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BELIEF REPRESENTATION SYSTEMS

A belief system may be understood as a set of beliefs to-
gether with a set of implicit or explicit procedures for
acquiring new beliefs. The computational study of belief
systems has focused on building computer sytems for rep-
resenting or expressing beliefs or knowledge and for rea-

soning with or about beliefs or knowledge. Such a system
is often expressed in terms of a formal theory of the syntax
and semantics of belief and knowledge sentences.

Reasons for Studying Such Systems

There are several distinct, yet overlapping, motivations
for studying such systems. As McCarthy and Hayes
(1969), two of the earliest contributors to this field, have

explained,

A computer program capable of acting intelligently in the
world must have a general representation of the world. . . .
[This] requires commitments about what knowledge is and
how it is obtained. . . . This requires formalizing concepts of
causality, ability, and knowledge.

Thus, one motivation is as a problem in knowledge repre-
sentation (see KNOWLEDGE REPRESENTATION). In the present
context this might less confusingly be referred to as “in-
formation representation” since not only knowledge but
also beliefs are represented. A second motivation is as a
component of computational studies of action. Subcatego-
ries of the latter iriclude planning systems (eg, Moore,
1977), systems for planning speech acts (eg, Cohen and
Perrault, 1979), and systems for planning with multiple
agents (eg, Appelt, 1980). These systems frequently in-
volve representing and reasoning about other notions as
well (such as can, want, etc).

A third motivation is the construction of Al systems

that can interact with human users, other interacting Al
systems, or even itself (eg, Konolige and Nilsson, 1980;
McCarthy, 1977). Among the subcategories here are the
study of user models for determining appropriate output
(eg, Rich, 1979a,b) and the prediction of others’ be-
havior and expectations on the basis of their beliefs
(McCarthy, 1979). A fourth motivation is directly related
to such interaction: the study of Al systems that can con-
verse in natural language (eg, Wilks and Bien, 1979), ei-
ther with users or with a “knowledge base” (eg, Levesque,
1984). A fifth motivation is the study of reasoning: how a
particular individual reasons (Abelson and Reich, 1969),
or how reasoning can be carried out with incomplete

knowledge (eg, Halpern and McAllester, 1984), or in the -

face of resource limitations (eg, Konolige, 1983). Finally,
there is the ever-present motivation of modeling a mind
(eg, Abelson, 1973; Maida and Shapiro, 1982) or providing
computational theories of human reasoning about beliefs
(eg, Creary, 1979; Maida, 1983).

Types of Theories

There are four overlapping types of theories identifiable
by research topics or by research methodologies. One is
belief revision, which is concerned with the problem of
revising a system’s database in light of new, possibly con-
flicting information (cf Martins and Shapiro, 1988); such
theories are dealt with in another entry. The other types
of theory can be usefully categorized {by augmenting the
scheme of McCarthy and Hayes (1969)] as (a) epistemolog-
ical theories, concerned primarily with representational
issues [eg, McCarthy (1979)]; (b) formal heuristic theories,
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concerned primarily with the logic of belief and knowl-
edge, that is, with reasoning in terms of a formal repre-
sentation {eg, Moore (1977)]; and (c) psychological heuris-
tic theories, also concerned with reasoning but using
techniques that make some explicit claim to psychological
adequacy—such theories typically are not concerned with
representational issues per se [eg, Colby and Smith (1969);
Wilks and Bien (1983)1.

- PHILOSOPHICAL BACKGROUND

Much of the data, problems, and theories underlying Al
research on formal belief systems has come from philoso-
phy, in particular, epistemology, philosophy of language,
and logic (especially modal and intensional logics).

Philosophical Issues

The;e are several philosophical issues—logical, semantic,
and ontological—that have been faced by Al researchers
working on belief systems.

1. The problem of the relationship between knowledge
and belief. This problem, dating back to Plato’s Theaete-
tus, is usually resolved by explicating knowledge as justi-
fied true belief (see Gettier, 1963 for the standard critique
of this view and Fetzer, 1985 for a discussion in the con-
text of AI).

2. The problem of the nature of the objects of belief,
knowledge, and other intentional (ie, cognitive) attitudes:
are such objects extensional (eg, sentences, physical ob-
Jects in the external world) or intensional (ie, nonexten-
Slonal; eg, propositions, concepts, mental entities)?

3. 'Problems of referential opacity: the failure of substi-
t"fli:abllity of co-referential terms and phrases in inten-
1f“mal contexts. This can best be illustrated as a problem
I deduction. From

" Susan believes that the Morning Star is a planet

and

The Morning Star is a planet if and only if the Evening Star is
a planet, .

1t does not logically follow that
sus&n believes that the Evening Star is a planet.
N or from
Ruth believes that Venus is a planet
and
Venus = the Evening Star
doeg i1 1 .
it 1081cally follow that

R .
Uth believes that the Evening Star is a planet.
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4. The problem of quantifying in (ie, into intentional
contexts). From

Carol. believes that the unicorn in my garden is white,
it does not logically follow that

There is a unicorn in my garden such that Carol believes that
it is white.

5. Problems of logical form (or semantic interpreta-
tion, or “knowledge representation” in the sense of AD):
how should the following kinds of sentences be under-
stood, and what are their relationships with simpler cases
of belief and knowledge?

Margot knows whether Ben’s phone number is the same as
Ariana’s.

Mike knows who Sally is.

Jan believes that Stu believes that he is a philosopher.
Harriet and Frank mutually believe that the movie at Loew’s
starts at 9 p.m.

6. The problem of the distinction between de re and de
dicto beliefs: When a belief is a cause of a person’s actions,
one is not only interested in what the person believes, but
also in how the person believes it. That is, one is not only
interested in a third-person characterization of the agent’s
beliefs, but also in the agent’s own characterization of
those beliefs. Suppose that Ralph sees the person whom he
knows to be the janitor stealing some government docu-
ments, and suppose—unknown to Ralph—that the janitor
has just won the lottery. Then Ralph believes de dicto that
the janitor is a spy, and he believes de re that the lottery
winner is a spy. That is, if asked, Ralph would assent to
the proposition “The janitor is a spy”; but he merely be-
lieves of the man known to the hearer as the lottery win-
ner that he is a spy—Ralph would not assent to “The
lottery winner is a spy.” Traditionally viewed, a belief
de dicto is a referentially opaque context, whereas a belief
de re is referentially transparent. Thus, the inference

Ralph believes [de dicto] that the janitor is a spy.
The janitor = the lottery winner.

Ralph believes {de dicto] that the lottery winner is a spy.

is invalid. Moreover, its conclusion not only presents false
information but it also represents a loss of information,
namely, of the information about the propositional “con-
tent” of Ralph’s belief. On the other hand,

Ralph believes [de re] of the janitor that he is a spy.
The janitor = the lottery winner.

Ralph believes [de re] of the lottery winner that he is a spy.

is valid. But the conclusion conveys just as little informa-
tion about Ralph’s actual belief de dicto as does the first
premise. An Al system that is capable of explaining or
recommending behavior must be able to distinguish be-
tween these two kinds of belief reports by having two
distinct means of representing them.
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Epistemic Logic

Of central importance from the point of view of Al have
been the logics of belief and knowledge proposed by Hin-
tikka (1962). The propositional fragment of Hintikka’s
logic of knowledge (propositional epistemic logic) can be
axiomatized as a notational variant of the modal logic S4
(see Locic, MopaL), replacing the necessity operator by a
family of proposition-forming operators K,, for each indi-
vidual @ (K,p is to be read “a knows that p”). The axioms
are

(Al) If p is a tautology, then Fp.
(A2) Iftp and Hp — q), then Fq.
(A3) Iftp, then FK,p.

(A4) HK,p— p).

(A5) HEK.p — KKup).

(A6) H(Kp N Kalp = @)1= Kag)

Roughly, (A3) says that a knows all theorems, (A4) says
that what is known must be true (recall that knowledge is
generally considered to be justified true belief), (A5) says
that what is known is known to be known, and (A6) says
that what is known to follow logically from what is known
is itself known. A (propositional) logic of belief (a proposi-
tional doxastic logic) can be obtained by using operators
B, and deleting (A4); other epistemic and doxastic logics
can be obtained by taking similar variants of other modal
logics.

Possible-worlds semantics for epistemic and doxastic
logics can be provided as in ordinary modal logics by inter-
preting the accessibility relation between possible worlds
as a relation of epistemic or doxastic alternativeness.
Thus, for example,

K,p is true in possible world w if and only if p is true in
possible world w’ for all w' that are epistemic alternatives to
w.

Intuitively, a knows that p if and only if p is compatible
with everything that a knows [see Hintikka (1962, 1969)
for details]. Various restrictions on the alternativeness (or
accessibility) relation yield correspondingly different sys-
tems. Thus, S4 can be characterized semantically by re-
quiring the relation to be only reflexive and transitive. If
symmetry is allowed, the semantics characterizes the
stronger system S5 = 84 + + 7K, p — K, 1K, p. (Roughly,
what is unknown is known to be unknown.)

Note that none of these systems is psychologically
plausible. For example, no one knows or believes all tau-
tologies or all logical consequences of one’s knowledge or
beliefs as suggested by (A6). Nor is it clear how to inter-
pret (A5)—is the consequent to be read as “a knows that a
knows that p” or as “a knows that he (or she) knows that
p”?—nor whether it is plausible. Indeed, some philoso-
phers feel that there are no axioms that characterize a
psychologically plausible theory of belief. There is a large
philosophical literature discussing these issues (eg, Cas-
taneda, 1964, the special issues of Noas 1 (1967), and Syn-

thése 21 (1970)]. Other formalizations of epistemic logics
that are of relevance to Al are to be found in Sato (1976)
and McCarthy and co-workers (1978). Further discussion
of the philosophical issues may be found in Linsky (1977),
Edwards (1967), and through The Philosopher’s Index. In-
teresting recent work on semantics of belief sentences
dealing with linguistics and computational issues may be
found in Moore and Hendrix (1982), Moravesik (1973),
and Partee (1967, 1973).

SURVEY OF THEORIES AND SYSTEMS

In this section the major published writings on belief sys.
tems are surveyed following the three:part categorization
of types of theories and by lines within the types. The
reader is reminded that the categorization is highly arbi-
trary and that virtually all of the research falls into more
than one category.

Epistemological Theories

Early Work. One of the earliest works on Al belief sys-
tems, by McCarthy and Hayes (1969), begins by consider-
ing a system of interacting automata whose states at a
given time are determined by their states at previous
times and by incoming signals from the external world
(including other automata). A person p is considered to be
a subautomaton of such a system. Belief is represented by
a predicate B, where B, (s, w) is true if p is to be regarded -
as believing proposition w when in state s. Four sufficient
conditions for a “reasonable” theory of belief are given:

1. p’s beliefs are consistent and correct.

2. New beliefs can arise from reasoning on the basis of
other beliefs.

3. New beliefs can arise from observations.

4. If p believes that it ought to do something, then it
does it.

However, criterion 1 is psychologically implausible and
seems to better characterize knowledge; criterion 4 is sim-
ilarly too strong. Knowledge is represented by a version of
Hintikka’s system (1962): The alternativeness relation,
shrug(p, s1, sg), is true if and only if: if p is in fact in
situation sg, then for all he knows he might be in situation
s;. (A “situation” is a complete, actual or hypothetical
state of the universe.) K,q is true (presumably at s) if and
only if Vt[shrug(p, t, s) — q(#)], where g(¢) is a “fluent’—a
Boolean-valued function of situations—that “translates”
g, and where shrug is reflexive and transitive. Although
this paper is significant for its introduction of philosophi-
cal concepts into Al it discusses only a minimal represen-
tation of knowledge and belief.

A more detailed representation is offered by McCarthy
(19717, 1979) in which individual concepts—that is, inten-
sional entities somewhat like Fregean senses—are admit-
ted as entities on a par with extensional objects, to allow
for first-order expression of modal notions without prob-
lems of referential opacity. Notationally, capitalized
terms stand for concepts, lowercase terms for objects.



Thus, know(p, X) is a Boolean-valued (extensional) func-
tion of a person p (an extensional entity) and a concept X
(an intensional entity), meaning “p knows the value of X,”
defined as true Know(P, X), where true is a Boolean-val-
ued function of propositions, and where Know(P, X) is a
proposition-valued (ie, concept-valued) function of a per-
son = concept p and a concept X. Nested knowledge is
handled by Know rather than know; thus, “John knows
whether Mary knows the value of X” is Know(John,
Know(Mary, X)). The Hintikka-style knowledge (“knowl-
edge-that”) is represented by a function K(P, @), defined
as (Q And Know(P, Q)); thus, “John knows that Mary
knows the value of X” is K(John, Know(Mary, X)). A de-
notation function maps intensional concepts to exten-
sional objects, and a denotation relation, denotes, is intro-
duced for concepts that lack corresponding objects. An
existence predicate can be defined in terms of the latter:
true Exists X if and only if 3x(denotes(X, x)]. Belief is not
treated in nearly as much detail. Functions Believe and
believe are introduced, though so are functions believespy
a_nd notbelievespy (to handle a celebrated puzzle of referen-
tla} opacity concerning spies; see Linsky, 1977), yet no
axioms are provided to relate them to each other or to the
ordinary belief functions. [A similar theory in the philo-
sophical literature was described in Rapaport (1978).]

Creary (1979) extended McCarthy’s theory to handle
concepts of concepts. According to Creary, McCarthy’s no-
tation cannot represent three distinct readings of

Pat believes that Mike wants to meet Jim’s wife

(generated by the de re/de dicto distinction) because it
does not allow for the full hierarchy of Fregean senses
(Frege, 1892). The three readings are

believes(pat, Wants{Mike, Meet${Mike$, Wife$ Jim$}})
believes (pat, Exist P$.Wants{Mike, Meet${Mike$, P$}} And
Conceptof{P$, Wife Jim})

3P$ P.believes(pat, Wants{Mike, Meet${Mike$, P$}}) N\ con-
ceptof(P$, P) A conceptof(P, wife jim)

H?;e, if mike is the name of a person whose concept is:
eepte" ?her.l Mike is the name of that concept and its con-
ey is: M{ke$, etc. It is not clear, however, that such a
rarchy is needed at all (cf Parsons, 1981) nor whether
. a""—h.)”s_notation is indeed incapable of representing
al :tmblglllffy: Creary does, however, discuss reasoning
ing” tﬁmmslt.lonal attitudes of other agents by “simulat-
sistin eft.n using “contexts”—temporary databases con-
only g)o the ag_ent’s beliefs plus common beliefs and used
°ertainr x“-%fisor.nng, not for representation {thus escaping
vore (ll;bjectlons to “database approaches” raised by
and regyy 77)]. Creary’s system was subjected to criticism
Bamdement by B.arnden (1983).
Solve 5 en has revised and extended his own theory to
tation” l(’i'gblem that he has identified as “incorrect impu-
Dpears ¢, 56, 1989). For instance, the first reading above
ie, g h impute” to Pat a theory of concepts of concepts
Rever haeory of second-order concepts) that Pat might
Rothiy ve thought about. This seems, however, to be
€ more than the familiar de re/de dicto distinction.
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Belief Spaces. The problems of nested beliefs and of the
de re/de dicto distinction suggest that databases contain-
ing representations of beliefs should be partitioned into
units (often called “contexts,” “spaces,” or “views”) for
each believer. One of the earliest discussions of these is-
sues in a computational framework was by Moore (1973),
who developed a LISP-like language, D-SCRIPT, that
evaluates objects of belief in different environments (see
also Bien, 1975). Another early use of such units was Hen-
drix’s (1979) partitioning of semantic networks into
“gpaces” and “vistas”: The former can be used to represent
the propositions that a given agent believes; the latter are
unions of such spaces. Similarly, Schneider (1980) intro-
duced “contexts” to represent different views of a knowl-
edge base, and Covington and Schubert (1980) used “sub-
nets” to represent an individual’s conception of the world.
Filman and co-workers (1983) treat a context as a theory
of some domain, such as an agent’s beliefs, with the ability
to reason with the agent’s beliefs in the context and about
them by treating the context as an object in a metacon-
text.

Fully Intensional Theories. The notions of intensional
entities and belief spaces come together in the work of
Shapiro and his associates. Maida and Shapiro (1982) go a
step beyond the approach of McCarthy by dropping exten-
sional entities altogether. Their representational scheme,
SNePS (qv), uses a fully intensional semantic network in
which all nodes represent distinct concepts, all repre-
sented concepts are represented by distinct nodes, and
arcs represent binary relations between nodes but cannot
be quantified over (they are “nonconceptual”). The entire
network is considered to model the belief system of an
intelligent agent: asserted propositional nodes represent
the agent’s beliefs, and “base” nodes represent individual
concepts. [Similar philosophical theories are those of
Meinong (1904) and Castafieda (1972); see Rapaport
(1985).] Two versions of ‘know’ are treated (both via
agent—verb—object case frames): knowl for “knows that”
and know2 for “knows by acquaintance.” There are corre-
sponding versions of ‘believe’ (though it is not clear what
believe2 is); the fundamental principle connecting knowl-
edge and belief is that the system believesl that an agent
knows1 that p only if the system believesl both that the
agent believesl that p and that the agent believesl that p
for the right reasons. Unlike other belief systems, their
gystem can handle questions, as queries about truth val-
ues (which are represented by nodes). Thus, whereas most
gystems represent “John knows whether p” as “John
knows that p or John knows that 71p,” Maida and Shapiro
(1982) consider these to be merely logically equivalent but
not intensionally identical; instead, they represent it as
“John knows2 the truth value of p.” Among the conse-
quences of the fully intensional approach are (1) the abil-
ity to represent nested beliefs without a type hierarchy
[see Maida (1983)], (2) the need for a mechanism of co-
referentiality (actually, their “a EQUIV b” represents
that the system believes that a and b are coreferential), (3)
the dynamic introduction of new nodes, through user in-
teraction, in the order they are needed (which sometimes
requires node merging by means of EQUIV arcs), and (4)
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the treatment of all transitive verbs as referentially
opaque unless there is an explicit rule to the contrary.

Rapaport (1986) [see also Rapaport and Shapiro (1984)]
makes essential use of the notion of a “belief space” to
represént the distinctions between de re and de dicto be-
liefs. In dynamically constructing the system’s belief
space, he follows the principle that if there is no prior
knowledge of coreferentiality of concepts in the belief
spaces of agents whose beliefs are being modeled by the
system, then those concepts must be represented sepa-
rately. This has the effect of reintroducing a kind of hier-
archy [see the discussion of Creary (1979), above], but
there is a mechanism for “merging” such entities later as
new information warrants. Thus, the conjunctive de dicto
proposition “John believes that Mary is rich and Mary
believes that Lucy is rich” requires four individuals: the
system’s John, the system’s John’s Mary, the system’s
Mary, and the system’s Mary’s Lucy. But the de re propo-
sition “John believes of Mary that she is not rich” only
requires two: the system’s John and the system’s Mary.
This technique is used to represent quasi-indicators (Cas-
tanieda, 1967; Sells, 1987): virtually all other systems fail
to distinguish between “John believes that he* is rich”
and “John believes that John is rich” [aithough Moore,
1980 and Smith (1986) briefly discuss this]; the starred,
quasi-indexical occurrence of “he” is the system’s way of
depicting John’s use of ‘I’ in John’s statement, “I am rich.”
This is represented as a de dicto proposition requiring two
individuals: the system’s John and the system’s John’s
representation of himself (which is distinct from the sys-
tem’s John’s John). This theory has been extended by
Wiebe (Wiebe and Rapaport, 1986).

Other Theories. Among other theories that may be
classified as epistemological (though some have consider-
able overlap with formal heuristic theories) are the impor-
tant early work of Konolige (1982), a series of papers by
Kobsa (1984a—c) and Kobsa and Trost (1984), Xiwen and
Weide (1983), and Soulhi (1984).

Konolige. Konolige (1982) is concerned with the other
side of the coin of knowledge: ignorance. In order to prove
ignorance based on knowledge limitations [“circumscrip-
tive ignorance”; see McCarthy (1980)], he uses a represen-
tation scheme based on a logic called K14, an extension of
the work of Sato (1976). KI4 has two families of modal
operators: knowledge operators, [S], for each agent S, and
(what might be called “context”) operators, [a], for each
proposition a; and it has an agent 0 (“fool”), where [Ola
means “a is common knowledge.” The axioms and rules of
KI4 include analogs of (A1)—(A6)(system K4), plus:

(A7) HOla— [0][S]a

(A8) If a|‘K4B, then }']{]4[0]3

(A9) If not-(aFgsB), then gy [alp
Roughly, (A7) says that if « is common knowledge, then it
is common knowledge that S knows it; (A8) says that if 8

follows from a in K4, then B is true in the context of a in
K14; and (A9) says that if 8 does not follow from « in K4,

then it is not true in the context of a in K74. The conte

operator may be explained as follows: If a = [S]q, then la]
identifies S’s theory whose axiom is ¢. Thus, “all 8 kngy,
about p is that g; or g;” can be represented as: [a][S]p
where a = [Slq; v/ [Slqz. ’

Kobsa and Trost. Kobsa and Trost (1984) use the Kj_
ONE knowledge representation system, augmented py
their version of partitions: “contexts”—collections
“nexus” nodes linked to “concept” nodes, representing
that the agent modeled by the context containing the
nexus nodes believes propositions about the conceptg
There is a system context and separate contexts for each
agent whose beliefs are modeled, with explicit (co-referen.
tial-like) links between isomorphic structures in the dif.
ferent contexts (instead of structure sharing or pattery
matching). Of particular interest is their use of “embeq.
ded” (ie, nested) beliefs to represent recursive beliefs (the
special case of nesting where a lower level context models
a higher level one, as in the system’s beliefs about John’s
beliefs about the system’s beliefs) and mutual beliefs (by
linking the context for one agent embedded in the context
for another with the embedding context). :

Formal Heuristic Theories

Moore. One of the most influential of the formal theo-
ries (both epistemological and heuristic) has been that of
Moore (1977, 1980, 1981). His was the first Al theory to .
offer both a representational scheme and a logic and to
show how they can interact with other notions to reason
about action. For his representation, Moore uses a first.
order axiomatization of the possible-worlds semantics of
Hintikka’s S4 [rather than the modal axiomatic version,
it should be noted that Moore (1977) erroneously added
the S5 rule]. Specifically, he introduces a predicate T'(w, p)
to represent that the object language formula p is true in
possible world w, and the predicate K(A, wl, w2) to repre-
sent that w?2 is possible according to what A knows in wl.
“A knows that p” is then represented by Know(4, p),
which satisfies the axiom: T(wl, Know(al, pl)) =
Vw2(K(al, wl, w2) — T(w2, p1)). Since Moore is con-
cerned with using knowledge to reason about actions, he
formulates a logic of actions, where complex actions are
built out of sequences, conditionals (defined in terms of
Know), and loops, and a logic for “can,” understood as
“knowing how to do.” The criticisms one can offer of
Moore’s work are both two-sided: (1) its psychological in-
adequacy (primarily due to his reliance on Hintikka’s sys-
tem)—but, of course, this is shared by most other formal
theories—and (2) its similarity to much work that had
been going on in philosophy during the 1960s and 1970s,
but here it must be noted that one advantage of (some) Al
theories over (some) philosophical theories is the former's
attention to detail, which can often indicate crucial gaps
in the latter. (Moore’s critique of the database approach is
discussed below.) Moore’s line of research has been ex-
tended, most recently, by Morgenstern (1986).

Konolige. Konolige and Nilsson (1980) consider, from a
formal point of view, a planning system involving cooper-



ating agents. Each agent is represented by a first-order
language, a “simulation structure” (a partial model of the
language), a set of facts (expressed in the language and
including descriptions of other agents), a “goal structure”
(consisting of goals and plans), a deduction system, and a
planning system. An agent uses a formal metalanguage to
describe the languages of other agents and can use its
representation of other agents (or itself-but not quasi-
indexically) to reason by simulation about their plans and
facts in order to take them into account when making its
own plans. Belief, rather than knowledge, is taken as the
appropriate cognitive attitude, to allow for the possibility
of error [not allowed by axiom (A4), above], and “agent A0
believes that agent A1 believes that agent A0 is holding
object B” is represented by FACT(A1, ‘HOLDING(AO, B))
appearing in A0’s FACT-list. Although an analog of ax-
iom (A5) is taken as an axiom here, the analog of (A6) is
not, since (1) their system allows different agents to have
different deduction systems and (2) the deductive capabil-
ities of the agents are considered to be limited.

This theory was made more rigorous in Konolige (1983,
1984). Here, a planning system with multiple agents has a
“belief subsystem” consisting of (1) a list of “base” sen-
tences (about a situation) expressed in a formal language
with a modal belief operator and a Tarski-like truth value
semantics; (2) a set of deduction processes (or deduction
tules) that are sound, effectively computable, have
“bounded” input, and are, therefore, monotonic; and (3) a
control strategy (for applying the rules to sentences). Be-
lief derivation is “total”; that is, all queries are answered
in a bounded amount of time. The system is deductively
consistent (ie, a sentence and its negation are not simulta-
neously believed), but it is not logically consistent (ie,
there might not be a possible world in which all beliefs are
true). Thus, some measure of psychological plausibility is
obtained. A system can be deductively though not logi-
cally consistent if there are resource limitations on deduc-
tions; that is, the deductive processes might be incomplete
because of either weak rules or a control strategy that
does not perform all deductions. Konolige uses the former
(though his sample of a weak rule—modus ponens weak-
ened by conjoining a “derivation depth” to each sen-
tence-—seems to require a nonstandard conjunction in or-
der. to prevent ordinary modus ponens from being
derivable). The system satisfies two properties: closure
(sentences derived in the system are closed under the de-
duction rules: ie, all deductions are made) and recursion
(the belief operator [S] is interpreted as another belief
system). Thus, [S o means that a is derivable in S’s belief
SYSFEm. A “view” [similar to Hendrix’s “vista” (1979)] is a
belief system as “perceived through a chain of agents”; for
example » = John, Sue is John’s perception of Sue’s be-
liefs. To bound the recursive reasoning processes, the
More deeply nested a system is, the weaker are its rules.
-{(OI}OIige presents a Gentzen-style propositional doxastic
0gic B consisting of: the axioms and rules of propositional

OgIc; a set of rules for each view v; and, for each v, (I) a
Tule Cyt* (essentially modus ponens) that implements clo-
Sure, (2) a rule B that formalizes agent i’s deductive sys-

T in view » (roughly, the rule is that if a sentence 3 from

Some set of sentences A can be inferred using the rules of
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the view v, i from a set of sentences I' that are believed by
S;, then [S;]A can be inferred using the rules of v from -
[S;)1), and (3) a rule B, that says that anything can be
derived from logically inconsistent beliefs. B is stronger
than might be desired, since, if the v rules are complete
and recursion is unbounded, B is equivalent to 85 — (A4).
Konolige points out, however, that it can be weakened to
S4 — (A4d).

Levesque. A very different approach was taken by
Levesque in a series of papers (1981, 1984a,b) on knowl-
edge bases. The problem he confronts is that of treating a
knowledge base that is incomplete (ie, that lacks some
information needed to answer queries) as an abstract data
type. However, his use of epistemic logic is not as a repre-
sentation device within the knowledge base but as a query
language. He defines a first-order language ¥ that has its
singular terms partitioned by means of a relation v into
equivalence classes of coreferential terms; the classes are
referred to by numerical “parameters” (for the knowledge
base to be able to answer wh-questions). £ has a truth
value semantics based on a set s of “primitive” (true) sen-
tences, and < is said to describe a “world structure” (s, v).
Levesque argues that although £ may be sufficient to
query the knowledge base about the world, it is not suffi-
cient to query it about itself. For this, £ is extended to a
language X<, containing a knowledge operator K and sat-
isfying two principles: (1) “every logical consequence of
what is known is also known,” but not everything is
known (ie, the knowledge base is “an incomplete picture of
a” possible world); and (2) “a pure sentence (ie, one that is
about only the knowledge base) is true exactly when it is
known” (ie, the knowledge base is an accurate picture of
itself). The operator K satisfies slightly modified axioms
for & (which are like those for a typical first-order logic),
plus: :

If Fea, then Fyg¢ Ko

Fye((Ka N\ Kla — B)) — KB).
Foe(VxKa — KVxa).

If « is pure, then Fxg(a = Ka).

The first of these says, roughly, that if « is provable in 2,
then “a is known” is provable in X¥; the second is similar
to (A6); the third says, roughly, that if everything is such
that « is known to hold of it, then it is known that every-
thing is such that a holds of it; and the fourth says,
roughly, that the K operator is redundant in pure sen-
tences. Semantically, if & is a set of world structures (e,
those compatible with the knowledge base), then Ka is
true on s, v, k, if and only if « is true on all (s, v')Yink It
should be observed that K is more like a belief operator
since Ka — a is not a theorem, whereas K(Ka — o) is.
Two operations on an abstract data type KB can then be
defined roughly as follows: (I) ASK: KB X X¥£ — {ves, no,
unknown}, where ASK = yes if Ka is true in KB; ASK =
no if K —a is true in KB; and ASK is unknown otherwise.
(ID) TELL: KB x ¥¥ — KB, where TELL = the intersec-
tion of KB with the set of all world structures on which the
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query is true. Although the query language is epistemic,
Levesque proves a representation theorem stating that
the knowledge in KB is representable using Ylessentially
by trading in Ko for F¢(k — ), where k may be thought of
as the conjunction of sentences in KB].

In Levesque (1984b), principle 1 is weakened, for sev-
eral psychologically interesting reasons: (a) it ignores re-
source limitations; (b) it requires belief of all valid
gsentences; (c) it ignores differences between logically
equivalent, yet distinct, sentences; and (d) it requires be-
lief of all sentences if inconsistent ones are believed. To
achieve an interpretation sensitive to these, two belief
operators are used: Ba for “a is explicitly (or actively)
believed” and La for “a is implicit in what is believed.” To
distinguish (A) situations in which only « and a — 8 are
believed from (B) those in which they are believed to-
gether with B—without being forced to distinguish (C)
gituations in which only a \/ g8 is believed from (D) those
in which only B8 \/ « is believed—Levesque uses “partial
possible worlds,” in which not all sentences get truth val-
ues. A formal logic is defined in which L is logically “omni-
scient” (much like Levesque’s earlier K), but B is not.
More precisely: (i) Ba — La is valid, but its converse is
not; (ii) B is not closed under —; (iii) B need not apply to
all valid sentences or to both of two logically equivalent
ones; and (iv) B allows inconsistent beliefs. Of great philo-
sophical interest is a theorem that Ba — B if and only if
« entailsB, where entails comes from relevance logic (An-
derson and Belnap, 1975). Levesque has summarized his
most recent work (1986a,b).

Other Theories. Most of the recent research on formal
heuristic theories has been collected in the proceedings of
the Conferences on Theoretical Aspects of Reasoning
about Knowledge (eg, Halpern, 1986a) (cf Rapaport, 1988).
One application of Kripke-style possible-worlds semantics
for propositional epistemic logic for m agents is in the
analysis of distributed systems (Halpern, 1986b). The ab-
stract notion of a possible world can be interpreted as a
global state of a distributed system (ie, as a description of
each processor’s state), and the accessibility relation for
agent i can be interpreted as the relation between two
global states s and ¢ such that processor i has the same
state in s and ¢. Thus, processor i “knows” proposition ¢ if
and only if ¢ is true in all global states consistent with i’s
current state, where ¢ expresses information about pro-
cessors’ states or the values of their variables, for exam-
ple. (Computational interpretations such as this of the
abstract paraphernalia of possible-worlds semantics for
modal logics are among the clearest, most revealing, and
least metaphysically suspect.)

Another major topic is the problem of “logical omni-
science”—that all agents “know all valid formulas and all
logical consequences of their knowledge” (Halpern, 1986b,
p. 7). There are three approaches to the solution of this
problem. First, there is Kurt Konolige’s syntactic ap-
proach, which employs incomplete sets of deduction rules
(1986). Second, there is Levesque’s semantic approach,
discussed above. Finally, there is the combined syntactic-
semantic approach of Ronald Fagin and Halpern’s “logic
of general awareness”, which “adds to each state [of a

Kripke structure] a set of formulas that the agent is
‘aware’ of at that state” (Halpern, 1986b, p. 8). On this
view, implicit knowledge is the same as the standard epi-
stemic-logic concept of knowledge, and an agent a explic-
itly knows ¢ if and only if @ implicitly knows ¢ and ¢ is in
a's awareness set. It is of some, perhaps sociological, inter.
est that the most serious attention to the problem of logi.
cal omniscience has been paid, not by pure philosophers of
mind or of language, but by computer scientists. [Cf also
the work of Vardi (1986).]

Psychological Heuristic Theories

This category of research, which attempts to be more psy-
chologically realistic than either of the preceding two,
may be further subdivided along a spectrum ranging from
the more formal to the more psychological.

More Formal than Psychological. There are two major,
and related, topics investigated under this heading:
speech act theory and mutual belief.’

Speech Act Theory. Speech act theory, developed by the -
philosophers Austin, Grice, and Searle considers the basic
unit of linguistic communication to be the rule-governed
production of a token of a sentence (or word) in the perfor-
mance of an illocutionary speech act (such as the act of
making a statement or asking a question). According to
Grice’s version of this theory, meaning must be under-
stood in terms of intending: a speaker S means something
by his or her utterance U addressed to hearer H if and
only if, roughly, S intended the utterance of U to produce
a certain effect in H by means of the recognition of this
intention (see references and further details in Searle,
1965).

Cohen and Perrault. Cohen and Perrault (1979) attempt
to provide “a theory that formally models the possible
intentions underlying speech acts . . . by treating inten-
tions as plans” involving “the communication of beliefs.”
Plans are treated as prespecified sequences of “action” op-
erators, which consist of preconditions, bodies, and effects
and are evaluated relative to the planner’s world model
(including models of the planner’s interlocutor’s beliefs).
When the action operator is a speech act, it takes beliefs
and goals and returns plans for the appropriate speech
act. Their criteria of adequacy for a theory of beliefs are
that it must (I) distinguish agent AGT1’s beliefs from
AGT1's beliefs about AGT2’s beliefs and (2) allow AGT1
to represent (a) that AGT2 knows whether P without
AGT1 having to know which of P and -IP AGT2 believes
and (b) that AGT2 believes that Rab and that 3x Rax and
that AGT2 knows what the x such that Rax is without
AGT1 knowing what AGT2 thinks the x such that Rax is.
Their logic of belief takes BELIEVE as a relation (though
they call it a modal operator) between an agent and a
proposition, satisfying the following axioms (for each
agent a):

(B1) If P is an axiom of first-order logic, then
+aBELIEVE(P) .



(B2) +aBELIEVE(P) —» aBELIEVE(aBELIEVE)P))

(B3) +aBELIEVE(P) \s aBELIEVE(Q) —
aBELIEVE(P v Q)

(B4) raBELIEVE(P & Q) —
aBELIEVE(P) & aBELIEVE(Q)

(B5) +aBELIEVE(P) — "aBELIEVE(~P)

(B6) FaBELIEVE(P — Q) — (aBELIEVE(P) —
aBELIEVE(Q))

(87) +3x{aBELIEVE(P(x))] — aBELIEVE(3xP(x))

(B8) + All agents believe that all agents believe
BB

They admit that- this is too strong to be psychologically
plausible. Agents’ wants are also represented but not axi-
omatized.

Cohen and Levesque. Cohen and Levesque (1980) claim
that illocutionary act definitions can be derived from
statements describing the recognition of shared plans and
that this requires a definition of mutual beliefs. They offer
perhaps the most honest, if not psychologically plausible,
representation of belief:

(BEL x p) is true if and only if p follows from what x
believes

(KNOW x p) is defined as (AND p(BEL x p)) and (KNO-
WIF x p) as (OR (KNOW x pKNOW x (NOT p))). The
lfltter is used to define an if—then—else rule, along the
lines of Moore (1977). Mutual belief (discussed in more
detail below) is characterized by two axioms:

If +p, then H(MB x y p).
HMB x y p) = (BEL x (AND p (MB y x p)).

A “Plan” for an agent x to achieve goal g is defined as an
actiona and formulaspg, . - - s P, Q0> - -« Gk T g such
that. (roughly) x believes that p, implies that the result of
xdoing g is gy and that p; implies that x’s making g;-, true
:iereby makes g; true (fori = 1, . . . , k). Various illocu-
thnary operators are characterized using notions such as

ese. This line of research has been extended by Cohen
and Levesque (1990).

" ue :”EH and Perrault. This research program was contin-
d by Allen and Perrault (1980) in order to model “help-

a elmgulstic behavior, that is, appropriate responses by
IOW)“TG}:‘ (much in !:he manner of user modeling; see be-
son). wh?y O.ffer a simple example (stated in the first per-
iliustICh is presented here in more generality (in order
cor Tate some of the complications that virtually all
indica‘: have ignored; compare the discussion of quasi-
ere ml‘S, above): For S to inform H that he* (S) is tired,
tireq an‘;St be two preconditions: that S believe that he*is
tired g dthat he (S) intend that H believe that he* (S) is
is tir’edn there should be the effect that H believe that S
- Their methodology is as follows: (1) There are
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planning rules; for example, if an agent wants to achieve
P and does not know whether P is true, then the agent
may want to achieve “agent knows whether P is true.” (2)
Figuring out another agent’s plans depends on the observ-
er's knowledge of planning and his or her beliefs about the
agent’s goals. (3) There are inference rules for inferring
actions; for example corresponding to the planning rule
above, if S believes that A has a goal of knowing whether
P is true, then S may believe that A has a goal of achiev-
ing P or S may believe that A has a goal of achieving P.
Their logic of belief and knowledge is based on Hintikka
(1962). For instance, there is an axiom schema of the form
(though in different notation) (B4(P — @) N\ BAP)— BaQ,
although their commentary suggests that such schemata
are really of the form Bg(B4(P — Q) A\ BaP) = BsBAQ.
Knowledge is defined as true belief: K4P = (P /\ B4P),
interpreted as BsK4P if and only if Bg(S and A agree that
P). Knowing-whether and knowing-who are defined as fol-
lows:

KNOWIF4P = (P A\ B4P) \/ (0P A Ba7P).

KNOWREF4P = 3yly = the x such that D(x)
A Bu(y = the x such that D(x))].

There are also numerous rules relating these forms of
belief and knowledge to wants and actions.

Other theories include those of Allen, Sidner, and Is-
rael. Allen (1984) continued this line of research, embed-
ding it in a theory of action and time; here, BELIEVES(A,
p, T, Ty) is taken to mean that A believes during time
interval T, that p holds during time interval T,. Sidner
and Israel (1981) and Sidner (1983) attack similar prob-
lems, treating the “intended meaning” of utterance U by
speaker S for hearer H as a set of pairs of propositional
attitudes (beliefs, wants, intentions, ete.) and proposi-
tional “contents” that are such that S wants H to hold the
attitude toward the content by means of U.

Mutual Belief. The problems of mutual belief and mu-
tual knowledge, notions generally accepted to be essential
to research programs such as these, are most clearly
stated by Clark and Marshall (1981). They raise a paradox
of mutual knowledge: To answer a successful definite ref-
erence by speaker S to hearer H that term ¢ refers to
referent R, a doubly infinite sequence of conditions must
be satisfied: Ks(t is R), KsKg(t is R), KsKyKs(t is R),

. ,and Kg(tis R), KyKs(tisR), . . . . But each condi-
tion takes a finite amount of time to check, yet successful
reference does not require an infinite time. Their solution
is to replace the infinite sequences by mutual knowledge
defined in terms of “copresence”: S and H mutually know
that ¢ is R if and only if there is a state of affairs G such
that S and H have reason to believe that G holds, G indi-
cates to them that they have such reason, and G indicates
to them that ¢ is R. Typically, G will be either (1) commu-
nity membership (ie, shared world knowledge), for exam-
ple, when ¢ is a proper name; (2) physical copresence (ie, a
shared environment), for example, where ¢t is.an indexical;
or (3) linguistic copresence (ie, a shared discourse), for
example, where ¢ is anaphoric (see Perrault and Cohen
(1981) for a critique).
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Mutual knowledge has been further investigated by
Appelt (1980, 1982) and Nadathur and Joshi (1983). Ap-
pelt’s planning system is an intellectual descendant of the
work of Allen, Cohen, Perrault, and Moore. It reasons
about A’s and B’s mutual knowledge by reasoning about
the knowledge of a (virtual) agent—the “kernel”—whose
knowledge is characterized by the union of sets of possible
worlds that are consistent with A’s and B’s knowledge.
Nadathur and Joshi replace Clark and Marshall’s (1981)
requirement of mutual knowledge for successful reference
by a weaker criterion: if S knows or believes that H knows
or believes that ¢ is R, and if there is no reason to doubt
that this is mutual knowledge, then S conjectures that it
is mutual knowledge. This is made precise by using Kono-
lige’s KI4 to formulate a sufficient condition for S’s using ¢
to refer to R.

Other Theories. Other formal psychological heuristic
work has been done by Taylor and Whitehill (1981) on
deception and by Airenti and co-workers (1982) on the
interaction of belief with conceptual and episodic knowl-

edge.

More Psychological than Formal

Wilks and Colleagues. The various logics of nested be-
liefs in general and of mutual beliefs in particular each
face the threat of infinite nestings or combinatorial explo-
sions of nestings. Wilks and Bien (1979, 1983) have at-
tempted to deal with this threat by using what might be
called psychological heuristics. Their work is based on
Bien’s (1975) approach of treating natural-language ut-
terances as programs to be run in “multiple environ-
ments” (one of the earliest forms of belief spaces): a global
environment would represent a person P, and local envi-
ronments would represent P’s models of his or her inter-
locutors. The choice of which environment within which to
evaluate a speaker’s utterance U depends on P’s attitude
toward the discourse: if P believes the speaker, then U
would be evaluated in P’s environment, else in P’s envi-
ronments for the speaker and hearer. Wilks and Bien use
this technique to provide an algorithm for constructing
nested beliefs, given the psychological reality of process-
ing limitations. They offer two general strategies for cre-
ating environments: (1) “Presentation” strategies deter-
mine how deeply nested an environment should be to
represent information about someone. The “minimal” pre-
sentation strategy, for simple cases, constructs a level
only for the subject of the information but none for the
speaker; the “standard” presentation strategy constructs
levels for both speaker and subject; and “reflexive” presen-
tation strategies construct more complex nestings. (2) “In-
sertional” strategies determine where to store the speak-
er's information about the subject; for example, the
“scatter gun” insertion strategy would be to store it in all
relevant environments. A local environment is repre-
sented as a list of statements indexed by their behavior
and nested within a relatively global environment: A5}
represents A’s beliefs about B, A®CY represents A’s be-
liefs about B’s beliefs about C. Suppose a USER informs
the SYSTEM about person A. To interpret the USER’s
utterance, a nested environment within which to run it is

constructed, only temporarily, as follows: SYSTEM Al anq
SYSTEMUSER!} gre constructed, and the former is “pushed
down into” the latter to produce SYSTEM {USER\A} Pygh.
ing is done according to several heuristics: (1) “Contradic.
tion” heuristics: The SYSTEM’s beliefs about the USER’s
beliefs about A are assumed to be the SYSTEM’s beliefs
about A unless there is explicit evidence to the contrary. .
(2) Pragmatic inference rules change some of the SYS.
TEM’s beliefs about A into the SYSTEM'’s beliefs about
A’s beliefs about A. (3) “Relevance” heuristics: Those of
the SYSTEM’s beliefs about the USER’s beliefs that ex-
plicitly mention or describe A become part of the SYS.
TEM’s beliefs about A. (4) “Percolation” heuristics: Be-
liefs in SYSTEM SER), that are not contradicted remain
in SYSTEMA! when the temporary nested environment
is no longer needed for evaluation purposes. Thus, perco.
lation seems to be a form of learning by means of trust-
worthiness, though there is no memory of the source of the
new beliefs in SYSTEM 4! after percolation has occurred;
that is, the SYSTEM changes its beliefs about A by
merely contemplating its beliefs dbout the USER’s be-
liefs. Other difficulties concern “self-embedded” beliefs: In
SYSTEMSYSTEM} there are no beliefs that the SYSTEM
has about the SYSTEM that are not its own beliefs, but
surely a SYSTEM might believe things that it does not
believe that it believes; and there are potential problems
about quasi-indicators when SYSTEM! ig pushed down
into itself to produce SYSTEM ). Wilks has extended
this line of research (Wilks, 1986; Wilks and co-workers,
1989).

Colby. Although the work of Wilks and Bien has a cer-
tain formality to it, they are not especially concerned with
the explicit logic of a belief operator, an accessibility rela-
tion, or a formal logic. The lack of concern with such is-
sues may be taken to be the mark of the more psychologi- -
cal approaches. The pioneers of this approach were Colby
and Abelson and their co-workers.

Colby and Smith (1969) constructed an “artificial belief
system,” ABS,. ABS, had three modes of operation: Dur-
ing “talktime” a user would input sentences, questions, or
rules; these would be entered on lists for that user (per-
haps like a belief space; but see below). If the input were a
question, ABS; would either search the user’s statement
list for an answer (taking the most recent if there were
more than one answer), or deduce an, answer from the
statement list by the rules, or else generate an answer
from other users’ lists. During “questiontime” ABS,
would search the user’s statement list for similarities and
ask the user questions about possible rules; the user’s re-
plies would enable ABS; to formulate new rules. ABS;
would also ask the user’s help in categorizing concepts.
During “thinktime” ABS; would infer new facts (assigned
to a “self”-list) and compute “credibility” weightings for
the facts, rules, and user.

It should be noted that beliefs in this system are merely
statements on a user’s list, which makes this approach
seem very much like the database approach criticized by
Moore (1977). Moore’s objections are as follows: (1) If the
system does not know which of two propositions por g a
user believes, then it must set up two databases for the
user, one containing p and one containing g, leading to
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combinatoria] explosion. (2) The system cannot represent
that the user does not believe that p, since neither of the

: two database alternatives—omitting p or listing "p—is
an adequate representation. Although these are serious

. problems, Colby and Smith’s ABS; seems not to have

F

them. First, ABS, only reasons about explicit beliefs;
thus, it would never have to represent the problematic
cases. Of course, a more psychologically adequate system
would have to. Second, ABS, does not appear to reason
about the fact that a user believes a statement but only
about the statement and ABS,’s source for its believing
the statement.

In Colby (1973) a belief is characterized as an individ-
val’s judgment of acceptance, rejection, or suspended judg-
ment toward a conceptual structure consisting of con-
cepts—representations of objects in space and time,
together with their properties—and their interrelations.
A statement to the effect that A believes that p is treated
dispositionally (if not actually behavioristically) as equiv-
alent to a series of conditionals asserting what A would
say under certain circumstances. More precisely, “U Be-
lievegC, ¢’ if and only if experimenter E takes the linguis-
tic reaction (ie, judgment of credibility) of language user
U to an assertion conceptualized as C as an indicator of
U’s belief in C during time 7. Thus, what is represented
are the objects of a user’s beliefs, not the fact that they are
b'elieved. Various psychologically interesting types of be-
1}ef systems (here understood as sets of interacting be-
liefs)—neurotic, paranoid, and so on—can then be investi-
gated by “simulating” them. The most famous such
system is Colby’s PARRY (1971, 1972), which has been
the‘ focus of much controversy [see Colby (1981) and
Weizenbaum’s (1974) critique].

Abelson. A similar research program has been con-
ducted by Abelson (1973) and with his co-workers
(Abelson and Reich, 1969). Underlying their work is a
theory of “implicational molecules,” that is, sets of sen-
tences that “psychologically” (ie, pragmatically) imply
e§0h other; for example, a “purposive-action” molecule
ml’;gEt consist of the sentence forms “person A does action
t}; ' X causes outcome Y,” and “A wants Y.” The key to
coglljduse in a belief system is what Abelson and Reich
: sider a Ge§ta1t-like tendency for a person who has such

Molecule to infer any one of its members from the others.
Bystu:, a computer simulation of a particular type of belief
ecule;n lcam‘be constructed by identifying appropriate mol-
in tho’ etting the system’s beliefs be sentences connected
as_schienil’lol“ecu!es (together with other structures, such
Stang 8 §cnpt§”) and then having the system under-
BYBtenfr ;xphcate input sentences in terms of its belief
Bt!'ucte;i' m'odel of a right-wing politician was con-
a8 wel) in this manner [see also the discussions of Colby’s

as Abelson’s work in Boden (1977)].

nij ?:' Models.. An extended, database type of belief sys-
€xemplified by user models such as those investi-

m ey 5}101'1 (1979a,b). Here, instead of the system being
€ user's 2 mind, the system must construct a model of
Both cage mind, yet many of the techniques are similar in
(“fa cts”) 8. A user model consists of properties of the user
ranked in terms of importance and by degree of
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certainty (or confidence) together with their justifications.
The facts come from explicit user input and inferences
based on these, on “stereotypes” (so that only minimal
explicit user input is needed), and on the basis of the us-
er’s behavior (so that the model is not merely the user’s
self-model). The user model is built dynamically during
interaction with the user. For further discussion, see
Kobsa and Wahister (1988).

DISCUSSION AND CONCLUSIONS

If there is any criticism to be leveled at the wide variety of
current research, it is that the formal systems have not
been sufficiently informed by psychology (and, hence, be-
have more like logicians than like ordinary people), and
the psychological theories have not been flexible enough
to handle some of the logical subtleties (which ordinary
people, perhaps with some instruction, are certainly capa-
ble of). What is needed is a robust system whose input—
output performance (if not the intervening algorithms) is
psychologically plausible but whose underlying logic is
competent, if needed, to handle the important (if often
ignored) formal subtleties. :

In spite of radically differing approaches and terminoi-
ogy, it seems clear that Al research into belief systems
shares common issues and goals. This can be brought out
by discussing Abelson’s (1979) characterization of a belief
system. For Abelson, a “system” is a “network of interre-
lated concepts and propositions” and rules, with proce-
dures for accessing and manipulating them. Such a sys-
tem is a “belief system” if:

1. The system’s elements are not consensual.

This can be taken, perhaps, either as a rejection of Bp — p
or as Wilks and Bien’s heuristics. By contrast, a “knowl-
edge system” would be consensual. Abelson urges that 1
be exploited by Al belief systems even though it makes
them nongeneralizable. '

2. The system is concerned with existence questions
about certain conceptual objects.

The need to have a logic of the intensional objects of belief
may be seen as a version of 2, even though 1 and 2 make it
difficult to deal with beliefs that are held in common.

3. The system includes representations of “alternative
worlds.”

This desideratum may be taken as covering the notions of
possible worlds and of nested and mutual beliefs.

4. The system relies on evaluative and affective com-
ponents.
5. The system includes episodic material.

A “knowledge system” would rely more on general knowl-
edge and principles. Clearly, though, a full system would
need both. :
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6. The system’s boundaries are vague.
7. The system’s elements are held with different de-
grees of certitude.

Although these criteria are psychologically oriented,
many of them are also applicable to formal approaches. In
particular, 1-3 and 7 are relevant to logical issues; 47
are relevant to psychological issues.

Indeed, except for the choice of underlying logic, most
of the systems discussed here seem compatible, their dif-
ferences arising from differences in aim and focus. For
instance, Abelson and Reich’s implicational molecules
could be among the » rules in Konolige’s system. Note that
the rules do not have to be “logical” if they do not need to
be consistent; moreover, as mentioned earlier, there
might not be any (psychologically plausible) logic of belief.
As a consequence, a psychologically plausible belief sys-
tem, whether “formal” or not, must be able to deal with
incompatible beliefs. This could be done by a belief revi-
sion mechanism or by representational or reasoning tech-
niques that prevent the system from becoming “aware” of
its inconsistencies (with, of course, occasional exceptions,
as in real life). It is, thus, the general schemes for repre-
sentation and reasoning that seem most important and
upon which, as a foundation, specific psychological heuris-
tics may be built. A

In this way, too, it may be possible to overcome the
computational complexity that is inevitably introduced
when the underlying inference package is made to be as
powerful as envisaged by, say, Konolige or when the un-
derlying representational scheme is made to be as com-
plete as proposed by, say, Shapiro and colleagues (Maida
and Shapiro, 1982; Rapaport, 1985, 1986; Rapaport and
Shapiro, 1984; Shapiro and Rapaport, 1987). A psychologi-
cally adequate “shell” that would be efficient at handling
ordinary situations could be built on top of a logically
adequate “core” that was capable of overriding the shell if
necessary for correct interpretation.

The trade-offs between psychological and logical ade-
quacy that have been made in most current systems can,
in principle, be overcome. (They have, after all, been over-
come in those humans who study the logic of belief yet
have not been hindered from interacting in ordinary con-
versational situations.) Whether it is more feasible to
make a formally adequate system psychologically ade-
quate or to “teach” a psychologically adequate system to
be logically subtle remains an interesting research issue.
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BELIEF REVISION

The ability to reason about and adapt to a changing envi-
ronment is an important aspect of intelligent behavior.
Most computer programs constructed by researchers in Al
maintain a model of their environment (external and/or
internal environment) that is updated to reflect the per-
ceived changes in the environment. One reason for model
updating is the detection of contradictory information
about the environment. The conventional approach to
handling contradictions consists of changing the most re-
cent decision made (chronological backtracking) (see Back.
TRACKING). An alternative solution, dependency-directed
backtracking, consists of changing not the last choice
made, but an assumption that provoked the unexpected
condition. This second approach generated a great deal of
research in one area of Al, which became loosely called
belief revision. .

Belief revision is an area of Al research concerned with
the issues of revising sets of beliefs when new information



