B <ppr -A.

A is at least as entrenched as B iff B <gps A. A is more entrenched than B iff B <gp A
and not A <gp B.

Corollary 6.22 B <pum A iff M = B(-4 > 0-B).

Of course, we must justify the use of the terms plausibility and entrenchment. Recall the Grove
postulates, (G1)-(G5), and the entrenchment postulates, (E1)-(E5), as presented in Chapter 3.
These results show that, as well as representing the process of revision with the subjunctive condi-
tional —, CO* can simultaneously be used to represent constraints on the revision process in the
form of entrenchment and plausibility of various sentences.

Theorem 6.23 Let M be a CO*-model. Then <ppy satisfies the Grove postulates (G1)-(G5).

Theorem 6.24 Let <g be a Grove ordering satisfying (G1)-(G5). Then there ezists a CO*-model
M such that the plausibility ordering <pps determined by M is <g.

Corollary 6.25 Let M be a CO*-model. Then <gp satisfies the entrenchment postulates (E1)-
(E5) of (Gardenfors 1988).

Corollary 6.26 Let <p be an entrenchment ordering satisfying (E1)-(E5). Then there ezists a
CO¥*-model M such that the entrenchment ordering <gp determined by M is <g.

Thus we see that a given CO*-model (or theory) determines (or partially determines) an ordering
of entrenchment. Not only can we constrain our theories to satisfy subjunctive premises and
integrity constraints, but we can also specify directly statements of relative entrenchment and
plausibility within the logical language. '

24 We use <pum to indicate greater plausibility rather than >par to remain consistent with Grove’s notation, as
well as Pearl’s Z-ranking, where lower ranked elements are more normal or more plausible.
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6.4 ‘Triviality

A drawback of the counterfactual logic VC for subjunctive reasoning is its inability to account for
factual information that may constrain the revision process. This a direct result of failing to satisfy
the criterion for consistent revision

(R4) If ~A ¢ K then K} C K.

Girdenfors (1988) has shown that if the postulate (RT) is added to the conditions on revision and
certain others are weakened (like (R4)), then the resulting logic is precisely VC. Let Lg,nq be the
extension of Lopr that includes unnested occurrences of the conditional connective > and boolean
combinations of such conditionals (much like the language L in Chapter 4).

Definition 6.14 (Gardenfors 1988) A belief revision system is a pair (K, *) where K is a col-
lection of belief sets (in the extended language Lg,nq) and # is a revision function mapping
K X Lgona to K. K must be closed under expansions and * must satisfy (RT); that is B € K}
iff A>Be K,forall K € K.

By imposing certain constraints on this semantic system, in particular on *, Girdenfors derives a
series of stronger and stronger logics associated with various axioms. For instance, insisting that
(R2) be satisfied, A € K}, corresponds to the axiom

A> A
The constraint (R6) that K = Kp iff - A = B is captured by
(A>BAB>A)D(A>CDO>B>C().

These can also be expressed in CO* as A <> A and
84=B)> (A C>BX (),

both of which are theorems. Some AGM postulates are too strong to be expressed in L gona, like
(R5): if I/ A then K} # Cn(L). Girdenfors however gives a necessary (though not sufficient)
axiom for (R5)

A>-ADB>-A

In Lgona the required notion of logical consistency cannot be expressed; however, in CO* this

condition corresponds to
SAD (A5 1),

Postulate (R4) cannot be accommodated within this semantics (hence, neither can the stronger
(R8)) and Girdenfors provides a weak version of it.

(WR4) f A€ K and K} # Cn(L) then K C K3.
This condition is specified by the axiom
AANBDA> B,

and states that if A is a belief, revision by A will cause no beliefs to be given up. Unfortunately
this carries nowhere near the force of (R4), which refers to the case where A is consistent with K,



6.4. TRIVIALITY 135

rather than in K. As discussed in the previous section, this stronger condition cannot be expressed
in Loona for it requires the ability to capture logical consistency, or only knowing K. VC lacks
this expressive power. '

The logic determined by these conditions on a belief revision system is shown to be exactly VC.

Theorem 6.27 (Gardenfors 1988) A is valid with respect to the class of belief revision systems
satisfying certain conditions® iff Fyc A.

Suppose we constrain a belief revision sysi;em to satisfy (R4). This requirement cannot be
expressed in the logic VC, but intuitively it should characterize a certain desirable behavior. A
rather discouraging result of (Gardenfors 1986) is the following.

Theorem 6.28 (Gardenfors 1988) No nontrivial belief revision system satisfies (R2), (R4),
(R5) and (RT).?8

A nontrivial system is one in which some belief set K does not contain =A, =B or =C, for three
pairwise disjoint sentences A, B, C' (where a disjoint pair A, B is any such that =(A4 A B) is unsat-
isfiable).

Let’s say a belief set is AB-ignorant just when it holds no belief about either A or B; that is,
when none of AVB, ~AV B, AV~-B, -AV =B isin K (Rott 1989). It is easy to see that a
trivial belief revision system can have no AB-ignorant belief set.?” Rott (1989) presents a proof
of Gardenfors’s triviality result that is somewhat more perspicuous, and we detail his derivation
here.

Proof (Rott 1989) Let K be an AB-ignorant belief set. Then

(1) AVBe K} p premise
(2) AE€K},g K is AB-ignorant
(3) AVBe(Kipl,  (R2),(R4),Q1)
() ~A€(Khn)n (R2)
(5) Be(K}yp), (3),(4)
(6) ~A>Be Kzp (5), (RT)
(7) KisE€KE property of +
(8) “A>Be Kk} (6),(7)
(9) ~A>-BeK} derived as is (8)
(10) B, _"Bi € (‘KI):-A (8),(9)
(11) (Ix’I)_,A is inconsistent  (10)
(12) -A is consistent K is AB-ignorant
(13) K} is consistent K is AB-ignorant

(14) (K})-, is consistent (12),(13)

Clearly (11) and (14) stand in direct contradiction. Hence K cannot be AB-ignorant.

*These conditions (some discussed above) correspond to the eight AGM postulates, though in the cases of (R4),
(R5) and (R8) they are considerably weaker. See (Girdenfors 1988) for details.

*Girdenfors uses even weaker conditions than these, proving a stronger result, but this description of the theorem
is sufficient for our purposes.

*"Consider the sentences AA B, ~AA B, AA=B, ~AA=B. Any two of these are pairwise disjoint and by triviality
at least two of the corresponding negations must be in any K.
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Girdenfors argues that (RT) is the culprit, and that of the premises required to prove triviality,
it is most suspect and should be given up. However, the logic CO*, with the given definition of
X2, , satisfies (RT) (by definition of +™), and is certainly nontrivial (to see this just construct some
K -revision model for an AB-ignorant K). How can this be when we have shown our revision models
to satisfy the AGM postulates?

To this point we have only considered objective belief sets in the discussion of revision models.
Indeed, as the triviality theorem suggests, if we permit a conditional A =% B to exist in K
something has to give. In our case, it is not (RT) or nontriviality, but correspondence to the AGM
postulates, in particular (R4). Consistent revision does not correspond to expansion in the presence
of explicit conditionals within our model. We will show now that this is the desirable solution, that
it is (R4) that should be given up, not (RT).

A simple argument against (RT), cited by Gérdenfors, is that it entails the undesirable property
of monotonicity.

M) If K C K’ then K% C K"}.
A A

The implication is obvious, for if B € K% then A > B € K} and in K’} so B € K'}. Gérdenfors
argues that this condition should not be satisfied in general.

Consider Victoria and her alleged father Johan. Let us assume Victoria, in her present
state of belief I, believes that her own blood group is O and that Johan is her father,
but she does not know anything about Johan’s blood group. Let A be the proposition
that Johan’s blood group is AB, and C the proposition that Johan is Victoria’s father.
If she were to revise her beliefs by adding the proposition A, she would still believe that
C, that is, C' € K. But, in fact, she now learns that a person with blood group AB
can never have a child with blood group O. This information, which entails C D -A, is
consistent with her present state of belief K, and thus her new belief state, call it K”,
is an expansion of K. If she then revises K’ by adding the information that Joha.n 8
blood group is AB, she will no longer believe that Johan is her father, tha.t is, C ¢ K"
Thus [(M)] is violated. (Gardenfors 1988, p.159)

While (RT) does entail (M), the antecedent of (M) is only satisfied when every conditional
contained in K is in K’. If such a condition were true then we should certainly expect K} C K’}
since every conditional A > B in K (which states revising by A should result in belief in B) is
also in K'. There is nothing problematic with (M) in this case; typically belief sets will give rise to
vastly different sets of conditionals and (M) will not apply. (M) would be discouraging if it applied
to the case where the objective component of K is contained in K’, but this is not the case.

In Gérdenfors’s example, it does not appear that the trouble is actually caused by (M) or (RT),
but by (R4). The original belief set contains A > C. When new information C' D —A4 is learned,
it is simply added to K in accordance with (R4). But clearly the conditional A > C should fail
to hold in the revised set K’. The problem lies in (R4) insisting that K’ = K}, , and that
the conditional A > C should persist. This is, however, an indictment of (R4) not (M). (R4) says
consistent revision ought to be identified with expansion, and in the case of objective belief sets this
is warranted. However, once conditionals are added to a belief set it is not. In this example, new
(objectively consistent) information C' O ~A should cause A > C to be given up (in fact, A > ~C
should probably be added). C' D —A is consistent with the objective component in this case, but
it is not consistent with the entire knowledge base K. A premise of triviality is the presence of
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conditionals in K. Assuming this, clearly Géirdenfors’s example does not illustrate a violation of
monotonicity (M), for K € K’ due to these conditionals.

The intuitions that underlie the Ramsey test lead us to accept (RT). But these considerations
also make it reasonable to accept the condition (RT')

(RT) ~(A > B) € K iff B ¢ K}.

This enforces what Rott calls autoepistemic omniscience, or what has been termed full introspection
in the context of logics of knowledge (Levesque 1986b). Given this principle, an agent has full
introspective powers over its beliefs, so it can tell whether it believes A or not, as well as full
introspective power with respect to revised states of beliefs. (Recall, we are discussing ideally
rational agents with unbounded computational resources.) The additional constraint (RT’) adds
negative introspection to the positive introspection afforded by (RT), and would appear no more
controvertible than (RT).

Admitting (RT) and (RT’) it is easy to see that (R4) leads to the following unacceptable property
of revision functions.

Proposition 6.29 Given (R4), (RT) and (RT'), a consistent revision cannot change belief in any
conditional or its negation.

This is a simple consequence of the full introspective power of the Ramsey test, for (RT) and (RT')
together ensure every K is complete with respect to its set of conditional beliefs. That is, A > B
or =(A > B) is in K for every A > B. By (R4), any consistent revision K, is identical to K}, and
thus any conditional A > B € K is also in K. The following example shows this to be undesirable.

Example 6.13 Suppose KB = {B,C}. Intuitively, (via O(KB)), ~(B > A) and ~(C > A) should
be in K = Cn(KB). Revising by A (presumably consistent with K') results in

K3 2 {A! B, C, ~(B > A)s =(C > A)};

which is clearly undesirable as it violates (RT).

|

There are two ways around this problem. One is to keep (R4) and say A is inconsistent with K in
this example. This seems reasonable, in the sense that, since we have conditionals in K, we ought
to use whatever “logic” of > is available. In this case, the presence of (B > A) and B in K entails
- A. Though we have separate criticisms of this view (see below), the question is “Why bother?”
If we adopt this perspective, there will be no interesting consistent revisions anyway, and (R4) is
meaningless. (R4) has condemned itself to uselessness. The second solution is to say that (R4)
simply doesn’t apply to conditional knowledge bases. -

Rott (1989) shows a stronger version of the triviality result that uses autoepistemic omniscience.
Let ® be a modal knowledge operator where ®A is read as “A is known.” We can define it in terms
of > as

RA=4 T > A

Thus the correspondence to introspection becomes clear, for (RT) and (RT’) ensure that
RAeK if Ae K and

~RAcK if A¢K.

Given this connection, Rott shows that no belief revision system can possess an A-ignorant belief
set K.
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Proof (Rott 1989) Let K be an A-ignorant belief set. Then

(1) "~BA€eK premise, (RT)

(2) AeK; (R2)

(8) WA€ Ky (2),(RT)

(4) RA€ K} (3), (R4)

(5) ADRA€K (4), property of +
(6) ~®RAD-A€eK (5)

(7) ~A€K (1),(6)

Clearly (7) stands in direct contradiction with the premise that K can be A-ignorant.

Again, the culprit appears to be (R4), since in step (4) of the derivation we have RA € K}
merely because A € K% and K} = K. This leads to step (5), the fact that A D ®A is true in
every belief set and must be a theorem of the logic. In VC this corresponds to the axiom

(A> B)> (A> B).

As a “metatheorem” or “metarule of inference” this principle is acceptable: if A € K then A € K.
But as a theorem it is inappropriate and should not be considered valid. If ®A € K then it should
be that A D BA € K as well, since it is a trivial propositional consequence. However, if A ¢ K it
is not a consequence at all. It does not follow vacuously, since ~A is not necessarily in K either —
we want to permit incomplete belief sets.

The sentence A D ®A can be read as “If A is true then it is known to be trtie.” This is precisely
the kind of default rule autoepistemic logic is intended to reason with. But the point is such a
sentence is a default rule and is intended to express one’s willingness to accept =A by default. It
is not a legitimate theorem of autoepistemic logic (or of conditional logic) unless we restrict our
belief sets to be complete. We return to the question of the validity of these sentences in the next
chapter, and in the next section turn our attention to the epistemic nature of belief revision and
pursue the relationship to autoepistemic logic.

Aside from these arguments that claim that (R4) is inappropriate when dealing with conditional-
permitting belief sets, this conclusion is supported by the nature of our revision models. Our
semantics seems quite compelling and is based on intuitions that underlie much of the earlier work
on revision. In our model, the extension to conditional-permitting belief sets is quite natural,
requiring no extra postulates, and automatically verifies (RT) at the expense of (R4).

6.5 A Generalization of Autoepistemic Logic

Our model for revision possesses an epistemic quality and uses the concept of what is known by
a belief set or database to great effect. We claim any coherent notion of revision requires that
a specified KB is all that is known, this in order to account for the effect of factual knowledge
on the revision process. Indeed, we have seen that the idea of full introspection or autoepistemic
omniscience can be defined quite readily within CO* in terms of the subjunctive conditional. In AI,
logics of knowledge (in particular, autoepistemic logic) have been studied extensively and seem to
play a crucial role in knowledge representation and default reasoning (Moore 1985; Levesque 1984a;
Levesque 1990; Levesque 1986b; Lakemeyer 1991; Marek and Truszczynski 1989). Evidently, some
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relationship must exist between CO* and existing logics of knowledge. Revision (or subjunctive)
conditionals A =5 B have a default character in addition to their epistemic nature, as shown in
various examples. For instance, from bird — fly one cannot infer bird A penguin 2, f1y.
These subjunctives seem closely related to default rules as expressed in autoepistemic logic. The
“birds fly” default is written as

bird A ~ R ~fly D fly

where ® is the knowledge modality, and is read
“If something is a bird and it is consistent to believe it flies, then it flies.”
Compare this to the reading of bird — fly

“If a belief set is revised to accept that something is a bird, then it will include the
belief that it flies.”

The two are quite similar, and we can compare them by defining a knowledge operator within CO*.
Recall that « is believed if KB D a is true in the revision model. This amounts to asserting that
the conditional T =2 a holds, or equivalently ©Oa.

Definition 6.15 The connective B is defined in CT40 as

Ba =4 000a.28

We can see the reading of Ba as “o is believed” is appropriate for propositional theories.

Proposition 6.30 Let M be a preorder revision model for propositional theory K. Then M | Ra
iff K = a for any propositional o.

Proposition 6.35 which follows demonstrates that this definition of belief is appropriate in a more
general epistemic setting, as well.

Given this definition we can show that the subjunctive conditional entails a belief in the au-
toepistemic version of the default rule. To see this imagine that bird —> fly holds and that
bird holds at some world w consistent with the belief set KB. By definition of X8, | w satisfies
O(bird D fly) and hence fly. That the default rule is true (nonvacuously) follows from the fact
that w |= fly implies the truth of -~ ® ~fly, as well.

Proposition 6.31 Let M be a preorder revision model for K such that M = A X5 B. Then
M ER(AA-R-B D B).

That the converse fails to hold indicates that the subjunctive is in fact a stronger statement than
the default rule. ®(A A -~ ®-B D B) is satisfied by any revision model where =4 is believed, but
this is not true of A =% B. The subjunctive does not merely state what is true of the current
belief state but also what must hold in any revised state. It is not made vacuously true by belief
in = A, but will only hold if the closest A-worlds are B-worlds, a condition not enforced by the
autoepistemic default statement.

28 We use O to emphasize the fact that ODe is true at every world in 2 model. In the case of CO this is unnecessary,
as the shorter sequence ¢Oa would suffice. In CT40, the distinction is also unimportant if we restrict ourselves to
cohesive models, but is required otherwise.



140 CHAPTER 6. CONDITIONAL LOGICS FOR BELIEF REVISION

To appreciate this distinction better it befits us to compare belief revision directly to autoepis-
temic logic. Though several distinct versions of autoepistemic logic exist (Moore 1985; Konolige
1987; Marek, Shvarts and Truszczyiski 1991), we will examine Levesque’s (1990) semantic recon-
struction of Moore’s original formulation. Levesque provides a modal logic of belief, based on a
weak S5 possible worlds semantics, in which autoepistemic expansions of a KB can be viewed as
the set of beliefs that are implied by only knowing the KB. The logic OL contains modal operators
B and O, where Ba is read as “a is believed” and Oa as “only « is believed.” (Actually, O is
defined in terms of B and N, where Na is read as “At most —a is known.”) The interpretations
given B and O are motivated by the same considerations we discussed in Section 6.3:2° Ba means
« is true in all states of affairs that an agent considers (epistemically) possible and Oa means a
world is considered possible iff it is an a-world. A model structure for OL consists of a pair (A, w)
where A is a set of possible worlds, those considered epistemically possible, and w is the “actual”
world. Thus

(A,w) EBa iff AC|a|l and

(A,w) EOa iff A= |«

By ||er|| we refer to the set of worlds satisfying « among the set of all underlying logically possible
worlds W, or the set of all valuations (we consider only the propositional case here, though Levesque
provides a first-order treatment). Of course, the evaluation of these clauses when « contains modal
operators requires appeal to the entire structure.

Given that A forms the set of (an agent’s) accessible worlds, we can define the set of inaccessible
worlds 7 = W — A, and view OL-structures as partitioning W as AUZ. There is an obvious parallel
to CO*, for O(KB) asserts that a CO*-model is divided into a set of accessible worlds (from the
point of view of KB) that satisfy KB, and a set of inaccessible worlds that do not. The difference
lies in the fact that CO*-models allow a more general structure on the set Z of inaccessible worlds,
the only requirement being that they are arranged in some total preorder. This ordering ranks
worlds according to closeness or plausibility. OL, on the other hand, makes no distinctions among
worlds in Z, giving each equal weight, or making them “mutually accessible.”3® So we can view
CO* as a generalization of OL in which less structure is imposed on inaccessible worlds; therefore
such worlds can be further differentiated. See Figure 6.3.

That CO* generalizes OL implies that the type of reasoning sanctioned by OL can be duplicated
in CO*. Before we demonstrate this fact, we will show that, indeed, the structure of OL-models
can be duplicated by CO*. To constrain CO*-models to have the structure of OL-models is to
ensure that all worlds fall into one of two mutually accessible clusters: the set of accessible worlds
(KB-worlds) or the set of inaccessible worlds (-~KB-worlds). The sentence O( KB) ensures that the
first set is indeed a cluster. To capture the second we must force all =KB-worlds to be mutually
accessible. This is accomplished by the sentence

B(-kB> B1).

To see this imagine v is inaccessible to w where both are ~KB-worlds. Then w falsifies §1 and
hence the constraint. Combining this with O(KB) we get

(kB> (DKBAG-KB))A(-KBD> T1)). (6.9)

?°In fact, much of our account draws heavily on (Levesque 1990).
39 Though, strictly speaking there is no accessibility relation associated with OL-structures.
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(a) (b)

Figure 6.3: An OL-structure (a) and a CO*-structure (b) verifying O( KB) and O( KB), respectively.
A is the set of accessible worlds, and Z the set of inaccessible worlds. CO* generalizes OL by
permitting additional structure on Z through the accessibility relation R.



142 CHAPTER 6. CONDITIONAL LOGICS FOR BELIEF REVISION

We denote the sentence (6.9) by Ot (KB) as it expresses an augmented version of only knowing
O(KB). '

Theorem 6.32 Let M = (W, R, ) be a CO-model. Then M |= Ot (KB) iff W = AUZ where A
and Z are clusters such that I sees A, and I consists of ~KB-worlds while A consists of KB-worlds.

One distinction that cannot be made in CO¥*, but possible in OL, is the difference between only
knowing a tautology and only knowing a contradiction. In CO*, O%(T) and O*(L) are indistin-
guishable as both require models consisting of one (nonempty) cluster. Nothing differentiates Z
from A in this case.

Proposition 6.33 Fgo OF(T) = 0% (1).

In OL this is not the case, for the semantics is defined in terms of A and Z and the situation
where A = () is different from Z = (). Thus only believing a tautology means believing nothing but
tautologies, whereas only believing a contradiction entails believing every sentence. We could rule
out the lattér case®! and declare by fiat that Ot(L) really “means” O+(T). In the results that
follow however, we will primarily be interested in nontrivial belief sets (see below) and not consider
belief sets that entail contradictions.

To duplicate autoepistemic reasoning in CO* we do not insist that the inaccessible worlds be
indistinguishable from each other, as they are in OL. Though we can mimic OL-structures in CO*,
this is not a requirement of autoepistemic reasoning. We can use the relationship illustrated in
Figure 6.3 to our advantage. We wish to use the minimal set of worlds A as the set of epistemi-
cally possible situations. At the same time, we consider all non-minimal worlds, the set Z, to be
epistemically impossible without requiring that they be mutually accessible (as they are in OL).

Definition 6.16 For any M = (W, R, ) we define A C W to be the set. of R-minimal worlds in
M; that is
A= {w:vRw for all v € W}

We define T = W — A.

Proposition 6.34 For any K -revision model M = (W, R, p)
(a) M Ey a foreacha € K iff we A
(b) M =y, ~a for somea € K iff weZl

To show the correspondence to OL we must define a translation of sentences in Loy into Lp.
While the simplest idea is to map sentences with modalities B and N to their counterparts with
operators O and O, this can’t be correct, for Oa does not correspond to belief in our language.
Instead, the defined connective ® is a more accurate specification of belief.

Proposition 6.35 Let M be a K-revision model. M = Ra iff M =, a for each w € A.

Similarly, No, meaning « is true at all epistemically impossible worlds cannot correspond to

Oa in general. We need a more “global” translation of Ne, defining a connective ® that says «
holds at all worlds in Z.

311n fact, Levesque (1981) does this by requiring A be nonempty.
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Formulae a is true at all inaccessible worlds just when it is true at all worlds except those in
the minimal cluster. In other words, it is true at all worlds inaccessible to these minimal worlds;
M =y Ba whenever w is minimal. But if w is minimal, it can be seen by any world in M, so
we want to say that O0a holds at some world in M (which forces Oa to be true at each minimal
world w). This points to the following definition.

Definition 6.17 The connective § is defined in CT40 as

— —
RBa =4 SO0,

Proposition 6.36 Let M be a K-revision model. M |= Ra iff M =y a for each w € T.

Even when using standard only knowing, O(KB), instead of the augmented version, O (KB),
we can never only know a contradiction in CO¥, unlike OL. Indeed, O(L) is a theorem of CO.

Proposition 8.37 Fco O(4L).

This can be explained by observing that O(KB) forces the set of KB-worlds to form a minimal
cluster, but since the set of L-worlds is empty, O(L) is a vacuous constraint.3?> We will only be
concerned here with non-trivial belief sets.

Definition 6.18 Let KB C L. KB is trivial iff Fco O(KB) = O(1).

We are now in a position to define the translation between the two languages and show that
autoepistemic reasoning can be accomplished in CO*.

Definition 6.19 Let a € Log. The translation of a into Lg, denoted o™, is defined 'inductively
as

(1) o™ = a for atomic propositions «
(2) (me)™ = ~(a)™

3) (@3 BT = ()™ > (™

(4) (Ba)™ = B(a)™

(5) (Na)™ = B(a)™

Before showing the relation between OL and CO*, we will mention the relationship of OL to au-
toepistemic logic. Given a set of premises KB, autoepistemic logic determines the stable expansions
of KB, those sets that can (roughly) be characterized as the beliefs that follow from KB together
with belief sentences Ba, where a is in the expansion, and -Bf3, where § is not. That is, the
expansion is closed under introspection. Levesque (1990) has shown that expansions of this sort
are precisely those sets of sentences believed when KB is only known. Thus the primary type of
autoepistemic reasoning addressed by Levesque for OL takes the form of queries: O(KB) D Bg.
The set of sentences satisfying this query forms the intersection of the stable expansions of KB.
Intuitively, this is asking if we are justified in believing S given that KB is all the information we
have about the world. Our translation of OL into CO* shows the same queries can be faithfully
answered within CO*. In other words, CO* subsumes autoepistemic logic.

%20(T), of course, is not vacuous, and forces all worlds to be mutually accessible, so nothing is known.
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Theorem 6.38 oz, Oa D BB iff Fco. O(a™) > AT,

This theorem shows that autoepistemic default rules can be specified in CO* and that only
knowing in CO*, by agreeing exactly with only knowing in OL, characterizes precisely the stable
expansions of an autoepistemic default theory.

Example 6.14 Suppose KB = {bird A ~ R -fly D fly} . Then
Fco« O(KB) D B(bird D £1y).

Adding bird to KB ensures that Rfly is derivable from O(KB). This follows from the
example of Levesque (1990) showing the same derivation in OL.

Because CO* generalizes OL by allowing more structure on inaccessible worlds, the subjunctive
representation of a default rule is in many ways more compelling than its autoepistemic counterpart.
As with normative conditionals, subjunctive default rules can be used to infer new rules, and
priorities on the application of rules is automatically derivable.
Example 6.15 Consider the standard “Unemployed Grad Student” example from the default
reasoning literature (see Section 2.2.2). In autoepistemic logic the standard theory is written

as
adult A -B-employed D employed

KB = { student A ~Bemployed D —employed
student A ~B-adult D adult

Unfortunately, from this theory we can derive defaults stating (on the standard autoepis-
temic representation of rules) that student adults are both typically employed and typically
unemployed, as shown by the following theorems: :

KB lor, student A adult A ~B-employed D employed and
KBFor student A adult A ~Bemployed D —~employed.
In CO* however, the natural expression of the theory doesn’t give rise to this anomaly.

adult =5 employed
KB={ student — -employed
student =2 adult

KB Fco. student A adult =2 —employed but

KB {co. student A adult 22, employed.

While it should be clear that autoepistemic statements such as
bird AR —-fly ) fly

cannot be interpreted as default rules per se, the corresponding default rule bird = fly would
seem to justify belief in such a statement. It should also be evident, however, that the subjunctive
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bird X2 f1y is also not strictly a default rule. It too is a statement about an agent’s belief state
that is in some sense justified by the acceptance of the default bird = fly. Autoepistemic rules
and subjunctives can be viewed as reason-guiding beliefs that somehow establish the principles
required by default reasoning. However, subjunctives, as indicated by the previous example, are
stronger statements that lead to more plausible conclusions about an agent’s belief state, The exact
relationship between normative defaults and subjunctives is addressed in the next chapter (but we
will raise as many questions as we answer).

One property of autoepistemic rules that might make them more desirable in certain circum-
stances is that they can be “only known.” For instance, in Example 6.14, O( KB) is consistent in the
case of the initial KB, and amounts to believing only that bird D fly is true. Subjunctives (taken
separately), in contrast, cannot be only known, for they are globally true sentences; if A 25 B
holds at some possible world, it holds at all possible worlds. Thus O(bird = fly) is inconsistent
as no model can have belief in only bird ~2 fly-worlds, since some of these must be bird A -fly-
worlds, contradicting the subjunctive.>® On the other hand, a subjunctive is not made vacuously
true when its antecedent is believed false, unlike an autoepistemic rule. If =bird is believed, so
are both autoepistemic default rules “birds fly” and “birds do not fly.” A subjunctive A ~> B
is not affected by the falsity of A. We have yet to explore the implications of these properties in
full detail, but in the next chapter we do examine the relationship between subjunctive and default
reasoning more generally, and clearly the particular connections to autoepistemic logic remain a
promising avenue of research.

Another aspect of the autoepistemic nature of revision we will discuss only superficially is the
further generalization of autoepistemic logic afforded by CT40*. The notion of only knowing is
also meaningful for this weaker logic. Just as using O(KB) in CO* allows us to construe CO* as
generalizing OL, so too could using O(KB) in CT40* allow further generalization. Interestingly,
however, the augmented versions O (K B) coincide in the two logics, for two clusters cannot form
a preorder and not be totally ordered (given cohesiveness).

Theorem 6.39 Let M be a CT4{O*-model such that M |=cr40. O (KB). Then M is a CO*-model
such that M |=co. OF(KB).

Corollary 6.40 For40. OT(KB) D Ra iff Foo. OF(KB) D Ra.

Even more intriguing is the fact that if we restrict KB to use only the modal operators ® and
5, excluding formulae containing (explicit) occurrences of O and 0, then O(KB) will give rise to
the same set of beliefs in both CO* and CT40*. Thus any modal logics that lie between S4
and 54.3 give rise to exactly the same autoepistemic logics as specified by our conception of only
knowing O* (though this is certainly not the case for “regular” only knowing O). This suggests
a semantic counterpart of the range results of Marek, Shvarts and Truszczyiski (1991) in which
various nonmonotonic logics, as defined with respect to an underlying modal logic by the fixed-point
operator of McDermott and Doyle (1980), are shown to be identical.*

33This is not to say we cannot only know a KB that contains subjunctives, just not those containing nothing but
subjunctives.

31n fact, by our argument, stronger logics than S4.3 (e.g., S4.3.2) would also collapse into S4 under Ot, Thanks
to Mirek Truszczynski for bringing this logic $4.3.2 to my attention. This logic appears to be important for relating
default logic and nonmonotonic logic. See Section 7.2.2.
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6.6 Miscellany

In this chapter, we have shown how bimodal logics such as CO* can be used to represent the process
of belief revision and associated concepts. We defined a conditional XB, | the sentence 4 =% B
being read “If KB is revised by A then B will be believed.” Theorems 6.7 and 6.8 show that this is
a coherent notion, equivalent to the AGM postulates. In fact, CO* can be viewed as the first logic
for AGM revision. The expressive power of CO* enabled this characterization, for in CO* we can
express the concept of only knowing a knowledge base. This is indeed the key requirement of any
logic for revision. Theorem 6.1 and Corollary 6.3 show how the concept of only knowing can be
defined in our bimodal language. We also showed how CO generalizes this process by permitting
“relative consistency.” CT40 generalizes CO further by determining a notion of preorder revision.
One question that has not been answered is what set of postulates corresponds to this type of
revision.

Appeal to the Ramsey test shows — to be nothing more than a subjunctive conditional. We
provided a framework for answering subjunctive queries that improves on existing logics precisely
because epistemic concepts like belief and only knowing are representable. Furthermore, we re-
spected the Ramsey test without falling prey to irivialily, and argued that conditional belief sets
should only have to satisfy (R4) vacuously, since there can be no consistent revisions of such belief
sets.

We showed how a number of constraints on the revision process can be expressed in CO*, includ-
ing integrity constraints of various types (Theorems 6.13, 6.16 and 6.19), plausibility of sentences
(Theorems 6.23 and 6.24) and entrenchment of sentences (Corollaries 6.25 and 6.26). Finally, we
demonstrated that CO* is a significant generalization of autoepistemic logic (Theorem 6.38). While
autoepistemic constraints on a belief set can be expressed in CO* and interact with the revision
process, they alone are not sufficient as “reason-guiding” beliefs for default reasoning; subjunctive
constraints are also required. This suggests that fundamental connections exist between normative
statements and their subjunctive (and autoepistemic) counterparts. While much work remains to
be done in this respect, we begin addressing such relationships in the next chapter.



Chapter 7

Unification

To this point we have discussed modally-defined conditional logics extending S4 in great detail.
In particular, we have concentrated on the modal logic CO¥*, in which concepts relating to both
default reasoning and belief revision are expressible. Indeed, such diverse systems and methods as e-
entailment, rational and preferential consequence, rational closure, AGM revision and autoepistemic
logic can be expressed, and extended, within CO*. We have seen the relationship that exists among
the various approaches to default reasoning, as well as the connections between various models of
revision (such as AGM revision, Grove’s system and Lewis’s counterfactual logic).

One feature of the revision conditional —> mentioned only in passing in Chapter 6 is the
identity of its definition in CO* with that of the normative conditional = given in Chapter 5. In
this chapter we will suggest that default reasoning and belief revision are governed by the same
logics and, in fact, that normative and subjunctive conditionals are the same conditional. The
difference between normative and subjunctive reasoning is the context in which the logic is used.

We will start by reviewing some of the connections established in Chapters 4, 5 and 6, con-
centrating on the similarity of the processes of default reasoning and belief revision. We will then
explain how the two distinguished forms of reasoning can have the same formal structure and be
modeled within the same logics, requiring only a slight shift in perspective to apply the logics
correctly. Straightforward revision and subjunctive reasoning is seen as revision of the actual state
of affairs. We try to accommodate new information with our beliefs about the world. Default or
normative reasoning, in contrast, is viewed as revision of some idealized normal state of affairs.
New information (as well as previous knowledge of the world) is reconciled not with what we know,
but with what we expect, or what we take normally to be the case. In this way we can account for
extra knowledge of which we cannot be certain, but perhaps only reasonably safe in assuming. The
fact that the same conditional connectives and logic can accurately represent subjunctives and
normatives lends credence to the claim that belief revision and default reasoning are essentially the
same “logical reasoning task,” albeit employed for different purposes.

This notion has been suggested with varying degrees of commitment and explicitness by several
people. Poole’s (1988) Theorist framework implicitly adopts the revision approach to default
reasoning, while in (Kraus, Lehmann and Magidor 1990) it is suggested that the difference between
the interpretation of the semantics of preferential consequence and that of standard conditional
logics is the reference of the latter to what would be true if the actual world were some way. Katsuno
and Satoh (1991) have proposed a class of models called ordered structures that capture some of
the intuitions underlying default reasoning, belief revision and conditional logics. The connection
between revision and nonmonotonic reasoning has been established in its strongest form to date by
Girdenfors and Makinson (1990; 1991). We will discuss their results briefly in this chapter as well.
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However, using the logic CO* (and in an analogous manner its weaker generalizations extending
CT40), we will provide the first demonstration that the logics of revision and default reasoning
reasoning are identical.

We will continue by showing that other approaches to default reasoning, including possibility
theory (Dubois and Prade 1988), can also be accommodated within the CO* framework, and sug-
gesting that CO* might provide a qualitative counterpart of even standard probabilistic (Bayesian)
notions of inference. In this regard, the modal logic CO* and its weaker counterparts determine
a uniform framework in which many diverse approaches to nonmonotonic inference may be devel-
oped, investigated, compared and understood, including approaches typically based on extra-logical
characterizations (for instance, AGM revision, or Theorist).

7.1 On the Relation Between Subjunctive and Normative Con-
ditionals

In Chapters 4 and 5 we developed a definition for a normative conditional based on the modal
logics CT4 and CT40. In this section, however, we will concentrate on the extension CO¥*, but
note that the remarks that follow regarding the relationship between the subjunctive and normative
conditional hold in the weaker case, given suitable adjustments. In CO* a simple modal formulation
of the truth conditions for = is

A= B =4 O-4v3(AAT(AD B)).

CO* places a total preorder on states of affairs, ordering worlds according to normality or typicality.
In the principal case A = B holds just when B is true at the most normal A-worlds (at least in
the limit). This corresponds precisely to preferential and rational consequence and e-entailment
in the case of simple conditional theories, but extends these in a natural way, as we have seen.
For instance, the language of CO* is far more expressive than that of simple, or even extended,
conditionals; with the modality for inaccessibility we can axiomatize even rational closure or 1-
entailment. As well, CO* makes no commitment to the Limit Assumption, providing meaningful
truth conditions for A = B even when no minimal A-worlds exist.

In Chapter 6 we developed a definition for a subjunctive conditional based on CO* as well, and
the truth conditions for <= can be given as

AXE5 B =4 O-Av3(AAD(4A D B)).

Once again CO* places an ordering on states of affairs, but in this case worlds are ranked according
to their closeness or similarity to the actual world. We were able to show that CO* stands in perfect
relation to the AGM postulates for revision, yet again has the advantage of expressing revision
within the logical language, and does not make the Limit Assumption. '

The interesting feature of these definitions is the fact that they are identical. In the same modal
logic we can define a subjunctive conditional and a normative conditional equivalently and show
they behave properly (at least to the extent that the connections to existing systems demonstrate
this). On this view, then, subjunctives and normatives have precisely the same (formal) truth
conditions. However, subjunctive and normative reasoning are clearly two different processes. How
can the two conditionals have the same truth conditions? How can the same logic be appropriate
for both?

Of course, having the same formal truth conditionsin CO* does not mean the two conditionals
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have the same actual truth conditions. The difference is easily explained by appealing to the
interpretation provided accessibility for subjunctives on the one hand, and normatives on the other.
When evaluating the truth of the subjunctive A = B we order possible worlds according to the
degree to which they conform to our knowledge of the actual world. The subjunctive is true just
when B is true at the closest A-worlds. A normative A = B is evaluated by ranking worlds
respecting the degree to which they are judged to be normal or unexceptional. The normative is
true just when B is true at the most normal A-worlds. While these conditions are formally identical,
this implies no equivalence of the “actual” (say, linguistic) truth conditions. For instance, there
is no problem permitting bird(T) = £1y(T) to be true and bird(T) — £1y(T) to be false
within CO* (say when T is some “actual” non-flying bird). In each case, the interpretation of the
accessibility relation is different. '

But there is also a reasonably strong argument against normatives and subjunctives having
even the same formal truth conditions. That they have the same formal structure implies that
the inferential relation existing between sets of normatives is the same as that for subjunctive
conditionals. One rule of inference purported to distinguish these two connectives formally is
modus ponens for the conditional (writing > for the subjunctive):

CMP A,A= B} B,
CMP A,A> B} B.

Obviously CMP should not be valid for the normative conditional (in the first instance above),
for if this detachment principle were valid none of our default rules could have exceptions. We must
be able to assert consistently that birds normally fly while a particular bird Tweety does not, or a
certain class of birds such as penguins does not. This point seems relatively incontrovertible.

In contrast, it is usually claimed that CMP must be valid for the subjunctive conditional.
Imagine the subjunctive “If it were raining I would be carrying my umbrella” is true (say, R > U).
This states that at the closest worlds to the actual at which R holds, U holds as well. Imagine now
that R is true, Clearly the actual world is (among) the closest at which R holds. Therefore, for
R > U to hold U must be true. Indeed, CMP is valid in most subjunctive logics, such as Lewis’s
(1973a) VC and Stalnaker’s (1968) C2.

Somewhat at odds with this assessment is the fact that CMP is not valid for our subjunctive
(since it is not for =>):

A, A5 BVYco. B.

We claim here that, in fact, CMP is not appropriate for subjunctives. To be a valid rule of inference,
the conclusion of the rule must be true in all situations where the premises hold. This includes
both situations considered reasonable (by an agent) and those given little or no plausibility. This is
not the case for CMP in CO* because of the epistemic nature of the subjunctive conditional. We
have argued for an explicit reading of the Ramsey test, whereby a subjunctive is believed just when
its consequent is present in the state of belief (hypothetically) achieved by obliging the antecedent.
As we have noted, R = U is true in some world just when it is true at all worlds in a CO*-model.
This is due to the fact that a CO*-model is suitable for a fixed set of beliefs only. But this means
that the truth of R =2 U is independent of the world at which it is being evaluated, and specifically
independent of the truth of R and U at any given world. If an agent’s state of belief is such that
R “2 U is held, it does not matter what truth values are given R and U in the “real” world. It
might be the case R A -~U is true — all that tells us is that the agent’s beliefs are mistaken (in
particular, its belief in R D U). Indeed, when an agent assents to R — U, any R A ~U-world is a
situation where CMP is violated. Even in worlds where I have forgotten my umbrella on a rainy
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day R =5 U holds given this particular state of belief. Imagine being shut up in a windowless office
all day (or being really stupid).

Given the link between the truth conditions for = and the Ramsey test, this suggests that
whenever both R <= U and R are believed, U is believed as well. This is quite different from CMP,
which refers to the truth of R and U. Indeed this “metarule” of inference is valid for CO*:

KMP If A and A > B are believed, then B is believed.

KMP If A€ KBand A X5 B € KB then B € KB.

Using the belief notation of Section 6.5 we can write this as a derived theorem of CO*:
KMP Fco. RAAR(A => B) D BB.

Thus CO* and =2 conform more exactly to the intuitions underlying the Ramsey test than does
the logic VC. The failure of CMP in CO* is related to the failure of the following inference, which
is valid in VC (see also Section 6.4):

ANBlyc A> B

AABlWco. A= B.

However, in CO* we have the following derived theorem regarding such beliefs:
Fcos. B(AA B) D (A= B).

This is not to say that subjunctives cannot be based on or related to the truth of facts in the
actual world rather than epistemic states. There must certainly be subjunctives other than those
(like El->) based on the Ramsey test, conditionals that validate, say, CMP. For example, update
semantics proposed for reasoning about revision due to changes in the world instead of changes in
belief (Winslett 1988; Katsuno and Mendelzon 1991; Grahne and Mendelzon 1991) might require
these rules of inference, and might validate different portions of VC. The logic of Grahne (1991)
contains a connective of this sort.

Assuming now that the formal structure of normatives and subjunctives can coincide, the ques-
tion remains: how do normative and subjunctive reasoning differ? We claim that the distinction
lies not in the logic but in the way the logic is applied to reasoning tasks. A certain perspective
is adopted when the logic is used in one instance, and this view is modified to accommodate the
other the other type of reasoning. This change in view takes place essentially in the interpretation
of the ordering placed on states of affairs.

Consider the evaluation of a normative conditional. To effect this process we must, to some
degree, impose an ordering on worlds reflecting the extent to which they are adjudged to be uniform
or unexceptional. The actual world might not be especially homogeneous, but we can imagine
what it would be like if it were. In a certain respect, we are aspiring to some idealized norm, some
state(s) of affairs that are deemed most normal, at which (for instance) all “defaults” are true
and no exceptions exist. It is just these worlds that are minimal in our ordering, and situations
that conform more exactly to these uniform states are considered more normal than those that
correspond less exactly. Most certainly our knowledge won’t allow us to achieve this “epistemic
nirvana,” but to the extent our beliefs are consistent with normality we take advantage. In this way
we are able to exploit our expectations of the how the world normally (or typically, or probably)
is, given our knowledge, and make more adventurous predictions. This is precisely the province of
default reasoning.
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Consider now the evaluation of a subjunctive conditional. Once again we rank states of affairs,
but in this case we forego the ideal used in normative reasoning and allow cold, hard reality to color
our perceptions. We order worlds according to their conformation to the actual state of affairs,
rather than some normal state, or how they relate to the way things are rather than the way things
should be. We take the actual world to be the most normal or most probable and consider how
the world might change given new information.

It seems clear that the two orderings should be related. Suppose I believe birds normally fly,
bird(x) = £fly(x), but I think that Aunt Martha’s pet Sylvester is a cat. If I consider what would
be the case were Sylvester a bird, most likely I will assent to the subjunctive bird(Sylvester) L
fly(Sylvester). What is normally the case, or what is expected, will influence how we revise
our beliefs. Worlds judged to be more likely will also often be considered closer to the actual
world. Conversely, the subjunctives deemed true and the revisions we typically make should affect
the normative statements we admit. This might be associated with the question of how we come
to accept default rules or normative conditionals, perhaps based on empirical experience or an
abstraction of probabilistic data. If revising by A results in belief B frequently enough, it might
be the case A = B comes to be acknowledged. Worlds closer to the actual world will often be
considered more normal than those less similar. This connection remains unexplored, but further
investigation might lead to an even greater blurring of the distinction between subjunctive and
normative reasoning. Indeed, the task of defining a logic in which the subjunctive and normative
conditionals can be reasoned with simultaneously and interact should prove to be both feasible and
worthwhile.

Another view of the relationship between default reasoning and belief revision has been put
forth by Gérdenfors and Makinson (1990; 1991) and it too is compatible with our perspective and
the identity of the logics governing the two processes. They propose interpreting nonmonotonic
inference in terms of revision of one’s expectations. Suppose we have some set of defaults KB we
are willing to adopt whenever possible. For simplicity we assume K = Cn(KB). When we wish to
determine the nonmonotonic consequences of a sentence A the idea is to revise our expectations
K to include A. The resulting theory is the belief set we are willing to accept given a belief in A.
Thus A p~ B iff B € K. The nature of revision is such that we give up as few defaults as possible
from K to accommodate A. This is just the sort of viewpoint adopted for default reasoning by
Poole (1988) and followed by Brewka (1991).

The Theorist framework of Poole is based on a background set of defaults D, cons1stmg of
propositional sentences we are prepared to assume as true (that is, our expectations). 1 An eztension
for a set of facts F' is a set D' U F' where D' is a maximal subset of D consistent with F. Roughly
speaking, an extension is a possible default extension of I, a theory containing F' and satisfying as
many defaults as possible. One may define a (skeptical) nonmonotonic inference relation in terms
of Theorist by saying A |~ B just when B is in all extensions of A (with respect to some underlying
set of defaults D).

While not explicitly stated in these terms, this is more or less the idea behind belief revision: one
keeps as many original beliefs (defaults) as possible. Géirdenfors and Makinson (1990) show that
(with suitable modifications) nonmonotonic reasoning based on Theorist can be interpreted as belief
revision based on a belief set of expectations. They also show how various postulates for revision
parallel properties of general nonmonotonic inference relations. In (Géardenfors and Makinson 1991),
they push this equivalence even further by demonstrating that ezpectation orderings (essentially
orderings of entrenchment in a default setting) correspond to a class of preferential semantics in

!We ignore here the constraints of (Poole 1988), which are not relevant to the current exposition.
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the sense of Shoham (1988).

On their view, somewhat like Poole, default reasoning can be viewed as revision of a set of
expectations or defaults K. The default rule, or nonmonotonic inference, A v B is true just when
B € K. In this way default reasoning and belief revision can be unified and given a consistent
formal treatment. This provides another interpretation of the identification of the normative with
the subjunctive conditional. While subjunctive reasoning is based on revision of one’s knowledge of
the actual world, normative reasoning is based on revision of one’s ezpectations. In a CO*-model
of subjunctives, epistemically possible worlds are minimal in the closeness ordering, and hence
it is the theory determined by these worlds (one’s knowledge) that is revised. In a CO*-model
of normatives, the minimal worlds (assuming some limit) are those that satisfy each conditional
default or unconditional expectation. Thus it is this theory of expectations that is revised.

7.1.1 Irrelevance and Belief Revision

While the results of Gardenfors and Makinson show a close relationship between revision and default
reasoning, these are stated at the extra-logical level of postulates. One must translate statements
of revision of the form B € K’ into statements of nonmonotonic inference X - A |~ B and vice
versa, showing that conditions on the revision function * correspond to properties of the inference
relation pv. Our results are stronger in the sense that statements of revision A = B are statements
of nonmonotonic inference A = B. The logics of belief revision and default reasoning are identical.
Properties of the conditional = are automatically valid for X%, in any particular modal logic or
modal theory. There is also the advantage of being able to express these properties directly at
the object level in terms of derived theorems and inference rules rather than at the metalevel of
postulates and conditions. This object level perspective has the concomitant benefit of allowing one
to express interaction of, say, propositional knowledge with these postulates, or unusual interaction
of the postulates, directly within the logical language (see Section 4.1.4).

In Chapter 5 we saw that reasoning by default using conditionals is somewhat problematic when
irrelevant information is present in a knowledge base (which will almost always be the case). Since
the notion of consequence underlying both the normative and subjunctive interpretations of our
conditionals is identical this would seem to indicate that the problem of irrelevance should affect
subjunctive reasoning as well. Indeed, this is the case.

Example 7.1 Consider the set of subjunctive premises
{vird =5 fly, penguin —> bird, penguin —— -fly

evaluated with respect to knowledge base KB containing —-bird. Clearly revising by bird
results in a new KB containing fly, while revising by bird A penguin results in the belief
-fly. However, if we were to ask if revising by bird A green results in the belief fly, the
answer would be UNKOWN. Neither

bird A green 22 fly

nor
bird A green e =fly

is derivable from these premises.
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Intuitively, as in the case of default reasoning, we expect revision by bird A green to result in
the belief £1y, since nothing in the knowledge base indicates that green birds are somehow different
from birds generally when beliefs are revised. However, just as in the case of default reasoning, the
logical structure of the connective X2, does not allow this inference.

The equivalence of CO* to the AGM postulates shows that this problem exists for any method
of revision that respects the AGM postulates without extending their power. The problem of
irrelevance has not been discussed in the literature on either subjunctive reasoning or belief revision,
yet evidently it is a serious problem that needs to be addressed before systems that perform this type
of reasoning can be developed. The equivalence of = and — indicates that existing formalisms
for belief revision are not equipped to deal with this problem, that has yet to be identified within
the revision community. We note that the solutions to irrelevance we presented in Chapter 5 can
be applied to reasoning with our revision conditional. However, as we mentioned at the end of that
chapter, these solutions are not entirely satisfying and we do not pursue this connection here.

The extra-logical approach to nonmonotonic reasoning based on revision can be viewed as
more general, since revision can be defined in terms of arbitrary selection functions that choose
subtheories of the set of defaults being revised. Gardenfors and Makinson (1991) provide just
such a definition of ezpectation inference operations. If we think of these functions as selecting
some set of worlds that is preferred given a specific antecedent then this has the effect of enforcing
the Limit Assumption. But it is not the case in general that a selection function on sets of
sentences need correspond to a selection function on worlds in some ordering (although Gardenfors
and Makinson seem to suggest this is what they have in mind). Thus, it may be the case that
expectation inference makes no commitment to the Limit Assumption. In defense of CO* and its
generalizations, we remark that the notion of ordering is such a pervasive and intuitive concept
that a selection semantics that cannot be interpreted in such terms might not be interesting except
from a mathematical or logical perspective. As a normative theory of reasoning, orderings seem
particularly compelling.

7.2 Other Connections

7.2.1 Possibility Theory

Because we are able to unify default reasoning and belief revision within CO*, many concepts
associated with revision may be applied to general nonmonotonic inference. In Chapter 6 we
discussed several concepts frequently associated with revision and expressed these in our bimodal
language, concepts that typically have no analogues in default reasoning. Among these are the
notions of plausibility, entrenchment and integrity constraints. Given this unification these concepts
are obviously applicable in a default setting and can be given a meaningful interpretation.

Plausibility is an ordering relation on sentences where A is at least as plausible as B just when
ﬁ(B D ©A) holds. In the context of default reasoning A is more plausible just when it is more
expected than B. In other words, as we are forced to “give up hope” in more and more normal (or
expected) situations as our knowledge conflicts with these, we will be more willing to accept some
situation where A holds than any where B holds. As we move up the ordering to less expected
situations we will find a world where A holds before one satisfying B. This corresponds to the
notion of degree of Lehmann (1989), since this occurs just when AV B = A is true. It also
equivalent to Pearl’s (1990) Z-ranking of formulae, since this implies Z(A) < Z(B).

Girdenfors and Makinson also provide a definition of a plausibility valuation whereby sentences
are mapped into a totally ordered set determining some measure of their plausibility. Intuitively,
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one may think of assigning a value from the real interval [0, 1] to each sentence, with higher ranked
sentences being more plausible. We do not go into details here, but given two basic conditions on
the plausibility mapping and an appropriate notion of inference, Gardenfors and Makinson show
that inference based on plausibility is precisely inference based on expectation. ~We remark in
passing that this notion of plausibility corresponds to our definition of plausibility precisely.?

Gardenfors and Makinson’s concept of plausibility ordering is reminiscent of the possibility
theory of (Dubois and Prade 1988). There events are mapped into the real interval [0, 1] such that
the following conditions hold:

(a) Poss(T) =1
(b) Poss(L)=0
(c) Poss(AU B) = max(Poss(A), Poss(B))

As observed by Girdenfors and Makinson (1991) and Farifias and Herzig (1991), the fact that the
real unit interval is the range of the possibility function is inessential, the important quality being
the total ordering of the set. Indeed the numbers have no meaning or function other than to relate
the possibility measure of one sentence to another. Reading Poss(A) = .9 as “A is quite possible”
is inappropriate, for a possibility measure assigning degree .1 to A can determine exactly the same
ordering of sentences and, hence, the same inference relation.

This has lead Farifias and Herzig (1991) to develop a modal theory of qualitative possibility. This
logic is shown to capture the essential nature of qualitative possibility theory. Unfortunately, their
logic requires a large family of modal operators, one for each element, or possibility measure, in
the totally ordered set. However, this multimodal logic captures precisely the intuitions underlying

entrenchment (and hence plausibility) orderings. Of course, since CO* can express notions of
plausibility and entrenchment, this implies that the modal logic of possibility theory requires only
two modalities, O and 8.

Farinas and Herzig present QPL, qualitative possibility logic, in terms of an ordering connective
> based on the representation theorem of Dubois and Prade (1988). That theorem states that
possibility measures on events are precisely those measures that agree with certain postulates
about an ordering on events. QPL, in effect, is an axiom system for these postulates. We assume
a standard propositional language together with the binary connective >. A > B is read “A has a
degree of possibility as great as that of B.”

Definition 7.1 (Farifias and Herzig 1991) QPL is the smallest set of sentences containing
CPL and the following axioms, and closed under the following rules of inference:
QP1 A>BAB2>2C D> A>2C
QP2 A>BVB2>A
QP3 =(L 2>T)
QP4 T> 4
QP5 A>B>(AVC>BVC(C)
QP6 From A D B and A infer B
QPT7 From A = Binfer A> B

2This can be seen by considering the clusters of a CO*-model to be the elements of the totally ordered set, ordered
by accessibility.
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They then present PL, possibility logic, as a multimodal logic in which QPL can be axiomatized
without the conditional connective >. We do not give details here but to notice that the logic
requires a separate modal connective for each possibility measure in the ordered set, and an indexed
family of accessibility relations for each operator. It is not hard to see that the large family of modal
operators is not required to give a modal presentation of QPL or possibility theory. The observation
of Farifias and Herzig that QPL is an alternative axiomatization of Lewis’s conditional logic VN
shows that QPL has a spheres semantics. But CO* corresponds quite naturally to systems of
spheres, or total preorders on possible worlds, and axiomatizes such systems directly with two
modal operators. There is no need to use more than one accessibility relation or a large class of
modalities to represent QPL. The ordering on sentences > corresponds to the notion of plausibility

in CO*,

Theorem 7.1 Let Poss be a possibility measure. Then there ezists a CO*-model M such that <pps
is the plausibility ordering determined by M and A <par B iff Poss(A) > Poss(B).

Theorem 7.2 Let <pps be the plausibility ordering determined by some CO*-model M. Then
there ezists a possibility measure such that Poss(A) > Poss(B) iff A <pm B.

Thus our notion of plausibility for revision corresponds also to a possibility measure in a default
setting. '

Of course, entrenchment is just the dual of plausibility and can be equally well expressed
in CO* in a default setting. In this sense, the statement that A is as entrenched as B, that is
8(~A > ¢~ B), corresponds to Girdenfors and Makinson’s notion of expectation ordering.

The concept of integrity constraint can be also be given an interpretation in terms of default
reasoning. When an integrity constraint C' holds it means that all worlds satisfying C are more
plausible, or more expected, than any world satisfying ~C. Thus we can think of C' as being as
having the highest possible degree of expectation. No matter what information we have, we predict
C by default, unless we know =C. Nothing short of learning —~C directly (or through certain
deduction) will cause C' to become unexpected.

The applicability of this notion was seen in Chapter 5 where System Z was interpreted (im-
plicitly) in terms of integrity constraints. Any world of rank 0 is considered more normal than
any world of higher rank. In this manner, the conjunction of (the material counterparts of) the
default rules forms an integrity constraint. All worlds satisfying this conjunction are preferred to
any world falsifying some rule. These, of course, also can be viewed as imposing further, prioritized
constraints; for once this strongest constraint is violated, we try to satisfy the constraint that only
lower ranked rules are falsified, preferring those worlds to others.

7.2.2 Autoepistemic Logic

The epistemic nature of revision and subjunctive reasoning lead us to posit CO* as a generaliza-
tion of Levesque’s (1990) logic OL of only knowing, and therefore of autoepistemic logic. Thus,
autoepistemic logic can be seen as a particular logic of belief revision. But the connection between
subjunctives and normatives allows one to view revision-style default rules in CO* as also making
statements of normality. Thus we come full circle and interpret autoepistemic default rules as also
making default or prototypical statements as was perhaps the original intent of this system when
proposed in (McDermott and Doyle 1980).

However, while the relationship between autoepistemic default rules and their subjunctive or
normative counterparts exists, it indicates a weakness of the autoepistemic account of defaults. For
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example, from A =2 B one can infer
R(AA-R-B D B)

as well as the weaker RA D BB (recall ® is the modality of belief in CO*). The converse implication
is not typically valid, for this autoepistemic rule is made true whenever ®-A holds. The revision
statement A = B makes a much stronger assertion and seems to be a more reasonable notion of
default; it says that if one comes to believe A then one will also believe B, rather than the weaker
statement that if one does believe A then one will believe B.

Because of the connection with autoepistemic logic, and its ability to express even these simplis-
tic autoepistemic default rules, CO* can be related to many other more traditional forms of default
reasoning. The relationship between default logic and autoepistemic logic has drawn considerable
attention over the past few years (Konolige 1987; Marek and Truszczyiski 1989; Truszczyirski
1991). In (Marek, Shvarts and Truszczyiiski 1991) a number of nonmonotonic modal logics have
been proposed and investigated, and recently Truszczysiski (1991) has shown how default logic can
be embedded in one such logic, the nonmonotonic version of the modal system S4F. The logic
S4F is an extension of S4.3 and is characterized by the class of structures having exactly two
related clusters (though one may be empty). We recall that such structures correspond precisely
to those CO-models that satisfy the augmented version of only knowing O*(KB). We concluded
that augmented only knowing is too strong a restriction in general for default reasoning, and, not
surprisingly, Truszczyriski’s result suggests to us that default logic is not suitable in many circum-
stances, particularly with respect to deriving priorities and new default rules. Embedding default
logic in a modal logic, however, allows natural generalizations of default rules (for instance, the
disjunction of rules) and hence CO* can perhaps be seen to generalize default logic as well as
autoepistemic logic.

Autoepistemic and default logics have also been widely investigated in connection with logic
programs. Often the semantics of logic programs are given in terms of these nonmonotonic systems.
The generalization of these logics afforded by CO* might allow the semantic interpretation of
logic programs in terms of this modal logic of its weaker counterparts. Indeed, the manner in
which priorities on defaults are handled in CO* might provide a natural account of the semantics
of stratified programs. The implementation of default and autoepistemic theories within logic
programs might also suggest translations of CO* into such terms.

Because of the ties with autoepistemic logic, CO* provides the opportunity and the framework
for investigating the relationship that exists between traditional approaches to default reasoning and
other areas such as conditional and probabilistic representations, revision semantics and subjunctive
reasoning.

7.2.3 Probabilistic Semantics

In this section we discuss only briefly the potential interpretation of CO* in terms of standard
and nonstandard probabilistic semantics. The most obvious probabilistic interpretation of both
the normative and subjunctive conditionals is that provided by e-semantics. We have seen that
a sentence A = B can be understood as asserting that the conditional probability P(B|A) can
be made arbitrarily high, even when considering the other constraints imposed by a theory. Some
have argued that the semantic content of such a statement is unclear or, worse, simply untrue
(Bacchus 1990). When one says “Birds normally fly,” the intent is not to assert that the proportion
of nonflying birds among all birds is infinitesimal. Certainly, P(£fly|bird) is not greater than 1 —¢
for any ¢, in the “real world.” However, this misses the point of e-semantics and the logic of high
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conditional probabilities. When a default rule A — B is interpreted this way, it is not meant
to assert that P(B|A) vanishes. Rather it says, and this seems to be Adams’s (1975) original
intent, that we can make the conditional probability arbitrarily high, if required, in the presence
of whatever other constraints happen to be lying around.

In the context of default rules, it is important to keep in mind that probabilistic satisfiability and
¢-consistency are secondary notions compared to ¢-entailment. Adams’s motivation was to provide
a concept of inference that preserves arbitrarily high probabilities, just as classical entailment
preserves truth. In this way, no matter how high the desired probability of some conclusion, it can
be achieved simply by raising the probabilities of the premises to a sufficient degree. If accepting
some default rule A — B requires approximately an “empirical” probability P(B|A) = ¢, then
this is perhaps a question of learning default rules, or when such normative statements should be
accepted. e-entailment ensures that no matter what degree of certainty is required for acceptance,
this level can be achieved in the derived default rule.

This still leaves intact the question of the precise meaning of A — B as a probabilistic default
rule. As Bacchus (1990) has argued, and we have just reiterated, we certainly do not intend that
P(B|A) should vanish. It is on this point, we claim, that the modal interpretation of such defaults
provides a natural and compelling semantic account of the logic of arbitrarily high probabilities.
The meaning of the rule A — B is just that of the normative statement A = B: if A then
normally B. In Chapter 4 we demonstrated that asserting that P(B|A) can be made arbitrarily
high (in the presence of other constraints) is precisely stating that the most normal (probable)
states of affairs where A holds also satisfy B. In this way, CT4 and its extensions (as well as
the preferential semantics of Kraus, Lehmann and Magidor (1990)) determine a (more) classical
semantic interpretation of rules such as A — B.

In Chapter 4, we also mentioned the relationship between CT4 and the probabilistic nonmono-
tonic system of inference developed by Bacchus (1990). There are a number of parallels between
statements such as A = B and P(B|A) = c for some constant ¢, and the two systems in general.
Bacchus’s system, unlike most probabilistic approaches, combines both objective and subjective
probabilities. Thus, default rules (in the form of conditional degrees of belief) can be implicitly
linked to one another, and to other propositional (or evidential) knowledge through their connec-
tion to objective probability distributions, via the principle of direct inference. The distinction
between background and evidence therefore remains at an epistemological level, rather than at
the formal logical level. This is similar to our modal approach and allows much desirable interac-
tion. Naturally, with probabilities, one can express not only default rules but also the strength of
such rules, and the degrees of belief accorded default conclusions. This is beyond the capability
of categorical systems like our modal systems. It should prove very enlightening to pursue these
connections more formally and discover to what extent CT4 and its stronger counterparts can be
viewed as either fragments of, or approximations to, probabilistic default reasoning.

Within the realm of belief revision, the relationship of revision functions on deductively closed
theories to the revision of probability functions (for instance, through conditionalization) has been
investigated. Gérdenfors (1988) has shown a very interesting connection. If we want to revise a
probability function P to include belief in A, the resulting function Pj should have the property
P3(A) = 1. The key postulate for such probabilistic revision is that when A is “consistent” with
P, so that P(A) > 0, then P} should be the result of conditioning P on A. In other words,
P3(B) = P(B|A) for all B. Given this requirement and some other postulates, any probabilistic
revision function determines an AGM revision function in the sense now described. If we consider
the set of beliefs determined by P to be the set of sentences assigned probability 1 by P, this forms
a standard (deductively closed) belief set. Probabilistic revision functions define AGM revision
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functions on the belief sets associated with these probability assignments.

The reverse connection is of more interest here if we wish to provide a probabilistic interpretation
of CO* revision models. This is also a more difficult problem, for any (consistent) belief set K can
be the belief set associated with arbitrarily many probability functions P. The question of which
probability functions to associate with a given belief set is addressed in great detail in (Lindstrom
and Rabinowicz 1989). A probabilistic semantics for CO*, both in terms of belief revision and
default reasoning, might draw on these types of results, and, conversely, the nature of probabilistic
revision might be illuminated by probabilistic approaches to default reasoning. Again, it appears
that CO* might provide a unifying framework for such investigations.

Finally, we mention the possible relationship that exists among CO¥*, only knowing and max-
imum entropy. We alluded to the similarity of only knowing to maximum entropy in Chapter 6.
Because of this, it might be possible to interpret only knowing as a qualitative, symbolic counter-
part of distributions of high entropy. If the relationship is a strong one, it might lead to possible
connectionist implementations of default theories in Boltzmann machines, which maximize entropy
of networks subject to certain constraints, or maximum likelihood models (Rumelhart, McClelland
and PDP Research Group 1986, Ch.7). In our case, such constraints would be default rules that
must attain some high probability. As well, such equivalence might lead to some type of qualitative
or symbolic interpretation of connectionist architectures.



Chapter 8

Concluding Remarks

8.1 Summary

In this thesis, we have presented several logical models for default reasoning and belief revision,
and have shown how the two types of reasoning are related. Not only were we able to show how
various existing formalisms fit into our framework, but how diverse systems can be related within
our framework, how they can be generalized, and how they can be improved.

Regarding default reasoning, we presented a modal framework for the representation of nor-
mative conditionals. The logics CT4 and CT4D subsume, and suggest obvious generalizations
of, e-semantics, preference logics and rational logics. Furthermore, our systems bear a qualitative
resemblance to systems and methods of (more standard) probabilistic reasoning, especially in the
(implicit) distinction between background and evidence. A key advantage of our modal approach
is the abandonment of the Limit Assumption, an assumption made in all existing conditional ap-
proaches to default reasoning.

We discussed the problem of irrelevance for conditional logics and extended our modal logics
with a modal connective for inaccessibility. With this additional expressive power, we were able
to axiomatize two existing solutions to the problem of irrelevance. Furthermore, we were able to
distinguish between the type of (practical) irrelevance assumed in conditional default reasoning
and the traditional (statistical) notion of irrelevance, or independence.

We then moved on to propose models of belief revision based on our extended modal logics.
Again, while ignoring the Limit Assumption, these models subsume the standard models of revision,
and suggest various generalizations. Our system appears to be the first “classical” logic of revision.
Within it a number of concepts can be expressed, such as entrenchment, plausibility, integrity
constraints and notions of belief, and these can be related to revision. Furthermore, the epistemic
nature of revision was established and it was shown that autoepistemic logic can, in fact, be viewed
as a specialization of AGM revision. As well, subjunctive conditionals were defined in such a way
to respect the Ramsey test, and avoid the classical trivialization results.

Finally, we examined in some depth the connection between default reasoning and belief revision,
suggesting that formally these are the same process, and that the normative and subjunctive are
the same conditional. We distinguish the two processes, however, at a practical level; the logical
apparatus is the same, but we use it with a different perspective in mind in each case. This
connection allows us to see the relationship between a number of disparate types of reasoning
systems.

We have seen that the modal approach to default reasoning and belief revision is extremely
general and powerful. It is general in the sense that we have been able to embed a number of
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existing systems and concepts within our logics in a way that respects the original intuitions of
these systems. However, besides demonstrating the equivalence of our logics to these systems, we
have shown how the expressive power of our approach can be used to extend existing systems
considerably. CO*, for instance, can be construed as the first purely logical characterization of
AGM belief revision. The fact that CO* allows the expression of propositional consistency at
the object level permits such a model of revision. This is important because it determines the
first sound and complete proof theory for existing semantic models like that of Grove (1988).
Moreover, the semantic structures underlying CO* are far more general in that they do not obey
the Limit Assumption. If restricted to statements about of revision, this generality is unnecessary;
but the expressive power of CO* permits other types of constraints on revision to be specified.
Statements of entrenchment, plausibility, integrity constraints and autoepistemic constraints can
be written in CO*, all of which interact with subjunctives or statements of revision. These, we
have seen, can determine models that fail the Limit Assumption. Thus CO* provides two distinct
and crucial extensions to the AGM theory: a syntactic extension that allows the expression of
important intensional constraints; and a semantic extension that permits the violation of the Limit
Assumption.

Similar remarks apply to the embedding of subjunctive reasoning and autoepistemic reasoning
in CO*. With respect to subjunctive reasoning, CO* respects Lewis’s (1973a) conditional axioms,
but allows for the influence of factual information on the subjunctive reasoning process, an influence
not representable in VC. Autoepistemic reasoning can be performed in CO*, but we allow belief
sets that have a certain structure, rather than the “flat” belief sets representable in OL. Thus the
degree of entrenchment of beliefs can be expressed, and this can have an impact on our autoepistemic
interpretation of default rules.

Embedding preferential consequence relations and e-semantics in CO* determines similar ex-
tensions of these systems. In these cases, we provide an alternative logic for existing systems in
which logical formulae are not constrained to have the form of simple conditionals. As well, the
fact that CO* is a modal logic suggests a number of generalizations of the embedded systems.

While CO* extends many systems of defeasible inference, perhaps the most novel aspect of this
work is the unifying perspective afforded by our logics. Not only are various concepts expressible
in CO*, but they are expressed in very similar ways. Indeed, we have seen that the normative
and subjunctive conditional are the same connective. While this relationship has been suggested in
the literature, this is the first demonstration that the logics of default reasoning and belief revision
are the same. Besides relating default reasoning and belief revision, this view also demonstrates
connections among the other embedded systems. For instance, the relationship of autoepistemic
logic to revision and subjunctive reasoning is quite interesting and important, but perhaps not too
surprising, since the notion of belief is crucial to each of these. In contrast, the relationship of
autoepistemic logic to e-semantics is much more novel.

Not only does the relationship between systems appear, but also the relationship between certain
concepts and previously disassociated systems. Qualitative possibility reduces to plausibility. While

plausibility, entrenchment and integrity constraints have been discussed in the context of belief

revision, the relationship within CO* shows them to be meaningful for default reasoning as well,
a connection that has yet to be explored in the literature. Furthermore, the problem of irrelevance
plagues conditional representations of defaults, yet has not been discussed in the belief revision
community. Since the normative and subjunctive conditional are identical, irrelevance is indeed a
problem for revision also. Figure 8.1 shows in tabular form the relationship of various systems and
concepts.
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" normative conditional = | equivalent to | revision conditional — "

preferential consequence AGM revision
rational consequence logic subjunctive reasoning
g-semantics Co* autoepistemic logic
possibility theory

Other concepts: Entrenchment, plausibility,
Integrity constraints (weak, strong, prioritized),
Belief, Knowing at most, Only knowing

Figure 8.1: Relationship of Systems to CO*

8.2 Future Research

This section will be short, as many important potential extensions of this work have been identified
throughout, especially at the ends of Chapters 4, 5 and 6; and most of Chapter 7 is devoted to
further speculation. Here we will only review some of the more important prospective areas and
suggest a few others.

8.2.1 On A Quantificational Extension

The account of normative and subjunctive reasoning provided here is completely propositional.
We have said little about how it might be extended to the first-order case, but clearly such an
extension is required if this account is to be at all adequate. The difficulties involved in extending
modal logics with quantification are too numerous and intricate to discuss adequately here, and
have been well-documented in the literature, These have lead some, most notably Quine, to doubt
the intelligibility of quantified modal logic (and, hence, modal logic simpliciter).! In particular,
problems surrounding the identity of individuals within the scope of modal operators, and the
associated reference terms, are especially intractable. In a possible worlds framework, the problem
is that of deciding how to identify an individual in one world with an individual in another, and
how to refer to or describe this individual in different worlds.

Before looking at these problems, perhaps we should ask why we adhere to the possible worlds
framework in light of such difficulties. The answer, quite briefly, is that it is the most natural and
compelling account of phenomena like subjunctive and normative reasoning. The Ramsey test for
subjunctives (or some variant, for different types of conditionals) is a quite plausible model. To
evaluate A <5 B is to imagine some situation where A holds and ask if B follows. These situations
are just the counterfactual situations or possible worlds that constitute our models. Of course, not
any counterfactual situation will do. An agent judges some of these A-worlds to be more plausible,
more likely, or more similar to the “actual world” than others. Selection functions are often used
for this purpose, but we adopt the view that an ordering of worlds (represented by an accessibility
relation) is an appropriate model for an ideally rational agent.

Similar remarks apply to the evaluation of a normative conditional. Given some information
an agent takes to be true, the appropriate default predictions are just those additional facts true

1See, for example, Quine (1961; 1960). For a survey of these difficulties and attempted responses see Haack (1978,
Ch.10).
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at the most normal or most ezpected situations satisfying the known facts.

What are competing analyses of subjunctives? One is Quine’s account of dispositions (and
the associated subjunctives).? To say some substance z is soluble is often taken to assert the
associated subjunctive, that if 2 were placed in water it would dissolve. Quine explains this
disposition of ¢ without appeal to intensional concepts as follows: there is some y of sufficiently
similar internal structure to & such that ¥ has been placed in water and has dissolved. That the
internal structure may not be known is irrelevant, and we can imagine applying this analysis to
supposedly “counterfactual” situations. However, this cannot account for statements such as

If a large meteorite were to strike New York City, the consequences would be catas-
trophic.

Certainly, there is no situation of “similar internal structure” on which to base this evaluation.
Indeed, Quine ultimately denies that such statements are necessary in a “regimented theoretical
language” (Haack 1978).

Goodman’s (1955) approach to counterfactuals is quite similar to more recent attempts to reduce
default rules to material implications (see Doyle (1983) and Chapter 2). It is largely unsuccessful
for the same reasons. He requires that a counterfactual be evaluated (roughly) by conjoining to
the antecedent a set of relevant conditions and asking whether the consequent follows from these
(together with appropriate causal laws). Of course, specifying relevant conditions is very hard,
somewhat unnatural (as we saw with the qualification problem), and does not allow us to reason
about counterfactuals without knowing these conditions.

It would seem that the possible worlds analysis is the only game in town. Supposing this is so,
what issues arise when quantification is added to modal logic? It is impossible to convey the full
scope of these problems in this space, but we illustrate some of them with a few examples, and
attempt to dismiss their purported devastating implications for the enterprise of quantified modal
logic.

The key problem is that of quantifying into modal contexts. Consider Quine’s (1961) examples.
Obviously,

The number of planets is greater than 7
is true, as is
9 is greater than 7
Furthermore, we take it as given that 9 is necessarily greater than 7
O(9 is greater than 7)
and by existential generalization
320(z is greater than 7)

Quine a.rgue.s that this last sentence cannot possibly be true, for if the z satisfying this last sentence
is 9, then z is also the number of planets, and by substitution we can infer

O(The number of planets is greater than 7)

%See, for instance, Quine (1960).
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This is surely false.

There are two senses, however, of the sentence “The number of planets is necessarily greater
than 7.” One is the sense described above (which is clearly a false assertion). The second sense
(and this has been suggested by Smullyan (1948)) can be described as

3z ((the number of planets = z) and O(z is greater than 7)) -

which is true (supposing mathematical truths to be necessary). In other words, the individual,
that in this world is denoted by “the number of planets”, is necessarily greater than 9. Contrast
this with the first sense, that “the number of planets” denotes in each world some individual that
is greater than 7.2

To describe this second sense requires quantifying into a modal context, something Quine finds
objectionable as it smacks of essentialism (that is, the characteristic that one and the same “entity”
can exist at different possible worlds. One objection Quine has to this approach is the consequence
that all identities are necessary. So, for example,

z = y implies O(z = y)

must be a theorem of any such modal approach. Frege’s classic example is often used to refute the
necessity of identity. We know

The morning star = the evening star

but we should not infer that
O(The morning star = the evening star)

In fact, essentialism (as we propose it) sanctions no such inference. All we can conclude is that
3z3y(z is the morning star and y is the evening star and O(z = y))

Thus, Frege’s example is not problematic at all. It is not necessary that the morning and
evening stars are the same object,® but it is necessary that the object that is denoted by “the
morning star” in the actual world and the object that is so denoted by “the evening star” are the
same, since they refer to a single individual. If this individual exists in another world (and that is
a different question), how can it be anything but itself?

Before asking what this says about essentialisin, we must ask how we can identify individuals
as being identical across possible worlds. Technically, this is quite easy, for instance, by adopting
a set of standard names referring to the same individuals across worlds.> These are also known
as rigid designators, and are unlike constant symbols (e.g., “the morning star”) that may denote
differently in different worlds. Kripke (1980) often uses proper names as rigid designators, and this
is not wrong if every domain object has such a name; but this often leads to confusion in examples
(especially among the detractors of quantified modal logic). For instance, if we ask

What if the morning star were a bird?

9This assumes “9” to designate rigidly (see below).

‘It may be preferable to state that it is not necessary that one and the same object rises in both the morning and
the evening depending on the season.

Levesque (1984a; 1990), for example, uses this technique.
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we suppose that in such a possible world “the morning star” would not be so-called.

Pursuing this purposely bizarre example, it should be clear that what we expect is a situation
such that “z is a bird” is true of that situation, where “the morning star” denotes this x in the
actual world. Thus, we can consistently assert

Jz(z = the morning star and <(z is a bird))®

As Kripke (1980) emphasizes, the “problem” of transworld identity of individuals is not sub-
stantial. How can it be that the morning star is a bird in some possible world? If it is a bird,
what properties does it have that allow us to identify it as the bird that “once was” the morning
star? To ask these questions is to take the term “possible world” too seriously.” For an object to
exist at another possible world is purely a matter of stipulation, and the properties of the object
are also stipulated. “ ‘Possible worlds’ are stipulated, not discovered by powerful telescopes. There
is no reason we cannot stipulate that, in talking about what would have happened to Nixon in a
counterfactual situation, we are talking about what would have happened to him” (Kripke 1980,
p.44).8

I*)Iot.ice that the essentialism imposed by the possible worlds approach, stated this way, is ab-
solutely minimal. The only essential property we are committed to is identity. It is hard to see
how one could not insist on the necessity of identity if one is interested in the counterfactual con-
sequences of the morning star “turning into” a bird. Furthermore, it is hard to imagine what other
essential properties there are, once we allow a planet to become a bird (or even vanish). If the
question of essential properties is crucial to knowledge representation, it is important to note that
modal logic (on the view expressed here) takes no stand on essential properties other than identity.
If it is supposed that, say, the morning star could have been nothing but a celestial object, then
we can assert as a premise

O(The morning star is a celestial object)

It is not, nor should it be, a theorem of any system. Essential properties can be stipulated, just as
contingent properties can.

- We’ve seen the implications of quantification for subjunctives, but how does it influence nor-
matives? If someone asserts that all birds normally fly, we take it to mean

Vz(z is a bird = z can fly)

Notice that the predicates “bird” and “fly” are inside the scope of the conditional (or the modality).
Thus, at the most normal worlds where any domain individual is a bird, that individual can fly.
At the most normal worlds where the morning star is a bird, it flies. At the most normal worlds
where Tweety is a bird, it flies too. This is not to say that they are one and the same set of worlds.
When we say all birds normally fly, each of them is judged independently. There need not even be

®The observant reader may ask how we came to “fix” the denotation of “bird” is this sentence. Of course,
it is not fixed to denote the same domain objects in this counterfactual situation as it does in the actual world.
The connective € could refer to a situation in which “bird” now refers to the planets. However, considerations of
comparative similarity allow one to chose the relevantly most similar worlds satisfying “z is a bird,” presumably
where “bird” has roughly the same extension, and other properties remain about the same. Naturally, context can
play a role in judgements of similarity. Different situations would be used to answer the question “If the morning
star were a bird, would Tweety be a planet?”

TCf. Lewis’s (1968) counterpart theory, where individuals do not exist across worlds, but have counterparts in
other worlds.

8The analogy should be clear: read “Nixon” as “the morning star” and “him” as “it”.
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a most normal world where all the individuals that are birds in the actual world are birds and can
fly. The most normal world satisfying “z is a bird” can be different for each individual  (though
we probably imagine otherwise). Given the latitude of the logic, we can constrain our conception
of normality to fit most any pattern (for instance, by asserting that all birds (in the actual world)
are birds in all more normal worlds, thereby assuring that there will be a point where all “actual”
birds fly).

There are other questions that need to be addressed in the quantificational domain, but none,
I believe, cast doubt on the ultimate success of a possible worlds framework. One problem is that
of fixing the reference of proper names, definite and indefinite descriptions, and so on. This leads
to the question of what individuals should be supposed to exist at various worlds. Hirst (1991) has
pointed out that most research in knowledge representation has largely ignored questions regarding
the types of individuals and classes of existence that form object domains.

Another question is the appropriateness of derivations in quantified versions of the normative
and subjunctive logics in their present incarnation. For instance, consider the two sentences:®

People normally admire some great athlete.
People are normally not great athletes.

The obvious interpretations of these in our logic is

Yz3y(T = (athlete(y) A admires(z,y)))
Va(T = -athlete(z))

These sentences stand in contradiction, one implying the existence of great athletes, the other the
nonexistence, in the normal state of affairs. Are the original sentences truly inconsistent or does
context play a role in resolving the conflict? Perhaps the implicature of the first sentence, that
great athletes exist, should give rise to the following translation:

Vz((Jyathlete(y)) = (Jy(athlete(y) A admires(z,y))))

At the most normal situations where great athletes exist, everyone admires some great athlete.

8.2.2 Other Avenues

In Chapter 4, we suggested possible generalizations of both the normative conditional logics and
the definition of the conditional itself. This might lead to other interesting notions of default
inference, especially systems for dealing with inconsistent default conclusions, and systems based
on non-normal modal logics (for instance, as suggested in (Marek, Shvarts and Truszczyinski
1991)). These generalizations should prove interesting for revision as well. Paraconsistent revision
should fit nicely in this framework. The notion of preorder revision presented here, adopted from
(Katsuno and Mendelzon 1990), also remains unexplored in any detail. Of interest would be a set
of postulates, similar to the AGM postulates for total order revision. Furthermore, the relationship
of our modal default and revision systems to standard probabilistic systems remains to be pursued
in depth. However, at this point, the potential connections look promising.

We have said little about the form of belief revision known as update. While this is distinct from
traditional revision, it remains to be seen if some notion of update can be defined in our framework.
This would certainly facilitate further comparison, and perhaps unification, of the two ideas, and
of different varieties of subjunctives determined by these.

®Thanks to Len Schubert for bringing this example to my attention.
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The connection of revision to autoepistemic logic has been formally developed here, but we
have yet to determine the extent and practical significance of the generalization afforded by CO*.
Further generalizations of autoepistemic logic are also readily apparent (again, for example, in-
volving paraconsistency) and remain to be investigated. The connection of CO* to other forms of
default reasoning should also prove interesting. We also expect a strong relationship to abduction
to emerge in further investigations, given the results of Girdenfors and Makinson relating Theorist
and belief revision.

Extensions of CO* itself should help further blur the distinction between normatives and
subjunctives. As it stands CO* can be used in two different “modes.” By unifying normatives and
subjunctives to a greater degree a logic might be developed in which both types of conditionals can
be represented simultaneously. In this way, we would develop a system of reasoning in which the
two types of reasoning could interact and influence the other.

Of prime concern is the solution to irrelevance developed in Chapter 5. Of course, we would like
to have a more logical, semantic characterization of irrelevance, one that does not rely (explicitly)
on the Z-ordering of rules. Moreover, even this solution, being equivalent to 1-entailment, is not
intuitive in all cases. Hence, notions such as maximum entropy should prove fruitful; and such
notions might be representable (at least, qualitatively) in a modal system.

Another key problem is that of nested conditionals. These are certainly well-defined in our sys-
tem, but the global nature of conditionals implies that such nesting is not particularly meaningful.
The belief revision systems of Gardenfors (1988) that we discussed in Section 6.4 could be used to
handle, for example, the revision of revised belief sets, or model nested conditionals. However, we
would like to extend our model with the ability to represent nesting without requiring that revision
of a belief set determine a new (and substantially unrelated) revision model for the updated theory.
We would like to see a single modal structure that can deal with this task.



Appendix A

Proofs of Theorems: Chapter 4

In this appendix we present proofs of various propositions, lemmas, theorems and corollaries found
in Chapter 4. Note that we use => in place of = in the proofs for typographical simplicity. We
begin by showing the completeness of CT4 with respect to the class of reflexive, transitive Kripke
structures. This follows almost immediately from the definition of O in terms of =, the inclusion of
the S4 axioms in CT4 and the completeness of S4. However, we provide an explicit proof here based
on the completeness proof of S4 found in (Hughes and Cresswell 1984). We take M = (W, R, ¢) to
be a CT4-model with worlds w, v, etc.

Proposition A.1 Let M = (W, R, ) with w € W. Deﬁmng Oa =4 -~a = «, we have that
M [y Oa iff for all wRy M =, o

Proof If M |=,, ~a = « then the first clause of the truth conditions for => (Definition 4.7) cannot
apply, since the reflexivity of R requires a world where both & and -a hold. Thus for each
wRv and vRu, M |=, a. By transitivity and reflexivity of R, M |=, a for each wRv.

Because of this proposition, we will treat O and <, defined in the conditional language, as we
would in any modal system.

Lemma A.2 (Soundness) Ifbcr4 a then o7y .
Proof We show soundness by demonstrating the validity of each CT4 axiom, and showing each
inference rule preserves validity (on CT4-models).

K: Suppose M |=,, O(A D B) and M |=,, OA. Then in any world accessible to w, A O B and
A hold. Since each world satisfies propositional tautologies, each satisfies B, and M I-—-w aB.

T: Suppose M |=,, OA. As R is reflexive, wRw and M |5, A

4: Suppose M k=, OA, wRv and vRu. As R is transitive, wRu and M |=, A. Thus
M [, OA for any such v and M |=,, OOA.

C: That this axiom is valid follows immediately from the truth conditions of = and O (via
Proposition A.1).

Nec: Suppose A is valid, so M =, A for all w € W. Then for any w € W, M k=, OA since
M [, A for all wRv. (This holds for any model M, of course).

MP: Suppose A D B and A are valid. Then M |, A D B, A for all w € W and since worlds
verify tautologies, M |=,, B for all w € W.

167



168

APPENDIX A. PROOFS OF THEOREMS: CHAPTER 4

Proposition A.3 LetT C L¢ be a mazamal CT4-consistent set. If -(~a = a) € T then the
Jollowing set is CT4-consistent:

{~a}u{y:y=>7€T}

(Recall ~a = « is abbreviated Oa.)

Proof This follows from Lemma 2.3 of (Hughes and Cresswell 1984).

Lemma A.4 (Completeness) If =or4 @ then beory .

Proof Completeness is shown by constructing a canonical CT4-model which falsifies all non-

theorems of CT4. We will make use of several facts without proof regarding properties of
maximal consistent sets in logics extending CPL (denoted generically PMCS) and derivability
in S4, as found in (Hughes and Cresswell 1984). We follow the pattern of the completeness
proof of S4 found there and refer the reader to (Hughes and Cresswell 1984) for more intricate
details.

A canonical model M = (W, R,¢) will suffice, where W consists of all maximally CT4-
consistent sets of sentences, ¢ makes propositional variables true at those worlds which contain
them, and vRw iff

{a:=a=>acv}Cw

We begin by showing M |, a iff @ € w. The proof proceeds by structural induction on a.
For atomic variables this is obvious given the definition of ¢. Assume this fact holds for o
and g.

(1) M |y ma iff M £, a. By hypothesis, this holds iff a ¢ w iff (by PMCS) -~a € w.

(2) M =y, aD Biff M |y B or M £, a. By hypothesis, this holds iff 8 € wor a g w
iff (by PMCS) a D B € w.

(3) M [y a = f iff for each wy such that wRw, either

1. there is some ws such that wyRwq, M =, o, and for each ws such that wyRws,
M ¥, aor M |y, B;or
2. for every wy such that wyRws, M &y, a.

By hypothesis this holds iff, for each such w;, either

1. there is some wo such that wy Rws, a € wy, and for each ws such that wq Rws,
o € wa or B € wa; or
2. for every wq such that w; Rws, a € ws.

Suppose case 1 holds. (We freely use O and < as the appropriate abbreviations at
this point). For all such w3 accessible to w, we have by PMCS, a D f € ws. This
implies, by Proposition A.3, that O(a D 8) € wz. Thus, by PMCS, aAO(a D ) €
ws. Again by Proposition A.3, &(a A O(a D B)) € wi. (NOTE: the implications
hold in the reverse direction, so case 1 holds iff this sentence is in w;.)
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Suppose case 2 holds. By Proposition A.3, O-a € w;. (NOTE: the implications
hold in the reverse direction, so case 2 holds iff this sentence is in w;.)

Considering both cases we have that for any wy such that wRw,,
O-a V O(aA O(e D B)) € wy.
By Proposition A.3,
O(@-aV<o(aAD(ad f)) €w
and using axiom C and PMCS, this can be true iff &« = 8 € w.
This shows every nontheorem of CT4 to be falsifiable in some Kripke structure. All that
remains to show completeness is the demonstration that M is indeed a CT4-model.
Reflexivity: Suppose Da € w. By axiom T, a € w also, and by definition of R, wRw.

Transitivity: Suppose wRv, vRu and Oa € w. By axiom 4, OO0« € w. By definition of R,
Oa € v and « € u, hence wRu.

Theorem 4.2 The system CT4 is characterized by the class of CT4-models; that is, Fors o iff
|=C'T4 a.

‘Proof This follows immediately from Lemmas A.2 and A.4.

Proposition A.5 Leta € Lg and f € Lyr. Let M = (W, R, ¢) be a CT4-model (and hence an
S4-model), w € W, and denote the satisfaction relation viewing M as an L-model by |=L. Then
M ST o iff M =58 o® and M =S B iff M 574 6.

Proof This is immediate given the truth conditions of the primitive connectives in each logic, =
in the case of CT4 and O in the case of S4.

Theorem 4.3 Fory a = (@°)* and bgq4 @ = (*)°. Also, Fors a D B iff Fsq4 0® D 3°. In other
words, CT4 and S4 are equivalent.

Proof We want to show that the sets of provably equivalent sentences in each logic stand in one-
to-one correspondence under a mapping which preserves implication. The mappings o and *
induce such an isomorphism on the Lindenbaum algebras of CT4 and S4, as can be shown
via Proposition A.5 and the completeness results for the two logics.
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Proposition 4.4 The following are valid in CT4.}
ID A= A

LLE O(A=B)>((A=C)=(B=0))

And (A= B)A(A=>C))D(A=(BACQC))

RT (A= B)D>(((AAB)=C)D>(A=>0C))

Or (A=C)A(B=C))D((AVB)=0C)
RCM O(BD>C)D>((A=B)>(4=0C))

CM (A= B)A(A=>C))D(AAB=C)

Proof We use semantic means to demonstrate the validity of these sentences. We take M =
(W, R, ) to be a CT4-model with worlds w, v, etc.

ID: If there are no accessible A-worlds for w, M |=,, A = A holds trivially. Otherwise, since
0O(A D A) holds at any world (in particular A-worlds)
ME, A= A

LLE: If M |=,, O-A this holds trivially. Otherwise, suppose M [=,, O(A = B). For w the set
of accessible A-worlds must be exactly the set of accessible B-worlds. Then clearly the truth
conditions A = C and B = C are satisfied identically at w and M |, (A = C) = (B = C).

And: Suppose M |, (A = B) A (A= C). For each accessible v one of M |=, ~OA or
ME, O(AAND(AD B)AO(AAND(A D C))

holds. In the first case the conditions for (A = (B A C)) hold trivially. In the second, there
exists a vRu; such that M |=,, AAO(A D B). Since wRu; and M |=,, A4,

M [y, O(AANTO(A D C)).
Thus for some u; Rug,
ME.,, AND(AD BAC).

Thus M |z, A= BAC.

RT: Suppose M |=,, A= Band M |=,, (AAB) = C. For each accessible v oneof M |=, ~0OA
or M |5, O(AAO(A D B)) holds. In the first case the conditions for A = C hold trivially.
In the second, M |=, O-(A A B) is impossible so M |=, OQ(AABAO(AAB D C)). Thus for
some vRuj,

M, ANBAO(AABDC).

Since wRuy, M =y, O(AAO(A D B)). Thus for some uyRuy, M |y, AAND(A D B). But
since M =y, O0(AANB D C),wehave M |y, ANO(ADC). Thus M |y A= C.

Or: Suppose M =y, (A= C)A (B = C). For each accessible v we have

ME,-O0AVO(AAND(ADC))

!Many of the names of rules and theorems are taken or adapted from (Nute 1980; Delgrande 1987; Lehmann
1989).
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and
M, -O0BVO(BAQ(BDCO)).

(a) If M |=y DA A ~OB then M k=, O-~(AV B).
(b) Suppose M =, O(BAO(B D C)). Then for some vRu we have

M=, BAG(B > C)).
But since wRu, either M =y ~O0A or M |, O(AADO(A D C)). In the first case,
ME,(AVB)AOQ(AVBDC)

is clearly true. In the second case, for some uRu;, M |, AANDO(A D C)). As O(B D C)
holds at u,
M, (AVB)AQ(AV B (),

and M |=, O((AVB)AO(AV B D C)).
(c) A similar argument holds if M =, O(AATQ(AD C)).
Thus O-(AV B)VO((AVB)AO(AV B D C)) holds at each such v,and M |, AVB = C.

RCM:If M |, 0(B >C)and M =y, A= B then M [, A = C must hold since the set
of B-worlds accessible to w is a subset of the set of C-worlds accessible to w.

CM: Suppose M |, (A = B) A (A = C). For each accessible v we have that either
M [, ~0A4 or
ME, O(ANTO(AD B)AO(AAND(ADC))

holds. In the first case the conditions for AAB => C hold trivially. In the second, there exists
a vRu such that M }=, AADO(A D B). But wRu,so M =, O(AA O(A D C)). This means

for some uRuq,
M, ANO(AD B)AD(AD C));

which implies
MEyw, ANBAO(AABDC).
Thus M |, O(AABADO(AABDC)).

Proposition 4.8 Forep O(0-AV O(AAO(A D B))) = 0-AVO(AAD(A D B)).

Proof Suppose M =, O(O-AV O(AA O(A D B))). Then at every v such that wRv,
M |, O-AV O(AAD(A D B)).

(a) If for every such v it is the case that M |=, O-A, then M |, O-A.
(b) I for some such v it is the case that

M |, O(AAD(A D B)),
then M =, O(AAO(A D B)).
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So
M =, O-AV O(AATO(A D B)),

and
Forap O(0-AV O(AATO(A D B))) D O-AV O(AAD(A D B)).

Suppose M =, O~AV O(AADTO(A D B)).

(a) If M |, O-A then M =, OO-A.
(b) Suppose M =y, C(AADO(A D B)). Then for some wRu we have

Mk, ANDO(A D B).
For each wRv either vRu or uRv, as R is connected. If vRu then clearly
M =, O(AADO(A D B)).
If wRv then either M |=, O-A4 or (since M =, O(A D B))
M, O(AADO(A D B)).
Thus for each wRv, we have
M |, O-AVO(ANT(A D B));

thus
M k=, O(0-AV O(AAD(A D B))).

Hence
Forap O-AV O(AADO(A D B)) D O(0-4AV O(AAT(A D B))).

Proposition 4.9 The following are valid in CT4D.
RM (A= C)A(AAB#C))D(A= -B)
CV (A#B)D(A=C)D>(AA-B=(C))

Proof We prove the validity of these sentences by semantic means using the simpler definition of
=> appropriate for CT4D.
RM: Suppose M |, (A = C)A(AAB # C). For some accessible v, we have M |=,

AANDO(A D C), since M |=, O-A is contradicted by AA B # C. It must be the case that
M =, O-(A A B), for otherwise there would exist some vRu such that

ME,AANBADO(AAB D C),

contradicting the fact that M |, AAB # C. Since M |, AAO(A D -B), we have
M, A= -B.
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CV: Suppose M =, (A # B) A(A = C). Then for some accessible v, we have M =,
AAO(A D C). It must be the case that M |=, O(A A -~B) since M |=,, A # B; therefore

ME,AAN-BAOGQ(AA-BDC(C)
for some vRu. Thus M =, AAN-B = C.

Proposition 4.11 (A= B)A(A=>C)D>(AAB=C) ¢ N.

Proof We construct an N-model M = (W, f,¢) which falsifies an instance of this sentence,, the
rule CM. We assume a finite language of three variables A, B,C. The set of possible worlds
for M is W = {v, w}, with ¢(4) = {v,w}, ¢(B) = {v}, and ¢(C) = 0. The selection function

[ is specified as follows:
_ [ ifal=v
F (v, lledl) = { @ otherwise

f(w,llall)=0forall o

To show that M is indeed an N-model requires proving that each of the four conditions on
the selection function f is met. This can be verified by a somewhat tedious examination of
all cases involving the eight elements in the domain of f: two possible worlds crossed with
four propositions over W. '

Now we notice that both M =, A D B and M |, A D C hold since f(v,|[4]]) C ||B|| and
F(v, [|4]) € |IC]| (since f(v, [|Al]) = 0). However,

f(@,|AA B|) = {v} Z [IC]| = 0.
Hence, M Ev AA B # C, contradicting the proposed theorem CM.

Lemma A.8 (Soundness) If Fp. a then |Ep. a.

Proof The soundness of the axioms and rules which constitute P and CPL is obvious. To deal with
the remaining axiom T, let M be some P-model and assume M =, =A v A. Then -A v L
holds (by ID, RCM, and LLE) and at every minimal -~ A-world, L holds. By smoothness
||~A||M = 0, and M |=,, A. Hence, Fp, a implies |=p. a.

Lemma A.7 (Completeness) If =p. a then Fp, a.

Proof To show completeness, we will show that every P*-consistent set is satisfiable. Let I be
such a set of formulae, and let I’ be any maximal consistent extension of IV, Let K = {a | 8
a pv f € T}, the set of assertions in this maximal extension. Clearly, K forms a preferential
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consequence relation, and by Theorem 5 there exists a P-model W which determines this
relation; that is, W o v Biff o v B € K. Let W = (S, ¢, <).

Now we will construct a model which satisfies I, namely W' = (§’,¢', <'), where W' =
WU {w}, <'=< U{(s,w) : s € §}, and ¢/(A) = ¢(A) except when variable A € T, in which
case ¢'(A) = ¢(A)U {w}. Clearly, W' is a P-model as <’ is still a strict partial order and
smoothness is unaffected by the addition of w to W. We want to show that W’ |=,, T, and
hence that I' (and I) is satisfiable. We proceed by structural induction on formulae in T\
Obviously, for any atomic variable A, A € T iff W’ |=,, A. Assume this property holds for o
and S.

(a) ma €T iff a ¢ T iff W' [y, aiff W |, —a.

(b) adpelifaglorBelTif W Eyaor Wk, it W, aD 8.

(c) Suppose then that a v 8 € T. Then W [= a |~ 8, s0 at every minimal a-world in
S, B is true. Now consider two cases:

1. Suppose ||e||" # @. By smoothness, this is true iff there exists a minimal
a-world. Clearly every such world is still minimal in W’ (since s <’ w for all
8 € ). So this holds if W' = a v S.

2. Suppose ||a||" = 0. In such a case, W |= a v ~a, and by definition of W, this
can be true iff @ pv = € T'. By axiom T and the fact that I' is maximal, this is
equivalent to =~a € I, and by the inductive hypothesis, - € I' iff W’ |=,, -«
iff |||/’ = 0, and (trivially) iff W’ |= a pv 8.

Theorem 4.16 [=p, a iff Fp, .
Proof This follows immediately from Lemmas A.6 and A.7.

Theorem 4.17 [=g. o iff Fgr. a.

Proof The proof proceeds exactly as that of Theorem 4.16, except we construct a new model
W' = (9',¢', <) given a W = (85, ¢, <) which is ranked by a total order (2, <) and a function
f:8 — 2 (where f(s) < f(t) iff s < t), and where model W determines the appropriate
rational consequence relation. The only thing to verify is that the new model W’ can be
ranked. Define the total order (@', <’) such that ' = QU {¢} and <'=< U {(w,0) : w € O}.
Let f': 8" — Q' such that f' = fU {{(w,0)}. It is not hard to verify that f’ ranks W’; that
is, f'(s) <' f'(2) iff s <'t.

Theorem 4.18 Let KB be a set of conditional assertions and A an assertion. A is preferentially
entailed by KB iff KB tcor4 A.
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Proof This follows immediately from Theorem 4.21 which follows.

Theorem 4.19 Let KB be a set of conditional assertions and A.an assertion. A is rationally
entailed by KB iff KB Forap A. '

Proof This follows immediately from Theorem 4.22 which follows.

Theorem 4.21 Let A € L. Then Fors- A iff Fp. A.

Proof That all axioms and rules of P* are valid in CT4 can be shown by semantic means quite
readily (see, for example, Theorem 4.4). From this it follows that all P*-valid sentences are
CT4-valid. To prove the converse, we will show by structural induction on formulae that
all P*.gatisfiable sentences are CT4-satisfiable. For atomic variables this is obvious. We
assume « and [ are P*-satisfiable only if they are CT4-satisfiable (which means iff they are
CT4-satisfiable, since P*-validity implies CT4-validity).

(a) - is P*-satisfiable iff @ is not P*-valid iff (by inductive hypothesis) a is not CT4-
valid iff -~ is CT4-satisfiable.

(b) a D B is P*-satisfiable iff & is not P*-valid or § is P*-satisfiable iff (by inductive
hypothesis) a is not CT4-valid or 8 is CT4-satisfiable iff @ D B is CT4-satisfiable.

(c) Suppose « |~ B is P*-satisfiable (note that a and § must be free of the connective
). This is the case only there exists a preferential model M = (S, ¢, <) which
satisfies @ |~ B3; that is, where M |=, B at all a-minimal worlds s € S.

Let M’ = (S, R, ) be such that R => U {(s,s) : s € §}. As R is the reflexive
closure of (the inversion of) partial order <, M’ is clearly as CT4-model. We want
to show that M’ satisfies @ => S, so consider two cases:

1. Suppose ||a||M = 0. Then ||a||M’ = @, and M’ trivially satisfies & =  (at any
world 3). :

2. Suppose ||a||M # 0. For some s € §, we want to show that M’ =, & = 3, so
for any s € §, let sRw. If M’ }£,, O-q, then there exists a wy such that wRw,
and M’ |z, a. By the smoothness of M, either w; is a-minimal in < or there
is a wq such that w,; < w; and wq is a-minimal. In either case, one of these
(say wy) is such that wRw;, and w; is a-minimal. By definition of M, # holds
at all o-minimal worlds, hence at w;. As_well, o D f holds at all w; such that
wy Rw, (by minimality of w;).

So for all w such that sRw, M’ |, O-a V O(a A O(a D B)); hence, M’ =,
a= 0.

Thus any P*-satisfiable sentence is CT4-satisfiable and the theorems of P* are identical to
those of CT4-.
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Theorem 4.22 Let A € L. Then Forap- A iff FRe A.

Proof That all axioms and rules of R* are valid in CT4D can be shown by semantic means quite
readily (see, for example, Theorem 4.9). From this it follows that all R*-valid sentences are
CT4D-valid. To prove the converse, we will show by structural induction on formulae that
all R*-satisfiable sentences are CT4D-satisfiable. For atomic variables this is obvious. We
assume « and [ are R*-satisfiable only if they are CT4D-satisfiable (which means iff they are
CT4D-satisfiable, since R*-validity implies CT4D-validity).

(a) —a is R*-satisfiable iff @ is not R*-valid iff (by inductive hypothesis) a is not
CT4D-valid iff ~a is CT4D-satisfiable.

(b) @ D B is R*-satisfiable iff & is not R*-valid or B is R*-satisfiable iff (by inductive
hypothesis) a is not CT4D-valid or B is CT4D-satisfiable iff @ O g is CT4D-
satisfiable.

(c) Suppose a p~ # is R*-satisfiable (note that & and # must be free of the connective

v). This is the case only if there exists a ranked model M = (S, p, <) which
satisfies o v B; so, M |=, B at all a-minimal worlds s. Assume M is ranked by
f:8 — Q and total order (2, <), so that f(s) < f(t) iff s < ¢t. By the properties
of ranked models, all @-minimal worlds s have the same rank, say f(s) = . So for
all w € ||e||M, f(w) > k.
Let M' = (S, R,¢) be such that sRt iff f(s) > f(t). Clearly R is reflexive and
transitive. Suppose sRt and sRu: either f(?) < f(u) or f(u) < f(t) or f(t) = f(u),
so either uRt or tRu (or both). Hence, R is a connected relation, and M’ is a
CT4D-model. We want to show that M’ satisfies & = 3, so consider two cases:

1. Suppose ||a||™ = 0. Then ||a||M’ = @, and M’ trivially satisfies @ = 8 (at any
world s).

2. Suppose ||a||M # 0. Let s € S be such that f(s) > k (where x is the rank of
all a-minimal worlds). Consider any w where sRw. (i) If f(w) > k, then there
exists a w; such that wRw, (let f(w;) = &) and M’ |=,,, a. Furthermore, w,
is a-minimal in <. By definition of M, f holds at all a-minimal worlds, hence
at wy. As well, @ D B holds at all w, such that wyRwy (by minimality of w,).
So M’ |Ey ©(a A O(a D B)). (i) If f(w) < &, then by the definition of &, for
all wy such that wRwy, M’ £y, @, and M’ |, O-a.

So for all w such that sRw, M’ |z, O-a V O(a A O(a D B8)); hence, M’ |5,
a=f.

Thus any R*-satisfiable sentence is CT4D-satisfiable and the theorems of R* are identical to
those of CT4D-.

Theorem 4.26 TP is CT4-consistent iff every non-empty subset of T is confirmable.

Proof Suppose every non-empty subset of T' is confirmable. We can then construct a CT4-model
M of TP, We omit details here, noting that the model Zz, as defined in Section 5.4.2, is such
a CT4-model (see Corollary 5.17).
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Suppose some subset S C T is not confirmable. Then for every a = B € S, the set
{a}u{yDé:y=>6€ S}

is propositionally unsatisfiable. Let |§| = n. Choose any A = B in §.

If 7% is consistent, there is some CT4-model M with world w such that M Ew TP. Since
©A € TP, we have M |=, AAO(A D B) for some wRv. By the definition of =, it must be
the case that

M E, O=a V<O(aAD(a D )

for each @ = g € §. If M |=, O-a for each, then we would have a valuation satisfying
A and a O f for each & = f in §, contradicting the fact that S is not confirmable. So
M k=, ©(a A O(a D 0O)) for at least one member of § (distinct from A = B). Let’s call this
member C = D, B

This implies that, for some vRu, M =, C AO(C D D). Since vRu, we have M =, A D B,
and by a similar argument we must have M |=, O(a A O(a D B)) for at least one member of
S (distinct from both A = B and C = D). Repeating this argument n—1 times, we find that
there must exist some world satisfying @ D f for each @ = f# in §, as well as the antecedent
of one such conditional. This, however, contradicts the fact that .5 is not confirmable. Thus,
TP is inconsistent.

Theorem 4.28 Let T C L be a finite set of simple conditionals. T U {A — B} is substantively
inconsistent iff T¥ U {O A} is CT4-consistent while T¥ U {OCA, A = B} is CT4-inconsistent.

Proof T° U {A — B} is substantively inconsistent iff 7 U {A — B} is not e-consistent, while
T°U{A — T} is e-consistent, We notice that A = T is a theorem of CT4; so by Theorems 4.23
and 4.26, the result follows.

Theorem 4.29 Let T C L¢ be a finite set of simple conditionals such that T¥ U {CA} is CT4-
consistent. TP Fors A = B iff T* e-entails A — B.

Proof Since T” is CT4-consistent we know (by Theorem 4.26) that T is -consistent.
By the definition of e-entailment, T ¢-entails A — B iff T U {A — - B} is substantively
inconsistent; by Theorem 4.28, this holds iff 77 U {0A, A = ~B} is CT4-inconsistent. By
Theorem 4.26, this holds iff some non-empty subset of T'U { A = —~B} is not confirmable. As
in the construction used in the proof of Theorem 4.26, this is true exactly when any model
of TP U {OA} entails A = B. Since ~0A entails A = B and ~0A4 V O4 is CT4-valid, we
have T? Forq A = B.

Corollary 4.30 Let T C L¢ be a finite set of simple conditionals including strict sentences. T
is CT4-inconsistent iff T¢ is not e-consistent.
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Proof The proof is almost identical to that of Theorem 4.26.

|

Corollary 4.31 Let T C L¢ be a finite set of simple conditionals including strict sentences, such
that TP U {O A} is CT4-consistent. T¥ Fory A=+ B iff T* e-entails A — B.

Proof The proof follows that of Theorem 4.29.



Appendix B

Proofs of Theorems: Chapter 5

In this appendix we present proofs of various propositions, lemmas, theorems and corollaries found
in Chapter 5.

Lemma B.1 The following are derived theorems of CO:
T 84> 4

5* $A > 834

B* 4> %4

4* 84 > 884

Proof (a) T* follows directly from T and the definition of &.
(b) 5* 34 > B34 :

(1) S(oAABB)>B(AVB) instance of H

(2) -B(AvA)>-3(DAAEA) (1), subst. Afor B
(3) -84 >384 (2), defn of &

(4) SA>EBA (3), subst. —A for A

(¢)B* A>E34:
(1) $A> B34 instance of 5*
(2) A>34 contrapostive of T*
(3) 4>834 (1),(©2)

(d) 4* 84 > 884 :
(1) $B4a > 84 contrapostive of 5*
(2) B3HA4- 884 (1), Nec

(3) 4o B384 instance of B*
(4) 04> 884 (2), (3)

179
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Lemma 5.3 Any instance of a Humberstone schema H* is derivable in CO.

Proof Recall the Humberstone schemata

H* D(OaA8B) D B(aVp),
where D is any sequence of the connectives & and & having length > 0, and B is any
such sequence of O and 8.

Using axiom 4%, it is easy to show that from each of OOA, SOA, OTA, and ST A, one
can derive SA. Thus, an easy inductive proof on the length of any “diamond” sequence D
demonstrates that D(a) O Oa is derivable. Similarly, we can show using 4* that each of
oo4, Bo4, obA, and 884 is derivable from HA; and hence, Ha D B(a) is derivable for
any “box” sequence B. ngether with axiom H this shows any instance of the Humberstone
schema to be derivable . CO.

Lemma B.2 (Soundness) If F¢o a then Eco a.

Proof We show soundness by demonstrating the validity of each CO axiom, and showing each
inference rule preserves validity (on CO-models).

K: Suppose M [, O(A D B) and M |, OA. Then in any world accessible to w, A O B and
A hold. Since each world satisfies propositional tautologies, each satisfies B, and M =, OB.

K’: Suppose M =, O(A > B) and M =, BA. Then in any world inaccessible to w,
A D B and A hold. Since each world satisfies propositional tautologies, each satisfies B, and
Mk, OB.

4: Suppose M ., OA, wRv and vRu. As R is transitive, wRu and M |, A. Thus
M k=, OA for any such v and M |, OOA.

S Assume M |=,, A and not wRv. By the requirement that R be totally-connected, it must
be that vRw and M =, OA. Hence M |, 004 and 4 D B0 A4 is valid.

Nec: Suppose A is valid, so M =, A for all w € W. Then for any w € W, M |=,, OA since
M |, A for all wRv. Similarly for SA. (This holds for any model M, of course).

MP: Suppose A D B and A are valid. Then M |=,, A D B, A for all w € W and since worlds
verify tautologies, M |=y, B for all w € W,

Lemma B.3 (Completeness) If =co a then Fco a.

Proof To show completeness it is sufficient to show that a is falsifiable for any non-theorem a.
Letting I' be some maximal CO-consistent set (MCS) which contains ~a, we will construct a
model M = (W, R, ) which falsifies a. This technique is employed in (Humberstone 1983).
The model is constructed with W consisting of MCS’s and two relations R and R over W,
where R is intended to represent the complement of R. Ultimately, R and R will be mutually
exclusive and exhaustive on W x W. -
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The construction proceeds as follows: We start at stage 0 by adding I’ to W, so that W = {T'}
and R = R = . At each following stage 1, for each set A added to W at stage i — 1 we do
the following: (a) For each formula Of € A add a MCS A’ where {8} U {y: 0y € A} C A/,
and add (A,A’) to R; and (b) similarly, for each formula S8 € A add a MCS A’ where
{BYu{y: By € A} C A/, and add (A, A’) to R. That such MCS’s exist is claimed without proof
(see (Humberstone 1983)). Now let M be the totality of this (typically infinite) construction.
Evaluating the truth conditions of O with respect to R (as if B were the complement of R),
we can show the following, assuming p(A) = {w : A € w} for atomic A.

Lemma B.4 M =, B iff 5 € w.

Proof We proceed by induction on the structure of 3. For atomic 3, this follows by the
definition of ¢. Assuming this for e and g, clearly it holds for both —a and a D
by standard properties of maximal consistent sets. Now suppose OF € w. By the
construction of M, for all wRv, M |=, B, therefore M |=, OF. If Of ¢ w, then
&= € w. By the construction of M, there is some wRv such that M =, -, therefore
M £, OB. The same argument holds for 84, assuming R to be the complement of R.

- -

Now we have a “structure” which falsifies @, as ~a € T and by the above, M =p -a. However,
M is not a CO-model, since R is neither reflexive, transitive nor strongly-connected, and R
is not the complement of R. We now show that R and R can be extended in such a way that
R does possess the desired properties and R is the complement of R, while not changing the
fact that M |=,, B iff B € w.

Suppose that (w,v) ¢ R and (w,v) ¢ R, and that it cannot be “consistently” added to
either of R or R. Then there must be some O8 € w, 8 ¢ v and some Oy € w, v ¢ v.
Both w and v must be some finite “distance” away from out starting point I, say m and n
“steps”, respectively. Following the “path” which lead to the addition of w to W, we have
M l=r D1(0 AGy) where D is a string of m ©’s and O’ (depending on how w was added).
Similarly, M [=r Da(~8 A ~y) where D; is the string of n ©’s and &’ corresponding to
how w was added. But this sentence is equivalent to =By(8 V 7), where B; is formed by
replacing ¢ and S with O and O (respectively) in D,. This means both Dy(0f A ﬁ‘y) el
and ~B3(B V v) € T, contradicting the Humberstone schema. Since I' is consistent, (w,v)
can be added to either R or B without affecting the truth of formulae at any world in W,
and hence R and R can be extended to complement one another, making valuation of 8 with
respect to R the same as valuation with respect to the standard truth conditions.

We can ensure that R is reflexive, as well. Adding wRw affects the truth of some sentence
only if there is some § such that Of € w and B ¢ w; but this contradicts the axiom T and
the fact that w is a MCS.

For trz;\.nsitivity, suppose wRv and vRt. Adding wRt can only affect truth if there is some
08 € w and B ¢ t. Since O € w, by axiom 4, 008 € w. This means O8 € v and 8 € t,
contradicting the assumption.

For total-connectedness, suppose wRv. Adding vRw can affect truth only if there is some
OB €vand B ¢ w If B¢ w,then = € w and by axiom S, 00— € w. Now since wRw,
O=f € v, and O ¢ v, contradicting the original assumption.
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It is clear that there may be some interaction during these “steps” whereby certain pairs
of worlds are moved from the set R to R; but, clearly nothing in principle stops one from
constructing a suitable model with the appropriate constraints being fulfilled by the relations.
In fact, if we insist that R be completed maximally before we complete R, there need not be
any interaction. For instance, at the step where we decide to add each pair of worlds to R or
R, we can consider the union of the family of all possible relations R on W x W that respect
on restrictions on accessibilty; we take this set to be R and let R then be W x W — R. Hence,
we can construct a CO-model which falsifies the non-theorem a.

Theorem 5.4 The system CO is characterized by the class of CO-models; that is, Fco o iff
Fco a.

Proof This follows immediately from Lemmas B.2 and B.3.

Corollary 5.5 The logic KO (Humberstone’s (1983) K? + (*)) has the following aziomatic basis.
K 0O(AD B) D> (0ADOB)

K’ (4> B) > (64> 8B) e

H (WA GB) > H(AvV B)

H1 (0AABB) > (AvV B)

H2 3(0AAEB)> (AV B)

H3 (DAATB)>8(AvV B)

Nes From A infer GA.

MP From A D B and A infer B.

Proof That each of these rules is sound for KO-models is easy to verify. To show completeness,
we show that each of the (infinite set of) axioms due to Humberstone is derivable from these.

Humberstone (1983) axiomatizes KO with the axioms shown here except with the infinite set
of schemata H* replacing H, H1, H2 and H3. We showed H* to be derivable in CO, but
the only axiom we used distinct from these was T. However, there T was only used in the
derivation of T*, B4 O A, which was itself used to derive H*, That T* is derivable from
these axioms is evident if we consider an instance of H1: (DA A GA) D (AV A).

Theorem 5.7 The system CO* is characierized by the class of CO*-models; that is, Fco. @ iff
|=CO* .
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Proof Given the soundness of the axioms of CO, we need only show that axiom NB is sound

on the class of CO*-models. Let M =, Oa for some CO*-model M. We assume a is a
propositional, falsifiable sentence. Since this is so, there is some world » which satisfies —a.
Since M =y Ea, v must be accessible to w, in which case M =, =0a.

We now turn our attention to completeness. Let w be any maximal consistent set of propo-
sitional sentences (which can be viewed as a propositional valuation, or possible world). For
any (C0*-) MCS T denote by I't the set {y: Oy € '}, and by I'" the set {y: 8y € T'}. We
will show that either

1. There is some 8% such that Of* € I' and wU {#*} UT™ is consistent; or
2. There is some 8~ such that S8~ € I and w U {B~}UT" is consistent.

Suppose that the first condition is false. Then for each such 8%, some finite subset of this set
is inconsistent, say w; U {#*}UT{. This mean (using the set to denote the conjunction of its
elements) that 8+ AT} D —w, is derivable. Now either OB* € I or O-4% € I'. In the latter
case, by the fact that condition (1) is false, we can also show that some -8+ AT} D ~w; is
derivable (using the same argument). From the fact that both O(8* v -g%) and O(I'f ATY)
are both in I, we know that O-(w; A wp) is in I'. In the case that 0% € I" we can also
derive this fact, since together with OI'7, this implies O-w;. So whenever condition (1) is
false, O-(w; A wg) € T, ‘

An entirely analogous argument shows that if the second condition is false then for some
finite subsets of w, Eﬂ(wa Awy) € I'. However, this implies both O-(w; A wy A wa A wy) and
'El_ﬂ(wl A wg A wg A wy) are in I'. But =(wy A wa A w3 A wy) is falsifiable and this contradicts
the fact that T is consistent (by axiom NB). So one of the two conditions must hold for any
propositional MCS w.

To show completeness of CO*, we note that for any MCS I' we can perform the construction
associated with the previous theorem in such a way that every propositional valuation is
represented as a possible world in the falsifying model. At stage one of the construction, we
just have to add enough MCS’s to cover every propositional MCS. That this can be performed
without violating the truth values given to sentences in the model follows immediately from
the above disjunctive condition.

Lemma B.5 (Soundness) If For40 @ then =cr40 0.

Proof The proof is exactly like that of Lemma B.2.

Lemma B.6 If (Completeness) =c140 @ then Forg0 a.

Proof The proof is exactly like that of Lemma B.3.
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Theorem 5.9 The system CT40 is characterized by the class of CT4O-models; that is, FoT40 @
iff For40 @.

Proof This follows immediately from Lemmas B.5 and B.6.

Theorem 5.10 The system CT40* is characterized by the class of CT4O*-models; that is, FoT404
a iff Forso. @ '

Proof The proof is entirely analagous to that of 5.7.

Proposition 5.11 Let M be a CO-model. Then M = A= B iff M |=,, A = B for some w .

Proof The proof lies in the observation that M |=,, Ha iff M |= Ba and M =, Sa iff M | Sa.
Given the definition of = as the disjunction of two such statements, the proposition follows.

Proposition 5.12 Let M = (W, R, ) be a CO-model. Then for any w, M |, A> B iff M =
A> B. If M |= A > B then there ezists a cluster C in W such that |A A B|| C C and no A-world
is strictly more normal than C. Furthermore, ||A A B|| must be nonempty.

Proof That M =, A > Biff M F A > B is immediate given the definition of A > B as the
conjunction of two statements with main connectives 8 and 3.

If there exist no AA B-worlds then A > B cannot hold, as it entails $A and B(4 D O(AAB)).
So ||A A B|| is nonempty. Suppose there is no cluster C such that ||[A A B|| € C. Then
there must be two A A B-worlds, say w and v, such that wRv and not vRw. This implies
M |, AA-DO(A D =B). However, from M |= A > B we know that M =, A D G(A > -B),
contradicting the assumption. So such a cluster C exists. By a similar argument, there can
be no A-world w such that C is inaccessible to w.

Proposition 5.13 Let M = (W,R,p) be a CO-model. If M |= A > B and M = A = B then
there ezists a cluster C in W such that ||[AA B||UN = C, where each world in N satisfies ~A, and
no A-world is strictly more normal than C.

Proof By Proposition 5.12, there exists a cluster such that ||AA B|| C C and no A-world is strictly
more normal than C. Since [|A A B|| # 0, the truth of A = B ensures that $(A A O(A D B))
holds. So for some w, M |=,, AAO(A D B) holds. But w cannot be strictly more normal
than C, so C is accessible to w and we have forve C, M =, A D B.
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Proposition 5.14 A= B,A> Btgo S(AABAa)D (AAa= B).
Proof This follows immediately from Proposition 5.13.
|

Proposition 5.15 Let A A B A a be propositionally satisfiable. Then

A= B,A>Bltco. ANa=>B

Proof . This follows immediately from Pfoposition 5.14 and the fact that F=oo. Ba for any satisfi-
able propositional a.

Corollary 5.18 Zr is a CO*-model.

Proof That the relation R of Zr is transitive and totally-connected is obvious given the range of
the Z-ranking, the natural numbers.

Corollary 5.17 Z7 lFcos T .

Proof A property of 1-entailment is that a -y B if @ — § € T. Thus for each such rule in T, we
have

Z(a A B) < Z(a A ~p).

So there is some w such that Zr |=,, a A 8 and for no wRv is it the case that Z7 =, a A =8.
Thus Z1 oo« T

Corollary 5.18 Z1 =cox & = f iff a b1 § whenever « is satisfiable.
Proof Suppose a i1 . Then we have

Z(aAPB) < Z(aA-p).

As in the proof of Proposition 5.17, this means Zt Fco. a = S.

Suppose Z1 FEco. @ = . Then we have some world w such that Z7 =, a A B and for no
wRv is it the case that Z7 =y, a A ~f4. By the definition of R, clearly

Z(aAB) < Z(aA-p),

and o 1 ﬁ.
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Lemma 5.19 If M |Fco« T, then Zr < M.

Proof Let M = (W, R) be some model of the finite ruleset 7", where T' can be partitioned as
T=TyU-+UT,. It is easy to verify that for each rule r € T there must be some world
w, € W which verifies r and for all w such that w, Rw, w does not falsify r (this follows from
the truth conditions of =, and the fact that no conditional in T can be satisfied “vacuously”
since T is e-consistent and M is a CO*-model). For any set of worlds S, define

min S = {w € §: Vv € S,vRw}.

For each k£ < n we define miny = min{w, : 7 € Tx}. In other words, min, is the subset of
verifying worlds for rules of rank k which is “minimal” (or most normal) in R. (That we have
some latitude in choosing w, for each r is of no consequence.) Somewhat loosely, we will use
miny, to refer to some arbitrary element of that set. Notice that if min; Rw then w satisfies

all rules r of rank k.

Lemma B.7 Foreach j < n, min{ming :n > k > j} = min;. In other words, ming4; R miny
and not ming Rming4q for all k < n.

Proof Suppose min; C min{miny : k¥ > 7}, for some ! > j. Then min; Rmin; for all & > j.
By definition of ming, min; falsifies no rules r of rank greater than 7. Since min; verifies
some rule of rank [, it must be that it falsifies some rule of rank {—1. That is min; falsifies
some rule of rank > j. This contradiction implies that min; = min{miny : k > j}.

||
As a corollary to this lemma, we have that Z(min;) = j, since for all k¥ > 7, miny Rmin;
(which means that min; falsifies no rules of rank > j), and it falsifies some rule of rank j — 1.

Now let w € W and suppose that {v : wRv} € {v: wRzv}. Then there exists a v € W such
that such that wRv, but not wRzv; hence, Z(v) > Z(w) = k. So v falsifies some rule » such
that Z(r) = k' > k. So clearly vRming and not ming Rv, which entails v R min; and not
ming Rv (by the above lemma). This means wR ming and not mingy Rw. By the corollary
and the definition of Z7, wRz min; and ming Rzw, so N(w, Rz, R). Hence, Zr < M.

Lemma 5.20 If M =co. T and M < Zr, then M = Zr.

Proof As an auxiliary lemma consider
Lemma B.8 If there is some w € W such that Z(w) = k and not ming Rw, then M £ Zr.
Proof We will show this by induction on k. Suppose k = 0, Clearly, not N(ming, R, Rz) as

ming Rw implies Z(w) = 0, and min; Rzw and wRz ming. But if there is some Z(w) = 0
and not ming Rw then {w : ming Rw} € {w :-ming Rz}. So M £ Zr.
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Assume this holds for all n < k — 1. Suppose there is some Z(w) = k and not miny Rw.
Then {w : ming Rw} € {w : ming Rzw}. If N(ming, R, Rz) then there is some v such
that Z(v) = 7 < k and vRming. But if M < Zr, by the inductive hypothesis, for some
j < k, min; Rv and thus min; R minj, contradicting a previous auxiliary lemma. So not
N(ming, R, Rz) and hence M £ Z7. :

Let M = (W, R) such that M |=go. T'. Suppose M < Zy and M # Zp. If not N(w, R, Rz)
for all w € W, then by definition of <, M = Zr. So assume there exists some w € W
such that N(w, R, Rz) holds. Then for some », vRw, wRv and not vRzw, which implies
Jj=2Z(v) < Z(w) = k. Now v ¢ min; (with respect to M) since vRw and Z(w) > j (see
Lemma 5.19). So not min; Rv and, by the above lemma, M £ Z7.

Theorem 5.21 T =< a = f iff a bty f with respect to T

Proof By Lemmas 5.19 and 5.20, the unique <-minimal model of 7' is Z7 (modulo a given set of
possible worlds). Clearly, T' =< a = @ iff B is true at the “minimal” a-worlds in Z7. But
clearly, this is the same criterion for evaluating the truth of a Iy 8. (Here we assume that «
is a consistent propositional formula. If not, we can define a ; § to be “trivially” true.)

Lemma 5.22 Clos(T) is consistent iff T' is, and is “categorical” in the sense that there is a unique
CO*-model which satisfies it, namely Zp.!

Proof We will show that any model of Clos(T') must be equivalent to Z7 (modulo some fixed
set of possible worlds). It is easy to verify that in fact Zp satisfies C'los(T') and hence that

Clos(T') is consistent iff T' is. We proceed by induction on the rank of possible worlds to show
that if M = (W, R) satisfies Clos(T), then vRw iff Z(v) > Z(w).

Let Z(w) = 0. Suppose Z(v) = 0. By the sentence ~R%; > R{ it must be the case that all
worlds which falsify no rule are mutually accessible (i.e. all worlds of rank 0). Hence vRw.
Suppose Z(v) > 0. Then v falsifies some rule Z(r) > 0. If wRv then for every u such that
Z(u) = 0, uRv. As v falsifies some rule, M cannot satisfy 7' (nor Clos(T')). So it must be
that not wRv. Since R must be totally-connected, v Rw.

Let this property hold for all s € W such that Z(s) < i. That is Z(t) > Z(s) iff tRs, and
Z(t) > Z(s) iff not sRt. Let Z(w) = i. Since =R}, > R} is in Clos(T'), M must be such
that all worlds of rank ¢ are mutually accessible. So if Z(v) = i then vRw. Suppose Z(v) > i.
We must proceed by induction again to show that not wRv. For the case of Z(v) =i+ 1, it
must be that v falsifies some rule Z(r) = i. But in order for M to satisfy r there must be

! Again, it categorical if we ignore “duplicate” worlds (associated with the same valuation), which contribute
nothing to the truth or falsity of formulae in Zp.
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some world of rank ¢ which verifies r and sees no world which falsifies 7. If wRv, then uRv
for all worlds of rank ¢ (by the original inductive hypothesis), and M cannot satisfy r. So it
can’t be the case that wRv. Now assume this is true for all worlds « such that j > Z(z) > i,
and that Z(v) = j. v must falsify some rule Z(r) = j — 1. In order for M to satisfy r there
must be some world of rank j — 1 which verifies 7 and sees now world which falsifies r. If
whRv, then by the inductive hypothesis, uRv for all Z(u) = j -1 (since vRw), and M cannot
satisfy H. So it can’t be that wRv. Since R is totally-connected, vRw.

Theorem 5.28 CI(T) lFcova= B iff T E<c a= .

Proof By Lemma 5.22, Clos(T) oo« a = B iff Zp F;‘O. a = (. But this is precisely the same
condition for evaluating T' =< @ = S.

Theorem 5.27 Let M be a CO*-model. The c-relevance relation determined by M satisfies (10),
(11), (13), (14) and (I5).
Proof We let M = (W, R, ¢) be a CO*-model, with worlds w, v, etc.

(10) Suppose e D (p=gq). Then F (pAe) =(gAe); and

Fco« (pAe=T1)=(gAe=> 1),

Foos (PAe=>-r)=(gAe=> 1)
both hold. So pR.r iff ¢R.r.
(I1) pR.r iff not pZ.r holds by definition of R, and Z..
(I3) A simple derivation in CO* shows that e = r is equivalent to e A T = 7. So TZ.r.

(I4) ¥ M e = r then M |= -r Ae # r (since r is contingent on €). If M |= e # r (since 7
is contingent on €) then M |= r A e = r. In either case, there is some g such that ¢R.r.

(15) If pRr and I =(pAgAe) then, by the definition of relevance, (pAgq)R.r, since - pAg D p.

Proposition 5.28 C-relevance is nontrivial, in general. That is, there are CO*-models M and
sentences p and r, both contingent on e and pairwise contingent, such that pZ.r where I, is deter-
mined by M.

Proof This is simple to verify by considering any CO*-model with a most normal set of e-worlds,
each satisfying r, and having at least one p-world in this set of normal e-worlds. Then e = r
holds in this model, and for any sentence ¢ implied by p, ¢ A e = r holds as well.
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Proposition 5.29 Let M be a CO*-model and I, and R. the c-relevance relation determined by
M. IfMEe>rand M |= e = r then pZ.r for all p such that i/ =(pAeAT).

Proof This follows at once from Proposition 5.15.



Appendix C

Proofs of Theorems: Chapter 6

In this appendix we present proofs of various propositions, lemmas, theorems and corollaries found
in Chapter 6.

Theorem 6.1 Let K be finitely specified by KB and M = (W, R, ) be a CT4{O-model such that
for some v,w € W, M |z, O(KB) and M |=, BOKB. Then M is a preorder revision model for
IC:

Proof Let w € W be a KB-world and W’ be the connected fragment of M containing wj; that is,
W' = {v € W: wRv or vRw}.

Since M satisfies O( KB), we have M |=,, OKB. This means M |=, KB for each v such that
wRv. Thus, every minimal world in W’ satisfies KB. Furthermore, M |, 8-KB, so no
KB-world can be inaccessible to w. Hence, every KB-world is in W’ and is minimal in W.

Since M satisfies 8O KB, for every world v we have M |=, O KB. This means vRw for each
v € W so that W = W', Hence all and only KB-worlds are minimal in M and M is a preorder
revision model.

Theorem 6.2 Let K be finitely specified by KB and M = (W, R, ¢) be a CO-model such that for
some v,w € W, M |, O(KB) and M |=, BOKB. Then M is a total order revision model for K.

Proof The proof is exactly the same as that of Theorem 6.1.

Corollary 6.3 Let M = (W, R, ) be a CO-model such that M |=,, O(KB) for some w € W. Then
M is a total order revision model for K.

Proof The proof is exactly the same as that of Theorem 6.1, except that the condition 8OKBis
not required to show that W = W’, since this is true of any CO-model (which must be totally
connected).

190
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Proposition 6.4 M oo -4V S(AAO(A D B)) iff
M |=co B(0-AV O(AAD(A D B))).

Proof Let M = (W, R, ) be a CO-model. Suppose M |= 8(0-4V O(4ADO(4 D B))). Then at

every v e W
M |, O-AV O(AADO(A D B)).

(a) If for every such v it is the case that M |=, O-A, then M |= G-A.
(b) If for some such v it is the case that

ME, O(AAND(A D B)),
then M |= S(AADO(A D B)).

So
M = B-4v3(ANDO(A D B)),

and
Fco O(O-AV O(AADO(A D B))) D 0~AVO(AAD(A D B)).

Suppose M |= B-Av S(4AADT(A D B)).

(a) If M = 8-4 then M | Bo-A.
(b) Suppose M |= S(A A O(A D B)). Then for some u € W we have

M Ey ANDO(A D B).
For each v € W either vRu or uRwv, as R is connected. If v Ru then clearly
ME, O(AA I'J(.;l D B)).
If uRv then either M |, O-A4 or (since M =, O(A D B))
M, O(AAD(A D B)).
Thus for each v € W, we have
M, 0-AVO(ANDO(A D B));

thus
M = B(0-AV O(AADO(A D B))).

Hence _
Foo B-Av 3(AADO(4 D B)) > B(O-AV O(AAD(4 D B))).
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Proposition C.1 Let M be a CT{O-model. Then M =, A X2 B for some w iff M = A =5 B.

Proof This is a simple consequence of the definition of == and the truth conditions for & and <.

Proposition 6.5 The following are derived theorems and inference rules in CT40 (assuming as
a premise O(KB) wherever KB is mentioned).

RCM From B D C infer (A=% B) > (A =5 ()
And (A5S B)ANAZSC)>(A=> BAC)
ID A5 4

KC (A=% B)>(KBAADB)

CK J(KBA A) > (B(KBAA D B) > (AX2 B))
Cons O-4=(4 5 1)

LLE mmAEBinfer(A-‘EE»c)g(Bﬂ.C)
KCI (ANB=3C)> (A= (B> 0))

Proof We demonstrate the derivability of these sentences with semantic arguments and appeal to
the characterization result Theorem 5.9. We assume M = (W, R, ¢) is a CT40-model with
various elements v, w, etc. in W. We freely use Proposition C.1.

RCM: Suppose B D C is valid and M |= A = B. By definition of —, at every world O-4
holds or ' G(A A O(A D B) holds. At any world where the latter holds (since k740 B D C)
it must be that O(AADO(A D C) holds as well. Thus M = A X5 C.

And: Suppose M |= (A =2 B)A(A =3 C). Then at every world 0-4 holds, or O(AAD(A D
B) and O(AADO(A D C) hold. At any world v in the latter case, there must be some accessible

vRu such that M =, AA B and M |=, O(A D B). By the fact that M [, O-A, we have
M =, O(AADO(A D C). This means

ME,O(AANO(AD BAC),
which implies
' ME,O(AANO(AD BAC).
Thus M= A X35 BAC.

ID: That A == A is valid follows from the validity of O(4 D A) and O~A V O A (using e.g.
Nec and the definition of <).

KC: Assume M = O(KB) and M = A =5 B. Suppose M |=, KBA A. Since M = O(KB),
by definition of O(KB) every world in M can see w. If M [, B then at no world can
O(AADO(A D B) hold. Since O-4 is false at all worlds, the fact that M = A = B is
contradicted. Thus M f=,, B
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CK: Assume M = O(KB), M |= 3(KBA A) and M |= B(KBA A > B). Then there exists
an KB A A-world w such that all worlds see w. Furthermore, any A-world v which w sees is
a KB A A-world since M |= O(KB); and, since M |= B(KBA A D B), for any such v we have
M |=, B. Thus every world sees a world (namely w) such that M |=,, O(A A O(A D B).
Hence M = A X5 B.

Cons: That 8-4 = (4 X2 1) is valid follows 1mmed1ate1y from the definition of <.

LLE: Assume A = B is valid, and suppose M = A <> C. If H-4 holds at some world w,
8-B also holds at w. If O(4 A O(A D C) holds at some w, then so does (B A O(B D C).

KCI: Suppose M = AA B = C. Then, at any world w, either O~(A A B) holds or
O((AAB)AO(AAB D ())

holds. In the first case either (a) O-A holds; or (b) O(A D —~B) holds, which means O(A4 D
(B D C)) does as well. In the second case, there is an accessible wRv such that M =, AAB
and M |=, O(AA B D C). This means M |=, A and M =, O(A D (B D> C). So

ME, O(ANO(A D (B DC)).

Thus M = 4 X% (B 5 ©).

Proposition 6.8 CKI is derivable in CO.
CKI ~(AX -B)> (A3 (B>C)>(AABE ()

Proof The proof is demonstrated by semantic means, using the characterization result Theo-
rem 5.4. Let M = (W, R, ¢) be a CO-model with w € W. Suppose

ME-(AZ -B)and M A X2 (B> O).

By the first condition, using the simple definition of = (see Proposition 6.4), we have M [
S(AADO(A D B)). Thus M |= B(-A v O(A A B)). By the second condition,

M G-Av3(AAD(AD (BDC))).
If ﬁ-w(A A B) holds, A A B =5 C holds trivially. If not, then
MEy,AANO(AD(BDC())

for some w € W. But by the first condition, M |z O(A A B). This means at some world v,
where wRv,

ME,ANBAO(AAB D Q).
Thus M = S(AABAD(AAB D C)); that is, AA B =3 C.
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Theorem 6.7 Let M be a full revision model and ¥™ the revision function determined by M. Then
+™ satisfies postulates (R1) through (R8).

Proof This follows almost immediately from Propositions 6.5 and 6.6.

Theorem 6.8 Let * be a revision function satisfying postulates (R1) through (R8). Then for any
theory K there ezists a full revision model M such that K% = K%" for all A.

Proof The proof of the theorem will be similar to the proof of the representation result given by
Grove (1988), and uses the observation that a system of spheres can be considered to be a
totally preordered relation on possible worlds.

Let * be an AGM revision operator. We use several well-known facts about such operators
(see (Gérdenfors 1988)).

We will construct a full revision model M = (W, R, ¢) which corresponds to * for any given
consistent K. M is given by:

1. W = {w : w is a maximal consistent set of Lops}. We use w to also denote the obvious
propostional valuation associated with the set of formulae (so w | a iff @ € w; and
w € ||S]] iff § € w for any set of sentences S).

2. vRw iff there exists a sentence A € wN v such that K} C w, or there is no consistent A
such that K% C v. We define w < v iff vRw, and w < v iff vRw and not wRv,

3. ¢(w,A) = 1iff A € ¢ for any atomic A.

We will show M is a K-revision model by demonstrating each of the necessary properties.
(a) R is reflexive: That w < w for all w € W follows easily in either the case where

w € || K}4|| or not, for some consistent A.

(b) R is totally-ordered: Suppose w £ v and v £ w. Then for some consistent A and B,
v € ||K4|| and w € ||KE|. So AV B € vNw, and (by (R7) and (R8)) we have K, p = K}
or Kyg = Kp or K}, = K4 N K. Thus one of v or w is in K, 5, contradicting the fact
that neither v < wor w < v.

(¢) R is transitive: Suppose © < v and v < w. Assume there are consistent B,C such
that B € w and v € ||Kg|l, C € v and u € ||K}| (otherwise v < w holds trivially).
Now -C ¢ Kjg, so by (R7) and (R8) we have -C' ¢ Kp,. This means (by (R8)) that
Kigueyne = (Kgye)s. In other words, K& = (Kjyo)g. Hence, ||KE| C |Kpyoll and
2 € ||Kgyoll- But BVC € wNnu,s0 u < w.

(d) All K-worlds are minimal: Suppose w € ||K||. For any world v there exists some
A € wN v such that K U {A} is consistent (e.g. if A is a tautology). By (R3) and (R4),
K% = K} . Since w € ||K}||, we have w € ||K%|. Then by definition of <, w < v.

(e) Only K-worlds are minimal: Suppose w € ||K||, while v ¢ ||K|]. Choose some
A € vNw (such an A exists, for example, any tautology). Since A € w, we have K U {A} is
consistent, and by (R3) and (R4), K3 = K. But v ¢ [|K| so v ¢ ||K}||. Hence v ¢ || K3]|
and v £ w. v € || K}

(f) All truth valuations are in W: This is obvious given the definition of M.
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Thus M is a K-revision model. It remains to be shown that the revision function determined
by M is *. For inconsistent A this is clear, since K} = Cn(.l) in both cases (for * and *™).
So assume A is consistent. We must show

B € K} iff thereis some we W, M =, AAD(A4 D B).
Lemma C.2 Ifv < w, w € ||K}||, and v |= A, then w < v.
Proof Since A € wNwv, w € [|[K}||. The definition of < ensures » < .

Lemma C.3 w € |K}%|| iff w € min(A), where
min(d)={ve W :v | A and if u < v then u [£ A}.

Proof Suppose w € ||K%|| and v € [|A||. By Lemma C.2 w < v, hence w € min(A4). (Thus
the existence of min(A) is demonstrated.)
Suppose w € min(A) and w ¢ ||K}||. Since A is consistent, there is some v € | K%||. By
supposition, w < v, since v |= A. This means there is a B € w N v such that w € | Kg||.
But then we have

w € [[(K5)4I = |1 Kansll = 1KBAall = I(EDEN < K2
Thus || K}|| = min(A).

|
Suppose B € K. Then for all w € ||[K}|, w B and (by Lemma C.3) for all w € min(A),
w = B. By definition of min(A4),

M, ANDO(AD B).
SoMEAZ
Suppose M |= A =2 B. Then there is a v such that
ME, ANO(A D B).

By definition of min(A), vRw for all w € min(A). So for w € ||K%|| we have w = A D B;
and then B € K7}.

Thus, K% = K%".

Proposition 6.9 The following theorems are derivable in CO.
And (A3 B)A(AZSC)D (A= BAC)
Oor (ASCONBEC)>DAVBE Q)
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RT (A3 B)>(AABX30C)> (425 0))
CM (A BIAABC)>(AANBEE Q)
"RM (A= C)A~(AANB =5 C)D> A=>-B
CV (A B)>(AEC)>(AA-B X5 (0))

Proof The proofs of these theorems are almost identical to those given for the analogous theorems
in CT4D. We refer to the the proofs of Propositions 4.4 and 4.9.

Theorem 6.13 Let M be a revision model for K with weak integrity constraints C. Then K;M EC
for all A consistent with C.

Proof Let M = (W, R, ¢) be as specified, with M = 8(C > OC). Since 4 is consistent with C,
there exists some A A C-world w € W. Since M [, OC, we have M |, AANO(A D C).

Thus M = A =5 C.

Corollary 6.14 Let M be a revision model for K with weak integrity constraintsC. Then K |= C.

Proof Since C is satisfiable, there is some C-world w € W, and M }=,, OC. Since all K-worlds
are minimal in M, wRv for any K-world v, and M =, C. Thus K | C.

Corollary 6.15 If KB C then {O(KB)} U WIC is CO*-inconsistent.
Proof This is immediate given Corollaries 6.3 and 6.14.

Theorem 6.16 Let M be a revision model for K with strong integrity constraints C. Let S be the
collection of mazimal subsets S; C C such that S; is consistent with A. For some S C 8, it is the
case that K%' =V S.

Proof Let S; C C be a maximal subset of constraints consistent with A. Using, as usual, 5; to
denote the conjunction of its members, there must be some world w satisfying A A S;. Now
M = IC s0
M= B((8iA %) > 8% > 5)).

Since §; is maximal M }=,, S; A'S;, so M =, O(S; D S;). This implies M = A =5 §; O S;
for each S; € §. However, since S is the set of maximal constraint sets consistent with A, it

must be that
FAD\/{S:S; €S}
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Thus
MEAX V{S €S}
and, in particular, this holds for some subset of § C §.

Corollary 6.17 Let M be a revision model for K with strong integrity constraints C. Then K |=
C

Proof One member of IC is O(C' D OC). Thus, this result follows immediately from Corollary
6.14,

Corollary 6.18 If KB [ C then {O(KB)}U IC is CO*-inconsistent.
Proof This is immediate given Corollaries 6.3 and 6.17.

Theorem 6.19 Let M be a revision model for K with priorilized integrity constraints Cy,+++,Cy.
Then I{A = C; whenever A is consistent with the conjunction of all constraints Cj, j < i.

Proof Let M = (W, R, ) be as specified. Since A is consistent with P;, there exists some A A P;-
world w € W. Since M | ICP, we have M |=,, OF;,. Thus M =, AAO(A D PB;). Thus
MEAZS P,

Corollary 6.20 Let M be a revision model for K with prioritized integrity constraints C. Then
K ]= O'

Proof One member of ICP is 8(C > OC). Thus, this result follows immediately from Corollary
6.14.

Corollary 6.21 If KB~ C then {O(KB)} U ICP is CO*-inconsistent.
Proof This is immediate given Corollaries 6.3 and 6.20.

Corollary 6.22 B <gu A iff M | (=4 > ©-B).
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Proof Let M be a CO*-model determining the entrenchment orderilég <gm and plausibility or-
dering <ppr. By definition, B <gpp A iff -B <pp —A if M | O(-4 D O-B).

Theorem 8.23 Let M be a CO*model. Then <pps satisfies the Grove postulates (G1)-(G5).

Proof We take M = (W, R, ¢) to be a CO*-model with worlds w, v, etc.

(G1) Assume A and B are satisfiable (if not, A <pay B or B <ppy A). Suppose A £py B.
Then for some w, M =, B A =0 A, so for all wRv, M |=, ~A. This means, for any A-world
u, uRv and M |, ©B. Hence, B <pym A.

(G2) Suppose A <pp B and B <pp C. Then M satsifies both B(B > ¢A) and E(c > OB);
thus, O(C D ©A) holds as well.

(G3)If - AD BV C then B(A D BV C) and, hence, (4 D (B V C)) are both CO*-valid.
This implies H(A4 > ©B) or 8(4 D ©C). Thus B <pa A or C <ppy A.

(G4) Suppose A is consistent with K. Since all K-worlds are minimal in M, there is some
A-world minimal in M and 8(B > ©A) for all B. Hence, B <pp A for all B.

(G5) If - = A the H-A4 is CO*-valid. Hence, B(4 > OB) and B <pps A for all B.

Theorem 6.24 Let <g be a Grove ordering satisfying (G1)- ( G5). Then there ezists a CO*-model
M such that the plausibility ordering <pps determined by M is <g.

Proof The proof uses the technique of Grove (1988), which shows that <g can model a revision
function. For the ordering <g, let a cut C be any set of sentences satisfying the following
closure property:

IfAeCand A<g B, then B €C.

Thus if we think of <g as assigning a degree of plausibility to sentences, a cut contains all
sentences with at most a specified degree of plausibility (recall A <g B means A is more
plausible).

It is easy to verify that cuts are totally ordered under set inclusion. Let C and D be two cuts
with A € C and B € D. For any pair of sentences A, B we have A <g B or B <¢ A, so either
A€eDorBe(C.SoCCDorDCC.

Now we define a model M = (W, R, ) where W is (as usual) the set of all maximal consistent
sets of propositional sentences, ¢ is given by set membership of atoms, and R is defined as:

wRv iff for every cut C, vNC # @ implies wNC # .

Since cuts are nested, it is easy to see R is reflexive, transitive and totally connected.

If B is unsatisfiable, by (G5), A <g B for all A, and in CO* we have that ﬁ(B D OA)is
valid, So assume B is satisfiable, A <g B, and M |=,, B. Let the set of cuts intersecting w
be

S={C:Cnw#0}.
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Then C =S is clearly a cut, and C Nw # @ (since cuts are nested).

Consider the set {-~D : D € C}. If this set is consistent with A, it can be extended to a
maximal set v which includes A. Clearly, CNv=0. As C N w # @, any cut which intersects
v contains C, and intersects w as well. Hence, wRv. (Moreover, not vRw.)

Suppose {~D : D € C} is inconsistent with A. Then for some.D;,...D, €C,
DyA...AD, DA,

In other words,
FAD D1 V...V D,.

Using (G3), we see that Dy <g A or...D, <g A. This means A € C. Now let D be any cut
smaller than C, i.e., any D C C. Now consider the set {-D : D € D}. As shown above, if this
set is consistent with A, it can be extended maximally to include A, determining a world »
such that D Nv = (. If it is inconsistent with A, as discussed above, it must be that 4 € D.
But since A <g B, this implies B € D, contradicting the fact that D C C. Hence, there exists
a world v satisfying A such that whenever D C C it must be that D N v = (. Thus wRv.

From this, we conclude that, for any B-world w € W, there exists an A-world v such that
wRv. Hence, M |= G(B D ©A).

Corollary 6.25 Let M be a CO*-model. Then <gpr satisfies the entrenchment postulates (E1)-
(E5) of (Girdenfors 1988).

Proof Theorem 6.23, together with the definition of <gps and the identity of B <g A with
- B <g —A, ensures this result.

Corollary 6.26 Let <g be an entrenchment ordering satisfying (E1)-(E5). Then there ezists a
CO*-model M such that the entrenchment ordering <gps determined by M is <g.

Proof Theorem 6.24, together with the definition of <gps and the identity of B <g A with
~B <g —-A, ensures this result.

Proposition 8.30 Let M be a preorder revision model for propositional theory K. Then M = Ba
iff K = o for any propositional o.

Proof Let M = (W, R, @) be a CT40 model with worlds w,v,u. Suppose M |= Be.. Then at every
world w, M [, ¢0a, and at some world v, M |=, Oa. Since all K-worlds are minimal in
M, vRu for each K-world u, and hence each K-world satisfies o.

Suppose K |= a. Since all and only K-worlds are minimal in M, we have for any K-world v

that M |=, Oa. Since each world w can see each such v, we have M |=,, OOa for all w € W.
Thus M | Ra.
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Proposition 8.31 Let M be a preorder revision model for K such that M = A X2 B. Then
M%E(AA"HE‘!B :)B).

Proof Let M |=,, A for some K-world w in M. Since M = A =2 B, we have M =, O(A A
O(A D B)). Hence M |, B,and M =y AA-R-B D B holds at any K-world v and
MER(AA-R-B D B).

Theorem 6.32 Let M = (W, R, ) be a CO-model. Then M |= OY(KB) iff W = AUZ where A
and T are clusters such that T sees A, and T consists of = KB-worlds while A consists of KB-worlds.

Proof Suppose M = O*(KB). We will show two facts:

(a) If M =y, KB then vRw for all v e W.

(b) If M |y, ~KB then for all v € W, vRw if M =, ~KB, and not vRw if M |=, KB.
To show (a), suppose M |=,, KB and for some v, not vRw. Since R is connected, wRv. If
M |=, KB then M £, O-KB, and M £ O*(KB). i M |=, ~KB then M |, OKB, and
M W OF(KB).
To show (b), suppose M =, ~KB. If M |=, KB and vRw for some v, then M }£, OKB,

and M £ O*(KB). f M |, -KB and not vRw for some v, then M [, 8.1, (since w is
inaccessible) and M = O+ (KB).

Proposition 8.83 Fco OF(T) = 0*(1).

Proof
ot(L) = (L>@LABT)A(L>ET)
s TohE
= (TH>(@TABL)A(TDOEL)
0*(T)
|

Proposition 8.35 Let M be a K -revision model. M = Ra iff M |, o for each w € A.

Proof Let M = (W, R, ¢) be a K-revision model with worlds w,v,u. M | Re iff, at every world
u €W, M |z, OOa, iff at some world v, M =, Oa. Since A forms the set of worlds minimal
in M, vRw for each w € A, Thus, this holds iff M ,, a for each w € A.
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Proposition 8.36 Let M be a K -revision model. M = Ra iff M Euw o for each w € .

Proof Let M = (W, R, ) be a K-belief model with worlds w,v,4. M | Ro iff, at some world
u € W, M k, 08a. Since uRv for any R-minimal world v, this holds exactly when M By (5]
for each v € A. For any v € A and w € Z, vRw is false, so this holds iff M |, a for all
weZ.

Proposition 6.37 Fgo O(L).

Proof
0o(L) = B(L>(mLaBT))
= T
= T
o

We will now present several auxiliary lemmas from which the proof of Theorem 6.38 will follow
immediately, demonstrating the subsumption of OL by CO*.

Lemma C.4 Let KB C Loy be such that KB™ is a nontrivial belief set. If tor, OKB D Ba then
Foos O(KB™) D Ra™.

Proof Let M = (W, R, ¢) be a nontrivial CO*-model of O(KB™), where W = A UZ, as specified
in Chapter 6. We will construct an OL-model M which verifies the “same” sentences as M.
Let M be the OL-model (4, Z) where

= {w*: w € A} and I-= {wx : w € I},

taking w* to be the valuation associated with world w in M. We recall that Levesque’s (1990)
structures take the valuations themselves to be possible worlds, thus eliminating the need for
a valuation mapping. Clearly M is a (maximal) OL-model, as every valuation is represented
in W. Define the inverse image of a valuation wx to be

f(wx) = {v € W : vk = wx}.

Lemma C.5 M [=y. a iff M |, o™ for all v € f(wx).

Proof We proceed by structural induction on « (and we take » to be an arbitrary member
of f(wx)). We use Propositions 6.35 and 6.36 in parts (d) and (e).

(a) For atomic a we have: M |=y. ¢ iff a € w+ iff @ € ¢(v) iff M =, a. We assume
now that this property holds for a and f.
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(b) For —~a we have: M |y ~a iff M [y o iff M &, o iff M |, -a.

(¢)Fora D B wehave: M =ye @ D Biff M fryw aor M Eyu Biff M £, cor M k=, B
iff My aDp.

(d) For Ba we have: M |=y. Ba iff M =y, o for all ux € A iff M |=, a for all u € A iff
M =, Ba for any v € W.

(e) For Na we have: M|=w.. No iff M |=u.aforallu*€1'1ﬂ'M Fu afor all u € T iff
MI:Ealﬂ'M}:uEafora]]uEW. SEEY

Since we have M = O(KB™), by the lemma above, M |=,,. KB iff wx € A. So M |= O(KB).
Furthermore, by the lemma above, if M = Ba, then M & Ro.

Now suppose For, Oa D BA. For any CO*-model M, where M = O(KB™), we can construct
an OL-model M as above satisfying O(XB). Furthermore, by supposition and the complete-
ness of OL, M k= Ba and, by the lemma, M |= Ra. By the completeness theorem for CO*,
Fco« O(KBT) > ®a™.

Lemma C.8 Let KB C Loy be such that KBT is a nontrivial belief set. If Fooa O(KB'“) O BaT
then For OKB D Ba.

Proof Let M = (A,Z) be an OL-model satisfying O(KB). We will construct a CO*-model which
satisfies the “same” sentences. Let M = (W, R, ¢) be a CO*-model such that

1. W=AUZ
2. p(A)={weW:w[ A}
3. R={(vyw):v,we AU {(v,w):v,weZ}U{(v,w):veL,we A}

Clearly M is a CO*-model and W can be partitioned as AUZ in the usual sense. Recall that
OL-structures take the valuations themselves to be possible worlds.

Lemma C.7 M =, a iff M |, a™.

Proof We proceed by structural induction on a. We use Propositions 6.35 and 6.36 in parts
(d) and (e).
(a) For atomic a we have: M =y, a iff @ € w iff w € ¢(a) iff M =y, a. We assume now
that this property holds for a and .
(b) For ~a we have: M =y ~a iff M £, o iff M, aiff M |y -e.
(c)ForaD fwehave: My @D Biff M ey aor M=y, Biff My aor M =y, B
iff MEyadp.
(d) For Ba we have: M |=y, Ba iff M =, a forall u € Aiff M |=, « for all u € A iff
M =, Ba for any v € W.

(e)ForNawehave Mk, Na1ﬁ'M|=uaforallu*eIlﬁMhﬂaforaﬂueflff
MI:.,Eafora.]lvGW
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Since we have M = O(KB), by the lemma above, M [=,, KBT iff w € A. So M |= O(KB™).
Furthermore, if M = Ra™ then M |= Ba.

Now suppose Fco. O(KB™) D Ba™. For any OL-model M satisfying O(KB), we can con-
struct a CO*-model M as above satisfying O( KB™). By assumption and the completeness of
CO*, M |= RBa™, and by construction, it must be that M |= Ba. Hence, by the completeness
of OL, For, O(KB) D Ba.

Theorem 6.38 For, OKB D Ba iff Fcos O"’(KBT") O Ra™r.

Proof This follows immediately from Lemmas C.4 and C.6.

|

Theorem 6.39 Let M be a CT4O*model such that M [=cr40+« O (KB). Then M is a CO*-model
such that M [=co. OF(KB).

Proof This is obvious given the fact that a CT40*-model satisfying O*(KB) must be totally
connected.

Corollary 6.40 Forsox OF(KB) D Ba iff koo« OF(KB) D Ra.
Proof Immediate given Theorem 6.39.



Appendix D

Proofs of Theorems: Chapter 7

In this appendix we present proofs of various propositions, lemmas, theorems and corollaries found
in Chapter 7.

Theorem 7.1 Let Poss be a possibility measure. Then there ezists a CO*-model M such that <ppy
is the plausibility ordering determined by M and A <pp B iff Poss(A) > Poss(B).

Proof Let Poss be a possibility measure. We construct a CO*-model M such that <pps respects
Poss. We let M = (W, R, ¢) be (as usual) determined by the set W of maximal consistent
propositional sentences. We define the rank of w € W to be

r(w) = min{Poss(A) : A € w}.

We let wRv iff r(w) < r(v).

It is easy to verify that M is a CO*-model. We can also show using the technique found in
the proof of Theorem 6.24 (i.e. using cuts on the possibilty ordering) that every B-world in
W sees some A-world in W whenever Poss(B) < Poss(A).

Theorem 7.2 Let <pps be the plausibility ordering determined by some CO*-model M. Then
there ezists a possibility measure such that Poss(A) > Poss(B) iff A <pm B.

Proof Let M = (W, R, ) be a CO*-model. Since W consists of a set of totally ordered clusters,
we can assign a rank r(w) to each world w from the interval [0, 1] such that »(w) < r(v) iff
wRv. If W has a set of minimal elements in R, we can ensure that these get rank 1.

Now define the possibilty of A to be
Poss(A) = sup{r(w): M |y A}

If no sentence gets assigned possibilty 1 under this scheme, W has no minimal elements. In
this case, we alter this definition somewhat:

204
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We let Poss(A) = 0 for any falsehood. It is easy to verify that Poss is a possibilty measure.

Suppose that Poss(A) > Poss(B). In the case where A = T or B = L it is easy to see that
this holds iff A <pps B. For both E(B 5 OT) and B(L D ©A) are CO*-valid for any A, B..
Suppose both sentences are contingent. Then this holds iff, for every B-world, there exists an
A-world which has rank at least as great as that B-world. Thus, for each B-world w, there
exists an A-world v such that wRv. Hence, this is true iff A <pjs B.
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