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Abstract

In this paper I reformulate Groenendijk and Stokhof’s system of dynamic predicate
logic (DPL) as an update semantics. The basic semantic notion is that of update of
information about the values of variables. It is shown that the dynamics of interpre-
tation involved, and the validity of certain classical logical equivalences, can be more
precisely characterized in the update formulation of DPL. I show, furthermore, that
the system is easily extended with a perspicuous and uniform account of adnominal
and adverbial quantification (symmetric as well as asymmetric).
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1 Two theories of dynamic semantics

A dynamic semantics formalizes the insight that the meaning of a sentence is its
potential to change information, rather than to express it. The dynamic notion of
meaning dates back to Stalnaker [1974] and is adopted by quite a number of authors.
Two examples of such a dynamic semantics are update semantics (US, Veltman
[1990]) and dynamic predicate logic (DPL, Groenendijk and Stokhof [1991]). These
two systems formalize different aspects of the dynamics of discourse. Veltman’s US is
a dynamic semantics for the language of modal (or, rather, epistemic) propositional
logic in which interpretation involves update of information about the world. The
system of DPL gives a dynamic semantic interpretation of the language of first order
predicate logic, which keeps stock of the possible values of variables introduced in
the course of a piece of text. In this paper, I present an update formulation of the
semantics of DPL, which can be conceived of as constituting a crucial step towards
the integration of the two systems.

I will proceed as follows. In this first section I sketch the two theories and
argue for an update formulation of the semantics of DPL. In the second section I
present the system of EDPL, in which the meanings of (predicate logic) formulas
are defined as genuine update functions that update information about the values of
variables. In the third section the logical properties of the system are studied and the
system is compared with DPL. The reformulation of DPL as an update semantics
turns out to enable a more precise delineation of the dynamics of the system. In the
fourth section I show that the update formulation of DPL also enables a uniform
and perspicuous treatment of adnominal and adverbial quantification.

1.1 Update semantics

Veltman’s [1990] update semantics is a propositional logic with an additional epis-
temic operator <& (might). US deals with information about the world, and the
meaning of a US formula is defined in terms of update of information about the
world. Only formulas fronted by the operator & do not express factual information
about the world. A formula G¢ expresses that one’s information about the world is
compatible with ¢, that is, that it is still possible to update one’s information with
¢. A formula O¢ says something like: “for as far as my information is concerned, it
might, but need not, be the case that ¢”.!

In US, information about the world is modeled in terms of possible worlds, worlds,
which, according to your information might be the actual one. An information state
is a subset of the set of possible worlds, W, and the set of all information states
is the powerset P(W) of all possible worlds.? The minimal information state is the
set of all possibilities, W itself, a state in which one has no idea about what the
world is like. The absurd state is the empty set, a state in which all possibilities are
excluded. A state of maximal information is any singleton subset {7} of W. In such
a state, one has excluded all alternatives to 7, and one has the information that the

1. It must be pointed out here that the part of the system sketched here only constitutes the
rudiment of much more interesting extensions. However, for the purposes of this paper, it suffices
to stick to this rudimentary system.

2. Veltman doesn’t really use worlds, but sets of atomic sentences which “might give a correct
picture of reality”. This difference is neglected in what follows.



actual world is .

Update of information about the world consists in eliminating possibilities.
For instance, the interpretation of an atomic sentence p in a state s involves the
update of s brought about by eliminating the worlds from s which are inconsistent
with p. The resulting state only contains possible worlds in which p is true.

US interpretation is defined as an update function [ ] on the domain of information
states. It is defined with respect to a model M = (W, V') consisting of a set of worlds
W and an interpretation function V that assigns sets of worlds to proposition letters.
In what follows, s[¢]ar indicates the result of updating an information state s with
¢ with respect to a model M, that is, the result of applying the function [¢]rs to s.
Reference to M is omitted whenever this does not lead to confusion. Interpretation
is defined as follows:

Definition 1.1 (Update semantics)

o s ={ies|ieV(p)}
o s[~¢]  =s-sl¢]
o sfony] = s[o][v]
o s[Od] ={ies|s[o] #£0}

Proposition letters are assigned an information content that intersects with the input
information state. Negation is associated with set or state subtraction and sentence
conjunction is associated with function composition. If we interpret the conjunction
of two formulas ¢ and ¢ in a state s, we first interpret ¢ in s and next interpret
in the state that results from the update of s with ¢.

The interesting bit comes in with the operator &. In an information state s,
O¢ as it were reflects upon the current stage in the process of information growth
and tests whether s can be consistently updated with ¢. If ¢ is acceptable in a
state s, then ¢ is true in that state and the interpretation of ©O¢ in s returns s.
However, if you already have the information that ¢ is false, then ¢ is rejected and
its interpretation returns the absurd state.

As is evident from the semantics of US, the result of interpreting a formula in a
state s is always a subset of s. Interpretation can only eliminate possibilities:

Fact 1.1 (Eliminativity)
o s[9] C s

The eliminativity of US interpretation implies that interpretation guarantees update
of information. In US, the interpretation of any formula in a state s always produces
a state which contains at least as specific information about the world as s.

Since US has an eliminative semantics, all ‘factual’ formulas (i.e., formulas without
occurrences of &) are stable in the sense that if they are true in a state s, they are
true in any update of s. However, a formula $¢ can be ‘unstable’. In the gradual
update of information, at some stage O¢ may be true (if ¢ is not excluded at that
stage), whereas at a later stage it is false (if the possibility that ¢ has been excluded
in the meantime).

The unstability of ¢ causes conjunction in US to be non-commutative (in
what follows, the arrow < indicates identity of meaning, and ¢ indicates the pos-
sibility of non-identity):



Fact 1.2 (Non-commutativity)
* PAYLH YN

An example of a non-commutative conjunction is Op A =p. This conjunction, with
this order of conjuncts, is consistent. For instance, let s be a state which is undecided
about the truth or falsity of p, i.e., a state in which both p and —p are acceptable. In
that case, the update of s with Op is s, since p is acceptable in s, and further update
with —p is not unacceptable. On the other hand, the commuted conjunction —-p A Op
is inconsistent. The interpretation of the formula —p produces an information state
in which p is false and, consequently, Op unacceptable. So, we see that —p A Op,
which is inconsistent, is not equivalent with Op A =p, which is consistent.

The following pair of examples exemplifies this pattern (granted that we know
that John is not Mary):

(1) Somebody is knocking at the door. .... It might be John. .... It’s Mary.

(2) Somebody is knocking at the door. .... It’s Mary. .... *It might be John.
If somebody hears someone knocking at the door, he may of course be curious who
it is and not exclude the possibility that it is, say, John. Still, in that situation, it
is perfectly possible for him to find out that it is Mary who is knocking, not John.
On the other hand, once he has found out that Mary is knocking on the door, it is
excluded that it is John, and then it is quite absurd to say that, as far as he knows,
it might be John who is knocking at that door. (Counterfactuals like But it might
have been John are not discussed in this paper.)

Another property of US interpretation worth pointing out is that it is not distribu-
tive. A formula $¢ tests a global property of a state s, viz., its consistency with ¢,
which does not need to hold of all singleton subsets of s. For instance, if s = {7,j},
and {i}[¢] = {i} and {j}[¢] = 0, then s[O¢] = s. However, {i}[O¢] = {:} and
{]}Ilod)]] = @, SO Uzes{7}ll<>¢]] = {7}

I now turn to truth and entailment in US3:

Definition 1.2 (Truth and entailment in update semantics)
e ¢ is true in s with respect to M, s = &, iff s C s[o]ar

e O1,...,0, |: P Iiff VM, s: 8|I¢1]]M . |[¢n]]M I:M P

A formula ¢ is true in s if after updating s with ¢ we still envisage the possibilities
we envisaged in state s, i.e., if s[¢] doesn’t contain more information than s. A
sequence of premises ¢q,.. ., ¢, entail a conclusion ¥ if always, if you update your
information with ¢1...¢,, in that order, you arrive at a state of information to
which update with ¢ adds no more information.

US licenses the deduction theorem:

Fact 1.3
L q/)lv"'v(,bn |: lr/} lff (bl""?d)n—l |: ¢'IL - ,(/J

I leave it at this exposition of basic properties of rudimentary US. For more details,
and for more interesting extensions of US, the reader is referred to Veltman [1990].

3. In fact, Veltman does not speak of truth but of acceptance. If, as I will say it, ¢ is true in a
state s, Veltman would say that ¢ is accepted in s. Furthermore, Veltman discusses two alternative
notions of entailment, but these can be neglected here.



1.2 Dynamic predicate logic

DPL gives a dynamic interpretation of the language of first order predicate logic that
accounts, among other things, for intersentential anaphoric relationships as found
in A cowgirl meets a boy. She slaps him. Like in discourse representation theory and
file change semantics, in DPL natural language noun phrases are associated with
variables, or discourse markers, and information states determine what values they
can have given the conditions imposed on them in the course of a discourse.

For instance, if we interpret A cowgirl meets a boy and associate a cowgirl
with a variable 2 and a boy with a variable y, then we end up in a state which
contains the information that the value of z is a cowgirl who meets a boy who is the
value of y (if there is such a cowgirl, otherwise the sentence is just false). This state
is precisely the kind of state we need to interpret a continuation with She slaps him,
where she is associated with @ again, and him with y. This second sentence then
adds the information that the value of 2 slaps the value of y, and the state that
results from interpreting the sequence of two sentences contains the information that
the value of z is a cowgirl who meets and slaps a boy who is the value of y.

Since variable assignments are useful ways to carry around information about vari-
ables and their reference, information states in DPL are thought of as sets of variable
assignments. So, if D is a domain of individuals, and V the set of variables we use,
then any subset s C DV of the set of variable assignments is an information state,
and S, the set of all information states, is the powerset of the set of variable as-
signments: S = P(DVY). As in US, the set of information states contains a minimal
information state s = DY, in which all variable assignments are still possible, an
absurd state s’ = (), which excludes all possibilities, and maximal information states
{i}, for i € DV, which completely determine the values of all variables.

The language of DPL is that of predicate logic, but for ease of exposition I
disregard individual constants. The semantics is defined with respect to a model
M = (D, F) consisting of a non-empty set of individuals D and an interpretation
function F' that assigns sets of n-tuples of objects to n-ary relation expressions.
(Again, reference to M is omitted whenever this does not lead to confusion.) The
interpretation of formulas is a function on the domain of information states (as
usual, i[2/d] is the assignment j such that j agrees with 7 on the values of all the
variables except, possibly, x and such that j(z) = d):

Definition 1.3 (Semantics of DPL)

s[Rxq...a,] = {ies| (i(z1),...,1(xn)) € F(R)}
o s =y] ={ies|i(z)=1uy)}

o s[-9¢] s — |[¢]

o s[o A ] = s[o][¥]
) o s[Jag] = s[x][¢]

1[o] = {u | {2}[o] # 0}
sle] ={ia/d]|ies & de D}

The interpretation of an atomic formula in a state s involves the intersection of s
with the set of assignments with respect to which the formula is true in a classical
sense. The negation of ¢ subtracts those 7 in s which constitute a context {i} with



respect to which the interpretation of ¢ does not produce the absurd state. Putting
it the other way around, the negation of ¢ preserves those i in s with respect to
which ¢ produces the absurd information state. Again, conjunction is interpreted as
function composition.

The characteristic clause concerns the interpretation of the existential quanti-
fier. If we interpret a formula Jz¢ in a state s, we take into consideration all values
for  and then interpret ¢. The mediating state s[z] contains the same information
as s about the values of all variables except . About the value of @, s[z] has no
information whatsoever: for each 7 in s (and for each d in D) there is an assignment
j in s[z] that is like i except possibly with respect to the value assigned to z (and
such that j(z) = d).

The interpretation of an existentially quantified formula Jz¢ can be conceived of
as involving the composition of two operations on states: [¢] and [¢], respectively.
As we saw. also conjunction amounts to function composition. Since composition is
an associative operation, the following equivalences hold in DPL. The first one is a
classical conjunction, but the second one distinguishes DPL from static theories:

Fact 1.4 (Donkey equivalences (1))
o (BAY)AX) & (A (VAYX))
o (JapN) & Ja(pA)

It is typical of DPL that the second equivalence also holds if the variable = occurs
free in 1. These equivalences therefore allow DPL to deal with the following textbook
example (which explains the equivalences’ label):

(3) A farmer owns a donkey. He beats it.

(Ja(Fa A Jy(Dy A Oay)) AN Bay) <

Ja(Fa A Jy(Dy A (Oay A Bay)))

This sequence of sentences turns out to be equivalent with the sentence A farmer
beats a donkey he owns. So, although the two sentences A farmer owns a donkey
and He beats it are assigned an interpretation of their own, the intersentential
anaphoric relationships (between a farmer and he, and between a donkey and it)
get established when we combine the two in a conjunction.

The donkey equivalences have a nice corollary. Given the usual definitions
of universal quantification and implication in terms of existential quantification,
negation and disjunction, we also have the following facts (again, the first one is a
classical equivalence and the second one a typical DPL equivalence):

Fact 1.5 (Donkey equivalences (2))
e ((¢AY) = X)= (¢ AY)AX) &
(G A (A X)) = (6= (% = X))
o (Jup — )= ~(Fxdp A ) &
a3a(¢ A ) = Va(d — )

This fact enables DPL to deal with the museum piece donkey sentences:

(4) If a farmer owns a donkey he beats it.
(Fa(Fa A Jy(Dy A Oay)) — Bay) &
Va(Fa — Vy((Dy A Oxy) — Bay))



(5) Every farmer who owns a donkey beats it.
Va((Fa A Jy(Dy A Oay)) — Bay) &
Va(Fa — Vy((Dy A Oxzy) — Bzy))

These sentences are assigned their so called ‘strong’ readings. Both sentences state
that every farmer beats every donkey he owns.

Another typical property of DPL is that it has a non-eliminative semantics. It is
not generally true that s[¢] C s. Interpretation in DPL does not merely involve
the elimination of possibilities, but it may also involve the introduction of new
possibilities. For instance, the interpretation of a formula Jx¢ in a state s may
contain assignments that assign a cowgirl to @, whereas all assignments in s assign
a man to x. The existential quantifier 3z sets up a new discourse referent, so to
speak, by resetting the value of a variable x, and it is precisely this sort of ‘act’ in
DPL, together with the fact that these acts affect the interpretation of variables in
successive formulas, that makes DPL distinct from static theories.

Related to its non-eliminativity is the fact that DPL conjunction is not com-
mutative:

Fact 1.6 (Non-commutativity)
« GAGH VNG

An example of a non-commutative conjunction is 3z Ma A Wz, a DPL translation
of the sequence A man walks in the park. He whistles. In DPL, and also intuitively,
the meaning of this formula differs from that of Wa A JzMx, a translation of He
whistles. A man walks in the park.

DPL interpretation is distributive:

Fact 1.7 (Distributivity)
o s[¢] = Uies {34l

This fact tells us that in the update of a state s with a formula ¢ only properties of
the individual elements of s count, and not global properties of the state as a whole.
This implies that DPL interpretation can be given a definition in a lower type, viz.,
as a relation between assignments instead of as a function on sets of assignments.
In fact, the original formulation of DPL in [1991] is the relational one.

Notice that distributivity is, as it were, assumed in the clause that defines the
interpretation of the negation of a formula ¢. Since the interpretation of ¢ in a state
s is completely characterized by the update of singleton subsets of s with ¢, the
negation of ¢ in s can be defined appropriately in terms of the update with ¢ of
each of these singleton subsets.

I now turn to truth and entailment in DPL:

Definition 1.4 (Truth and entailment in DPL)
e ¢ is true in s with respect to M, s |=np ¢, iff s C [[o]ar
o b1, =V UEYM, st s[drlar - [Pnlm EnM ¥

A formula ¢ is true in a state s iff all possible variable assignments 7 € s consitute a
state {i¢} which can be succesfully updated with ¢ (i.e., in which the interpretation
of ¢ does not produce the absurd state). A conclusion 1 follows from a sequence of




premises ¢1, ... ¢, if the update of any information state s with ¢1,..., ¢,, succes-
sively, produces a state in which ¥ is true.
DPL, too, licenses the deduction theorem:

Fact 1.8
L4 ¢17*"7¢71. F 1/) iﬁ¢l7-"7¢n—l *:¢n__>¢

From the deduction theorem and the donkey equivalences it follows that entailment
in DPL is dynamic. For instance, 3z Fxz entails Fz. This fact corresponds to the
following line of elementary reasoning;:

(6) If a man comes from Rhodes, he likes pineapple-juice. A man I met yesterday
comes from Rhodes. So, he likes pineapple-juice.
Ja(Ma A Re) — La,3a(Ma A Re) |= La

1.3 US and DPL

As Groenendijk and Stokhof [1990] point out, a dynamic semantics in which all sen-
tences are interpreted as eliminative and distributive updates is not really dynamic
after all.* However, as we have seen above, DPL is non-eliminative, and US is non-
distributive. The respective properties of non-eliminativity and non-distributivity
distinguish DPL and US from static theories of interpretation. Notice that distinct
properties distinguish DPL and US from static theories. The two different ways in
which DPL and US depart from the static paradigm are reflected by a difference in
the respective notions of truth (and of entailment). In order to determine whether
¢ is true in a state s in DPL, the information contained in s must not be compared
with the information contained in the update of s with ¢. For ¢ to be true in a state
s in DPL, each singleton subset s must allow non-absurd update with . On the
other hand, the truth of ¢ in a state s in US not solely depends on properties of
each of the individual members of s. In US, the truth of ¢ in a state s may depend
on inherently global properties of s.

The two different notions of truth and entailment in DPL and US should not
be substituted for one another.® In fact, DPL and US are two different systems of
dynamic interpretation with conflicting characteristic properties. This is not to say
that the two are incompatible. As Groenendijk and Stokhof suggest, the two systems
can be combined within a system that preserves the characteristic features of both
and that gives a separate treatment of the two different kinds of (update or change
of) information that the two systems deal with. See Van Eijck and Cepparello [1992]
for an example of such a combination.

4. Ifa function r on a domain of sets is distributive and eliminative, then for all sets s, 7(s) = sN| 7,
where |7 is the characteristic set {x | 7({z}) = {2}} (cf., Groenendijk and Stokhof [1990, p. 57] and
van Benthem [1986, p. 62] and [1991, p. 137]). So, if all updates are eliminative and distributive,
conjunction (interpreted as function composition) amounts to (commutative) intersection, and,
hence, is commutative itself.

5. If we adopt the US notion of truth in DPL, then the DPL-valid entailment 3z Pz |= 3y Py would
no longer be valid. On the US notion of truth, 3yPy is true in s iff Py is true in s, and, clearly,
dz Pz £ Py on any of the two notions of entailment. On the other hand, if we adopt the DPL
notion of truth in US, then the US-valid entailment Op = Op would no longer go through. On the
DPL notion of truth, Op is true in s iff p is true in s, and Op & p on any of the two notions of
entailment.



However, a more tight combination between the two systems can be made, if we
remove one of these adversive features (in particular, non-eliminativity) and properly
adapt the logic of one of the two (DPL) to the format of that of the other (US).
Doing so, a combination of the two theories results which is more of an integration,
since it allows us to employ one elementary notion of truth (and entailment) instead
of the product of two, so to speak. To this end, this paper presents a system, labeled
EDPL, which reformulates the semantics of DPL as an update semantics. Before I
turn to the exposition of EDPL, I give some more intuitive motivation for such an
update semantics in the remainder of this section. (Notice that the term ‘update’ is
here taken to indicate addition of information, not arbitrary revision of information.)

Basically, US models update of information about the world brought about by pro-
cessing sentences. Interpretation in US involves a process of information growth.
Interpretation in DPL is of a rather different nature. “It [DPL, PD] (...) restricts
the dynamics of interpretation to that aspect of the meaning of sentences that
concerns their potential to ‘pass on’ possible antecedents for subsequent anaphors
(-..).” (Groenendijk and Stokhof, [1991, p. 43-4]). The dynamics of DPL serves to
give a compositional account of (the semantics of ) anaphoric links between existen-
tial quantifiers (indefinite noun phrases) and variables (pronouns) occurring outside
their proper scope. The information employed in DPL is a means to give a proper in-
terpretation of pronouns, and, when these have been interpreted correctly, it serves
no further substantial semantic purpose.® From this perspective it is a relatively
harmless fact that the occurrence of an existential quantifier 32 in DPL discards all
information one might have had about @ at that moment. This fact merely implies
that further free occurrences of x are interpreted as being bound by this occurrence
of the quantifier, not by one before.”

However, there is a different, attractive perspective upon the phenomenon of
anaphoric relationships, from which the effect of existential quantification in DPL
is rather counterintuitive. Anaphoric relationships have also been characterized as
involving a pronoun’s reference to some kind of objects introduced in the universe of
discourse by a previous indefinite description. This idea can be traced back, in rudi-
mentary form, to Karttunen’s seminal papers [1968a, 1968b]. Karttunen interprets
indefinites as establishing so-called discourse referents. The idea is further devel-
oped within the frameworks of discourse representation theory (DRT Kamp [1981])
and file change semantics (FCS, Heim [1982, 1983]). There, indefinite noun phrases
induce a genuine update of the discourse representation (or file, respectively) that
constitutes the context of interpretation by the addition of a novel discourse referent
to its domain.

True, DPL does give a, compositional, reformulation of the DRT account of
intersentential anaphoric relationships. However, with this reformulation a genuine
notion of (a domain of) discourse referents is lost. The fact that an existential
quantifier 3@ in DPL discards previously established information about the value of
x,is at odds with the (implicit) idea that the interpretation of a discourse in general
involves the update of information about the objects introduced in the discourse. If

6. This fact also shows from DPL’s notion of truth. In order to assess the truth of formula ¢ in a
state s, the specific information contained in the update of s with ¢ is completely irrelevant.
7. However, see section 4.3 for some of the complications that this may give.



information about the values of variables were to be interpreted as information about
objects introduced in a discourse, then an existential quantifier occurrence in DPL
involves an unmotivated expelling of a specific discourse referent from the universe
of discourse in which it has been introduced. For, the question which discourse
referent is expelled depends upon the arbitrary choice for the variable with which
an indefinite gets associated.

So, from the latter point of view upon anaphoric relationships, the DPL notion of
information, and of information change, is unsatisfactory.® This situation can be
improved upon by extending the DPL notion of information with the notion of a
domain of objects (variables) one has information about, and by excluding, with
reference to such a domain, downdate of information about the values of variables
in that domain. Crucial to such a reformulation of DPL, into the system called
EDPL, is the notion of information about the values of growing sets of variables.

Like in DPL, in the update formulation EDPL information about the values
of variables is encoded by sets of variable assignments. However, in EDPL sets of
partial variable assignments are used.® For any subset of variables X, an information
state about the values of X is a set of assignments of objects to the variables in X.
An information state in EDPL, then, determines the two aspects of information
addressed above. In the first place, such a state s determines a domain of variables
whose values are at issue, viz., the joint domain of the assignments in s. In the
second place, s contains information about the values of variables in that domain.

Since information states in EDPL model two aspects of information about
variables, also two basic kinds of update of information can be distinguished. Up-
date of information consists either in getting more information about the values of
variables, by the elimination of partial variable assignments, or in extending the
domain of partial variable assignments (or, of course, in a mixture of both). So, a
state ¢ is considered a possible update of a state s, written as s < ¢, if the domain
of t comprises that of s and if the assignments in ¢ satisfy the restrictions s imposes
on the values of variables in the domain of s. Clearly, on such a notion of update, ¢
is an update of s if ¢ at least contains the information that s has about the values of
the variables in the domain of s. But, clearly, ¢ may also contain information about
more variables.

8. Cf,, also, Hans Kamp, who noticed some kind of a mismatch between the (“ingenious”) use to
which assignments are put in DPL, and the (“attractive”) conception of a sentence’s meaning as
transforming information states: “(...) there are all sorts of linguistic objects (. ..) whose semantics
can naturally be described in terms of input—output relations, but where the relation between the
object and its inputs and outputs is very different from that which obtains between a sentence
and the information states which it transduces into each other.” and “The question (...) to what
extent it is possible to see these objects [assignments, PD] as ‘information states’. The answer to
this question is of course, hardly.”, Kamp [1990, p. 111].

9. It may be noticed that Kamp [1981] and Heim [1983], among many others, also employ partial
variable assignments. Furthermore, Kamp [1990] proposes to use partial variable assignments in
order to give more substance to the DPL notion of information. In fact, the semantics of EDPL
is close in spirit with the version of FCS in Heim [1983], as well as with a reformulation of DPL
suggested by Kamp [1990].
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2 An update semantics for DPL

This section presents the system of EDPL, an update semantics for dynamic pred-
icate logic. In section 2.1, I first introduce the notions of information and of infor-
mation update employed in EDPL. In section 2.2 I give the semantics of EDPL.
In section 2.3, EDPL interpretation is discussed in more detail, and illustrated by
means of some examples. In the next section, section 3, the logical properties of

EDPL are studied.

2.1 EDPL information states

Following DPL I will define the interpretation of the language of predicate logic as
a function on a domain of information states. Like in DPL, in EDPL these infor-
mation states encode information about the values of variables in a discourse, but
contrary to what is the case in DPL, in EDPL these states are sets of partial variable
assignments.

If D is a domain of individuals and V the set of variables, then SX, the set of
information states about the values of X C V', and S, the set of all information
states, are defined as follows:

Definition 2.1 (Information states)
o 5% =P(DY)
e 5= ngv s¥

An information state about the values of a set of variables X is a set of assignments
of individuals to the variables in X. Given such a state s € ¥, I will refer to
X as the domain of s, indicated by D(s). Information states contain information
about the values of the variables in their domain by restricting their valuations. An
information state s is a set of valuations of the variables in the domain of s which are
conceived possible in s, and, hence, excludes all other valuations to these variables.
So, if # and y are in the domain of s, then s contains the information that the value
of @ is a man iff no 7 in s maps @ on an individual that is not a man, and s contains
the information that the value of @ sees the value of y, iff for all 7 in s, «(z) sees i(y).

With respect to a fixed domain of variables, the notions of minimal and max-
imal information states are as in DPL and US. For any domain of variables X,
the minimal information state about the values of X is DX referred to as TX. A
minimal information state has no information about the values of the variables in
its domain, all valuations of the variables are considered possible. A maximal infor-
mation state about the values of X is {i} for any 7 € DX. A maximal state has total
information about the values of the variables in its domain: only one valuation of
them is conceived possible. Furthermore, for any domain X, the absurd information
state is (), referred to as LY. An absurd information state excludes all assignments
to the variables in its domain.

A special set of information states is S?, the possible states of information
about the values of no variables. There are only two such states: the set contain-
ing the empty assignment, and the empty set. (In fact, this is just the domain of
truth values on its set-theoretic definition.) Interestingly, with respect to the empty
domain the minimal information state and the maximal information state coincide.
This reflects the fact that one can have no substantial information about the values
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of no variables. Notice, moreover, that SV is the set of (D)PL information states,
the set of sets of assignments to all variables. So, the set of states .S encompasses the
states of propositional logic ({1,0}) and those of (dynamic) predicate logic (P(DV)).

Since we will often be dealing with assignments and states with different domains, it
is useful to have at our disposal some notions relating them. I first define the usual
notion of an assigment extension (D(4) indicates the domain of i: if i € DX, then
D(i) = X):

Definition 2.2 (Assignment extension)
e j is an extension of ¢, i < 7, iff Va € D(i): @ € D(j) and i(z) = j(z)

Using this notion of assignment extension, we can define two notions which can
be conceived to be generalizations of the notion of set membership. The first, >,
generalizes this notion to assignments with larger domains, the second, <, generalizes
it to assignments with a smaller domain:

Definition 2.3 (Restriction and extension)
e ¢ is restricted in s, 7> s, iff D(s) C D(7) and Jjes: 7 <4
o ¢ is extended int, i<t iff D(#) C D(t)and 3jet: i< j

Assignment ¢ is restricted in s if 7 is an extension of some element of s. Assignment
¢ is extended in t if 7 is a restriction of some element of t. In the latter case, I will
also say that ¢ survives in t. Clearly, if the domain of s equals the domain of ¢, then
t>siff i e siff i < s.

The two notions of restriction and extension give rise to two generalizations of the
subset relation, the update relation and the substate relation. The update relation
obtains between two states s and t iff ¢ contains more information than s:

Definition 2.4 (Update)
e ¢ is an update of s, s < t,iff D(s) C D(t) and Vie t: i > s

An update t of s only considers possible valuations of the variables in D(s) which
are possible in s. Hence, ¢t contains at least the information that s contains about
the variables in D(s). Moreover, t may contain information about variables which s
is silent about. The assignments in ¢ may be proper extensions of assignments in s.
So, the definition of < precisely captures the notion of update informally described
in section 1.3.

The second generalization of the subset relation is the substate relation. The
substate relation plays a part, chiefly, in the semantics of EDPL, since it acts in the
EDPL definition of the DPL-style (and DRT-style) notions of truth and entailment.
The relation is defined as follows:

Definition 2.5 (Substate)
e s is a substate of t, s C ¢, iff D(s) C D(t) and Vie s: i < t

If state s is a substate of state t, then ¢ does not reject valuations of the variables
in D(s) which are conceived possible in s. So, according to this definition, if s is a
substate of an update of s, then the update of s contains no more information than
s about the variables in the domain of s. However, such an update of s may involve
the introduction of new variables to the domain of s.
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The notions of update and substate are related to the notion of subset in the
following way:

Fact 2.1
o If D(s) = D(t), then s <tiff tCsifftCs
e s<tandtCsifftCs

2.2 Semantics of EDPL

We are now ready to turn to the semantics of EDPL. I will use the following auxiliary
notions (i <y j iff j € DPWYX and 4 < 5):

Definition 2.6 (State subtraction and domain extension)
o s—t={ies|i£t}
o sla] ={j|Fies i<y}

where, if s € §X then s — t € 5% and s[z] e §¥{e}

Subtracting state ¢ from state s gives a state which contains all those assignments
in s which are not extended in t. If the domain of s is a subset of the domain of ¢,
which it is in all cases of state subtraction below, then s —t is the set of assignments
in s to the variables in the domain of s which are excluded in t. So, state s — ¢
contains the information that s has about the variables in D(s) supplemented with
the information excluded by t.

The state s[z] at most differs from s in that it is defined for z. About the
values of variables in the domain of s the new state s[@] contains precisely the same
information as s, and, if @ is not in the domain of s, s[z] is completely impartial
about the value of x. In that case, for each 7 in s and for each z in D, there is an
extension j of 7 in s[x] that assigns z to x. What is added, one might say, is the
information that x has a value. Clearly, if # is already in the domain of s, then
s[z] = s. In the semantics of EDPL, however, it is excluded that [2] operates on
states s which are already defined for z.

As in DPL, EDPL interpretation is defined with respect to a model M = (D, F)
consisting of a non-empty set of individuals D and an interpretation function F' that
assigns sets of n-tuples of objects to n-ary relation expressions. (Again, I will omit
reference to M whenever this does not lead to confusion.) Interpretation is defined
as a partial update function on the domain of information states. In the following
definition 1 only indicate the possibility of undefinedness in the source cases:

Definition 2.7 (Semantics of EDPL)
o s[Ray...a,] ={ies]| (i(ar),...,i(x,)) € F(R)}if x1,...,2, € D(s)

e sle=y]  ={ies|i(x)=i(y) if 2,y € D(s)
o s[-¢] =s—s[¢]
o so A Y] = s[¢][¥]

o s[3u¢] = s[z][4] if x ¢ D(s)
where, if s € $X, then s[Rx ...2,],s[z = y] € S¥.

The clauses in this definition closely correspond to those in the definition of the
semantics of DPL and US. The interpretation of atomic formulas is the same as in
DPL, except for the use of partial, instead of total assignments. The interpretation of
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Rzq...2, In s preserves the assignments in s that map the variables z1,...,z, onto
individuals z,...,z, that stand in the relation R, in that order. EDPL negation
combines features of negation in DPL and in US. The requirement that assignments
¢ in s[-¢] do not have an extension in s[¢] in fact corresponds to the DPL re-
quirement that {¢}[¢] be empty (cf., fact 2.4 below). On the other hand, the result
of interpreting —¢ in s is defined solely in terms of s and s[¢], like in US. Like
in DPL and US, conjunction is interpreted as function composition. Furthermore,
like in DPL, the existential quantifier 3z introduces arbitrary valuations of z, the
difference being that domain extension is used, instead of reinstantiation. In section
2.3 it will be demonstrated in more detail how these clauses work out in practice.

A major difference with DPL, and US, is the presence of side conditions,
or definedness conditions, on EDPL interpretation. Undefinedness is generated by
occurrences of free variable and quantifiers. If a formula contains a free variable
for which a state is undefined, then the interpretation of the formula is undefined
for that state. Conversely, the interpretation of an existentially quantified formula
dz¢ is undefined for a state s which is already defined for x. This last requirement,
in particular, expels the possibility of reinstantiation. Undefinedness persists in the
following way. If (the interpretation of) ¢ is undefined for s, then —¢ and ¢ A 1 are
undefined for s. Furthermore, if ¢ is undefined for s[z], then Jz¢ is undefined for s,
and if ¢ is undefined for s[¢], then ¢ A ¥ is undefined for s. Below, in section 3.2,
definedness phenomena in EDPL will be studied in more detail.

The most important property of EDPL is that it is a genuine update semantics.
Interpretation in EDPL always yields update of information:

Fact 2.2 (Update)
o s < s[¢], if defined

(Fact 2.2 is proved by a simple induction on the complexity of ¢.) Although the
assignments in the state that results from updating a state s with ¢ are not them-
selves elements of the original state s, as is the case in a real eliminative semantics,
all these assignments are at least extensions of assignments in s. In other words, the
information contained in an initial state of interpretation is properly preserved in
the process of interpretation, and this fact distinguishes EDPL from DPL. Attempts
to initialize variables which one has already information about are encountered by
an error message.

Since interpretation in EDPL has the update property, truth can be adequately
defined as follows (the definition of entailment is postponed to section 3.2):

Definition 2.8 (Truth in EDPL)
e ¢ is true in s with respect to M, s = ¢, iff s C s[o]am
¢ is false in s with respect to M, s =), ¢, iff s[¢]apr =0

A formula ¢ is true in a state s iff s is a substate of the update of s with ¢, i.e., iff
the state s[¢] does not contain more information than s about the variables in the
domain of s. Obviously, we want to allow ¢ to be true in a state s, also if in the
update of ¢ with ¢ new variables are introduced. If s contains the information that
the value of a sees a donkey, then a sentence She sees an animal, 3y(Ay A Say),
must be true in s.
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Clearly, a formula is true in a state s iff its negation is false in s, and vice
versa. However, also if a formula is defined for a state s, it need not be either true
or false in s. A state s may have partial information about the values of certain
variables, and, therefore, formulas with free variables may be neither true nor false
in s. On the other hand, if a formula is defined for it, then it is either true or false
in a maximal state of information {z}. If we have that maximal state {¢} |= ¢, then
I will also say that 7 satisfies ¢.

As in DPL, interpretation in EDPL is distributive:

Fact 2.3 (Distributivity)
e s[6] = Ui, {i}[6], if defined

(The fact is again proved by a straightforward induction on the complexity of ¢.)
Update and distributivity jointly entail the following fact:

Fact 2.4
For all s, i € DP):
e ics& {i} Eoiff i <s[¢]

Fact 2.4 tells us that an assignment ¢ in s satisfies ¢ iff ¢ survives in the update of s
with ¢. So, the update of a state s with ¢ contains (only) assignments that register,
i.e., extend, the assignments in s that satisfy ¢. This fact shows a crucial difference
with interpretation in DPL, where we can not in general conclude, considering the
assignments in s[¢], which assignments in s satisfy ¢. In EDPL we can.

The facts 2.2 and 2.4 guarantee that the US-style notions of negation and
truth in EDPL correspond to their DPL counterparts.! Given these facts, the in-
terpretation of =¢ in a state s, and the truth of ¢ in s are properly defined in EDPL
in terms of s and s[¢] only. As we will see in section 4, the above facts also allow us
to give a proper, uniform definition of the interpretation of adverbial and adnominal
quantifiers.

2.3 EDPL interpretation

I now turn to some examples of EDPL interpretation. In this section I simply assume
definedness.

Existential quantification

Since existential quantification and conjunction involve the composition of two op-
erations on states, DPL’s characteristic donkey equivalences are retained:

Fact 2.5 (Donkey equivalences (1))
o (Jagp A ) < (Fa(d A )
* ((AUV)AX) = (@A (P AX))
Like DPL, EDPL accounts for the fact that indefinite noun phrases (existential quan-

tifiers) in one sentence may bind pronouns (free variables) in a successive sentence.
Again, this is achieved in a compositional way.

10. For instance, in EDPL ¢ is true in s, s = ¢, iff (definition of |) s T s[¢] iff (definition of C)
Vi e s: 1 < s[¢] iff (fact 2.4) Vi € s: {i} = ¢ iff (using fact 2.2) Vi € s: {i}[¢] # @, which is the DPL
requirement for ¢ to be true in s.
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It may be elucidating to inspect the donkey example in a little more de-
tail. Consider the interpretation of A man owns a donkey, Ja(Mz A Jy(Dy A
Ozy)), in a (non-absurd) state s. This gives us s[Jz(Ma A Jy(Dy A Ozy))] =
s[z][Mz][y][Dy][Oxy]. If X is the domain of s, this state is the following set of
assignments:

(7) {j e DXV} | Jie s i ey J & 3(x) e F(M) & j(y) € F(D)
& (3(2),(v)) € F(0))
This state, which will be referred to as state ¢ for the time being, contains the
information that the value of x is a man and the value of y is a donkey and that
the value of @ owns the value of y. For any 7 € s and for any man z and donkey 2z’
owned by z, there is an extension j of ¢ in t such that j(z) = z and j(y) = 2’

The formula Ja(Ma A y(Dy A Ozy)) is true in s iff s T ¢, which is the
case iff, in the model, there is a man who owns a donkey. Notice that the formula
Jz(Ma A 3y(Dy A Oay)) can only be true or false in a state s. The formula contains
no free variables, and, hence, conveys no information about the values of variables
in the domain of s.

The update of t with the sentence He beats it, Bxy, gives us t[Bzy], which
is the following state:

(8) {j e DXV | Jie s i<y d & () e F(M) & j(y) € F(D)
& (3(2), () € F(0) & (j{x),j(y)) € F(B)}
The state t[Bxy] contains the information that the value of @ is a man, that the
value of y is a donkey and that the value of @ owns and beats the value of y. The
little discourse Ja(MaAJy(DyAOazy))A Bay then is true in s iff s C t[Bay], which
is the case iff, in the model, there is a man who beats a donkey he owns.

Negation

Like in US, the interpretation of -¢ in a state s involves the subtraction of s[¢] from
s. The subtraction in fact involves the elimination of assignments in s that satisfy
¢. This is like in DPL. In DPL, s[~¢] is the set {i € s | {¢} £ ¢}, and in EDPL
{1t € s | {i} £ ¢} (by fact 2.4) equals {1 € s | i # s[#]} = s[-¢]. The difference
with DPL is that s[=¢] in EDPL is defined in terms of s and the update of s with
¢ solely, whereas in DPL s[-¢] is defined in terms of s and the distribution of [¢]
over the singleton subsets of .

Let us consider a simple example:
(9) No man sees her.

-dy(My A Sya)
The interpretation of this sentence in a state s yields the state s[-3y(My A Syz)],
which is s — s[y][My][Syx]. The state s[y][My][Syx] that is subtracted from the
original state s is the following set of assignments (where X is the domain of s):
(10) {j e DXVW | ie s i<y i & j(y) e F(M) & (j(y),i(x)) € F(S)}
The subtraction of this state from s, s — s[y][My][Syz], produces a state that
consists of the assignments in s that do not survive in s[y][My][Syz]:

(11) {ie s =3 i<y g & j(y) € F(M) & (5(y),5(x)) € F(5)}
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In other words, the result of interpreting ~Jy(MyA Syz) in s is a state that contains
the information that the value of z is an individual such that no other individual
can be found that is a man and sees her.

The interpretation of a formula —¢ in a state s is purely eliminative, i.e., it
is unable to extend the domain of s. This corresponds to the fact that, usually, if
a noun phrase stands in the scope of a negation it can not serve as an antecedent
for pronouns that occur outside the negation’s scope (but, for exceptions, see Groe-
nendijk and Stokhof [1991] and Dekker [1993, Ch. 2]). As a consequence, the law of
double negation doesn’t hold in EDPL. The interpretation of the double negation of
¢ in s preserves the assignments in s which satisfy ¢, i.e., the ones that are extended
in the update of s with ¢, but not the extensions themselves:

Fact 2.6
. .SII—\—Iqb]] =s5—(s— Qlld)]]) = {7 €S

i < s[l)

So, the double negation of ¢ is equivalent with ¢ for as far as truth conditions
are concerned, but it cancels possible extensions of the domain of s induced by ¢.
Adopting the terminology of Groenendijk and Stokhof, we may call -—¢ the static
closure of ¢ and write it as | ¢.

Universal quantification and implication
In EDPL universal quantification, and implication are defined, as usual, in terms of
existential quantification, negation and conjunction:
Definition 2.9
o p— = (P A )
e Voo = -Ju-o

As in DPL, also the second donkey equivalences are valid in EDPL:

Fact 2.7 (Donkey equivalences (2))
o (306 — ) & (Va(d — 1))
o (PAP)=X) & (6= (¥ = X))

The interpretation of universally quantified formulas and of implications can,
equivalently, be stated as follows:
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