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1 Introduction

1.1 Static and dynamic interpretation

The prevailing view on meaning in logical semantics from its inception at the
end of the nineteenth century until the beginning of the eighties has been one
which is aptly summarized in the slogan ‘meaning equals truth conditions’.
This view on meaning is one which can rightly be labeled static: it describes
the meaning relation between linguistic expressions and the world as a static
relation, one which may itself change through time, but which does not
bring about any change itself. For non-sentential expressions (nouns, verbs,
modifiers, etc.) the same goes through: in accordance with the principle of
compositionality of meaning, their meaning resides in their contribution to
the truth-conditions of the sentences in which they occur. In most cases this
contribution consists in what they denote (refer to), hence the slogan can
be extended to ‘meaning equals denotation conditions’.

Of course, although this view on meaning was the prevailing one for
almost a century, many of the people who initiated the enterprise of logical
semantics, including people like Frege and Wittgenstein, had an open eye for
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all that it did not catch. However, the logical means which Frege, Wittgen-
stein, Russell, and the generation that succeeded them, had at their disposal
were those of classical mathematical logic and set-theory, and these indeed
are not very suited for an analysis of other aspects of meaning than those
which the slogan covers. A real change in view then had to await the emer-
gence of other concepts, which in due course became available mainly under
the influence of developments in computer science and cognate disciplines
such as artificial intelligence. And this is one of the reasons why it took al-
most a century before any serious and successful challenge of the view that
meaning equals truth-conditions from within logical semantics could emerge.

The static view on meaning was, of course, already challenged from
the outside, but in most cases such attacks started from premises which are
quite alien to the logical semantics enterprise as such, and hence failed to
bring about any radical changes.

An important development has been the development of speech act
theory, originating from the work of Austin, and worked out systematically
by Searle and others, which has proposed a radical shift from the proposition
with its cognate truth conditions as the principal unit of analysis, to the
speech act that is performed with an utterance. Here we witness a move
from the essentially static relationship between a sentence and the situation
it depicts, which underlies the view that meaning equals truth conditions,
to a much more dynamically oriented relationship between what a speaker
does with an utterance and his environment. This is especially clear from
the emphasis that is laid on the performative aspects of speech acts.

This development, however, did not succeed in overthrowing the static
logical view, mainly because it turned out not to be a rival, but a companion:
the speech act theory of Searle actually presupposes some kind of denota-
tional theory of meaning as one of its components. Nevertheless, speech act
theory has been a major influence on work in the logical tradition.

In a similar vein the emergence of the artificial intelligence paradigm
only indirectly exersized some influence on the logical tradition. When peo-
ple working in this area began to think about natural language processing
they quite naturally thought of meaning in procedural terms, since, cer-
tainly before the development of so-called declarative (‘logic’) programming
languages, the notion of a procedure (or process) was at the heart of that
paradigm. This line of thinking, too, may be dubbed dynamic rather than
static, since a procedure is essentially something that through its execution
brings about a change in the state of a system. However, although this ap-
proach has a straightforward appeal, it failed to overthrow the static view,



mainly because the way it was worked out failed to address the issues that
are central to the logical semantics approach (viz., the analysis of truth and
in particular entailment), and also because it lacked the systematic nature
that characterizes logical semantics.

The real challenge to the static view on meaning in logical semantics
has come from within, from work on recalcitrant problems in logical seman-
tics whose solution required a step beyond the static view on meaning.

Already in the seventies several people had begun to explore a concep-
tion of meaning which involved the notion of change. Trying to deal with the
many intricacies of context-dependence (such as are involved in presupposi-
tions) Stalnaker suggested that in studying the meaning of an utterance we
take into account the change it brings about in the hearer, more specifically
in the information she has at her disposal (see Stalnaker 1979; Stalnaker
1974; Stalnaker 1984).

Although Stalnaker’s conception of meaning has indeed a dynamic,
rather than a static flavor, it cannot quite count as a really dynamic notion
of meaning after all, for Stalnaker’s way of dealing with the dynamic aspect
essentially leans on the static conception: he describes the change brought
about by the utterance of a sentence in terms of the addition of the propo-
sition the sentence expresses to the set of propositions that constitutes the
(assumed) common information of speaker and hearer. But this uses the
static notion of a proposition as the basic unit for the analysis of sentence
meaning.

In a different setting, that of philosophy of science, Gardenfors de-
veloped dynamic tools (see Girdenfors 1984; Géardenfors 1988) for modeling
the structure and change of belief, in particular the process of belief revision.

The real breakthrough, at least within logical semantics, occurred
at the beginning of the eighties when, at the same time but independently
of each other, Kamp and Heim developed an approach that has become
known as ‘discourse representation theory’ (see Kamp 1981; Kamp and Reyle
1993; Heim 1982; Heim 1983). Earlier, similar ideas had been put forward
within different traditions, such as the work on discourse semantics of Seuren
within the framework of semantic syntax (see Seuren 1985), and the work
of Hintikka on game-theoretical semantics (see Hintikka 1983; Hintikka and
Kulas 1985).! In his original paper, Kamp describes his work explicitly as
an attempt to marry the static view on meaning of logical tradition with its

1. Cf., van Benthem and van Eijck 1982 for a. comparison of game-theoretical semantics
with discourse representation theory.



emphasis on truth conditions and logical consequence, with the procedural
view emerging from the artificial intelligence paradigm with its appeal of
dynamics. Instead of giving it up, both Kamp and Heim stay within the
logical tradition in that they want to extend its results, rather than re-do
them.

1.2 Dynamic semantics

Let us now turn to the sketch of one particular way of formalizing the idea of
dynamic interpretation. We call it ‘dynamic semantics’ to distinguish it from
other approaches, since, as we shall see shortly, it places the dynamics of
interpretation in the semantics proper. Unlike other approaches, such as dis-
course representation theory, which makes essential use of representational
structures in the process of dynamic interpretation, dynamic semantics lo-
cates the dynamics of interpretation in the very heart of the interpretation
process, viz., within the core notions of meaning and entailment.

Very generally, the dynamic view on meaning comes to this: the mean-
ing of a sentence is the change an utterance of it brings about, and the
meanings of non-sentential expressions consist in their contributions to this
change. This description is general in at least two ways: it does not say what
it is that gets changed, and it does not say how such changes are brought
about. As in the traditional view, most dynamic approaches start from the
underlying assumption that the main function of language is to convey in-
formation. Hence, a slightly more concrete formulation can be obtained by
replacing in the slogan above ‘change’ by ‘change in information’. But this
still leaves a lot undecided: what is this information about, and whose infor-
mation is it? Here, the empirical domain that one is concerned with plays
a role. For example when one analyzes anaphoric relations between noun
phrases and pronominal anaphors, the relevant information is that of the
hearer about individuals that have been introduced in the domain and about
the binding and scope relations that obtain between them. When analyzing
temporal relations in discourse, information concerns events, points in time,
and such relations between them as precedence, overlap, and so on. In other
cases, for example when describing information exchanges such as question—
answer dialogues, the information we are concerned with is about the world,
and we have to keep track of both the information of the questioner and
that of the addressee. When analyzing the way presuppositions function in
a discourse, another aspect is introduced: the information which the speech
participants have about each other’s information.



Leaving these distinctions and refinements aside, and restricting our-
selves to sentences, we can paraphrase the dynamic view as follows: ‘mean-
ing is information change potential’. Per contrast, the static view can be
characterized as: ‘meaning is truth conditional content’. Within a logical
framework, information can be represented in terms of the parameters with
respect to which interpretation of expressions is defined: assignments of val-
ues to variables, possible worlds, moments in time, and so on. Using the
neutral term ‘index’ to refer to whatever parameters are relevant, informa-
tion can be characterized in terms of indices as follows: an information state
of a language user is the set of those indices which are compatible with, i.e.,
possible according to, the information of that user. This is a rather simple-
minded approach, which needs refinement and amendment in many cases,
but for the present purposes it suffices. Using this terminology we can say
that the traditional static view identifies the meaning of a sentence with
the set of indices in which it is true, whereas the dynamic approach takes
the meaning to be a function from information states to information states.
Such functions are often called ‘update functions’, or ‘updates’.

In line with this difference, we observe that in a static semantics the
basic notion that occurs in the definition of interpretation is that of infor-
mation content, whereas in a dynamic system it is the notion of information
change that is defined recursively. As is to be expected, different views on
meaning lead to different views on entailment. In a static system entailment
is meaning inclusion. In a dynamic system there are several options. One
that is rather natural is the following: ¢ entails 7 iff updating an informa-
tion state s with ¢ leads to an information state s’ in which 1) is accepted
or satisfied.?

The research that has been carried out in the framework of dynamic seman-
tics comprises both empirical studies as well as more theoretical research.
On the empirical side, the main focus of attention has been the anal-
ysis of pronominal co-reference, in particular donkey anaphora and intersen-
tential anaphora of various kinds, and related problems, such as the propor-
tion problem, modal subordination, symmetric and asymmetric quantifica-
tion. Such topics are treated in Groenendijk and Stokhof 1991; Groenendijk
and Stokhof 1990a; Dekker 1990; Dekker 1993b; Dekker 1994; Dekker 1988;
van der Does 1994a; Pagin and Westerstahl to appear; Pagin and West-
erstahl 1994; Muskens 1991. A characteristic feature of the dynamic ap-

2. See van Benthem 1989; van Benthem 1991b; van Benthem 1991a; Groenendijk and
Stokhof 1990b; Veltman 1990 for some discussion of various options.



proach is that it vindicates the traditional quantificational analysis of in-
definites. This makes it possible to extend the dynamic view to a theory
of dynamic generalized quantifiers (van Eijck 1993; Chierchia 1992; Blutner
1993; Kanazawa 1993; KKanazawa 1994; van den Berg 1994; Fernando 1994).
A dynamic treatment of anaphora and plurals is a closely related topic (van
den Berg 1993; van den Berg 1990; van der Does 1993).

Other empirical phenomena that have been studied in a dynamic
framework include: implict information and scripts (Bartsch 1987); verb
phrase ellipsis (Gardent 1991; van Eijck and Francez 1994); relational nouns
and implicit arguments (Dekker 1993a); temporal expressions (Verkuyl and
Vermeulen 1993; Muskens to appear); existential sentences (Blutner 1993);
epistemic modalities (Veltman 1990; Veltman et al. 1990; Groenendijk et al.
to appear; Groenendijk et al. 1994), questions (Zeevat 1994).

Other important areas of application are presuppositions (Zeevat
1992; Beaver 1993a; Beaver 1993b; Beaver 1993c; van Eijck 1994b; Krah-
mer 1994), and the analysis of default reasoning (Veltman 1990; Veltman
et al. 1990).

Theoretically oriented, logical studies within the field of dynamic se-
mantics are concerned with the formal properties of various dynamic sys-
tems. Some such studies deal with completeness, expressive power, and re-
lated topics (Janssen 1990; van Eijck and de Vries 1992b; van Eijck and
de Vries 1992a; van Eijck and de Vries to appear). An algebraic view on
dynamic semantics is explored in among others van Benthem 1991b; van
Benthem 1991a; Visser 1994. The relationship with the classical modelthe-
oretic approach is the subject of Benthem and Cepparello 1994.

Other theoretical studies are directed towards: a comparison of vari-
ous systems (Vermeulen 1993b; Groenendijk and Stokhof 1988; Groenendijk
and Stokhof 1990b; van Eijck and Cepparello to appear; van Eijck 1994a);
a study of incrementality of contexts (Vermeulen to appeara; Vermeulen
1994b); various strategies for dealing with variables (Vermeulen to appearb);
the relationship between dynamic semantics and various proof systems (Ver-
meulen 1993a; de Vrijer 1990; van der Does 1994b; Groeneveld and Veltman
1994).

A more philosophical view is developed Israel 1994, and an example
of a a philosophical application is the analysis of the Liar paradox in a
dynamic framework in Groeneveld 1994.



2 Pronouns and modals

The remainder of this paper is devoted to an analysis of a specific problem
area, which is not only of interest descriptively, but which also presents us
with an interesting theoretical challenge.

The descriptive area is that of the interaction between indefinites,
pronouns, and epistemic modalities, a subject renowned for the many puzzles
it creates, including questions concerning identity of individuals, specificity
of reference, and rigidity of names. Obviously, not all of these long-standing
problems can be studied in depth within the span of a single paper, but
we do hope to show that the dynamic perspective suggests interesting new
solutions to some of them. Examples of the kind of phenomena that will be
studied are provided below.

The way we will proceed is by providing a dynamic semantics for a
language of first order modal predicate logic. This system is meant to com-
bine the dynamic semantics for predicate logic developed in Groenendijk
and Stokhof 1991 with the update semantics for modal expressions of Velt-
man 1990. This combination is not a straightforward fusion of two distinct
systems, but poses some interesting technical problems. Various people have
studied this issue (see van Eijck and Cepparello to appear; Dekker 1992),
and the present paper builds on their work. It tries to solve the problems
in a different way, by slightly adapting the original definition of existential
quantification in dynamic predicate logic, and making use of the notion of
a referent system, originally developed in Vermeulen to appearb.

2.1 Modals and order

That order matters in information processing is illustrated by the following
simple example.
Consider the following two sequences of sentences:

(1) a. It might be raining outside [...] It isn’t raining outside.
b. It isn’t raining outside [...] *It might be raining outside.

The difference between these two sequences derives from two sources: the
particular meaning of the epistemic modal expression might, and the relative
order of the two elements. A sentence of the form might-p has a peculiar
character. It is not so much an assertion of an (onto)logical possibility, but
rather an expression of a certain epistemological condition, viz., that the
possibility of p being the case is not excluded by whatever information we
have at our disposal. This being so, it follows that such sentences also play
a peculiar role in a dynamic perspective. Unlike an ordinary assertion p,



might-p does not trigger update of the current information state, but rather
invites the hearer to test this information state for consistency with p.3 Now
consider (1la) and (1b). In the first sequence we are first invited to test
our initial information state for consistency with the information that it is
raining outside. If such is the case, we stay in this information state and,
hence, later on may be in a position to add the information that it does not
rain. In the second sequence, however, we first update our initial information
state with the information that it does not rain. And if we subsequently test
this new state for consistency with the information that it does rain, we end
in failure. So the order of adding information and testing for consistency
does matter, a fact which can be accounted for in a dynamic semantics in a
natural way.

2.2 Coreference

The following examples center around the issue of coreference of indefinites
and pronominal expressions.

It is characteristic of dynamic predicate logic that its existential quan-
tifier can bind variables outside its scope. This means that a simple sequence
of sentences such as (2a) can be translated in (2b), instead of in the tradi-
tional (2c), and yet get the right interpretation:

(2) a. A man walks in the park. He wears a blue sweater.

b. JzPx AQx

c. Jx[Px A Qu]

d. A man wearing a blue sweater is walking in the park.
Assume some initial information state which is compatible with the infor-
mation that a man is walking in the park. Processing the first conjunct
of (1a) results in a state according to which there is some as yet further
unspecified individual which has the property of walking in the park. The
second conjunct adds the further information that this individual is wearing
a blue sweater. The resulting state is one which ‘contains’ the information
that there is a man wearing a blue sweater who is walking in the park.
This information is expressed by (2d), which means that updating the ini-
tial information state with either the sequence (2a) or the sentence (2d)
should result in the same state. Hence, the equivalence of (2b) and (2c), the
‘natural’ translations of (2a) and (2d), is imperative.

As a matter of fact, the semantic interpretation which dynamic pred-
icate logic assigns to the existential quantifier licenses the following equiva-

3. But see the discussion below on page 54.



lence:
Jxp Ay & Fx[d A Y

This means that the required equivalence of (2b) and (2c) is taken care of.
But not only that, the use of dynamic predicate logic as a representational
device has the additional advantage of providing means to build represen-
tations in a compositional, incremental manner, which is a step towards an
account of the incrementality of the interpretation process itself.

If we add a might-operator to the language of predicate logic, we
want to retain this advantage, i.e., we want to be able to translate (3a) as
(3b), and get the right interpretation in this case, too:

(3) a. A man walks in the park. He might be wearing a blue sweater.
b. JdxPx AOQu

Again, the existential quantifier corresponding to the indefinite term binds
a variable outside its scope. But in this case the variable is inside the scope
of a modal expression. And that makes a difference. Assume the same initial
information state as above. Processing the first conjunct of (3a) in this state
of course results again in a state according to which there is some as yet
further unspecified individual which has the property of walking in the park.
This time, unlike in the first case, the second conjunct does not provide new
information, i.e., it does not give a further specification of this individual.
Rather, what it does is invite us to check whether our information state
is such that the possibility of this individual wearing a blue sweater is not
excluded.

So the difference between the sequences in (2a) and (3a) is that,
unlike in the former, in the latter the second conjunct does not provide new
information about the individual introduced by the first. This difference
also shows up in the fact that whereas (2a) is equivalent to (2d), (3a) is not
likewise equivalent to (3d):

(3) d. A man is walking in the park who might be wearing a blue
sweater
Consequently, we would not expect (3b) to be equivalent to (3c):
(3) c. 3x[PxAOQu]
And that means that in the system we get when we add a might-operator
to dynamic predicate logic we no longer can expect the equivalence referred
to above to go through unconditionally.

This fact is significant also for another reason: it suggests that simple
sequences such as (3a) cannot be represented in ordinary modal predicate



logic for a principled reason. It is not just the case that they cannot be
dealt with in an incremental fashion, as was the case with (1a) and ordinary
predicate logic, the problem goes deeper: the straightforward representation
(3c) simply does not give the right meaning.

A second characteristic of dynamic predicate logic is that if an exis-
tential quantifier is inside the scope of a negation, then it has no possibility
to bind variables outside its scope:

(4) a. It is not the case that a man is walking in the park. *He is

wearing a blue sweater.
b. —-JxPr A Qx

Just as the pronoun in the second sentence of (4a) cannot be anaphorically
related to the indefinite term in the first conjunct, the variable in the second
conjunct of (4b) is not bound by the existential quantifier in the first.

The might-operator blocks binding by existential quantifiers inside
its scope of variables outside it in a similar way:

(5) a. It might be the case that a man is walking in the park. *He is

wearing a blue sweater.
b. <OdxPx AQu

In (5a) the pronoun in the second conjunct cannot be construed as an
anaphor which has the indefinite in the first conjunct as its antecedent.
And, apparently, the reason is that the latter occurs inside the scope of the
modal might.*

2.3 Identity and information growth

A second cluster of problems have to do with identity, especially in situations
of partial information and information growth.

A simple example illustrates the kind of problem that one might run
into. Let us assume that the pure demonstratives this and that are epis-
temically rigid designators, i.e., their reference is fixed independently of the
information state. Epistemic rigidity is to be distinguished from metaphysi-
cal rigidity, which is the property of referring to the same object no matter
how the world changes. A term which is metaphysically rigid need not be

4. Notice that if the second conjunct of (5b) would have been modal in nature as well,
as, e.g., in ‘He probably wears a blue sweater’, anaphoric relations are possible. The phe-
nomenon is known as ‘modal subordination’ (see Roberts 1987; Roberts 1989). Although
obviously highly relevant, a formal treatment of modal subordination is beyond the scope
of this paper.
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epistemically rigid. In fact, as long as there is the possibility of being ill-
informed about its referent it will not be.®

That demonstratives are epistemically rigid seems a reasonable as-
sumption, in fact it merely brings to the fore that the reference of a pure
demonstrative is not determined by any descriptive content, but solely by
the demonstration accompanying its use.%

Consider an information state which licenses only the following:

this # that
—3Ja(x # this A x # that)
a#b

This is a state which carries the information that the demonstratives refer
to different objects, that the names a and b also have different referents, and
that there are no other objects than the two referred to demonstratively.”
An example is a situation in which we are told that there are exactly two
different solutions to a certain equation, which are pointed out to us on the
blackboard: this one, and that one. Let a and b be names given to these two
solutions. We can imagine that a stands for The solution Jones found, and
b for The solution Peters came up with. We assume that we do not know
which name refers to which solution on the blackboard. And finally, let it be
given that Jones and Peters produced different results, hence we know that
a #b.

It is perfectly obvious that this is a contingent information state, yet
some apparently plausible arguments can be produced with would lead us
to conclude to the contrary. For example, someone might reason as follows:
apparently, might (a = this) and might (a = that); so, Yo might (x = a);
hence, might (b = a). Or as follows: apparently, might (this = a) and
might (this = b); so, Yo might (this = x); hence, might (this = that). Both
arguments seem flawless, yet both lead to unacceptable conclusions.

5. Of course, this implies that we can not analyze epistemic possibilities simply in terms
of (sets of) metaphysical possibilities, but have to devise other means to do so. This
problem has been studied extensively ever since the pioneering work of Kripke, Putnam,

and Donnellan on rigidity.
6. This holds for pure demonstratives only, not for demonstrative expressions in gen-
eral. For example, the reference of that man is partly determined by the demonstration

accompanying that, partly by the descriptive content of the noun man.
7. Here we assume, of course, that the quantification is over some antecedently restricted

domain.

11



The first argument starts with the observation that since we do not
know which is solution a, the one Jones found, it might be either this one or
that one. But since these are the only two possible solutions, the argument
continues, it holds for any solution that it might be the one that Jones
found. But then, it is concluded, also b, the solution Peters came up with,
might be the one Jones found, which contradicts our assumption that they
gave different answers. The problem with the first argument is the last step:
apparently, universal instantiation is not licensed in this case.

The second argument proceeds differently, but to an equally unac-
ceptable solution. From the fact that we do not know which solutions Jones
and Peters produced, it is concluded that this one might be either one of
them. Since their answers exhaust all possibilities, the conclusion is drawn
that all solutions might be this one, from which it is derived that this solution
might be identical to that one, which contradicts our initial assumptions. In
this case the problem lies in the second step, the universal generalization.

What this example clearly illustrates is that when we are dealing with
identities in an epistemic context, some of the normal rules of predicate logic
do not go through. And we will suggest that using a dynamic perspective
we will be able to explain this in an intuitive manner.

2.4 Identity and identification

Other examples of puzzling cases involving pronouns and modals are exem-
plified by the following formulae:

(6) IxPrxAa=cNCa#a
(7) FxPzx A Othis = x A Othis # x
(8) JxPzx A O-Px
(9) FxPzx A OVy—-Py
(10) FxPx AVyOPy
(11) FxPx AVyO-Py
(12) JzPx AVyOy =z AVyOy # 2
Each of these sequences of formulae exemplifies a desideratum that an ad-
equate system of modal predicate logic should meet. Starting with a suit-
ably minimal information state, we should be able to process (sequences
of sentences corresponding to) (6) and (7), and (10)—(12) and end up in a
consistent information state. But (8) and (9) should not be processable in
this way: the information change they induce should result in an inconsis-
tent information state. Let us indicate very briefly what kind of puzzles are
involved.

12



The formula in (6) would be the representation of a simple discourse
such as:

(13) Someone has committed the crime. John might have done it, but then
again, maybe he didn’t do it.

This illustrates that modally assigning a property to an individual is ‘local’
in the sense that it merely states that there is some possible way in which
our information state might grow that would identify John as the one who
committed the crime, without thereby excluding that there is also some
other way of strengthening our information which would license the claim
that he is innocent. Sequences of the form of (7) show that this does not
hinge on the use of proper names. Also with demonstratives, which unlike
proper names are epistemically rigid, this effect appears.

For a sequence corresponding to (8) this should not be possible. Con-
sider:

(14) Someone has committed the crime. *It might be the case that he has
not done it.

Intuitively, this sequence is unacceptable: whatever our information, it can-
not support both the first and the second sentence. Our first utterance in-
troduces an individual which has the property of being the culprit. Of this
individual we can not at the same time maintain that he might be innocent,
on pain of being inconsistent. It is this process of ‘introducing individuals’
and predicating properties of them that an adequate analysis has to account
for. In a similar manner it should be explained why (9) is out.

The pair of formulas (10) and (11) would correspond to such se-
quences as:

(15) Someone has committed the crime. Anyone might be him.
(16) Someone has committed the crime. Anyone might not be him.

What (10) and (11) in conjunction express is that we only have the informa-
tion that someone has the property of having committed the crime, but that
we have no further information as to the identity of the culprit. As far as we
know it might be anyone, and at the same time the innocence of everyone
individually is not in question. In a static semantics this is usually taken
care of by distinguishing between quantification over (individual) concepts
and quantification over concrete individuals. In the case at hand the existen-
tial quantificaton would be over concepts, whereas the universal quantifier
is considered to range over individuals. A dynamic approach allows us to do
away with this distinction, and handle these cases with quantification over

13



individuals only. Formula (12) illustrates essentially the same problem, this
time with identity.

In the present paper we will argue that if we take a dynamic per-
spective on these phenomena, they can be accounted for in an intuitive and
uniform fashion. We will try to substantiate this claim in section 4. But be-
fore we can do so, we must first outline the framework that we will employ.

3 Information

3.1 Two kinds of information

In a dynamic semantics we want to explicate the meaning of a sentence as
its potential to change information states. In order to be able to do so, we
first of all have to specify the nature of information states. As we indicated
above (see page 5) our general conception of an information state is that of
a set of possibilities, intuitively those alternatives which are open according
to our information. What the possibilities that make up information states
are, depends on what we want the information to be about.

Of course, we are interested in information about the world. In the
end, that is what counts, we want to get as good an answer to the question
what the world is like as we can.® There are many ways in which we gather
information about the world: perception, reasoning, recollection.

One particular way is through the use of language: linguistic com-
munication. And this is what we are dealing with here: the interpretation
of informative language use.® Such use of language is primarily focussed on
answering questions about the world. But the interpretation process itself
brings along its own questions. When we are engaged in a linguistic infor-
mation exchange, we also have to store discourse information. For example,
there are questions about anaphoric relations that we have to resolve. To be
able to do that, we have to keep track of what we have talked about and
what information we have gathered about these things; we have to maintain
a model of the information of other speech participants, and so on. In the
present paper we will focus on discourse information of the first kind. Dis-
course information of this type looks more like a book-keeping device, than

8. 'Thus the charge that some (see, e.g., Bunt 1990; Kamp 1990; Israel 1994) have made
against such systems as dynamic predicate logic, viz., that they are not concerned ‘real’

information change, we regard as unfounded (but understandable).
9. But, as we will see in section 4.5, we will always also need non-linguistic resources, to

really get somewhere.
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real information. Yet, it is information that is essential for the interpretation
of discourse, and since that is an important source of information about the
world, indirectly, discourse information also provides information about the
world.

The role of these two parameters of information, information about
the world and discourse information, can best be illustrated by looking at
an example.

3.2 The man in the park

Suppose we have the following information about the world. We know that
exactly one person is walking in the park. We do not know who it is, but
we do know that it is either Alfred or Bill, and we know who they are.
Furthermore, we know that Alfred wears a blue sweater, but Bill does not.

This information allows for two ways the world could possibly be like.
We can represent this information by letting our information state consist
of two possible worlds: a world w; in which Alfred walks in the park, and
a world ws in which Bill does. In both worlds Alfred wears a blue sweater,
and Bill does not.

Of course, we would like to know which of the two is the real world.
We already have a partial answer to that question, in the sense that we have
already discarded lots of alternatives, such as a world in which Bill is also
wearing a blue sweater. However, in many cases we would strive to obtain a
complete answer.

Let us start a discourse. Suppose we are told: ‘A man walks in the
park’. Well, this much we knew already. But still something changes. We get
some discourse information. The indefinite term ‘a man’ introduces some-
thing that has been talked about now, and given our initial information, the
further predication that this thing walks in the park turns it into something
unique: it is either Alfred, in world w;, or Bill, in world w,.

The things that are introduced by a discourse, we call pegs. They
are not real objects, but as we can see from the example, they are linked
to real objects in each of the worlds that are still possible according to
our information. Since in these worlds these real objects have all kinds of
properties, and stand in all kinds of relations to each other, the association
of pegs with objects in our possible worlds, tells us something about what
properties the things we have been talking about have, or might have, and
in which relations they stand, or might stand. In other words, it gives us
information about who they might be. This information is partial as long as
there is more than one possible world left in our information state, and as

15



long as there is more than one possible value for a peg.

It does not really matter what pegs are. The only thing that counts is
that we can keep them apart, and that there are enough of them, no matter
how many things are introduced by the discourse. A natural choice is to use
natural numbers as pegs, one by one, starting with 0.

Given that, we can represent the information state that results after
processing the first sentence of our discourse in our initial information state.
We were told that a man is walking in the park. The indefinite term ‘a man’
introduces the first peg. And given our initial information that exactly one
person is walking in the park, and that this is either Alfred or Bill, we set
this peg to the individual Alfred in w;, and to Bill in ws. So, in the resulting
information state there are two possibilities: {(0: Alfred,w1), (0: Bill,w2)}.

Let us continue the discourse. Suppose the next thing we are told is:
‘He wears a blue sweater’. Whereas the previous utterance added only to
our discourse information, this utterance updates the information about the
world. Assuming that ‘he’ refers back to the man introduced earlier, we link
it to the peg 0. And what we are told is that whoever the peg 0 refers to, he
wears a blue sweater. That is only possible with the value assigned to the
peg 0 in w;, which is Alfred, whom we know to be the only person around
who wears a blue sweater. Hence, of the two possibilities our information
allowed so far, we can eliminate one: only (0: Alfred,w;) remains.

Thus this discourse changes our information. From a state in which
we did not know who is walking in the park, we are led to a state in which
we do: it is Alfred, the guy who wears a blue sweater.

Note that we were not told this literally. Actually, the person who
informed us might not even be aware of this fact herself. If, unlike us, she
does not know who wears a blue sweater, it might be quite informative to
tell her now: ‘Oh, then it is Alfred’. This is an instance of the platitude
‘Two heads are better than one’. The two of us, each having only partial
information, can sometimes each reach complete information by just talking
a bit.

Although dynamic semantics is particularly apt to model this type of
information ezchange, we will not deal with these issues here. We settle for
something simpler. What we will be mainly concerned with is to model the
information update of a single hearer. But every now and then we will refer
to speakers, t00.1° What we will not model is whatever information the one

10. See sections 3.10, 5 for more discussion about the hearer perspective.
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speech participant may have about the information of another.!!

Returning to our example, if the discourse continues with: ‘He sees a
woman’, this gives rise to the introduction of a new peg, that we can set to
any of the women that are around, hoping that at least one of them is seen
by Alfred. Otherwise, we would loose our last possibility. Let us suppose
we are lucky. Suppose we also know that Clara, a cousin of the speaker’s,
and Donna, her best friend, are sitting next to each other on a bench in the
park, and that they are seen by the man who is strolling there, which by
now we know to be Alfred. Our new information state will contain again
two possibilities: {(0: Alfred; 1: Clara,w1), (0: Alfred; 1: Donna,w;)}.

This may seem strange. We remain equally well informed about the
world, but still our information has become more partial: there are more al-
ternatives now than there were before this step in the discourse. That is true,
but notice that the added uncertainty only concerns our discourse informa-
tion. And that this became more partial, is only because a new discourse
question has arisen, viz., which woman the speaker might be referring to. It
might be Clara, but it might also be Donna, since Alfred sees both of them.
And this constitutes only a partial answer to this new discourse question,
which in the end we might want to be resolved completely.

Of course, it need not be. The discourse might stop here, and we
would simply forget about the issue altogether. On the other hand, the dis-
course might also continue, e.g., with a sentence like: ‘She is my cousin’. At
this point the newly introduced discourse information is needed for inter-
pretation to be possible: we need the peg and the associated question of its
identity in order to be able to process this sentence. Since we know Clara to
be the cousin of the speaker, we know that it is Clara that she wants to refer
to. In this particular case it does not matter that much, in this sense that
we do not learn anything new about the world: we already knew that Al-
fred is seeing both Clara and Donna, and that Clara is the speaker’s cousin.
But the new discourse question is resolved, and one can easily imagine a
situation where we would learn something new. And, in general, we do need
discourse information to get information about the world.

The above example illustrates that information can be extended in two dis-
tinct ways: by elimination of possibilities, and by extension of the possibili-
ties themselves. In the present set-up, information about the world extends
only in the first way. This is because we view possible worlds as total objects,
and not, say, as partial situations. With respect to discourse information

11. See Dekker 1993b, chapter 5 for a first analysis in a dynamic setting.
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both ways of extending information occur: certain values of pegs with re-
spect to certain worlds can be eliminated during the interpretation process,
and our information can be extended by the introduction of new pegs.

That discourse information can affect information about the world
can be seen from the fact that if a certain value of a certain peg with respect
to a certain world is eliminated, this might amount to the elimination of that
world itself. This happens if this value of this peg was the only value left
for this peg in this world. In our example, this happened after the second
sentence had been uttered.

Elimination of possibilities in an information state amounts to getting
a better, a less partial answer both to the question what the world is like,
and to the discourse questions about the possible values of pegs that have
already been introduced. Extending possibilities in our information state
amounts to introducing new discourse questions about the possible values
of newly introduced pegs. So, getting more information may consist both
in getting better, i.e., more complete, answers to questions we already had,
and in the addition of new questions.

3.3 Possibilities

Let us take a closer look at the possibilities that turned up in our example.
Take, e.g., (0: Alfred; 1: Clara,wy). It consists of two things: an assignment
of objects to the pegs that have been introduced, and a possible world.

Changing notation slightly, we can write the assignment as the set of
pairs {(0, Alfred), (1, Clara)}. We can look upon it as an assignment function
g with the set of pegs {0, 1} as its domain, and the objects from the domain
of w, as its range. For simplicity, we assume that all possible worlds share
the same domain D. In the end (but not in this paper), we want to give up
this assumption. Assuming a single domain shared by all worlds amounts
to assuming that there is complete information about what constitutes the
domain (but not, of course, about what each thing is called). It is more
interesting, and more realistic, to consider situations in which information
about the domain is partial, too.

The assignment function forges a link between the pegs introduced
by the discourse, and the world. The assignments form that part of the
discourse information that connects it with information about the world. To
make the link more explicit, we write a possibility as a triple (n, g, w), where
n is the number of pegs introduced, g the assignment that connect the pegs
to objects, and w is a possible world.

According to its set-theoretical definition, we can identify a natural
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number n with the set of natural numbers smaller than n. So, in the example
of a possibility we were looking at, n = 2, i.e., n = {0,1}. If no pegs have
been introduced yet, as is the case in an initial state, we have n = 0 = {. In
a possibility we keep track of how many different pegs have been introduced.
We also keep track of the order in which they were introduced.'? We will
also call the set of pegs the referent system of a possibility.

The last element of a possibility is a possible world. We conceive
of a possible world as a complete first order model. Since we assume that
all worlds share the same domain D, a world can be identified with the
interpretation function of a first order model.

Let us put these things together in a definition.

Definition 3.1
Let D, the domain of discourse, and W, the set of possible worlds, be two
disjoint, non-empty sets.
The set of possibilities I based on D and W is the set of triples i = (n, g, w),
where:

1. n is a natural number

2. g is a function from n into D

. weWw
We will call n the referent system of i

3.4 Information states

Let us now turn to information states. As was said earlier, information states
are conceived of as sets of possibilities, viz., those possibilities that are still
open according to our information. As we saw in the example discussed
above, new pegs are introduced globally in an information state, i.e., they
are introduced in each of its possibilities. Hence, it makes sense to restrict
information states to sets of possibilities that share the same number of
pegs, i.e., the same referent system. This leads to the following definition.

Definition 3.2

Let I be the set of possibilities based on D and W.

The set of information states S based on [ is the set such that s € S, iff
1.sC1I
2. Vi, € s:i and i’ share their referent system

12. Later on we will abstract from this feature.
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The condition that all possibilities in a state share their referent system, i.e.,
the same (finite) number of pegs, means that s C I.

In a dynamic semantics, information states will be put to use in
defining the information change potential of expressions. This means that
we are primarily interested in relations between information states, more in
particular when one information state can be said to extend (or strengthen,
contain more information than) another. This is the subject of the next
section.

3.5 Extending possibilities

In our introductory example, we saw already that information states can
be extended in two different ways: by elimination of possibilities, and by
extension of the possibilities themselves. So, we first should decide what
extensions of possibilities are. We will say that one possibility extends an-
other if each of the three elements of the two pairwise stand in an extension
relation, to be defined for each of these three parameters.

Definition 3.3
Let i,i’ € I,i = (n,g,w) and i = (n/, ¢, w').
i <, is an extension of i, iff

1.n<n

2. Ym < n:g(m) = ¢'(m)

3. w=uw'

We will sometimes write ¢ < ¢ instead of Vm < n: g(m) = ¢’(m). According
to this definition, for a possibility i’ to be an extension of a possibility 4 it has
to have at least the pegs ¢ has, which moreover should be assigned the same
object. Also, the world should be the same. So, one possibility extends the
other if everything remains the same, except for the possible introduction of
new pegs, and the assignment of values to them.

Fact 3.1
1. <is a partial order on [
2. The minimal elements are {i € I | =3i":i' < i} = {{0,0,w) | w € W}
3. The maximal elements are {i € [ | =3i":i <i'} =0

The extension relation between possibilities is a partial order, i.e., it is re-
flexive, anti-symmetric and transitive. It has as many minimal elements as
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there are possible worlds. These are the possibilities that lack any discourse
information. They can be extended by adding discourse information, i.e., by
adding pegs, assigning them a value, and providing information about them.
Since there infinitely many pegs, this process never comes to an end. Hence,
there are no maximal elements in the extension hierarchy.

3.6 Extending information states

Having defined when one possibility extends another, we are ready to pro-
ceed with the extension relation between information states. We have seen
already that information can extend in two ways: by eliminating possibilities
and by extending them. This is captured by the following definition.

Definition 3.4
Let S be the set of information states based on I, s,s' € S.
s < ¢, ¢ is an extension of s, iff Vi’ € §':Fi € 519 < ¢/

An information state s’ is an extension of an information state s if every
possibility in s’ is an extension of some possibility in s.

Notice that given this definition, one state being an extension of an-
other implies nothing about the numbers of possibilities they contain. If s
is an extension of s, the former may contain less possibilities than the latter,
but it may also consist of more possibilities: distinct possibilities in s’ may
be extensions of one possibility in s.

We encountered such a situation already at the end of the intro-
ductory example. The possibilities themselves can only extend because new
discourse questions are raised about the possible values of new pegs. So,
the added uncertainty can only concern new issues raised by new pegs. The
questions that were already raised in s, in particular the question what the
world is like, are answered at least equally well by s'.

The extension relation induces a partial ordering on the set of infor-
mation states.

Fact 3.2
1. <is a partial order on S
2. There is a unique state of minimal information: {(0, 0, w) | w € W}
3. There is a unique state of maximal information, for all s:s <0
4. Vs € S:Vi,i' € s:if i <4/, theni =1’
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Among the states there is a unique state of minimal information, which is
the set of all minimal possibilities. In the state of minimal information, no
pegs have been introduced yet, and all worlds are still possible. Every state is
an extension of the minimal state. Initial states, i.e., the typical states with
which a discourse starts, are (non-empty) subsets of the minimal state. In
general, these will already contain information about the world, but they will
not carry any discourse information. There is a unique maximal information
state, (), which we will call the absurd state.

The reason that only the absurd state is maximal is that there are
no maximal possibilities: one can always keep adding new questions about
the values of new pegs.

That all possibilities in a state share the same pegs guarantees that
all possibilities in a state are of equal rank in the extension hierarchy of
possibilities. There can be no two possibilities in a state such that one is a
real extension of the other.

There are states of total information, but these are not maximal with
respect to the extension ordering. A state of total information consists of a
single possibility, in particular, it contains a single world. The set of total
states is {{i} | ¢ € I'}. For any total state of information, there will always
be infinitely many other non-absurd, total and non-total information states
that are a real extension of it. Again, the reason is that we can always keep
adding new discourse questions.!3

The extension relation between information states being a partial
order, it induces a notion of (strict) identity: s = ¢’ iff s < s’ and ¢’ < s.
This means that s and s’ pose exactly the same questions, and give exactly
the same (partial) answers to them. In the next two sections we will discuss
reasons to also consider weaker relations of resemblance between information
states.

3.7 Subsistence

The notion of one state being a real extension of another, s < s/, is of
course: s < s’ and s # s’. One might be inclined to read this as: we are
better informed in s’ then we were in s. But this is not really true. For
may be a real extension of s for two different reasons. One is that we have
a better, less partial answer to the questions that were already raised in s.
The other is that new discourse questions have been added to the ones we

13. Another notion of a total information state results if we just focus on the world
information: s is total with respect to the world iff JwVi € s:i = (n, g, w).
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had already. If only the latter applies, then we do not have gained more
information, at least not in an intuitive sense. For that to be the case, at
least some possibilities that were present in s should not re-occur, be it
extended or not, in s'.

To be able to express this, we need a weaker notion of identity between
states (which will give rise to a stronger notion of non-identity, and hence
to a stronger notion of being more informative than that of being a real
extension). We call call it subsistence. We say that a state s subsists in s’ if
the questions that are raised in s, receive the same answer in s’ as in s, at
the same time allowing that in s’ new discourse questions are raised.

Definition 3.5
Let 5,8’ € S, i€ s.
1. @ subsists in &' iff 3i' € /10 <4’
2. s subsists in s', s = s' iff s < ' and Vi € s:i subsists in s

Not only is it required that every possibility in s’ be an extension of some
possibility in s, but also that every possibility in s have some extension in
s'. This means that all information about the world, and about the possible
values of pegs already present in s, is the same in s and in /. The only
difference that is allowed is the introduction of new pegs, and information
about their values.!

Subsistence is a dynamic, and hence not a symmetric notion of resem-
blance. Not everything remains the same, but only what was. New things
may come up. Now we also have the means to say that not everything that
was, has remained: s < s and s Z ¢'.

We will see in section 3.10 that the notion of subsistence plays an
essential role in defining a dynamic notion of entailment. Another notion,
that of similarity of states, to discussed in the next section, will turn out
important in defining a notion of equivalence.

14. Note that we could have used the second condition to define a separate notion s C s,
of s being a substate of s’, providing yet another partial order on information states. If
s C &' this means that with respect to the questions present in s, s gives at least as good
an answer as s’ does, and there may be new discourse questions present in s’. In a sense,
we tend to better off in s than in s’ if s C &, there tend to be less questions, and we tend
to have a better answer to the questions we have than in s'.

From a dynamic point of view, it is a very unintuitive notion. We cannot read it from left
to right and look upon s’ as something we might arrive at after having been in s, unless,
that is, we conceive it possible that our information state has been downdated, rather
than updated. Still we mention the notion here, since = is the composition of < and C.
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3.8  Similarity

Another reason why strict identity of states turns out to be less useful is the
following.

In an information state we do not just keep track of the number of
pegs that have been introduced, but also of the order in which they were.
This means that two states s and s’ which are exactly the same, except for
the fact that whatever we know about peg n in s, we know about peg m in
s', and vice versa, are not related to each other in terms of extension, or for
that matter, in terms of subsistence.

For some purposes, keeping track of order is useful discourse infor-
mation. Think of anaphoric expressions such as ‘the former’ and ‘the latter’,
the antecedents of which depend on the order in which pegs have been intro-
duced. Yet, in many other cases we want to abstract away from this aspect
of discourse information.

In order to be able to do this, we introduce a notion of isomorphism
between states. Two states s and §' are said to be isomorphic, if we can map
pegs n in s onto pegs n’ in ¢ in such a way that whatever information we
have in s about n, we have in s’ about n’.

Definition 3.6
Let s,8' € S, and (n,g,w) € s, and (n',¢’,w') € §'.
s~ s’ sand s are isomorphic, iff
1. s and ¢’ share their referent system n
2. There is a bijection f from n into n/, such that:
(n,g,w) € s iff (n,g’,w) € §’, where Ym € n: g(m) = ¢'(f(m))

Two states are isomorphic if they only differ in the order in which the values
of their pegs were introduced. The possibility to abstract away from that
depends on the fact that pegs are arbitrary. It does not really matter what
kind of things they are, it only matters how many of these things there are
in an information state.

We may even go a bit further. Suppose there are two pegs in a state
which in every possibility are assigned the same value. Then we might say
that these two pegs are not really different after all, since what determines
their identity, i.e., what real object they could stand for in each of our possi-
bilities, is the same. Although not formally identical, they are indiscernible.
This is defined as follows.
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Definition 3.7
Let s € S, where n be the referent system of s, m,m’ < n.
m =, m/, m and m’ are indiscernible in s iff Vi = (n, g, w) € s:g(m) = g(m')

The relation of indiscernibility is an equivalence relation. In view of that it
makes sense to reduce states that contain such indiscernible pegs by packing
them into one. The following definition says when in this sense one state is
a (partial) reduction of another.

Definition 3.8
Let 5,8’ € S, with referent systems n and n’ respectively.
s is a reduct of s’ iff

1. s=¢

2. Vm: if m € n and m € n/, then Im' e n:m =y m/

The reduction relation induces yet another partial order on the set of states.

Now we can define similarity between states by saying that two states
are similar if each of them can be reduced in such a way that their reductions
are isomorphic.

Definition 3.9

Let 5,8 € S.

s~ s, sand s are similar, iff 3t:t ~ s, 3t": ¢’ ~ s’ such that Ir:r is a reduct
of t and r is a reduct of t/

Similarity is an equivalence relation between states. It is much weaker than
full identity, leaving out of consideration the order in which pegs are intro-
duced, and disregarding indiscernible ones.

Enough about information states, let us now start doing something with
them.

3.9 Updates

Information is not something static, it changes all the time. It may change
in many different ways, one important source being linguistic communica-
tion. Linguistic expressions function in this process primarily through their
meaning, which is intrinsically related to the change in information that a
communicative act involving them brings about. This is what is captured
in the slogan of dynamic semantics: ‘The meaning of a sentence is its in-
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formation change potential’. In terms of the framework developed here, this
slogan is implemented by taking the meaning of a sentence to be a function
from information states to information states.1®

Definition 3.10
Let S be the set of information states based on a set of possibilities I.
A state transformer on S is a partial function from S to S.

We use postfix notation, and write s[7]| to denote the result of transforming
s by 7. The postfix notation is especially perspicuous when we write down a
sequence of transformations: s[7][7/] denotes the result of first transforming
s by 7, and next transforming the state that results from that, i.e., s[r], by
7.

A state transformer 7 may be a partial function, because whether a
state s can in fact be transformed to some state s’ by 7 may depend on the
fulfillment of certain constraints. If a state s does not meet them, then 7
can not be applied to s, and hence s[r] does not exist.

This leads us to consider the following property of state transformers:

Definition 3.11
Let 7 be a state transformer on S.
T is safe iff Vs € S: s[7] exists

If a transformer is safe, then it is a total function on the set of information
states. Since the composition of two total functions is itself a total function,
we have that:

Fact 3.3
If 7 and 7/ are safe, then the composition of the 7 and 7/ is safe

This guarantees that a sequence of transformers is safe if all the transformers
in the sequence are. Notice that for a sequence to be safe it is not necessary
that all the transformations in the sequence are. Sequences are ordered. If
some state transformer in a sequence has certain preconditions, i.e., is not

15. It could also be viewed as a relation between such states, to capture the possibility
of indeterminacy. For example, (syntactic and semantic) ambiguity could conceivably be
handled in this way. We will not consider this possibility here, and restrict ourselves to
functions. To account for indeterminacy, it seems more convenient to take a set of outcomes
as the deterministic output.
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safe, one that comes before it may make sure these conditions are met, thus
allowing the sequence as a whole to be safe.

A class of state transformers that has our special interest are the
updates:

Definition 3.12
Let T be a state transformer on S.
T is an update iff Vs € S such that s[7] exists: s < s[7]

Updates always transform a state into an extension of it. Since the relation
of extension between states is transitive, we have that:

Fact 3.4
If 7 is an update and 7/ is an update, then their composition is an update

This guarantees that a sequence of updates is itself an update.

One might wonder how an ordinary sentence ¢ can be an update,
because it is always possible that our information state contains information
that is inconsistent with ¢, and in that case no update would result. If we
trust information that we already have more than any new information, we
will simply refuse to update in such a case.

But this is not a good reason for thinking that no sentence is an
update. In the situation where our information is in conflict with ¢, updating
our information state with ¢ would lead to the absurd state, which, as
we have seen, is an extension of every state. Note that according to the
definition, this does not prevent ¢ from being an update. In fact, it helps
to explain why you refuse to simply update with such a sentence if things
are like this: you do not want to end up in the absurd state. So what you
do in such a situation is that you start arguing about things, or that you
first revise your information to enable it to be updated with the sentence in
question without going absurd. And notice that in order even to get into the
position that you can decide how you should react, you first have to try and
interpret the sentence, i.e., update ‘hypothetically’ with it. For only then
you know it would lead to the absurd state, in which case you may react as
seems appropriate.

Hence, as far as the interpretation of ordinary declarative sentences
is concerned, it is certainly not so strange to view them as updates. On the
contrary, we think it is a global constraint on a dynamic semantics for declar-
ative sentences that their interpretation is such that they are guaranteed to
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be updates.

Of course, this is not to deny that there is such a thing as deletion
and revision of information, besides update. The point is merely that unlike
update, deletion and revision are not directly involved in interpretation,
at least not in that of ordinary declarative sentences.!® Update is a core
semantic notion, deletion and revision are not.

Updates extend information states, either by elimination of possibil-
ities, or by extension of possibilities, or both. A typical class of updates
extend only in the first way:

Definition 3.13

Let 7 be a state transformer on S.

T is an eliminative or non-extending update iff Vs € S such that s[7] exists:
s[r] Cs

Eliminative updates are eliminative in the sense that they at most change
an input state by eliminating possibilities in it. They are non-extending in
the sense that they do not result in a real extension of the referent system
of the input state, they do not add new discourse questions. Per contrast,
non-eliminative updates are extending in the sense that they always give rise
to real extensions of the possibilities in the input state. A non-eliminative
update may eliminate possibilities in this sense that for some possibility in
the input state no extension of it occurs in the output state.

A simple consequence is that a sequence of eliminative updates is
itself eliminative:

Fact 3.5
If 7 and 7/ are both eliminative updates, then their composition is an elim-

inative update

Another special category of updates that needs to be distinguished
is that of tests:

Definition 3.14
Let 7 be a state transformer on S.
7 is a test iff Vs € S such that s[¢)] exists: s[r] = s or s[r] =0

16. Of course there are constructions in natural language, such as the counterfactual,
which do involve revision.
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A state transformer which has this property tests whether an information
state fulfills certain requirements. If it does, the test returns a state in which
the input state subsist. If a state fails, the absurd state results. If a state
is tested successfully every possibility subsists in the output state. In that
sense the test does not supply any new information, at most it introduces
some new discourse questions.

For tests we observe the following:

Fact 3.6
1. If 7 and 7/ are both tests, then their composition is a test.
2. If 7 is eliminative and 7 is a test, then Vs € S such that 7 exists in

s:8[¢] = s or s[¢] =0

A sequence of tests cannot fail to be a test itself. Eliminative tests either
leave the state as it is, or output the absurd state.

Another important class of state transformers are those that are dis-
tributive. Unlike the properties we introduced so far, which concerned the
relation between input and output states, distributivity is a property that
concerns the way in which the transformation operates. A distributive trans-
former operates in a pointwise manner on the possibilities in a state:

Definition 3.15
Let 7 be a state transformer on S.
T is a distributive state transformer iff Vs € S: s[1] = Uies{i}[7]

An state transformer is distributive if it can be executed by applying it on the
states that consist of each possibility in the input state separately, and then
collecting the results. This means that a distributive state transformer is not
sensitive to global properties of an information state, i.e., those properties
of a state which are not also properties of its elements.

Fact 3.7
If 7 and 7/ are distributive, then there composition is distributive

A sequence of distributive transformers is itself a distributive state trans-
former. This means that ¢ € s[7]|[7’] iff 3j € s:i € {j}[7][7'].

It may happen that a state transformer is both distributive, and an
eliminative update. Such state transformers we call classical updates:
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Definition 3.16
T is a classical update iff 7 is distributive and 7 is an eliminative update

The reason to call these updates classical is that they are not really in need
of dynamic interpretation, as we shall see shortly.

First we notice that if 7 is an eliminative update, then 7 is an
eliminative test with respect to each total information state {i}: for all
i € I {i}[7] = {i} or = 0. If 7 is also distributive, then s[r] is the logi-
cal sum of the test {i}[r] on each i € s. Thus we can identify s[r] with
{i € s | {i}[7] # 0}. More specifically, for classical updates it makes sense to
define the notion of a proposition:

Definition 3.17
If 7 is a classical update, then P;, the proposition expressed by 7, = {i € I |

{i}[7] exists and {i}[7] # 0}
The classical nature of classical updates can then be stated as follows:

Fact 3.8
For all classical updates 7: if s[r] exists, then s[7] = sN P

This fact implies that if we consider only classical updates, we can capture
the update effects they induce simply by taking an information state in
conjunction with the proposition expressed by the classical update. But this
means that if we take only classical updates in consideration, then, rather
than interpreting them as state transformers, we can start out by giving a
classical truth definition, and define the update effects in the global manner
indicated by fact 3.8.

The notion of 7 being true with respect to a possibility ¢ € I is defined
by the condition {i}[r] # 0. Then the proposition P; is the set of possibilities
with respect to which 7 is true. The test {i}[7] tests for the truth of 7 in i.
And the update of s with 7 is s N P;.

So, for classical updates there is no need to state their meaning in
dynamic terms, i.e., as information change potential. A classical, static in-
terpretation in terms of information content suffices. Conversely, it only
makes sense to define meaning in terms of information change potential if
at least some of the expressions we want to interpret are non-distributive or
non-eliminative updates.
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3.10 Support, consistency, inconsistency

Truth and falsity concern the relation between language and the world. In
dynamic semantics it is information about the world rather than the world
itself, that language is primarily related to. Hence, the notions of truth and
falsity can not be expected to occupy the same central position as they do
in static semantics. More suited to the information oriented approach are
such notions as support, consistency, and inconsistency.

Let us so start with the latter two. If an update of our information
state with a sentence would lead to the absurd state of inconsistent informa-
tion, we would reject that sentence, we would refuse to update with it. We
can only allow a sentence if updating our information state with it does not
lead to inconsistency. If a sentence is consistent with an information state,
we say that the stae allows the sentence, and if it is inconsistent with it, we
say that the state forbids the sentence:

Definition 3.18
Let s be an information state, ¢ a sentence.
1. s allows ¢ iff s[¢] exists and s[¢@] # 0
2. s forbids ¢ iff s[¢p] =0

Straightforward generalizations of these notions are that a sentence is consis-
tent per se if there is some state that allows it, and a sentence is inconsistent
per se if there is no state that allows it.

Definition 3.19
Let ¢ be a sentence, S the set of information states.
1. ¢ is consistent iff 3s € S: s allows ¢
2. ¢ is inconsistent iff Vs € S: if s[¢] exists, then s forbids ¢

Judgments about the consistency and inconsistency of sentences in informa-
tion states are an important source of facts for a semantic theory.

If an information state allows a sentence, and we update with it, then
we will usually arrive in a new state in which we have more information
than we had before. But this need not always be the case, it may be that
the sentence does not tell us something we did not know already. In such a
situation, we can say that our information already supports that sentence.
One might think that s supporting ¢ can be defined in terms of identity:
s = s[¢]. But recall that identity of states is very strict. The requirement
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that s[¢] be the same state as s, amounts to requiring that all questions,
both the question what the world is like, and the discourse questions about
the possible referents of pegs, are the same and receive the same (partial)
answers. But this is asking too much. It is sufficient that all questions we had
already in s receive the same answers in s[¢|, allowing for the introduction
of new discourse questions about pegs introduced in s[¢]. This requirement
can be stated in terms of the notion of subsistence:

Definition 3.20
Let s be an information state, ¢ a sentence.
s supports ¢ iff s[¢] exists and s = s[¢)]

In terms of support various pragmatic aspects of linguistic exchanges can
be captured. For example, if a speaker is to utter a sentence correctly, then
her information state should support the sentence. This is Grice’s Maxim of
Quality. The Maxim of Quantity requires minimally that the speaker also
believe that the information state of the hearer does not already support the
sentence, and that she not believe that the information state of the hearer
forbids the sentence.

Generally, if a sentence is to make any sense at all, there should be
at least one non-absurd state that supports it. This we call coherence:

Definition 3.21
Let ¢ be a sentence, S the set of information states.
¢ is coherent iff s € S: s # () and s supports ¢

Intuitions about coherence are another source of semantic facts. From the
perspective of the hearer, an update with an incoherent sentence is to be
rejected, since no speaker can possibly utter such a sentence correctly.

We note the following:

Fact 3.9
For all ¢ such that s[¢] supports ¢ it holds that ¢ is consistent iff ¢ is

coherent

For sentences that give rise to idempotent updates there is no difference
between consistency and coherence. Such sentences are called ‘acceptable’:

Definition 3.22
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Let ¢ be a sentence.
¢ is acceptable iff ¢ is consistent and coherent

For idempotent sequences consistency or coherence is sufficient for accept-
ability, but not all sequences have this property. For example, as we shall
argue in more detail later, a sequence of the form Op A —p is consistent, but
not coherent, and hence unacceptable.

It is important to bear in mind that what we are primarily modeling
is the hearer’s point of view. As far as her information is concerned there
is nothing wrong with a sequence such as Op A —p: it is consistent, i.e., it
is perfectly possible to update, first with Op, and next with —p. Still, the
sequence is not acceptable (as one single utterance) and hence, as such,
cannot be ‘taken in’ by the hearer, because it is not coherent: there can
be no one information state that supports it. For if such a state supports
—p, the test Op would fail, and vice versa. Were we to consider such a
sequence as a correct utterance nevertheless, we would need to assume that
the speaker’s information had changed between his utterance of the two
sentences of which it consists. This might very well happen in a situation in
which information from outside becomes available, e.g., through observation.
Or we could interpret the sequence as a ‘life’ report of an ongoing series
of events. Or we could accept the sequence if its constituents came from
different sources, as is the case in a multi-speaker setting.

These remarks should warn the reader that when a sequence is marked
unacceptable, such judgement is based on the assumption that it is a one-
speaker discourse with no information change taking place on part of the
speaker during his utterance.

In conclusion, we see that an information state s and a sentence ¢
can be related in various ways. First of all, the update of s with ¢ may
exist, or it may not. Only in the former case do the other options apply.
The first of those is that s allows ¢, but does not yet support it. This is
the ideal situation for a hearer to update with it. Secondly, s may support
¢, which is the ideal state for a speaker to utter ¢, if she believes that the
hearer is in the previous situation. Third, s may both support and forbid
¢. This is a rare case, which holds only if s is the absurd state. The absurd
state supports everything and everything is forbidden by it, which is why it
is absurd. Finally, s may neither support nor allow ¢, in which situation a
speaker cannot utter it, and a hearer cannot update with it.
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3.11 Entailment and equivalence

The usual static notion of entailment is defined in terms of truth. But in
view its peripheral role in dynamic semantics, it will not be of much use
when we want to define a dynamic notion of entailment. Given that support
is the dynamic counterpart of truth, it is to be expected that entailment is
defined in terms of that notion. The basic intuition is this. If updating an
information state with the sequence of sentences ¢, ..., ¢, always results
in a state which supports sentence 1, we may say that ¢1, ..., ¢, entail 1.
For in such a situation 1 does not add any information that is really new.
At most it adds some new discourse questions.

Definition 3.23

Let ¢1, ..., ¢n, 1 be sentences, S the set of information states.

O1y-- - n =W Iff Vs € St if s[d1] ... [pn][t)] exists, then s[p] ... [¢pn] sup-
ports 1

As usual, the limiting case of there being no premises, gives us a notion
of universal validity: |= ¢ iff ¢ is supported by every state (in which an
update with it exists). Intuitions about entailment and validity, too, are an
important source of semantic data.

In static semantics, the notion of equivalence is usually defined as mu-
tual entailment. But from a dynamic perspective, this is not a very natural
choice. For the dynamic notion of entailment is ordered: ¢ | v iff whenever
you first update with ¢, ¥ is supported afterwards. If we could reverse the
order, it would not matter. But what we want is a notion of equivalence
that respects order sensitivity, i.e., one that tells us which sentences ¢ we
can always, in every step in a discourse, replace safely by which sentences
1. This implies that ¢ and 1 should have the same update effects.

Again, as was the case with the notion of support, strict identity of
update effects is usually not necessary. In particular, it seems that, except in
very special cases, we will not care too much about the order in which pegs
have been introduced. If two updates introduce equally many discernible
pegs, on which the same things are hanging with respect to each possible
world, and leave us the same possible worlds as alternatives, then it seems
that they are enough alike to be considered equivalent.

Definition 3.24
Let ¢ and ¥ be sentences, S the set of information states.
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¢ =1 iff Vs € S: s[¢] =~ sy

Again, equivalence, just like entailment, coherence, and acceptability, is an
important source of semantic facts. If we have given a semantic interpreta-
tion for a particular language, we can check it, by seeing whether its predic-
tions concerning equivalence, entailment, coherence, and acceptability, are
warranted by our semantic intuitions.

Before we can turn to the semantic interpretation of the language of modal
predicate logic, we have to add one more features to our information states.

3.12 Variables

The language that we want to give a dynamic semantics for is a logical
language that has variables and quantifiers. This means that we will be
dealing, not with natural language expressions such as ‘a man’, as was the
case in our example, but with their formal counterparts, i.e., expressions
such as JxPx. The latter, like the former, give rise to the introduction of
new pegs, but unlike the former, they invite us to keep track in the discourse
information of which variable is associated with which peg.!”

Let us start with giving an informal sketch of how we propose to
deal with quantifiers and variables, since that may help to understand the

17. In a certain sense natural languages, which do not have explicit variables, are worse
off than logical languages that has them. Having none, is more or less the same as having
just one, one that gets re-introduced and re-set all the time. In a logical language with
explicit variables, we have at least the possibility right at hand to use different variables,
and prevent having to re-introduce and re-set.

Notice that from a certain perspective not having variables is easier: there would be no need
to complicate the notion of a possibility. On the other hand it would lead to complications
elsewhere. These concern mainly the way we figure out anaphoric relations. Suppose we
have been reading about a man and a boy and ..., and we come across the pronoun ‘he’.
In such a situation there may be several ways to link the pronoun to previously introduced
male objects, an obvious complication. In the everyday practice of using our language this
usually does not bother us too much, since we have all kinds of tricks to help us out.
But in certain situations, for example if we want to define something precisely, things can
become pretty hard, and then we find ourselves using variables in natural language on an
ad hoc basis.

The main advantage of using variables is that we can be very explicit about the intended
anaphoric relations. (Cf. the usual linguistic practice of indexing and co-indexing noun
phrases and pronouns to disambiguate with respect to anaphoric relations.) That having
variables complicates the nature of the possibilities should not surprise us, then. It makes
other things easier. The complications are inherently there, so they will turn up somewhere.
It is just that they turn up at different spots in natural and logical languages.
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nature of possibilities and information states. These will be attuned to the
way quantifiers and variables affect information.

So far our possibilities consisted of a number of pegs, an assignment
of values to them, and a possible world. Now we add two more things. We
also keep track of the variables that are in active use, and we associate each
of them with one of the pegs.

If we meet a quantifier 3 we do the following with each of the pos-
sibilities in our information state:

1. We add z to the set of variables

2. We add the next peg to the set of pegs

3. We associate x with the new peg

4. We assign a suitable object to the new peg

5. What is suitable depends on the world
Two remarks are in order. First, we will allow for the possibility that z is
already in the set of variables, in which case nothing is added. This is because
we allow for the usual practice of re-using a quantifier. If this happens, we
act as if the variable were new, and associate it with the newly introduced
peg. Since the association will be done by a function, it means that the link
between x and the peg it was associated with before, is destroyed.

Second, we apply this procedure uniformly on all the possibilities
in a state. Pegs and variables are only introduced by quantifiers in this
way. This means that starting from a state without pegs and variables,
characteristically an initial state, we can be sure that each possibility in a
state that a discourse can lead us to, will contain the same set of variables,
the same set of pegs, and the same association of variables with pegs.

Variables, pegs, and the link between them we call a referent system.
Each information state has a unique referent system. In effect, this amounts
to the assumption that there is no uncertainty about this type of discourse
information.!® The reason to copy it in all the possibilities in a state, rather
than setting it apart, is that it makes some definitions run more smoothly.
What will be different in the alternative possibilities in a state is that they
may assign different possible values to the pegs, and that they may contain
a different possible world.

18. But note that if we allow it also to contain information about other aspects of a
discourse, such as syntactic and semantic structure, this assumption need no longer be
warranted.
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3.13 New possibilities

We now re-define the set of possibilities, taking into account that our logical
language has variables:

Definition 3.25
Let D, the domain of discourse, and W, the set of possible worlds, be two
disjoint non-empty sets.
The set of possibilities based on D, W is the set I of quintuples i =
(v,m,r, g,w), where:

1. v is a finite subset of variables

2. m is a natural number

3. ris an injection from v into n

4. g is a function from n into D

5. weWw
We call (v,n,r), or r for short, the referent system of i.

What is new is the set v of variables that are in use, and the function r that
associates the elements of v with elements of n, i.e., with pegs. That r is an
injection means that there may be pegs around with which no variable is
associated anymore. This will always be the result of re-using one and the
same quantifier.

Since variables are associated with pegs, they are also assigned an
object, indirectly, via the peg they are associated with. The composition of
g and r assigns values to variables: g(r(z)) € D.

There are two reasons for assigning values to variables in this round-
about way. The first is that variables are an artifact of logical languages.
Natural language by and large does without them. The pegs are motivated
independently of the variables. We need them to hang on discourse infor-
mation for the interpretation of whatever language we want to deal with.
Secondly, if we would leave pegs out nevertheless, and would only have vari-
ables and assignments of objects directly to them, difficulties arise when
defining extension of possibilities while allowing for re-using a quantifier.®

Information states remain defined as sets of possibilities which share
a referent system. This means that all possibilities in an information state
have the same set of variables in use, the same number of pegs, and that the
variables in use are associated with the same pegs. The motivation for this is

19. This is why in other proposals that do not introduce things like pegs, one way or
another, re-using of quantifiers is ruled out.
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as before: variables and pegs are introduced with respect to an information
state.

The definition of when one possibility extends another needs to be
restated. We have to add what it means for a set of variables and for an
association function to extend another.

Definition 3.26
Let i,i € I,i = (v,n,r,g,w) and i’ = (v',n/, 7', ¢',w').
i <4, i is an extension of i, iff
1. vCv
2. (a) If z € v then r(z) = 7'(2) or n < r'(x)
(b) Ifz¢wvand x e v then n < r'(z)
3. (n,g,w) < (n', ¢, ')

According to the first clause no variables present in i are lost i’. The second
clause says that the variables present in i, in ¢’ either remain associated with
the same peg, or are associated with a peg that was not in i. This relates
to re-using a quantifier: re-used variables are treated in the same way as
new variables, they are associated with a new peg. The third clause requires
that new variables be associated with new pegs. The fourth clause, finally,
requires that with respect to the pegs, their values and the world, i’ be an
extension of ¢ in the sense defined earlier.

The notion of when one state is an extension of another remains the
same, and this holds also for the notion of subsistence.

What we do have to redefine is the notion of similarity.

Definition 3.27
1. Let 4,4 € I,i= (v,n,n,g,w),i =, n,r, g w).
i is similar tod', i = i’ iff v = v &w = W &V € v: g(r(x)) = ¢'(v'(x))
2. Let 5,8’ € S.
s is similar to 8, s = &' iff
(a) Viesdi'es: in~i
(b) Vi'’es:Fiesi ~i

For two states to be similar, they must have the same set of variables. The
variables may be associated with different pegs, but the values assigned to
them via the pegs should be the same. So, the order in which variables are
introduced, which is the order in which they introduce pegs, may differ. Like
in the previous notion of similarity, this one, too, abstracts from order. The
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‘identity’ of pegs does not matter, what is important is the values variables
are assigned through them. Note also that pegs that are not associated with
a variable, play no role whatsoever. Notice, finally, that it may happen that
there are two pegs around in the states we compare which have the same
value in each possibility, but which remain distinguishable, as long as they
are associated with different variables.

4 Co-reference, modality, and identity

4.1 Co-reference
4.1.1 Terms and predicates
The non-logical vocabulary of our language consists of terms, i.e., individ-

ual constants a,b,c,... and variables z,, z,...; and of n-place predicates
P,Q,R..., 0 < n. For O-place predicates, i.e., propositional variables, we
use p,q,r....%0

The possibilities contain all that is needed to interpret the basic vo-
cabulary. The composition of the assignment function g and the association
function r assigns values to variables. The world w is conceived of as the
interpretation function of a first order model, and hence it takes care of the
rest.

Definition 4.1
Let a be a basic expression, i = (v,n,r,g,w) € I, I based upon W and D.
1. If a is an individual constant, then i(a) = w(a) € D
2. If a is a variable such that a € v, then i(a) = g(r(a)) € D, else i(a)
does not exists
3. If a is an n-place predicate, then i(a) = w(a) C D™

The non-existence of a variable 2 in a state s, i.e., when x is not in the set
of variables v of the referent system of s, will be the only source of partiality
of our updates.?!

20. In section 4.5 we shall see that we need one more basic type of expression: some kind

of demonstratives.
21. If the language would contain expression with presuppositions, they would be another

source of partiality of updates. See the references given on page 6.
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4.1.2 Atomic updates

We our now ready to define the first kind of updates, the ones associated
with atomic formulae.

Definition 4.2
1. ¢ If R is an n-place predicate, and ¢;...t, are terms, then
(Rty,...tn) is a formula
S[Rty...tn) = {i € s | (i(t1),...,i(tn)) € i(R)}
If t; and o are terms, then (¢; = t2) is a formula
slty =to] = {i € s |i(tr) = i(t2)}

[V
e o o

In case one of the terms in an atomic formula is a variable that is not in
the set v in the referent system of s, i.e., the set of variables that have been
introduced in s, the interpretation of that variable does not exist, and hence
the update of s with that formula does not exist either. Atomic updates are
partial, unless they contain no variables.

From their definition it is clear that atomic updates are distributive.
We look at each ¢ € s to see whether in w the interpretation of the predicate
holds of that of the term(s). If so, i will be in the output state, if not,
i is eliminated. So, atomic updates are also purely eliminative, and hence
classical.

The effect of updating a state s, e.g., with the formula Pa, is that
all possibilities ¢ € s will be eliminated that contain a world w in which
the denotation of a is not in the set of objects denoted by P. If there is at
least one such possibility ¢ in s, i.e., if it is compatible with our information
that a has the property P, then s allows Pa. (And there are certainly states
where this is so, which means that Pa is consistent.) Updating such a state
s with Pa results in a state s[Pa] which supports Pa. Then we have the
information that a has the property P. This shows the rather trivial fact
that Pa |= Pa. (Still, it is worth mentioning, because we will see that not
every formula entails itself.)

Let us also look at an example of an identity statement. Unlike the
previous example, the formula z = a is a partial update. For the existence
of the update of s with & = a it is presupposed that the variable x has been
introduced already. If s meets this constraint, then s[z = a] is the result
of eliminating those possibilities i € s in which the value assigned to « is
not the object that in that possibility is denoted by a. In other words, in all
possibilities ¢ that remain in s[z = a], the value of z is set to w(a), where w

40



is the world of i. In s[z = a] we have the information that x is a. But notice
that it is still possible that in different possibilities 7 and i’ with different
worlds w and w’, z is assigned a different value, because it need not be the
case that w(a) = w'(a) for all w and w'.

This means that identity statements such as a = b are (epistemically)
contingent. They can provide real information, i.e., they can constitute a
real update. This is not at odds with the common view that proper names
are rigid designators. The property of rigidness is a metaphysical, not an
epistemic one. Assuming rigid designation, identity statements such as a =
b, if true, are necessarily true, but the necessity involved is metaphysical
necessity, not epistemic necessity.??

The above discussion gives rise to the following general characteriza-
tion of the properties of atomic updates:

Fact 4.1
Atomic updates are consistent and coherent partial classical updates

The fact that atomic updates are classical, means that the interpretation of
atomic formulae is not inherently dynamic.

4.1.3 (Re-)Assignment

In section 3.12, we have added variables to our referent systems, and have
given an informal description of what the effects are of using an existential
quantifier. As we have seen, this involves: adding a variable to the set of
variables in the referent system; at the same time adding the next peg to
the set of pegs; associating the variable with the new peg; assigning an object
to the peg.

The operation that establishes this has two parameters: a variable,
x, and an object, d. It operates on possibilities, and in an extended sense on
states. The definition is as follows.

Definition 4.3
Let i = (v,n,r,g,w) € [,s € S,x € Var,d € D.

22. The worlds in an information state are epistemic or doxastic alternatives only. The
present paper is only about the corresponding notions of modality, and not about onto-
logical or metaphysical modality. We are well aware of the fact that the question of how
to model both kinds of modality within one and the same framework remains, but our
aim is more modest. It is to model what is involved in learning to identify the individual
a name refers to.
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1. ifz/d] = (vU{z},n+ 1,r[a/n],g[n/d],w)
2. slz/d] = {i[z/d] | i € s}

Concerning the first clause we note the following. The new association func-
tion r[z/n] is like r, except that 2 is (re-)associated with the new peg n. This
means that r[z/n] is a real extension of r. And similarly for g[x/d], which is
a real extension of g. Furthermore, v U {2} is an extension of v, a real one
if x was not already in v. Finally, n < n + 1. Since the world w in i[z/d] is
the same as in ¢, it follows that i[z/d] will always be a real extension of 1.

The second clause tells us that (re-)assignment in an information
state is done pointwise with respect to its possibilities. To each i € s corre-
sponds a unique i[x/d] in s[x/d]. Since we saw already that each such i[z/d]
is a real extension of i, we know that s[x/d] is an extension of s. It will be
a real extension, except when s is the absurd state, because @[z/d] = 0.

At the same time, all information about the world and the discourse
information of s is retained in s[a:/d]. Only a new discourse question about
the possible value of the newly introduced peg, and a particular ‘hypothet-
ical’ answer to that question, that it is the object d, have been added. This
means that s subsists in s[x/d).

Thus the following four facts hold for (re-)assignment.

Fact 4.2
1. i <ifz/d]
2. s < slz/d]
3. If s # 0, then s < s[z/d|
4. s = sx/d]

With regard to the composition of g and r, which gives us the objects in
the domain that are the values of the variables via their association with
the pegs, it is important to note that it need not hold that for all z €
v:g(r(z)) = ¢’(r'(x)). In particular this need not hold if the variable x that
is being introduced was already present in v. This means that if we allow
re-introduction of variables and would assign them values directly, there
would be no guarantee that re-assignment would result in a state that is
an extension of the original one. But then we would not be able to define a
suitable notion of extension between possibilities. And since that notion is
the basis of all other notions we need, we would be left empty-handed. Using
pegs, however, we are able to define a proper notion of extension, also for re-
assignment. This illustrates once more the technical importance of the pegs,
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which is goes hand in hand with a certain intuitive appeal, and philosophical
and cognitive significance. Unfortunately, we cannot dwell upon this issue
any further here.

We end this section with the following observation. (Re-)assignment
is a function from information states to information states, it is an update.
We observe that given its definition, and the facts listed above, it holds that:

Fact 4.3
A (re-)assignment constitutes a distributive and non-eliminative update,
that is allowed and supported by every non-absurd information state.

The fact that (re-)assignment is non-eliminative is important, it means that
it is not classical, and that hence it involves a genuine dynamic element.

4.1.4 Existential quantification

By now we have set the stage for the interpretation of existential quantifi-
cation. We start with the definition.

Definition 4.4
e If ¢ is a formula, and 2« a variable, then Jz¢ is a formula

e s[3x¢d] = Uaep(s[z/d][¢])

If we update a state s with Jz¢, we pick an object d from the domain, and
we (re-)assign d to x in s. The state s[z/d] that results from this is updated
with ¢. After we have done this for every object d, we collect the results.
By way of an example, let us update a state s with 3z Px. The result
will be a state s’ which has the following features. First of all, its referent
system will contain a new peg, which is associated with a, which will be in
the set of variables of the new referent system. Note that this new referent
system is uniform in the new state: it is the same in every possibility in s'.
Second, if in the world w of some possibility ¢ € s no object has the
property P, i.e., if i(P) = w(P) = ), then no extensions of ¢ will appear in
¢'. If in all possibilities i € s there is at least one object in its world that has
the property P, then s already supports 32 Px. And if in no possibility ¢ € s
there is an object that has the property P, then s forbids 3z Pz. Otherwise
s simply allows 3z Px and in ¢’ some information about the world has been
gained, viz., that there is some object which has the property P, which is
what one would expect. For all worlds in which no object has the property
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P will have been eliminated as possible alternatives of what the world might
be like.

Third, for each possibility ¢ € s, and for each object d that in i has
the property P, a real extension i[2/d] of i will appear in s'. So for each
possibility i in s there will appear as many extensions ¢[z/d] of ¢ in s[3zPz]
as there are objects with the property P in the world of i. This means that
if 3z Pz is allowed at all in s, it cannot fail to produce a new state that is
a real extension of s. So, even though Pz itself is an eliminative update,
Jdz Pz is not. The possibilities in s’ are not a subset of the possibilities in s,
but real extensions of a subset of the possibilities in s. This illustrates the
non-eliminative nature of existential quantification, that gives it its dynamic
impact.

Note that this holds even if s supports JzPx already. What guaran-
tees this is the introduction of a new peg. To see this, suppose we update a
state s which allows it twice in a row with JxzPx. After the first update, we
get into s[3xPzx|, which supports 3aPx. Even then, the second update leads
to a real extension, but only because there is a new peg introduced. That
nothing essential has happened after the second update is reflected by the
fact that the states that results after the first and after the second update,
though not the same, are highly similar:

s[3wPx] # s[FxPx|[3x Pz
s[3xePx] = s[3JvPx|[3xPr]

Things are different if we compare JxPx and JyPy. Here, too, we do have
that once we have updated with the one, the other cannot fail to be sup-
ported, and vice versa. However, the two are not equivalent:

JxPx = JyPy
JxPx # JyPy

These two formulae can not be substituted for each other, since they provide
different discourse information. The one introduces another variable than
the other, and that makes a difference. For example, updating with JxPzx
guarantees that an update with Px exists. But updating with JyPy does
not.

Actually, updating a state s with 3Pz, not just guarantees that an
update with Pz exists, it actually leads to a state that supports it:

JePx = P
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This is a simple, but significant instance of dynamic entailment. A quantifier
in a premiss can bind a ‘free’ variable in the conclusion. A static notion of
entailment can do no such tricks. Notice that the entailment also holds the
other way around:

Pa = JxPx
Yet the two are not equivalent.

Although the notion of equivalence is sensitive to which quantifiers
have been used, it does not care about the order in which they have been
introduced:

Ja3dy Ry = Jy3xRay
Finally, we note that even formulae which are universally supported need
not be equivalent:
= Jo(x = o)
F Jedy(e =y)
Jo(x = 2) Z 3aJy(r = vy)

All this pertains to the non-eliminative nature of existential quantification,
which it inherits from (re-)assignment.

We noticed already that our example 3z Pz is a real update (in every
non-absurd state). But it can be shown that this holds in general.

Fact 4.4
If ¢ is an update, then for all s: if s # () and s[¢] exists, then s < s[3zd)

Suppose ¢ is an update, i.e., for all s:s < s[¢]. From fact 4.2 we know that
for all s: if s # 0, then s < s[a:/d]. We arrive at s[x/d][¢] by applying the
composition of the updates constituted by the (re-)assignment and by ¢. The
composition of a real update and an update cannot fail to be a real update
in a non-absurd state. This means that Vs: if s # () then s < s[x/d][¢]. The
interpretation of Jx¢ amounts to taking unions of the results of s[z/d][¢]
for different d. In general it holds that If s < s’ and s < s” then s < s’ U s”,
if s Us” € S. Hence, Vs: if s # () then s < Jxg, if ¢ is an update.?
As for distributivity the following holds:

23. We note in passing that it is not guaranteed that if s and s’ are information states,
then s U s’ is also an information state. Of course, it will hold that s U s’ C I, but it
is not guaranteed that all i € s Us’ have the same referent system. If s and s’ do not
have the same referent system, then not all possibilities in their union will have the same
referent system, and hence, sU s’ is not an information state. In the union we take in the
case of existential quantification, this situation cannot arise. All the alternatives we look
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Fact 4.5
If ¢ is a distributive update, then Jz¢ is a distributive update.

We have seen in fact 4.3 that (re-) assignment constitutes a distributive
update. The composition of two distributive updates is also distributive.
And taking the union of the outcomes of s[a/d][¢] for different d € D cannot
distort this picture.

We will see in section 4.3 that if ¢ is non-distributive, then neither is
Jx¢, which will turn out to be rather important.

So, we can conclude the following:

Fact 4.6

Existential quantification is a non-eliminative real update, it is distributive
if its complement is. It is allowed (forbidden) in a state if that state extended
with a new peg, under some (every) assignment of an object to that peg,
allows (forbids) the complement of the quantifier. It is supported by a state
if that state extended with a new peg, under every assignment of an object
to that peg, supports the complement.

That existential quantification is not a classical update means that it is
inherently dynamic.

4.1.5 Sequencing

One effect of updating a state s with Jz¢ is that each of the possibilities in
the resulting state presents us with a possible value for x, given a certain
possibility for the values of the other variables that have been used, and
given one way in which the world might be. In short, all information we
now have about what might be the alternative values for x is present in the
information state that is the output of s[3x¢]. If we continu to update with
a formula ¥ which contains a free occurence of z, this information is still
there. This means that the existential quantifier is still operative: it binds
such occurrences of variables in ).
We write a sequence of updates as a conjunction.

Definition 4.5

at do have the same referent system. Note that s N s’ always happens to constitute an
information state. For if s and s’ have different referent systems, their intersection will be
empty, and @ is an information state, be it not the most interesting one.
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e If ¢ and 1 are formulae, then (¢ A1) is a formula.

* sl AY] = s[o][y]

Conjunction is a pretty dull operation. It just passes on information. It
hands over the output of the first conjunct as input for the second. Still, it
has some exciting consequences, such as:

JzPx A Qu = Jx(Pzx A Q)

An existential quantifier can bind occurrences of variables in formulae that
follow it in a sequence, and which hence are outside its scope, with the same
force as if they were inside its scope. This is the extended binding power
that a dynamic semantics lends to the existential quantifier.

However, note that it does not hold in general that Jx¢ A 1 and
Jx(p A 1)) are equivalent. This is not because there is no extended binding,
but because in certain (modal) contexts a difference in meaning results if a
variable is bound outside the scope of the quantifier. The following restricted
version does hold:

Fact 4.7
If ¢ and 1 are distributive updates, then Iz A p = 3x(p A )

We can not yet give examples that show that the general extended binding
equivalence fails, using non-distributive updates, because all updates we have
discussed so far are distributive. Sequencing inherits certain properties of its
parts. If both conjuncts are distributive (eliminative) then the conjunction is,
too. If one of them lacks the property, the conjunction may lack it, too. Since
atoms are distributive, and existential quantification preserves distributivity,
whatever formula we can construct sofar constitutes a distributive update.
We will return to the issue in section 4.3.

Another thing to be noticed about sequencing, is that it is associative.
Given that the interpretation of a sequence of sentences, is the composition
of the updates associated with the sentences themselves, this follows immedi-
ately from the fact that updates are functions and that function composition
is associative.

Fact 4.8
(AP AX)= (A AX))

This equivalence allows us to leave out brackets in a series of conjunctions.
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For example, instead of ((¢ A1) A x) we may write (¢ A A x).

Function composition is not generally commutative, and update se-
quencing is not generally commutative either. Here we can come up with a
counterexample, which at the same time is a counterexample against idem-
potency of entailment.

r=aAJx(z=0)Fx(z=bAx=a

x=aANJx(x=0b)Fr=aATx(x=0")
The last of these two facts is perhaps the more obvious one. There are
certainly possible information states in which the information is present that
a and b refer to different objects, and which contain at least one possibility
in which the value assigned to @ is the denotation of a in that possibility.
Such a state will allow @ = a A Jx(x = b), but the state that results from
updating with it, will in fact forbid the conclusion that z = a A 3z(z = b).

The reason why idempotency fails is that the quantifier in the premiss
binds the free variable in the conclusion. Similarly, because the variable x
occurs free in the first conjunct of @ = aA3x(z = b), and since the quantifier
Jx is actively present in the second, commuting the conjuncts does not
yield an equivalent result. What once was a free variable, is suddenly a
bound one. (If we read the equivalence statement from left to right!) It
is precisely the extended binding power of the existential quantifier that
prevents commutativity to hold. In a state where we know a and b to denote
different objects x = aAJx(x = b) can be allowed (depending on the possible
values of x), whereas 3z(x = b) Az = a will be forbidden. Or, to take a much
simpler case, there are certainly states in which the variable  has not been
introduced yet. Such a state might very well allow Jz(z = b) Az = a, but
would not be able to allow x = a A Jz(x = b), because the update with it
does not exist.

Of course, in many cases the order of a sequence of updates does not
matter. Sequences of classical updates are a case in point.

Fact 4.9
If ¢ and ¥ are classical updates, then ¢ A =9 A ¢

Notice that this fact states a sufficient, but not a necessary condition for
commutativity. We will not bother to state the precise conditions under
which commutativity holds.?* Rougly speaking, and restricting ourselves to

24. See Groenendijk and Stokhof 1991 for extensive discussion.
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distributive updates, if there is no overlap in the variables bound by ¢ and
the free variables occurring in 1, and vice versa, then we can commute ¢Ap.
We conclude again with a general characterization:

Fact 4.10

Sequencing inherits its properties from its conjuncts. It is eliminative (dis-
tributive), if both of its conjuncts are. A conjunction is allowed (forbidden)
(supported) by an information state, if the first conjucnt is allowed (forbid-
den) (supported) by that information state, and if the second conjunct is
allowed (forbidden) (supported) by the information state that results from
updating the orginal state with the first conjunct.

Sequencing is, one might say, ‘passively’ dynamic. It does nothing to stop
the dynamics of what it operates on, but it does not introduce dynamic
effects of its own either.

4.1.6 Negation

With negation it is the other way around: it is ‘actively’ static, i.e., it blocks
the dynamics of whatever is in its scope.

Definition 4.6
e If ¢ is a formula, then —¢ is a formula.
o s[~¢] ={ies|-TF"i<i and i € s[¢g]}

A negation —¢ eliminates those possibilities in s of which some extension
can be found in the state that would result after updating s with ¢. This
means that whatever extensions quantifiers inside the scope of a negation
may bring about, these are nullified. Negation is a purely eliminative update,
no matter what the nature of it complement is.

If the complement of negation is itself eliminative, then s[—¢] boils
down to {i € s | i & s[¢]}. And if ¢ is classical, things may get even simpler,
as can be seen from the negation of an identity statement:

Definition 4.7
o 11 #ta =gr ~(t1 = t2)
o s[ty #ta] = {i € s |i(t1) #i(t2)}

Consider an example: —=(3xPx A Qx). Updating a state s with this formula
eliminates those possibilties i € s such that there is some extension i’ of i
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that would be in the result of updating s with 3xPx A Q2. That is to say,
those possibilities in s are eliminated that would allow there to be something
that has both the property P and the property . And that is how it should
be.

Of course, in establishing s[3xPz A Qz], the extended binding of
the quantifier is operative. That is why we have to look at eztensions i’ €
s[3xzPz A Qz] of possibilities ¢ in the initial state s. But the net result is a
state consisting of certain ¢ in the original s. This means that, in the end,
no changes in the referent system are made. The new peg that the quantifier
introduces in calculating s[3xPa A Qu], does not appear in the end result
s[-(3zPz A Qz)).

In section 2 we saw that this feature of negation is backed up by lin-
guistic facts.? It also makes sense from a logical point of view. The formula
—(3z Pz A Qx) says that there are no objects that have both the property P
and the property Q. So, what possible values of (the peg associated with) z
are we supposed to keep track of 726

One fact to note about negation is that a characteristic property of
classical negation, the law of double negation, does not hold in general, but
only in a restrictive version:

Fact 4.11
If ¢ is an eliminative update, then ——¢ = ¢

Counterexamples with non-eliminative updates are easily provided:
JePx # -—JxPx

It is the difference in discourse information that they carry, that makes these
two formulae non-equivalent: whereas the quantifier in x Pz can still bind
variables in sentences to come, the one ~—3x Pz can not.

It does not hold in general that ¢ and ——¢ mutually entail each other:

Fact 4.12
1. ¢ k¢

25. Which is not to say that it holds unconditionally. See Groenendijk and Stokhof 1991,

p- 89-92, Dekker 1993b, ch. 2 for some discussion.
26. Answer: we might preserve the ones that got removed. But these we can not store in

the new state just like that. One way or another, we should store them as values we used
to have, but which are now eliminated. As the states are set up right now, there is no
room for this type of information, but maybe one should make room for it.
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2. If ¢ is an eliminative update then ¢ = ——¢

A counterexample with a non eliminative update is provided by:
Pz A 3x-Pux [£ —-—(Px A Jz—-Px)

Again, the reason is that the quantifier in the premise binds the free variable
in the conclusion.

Although perhaps akward from a (classical) logical point of view,
from the perspective of natural language semantics and reasoning this is a
nice feature of dynamic entailment. In argumentative discourse, anaphoric
relations between binding expressions in the premisses of an argument, and
variable-type expressions (such as pronouns) in a conclusion, occur all the
time. Trying to do without them can become rather cumbersome. Dynamic
entailment makes for an easier and more natural formalization of such dis-
courses.

All this has to do with the eliminative nature of negation. What about
distributivity? Again, we can not provide any counterexamples yet, because
anything that negation can operate on sofar is distributive. Given the way
it is defined, the negation of a non-distributive update is non-distributive
itself.

Let us sum up:

Fact 4.13

Negation is an eliminative update, it is distributive when its complement
is. It is allowed when its complement is not supported, it is forbidden if its
complement is supported, and it is supported if its complement is forbidden.

Negation turns everything upside down.

4.1.7 Implication, disjunction and universal quantification

Having defined the updates constituted by the atoms, existential quantifi-
cation, sequencing and negation, we have defined the predicate logical frag-
ment of the language we are after. The one new thing that remains is the
might-operator, which we will have a look at in the next section.

Of course there are the usual other operations of predicate logic, viz.,
implication, disjunction and universal quantification, but we can introduce
them by defining them in terms of the operations that we already have. The
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definitions are the usual ones.?”

Definition 4.8
1. (¢ =) =at (¢ A )
2. (pVY) =at ~(=d A1)
3. Vo =g 0

If we calculate their interpretations given these definitions we arrive at the
following:

Fact 4.14
1. sfp = ¢ ={i e s|Vi':if i < and i’ € s[¢g], then Fi":¢" <" and
" e sllfwl}
2. slpVyl={ies|i<i and 7 € s[p] or i’ € s[~¢|[)]
3. s|Vxgp] = {i € s | Vd € D:3i’ such that i < i and i € s[z/d][¢]}

Implication amounts to the following. If we update a state with ¢ — 1, then
a possibility will remain in case if it subsist after an update with ¢, then
all its survivors after updating with ¢ subsist after a further update with
1. Disjunction says that if we update a state with ¢ V 1, those possibilities
remain which subsists after an update with ¢, or after an update with .
Universal quantification, finally, says that if we update a state with Vz¢,
then those possibilities remain, which after every (re-)assignment of z to
some object, subsists after an update with ¢.

The first thing to note is that all three of these connectives constitute
eliminative updates. This feature they inherit from negation, which in their
respective definitions is the outermost operator. This means that quantifiers
inside their scope cannot bind free variables in further sentences. And with
respect to universal quantification we may note that, given its eliminative
nature, it can not bind variables outside its scope itself either. As is the
case with negation, to a large extent this feature is borne out by the facts.
However, there are exceptions one should be able to deal with properly. But
we will not attempt to do so here.?®

27. We leave material equivalence «— out of consideration here. We suspect that introduc-
ing it would mean introducing it as a separate basic operation. Defining it in the ususal
way, i.e., as a conjunction of mutual implications, would not work. It would result in a
connective that would allow for binding from right to left. We see no easy way around
this.

28. See the references cited in footnote 11.
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Another observation is that there is no alternative choice for the ba-
sic operations. This follows immediately from the eliminative nature of the
alternatives. For example, if we were to take implication instead of sequenc-
ing as a basic operation, we could not arrive at a proper interpretation for
sequencing. If we would define (¢ A 7)) as =(¢ — —2), we would block the
binding of quantifiers inside its scope in further sentences.

One special feature of implication, which also follows directly from
the way it is defined, is that although quantifiers inside its scope cannot bind
variables outside its scope, quantifiers in its antecedent can bind variables
in its consequent. This gives our semantics the possibility to give straight-
forward translations of the so-called donkey-sentences. The following equiv-
alence presents the essentials of that fact:

JrPr — Qr = Va(Pr — Qx)

However, it does not hold in general that Jx¢ — 1 and Vz[p — 1] are
equivalent. It only holds if ¥ is a distributive update.

Fact 4.15
If 9 is a distributive update, then Jx¢p — 1 = Va[p — 9]

Again, since all updates defined sofar are distributive, counterexamples to
the more general claim have to wait until we have introduced non-distributive
updates.

One final thing we may note is that there is a deduction theorem:

Fact 4.16
Fo—vifgly

4.2 Modality

The last basic logical operation that remains to be introduced is the might-
operator.

Definition 4.9
o If ¢ is a formula, then ¢¢ is a formula

* s[O¢] = {i e s|s[¢] # 0}

Provided that s[¢] exists, there are only two possible outcomes of updating
a state s with ©¢. We either remain in s, or we end up in the absurd state.
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The first happens if updating s with ¢ does not lead to the absurd state,
the second if it does.

In other words, when updating s with ¢ we remain in s if s allows
¢; and we reject ¢ if s forbids ¢. Every state either supports or forbids
<¢. Having only these two possibilities, ¢¢ is a test, and what it tests for
is whether ¢ is consistent with our information. And like all tests, C¢ is
eliminative, which means that existential quantifiers inside its scope cannot
bind variables outside.

We have been waiting a long time for this. Finally the language is no
longer completely distributive: ¢¢ is a non-distributive update. Consistency
testing essentially involves looking at an information state globally, and not
pointwise with respect to the possibilities it contains. We illustrate this with
an example.

Let p be a proposition, i.e., p € R". Its interpretation in a world w is w(p),
where w(p) € {0,1}.2° Application of the clause for atomic formulae gives:
s[p] = {i € s | i(p) = 1}, where i(p) = 1 iff w(p) = 1 for the world w in 4.

Let s = {i,5},i(p) = 1,j(p) = 0. Then s[Cp] = s, since s[p] = {i}, and hence
s[p] # 0. On the other hand, {i}[Op] = {i} and {j}[Cp] = 0. So, performing
the update expressed by Op pointwise on the elements ¢ and j of s, and
taking the union of the two results, gives {i}. And since {i} # s, we see that
we do not get the same outcome as when we apply ©p to s globally. This
proves that ¢¢ is not a distributive update.

Representing might as <, as we do here, interprets it as a consistency
test. But this is only one aspect of its meaning. If you are told ‘It might be
raining today’, this may very well constitute real information, on the basis
of which you could decide, for example, to take an umbrella when going
out. This additional aspect of the meaning of might is not dealt with in the
present semantics, which merely takes into account that if you hear that it
might rain, you check whether it is possible with respect to the information
you have that it rains. If so, nothing happens. But, apparently, that is not
all there is to it.

On the other hand, what our semantics does account for is the follow-
ing observation. Suppose again that you hear that it might be raining. And
suppose furthermore that the information you have tells that this is not so

29. Since p is a 0-place predicate, w(p) € D°. DY is the set of O-tuples, which is {{}}. The
empty sequence () = 0. So, D° = {0}. This set has two subsets: itself, {8}, and 0. And
these are the set theoretical definitions of 1 and 0, respectively. From this one can figure
out that the next two sentences in the text are true also.
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(‘No! Look outside! The sun is shining!’), i.e., suppose that the information
of it raining outside is inconsistent with the information you have. Then, in
all likelihood, you will not accept the remark just like that, you will start
arguing. It is this aspect of the meaning of might that is accounted for by
the semantics we have given above. It ¢ is inconsistent with s, updating with
O¢ results in 0. And precisely because you do not want to end up in the
absurd state, you do not just update your information state, but will start
arguing with whoever tries to tell you that ©¢. It is for this reason that we
say that if s[@¢] = 0, s forbids ¢.

On this score, the semantics for might does well. It predicts correctly
that if you are told that it might be raining, when you can look out and see
that the sun is shining, you will start arguing about it. And this, in turn,
means that consistency testing is involved in the semantics of might.

That might-¢ may in some states provide a real update of information
is not accounted for as yet. Let us give two examples where this might be
the case.

One point at which this effect may occur is in the information that the
hearer has about the information of the speaker. If a speaker utters might-
¢ the hearer may infer, on the assumption that the speaker’s utterance
is correct, that his information allows p. Since this type of higher-order
information is left out of consideration here, this kind of update effect is not
accounted for.

Another update aspect of the meaning of might is the following. In
some situations might-¢ draws attention to a hypothetical possible exten-
sion of one’s information. Usually this is done with the intention of saying
something more about ‘what if’. An example is the following sequence:

(17) It might rain. It would ruin your blue suede shoes.3°
The effect of updating one’s information state with this sequence of sentences
should roughly be that it is extended with the conditional that if it rains
the blue suede shoes you are wearing will be ruined, which could be a real
update, and not just a test.

This phenomenon, which is known under the name of modal subordi-
nation, is a central feature of the meaning of natural language modalities.3!
(And, actually, it can be used as a first rate argument in favor of a dynamic
treatment of it.) Nevertheless, we will (almost) completely ignore it in the
present paper. For the moment it suffices to indicate that there is more to

30. Just like stepping on them would.
31. See Roberts 1987; Roberts 1989 for extensive discussion.
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might than the semantics presented in this paper covers. On the other hand,
we also hope to have indicated that consistency testing is indeed an essential
ingredient of its meaning.32

Let us illustrate the role of might in discourse somewhat more by looking at
some examples of sequences in which this modality figures.
In section 2 we discussed the following two sequences of sentences:
(18) a. It might be raining outside [...] It isn’t raining outside.
b. It isn’t raining outside [...] *It might be raining outside.

The example shows that order matters in updating an information state
with a sequence of sentences. In our logical language, (18a) corresponds to
OpA...A—p, and (18b) to =pA. .. ACp. For the moment we ignore what might
occur on the dots between the two sentences in the sequences, but we return
to this question below. We focus on the two formulae Op A —p and —p A $p.
In ordinary static modal logics, these two formulae are equivalent, and hence
these systems can not account for the difference between (18a) and (18b).
In our dynamic semantics, the difference between the two is accounted for
by the following fact:

Fact 4.17
1. ¢¢ A —¢ is consistent
2. =g A O¢ is inconsistent

First we prove the acceptability of ¢ A—¢. To succeed it is enough to come
up with some formula ¢ and some state s such that s allows $¢ A —¢. To
make things easier, we choose a proposition p for ¢. So we have to come up
with some state s which allows Op A —p.

Let s = {i1,i2}, where i;(p) = 1 and i2(p) = 0. We note at the outset
that this means that i, and i, should contain two different worlds wy; and
wg such that wi(p) = 1 and wa(p) = 0. By the definition of the extension
relation, this means that i; £ iz (nor the other way around).

By the definition of sequencing: s[Op A =p] = s[Op][—p]. By the def-
inition of might: s[Op] = s, since s[p] = {i1} # 0. So, s[Op|[-p] = s[-p].
According to the definition of negation: s[—p] = {i € s | =3’ € s[p]:i < i'}.
According to the atomic clause: s[p] = {i1}.

32. Another aspect of the meaning of might that is not accounted for is that a sentence of
the form Op may also have the effect that one comes to realize the possibility of p as such.
The eliminative nature of the present framework prohibits an account of this: eliminativity
attributes to language users ‘omniscience’ with respect to what the possibilities are.
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For i; it holds that 3’ € s[p|:iy <1, viz., 1; itself. So, ¢; & s[-p]. For
iz it does mot hold that 3i' € s[p]:iz < i’. Only i1 € s[p] and iz £ i1, as we
noted at the outset. Hence, i> € s[—p]. So, since i; & s[-p], and iz € s[-p],
and since according to the definition of negation for i € s[~p|, it should hold
that ¢ € s, we get that s[-p| = {i2}.

Hence, since we saw already that

s[=p] = s[Op][-p]

and that
s[Opl[—p] = s[Op A —p]

we have shown that

s[Op A —p| = {ia} # 0
This means that s allows Op A —p. And if there is some such s, then s € S,
Op A —p is consistent. u

Next we prove the inconsistency fact by showing that the assumption that
—¢ A O¢ is inconsistent, leads to a contradiction.

We may assume that ¢ is an update, which means that Vs:s < s[¢] Which
means that Vs:Vi € s: 3¢ < ¢ and ¢ € s[¢]. If s[$] # 0 this means that
Jizi € s and Fi':i <4 and i’ € s[¢].

Suppose —¢ A <o is consistent. By the definition of acceptability this means
that there is some state s such that s allows —¢ A C¢.

By the definition of acceptance this requires that s[—¢ A O¢] # 0. By
the definition of sequencing this means that s[-¢|[O¢] # 0. By the definition
of might this means that s[—¢][¢] # (). By the definition of negation this
means that {i € s | =317 < i’ and i’ € s[¢]}[¢] # 0.

As we saw above, using the assumption that ¢ is an update, this
would require 3i: (=3i":i < i’ and ¥ € s[¢]) and (Fi:i < i’ and 7 € s[d)]).
But this is a contradiction. Since the assumption that —¢ A ¢ is consistent
leads to a contradiction, we have shown that —¢ A ¢ is inconsistent. L]

That $¢ A ¢ is consistent whereas —¢ A C¢ is not, means that the two are
not logically equivalent. In the previous section we already gave a counterex-
ample against general commutativity with non-eliminative updates, here we
have a counterexample with non-distributive updates.
Notice that Op A —p provides another counterexample against idem-
potency of entailment:
OpA=plECpA-p
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And this time, this has not to do with non-eliminativity, but with non-
distributivity.

We promised to return to the dots in such sequences as in (18). The dots
are used to indicate that some time elapses between the utterances of the
two sentences. In the meantime information from other sources may become
available. For example, someone might open the blinds and look outside. To
see why this is important, suppose we leave out the dots, and assume that
the two sentences are uttered in immediate sequence, by the same speaker,
so that virtually nothing can happen in between. In such a case we would
be inclined to judge that the first sequence can not be consistent either.
To see why, we dramatize things a bit by making the sequence into a real
conjunction:33

(19) *It might be raining outside and it is not raining outside.

Obviously this can not be a correct utterance. But we just saw that its
logical translation is consistent. How can that be?

The answer is the following. First of all, acceptability is a hearer
oriented notion. Secondly, in modeling the information of the hearer, we
do not include any information she might have about the information of the
speaker. Given this way of modeling things, saying that OpA-p is consistent
means nothing more, or less, than that a hearer can be in an information
state in which she can consistently update her information subsequently
with Op and —p. And from that perspective, Op A —p is indeed a consistent
update. (And —p A ©p, for example, is not.)

This does not mean that a speaker could utter this sequence correctly.
He can not, unless in between uttering the first and the second sentence new
information from other sources has become available to him. For a speaker
to be able to utter the sequence correctly, his information should support
it. This means that there should at least be some information state that
supports it. In other words, ¢p A —p should be coherent, but it is not:

Fact 4.18
¢ A ¢ is incoherent

For a state s to support ¢¢ A=, s should support G¢, and s updated with
O ¢, should support —¢. For s to support ¢, s should allow ¢ (unless s is

33. Things are different, of course, if the sequence reads ‘It might have been raining, but
it isn’t’, but we are not talking about ‘might have been’, but about ‘might’. About the
former we have nothing to say in the present paper.
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the absurd state). If so, s updated with ©¢ is s again. Then s should also
support —¢. But to support —¢ is to forbid ¢. No state can manage to allow
and at the same time forbid a formula. Hence, ¢¢ A —¢ is incoherent.

If our hearers would have information about the information of speak-
ers, they would realize this. And recognizing the utterance as necessarily
incorrect, they would have a good reason to forbid it.

So we are on the right track. Since we can predict the incoherence of
O¢ A, even though it comes out as consistent, we can be rest assured that
when we do take information of hearers about the information of speakers
into account, things will work out fine.

In the present context, it is important to be aware of this. If a se-
quence of sentences is declared consistent for a hearer, this does not mean
that the sequence is also coherent. To get intuitions right, we should reckon
with the possibility that the different sentences in a sequence come from
different sources, or...that they come from one and the same source, but
that in between uttering them, new information from outside has come up.
The importance of the dots should be clear by now. If ¢ A ... A is to be
really consistent, this means that ¢ ... is consistent, and that ¢ is coherent
in some state s, such that v is coherent in some state s':s < ¢'.

Usually, one defines a O-operator in terms of the <¢-operator. Let us not
keep behind.

Definition 4.10
[ ] D¢ =df —|<>—|¢
e s[O¢]={ies

s[¢] = s}

Whereas ¢¢ test for acceptance, O¢ test for support. If s supports ¢, then
s[0¢] = s, if it does not, the absurd state results. So, allowing O¢ means
supporting ¢, and not supporting ¢ means forbidding O¢. One way to read
O¢ is as ... So, ¢.

We do not have much to say about this, except that we note that the
two basic notions of acceptance and support correspond to the O and the
<.

Fact 4.19

Our modal operators are tests. They test for acceptance and support. They
are allowed and supported if what they test is so, they are forbidden if what
they test is not so.
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The modal operators are pretty crude. How cute they are, we will see in the
next section, when we see how they co-operate with quantification.

4.3 Coreference and modality

In this section, we turn to the descriptive heart of the matter of the present
paper, viz., the interplay between indefinites and modals, i.e., between ex-
istential quantification and the ¢-operator.

It is a remarkable fact that the extended binding power that its dy-
namic interpretation lends to an existential quantifier allows it also to bind
variables which are outside its own scope and inside the scope of a modal
operator. For example, the variable in the second conjunct of dxPx A OQx,
is bound by the existential quantifier in the first conjunct. Similarly, in the
implication dx Px — OQu the quantifier in the antecedent binds the variable
in the consequent.

4.3.1 The case of sequencing

However, whereas in the predicate logical fragment of the language, in which
only distributive updates occur, extended binding validates the equivalence
of 3z A1 and Jz(p A ), this does not hold in the full language with
epistemic modal operators. In general, Ju¢ A Gt and Jz(p A Of) have a
different meaning, i.e., they may take one and the same information state
into different states.

In other words, extended binding must be distinguished from the
equivalence just mentioned. It may license it, in which case one could say
that being bound inside a quantifier’s scope, and being bound outside, are
equivalent properties of variables. But it may also be the case that there is
extended binding, yet the equivalence does not hold, which means that the
properties are different.

If what we have said is right, then we should be able to prove the
following:

Fact 4.20
Jxg Atp # Fx( A1)

To do so we have to specify instances for ¢ and 1, and a set of possibilities
I, based on a domain D and a set of possible worlds W, such that there is a
state s in the set of information states S based on I, such that s[3zd A )] %

s[3z(p A )]
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As for our choice of ¢ and v, consider (20a) and (21a), which can be
paraphrased as (20b) and (21b):
(20) a. Fz(PxAOQx)
b. There is someone who has the property P and might have the
property Q.

a. dxPxAOQr
b. There is someone who has the property P. He might have the
property Q.
What happens if we update with (20) is the following. The existential quan-
tifier introduces a new peg which is (re-)associated with x. Its possible values
have two properties: the property P, and the property of being an object
such that our information allows that it has the property Q. The latter im-
plies that if some object lacks the property @ in every world compatible
with our information, then after updating with (20), it is not among the
possible values of the newly introduced peg associated with 2.
In the case of the sequence of sentences (21), things are different.
The first conjunct introduces a new peg which is (re-)associated with x.
Its possible values have the property P. The next sentence tests whether
our information allows that the value of the new peg is an object that has
the property ). This means that among these possible values there should
be some object that has property ¢ in some world compatible with our
information. If there is some such value and some such world, then the test
succeeds, and no value is eliminated. More in particular, also those objects
which in no world compatible with our information have the property @,
are not eliminated. Precisely in this respect, (21) differs from (20).
Let is set up a situation in which this difference actually comes out.
We start rock bottom.
Let our non-logical vocabulary consist of only the one-place predicates
P and Q. Let our domain consist of two objects only. Then we can specify
D, W, I and S as follows:
1. D ={dy,ds}
2. W = the set of functions w with domain the predicates P and @,
and range the set of subsets of D
3. I is the set of possibilities based on D and W
4. S is the set of information states based on I
Suppose we have the following information. We know that only d; has prop-
erty @. And we know that only one object has property P, but we do not
know which one. The initial state which embodies this information can be

(21)
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specified as follows:
So = {7:1’ 12} = {((/), Q), ’lU1>, (07 ma ’LU2>}

wi(P) = {d1} & w2(P) = {d2} & w1(Q) = w2(Q) = {d1}

When describing the interpretation of (20) above, we said that if some object
lacks the property @ in every world compatible with our information, then
after updating with (9), it is not among the possible values of the newly
introduced peg associated with 2. In our situation this is so, d lacks the
property @ in each of our two worlds.

Let us calculate this result. By the definitions of existential quantifi-
cation and sequencing we find:

so[Fx(Pa A OQu)] =
slz/di][Px][CQua] U s[x/ds)[ Px][CQx] =
{ia[z/da], dofx/di]}[Pa][OQu] U {ir]a/ds], ialx/ d2] } [ Pa][CQx]
We write one of these possibilities out in full:
irle/di] = ({{x,0)}, {{0, d1)}, w1)

In this possibility, the value assigned to @ via the peg 0, viz., d;, has the
property P, since d; € w(P). In is[a/d;] this is not the case. And, similarly,
whereas in iz[x/ds] the value assigned to x has the property P, it lacks it
in i1[x/d2]. Returning to our series of equivalences, this means that after
applying the definition of the atomic clause to Px two times, we arrive at:

= {iafe/d1]}[OQu] U {iz[2/d2]}[OQu]

Now we perform the acceptance test OQa. Only for {i1]x/d1]} will this test
succeed. For d2 does not have property @ in ws. Hence we can continue our
equivalences as follows:

= {ife/di]} U0 = {is[z/du]}
Writing this out in full we get:

= {{{z,0)}, {{0,d1)},w1)}

This means that we have gained information. We now know that d; is the
individual that has property P, because in no world compatible with our
information state does ds have the property Q.
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Let us now turn to (21), Jx P A<CQax. When stating its interpretation above,
we claimed that this means that among the possible values of 2 there should
be some object that has property @ in some world compatible with our
information. If there is some such value and some such world, then the test
succeeds, and no value is eliminated. More in particular, also those objects
which in no world compatible with our information have the property @,
are not eliminated. Precisely in this respect, (21) differs from (20). To show
how this difference come about consider again the information state sp. In
this state d; has the property ). Application of sequencing and existential
quantification gives the following result:

so[FxPa A OQu] =
(so[z/d1][Px] U sola/ds][P])[CQx] =
({irle/da), iolw/di]} [ P U {ir[w/ds], iow/do] } [ P2]) [CQu]
Calculating Pz, we get:
= ({ialo/di]} U {islar/dal] ) [0Qa) =
= {ir[v/di], i2[v/d2] }[ O Q2]

Now we perform the acceptance test CQu. It is succesful: if we update the
state with Qz, something remains, viz., {ii[xz/d;]}. Hence, the output is:

{i1 [.’l?/dl], ‘iQ[ﬂ?/dQl}

And this differs from the result we obtained for (20). What we have shown
is that:
so[Fe(Pr A OQu)] = {ir[z/d]}

so[FePx A OQa] = {i1[z/d1],iz2[x/d2]}

Since there is some information state in which (20) and (21) lead to a dif-
ferent outcome, it follows that:

Ju(Px A OQu) # JxPrx A OQx
]

The difference between (20) and (21) comes out in other ways also. If the
discourse JxPx A OQx is continued with O—=Qx nothing happens. The test
will succeed, because among the possible values of z there is da, which does
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not have the property @). Hence, we can also continue our update with =Qz.
In that case we eliminate d; as a possible value, and the only possibility that
remains is the one in which ds is the value of z, and in which the world is
wz, the world in which dp has the property P.

In other words, our initial state sp both supports and allows Iz Pz A
OQx A O—Qx, and allows, but does not support, JzPx A OQx A Q.

Notice that it is not a particular feature of the state so that it does
not support this sequence, no state does. In other words:

Fact 4.21
JxPzr A CQx A O—=Qx A -Qx is consistent, but incoherent

With Jz(Px A OQz) things are different. Both a continuation with O0-Qx
and one with =Qz is forbidden. For updating so with 3z(Pz A CQx) left us
with di as the only possible value for 2. And in no world compatible with
our information (for which only w; now qualifies) does d; have the property
Q. So, both Fx(Px AOQx) AO-Qu, and 3u(PrxAOQxr) A—Qx are forbidden
by our initial state sq.

This does not mean that 3x(PaxACQx) AO—-Qx, and Jz(PrACQI)A
—-Q@Qx are inconsistent per se. It is a characteristic of the situation as we
set it up that these formulae are forbidden by it. There are also states in
which both are allowed. An example appears if we weaken the information
in our sample situation a bit, by removing the information that d; has
the property @, but still keep the information that d2 does not have the
property Q. If we do so, two more worlds inhabit our initial information
state. One world, w3, which is like w;, and another world, w4, which is like
ws, except that in both @ is true of no individual. In this situation, both
JxPx A OQx A O-Qx and JzPr A CQx A —-Qx are allowed. Of course, after
updating with 3z Px A OQu it still holds that only d; remains as a possible
value for z. But now both the world w; in which d; has @, and w3 in which
it does not, remain as alternatives. This means that if we perform the test
O-Qx, it will be successful. Likewise, if we update with ~Qu, the possibility
containing wy, in which d; has the property @ is eliminated, but the another
possibility, containing ws, in which 2 does not have the property @ remains.

4.3.2 Two features

There are two features of the particular semantics of dynamic modal pred-
icate logic presented here which distinguish it from other proposals. Both
are essential if we are to obtain proper results for the examples we discussed
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above, and for several other ones, some of which will be discussed in the
next section.

The first feature is that a formula of the form ©¢ is interpreted as a
global consistency test on information states, not only with respect to infor-
mation about the world, but also with respect to discourse information.3
This property of the semantics of < is imperative in order to get the right
results for caes such as discussed in the previous section. Other examples
yet to come, will lend further support for this feature.

The second feature of the present semantics that is essential for its
empirical adequacy is the way in which existential quantification is dealt
with. A rather obvious way of defining definition the effect of updating a
state s with 3z¢ is the following. Start with a global random (re-)assignment
of z in s, and next update the state that results with ¢.

Global (re-)assignment of x in s works as follows. A new peg is intro-
duced. For each object d € D, each possibility in s is extended with d as the
value of the new peg, and hence of the variable x associated with it. This
amounts to taking Ugeps|z/d].

In terms of that the intuitive definition of existential quantification
amounts to this:

s[3xd] = (Uaepslz/d))[¢]

The definition given in the present paper differs from this one in a subtle,
but crucial way, viz., in the bracketing:

s[Fxgp] = Uaep(sla/d][¢])

Subtle though this difference may be, it distinguishes between success and
failure. As far as the distributive predicate logical fragment of our language
is concerned, both definitions come to the same thing. But once we add
epistemic modal operators, the difference becomes important.

Given the first, global way of interpreting existential quantification
Jz ¢ receives the wrong interpretation. To see that it does consider 3O Px.
Using the global definition, updating with this formula would give every
d € D as a possible value for x, as long as there is some d that in some
world compatible with our information has the property P.

34. In the proposal by Van Eijck and Cepparello (to appear), consistency testing is done
distributively with respect to discourse information. Each possible assignment of values to
variables is tested seperately for consistency with the information carried by the comple-
ment of O. If it fails that test, such an assignment is eliminated. As the discussion above
will have made clear, this will not yield the right empirical results.
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And this is clearly not what we want this formula to mean. For then
success or failure of an update with 32<¢ P2 would come to more or less the
same thing as success or failure of ¢32Pa, the only difference being that the
former has the side-effect of adding all the objects in the domain as possible
values for x, whereas the latter is just a test. It would predict that 32 Px
and O3z Pz entail each other.3®

But this is simply wrong: Jz< Pa should output as possible values
of x only those d such that in some w compatible with our information d
has the property P in w. And this is precisely what the second, non-global
definition of existential quantification does. An effect of this definition is
that if OPx is withing the scope of 3z, the consistency test is performed
one by one for each d € D, where we eliminate those d as possible values for
z for which the test fails.

Thus we conclude that it is the combination of interpreting ¢¢ as
global consistency testing, not only with respect to information about the
world, but also with respect to discourse information, together with a non-
global interpretation of Jz¢ which is distributive over the objects in the
domain, that ensures that being a variable bound by and within the scope
of a quantifier, differs from being a variable that is bound by, but outside
the scope of a quantifier. And it is this difference that accounts for the fact
that Jx(¢ A ) and Jzg A ¢ are not equivalent precisely in those cases in
which occurrences of x in ¢ or 1 are inside the scope of a ¢-operator.

4.3.3 The case of implication

We have seen in section 4.1.7 that existential quantifiers within the an-
tecedent of an implication may bind variables in its consequent. Moreover,
we noticed that if we restrict ourselves to distributive updates, Jx¢ — ¥
and Vx(¢ — 1) are equivalent. As was the case with extended binding, now
that we have non-distributive updates at our disposal, we can give coun-
terexamples against the generalization of the equivalence to all updates.

Fact 4.22
JzPx — OQx £ Vr(Pxr — $Qu)

35. Less dramatic consequences obtain if the usual definition of existential quantification
is combined with a definition of the O-operator that is distributive with respect to the
values of variables. This is the way in which Van Eijck and Cepparello proceed. This
approach yield the right result for a formula such as 3zOPz. However, 3z(Pz A OQr)
and JzPz A OQz would still come out equivalent, which is not as it should be. Given that
many other things go wrong, too.
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This follows more or less directly from the fact that Ix(PxACQx) # JxPxA
OQz. Using the definition of implication, JzPz — {Qx can be rewritten
as ~(JxPzx A -OQrx). Using the definition of the support test this comes
down to —~(3zPx A O-Qx). Similarly, Va(Px — $Qx) means the same as
—Jz(Px A O-Qx).

Consider again the situation we described in section 4.3.1. In our
intial situation sg, Jz(Px A O-Qx) will only come up with the possibility
in which the value of = is dy and which has ws as its world, which is the
possibility where it is dy that has property P. This is so, because only for ds
our information supports that it does not have property . By the definition
of negation we get that {(0,?,w,)} is the output of updating sp with of
—Jz(Px A O0-Qz). And this means that we have gained the information
that it is di who has the property P.

Now consider JzPx A O-Qu. After having updated s with the first
conjunct, the resulting state forbids the test O-Qx. This is so because there
is some value for z, viz., d; that does have the property Qx. Hence the
absurd state results after updating sy with 3z Pz A O-Qz. Applying the
definition of negation, this means that sy updated with —=(JzPx A -OQx),
will result in sp again. No information has been gained.

This shows that there is some state in which the update with Jz(PxA
O0-Qz) and IxrPrxAO-Qu give different outcomes. Hence, Jx(PrAD-Qz) #
Jx Pz A O-Qx.

And this is as it should be. Consider the following pair of sentences:36

(22) Everyone who is hiding in the closet might have done it

(23) If there is someone hiding in the closet, then he might have done it
There is a subtle difference between these two sentences. Suppose we know
who Alfred is. Moreover, assume that we already have the information that
Alfred has not done it. Next, we are informed that (22) is the case. Sub-
sequent investigation of the closet in question reveals that Alfred is hiding
there. (Contrary to what is the case, he thought we might suspect him, and
therefore he went into hiding.) We have to conclude now that the utterance
of (22) was not correct.

We can also put this a follows:

36. This example was brought to our attention by David Beaver. He came up with it in
the discussion after a talk we gave in Amsterdam in May 1993, where we presented an
earlier version of the present paper. The example was crucial in that the theory as it was
then could not account for the difference between the two sentences. It was this example
that led us to develop the present version of the theory.
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Fact 4.23 -Qa AVx(Px — ©Qx) A ©Pa is inconsistent (in all situations
in which we know who a is)

Now consider the same situation. We already have the information that
Alfred has not done it. But this time, we are informed that (23) is the case.
Again, we inspect the closet and we find out that Alfred is hiding there.
This time we do not have to conclude that (23) was incorrect.

Fact 4.24 -Qa A (zPx — CQx) A Pa is consistent

Still, you may have the feeling that there is something wrong with —-Qa A
(FzPzr — <OQx) A Pa. What is problematic is that one cannot utter it
correctly. The discourse is consistent in the technical sense, where we may
assume that different parts of it are uttered with respect to different infor-
mation states. But it is not consistent in the sense that we can imagine one
and the same speaker believing what she says. This means that it is an inco-
herent discourse. It cannot be supported by any (non-absurd) information
state. The reason is simply that if one believes that it is not Alfred who has
done it, and at the same time believes that it is Alfred who is hiding in the
closet, then of no-one who could be hiding in the closet (only Alfred is a
candidate), is it compatible with our information that he has done it (Alfred
has not done it).

Nevertheless, the formula —=Qa A (3xPx — ¢Qx) A Pa is not inco-
herent. Why not? Well, one may have the information that a does not have
the property @, and that a does have the property P. But this does not
exclude that there are others who also (might) have the property P, and
that for at least one of them it is compatible with our information that he
does have the property ). And that is enough to believe that if someone
has the property P she might have the property Q.

The point is that the discourse (23) in some sense presupposes that
there is a unique culprit, and that at most one person fits in the closet.
If you take those assumptions away, the discourse is no longer incoherent.
(Although there still might be better ways of putting it in such a situation).

If we change the formula in such a way that we incorporate these
uniqueness presuppostions with regard to the predicates P and @ (or if we
make this information part of the state in which we evaluate the formula),
then it does become incoherent (in that state).
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4.4 Identity, coreference and modality

In this section, we continue the discussion about coreference and modality,
but now we also bring identity to the fore.
Consider the following example:

(24) a. TxPxAOr=aAz#ahz=0b
b. Someone has done it. It might be Alfred. It is not Alfred, but it
is Bill.
Obviously, this sequence of sentences, or rather its logical translation, should
come out as consistent. Our semantics accounts for this fact. First notice
that for (24) to be consistent in an information state, it has to meet certain
preconditions. One is that there should be at least one world compatible
with our information in which b has the property P, whereas a does not.
Another asks that there should also be some world such that a has the
property P in that world. The first requirement is that we consider it
possible that Bill has done it and Alfred is innocent, the second that we do
not exclude Alfred as the culprit.
Extending the situation sketched above a little, it is easy to see that
the following indeed holds:

Fact 4.25
JxPx AOx =a Ax #a Ax=Dbis consistent

We only have to add the following to the specification of our worlds:
wi(a) = wa(a) = dy & wi(b) = we(b) = da

Being a is now the same property as being ) was in the original example,
and being b coincides with not being ). This being so, the present example
becomes completely similar to JaPa A OQa A =Qx A Qb. And we already
saw that this formula is consistent in state so. Hence, it is consistent, hence
JxPr Aoz =aAx #aAx=>is consistent.

In the previous case, after having updated with the sequence, we know who
has done it. It is the object ds. It should be noted that updating with (24)
need not always lead to a state in which we actually know who has done it,
not even in case we hold on to the assumption that there is only one culprit.
In the situation sketched above, we know who a and b are, they have the
same denotation in each of our two worlds. But that is not necessarily so, we
may very well add a couple of worlds to the information state, and cancel
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that knowledge.
w1 (P) = w3(P) = {d1} & we(P) = wy(P) = {dz2}
w1(Q) = w2(Q) = w3(Q) = wa(Q) = {da}

wi(a) = wa(a) = diy & ws(a) = we(a) = dg
wl(b) = ’wg(b) = dg & ’lUg(b) = w4(b) = d1

Now we do still know that either d; or dy has property P, and that only d;
has property (), and we also still know that a and b are different individuals.
But we do no longer know which of d; and dp is named by a or b.

After having updated an initial situation which contains this infor-
mation about the world with (24), we have gained information, because we
in one sense we do know now who has done it, it is b. But in another sense
we did not get any further, we still do not know who has done it, because
we do not know who b is. We cannot arrest anybody yet. In this particular
case, there is still hope for justice being done, by trying to find out whether
b has the property @ or not. Once we get an answer to that, we will know
in the stronger sense who has done it.

If however, no such distinctive properties are available, we would
never be able to arrest the one who did it. We need some property, or
combination of properties, that identifies d; or dg, the actual objects. Or
someone should be able to tell us: ‘This is &’, pointing at the actual person.
(More about this later when it will be argued that this is really what we
need.)

But what if we do know who is who? Consider this: you know who you are.
Let us suppose you are object d;. Hence, since you are the hearer, in every
possibility in your information state, the expression ‘you’ refers to you, i.e.,
to dy. Now consider the following sequence of sentences:
(25) a. FxPx A<z =youAOx # you
b. Someone has done it. It might be you. But it might also not be
you.

We guess you also want this to be a consistent discourse. If it is your in-
formation state we are updating, then, for this to be possible, we have to
imagine that you yourself are not sure about who has done it, and that
moreover, you do not exclude that is was you. But this can be done. The
entire affair might be something innocent, like loosing the one set of keys
to the apartment you share with someone else, Or it might be something
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less innocent. In either case, you will be pretty keen that (25) comes out as
consistent.

Well, you get away with it, but thanks only to the fact that ¢¢ is
interpreted as a global consistency test, not only with respect to information
about the world, but also with respect to discourse information. If not, then
after the first two sentences, your information state supports that it is you
who has done it, and hence updating with the last sentence would lead to
the absurd state.37

Let us explain. According to your information either you, d;, or your
roommate, dz has done it. This gives you two possible worlds. So, the first
sentence of (25) does not tell you anything new. It does introduce a new peg,
onto which to hang the one who has done it. In the world in which you are
guilty, you hang on it, in the other world it is your roommate. Now comes
the second sentence. If we test globally, the test just succeeds, and noth-
ing happens. And the same holds for the last sentence. Everything remains
possible. However, if we test the second sentence distributively, i.e., possible
value by possible value, then only you pass the test, not your roommate.
Since you refers rigidly to you, only you might be you, not your roommate.
So, after updating with the second sentence in this fashion, you are the only
one that hangs on the peg which was reserved for the culprit. Of course, you
do not want it to be the case that merely saying that you might have done
it, makes you guilty.3® Hence you really should insist on a semantics for O¢
in which it is a global test, not only with respect to information about the
world, but also with respect to discourse information.

But that is not enough: even if ¢¢ is a global test, we have a sneaky
way of doing you in. We do it as follows, by saying:

(26) a. JxPxAJylx =y Ay =you)
b. Someone has done it. It is someone who might be you.
The second peg, which is introduced by the second quantifier, in each pos-
sibility gets set to exactly the same value as the first peg, thanks to the
identity. Now, the test whether it might be you is inside the scope of the
second quantifier. This means that it is performed seperately for each of the
possible values of the peg this quantifier has introduced, For your roommate
as a value the test fails, for you it succeeds. Only you remain as a possible

37. And this is a life sentence, once in the absurd state, you never get out anymore. Any
update would lead to the absurd state again. This is actually what you are sentenced to,

without any evidence whatsoever, by Van Eijck and Cepparello.
38. And neither does your roommate: if we change the order of the last two sentences, it

is she that gets convicted in this all too easy way.
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value for the peg introduced by the second quantifier, and hence also for
the peg introduced by the first. But this implies that your information state
will support that you have done it. So, you better refuse to update with this
sequence.

The formulae (26a) and (27a) entail each other, but they are not
equivalent. Formula (27a) is equivalent with (27b), they always lead to the
same update.

(27) a. Jz(Px Ay =you)
b. JzPx A-—-Fy(z =y A Oy = you)
Formulae (26a) and (27a), or (27b), do not constitute one and the same
update, but only because (26a) introduces two pegs, whereas (27a) and
(27b) introduce only one. However, the two pegs that (26a) introduces are
completely interchangeable. In every possibility they have the same value.
It makes no difference whatsoever whether we continue (26a) with a formula
containing a free z or a free .

The little trick used in (26) to force a $¢ test to be distributive over
the values of a peg introduced by a quantifier, even when it is not in the
scope of that quantifier, can be used quite generally. For example, instead
of the single sentence discourse (20) given in the previous section, we can
use the following two sentence discourse:

(28) a. JxPxAdyly =z A<Qy)
b. There is someone who has the property P. It might be someone
who has the property Q.

The previous example is just a special instance of this, where the property
@ is the property of being you.

We end this part of the discussion with one more example. The limit case
which demonstrates the need to interpret the ¢-operator globally, not only
with respect to our information about the world, but also with respect to our
discourse information, is where information about the world plays no role
whatsoever, i.e., where the consistency test can only concern the possible
values of variables. The following mathematical example is a case in point:
(29) Jx(22 =4 A Oz =2 A0 = -2
Of course, updating with the first conjunct adds no information about the
world. We all know already that 4 is a square. But we do get some discourse
information. A peg is introduced, and since we also know that 4 is the square

of both 2 and —2, and of no other number, both 2 and —2 appear as possible
values of the new peg in our information state. Information about the world
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plays no role here whatsoever. It is not that in half of the possible worlds
the value of z is 2, whereas in the other half we have that x = —2. In each
and every world both values are possible at the same time. So with respect
to every possible world in our information state there come to correspond
two possibilities, one in which the value of the new peg is 2, and one where
it is —2. Actually, we might just as well assume that we have complete
information about the world. In that case only one possible world is left,
but there are still two possibilities according to our information: the value
of z can be 2, and it can be —2.

After updating with the second conjunct, ¢z = 2, nothing should
have happened to our information state. Of course, 2 is there as a possible
value. And after the third conjunct, O = —2, we still should be in the
same state. In other words, the information state of anyone who has had
some basic training in arithmetic supports (29).

Fact 4.26
Edz@?=4) A0 =2A00 = -2

However, were we to perform the consistency test separately for each value
of the introduced peg, then Oz = 2 would eliminate all possibilities in which
x has another value than 2. In other words, after updating with the second
conjunct, our information state would support that x = 2. But that would
mean that if we try to update with the third conjunct, ¢z = —2, the test
would fail. We would end up in the absurd state. Hence, it would be predicted
that (29) is inconsistent.

This is surely wrong. And that it is, shows once more that ¢¢ should
be interpreted as a global consistency test, not only with respect to infor-
mation about the world, but also with respect to discourse information.

4.5 Identity and identification

In this section we explore some of the consequences of the dynamic perspec-
tive for questions of identity and identification.

For the sake of convenience we introduce the following notation con-
vention:

Definition 4.11
Jlzd =a¢ Izd AVy(ly/z)dp — = = y)

Updating with a formula of the form JlzPx leads to a situation in which
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we have the information that precisely one object has the propert P. How-
ever, as far as the identity of this object is concerned, this need not tell us
anything. Consider:

(30) AzPx AVYO(x =y) AVYyO(x £ y)
We note the following fact:

Fact 4.27
ANz Pzx AVyO(x = y) AVyd(x # y) is consistent

This might come as a surprise: if there is someone who has done it, how
could there fail to be someone who is identical to him? But that is not what
(30) expresses.> The kind of situation that guarantees the consistency of
(30) is one in which, although we know that just one individual has the
property P, we have no idea whatsoever about its identity.

Since being identical to a is a particular instance of a property that
just one individual can have, similar situations can occur with respect to
the identification of the referent of an individual constant:

(31) a. Vzo(x =a) AVzO(x #a)
b. Anyone might be Alfred. Anyone might not be Alfred.
A sequence such as (31) expresses that the value of a certain individual
constant is unidentified. Analogously, (30) states that the value of a variable
is unspecified.
This gives rise to the following definition:

Definition 4.12

Let a be a term, s an information state.
1. «is identified in s iff Vi, 7 € s:i(a) = i'(a)
2. « is an identifier iff Vs: « is identified in s.

If a term « is identified in s, then s contains the information who « is, in
at least some sense of knowing who.’” If « is not identified in s, then there
is at least some doubt about who « is. The notions of being identified in an
information state, and of being an identifier, can be characterized as follows:

Fact 4.28
1. aisidentified in s iff s supports Jad(x = A)AVY(O(y = a) - y =x)

39. Cf. 3z Pz A OVy(y # x). This one surely is inconsistent.
40. Which are many. Cf. Boér and Lycan 199; Hintikka and Hintikka 1989.
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2. a is an identifier iff | 320(z = ) AVY(Cly =) » y =12x)

Unlike variables, individual constants are meant to identify their referents,
at least in ordinary cases. As long as we have not resolved the question who
a is, our information is not complete. In some cases we may want to identify
the value of a variable, but not for its own sake. For example, when we learn
that Jlx Pz, we may want to know who « is, because that would supply us
with total information about the denotation of P. But in example (29), we
would not wish to determine which of the two numbers z is, since necessarily
there are two: we already know what the denotation of the predicate of being
a square root of 4 is.

Within the class of individual constants, which as we said are meant
to identify, some are identifiers of themselves. For example, the numerals
identify their referents, the numbers, for anyone who has the slightest grasp
of their meaning. But proper names generally are not identifiers.

It is of some importance to get a clear picture of what we can, and
what we can not learn about the denotation of constants, since this will
show that language cannot be purely descriptive, if it is to function as a
means to identify objects. Let us try to make this somewhat clearer by first
discussing a simple example.

Suppose we start with some state of ignorance. It suffices to consider
a situation with a domain consisting of two individuals only. Let a and b
be names for them. Further, let there be any number of predicates. Being
ignorant, we have no idea about who a is and who b is, but let us assume
that we have learned already that a # b. Furthermore, we assume that we
have no idea about the denotations of the predicates.

What can we learn? A lot. For example, we can learn that Pa and
—Pb; that Qa and Qb; that Rab and —Rba and Raa and —Rbb; and so on.
After having learnt all this, we seem to know who has the property P: a, and
no-one else. About the property (2 we know that it applies both to @ and
to b. Further, we have the information that a stands to both himself and to
b in the relation R. We may imagine that we have gained such information
about all the predicates.

Our knowledge is not confined to the denotations of the predicates,
we also seem to know a lot about a and b. We know that a has the property
P and the property 2, and that he stands in the relation R to himself and
to b. And likewise we have learned a lot about b. Lots and lots of possibilities
that our initial state of ignorance allowed, have been eliminated. Actually,
with respect to some fixed set of predicates and constants, we may imagine
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that we have learned anything that there is to learn in this way.

But even then there are still two things we do not know. And because
of that, there are lots of other things we do not know either. Our information
still supports both Vz<{x = a, and Va<Ox = b. And that leads to a certain
type of uncertainty about the predicates, too. Of the predicate P we know
that one individual has that property, but we have no idea who this is. With
respect to @ things are different: since we know that both a and b have Q,
we are certain as to who is @): everyone. As for R, there is again uncertainty.
We know which pairs form its extension, but since these are not all pairs,
and since we do not know who a and b are, there is a sense in which we do
not know between which individuals the relation holds.

So, although we have learned all there is to learn in this way, we have
not, and will not come to know who is a and who is b. We can formulate
this as follows.

Definition 4.13
Let (r,g,w),(r,g',w') € I
(r,g,w) ~ (r,g',w’) iff there exists a bijection f from D onto D such that:
1. For every peg m in the domain of g: g'(m) = f(g(m))
2. For every individual constant a:w'(a) = f(w(a)).
3. For every n-place predicate P:
(di,...,dn) € w(P) i (f(d1),..., f(dn)) € W' (P)

Fact 4.29
For all s € S such that s =0[¢q] ... [¢y]: if i € s then ¢/ € s, for every i/ ~ i

Roughly speaking, what this fact tells us is that there is no way that we
can identify individuals by purely descriptive means. If we start out not
knowing who is who, no matter with how many descriptive sentences we
update our information state, the result will never allow us to really identify
an individual. It will always be possible to permute individuals without
affecting the information that we have, and hence the sentences that it
supports (forbids, allows).

At first sight this may seem surprising, but on second thought (sic!)
it is really a perfectly normal result. No matter how important linguistic
communication is for obtaining information about the world, it can not be
all that there is to it: somehow we need to anchor it, by essentially non-
linguistic means, onto real objects and properties.

In order words, in order to use linguistically conveyed information
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to identify individuals, we also at some point need to go out in the world,
and have a look. One way this works is through observation of the instan-
tiations of properties. At least some of our predicates will be linked with
observational criteria. For example, we may know what objects that have
the property P look like. This we can make use of. We have a look, we
inspect object d;, and satisfy ourselves that it meets the observational cri-
teria, and hence has the property in question. We know: ‘This [pointing at
dq] is @’. In our example this is actually enough to give us total information:
there being only two objects, identifying a means identifying b, and hence
we now really know everything. We know know who a is, who b is, who has
the property P, and who stand in the relation R.

To satisfy our need for identification, we introduce demonstratives
into our language.

Definition 4.14

We add this to the logical inventory of the language.
e If d € D, then thisg is a term.
e For all i € I:i(thisq) = d

This is, of course, a rather crude way of dealing with demonstratives, but
for our present purposes it suffices. The general idea is that which object is
pointed at when this is uttered, is part of the discourse information.4! We
will leave out the explicit indication of what object is pointed at whenever
this is convenient. Also, next to this, we use that. So, this and that are two
possibly different demonstrative identifiers.

Fact 4.30
1. thisg is an identifier
2. | O(this = that) — (this = that)
3. |= (this = that) — O(this = that)

Suppose there are just two different things around that we can point at. And
suppose we know that one of them is called a, and the other b, but that we

41. It would be more elegant to let demonstratives (and invidual constants) introduce a
peg, and to introduce a function in the referent system that gives us the object pointed at.
Things can be set-up in that way, but since the added complexity does not pay off here,
we do not bother. Should we need pegs for constants and demonstratives, we can always
obtain them in the present set-up by introducing these expressions by means of existential
quantification: 3z(z = a), Iz(thisq = ).
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do not know which is called which. In such a situation we have that:
(this # that) A ~3x((x # this) A (x # that))
(a #b) A-Fa((x £ a) Az #D))

Our information state also supports the following sequence of tests:
O(this = a) A O(that = a) A O(this = b) A O(that = b)

Again, these results are what one would like them to be in an epistemic
setting.

We conclude this section by pointing out two specific logical proper-
ties of the present treatment. Let the situation be as we just described it.
In such a situation someone might be inclined to reason as follows. Since a
can be this and b can be this, and since there is nothing else around, why
not conclude:

Voo (x = this)

However, no such conclusion is warranted, because a and b are not identifiers.
Quantification is over objects, and a and b do not identify objects. But this
and that do, so the following reasoning is correct Since this can be a, and
that can be a, and this and that are all there is, a can be anything:

Vad(x = a)

At this juncture we would again take a wrong turn if we would conclude
that since everything can be a, and since b is something, we therefore have
that:

Ob=a)

This contradicts the assumption that a # b, and hence this line of reasoning
would result in absurdity. Of course, b is something, but in our epistemic
setting that is not enough to allow the instantiation from Ya<(x = a) to
O(b = a). We need a a stronger premise here, viz., that there is something
that must be b. And that our information does not guarantee.

We conclude that universal instantiation is not always valid. For sim-
ilar reasons existential generalization does not hold unconditionally either:

YyOy # a = JaVyly #

However, for identifiers both logical principles do hold:
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Fact 4.31
1. If a is an identifier, then Vz¢ |= [a/x]¢
2. If a is an identifier, then [a/z]¢ = Jxd

These few remarks may have given the reader some idea of the many
interesting issues that are involved in a dynamic treatment of identity. Other
questions have to do, for example, with the notion of specificity, the rela-
tion between epistemic and metaphysical identity, and so on. For the larger
part these are traditional questions, but we hope that the few observations
reported in this section, have shown that studying these in a dynamic frame-
work puts them in a new perspective.

5 Discourse coherence

An observation we have made repeatedly in previous sections, is that some
sequences of sentences, e.g. Op A —p, can be consistent, and at the same
time incoherent. We explained the latter as meaning that such sequences
of sentences are not acceptable when interpreted as a single utterance by a
single speaker. However, as a multi-speaker discourse, or if we imagine that
some time elapses between the utterances of the sentences in the sequence,
allowing for new information coming in from outside, such sequences can
constitute an acceptable coherent discourse. This introduces a notion of
discourse coherence next to the notion of sentence coherence, that is the
topic of this final section.

Let us return for a moment to example (29) discussed in the previous
section, which we repeat below:

(29) Jx(2? =) A0z =2A 0z = -2
In some respect this mathematical example differs from the others that we
have discussed. Consider the following continuation:

(32) (@ =HAO(x =2 AO(x = =2)A(z =2)
In any intuitive sense of the word, this sequence of formulae is unacceptable.
If you are not convinced right away,*? you will be in a minute.

42. If you are not, then for you the language of modal predicate logic is not a ‘natural’
language, and, probably, what you do is that you immediately start translating it into
a more familiar vernacular. With this particular example, it is important to translate it
quite ‘literally’, i.e., as something like:

(i) There is at least one number the square of which is four. It might be two, it might
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In what way does (32) differ from the sequence (33), which, as we

have seen, is acceptable?

(33) IxPrAO(x=a)AO(x=b) A(xz=a)
There are several differences. One is that it need not be the case that a and
b are identified in our information state, i.e., we need not know to which
individuals a and b refer. For 2 and —2 this is different, they rigidly refer to
the numbers 2 and -2, respectively. That is not the difference which we want
to draw attention to, however. Let us therefore abstract from this difference,
and compare (32) with:

(34) FxPxAO(x=2)AO(x=-2) A (2 =2)
The only difference now is that wheras in (34) we have just some property
P, in (32) the property of being a square root of 4 is at stake. To make things
more concrete, we think of P as some contingent property, e.g., the property
of being the number the teacher wrote on the back of the blackboard. In
that case (34) corresponds to the following sequence of sentences:

(35) The teacher has written a number on the back of the blackboard. It
might be 2, it might be -2. It is 2.

This is also pretty odd, but in a different way than (32) is. Above we have
explained this kind of deviance: (35) is unacceptable as a one-speaker dis-
course, because it is incoherent. But this discourse becomes completely in
order if we assume it is a multi-speaker discourse. For example we can imag-
ine a situation in which the first two sentences are uttered by pupil A, sitting
in the class-room, and the third one comes from a fresh boy, B, who has
managed to sneak up to the front of the class-room and has seen the number
which the teacher actually wrote down.

(36) A: The teacher has written a number on the back of the blackboard.
It might be 2, it might be -2. B: It is 2.
In this situation (35) is alright, and that is exactly why it can be acceptable,
even though it is incoherent as a one speaker discourse. For as such, that
does not exclude that it is acceptable as a multi-speaker discourse.
Let us now return to our example (32). This sequence is equally
consistent, and equally incoherent as a one-speaker discourse. But unlike

be minus two. It is two.

You see! But it is even better to stick to the formula as such, rather than consider its
translation. After all, despite its ‘unnaturalness’ a logical language is also a language you
can have intuitions about, once you have learned the basics of its semantics.
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in the previous case, constructing it as a multi-speaker discourse does not
improve it:
(37) A (2 =HYAC(x =2)AO(x=-2) B:x =2

How should this be explained? No matter how sneaky B is, he can never
be in an information state which supports £ = 2, if he has updated his
information with what A has said. And he must have. This is signalled by
his use of the anaphoric pronoun it to refer back to the peg introduced by
the quantifier in the first sentence that A has uttered.3 If B has had some
basic training in arithmetic, then he knows that in every possible world, 4
has two square roots: 2 and —2. So both are possible values of 2 with respect
to every world that is still possible according to his information. Hence, he
has no support for his utterance that @ = 2.

Notice that (32) is acceptable if we assume that B has updated only
with the first sentence uttered by a, and has rejected the second, for example,
because he, erroneously, believes that 4 has only one square root, viz., 2. In
such a situation B’s utterance , although supported by his information state,
would still be incorrect, in this sense, that not signalling the discrepancy
between what one believes and what other speech participants say, is not
co-operative.

This, then, is the difference between (32) and (34): the property of
being a square root of 4 rigidly denotes the set {2, —2}, the property of being
written at the back of the blackboard does not.

A formal account of these intuitive explanations requires a notion of
discourse coherence. As such coherence is a very important and central, but
also (therefore?) a very complicated one. The following definitions should
be interpreted as a provisional first step towards an account of one aspect
of this complicated matter.

First of all, it may be convenient at this point to make a formal dis-
tinction between a discourse and a conjunction of sentences. And we assume
that different sentences in a discourse may be uttered by different speakers.
Above we saw that in a two-speaker discourse one of the requirements is that
a speech participant must either be in a state that allows the utterance of
the other participant and then updates with it, or, if his information forbids
the utterance of the other, then he must signal this, leaving his information
state untouched.

In the following definition we introduce discourses, and define the

43. Such anaphoric links ‘across speakers’ provide an interesting challenge for existing
theories of anaphora.
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effect of consequtively updating an information state with the sentences in
a discourse. Discourse update is defined in such way that in updating with
the sentences in a discourse, we ‘skip’ the ones that would lead to the absurd
state.

Definition 5.1
Let s € S.
1. If ¢1 ... ¢, are formulas, then ¢1;... ; ¢, is a discourse
2. s[¢] = s[¢] if s allows ¢
s[¢] = s if s forbids ¢

3. s[o;4] = sl¢llv]

Each participant updates with all the sentences in the discourse, also the
ones he utters himself. We will also require that his information state sup-
ports his own utterances. This means that updating with his own utterances
cannnot give new ‘real’ information about the world, but such updates can
provide new discourse information, if a quantifier is introduced.

Although in the interpretation of a discourse we just ‘skip’ utterances
that are inconsistent with our information, we have to indicate to the other
participant(s) that this special situation has occurred. Signalling a conflict
between what you believe and what someone else says, can be done in very
many ways. For our present purposes, a convenient device is that of uttering
something that simply contradicts what is being said. The relevant relation
is defined as follows:

Definition 5.2
¢ contradicts v iff Vs € S such that s # (): s supports ¥ < s forbids ¢

As is to be expected, ¢ contradicts ¢. But also, e.g., ¢ contradicts <¢.
We first define a notion of a coherent exchange of two sentences be-
tween two speech participants. Then we use that to define what a coherent
dialogue is. We assume: speakers should support what they say. Hearers
either allow what is said and update, or respond with an explicit rejection:

Definition 5.3

Let 5,5’ € S.

¢; 1 is a coherent exchange for (s, s') iff
1. s supports ¢
2. & allows ¢ and s'[¢] supports 1); or
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s’ forbids ¢ and v contradicts ¢

Let A utter ¢, and B reply with 1. For this exchange to be coherent it is
first of all required that the information state of A support ¢, i.e., that A
believe that ¢ is the case. As for B, if his state is such that he is able to take
in A’s utterance, he may continue with some other utterance v, provided
his information supports it. However, if B’s information state forbids ¢, he
is to signal this, by uttering some sentence v which contradicts ¢.

If we generalize to a dialogue of arbitrary length, we must assure that
the two speech particants take turns adequately:

Definition 5.4
Let s1,52 € S.
@1;- - -3 0n is a coherent dialogue for (s, s9) iff
1. Forall k:1 <k <n:
ok, Pk+1 is a coherent exchange for (s[¢p1;. .. pr—1], s'[d1;- . -; Pr-1]),
where s = 51,8’ = s9 if k is odd, and s = sq,8' = 87 if k is even
2. For k = n:s[¢1;-..; Pn-1] allows ¢, where s = s; if n is even, and
s = 89 if n is odd.

Finally, we can now say when a dialogue is coherent:

Definition 5.5
@1;...;Pn is a coherent dialogue iff Is,s' € S such that ¢1;...;¢n is a
coherent dialogue for (s, s’)

A dialogue is coherent if the first sentence is supported by the initial infor-
mation state (of the first speaker), and if each of the following utterances is
supported by an information state (of the speaker whose turn it is) which is
the result of either updating with was has gone before, or rejecting it and
signalling that.

Note that it is not forbidden that any of the £ — 1 information states
coincide: not only the one-speaker — one-hearer case is covered, but also that
of the speaker that nobody listens to, except she herself. What is required
is that the speakers listen to each other, which is hard enough. The ultimate
hearer could also be Nature, i.e., the minimal information state. But unless
nothing of substance is said, the speaker or speakers cannot be Nature.
Nature does not speak for itself.

According to this definition of discourse coherence we have that:
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Fact 5.1
1. 3z(2® = ) AO(x = 2) AO(x = —2) A (& = 2) is an incoherent
discourse
2. JxPx A O(x =a) AO(x =b) A (x = a) is a coherent discourse
3. JxPx A O(x =2) AO(x = —2) A (@ = 2) is a coherent discourse
4. =Pa A JzOPzx A (x = a) is an incoherent discourse

It seems that these predictions are borne out by our intuitions, if the lat-
ter are sufficently sensitive to the difference between the speaker and the
hearer perspective, and to the distinction between a one-speaker and a multi-
speaker discourse.

By way of illustration we discuss the last example.** Assume that the
referent of a has not been identified yet. If it were, then the discourse would
simply be inconsistent. Assuming that it is not, the discourse is consistent.
Consider the following sequence which embodies this logical structure, and
which satisfies this assumption:

(38) Maria, whoever she is, has not done it. There is someone who might
have done it. It is Maria.

Intuitively, (38) is an unacceptable discourse. It is consistent, as long as
Maria has not been identified, and it is incoherent, if it is taken as a one-
speaker discourse. But that still does not explain its unacceptability com-
pletely. We have seen several examples of discourses that were unacceptable
as one-speaker discourses, but which could be interpreted as acceptable, as
soon as we assumed that more than one-speaker was involved. But in case of
(38), the unacceptability seems much stronger than that. It does not matter
who says what. As long as they all take part in the same conversation, from
beginning to end, the result is wrong.

This property of (38) is adequately explained by the notion of coher-
ence given above. If you take part in this dialogue, then whatever your initial
state of information, if you can get along with the conversation up to the
third sentence, i.e, if you did not in the meantime reject what was said before
as being inconsistent with your information, then after having updated with
the first two sentences, there must be some possibility 7 in your information
state, such that i(z) € i(P), and, more importantly, i(z) # i(m). But that
possibility would be eliminated by the last sentence = a. Hence, at that
point you could not correctly utter = a. It is not supported by your in-

44. It was brought to our attention by Maria Alloni. The notion of discourse coherence
defined in the text was the result of trying to account for this type of discourse.
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formation state. (Of course, things are different if you would have missed
the first sentence.) If you utter it none the same, then the other participant
will refuse to update with your utterance, even if her information allows
an update with it. She knows the rules of the game, hence she knows your
information cannot possibly warrant you to say = a, unless that is you
forgot to protest against one of her previous utterances, or missed part of
the conversation.

Let us end this final section with some edifying remarks about com-
munication. The notion of discourse coherence requires nothing whatsoever
about how the initial information states of the participants in a discourse
relate to each other. In particular, it is not required that any two of them are
compatible with each other. Actually, they can all be completely disjunct.
Moreover, none of them needs to include the actual world. This is very real-
istic. It is more than likely that for any two participants in a discourse, there
is at least one fact about which they disagree, about which one believes that
it is the case, and the other that it is not. If so, there is no world that both
of them consider to be possible. At the same time, it is also more than likely
that each of the participants believes at least some fact to hold that does not
actually hold, whence the actual world for none of them will be among their
possible worlds. This is nothing to get excited about, it is just the human
condition.

Still, we can talk, and we can all learn from it. As long as we avoid to
talk about the facts about which we happen to disagree, our conversations
can be informative for all particpants. We all may get better informed in
the sense that some worlds we still considered possible, may be eliminated.
For any two participants this may mean that after a litlle chat, they at least
agree more on what possibilities are excluded. The dark side of this is that
we may happily agree on excluding the wrong worlds, i.e., that we exclude
worlds that are more like the actual one than the ones that we stick to.
There is no guarantee that by agreeing more, or disagreeing less, we get any
nearer to the truth.
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