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Non-monotonic consequences of
preferential contextual
disambiguation

Tim Fernando

IMS, University of Stuttgart

Abstract

Logical consequence between (unambiguous) formulas is extended to am-
biguous expressions through disambiguations mapping the latter to the for-
mer. A particular system of preferential contextual disambiguation is related
to well-known rules for non-monotonic consequence relations j~. On the one
hand, the system provides a representation of |~ based on an ambiguous
expression of the background conditions underlying the entailment. On the

other hand, rules for |~ suggest requirements on disambiguations and on
preferences between them.

1 Introduction

A familiar obstacle to applying logic to analyze the meaning of a natural
language utterance is that pragmatics is commonly abstracted out of logic.

Frustration with logic short on pragmatics might well drive one to the bold
alternative slogan

logic is a consequence of pragmatics!

But what could the words “logic” and “consequence” (not to mention “prag-
matics”) mean? Notions of logical consequence going back to Tarski and
Gentzen have been relaxed in more recent years to provide a minimal crite-
ria for “logic,” admitting, in particular, the possibility of non-monotonicity. A
concrete test then of the slogan above is provided by the matter of ambiguity,
construed broadly and pragmatically.



1.1 Summary

The present paper relates the theory of non-monotonic consequence rela-
tions |~ (e.g., Gabbay [6]) to “preferential, contextual disambiguation.” An
indeterminate background context is ascribed to |, and formulated as an
“ambiguous” expression ¢ that is then “merged” with the antecedent (to
the left of |~), yielding an ambiguous expression. Ambiguous expressions
are “disambiguated” into unambiguous formulas by functions, called dis-
ambiguations, that take context into account (hence, the term “contextual
disambiguation”). A “preference” relation < on (the set of) disambiguations
is assumed that induces an extension |- of a classical consequence relation
I (on unambiguous formulas) to possibly ambiguous expressions. The con-
sequence relation |~ between expressions e and €’ is then characterized by
the equivalence
epe iff lepse,

A

for some binary (merge) operation ”* on expressions, generalizing classical

conjunction on unambiguous formulas.

1.2 Aims

Properties postulated for non-monotonic consequence relations (e.g., the cu-
mulative and preferential systems described in Kraus, Lehmann and Magidor
[9]) translate into requirements on the set A of disambiguations, and on the
preference relation < C A x A on A. Conversely, representation theorems
based on A and < constitute an alternative to the usual (forms of) preferen-
tial semantics (going back to Shoham [14], Makinson [10], etc.). Extensions
of j~ to ambiguous expressions, including (nested) conditionals, are also pro-
vided by |-~.

1.3 Underlying intuitions

The intuition behind preferential semantics is that agents cope with uncer-
tainty about information by preferring certain interpretations over others.
The notion of context can be understood either as an object that supports
some information or as a piece of information itself. In either case, the par-
tiality of contexts suggests a formalization of contexts as formulas! (or as sets

1. This point is taken up at length in §4.1 below.
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of models), with indeterminate contexts analyzed as ambiguous expressions.
What is novel about the present work is that the preference relation < above
is defined not on contexts, but on functions that disambiguate contexts; that
is, < is a binary relation on the forementioned disambiguations. The idea in
linking |~ to a notion |- of logical consequence between possibly ambiguous
expressions is to trace deviant features of commonsense reasoning to the step
from classical logic (with an unambiguous consequence relation |-) to natu-
ral language (interpreted relative to a context that admits no unambiguous
formulation). The syntactic nature of this characterization of b~ is deliberate;
the thrust of representation theorems (in terms of A and <) is not so much to
describe model-theoretic systems (derived by replacing formulas with sets of
models) relative to which certain proof rules are complete, but rather to ex-
plore the scope of a “representationalist” conception of disambiguation that
need not appeal to models.

2 Background

A natural operation to perform on two formulas @ and ¢ is to “merge”
them into a formula "¢’ that contains the information in @ and in ¢'. This
operation supports a view of formulas as both contexts ¢ and “context change
potentials” ¢’ insofar as

©"¢' =~ the context returned by asserting ¢’ at context ¢ .

Classical conjunction is an obvious exami)le of such an operation, but, in fact,
the term “context change potential” is used in certain formal approaches
to natural language discourse (e.g., Kamp and Reyle [8]), where ” is not
commutative (hence the elevation of the symbol A, suggesting concatenta-
tion). These approaches are motivated in no small measure by the problem
of anaphora in natural language, which, very roughly, has to do with the
question of what pronouns refer to, as in the piece of discourse

Ernest has a brother. He would understand this paper.

As illustrated above, a pronoun (occurrence) may well have more than one
possible reference, leading to ambiguity.2 With this in mind, let us distinguish

2. As it happens, I have a brother named Ernest. Alas, I doubt he’d understand this
paper.
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the set ® of unambiguous formulas from a larger set E D ® of (possibly
ambiguous) expressions (regarding say, a formula with an unbound variable
as an element of E — ®). Under this division, a classical notion of logical
consequence |- can be assumed for ® that treats (the restriction to ® of)
A as just ordinary conjunction A. This point is discussed in §4.2 below. For
now, let us take it for granted, and turn our attention to how to extend |-
to E.

2.1 Eliminating ambiguity

Inasmuch as ambiguous expressions differ from unambiguous formulas in that
they require “disambiguation,” it is natural to bring such a notion into the
picture. Toward that end, let A be a set of disambiguations 6 : (P X E) — ®,
with the intuition that

6(p,e) =~ a disambiguation of e given context ¢ .

Observe that an ambiguous expression e is totally disambiguated (relative
to an unambiguous context), but that “partial” disambiguation might be
modeled as a set of “total” disambiguations. Also, A cannot, of course, be
the full function space (& x E) — ®. For instance, every 6 € A must leave
unambiguous formulas as is; that is, §(p,¢’) = ¢, for all ¢ and ¢’ € P.
Other requirements should doubtless be imposed, and indeed one of the very
points of this paper is to uncover just what those might be. Let us move
along then, and notice that a disambiguation § : (® X E) — ® induces a
natural extension of - C ® x ® to |-° C E x E relative to an (implicit)
“empty context” T € ® (such that, for example, ¢ |- T for every ¢ € @) as
follows

ele iff 8(T,e) | 6(8(T,e),e).

Note that the disambiguation of the succedent €’ is carried out relative to
the context 6(T,e) created by the antecedent (asserted at the context T).

Next, let us quantify out the choice of § by asking
is the set {6 € A : e |0 €'} large?

Without saying exactly what “large” means, let us assume some answer given
by a family D C Pow(A) of sets of disambiguations (so that a subset D of A
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is “large” iff D € D). Then, it is natural to extend FCPxPtoPC ExE
according to a

el-Pe iff {6eA :ef-PeYeD.

Now, returning to D, we may assume the full set A is large —ie., A € D
—, and that all sets larger than a large set are large — i.e.,

DeD DCD
DeD ‘

Assuming further that D is closed under intersections,

DeD D'eD
DND eD ’
turns D into. a filter. This third assumption will prove useful for technical
reasons, but is certainly more questionable than the other two.

2.2 Non-monotonic consequences of preferential semantics

The “technical reasons” alluded to above concern the fitness of |-? to be a
notion of logical consequence. The criteria for such a notion have changed
over the years, reflecting the interest in non-monotonicity. A number of rules
(or more precisely, closure conditions) for a binary relation I~ C LxLonaset
L of formulas are presented in Gabbay [6], based on a classical consequence
relation |~ C L x L. Typically, p is both stronger and weaker than b, in
that |- C v, but |~ respects less rules. This is the case for what Kra;us

Lehmann and Magidor [9] describe as Gabbay’s base system C of cumulative7
reasoning, which consists of the rules of reflexivity

(Ref) et
left logical equivalence
(LLE) e1 e e1F ey e |- e
e e ’
right weakening
(RW) el e erl e

8}’\/62 ’
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set aside the problem that {1 : T |~ 1} is infinite, there remains the question
of establishing the equivalence

@ ey it {Y:Thoholky.
(As usual, |- can be extended to Pow(®) x ® by
o iff (Ffinite o CT) ATo | ¢,

with T, ¢ |- ¢ written instead of T'U {¢} | ¢'.) It suffices for the forward
direction = of (1) that

ph¢ implies T hopDy,

which is a special case of the “hard half of the deduction theorem” called
rule (S) in Kraus, Lehmann and Magidor [9] (page 191). Avoiding this rule
altogether, let us disambiguate c instead as {¢p D ¢’ : ¢ |~ 1'}. But there is
still the backward direction < of (1), for which the relativization ci of the
disambiguation of ¢ to ¢, given by (C2), is useful. In particular, let us trim
down the disambiguation further by setting our sights on the theory

T, = {¢D¢ : oy},

which enjoys the following property.

Lemma 3.* Assuming |~ verifies C~,

oo iff Tyel¢

for all p, ' € ®.

Proof. Suppose ¢ |~ ¢'. Then by the definition of I'y, Ty, |- ¢ D ¢, and we
are done by the deduction theorem for |-. The converse requires a bit more
work. Assume Ty, ¢ |- ¢'. That is, there are ¢1,. .., ¢, such that

(*) @y foreveryie{l,...,n},

4. This is the key lemma, corresponding to Lemma 3.18 in Kraus, Lehmann and Magidor
[9]. It seems that (LLE) is unnecessary, unless, as suggested in §3.3, (Cut) is replaced by
the preferential rule (Or) described there.

and

() /?\(sDDsoi)Aw F o

i=1

Now, (%) implies
(Awine b o,
whence (since |- is contained in )
(Z\1 pi)Ne P ¢
Also, by the rule (And), it follows from (x) that
¢ /:\1 @i -

Thus, (Cut) yields ¢ | ¢/, as required. -

Next, let us attend to the problem that the set I, is infinite. This is
where A and < come to play. Assuming ® is countable, fix an enumeration
{0, ¥1,...} of ®, and build a set A = {60, 61, ...} of disambiguations, where
(for every ¢ € @) §; approximates Iy up to {to,...,9;} in the sense that

o = NMed¢ : oy and ¢ € {go,vn,..., %)) .
Arrange
(e, ) = ¢
for every ¢ and for all p, ¢’ € ®. Then define < by
§ <68 iff i>7.
Let -4 be |-P<, where Dy is the family of stably <-dense sets.

Theorem 4 (Representation). Let & be countable, and |~ C ® x & verify
C~. Then for A and < constructed as above, ‘

oo iff CA(PF‘<‘;0,
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for all ,¢" € ®. Furthermore, (A, <) is C™-sufficient. Similarly, for C.

Proof. For the equivalence, it suffices by Lemma 3 to establish that
Topb ¢ iff ol<¢,
which is easy because < is a linear order, and whenever § < ¢, cfp - cg.

Turning to C/C~-sufficiency, use Proposition 1 and the definition of
cb, for parts (i) and (i) respectively of C~-sufficiency. Part (iii) and the
additional condition for C-sufficiency are proved by reversing the argument
for soundness. In particular, observe that

{6eA : dApl ¢} eDy
{6eA : rplcd,}eDy

follows from (Ref), (Cut), (And) and the definition of ¢, while

{6eA : rply}eDg

{6 eA : C;A(p' A ((p/\(p’) l_ Cg} e D

is a consequence of (Ref), (CM), (And) and the definition of ¢,

3.3 Extensions

Insofar as neither A nor < need mention models, it is perhaps unsuitable to
call Theorem 4 a “completeness theorem.” Moreover, §3.2 is hardly “com-
plete” in that there are at least two obvious directions in which to extend
the analysis. Further rules might be added to C~, and the set ® might be
expanded to cover more of E. Let us take these up briefly, in turn.

The equivalence stated in Theorem 4 can be maintained for any ex-
tension of C~ by rules (over the same set ®). If necessary, the rules can
be translated mechanically into conditions on A and <. Take, for instance,
what Kraus, Lehmann and Magidor [9] call preferential reasoning, which is
characterized by adding to C the rule

erfhve  exfve

(Or) exVey e

5. Observe that the reversal of (LLE) would not have been possible had ci" been defined
instead as A(Ty N {10, ..., ¥s}).
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Put in terms of (A, <), this rule becomes simply

(OR) {6€A : che; Pe} e Dl {6€A : fey P e} € DL
{6l : ey Vey) Foe} € Dy '

and if we are content with such a “syntactic” requirement on (A, <), we need
work no further for a representation of P. (A parallel here nligght L’)e draV\;n
with the manner in which the completeness theorem for first-order logic ap-
plies to different first-order theories.) Of course, a little labor is always good
and a simple restatement of (OR) might be lluminating. Or perhaps With7
a bit more effort, we might even strengthen (OR) by a sufficient condition
met by the model constructed in the proof of Theorem 4, adapted to P.6
Following a suggestion of D. Lehmann’s (made in a conversation with me;)
that (Or) be regarded as a basic rule, consider the system P~ obtained from
P by replacing (CM) by (And). As proved in page 191 of Kraus, Lehmann
and Magidor [9], P~ enjoys cut-elimination — which is to say th’at P~ can
be redefined as C~ with (Cut) replaced by (Or)

P~ = {(Ref), (LLE), (RW), (And), (Or)} .

Now, improving on condition (iii) of C~-sufficien i
) - cy, defin
be P~ -sufficient if § sepmr Gt
(i) < is transitive,
(ii) for all p,¢' € ®, € Aand e € E,

and
(iil) for all ¢y, ¢y, € ®, and § € A,

§(T, Mo V) | 6(T,c 1) V (T, ) .

The arguments in §§ 3.1 and 3.2 can be modified easily to prove

6. Notice, for instance, that condition (C3) (i iti
5 i n the definition of C~-sufficiency) i
: : y) is stronger
t{llan the mechanical translation of (LLE), but that we have taken pains to construct gin
the proof of Theorem 4, an interpretation (A, <) satisfying (C3). 7
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. A
Theorem 5. For every P~ -sufficient pair (A, <), the relation {(e,¢") e
OxD:c o<} verifies P™. Conversely, if ® is countable, then for every
bC®x?® verifying P, there is a P--sufficient pair (A, <) such that

oo iff fob<d

for all p,¢' € . | |

A second direction in which to push the pregent analysis of |~ is to
enlarge the set of formulas to E. This is, in .my mind, notrneamf erlr‘igg&i(;
requiring as it does some fundamental reﬂectl(zn on tlie I:la ure o o nizable,
and on the plausibility that P shﬁuld be tlos;(;air E)I; illls};a; - gdeserve
sense). Two assumptions made in t e presen per, | e act(;r e
more careful consideration: (i) the claim that the “partial” char A
h ¥ s of) disambiguation can be modeled through.sets of to a
d:;;?igfgfi?:s, anzi (ii) the assumption t.hat D is closed under mtters;aczlotr;s;
In confining its attention to the disambiguation of a rogue cor}; .e)lcl . , e
present paper takes the tiniest-bite at the monster that is ambiguity;
reader with an appetite for more is referred to Fernando [4].

4 Discussion

The basic hypothesis about non-monotonicity e?cplorgd above 1s,.very.br.1§ilr3ll_,
that non-monotonicity arises from the non-persistent 1nterpretatlo§' ( it o
tified here with disambiguation —) of implici't (bz?ckgro.und) con 1t1<zn)s(;C
help us digest that point, let us try to put things in their proper context.

4.1 Contexts: between models and formulas

Few would dispute the claim that contexts are partial, but just what 1E:re
consequences of this claim are varies widely from resear.cher t9 ;iseir;:t bé
For the approach developed above, it is crucial that .thl.S pz.mrtlalu ity ‘b

confused with uncertainty about contexts, as‘such a distinction is necessary
in formulating the following principle of persistence

I A
6((,0, 6) }_ 5((/7’7 6)
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The failure (above) of persistence gives rise to the essential asymmetry be-
tween the rules (LLE) and (RW) of Kraus, Lehmann and Magidor [9] (—
an asymmetry that all other rules can be viewed as being devised to dimin-
ish). In fact, whereas the rule (RW) is, in the present work, an immediate
consequence of the innocuous assumption that only “large” sets can con-
tain “large” sets, the rule (LLE) must, weak as it is, be introduced through

condition (C3). (C3) can be restated (as in the definition of P~-sufficiency)
as

p=¢
6(p.e) =6(¢'s€)

asserting that, so far as disambiguation is concerned, an unambiguous for-
mula matters only up to its set of models. That is, a perfectly finitary formula
can be replaced by an infinite set (if not proper class) of its possibly infinite
models. Of course, only the most rabid semanticist could (shamelessly) de-
scribe such a move as a “reduction.” On the other hand, there is no denying
the widespread bias for models over formulas, manifested, for instance, by the
fact that preferences were initially defined on models (rather than on formu-
las). We may well expect preferences on infinite sets of formulas (correspond-
ing to theories of models) to be reducible to preferences on (single) formulas
(corresponding to basic open sets of models), if only because compactness
has become so familiar.” But defining preferences between states “labeling”
the same sets of formulas (as in the preferential models constructed in §5.3
of Kraus, Lehmann and Magidor [9]) is a different matter altogether, requir-
ing a shift in perspective. Staying with our interpretation of |~ in terms of
A and <, it perhaps bears repeating that in view of the dispensability of
models to that interpretation, it is more appropriate to describe Theorem
4 as a “representation theorem,” rather than a “completeness theorem.” In-
deed, I conceived Theorem 4 originally to serve a certain representationalist

end, establishing the eliminability of models (poorly suited, as they are, for
mechanization).

7. Passing to effectively presented sets, there is also Kleene’s theorem stating that a
recursively enumerable first-order theory is equivalent to a first-order sentence, allowing
an expansion in vocabulary.
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4.2 Discourse representation

Although a model-theoretic interpretation of a notion - C ® x ® of conse-
quence allows formulas (in ®) to be replaced by models, it need not imply
that |- is classical. In the case of Discourse Representation Theory (DRT,
Kamp and Reyle [8]), for instance, an equivalence between model-theoretic
and syntactic accounts of ® was more or less obvious before a classical con-
sequence relation |- was isolated. The simple reason was that the model-
theoretic interpretation commonly associated with the DRT merge ” is not
commutative. More precisely, a certain first-order fragment ® of DRT can be

supplied a semantics [-], under which
(i) every ¢ € ® is interpreted as a binary relation [p] C S xS on a certain
fixed set S of states (constructed from models), with the intuition that

s[¢]s’ iff given an initial context s, ¢ can return the context s’

for all s,8' € S,
and .
(ii) ” is relational composition

[e"¢l = {(s,5) €S : (3") slpls” and s"[¢]s'}

for all p, ¢’ € ®.

Nevertheless, it turns out that the relational semantics [-] is determined by *
and a set ®; C ® of “absurd” formulas (Fernando [2]). The situation is com-
pletely analogous to the way conjunction and negation determine Boolean
connectives. Hence, it is perhaps not terribly surprising that, for this case,
relational semantics can be reconciled with Boolean-valued semantics (Fer-
nando [3]). That is to say, a classical notion |- of consequence can be defined
for an unambiguous fragment ® of DRT.

Far more interesting, however, are parts of DRT that go beyond ®.
Two examples are Segmented DRT (SDRT, Asher [1]) and treatments of
plurals. In SDRT, a non-monotonic entailment relation | gp relative to some
knowledge base KB lies at the heart of the discourse interpretation process
(involving so-called discourse relations). The idea is to put in the lefthand
side of kg not only the natural language utterance to be interpreted, but
also the “common ground” — that is, the discourse context. Now, it is natural

258

to hypothesize that “conversational leaps” in the common ground give rise
to the rogue context ¢ (above). In particular, the presupposition associated

with the utterance of a sentence ¥ at context K might be expressed as ¢ so
that

Ka@ F\'KB K/ 1ﬂ: K7C790 }_KB [{/

for all (candidate consequences) K’. As for plural statements, ambiguity is

a notorious problem, motivating, for example, the work of Reyle [13]. And

whether or not the difficulty is labeled to be one of “ambiguity,” interpreta-

tion does not become any easier where there is no explicit quantification, as

in the case of ’
Birds fly.

In Cont:ast to the case of vk p, it would seem useful to formulate such “bare
plurals” as conditional expressions, rather than as judgments about f. In

fany event, a closer investigation of b, including its relation with conditionals
is clearly called for. ’

4.3 Smoothness, optimal disambiguations and generics

The assumption in abduction that there is a most preferred explanation
the limit assumption in Stalnaker [15], and the “smoothness condition” iI;
Kraus, Lehmann and Magidor [9] correspond in the present approach to the
following notion. A pair (A, <) is said to be smooth at (p,e) € ® x E if

(V6 € M) < 6)(V6" <8)  6'(pe) =" (p,c) .

That is, there is a set ¥,, C & such that {6en:@Feyw,) (s <
6) 8'(p,e) = 9} is stably <-dense. (Note that the particular pzlzr (A -<_)
constructed in §3.2 is smooth at (i, c) iff T » 1s equivalent to a forrnu,la.)
Specializing to the case e = ¢ relevant to our analysis of v C ® x @, call a
pair (A, <) c-smooth if it is smooth at (¢, ¢), for every ¢ € ®. ,

Proposition 6. If (A, <) is c-smooth, then for every ¢ € ®, there is a set
Wy, C @ of unambiguous formulas such that

fobsd W WeT) ooy,
for every ¢' € ®.
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Proposition 6 not only reduces |~ to material implication, but also character-
izes the background condition as a disjunction \/ ¥,, (which can be formalized,
assuming the disjunction can be formed; e.g., if U, is finite). Observe that
the background condition is defined relative to the antecedent ¢, and that the
more general case where antecedents and/or succedents might be ambiguous
requires a notion of an “optimal disambiguation” that checks every ambigu-
ous expression (not just ¢). Whether or not optimal choices at every pair
(p,e) (for all e € E as well as ¢ € ®) can be assembled in a disambiguation
presumably depends on the application at hand.

Returning to the simple case of ¢, the following example is instructive,
particularly for a comparison with Kraus, Lehmann and Magidor [9].

Example. Let ® be the set of propositions generated by a countable set
{po,p1, ...} of propositional variables, and let £ be the first-order language
induced by a countable set {Up,Uy,...} of unary relation symbols. Fix a
constant symbol a, and define the translation - from ® to L(a) as follows

Pt = Un(a)
(eAY)* = " AyY®
(mp)* = =(p*) .
Next, let M be the £-model with universe w (= {0,1,...}) that interprets

U, as {m € w: m > n}, for every n < w. Form the £(a)-theory T' by adding
to the L-theory of M the L(a)-sentences U, (a), for every n < w:

T = {xeL:MEx} U {Ua),Us(a),...}
(which is consistent, by compactness). Define

oy it Tl e® 9",

for all ¢, ¢ € @, and observe that |~ satisfies C (including (CM)), but cannot
be captured by a c-smooth pair (A, <), since T is not satisfiable in M (but
only finitely satisfiable there). [End of Example]

By contrast, note that in Kraus, Lehmann and Magidor [9], a similar “smooth-
ness condition is necessary to ensure the validity of Cautious Monotonicity”
(page 182). A notion central to the representation arguments there is that
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of a normal model of ¢, by which is meant a model of {¢ o ¢}
This leads to so-called strongly cumulative models (the essential property
of which is that every antecedent ¢ has a minimum state), because normal
n.lodels contain infinite information, whereas disambiguations only encode
single formulas (in values assigned to pairs (p,e) € & x E). As it turns
out, it is fruitful to introduce types (as they are known in model theory) to
express more information than can be packaged in single first-order formu-
las. The question is, however, what are these types of 7 As has already been
mentioned, preferences in Kraus, Lehmann and Magidor [9] can be defined
between states labeling the same sets of formulas, (This, at least, is the case
for the preferential models in §5.3, though not, as noted in Voorbraak [16],
for the cumulative models in §3.5.) In conceptual terms, what do such states
reflect? Toward an answer, Fernando [5] treats these states as objects in a
first-order model, explores a notion of generic object (or better: type) that
redu.ces defeasibility to material implication, and presents a proposal relating
entailment |~ to a connective producing conditional expressions. (At the risk
of sounding obscure, suffice it to say that what is gained by introducing a
preferential relation is the possibility of omitting the type.)
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A Process Algebraic Approach to Situation Semantics
Tsutomu Fujinami (IMS, Universitit Stuttgart)

Abstract: We propose a way to base Situation Semantic to a computational ground
of concurrency and to linear logic. One of the core ideas of Situation Semantics is
ecological realism, the idea that meaning arises from the interaction between a cog-
nitive agent and his/her environments. We model both the agent and environments
as a process and study the interaction as a system of communicating processes. We
turn to the m-calculus to construct semantic objects employed in Situation Theoretic
Discourse Representation Theory (ST-DRT). The construction helps us relate ST-DRT
with linear logic, through our translation of the calculus to a combinatory intuition-
istic linear logic. The multiplicative conjunction then enables us to build up various
semantic objects as a theory. By conceiving of linear logic as a theory of information
flow, we can establish a connection between Channel Theory and ST-DRT.

1 Introduction

Process algebra has been being developed in Computer Science to study commu-
nication and concurrency.! The paper proposes one way to apply the technique
to natural language semantics. Philosophically, the approach may be justified as
a development from Situation Theory [Barwise and Perry 1983]. It is argued in
the theory that the meaning of sentences is the relation between the situation
where the sentence is uttered and the situation it describes. Channel Theory, a
recent development from Situation Theory, enables us to refine the relation to a
pair of notions, connection and constraint [Barwise 1993, Seligman and Barwise
1993]. That is, the relation between a particular utterance and the situation
described can be regarded as a connection. As a constraint, of which the con-
nection is an instance, we can take the relation between the sentence type of the
utterance and the situation type of the described situation. Statically, classifying
the connection as an instance of a constraint is enough to determine the meaning
of a sentence, but here we are also interested in the operational aspect, that is,
how the connection can be classified by an agent.

To investigate the aspect, there are several points to be considered. First of all,
the model must allow to capture the meaning of multimodal expressions such as
utterances accompanied by a picture or figure. Recall Situation Theory claims
that natural language is a way to convey the meaning [Barwise and Perry 1983].
The theory of meaning must be general so that it can capture information flow
by various means, not limited to natural language. The other point is to do with
ecological realism, the idea that the meaning arises from the interaction between a

!See for example, [Milner 1989).
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cognitive agent and his/her environments. Given that various information sources
are available in dialogue, the agent can interact with them in parallel to extract
information. Based on the observation, we argue that process algebra is useful
to model information flow in which utterances are involved.

The algebra is expressive enough to model many aspects of linguistic actions such
as parsing, interpretation, and evaluation,? but before exploiting the possibilities
we are concerned about how such an enterprise can be related with other theories
of natural language semantics. To answer the question, the modelling provides us
with an operational model for semantic objects employed in various theories. The
central issue for semantics has been to develop frameworks to describe the mean-
ing of sentences, while less attentions have been paid to their implementations.
By ‘implementation’, we do not mean to implement a program using a particular
programming language such as prolog or Lisp. We are rather interested in identi-
fying a certain class of computations needed to model a theory and investigating
their properties, abstracted away from actual implementations. In the paper, we
propose a way to construct semantic objects as a system of communicating pro-
cesses. Semantic objects are then regarded as a (declarative) definition of such a
system. Suppose we have a semantic object, ¢, in our theory and implement it as
a system of processes, P. To express the relation, we write P = « and read it as
P satisfies a. The first half of the paper is devoted to working out the relation,
where we turn to the m-calculus [ Milner et al. 1992, Milner 1993] for model and
Situation-Theoretic Discourse Representation Theory(ST-DRT) [Cooper 1993a,
Cooper 1993b] for semantic theory.

The construction of semantic objects employed in ST-DRT can not be completed
only with the 7-calculus. Obviously, logical connectives and quantifiers are miss-
ing in the algebra, for which we have to base our construction to some logic. For
the purpose, we turn to linear logic [Girard 1987], especially to its intuitionis-
tic and combinatory version [Lafont 1988], and propose one way to define our
model in the logic. The grounding in turn benefits us for its close connection
with Channel Theory. It will be turned out that, as a theory of information
flow, they share much in common. The grounding is also useful to investigate
computational properties of semantic objects because the logic has been studied
well in Computer Science.

The paper consists of four parts. The first part explains our view on semantic
objects modelled as processes (§2), the second part presents the construction of
semantic objects (§3), and the third part shows the grounding of the construction
to linear logic (§4). We will discuss finally how the logic can be related with
Channel Theory (§5). The paper however remains to be a sketch due to limited

2Throughout the paper, interpretation means to construct semantic representations based
on syntactic information, and evaluation to relate a particular semantic representation to (a
part of ) the world.

264

space. For more detail, the reader is invited to consult the author’s dissertation
[Fujinami 1995].

2 Semantic objects modelled as processes

2.1 Situation-Theoretic DRT

To describe .the meaning, the approach taken in ST-DRT is to capture it as a
sort of function. For instance, the meaning of a sentence, “Mary eats a piece of
shortbread.”, can be described in ST-DRT graphically as:®

1=z, oy

eat(z,y) (1)

or in linear notation as A[r; — z, r, — y]((eat, z, y; 1)). The formula, (eat, z,y; 1),
expresses an item of information composed of three elements with a polarity, 1,
indicating the item as positive. The first element denotes a relation of eating
the second eater, and the third foods. The second and third elements are how:
ever yet to be filled with some concrete objects, thus parameterised with z and
Y, respectively. We call such an object parametric infon. The object must be
formalised mathematicaly and is regarded as an abstract object called infon ab-
stract, abstracted over z and y by adopting the A-abstraction. We can therefore
conceive of it as function, but it is more flexible in that abstractions w.r.t. z and
Y can occur simultaneously. That is, it does not matter in which order the object
is abstracted over, e.g., either z then y or y then z. To compensate it, another

object called role is introduced to index parameters. In the infon abstract (1)
roles are r; and 7. ,

In' accordance with the extension, the assignment to parameters must be defined
with roles, too. Suppose we anchor z to a particular person, ‘mary’, and y to
a particular piece of biscuit, ‘shortbread’. The anchoring could be ex,pressed as
below, where ‘mary’ is indexed with 71 and ‘shortbread’ with ry:

[ri—oz oy

| e | )

eat(z,y) 79 —shortbread

3 : s n <
For simplicity, we disregard the information that z is named Mary and y is a piece of

shortbread. As for the graphical i i
phical representation, the reader is also referred i
Cooper 1991,Barwise and Cooper 1993]. B
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When applied to it, the infon abstract (1) turns into another object called infon

such as:

eat(mary, shortbread) (3)

which expresses an item of information such that a particular person called Mary

eats a particular piece of shortbread.

2.2 Processes as generalised function

The extension of functional calculus by Situation Theory is linguistically moti-
vated. Robin Cooper [Cooper 1993a), for example, proposes to use utterances
as roles. Pushing the idea further, we can include other factors contributing
towards indexing such as referring actions as a composite of roles, where roles

become more complex objects. What is suggested through these extensions is
bstracted over and anchored to environments

that the way a semantic object is a
could be more lengthy and complex than we hope to capture as function. Thus,
the way an agent extracts the meaning

backing to our intuition, we recapture
from an utterance as a process rather than function.

Let us reinterpret the infon abstract with the assignment (2) as a process. We
regard the roles, 71 and 9, as a port through which items of information can be
exported and imported (Figure 1). For the infon abstract, the roles are used to
import the individuals, ‘mary’ and ‘shortbread’, while they are used to export

them for the assignment.

rq

o)

>,

Figure 1: Roles as an information port

on to import an item of information through the port,

In the 7-calculus, the acti
Let P be the state of the

r,, to replace a parameter, Z, is expressed as 71(T).
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Eézcetz;isffr importindg an item. The change caused to the process by the action
] e expressed as ri(z).P, where ‘.’ indicates sequential d f

states. On the other hand, the action to export i ‘q i Or’ o
71(mary).0, where the overline indicates it I;s thzh(iulz(;n(; tr}rxl: I;)lllp:lst chlz_ressegirss
symbol, 0, means termination and can be often suppressed for readabilitlonWh .
these two pr(.Jcesses are concurrently active, the individual can be im )(;rt d in
P upon the interaction through the port. As the result, the para iy
substituted by ‘mary’, whose transition we express as: ? prrmeten

ri(z).P | 7i(mary).0
— P{™} | 0

ma
\t;v};ere { Iry/zgl e);presses the substitution environment such that ‘mary’ substi
utes . In this formulation, the process, P i .
' : . , P, can be said to be abstracted over
zfl‘rslgegelc%iTwiZh 1. We may even express it as A[r; = z].P, adopting the syntax
- . As hinted with the example, the process algebra can be regarded to

be a generalisation of f 5 -4
. n of functional calculi* and can be a useful foundation to study

2.3 Process algebraic ST-DRT

OTfhzbfslsmbti.lity pro(;'ided by the algebra enables us to model the complex cases
ractions and anchorings more naturally th loyi i
e y than employing composite roles.
ple we want to express the meaning of th N
eats a piece of shortbread.”, as an ab: j ; e
. e stract object whose paramet
substituted by individuals determined joi . e Y e
ed jointly by utterances and referri i
In ST-DRT, such an object may be expressed as: e aetions

| (refy,u;) = z, (refy,up) =y

eat(z,y) (4)

whe i i
utteﬁi n(ésfl, ul}rils a composite role, composed of a referring action, ref;, and an
, U3. The parameter, z, may be substituted b; individus )
, y an individual determi
by an utterance of “Mary” and the reference to her at that time mined

When j
betweerie;:rgrzil;(; th'? object1 as a process, we can further analyse the relation
actions and utterances. Suppose i i
2 : . pose we regard the referring action
1, as a parameter to be substituted by a role imported upon the uttegrance 0%

“See, for example, [Milner 1992].
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“Mary”, uy, and the parameter, z, will be substituted by an individual imported
through the role. By extending the notation of ST-DRT, it can be expressed as:

| uy = refi, up = refy

[refi oz, refy oy

eat(z,y)

This is a clarification of the assumption that an utterance can convey a reference
and can be expressed in the calculus as a process such as u(ref,).ref;(z).P.5
When the process is accompanied by other processes providing it with a role,
r1, through u;, and the individual, ‘mary’, through r, it can get access to it as

follows:

w(refi)ref@).P| W(r)0| Ti(mary).0
— TU(T)-P{ " resi } | 0| 7i(mary).0

In the above formulation, we can conceive of the 77 of 71(mary) as a reference
to the person called Mary. The way the reference is conveyed to the process,
P; was simplified by the assumption, but it could be conveyed to through other
means as well. Also, if each utterance of noun phrases may import a reference
to its corresponding part of semantic objects, it must be passed to another part
subsuming it so as to construct the meaning of the sentence as a whole. The way
references are passed around between processes may be determined by syntax.
The ability of the calculus to model the exchange of references between processes
is then useful to model such a dynamic aspect of syntax/semantics interface, t00.°

3 The construction of semantic objects

3.1 Interaction graphs

The w-calculus provides for a useful foundation, but we need to extend it so
as to model semantic objects employed in ST-DRT due to the strict sequential
composition. Suppose we would like to model the infon abstract (1) as a process
such as (r1(z) | r2(y)).P, the process that receives an item simultaneously through
r1 and 75 to replace it for z and vy, respectively, and to turn into another state,

SFor simplicity, we disregard the information flow through us and refs.
Interested readers are referred to the author’s thesis.
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.P, e;lncodlmg the parametric infon. The construction is, however, not allowed for
int (\e;al'cfulus becau§e .the sequential composition must proceed to the parallel
one. We lift the restriction by Proposing interaction graphs as our model.

Interactlo.n graphs (IG) represent graphically the structure of interactions be-
tween .actxons, where the sequential order is not specified explicitly. In the repre-
sentation, a system such as (@(b) | a(z)) is depicted as shown in I:"igure 2. Since
the node, a, is used as port, the below half is shaded. to which two a;"cs ar
attached. The ezporting arc links b to a, depicting the; action, @(b), while thec;

importing arc links a to z to depict the acti i
. . 1 ion, a(z). The d
depicted with different heads of arcs.” ) " diferent sorts are

----------------------- importing arc

Figure 2: An interaction graph of (@(d) | a(z))

To illustrate how the computation is performed by IG, we consider a more com
plex case than the above, a system such as (@(b).b{c) | a(z).z(y)), whose IG i
resent.atlon is shown in the leftmost of Figure 3. By a chemical,meta hor ;ep‘
conceive of the arcs as molecules moving freely in the solution, whose Is)urfz; e
indicated by the shadowed horizontal line. Nodes shaded in tile below halfC are
.then regarded as a catalyst to activate the interaction between molecules T?}I;e
1nt<.3ractlon always occurs in the surface. The two molecules, @(b) and a(a:.) .
activated b.y a to interact with each other. Upon the interacti’on they are ev, o
rated, leaving z renamed to b (the second leftmost of F igure 3). ’The}I; the oatlﬁz;
E}(:ie(s:zcl(e; So;?geth tot thfetiuri?ce and move to contact with each other, through b
most of the figure). The two
nodes above the surface bear the s)ame name.p;;?ritrlxsaililr; rtlffiiti::?: Se'glle twfl
other to leave y renamed to ¢ (the rightmost of the ﬁgu’re) e

I\Z;th tlflle representation, we do not have to specify the sequential order as it is
urally enforced by the constraint that the interaction must occur in the surface

7I B B
& Mrlllt;;rauflt\:ﬁﬁl Srf;);ils] agetat;l/anant of Pi-nets, a graphical form of the 7-calculus proposed
» but they can depict possible interacti i i
shade only nodes serving as port is due to Robin Cooper.mc 1o clesrer form. The idea to

8
Such a metaphor was first proposed by [Berry and Boudol 1992].
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Figure 3: Modelling mobility in IG

Concurrency can be depicted in the representation since unlimited number of
molecules can be in the surface to interact with each other at the same time.
Apart from the advantage, the representation is easier to read than algebraic
formulas. We will threfore employ IG in the next section to construct semantic
objects of ST-DRT. s

3.2 Encoding ST-DRT into IG

As an example, we construct the infon abstract (1), A[r; = z, 7o = y]{(eat, z,y; 1)),
using IG. The encoding of simultaneous abstractions is trivial; They are en-
coded as two molecules, r1(z) and r2(y). The encoding of the parametric infon,
((eat, z,y; 1)), is however not straightforward. In Situation Theory, an infon such
as ((eat, mary, shortbread; 1)) is  actually an  abbreviation  of
((eat, 71 — mary, ro— shortbread; 1)) because relations such as ‘eat’ are a par-
ticular kind of abstract, which means that they have indexed roles and restric-
tions on their assignments. The parametric infon is therefore to be regarded as
(eat, ry =z, To—y; 1). Since the information that z and y are indexed with
r; and 79 is already in the encoding of abstractions, we only need to represent
the information that the relation, ‘eat’, has two arguments indexed with r; and
9. The easiest way is to encode it as an exporting action such as eat(r;, m2) by
regarding the relation as port and the roles as the items to be exported. Then,
the infon abstract can be depicted in IG as is shown in Figure 4.°

The assignment, [r; — mary, 7, — shortbread], is encoded as output actions,

We do not depict the order between r; and ro for simplicity. To be precise, we had
to number the arcs pointing to eat to distinguish the graph for eat(ry,r;) from another for
(eat(r1) | eat(rs)). We also disregard the polarity, 1. It can be encoded as an additional item
such as eat(ry,r2,1).
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Figure 4: An IG representation of Alry =z, ra = y){(eat, z, y; 1)

7i(mary) and 75(shortbread). Combined with them, the infon abstract is de-
picted as is shown in Figure 5. When the structure is accessed from others, we
can first observe at the location of ‘eat’ in the surface that r1 and 7y are ex-
tracted upon the interaction. Then we can see at the location of r; and 7 that
T is substituted by ‘mary’ and y by ‘shortbread’, respectively. The notion of
observability determined by the structure of graphs leads to a strong equivalence
relation between processes. A weak notion, on the other hand, is obtainable by
introducing negligible interactions such as the ones under the surface if we allow
for any. We do not investigate the equivalence relations here, but will show how

the structure can be used to study the complexity of information states in the
next section.

Figure 5: The infon abstract with the assingment [r; — mary, ro, — shortbread]
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3.3 Situations as references

We have so far not looked into the notion of situation, the most important one
in the theory. To begin with, we investigate what roles the notion may play in
Situation Semantics. Firstly, a situation, s, can support items of information
called infons. Let o be an infon supported by s, which we express as s E o.
We may form then a proposition such that o is factive at s, written as (s | o),
which may be true or false depending on s. The role of situations to determine
the truth value of propositions cannot be captured by IG because algebra has
nothing to do with such a logical notion.!®

Another role that situations can play is to be a reference to an information source,
which can be captured by our approach. Such a use of situations can be found,
for example, in the study of common knowledge by shared-situation approach
due to Barwise [Barwise 1989]. Suppose we would like to represent a case where
an agent a knows o, another agent b knows o, a knows b knows o, b knows a
knows o, a knows b knows a knows o, and so on. The situation can be defined
by the following three axioms:

-skEo
- s=aknow s

- s = b know s

where s is a shared situation between a and b. The point of the definition is in
the self-referential use of situations observed in the second and third formulas.
We can conceive of the situation, s, in the arguments of ‘know’ as a reference to
an information source.

The shared situation can be encoded in IG as is shown in Figure 6, where the
part for the infon, o, is indicated by the dotted box. The graph means that at s
one can get access to the two relations, know, and know,, the knowledge states
of a and b, in addition to the access to the infon, 0. The items of information
available at know, are r,; and 7,2, the access to the agent and the shared situation,
5.1 Computationally speaking, the point of the construction is in treating the
situation as an address and the content of the second argument of know, as
a pointer. Note such an encoding is made possible by the ability to exchange
references of the m-calculus.

10We will investigate the issue in the next part by grounding the graphical representation to
linear logic.

'We are again sloppy here in not depicting the order between r,; and r42. The lack of
numbering between arcs pointing to s is however intentional; One can randomly extract these
items of information. The non-deterministic choice will be defined in the next part as the
additive conjunction, &, in linear logic.
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Figure 6: An IG of a shared situation

To see how IG helps us study varieties of shared situations, we consider a more
complex shared situation, which is defined with the following axioms:

-31'20'
- s1 = a know s,

- 51 E b know s,
'82)’:0'

- 83 = a know s,

- 83 = b know s,

Here we have two shared situations, s; and s,, both of which support the infon, o.
The agent, a, however gets access to them only through s;, while b only through

s2. The questions are how the case is complex and how it can be related to the
first case.

Backing to Figure 6, we can observe the information flow through s consists of
two self-referential flows: s — 7,9 — know, — s and s — 7 — know, — 5. The
flow becomes more complex for the second case, depicted in F igure 7. Both
a and b retrains the same flows, say s; — r,5 — know, — s; and Sg — Thy —
knowy, — s,. In addition to these, one can observe a new flow linking s; and s,:
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§1 — Tag — knowg — S2 = T2 — know, — s1. The additional flow explains the
difference between the first and second cases in complexity. To relate them with
each other, we can think of an operation on graphs, which enables one graph
to simulate another. Observe the graph for the second case (Figure 7) becomes
identical with the one for the first (Figure 6) when both nodes, si and sg, are
mapped to s. Such an operation does not exist for the first to simulate the second.
We can therefore conclude that the second graph contains richer information than
the first. The notion of simulation sketched here may shed a new light on the
notion of bisimulation, but we leave the research for a future project.

Figure 7: An IG of more complex shared situations

4 Grounding IG to linear logic

4.1 Combinatorial intuitionistic linear logic

The 7-calculus and IG have be
capturing logical aspects of the t
Secondly, logical connectives suc
Quantifiers have not been considered, too.

274

en useful to study ST-DRT, but they fall short of
heory. Firstly, it lacks with the notion of truth.
h as conjunction and disjunction are missing.
These notions can only be investigated

by grounding IG to a logic. For the purpose, we turn to linear logic because it

provides us with a good starting point to capture some of the most important
aspects of IG: concurrency and state changes. The linear logic we adopt here is a
combinatorial intuitionistic linear logic (C-ILL) [Lafont 1988] extended with the
equivalence relation, =, to express the substitution environments.

The table 1 shows the axioms and rules for C-ILLg, the most basic parts of
the logic without the exponential, the equivalence relation, and quantifiers. To
interpret the axioms and rules, we conceive of the relation, =, as indicating state
changes, where propositions define the resources available at the state. Terms
are then regarded as the action causing the change. In the interpretation, the
cut rule is regarded as the rule for sequential composition in the sense that \;vhen
the two actions, ¢ and 1, are combined sequentially, which change a state A into
B and B into C, respectively, the composed action changes a state A into C. To
clarify the meaning, we write ¢ o1 rather than ¢ o ¢. The identity axiom .id
is regarded to define idling or to express unchanged parts in transitions 7 T}fé
rule and axiom for the multiplicative conjunction are on the other hand reéarded
as defining parallel composition. That is, if ¢ changes A into B and ¢ C into
D, the state change caused by performing ¢ and v concurrently is defined as
A® B = C® D. The symbol, 1, is the unit of ®.

The rule for the additive conjunction expresses an external non-determinism
That is, if you have two options, ¢ and %, at the state of A, then the product 01}
them forms a basis to forecast that you will end up with either B or C, dependin
on your choice. The projection, m, expresses the choice you make bet;veen themg
The rule for the additive disjunction on the other hand expresses an internai
non—detgrminism. That is, you know the state of A can be achieved either b
performing ¢ at B or 9 at C. When these aré composed as coproduct, it doe};
not maftter which is done actually. The coprojection, r, expresses so,methin
unpredictable could always happen beyond your control. °

Let C—ILLE be a system obtained by adding the rules and axioms for the expo-
nentlal.(Table 2) to C-ILLy. The motivation is to incorporate contraction into
the logic (Table 3). In deﬁning IG using the logic, the operation is only applied
to the formulas of the equivalence relation, which is defined as is shown in Table

4.'2 We will shortl i i
oy y show in the next section how these rules and axioms are

4.2 Defining IG in C-ILL

:V:. show how we can define IG using C-ILL, C-ILL, plus =. We first show how
ctions can be defined when no interactions occur between them. Backing to the

12More succi
inctly, one can construct the axiom i i
: . s for equivalence relation fro i
the exponential, given another axiom, (¢ = ¢) = 1. m those vithot
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Cut:

$1490 $ B0y 4n g
Multiplicative conjunction:

¢p:A=B ¢yv:C=D 111

oR1Y:AQC = B®D

Symmetry, associativity, and unit:
Y4B:A®B=B®A
aspc:ARBRC)=(A®B)®C
ai'pc: (A®B)®C = A® (B®C)
Mi1l®A=A M A= 104

Additive conjunction:

¢p:A=B Yp:A=C
(9,9) : A= B&C

TAB,: A&k Al = A; (Z € {0, 1})

Ta:A=>T

Additive disjunction:

¢p:B=>A ¢v:C=>A

[¢,0] B&C = A KaB,i: Ai = Ao ® A; (i € {0,1})

0A20:>A

Table 1: Axioms and rules for Combinaforial Intuitionistic Linear Logic, C-ILLg

Exponential:
(AE T 1A =N o T =1

pap:!(A&B) = A® !B pilp:!'A® !B = (ALB)

Table 2: Axioms and rules for the exponential
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Contraction:

A® (IC®!C)=D
AR !C = D

Table 3: The rule for contraction

Equivalence relation:
eq:1=1(t=1)
eq:l(s=t)=(t=ys)

eqs : !(s =t) ® P[t/z] = P[s/x],

Table 4: The axioms for equivalence relation

previous example, each action is assigned a term, e.g., u; and v; where i € {1, 2}
(Figure 8). To reflect the constraint that actions must occur from the surface, we
decorate each arc with its precondition in the upper part. In the lower part, they
are decorated with their postconditions, that is, resources made available as the
result. For example, u; is defined as a(z)=z(y).’* When an action is followed
by no actions underneath, its postcondition is defined as 1. The actions are thus
defined as follows:

-y a(z) = z(y)
- U z(y) = 1
- vy : a(b) = b{c)

- vy blc) =1

To define interactions, we have to predict which pairs may interact with each
other. Our graphical representation is useful for the purpose since any pairs are
in the same distance from the common parent. In the figure, for example, u; and
vy are in the distance of zero from the node a, and us and v, are in the distance of
one from the same node. Let ¢, and t2 be the interactions between these actions.
Then, they are defined as follows:

13To define states, we borrow the m-calculus notation. To be precise, we should use special
predicates such as importing(a, z) or exporting(a,b), but we avoid to complicate the notation.
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Figure 8: The decorated interaction graph with resources

-t :a(z) @A) = z(y) @ b{c)® (b = )

-t z(y) @A) (b= 1) =!(c =)

Since they are concurrently active when they interact with, we use the multi-
plicative conjunction, ®. One point of the definition is in the postcondition of
t1; We add !(b = z) to express the effect of the interaction. This enables us to
express the correct precondition of to; The interaction becomes possible only if x
is substituted by b.

With these special axioms, we can infer in C-ILL, for example, that the computa-
tion starts initially from the state where resources for a(z) and @(b) are available
and ends up with the state where z and y are substituted by b and ¢, respec-
tively, as below. One can see in the derivation that the contraction rule is used
to distribute the information on the substitution, b = z. In our definition, the
use of the exponential is restricted to expressing substitution environments.

t2:z(y) @A) (b=z) = (c=y) lid:!(b=z)=>!(b=2zx)
t2®VY%d : (y) @ b(c)® (b =2)@ (b=z) = (c=y)® !(b==z) con

t1 na(z) ® @) = z(y) @ b{c)® (b = z) t2®'id : 2(y) @ b(c)® (b =1z) = (c = y)® (b= 1)
t1 o (t2®%d) : a(z) @ a(b) = (c = y)® (b = ) ¢

ut

4.3 Defining ST-DRT in C-ILL

In the previous section, we have used cut, o, and multiplicative conjunciton, ®, to
define the computation specified by IG. Since IG enables us to construct infons,
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propositions, and abstract objects employed in ST-DRT, as shown already (83),
we only need the two to define those objects in C-ILL. We are still left with two
connectives unused, the additive conjunction, &, and disjunction, @, which we
will use to define conjunctive and disjunctive objects of infons or propositions.
The translation rules are given as follows:

-[AAB] = [A] & [B]
-[AVB] :=[A] & [B]

where A and B are either infons, propositions, or composite objects with the
connectives.

To capture the constraint relation in ST-DRT, —, we have to extend the logic
with linear implication, —o, by internalising = to the system. We can then define
quantifiers, V and 3, in the system. We do not go into the detail, however, due
to the limited space. Interested readers are referred to the author’s thesis.

Once we have based ST-DRT to C-ILL in this way, the notion of truth can be
obtained through the logic. That is, an expression, ¢ : A = B, is true if and
only if it is constructed in C-ILL from the given axioms by applying the rules,
where the formula expresses a proposition in Situation Theory. The logic can
also be seen as a proof theory for ST-DRT. If you conceive of the logic as a type
system, then it gives you a computational account of ST-DRT though it is yet
to be investigated what the underlying calculus is.

5 Relating C-ILL to Channel Theory

The grounding to C-ILL also enables us to relate our study of ST-DRT with
Channel Theory, a theory of information flow developed from Situation Theory.
The table 5 shows the principle of information flow proposed by Barwise [Barwise
;9151)3] We can relate these postulates with the axioms and rules for C-ILL as
ollows:

e ‘Xerox Principle’ corresponds to the cut rule, o.

¢ ‘Logic as Information Flow’ is inherit in our system, too, though there is a
slight difference in that we write ¢ : ¢; = ¢, rather than s : 1 —> sty
where ¢ is a connection.

e ‘Addition of Information’ corresponds to the rule for multiplicative con-
junction, ®.

279



e ‘Exhaustive Cases’ can be derived using the rules for additive disjunciton
and cut as below:

’L/)l:t2=>t3 1/)2:tl2:>t3
biti=>t®t, [V, @t =1
do [, Y] i th = ts

e ‘Contraposition’ does not hold in our system because the logic is intuition-
istic. It will, however, hold if we make the logic classical by introducing %,
" the dual of ® with its neutral element, L.

1. Xerox Principle:

Slitl—)SQZtQ Sgltg-—)s;;ltg
sp:tp —S3:t3

2. Logic as Information Flow:

t1 Fty
s:tp —> st

3. Addition of Informaition:

syt —> Sp ity sp:th —> sp ity
51t At —> spita Aty

4. Exhaustive Cases:
Slitl——)SzitQVt,Q Szitg———)83lt3 Szltlz—)832t3
§1:tp —* 83 t3

5. Contraposition:

Slitl—')SQZt'z
Sgiﬁtg——)sll_‘tl

Table 5: The principle of information flow: Barwise’s postulates

Our system is actually different from Channel Theory in that it is intuitionistic
and linear, but otherwise they share much in common. Barwise in fact proposes
to view linear logic as a theory of information flow [Barwise 1992]. We think
therefore our approach is in track of Channel Theory and we have shown a way
to relate Channel Theory with ST-DRT, which have been hitherto developed

rather independently.
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¢ Conclusion

In the paper, we have shown how to construct semantic objects employed in
ST-DRT as systems of communicating processes. We have devised a graphical
representation called interaction graphs to model processes and have shown how
they can be grounded to linear logic. The grounding enables us to study ST-DRT
on one hand and to relate our study with Channel Theory on the other hand.
Computationally, the system is still problematic because it is known linear logic
is undecidable [Lincoln et al. 1992]. But the author believes we have shown a
starting point to investigate computational aspects of semantic theories.

It is also hoped that the work will contribute to establishing dialogue semantics.
The framework presented here should allow to describe the information update
by utterances in dialogue when we model it as a reactive system. In the long
ran, we also hope to study linguistic phenomena where information update and
interactions with environments are involved. Some languages seem to have a
way to indicate whether or not the meaning of a sentence part is in the common
ground. A Japanese phrase final particle, ‘tte’, is an example [Fujinami 1995].
There are also many languages that have ‘evidential’ particles or affixes indicating
degree of direct evidence for assertions [Levinson 1988]. Levinson mentions as an
example that Kwakiutl, a southern American language, requires all noun phrases
to be affixed with indicators of visibility/invisibility to speaker. We believe our
framework can be extended to study such phenomena.
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THREE THEORIES OF ANAPHORA AND A PUZZLE FROM C. S. PEIRCE

Brendan S. Gillon
Department of Linguistics
McGill University

1 Introduction

Thirty years ago, Peter Geach (1962) brought to our attention a kind of sentence,
the statement of whose truth conditions puzzled Medieval thinkers. They have come
to be known as donkey sentences, for reasons the two prototypical examples given
below make clear:

(1.1)  Every farmer who owns a donkey beats it.
(1.2) If a farmer owns a donkey, he beats it.

Sentences such as these continue to be a puzzle to philosophers and semanticists,
for they seem to escape any straightforward syntactic and semantic treatment.

In particular, they show the inconsistency of three prima facie plausible as-
sumptions: first, that the antecedent of the third person personal pronoun is the
indefinite noun phrase; second, that indefinite noun phrases are restricted existen-
tial quantifiers of classical quantificational logic (CQL, hereafter); and third, that a
third person personal pronoun whose antecedent is a quantified noun phrase func-
FiongiE natural language in a way analogous to the way a bound variable functions
in -

Consider the first sentence. Either the indefinite noun phrase, a donkey, has

* scope wider than every farmer, or it has narrower scope. And the principal connec-

tive is either A or —. The alternatives are given in notation below:

(21)  [a donkey], [every farmer], [ x owns y A x beats V]
(2.2)  [every farmer], [a donkey], [ x owns y A x beats y |
(2.3)  [a donkey], [every farmer], [ x owns y — X beats v
(2.4)  [every farmer], [a donkey], [ x owns y — x beats y |

Suppose, on the one hand, that the principal connective is A. Then there are two
possibilities: either the indefinite noun phrase a donkey has scope wider than the
noun phrase every farmer or it has narrower scope. In the first case (2.1), the
sentence would mean that there is at least one donkey which every farmer owns and
beats. This, in turn, implies that every farmer has a donkey, indeed, the very same
donkey, which clearly the sentence in (1.1) does not imply. In the second case (2.2),
the sentence would mean that, for every farmer, there is a donkey which he owns
and beats. This implies that each farmer has a donkey, though not necessarily the
same one. But clearly this too is not implied by the sentence in (1.1).

Suppose, on the other hand, that the principal connective is —. Again, there
are the same two possibilies pertaining to the scope of the quantified noun phrases.
If a donkey has scope wider than every farmer (2.3), then the sentence can be true,
regardless of what the farmers do to the donkeys they actually own, provided that
there is at least one unowned donkey. If a donkey has scope narrower than every
farmer (2.4), then the sentence can be true, regardless of what the farmers do to
the donkeys they actually own, provided that each farmer fails to own at least one.
Neither of these is a suitable construal of the first sentence.
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Three responses to the enigma of donkey anaphora have enjoyed some currency.
All three responses accept the assumption that the indefinite noun phrase is the
antecedent of the pronoun. The most widely accepted response gives up the as-
sumption that indefinite noun phrases are restricted existential quantifiers, and
maintains, instead, that indefinite noun phrases introduce restricted free variables.
This approach was advocated independently by Kamp (1981) and Heim (1982). A
second response gives up the assumption that anaphoric third person personal pro-
nouns are functioning on the analogy with bound variables of CQL. This second
approach, due to Evans (1977)!, has been recently elaborated in detail by Neale
(1990). A third response, advocated by Groenendijk and Stokhof (1991), gives up
on two assumptions: that indefinite noun phrases are restricted existential quan-
tifiers of CQL; and that a third person personal pronoun whose antecedent is a
quantified noun phrase functions in a way analogous to the way a bound variable
functions in CQL.

What I want to do here is to examine the ramifications for these approaches of a
puzzle, due to Charles Sanders Peirce (Hartshorne and Weiss (eds) 1933 v. 4, §546
and §580), which Stephen Read (1992) has recently brought to light.

2 Peirce’s Puzzle

It is a routine exercise in CQL to show that the following formulae are logically
equivalent (Appendix 1).

(3.1) VYvo(v)— Ivy(v)
(32) v (¢(v) — ¥(v))

Yet, the following sentences, which apparently instantiate these formulae,

(4.1) Someone will win $1,000, if everyone takes part.
(4.2) Someone will win $1,000, if he takes part.

are not, intuitively speaking, analytically equivalent. To see this, consider these
circumstances of evaluation: There is a sweepstakes in which only one thousand
people are eligible to participate. Tickets are sold for $1 each. No participant is
permitted to buy more than one ticket. And the winner will take the total of the
stakes. Clearly, under such circumstances, the first sentence is true and the second
is false.

Read (1992: p. 10) diagnoses the problem to lie with material implication as a
model of the English subordinating conjunction if. But this diagnosis is not borne
out by the data.

To be sure, there are uses of the subordinating conjunction if which are not
well-modelled by material implication, the most notorious cases being so-called
Austinian Conditionals:

(5) If it snows, there is a shovel in the trunk.

The evidence for this is quite striking. Recall two of the standard logical equivalents
for a proposition of the form @ — 8: -V 8 and —(a A =8). To the extent that
the adverb not and the co-ordinating conjunctions and and or are well-modelled
by classical propositional negation, conjunction, and disjunction respectively, one
expects the following: any sentence of the form If A, B, which is well-modelled
by material implication, should be judged intuitively equivalent to other, suitably
constructed, English compound sentences of the form, Either it is not the case that

IThe insight seems to have been anticipated by Quine (1960: §23).
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A or Band It is not the case that both A and not B. The recasting of the sentence in
(5) into such forms yields results which cannot be Jjudged in any way as analytically
equivalent to the sentences in (6).

(6.1)  Either it will not snow or there is a shovel in the trunk.
(6.2) It is not the case that it will snow and there is no shovel
in the trunk.

It is equally clear, however, that there are uses of the subordinating conjunction
if which are well-modelled by the material conditional. The evidence is the fact that
they observe precisely the logical equivalences which the Austinian conditionals do
not. The following sentences, I submit, ordinary intuition judges to be analytical
equivalents.

(7.0)  If London is in China, I am a monkey’s uncle.

(7.1)  Either London is not in China or T am a monkey’s uncle.

(7.2) Tt is not the case that London is in China and I am not a
monkey’s uncle.

Let us return to Peirce’s puzzle. Consideration of a broader range of data
shows that ascription of the failure of analytic equivalence to material implication
is precipitate. To begin with, notice that one necessary ingredient to the problem
is the presence of quantified noun phrases: the replacement by proper names of the
quantified noun phrases in the sentences in (5) yields a sentence which one judges
to be analytically equivalent to its disjunctive and conjunctive counterparts.

(8.0)  John will win $1,000, if he takes part.

(8.1)  Either John will win $1,000 or he will not take part.

(8.2) It is not the case that John will take part and he will not win
$1,000.

Moreover, the mere presence of quantified noun phrases in such a sentence is not
sufficient to give rise to the puzzle, since one judges the disjunctive and conjunctive
counterparts of the sentence in (4.1) as analytically equivalent.

(9.0)  Someone will win $1,000, if everyone takes part.

(9.1)  Either someone will win $1,000 or it is not the case that
everyone will take part.

(9.2) It is not the case that both someone will not win $1,000
and everyone will take part.

AIndeed, Peirce’s puzzle can be reproduced without any occurrence of the subordi-
nating conjunction, or any occurrence of any of its lexical or syntactic counterparts.
To see this, recall the following well-known logical equivalence of CQL?2:

(10.1)  Iwg(v) v Iuh(u)
(10.2) 3w (g(v) V9 (v))

The following sentences appear to be instances of these formulae:

(11.1)  Either someone will win $1,000 or someone will not take part.
(11.2)  Either someone will win $1,000 or he will not take part.

And Read’s circumstances of evaluation yield the judgement that the sentence in
(11.1) is true while the one in (11.2) is false.

. It is clear, then, that the lack of entailment does not accrue to taking material
.lmplication as a model of if. Indeed, the problem seems to accrue to those sentences
in which the indefinite noun phrase someone serves as an antecedent to the third
person personal pronoun. Such is the configuration evinced by so-called donkey

2Indeed, this equivalence holds even in minimal quantificational logic.
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sentences. Let us see, then, what challenge, if any, the anaphoric configurations
evinced by the sentences of Peirce’s puzzle pose for the three theories of anaphora
designed to address precisely such anaphoric configurations.

3 Free Variables and Peirce’s Puzzle

I begin with the theory of anaphora advocated by Kamp (1981) and Heim (1982:
ch. 2). Recall that they retain the assumption that anaphoric pronouns are well-
modelled as bound variables of CQL, but reject the assumption that indefinite noun
phrases are well-modelled as restricted existential quantifiers of CQL. This rejection
requires that certain compensating assumptions be adopted. Kamp and Heim have
different compensating assumptions.

Consider, for example, the sentence in (13).

(12.0) Some man arrived.
(12.1) zisamanAZz arrived
(12.2) 3Jz (zisaman Az arrived )

According to Heim, the sentence in (12.0) has a syntactic analysis which can be
rendered by the formula in (12.1). This is an open formula, and hence cannot be
assigned a truth-value by the semantics of CQL. To ensure that it has a truth-value,
Heim posits that all free variables in a formulae are closed by existential closure over
the formula. The result in this case is the formula in (12.2).

In Discourse Representation Theory, the truth conditions of a sentence are de-
termined, not with respect to the sentence’s syntactic analysis, but rather with
respect to structures — so-called discourse representation structures — constructed
from the sentence’s syntactic analysis, where the construction proceeds top to bot-
tom and left to right. These structures comprise a list of free variables and a set
of conditions. A discourse representation structure determines not only the truth
conditions of the sentence from which it is constructed but also which noun phrases
might serve as antecedents for which pronouns.

Now, treatment of the antecedence relation must specifiy the morphological and
syntactic constraints on the relation and the semantic mechanism whereby appro-
priate values are assigned to the relata of the relation. Discourse Representation
Theory does both. The antecedence relation obtains, according to Discourse Repre-
sentation Theory, when an identity condition is created for the variables associated
with the relevant noun phrases. Whether or not the appropriate identity condition
occurs depends on whether or not the variable corresponding to the antecedent is
accessible to the variable corresponding to the pronoun. This, in turn, depends on
two factors: the definition of the accessibility relation (essentially, an augmentation
of the dominance relation defined over the discourse representation structure), and
the points in the discourse structure where the variables are introduced.

The sentence in (12.0), once syntactically analyzed, has the discourse represen-
tation structure in (13).

(13) (z:zisaman,T arrived )

This structure comprises is a list of variables (in this case, a list of one variable),
and a set of conditions (in this case, two conditions).

To obtain an equivalence between the structure in (13) and the quantificational
formula in (12.2), Kamp avails himself of two facts of elementary model theory?:

3See Kamp and Reyle 1993 ch. 1.5 for details
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Firs.t, ea(.:h formula in a finite set of formulae is true in a model if, and only if, the
conjunction formed from the formulae in the set is true in it. Second '

(14) Em v ¢(v), iff, for some variable assignment g, =nr,g ¢(v)

What happens in the case of sentences such as those in (11)? On Heim’s ap-
proach, the sentences have a syntactic analysis which can be rendered as follows:

(15.1)  z will win $1,000 V y will not take part.
(15.2)  z will win $1,000 V z will not take part.

Existential closure of these formulae and routin i i
e quantifier equival i in-
stances of the schemata in (10). ¢ enees yield in

. Discourse Representation Theory provides a different treatment of the sentences
in (11).. It assigns to the first one the discourse representation structure in (16.1)
which is equivalent to the formula in (16.2) CQL.* o

(16.1) ((z: z will win $1,000 ) V = ( y : y will take part ) )
(16.2) 3z z will win $1,000 V 3y — y will take part.

To obtain a discourse representation structure for the sentence in (11.2) requires
that.some modification be made either in how clauses co-ordinated by th;a conr(llector
or yield discourse representation structures or in how the relation of accessibility
is defined. As pointed out by Evans (1977 p. 530), noun phrases without definite
reference occurring in the first of two clauses connected by or do not usually serve
as antecedents for pronouns occurring in the second. Y

(17)  *Either John owns a donkey or he keeps it well hidden.

Aware of such facts, Kamp and Reyle (1993: ch. 2.3.1) configure the discourse
representation structure created by clauses co-ordinated by the connector or and
define the accessibility relation so that the variable introduced by an indefinite noun
phrase is inaccessible to the variable introduced by a pronoun when the former
occurs in the first clause and the latter in the second. But, as Kamp and Reyle
(1993 ch. 2.3.1) recognize, cases do occur where an indefinite noun phrase in tyhe
first cl.ause may serve as an antecedent to the pronoun in the second. To take such
cases into account, Kamp and Reyle suggest that the variable for the indefinite
noun phlrase may be introduced in the most superordinate list of variables, thereb
mgkmg it accessible to the variable introduced by the pronoun. The appli’cation o};
this alternative to the sentence in (11.2) gives rise to the discourse representation
structure in (18.1), whose equivalent formulation in CQL is given in (18.2).

(18.1) (=z: (: z will win $1,000 ) V
- (: y will take part ,z=y) )
(18.2) 3z (z will win $1,000 V — z will take part )

?Et the for@ulae in (16.2) and (18.2) are just instances of the schemata in (11).
us, on either approach, that of Kamp and Reyle or that of Heim, the truth
;onfiltlons for the sentences in (11) are the same as those given them by their prima
acie treatment by CQL. In other words, the sentences remai i i

, ain |
contrary to intuitions. R

. Let us now turn to the sentences in (5). The syntactic analysis of these sentences
yields, according to Heim’s view, the following formulae.

(19.1) Vz z take part — y will win $1,000.
(19.2) z take part — z will win $1,000.

4

OperSai;amIl(Sa(x;ioat:g Ee};l};—,‘ (19911’;) lchA 2.3.1 and ch. 3.7.3. It should be borne in mind that the
oted by the symbols ‘v’ and ‘—’ in discourse representation structu isti

from, though similar to, those denoted by the same symbols in the formulae of C(;,)riS are distinet
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Now, she holds that subordinate conditional clauses serve as restrictions on adver-
bial unselective quantifiers.> When no overt quantificational adverb is present, she
posits the presence of a phonetically null universal quantificational adverb. The
subordinate clause in (19.1) contains no free variables, so the free variable in the
main clause is bound by phonetically null existential quantifier. As a result, its truth
conditions are those provided by CQL. The subordinate clause in (19.2), however,
does contain a free variable. The tacit unselective universal adverbial quantifier
then binds it and the second occurrence of the same variable in the main clause to
yield truth conditions which the following rendition in CQL of the sentence in (4.2)
have, namely,

(20) Vz (z take part — z will win $1,000 )

In other words, Heim’s analysis implies that the sentence in (4.2) has the same truth
conditions as the one in (21),

(21) Everyone who takes part will win $1,000.
But this is clearly wrong. Again, Discourse Representation Theory provides a dif-

ferent treatment. It assigns to the first sentence in (4) the discourse structure in
(22.1), which is equivalent to the formula in (22.2) of CQL.

(22.1) (:(:(z:zisaperson) — (y: ytakespart,z=y) )
— (z: z will win $1,000 ) )
(22.2) Vz z takes part — 3z z will win $1,000.

But, to obtain a discourse representation structure for the sentence in (4.2) requires
that some modification be made in the treatment of conditionals by Kamp and
Reyle.

The treatment of conditionals by Kamp and Reyle begins with the observation,
accepted by everyone, that indefinite noun phrases occurring in the protasis of a
conditional sentence may serve as antecedents for pronouns in the apodosis, as
exemplified by the sentence in (1.2). It is often the case indefinite noun phrases
occurring in the apodosis of a conditional sentence may not serve as antecedents for
pronouns in the protasis, as exemplified below:

(23.1)  If Jones owns a book, he reads it.
(23.2)  *If Jones owns it, he reads a book.

As a result, Kamp and Reyle have defined the accessibility relation so that the
variables introduced by indefinite noun phrases in the protasis of a conditional
are accessible to the variables introduced by pronouns in the apodosis, whereas
those introduced by pronouns in the protasis are inaccessible to those introduced
by indefinite noun phrases in the protasis. This implies, however, that the variable
introduced by the indefinite noun phrase in (4.2) is inaccessible to the one introduced
by the pronoun. But, clearly the indefinite noun phrase serves as the pronoun’s
antecedent.

Two ways to accommodate the facts suggest themselves: to introduce the vari-
ables in the usual way and to let the variable introduced by the indefinite noun
phrase be accessible to the variable introduced by the pronoun; or, to have the
variable introduced by the indefinite noun phrase be placed in the most superordi-
nate list of variables, thereby making it accessible to the variable introduced by the
pronoun — that is, to redeploy the modification adopted above for the treatment of
the sentence in (11.2). Neither suggestion overcomes the difficulty posed by Peirce’s
puzzle.

5The notion of unselective adverbs of quantification is taken from Lewis (1975).
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Using the first option, one obtains the discourse representation structure in
(24.1)%, whose equivalent in CQL is given by the formula in (24.2):

(241)  (z: z will take part ) — (y: y will win $1,000 ,z =y )
(242)  Vz (2 takes part — z will win $1,000).

But, these are the same truth conditions as those provided by Heim’s analysis,
which were seen earlier to be clearly incorrect.

Using the second option, one obtains the discourse representation structure in
(25.1), whose equivalent in CQL is given by the formula in (25.2):

(25.1)  (z: (: = will take part ) — ( y : y will win $1,000 ,
z=y))
(25.2) 3z (z takes part — 2 will win $1,000).

But the formulae in (22.2) and (25.2) are just instances of the schemata in (3). In
other words, the sentences in (4) are logically equivalent, contrary to intuitions. In
short, Discourse Representation Theory does not provide a way to improve on the
analysis for the sentences in (4) resulting from the naive application of CQL.

4 Dynamic Predicate Logic and Peirce’s Puzzle

Dynamic Predicate Logic (hereafter, DPL) offers another way to address the prob-
lem of indefinite noun phrases serving as antecedents for pronouns which are not,
at least prima facie, within their scope. To see how it differs from the previous
treatment, let:, us begin by recalling how the relation of antecedence is modelled in

CQL.

CQL is very limited in its capacity to mimic the antecedence relation of natural
language. To mimic the relation, the variable which corresponds to the pronoun
must be the same as the variable which corresponds to the pronoun’s antecedent,
and both instances of the variable must be bound by one and the same quantifier. It
is this syntactic configuration of CQL which alone permits the values of the variable
corresponding to.the pronoun to depend on the values of the variable corresponding
to the pronoun’s antecedent. But it is common for sentences of natural language to
fail to have their renditions in the language of CQL meet these conditions. Consider,
for example, the following sentence:

(26) Some man arrived and he was hungry.

The formula of CQL which most closely corresponds to the pair of sentences above
is the one below.

(27) 3z (z is a man A z arrived) A z is hungry.

However, the fourth occurrence of the variable z is not within the scope of the
quantifier which binds the third occurrence. As a result, the choice of value for the
variable z in the formula, = is hungry, is independent of the choice of value for the
variable z in the formula, z is a man A z arrived.

The attraction of DPL is that it offers a way to permit values of one occurrence
of one variable to depend on the choice of value of another occurrence of the same
variable, even though these occurrences are not bound by the same quantifier. To
appreciate better how DPL manages to do this, let us first go into some of the
details of why CQL fails to do so.

6See Kz?,mp and Reyle (1993) ch. 2.1, ch. 2.2 and ch. 3.7.3. It should be borne in mind that
the operz.ttl.on denoted by the symbol ‘—’ in discourse representation structures is distinct from,
though similar to, that denoted by the same symbol in the formulae of CQL.
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Let us recall the rudiments of the semantics of CQL. In it, a model M comprises a
pair (U, i), where U is a non-empty set, the universe, and 7 is a function, having as its
domain the predicates”, where, if IT is an n-place predicate, then i(II) € Pow(U™).
Let V be the set of all variable assignments. Then one defines [ |as as a function
from formulae into Pow(V) as follows:

(28) Truth Clauses for a Model in CQL

1. [(Mvi...vn v = {g: (gln),...,9(vn)) € 1(11) }

2. [“’IC(]M = V—[a]M

3. [aAB]m = [alun[B]m

4 [aVflm = [elMU[B]u

5 [a—Blu = (V-[alum)U[Blu

6. [Fvalm = [alMU{g: glvlhand he[a]m}

7. [Vvalm = [alm if foreachhe[aluw, g€ a]lm
where h[v]g;

0, otherwise.

(where ‘g[v]h’ means that the variable assignments g and h differ at most in the
value they assign to v.) A formula « is true in a model M if and only if [ @ |pr = V;
and a formula « is false in a model M if and only if [ & |pr = 0.

Let us return to the sentence in (26). There are circumstances of evaluation
which, intuitively speaking, render the sentence in (26) true, but whose model,
together with the truth clauses in (28), fails to render the formula in (27) true; and
inversely, there are circumstances of evaluation which, intuitively speaking, render
the sentence in (26) false, but whose model, together with the truth clauses in (28),
fails to render the formula in (27) false.

Consider, on the one hand, the circumstances in which there are at least two
people, one of whom is not hungry, the other of whom is a man, has arrived, and
is hungry. Intuitively speaking, the sentence in (26) is true, but the formula in
(27) fails to be true in the corresponding model, when evaluated in accordance to
the clauses in (28). Of course, in the model for these circumstances, there is a
variable assignment which renders z is a man A z arrived true; and so, by (28.6),
[3z(z is a man A z arrived) |y = V; that is, in this model, the first conjunct
in (27) is true. At the same time, however, there is a variable assignment which
renders the second conjunct, = is hungry, false. So, [ z is hungry |p # V. Thus,
by (28.3), [ 3z (z is a man A z arrived) A z is hungry | # V. In other words,
the formula in (27) is not true in the model, contrary to one’s intuitions about the
sentence in (26).

Consider, on the other hand, the circumstances in which there are at least
two people, one of whom is hungry but is not a man, the other of whom is a
man and has arrived, but is not hungry. Intuitively speaking, the sentence in
(26) is false, but the formula in (27) fails to be false in the corresponding model,
when evaluated in accordance to the clauses in (28). As before, there is a vari-
able assignment which renders z is a man A z arrived true, and so, by (28.6),
[3z(z is a man A z arrived) |ir = V; that is, in this model, the first conjunct
in (27) is true. At the same time, however, there is a variable assignment which
renders the second conjunct, « is hungry, true. So, [ = is hungry |ap # 0. Thus, by
(28.3), [ Jz (z is a man A z arriwved) A z is hungry |ar # 0. In other words,
the formula in (27) is not false in the model, contrary to one’s intuitions about the
sentence in (26).

The problem is not only that open formulae which are not substitution instances

"I omit individual constants from the language of CQL in order to simplify the presentation.
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of the tautologies and contradictions of classical propositional logic do not have a
truth value (relative to a model), but also that such formulae never have the values
of their free variables determined by the values of variables in closed formulae. The
reason for the latter fact is simple: when a closed formula is true, the variable
assignments which rendered it so are, as it were, washed out with the addition of
new, as it were, irrelevant variable assignments. Groenendijk and Stokhof (1991)
have found a way to circumvent these problems. Their basic idea is to redo the
clauses of (28) so that not only is the truth of a formula reckoned, but the variable
assignments whereby an open formula is rendered true are kept track of.

This is how they do it. As before, a model is a pair (U, i), where U is a non-empty
set, the universe, and i is a function whose domain comprises the predicates®, where,
if I is an n-place predicate, then i(II) € Pow(U™). Let V be the set of all variable
assignments. Then one defines | |3 as a function from formulae into Pow(V?) as
follows:

(29) Truth Clauses for a Model in DPL

Lo Oumln = {{9,9): (9(n),-..,9(vn)) €4(IT) }

2. I_‘alM {(gvg>: (gv h) = !a|M7 for no h}

3. la/\IB|M {<g7h> <gvk> € [OL] and <k7h> S ‘ﬁlM:
for some & }

4 lavBlu = {lg.g) either {g,h) € |l or (g,h) € B,
for some h }

I

5. la— Blm = {(g,9): for each h such that (g,h) € |a|u, there
is a k such that (h,k) € |8|a }
6. |Ivaly = {{g,h): glalk and {k,h) € |a|n}

7. Vv a|nr = {(9,9): for each h such that g[z]h, there is a k
such that (h, k) € |a|p }

A formula « is true in a model M if and only if {g: for some h € V,{(g,h) €
lelm} = V; and a formula o is false in a model M if and only if |a|pr = 0.
The first co-ordinates in the pairs of variable assignments which are assigned to
formulae in DPL serve the same purpose as sets of simple variable assignments in
CQL, namely, to keep track of truth and falsity; while the second co-ordinates serve
to furnish values to free variables in certain open formulae.

Let us reconsider the sentence in (26) and see how this aspect of DPL serves to
help the formula in (27) to mimic better the relation of antecedence in (26). Consider
again the circumstances in which there are at least two people, one of whom is not
hungry, the other of whom is a man, has arrived, and is hungry. Again, there is a
variable assignment in the model of the circumstances which renders the formula,
T s a man A z arrived, true. The clause in (29.6) assigns the formula, 3z (z is
a man A x arrived), a set of pairs of variable in which every variable assignment
in V' is paired with every variable assignment which renders the formula, z is a
man Az arrived, true. Thus, the first conjunct in (27) is true. Moreover, there
Is a variable assignment in the same model which renders the second conjunct,
z is hungry, true. Thus, by (29.1), it is assigned the identity graph over these
variable assignments. And finally, by hypothesis, the set of variable assignments
which render the open formula z is @ man A = arrived true is not disjoint from the
set of variable assignments which render z is hungry true. Therefore, by (29.3), the
conjunction of the existential closure of the first formula with the second formula is
true, since the composition of the former set of pairs of variable assignments with
Fhe second set yields a set of pairs such that each variable assignment in V' appears
In some pair. In other words, the formula in (27) is true in the model, in harmony

8 PR . .
Again, individual constants are omitted in order to simplify the presentation.
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with one’s intuition about the sentence in (26).

Consider again the circumstances in which there are at least two people, one of
whom is hungry but is not a man, the other of whom is a man and has arrived,
but is not hungry. Again, as before, there is a variable assignment in the model for
these circumstances which renders x is a man A z arrived true, and so, the clause
(29.6) assigns the formula 3z (z is @ man A z arrived ), a set of pairs of variable
assignments in which every variable assignment in V' is paired with some variable
assignment which renders the formula, z is a man A z arrived, true. Thus, the first
conjunct in (27) is true. The second conjunct also has a variable assignment which
renders it true. However, the variable assignments which render the formula, = is a
man A x arrived, true and the ones which render the formula, z is hungry, true are
disjoint. The conjunction of these two formulae is false according to (29.3), since
the composition of the former set of pairs of variable assignments with the second
set yields the empty set. In other words, the formula in (27) is false in the model,
again in harmony with one’s intuition about the sentence in (26).

Before returning to the question of how DPL treats the pairs of sentences in (4)
and (11), one should bear in mind that DPL and CQL agree, in every model, on
the truth and falsity of closed formulae and open formulae which are substitution
instances of classical propositional tautologies and contradictions; they disagree,
insofar as CQL fails to assign truth or falsity to the remaining formulae, whereas
DPL does assign truth and falsity to some of them.

Let us now turn to the sentences in (11). Their renditions into the language of
CQL are these:

(30.1) 3z z will win $1,000 V 3z - z takes part
(30.2) Fzz will win $1,000 V - z will take part

Since the first formula has no free variables, its truth-conditions are precisely those
of CQL. The second formula, however, has a free variable. Clearly, the pronoun
in the sentence in (11.2) has someone as its antecedent. By the semantics of DPL,
the permissible values of the pronoun, or the third occurrence of the variable z,
should be those values which render the open formula corresponding to the first
clause true. However, clause (29.4) does not make the choice of variable assignment
for the second disjunct dependent on the choice of variable assignment for the first.
In this way, DPL fails to permit the formula in (30.2) to mimic the antecedence
relation for the sentence in (4.2).

Like Kamp and Reyle, Groenendijk and Stokhof (1991: §5) are aware of the fact
that noun phrases without definite reference occurring in the first of two clauses con-
nected by or may, sometimes, serve as antecedents for pronouns occurring in the
second. To handle such cases, the authors suggest an alternative for clause (29.4)
which renders the choice of variable assignment for the second disjunct dependent
on the choice of variable assignment for the first.° The essence of the solution is
to define a dynamic negation and then to use the usual equivalences to define the
dynamic version of other static connectives. Dynamic negation, which we shall de-
note by the symbol ‘~’, is interpreted as complementation on Pow(V2). Internally
dynamic disjunction can then be defined as a U = ~ (~ aA ~ ().

The sentence in (11.2) is then rendered, not as in (30.2), but as in (31) below:
(31)  dzzwill win $1,000 U ~ z will take part

However, such a solution has the result that, when the semantics of DPL renders the
sentence in (11.1) true, it renders that sentence in (31) true, contrary to intuitions.

9For a full treatment of these and other related problems using DPL, see Dekker 1993.
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(See Appendix 2.)

Let us now turn to the sentences in (4). Their closest renditions into the language
of CQL are these:

(32.1) Vz z takes part — 3z z will win $1,000
(32.2)  z takes part — 3z z will win $1,000

Since the first formula has no free variables, its truth-conditions are precisely those
of CQL. The second formula, however, has a free variable. Clearly, the pronoun in
the sentence in (4.2) has someone as its antecedent. Again, however, the semantics
of DPL does not permit the formula in (32.2) to mimic the antecedence relation
found in (4.2); for, the clause (29.5) does not make the choice of variable assignment
for the protasis dependent on the variable assignment for the apodosis.

The obvious solution is to define a new connective which permits the suitable
dependence. Again, one can use dynamic negation to define such a new connective:
a+— f=~(~anp).

The sentence in (4.2) is then rendered, not as in (32.2), but as in (33) below:
(33) 3Jz z will win $1,000 « z takes part

Such a solution, however, renders both sentences in (4) as semantically equivalent,
contrary to intuitions. (See Appendix 3.)

In brief, then, DPL offers no improvement over the naive application of CQL to
the sentences in (4) and (11).

5 Descriptive Pronouns and Peirce’s Puzzle

What happens when the pronouns in the sentences in (4.2) and (11.2) are treated as
descriptive pronouns? To answer this question, one must first know what descrip-
tive pronouns are. As their name suggests, they are definite descriptions, albeit
degenerate ones. What that amounts to here'is this: a grammatically singular, de-
scriptive pronoun denotes the unique individual satisfying the term of its antecedent
and the open clause obtained by deleting its antecedent from the clause in which it
occurs. !0

To see how descriptive pronouns work, consider the following sentences.

(34.1) Harry bought a carpet and John cleaned it.
(34.2) Harry bought a carpet which John cleaned.

The first sentence implies that there is exactly one carpet relevant, while the second
does not. The semantics for descriptive pronouns delivers this contrast. In (34.1),
the antecedent of it is a carpet. The required open clause is Harry bought __. So,
the denotation of it is the unique carpet such that Harry bought it. This rule of
interpretation implies that the following is a good, though admittedly long-winded,
paraphrase of the sentence in (34.1):

(35) Harry bought a carpet and John cleaned the carpet Harry
bought.

How does this analysis apply to Peirce’s puzzle? Consider again the sentence in
(5.2). Here, the open clause is __ will win $1,000. The denotation of the pronoun
he is the unique person who will win $1,000. Under the circumstances of evaluation

190nly as much of the theory of descriptive pronouns is presented here as is necessary for the

treatment of sentences under examination. For a comprehensive presentation, see Neale 1990 ch.
5.
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specified by Read, the sentence in (4.2) need not be true: after all, the participation
in the sweepstakes of the person who will be the winner of a $1,000 should everyone
take part, is not itself sufficient for there to be a winner of a $1,000, since someone
else may decide not to take part, thereby reducing the winnings to less than $1,000.

The same considerations show that the sentence in (11.2) may be false, though
under the circumstances of evaluation the one in (11.1) is true, for the person who
will win the $1,000 should everyone take part, may participate and win, but not
win $1,000, because someone else does not participate.

In summary, the analysis of the pronouns in (4.2) and (11.2) as descriptive
pronouns shows neither the sentence in (4.2) is entailed by the one in (4.1) nor is
the one in (11.2) entailed by the one in (11.1), and thus Peirce’s puzzle is furnished
with an intuitively satisfying solution.

But the solution is not without its disappointing consequences. Recent advocates
of descriptive pronouns — for example, Neale (1990) — have maintained, with a great
deal of plausibility, that descriptive pronouns appear in syntactic configurations
disjoint from those in which bound pronouns appear.!?

Now, for a wide range of data, this disjointness seems to be the case. However,
if the correct analysis of the pronouns in the examples under investigation here is
that of descriptive pronouns, then this additional claim must be given up. The
following sentences are perfectly isomorphic syntactically,

(36.1) Each person will win if he buys a ticket.
(36.2) Some person will win if he buys a ticket.

yet the pronoun in the first is a bound pronoun, while the one in the second is a
descriptive pronoun.

As appealing as the would-be empirical generalization that bound pronouns and
descriptive pronouns occur in disjoint syntactic configurations might be, indepen-
dent evidence, brought to light by McKay (1991), has already overturned such a
generalization.!?

(37.1) Each man in the department thinks that he should attend
the meeting.
(37.2.1) Each man in the department thinks that they should meet.
(37.2.2)  Each man in the department thinks that the men in
the department should meet.

These sentences too are, in all relevent respects, isomorphic — in each case the
pronoun is c-commanded by its antecedent; yet the pronoun in the sentence in
(37.2.1) is a descriptive one, as borne out by its paraphrase in (37.2.2), whereas the
one iin the sentence in (37.1) is a bound pronoun.

Another disappointing consequence is that the descriptive content of the de-
scriptive pronouns found in the sentences in (4.2) and (11.2) is not exhausted by
the content of their antecedent clauses: in each case, the descriptive content of the
pronoun is subject to a subjunctive condition, namely, the condition that everyone
take part. Now, Evans himself recognized that descriptive pronouns may be used
without their content being exhausted by the content of their antecedent clauses.
Nonetheless, invoking such additional material without grounding its invocation in
empirically justified principles is certainly a weakness of the analysis. However, Em-
mon Bach has pointed out, independently of the facts under discussion here, uses

1 The claims are formulated in terms of the syntactic relation of c-command and involve details
of syntactic analysis which need not detain us here. See Neale 1990 Ch. 5.3 for details.
125ee McKay (1991) for different examples.
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of definite noun phrases whose meaning cannot be determined without invoking a
subjunctive, and even a counterfactual, condition.

(38.1) Jill died before she finished her dissertation.
(38.2) Jill died before she finished the dissertation she would have
written had she lived long enough.

(39.1) Fred prevented the fire.
(39.2) Fred prevented the fire which would have occurred had he not
acted in some way (evident from the context of use).

6 Conclusion

Three competing treatments of the problem of donkey anaphora have been exam-
ined in light of a puzzle due to Charles Peirce. I showed that this puzzle is not
one pertaining to the semantics of the English subordinating conjunction if, but
one pertaining to the correct analysis of pronouns with indefinite noun phrases as
antecedents, precisely the configuration of central interest to the study of donkey
anaphora. Peirce’s puzzle has brought to light inadequacies in the competing ap-
proaches to so-called donkey anaphora, though on the brief examination offered
here, it seems that the analysis in terms of descriptive pronouns has the advantage
over an analysis which employs the anaphoric devices of either DRT or DPL.

Appendix 1: The Equivalence of the Formulae in (3)

This proof involves three well-known equivalences:

1. “(aA=-B) < =(a—p)
2. Vu-p(p) < —3up()
3. W(sW) A1) < o) AVu—h(n)

The proof is as follows:

(3.1) Yvo(v) — 3uyp(u)
~(Yvo(v) A =3uy(p)) by (1)
(Vv o(v) AVp—p(p)) by (2)
Vv (¢(v) A—p(v)) by (3)
= (p(v) Ap(v)) by (2)
(3:2) I (s(v)— () by (1)

Appendix 2: DPL and the formulae in (30.1) and (31)

Exactly the same models render the formula in (30.1) true, whether it is evaluated
in terms of DPL or it is evaluated in terms of CQL, since the formula is closed. In
CQL, exactly the same models render the formula in (30.1) and the formula 3z (z
will win $1,000 V - x will take part). Finally, the truth of this last formula in CQL
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entails the truth of the formula in (31), as shown below. (In the proof below, ‘W’
stands for will win $1,000 and “T" stands for will take part).

Suppose 3z (Wz V —Tz) is true in CQL. Then, [3z(Wz V -~Tz)]m =V. By
(28.6), [Wz V =Tz ]ar # 0, and hence contains a variable assignment w. According
to (28.4), either w € [Wz |y or w € [=Tz]u-

CASE 1: Suppose that w € [Wz]a. Suppose further that, for some v in V, (v, w) ¢
|3z Wz U ~ Tz |ar. By the definition of U, (v,w) & | ~ (~ 3z Wz A ~~ Tz)|y.
Since dynamic negation is interpreted as complementation on Pow(V?), it follows
that (v, w) € | ~ 3z Wa A ~~ Tz |5, and further that (v, w) € [~ Iz Wz ATz |at-
Since, by (29.1), | Tz |m € Iy (where Iy is the identity graph on V2), it follows by
(29.3) that (v,w) € | ~ 3z Wz |u, and thus that (v,w) ¢ |3z Wz|m. By (29.6),
one concludes that (w,w) ¢ | Wz | However, by hypothesis, w € [Wz]a. And
so, by (29.1), (w,w) € |Wz|py. ;From this contradiction, it follows that, for each
vinV, (v,w) € |3z Wz U ~ Tz |p. Therefore, 3z Wz U ~ T'z is true in DPL.

CASE 2: Suppose that w € [=Tz]p. Then, by (28.2), w ¢ [Tx]|m. And, by
(29.1), (w,w) ¢ |Tx|p. Since dynamic negation is interpreted as complementation
on Pow(V?), (w,w) ¢ | ~~ Tx|p. Thus, for each v € V, (v,w) ¢ |~ Iz Wz A ~~
Tz|y. And so, for each v € V, (v,w) € | ~ (~ 3zWaz A ~~ Tz)|p. By
the definition of U, for each v € V, (v,w) € |JzWz U ~ Tz|p. Therefore,
Jz Wz U ~ Tz is true in DPL.

Therefore, whether w € [Wz |y or'w € [~ Tz ]ym, 3z Wz U ~ Tz is true in DPL.

Appendix 3: DPL and the formulae in (32.1) and (33)

The formulae in (32.1) and (33) are rendered true by exactly the same models. Since
the formula in (32.1) is closed, precisely the same models render it true, whether
it is evaluated in terms of DPL or it is evaluated in terms of CQL. Moreover, in
CQL, exactly the same models render the formula in (32.1) and the formula 3z (z
will take part © — = will win $1,000). Finally, precisely the same models render
true this formula in CQL and the formula in (33) in DPL, as shown below. (In the
proof below, ‘W’ stands for will win 81,000 and ‘T’ stands for will take part).

= Suppose 3z (Tz — Wz ) is true in CQL. Then, [3z(Tz — Wz)]m = V. By
(28.6), it follows that [Tz — Wz ]p # 0, and hence contains a variable assignment
w. According to (28.4), either w € [Wz ]y or w € [Tz ]nm.

CASE 1: Suppose that w € [Wz]p. Suppose further that, for some v in V, (v, w) ¢
|3z Wz «— Tz|y. By the definition of —, (v,w) & | ~ (~ JzWz A Tz)|y.
Since dynamic negation is interpreted as complementation on Pow(V?), it follows
that (v,w) € | ~ 3xWz ATz |p. Since, by (29.1), | Tz |y C Iv (where Iy is
the identity graph on V?), it follows by (29.3) that (v,w) € | ~ 3z Wz |nm, and
thus that (v,w) ¢ |3z Wz |p. By (29.6), one concludes that (w,w) & |Wz|a-
However, by hypothesis, w € [Wz]p. And so, by (29.1), (w,w) € | Wz |a. (From
this contradiction, it follows that, for each v in V, (v,w) € |Fx Wz — Tz|m.
Therefore, 3z Wz « Tz is true in DPL.

CASE 2: Suppose that w € [~ Tz ]ar. Then, by (28.2), w ¢ [Tz ]nm. And, by (29.1),
(w,w) ¢ |Tz|ps. Thus, for each v € V, (v,w) & | ~ 3z Wa ATz |y. And so, for
eachv € V, (v,w) € | ~ (~IzWz ATz)|n. By the definition of «, for each
veV, (v,w) € |3z Wz « Tz |p. Therefore, 3z Wz «—~ Tz is true in DPL.
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Therefore, whether w € [Wz]p or w € [Tz |y, 3z Wz + Tz is true in DPL.

< Suppose 3z (Tz — Wz) is false in CQL. Then, [3z (T2 — Wz )|pm = 0. So,
[Tz]pm =V and [Wz ]y = 0. On the one hand, since [T'z]|y = V, it follows by
(29.1) that | Tz |pr = Iv (where Iy is the graph of the identity relation on V). On
the other hand, since [Wz |y = 0, it follows, by (28.6), that |3z Wz |y = 0, and
it follows further, by the definition of dynamic negation, that | ~ 3z Wz |y =
V2. Now, since | ~ 3z Wzly = V2 and |Tz |y = Iy, it follows by (29.3),
| ~ 3z Wz A Tz|y = Iy o V2?2 = V2. And so, according to the definition of
dynamic negation, | ~ (~ Jx Wz ATz )|y = 0. But, by the definition of «, it
follows that |3z Wz « Tz )|ps = 0. Therefore, 3z Wz « Tz is false in DPL.
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Dynamic Epistemic Logic
Willem Groeneveld

University of Amsterdam

1 Introduction

Epistemic Logic, broadly conceived, studies the logical properties of expressions like
‘to know that’, ‘to believe that’, ’to have the information that’.! The normal way
of approaching this problem is to extend propositional logic with a unary sentential
operator. The logical behavior of this operator can then be fixed by a set of axioms,
or by a semantics for the operator, and preferably by both. The objective of this
paper is to extend epistemic logic to a system that takes account of changes in
knowledge, or belief, or information.

There are two main motivations why such an extension of epistemic logic is
desirable. First, it is just a fact of life that knowledge, or belief, or information, is
not constant, but changes. Without this dynamic aspect there would almost be no
point in reading, or in doing an experiment, or in teaching (and so on). Thus, an
epistemic logic that also takes account of the aspect of change can be expected to
be applicable to a wider range of problems.

The second motive I have for a dynamic extension of epistemic logic is based
on the expectation that such a logic will be a suitable basis for a system of formal
pragmatics. By the latter I mean a logical framework for studying information ex-
change, as it occurs in human conversation, or in message transmission by electronic
devices. The theory of information exchange of the kind I envisage will provide at
least the following three features. It will be

e Dynamic: sentences are interpreted as functions on information states
e Multi-Agent: there are at least two agents

e Higher-Order: information states of actors not only specify information
about the world but also information about the other actors information states

This full program, of developing an epistemic logic that is multi-agent, dynamic and
higher-order, followed by a use of this logic in a system of information exchange,
will not be realized in this paper. Here I will only deal with the first stage, and even
there I will mainly discuss the problem of defining a reasonable notion of update
over higher-order information states of one actor. It will turn out that this is already
a non-trivial problem.

I propose the following syntax of the language of dynamic epistemic logic (DEL).

Definition 1.1 (Language of DEL) Let A, P be non-empty sets, of actors and
propositional atoms, respectively. Then the language of Dynamic Epistemic Logic,
DEL(A,P), consists of the formulae ¢ defined by

$u=p | ~ | 1A do ! Oa¢ | [¢1]a¢2

where p € P, a € A. The classical fragment of this language, which consists
precisely of the formulae built up from atoms, —, and A only, is called £y. The
connectives L, T,V, —, <, <& have their usual classical definitions. m]

The intended interpretation of O, ¢ is that agent a has the information that ¢.
The intended meaning of [¢1],¢2 is that an update of a’s information with ¢; results

!The classic of epistemic logic is [Hin62]; see [FHMV95] for a recent monograph.
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in a situation where ¢ is true. Note that the language of DEL is simple extension
of the standard language of epistemic logic, and that it is also very similar to the
language of Propositional Dynamic Logic.

The remainder of this paper is devoted to the problem of finding a suitable
semantics for the language DEL.?

2 Constraints on Updates

Before we face the task of defining a semantics for DEL we take an abstract per-
spective and try to formulate desiderata for a general theory of Dynamic Epistemic
Logic. I will do this by making some minimal assumptions about the form of the
truth definition for formulae of DEL. I will then list some principles in the language
of DEL that come out as valid under these minimal assumptions. Finally I discuss
some extra postulates on updates that seem reasonable, and try to determine which
extra assumptions on the semantics are needed to validate the extra principles.

The language of DEL of definition 1.1 contains only one extra construction
compared to the standard vocabulary of modal logic: the formulae of the form
[¢]®. The intended interpretation of this formula is that after the update with ¢,
9 is true. The following minimal assumptions about the semantics will make this
work. Consider structures of the form

(8, (Ry)¢enEL, R, V)

The set S consists of ‘informational situations’, that determine facts and informa-
tion. Relative to these situations we assign truth conditions to formulae. V is a
valuation function that (totally) interprets atomic formulae in states in S. The
Boolean connectives receive the classical truth conditions. R is a binary relation
over S, to which the meaning of the O relates in the same way as in standard modal
logic. And for each ¢, Ry is also a binary relation over S, which is called the update
relation of ¢. The truth conditions for update modalities are then given by

sk [Qly iff VE: if SRyt then t =1

The idea is that sRgt means that s is just like ¢ except that the information in ¢ is
the information in s updated with ¢. The real problem of this paper is of course to
arrive at a concrete definition of Ry. However, in the present section we will take
an abstract approach, by reviewing ways in which axioms in the language of DEL

can constrain these relations R4.
The first constraint we consider does not put a restriction on the class of struc-
tures: the O, as well as the expressions ‘[¢]’ behave as normal modal operators:

Normality

e if = 1) then F Oy
e FO(Y —x) — (0¥ — Ox)
e if = 1) then = (@]
o F[BI(¥ = x) = (I¢l¥ — [¢]x)
(Here = means true in all situations in all structures.) For this reason we will from

now on refer to the expressions ‘[¢]” as ‘update modalities’.
Next consider the constraint that updates are functions. This is expressed by

2The present paper is a shortened version of chapter 4 of [Gro95]. For proofs I refer the reader
to that chapter.
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Functionality F —[g]y) « [¢]-y

From' now on we will assume this constraint, and use [[¢] to refer to the update
function for ¢. The semantic clause for update modalities can then be rewritten as

s = (8] iff s[g] o

where we haye used the postfix notation s[¢] for the result of applying the function
[#] to s It is then clear that [$])) means that after the update with ¢, 9 is true.
And if we want updates to change information only, and not facts, we will have

Information Change Only k 1) « [@]4, if 1 is classical

Here % is classical if it does not contain O or []. We will refer to the three prin-
ciples of Normality, Functionality, and Information Change Only, as the Minimal
Principles. 7

If we want more constraints, one line of thought is to look at Veltman’s update
semantics [Vel91], which defines a notion of updates over first-order information
states (sets of possible worlds), and generalize some of the properties of these up-
dates to a higher-order setting. Y

Eliminativity = [¢]0Oy — Oy

Success F [¢]0¢

Consistent Elimination F [¢]0y — (¢ A )

Minimality F O(¢Ay) — [g]ow

Ramsey Test = O(¢ — 1)) < [¢]0¢

Information Increase k= O¢ — [¥]O¢

Descriptive Information Increase O¢ — [¢]0g, if ¢ is classical

Informational Equivalence = 0(¢ « P) — ([¢] X < [¥]x)

The Eliminativity constraint expresses that a possibility that is present after an
update, must have been there before the update. Success expresses that after an up-
fiate with ¢ you have the information that #. The import of Consistent Elimination
is .th.at only possibilities remain that are consistent with the new information. And
Minimality expresses that updates are minimal information changes: they preserve
all possibilities that are consistent with the new information.

Some connections between these principles are:

Lemma 2.1 Given the Minimal Principles,
1. Eliminativity and Success imply Consistent Elimination, and vice versa.
2. Minimality and Consistent Elimination are equivalent to the Ramsey Test
3. The Ramsey Test implies Success

4. Consistent Elimination implies Success [m}

However, although this list of extra principles may be reasonable if we onl
cons@er a change of first-order information, in case of higher-order informatioI}:
the situation is different. Consider the principle of Information Increase, which
expresses the most central idea of updates, that they increase informatio’n But
in the case that ¢ itself expresses higher-order information, especially some I;ick of
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information as in the case that ¢ = —0p, this odd. We certainly have a strange
agent if he cannot learn that is raining, for the very reason that he initially is aware
of the fact that his information about the weather is inconclusive! This shows that
we may want to weaken the principle to Descriptive Information Increase, which is
unproblematic.

It is possible to extend the minimal assumptions we have been making on the
structures for DEL in such a way that the postulates all come out as valid. In fact we
can see the full list of the above principles as giving a characterization of the notion
of eliminative update. A concrete example of such a logic, called Eliminative K, will
be developed in section 3. In this semantics the simple eliminative update strategy
of Update Semantics is generalized to a setting with higher-order information. As
we just observed, this strategy has some undesirable effects. In section 4 we will
therefore look at an alternative semantics, which will rely on a notion of conscious
update. Such an update can be informally described as a process of ‘knowingly
changing one’s mind’, in which the new information is also reflected at higher-order
levels.

3 Eliminative Updates

For an eliminative semantics for DEL the most obvious choice of structures to
consider are the standard Kripke models for epistemic logic. However, it turns out
that Kripke models are problematic for a definition of update. The reason is that
in a Kripke model, worlds or arrows (or whole constellations of these) may play
more than one role. For example, a world (or an arrow) may be relevant for the
determination of first order information and at the same time for the determination
of higher order information. This means that an update with a piece of information
of order k may have an undesirable side effect on the information of order n.® Thus a
type of structure in which the different levels of higher-order information are clearly
separated seems more suitable. The modal structures developed by Fagin and Vardi
in [FV85] (also see [FHVO1]) provide such a hierarchical structure.

By way of informal introduction to modal structures, consider the notion of
information in update semantics, where an information state is a set of possible
worlds. This set of world is intended to model the information an agent has of the
real world. A generalization of this schema could be: information about an object
z of type « is a set of things of type «, namely those things you cannot distinguish
from x on your current information. We can use this general scheme to define what
higher-order information is. Given a set of possible worlds W, define

Iy = Pow(W)

Zpnt1 = Pow(Z,)

So first-order information is information about the real world, and consists of a
set of possible worlds. Second-order information is information about first-order
information, and consists of a set of first-order information states, so it is a set of
sets of possible worlds. And so on. We can then define an information state as
an information function that determines for each natural number n an n-th order
information set:

f(n) €I, foralln €w

Unfortunately this proposal is not correct, since it does not deal properly with
connections between higher-order and lower-order information, as was observed in

3See[Gro95], pp. 129-140 for an extensive discussion of the problems with Kripke models.
4See [HD89] for some useful observations on the connections between Kripke models and modal
structures; also see [Gro95], pp. 141-149.
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[FHV91].5 For example, a ‘mixed’ sentence of the form p vV Og will be problematic.
If f is an information function, then the first disjunct p will relate to f(1), but the
second disjunct Og will relate to f(2). But f(1) and f(2) are in principle unrelated.
This is wrong because the most natural reading of pV Oq is as a connection between
first and second order information. 6

A possible repair is to add the missing links between higher and lower order
information. As the example suggests, second order information should be seen as
information about the individual worlds in the first order information set rather
than as information about the first-order set as a whole. This can be achieved by
defining second order information as

I = Pow(W x Pow(W))

So second order information is information not only about first order information,
but about possible constellations of facts and first order information.”

This view on higher-order information can be generalized to higher levels: n+1-
th order information is an n+ 1-ary relation between facts and 1st order information
and ...and n-th order information. Formally:

I, = Pow(W)

Tn+1 = Pow(W x Iy x --- x Ip,)

Now this recursion matches exactly the 1 agent case of the definition of modal
structures. For the Multi-agent case the definition runs as follows.

Definition 3.1 Let P be a set of propositional variables, A be a set of actors. The
set of possible worlds for P is W = Pow(P). Informational situations of any finite
order, and Information assignments of finite order > 1, are inductively defined as
follows:

e So=W

o I,11 = Pow(Sp)*

© Spi1={(50,%1,--1int1) € So X It X ... X Lny1|EXTy11(S0,%1, - - -y int+1)}
Here the clause EXTp4+1(80,%1,---,int+1) ist

Extension for alla € A, and for all k with 1 <k <n+1:
(o, - -, Jr—2) € ix—1(a) iff Fjx_1: (Jo,---,Jk—2,Jk—1) € ir(a)

A information structure is an w-sequence (Sg,%1,...,%,...) such that for each n,
its initial (so,%1,...,%n) is an n-th order situation, that is, a member of S,. S, is
the set of all information structures. O

Notice that the objects we call information structures are formally identical
to what are called modal structures in [FV85, HD89]. This is motivated by the
informational perspective of our investigation. I also chose for the term ‘situation’

5The authors mention this in reference to the paper [VEBGS81], where essentially this notion
of higher-order information is employed.

SThis does not strictly follow, but is nevertheless almost unavoidable. Suppose we define a join
on information functions by pointwise union: fU g = Ai- f(i) U g(i). Suppose moreover we use
this join to interpret disjunction: f[pV Og] = f[p]U f[Og]. Finally suppose that the p-update only
effects f(1) and the Og-update only effects f(2), and that both updates result in a subset of the
level on which they act. Then it follows that for all f, f[pV Og] = f, so pV Ogq is always accepted.
This is clearly wrong.

7 An update with a mixed formula of the form pV Og will now be unproblematic. From a second
order information state ¥ C W x Pow(W), the update will eliminate those pairs (w, o) such that
eitherw ¥ por v eo:vEq.
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rather than ‘world’ since I think the phrase ‘informational situation’ sounds more
natural than ‘informational world’. However, we will not conceive of situations as
being partial in same the sense as in Situation Semantics (see [BP83]). That is, our
situations completely determine what the facts are.

Also note that the indexing regime in definition 3.1 works as follows: a situation
of order k is a k + 1-tuple, and specifies the facts and the information up to and
including order k. So the order of a situation corresponds to the maximal order of
the information that is specified in that situation.®

Here is a situation s of order 3:

W, {w,v}, {(WJW’V” } {(w,{w,v},«w,{w,vn,(v, o) } )

(v,2) (v,2,2)

For convenience we have chosen a one agent case, so we in fact need not mention
the agent. Suppose p is false in w but true in v. Since w is the first constituent of
s and determines the facts of s, p is not true in s. The second constituent of s, the
set {w, v}, determines the first-order information that our anonymous agent has in
s. This first-order information consists of the ways in which she thinks the facts
of the situation she is in may be. Because p is false in w but true in v, she does
not have the information whether p. Her second-order information is determined
by the second constituent of s, {(w, {w,v}), (v,0)}. This information concerns the
ways in which she thinks the facts and her first-order information may be. She
sees two possibilities: one in which p is false and she does not have the information
whether p (the first-order situation (w, {w,v})), and one in which p is true but her
first-order information is inconsistent (the option (v, 0).).

The idea of the Extension Constraint in definition 3.1 is that a higher-order in-
formational option refines some lower-order option, and that any lower-order option
is refined by some higher-order option. This is also be illustrated in the example.
Consider the second-order option (w,{w,v}). This option extends the first-order
option w, and is extended by the third order option (w, {w, v}, {(w, {w,v}), (v, 0)}).
Likewise, the second-order option (v, ) extends v and is extended by (v, 0, ).

In the multi-agent case, the structures become a bit more complex. Roughly,
whenever we have a k-th order information set in the one agnent case, we now have
a function from actors to k-th order information sets.

Before we turn to a formal definition of eliminative updates over information
structures, we briefly discuss an example of such an update (again for the one-agent
case). Consider the following third order situation, with w ¥ p, v = p. Then an
update with p can be pictured as follows:

elimination restore extension

y T

- BV}' {I(w,{W.v})I}' {kw,{w,v}.{(w,{W.v}),(V. @)})]}) - s

(v,2) v,2,2)

U

wih{ wo } fwoer }) - stren

The update with p is first carried out eliminatively on level 1, and then the higher-
order levels that have lost their first order basis are also removed. Likewise, an

8This differs from the usual way of indexing, for example in [FHV91], in which a k-ary world
is a k-tuple that specifies the facts and the knowledge up to and including order k — 1.
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update with Op will first act on level 2, but consequently the options at level 1 that

have lost their higher-order extension, as well as the options at levels higher than 2

that have lost their basis, have to be removed by a extension restorement operation.
We now turn to a formal definition of eliminative updates.

Definition 3.2 (Notations)
e If s is an n-tuple and i < n < w then s; is the ¢ + 1-th constituent of s.
e If s is an n-tuple and k < n < w then (s)k = (80 - ,58)-

e If s is an w-sequence then s will also be written as (8)w- ]

So for an n + I-tuple s we have s = (so,...,s,) = (8)n-

Definition 3.3 (Eliminative Information ordering) Lets,t € Sy, a € A. then
sla]t iff so = to and for all b € A with b #a, and all ¢ with 1 < i <k, sk(b) = ti(b).
Then define s is at least as strong as ¢ for a, notation s C. t, if sfa]t and for all 4
with 1 <14 <k, sg(a) C ti(a). 0

So s[a]t means that s and ¢ differ at most in the information assignedtoa. sC, t
means that the information of actor a in s is at least as strong as the information
of a in ¢, while in all other respects, s and ¢ are the same. Again this information
ordering corresponds to an eliminative view on information growth: to have more
information is to have less options.

Definition 3.4 Let s € Sy, t € Sp, k < n. Then ¢ extends s, notation s < t, if
(505---,8K) = (o, - - ., tk)- o

. The operation ey of the next definition does the following: given an i C S,,_1,
Le. i s a piece of n-th order information, we set the n-th order information of actor
a to i, and then restore the extension constraint.

Definition 3.5 (Revision and Extension Restorement) let s € S, i C S, 1,
n <k, a € A Then s revised by i for a (at level n) is defined as the sequence
s o} i = (to,...,tx), where

L] S[a](to, cee ,tk)

° if1§j<nthentj(a)={s'€sj(a)[3t’€i:s’§t’}

tn(a) =1

oifn<j§kthentj(a)={s’€sj(a)[3t’ei:t’§s’} ]
Lemma 3.6 letseS’k,tESm,igSn_l,nSkSm,aeA.

1. If i C s,(a) then (s o2 i) € Sy .

2. If 1 C sp(a) then s o2 i C, s.

3.Ifs§tthenso,“li§t0%i. m}

Definition 3.7 (Modal Degree) #(p) =0, #(-¢) = #(¢), #(0,4) = 1
#01) = maz (), #0). #a) = mas 40) £ L) O

We are now ready to define the semantics:

Definition 3.8 (Semantics) Let s € Sj. Then truth in s for formulae of degree
< k is inductively defined by:
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1. skEpiffpe sy
2. sE-¢iff s ¢
.sFEoAYiIff sEPand skEY

- W

. sEOu¢iff foralltesg(a):tEe

5. s [¢lat iff s 02 [¢],* = 1), where n = #¢ + 1, and
[81,° = {t € sporr(a) | t - 4} o

Cluases 1 to 4 are just the standard semantics for modal logic on modal struc-
tures (see [FV85] or [FHVO1]). Clause 5 expresses, modulo some notation, that
[¢]a® is true if and only if 9 is true after the update of agent a’s information with

The following is a simple generalization to the language of DEL of the Extension
lemma of [FHV91].

Lemma 3.9 (Dynamic Extension Lemma)
For all formulae ¢, all k,n with #¢ <k <n,and all s€ S,: (s)py Eoiff skE¢. O

So the truth of a sentence of degree k is settled at level k, and the levels of order
higher than k are irrelevant.

Definition 3.10 (Validity)
1. If s € Sy, then s = ¢ iff (s)pp = ¢

2. Let T" be a set of formulae. Then I' Fppx ¢ if and only if for all s € S, if
s 1 for all ¢ € T, then also s F ¢. m]

It turns out that Fppx has a fairly simple axiomatization.

Definition 3.11 (MEK) The system MEK (Multi-Agent Eliminative K) is de-
fined by the following axioms and rules.

Axioms

A1l F ¢, if ¢ is valid in classical propositional logic
A2 F Oq(¢ — ) = (Oagp — Oath)
A3 F [Xa(d = ¥) = ([X]ad — [Xa¥)
A4 - S[Plat) < [pla—
A5 p > [¢lap, if p is an atom
A6 [¢]aCatp — Calp A )
AT FOu(p A1) = [$laCath
A8 FD0u(¢ « ¥) = ([8lax < [$laX)
A9 + (¢4 o Oy, ifa £ b
Rules
MP ¢, ¢ -9+ ¢
NecO if - ¢ then - O,¢
Nec[] if - ¢ then F [§)]a¢ O
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Note that axioms A2, A3, and the rules NecO and Nec[-] together are the Nor-
mality constraint from section 2; A4 is the Functionality principle, A5 is Information
Change Only, A6 is Consistent Elimination, A7 is Minimality, and A8 is Informa-
tional Equivalnce. Axiom A9 is a Privacy Axiom; its content is that if @ and b are
different actors, then a change of a’s information will not change the information of
b. For the one agent case axiom A9 becomes void and drops out. In that case we can
also omit all subscripts on both the static modalities and the dynamic modalities.
We leave it to the reader to check that all principles of section 2 that are not listed
as axioms here, are derivable.

Theorem 3.12 (Completeness) I' Fypx ¢ if and only if T' = ¢. O

We sketch the proof of the completeness theorem, because surprisingly, M EK
appears to be translatable to multi-agent K. We first define the embedding degree
of update modalities as follows.

Definition 3.13
1. e(p) =0
2. e(—¢) = e(¢)
3. e(¢p A¢) = maz(e(9), e(¥))
4. e(0ag) = e(4)
5. e([¢lat) = maz(e(4), e(¥) +1) o
Next we reduce the embedding degree e.
Definition 3.14
Lp*=p
2. (-¢)" =~(¢)"
3. (@AY) = 9" AY"
4. (Oag)” = Dag”
5. ([#la®p)* is defined via a subinduction on :

(a) ([¢lap)* =
(b) ([¢]aﬂ¢) ~([¢la¥)”
(¢) ([Bla(vor A o))" = [¢] ¢1) A ([¢latp2)”

)
@ (o ={ 200 ey HeZd

(e) ([Blal¥rlorsa)* = [¢*]a([vh1]orh2)* =
This operation preserves equivalence:
Lemma 3.15 For all ¢, Fypi ¢ «— ¢*. O
The operation also reduces the embedding degree:
Lemma 3.16 For all ¢, if e(¢) > 1 then e(¢*) < e(¢) O

Repeated application of the previous lemma shows that we can get rid of update
modalities altogether.
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Lemma 3.17 For each ¢ there exists a 104

ad F 0 that does not contain update modalities,

]

From this lemma we can derive

: theorem 3.12 i
mlthagont K 1 s o as a corollary, using the fact that

’ te for inf i
details of the proofs I refer e Information structures (see [FV85]). For

o : : [Gro95).
e conclude this section listing two Permutation Principle for MEK.

Proposition 3.18
L FMEK [0 A Ylax o [1h A ®lax

2. Fuek [Blallox © []o[dlax 0

These observations show that A/ EK is not dynamic in the sense of either Dy-

namic Pfedi@te Logic ([GS91]) or Update Semantics ([Vel91]), since 1 shows that
conjunction is not ordersensitive in M EK , and 2, which also };olds if a = b, sh
that the order of updates is not important in MEK. S

4 Conscious Updates

If an agent updates her information
might be’ in which p is false, accordi
such an agent will do nothing more

with p she will discard all ‘ways the situation
ng to. the eliminative view on updates. In fact
than just that. We have for example that

FumEex O(=0p A —~0-p) — [pjOL

ent who knows that his information whether p
y learn p. But for an agent who is aware of the

tlllat p- Such a conscious update
higher-order levels.

One way to explain this higher-
update’, in which the higher-order
update with p can modeled as an e

order reflection, is by an ‘iterated eliminative
a}da‘ptation is also purely eliminative. Such an
liminative update with p followed by an elimi-
be called a conscious eliminative update of level
of level 2 would also take account for the extra
be modeled as the composition of eliminative

und . . .
pdates with p, Op and OOp. The limit of this sort of awareness is of course an

adaptation through all finite levels
An example of a conscious eliminative update of level 2 is;

eliminative [Opupdate

/ /

w, ‘"H’ {} mnummmmml
, mnu!nmmmmml

NN\

eliminative p - update

:\(/:s:i]e;tyve as.sulne? that. ulkEp, vl p After restoring the Extension Constraint the
ng situation will be (w,,,0). Of course these conscious updates of finite

level can simply be modeled as ite i i
a finite iteration of the eliminati
defined in the previous section. St
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However, this proposal cannot be a sensible explanation of conscious update.
Consider an initial situation in which both =Op and —=O-p are true. So our agent’s
information does not determine whether p. Moreover, assume she has the informa-
tion that this is so: O-0p and O—~0O-p are also true. Then the agent has, in a sense,
introspection about the proposition p, but we need not assume she has introspection
in general. It just happens to be the case that for this particular proposition p, she
is well informed about her own (lack of) information about it. This is a situation
in which the agent is aware of the fact that she lacks the information whether p. It
is also the typical situation in which we want to grant her the possibility to come
to have the information that p and be aware of it. Now an ‘eliminative conscious
update’ denies her the possibility of consciously coming to have the information
that p: since initially all her informational options will satisfy =Op (because O—Op
is true), the eliminative adaptation to Op will remove all options, leaving her with
nothing. This cannot be right.

So we have to look at a non-eliminative way of incorporating the higher-order
reflection of the update. This can be achieved by explaining the higher-order adap-
tation not as a simple elimination but rather as an adaptation of all remaining
options. In such an update with p, all ~p options will be discarded, but the remain-
ing p-options will also be updated with p, as in:

embedded update

o, fp, § ol {(u.«u,ﬂ.((u,«u,ﬂ),m
' H"{}- ’

NN\

eliminative update

were we again assume that u = p, v ¥ p. The resulting situation will then be
(w, {u}, {(u, {u})}, {(u, {u}, {(v,{u})})}). This operation is not eliminative any-
more since we internally modify the options. However, elimination still serves as a
guiding idea, since the modification is in fact a form of ‘embedded’ elimination.

It is possible to define a notion of conscious update on arbitrary information
structures. Nevertheless, we will not do this, but restrict ourselves to the case of
an agent that has introspection. The reason for this is that is that it is a strange
agent that has a ‘dynamic awareness’ in the sense that she is able to reflect new
information correctly at higher-order levels, but has no ‘static awareness’ in the
sense that she may be disinformed about her own information. For one thing, how
is she able to correctly reflect the new information at higher-order levels if she can
be totally mistaken about what here higher-order information actually is?

It is possible to use information structures to model introspective situations.
However, at least for the one agent case, there is no real advantage in doing so. If s
and t are information structures that satisfy Introspection, in which the facts and
the first-order information are the same (so so = tp and s; = t1), then in fact s = t.
This greatly simplifies the way in which we can model the higher-order adaptations
for conscious updates: they are in fact completely determined by the first-order
level. That is, if a notion of conscious update preserves introspection, only the
first two constituents of the structure will be relevant. Then we do not have to
bother about defining an infinitary adaptation mechanism through all levels, but
can confine ourselves to the first-order level.

At a intuitive level, it is correct to assume that a conscious update will preserve
introspection. An agent that is currently correctly informed about her information,
and is also capable of a conscious strategy of dealing with new information, in the
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sense that she reflects the new information correctly at higher levels, will remain
introspective.

Paradoxically, then, an introspective agent can correctly reflect new information
on higher levels by not representing these higher levels at all. The intuitive idea is
that an introspective agent is not so much characterized by having some particular
state of mind. Rather, we should see an introspective agent as having the abilityof
correctly reflecting on what her information is. She can therefore always calcu-
late correctly what her higher-order information is from her first-order information.
Since she knows that she has this ability, she has no need for explicitly keeping
track of her higher-order information. When she gets new information, even if this
new information is itself higher-order, she can just calculate what this means for
her first-order information, and adapt that if needed. After that, she will still have
her special ability, and introspection is ‘automatically’ preserved.

These considerations show that for conscious updates for one agent with intro-
spection we can in fact make do with very simple structures.

Definition 4.1 (Semantics of CK45) As usual, let P be the set of atoms, W =
Pow(P) be the set of possible worlds, & = Pow(W) be the set of information
states. A situation is a pair (w,o) of a possible world and an information state.
We define the truth relation = between situations and formulae, and functions o]
from information states to information states by a simultaneous induction.

1. (a) (w,o)Epiffpew
(b) olpl ={w € o |pew}
2. (a) (w,0) F—¢iff (w,0) ~ ¢
(b) o~¢] = o\ of4]
3. (a) (w,0) FpAYiff (w,0) F ¢ and (w,0) =
(b) alp Ayl =alg] Nnofw]
4. (a) (w,0)FOgif Vweo: (v,0)F¢
o ifofd)=0c
(b) o[O¢] = { 0 otherwise
5. () (w,0) = (B9 ff (w,0[4]) -
- _Jo ifVweo: (v,o]¢]) F
(b) ofiglv] = { 0 otherwise Caslol) =

Validity is defined as preservation of truth: T' ¢ k45 ¢ if and only if for all situations
(w,0) such that (w,o) k4 for all ¢ € T, also (w, o) E¢. O

Basically, CK45 is Veltman’s definition of update semantics, embedded in a
semantics for the richer language of DEL. We leave it to the reader to verify that
defined connectives like ¢ and V receive their natural meaning, both statically and
dynamically. So the < is statically the dual of the 0, and also dynamically, since
it is the consistency test dual to the test O¢. And Vv corresponds to ‘or’ statically,
and to union dynamically.

An important distinction with the semantics for MEK is that we have defined
the updates directly on the syntactical structure, instead of defining them indirectly
via the truth conditions by the stipulation

ol¢l = {we | (w,0) ¢} (TC)

We made this choice, firstly, because it is possible, due to the nice Boolean structure
over the information states. Secondly, it almost makes no difference. And thirdly,
the case in which it does make a difference is intuitively justified.
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Lemma 4.2 Define an operation ® by: p® = p; (=¢)* = —(¢°); (¢ AY)* = ¢° AP
(09)* = 0¢*; (44" = Olgl. Then: og] = {w € o | (w, o) - ¢°}. 0

The only thing that the operation ° does is to prefix update modalities with a
0. Hence if ¢ does not contain update modalities, ¢* = ¢. So for these formulae,
the correspondence (T'C) holds.

The update clause for formulae of the form [¢]y is the reason that (T'C’) does
not hold in general. But this update clause fits the intuitive conception of the kind
of agent we intend to describe. This is an agent with the ability to correctly reflect
upon her information, and who also knows that she has this ability. Therefore, she
will interpret a sentence of the form ‘after an update with ¢, ¥ is true’ as a test.
She will simply check whether all situations she may be in, are such that after she
learns ¢ in that situation, ¥ will be true. Due to the nature of introspection, in an
information state o, the set of all pairs (v, o) for v € o are the situations she think
possible.

A second issue about definition 4.1 that is worth some discussion is the extent to
which the updates can really be called ‘conscious’. After all, the updates look very
eliminative, since we always have o[¢]] C 0. But note that the semantics realizes a
higher-order reflection in the following sense. For formulae ¢ that do not contain O
or update modalities, updates are Hyper Successful:

if ¢ € Loy, then for alln >1; = [¢|0"¢
where O™ is O iterated n times. On the other hand Success does not hold generally:
not for all ¢, = [¢]0¢

We do have that if ¢ is Successful, then it is Hyper Successful:
F[¢]0¢ — [¢]0"¢

The latter is due to the fact that the semantics validates the Positive Introspection
axiom, from which it follows that = O¢ — O"¢, and then by [¢]-Necessitation and
[¢]-distribution we have = [¢]0¢ — [¢]0™¢. This contrasts with Eliminative K,
where we do have Success for all formulae, but we do not have Hyper Success, not
even for L formulae.

That Success fails, may be seen by considering the formula —p A Op. This
formula is statically consistent, since there are w,o with (w,0) E —-p A Op. It is
also dynamically consistent: there are o with o[[-p A Op] # 0. On the other hand,
there are no w, o # 0 with (w, o) = O(=p A Op). So we have here a sentence that
can be true, can be ‘learned’, but cannot be ‘known’ consistently. This may seem
odd, but it is just right. First, it is clear that an introspective agent cannot have the
information that both —p and ¢p (by positive introspection). Second, an update
with —p A Op can have two effects: either o[-p A Op]] = 0 or o[-p A Op]] = o[[-p].
In the former case, the information has become inconsistent, hence we have a trivial
higher-order reflection. In the latter case, the information that —p will of course
obstruct a consistent second update with <p.

One of the consequences of the failure of Success is that the Ramsey Test, O(¢ —
1) < [¢]09, will not be valid either, since we will of course have F O(¢ — ¢). Now
the Ramsey Test was one of the driving forces in the reduction of M EK to K. This
means that if there is a reduction of CK45 to K45, then this reduction will be of a
different kind. It is at present unclear if such a reduction exists. However, a direct
completeness proof for CK45 is possible.

Also observe that the formula ¢ = —p A Op shows that we do not have Idempo-
tency:

not for all ¢, o[[¢]|[¢] = o[¢]
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On the other hand for ¢ = —p A Op we do have that either allgll¢] = of¢] or
o'[[qﬁ]] [I¢]] = 0. From this it follows that for this particular ¢ we do have that ‘two
times is enough’, that is, o[#][#][¢] = o[¢][¢]. Can it get any worse?

Definition 4.3 Define [¢]° = Ao - o, [¢]"*! = [#])™ o [4]. Then a formula ¢ is
. . k+1 k
k-stable if for all o, o[[¢]""" = o[¢]". O

T is O-stable. All formulae that do not contain the modalities O or [-] are 1-
stable. All formulae that do not contain the conjunction symbol A are 1-stable.

—p A Op is 2-stable, but not 1-stable. And here is a formula that is 3-stable but not
2-stable:?

(OpV—q) A (OgVr) A=p

The idea of this example is that a formula of the form (©¢ vV =) ‘postpones’ an
update with —i) until the test O¢ fails:

0'[[<>¢V~|1ﬁ]]={0 if 0[O = o

o[¢]] otherwise

Now suppose that in the first update of the example formula, both tests Op and
g succeed. The effect of the third conjunct —p will be that in the second update,
the test Op will fail, and the update with ¢ becomes activated. Thus in the third
update, the test Og fails, and the update with r is activated. Finally the fourth
update will not change anything.

The following proposition establishes a finite upper bound on the stability of a
formula.

Proposition 4.4 If |¢| is the number of propositional atoms that occur in ¢, then
¢ is 219l_stable. [}

The worst case actually arises.

Proposition 4.5 For each n > 1 there exists a formula ¢ with n propositional
atoms, such that ¢ is not (2" — 1)-stable. O

We will now turn our attention to a, complete axiomatization of CK45.

Definition 4.6 (Axiomatization of CK45)

Axioms
1. ¢, if ¢ is a substitution instance of a valid formula of classical proposi-
tional logic
- B¢ — ¢) — (Op — Oy)
. O¢ — 00¢
. ~0¢ — 0-0¢
Al = x) = ([8ly — [¢lx)
e (LR ()
[dlpep
0L - [gloL
L B]OY — O, if e Lo
- [pIOY & O(p A ), for p atomic, ¥ € Lo

9Thanks to David Beaver for finding this nice example.

© 0 N o C A W N

—
(=]
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11. [p1 A 2]Oh — [¢1]OP A [92] O, for 9 € Lo
12. O — ([g1OY V [g]O9), ¥ € Lo

13. [p A—g]OL

14. [D]OT — ([Od]y = ¥)

15. [B]OT = ([9ly « ¥)

16. Digly — (([[4]]x < x)

17. -0[gy — [[4]¥]OL

Rules

MP From ¢ and ¢ — 9 infer ¢
NecO From ¢ infer O¢
Nec[-] From ¢ infer [¢]¢

Stability Let {61,...,6,} be a complete set of diagrams for ¢. Then from
OT, (061 — [9]O61), ..., (Oby — [¢]O6,) infer [Op]OT.

The relation I' Fo s ¢ is defined as usual, with the normal weak interpretation of
the Necessitation Rules. O

Axioms 1-4 are the axioms of K45, axioms 5-7 are the axioms of the minimal
(functional) dynamic epistemic logic. Axiom 8 expresses that there is no escape
from an inconsistent information state by an update. Axiom 9 is a weak form of
Elimination axiom of EK. The remaining axioms reflect the definition of the up-
dates, by explaining the properties of update modalities [¢] in terms of the syntactic
structure of ¢.

The role of the Stability Rule may not be completely obvious yet, but observe
that it is a kind converse of the axiom [0¢]OT — ([¢]y) <> ). This axiom expresses
that if the update with O¢ is consistent, then the update with ¢ does not change
anything. A real converse of this axiom would give the infinitary rule: if for all
¥, ([plY < ), then [O¢]OT. The condition expressed by the premises of this
infinitary rule is that an update with ¢ does not change anything. The Stability
Rule shows that we only need finitely many formulae to express this.

Theorem 4.7 (Completeness) I' Fogas ¢ if and only if T’ Fokas ¢.
Proof: see [Gro95], pp. 169-174. m]

We end this section with a short discussion on the Multi-Agent version of Con-
scious K45 we expect to develop. First observe that in the Multi-Agent case we
will not be able to ‘flatten’ the information structures to its first two constituents
(the facts and first-order information). An agents higher-order information about
his own information will indeed be totally determined by his first-order information,
just as in the one agent case. And even, agent a’s k-th order information about
agent b’s n-th order information will be completely determined by a’s second order
information: from introspection for b, a-necessitation and introspection for a it fol-
lows that D’;D’b’d) « O,04¢ will be valid. But a formula of the form 0O,0,0,0,¢
will in general not be reducible to a formula of lower degree. This means that in the
multi-agent case, we will have to return to the full information structures. One of
the consequences will be a significant complication of the definition of the informa-
tion ordering. The nice Boolean structure to which the information ordering gives
rise in the one agent case will be lost. By consequence, it will not be clear that we
can define the updates directly on the syntactic structure of the formulae, in the
same way as we did in definition 4.1.1° We leave it at these brief remarks, and hope
the solve this problem in the near future.

10But see [Gro93] for an inductive definition of updates for the simpler case in which we only
require information to be consistent.
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5 Information and its structures

We compare the systems we developed in the previous sections to some other pro-
posals from the literature. The discussion will focus on the notion of information
and its structure. In the course of this chapter we have encountered Kripke models,
and in the development of eliminative updates, we used information structures. For
the one agent case of conscious updates we used a kind of ‘flattened’ information
structure. But besides Kripke models and modal structures (or information struc-
tures, as we have called them), there are at least two different types of structures
that have been proposed in the literature.

In [Bar89], situation theory and Aczel’s theory of non-well-founded sets ([Acz88])
are used to obtain a compelling analysis of common knowledge via non-well-founded
informational dependencies. The theory developed by Jaspars [J as94], which is con-
genial to ours, uses Kripke models with partial valuations for defining constructive
notions of update and downdate in a multi-agent setting. Both proposals differ from
ours in being instances of partial semantics, whereas we have been working with
total interpretations. Also, Jaspars uses a constructive notion of update, whereas
we have been using a basically eliminative view on updates. Instead of a detailed
discussion of the differences, I will point out the strong similarity between them.

I think that all can be seen as based upon the following intuitive conception of
informational situations:

e An informational situation specifies facts and information of a group of agents

e The information of a group of agents assigns to each actor an individual
information state

e An individual information state is a set of situations

A straightforward translation into set theory, for a given set of truth value assign-
ments W and a given set of actors A, gives the three equations

S=Wxaqg
G=14
I = Pow(S)

Observe that due to Cantor’s theorem, S, G, I can only form a solution to the
equations if all three of S, G, T are proper classes (we assume W and A non-empty).
This is true in ZF as well as in Aczel's ZFC/AFA. Also, it appears that these
three clauses by themselves cannot serve as a definition, since the definition would
be circular. However, in Aczel’s set theory ZFC/AF A, this is no problem, and
we can define S, G, T coinductively as the largest classes that satisfy these three
equations. If we apply this scheme to a set of actors A and a set of partial truth value
assignments W, we roughly get Barwises non-well-founded situations. Although this
definitional scheme does not provide infons, and other formal details of Barwises
approach are also missing, I think the scheme can at least be seen as the backbone
of his approach. Also see [Ger95] for an elaboration of this definitional scheme.

But Kripke models (partial or total) and modal structures can be seen as as
solutions to similar equations. For Kripke models, we have to weaken the identity
between S and W x G by to the existence of a bijective correspondence between
S and W x G. Then take S to be the class of all rooted Kripke models. The
natural bijective correspondence is then given by ‘the root with its valuation, and
the function that assigns to each actor g the set of generated models that ¢ sees
from the root’. So we can take I = Pow(S) and G = I, and we have

S=WxG
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G=1I"
I = Pow(S)

i ial is i tial here.
Whether valuations are total or partial is inessen ; ‘
Finally, modal structures can be conceived as a solution to the equations

S=1WxG
G=1I4
I C Pow(S)

in which S, G, I actually are (well-founded) sets. For sake of simplicity, consider
the one agent case. Take S = S,,, which is a set. I consists of all subsets of S t}}at
are of the form {t € S, | sRt} for some s € S,,. It is then clear what the bijective
io 11

correspondence is.

In pconclusion, I think that the differences between the four. typ.e§ of structu.res
are best seen as different but similar elaborations of the same intuitive conception
of informational situations.

6 Conclusions and Further Research

In the introduction we sketched a research program t.h'at clonsists (?f twc? partsio(ziig
the development of a dynamic epistemic logic; (b) 8 utilization of this loglc ;sba Oi ¢
for information exchange. The second part of this program has. remaine they nd
the scope of this paper, but we hope to make a start w1t.h 1t.s reahzatlc;in 1tn et nthe
future. We have made considerable progress in the realization o.f the firs plart, v
development of dynamic epistemic logic. But also there, §everal issues remain to
resolved by further research. We mention three of these issues. es for o
First, a further development of conscious updato-es by giving alsemanl 1csatizar
Multi-Agent version of C K45, preferably accompanied by a complete axiom
tlon’i‘hen an investigation is due of dynamic (elimi.nativ.e or conscious) val.;14a5nts odf
other modal logics that have been used in episte.rmc loglcZ such as 54, l{(d th,; %11) !
S55.12 This question involves another important issue, Wthh. can k.)e cal eh oo
herency Issue, and can be explained as follows. The dynamic logics w;a) . a\t/.e been
considering are Eliminative K and Conscious K45. N‘ow the two com mal io e ot
eliminative updates with K, and conscious updates. with K45, are natulrad cqth -
nations. In eliminative K, a minimal kind of gtatlc awareness 1s.coupKe45 wi he
minimal strategy of incorporating new information. And 1n‘Consc101lls 45, 31 lred
spection, the actors ‘static’ ability to correctly rep.reser.xt her 1nforma}t11on£ ﬁs co pin-
to a conscious way of incorporating new information, in the sense that ‘e r}llew "
formation is also reflected at higher-order levels. Thus both.systems aﬁe C‘CL eren ;
combinations of representational and dynamic a:bxhtles. This means t a‘é i 11s nsd
immediate clear that either eliminative or conscious update.s as we haveS 4ev[e{ %p45
them are the right notions of update in the context of logics such as ,th ; the,
and S5. Although I do not intend to solve this ;.)roblf.zm herg, I do expect a'.t the
notion of conscious update, with only minor modifications, will be the most suita
one for the three logics just mentioned.

11 That I will not contain all subsets of S, can be sezn as. followsi ILeetX XS ugChS:,h.a‘;I‘th:rri dltt,n;ag
h is some t € S, such that for each n, t ere is some . !
:filsgfnihj; ttoelrjvelzsl n, though ZJ ¢ X. However, any s that is R-related to all structures in X will

R-related to t. X : ; o
aISi%:fl interesting question is whether the dynamic S5 system of [VEdV95] is equivalent to Con

scious S5.
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Finally, a third issue for further research is the extension of the multi-agent
systems with the concept of shared information. This can be seen as a further
preparation for the intended application of the logic for a system of information
exchange. In many places in the literature it has been argued that shared infor-

mation, or the related concepts of mutual belief and common knowledge, plays a
prominent part in communication.!3

The results of this paper can be summarized as follows. We have developed
and completely axiomatized three actual systems of dynamic epistemic logic (FK,
MEK, and CK45). We have achieved this by using structures and techniques that
are familiar in modal and epistemic logic, in a formal language that extends the
standard vocabulary of epistemic logic. Thus dynamic epistemic logic as we have
developed is an extension of epistemic logic, rather than a revision.

Furthermore, the investigation led to the consideration of two fundamentally
different types of update operations over higher-order information models. This
warrants the conclusion that there are at least two different families of dynamic
epistemic logics. We also observed in section 4.3.3 that within one such family, the
axiomatic organization will not be as smooth as in modal logic, since restrictions
on the model class need not induce an extension of the axiomatics.

Finally, our discussion on introspection lead to a special perspective on this
concept. We conceived of introspection not so much as a particular state of mind
in which higher-order information is correctly represented, but rather as the ability
to correctly reflect upon what the information is. And for an agent that has this
ability, there is actually no need at all to represent the higher-order information.

But maybe the most striking, and slightly disturbing, conclusion of the research
in this paper is that the number of possible definitions of update, as a function of
time, is neither increasing nor decreasing.
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Semantic Properties of Interrogative
Generalized Quantifiers

Javier Gutiérrez Rexach !
Department of Linguistics, UCLA

1 Questions as Functions

In this paper an extensional theory of questions which attempts to characterize the
contribution of interrogative quantifiers to the meaning of matrix interrogative sentences
is presented. Questions are defined as functions from sets of objects to truth values.
Matrix interrogative sentences denote such functions. Specifically, a question of type
<< a,t >,t > is a function (of a certain sort) from sets of objects in type a to truth
values. This corresponds to the intuition that a speaker, in asking a question of type
<< a,t >,t >, is asking a question of the corresponding type, namely, he is asking the
hearer to identify a unique object of type < a,t >, i.e. a unique set of objects of type
a.

Definition 1 A question of type << a,t >,t > is a function f € [P(a) — 2] such that
lz € P(a) such that f(x) = 1. We will call such an x the answer Ay of f. We write
[¢P(a) — 2] for the set of questions of type << a,t >,t >.

From the above definition, it follows that for an arbitrary question f its answer exists
and is unique (no question has more than one answer). The intuition here is that the
unique z a question f is true of is the complete true answer to f. So we are taking the fact
that questions are “strongly exhaustive” (Groenendijk and Stokhof (henceforth G&S),
1984) as the essential ingredient of the definition of a question. Another important point
is that answers, as we treat them here, are in a higher type than expected. Consider the
question in (la):

(1) a. Who came to the party?
b. John, Mary and Bill.
c. John and Mary.

At this point and for the sake of simplicity, we think of (1b) as denoting a three
element set, and (1c) a two element set. In a state of affairs in which John, Mary and
Bill are exactly the individuals who came to the party, the constituent response in (1b)
denotes the answer set of the question that (1a) denotes. So the question denoted by
the interrogative sentence (1a) maps {JOHN,MARY,BILL} to True, and the rest of the
objects in P(E) to False. A partial answer, as the one denoted by the expression in
(1c), is a subset of the answer set of the question. There are also other responses to
(1a) which provide some pragmatic or semantic information about the answer set but
do not constitute proper or even partial answers. Although partial, non-canonical, and
uninformative answers are possible answers to a question, they should not be considered
as equal in status to complete true answers. The intuition that my approach builds
on is that only complete true answers are the objects that fulfill the information gap
represented by the question. On many concrete occasions of everyday life, we are forced
to give partial or uninformative answers to questions, either because we do not have
enough information or we want to hide something, etc., but in doing so we actually are
not logically answering the question. An additional motivation for treating questions as
functions from sets of objects (for instance, individuals) to truth values rather than as
merely sets of individuals is that otherwise we are conflating the denotations of questions
and relative clauses or free relatives (Cooper, 1983; Jacobson, 1995). In the NP the

11 wish to thank Ed Keenan for his very helpful comments and suggestions on earlier versions of this
paper. I would also like to thank Anna Szabolcsi and the audiences at the Fourth CSLI Workshop on
Logic, Language and Computation and the Amstgrldgam Colloquium for their comments.
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Definition 3 An element of [(P(E)— 2] isa (unary) argument question.

In : ; ;
s genergl, argument interrogative. quantifiers are functions from n-ary relations to
gr = oni. na.ry argument interrogative quantifiers are functions from sets to unary
n . .
; gumen questlons: Unary argument Interrogative determiners are functions from sets
O unary argument interrogative quantifiers.

Definition 4 (Argument interrogative GQs)
F;Eg) = [(P(E) — 2]] is the set of (unary) argument interrogative quantifiers.
) = [P(E) - [,P(E) — 2]]] is the set of (unary) interrogative determiners.
For example, consider the following interrogative sentences:
(2) a. Who is smoking?
b. Which student is smoking?
The wh-word who denotes an ar i i i
: gument interrogative quantifi i i
(3a,b). Which denotes an argument interrogative determine(r] (i’»c,zi)er7 e Hutrated in
() a [Who] € [P(B) - [;P(E) — 1]
b. [Who]([Mz.Smoke(z)]) € [(P(E) — 2
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d. [[Wh.zch]](ﬂ)\z.Student(m)]])(ﬂ)\z.Smokze(z)]]) € [(P(E) — 2]
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Definition 5 (English Inter i i

WO iEl ZgﬁPERSO]r\;)ia;n;e)?uantlﬁers) For all Z,Y,X C E:
WHAT(Y)(X)=14{fENY = X
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WHICH ONES?(Y)(X) = 1 WZNY =X&|X|>2
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i () i5 oo (5, ruth conditions of the interrogative sentence/response pair
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(4) a. Who is in the corridor?
b. Fred and Bill

(5) WHO({z|x € IN.THE_.CORRIDOR})({[Fred], [Bill]}) = 1 iff
PERSON N ({z|z € IN.THE.CORRIDORY}) = {[Fred], [Bill]}

The functions WHICH .n and WHICH_ONES are inherently restricted to context
sets. Therefore, they cannot be uttered in “out of the blue situations”. Consider the
interrogative sentence (6a) and the answer (6b) in a context where we are talking about
female students in our deparment. Therefore, the relevant context set is Z = {z|z €
FEMALE_STUDENTY} and the interpretation as in (7).

(6) a. Which three like tacos?
b. Jill, Jodie and Jennie

(7) WHICH.THREE?({z|x € LIKE_TACOSY})({[Jill], [Jodie], [Jennie]}) = 1 iff
{z|zx € FEMALE_STUDENT}{z|z € LIKE_TACOS} = {[Jill], [Jodie], [Jennie] }

Definition 6 (English Interrogative Determiners)

For all Z,Y,X,W C E,z,y€c E,m e N:

WHAT,(Z)(Y)(X) =1 iff ZNY = X &|X| =1
WHAT(Z)(Y)(X) = 1if ZNY = X &|X| > 2
WHICH, W (Z)(Y)(X) = 1if WNZ)NY = X &|X|=1
WHICH Y (Z)(Y)(X) = 1if (WNZ)NY = X &|X| > 2
WHICH W (Z)(Y)(X) = 1 iff (WNZ)NY =X &|X|=n
HOW_MANY (Z)(Y){m}) = 1if|ZnY|=m
WHOSE(Z)(Y)(X) = 1iff ZNY = X & 3zVy € Z[Poss(z,y)] ?

Which determiner expressions also denote context dependent functions. The differ-
ence between the argument interrogative determiners WHICH , and WHICH, lies
in the additional condition imposed on the cardinality of their answer sets. Here we
treat the difference as the semantic correlate of grammatical number in parallel to the
contrast between singular and plural declarative determiners (THE g, vs. THE,;). Con-
sider sentence (8). Informally, the question denoted by (8) either poses a query about
the set of students in the model or about a subset of those students that the speaker

has in mind.
(8) Which students came to the party?

The latter reading is sometimes called a “partitive” reading. The descriptive intuition
behind the term relies on the equivalence between the interpretation of which students
and the interpretation of which of the students, as noted by Heim (1987). Let us consider
first the interpretation of (8):

(9) Let W = {z|z € LINGUIST}
WHICH,"Y (STUDENT)(COME)(X) = 1 iff
{z|z € LINGUIST} N {z|z € STUDENT} N {z|z € COME} = X & |X| > 2
As observed in Barwise & Cooper (1981) and Keenan & Stavi (1986), declarative

partitive determiners obey the restriction that only definite plural determiners can follow
the preposition of. The same constraint surfaces in the interrogative domain (10).

(10)  a. *Which of some/most/many/every/three students came to the party?
b. Which of the (ten)/John’s (ten)/these ten students came to the party?
This fact suggest an analysis of which of the as a complex determiner, along the

lines proposed by Keenan and Stavi for the declarative counterpart. One can check
immediately that for o € {sg,pl}, WHICH_OF THE," (Z)(Y), as defined below, and

WHICH,YW' (Z)(Y) are the same question function when the contextual restrictions of
the determiners are equal (W = W’),

2Here we understand Poss as a possession relation between individuals, the possessor and the

ossessee.
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e group§ of students that gathered
question about the group(s) of
We analyze plura] determiners ag

Definition 9 (Distributive lifts) Let Z,W C E,Y, X C P(E), and AT(Z) = {W|W C
Z & |W|=1}. Then,

(i) DIWHO) € [P(P(E)) — [{P(P(E)) — 2]|

D(WHO)(Y)(X) = 1 iff X = AT(PERSON)NY

(i) DIWHICHy) € [P(E) — [P(P(E)) — [;P(P(E)) — 2]|]
D(WHICH, ) W)(Y)(X) = 1iff X = AT(Z)nY

The intended interpretation of (15) is:

(16) D(WHICHu)(STUDENTS)(EAT-PIZZA)(X) = 1 iff
X = AT(STUDENTS) N EAT_PIZZA

4 Answers and Linguistic Responses

4.1 Determiner Questions

In principle, there are no logical restrictions as to what types can be suitable answer
spaces of a question. One can construct languages in which there are questions over all
the denotable types of the language. This is clearly not the case in natural languages,
where only a subset of the denotable types are suitable answer sets. Let [([P(E) —
[P(E) — 2]] — 2] be the set of determiner questions, and [([P(E) — 2| — 2| be
the set of generalized quantifier questions. In English how many and whose-questions
are the only candidates to be defined as determiner questions. Consider the following

question/answer pairs:

(17)  a. How many apples are in the bag?
b. Six /?7At least three /*Most.

The example in (17) illustrates the fact that how many-questions can only be an-
swered with cardinal determiners. Moreover, only cardinal determiners of the form
EXACTLY _n constitute genuine complete true answers. To see this point, consider at
least siz as the answer of (17). As discussed at the beginning of the paper answers of
this sort do not resolve the question properly since they are compatible with there being
exactly six apples in the bag or two thousand. In this respect, they are partial answers
and do not resolve the question completely. Now we define HOW_MANY (Z)(Y) as a

determiner question:

Definition 10 For all determiners D € {EXACTLY n:ne€ N}, all Z,Y C E:
HOW_MANY (Z)(Y) € [(P(E) — [P(E) — 2] and
HOW_MANY (Z)(Y)(D)=1if D(Z)(Y) =1

In general, questions of these sort are not limited to answers in the form of determiner
expressions. They can also be answered with noun phrases, like siz apples. The function
HOW_MANY as defined above does not have generalized quantifers in its domain.
Theferefore, we have to extend it to a function HOW_MANY™* whose domain includes
also generalized quantifiers of the form EXACTLY n(Z), as follows:

Definition 11 Let GQPX = {EXACTLY n(Z)|Z C E} Then,
Dom(HOW _MANY*(Z)(Y)) = Dom(HOW_MANY (Z)(Y)) U GQFX,
HOW_MANY*(Z)(Y)(D) = HOW_MANY (Z)(Y)(D),VD € Dom(HOW_-MANY (Z)(Y))

HOW_MANY*(Z)(Y)(Q) = 1 iff
In[Q = EXACTLYn(Z) & HOWMANY (Z)(Y)(D) = 1]

Consider now the case of whose-questions, where also determiner and quantifier
expressions are good constituent responses (18). The determiner question function
WHOSE and its extension WHOSE* would be defined in a similar fashion:

(18) a. Whose cats are on the mat?
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b. John’s / His / John’s cats / *Every cat

Definition 12 Let POSS — 1,
WHOSE(z)(Y) ity :{x slz € E}. For qii D € POSS
- OSE(Z)(Y)(D)L;:(I 3,7 D[(?;()ﬁ)})—; 21” and ,al Z,Y C B,
Definition 13 Let GQFPOss
o : ={D(2)|z
i i
WHOSE* i 2H®ND),

SEZYVIQ) =1 i 300 2 350 L@’ZZ?&?Z%%EE; )

4.2 Question resolution
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a. What did You put on the table?
b. Three forks

Applying the ab
; ove definition, th, :
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(20) WHAT([\z.Y ou, putz on the tap,

Resolve three forks WH AT z.Y ou putzon the table iff

WHAT(\e.Y ou put 2 on the gapery C
u O al F
THREE (FORK)(AWHA;(,;?,)J R

g:\;lc}}z’Eou putz onthe table] C FO;{;(:E:M rssipli=lin

on E(FORK)([/\z.Youputzonthe table]) =1 j

’FO.R;{U Putz on the table] C FORK & D=
N(z.Youput z on thetable])| = 3

e)(X)=1iff £n ﬂ/\z.}’(mputa:onthe table] = x

Slons: argument interrogat; i types correspond

(21) a. ;Quiénes vinieron a la fiesta?
"Who came to the party?’
b. Algunos/ Muchos/ todos...
some-pl. many-pl. all

’Some people/ many people/ Everybody/...’

Only context-dependent determiners occur as constituent responses to argument in-
terrogatives. These determiners are relativized to context sets and behave like gener-
alized quantifiers in disguise. A type lowering operation of pronominalization(Pron)
provides the restrictor of the generalized quantifier: for D a determiner, A a context set,
Pron(D) = DA(A) = D(A). A question f is resolved by a pronominalized determiner
Pron(D) iff the answer set of f, Ay, is a subset of the context set A and an element of
Pron(D). As in the case of standard GQs, we will say then that the pronominalized

determiner resolves the question f.

Definition 16 Let Pron(D) = D(A), for A a context set, and f € [{P(E) — 2]. Then,
Resolve(Pron(D), f) iff Ay C A& Pron(D)(Ay) = 1

5 Modifier Questions

The standard analysis of modifiers, for instance in Keenan & Faltz (1985), is to treat
them as denoting functions in [P(E™) — P(E™)], for n > 0. Nevertheless, modifer
interrogative quantifier expressions like where, when, etc. behave more like true quan-
tifiers. They quantify over different domains (times, places, manners) and are treated
as variable binding operators in grammatical theories that posit logical form represen-
tations. Therefore, it seems that what is needed is to conceive modifiers not as maps
from n-ary relations to n-ary relations but as arguments of the relation that we can
question or quantify over (McConnell Ginet, 1982). Our representation language needs
to be extended to a many sorted language with models M =<< E,<D; > jes >, >,
where S is an index set of sorts and for each j € S,D; is a non-empty set. For instance,
D, = PLACE is the set of locations in the model) , D; = TIME is the set of times
in the model, etc. It seems reasonable to assume that these domains have a rich under-
lying structure (see Szabolcsi & Zwarts (1993) for manners and times, Nam (1995) for
locatives). Therefore, we have to shift the type of i-ary relations to E* x [] ;D;. Writ-
ing s for |S| here and later, relation-denoting expressions now denote sets of i-tuples
of individuals and s-tuples of modifiers. By adopting this view we make the so-called
adjuncts or modifiers into arguments. Therefore, adding modifier variables or constants
to a relation increases its arity as follows:

Definition 17 (Argument extension of a relation by modifiers) For all R C E¢,
M C [1,;D; , M is the argument extension of a relation R to a i+s-ary relation R’ C
Ei X Hij lﬁ

R = {< @y, @iy flry ooy s > | < Qpyeeey 3 SE R&E < gy .oy is >€ M}

We are now in a position to introduce the notion of an argument extended question,
and the definitions of argument extended interrogative quantifiers and determiners in
the new type. For brevity we will also call this type of quantifiers and determiners
modifier interrogative quantifiers and modifier interrogative determiners respectively.

Definition 18 (Unary modifier questions)
UjeslgP(D;) — 2] is the set of (unary) modifier questions.

Definition 19 (Modifier interrogative quantifiers) Let u; € PLACE, u; € TIME,
tm € MANNER, p. € CAUSE, p. € REASON. Then, for alln > 1, all R’ C

Ei X Hij, and all X E U]'eSD]'.‘
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@y or iast week are also pro i
o Der responses if Joh i
Monday last week does not count as evidence against exhaustiviﬁ;lyarnved e
)

g P C )
that de| ree predi ates hke tall den()te anCtl()nS fTOIn lIlleldualS to degIeeS we say that
a plopelty G 18 gr adable iff GC E x Dd, where Dd Is a d()maln of degrees é

Definition 21 (De i
gree questio :
5 Do mog oy A6 e e ns) For all G C E x Dy, all R' C Ei x [1;D;, all
HOW(G)(R)(a,, -, a)(X) = 1 if
{6]3z. < 2,6 >¢ G} Nafé] < a, w006y g >E R = X

Sentence (23a) is a de i
gree question. It i
meet(glb) of {6|3z. < z,5 > FAST} and {68] inivgélf\/?t..lséthe jet>0€f g?]gjf\?f!f i the

(23) a. How fast did John run?

b. ngHW(FAST)(RUN’)(JOHN)(X) =1iff
{832. < 2,6 >e FAST}  4(6] < JOHN, .., 8,...us >€ RUN"} = X

The a i
- Opfp;(r):rc)gsfgo?luetstlong tha_mt I am developing gives a semantic solution to th,
the comproL P o }sl rapdmg In interrogatives. The descriptive generalizati n for
is that in sentence (24a) the preposition stays in its placeaalz?é1 tflcl)r
e

wh-word moves” to sent ence 1nitia. position. In sentence (24b he who e PP as moved
1
( )

(24)  a. Which box did you put my shoes in?

I take € an operator mapping sets of individ als to 0] e ie
3 ptob . I
S ) ( g S) g vidual the region of spac (location) occupied
by those individuals. For example, p(BOX) is the region of space occ upied by the denotation of boz in
the model. Note tha , for al Z, p(Z) C PLACE. See Nam (1995) for further details '
2
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b. In which box did you put my shoes?

Question (24a) is an argument question, whereas question (24b) is a modifier ques-
tion. As a matter of fact, even their linguistic answers are different. (25a) is an adequate
answer to (24a) and (25b) is an adequate answer to (24b), but they cannot be inter-

changed.

(25) a. This box.
b. In this box.

The truth conditions of the interrogative sentences in (24) are as follows:

(26) a. WHICH ([Az.Boz(z)])([Az.Y ou put my shoesin(z)])(X) = 1 iff
BOX N {z|Y ouput my shoesin (z)} = X
b. IN.WHICH ([Az.Boz(z)])([Aw.Y ou put my shoes (1)) (X) = 1 iff
p([Az.Boz(z)]) N {wm| < [you], [myshoes], ..., p1, ..., us >€ PUT'} = X

The equivalence of the stranded preposition and non-stranded preposition interpreta-
tions is not immediate. It comes from the general equivalence between which-questions
and in which-questions when the p operator is applied to the answer set of the first
one:p(AwricH(z)(Y)) = AINWHICH(Z)(v)- In other words, answers (25a) and (25b)
are spatially equivalent.

6 Properties of Interrogative Determiners and Quan-
tifiers

6.1 Conservativity and Intersectivity

Some characterizing properties of declarative quantifiers seem to hold of interrogative
quantifiers. Here we will restrict ourselves to argument interrogative determiners and
quantifiers, but most of the claims hold also for modifier interrogative determiners.
Keenan & Westerstahl (1994) observe that interrogative quantifiers satisfy conservativity
and extension, and give the following examples to illustrate this fact:

(27) a. Which roses are red? = Which roses are roses and are red?
b. Whose cat can swim? = Whose cat is a cat that can swim?

The claim holds not just for WHICH and WHOSE but for any argument interrogative
determiner.
Definition 22 (Generalized Conservativity) Let E be a universe and X any set.
Then, D € [P(E) — [P(E) — X] is conservative iff for all A,B,B' C E, if ANB =
AN B’ then D(A)(B) = D(A)(B'). Equivalently: D(A)(B) = D(A)(AN B)

Conservativity of declarative and interrogative determiners follows from the above
definition, since in the case of declarative determiners X is the set of truth values and
in the case of argument interrogative determiners X is the set of argument questions. It
also follows that if an interrogative determiner D satisfies conservativity, then D(A)(B)

and D(A)(AN B) are the same question function. Applying the definition to (27a,b) we
see that WHICH(ROSE)(RED) = WHICH(ROSE)(ROSE N RED).

Fact 23 All argument interrogative determiners are conservative
Argument interrogative determiners all satisfy the property of extension.

Definition 24 (Generalized Extension) For all D € [P(E) — [P(E) — 2]], D
satisfies extension iff for all A,B C E C E',Dg(A)(B) = Dg:(A)(B)
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tha:Vvin?I respect to the property of permutation invariance (PI)

PERSONQ reslpiects a local notion of it (Westerstahl, 1985), namely when we fix the set
1 all permutations. Context restricted determi i i

permutations that satisfy Locality, defined as follows: o St et

, 1t is interesting to note

Definiti .
efinition 25 (Locality) Let X C E, PERM(E) be the set of permutations of E and

D a determiner function. We sq 3 i
. y that D is PI at X iff V- ; _
then DX (4)(B) = DX (m(A))(r(B)) #f Yr € PERM(E), if n(X) = X

T . ’ .

s }}‘Z s:fii;r’?ln(;; WHQSE s:;ltlsﬁelsl a more specific condition that van Benthem (1986)

; 5 requires that all permutations 7 preserve th i i

induced by Poss (a possession relation). ’ " possession relation

sewﬁ;‘gg?er% 1nterroga.ti\./e determiners satisfy a stronger invariance condition than con-
ivity. They are all intersective or generalized existential (Keenan 1987 1993)

I%eﬁnition 26A (Generalized Intersectivity) Let X be any set. Then, D € [P(E) —
[D(E) — X] is intersective iff for all A,B,A"\B' C E, if AnB - A N B th
(4)(B) = D(A')(B'). Bquivalently: D(A)(B) — D(AN B)(An B) .

6.2  Generalized Existential Int ;
errogative Functi
Neutrality gative Functions and Context

(Z) €
D( e)ﬁnltlon 27 (} 0)7( lll)l D ( P (E))ﬁ( )F (E) - X 5 D 8 generahzed existential l”
2 107(1”D€FE“>T’E‘—‘X D y etr ﬁ o7 IZABCEDA B) =
( )( ) ( ) ( ) ) s symm 1C 1 f a ) ) ( )( )

Tbe fact' that argument interrogative determiners satisfy
to l:.\emg existential. The question (28b)
equivalent to the one denoted by (28c). 4

(28)

intersectivity is equivalent
denoted by the interrogative sentence (28a) is

- How many students are vegetarians?
. HOW MANY (STUDENT)(VEGETARIAN)
How many students who are vegetarians are there/exist?

HOW MANY(STUDENT N VEGETARIAN)(E)

B oo

gengrlnﬁe aggur.neént inge;rogative determiners and declarative determiners like SOME are
alized existential functions in their res i in, it i
pective domain, it is not surprisi i
ger : . : s prising that in
ny languages, like Chinese, Greek, Latin, Romance, etc., the declarative quagntiﬁer is

4
There are some excepti i m
) ! ptions, though. Heim (1987) notices th i i

existential constructions with which and which of the d)eterminers ¢ mereinal status of the -

(i) a. ??Which one of the three men was there in the room?
b. ??Which actors were there in the room?

Notice i

o res';l;ia;tte(tjhe f;;;ctlofns WHICH, and WHICH.ONE_OF THE.TWO are inherently con-

o o aré ot ere; oret,'b;hey‘are related .to a set of entities already present in the dis-

ety compatible with presentat19nal/existential predicates that require “disc
swer sets.  Furthermore, the determiner function WHICH _n_OF THE_m deﬁne?jur:z

WHICH n OF THE A =1i =
-m(A)(B)(X) =1 iff | A _ﬁécX =ANB&|X| =m is not intersective.

E ]

']
£ |
1
2

derived from the interrogative one by attaching a morpheme to it. In other languages
the same word is used for some declarative and argument interrogative determiners

The equivalence between intersectivity and symmetry apparently poses some prob-
lems. Consider the interrogative sentence in (29a):

(29) a. How many vegetarians are students?
b. HOW MANY (VEGETARIAN)(STUDENT)

Since intersective determiners are symmetric, the questions in (28b) and (29b) should
be equivalent. In fact, they are. The answer set of (29b) is the intersection set of the
denotations of student and vegetarian which is also the answer set of (28b). However, the
intuition remains that the two questions are “about” different things. Imagine a situation
in which a school’s cook wants to know the number of students who are vegetarians.
Sentence (28a) would be felicitous in that situation whereas (29a) would not be so,
despite the fact that their respective answer sets are the same. Higginbotham (1993)
relates the contrast to the property of domain restriction. Since domain restriction
is formally defined as conservativity + extension (Keenan & Westerstahl, 1994) and
symmetry is a property satisfied only by a subset of the determiners that satisfy domain
restriction, namely those which are intersective, it seems more reasonable to relate the
“aboutness” problem with this latter property of interrogative determiners. From an
information-based perspective one can easily conclude that the difference between the
two sentences is that their respective topics or themes are different. In other words, they
are not context neutral. We can generalize this new property as follows:

Definition 28 (Context Neutrality) For all context sets C C E, all determiners D,
D is C-neutral iff for all A,B,X C E, D¢(A)(B) = D(A)(B).

When a determiner is context neutral in a given context C its arguments can be
inverted preserving truth values. This property only makes a difference in the case of
intersective determiners. Co-intersective determiners (Keenan, 1993) are not symmetric
nor are non-intersective determiners in general. Therefore, the sentences in (30) are only
equivalent if STUDENT = VEGETARIAN.

(30) a. Every student is a vegetarian.
b. Every vegetarian is a student.

Since all argument interrogative determiners are intersective, context neutrality be-
comes a relevant issue. The property captures the idea that when a symmetric deter-
miner is relativized to a non-empty context set then its arguments cannot be flipped in
general, i.e., the determiner is not context neutral.

6.3 Monotonicity, Entailment and Negative Polarity Items (NPIs)
Licensing

Argument interrogative determiners can be characterized as continuous in their mono-

tonicity behaviour. Continuous functions are meets of increasing and decreasing func-

tions.

Definition 29 An argument interrogative quantifier @ € [P(E) — [(P(E) — 2]] is
continuous #ff for all A,B,C CE,if AC B C C and Q(A) = Q(C) = f then Q(B) = f.

Fact 30 Argument interrogative quantifiers are continuous

Proof: Let D(A) be an argument interrogative quantifier. Assume for arbitrary sets
W)Y,Z that W C Y C Z and D(A)(W) = D(A)(Z) = f. Therefore, there is an X
such that D(A)(W)(X) = D(A)(Z)(X) = 1. Then, ANW = ANZ = X and, since
WCYCZ,ANY =X so D(A)(Y)(X)=10O
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atical i i
from. this characterization, Iftafst :f”:.(i)rcll;t;gnwmh mOHOtOIl.iCity ot gz 10t t0 follow
ate oo tersoii oty mon observation that negative polarity items

(31)  a. Which student has ever been to Moscow?
b. Do you have any money?
¢. Who has ever lifted a finger to help us?

The piece of data above doe;
) far., since as observed for the sﬁ?sc;ttﬁ?rlllovg fr;m -
negative polarity items are lic reaing o
1n?<?rrogative determiners are
tailing with respect to their a,

€ Properties of questions studied

S i connier (1975) and Lad
ensed in decreasing environments. Neverthelelslss a;,ltgilt)gll‘?ﬁ

continuous, questi
) 1ons can be consid
. ered as downwar -
nswer sets. Consider the following questions: den

(32) a. Which guests smoked?

- Which guests smoked cigars?

- In which state do you have relatives?

- In which state of the West Coast do you have relatives?
How many cars are parked in the garage? .
How many red cars are parked in the garage?

o

S @ R o

. trThere is ?natural information- 32b)
ue complete answer to (32b) i i e

e is a partial (and possibly complet A

P Ce sy‘:v gl?bz asks for more specific information than (32a) pIen e)tflnswer G (.32?1)-

set of (32a), then a subset of Ay is the answer s.et 0f0(3§{))wo’fr[‘(f’ =

. e same

applies to (32c) with res :
‘ pect to (32d) and to (32e) wi
relation between questions subsumption; e TR s

based relation between (32a) and (

Deﬁ iti ] ] f ﬁ
nition 31 Questzon Subsumes question g ( < g) iff A CA
== g = 4Af.

C‘learly, the subsum
transitive). Then, if we allow not onl

but als9 the subsumption relationg betwe
determiners will exhibit the

guestlon [ subsumes qQuestion g,
rue
answer to f but not necessarily viceversa, 5

Definition 32 (i) An i ;
¢ ; :
then Q(B) < oo tnterrogative quantifier ( s decreasing iff VA, B C p fACB

(ZZ) AH mteﬂog ” /

ative d€t€7 miner D s de reasir ) VA B,C C FE if A C B the
L(E)(C) <—— L(‘l)(c) Z ‘ ¢ o '
Fath33 A7gument mte770gatwe quantiﬁms Q are dec7easmg
Proo Let A,B,(: C E, AC B,Q = D(C) and D = I/LHJCH, ”’HAZ etc We have

to show that for arbitrar ;
Yy XY, if Q(B)(X) = _
AB)X) = QANY) = 1. Since A @ B 2 v T oyl ten ¥'C X, ssume

Fact 3 ; ;
4 Argument nterrogative determiners D are decreasing

TOOf € A,B, and . 1) ’
h
I IC/ I CC E AC B ”’6 ave to show h(ltD(l? C) < D(A I/Bt)(

captured in their terms Noti
‘ b ticy
93) notion of downwa, ot B e
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n : notion
rd entailment for interrogatives.

The notion of subsumption given above predicts entailments between questions aris-
ing from their monotonicity pattern as the ones illustrated in (32a) to (32f) above. A
complete (partial) answer to question (32b) will be a partial (complete) answer to (32a)
since the answer set of (32b) is a subset of the answer set of (32a). Fact 34 also predicts
that negative polarity items can occur in the first argument of interrogative determiners.

(33) Which students that have ever been to Moscow want to go back there?

The presence of NPIs in interrogative environments triggers a peculiar phenomenon
observed, among others, by Linebarger (1991). In all the examples above involving NPIs
the interpretetation of the questions as rhetorical is either available or strongly preferred.
A rhetorical question is not a “well-behaved” question. The speaker knows already the
answer and he asks it for rhetorical purposes (irony). For instance, in question (31c)
the speaker knows already that the answer set of the question is empty but he asks it to
highlight precisely this fact: that the set of persons who have done something to save us
is empty. A sentence like (34) uttered as a rhetorical question has an empty answer set.
Assume that the speaker knows that nobody came (PERSON N COME = (). Then,
he would ask this question for rhetorical reasons.

(34) Who came?

Sentence (35) presents the opposite case. Assume that the speaker knows that everybody
went to the party: PERSON C COME,).e. PERSON NCOME = PERSON.
Therefore, for rhetorical reasons, he would ask:

(35) Who didn’t come?

The answer set of (35) is PERSON N«COME = {) , since everybody went to the
party. In sum, for a speaker to be able to ask a rhetorical question he has to calculate
the complement of an answer set and ask a question about it. He has to be able to go
over the whole entailment set of a question and pick its smallest element. The presence
of the NPI signals precisely this calculation (Fauconnier, 1975). Nevertheless, we are not
claiming that rhetorical interpretations arise only when there are NPIs in the sentence.
As observed in the literature, practically any question can be interpreted as rhetorical,
depending on the circumstances and the speaker’s intentions. What needs to be stressed
is the close relationship between answer set entailment and the calculation of rhetorical
questions. If question f is rhetorical (Rhet(f)), thend; = 0.

Definition 35 (Subsumption set of a question) SU; = {g|f < g}

Fact 36 If Rhet(f) then SU; = {f}.

Further evidence for the semantic treatment of rhetorical questions comes from the
behaviour of why and how-questions. The occurrence of NPIs in these sentences does
not trigger rhetorical readings (Lawler, 1971).

(36) a. Why did you tell anybody about us?
b. How did anybody buy that house?

Sentence (36a) presupposes that the addressee told somebody about them and (36b)
presupposes that somebody bought the house. Neither of the questions has empty
answer sets. Szabolcsi & Zwarts (1993) claim that manners and reasons are structured
as join semilattices with no least element. They are closed under joins but not under
complements. Being lattices without a bottom element, they cannot constitute proper
denotations of rhetorical questions (there is no empty manner or reason). Therefore,
the explanation of why there are no proper rhetorical why and how questions is mainly
semantic. Since why and hourquestions cannot have empty answer sets, they do not
meet the essential denotational requirement to be a rhetorical question.
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7  Multiple Questions

-sentences where more thap
nominative, accusative and
allow us to give a surface
bought what or bought for

one interrogative quantifier interact-
dative extensions of an interrogative quantifier. This will

compositional semantics of English interrogative VPg like
whom.

Definition 37 (Extensions of Interrogative Quantifiers)

Let RC B, on,..,00 € B, X C B, Q ¢ [P(E) = [;P(E) - 2]]. Then,
) i gative quantifier (or the nominative extension of Q)is a Sfunction

Q. € [P(E™) — [En— [«P(E) = 2]|] defined as Sollows:

QI(R)(az,...,an)(X) =1 Q({e| < a,, w5 0n >€ R})(X) =1

(i) An accusative interrogative quantifier (the accusative extension of Q) is a Sunction

Q: € [P(E") — [Er—1 _, [eP(E) - 2]]] defined as follows:

Q2(R)(a,, ay, ) (X) = 1 iff Q{os] < oy, w5 0n >€ RY)(X) =1

(#1) A dative interrogative quantifier (the dative extension of Q)is a function

Qs € [P(E™) — [Er—r [(P(E) — 2|]] defined as follows:

Q3(R)(al,a2,a4,...,an)(X) = 14f Q{ay] < o, =9 0n >€ R})(X) =1
The interpretation of the VP buy what is the following:

(87) WHAT,(BUY)(a)(X) = 1 it WHAT({B)| < o, 8 >¢ BUY})(X) =1iff
X=En{fl<a,6>cBUY} .

The Chinese version of the VP is interpreted as above. In English, it would receive
an “echo” interpretation, arisin
fi

» arising from the fact that what denotes W H ATX when it does
not occur in itg canonical fronted position. There is a significant difference between
declarative and interrogative argument quantifiers.

Declarative Qs behaye as “arity
reducers” (van Benthem, 1986; Keenan & Westerstahl, 1994). They take an n-ary
relation as input and return an n-l-ary relation. Interrogative quantifiers are not arity
reducers. They take an n-ary relation and return another n-ary relation. The output
ion i e. The argument that has been “queried”
lowing sentence:

(38)  Which men love which women?

In its most natural reading, question (38) asks for the sets of pairs in the love relation
whose first coordinate is a member of the set of men and its second coordinate is a
member of the set of women.

(39) (WHICH,MAN, WHICH,WOMAN)(LOVE)(S) = 1iff 5 ROMANXWOMAN

Sentence (38) denotes a binary question, i.e., a function mapping a binary relation
S to true iff § = R NMAN x WOMAN. Generalizing to the n-ary case, we define
first the notion of a p.

ary argument question and afterwards the polyadic WHICH pl
interrogative quantifier induced by a sequence of n WHICH, pl quantifiers:

Definition 38 For 21, [(P(E") - 2] is the set of n-ary argument questions,

Definition 39 (Polyadic resumption of WHICH pl quantifiers)
Let R, S C E*Z.\...Z, C E. Then, Res(WHICle(1>Zl,...,WHICle(n)Zn) €
[P(E™) — [(P(E™) — 2]] is defined as follows:

Res(WHICH,,Z,, .. WHICH () Z,)(R)(S) = 1 i S — R Z,x..x 2,

All interrogative quantifiers ca, ici i i

ple questions. We treat first the
resumptions of arbitrary argumen

t interrogative quantifiers except WHICH P
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Pf7 S

fi ion 40 (Resump 10on O rgument interrogative quantlﬁers) e
Definitio t f a t t t Let C
E 7Z] yaney Zn (= E, f07 all Qi:

_ RSON i @ = WHO
Eed= ZE if Qi = WHAT

Res(Qy,..,Qn)(R)(S) = 1 iff
S=RNZ,X..XZy

that we get by an
i tates that the answer set :
ibility result that we prove s .
?hetir(fr? 1:)(? the };)reﬁx in definitions 39, 40 and the one tbatle\:/l(ta iglfta Sznse il
it 1c.a the n interrogative quantifiers in the prefix a're equlvaf e e
apply m%elow Therefore, what we really prove is equxzalleélce o :11‘1, et
formal . o ith an absorbed interroga ¢
uestions that we get wi : : Jerpnd th
formt? lc;e;;:;sl’i(?:zc?n of the members of the quantificational prefix are querying
iterate

the same object.

. . terations
Fact 41 The polyadic Res(Q., ...,Qn) is reducible to iteration.

i llowin,
d of a full proof we give here a worked out example. Consider the following
Instead o
sentence:

(40) Who gave what to whom?

Applying definition 37(iii), we see that WHO, (.GIV]E) I;SEaRglg;Vmgr{l’rllni a;[v >€
) 2[]]. Then,WHO3(GIV E)(os B)(X) = 1iff X = PE. tension of WHAT,
laP(E) = 2Il he second step of the calculation, the o WHO,(GIVE)) €
GIVE). In ltiese tz WHO,(GIVE), and we get the function WH ATz1 ( o 3
3 = =
WH AT;;?EE) 2] defved o5 WHAT,(W HO(GIVE)(@)(S) = (CIVE) (e, ) for
[E = [q |ﬁ cE&ye WHOg(GIVE)(a’ﬁ)} (ertln.g e WHO 3wHO applies to
S ). Finally, the nominative extension of I’/VHO (1& IVE)) e
’;Vili‘gﬁ(oﬁ/( ?II (‘)/E()g}@E)) yielding the function WH SE()I;[;(I; 1)4T21( i ’3 (<afy>
2 3 WHOL(GI . - A
h that WHO, (W HAT ,( 3 1, Q,(-..(Qn(R)))
laP(E3) — 2] suc WHO,(GIVE))()}. In general, Qu(..(Qn(R)
< B,v > WHAT,( 3 S) =1 iff
o € PnERSZ]NXIfet 517: D(Z;), for some Z; C E. Then, Qi(...(Qn(R)))(S5)
[qP(E ) — 2], > |a, € Z,& < 0y oyt >E Qz(---(Qn(R))(al),%'d analysis. Higgin-
S = R{< al’é-jg;l:;nof W}{ ICH,, determiners deserveH a more Sei;asl }elave tw}; interprota.
esump e B HICH,, questio .
t multiple W g Que .
potham & hgli};r(igtselr)pf::gotrgngl a bijective interpretation. Consider the following
tions: a sin|
sentence:

. . 2
(41) In Gone with the wind, which character admires which character
n ]

i the answer in
he singular interpretation of the sentence is tl}e one (;endered by the
(422;1)‘ eTiI: gansvver in (42b) corresponds to the bijective reading.

ilkes admired Rhett Butler . . ’ |
e ‘::Siﬁey \\zflk:s admired Rhett Butler and Melanie Wilkes admired Scarlett O’Hara
b. Ashley Wi

i ingleton, i.e.,
i i tion, the answer set is a sing ;
ingular interpretation of the ques , 0 s R
i Um':ler t};easlli%que pair. The bijective interpretation asks 'for 3 lgﬁgit;incharacterizes
y constl'StS : ts of the interrogative quantifiers. ¢ The following de
restriction se
H&M'’s intuition:

i i “the domain of quantification in
ijecti i ly available when “t ; on n
i the bijective reading is on | e
h GA%:Prdtlrlingt?s I(-lligsfjlt\)/{nt frorri that of the object” (p.46). I\I)ev%flih:‘l:sisr;lzhet };;eimzhat e o e
e e ish dialects (Ed Keenan, p.c.). me, then, tk o
Complew]yllcorre(‘:ra{?lz at}liol?xng!ﬁiccomodating H&M’s disjointness condition is straightforw:
are generally avai S
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Definition 42 (Sin, .
gular reading of (W 7
Sg(WHICH & of (WHICH,,, .., WHICH i
59()(Z), ..., WHIC A sg) quantifiers
S=R0 2% g i|s) oy oW ENENS) =1 if /
(The disjointness condition (H& M, 1981): Nz, = ¢ )

qua'lft}}g singlrlIl‘ar reading is the one that we get by
tiers. Therefore, it is redy ibl

o . cible and does not lie "be d ”?

o th;ef:iii:; gI/eI:/t };}}ec Interpretation above by applying a I/%’/OII:;I g'};; Efe(g; bounda'ry .

of as the polyadic resumftgiéc])(rilﬁ—oll2 (I/IZ/E})C('}.I(MZYZICHW(M nk). Itsgé;)n bi ‘?s:él;f:é

of Res(WH]C]-[sg(l) i WHICHsg(:l; 7 ;1)1‘1ant1ﬁers, S0 definition 42 corresponds

iz::otﬁzli eZ’i;; ?ng;la; reading is derived Jrom iterations of WHICH

e Zn_ﬂ {a,nl 1;.22“ QaE'.> Then,WHIC’Hsg(n)(Zn)(R)(al,...,an_l)(X) =

WH]CHW(Z.)(ZZ.)(._.(WH]CI'}%W n >€ R}&|X| = 1. For all t1<i<n- 1)

,ai 2z, Ny sg(n)(Zﬂ)(R)))(ah "':a'i—l)(s) =14fS = {< ]

& JS! o it1y ey Qpy >E WHICHsg('L'+1)(Zi+1)(-->(WH]CH8g(n)(Zn)(R)C;Z)’(;;’an z )}
1y -0y QY

iterated application of WHICH s9(Z)

s9(Z) quantifiers.

In the bijecti ; .
posed by W ;I ;é‘; re‘czidlizlgt Ot};ﬁrefm tathappaLrent loss of the uniqueness condition im
89> € fact that th, ic i ; 5
WHICH,,( Z) quantifiers, e polyadic is not reducible to iterations of

Definition 44 Let R, S C
e W CEZ, .., Z, CE
= . 11yl OB Then;
Bij?(WHIgI}{II((?g’.‘.’VV;gICHn(Zn)) € [P(E™) — [,P(E") 2]] and
w 1(Z4), ..., ICHn(Zn))(R)(S) S19fS=RNZ, x .. «x Zn&

Vo, 3! < o
* 1y ooy QG Qg 1y, gy > 1 G ;
such that < al,...,ajn ;ehR7 n>€ 7' x ... x Zi—1 X Z4 zn

8 Interactions of declara

tifiers tive and interr ogative quan-

In thg Previous section we
qlljesttl%ns). In 'this section we treat the combinatio:
quantifiers. Different interactions give rige to different

(43)  a. What did every boy read?
b. Tom Sawyer and The Jungle Book

(44) WHAT,(EVERY BOY (READ .
WHAT({8|BOY C {of - N(X) =1 iff |
X =010V € (o] Coug ot meiAPIIO0 = 1

Sentence (43a) deno
tes a unary question in its indic:
43a) the A : Y question in its individual i
i(natizz . &?Slﬁitlvfe e}ftenswn of the interrogative quantiﬁerriifrllrgi’l 2 d.Oes (45a). In
of the declarative quantifier. In (45a) the nOminaisinlthtthe nom-

extension of

the interrogative i
quantifie i i .
quantifier. r combines with the accusative extension of the declarative

(45)  a. Which students read more than three books?

b. John and Sam
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(46) WHICH STUDENTS,(M3BOOKS,(READ))(X) = 1 iff
WHICH STUDENTS, ({a||[BOOK N{8] < o, 8 >€ READ}| > 3})(X)= 1 iff
X = STUDENT N {a||BOOKN{B| < a,8 >€ READ}| >3} &|X|>2

A second type of reading is called by G&S pair-list reading, since the answer specifies
a set of pairs. The response in (47c) would be a pair-list answer for sentences (47a) and
(47b).
(47)  a. Which book did each boy read?
b. Which book did these boys (each) read?
c. Bill read Tom Sawyer and Joe read The Jungle Book
The problem with pair-list readings is that they are not available with any declarative
quantifier. G& S(1984), Chierchia (1993) and Szabolcsi (1994) have observed that only
quantifiers that denote principal filters give rise to pair-list readings, as the examples in
(48), taken from Szabolcsi (1994), illustrate:

(48) a. Which boys did every dog bite? (pair-list o.k.)
b. Which boys did the dogs bite? (pair-list 0.k.)
c. Which boys did two dogs bite? (pair-list o.k. if TWO DOGS is a principal filter)

A generalized quantifier Q is a principal filter iff it has a generator set GSET(Q)
defined as follows:

Definition 45 X is a generator set for Q (GSET(Q) = X) iff
QX) =1&VY[Q(Y) = 1 iff X C Y]

Declarative quantifiers such as MORE THAN_THREE BOY S or FEW BOY S
are not principal filters and, as expected, sentences (49a) and (49b) lack pair-list read-
ings.

(49) a. Which book did more than three boys read?
b. Which book did few boys read?
c. *Bill read Tom Sawyer and Joe read The Jungle Book

An interrogative sentence with one interrogative and one declarative quantifier de-
notes a binary question in its pair-list reading. It maps a unique set of pairs to true,
the set specified by responses such as (47c). When the interrogative sentence has n

declarative quantifiers and m interrogative quantifiers, the “n + m — tuple”-list reading
is a n + m-ary question. For example, the triple-list readings of sentences (50a) and

(50b) are ternary questions.
(50) a. Which book did each boy put on each desk?
b. Which book did each boy put on which desk?

Combinations of a declarative quantifier which is a principal filter and a modifier
interrogative quantifier can be also conceived as binary questions. Therefore these com-
binations have pair-list readings (51b).

(51) a. When did each of your relatives arrive?

b. Uncle John arrived on Monday, Grandma arrived on Tuesday and my parents on
Christmas eve.

Here we will treat only pair-list readings (binary questions) arising from the combina-
tion of an argument interrogative quantifier, a declarative quantifier and the denotation
of a transitive verb. There are two cases to consider: when the nominative extension
of the interrogative quantifier combines with the accusative extension of the declarative

quantifier and the opposite case.
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Definition 46 (Pair-list lift)

(i) Let Q, € [P(E) — [(P(E) — 2]],Q, € [P(E) — 2|, and R, S C E*. Then,
Pair-list(Q,, Q.) € [P(E?) — [(P(E?) — 2| and Pair-list(Q., Q.)(R)(S) = 1 iff
S={<a,pB>|8eGSET(Q.)&a € Q,(R)(8)}

(where a € Q,(R)(B) abreviates o € X such that Q,(R)(8)(X) =1})

(it) Let Q, € [P(E) — 2],Q, € [P(E) — [(P(E) — 2]], and R, S C E?. Then,
Pair-list(Q,, Q,) € [P(E?) — [(P(E?) — 2|| and Pair-list(Q., Q,)(R)(S) = 1
iff S = {< & B > |a € GSET(Q.) & € Qa(R)(e)}

Not all polyadic pair-list lifts with English universal quantifiers seem to be denotable:
ALL does not participate in pair-list polyadics at all, only the nominative extension of
EVERY seems to participate in them, and EACH shows a much wider flexibility. In
the end it is a question of economy: why having polyadic pair-list lifts denotable with
EACH, EVERY and ALL when the function denoted would be the same? There is a
clear specialization of morphological resources taking place: ALL is used for individual
readings and EACH is used for pair-list constructions. Therefore, only distributive-key
universal determiners (Gil, 1995) participate in this construction. 7 In some languages
like Hungarian or Turkish, the pair-list reading is not expressible with a combination
of a declarative and an interrogative quantifier. Only a combination of interrogative
quantifiers can express it. The existence of the two alternatives is due to the fact
that, for 4,7 € {1,2},Q; a declarative quantifier and R a binary relation, when the
answer set of the polyadic Pair-list{WHICH 44;)(Z;), Q;)(R) is a bijective function (a
set of pairs {< a, 8 > |V € GSET(Q;)3!3 such that 8 € WHICH ,4(;y(Z;)(R)()}),
then Pair-lis WHICH 44(;)(Z:),Q;)(R) = Bij(WHICH ;y(;y(Z;), WHICH ;(Z);)(R).
In this case, (52a) and (52b) denote the same question: they have the same answer set
(52¢).

(52) - a. Which boy likes which girl?
b. Which girl does each boy like?
c. John likes Mary, Bill likes Pam, Joe likes Sue.

Functional readings (G&S, 1984; Engdahl, 1986) of questions are specific to combi-
nations of interrogative quantifiers and decreasing declarative quantifiers. In these cases
the pair-list response is not possible.

(53) a. Which book did no student like to read?
b. Their last week assignment.

(54) a. Who do few Italian married men like? (Chierchia, 1993)
b. Their mother in law.

Functional readings are intensional renderings of pair-list answers (G&S, 1984; Chier-

chia, 1993). In clarification contexts, though, the pair-list answer can be explicitly ob-
tained. Consider (55) as an answer to (53a):

(55) Their last week assignment. More explicitly, Bill did not like to read El Quijote and
Joe did not like to read Magic Mountain.

How is this “extensionalization” possible?. Since NO BOY (B) = EVERY BOY (—B)
8 and EVERY BOY (—B) has a generator, namely BOY, then we may define the corre-
sponding pair-list lift as follows:

(56) Pair-list NOBOY,,W HICHBOOK,)(R)(S) = 1 iff
S ={<aB>|a € GSET(EVERYBOY,)&
B € WHICHBOOK ,(~LIKETOREAD)(c)}

"The position of EVERY is intermediate, at least for some dialects. Crosslinguistically, the most
common scenario is that one universal determiner participates in individual readings (iterations) and a
different one, the distributive-key universal determiner, in pair-list readings (polyadic).

8NO BOY(B) = EVERY BOY - (B) = EVERY BOY (-B) = 1 iff BOY ¢ B iff BOY N B = 0.
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tive” (Srivastav, 1992). A standard cumulative answer for
whereas the pair-list answer would be (57¢).

have an additional reading which has been called ” cumula-

Interrogatives like (57a) e ey,

(57) a. Which books did the boys read?
b. They read Tom Sawyer and The Jungle Book.
c. Bill read Tom Sawyer and Joe read The Jungle Book.

i tive spell-
Srivastav claim that the pair-list reading can be considered as the cooperative Sp

perc
out Of the CuIn\llathe readm when the latter is the pxeferred int erplei ation I perceive
g
more of a semantic dlfference than of a gncean phenomenon Cumulathe questlons are
P -ary q ) par T 3
lural n-ar uestions functions that in a situation ma; a elation between sets to true
Notice also that there does not seem to be a branchmg lift in the mtexrogatlve domain.

e i -ary tions)
Definition 47 (Plural n-ar ques .

[ P(P(E)“) — 2] is the set of plural n-ary questions.
q

iti sve Lift) Let i # j € {1,2}Qi € [P(E) = [,P(BE) -
DeﬁmthgC;Ds Er{‘ C;:il:::l;t:;f,edeﬁnée genemlz'zed quantifiers ), and ER2§ _}i‘ 2,]]‘5' a‘%d’P(E)
?]i]’eQ{S'EC P(E) x P(E)). Then, Cum(Qs,Q;) € [P(E’)A & %Ps(ﬁ t)h 2t
i) if i = 8, =1 then Cum(Qu, Q)(R)(S) = 14 S=Ax
A — GSET(Q;)&B ={BlBac A&p € Qi(R) (@)} P
(i) ifi=1,3= 2 then Cum(Qi,Qj)(R)(S) =1ifS=
B = GSET(Q;)&A={c3B € B&a e Qi(R)(B)}

ered by G&S(1984) are choice questions. The name

Another type of questions consid flons, 4 e of

comes from the fact that sentences lik’e (58a) can be paraphrased as
your choice, which book did each read”.

; ?
_ Which books did two boys read? .
e Z Steve read A Tale of Two Cities and Mark read The Never Ending Story

ere ommon a Ieemenh that this reading 18 uite mu nornm: 1 discourse.
There is com: g 1 d: g 1 qur arglnal in norma. SCO €

i ions. The
ts or quizzes and are also called “quiz” questions

reaso:! or its mar 1na1xty ml ht be that in the deﬁmtlon Of the corr eSpOIldl“g polyadlc
€ n fi g g ( y

not denote a principal filter) but one of its elements.

243 (13 2 9 1ift . .
it ﬁ g}czh-mvcveg Eée e [P(B) — [P(B) —~ 2], D; € l”’g?m r §ﬁ>and
Let i ?é‘JD.(Z") a’nd]’R,S C E?. Then, Choice(QuQJ‘? e [P(E )};—»ﬁ[;t o = &
2]‘])’ Ci;;ji-: é jJ: 1 then, Choice(Qi, Q;)(R)(S) = 1 iff 3W such that @;

x(}v F el o> laeWEBEQWQY o)
(id) if 771 j = 2 then, Choice(Q1,Q;)(R)(5) = iff
WCZ;&S={<up>IB€ W &a € Qi(R)(B)}

1&

Il

i i - denotin
The explanation of why choice questions are only possible with non-filter g

i j C Z;}| =1 then
declarative quantifiers is the result of the fact that if {W|W eQ; & W C Z;}

Choice(Qi, Q5) = Pair-list(Qi, Qj)-
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Abstract .
In his work on information packagin, :
in function of the speaker’s assumptions
Vallduvi (1992, 1993, 1994) identifies the in

Herman Hendriks and Paul Dekker!

Utrecht University and University of Amsterdam

g—i.e., the structuring of propositio.nal content
about the hearer’s information state—
formational primitives focus, link and
iti i ent ap-
tail. which are adapted from the traditional focus/ grou'nd aixdt toprc}/1 ::zx:rrsl by t};ze
i . . .
tation of information states o
oaches, and argues that the exploi : R
?r:formation—packaging strategies of speakers reveals that th.ese state.b llllawe rae s
the internal structure of a system of Heimian file cards: links, \giuc :é)r' th;; oy
to what are traditionally known as topics, sayﬁ‘:rh:;efonT\x}l};a;reS: nctapaper ot
i i ils indicate how it fits there.
cal information goes, and tails ind ; ‘ or g
various reasons for not believing this and proposes to mode.l mforrrri'atloen Eires 2o
Kampian discourse representation structures, w1th01;r.s 1(21c‘itlon's< 111'51 Ornq;n I
i i the function of links. They signa -
leads to a different perspective on . g e
::a hora: their discourse referent Y is anaphoric to an ante‘ceder}t d1s.cto?r;31 ;nhora
X sﬁch that X € Y. This idea will be shown to subsume r}on—ldentl y1 . 1:5 an(i
contrastive stress, pronoun referent resolution, and restrictiveness of relative

adjectives.

1 Information Packaging
The notion of information packaging s introduced in Chafe (1976):
[The phenomena at issue] have to do primarily \;ffith htow tt}lxle rgz(s:ls(zgg(ie nl;
i i itself, just as the
t and only secondarily with the message I , :
zintoothpaste can affect sales in partial independence of the quality
of the tooth paste inside. (Chafe 1976: 28)

The basic idea is that speakers do not present infor
but that they provide a hearer wi
integrate this information accord
and attentional state:

To ensure reasonably efficient communication, [... tJhe speak:r t;ls;
to the best of his ability, to make the structure of his 1;1‘:j ezé e
congruent with his knowledge of the listener’s mental world.

and Haviland 1977: 5)

ars to be the tailoring of an utter-
lar assumed needs of the intended
natural languge reflects the
mptions and beliefs and

On all levels the crucial factor appe
ance by a sender to meet the particu ar 2
receiver. That is, information packaging in
sender’s hypotheses about the receiver’s assu
strategies. (Prince 1981: 224)

i h
1. Sections 1 and 3 of the present paper have been written by the first aut

joint work of the two authors.

mation in an unstructured way,

th detailed instructions on how to maflipulate and
ing to their beliefs about the hearer’s knowledge

or. Section 2 reflects
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For instance, sentences such as (1) and (2) are truth-conditionally equivalent in that
they express the same proposition, but each of them ‘packages’ this proposition in
a prosodically different way:2

(1)  The boss hates BRoCCOLI
(2)  The boss HATES broccoli

Typically, speakers will use (1) if the hearer at the time of utterance knows nothing
about or is not attending to the boss’ relation to broccoli, while they will use (2)
if the hearer at the time of utterance knows that there exists a relation between
the boss and broccoli, is attending to this relation, but does not know what it is.
Apparently, speakers are sensitive to such differences in the hearer’s knowledge and
attentional state, and hearers rely on this:

speakers not using this device systematically give their listeners a
harder time. (Nooteboom and Terken 1982: 317)

Truth-conditionally equivalent sentences that encode different information packag-
ing instructions are not mutually interchangeable salva felicitate in a given context
of utterance: e.g., of the above sentences, only the first one is a felicitous answer
to the question What does the boss hate? It is this context-sensitivity that has
traditionally placed information packaging within the realm of pragmatics.

Vallduvi’s account of information packaging (1992, 1993, 1994) is a combina-
tion of two influential earlier pragmatic approaches, the ‘topic/comment’ approach
and the ‘focus/ground’ approach.

According to the focus/ground approach, sentences consist of a ‘focus’ and
a ‘ground’.® The focus is the informative part of the sentence, the part that (the
speaker believes) makes some contribution to the hearer’s mental state. The ground
is the non-informative part of the sentence, the part that anchors the sentence to
what is already established or under discussion in (the speaker’s picture of) the
hearer’s mental state. Although sentences may lack a ground altogether, sentences
without focus do not exist.

The topic/comment approach splits the set of subexpressions of a sentence
into a ‘topic’, the—typically sentence-initial—part that expresses what the sentence
is about, and a ‘comment’, the part that expresses what is said about the topic.
Topics are points of departure for what the sentence conveys, they link it to previous
discourse. Sentences may be topicless: so-called ‘presentational’ or ‘news’ sentences
consist entirely of a comment.

In Reinhart (1982), it is argued that the dimension of ‘old’/‘new’ information
is irrelevant for the analysis of sentence topics. Instead, the notion of ‘pragmatic
aboutness’ is is defined in terms of the organization of information. The set of Possi-
ble Pragmatic Assertions that can be made with a sentence S expressing proposition
¢ is defined as PPA(g) = {p} U {(a,¢) | a is the interpretation of an NP4 in S} A
pragmatic assertion (a, ) is assumed to be about a.

Notice, by way of example (adopted from Dahl 1974), that the sentence The
boss hates BROCCOLI gives rise to the parallel topic/comment and ground/focus

2. Ttalics are used for unaccented expressions; SMALL CAPS for expressions that bear a (focal) H*
pitch accent; and boldface for expressions that bear a L+H* pitch accent. This is the terminology
of Pierrehumbert (1980). H* accent and L-+H* accent are called A accent and B accent, respec-
tively, in Jackendoff (1972). We will assume that the relevant intonational unit for links is not the
accent but rather the whole phrase, so that there is no such thing as a link-associated accent, but
rather a link-associated tune.).

3. The ground is also known as ‘presupposition’ and as ‘open proposition’.

4. Subject to further syntactic and semantic restrictions, cf. footnote 9 below.
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partitions indicated in (3) if it answers the questions What abqut the. boss? Wl.lat
does he feel?, whereas it induces the partitions specified by (4) in the interrogative
context What about the boss? What does he hate?

topic comment
3) The boss | hates BROCCOLI
ground focus
topic comment
(4) The boss | hates | BROCCOLI
ground focus

The fact that the two informational articulations correspond to.different p.artltlons
in (4) shows that neither of them is by itself capable of captlfrlng all the mforﬂma—
tional distinctions present in the sentence. Therefore, Vallduvi proposes to con 'ate
the two traditional binomial articulations of focus/ groun.d a.l:ld topic/comment into
a single trinomial and hierarchical one. The core distinction is thg one between r(;e\'v
information and anchoring, between focus and ground. .In addition, the groun }:s
further divided into the ‘link’, which corresponds approxlmat.:ely to the topic in the
traditional topic/comment approach,® and the ‘“tail’.% In a picture:

topic comment ‘aboutness’
(5) > link | tail | focus ’
ground focus ‘old’/‘new

Given this articulation, the answer The boss hates BROCCOLI .to the qufestions
What about the boss? What does he hate? will receive the following analysis:

The boss | hates | BROCCOLI
(6) link tail focus
ground focus

Roughly speaking, the different parts——lft;cus:nd ground, link and tail—of a sen-
e following informational functions. .
enee ST}LZW}JC}:B encodesg Is, the information of S, which can bg metap}.lorlcally
described as ¢g, the proposition expressed by S, 'minus K.h’ the information (the
speaker presumes) already present in the hearer"s mfo?matlon state: R
The ground performs an ushering role—it specifies the way in whic! s fits
in the hearer’s information state: links indicate where Ig should go by denoting a
location in the hearer’s information state, and tails indicate hc?w Ig fits thire.by
signaling a certain mode of information update. Of course, talking about us erklln%
information to some location in the hearer’s information sta,tf.a presupposes t a’
this information state has some sort of internal structure. In this respect, Vallduvi

purports to

5. To the extent that links correspond to the topic in the tradit.ional topic/cqmr}r{efxthd1sttl?1cgtlso21)1,
Vallduvi’s theory is quite similar to the analysis of .sentence topIC§ presentefd mt. ein! ara s o,f
where a pragmatic assertion of ¢ about a is formalxzed as (a, ), in that a unc 10n;: sﬁut s
‘locus of update’ for ¢ (cf. below). Ahdifference is tha_t ?it:Z:i?nallows assertions w

i and topics that express new infor . )
((is.mc";‘:hazsl?iiaici)]')?igsgs) not imgly constituency or (even) cqntinuity. In particular, the tw::té):;:
(link and tail) of the ground may not constitute a linear unit at the .surface‘ Mo‘rleover, se:
may have more than one link, and more than one element may constitute the tail.
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agree with Heim that there has to be some additional internal struc-
ture in the hearer’s model of the common ground that plays an im-
portant role in natural language interpretation, even if this internal
structure is of tangential relevance in truth value computation. It is
this internal structure of information states which is, in fact, crucially
exploited by the different information-packaging strategies used by
speakers in pursuing communicative efficiency. (Vallduvi 1994: 7)

In fact, Vallduvi takes the metaphor of Heim’s file change semantics (1982, 1983)
literally, in that he assumes that the information in the hearer’s model is organized
in files, i.e., collections of file cards. Each file card represents a discourse entity: its
attributes and its links with other discourse entities are recorded on the card in the
form of conditions. Such a discourse entity may be known to the hearer but not
salient at the time of utterance, it may be salient at the time of utterance, it may
be completely new to the hearer, it may be inferable from what the hearer knows,
etc. Discourse entities mediate between referring expressions (noun phrases) and
entities in the real world: indefinite noun phrases prompt hearers to create a new
file card, and definite noun phrases incite them to retrieve an already existing file
card. Both definites and pronouns denote already existing file cards, but pronouns
denote salient file cards, whereas (other) definites refer to non-salient ones.

File change comprises the above aspects of file card management, but it also
involves content update, i.e., the incorporation of information conveyed by a given
sentence into records on novel and familiar file cards, and this is where Vallduvi lets
information packaging come in. '

Links are associated with so-called GOTO instructions. In file change seman-
tics, the target location of such a declaration is a file card fe. A tail points at an
information record—normally a (possibly underspecified) condition—on such a file
card, RECORD(fc), and indicates that it has to be modified (or further specified) by
the focus information Ig of the sentence. The associated instruction type is called
UPDATE-REPLACE. In the absence of a tail, the focus information Ig of a sentence
is simply added at the current location. The associated instruction type is called
UPDATE-ADD.

Sentences may lack links and tails (recall that the focus is the only non-

optional part of a sentence), so the following four sentence types can be distin-
guished:

(7) a. link-focus
b. focus
c. focus-tail
d. link-focus-tail

The above sentence types are associated with the below (compound) instruction
types, respectively:

(8) GOTO( fc) (UPDATE-ADD(Is))

UPDATE-ADD(Ig)

UPDATE-REPLACE (Is,RECORD( fc))

GOTO( fe) (UPDATE-REPLACE(/g,RECORD( fc)))

s e

The sentence and instruction types in (7) and (8) can be illustrated with the fol-
lowing examples, where links, tails and foci are specified by means of [r...], [1.. ]
and [p...] brackets, respectively, and accented expressions in foci and links are—

as above—written in small caps (representing H* pitch accent) and boldface (for
L+H* pitch accent), respectively:
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9 o link-focus:

[LThe boss|(rhates BROCCOLI]

upDATE-ADD(Ig))
P [pHe always eats BEANS]

b. focus: -
UPDATE-ADD{Ig
¢ focus-tail: [pHe is NoT|[rdead)

DATE-REPLACE(Ig RECORD(fc)) .
Elik-focus—tail: [LThe boss|[pHATES|[T broccoli]
gorto(fec) (UPDATE—REPLACE(I g ‘RECORD(fc)))
ted temp is ordering

dinner for the boss and aSkS the executlve secretary whether there 1S any thlng thab

N a9 s .
Sll()ll]( known ab()ut; the boss taste. The executive secretary gwes the fOllOWlng

answer:
(10) [LThe boss|[rhates BROCCOLI]

it i iated with a
i d as such it is associa
i link-focus construction, an . ated W
Exargr(’}tz) E%J(;)D;:STI:ADD(IS)) instruction. The link sub;e;t ;}21; bSo;; ngfle Pl
e ing the boss—car s ] :
iz.. the card representing ti TR
Of updal::ti? b‘ilozc::oh' specifies the information Is that has toa:; Z dded 1o L el
g?];)assse that broccoli is represented by card #%3?.;};:; E:he O S
i i ciate .

. DATE-ADD([g) instruction associat e
detaﬂ;’tst }::) ‘::iding the condition ‘hates(25,136) to.the 1;)(:1:151 eolocis Of ‘,lpdate’ ©
211)ms(:;1 card #25. Moreover, the record * ’| a pointer to

0! X

ad(led to card #136 renderm the C()Ildltl()n hates 25 136 on CaId #25 accessl-
( ’ )
’ g
ble from Ca‘rd i 136: 'a‘udu'l says t’hat thlS lmkmg mechamsm, “thh desxgnates
a unique location for COﬂtEI\b update, 15 much more ef‘ﬁclent than stralghtforward

multiple recording of information on cards.

broccoli(136)

— | boss(25)

i(136
boss(25) broccoli(136) 106}

(11) [pHe always eats BEANS]

Example (11), an au‘fOCUS COI]StI'LlC‘lOI\, 18 smlply a:SSOClatEd Wlth an UPDATE-

ADD IS mStIUCtlon. IIETe, this 1llstIqu10ﬂ lIlVOlVeS the addlblon Of bhe focus 1n-
fOIIIl(atl)On IS that the value of the current card always eats beans. That is: if it is
P y ple (1 ) and 1 a y

inter Ieted llnlnedlahel after exam! 0 f we leave its adverblall nlodlﬁed
tranSltlve Verb phI ase Unanalyzed for Slnlpllclty, it aﬂlounts to addlllg the COndlthn
al vays eats bea‘ns(25) to Card 7 25. . (

= 15 instr ti 1 hat a p()SSlbly
the straif hthI Wafd UPDATE ADD( ) struction. A (al mdlcates t.

g

undeISpeCIﬁQd record on a ﬁle card has to be re; la(:ed or spe(:iﬁed fur ther). Ihe
. pp y
materlal in the taﬂ serves hl(fh e(;{)](l Suppose for

ining w.

the purpose of determml.ng . Ll
le, that (12) is a reaction to the statement Since John is dead,

example,

split his inheritance:

(12) I hate to spoil the fun, but [rhe is NoT)[rdead]

aker instructs the hearer to replace the record

With this focus-tail example, the spe st s 202 B alne

on the current locus of update——card #1717, say,
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' s hing which is assumed
tail example (13) given below. Suppose now that
he executive secretary whether it was a good idea
and that the executive secretary gives the following

the newly appointed temp asks t
to order broccoli for the boss,
answer:

(13) [L The boss][pHATEs][Tbroccoli]

The idea is that the temp has an unders
which says that the boss has some attitude
about the nature of this attitude is reflecte
which is replaced by ‘hate’ after hearing t

pecified record on his card for the boss,
towards broccoli. The lack of information
d by the record ‘ATT’, and it is this record
he executive secretary’s answer (13):

%5 | 136 25 | 136 |

2088(2255) broccoli(136) = boss(25) broccoli(136)
TT(25,136) hate(25,136)

gcl)fie;e.ni langutaifzs choxc;s;: different structural means to spell out the same informa,
interpretations. Vallduvi studies the manifestati i i .
' : on of information packagi
in several languages, with an em i angune
: X phasis on Catalan and Engelish C 1
comparison shows that in expressing i i i AP I i
g information packaging, langu loi
order and prosody in various wa i ish strastusally reota
. ys. Roughly speaking, English st i
information packaging by means of a) ive i ational contours of et
‘ ternative intonational cont f i i
strings, whereas Catalan has a constant i Footuates s
: A . prosodic structure and effectuates inf.
tion packaging by means of strin i duvt sagues thr
g order permutations. In fact, Vallduvi
languages such as Catalan su iri : e
pply empirical support for the re i i
. ] . presentation of infor-
mation packaging sketched above, since these languages package their information

In English, the focus is associate

. d with a H* pj i i
402)) il s el pitch accent (written in small

pitch accent (written in boldface), and tai
. ; s ail
structurally characterized by being deaccented. One and the same )string ma;al;:

iaj:ggf:lt a('itiii(f)(relrsenlt intor?ti(l)nal [;Ihrasings in order to realize different informational
- 41 particular, the focal pitch accent may b i i
T : , the y be realized on diff
Positions in the sentence. This is illustrated by the sentences (15) (17) and %‘g;t
construed as answers to the questions (14), (16) and (18) ’ ’

, respectively:
(14) What did you find out about the company?

(15)  [pThe boss hates BROCCOLI]

(16)  What did you find out about the boss?

(17)  [LThe boss][phates BROCCOLI]

(18)  What does the boss feel about broccoli?
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(19) [LThe boss]|[pHATES][rbroccoli]

In Catalan, the situation is as follows. Metaphorically speaking, one can say that
Catalan focal elements remain within a so-called ‘core clause’, but that ground
elements are ‘detached’ to a clause-peripheral position. In particular, links are de-
tached to the left, and non-link ground elements undergo right-detachment. As a
result of detaching both links and tails, the core clause (CC) is left containing only
the focus of the sentence:

(20) LINKS [cc FOCUS ] TAILS

Consider the Catalan counterparts (21), (22) and (23) of (15), (17) and (19), re-
spectively. The all-focus sentence (21) displays the basic verb-object-subject word
order. In (22) and (23), the link subject I’amo has been detached to the left. In (23),
moreover, the tail direct object el broquil has been detached to the right, leaving a
clitic (I) in the focal core clause. Note that intonational structure plays a part in
Catalan too, albeit ‘a rather lame one’ (Vallduvi 1993: 33): a focal H* pitch acent
is invariably associated with the last item of the core clause.

(21) [rOdia el broquil L’AMO]
(22) [pL’amo][rodia el BROQUIL]
(23) [LL’amo] [rL’ODIA]|[Tel bréquil]

The above observations provide confirmation that information packaging involves
syntax as well as prosody; hence any attempt to reduce information packaging to
either syntax (for Turkish, cf. Hoffman 1995) or prosody (for English, cf. Steedman
1991, 1992, 1993) is inadequate from a cross-linguistic point of view.” Accordingly,
Hendriks (draft) treats the range of variation in the structural realization of infor-
mation packaging as displayed by Catalan and English by means of the sign-based
categorial grammar formalism of Hendriks (1994). Basically, this formalism is a
both intonationally/syntactically and semantically/informationally interpreted ver-
sion of a double ‘dependency’ variant (see Moortgat and Morrill 1991) of the non-
associative Lambek (1961) calculus, enriched with the unary operators of Moortgat
(1994). The treatment of information packaging it accommodates differs from many
of its predecessors (including other extensions of standard Lambek calculus such as
Oehrle 1991, Van der Linden 1991, and Moortgat 1993), in that it does not employ
focusing operators, but, instead, makes use of ‘defocusing’ operators that license
the presence of links and tails.

Acccording to most approaches, focused constituents are semantic functors
which take the non-focused part of the sentence as their argument. This analysis
is based on such assumptions as made in Szabolcsi (1981, 1983) and Svoboda and
Materna (1987), where focus is not only considered an information-packaging primi-
tive but also an implicit truth-conditional exhaustiveness operator, and on semantic
studies of the phenomenon of ‘association with focus’ as provided by Jacobs (1983),
Rooth (1985), Krifka (1991), and others who have argued that the quantificational
structure of so-called focus-sensitive operators is crucially determined by the tra-
ditional pragmatic focus-ground partition. However, Vallduvi argues convincingly
that ‘the claim that focused constituents truth-conditionally entail exhaustiveness
leads to extreme positions’ (1992: 170), and Vallduvi and Zacharski (1993) show
that ‘association with pragmatic focus’ is not an inherent semantic property of

7. Note, moreover, that the structural realization of information packaging in Catalan involves
both syntax and prosody.
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sort of rich internal structure for K}’ (Vallduvi 1994: 7). The relevant question,
however, is whether this assumption of ‘some sort of rich internal structure’ itself
makes sense of anything besides the ushering function of links.

If file card systems are assumed, then the information-packaging instruction
types apparently do contribute to efficient information exchange. And if this as-
sumption is warranted, it may even serve as an explanation of the fact that we do
appear to find these ways of packaging information in a variety of languages. Never-
theless, the more theoretical question is whether this assumption itself is warranted,
and whether the organization of linguistic information exchange really presupposes
such information states. After all, ushers can be very useful, but there are also halls
that have unnumbered seats!

Maybe links really make no sense without files, but, for that matter, maybe
we simply fail to understand what links do. The notion of ‘ushering Is to a location’
may be just as metaphorical as the notion of ‘file card collection’. For instance, files
are, as Vallduvi puts it, ‘dimensionally richer’ than the card-less discourse repre-
sentation structures of Discourse Representation Theory (see Kamp 1981, Kamp
and Reyle 1993), since each file card introduces its own ‘representational space’
where all its records are to be found while there is no sensible notion of location in
discourse representation structures. Still, a hearer who employs discourse represen-
tation structures has an easier job from a bookkeeping perspective than a hearer
whose information states are collections of file cards connected by pointers.

This can be illustrated as follows. Imagine an utterance made by Irene, a
speaker who organizes her utterances on the basis of the assumption that her audi-
ence stores information using collections of file cards connected by pointers, to Hans,
a hearer who employs discourse representation structures. Clearly, it would be inap-
propiate to say that Irene uses links to usher Is to a location in the hearer’s model
K, since there is no sensible notion of location in Hans’s discourse representation
structures. Still, this does not at all preclude Hans from updating his discourse rep-
resentation with the proposition that Irene attempts to get through. And worse, he
has even got considerably less to do than a hearer who uses collections of file cards
connected by pointers. Compare the following link-focus example:

(24) [ Franks|[pflew from Amsterdamg to Oslog via STUTTGART?)

Neglecting various details, if a file clerk is to update her file in order to represent
the information expressed by example (24) in the way sketched above, she has to
carry out the following sequence of instructions:®

(25) GoTo(5)(UPDATE-ADD(flew(5,9,8,2)))
GOTO(9) (UPDATE-ADD(|~ 5 |))
GOTO(8) (UPDATE-ADD(|~ 5))
GOTO(2) (UPDATE-ADD(|~ 5 ))
GOTO(5)

8. Assuming that establishing links to the locus of update is done via packaging instructions—of
course, these links have to be established somehow. Note, by the way, that the file clerk’s task
would not be made easier by structure sharing (something suggested by Enric Vallduvi (personal
communication)), because also the structure sharing will itself have to be established somehow—in
the following way, for example:

GoTO(5)(UPDATE-ADD(| 1 |flew(5,9,8,2)))

GoTO(9)(UPDATE-ADD(| 1))

GOTO(8)(UPDATE-ADD(| 1))

GoTo(2)(UPDATE-ADD(| 1 |))

GOTO(5)
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individuals having properties and standing in relations at various
spatio—temporal locations. Among other things, they should be able to model quanti-
fied, negative and disjunctive information. Discourse Representation Theory allows

the construction of complex conditions from sub-DRSs, and these conditions—by an

appropriate semantic interpretation procedure——model precisely such information.

Heim, who explicitly speaks of files and file cards as metaphors (1982: 276 and

302fF.), spells out quantified, negative and disjunctive information in purely seman-

in terms of the domains and satisfaction sets of files. However, it is
metaphorical file card

conditions—i.e.,

tic terms, i.e.,
not clear how such information must be expressed in the non-

set-up of Vallduvi (1994).
For one thing, what loci of update are specified by the links of sentences
such as (27), (28) and (29)?° On what file card(s)—if any—should the information

expressed by these sentences be put?
(27) [LEvery man] [FWALKS)
(28) [LNo man][FWALKS]

(29) [LJohn or Mary][FWALKS]

For another, how should this information be put? One might think of using sub-files,
but then, where must these be put? Are they attached to a main file, or must they
be attached to a main file’s file card? Which one? Interestingly, Heim raises similar

questions in her 1983 paper:

Take a simple sentence [.-.): It is raining. In the context of the file
metaphor, one doesn’t quite know how to deal with this sentence.

As an informative sentence, it ought to call for an updating of the

file somehow: but what exactly is the file clerk supposed to do? The
information that it is raining does not belong on any particular file
card, it seems, since each file card is & description of an individual, but
It is raining is not about any individual. Should the file clerk perhaps
write on some arbitrary card: ‘s such that it is raining’? Or should
he write that on all cards? And what if the file so far doesn’t contain
any cards yet? -] Quantified and negated propositions are similarly
puzzling if we are 0 ambitious as to want to say what exactly the file
clerk does in response to them. Under the modest aspect of domain
and satisfaction set change, however, they pose no problem. (Heim

1083: 183-184)

It should be noted here that such a ‘modest’ position cannot be retained in the
set-up of Vallduvi (1994), because there the entities to be updated must be files,

not their domains and satisfaction sets.
(b) Vallduvi (1992: 104) notes that there is no structural restriction on the

number of links in Catalan. ‘Sentences may have more than one link, as in the
Catalan example (30)-

9. Though ‘links tend to be definite NPs’ (1992: 77), Vallduvi notes the ‘restricted existence of
indefinite links’ (1992: 46). ‘Sentences with quantifier links are’ claimed to be ‘less natural than
others, causing raised eyebrows among some Catalan speakers. Sentences like A tots els estudiants;

els; donen un CARNET t; “To all students they give an ID” or A tothom; no el; tracten t; IGUAL
«Everybody they don’t treat the same” are extremely natural, some other sentences sound odder.
Most sentences, however, are felicitous once the right context is construed, although in some cases
it may require some sophistication’ (Vallduvi 1992: 153). Analogously, Reinhart notes that if they
<can be interpreted (pragmatically) as denoting sets, universally quantified NPs, as well as specific

and generic indefinite NPs, can serve as topics’ (1982: 65-66).
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(30) [ EI broquil] [.a Pamo] |
the broccoli to the boss
Approx.: “The brocceoli t

Fl tbi van REGALAR]
obj-iobj 3p-past give
he boss (they) gave it to him (for free)’.

In these cases the speaker dir

information under both.” (
- (Vallduvi 1992. 60). So i
| %J: 90, assuming that ‘they’ haye card #
3

. . . .
and that lhe bOSS and broccoh still POssess thel[ respective cards #25 and #136
)

S ) b t w
“lIS means ”la( 1he entence is 1]<Ot as) sociated with the nstruc tlon (31) u Ith

31 it
(31) GOTO(136)(GOTO(25)(UPDATE-ADD(give(3,136,25)))
(32) GOTO(136) (UPDATE—ADD(give(3,136 25))

GOTO(25) (UPDATE-ADD(give(3,136,2’5))

But thlS raises questions. W hat 18 the current IOCUS of update aﬂ:el 32 has been
carried out? Is the ﬁle Clelk SuddEIlly Sllnllltaneously present on two ﬁle cards? I She

(
)
isn’t Suppose Slle lands on card #25 y does thlS then mean that 32 1S equlvalant
to (33)) the instr iction associated with the one—hnk sentence (34)(7 )

(33) G0T0(25)(UPDATE-ADD('
give(3,136,25))
GOTO(136) -
oo (UPDATE ADD(@))

(34) [LA Lamo] [phi van regalar e] BROQUIL)|

Bl;l,,t ,i: (32) and (33) are equivalent, then
af ? And how could (32) and (33) be non-
of update make that pointers cannot?

(¢) Above we gave an i
; n inform
sentences in terms of UPDATE- R
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¥ complicated by the idea
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g
ed mn ﬁle card systems Suppose 1hat Lo Uls van Gaal
utters (35): “he!eupon Johan Cr Ul]ﬁ reacts vith say Ing (36)

(35)  [LAjax][pwon]

10. Note, y the way, onstitutes a uperfluo I In instruc
y , that the GOT (3) Ct flu det, t t 3
1 S as us
0. N b (o] titut etour in ing 1on ( )

ects the hearer to 80 to two addresses and enter th
e

Ajax won by one according to which Barcelona did. Presumably, this should not
(only) be done on the card for Ajax. Instead of the straightforwardly simple (37),
we seem to need the complex instruction given in (38).

(37) *UPDATE-REPLACE(won(2),won(1))

(38) UPDATE-REPLACE( ,won(1))
GOTO(2) (UPDATE-ADD(won(2)))

(d) A typical example of the way in which Vallduvi analyzes pronouns can
be obtained by combining the above example sentences (10) and (11) into one text:

(39) [LThe boss|[phates BROCCOLI]
[rHe always eats BEANS]

The first sentence is a link-focus construction, and therefore associated with an
instruction to go to the file card of the boss, thereby turning it into the current
locus of update, and to enrich that file card with the information that the boss hates
broccoli (and the broccoli file card with a pointer to the file card of the boss). The
second sentence is an all-focus construction, associated with the simple instruction
to add the focus information that the value of the current locus of update always
eats beans to the current locus of update. Hence if it is interpreted immediately
after the first sentence, it amounts to adding the information that the boss always
eats beans to the card of the boss.

Note that the pronoun he obviously does not induce replacement or shift the
locus of update. Hence it cannot be a link or a tail, and this inevitably leads to the
conclusion that it forms part of the focus. This is a counterintuitive result, however,
since it is also clear that the interpretation of the pronoun is provided by the value
of the current locus of update—which does not constitute new information, but can
be assumed to be already present in the hearer’s information state.

3 Non-Monotone Anaphora

Let us wind up the discussion so far. We have argued that the data discussed above
do not enforce the conclusion that information states have at least the structure
of a collection of file cards connected by pointers. For that matter, the phenomena
can also be accounted for in terms of discourse representation structures, and it is
very well possible that circumventing file cards might lead to the avoidance of the
complications that were outlined in the previous section.

In view of these considerations, a card-less alternative will be defended in
the present section, according to which information states are modelled by means of
discourse representation structures, which are ontologically less committed than the
‘dimensionally richer’ file card system, in that discourse representation structures
do not come with locations.

But if, as we have argued, the use of files does not appear to be imperative,
then we face a question: what purpose do links serve if they do not serve to specify
a locus of update by ushering to locations? What does ‘ushering to a location’ mean
if representations do not come with locations? Thus a different perspective on the
function of links is required. We would like to suggest a tentative answer which we
take to carry less presuppositions than the file metaphor.

The perspective we would like to offer has its heuristic starting point in Kamp
and Reyle (1993), who note that processing a plural pronoun does not always involve
equating the discourse referent it introduces with one introduced earlier through the
processing of some other plural NP. They consider the following example:



(40)  John took Mary to Acapulco. They had a lousy time.

Here, the plural pronoun they does not have a single NP for its antecedent. Rather,
the ‘antecedent’ has to be ‘constructed’ out of various parts of the preceding text.
Such examples, which are very common, seem to suggest that plural pronouns can
pick up any antecedent that can be obtained from antecedent information by logical

deduction. However, the deductive principles that are permitted in this context turn
out to be subject to restrictions.

(41)  Eight of the ten balls are in the bag. They are under the sofa.

The pronoun they in (41) cannot be understood as referring to the two balls that
are missing from the bag. Apparently, subtracting one set from another is not a
permissible operation for the formation of pronominal antecedents.

The permissible process of antecedent formation displayed by (40) is called
Summation: a new discourse referent is introduced which represents the ‘union’ of
individuals (John and Mary) and/or sets represented by discourse referents that are
already part of the discourse representation structure. Other permissible processes
are Abstraction, exemplified by (42), which allows the introduction of discourse
referents for quantified NPs (compare also footnote 9 above), and Kind Introduction,
which introduces discourse referents for a certain ‘genus’ explicitly mentioned in the
text by a (simple or complex) noun.If they in (43) refers to the (few) men who joined
the (conservative) party, we are dealing with Abstraction. The more natural reading,

where they refers to men in general (and the party is presumably non-conservative),
is a case of Kind Introduction.

(42) I found every book Bill needs. They are on his desk.
(43)  Few men joined the party. They are very conservative.

In their discussion of the inferential processes available for the construction of an-

tecedents for (plural) pronouns, Kamp and Reyle suggest the following generaliza-
tion:

‘What sets the admissible inference processes of Summation, Abstrac-
tion and Kind Introduction apart from an inadmissible inference pat-
tern such as set subtraction is that the former are [... .| strictly positive
(Kamp and Reyle 1993: 344),

or
‘cumulative’ in the following sense: the newly created discourse refer-
ent represents an entity of which the discourse referents used in the

application of the rule represent (atomic or non-atomic) parts. (Kamp
and Reyle 1993: 394)

Notice that, when this generalization is taken in conjunction with a principle that
anaphora invariably involves the addition of an equational condition ‘X = Y’ for
an anaphoric expression with discourse referent Y and a—possibly inferentially
created—antecedent discourse referent X (and such an equational approach is stan-
dard practice in Dicourse Representation Theory), the necessary result will be that
anaphora is always (upward) monotone: if an expression with discourse referent Y
is anaphorically dependent on an expression with discourse referent X, then X C Y.

The latter result, however, does not seem to be borne out by the facts. For
example, Van Deemter (1992, 1994a) presents cases of ‘non-identity anaphora’ along
the lines of (44), as well as minimal pairs such as (45) and (46):
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(44)  Our neigbours are extremely nice PEOPLE.
He is a TEACHER, she is a HOUSEWIFE.

(45)  John fed the ANIMALS. The cats were HUNGRY.

(46)  John fed the ANIMALS. The cats were HUNGRY.

It can be observed that the pronouns he an she are anaphorically dependent; ec;r;
our neighbours in (44), but that the discourse referents of the pro‘nouns repl;zrent
entities which are proper subsets of the entity representﬁd t;y the discourse re
. obvious cases of non-monotone anaphora. .

of the ﬁzice?)(\i/irrlf vscr)}tl)ereas the reading of (45) where the c.ats is anaphoric to the
ANIMALS strongly and monotonously suggests that. all animals fed bdeOhI; c::e;i
cats, the reading of (46) where the cats is anaphoric to tlJ}e ANI'MALS oesd al.i !
even seems to imply that John fed at least one non-cat.'! Again, we are dealing

i -monotone anaphora. . .
v nolzllortr; that the tel))(ts (45) and (46) differ only i'n th.e a?smgnmelilt ;)fl.Lki}in
accent to the noun phrase the cats, which is the‘ dlst’ilngulshlng mark of lin
English. Hence our alternative hypothesis concerning links:

is (NAH):
47) Non-Monotone Anaphora Hypothesis ( : ‘
s Linkhood (marked by L+H* accent in English) serves t0.51gn§l
non-monotone anaphora. If an expression is a link, then its discourse
referent Y is anaphoric to an antecedent discourse referent X such

that X Z Y.

As we will show, this hypothesis affects a range of phenomena. It sul')sumes BOt or;ly
the so-called ‘non-identity’ anaphora just exemplified and 'analyzed. in Van eirgggr
(1992, 1994a), but also the cases of contrastive stress d1§cussed in Rooth ( ) })‘
and \}allduvi (1992, 1994). It contributes to an explana(twgS)of Izhe effect o(flggz)
i in Cahn (19 ameyama s
nting on pronoun referent resolution noted in : » Kameyz
:/Cacliduvig(199i), among many others, and it sheds light on the distinction lzlet;veeln
restrictive and non-restrictive relative clauses and adjectives (see Kamp and Reyle
3). .
1908} (a) The relationship between non-identity anaphora and linkhood can be
demonstrated even more saliently with relational nouns:

(48)  Ten guys were playing basketball in the RAIN.
The fathers were having FUN.

(49)  Ten guys were playing basketball in the RAIN.
The fathers were having FUN.

Thus, while (48) has an ‘identity’ reading ‘where the fatl{ers is an‘aphorlc f‘:zhteir;
guys which suggests that all ten guys playmg. ba.sl’(etbau in the rautx;l wefrethers ®
who were having fun, and (49) has a ‘subsectional’ reading where e af 5
anaphoric to ten guys which suggests that the fa.Lthers who were havtmgt :11810 o
stitute a proper subset of the ten basketball-playing guys, the latter tex o0 he

a—non-monotone— relational’ reading where the fathers of the ten guys playing
basketball in the rain were having fun.

11. ‘Strongly suggests’ and ‘seems to imply’ instead of ‘entails’, since though the effects are :1;1‘::1
stx:ong they are of a pragmatfc, rather than a logico-semantic, nature. See also (c), on pro
referent resolution, below.
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Observe, by the way, that Kamp and Reyle’s example (40) of Summation, a
case of monotone non-identity anaphora in which the pronoun they typically apears
unaccented, shows that is not so much the ‘non-identity’ as the ‘non-monotonicity’
of the anaphora which is responsible for the L+H* accent (that is: the linkhood) of
the anaphor.

(b) According to Rooth, contrast is the cornerstone of the interpretation of
focus phenomena: ‘Intonational focus has a semantic import related to the intuitive
notion of contrast within a set of alternative elements’ (1992: 113), and Vallduv{
gives the following example of ‘contrastive’ links (1993:14):

(50)  Where can I find the cutlery?
The forks are in the CUPBOARD, but
the knives I left in the DRAWER.

However, note that contrast is not really necessary.!> Mere non-monotonicity is
sufficient for L+H* accent:

(51)  Where can I find the cutlery?
The forks are in the CUPBOARD.

(¢) Many authors have paid attention to the effect of pitch accenting on
pronoun referent resolution. The examples below stem from Lakoff (1971).

(52)  Paul called Jim a Republican. Then he insulted him.
(53)  Paul called Jim a Republican. Then he insulted him.

For grammatical reasons (parallellism), the preferred antecedents for the unstressed
pronouns he and him in (52) are Paul and Jim, respectively. The preferences are
reverse for the stressed pronouns he and him in (53).13

In the theory of Kameyama (1994), this phenomenon is accounted for in the
following way:

e A grammar subsystem represents the space of possibilities and a pragmatics
subsystem represents the space of preferences;

e Stressed and unstressed pronouns have the same denotational range—the
same range of possible values;

e Complementary Preference Hypothesis (CPH): A stressed pronoun takes the
complementary preference of the unstressed counterpart.

However, the NAH formulated in (47) actually predicts the CPH effects: adding
L+H* accent to pronouns means the addition of a pragmatic signal that the ana-
phora involved is non-monotone. In the case of singular antecedents with entity-
representing discourse referents, this means that the anaphor does not not corefer
with its antecedent. As a consequence, pronominal stress turns the grammatically
determined preference for a certain antecedent into a pragmatic preference for non-
reference with that antecedent.

12. Nor is contrariety (as proposed in Van Deemter 1994b), witness:

Where can I find the cutlery?
The forks are in the CUPBOARD, and the knives ToO.

13. The fact that (53) insinuates that calling someone a Republican is an insult is essentially due
to the de-accenting of insulted in the second sentence of (53).
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(54) and (55) (taken from Kamp and Reyle 1993: 25;5;23
f English orthography that non-restrictive clauses
: but that restrictive clauses are not.

(d) The sentences
illustrate the familiar rule :
set apart from the surrounding text by commas,

(54)  The son who attended a boarding school was insufferable.

(55)  The son, who attended a boarding school, was insufferable.

e w \Y i ictive at there
Note that (54) in which the relative clause is used restrictively, suggests th
,

i elative
is more than one son, but only one who is bqardlng. In (55)},1 wh.esre; rt;g,e 0rne e
lsl l;Illse is used non-restrictively, the suggestion 18 rather that there ; S oy o i
cfa hom it is said not only that he was insufferable but also, par
of w

that he attended a boarding school. If the .pr0§ody of tk.xes.e sleinterllces v:,sitt;tl:e}zlr;
iy it will be clear that this pragmatic difference is In eeping g
‘II\;tXHMCO‘fI;t‘r;lllllated in (47). Similar observations can be made with rdesflzzcle O
(non-)zzstrictiveness of the adjectives and nouns in (58) (Kamp an Y

372).

i E.
(56) The son who attended a boarding school was INSUFFERABL

RABLE.
(57) The son, who attended a BOARDING SCHOOL, was INSUFFE

John fed the ANIMALS.
) The young cats were HUNGRY.

The young cats were HUNGRY.
The young cats were HUNGRY.
The young cats were HUNGRY.
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