Utterance Processing and
Semantic Underspecification

Massimo Poesio

February 22, 2000

CENTER FOR THE STUDY
OF LANGUAGE
AND INFORMATION



Contents

= W N =

6}

9

Motivations 1
Linguistic and Psycholinguistic Background 5
The Semantic Interpretations Produced by the Processor 25

How Semantic Interpretations are Produced: The Case of Lexical
Access 47

Processing Anaphoric Expressions 65
Scope Assignment 83

The Processor as a Defeasible Reasoner and the Notion of
Ambiguity 93

Do Interpretations Remain Underspecified? Evidence from
Corpora 99

Related Research 105

10 Summary And Open Problems 109
Appendix A: Compositional DRT 113

iii



1V / UTTERANCE PROCESSING AND SEMANTIC UNDERSPECIFICATION

For Gio



CONTENTS / V

Acknowledgments

Special thanks to Alex Lascarides, Uwe Reyle, Patrick Sturt and
Mark Steedman for detailed comments on an earlier version of this
work and to Robin Cooper, Richard Crouch, Kees van Deemter,
Jonathan Ginzburg, Janet Hitzeman, Reinhard Muskens, Manfred
Pinkal, Steve Pulman, Rosemary Stevenson, David Traum, and
Roberto Zamparelli for numerous comments and suggestions about
these issues over the last years. We also wish to thank James Allen,
Nick Asher, Ellen Bard, Matt Crocker, Tim Fernando, Lyn Frazier,
Graham Katz, David Milward, Hannes Rieser, Len Schubert, Mike
Tanenhaus, and Alessandro Zucchi. This work was supported in part
by Advanced Research Fellowship B/96/AF /2266 from the UK En-
gineering and Physical Sciences Research Council, in part by a Euro-
pean Science Exchange Programme grant from the Royal Society.



Motivations

The results of recent psycholinguistic experiments by Frazier and Rayner
(1990) and Garrod et al. (1993) (among others) give us the first empiri-
cal support for an hypothesis that has circulated among computational
semanticists for at least twenty years: that semantically underspecified
interpretations —i.e., partially specified semantic interpretations of nat-
ural language utterances— are a crucial ingredient of a psychologically
motivated theory of semantic interpretation. But as of yet there exists
no formally specified account of these results, how they relate to work
on underspecification in computational semantics, and how they can
be reconciled with the finding from a number of experiments that cer-
tain aspects of semantic interpretation take place immediately (Swin-
ney, 1979; Tanenhaus et al., 1995). The aim of this monograph is to bring
these results to the attention of computational semanticists and to ac-
count for them in terms of a theory of semantic interpretation compati-
ble with the findings of linguistic work on formal semantics.

While doing this, the monograph aims at filling a twofold gap be-
tween psychologically oriented research and research in computational
semantics. First of all, most psychologically motivated models of utter-
ance processing concentrate on syntax (Crain and Steedman, 1985; Sturt
and Crocker, 1996; Jurafsky, 1996); the few papers that are concerned
with semantics tend to focus on the role of incrementality in disam-
biguation (Shieber and Johnson, 1993; Chater et al., 1995). And second,
while underspecified interpretations have originated a lot of research
in computational semantics (see, e.g., the papers in (van Deemter and
Peters, 1996) or the recent special issue of the Journal of Semantics), un-
derspecification is seen in this area as a computationally advantageous
way of dealing with ambiguity and/or an interesting object of study
from a logical perspective (van Deemter, 1991; van Eijck and Jaspars,
1996); motivating or evaluating these theories on the basis of actual
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psychological evidence has not been a priority. So, while the theories
of parsing that rely on the notion of underspecification (Gorrell, 1995;
Frazier and Clifton, 1997; Sturt and Crocker, 1996) are motivated by
(and try to account for) psychological evidence, the theories of seman-
tic processing that involve underspecification tend to be developed on
the basis of the authors’ intuitions. As a number of recent workshops
have shown, this way of doing things tends to generate debates among
practitioners that are difficult to resolve since they rely so much on sub-
jective judgments.

The monograph begins with a fairly extensive discussion of the psy-
chological evidence about incrementality and underspecification in pars-
ing and in semantic processing. We highlight those aspects of semantic
processing for which the psychological evidence about underspecifica-
tion is most clear. The first of these is lexical access, formal accounts
of which already exist, but that do not (to our knowledge) consider
the results of Frazier and Rayner (1990). The second area of semantic
processing in which the evidence about incrementality and underspec-
ification is reasonably clear is pronoun interpretation; and in this case,
a well, there is no account of the psychological evidence we will dis-
cuss (Corbett and Chang, 1983; Garrod and Sanford, 1985; Garrod et al.,
1993; Poesio and Stevenson, To appear). We also examine the (not very
abundant yet) psychological evidence about scope assignment.

In the following chapters we account for these results in terms of
a theory of semantic processing that reconciles the evidence about in-
crementality with the evidence that syntactically and semantically un-
derspecified interpretations play a central role in language processing,
without however abandoning the theories concerning the meaning of
lexical items already developed in formal semantics. We do this by
(i) explaining how semantic interpretation can proceed incrementally,
yet still in a compositional fashion; (ii) explaining what it means for
an interpretation to be (semantically) underspecified; and (iii) elucidat-
ing the respective roles of incrementality and underspecification in se-
mantic interpretation—i.e., suggesting hypotheses, consistent with the
known psychological evidence, as to when the interpretation of an ut-
terance is underspecified, and when instead it is completely resolved.

Part of the goal of these chapters is to acquaint the reader with cur-
rent ideas about underspecification and disambiguation. The theory of
semantic underspecification adopted here (Poesio, 1995b, 1996b) is con-
sistent with the currently most accepted approach to semantic under-
specification, which views semantic interpretations as descriptions of
the process of semantic derivation (Crouch, 1995; Muskens, 1995a; Ner-
bonne, 1992; Pinkal, 1995b). These theories are compatible with exist-
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ing theories about the role of syntactic underspecification in parsing
(Gorrell, 1995; Sturt and Crocker, 1996), and can be viewed as a gen-
eralization of such proposals to cover semantic underspecification. The
basic hypothesis that a formalization of semantic processing in terms
of defeasible reasoning is crucial to provide a satisfactory account of
ambiguity - introduced in (Poesio, 1994b, 1996a) - is similarly related
to proposals advanced in (Hobbs ef al., 1993; Alshawi, 1992; Lascarides
and Asher, 1993). We highlight throughout the general ideas and the
points of connection to make the monograph an introduction to widely
held ideas, rather than simply a presentation of a specific formal frame-
work.

Briefly, the content of the monograph is as follows (see detailed de-
scription below for more details). We review the available evidence
about incrementality and underspecification in Chapter 2. In Chapter
3, we propose a formal characterization of the semantic interpretations
produced by the processor,! and use this characterization to explain
how semantic processing can proceed incrementally, and what it means
for an interpretation to be (semantically) underspecified. In Chapter 4
we introduce a formal characterization of the process by which inter-
pretations are produced in terms of defeasible reasoning, using lexical
access as an example. In Chapter 5 we discuss anaphoric processing.
In Chapter 6 we present a preliminary analysis of scope assignment,
whereas in Chapter 8 we discuss some evidence that interpretations
may remain underspecified even after a clause is completely processed.
In the final Chapters we review related research, summarize our pro-
posal and discuss the currently open issues in semantic underspecifica-
tion.

The monograph is addressed to psycholinguists, computational lin-
guists and semanticists, and we tried therefore to make the work self-
contained insofar as this is possible by including gentle introductions
to the formalisms discussed, and making minimal assumptions about
previous exposure to the results of psychological experiments.

IFollowing Frazier and Rayner and other recent psycholinguistic literature, we use
the term ‘the processor” to refer to the language processing unit of humans.
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Linguistic and Psycholinguistic
Background

In this Chapter we introduce the semantic formalism we will use through-
out the book, summarize some of the assumptions of current work in
formal semantics, and review the psychological evidence about incre-
mentality and underspecification.

2.1 Theories of Semantic Competence

Formal semantics has developed detailed and remarkably successful
analyses of a large variety of semantic phenomena (von Stechow and
Wunderlich, 1991; Kamp and Reyle, 1993; Carpenter, 1998). These anal-
yses are the natural starting point for a rigorous theory of semantic in-
terpretation. Unfortunately, existing theories of semantic competence,
just like theories of syntactic competence, have characteristics that make
it difficult to extract from them theories of how the processor produces
semantic interpretations of utterances. One of the goals of this mono-
graph is to show that these problems can be addressed without aban-
doning the analyses proposed by semanticists.

Providing a formal analysis of the meaning of an expression in-
volves (i) identifying its possible interpretations, (ii) characterizing these
interpretations in mathematical terms (generally, by means of some
logic), and (iii) specifying how these interpretations can be derived in
a compositional fashion by means of syntax-driven derivations which
work bottom-up from the meaning assigned to that sentence’s lexical
constituents. We will use the simple sentence Kermit croaked as an ex-
ample of the kind of analyses provided in formal semantics, and of the
issues they raise from an interpretive point of view.

As our logic we use one of the most mainstream among the
logics used in formal semantics to specify semantic interpretations,

5
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Compositional DRT (Muskens, 1995b, 1994). Compositional DRT ex-
tends the type-theoretical logics traditionally used in formal seman-
tics (Montague, 1973; Dowty et al., 1981) by incorporating technical de-
vices introduced in Discourse Representation Theory (DRT) (Kamp and
Reyle, 1993) for specifying the truth conditions of sentences containing
anaphoric expressions, as well as DRT’s treatment of tense in terms of
events and times; both of these extensions will be needed in the rest of
the monograph. A summary of the most important characteristics of
Compositional DRT is in Appendix A.

In Compositional DRT, NPs are viewed as denoting sets of proper-
ties, following Montague (1973); and the semantic contribution of the
n-th occurrence of the string Kermit? is to introduce a new discourse
entity x,, denoting the object ‘Kermit’, which is asserted to be identi-
cal to the object k (a constant of type e denoting Kermit), and to which
the properties expressed by the rest of the sentence are to be applied.
This is formally expressed by having the utterance of Kermit introduce
a new Discourse Representation Structure (DRS), which we will repre-
sent using the notation [x,|x, is k], and which is to be concatenated to
the DRSs obtained by applying property P expressed by the rest of the
sentence to x,,:

(2.1) Kermit,, ~ AP[xp|xn, is k]; P(x,,)

where x,, is a new discourse entity (which, in compositional DRT, are
treated as constants of a special type, 7.), and k is a constant of type ¢
denoting Kermit. In what follows, the symbols x, x;, y, and y; will be
reserved for discourse entities of type 7..)

Blending the meaning in (2.1) with a notion of lexical entry akin to
those proposed in sign-based theories such as HPSG (Pollard and Sag,
1987, 1994) or Construction Grammar (Fillmore, 1988), we obtain for
(the n-th utterance of) the string Kermit the lexical entry shown in (2.2),
in which we have used a notation inspired by the one in (Pollard and
Sag, 1987). This lexical entry associates to the string three types of in-
formation: the semantic translation in Compositional DRT, its syntactic
properties, and phonological information.

2In DRT, one has to distinguish between distinct utterances of the same string, because
in general they may introduce distinct discourse entities.

3Some recent theories of the lexicon assume much richer lexical entries, including, e.g.,
argument structure (MacDonald et al., 1994) or so-called qualia structure (Pustejovsky,
1991; Copestake and Briscoe, 1995; Lascarides et al., 1996a). Although the type of lexical
entries we eventually adopt in the paper is more complex than the example in (2.2), they
will remain pretty simple in this respect.
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phon : “kermit”

cat: pn
(2.2) Kermit, ~» [syn : ar : | PErS 58
& lhum:3

sem : AP[xn |x, is k]; P(x»)

As for the verb croaked, we will assume throughout the paper, with-
out loss of generality, that it has only two senses: ‘to utter the sound that
frogs utter” and ‘to die’, which we will express as the properties croak ¢
and croaky. Furthermore, we will assume that the two senses corre-
spond to distinct lexical entries: i.e., we will treat croaked as a case of
homonymy, like bank, rather than as a case of polysemy, like newspaper.
(We return on this distinction below.) Compositional DRT incorporates a
Davidsonian theory of events (Davidson, 1967), in which events, states
and other so-called EVENTUALITIES (Bach, 1981) are individuals in the
universe of discourse that can be referred to, and predicates describing
events or states, such as croaked or love, have an additional argument
for the ‘eventuality’. Following the convention adopted in DRT and Sit-
uation Theory, we will write e:p(z) to denote the proposition that an
event e of type p has taken place, in which are involved the elements
of vector Z. A past tensed telic verb is assigned a translation specifying
that an event of that type occurred at a time before speech time S, as
follows:*

croaked,, ~» Ax[ep|en:croak(x), e, < S]

The two lexical entries for croaked, then, are as in (2.3) and (2.4):

phon : “croaked”
(2.3) croaked,, ~» |syn : [cat : iv]

sem : Ax[emn |em croaky(x), e < S]

phon : “croaked”
(2.4) croaked., ~> |syn : [cat : iv]

sem : Ax[en |em croakq(x), e, < S|

The interpretations of a sentence such as Kermit croaked are constructed

“We have simplified matters considerably with respect to Muskens’ treatment in
(Muskens, 1995b); in particular, we have ignored the issue of the referentiality of times
and reference time shifting.
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in a compositional fashion, starting from the interpretation of its lexical
constituents: each phrasal constituent gets an interpretation as the re-
sult of an application of a semantic operation to the interpretations of
its constituents.For example, the derivation of the interpretation of the
sentence according to which an event of Kermit performing a frog-like
sound occurred at some time in the past is shown in (2.5). Two semantic
operations are involved here: simple percolation of a daughter’s mean-
ing to its mother, which provides the meaning for the NP and the vP
node, and application of one daughter’s meaning to the meaning of the
other daughter, which specifies the meaning of the S node.

syn : [cat HE

Sem : [Xn,em|Xn is k, em:croak s (xn), em < S]

(2.5) syn : [cat : np:| syn : [cat : vp}
sem : AP[xn|xy is k]; P(xn) sem : Ax[em |em:croak(x), em < S|
I | I | I
phon : “kermit’’ phon : “croaked”
syn : [cat : pn} syn : [cat : iv]
sem : AP[xn|xy is k]; P(xn) sem : Ax[erm |em:croak s (x), em < S]

The other interpretation of the sentence,
(2.6) [Xn, €m |Xn 1S k, em:croake(x,,), €m < S]

is constructed in a similar way, but using the other lexical entry for
croaked. More in general, each time semanticists discover a new read-
ing for a given expression, that reading can be characterized either by
assuming a new lexical entry, or by hypothesizing a different syntactic
analysis, or by associating additional semantic operations to the nodes
of the parse tree.

Of course, sentences like Kermit croaked could be analyzed equally
well using simpler formalisms: e.g., by using first order logic as the
meaning specification language and using unification to specify how
meaning is composed (Pereira and Shieber, 1987). The motivations for
the additional complexity of formalisms such as Compositional DRT
and other formalisms derived from Montague’s work can only be un-
derstood by looking at more complex examples: e.g., sentences involv-
ing coordinated constituents (as in Mary invited John and a few friends
to the party, or that require the construction of complex predicates, as in
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The flight from Boston to Tokyo that you have chosen is unfortunately unavail-
able). (The problems that arise when using first-order logic for mean-
ing composition instead of the lambda-calculus are discussed in Moore
(1989).) As for the use of DRSs, the problem addressed by Discourse
Representation Theory is how contexts can be constructed incremen-
tally: i.e., which discourse entities are made available by a sentence, to
serve as potential antecedents of subsequent anaphoric reference. This
problem is solved in DRT by assuming that the conventional meaning of
utterances involves two parts—the discourse entities introduced by that
utterance, and their properties (these are the two components of the
DRSs previously shown). The contribution of Compositional DRT was
to show that these DRSs can be constructed bottom-up and sentence-
by-sentence in a compositional fashion, using the sequencing operator
‘;’. For example, (one) interpretation for the text in (2.7a) would be ob-
tained by first constructing the interpretation for Kermit croaked as in in
(2.5), then concatenating this interpretation to the DRS constituting the
interpretation of He is a frog. (In which He is translated as introducing a
discourse entity 11 which is equal to x,,.)

(2.7) a.  Kermit croaked. He is a frog.

b.  [Xnem| Xn iSk, emicroaks(x,), em < S ;
[11|uy is x,, frog(u1)]

We will conclude this brief overview by pointing out that this exam-
ple raises another issue to which we will return later on—namely, that
one of the subtasks involved in deriving the semantic interpretation of
an utterance is to identify the antecedents of anaphoric expressions, but
theories of semantic competence do not have much to say here, since
we cannot expect the lexicon to specify all alternative interpretations of
pronouns like ke in the second sentence of (2.7a).” Such interpretations
have to be extracted from the context, which means that a theory of se-
mantic interpretation must also say something about the interaction be-
tween grammatical information and other sources of information used
in interpreting utterances.

2.2 Combinatorial Explosion and Incrementality

In their simplicity, the examples discussed in the previous section al-
ready highlight the conflict between the goals of theories of semantic
competence and theories of semantic interpretation. The goal of seman-
tic theory is to explain how all interpretations of a sentence may be ob-

5Although this is precisely what Montague assumed, since he was concerned with
characterizing the space of logically possible interpretations rather than with developing
a psychologically plausible theories of the lexicon.
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tained; the question of which interpretation is preferred in a given con-
text, or why, does not arise. If we were to see the formulation of the rela-
tion between expressions of English and their interpretations presented
in Section §2.1 as an hypothesis about the respective roles of grammar
and context in the interpretation of an utterance, we would get a theory
of disambiguation as a ‘generate and test” procedure, in which the role
of linguistic knowledge is to generate all the readings of an ambiguous
sentence—characterized, e.g., by means of a derivation tree annotated
with expressions of the disambiguated language—whereas the role of
context is to filter those which are implausible and / or choose the pre-
ferred one.

It has long been known, however, that it’s very unlikely that hu-
mans use generate-and-test to choose the intended interpretation of
an utterance in a given context. For one thing, the number of distinct
disambiguated interpretations of sentences more complex than Kermit
croaked may be very large—scopally ambiguous sentences® can have
such as (2.8), for example, might have n! readings, where n is the num-
ber of scope-taking operators—that it’s not clear how humans could
generate, let alone choose from, all these interpretations.

(2.8) In most democratic countries most politicians can fool most of the
people on almost every issue most of the time.”

The problem of turning theories of linguistic competence into theories
of language processing confronts researchers working on syntactic in-
terpretation, as well; and already in the '70s researchers in this field
hypothesized that what prevented combinatorial explosion in the case
of parsing was that the number of alternative interpretations was lim-
ited by the fact that interpretation took place incrementally, i.e., without
waiting until the end of a sentence. Primary evidence for this hypoth-
esis was the phenomenon of GARDEN PATHS (Bever, 1970): sentences
such as those in (2.9), which are perfectly grammatical, but subjects
nevertheless find odd because the ambiguity between a reduced rel-
ative reading and a matrix verb reading of the verbs raced, floated etc.
is immediately resolved in favor of the matrix verb interpretation, thus
forcing the reader to a reanalysis step later on. These data led to the

6Expressions such as quantifiers, modals, and negation, which we will call OPERA-
TORS, can ‘take scope’ over other expressions, in the sense that they can change their
interpretation. Scopal ambiguity arises when it’s not clear from the sentence alone which
operator affects the interpretation of which other elements of the sentence. For example,
John wants to buy an Italian car has different interpretations depending on whether we take
an Italian car to be independent from want, in the sense that there is a particular Italian car
that John wants to buy, or dependent on it.

7This (mis)quotation from Lincoln is from Hobbs (1983).



LINGUISTIC AND PSYCHOLINGUISTIC BACKGROUND / 11

development of so-called GARDEN-PATH THEORY (Frazier, 1979, 1987)
and numerous incremental models of parsing (Abney, 1991; Shieber
and Johnson, 1993; Milward, 1994).
(2.9) a.  The horse raced past the barn fell.

b.  The boat floated down the river sank.

Both intuition and psychological evidence suggest that semantic in-
terpretation is incremental, as well. Intuition tells us that semantic gar-
den paths can occur, and are often used for humorous purposes. (2.10a)
is an example of garden path relying on the lexical ambiguity of strikes;
(2.10b) an example of garden path relying on the scopal ambiguity of
every 11 seconds a man is mugged here in New York City; and the joke in
Figure 1 also relies on the fact that the pronoun them has more than one
possible antecedent in that context, one of which is chosen first.

(2.10) a.  The first thing that strikes a stranger in New York is a big car.
(Raskin, 1985)
b.  Statistics show that every 11 seconds a man is mugged here in
New York City. We are here today to interview him.®

FIGURE 1 Referential disambiguation and garden paths

Examination of the transcripts of spoken conversations also sug-
gests that interpretation begins before utterances have been assembled
together in complete sentences. For instance, in the following fragment

8Reported by Barwise, as quoted in Milward and Cooper (1994).
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(from the TRAINS corpus of dialogues collected at the University of
Rochester (Gross et al., 1993),, http://www.cs.rochester.edu/research/
speech/dialogues.html)it’s clear that the repair in utterance 10.1

is initiated because participant S has started processing the definite de-

scription the engine at Avon before M’s utterance is complete, and has
identified the actual referent of the definite description (engine E1).

(211) 9.1 M so we should

9.2 : nove the engine

9.3 : at Avon

9.4 : engine E

9.5 tto

10.1 S engine E1

11.1 M E1

12.1 S okay

13.1 M engine E1

13.2 : to Bath

13.3 : to/

13.4 : or

13.5 : we could actually nove it
to Dansville to pick up
the boxcar there

14.1 S: okay

These intuitions are supported by psychological evidence. For the case
of lexical disambiguation, well-known cross-modal priming experiments
(Swinney, 1979; Seidenberg et al., 1982) indicated that although all senses
of an ambiguous word were activated, all but the chosen one were im-
mediately discarded. In these experiments, the subjects were presented
with texts such as the one in (2.12); half of the time a disambiguat-
ing context was provided (the string spiders, roaches and other). Swinney
found priming effects for both ant and spy at [1], even with a strongly
disambiguated context; but only for ant at [2].

(2.12)  Rumour had it that for years the government building had been
plagued with problems. The man was not surprised when he found
several (spiders, roaches, and other) bugs [1] in the corner [2] of his
room.

Eye-tracking experiments by Tanenhaus et al. (1995) showed that defi-
nite descriptions are also resolved incrementally, at least when the in-
tended referent is visually accessible. Indeed, the extreme sensitivity of
the measuring mechanism used allowed Tanenhaus and colleagues to
ascertain that definite descriptions were resolved as soon as a disam-
biguating substring of the head noun was perceived-thus, in a visual
context containing candies, candles and forks, the instruction Pick up the
candle was processed more slowly than the instruction Pick up the fork,
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because the visual context contains an object, the candies, with a prefix
in common with ‘candle’. Tanenhaus et al also confirmed that this early
processing of semantic information affects syntactic disambiguation, as
already suggested by Crain and Steedman (1985). *

In order to account for these results, we need a theory of how se-
mantic processing may occur in an incremental fashion. One problem
that has to be addressed in attempting to do this is that the theories
of semantic competence discussed in Section §2.1 do not assign to lex-
ical items propositional translations, i.e., objects which can be true or
false. Such theories cannot explain, therefore, how the inferences that
result in an interpretation being chosen incrementally (as in (2.11)) can
take place, because the interpretation obtained as a result of perceiv-
ing a new word cannot be characterized simply as the conjunction of
the previous interpretation and the lexical translation of the new word;
most of the times, this lexical translation will not be an object that
can be conjoined. This problem has been called by Chater et al. (1995)
the PARADOX OF INCREMENTAL INTERPRETATION, and is of special
concern when trying to account for how semantic interpretation (e.g.,
anaphora resolution) takes place. In order to develop a theory of se-
mantic interpretation consistent with these theories of semantic com-
petence, it is necessary to address this problem.

2.3 Parallelism

One of the most debated questions about language processing is whether
during interpretation only one hypothesis at a time is considered (SE-
RIAL interpretation) or whether multiple interpretations are considered
in PARALLEL. The debate is still ongoing, but more and more evidence
suggests that certain disambiguation processes, at least, involve paral-
lel generation of more than one hypothesis.

In the case of lexical access, evidence supporting the claim that all
meanings of a word are accessed in parallel was presented in (Swinney,
1979; Tanenhaus et al., 1979; Seidenberg et al., 1982; Marslen-Wilson,
1984). Since then, new results (Rayner and Morris, 1991; Tabossi, 1988)
have complicated the picture somewhat; currently, the most plausible
account of the data seems to be that all lexical entries associated with
a word-string are activated in parallel, but the degree of activation is
sensitive to the relative frequencies of the meanings and the context in
which the ambiguous words occurs (for a review, see (Simpson, 1994);
also (Hirst, 1987), chapter 4).

°In the case of scope disambiguation the evidence is less clear. We will return to this
topic in Chapter 6.
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The already mentioned experiments by the Tanenhaus group indi-
cate that subjects consider all the referents of definite descriptions that
are compatible with the linguistic input at any given time, until it is pos-
sible to identify a single referent (Eberhard et al., 1995). And evidence
that multiple hypotheses are entertained in the case of pronoun inter-
pretation, as well, is discussed in (Corbett and Chang, 1983; Stevenson
and Vitkovitch, 1986; Gernsbacher, 1989). In Corbett and Chang’s ex-
periments, for example, subjects were presented with sentences such
as:

(2.13) a.  Karen poured a drink for Emily and then Karen put the bottle
down

b.  Karen poured a drink for Emily and then she put the bottle
down

and then with a probe word referring either to the antecedent of the
subject of the second clause, or to the non-antecedent. Corbett and Chang
found that the non-antecedent (Emily) was much more activated when
a pronoun has been used to refer to Karen (as in (2.13b)) rather than a
proper name (as in (2.13a)).

In the case of parsing, the evidence is less clear. For many years, gar-
den paths were taken as evidence that parsing is a serial process (Fra-
zier, 1979; Marcus, 1980). More recently, however, several researchers
have proposed accounts of garden paths in terms of parallel models
in which alternative hypotheses are pruned (Gibson, 1991; Jurafsky,
1996; Pearlmutter and Mendelsohn, 1999); recent evidence on the re-
lation between parsing and lexical disambiguation also suggests a par-
allel model (MacDonald et al., 1994). Parallel models of parsing include
(MacDonald et al., 1994; Stevenson, 1994; Jurafsky, 1996).

2.4 Underspecification

In the past years, the picture presented in Section §2.2 has begun to
change as evidence emerged that although language interpretation is
largely incremental, some decisions may be deferred. In some cases,
partial interpretations are initially constructed, and perhaps refined later;
in other cases, more than one hypothesis is kept around until the end
of the sentence. We review this evidence in this section.

Underspecification in Parsing

In the case of parsing, what needs explaining is why certain types of
garden paths are ‘harder’ than others. It was noted that whereas sen-
tences such as While John walked the dog barked seem to cause genuine
difficulties for readers, sentences which should equally involve a re-
analysis process, such as John knows Mary is smart (for which one would
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expect an initial preference for Mary being interpreted as object of knows,
given the relative frequency of the two constructions), in fact do not
seem hard to parse (Frazier and Rayner, 1987; Gorrell, 1995; Sturt and
Crocker, 1996; Frazier and Clifton, 1997). This difference between ‘hard’
and ‘easy’ cases of reanalysis was explained by Gorrell (1995); Weinberg
(1993); Sturt and Crocker (1996) by suggesting that the parser initially
builds “partial” or ‘underspecified” interpretations; these interpretations
make some types of reanalysis easy, and other hard.

Most theories of parsing involving underspecified interpretations
build on DESCRIPTION THEORY, proposed by Marcus et al. (1983) and
axiomatized, e.g., by Backofen et al. (1995). According to this theory,
syntactic interpretations can be expressed in terms of indirect as well
as direct constituency relations: i.e., it is possible to state that a certain
phrase XP is either a direct constituent of another phrase YP, or that
there is a chain of intermediate constituents such as XP is a constituent
of the first of them and the last one is an immediate constituent of YP.
The researchers mentioned above propose that in some cases, the initial
syntactic interpretation of a sentence only involves such indirect con-
stituency relations: for example, the initial interpretation of I saw a man
with a telescope could be one in which the attachment positions of I and
saw, and the position of a telescope within the PP with a telescope, have
been completely determined; but for the other sentence constituents,
only partial information is available-namely, that both the NP a man
and the PP with a telescope are subordinate to the VP, but nothing more;
in particular, the PP could be attached either to the NP, or higher up to
the verb. This interpretation is illustrated in Fig. 2.

Parsing theories that assume the processor can build such interpre-
tations can distinguish between two types of reanalysis: ‘easy’ cases,
that only involve adding information about constituency to the present
interpretation; and ‘hard’ ones, that involve revising existing informa-
tion. Thus, for example, reanalyzing John knows Mary is smart as a case
of sentential complement only involves adding an S node dominating
the NP Mary; under the assumption that the NP is originally interpreted
as being indirectly dominated by the vP with head knows, this addi-
tion which does not involve any structural modification to the previ-
ous interpretation. By contrast, reanalyzing While John walked the dog
barked or The horse raced past the barn fell involves revising some de-
cisions about constituency that had been already made; this is what
makes these cases ‘hard’.

Current theories of the role of syntactic underspecification in pars-
ing differ in the details concerning the conditions under which reanaly-
sis is ‘easy’. We will follow here Sturt and Crocker (1996), who use par-
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FIGURE 2 A syntactically underspecified interpretation of I saw a man with a
telescope.

tial tree representations based on (Lexicalised) Tree Adjoining Gram-
mars (Schabes, 1988) and assume that a set of four operations can al-
ways be performed on partial syntactic interpretations without involv-
ing additional cost: Left and Right Attachment, TAG Adjunction, and
Tree Lowering.

Underspecification in Semantic Interpretation

Recent experiments support the view that semantically underspecified
interpretations play in semantic interpretation a role similar to that of
syntactically underspecified interpretations in parsing: i.e., that in cer-
tain cases the decision concerning the semantic interpretation of a con-
stituent may be postponed.
Lexical Disambiguation

Frazier and Rayner (1990) contrasted what they call the IMMEDI-
ATE COMPLETE INTERPRETATION HYPOTHESIS, according to which the
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language processor interprets each phrase fully as soon as it is encoun-
tered, with what they call the IMMEDIATE PARTIAL INTERPRETATION
HYPOTHESIS:

Immediate Partial Interpretation Hypothesis (IPIH): The
processor may delay semantic commitments, if this does
not result in either (a) a failure to assign any semantic value
whatsoever to a word or major phrase, or to its relation to
other major phrases or (b) the need to maintain multiple in-
compatible values for a word, phrase or relation.

In order to evaluate these two contrasting hypotheses, Frazier and
Rayner used materials including two types of words: words ‘with two
meanings’, i.e., homonyms such as pitcher or croaked;'® and words ‘with
two senses’, i.e., polysemous words such as newspaper which have been
argued to have a single lexical entry associating to them an interpre-
tation which is subsumed by all of their senses (Cruse, 1995; Pinkal,
1995a). Frazier and Rayner hypothesized that in the case of words with
two lexical entries, subjects would have to make an early commitment,
whereas with words with a single entry but two senses, the more gen-
eral interpretation associated with the lexical entry could be adopted
initially, and would only be refined at the end of the sentence. This,
they predicted, would result in garden paths in appropriate contexts
with ‘two-meaning’ words, but not with "two-senses’ ones.

Frazier and Rayner’s materials included three sets of sentences: Sets
1 (examples of which are in (2.14)) and 2 (in (2.15)) contained ambigu-
ous words with two meanings; Set 3 (in (2.16)) contained ambiguous
words with two senses. In all cases, the clause that contained the tar-
get word was neutral with respect to its two interpretations; each set
contained both sentences in which the disambiguating clause occurred
before the clause with the target word (a-b), and sentences in which the
disambiguating clause occurred after (c-d). Frazier and Rayner estab-
lished before the experiments what was the preferred interpretation of
each target word (i.e., how these words were interpreted when no dis-
ambiguating context was given); this, they assumed, would be the ini-
tial interpretation assigned to these words by their subjects when pro-
cessing sentences in which the disambiguating clause followed. They
predicted a garden path effect when a subsequent disambiguating clause
suggested a non-preferred interpretation.

(2.14) a.  Being so elegantly designed, the pitcher pleased Mary.
b.  Throwing so many curve balls, the pitcher pleased Mary.
c.  Of course the pitcher pleased Mary, being so elegantly designed.

1Homonyms are also called HOMOGRAPHS.
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d.  Of course the pitcher pleased Mary, throwing so many curve
balls.

(2.15) a.  After they were scratched, the records were carefully guarded.
b.  After the political takeover, the records were carefully guarded.
c.  The records were carefully guarded after they were scratched.
d.  The records were carefully guarded after the political takeover.

(2.16) a. Lying in the rain, the newspaper was destroyed.
b.  Managing advertising so poorly, the newspaper was destroyed.
c.  Unfortunately the newspaper was destroyed, lying in the rain.
d.  Unfortunately the newspaper was destroyed, managing adver-

tising so poorly.

The results confirmed Frazier and Rayner’s hypothesis. Garden-paths
effects were observed with sentences in Sets 1 (in (2.14) and 2 (in (2.15))
in which the disambiguating clause followed the clause containing the
target word, and the disambiguating clause suggested the non-preferred
interpretation; but no such effects were observed with sentences in Set
3 (in (2.16), containing ‘two-sense’ words.
Anaphora Resolution

Garrod and Sanford (1994) discuss experiments studying the role
of underspecification in the case of anaphoric interpretation. In Garrod
and Sanford (1985), detection of spelling errors was used as a diagnostic
indicating whether anaphoric expressions had been interpreted, using
materials such as:

(2.17) A dangerous incident in the pool
Elizabeth was an inexperienced swimmer and wouldn’t have gone
in if the male lifeguard hadn’t been standing by the pool. But as
soon as she got out of her depth she started to panic and wave her
hands about in a frenzy.

Within seconds, Elizabeth senk (sank) into the pool.

Within seconds, Elizabeth jimped (jumped) into the pool.

Within seconds, the lifeguard senk (sank) into the pool.

Within seconds, the lifequard jimped (jumped) into the pool.

Within seconds, he/she senk (sank) into the pool.

Within seconds, he/she jimped (jumped) into the pool.

s a0 o

The continuation sentences (a-f) reported actions that were consistent
with what was known about only one of the characters in the story.
Garrod and Sanford measured the time it took subjects to detect the
spelling error in the relevant verb (in bold), expecting that it would take
longer for them to detect the error with verbs describing actions not
consistent with the rest of story. Indeed, this was the pattern observed
with definite descriptions and proper names; but when Elizabeth and
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the lifequard were replaced with the pronouns he and she, differences in
error detection time were only observed when the pronoun referred to
the main character of the story (Elizabeth in this example): when the pro-
noun referred to the lifeguard, no difference was found. The study was
repeated using an eye-tracking procedure by Garrod et al. (1993), who
observed a similar effect: again there was evidence for early detection
of inconsistency, but only when the pronoun was unambiguous with
respect to gender and maintained reference to the topic of the passage.
Garrod and Sanford explain these results by proposing that whereas
definite descriptions and proper names are immediately interpreted,
pronouns are only immediately interpreted when they are unambigu-
ous and refer to the topic of the passage.

These results suggest that in addition to the two disambiguation
patterns identified by Frazier and Rayner—generation of all interpreta-
tions followed by immediate choice of an unambiguous conventional
meaning for homonyms, or immediate choice of a partially specified
conventional meaning for polysemous words-there is another option,
at least in the case of pronouns: that the hypotheses generated by the
processor may not be immediately resolved if there isn’t sufficient dis-
ambiguating evidence.!! In fact, it’s not clear whether the subjects in the
experiments reported by Garrod and Sanford attempted to construct a
complete conventional meaning for some of the sentence at all. In other
words, these results suggest that semantic interpretation may not al-
ways be carried to the very end; as a result, even the Immediate Partial
Interpretation Hypothesis suggested by Frazier and Rayner may still be
too strong a characterization of how much semantic processing takes
place. (More evidence concerning this will be discussed in Chapter 8.)
Scope Assignment

The psychological evidence for or against underspecification is less
clear for other types of semantic processing, and in particular, for the
interpretation process that originated the most interest in semantic un-
derspecification, scope assignment. Intuitively, it’s clear that scope as-
signment can’t be completely incremental, at least if we see the problem
as that of determining what the arguments of an operator (e.g., a quan-
tifier or a modal expression) are: this is because although the restriction
of the quantifier Every kid in (2.18) can be identified as soon as the NP is
processed, its nuclear scope can only be determined after the whole vP
climbed a tree has been interpreted.

(2.18)  Ewvery kid climbed a tree

HNFrazier and Rayner’s materials did not include cases in which no disambiguating
clause was present.
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Indeed, recent work on the semantics of focus indicates that some-
times even the restriction of adverbial quantifiers such as always can’t
be determined until later in the sentence. (2.19a), for example, asserts
that whenever officers escorted someone in Saint Petersburg, it was
ballerinas that they escorted; but (2.20a) asserts that whenever some-
one escorted ballerinas in Saint Petersburg it was officers who escorted
them (Rooth, 1985). In this second case, whose logical structure is para-
phrased in (2.20b), the restriction of the adverbial quantifier always can
only be determined after ballerinas is encountered.
(219) a.  In Saint Petersburg, officers always escort [balleRInas] .
b.  always(officer-escort-someone-in-S.Petersburg)
(person-escorted-is-ballerina)
(220) a.  In Saint Petersburg, [OFficers]r always escort ballerinas.
b.  always(someone-escort-ballerina-in-S.Petersburg)
(person-escorting-is-officer)

Finally, Ioup (1975) showed, contra Lakoff (1971), that the relative
scope of the operators in a sentence is not always determined by left-
to-right order: e.g., whereas the preferred reading of (2.21a) is the one
in which all children takes narrow scope with respect to a picture, as pre-
dicted by left-to-right order, in the case of (2.21b) the preferred reading
is the one in which each child takes wide scope:

(2.21) a. Ishowed a picture to all children.
b.  Ishowed a picture to each child.

These data led a few computational semanticists to hypothesize that
perhaps scope assignment is unlike other types of semantic process-
ing in that it only takes place on demand (Poesio, 1991; Reyle, 1993).
Other researchers proposed that scopally ambiguous sentences were
among the cases of semantic interpretation to which Frazier and Rayn-
er’s Immediate Partial Interpretation Hypothesis applies, in that they
initially got an underspecified interpretation that subsumed all read-
ings (Kempson and Cormack, 1981; Kalmén, 1990). However, the avail-
able psychological evidence runs counter to both of these suggestions.
The claim that scope disambiguation does not take place at all rests
uncomfortably with the results reported in Kurtzman and MacDonald
(1993), who showed that at least in the case of sentences such as (2.18),
containing one existential quantifier and one universal quantifier (in
various orders), subjects did produce a disambiguated interpretation,
and this interpretation wasn’t always what we would expect if disam-
biguation had taken place on demand. The results of Kurtzman and
MacDonald are also problematic for the idea that scopally ambiguous
sentences initially receive an interpretation which subsumes all others,
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since they found that the preferred interpretation of sentences such as
A kid climbed every tree was the strongest one (e.g., the one in which A
kid takes widest scope). Another problem for the claim that scopally
ambiguous sentences initially receive an interpretation that subsumes
all others is that although such ‘most general interpretations’ exist in
the case of sentences containing only universal and existential quanti-
fiers, such as (2.18) or the sentences in (2.21), they are not available in
general-e.g., for the well-known example Few students speak many for-
eign languages.

Unfortunately, the experiments of Kurtzman and MacDonald only
give us a partial view of scope assignment, since they don’t tell us any-
thing about the on-line timing of scopal interpretation; because of this,
the respective roles of incrementality and underspecification in scope
assignment are not clear. Furthermore, we do not know what happens
with sentences containing more than two quantifiers, such as (2.8). For
this reason, we will postpone discussing scope disambiguation until
Chapter 6.

2.5 Ambiguity doesn’t always go away

The warning message we sent the Russians was a calculated am-
biguity that would be clearly understood. [Alexander Haig]

From what we have seen so far it would seem that people always
end up assigning a single interpretation to utterances, except perhaps
in the cases observed by Garrod and Sanford, in which no semantic
interpretation may take place at all. As noted in (Poesio, 1996a), this is
not the case, however; in fact, it has long been known in the field of
Rhetoric that it is possible to construct sentences in such a way as to
make them ambiguous:

The old Rhetoric (e.g., Aristotle) treated ambiguity as a fault
in language, and hoped to confine or eliminate it. The new
Rhetoric sees it as an inevitable consequence of language
and as an indispensable means of our most important utter-
ances - especially in Poetry. (Richards, 1936)

The semantic garden paths examples in (2.10) are examples of ambigu-
ity exploited for humorous purposes; the excerpt below, from Hopkins’
“The Wreck of the Deutschland” (reported in (Su, 1994, page 22)) is an
example of lexical ambiguity exploited for poetical purposes. The topic
of the poem is the wreck of a ship, in which five nuns gave up their
places in the life boats to save some other passengers. In so doing, the
poet tells us, they drowned (were sealed by waters), but they also gained
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Heaven (they were sealed by God’s mark of approval). The passage can
only be properly appreciated if both readings of sealed are perceived
simultaneously.

(2.22) and these thy daughters
And five-lived and leaved favour and pride,
Avre sisterly sealed in wild waters,
To bathe ...

2.6 Summary

The evidence discussed in this Chapter gives us a rather complex pic-
ture of semantic processing. Semantic interpretations are produced in-
crementally, but this doesn’t mean that a unique semantic interpreta-
tion is always immediately determined. Sometimes multiple interpre-
tations are generated; other times a single interpretation that subsumes
all the readings is obtained first; and in some of the cases of anaphoric
processing studied by Garrod and Sanford, no interpretation appears to
be produced at all. When multiple interpretations are generated, some-
times all but one get pruned immediately, as in the cases of lexical dis-
ambiguation of ‘two-meanings’ words studied by Swinney and Frazier
and Rayner; in the cases of ambiguous pronouns studied by Corbett
and Chang, however, the two interpretations remain active until the
end of the sentence, and get pruned then; finally, in examples such as
(2.22), the interpretations appear to remain active even after the end
of the sentence. The possible scenarios for semantic interpretation can
then be summarized as follows:

e the ‘multiple-meanings’ case studied by Swinney, in which mul-
tiple interpretations are generated in parallel, but all but one get
eliminated right away;

e the variants of this scenario observed by Corbett and Chang, in
which the multiple interpretations remain active until the end of
the sentence, or even after that;

o the ‘multiple-senses’ case studied by Frazier and Rayner, in which
only one interpretation is generated immediately, and refined at
the end of the sentence;

e the no interpretation’ case reported by Garrod and Sanford, in
which apparently no semantic interpretation at all is produced.

In other words, many different requirements have to be satisfied in or-
der for a theory of semantic processing to support research in semantic
interpretation allowing for the possibility of semantic underspecifica-
tion in the way that Marcus et al’s d-theory has supported work on
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parsing allowing for syntactic underspecification. We will show in the
rest of this monograph that it is possible to account for these results
using theoretical tools that are already available.



3

The Semantic Interpretations Produced
by the Processor

Our account of the results about the interplay of incrementality and
underspecification described in Chapter 2 consists of two parts. First
of all, we propose a characterization of the (possibly, underspecified)
interpretations incrementally produced by the processor in the differ-
ent situations discussed in the previous chapter. This is the goal of this
Chapter. In the next Chapter, we explain how more than one such inter-
pretation can be produced in parallel and how some of them are pruned
in certain situations.

3.1 Interpretations as Information About Utterances

We are going to use a logic to characterize in a formal way the (possibly,
underspecified) information that the processor has at any time during
interpretation, just as done in theories of parsing based on d-theory
such as (Sturt and Crocker, 1996). This approach allow us to make pre-
cise hypotheses about the conclusions that the processor is able to draw
at each moment, and blends well with the logic-based characterization
of interpretations adopted in logical formalisms such as those discussed
in Section §2.1.

Pretty much all recent proposals concerning semantic underspec-
ification are couched in these terms, as well; but this has not always
been the case. The proponents of ‘first generation’ theories of semantic
underspecification were simply concerned with developing a level of
representation that would allow them to divide the labor between pars-
ing and contextual representation (Woods et al., 1972; Allen, 1987). This
idea of an intermediate, underspecified level of logical form, originally
developed with practical considerations in mind, first became a claim
about the grammar / context interface in ‘second generation” theories

25
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such as (Schubert and Pelletier, 1982; Moore, 1981; Fenstad et al., 1987).
The first to propose to treat such ‘logical forms’ as true logical represen-
tations with a proper semantics was Hobbs (Hobbs, 1982, 1983), whose
‘flat” representation was based on first order logic, unlike other ‘third
generation’ theories of underspecification (Alshawi and Crouch, 1992;
Poesio, 1991, 1996a; Reyle, 1993), all of which involved logics specially
developed for the purpose of capturing the notion of ambiguity. In re-
cent years, a new generation of proposals concerning semantic under-
specification has appeared, which, although developed independently
from the work on syntactic underspecification discussed above, share
with it the intuition that the interpretations produced by the processor
are best viewed as DESCRIPTIONS of the information accumulated by
the processor so far-in particular, information about the process of se-
mantic derivation-rather than as logical forms in the traditional sense
(Crouch, 1995; Muskens, 1995a; Nerbonne, 1992; Poesio, 1995b, 1996b;
Pinkal, 1995b). (What it means to claim that that logical forms are de-
scriptions will become clearer in a moment.)

The theory of semantic interpretations proposed in this monograph
belongs to this ‘fourth generation” of proposals. The distinguishing fea-
tures of the approach taken here are the centrality of the notion of UT-
TERANCE, due to the fact that this proposal was originally developed
to provide an account of semantic interpretation in spoken dialogues
(Poesio, 1995a; Poesio and Traum, 1997); and the belief that it is only
possible to account for incremental processing and make sense of the
notion of semantic underspecification by making explicit and formal-
izing a number of often unstated assumptions about meaning and the
interpretation of utterances in context on which formal semantics re-
lies.1?

A simplified characterization of such assumptions goes as follows.
Assumption number one is that the goal of semantic interpretation is
to identify the conventional meaning (in Grice’s sense (Grice, 1957)) of
utterances in context, and that this conventional meaning can be char-
acterized using theories such as those proposed in formal semantics;
we will use Compositional DRT for this purpose. Assumption number
two is that whereas expressions such as words and sentences may have
more than one conventional meaning, utterances of such expressions
have at most one conventional meaning in a given context. For exam-
ple, we assume that an utterance of Kermit croaked in a given context has
exactly one conventional meaning, that this conventional meaning is

12The particular assumptions on which we depend have been spelled out in most detail
by Lyons (1995).
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one of the two propositions discussed in Section §2.1, and that the goal
of semantic interpretation when processing that utterance is to identify
the conventional meaning of that utterance in the discourse situation.
(We will see in Chapter 4 that this assumption does not prevent us from
providing an account of perceived ambiguity.)!?

These first two assumptions can be made more precise by means
of a theory of utterances and their meaning reminiscent of that pro-
posed in Situation Semantics (Barwise and Perry, 1983). As in Situation
Semantics, we assume that utterances are events (the LOCUTIONARY
ACTS of speech act theory (Austin, 1962)); but unlike most formaliza-
tions of Situation Semantics, we assume a Davidsonian theory of events
(Davidson, 1967). Following the convention introduced earlier on, we
will write e:p(Z) to indicate the statement that an event e of type p with
remaining arguments the elements of vector z has taken place. We char-
acterize utterances by means of the three-place predicate utter, whose
arguments denote the agent, the string uttered, and the uttering event
itself. Thus, we characterize a situation in which individual a utters the
sentence-string Kermit croaked as one in which an utterance event u oc-
curred, such that (3.23) is the case:

(3.23)  u:utter(a,”Kermit croaked”)

The assumption that each utterance has exactly one conventional mean-
ing is formalized by hypothesizing a total function from utterance even-
tualities to their conventional meaning, which we indicate as ~» . We
use this function to describe the situation in which utterance event u
in (3.23) has been assigned the conventional meaning in (2.5) (that an
event e occurred of object k (‘Kermit’) having the property croaky) as
follows:

(3.24)  u:utter(a,“Kermit croaked”) Au~s [Xn,em| Xn i8 k, em:croaks(x,), em < S ]

We make two further assumptions. Assumption number three: the con-
ventional meaning of utterances is derived in a compositional fashion
from the conventional meaning of their constituents, starting from the
conventional meaning of the utterances of lexical items, just like in the-
ories of semantic competence such as those discussed in Section §2.1.
Finally, assumption number four: assigning the conventional meaning

13We are however aware that in so doing we are ignoring quite a few complexities. For
one thing, we will not be concerned here with what Grice called ‘speaker’s meaning’ or
‘meaning-nn’ (Grice, 1957). Furthermore, recognizing the speaker’s intentions usually in-
volves more than just identifying one meaning licensed by the grammar—indeed, iden-
tifying the conventional meaning may not always be a prerequisite for identifying the
speaker’s meaning. We are developing a more general theory of interpretation in which
some of these complexities are taken into account-see, e.g., (Poesio and Traum, 1997).
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to any given utterance cannot be isolated from the process of construct-
ing the context in which this utterance has to be interpreted, which in
turn works much as proposed by Lewis and Stalnaker (Stalnaker, 1973;
Lewis, 1979) and as formalized in theories such as Discourse Represen-
tation Theory.

These assumptions lead us to formulate the following hypothesis
concerning the interpretations produced by the processor. We propose
that these interpretations consist of a record of which utterances oc-
curred, together with a description of the properties of these utterances:
what conventional meaning they have, and how they are structurally
related to each other. Because of this, the processor knows when some
information about a given utterance is missing; in fact, this knowledge
plays a central role in guiding its inference processes. In the rest of
this Chapter we are going to make it clear what we mean, and to show
that once we accept this hypothesis it becomes very easy to explain (i)
how semantic interpretation can proceed incrementally without aban-
doning the theories about the conventional meaning of words generally
accepted in formal semantics and (ii) what it means for an interpreta-
tion to be underspecified; and all of this without need for a new logic.
We will do this in Section §3.2 and Section §3.4, respectively.'*

We have just introduced almost all the formal ingredients that will
be required by our theory of the interpretations entertained by the hu-
man processor at various stages of interpretation. In particular, only
very little more will be needed to characterize most types of seman-
tically underspecified interpretations, except for scope (to which we
return below). This means that the semantic interpretations we pro-
pose can be characterized using the formal tools provided in Compo-
sitional DRT, which we already planned to use to characterize the con-
ventional meanings of lexical items. Compositional DRT is especially
suited in light of our assumption number four, which can also be seen
as telling us something about the nature of the semantic interpretations
constructed by the language processor-namely, that these interpreta-
tions are partial representations of a context, incrementally updated as
the result of new input and of inference. Interpretations of this type are
naturally modelled as DRSs, as we will see in a moment.!> We will not

14A closely related hypothesis concerning semantic interpretations has been indepen-
dently developed by Jonathan Ginzburg (Ginzburg, 1998, 1999), also starting from ideas
from Situation Semantics, in order to account for spoken dialogue phenomena such as
clarification questions prompted by one speaker not having understood what the other
speaker said (as in Sorry, where did you say you wanted to go?). Such questions, as well,
suggest that semantic interpretations must encode the fact that certain information is
missing.

5Indeed, we also used Compositional DRT to give a more general account of the dy-
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therefore introduce a special logic to characterize interpretations; we
only make a few extensions to Compositional DRT, discussed in Section
§3.5.

3.2 Incremental Semantic Interpretation

One of the reasons why we developed the hypothesis about seman-
tic interpretations presented in Section §3.1 is to explain how semantic
processing can take place incrementally, but at the same time proceed
in the compositional fashion assumed by theories of semantic compe-
tence such as those discussed in Section §2.1. We mentioned in Section
§2.2 that incremental processing is a problem for traditional theories of
semantic competence, in that these theories propose non-propositional
translations for lexical items, which therefore could not support the in-
ference processes involved in disambiguation (e.g., those that result in
the definite description the engine at Avon in (2.11) to be resolved to en-
gine ET). Some theories of interpretation, most notably (Hobbs et al.,
1993), solve the problem by assigning to lexical items translations that
are radically different from those proposed by most semantic theories.
We show in this section that this is not necessary; the problem disap-
pears once we take semantic interpretations to be characterizations of
the properties of utterances, for, in this case, the information that gets
added to an interpretation when we discover the conventional mean-
ing of a word is a proposition—the proposition that the utterance of that
word has that meaning. We explain what we mean by this—i.e., how the
view of semantic interpretations we have just presented can be used to
specify the interpretations obtained while processing the input word
by word-by means of the sentence already discussed in Section §2.1,
Kermit croaked. In this section we will show how the various language
processing modules update semantic interpretations, without however
giving a formal characterization of the rules that produce such updates;
these rules will be discussed in Chapter 4.

The evidence about parallelism discussed in Chapter 2 suggests that
at any given moment the processor entertains a number of competing
hypotheses concerning the interpretation of the utterances perceived
until that moment, as in (3.24). As mentioned in Section §3.1, we as-
sume that these hypotheses are hypotheses about the current context—
the ‘conversational score’ of Lewis and Stalnaker’s — that initially in-
clude information gained through perception and are then updated
with information gained through inference, and are therefore best char-

namics of the common ground and how it gets established (Poesio and Traum, 1997;
Poesio and Muskens, 1997).
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acterized as Discourse Representation Structures (DRSs) in the sense of
Kamp and Heim.!® As a new utterance is perceived, each of the DRSs
specifying an hypothesis currently being entertained is updated with
the information that that utterance occurred, thus obtaining new inter-
pretations. From a formal point of view, these updates can be seen as a
concatenation of the DRS representing the new information to the exist-
ing interpretation.

For example, assume that (one of) the current hypotheses about the
interpretation of the set of utterances perceived before hearing the ut-
terance Kermit croaked (and of the information derived by lexical access,
parsing, etc.) is the DRS K. Perceiving an utterance of Kermit results then
in a new hypothesis about the current context, which can be character-
ized in formal terms as the DRS K’ obtained by updating the previous
hypothesis K with a DRS representing the perceptual information in
(3.23) about the new utterance, as follows:

(3.25) K' = K;[upn|ttpn utter(a,”Kermit”)]

K' gets then extended as the result of the interpretive processes in-
volved in language interpretation. We consider each of these in turn.

Lexical Access

We have seen in Section §2.1 simplified examples of the type of infor-
mation stored in the lexicon according to sign-based theories. We can
turn these theories into theories of how the lexicon contributes to utter-
ance interpretation by viewing lexical access as the process by which
interpretive hypotheses such as K’ in (3.25) are enriched by hypothe-
sizing further properties of utterances such as u,,. Assuming that the
lexical entry for Kermit is as in (2.2), the result of lexical access can then
be seen as the update in (3.26):!7

16A DRs K encodes the proposition that there are assignments satisfying that DRS,
45 K (2)(4); in what follows, however, we will omit the existential quantification over
assignments and just use a DRS to characterize the current interpretation.

17The relation between the feature-based notation in (2.2) and the utterance-based no-
tation in (3.26) can be made more precise by specifying a mapping 7 from signs into DRSs
as follows. Let PHON be the interpretation of the attribute phon, SYN be the interpreta-
tion of syn, SEM the interpretation of sem and DAUGHTERS the interpretation of the
feature daught er s specifying the subconstituents of a sign. Then, the interpretation of a
sign as a DRS is specified by the following definition:

cem : Z = T Jug )i 7 Jugy )

h @ X
— [w | u:utter(s, PHONW), syn(u) = SY N (u), u~s SEMw)];
. ”

daughters : <[. ug [ _]un> "

The interpretation of feature-based theories in terms of first-order logic has been specified
in greater detail, e.g., by Johnson (1988).
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(3.26) [Upn | Upn utter(a,“Kermit”), ipn ~ AP[Xn|Xn is k]; P(xn), syn(upn)is[cat : pn]
]

(3.26) is based on the assumption that part of the information con-
tributed by the lexicon towards the interpretation of a lexical utterance
is its syntactic classification; this assumption is formalized (3.26) in by
the function syn, that maps utterances into the kind of objects that are
assumed as the interpretation of signs of type SYN in sign-based theo-
ries such as HPSG circa (Pollard and Sag, 1987; Carpenter, 1992). Updat-
ing K' with (3.26) originates a new interpretation characterizable as the
new DRS K":18

(3.27) K" = K';[|upn ~ AP([xn|xn is k]; P(x,)), syn(u,,) is cat : pn]

We give more examples of lexical access in Section §3.4 (discussing
more specifically underspecified lexical entries), and discuss the nature
of the rules that result in updates such as (3.27) in Chapter 4.

Parsing

The updated interpretations resulting from lexical access serve as the
basis for a second interpretation process, parsing. As syntactic process-
ing is not the focus of this paper, we only include in this paper a mini-
mal discussion of how syntactic information is represented and of our
assumptions about how it is updated, mainly derived from (Sturt and
Crocker, 1996).

The role of syntactic knowledge can be characterized within the
present framework by viewing parsing as the generation of hypotheses
about how utterance events are assembled together in larger utterance
events. So, in the example we have been discussing, we can charac-
terize the interpretation of the sentence-string Kermit croaked in (2.5) by
saying that the language processor has constructed an interpretation
according to which the utterance event u,, is the single element of the
decomposition of a larger event of uttering a NP, u,,, which, together
with a second utterance event 1,,, is in turn a constituent of the larger
utterance event u, classified as being of type 5.1

18 According to the ‘cohort’ theory (Marslen-Wilson, 1984) and most other recent the-
ories of lexical access, the alternative lexical interpretations of a word are actually ac-
cessible before the entire word has been perceived, which means that a listener never
entertains an interpretation like (3.25), but only underspecified interpretations about
phonemes, such as 1 :utter(a,“cro”). For simplicity, we assume in this paper that the lexi-
con is not accessed until a complete word-string has been encountered; moving to a more
accurate characterization would simply involve assuming a finer grained incrementality—
e.g., one in which inference processes start after every phoneme.

19We briefly note here that the properties of the syntactic relation of constituency are
preserved by interpreting it in terms of decomposition relations between events, under
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This means that parsing, as well, can be cast in terms of updates
to the current interpretation. We use the notation u; < us to indicate
that event u; is part of the decomposition of event u», and the notation
1y < up to indicate that event u; occurs ‘immediately before” event uy;
with this notation, hypothesizing that u,,, is a constituent of an NP u,,,
would result in the following update:

(3.28) K" = K";[unp|syn(uyy) is [cat : np], upy, < tin,]

The view of parsing we follow is one in which this process is seen as
a form of inference, i.e., a process which augments an interpretation
that can be characterized in logical terms. This is essentially what Sturt
and Crocker do, as well; but whereas they characterize the updates to
interpretation in an algorithmic fashion, we will characterize these in-
ferences by means of inference rules, as in the “parsing as deduction’
tradition (Lambek, 1958; Konig, 1989; Shieber et al., 1995) and in infer-
ential approaches to disambiguation (Hobbs et al., 1993; Alshawi, 1992;
Lascarides and Asher, 1993). More specifically, we view the rules that
infer phrase structure as inference rules (rather than as axioms) as in the
‘parsing as natural deduction” approach to syntactic inference (Konig,
1989); but we interpret these rules in a rather different way, to be dis-
cussed in Chapter 7.

In theories of grammar such as HPSG, categorial grammar, or lexical-
ized TAGs, all syntactic knowledge is either encoded in the lexicon-e.g.,
in the form of subcategorization rules— or is specified by a few prin-
ciples of general validity. In the particular version of lexicalized TAGs
adopted by Sturt and Crocker (1996) there are four such operations: Left
and Right Attachment, TAG Adjunction, and Tree Lowering. We assume
the same set of operations here. They can be encoded in our model by
means of general-purpose inference rules reminiscent of those of cat-
egorial grammar: for example, Left Attachment, which results in the
unification of a subtree with top node A with the leftmost leaf of type
A of a second subtree (as shown in Fig. 3), can be expressed in terms of
information about utterances as follows:?

Left Attachment:
[|syn(u1) is [cat : A] , syn(uz) is [cat : A] ,syn(usg) is [cat : D] Jug < Uz, Uy < usz]

[Juz is uz]

reasonable assumptions about decomposition; more on this below.

20Recall that the notation us<ius indicates that us is a constituent of us; that uy <us
indicates that event 17 occurs ‘immediately before” event u3; and that u;isus means that
the two discourse entities refer to the same object.
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FIGURE 3 Left Attachment

Semantic Composition

Once the recipient of u,, has complete information about the struc-
tural relations between this utterance and its subordinated utterances,
he/she can derive the conventional meaning of phrasal utterances such
as Uy, from the meaning of lexical items by means of semantic rules that
compositionally derive the meaning of an utterance from the mean-
ing of its constituent utterances (i.e., of the subordinated events) just
as seen in Section §2.1, except that they now operate in an incremental
fashion—i.e., they can apply as soon as the structural relations between
constituents have been inferred.!

ZStrictly speaking, the interpretation (3.28) is not yet complete from a syntactic point
of view, for the addressee is not guaranteed that he/she has complete information about
the decomposition of phrasal utterances. Such guarantee could be given by adding to
(3.28) statements of the form COMPLETE(u,1inp,Uvp), defined as follows:

Vx,y,z, COMPLETE(X, ,z) =gef YW < x2w =yVw =2

which also rely on the assumption that phrasal utterances always decompose in at most
two sub-utterances. For simplicity, however, we will omit such statements below.
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Knowledge about (conventional) meaning composition, just as knowl-
edge about phrase structure, can be formalized in terms of ‘inference
rules’ that specify how the meaning of an utterance is derived from
those of its constituents.(Again, we will postpone giving a formal inter-
pretation of these rules until Chapter 7.) For reasons that will become
clearer later, we treat here these rules as distinct from, although de-
pending on, the rules for syntactic composition. For the purposes of
the present paper two semantic composition rules will be sufficient.
The first, Binary Semantic Composition, encodes type-driven appli-
cation; the second, Unary Semantic Composition, allows the conven-
tional meaning of a constituent to percolate up when that constituent is
unique.

uy uz,us Uz

Uy~ @(a,ﬁ)ﬂh ~ Ya,

Binary Semantic Composition: COMPLETE; (i, 1y, 112)

uz ~ p(4)
uy < Ug, Uy ~ P,

Unary Semantic Composition: COMPLETE(u>, u1)

l/lz’\f*(p

The Binary Semantic Composition rule specifies that the conven-
tional meaning of an utterance u3 whose sole constituents are u; and
s, with meanings ¢ and ¢, of type (o, 8) and S, respectively, is ob-
tained by applying ¢ to 3. Crucially, Binary Semantic Composition
only applies after both the dominance relations and the meaning of
the constituents have been determined; hence, underspecified lexical
meanings or underspecified syntactic relations have the effect that the
meaning of larger utterances is also underspecified. Similarly, Unary
Semantic Composition states that the conventional meaning of an ut-
terance u» with a single constituent 1, with meaning ¢, is ¢.

In the example we have been considering, Unary Semantic Compo-
sition can apply after parsing has produced (3.28); the result of apply-
ing Unary Semantic Composition is that the conventional meaning of
Upn, percolates up to u,,, just as in example (2.5), producing (3.29):

(3.29) K" = K" [[unp ~> AP[2pn|Tpn = K]; P(2pn)]

22The binary version of the COMPLETE predicate can be defined in the same way as
the ternary version.
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The Next Utterance

The process of updating the current semantic interpretations continues
until no more inferences are possible (let us say until (3.29) is obtained),
and starts again when the next utterance, croaked, is perceived. This per-
ception results in K" being updated as follows:

(3.30) K" [uiv|uiv-utter(a,“croaked”)]

This new utterance is processed much in the same way, except that now
we have a conflict among two distinct lexical entries, (2.3) and (2.4). Let
us assume that the lexical entry (2.3) is chosen for croaked; our proposed
formalization of the disambiguation process in this case—i.e., how mul-
tiple hypotheses are generated and one of them is chosen—is discussed
in Chapter 4. The update to K" resulting from accessing lexical entry
(2.3) is shown in (3.30):

(3.31)  (3.30); [|uiv ~ Ax[em|em:croaky(x), e, < S, syn(us,) is [cat : iv]]

Again, lexical access is followed by parsing and semantic composition,
resulting in the interpretation in (3.32):

(3.32) (3.31); [tvp|ttin ~>  Ax[ea]ea:croak¢(x),ea < S], syn(u;,) is [cat : iv:|,
syn(uyp) is [cat : vp] Uiy < Upp, Uyp ~>  AX[e2|e2:croak¢(x),es < S|

The last update to the interpretation involves hypothesizing that uy,
and u,,, are in turn subconstituents of a larger u; of type s and assigning
it a conventional meaning by means of Binary Semantic Composition.
The interpretation resulting from these last steps is as follows:

(3.33)  (3.32b); [tis|tinp <Vihs, thop < ths, SYN(1is) is [Cat : S], s~ [Xpn, e2e2:croak s (Xpn), €2 < S]]

The reader will have noticed that underspecified interpretations did
not play any significant role in this example; this was intentional. In
fact, we even adopted a simpler view of syntactic processing than the
one proposed by Sturt and Crocker, so that we could postpone dealing
with syntactic underspecification. We do this in Section §3.4.%

Utterance-Based Notation vs. Sign-Based Notation

Because the utterance-based view of processing is closely related to the
sign-based view—indeed, it is possible to specify a formal mapping from
signs into utterances (see Footnote 17), in the rest of this monograph we

2The solution to the paradox of incremental interpretation proposed in (Chater et al.,
1995) aims to achieve a stronger form of update to the present interpretation than the
one we have just discussed, one that they call INCREMENTAL UNDERSTANDING. We are
not convinced that incremental understanding in the sense of Chater ef al. actually takes
place; we will return to this topic in Chapter 4.
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will often put interpretations such as (3.27), (3.28), (3.31), or (3.33) in a
more readable format by representing the information about phrasal
utterances such as u,,, which in utterance-based notation would be in-
dicated as:

syn(unp) = [cat : np:| Alnp ~> @
in feature-based notation, as follows:

syn : [cat : np]

sem :

Unp

and by representing subordination among utterance events as tree dominance-
i.e., representing the interpretation in (3.33) in a format similar to (2.5).

Because of the similarities between the idea that interpretation in-
volves gathering information about ‘utterances’ and the idea that in-
terpretation involves gathering information about ‘signs’, theories of
lexical and syntactic competence developed in a theory such as HPSG
can generally be turned with little difficulty into theories of the contri-
bution of lexical access and parsing to utterance interpretation in the
present framework. 24

3.3 A Note on Modularity

In discussing the example above, we talked about ‘lexical access’, ‘pars-
ing’, and ‘semantic composition” as if these were separate modules, op-
erating in sequence. This was done for expository purposes only. The
only modularity assumption that we are going to make (for reasons to
be discussed in Section §4.3) is that there is a distinction between a ‘lan-
guage module” and a “pragmatic’ or ‘commonsense reasoning’ module;
we assume that during utterance processing the language module gen-
erates hypotheses as discussed in Chapter 4, which the commonsense

24The main difference between the utterance-based and the sign-based view of inter-
pretation is that a characterization in terms of utterances makes both the ‘building blocks’
of an interpretation (the utterances) and the structural relations between them more ex-
plicit; thinking in terms of multiple utterances, instead of in terms of a single sign, results
in a cleaner formalization of those states of interpretation in which not all structural in-
formation has been identified. Another, less important difference is that we do not use
unification for building interpretations, but lambda-application together with equality
among discourse entities (the is operator).

Another motivation is that we wanted to have a clear connection between our proposal
and the assumptions of mainstream semantic theory. We feel that even though semantics
for sign-based notations have been specified (Carpenter, 1992), the connection between
this semantics and the assumptions in formal semantics is often unclear; and we believe
that our proposal is a plausible way of relating signs to the traditional ontological as-
sumptions of semantic theory.
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reasoning component then accepts or rejects, and possibly ranks. (See
also (Poesio, 1994b; Lascarides and Copestake, 1998).) In generating
these hypotheses the language module may use certain types of seman-
tic information, typically lexical in nature (e.g., information about selec-
tional restrictions and /or semantic relations between lexical items), but
does not access general reasoning. The interaction between language
module and commonsense reasoning module may take place at a fairly
fine granularity level, however—i.e., without waiting until the end of a
sentence: for example, hypotheses about the referent of an anaphoric
expression may be tested before the rest of the sentence has been pro-
cessed, as in (2.11).

We will not assume any further subdivisions within the language
module. Our theory of interpretation is formulated in terms of ‘update
rules’ (introduced in Chapter 4) that operate on the current interpre-
tation and augment it with new information. Some of these rules are
going to operate on the basis of information about the occurrence of
an utterance only; we will call them ‘lexical access rules’, and talk of a
‘lexical module’. Other rules operate on the basis of information about
the syntactic category of certain utterances, and generate hypotheses
about the structural relation of these utterances with other utterances;
we call these rules ‘parsing rules’, and talk of a “parsing module’. For
our purposes, however — specifically, for the discussion in Section §3.4,
and given the formalization of these rules in Chapter 4-it doesn’t mat-
ter if all the lexical access rules operate before all the parsing rules, or
if these two types of rules are all active together and their temporal se-
quence depends only on certain update rules depending on the output
of other update rules; we can still talk of a (possibly, virtual) ‘lexical
module’ anyway.

3.4 Underspecification

What is, then, underspecification? Or, to be more precise, what does
it mean to claim that at some stages of processing, the recipient of an
utterance is entertaining an ‘underspecified interpretation’?

The characterization above of the semantic interpretations produced
by the processor allows us to define the notion of semantic underspec-
ification in terms of the values of the function ~» . It turns out, how-
ever, that there are at least two interesting (and distinct) senses in which
we can say that a module of the language processing faculty produces
a partial interpretation; indeed, many of the discussions about under-
specification in computational semantics have been concerned with de-
termining the type of underspecified interpretations that occur when
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interpreting utterances exhibiting a given type of semantic ambiguity.
We will discuss these two types of underspecification in turn.

H-underspecification

Let us begin by explaining what we mean when we say that the proces-
sor has ‘complete’ information about an utterance. Let us assume that
there is a special syntactic category utt for ‘syntactically complete” ut-
terances. Then, we can say that

Definition 1 The language processor has COMPLETE INFORMATION about
an utterance u iff the interpretation it entertains specifies the values of ~» and
syn for w and, in case cat(syn(u)) # Utt, the value of <.

Since an interpretation I is a Compositional DRT theory, we can also
say, more formally, that I is complete with respect to w iff there are ob-
jects m, s and u' such that:

I'=u~ mAsyn(u)=sAu' <d.

Not all of the interpretations discussed in the previous sections are
‘complete’ in the sense of Definition 1, since none of the modules of
the language processor discussed in Section §3.2 provides complete in-
formation about an utterance. Neither the initial interpretation of up,
in (3.25), K', nor K" in (3.27) are complete with respect to u,,; only K"’
is. We are going to use the term H-UNDERSPECIFIED to refer to interpre-
tations which are “partial” or ‘incomplete’ in this sense:*

Definition 2 An interpretation is H-UNDERSPECIFIED with respect to ut-
terance u if it is not complete, i.e., if it does not specify the value of either ~» ,
syn(u), phon(u), or <.

We can also introduce a notion of h-underspecification relativized to a
given function f, where f is one of ~» , syn(u), phon(u), or <, and say
that an interpretation I is h-underspecified with respect to utterance u
and function f iff there is no value v in Dom(f) such that I |= f(u) = v.
Clearly, just saying that language processing involves interpreta-
tions that are h-underspecified in the sense of Definition 2 is not a very
interesting claim. As the recipient of an utterance of Kermit croaked has
to recover all components of the interpretation in (3.33) on the basis
only of the spoken or written signal (in (3.25)) and his knowledge of
grammar and contextual processing, the input to the language proces-
sor must be h-underspecified. And most modules involved in utterance
processing (lexical access, parsing, anaphoric processing, scope assign-
ment, and so forth) must map h-underspecified interpretations into h-

2The term h-underspecified is used because this is the type of underspecification one
finds in cases of homonymy, as discussed below.
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underspecified interpretations: if a module always outputted complete
interpretations, there would be nothing left for the other modules to do.

In order to make more interesting claims about the role of under-
specification, we need to specify the TASK of each module of the human
language processor in terms of the information that that module can be
expected to provide. So, for example, we could define the task of the
lexicon with respect to utterance u as that of specifying values for ~»
and syn, whereas the task of the parser is to specify values of <. (Le.,
we could say that the task of the lexicon is to produce an interpretation
I such that there are values m and s for which I |= u ~ mA syn(u) =s.)
We can then define a MODULE-COMPLETE INTERPRETATION of an ut-
terance as follows:

Definition 3 An interpretation of utterance uis COMPLETE WITH RESPECT
TO MODULE M (or M-COMPLETE, for short) iff it specifies all of the informa-
tion that is part of the task of M to provide.

Until now, we have only seen examples of interpretation processes out-
putting M-complete interpretations: e.g., we saw cases of lexical access
resulting in lexicon-complete information about the particular lexical
item, and of parsing resulting in parser-complete information about a
given utterance. A first interesting question is whether certain mod-
ules do not always produce M-complete interpretations: for example,
whether the lexicon does not always specify values for ~» and syn.

As far as the lexicon is concerned, both the psychological evidence
reviewed in Chapter 2 and linguistic evidence from so-called ambiguity
tests (Zwicky and Sadock, 1975) suggest that in the case of homonyms?®
distinct and lexicon-complete lexical entries are accessed, so that inter-
pretations like (3.31) are recovered from (3.30) directly, without going
through any ‘intermediate” interpretations (more on this in Chapter 4).
However, we will see in Chapter 5 evidence that one type of lexical
entry at least, pronouns, is h-underspecified.

Coming to the parser, the characterization of h-underspecification
we have just given is general enough to cover not only the pos-
sibility of partiality in the input and output of the lexicon and of
modules concerned with semantic interpretation, but also of syntactic
h-underspecification. The syntactically underspecified interpretations
proposed by the theories of parsing based on d-theory discussed in
Section §2.4 can be seen as cases of h-underspecification, as well, except
that in these cases the interpretation specifies constraints on the ways

26We recall that these are the ‘two-meanings’ words of Frazier and Rayner-words as-
sociated to lexical entries of different syntactic categories (such as can) or words such as
bank or stock associated with more than one lexical entry of the same syntactic category.
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the missing value (of 1) can be resolved. Those interpretations can be
reformulated in terms of Compositional DRT by interpreting immediate
dominance relations between nodes of a tree as direct subordination re-
lations among utterance events, and indirect dominance in terms of the
transitive closure of <, that we may indicate as <1*. The information ex-
pressed by the interpretation in Figure 2 could then be expressed as in
(3.34).

(3.34) Uproiutter(a,”I”) A syn(upro) = [cat : pro} Alpro ~> 4
A syn(inp, ) = {cat : np} Alpro <lUnp; Alnp, ~> 4
A Uy iutter(a,“saw”) A syn(ug,) = {cat : tv} A Uty ~> SAW
A syn(iyp) = [cat : vp:| Aty < Upp A
syn(us) = [cat : s} Alnp, s Nilyp <Us A
syn(unp,) = [cat : np} A Unpy utter(a,’a man”) A tnpy <* Uyp A
up:utter(a, “with”) A syn(up) = [cat : p} A up ~» with A
syn(unpg) = {cat : np} A Unpg utter(a,”a telescope”) A
syn(upp) = [cat : pp} Atp < lpp A Unpy pp A lipp <* Uyp

Our notion of interpretation can therefore be used to encode the syntac-
tic information in the interpretations proposed in (Sturt and Crocker,
1996), as well.

There have been suggestions that the parser may output h-
underspecified interpretations that do not even specify such con-
straints: for example, in the case of PP attachment (Marcus et al., 1983;
Abney, 1991). These would be interpretations which, unlike the inter-
pretation in Figure 2, do not even specify restrictions on the possible
attachment points of the PP with a telescope. This seems especially likely
in the case of spoken input: in the case of conversations like that in
(3.35), for example, it is often assumed that the parser only outputs a
series of ‘chunks,” which are then assembled by the process concerned
with speech act interpretation.

(3.35) 11.1 M okay

11.2 : so

11.3 : wh / why don't we take E2
12.1 S: okay

13.1 M and uh nove it to Corning
13.2 how I ong wi Il that take
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14.1 S: that’'ll take two hours

15.1 M okay go ahead and do that

16.1 S: okay

17.1 M and then um

17.2 : we can take the tanker car

17.3 i n Corning

17. 4 and / uh

17.5 attach it to the uh

17.6 the engine E/ the engine / engine that's
com ng over

17.7 : E2

18.1 S: okay

19.1 M and then send themoff to Bath

19.2 : at 2 AM

19. 3 err 2:30 AM

Finally, perhaps the most interesting claim about the role of h-
underspecified interpretations in utterance interpretation is the hy-
pothesis that the output of the ‘language module’ as a whole is h-
underspecified. Unsurprisingly, this claim has attracted a lot of atten-
tion; in particular, a number of theories of have been proposed that
argue that scopally ambiguous utterances are h-underspecified (Al-
shawi and Crouch, 1992; Poesio, 1991, 1996a; Reyle, 1993). Unfortu-
nately, there isn’t enough evidence yet about which types of scopal re-
lations are resolved incrementally and which ones are left underspeci-
tied; we will therefore postpone discussing scopal underspecification
until Chapter 6.

P-underspecification

There is a second sense in which we can talk of an interpretation being
‘partial’. This happens when a module outputs an interpretation that
does specify a value v for a given attribute f of an utterance, but v is
not the actual value of f; rather, it subsumes this actual value, that has
to be determined later—often at the end of the sentence-by restricting
this initial interpretation. We will use the term P-UNDERSPECIFICATION
for this type of underspecification, that can be defined more precisely

in terms of disjunction as follows:*

2’H-underspecification could be seen as the limiting case of p-underspecification in
which an interpretation I only supports the inference that one among all values in the
range of f may be its value — 3z f(u) = & — but in practice, such constraints are only inter-
esting when they are not vacuous in this sense. See, however, Pinkal (1995a) for a theory
of ambiguity developed on the basis of the claim that there are no sharp boundaries be-
tween p-underspecification and h-underspecification.
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Definition 4 An interpretation I is P-UNDERSPECIFIED WITH RESPECT TO
UTTERANCE 1 AND FUNCTION f (where f if one of ~ , syn(u), phon(u), or
<) iff there are values vy, ... v, such that

I'E flu)=vA (v CUA ...Av, Cu).

One example of p-underspecification are the initial interpretations
assigned to polysemous words (the ‘multiple senses’ cases of Frazier
and Rayner (1990)).%® According to Pinkal (1995a); Cruse (1995); Copes-
take and Briscoe (1995), among others, expressions such as head or news-
paper that have distinct, but related, senses® have a single lexical entry,
but this entry does not completely determine the meaning of an utter-
ance of that expression: it only specifies a meaning that subsumes the
distinct senses. For example, the interpretation of newspaper specified
by its lexical entry can be characterized as in (3.36), where newspapery
is the hypothesized underspecified predicate that subsumes the predi-
cates associated with the distinct senses of newspaper. (Newspaper as a
physical object, newspaper as its content, newspaper as an institution,
etc.)%

(3.36)  up:utter(a,“newspaper”) A u, ~» newspapery

In other words, this hypothesis amounts to a claim that in addition to
word-strings like Kermit associated with a single, fully specified lexi-
cal entry such as (2.2), and word-strings like croaked (or bank or pitcher)
associated with two or more fully specified lexical entries such as (2.3)
and (2.4),%! there are word-strings such as newspaper or head associated
with a single, but p-underspecified lexical entry. The proposed lexi-
cal entry for newspaper can be represented in sign-based notation as in
(3.37):%

28Hence the name.

291n addition to the head of a human being, we can have the head of a nail, the head of
a corporation, etc., all senses that share some aspects of the ‘human head’ sense.

30 A word of caution is necessary here. As noted by Pinkal (1995a) and Lyons (1995),
among others, it is in general very difficult, if not impossible, to identify with absolute
certainty the discrete ‘senses’ of a polysemous word; in fact, it is often difficult even to
decide whether we are dealing with a case of homonymy or polysemy (croaked is an exam-
ple of this). To some extent, whether the different interpretations of a string are associated
with distinct lexical entries, or not, is a matter of individual differences. As we will see
below, our proposal for lexical entries does not draw a sharp distinction between the two
types of interpretations.

310f course, these distinct lexical entries may also differ in that they specify different
syntactic properties such the syntactic category—-as in can that can be either a noun or an
auxiliary—instead of different semantic properties.

32A similar situation holds for strings like sheep some of whose syntactic properties—
number, in this case-are p-underspecified; several proposals to handle this type of syn-
tactic underspecification have been made in the syntactic literature.
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phon : “newspaper”
(3.37)  newspapet,, ~ |[syn: [cat : n]

sem : \x[ [newspapery (x)]
When processing sentences such as those in Frazier and Rayner’s Set
3 (in (2.16)), the human processor initially builds an interpretation of
the utterance of newspaper as in (3.36). This initial conventional mean-
ing is then combined with the meaning of the rest of the words in the
utterance, resulting in an interpretation like (3.38):

(3.38)  w:utter(a,“Lying in the rain, the newspaper was destroyed.”)
A U~ [Xn,Yp, €m,€q | newspapery (X, ), e, :destroyed(x,), em < S,
rain(y,), em:lie-in(x,,yp) |

From this initial interpretation, the more specialized reading that x,, is
actually a Newspaperyhysobj is then derived by means of rules that de-
pend on other sorts of information (e.g., on the basis of the selectional
restrictions of lying in the rain, that presumably requires a physical ob-
ject as its argument). These inferences, which on the basis of the results
of Frazier and Rayner take place at the end of the sentence rather than

incrementally, result in an interpretation as in (3.39).

(3.39)  w:utter(a,“Lying in the rain, the newspaper was destroyed.”)
A U~ [Xn,Yp, €m,eq | NEWspaper (¥n), em:destroyed(x,), em
<S,
rain(y,), em:lie-in(x,,y,) |

physobj

A special case of p-underspecified interpretation is the one where the
property initially attributed to the object is one which holds for all ob-
jects and therefore does not restrict its interpretation at all-i.e., the ob-
ject is asserted to be a thing. Interpretations such as these have been
proposed by Hobbs and associates as the initial interpretations in a
number of interpretation problems that they claim are solved on the ba-
sis of what they call ‘local pragmatics’ (Hobbs and Martin, 1987; Hobbs
et al., 1993), and which include, in addition to lexical disambiguation,
anaphoric processing, and determining the relation between nouns in
a noun-noun compound.

It has also been claimed that p-underspecified interpretations are
derived when disambiguating plurals (Verkuyl and van der Does,
1991), and even that such ‘most general’ interpretations are obtained
at an initial stage of scope disambiguation (Kempson and Cormack,
1981), but this proposal is now generally regarded as implausible (see
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Section §2.4).

3.5 The Formal Language: A Minimal Extension of Composi-
tional DRT

We conclude this chapter by returning to the issue of the formal lan-
guage used to specify semantic interpretations. As said above, most of
the information in (3.26), (3.32) and (3.33) can be specified using the for-
mal tools provided in Compositional DRT, and therefore no additional
logical machinery will be needed to characterize the interpretation pro-
cess.?® To the language of Compositional DRT (specified in Appendix
10.2) we only add the following:

1. the expression e:p(Z), used as a shorthand for what Muskens would
write as p(Z, e);

2. aset of non-logical functions ~ ,, of type (e,a), one for each type
a in ©. We will generally abbreviate this into ~ .34

3. the function < and the relation <1*, both of type (e,{¢,t))

The only constraint imposed on the functions ~» , is that they are func-
tions:

AX12 Va yoza(a~ oYN T 02) Yy = 2

The other properties of ~ , will be specified by the rules for disam-
biguation, that we will discuss in the next Chapter. As for <, we as-
sume it has the properties typically assumed of relations among nodes
of a tree (Marcus et al., 1983), as axiomatized, e.g., in (Backofen et al.,
1995), but we expect most of these properties to follow from the in-
tended interpretation of < as a representation of the decomposition re-
lation among events, rather that from a special stipulation. Muskens

3Most work on semantic underspecification, including our own previous work, has
involved developing special logics of semantic interpretation that differ in radical ways
from the logics used in mainstream semantic theory. For example, in (Poesio, 1994b,
1996a) we proposed that unambiguous sentences denote a singleton set whose single
element is a proposition, whereas an ambiguous sentence like Kermit croaked denotes a
set consisting of two or more propositions; the interpretation of a sentence remains un-
derspecified as long as it corresponds to a set of propositions of cardinality greater than
one. The introduction of meta-disjunctions of this sort necessitates special (partial) log-
ics: e.g., the logics in Alshawi and Crouch (1992); Poesio (1996a) are similar to Kleene’s
3-valued logic. (See (Pinkal, 1995a) for a discussion of partial logics for ambiguous sen-
tences, and (van Deemter, 1991, 1998) for a discussion of possible options in setting up
an ambiguous logic.) We now believe these special logics to be unnecessary for the task
of characterizing underspecified interpretations.

341t may be argued that it’s not very plausible to assume that each utterance can have
a meaning of all types. The solution is to assume that the functions ~» . are partial func-
tions depending on the (syntactic) type of the utterance event. We will ignore this issue
here.
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provides only a bare-bones axiomatization of events and only includes
an event-inclusion relation derived from temporal inclusion, but some
of the desired properties of < already follow under the assumption that
decomposition entails event inclusion.*®

%50ne possible exception is that in general we do not want to assume that we are deal-
ing with a single tree, i.e., that all utterances are going to be constituents to a single larger
utterance. This is because in spoken language, processes such as parsing, reference res-
olution and semantic interpretation interact with other processes, such as turn-taking
(Levinson, 1983), grounding (Traum, 1994), and repairs of the output being produced.
As a result, the spoken signal includes a lot of hesitations, restarts, and other so-called
‘disfluencies’. In addition, a speaker may interrupt his own utterance in order to ask a
clarification question.

The crucial point here is that a lot of these ‘disfluencies’ are actually utterances with
a well-determined purpose; it’s just that this purpose is not to contribute to the conven-
tional meaning of a single utterance. Instead, the goal of these utterances is to ensure that
some conversational subtask or the other gets accomplished, or to acquire some infor-
mation necessary before going on completing the current utterance. We cannot simply
assume a model of utterance processing in which the language processor tries to arrive
at an interpretation of the current utterance discards utterances such as uh or okay, or
clarification questions: they all play a role, although not necessarily in specifying the
conventional meaning of the initial utterance.



4

How Semantic Interpretations are
Produced: The Case of Lexical Access

In the previous Chapter, we introduced the formal tools necessary to
characterize the interpretations that may be produced by the proces-
sor, according to the evidence discussed in Chapter 2: fully specified
semantic interpretations produced incrementally, p-underspecified in-
terpretations produced before reaching a fully specified interpretation
(e.g., in the ‘multiple senses’ cases studied by Frazier and Rayner), and
h-underspecified interpretations entertained by the processor at inter-
mediate stages of processing, and (according to Garrod and Sanford)
at the end of processing in the case of certain pronouns. However, we
did not say much about how these interpretations may be produced;
also, we did not say how to characterize a state in which the language
processor finds itself frequently, on the basis of what we saw in Chapter
2-namely, the case in which more than one interpretation is entertained
in parallel, either for the brief period of time before pruning (as in the
cases first studied by Swinney) or until the end of the sentence (as in the
cases studied by Corbett and Chang) or even later (as in the examples
discussed in Section §2.5). In this Chapter we fill both gaps in the the-
ory, using lexical access as an illustration; the tools we propose will we
then be applied to anaphoric processing in Chapter 5. The main claim
of this Chapter is that the formal characterization of the multiple hy-
pothesis scenarios discussed in Chapter 2 falls out naturally from the
most natural (and most widely accepted) way of formalizing the rules
for updating semantic interpretations.

4.1 Semantic Processing as Defeasible Reasoning

All the psychological evidence we are aware of suggests that human
reasoning is DEFEASIBLE, in the sense that humans jump to conclusions

47
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in the absence of sufficient information, and therefore their conclusions
may have to be retracted. The best known example of defeasible rea-
soning is concluding that Tweety flies if we know that Tweety is a bird;
this may seem a natural conclusion to draw, yet may have to be re-
tracted if we learn later that Tweety is a penguin. Many experiments on
human concept formation and categorization show that humans draw
inferences of this type (Rosch, 1975). Clark (1977) showed that subjects
draw defeasible ‘bridging’ inferences in order to interpret anaphoric
expressions, while Johnson et al. (1973) showed that their subjects per-
formed defeasible causal inferences. (See, e.g., (Oaksford and Chater,
1991) for a discussion.)

A crucial property of defeasible reasoning is that jumping to conclu-
sions in the absence of complete evidence means that more than one hy-
pothesis may be consistent with what we already know. In any context
in which more than one rule will be applicable, we may get conflicting
predictions. For example, we may have a defeasible rule that says that
Republicans are not pacifists, and another that says that Quakers are
pacifists; if we know that Nixon is both a Republican and a Quaker, we
get a conflict, since we may conclude both that he is a pacifist and that
he is not a pacifist.>

The evidence discussed in Chapter 2 indicates that utterance dis-
ambiguation is a defeasible reasoning process, just like other aspects of
human reasoning. This is suggested, first of all, by its incremental na-
ture: the fact that humans resolve ambiguities so quickly indicates that
they jump to conclusions, rather than waiting for disambiguating in-
formation. The second indication that disambiguation is defeasible in
character is the fact that multiple interpretations are generated in par-
allel, and that more than one interpretation may still be perceived even
at the end of the sentence.

These observations are not new, of course; on the contrary, most
theories of utterance processing proposed in computational linguistics
are formulated in terms of defeasible rules, even though only a few of
these theories are explicitly formulated in terms of a non-monotonic
or statistically-based inference formalism. Some of the theories formu-
lated (implicitly or explicitly) in defeasible terms include the theories of
lexical access proposed by (Hirst, 1987; Lascarides et al., 1996b; Schiitze,
1997); most current theories of parsing, whether based on principles
such as Minimal Attachment (Frazier, 1987) or on statistical preferences
(MacDonald et al., 1994; Stolcke, 1994; Jurafsky, 1996); theories of anaphoric

36This kind of conflict is known as a NIXON DIAMOND, for the obvious reasons (Touret-
zky et al., 1987).
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interpretation such as Centering Theory (Grosz et al., 1995), that in-
volve defeasible inferences both in determining which entity is cur-
rently most salient, and in concluding that the most salient nominal
entity is the most likely antecedent of an anaphoric expression; and
theories of tense interpretation such as (Lascarides and Asher, 1993;
Kameyama et al., 1993). In fact, the claim that utterance processing is
a form of defeasible reasoning-more specifically, a form of abductive
reasoning-is a central claim of the theories of discourse interpretation
developed at SRI Palo Alto and SRI Cambridge (Hobbs et al., 1993; Al-
shawi, 1992). In proposing a formalization of disambiguation in terms
of defeasible reasoning we are therefore following in the path of a num-
ber of other researchers, even though only a few of the more formalized
proposals have been explicitly set up to account for psychological evi-
dence, as we try to do here, and no other researchers have tried to use
the properties of defeasible reasoning to clarify the notion of ambigu-
ity.

But if the claim that disambiguation is a defeasible inference pro-
cess is largely accepted, disagreement begins as soon as one attempts
to be more precise about the nature of the defeasible formalism. A par-
ticularly heated debate is that between accounts of defeasible reasoning
based on statistics and accounts based on nonmonotonic logics (Oaks-
ford and Chater, 1991). We would like to avoid committing ourselves
to a particular position on this point. Our position is that statistically-
based inferences are likely to play an essential role in utterance process-
ing: a statistical account of disambiguation comes with a natural notion
of priority among rules (see below) and of evidence combination, and
may also account for how disambiguation rules are acquired (Hwang
and Schubert, 1993; MacDonald et al., 1994; Jurafsky, 1996; Schiitze,
1997). Unfortunately, however, nobody knows yet how to merge a prob-
abilistic logic with the types of logics proposed in formal semantics
to account for linguistic evidence, and providing such an integrated
framework is going to be a major effort.?” Therefore, we formulated our
theory of disambiguation in terms of what is perhaps the best known
nonmonotonic logic, DEFAULT LOGIC (Reiter, 1980). This logic is well-
known, and allows us to account for the properties of the disambigua-
tion process in which we are interested; in addition, it is rather sim-
ple (which makes it easy for us to show how the properties of disam-
biguation seen above are derived) and it is easy to modify it to make it
into an extension of a logic such as Compositional DRT, since it is de-
veloped proof-theoretically instead of semantically (we return to this

7For preliminary proposals along these lines, see (Hwang and Schubert, 1993).
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below). The considerations above suggest, however, that the formal-
ization proposed below should be seen as a first approximation, to be
revised when more appropriate formalisms become available. Fortu-
nately the connection between nonmonotonic logics and formalisms for
statistical reasoning is becoming clearer (Geffner and Pearl, 1990; Bac-
chus et al., 1993; Poole, 1993); this makes it reasonable to expect a greater
convergence between the logical theories used in formal semantics and
statistically-based theories of reasoning in the future.?

A second cautionary note to issue at this point concerns the com-
putational complexity of nonmonotonic logics. Although the effect of
computational limitations on semantic processing is not as well-known
as in the case of parsing (where they are illustrated, e.g., by the phe-
nomenon of center embedding), it seems reasonable to expect that a
plausible foundation for a theory of human reasoning would have to
satisfy complexity requirements, as well. But the complexity proper-
ties of most nonmonotonic logics, including Default Logic, make it un-
likely that they can be viewed as the ultimate account of human rea-
soning (Oaksford and Chater, 1991): because Default Logic is built on
top of the notion of provability in another logic, it may not even be
semi-decidable, just like most other nonmonotonic formalisms. On the
other hand, Default Logic has served as the basis for a number of effi-
cient implementations of nonmonotonic reasoning in the past ten years
(Niemeld, 1995; Niemeld and Simons, 1996), and the experience with
these implementations suggests that complexity is not a problem in
practice. Given that this issue is far from being resolved, and that our
only concern here is to provide a characterization of the properties of

3The fact that the formalization we present here is in terms of inferences in a logic
also needs some justification, since many theories of disambiguation give what we may
call an “algorithmic” account of disambiguation: i.e., they how a given disambiguation is
obtained in terms of algorithms (Brennan et al., 1987; Hobbs and Shieber, 1987, Hwang
and Schubert, 1992; Jurafsky, 1996). Our main reason for using a logic is that we want our
account of disambiguation to give us a way to fill in what, given what we have said so
far, may have seemed like a strange gap in a theory of ambiguity processing. Under the
semantics of underspecified interpretations that we have proposed, expressions that we
may want to call ‘ambiguous’, such as the word croaked, are assigned partial interpreta-
tions. Yet, there is a strong intuition that ambiguity has something to do with multiplicity
of meaning: this is the definition one finds in dictionaries, an even formal characteriza-
tions of ambiguity such as (Pinkal, 1995a) are specified in terms of the ‘precisifications’
of the meaning of the expression. Where is this intuition about the meaning of ambigu-
ous expressions captured in the theory we have presented? We are going to propose in
Chapter 7 that the multiple meanings of an utterance correspond to alternative ways of
completing an interpretation in the logic of disambiguation that we will present. The
fact that the theory of disambiguation ends up providing part of the characterization of
ambiguous expressions is, in fact, an important reason for choosing to formalize disam-
biguation in logical terms.
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the disambiguation process discussed in Chapter 2, we consider using
Default Logic an acceptable simplification. We believe that in the end
the complexity problem has to be addressed not by expecting a single
type of logic to account for all types of disambiguation , but by pro-
viding more specific formalizations of each disambiguation process in
terms of weaker formalisms that do not suffer from the problems just
mentioned, but have the very general properties assumed here.?* This
means, however, that our readers should not expect predictions based
on the computational properties of the formalization of semantic pro-
cessing we propose.

4.2 Default Logic

This section is a short reminder of the main characteristics of Default
Logic. The reader interested in more details should consult Reiter’s pa-
per or a textbook such as (Brewka, 1991).

Default Logic is a generalization of first order logic that allows for
DEFAULT INFERENCE RULES in addition to standard inference rules. A
default inference rule takes the form a(X) : (,(X)...8,(X)/v(X),
where a(X) is the PRECONDITION, (X)) is the CONSEQUENT and 51 (X)
...Bn(X) is the set of JUSTIFICATIONS. Such a rule should be read: if
a(X) is the case, and if it is consistent to assume that §(X), conclude
that y(X). For example, the default that Quakers are Pacifists is formal-
ized by the default inference rule QUAKER-PACIFIST, shown below,

quaker(X) : pacifist(X)
QUAKER-PACIFIST

pacifist(X)

whose interpretation is as follows: if X is a Quaker, and if it is consis-
tent to assume that X is a Pacifist, then we can assume that X is indeed
a Pacifist. This particular rule, as all the rules that we will use in the
paper, is an OPEN DEFAULT containing SCHEMA VARIABLES such as X.
These defaults behave like inference schemas, in the sense that they de-
note the infinity of CLOSED DEFAULTS obtained by replacing the schema
variables with constants of the language. We will indicate schema vari-
ables with uppercase letters.

A DEFAULT THEORY (D,W) consists of a set of formulas W paired
with a set of defaults D. An EXTENSION of a default theory (D,W) is the
deductive closure of the theory under a subset of the default inference
rules in D: intuitively, as many as can be added while maintaining con-
sistency. The extensions of a default theory are the fixed points of the

3Nonmonotonic logics with better complexity properties have been proposed, among
others, in Selman and Kautz (1990); Lascarides et al. (1996a).
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operator I', defined as follows:

o Let A = (D,W) be a closed default theory, so that every default
of D has the form (a:834,..., Bm/W) where «,81,...,8m,w are all
closed wifs of L. For any set of closed wiffs S CL let I'(S) be the
smallest set satisfying the following three properties:

D1 W CI'(S)

D2 Th(I'(S)) =T(S)

D3 If (a:81,-.., Bm /W) € Dand a€ Sand =84, ..., 73, 7 €S
then w € I'(S).

Extensions are the formal counterpart of the informal notion of ‘hy-
pothesis’; by talking in terms of generating extensions we can abstract
away as much as possible from the details of particular processing schemes
(whether hypotheses are generated serially or in parallel, for example).
Consider the default theory consisting of only one fact— that Nixon is a
quaker—and only one default inference rule, the rule QUAKER-PACIFIST
shown above:

W = {quaker(n)}
D= quaker(X) : pacifist(X)

pacifist(X)
Under the definition of extension given by Reiter, and assuming the
notion of provability of first order logic, this theory has only one exten-
sion, which contains the fact that Nixon is a pacifist.

Because extensions have to be consistent, but defaults need not be,
we may get more than one extension for a theory. Assume we have a
default theory that includes, in addition to the default that Quakers are
pacifists, a second default, that Republicans are not pacifists:

republican(X) : —pacifist(X)
REPUBLICAN-WARMONGER

QUAKER-PACIFIST

—pacifist(X)

assume further that our default theory includes the fact that Nixon is a
Republican. Then, the default theory

({QUAKER-PACIFIST, REPUBLICAN-WARMONGER} ,
{quaker(nixon),republican(nixon)})

will have two extensions, because both defaults are applicable, but an
extension cannot include both pacifist(x) and —pacifist(x); hence, any
extension resulting from applying the default that Quakers are pacifists
cannot include the results of applying the other default. The first exten-
sion will include the fact that Nixon is a pacifist; the second extension
the fact that Nixon is not a pacifist.
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This possibility of conflicts between extensions is usually thought of
as a problem with defeasible reasoning, but, in fact, we have seen above
that humans display precisely this kind of behaviour when interpreting
utterances, and writers exploit the reader’s ability to obtain conflicting
interpretations to achieve a rhetorical effect, as in the case of puns and
double-entendres (Poesio, 1996a; Lascarides et al., 1996b). The results of
psychological work on lexical ambiguity also indicate that all senses
of an ambiguous word are activated (at least in non-primed contexts)
(Swinney, 1979; Seidenberg et al., 1982). The same holds for pronoun in-
terpretation (Corbett and Chang, 1983; Stevenson and Vitkovitch, 1986;
Gernsbacher, 1989).

One of the reasons for choosing Default Logic as a formalization
of defeasible reasoning is that it provides a way of adding defeasible
inference rules on top of any logic, without complicating its semantics.
Reiter himself assumed first order logic as his underlying logic, but any
other logic with a sound and complete definition of consequence will
do; thus, the only change we need to do in order to use default infer-
ence rules together with Muskens’ formalism is to replace the notion
of consequence of first order logic with that of Compositional DRT(see
the Appendix). The effect of the default inference rules discussed in
the rest of the paper will be to concatenate some new information to
the DRS characterizing the current interpretation, as in the model dis-
cussed in Section §3.2. Some of these rules would take the form of open
defaults such as:

KMQ) : [KKIME)
(KK I@M)(L)

where I, J and L are open variables ranging over assignments, L is
an extension of J, and K and K' are variables ranging over DRSs. To
simplify matters, we will force the notation a bit, and write instead:

K:K

D

KI
(i.e., both the antecedents and the conclusion of the inference rule will
be DRSs).

4.3 Equally Frequent Words in a Non-Primed Context

To illustrate the role of defeasible reasoning in a theory of semantic pro-
cessing, we will use the case of underspecification elimination studied
by Frazier and Rayner: lexical access.
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Multiple Meanings

We will begin with the case most typically studied in psychological
experiments, that of words with multiple fully disambiguated lexical
entries (i.e., the words that Frazier and Rayner characterized as hav-
ing ‘multiple meanings’). As discussed in Section §2.2, the basic finding
about lexical access for these words is that in a non-primed context,
all equally frequent lexical entries are activated (Swinney, 1979). This
finding can be explained if we assume that lexical access is a form of
defeasible reasoning involving default inference rules that allow us to
jump to conclusions about the interpretation of utterance events such
as u;, in (3.30). For example, the two lexical entries for croaked seen in
Chapter 3 ((2.3) for the sense of “uttering the sound that frogs utter,” rep-
resented by the property croaky; (2.4) for the sense ‘to die’, represented
by the property croak,) can be formalized by the following default in-
ference rules, in which we have used a feature-based notation to char-
acterize the facts about the utterance that ‘trigger’ the rules (we remind
the reader that this feature notation is really only a shorthand for our
utterance-based notation, and that according to the mapping specified
in Footnote 17, those feature structures really correspond to DRSs):*

40These rules formalize a view of lexical access akin to that proposed in so-called
BOTTOM-UP models (see (Jurafsky, 1996, pg.150-151) for discussion). According to more
recent theories of lexical access, however, humans do not wait until the whole string of
phonemes constituting the word has been encountered before retrieving a lexical entry;
such models assume that lexical access begins at the sub-word level by retrieving all lex-
ical entries associated with the prefix encountered until then (as in the Cohort model,
(Marslen-Wilson, 1984)) or all those associated with the first stressed syllable (as in the
MSs model (Cutler and Norris, 1988)). As mentioned above, in this paper we will not
be concerned with sub-word disambiguation; such models could however be easily for-
malized in terms of default rules activated when sub-word utterances are recorded, and
by assuming a more fine-grained view of hypothesis generation and pruning-say, the
phoneme level.
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phon : “croaked”’
syn : [cat : iv}

sem : Ax[em |em:croak s (x), em < S|

phon : “croaked”}
U

U_LEX-CROAK

phon : “croaked”’

syn : {cat : iv}

sem : Ax[erm |em:croak s (x), em < S]
phon : “croaked”

phon : “croaked”] syn : [cat : iv:|
U
sem : Ax[em |em croaky(x), em < S]

U_LEX-CROAKq,

phon : “croaked”

syn : {cat : iv:|

sem : Ax[em |em:croak (x), em < S|

A listener whose lexical competence about croaked is characterized by
the two defaults above will obtain two interpretations when the word
is perceived. These interpretations correspond to the extensions of the
following default theory:

(4.40) <{LEX-CROAK¢,LEX-CROAK,¢},{[phon: “croaked"] }>

(where, again, the sign encodes the DRS resulting from the perception
of the utterance, as discussed in Chapter 3). The two extensions of this
theory include the following facts:

phon : “croaked”
Extension 1: |syn: [cat : iv]

sem : Ax[em |em croakf(x), e, < 5]
n = Uiy
phon : “croaked”

Extension 2: |syn: [cat : iv]

sem : Ax[en |em croaky(x), e, < S]

(We get two extensions because two distinct values are assigned as the
value of ~» for u;,.)
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This example should make it clear why we claim that defeasible rea-
soning formalisms such as Default Logic are a natural formalization of
a parallel theory of language processing (e.g., of the model of lexical
access proposed by Swinney). The process of generating multiple hy-
potheses is naturally modelled in terms of extension generation, in the
sense that we can formally characterize the state of the language pro-
cessor after encountering the word croaked in terms of the extensions of
the default theory (4.40).

So, if we assume that the rules that cause the updates of the semantic
interpretation seen in Section §3.2 are default inference rules, we auto-
matically get a formal characterization of the states of the language pro-
cessor that we couldn’t characterize using only the formal machinery
introduced in Chapter 3. The incremental nature of lexical access can
also be accounted for by assuming that the process of extension gener-
ation starts after each word, as in the example in Section §3.2. So, what
is still missing to have a complete account of Swinney’s results is an
explanation of the second crucial ingredient of parallel search theories,
pruning: i.e., how the language processor decides which extensions to
keep and which ones to throw away. We will get to this shortly.

In the case of words with semantically fully specified lexical en-
tries, factors other than semantic underspecification ensure that dis-
ambiguation occurs quickly and effectively: the fact that interpreta-
tion takes place incrementally, that there are only a limited number of
lexical entries, and that pruning of alternative hypotheses takes place
quickly. (We assume that the garden path effects discussed by Frazier
and Rayner can be explained in terms of parallel incremental interpre-
tation with pruning.) Yet even in this case, the concept of semantic h-
underspecification plays a role, if only to characterize the task of lexical
access—i.e., what kind of information gets added to an interpretation as
the result of lexical access. In other words, a theory of the interpreta-
tions entertained by the processor in which h-underspecified interpre-
tations can be characterized affords, even in cases as simple as the one
we have been discussing, a cleaner formalization than prior attempts at
formalizing lexical disambiguation that either did not rely on the notion
of underspecification at all, and therefore would have to model lexical
access by extra-logical means, or only allowed for p-underspecification,
as in the case of Hobbs’ proposal.

Multiple Senses

Let us now consider the second case discussed by Frazier and Rayner:
‘multiple senses” words like newspaper. In Section §3.4, we proposed
that these words have a single lexical entry with a p-underspecified
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conventional meaning. In terms of the present formalization, this means
that only one default inference rule is activated by the occurrence of an
utterance of the word newspaper; this rule, which encodes the lexical
entry in (3.37), assigns to the word a single p-underspecified interpre-
tation. Such a rule might look like LEX-NEWSPAPER:

phon : “newspaper”’
[phon : “newspaper"] : |syn: [cat : n]

sem : Ax[ [newspapery (x)] U LEX-NEWSPAPER

phon : “newspaper”’

syn : [cat H I'I]

sem : Ax[ |[newspapery (x)] v
As a result of LEX-NEWSPAPER, the utterance is assigned a conven-
tional meaning, thus satisfying the IPIH even though this initial inter-
pretation will have to be completed after encountering disambiguating
information or at the end of the sentence as discussed in Section §3.4.
Note, however, that in order to explain the Frazier and Rayner data it
is crucial that no contextual reasoning takes place after the word news-
paper is encountered, since such reasoning would result in the identi-
fication of the appropriate contextual interpretation for newspaper, and
this in turn would result in garden paths in examples like (2.16a-d);i.e.,
the data by Frazier and Rayner appear to contradict the ‘incremental
understanding’ hypothesis proposed in (Chater et al., 1995).

4.4 Priorities among Defaults

If conflicts among defaults are possible, and a lot of words have more
than one meaning or sense, why is it that humans do not find most
utterances ambiguous? The reason is that in utterance processing, just
like in other types of defeasible reasoning, some defaults are stronger
than others, and when producing utterances cooperative speakers try
to take this into account, thus reducing ambiguity.*!

Preferences in Commonsense Reasoning

In the case of commonsense reasoning, it has long been known that
there are preferences among default inference rules: for example, that
more SPECIFIC default inference rules tend to be preferred to less spe-
cific ones. A simple illustration of the role of specificity is the following
example, from Reiter and Criscuolo (1981). Suppose Peter is a student,
and all students are adults—i.e., suppose the set of facts of our default
theory is:

W = { student(peter), Vx student(x) — adult(x) }

41This is not to say that speakers are always cooperative (Davies, 1998).
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and suppose we have two defaults: that adults are usually employed,
and that students are usually unemployed:

adult(X) : employed(X) ADULT-EMPLOYED

employed(X)

student(X) : ~employed(X) ... e\ UNEMPLOYED

—employed(X)

Intuitively, we would want to conclude that Peter is unemployed, be-
cause the fact that he is a student is more “specific’ than the fact that he
is an adult. However, the default inference rules above will give two
extensions for the student case, just as in the Nixon case.

Various theories have been proposed to explain how such prefer-
ences come about. Reiter and Criscuolo suggested a formalization that
results in only one extension and is based on the use of so-called SEMI-
NORMAL defaults such as ADULT-EMPLOYED in (4.41). These de-
faults solve the problem without modifying Default Logic, but have
a few unpleasant properties, the main of which is that there is no guar-
antee that a theory including such defaults will have an extension.

(4.41) adult(X) : employed(X) A ~student(X)
ADULT-EMPLOYED

employed(X)

Priorities among defaults, especially those based on frequency, are
expressed very naturally in a probabilistic or statistical inference for-
malism such as the one proposed in Bacchus (1990). As already said,
however, there isn’t yet a theory unifying such formalisms with the log-
ics used in formal semantics, such as Compositional DRT.*? We adopted
therefore a way of introducing priorities that is simpler and closer to
Default Logic, but at the same time sufficient for our needs: Prioritized
Default Logic (PDL) (Brewka, 1991). The central idea of PDL is the hy-
pothesis that the set D of defaults is partitioned in ‘layers’ of defaults of
decreasing priority Dy, D2, etc. A new definition of extension is given,
so that the defaults in the layers with higher priority are applied first,
thus possibly blocking the application of conflicting defaults of lower
priority:

e LetD;, i = 1,...,n be sets of defaults, and W a set of formulae.

E is a PDL-extension of T = (Dy,...,D,,W) iff there exist sets of
formulae Ey,... E, such that

A very popular way to formulate preferences, used especially in abductive ap-
proaches, involves assigning numerical ‘weights’ to assumptions (Hobbs et al., 1993).
These methods work well in practice, but again, we are not aware of a clean way to add
such rules to the kind of semantic formalisms we are assuming here.
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E; is an extension of (D1,W)
E; is an extension of (D ,E;)

E = E,, is an extension of (D, ,E, 1)

With PDL, we can explain the precedence of
STUDENT-UNEMPLOYED over ADULT-EMPLOYED by as-
suming that defaults are divided in two sets D; and D, and that
STUDENT-UNEMPLOYED is in the set of higher-priority defaults,
D:, whereas ADULT-EMPLOYED is in the set of defaults of lower
priority, Ds.

Preferences in Interpretation

The existence of preferences for certain interpretations in all types of
interpretive processes is well-documented. In the case of lexical access,
at least two factors have been shown to play an important role (Simp-
son, 1994). The first factor is FREQUENCY: e.g., Forster and Chambers
(1973); Luce (1986) found that the lexical decision task is faster with
high-frequency words such as door than with low-frequency ones such
as cask. Equally well-known are so-called SEMANTIC PRIMING effects
(Meyer and Schvaneveldt, 1971), i.e., the fact that subjects are faster at
the lexical decision task for a pair of words if the words are related (as
in bread and butter) than if they aren’t (as in bread and pen).

The existence of preferences for certain interpretations has also been
demonstrated in the case of parsing, although in this case there is more
contrast between those who attribute the preferences to a few structurally-
based principles (Frazier, 1987) and those who instead claim them to be
statistical in nature-e.g., based on the frequency of certain construc-
tions (Hindle and Rooth, 1993; Trueswell et al., 1993; MacDonald et al.,
1994). The factors that have been claimed to affect the interpretation of
anaphoric expressions include grammatical structure, gender, thematic
roles, and topichood, among others (Poesio and Stevenson, To appear).

Frequency Effects

In the rest of the book, we will show that logics such as PDL can be
used to formalize preferences in utterance processing, as well. As an
example of how PDL can be used to formalize priorities, let us con-
sider frequency effects. These are rather easy to formalize in PDL: we
just have to assume that the default inference rules encoding the most
frequent interpretation of certain lexical items occur in sets of defaults
with higher priority. For example, if the ‘croak like a frog’ sense of
croaked were more frequent than the ‘dying’ sense, the default inference
rule LEX-CROAK; would be in a higher priority class than the default



60 / UTTERANCE PROCESSING AND SEMANTIC UNDERSPECIFICATION

inference rule LEX-CROAKg. As a result, LEX-CROAK  would be acti-
vated first; and LEX-CROAKj could not apply, because it would result
in a contradictory assignment of a value to the function ~» . Frequency
effects among words (e.g., door vs cask) could also be explained by as-
suming that the default inference rules encoding the lexical entries of
high-frequency words such as door are in a class of defaults of higher
priority than the lexical entries for low-frequency words such as cask.

Semantic Priming

Semantic priming effects can also be explained within PDL by hy-
pothesizing that in addition to the lexical entries LEX-CROAK, and
LEX-CROAK discussed above, whose activation depends only on the
occurrence of an utterance of a word, the lexicon also includes default
inference rules that depend on contextual factors such the previous ut-
terance of a word whose meaning ‘primes’ one particular sense, and
that these rules have stronger priority than the rules discussed above.
Such rules would take the form of LEX-CROAK -PRIMED below,
where we have used again an utterance-based notation:

Ul:utter(A,”croaked”) A
U2~ PA
primes(P,croak ) Ul ~» croaky

. syn(U1) is [cat : iv] A

LEX-CROAK;-PRIMED
syn(U1) is [cat : iv] A
Ul ~» croaky

It is generally assumed in computational semantics that lexical priming
has to do with closeness in a semantic network (Hirst, 1987); the relation
primes could then be defined as a disjunction of relations expressing
closeness—e.g., subsumption, selectional restrictions, etc.:

Vp q primes(p,q) = (Vx p(r) = q(x)) V (Vxy q(xy) = p(x)) V...
According to this definition, croak; would be primed either by a pred-
icate that subsumes it, or by a predicate that specifies selectional re-
strictions on its first argument, such as frog. LEX-CROAK ;-PRIMED
would then be activated in any context in which such a predicate has
been uttered.

The formulation just given is only intended as an illustration, not
as an exact formalization of lexical priming and / or the related con-
cept of SPREADING ACTIVATION (Hirst, 1987). A formalization closer
to current theories of lexical priming would involve rules that make
‘concepts’ such as the predicate croak; ‘active’ to a certain degree after
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the activation of the predicate frog; in turn, the choice of this partic-
ular interpretation of the word croaked would be the result of it being
more active than alternative interpretations.** Nevertheless, the for-
malization just given does capture one of the main characteristics of
priming, namely, the need to make a distinction between concepts that
have been mentioned and concepts that haven’t. This distinction can
be easily made here by requiring, as in LEX-CROAK-PRIMED, that
the priming concept be the conventional meaning of an utterance in the
present context; but it would be difficult or impossible to capture in a
theory of utterance interpretation that did not assume that information
about what has actually been uttered is available when disambiguation
is performed.

In addition, rules such as LEX-CROAK ¢-PRIMED can also be used
to account for ‘parallel lexical disambiguation’ effects without intro-
ducing additional indexing mechanisms. As noted, e.g., in (van Deemter,
1996; Reyle, 1996), there is a strong tendency to interpret two occur-
rences of the same word in the same text in the same way. These authors
propose constraints on the interpretation of expressions in their logics
to achieve this; but the observation could equally well be explained
as a priming effect, and the result they intend to achieve by means of
constraints on interpretation follows already from the hypothesis just
discussed about the relative priority among defaults.*

Parallelism, Pruning, and Perceived Ambiguity

We can now return to the problem raised in Section §4.3: how to for-
malize pruning, which is a crucial ingredient in a parallel theory of in-
terpretation. The answer is now quite simple: at the end of each pro-
cess of extension generation according to the currently active set of PDL
rules, only the extensions with higher priority survive; the other ones
get pruned.

43A theory of lexical access that reflects more closely this property of priming, while
preserving some of the desiderata for a theory of disambiguation that we have men-
tioned in Chapter 2-the possibility of activating multiple hypotheses, while allowing for
incremental processing-has been proposed by Schiitze (1997). Schiitze also wants to al-
low for some of the data about disambiguation discussed in Chapter 2, although he does
not seem to make some of the distinctions (e.g., between homonyms and polysemous
words). More work is needed to integrate a proposal like his within a more general the-
ory of semantic interpretation like the one proposed here.

4 The account we have given can also explain the results by Seidenberg et al. (1982);
Dulffy et al. (1988) (reported by (MacDonald et al., 1994)) that whereas equibiased words
have long fixation times, non-equibiased words or words in context have shorter fixation
times. These results can be explained if high priority default rules are activated first,
whereas low-priority rules are activated later. This may also account for some timing
effects (cfr. (MacDonald et al., 1994, page 128)).
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If this hypothesis is correct, at the end of each round of hypothe-
sis generation the processor may find itself in one of two situations. If
there is only one remaining extension, the processor commits itself to
that hypothesis, as in the simplest cases of lexical access in which all
hypotheses but the one with highest priority get pruned. This single
extension may then represent either a fully specified interpretation, a
p-underspecified interpretation, or an h-underspecified interpretation.
However, it’s also possible that more than one extension remains, be-
cause more than one conflicting default inference rules with the same
priority was activated. We saw in Chapter 2 that at this point differ-
ent things may happen. The results by Corbett and Chang (1983) indi-
cate that in some cases of pronoun resolution the conflicting extensions
are kept around until the end of the sentence, but then all but one are
pruned at that point. In the cases of perceived ambiguity discussed in
Section §2.5, however, it appears that the conflicting extensions are kept
around even after the end of the sentence. In other words, a different
sort of pruning seems to take place after the first round of hypothesis
generation; this second phase of pruning eliminates some interpreta-
tions in the Corbett and Chang cases, but not in the case of Hopkins’
poem.

We hypothesize that this second, ‘end-of-sentence’ pruning works
as follows. If the competing hypothesis are sufficiently strong, they are
both ‘perceived”: this is what happens in Hopkins” poem. Otherwise,
one or the other hypothesis may be chosen pretty much randomly: this
is what seems to happen (see, e.g., Poesio (1994b)) when two weak de-
faults conflict in the cases of scope assignment studied by Kurtzman
and MacDonald (1993), and we hypothesize that the same happens in
the Corbett and Chang cases. We can characterize the first situation as
one in which two defaults with high priority interact; the second one
as the case in which the conflicting defaults have low priority. If this
hypothesis is correct, we may need to revise point (b) of Frazier and
Rayner’s IPIH-i.e., the claim that the processor cannot delay semantic
commitment if this results in maintaining multiple incompatible values
for a word, phrase or relation. More psychological evidence is needed,
however—in particular, it would be interesting to study the cases in
which more than one interpretation seem to be perceived. 4

45Crain and Steedman (1985) proposed a different set of “pruning principles’ also op-
erating globally on the set of hypotheses remaining at the end of the sentence. The first
two of these principles (REFERENTIAL SUCCESS and PARSIMONY) encode what we may
call a principle of ‘more is better”: the best hypotheses are those in which more anaphoric
expressions have been resolved, and fewer presuppositions accomodated. The third prin-
ciple (A-PRIORI PLAUSIBILITY) expresses a preference for interpretations that are ‘more
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One point worth mentioning about the way pruning is modelled in
the theory we are proposing is that given the way extensions are de-
fined in PDL (by iterative application of rules of decreasing priority),
we appear to predict that in a situation in which more than one default
may apply, only the hypotheses produced by the defaults with higher
priority will actually be generated: e.g., if one of the lexical entries is
more frequent, or is semantically primed, only that hypothesis will be
generated. Real parallelism will only obtain in non-primed contexts or
in cases when all senses are equally frequent. This would seem consis-
tent with the picture of lexical disambiguation arising from the most
recent results (Simpson, 1994), and in particular, the results about lex-
ical access discussed in Footnote 44; but caution is needed in making
such predictions, because the extension generation procedure in PDL
shouldn’t be taken as a real model of how extensions are generated,
but only of the final outcome of this process (i.e., which extensions are
going to survive in the end). So it would not be a problem if in the end
we were to discover that in fact all extensions are computed, if only
briefly, and the priorities only apply later.

Simpson (1994) also points out that there is evidence that the set of
applicable defaults, as well, may change as the input gets processed, so
that whereas utterance u is interpreted according to the set of default
inference rules D, a subsequent utterance u' may be processed accord-
ing to a different set of defaults D’ (Paul et al., 1992). Something like this
seems to happen in anaphoric interpretation as well, as we will see in a
moment.

plausible’ in terms of knowledge about the world. There has been a continuing debate
concerning these principles; we will just remark that the type of semantic interpretation
we are proposing, and especially the interpretations of anaphoric expressions to be pre-
sented in Chapter 5, in which the initial meaning of utterances of anaphric expressions is
h-underspecified, would provide the processor with exactly the information that would
be needed to compare two interpretations on the basis of anaphoric success —the best
hypothesis would be the one with fewer remaining h-underspecified utterances.



5

Processing Anaphoric Expressions

In this Chapter, we demonstrate the generality of the hypotheses about
semantic processing developed in the previous two chapters by apply-
ing them to account for the evidence about anaphoric processing dis-
cussed in Chapter 2. Just as in the case of lexical access, we start with
the more straightforward evidence-the results about incremental reso-
lution of definite descriptions referring to the visual situation discussed
by Tanenhaus et al-and then continue with the most complex case, pro-
nouns.

5.1 Resolving Definite Descriptions Referring to the Visual
Scene

Our account of the evidence about incremental processing of definite
descriptions referring to the visual situation presented by Tanenhaus
et al. (1995) is based on the theory of definite description resolution
first proposed in (Poesio, 1993) and then revised in (Poesio, 1994a; Poe-
sio and Muskens, 1997). In that proposal, definite description resolu-
tion is seen as a defeasible reasoning process in which different ways
of resolving a definite description (‘principles for anchoring resource
situations’), formulated as prioritized default inference rules, compete.
The proposal includes a theory of the information that has to be part of
the common ground in order for this resolution process to take place,
as well as a theory of attention and attention shift, which revise and
formalize the earlier proposals by Grosz (1977) and Grosz and Sidner
(1986). We will only make use here of the basic ideas; in particular, we
will not discuss the focus shift principles.

5.1.1 The Lexical Meaning of Definite Descriptions

We will make one major revision to the theory as previously presented,
concerning the lexical meaning of definite descriptions. Our earlier pro-

65



66 / UTTERANCE PROCESSING AND SEMANTIC UNDERSPECIFICATION

posals (Poesio, 1994a; Poesio and Muskens, 1997) were based on Heim’s
familiarity theory of definite descriptions (Heim, 1982). However, sub-
sequent work on analyzing definite description use in a corpus of writ-
ten texts (Poesio and Vieira, 1998) convinced us that Loebner’s theory
of definites (Loebner, 1987) accounted for a larger number of uses of
definite descriptions; our propose lexical entries for the article the are
therefore based on his ideas. According to Loebner, what licenses the
use of a definite description is not familiarity, but whether or not the
head noun complex denotes a function. So, for example, we can felic-
itously write the first airplane to break the sound barrier even when we
don’t know whether our reader will in fact know that such an airplane
existed, because the ordinal first turns the sortal predicate airplane to
break the sound barrier into a function. About 25% of the definite descrip-
tions in the corpus studied in (Poesio and Vieira, 1998) were of this type
and could not be said to be familiar in any natural sense of the term. As
for the rest of the definite descriptions in the corpus, they fell into two
categories: truly familiar discourse entities, i.e., entities that had been
previously introduced in the text (about 50%); and entities that could be
said to be familiar in a looser sense —i.e., entities that may be expected
of an average reader’s generic knowledge (as in the pope). According to
Loebner, references to shared knowledge are possible when the head
predicate is only true of a single object in the world (at a particular in-
dex/situation), as in the case of the pope; and anaphoric uses of definite
descriptions are possible when the head predicate, although sortal, is
PRAGMATICALLY FUNCTIONAL-it applies only to a single predicate in
a given context. E.g., in a context in which only one dog has been men-
tioned, the predicate dog can be coerced into a function from contexts
to objects.

We are going to implement these ideas in our DRT-like framework
by maintaining the basic assumption of DRT that definite descriptions
introduce terms rather than quantifiers (Kamp and Reyle, 1993), which
is consistent with Loebner’s proposal, but by imposing a constraint that
the head predicate be functional. The proposed lexical entry for the is
as follows:

phon : “the’’
(5.42) them ~ |syn : [cat : det}
sem : APAQ[xm |]; [[FUNC(P)]; P(xm); Q(xm)

Um

Where

VP FUNC(P) = (Vz Vy P(z)A P(y)—z = v)
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The functionality constraint means that in order a definite article to
combine with a noun, it must either be the case that this noun denotes a
function directly as in father or first airplane, or that it’s possible to coerce
the original denotation into a function using pragmatic information. In
this new view of what licenses the use of a definite description, the rules
for resolving definite descriptions proposed in our earlier work can be
seen a pragmatic coercion principles. We are going to see next how one
such coercion principle can be formulated.

5.1.2 Incremental Resolution of Definite Descriptions

In (Poesio, 1993), two main ways of resolving definite descriptions were
identified, on the basis of an analysis of the TRAINS transcripts: anaphor-
ically and with respect to the visual situation. Each of these possible
resolutions was hypothesized to be derived by means of a default infer-
ence rule, called a PRINCIPLE FOR ANCHORING RESOURCE SITUATIONS.
We will only be concerned with PARS], the default inference rule gen-
erating hypotheses about referents of definite descriptions present in
the current visual situation. In words, this principle can be expressed
as follows:

PARS1 If one of the participants to a conversation uses the expression
“the P”, the mutual attention of the conversational participants
is currently focused on the spatial area s, and an object of type
P is included in that area, then infer that the object referred to is
included in s if it is consistent to do so.

The main assumption here is that at every moment the visual atten-
tion of the participant to a conversation (or to Tanenhaus ef al.’s exper-
iments) is focused on a part of the visual scene, a spatial region that
we will call VISUAL FOCUS OF ATTENTION. We encode this assumption
by including among the discourse entities of the discourse situation a
distinguished discourse entity vfoa, that denotes the current visual fo-
cus of attention and gets modified as attention shifts. We also assume
a binary predicate in which holds between an object and a spatial area
if that object is included in that area. With these notions, PARS1 can be
formalized as follows:
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[lin(obj,vfon), P(0bj)];

-phon : “the”

syn : [cat : det}

| sem : APAQ[x:m |]; [[FUNC(P)]; P(xm ); Q(xm) u

syn : [cat : n}
sem : P

dref : xm,
L Upn
[| syn(Unp) is [cat : np], Uget < Unp, Un < Unyp, |

et U~ sem(Upee)( Ax [|x is objL;P(x))

PARS1

Unp ~ sem(Uge,)( Ax [|x is obj[;P(x))

The first thing to notice about this rule is the coercion - the predicate
P which is the conventional meaning of utterance U, is made into a
function by virtue of being conjoined with the predicate x is obj, where
obj is an object in the current visual focus of attention vfoa. Secondly,
and most importantly, notice that this rule only depends on the pro-
cessor’s having encountered an NP with a definite article, such as the
candle in the Tanenhaus et al. experiments; that is, it can apply before
the rest of the sentence has been encountered. When this is the case, the
fact that the predicate candle is sortal would block ‘normal” semantic
composition—-i.e., we can’t get the conventional meaning of U,, simply
by applying the conventional meaning of Ug.; to that of U,,. However,
PARSI1 can be used to derive the conventional meaning of U, in these
cases. We will see in Chapter 7 more cases in which the normal rules
for semantic composition are bypassed.

5.2 Processing Pronouns

Pronoun resolution is a well-studied aspect of semantic processing, but
the respective roles of incrementality and underspecification for this in-
terpretive process have been discussed much less than in the case of
lexical access. In this section we use the theory of semantic process-
ing developed in the previous two sections to account for the evidence
about pronouns discussed in Chapter 2.

The theory we propose has two main ingredients: the claim that the
lexical entries of pronouns are semantically h-underspecified, and a for-
malization of the theory of salience currently most popular, CENTERING
THEORY (Grosz et al., 1995), in terms of PDL. We discuss each of these in
turn.
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5.2.1 The Lexical Meaning of Pronouns

Extracting a theory of interpretation out of the indications of main-
stream semantic theory is more problematic in the case of pronouns
and other ‘contextually dependent’ expressions than it is in the case of
other lexical items, because in this case even the proposals about the
conventional meaning of the expression coming from formal semantics
cannot be adopted as such. The problem is that with the ordinary tools
of semantic theory it is difficult to specify a compositional meaning for
these expressions without building a model of context into interpreta-
tion; what we get, then, are proposals like Montague’s, who derived all
possible interpretations of bound pronouns by assigning them one lex-
ical interpretation for each variable z; in the language (see, e.g., Dowty
et al. (1981) for discussion), thus making them infinitely ambiguous.*
Clearly, while we can expect to have a distinct default inference rule for
each sense of a lexically ambiguous word (and indeed, psychological
research suggests that they may all be activated in non-primed con-
texts, if they are all equally frequent), generating all of the infinitely
many possible interpretations of a pronoun in this way isn’t possible.

A way to address the problem is to regard anaphoric expressions
as unbound variables: for example, He left would translate into left(X),
where X is not bound (Heim, 1982). This treatment of pronouns neatly
captures the intuition that anaphoric expressions are ‘context-dependent’
by making them dependent on the particular assignment with respect
to which they are evaluated. However, such translations make the con-
ventional meaning of an utterance containing a pronoun either unin-
terpretable or logically equivalent to a (possibly infinite) set of propo-
sitions, one for each value that may be assigned to that pronoun; either
way, no inferences can be made on the basis of that interpretation, so
they can only serve as the basis for extra-logical accounts of pronoun
resolution (such as, e.g., (Alshawi, 1990)).

None of these objections to the proposals coming from mainstream
semantic theory that concern the lexical semantics of anaphoric expres-
sions and do not involve underspecified interpretations is really insur-
mountable. However, the possibility that lexical entries may be under-
specified opens the door to ways of dividing the labour between lexicon
and context that we find more intuitive, and do not force us to stipulate
implausible ambiguities or to introduce uninterpretable objects in our
logic.

46In fact, even more interpretations would be needed to allow pronouns to have a refer-
ential interpretation in addition to their bound interpretation (Partee, 1972), not to men-
tion the so-called ‘e-type’ or ‘descriptive’ interpretation (Evans, 1980; Neale, 1990).
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More specifically, the discussion in Section §3.4 suggests that we can
entertain two hypotheses concerning the semantics of pronominal ex-
pressions: that the conventional meaning of pronouns is p-underspecified,
or that it is h-underspecified. Of these two hypotheses, that that pro-
nouns have a p-underspecified conventional meaning has already been
made in formal semantics, though without explicitly mentioning un-
derspecification. One way to implement this idea within a DRT frame-
work is to claim that the pronoun he introduces a new discourse entity
Xn, known to be male, as in (5.43). This makes the pronoun semantically
equivalent to an existential quantifier; establishing a co-specification re-
lation with an antecedent would be a case of pragmatic strengthening,
along the lines suggested in (Kripke, 1977) for definite descriptions.
This interpretation is p-underspecified in the sense that the utterance
containing the pronoun is given a conventional meaning that subsumes
all of its possible interpretations.

cat : pro
) v _ gen : mas
(5.43) Uprotutter(a,“he”) A syn(upro) = agr : |num : sing
pers : 3

Upro ~> AP[xn|male(xn)]; P(xn)

A variant of this proposal is the claim that pronouns are disguised
definite descriptions referring to the ‘most salient” entity (Neale, 1990;
Hwang and Schubert, 1993). This approach is not easy to implement
within a traditional DRT framework, in which indefinites and definites
are not treated as quantifiers, but can be formulated within other dy-
namic theories in which definite descriptions are treated as quantifiers,
such as DPL (Groenendijk and Stokhof, 1991), and could be formalized
in Compositional DRT as well, using the type theory in terms of which
the DRS constructs are defined.*”

A more radical alternative is to propose that the lexical interpreta-
tion of pronouns is h-underspecified with respect to meaning, rather
than p-underspecified. According to this theory, the lexical interpreta-
tion of he does not specify a conventional meaning at all. We show in

47Yet another alternative is the proposal by Kamp and Reyle (1993) that pronouns intro-
duce discourse entities together with semantically uninterpreted conditions of the form
x = ? indicating that the discourse entity co-specifies with another discourse entity. This
alternative only really works within a ‘representational’ framework, i.e., one in which it
is assumed that the conventional meaning assigned to an utterance is actually a repre-
sentation — an object whose semantics is related to the notion of truth only indirectly, and
in which it is therefore allowed to have objects which may not be interpretable in such a
way.
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(5.44a) the proposed lexical entry for he, in (5.44b) its translation in ut-
terance notation:

phon : “he’”
cat : pro

(5.44) a. svn : gen : mas

yn agr: [num :sing

pers: 3
Upro
cat : pro
. o . gen : mas
b.  [upro| tuprosutter(a,“he”), syn(upro) is agr : | num : sing |
pers: 3

Under this hypothesis, determining the conventional meaning of .,
would be entirely left to contextual interpretation: thus, for example,
if upro followed the utterance of Kermit croaked discussed in the previ-
ous sections, in which the utterance of Kermit gets the interpretation in
(3.26), and if he was taken to be co-indexed with the utterance of Kermit,
we could conclude that u,,, has the same conventional meaning as
in (3.26):

(5.45)  Upro~ xn

Both (5.43) and (5.44) eliminate the need for stipulating multiple am-
biguities in the lexicon; the ambiguity is located entirely in the reso-
lution process. But we believe that both psychological and linguistic
evidence support the hypothesis that lexical entries of pronouns are h-
underspecified with respect to the meaning. We note, first of all, that
the proposal in (5.43) is inconsistent with the evidence about pronoun
interpretation discussed in Chapter 2. If Frazier and Rayner’s Immedi-
ate Partial Interpretation Hypothesis is correct, and if the lexical entry
of pronouns were p-underspecified, we would expect pronouns to be-
have like polysemous words, i.e., like newspaper; we would not expect
multiple interpretations of pronouns (and garden paths) to be avail-
able in a context in which more than one antecedent satisfies gender
constraints. But the data from Corbett and Chang (1983); Gernsbacher
(1989); Stevenson and Vitkovitch (1986) suggest that these multiple in-
terpretations are in fact generated. This can mean one of two things:
either that the lexical meaning of a pronoun is fully specified (i.e., the
lexicon encodes all of the possible interpretations of the pronoun, as
in Montague’s proposal), which seems very unlikely; or that its con-
ventional meaning is h-underspecified, and the contextual rules that
determine its meaning are activated on-line as soon as the pronoun is
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encountered.

The hypothesis that the lexical meaning of pronouns is p-
underspecified is also problematic from a linguistic point of view. The
first problem is making sure that this p-underspecified interpretation is
flexible enough to cover all of the possible interpretation. Besides en-
suring that both the referential and the bound anaphora interpretation
are covered, one has to worry about sentences containing ‘paycheck
pronouns’ such as (5.46):

(5.46)  The man who gave his paycheck to his wife is wiser than the man
who gave it to his mistress

which suggest that it can have a ‘type’ interpretation as well as a “token’
interpretation; this interpretation could not be covered by a translation
along the lines of (5.43) — say, AP[x,|thing(x,)]; P(x») —because the an-
tecedent is actually a type. The data about anaphora to abstract objects
(Asher, 1993) also indicate that the pronoun if can refer, in additions to
entities in the universe, to objects as different as propositions, events, or
facts. This suggests that in the case of neuter pronouns at least, it would
be difficult to find a conventional meaning general enough to cover all
possible cases.*®

There are then more specific problems depending on which version
of the p-underspecified hypothesis we adopt. The translation in (5.43)
makes pronouns semantically equivalent to indefinite NPs; we lose
therefore the opportunity to give a semantic account for definiteness
effects (Reuland and ter Meulen, 1987). The ‘pronouns-as-descriptions-
referring-to-the-most-salient-entity” hypothesis suffers instead from the
problem that it’s not at all clear that ‘the most salient entity” always
refers uniquely, even when taking gender into account (Poesio and
Stevenson, To appear). Consider the following text (from The Guardian,
August 15, 1998, Weekend section, p.22): what is the ‘most salient (mas-
culine) entity” when the underlined pronoun is to be interpreted?

(5.47) He recalls his mother trying to shield him from his father’s excesses. “Your father
doesn’t mean it,” she would console him. “He loves you, he is a good man.” And for
years he thought she was making excuses. “But she wasn’t. He is a good man.” Just a
product of his time. When Maupin was born, his father was in the thick of battle, the

48 A technical tool recently introduced in formal semantics, type shifting (Partee and
Rooth, 1983) may offer a solution here. The idea is that certain lexical items may
have more than one conventional meaning, which are, however, related by systematic
operations—in other words, one conventional meaning can be derived from another by
applying an operation p to it. In the case of pronouns just discussed, one might argue that
they do have only one ‘basic” interpretation, and the other ones are obtained if needed by
applying type-shifting operations.
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skipper of a minesweeper. He didn't see his son for two years. He learned of his birth
from a sailor on another ship, by semaphore. “I got very sentimental about [this] six
months ago, and asked him to tell me exactly where he was when he found out. And

he rather touchingly sent him maps.

For all of these reasons, we find the h-underspecified account prefer-
able. There are also objections to the h-underspecified translation in
(5.44), of course. Some may object to the idea that the lexicon does not
specify any restriction on the meaning of a pronoun; but adopting this
proposal does not mean that pronouns can mean anything—only that
their meaning is specified by contextual rules rather than lexical rules.
We will see examples of such rules in a moment, but we can already
say that such rules are also going to be default inference rules, just
like lexical entries are; so all we are claiming is that two distinct sets
of defaults—-some operating only on the basis of the fact that a certain
utterance occurred, other ones using information about the context of
utterance—interact to determine the meaning of pronouns.

The translation in (5.44) could also be criticized for the opposite rea-
son; i.e., some may wonder why we want to draw a separation between
the lexicon and context at all, i.e., and why we need to assume two sepa-
rate sets of defeasible inference rules—some specifying the ‘lexical entry’
for a pronoun, other specifying how its interpretation is determined in a
context—instead of simply assuming the latter as our lexical entries. The
answer to this objection has partly to do with modularity arguments—
there is increasing evidence for a lexical module independent from the
rest of the processing system and that gets activated very early (Cor-
ley, 1998)—and partly with the data reported by Garrod and Sanford
(1994): if lexical entries for pronouns always access context, one could
not explain why pronouns referring to objects ‘in topic” are always in-
terpreted, whereas other and pronouns are not (unless we assume that
the lexicon is not always accessed). The account of pronoun resolution
we are going to present next does keep these issues into account.*’

4 Another issue raised by the analysis of anaphoric expressions just presented is: what
is the difference between pronoun it and semantically vacuous (pleonastic) if as in it rains?
For, if our claims about the lexical entries of pronouns are correct, in both cases we would
have lexical entries that do not specify the conventional meaning of an utterance.

We don’t have a complete solution to the problem, but there are at least two possible
ways of addressing the issue. It may be the case that expletives are not ‘semantically emp-
ty’” in the same sense that pronouns are, but do have a conventional meaning, although
one that does not contribute to the overall meaning of the utterance, which would be en-
tirely specified by the predicate. If we assume that rains is a zero-argument predicate so
that it rains translates as

[s|s:rain, s C S ]
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5.2.2 Pronoun Resolution

The evidence discussed in Chapter 2 suggests that the way pronouns
are resolved is in many respects similar to the way homonyms are
resolved. More specifically, the results of Corbett and Chang (1983);
Gernsbacher (1989) suggest that the h-underspecified interpretation re-
sulting from lexical access (as in (5.44)) is, in turn, the starting point
for a second phase of interpretation. During this phase of contextual
processing, multiple default inference rules suggesting alternative in-
terpretations for the pronoun are activated, when no other factor indi-
cates a priority of certain interpretations over others; if some such factor
does exist, higher-priority default inference rules suggest the preferred
interpretation in context.

The differences between lexical access and pronoun resolution are,
first of all, that the default inference rules involved in pronoun resolu-
tion do not encode grammatical knowledge, but resolutions available
in context; and second, that the priority ranking among interpretations
is determined by the salience of discourse entities, rather than by the
frequency of certain interpretations or by priming.

Basic rules for pronoun resolution

We begin by discussing the low-priority default inference rules that
generate the interpretation of a pronoun when no discourse entity is
most salient. In order to do this, we need to specify more precisely
what we expect the final interpretation of pronouns to be after reso-
lution, and how it is obtained. In keeping with the DRT framework,
we assume that pronouns are eventually resolved to discourse entities,

then we could assume this to be the conventional meaning of rains, whereas the con-
ventional meaning of expletive it might be of the form Ag.p, where ¢ is the proposition
denoted by rains.

A second hypothesis is that the meaning functions ~» are only partial. Not all ut-
terances would then have a conventional meaning, but only a subset; existence axioms
would specify which type of utterances do have a conventional meaning of a certain type.
If this were the case, one could then hypothesize that one such axiom holds for utterances
of category pr o:

AX-PRO-TOTAL Vucsyn(ue) = [cat : pro} = e~y

but no such axiom would hold for utterances of category expl . This solution has two
attractive features. First of all, it makes sense that not all utterances have conventional
meanings of all types. Secondly, one could provide an account of what happens in a case
of ‘ambiguity” in which it is very difficult to decide what disambiguation is preferred, if
any-namely, the choice between interpreting it as an expletive or as a reference to events
in examples such as John was late. It seemed strange to everybody. The hypothesis would be
that in these cases the reader cannot choose between two very similar lexical entries, both
equally likely.
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as in (5.45).%° As for the way these values are established, we have to
take into account the fact that pronoun interpretation takes place incre-
mentally, i.e., before a complete DRS for the present utterance has been
constructed. We propose that pronoun resolution works at the level of
utterance events: the contextual resolution rules find appropriate an-
tecedents for an event of uttering a pronoun NP among the events of
uttering NPs that are currently most salient. Once an antecedent utter-
ance event has been identified, its associated discourse entity is sug-
gested as a potential conventional meaning for the pronoun.

In order to formalize this proposal, we need first of all to clarify this
notion of ‘associated discourse entity’. The conventional meanings of
NPs discussed so far do not give us discourse entities (see, e.g., the lexi-
cal entry for Kermit in (2.2)). In order to ensure that we can always iden-
tify the discourse entity introduced by an NP we have to assume that
utterances of NPs have an additional feature, which we will call dref,
specifying the discourse entities introduced into discourse by these ut-
terances. (As it turns out, this is also needed for the treatment of scope
in Chapter 6.) This assumption leads to the following slightly revised
lexical entries for proper names and indefinites:*!

phon : “kermit”’

(5.48)  Kermity ~ |V [cat s
sem : AP[xy, |x,, is k]; P(xn)
dref : x,,

phon : “a”

(5.49)  an~ syn : [cat : det}
sem : APAQ[x:m |]; P(xm); Q(xm )
dref : xpm

Secondly, we need to specify which events of uttering NPs may cause
the language processor to generate hypotheses about pronoun antecedents.
For this, we resort to terminology from Centering theory (Grosz et al.,
1995). According to this theory, language users maintain a LOCAL FO-
CUSs of attention which serves as the preferential source for interpreting
pronouns, as discussed below. One of the constituents of the local focus

%In a DRT framework, both referential pronouns and anaphoric pronouns get trans-
lated into discourse entities; the referential properties of, say, deictic pronouns are medi-
ated by discourse entities and captured by assuming a separate ‘anchoring” mechanism
for them (Kamp, 1990).

5INote also that the value of dref is not the value stored in the discourse entity (i.e., the
value of discourse entity x,, at assignment ¢) but the discourse entity itself; in Composi-
tional DRT, discourse entities are constants, hence are always ‘accessible’.
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which are available when processing C-UTTERANCE Uny1,”? are the dis-
course entities introduced by c-utterance u,,; these are called FORWARD
LOOKING CENTERS in Centering theory, and denoted by C ¢(u,,). For ex-
ample, processing c-utterance u; of the string Kermit likes Miss Piggy in-
volves creating a list of forward looking centers C¢(u;) = [k,m_p], which
serves as the local focus for the next c-utterance.

In order to make these ideas truly formal, one would have to specify
what counts as a c-utterance, and what is the previous c-utterance of a
given c-utterance; both of these questions are, however, significant re-
search problems on their own (Kameyama, 1998), that we are not going
to solve here. All we need for our purposes is a way of indicating the
function mapping c-utterance  into its previous c-utterance u'; we will
use the notation prev-utt(u) = u'. We also use the following notation
for talking about forward looking centers. The relation Cy(u,,x) holds
if x is one of the forward-looking centers of c-utterance u,,. The relation
cf-utt(u,u') holds if #' is an utterance of one of the forward-looking cen-
ters of u —i.e., if u is a c-utterance and u’ is the utterance of an NP as
part of u:3

Yu,u' cf-utt(u,u') = (c-utterance(u)A syn(u') = [cat : np] A u'<u)

We can now specify the basic PDL rule for pronoun resolution,
PRO-MATCH. This rule states that the language processor may hy-
pothesize that the conventional meaning of the utterance of a pronoun
is the same as the conventional meaning of one of the utterances in-
troducing the forward looking centers of the previous c-utterance, pro-
vided that their agreement features match.

[| syn(Upro) is {cat : pro},

cf-utt(Un+1,Upro), cf-utt(Un,Unp), : [|[Upro~ ]
prev-utt(Up 41) is Un,

agr-match(Unp, Upro), Unp ~> x| PRO-MATCH

[[Upro~ x
PRO-MATCH predicts that when there is a single U,, matching the
agreement features of U,,, in the previous c-utterance, a single hy-
pothesis will be generated; whereas more than one hypothesis will be
obtained when there is more than one antecedent. The rule also shows

52Centering theory relies on a technical notion of ‘utterance’ that has nothing to do
with the notion of ‘utterance’ that we have been using; we will therefore use the term
C-UTTERANCE to refer to utterances in the sense of centering theory.

53We are making the simplifying assumption that every NP in a c-utterance introduces
a discourse entity.
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how syntactic factors may play a role in pronoun interpretation; we
note that this is hard to do in theories that, unlike ours, do not explain
how syntactic information becomes available during interpretation.>*

Centering Theory As A Source of Preferences in Pronoun Interpreta-
tion
Of all the factors that play a role in determining a preference for one
interpretation over the other ones in the case of pronoun resolution, we
concentrate here on those discussed by (Garrod and Sanford, 1994), and
in particular, the relative salience of discourse entities. Several theories
of salience have been proposed (Poesio and Stevenson, To appear); we
adopt here a version of Centering theory.>

We already introduced some of the terminology used in Centering
theory, and in particular the notions of forward-looking centers and
c-utterance. The other crucial notion of the theory is the BACKWARD
LOOKING CENTER (Cp), another component of the “local’ focus of atten-
tion. The C; of c-utterance u,41 is defined as the highest-ranked Cy of
prev-utt(u, 1) (= u,) that is realized in u,41. Precise definitions of the
notions of ‘ranking’ and ‘realized” are still open questions in Centering
theory, just like the notion of c-utterance introduced above;* we will ig-
nore these problems, as well, and simply assume that there is a function
rank(u,x) determining the rank of discourse entity x in utterance u. We
also need a second function, highest-ranked(u), defined as follows:>’

Vin, x (highest-ranked(u,) = x) =
(Cylun,x) A (VX' (x # x'A Cy(n, x'))—>rank(u,, x") < rank(uy,, x))
The function Cp(u) can also be defined in terms of rank as follows:

YLy, Unt1, prev-utt(U,41) = U, —
(Vx Co(tng1) =x =
(Cs(ttnt1, X)A Cg(thn, X)A

S4Corbett and Chang (1983) actually observed that hypotheses about pronoun inter-
pretation may not be filtered out on the basis of agreement only - i.e., that hypotheses
concerning antecedents not matching in gender were also generated. It's not clear what
the role of number may be, if any.

5We note in passing that the theory of interpretations proposed in this monograph is
particularly appropriate for implementing this theory, whose original formulation (Grosz
et al., 1983) calls for a theory in which utterances are first-class objects and their connec-
tion with their conventional meaning is made explicit.

% Most versions of the theory assume that ranking is determined by grammatical fac-
tors. This hypothesis is especially explicit in one of the latest versions of the theory, pro-
posed in Gordon et al. (1993) on the basis of psychological experiments; in this version,
the C, of an utterance is simply identified with its subject.

57Experimental results by, among others, Gordon et al. (1993) suggest that ranking may
be a partial rather than a total order. We will ignore this problem here.
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(Vx" (x # X'A Cy (g1, X )N Cy(tip,x'))—
rank(x', u,) < rank(x,u,))))

The main claim of Centering theory as far as pronominalization is con-
cerned is that if anything is pronominalized in an utterance, the Cp is.
The one algorithmic formulation of Centering theory (Brennan et al.,
1987) implements this idea by means of a generate-and-test algorithm
that generates all possible interpretations of a pronoun and then uses
this (and other) claims of Centering theory as filters; but the claim can
also be formulated in terms of the theory of semantic interpretation and
of prioritized default rules proposed in this paper. The simplest way to
do this would be to follow the suggestion in (Gordon, 1993, page 41):

... In particular, [Centering theory] states that a syntactically
ambiguous pronoun will be interpreted by default as re-
alizing the highest ranked member of the set of forward-
looking centers of the previous utterance until such time as
that interpretation is overridden by other information.

This suggestion can be implemented by means of the following default:

[| syn(Upro) is [cat : pro:|,

cf-utt(Un 41,Upro), cf-utt(Un,Unp),
prev-utt(Up41) is Un,
agr-match(Unp,Upro), Unp ~ X,
highest-ranked(U,) is x |

¢ [[Upro~ 1]

PRO-CB-GORDON

[|up'r'c ~ x]

The problem with PRO-CB-GORDON is that it predicts that there is
going to be a preference for a given discourse entity for every c-utterance
in a text except for the very first one, since every c-utterance has a
highest-ranked C;. However, the results of Corbett and Chang (1983);
Gernsbacher (1989) suggest that this is not the case; with materials like
those they use, at least, all discourse entities agreeing with the pronoun
are activated in the second c-utterance (see (2.13), repeated below for
convenience).

(2.13)  Karen poured a drink for Emily and then she put the bottle down

We believe that the reason for this is that focusing effects only begin to
manifest themselves after the C; has been established at least once, i.e.,
starting from the third c-utterance, as often suggested in the literature
on focusing and centering (Sidner, 1979; Poesio and Stevenson, To ap-
pear). The materials used by Corbett and Chang (in (2.13)) are such that
the pronoun occurs in the second c-utterance of the text, which means
that no C; is defined for the previous c-utterance.
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We propose therefore that the default proposed by Gordon should
be revised as a preference to interpret pronouns as referring to the C,
of the previous c-utterance, rather than simply the most highly-ranked
element of the previous c-utterance realized in the current c-utterance,
as follows:

A syntactically ambiguous pronoun will be interpreted by
default as realizing the C; of the previous utterance until
such time as that interpretation is overridden by other in-
formation.

This default may be encoded in PDL as follows:

[| syn(Upro) is {cat : pro},

cf-utt(Un41,Upro), cf-utt(Un, Unp),
prev-utt(U,41) is Un,
agr-match(Unp,Upro), Unp ~ ¥,
CB(Uy)is x]

2 [[Upro~ 1]

PRO-CB

[[Upro ~ x]

This default would then have to be supplemented with (weaker) de-
faults encoding the effects of parallelism and, in particular, the promi-
nence of subjects to account for the data of (Gordon et al., 1993; Steven-
son et al., 1993; Smyth, 1994); other factors have been showed to play a
role in pronoun interpretation as well. We will not try to do this here.

Two Examples

To see how these rules work, let us first consider a context similar to
those studied by Corbett and Chang, in which an utterance u; of Kermit
met Hobbes is followed by an utterance u; of He croaked. The relevant
facts for centering theory holding after u; are shown in (5.50); uy, is
the utterance of Kermit as part of uy, introducing discourse entity xy,,
whereas uy, is the utterance of Hobbes as part of 1y, introducing dis-
course entity xp, .

(5.50)  Cyg(ug,xr,) A Cyp(u,xn,)

The crucial bit is that since #; has no previous c-utterance, Cy(u1) is not
defined. Now, let us consider what happens when the pronoun He is
uttered at the beginning of u». Let u,,, be the utterance of He in us.

The result of lexical access for the pronoun is as for the lexical entry in
(5.44b):
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cat : pro
. o . gen : mas
(5.51) [Upro| Uprotutter(a,“he”), syn(upro) is agr: |num : sing ]
pers: 3

If we start defeasible reasoning at this point, we get two distinct exten-
sions. One of them is obtained using PRO-MATCH with U,,, = u, ; this
extension includes the fact in (5.52a). The other extension is obtained
using PRO-MATCH with U, = uy,, and includes the fact in (5.52b).
(5.52) a.  Upro~ Xiy

b.  Upro~ Up,

Note that at this point PRO-CB does not apply, because Cy(u;) is not
defined. At this point therefore the two extensions are equivalent, and
the processor cannot resolve the ambiguity; both hypotheses remain
‘alive” until the end of u, is reached, just as observed by Corbett and
Chang. One of them may then be eliminated on the basis of selectional
restrictions.

Let us consider now a case in which the C; is established before
encountering the pronoun. Assume that Kermit is a frog (let us call this
utterance 1) had been uttered before Kermit met Hobbes (u1). The facts
holding after 1, are as follows:

(5.53) Cf(uo,xkl)

After uy, the same facts hold as in the previous example ((5.50)) except
that now the C of 1 is defined,

(5.54)  Cplu1) = xx,

since z, is the only discourse entity that is a Cy both of 1o and of
u1. Now, let u,,, be, again, the utterance of He in uy. At this point,
PRO-MATCH could apply again, generating again extensions includ-
ing the facts in (5.52). However, the generation of these hypotheses is
prevented by the fact that the higher-priority PDL rule PRO-CB can
apply, producing a single extension containing (5.52a). Just as in the
examples of lexical disambiguation seen in Chapter 4, higher-priority
rules block the application of lower-priority ones.

5.2.3 The Results of Garrod and Sanford

We conclude this section by returning to the result reported by Gar-
rod and Sanford (1994), that whereas definite descriptions and proper
names are always interpreted, pronouns only seem to be interpreted
when referring to the “topic’, which we will identify with the Cj here.
Within the formalization we have proposed, we can now explain
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these results as another instance of the phenomenon discussed by Simp-
son (1994) for lexical access—namely, that not all default inference rules
are always active. More specifically, we hypothesize that high-priority
rules are always active, whereas low-priority ones are only active when
the task is really important and the language processor is ‘trying re-
ally hard’. The data reported by Garrod and Sanford suggest that of
the rules defined above, PRO-CB is always active, whereas the lower-
priority PRO-MATCH is optional. If only high-priority rules are active,
the language processor, when encountering (2.17e) or (2.17f) can only
resolve she (using PRO-CB), but not he, because PRO-MATCH does-
n’t apply. In this latter case, the conventional meaning of the pronoun
would seem to remain h-underspecified, and as a result, the conven-
tional meaning of the utterance as a whole would remain h-underspecified,
as well. (Or, perhaps, some sort of simplified meaning may be assigned
to the utterance in these cases— but it’s not clear what such a meaning
could be.)



Scope Assignment

A lot of work on underspecification in semantics has been motivated
by the problem of scope assignment. There are several good reasons for
this, the most important being that in this case, more than in the cases
of lexical disambiguation and pronoun resolution, the combinatorics
are horrendous: as shown by the example (2.8) presented in the Intro-
duction, the number of scopally distinct interpretations may run in the
thousands. This strongly suggests that, unlike lexical ambiguities, sco-
pal ambiguities are not resolved by generating all interpretations and
choosing among them. A second reason why scope assignment is inter-
esting is that unlike in the case of lexical disambiguation and pronoun
resolution, in the case of scope assignment subjects do not always seem
to have strong intuitions. Because of this, many researchers hypothe-
sizing suspect that scope assignment is a good example of ambiguity
left unresolved, except perhaps in the case of sentences containing only
one or two quantifiers, and ‘simple” ones (van Benthem, 1982).

While this state of affairs makes a discussion of the role of seman-
tic underspecification in scope assignment unavoidable, the problems
in eliciting subjects” judgment mean that, as already said in Chapter 2,
the psychological evidence for scope assignment is nowhere as abun-
dant as in the case of lexical disambiguation and pronoun resolution;
in fact, we know of only two published studies, (Ioup, 1975; Kurtzman
and MacDonald, 1993). This prevents the development of a complete
theory of scope assignment at this stage; for this reason, the hypothe-
ses presented in this section are rather more tentative than those about
lexical disambiguation and pronoun resolution.

In this Chapter we will first of all discuss the form of underspecified
interpretation that is passed from grammar to contextual processing,
then how this underspecification may be resolved.
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6.1 Scopal Underspecification

The approach to scope underspecification we adopt here® builds on
two hypotheses. The first of these is that the structural relations among
utterances inferred by the language processing module do not spec-
ify what is known as a s-structure, but reflect instead the structure of
the derivation of the conventional meaning-i.e., they specify what is
called a ‘derivation tree” in Montague grammar or ‘LF’ in generative
grammar. (See also the discussion of Nunberg’s proposal in Chapter 4.)
For example, arriving at the (completely disambiguated) conventional
meaning of every farmer owns a donkey in which every farmer takes wide
scope over a donkey involves inferring the structural relations shown in
Figure 4.

Figure 4 also illustrates our second hypothesis, which actually dates
back to Robin Cooper’s dissertation (Cooper, 1975).° This is the idea
that a (quantified) NP contributes twice to the derivation of the conven-
tional meaning of an utterance: once by specifying an argument of the
verb, and a second time as an operator taking a sentential argument.
The NP every farmer, for example, contributes both the utterance u,,,
and the utterance u,,: to the derivation of the meaning of every farmer
owns a donkey illustrated in Figure 4. (We use the convention of assign-
ing the same index to these utterances, and indicating the first of them
with a subscript index, the second with a superscript one.) The seman-
tic value of utterance uy;, is the discourse entity x;; 1,1 contributes the
compositional meaning usually associated with quantified NPs, which
in Compositional DRT is rendered as Ap[x; |farmer(x;)] = p. The second
utterance’s contribution to the meaning corresponds to what is “put in
store’ in Cooper’s treatment. Within an LTAGs framework, the contribu-
tion of a quantified NP to the derivation of the conventional meaning
of an utterance can be formalized as a single tree. More specifically, the
LTAG tree introduced by every farmer is shown in (6.55).

%Many of the ideas presented here have been inspired by Reinhard Muskens, who
has been independently developing a theory of scope underspecification presented in
(Muskens, 1995a) as well as in work still unpublished.

%See also (Pereira, 1990; Carpenter, 1994).
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e o]

ug(=T)
syn : [cat : np] [syn : [cat : 5”
(6.55) |:sem : Ap[x1 |farmer(x1)] = p:| usy (=1)
oyt |
syn : [cat : np]
sem : X1
unpy
phon : “every” phon : “farmer”’
syn : [cat : det] syn : [cat : n]
sem : APAp[x1[]; P(x1) = p sem : Ax[ [farmer(x)]
dref : xq uny
Ydetq

If we accept these two hypotheses, scope underspecification becomes
a special case of structural underspecification, now seen more precisely
as a partial specification of meaning derivation; the underspecification
is due to the fact that of the two utterances that result from perceiv-
ing an NP, only the one contributing an argument to the verb (u,p, in
the example we have been considering) has a fixed position within the
utterance decomposition structure. The position within the derivation
tree of the utterance contributing a quantifier (,,,,1), on the other hand,
is not determined by grammatical knowledge; all that grammar spec-
ifies about its role in the derivation is that the scope of the quantifier
is obtained by a derivation process that involves at the very least de-
termining the arguments of the matrix verb (the point at which this
happens is indicated in Figure 4 as 1), and that in turn the result of
applying the quantifier to this scope is part of the decomposition of the
utterance as a whole (indicated in Figure 4 as T). The constraints on the
derivation of the conventional meaning of the utterance every farmer
owns a donkey prior to scope assignment are summarized by the partial
description in (6.56): the partial derivation in (6.56a) specifies how the
meaning of L is derived, whereas the partial descriptions in (6.56b) and
(6.56¢) specify the constraints on the contributions of the quantifiers ev-
ery farmer and a donkey, respectively.®®

(6.56)

0The structural relations between elements of the derivation are of course very similar
to those that would be assigned to the sentence in UDRT (Reyle, 1993), whose semantics
is, however, rather different.
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syn: [cat s]
ele:own(xq,x2),e < S
lel ] us(=1)
syn : [cat np] yn : cat vp
sem : X1 sem : }\y[e|e own(y,x2), e < S]
"npl
phon : “owns’’ : cat p]
syn : [cat : tv] sem : X2
sem : Ax)\y[e\e:own(y,x), e< S] “np2

syn : cat

. o ] s o]

usy

sem : Ap[x1|farmer(x1)] = p
“np

phon : “every”’ phon : “farmer’’

syn : [cat : det] syn : [cat: n]

sem : APAp[x1|]; P(x1) = p sem : Ax[ |farmer(x)]
Ydetq Unq
AL Q" ug,
Aug 4% T

syn: cat s

/\

syn : [cat : p] syn: cat s]]
sem : Ap[xz|donkey(x2)] = p

S

phon : “a” phon : “donkey’’

syn : [cat : det] syn : [cat : n]

sem : APAp[x2|]; P(x2);p , sem : Ax[ |donkey(x)]
Ydetg Ung

AL <" ug,
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This partial interpretation is just what one gets from the lexicon un-
der the assumptions about the lexical entries for noun phrases that we
have discussed above and the assumptions about syntax and semantic
interpretation discussed in previous chapters.

6.2 Scope Disambiguation

In this section we reformulate in terms of the theory of scope under-
specification proposed here the theory of scope assignment presented
in (Poesio, 1994b), which was motivated by the results from the psy-
cholinguistics literature discussed in Chapter 2 (especially (Kurtzman
and MacDonald, 1993)) and by a corpus analysis of the scoping prefer-
ences of modals, definite descriptions, and indefinites in the TRAINS
corpus of spoken dialogues collected at the University of Rochester
(Gross et al., 1993).

The theory in (Poesio, 1994b) makes the following claims. First, it
is claimed that scope assignment, much as the other types of semantic
processing discussed in previous sections of this paper, can be formu-
lated as a defeasible reasoning process involving defaults with different
priorities. This hypothesis was made to account for the two fundamen-
tal results of Kurtzman and MacDonald: the existence of strong scopal
preferences in (single clause) active sentences, and the disappearance
of such scope preferences in passive sentences.

The second hypothesis is that scope assignment is based on rewrit-
ing operations similar to those proposed in DRT (Kamp and Reyle, 1993)-
i.e., operations that determine the scope of an operator relative to the
other scope-taking elements in a sentence-rather than on operations
that determine the relative scope of two operators (or their indices), as
hypothesized in (Poesio, 1991; Alshawi and Crouch, 1992; Reyle, 1993).
An example of the rewriting operations of DRT is the rewrite rule for
indefinites, that determines the relative scope of the indefinite NP a don-
key with respect to the rest of the interpretation of an utterance of Ev-
ery farmer owns a donkey. This operation, according to Kamp and Reyle,
takes as input a configuration like (6.57) and produces as output the
configuration in (6.58).
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(6.57) 5
/\
NP VP
A A A /N\'
Every farmer owns donkey
x
donkey(x)
S
/\
NP VP
(6.58)
Every farmer owns

Notice that these rewriting operations operate ‘outside in” —which, as
noted in (Lewin, 1990), eliminates the problems with ‘inside out” op-
erations of scope assignment which require a free variable constraints
(Cooper, 1983; Hobbs and Shieber, 1987).

However, rewriting operations such as these, if left unchecked, would
simply start generating all possible readings of a quantified sentence,
which is exactly what Kamp and Reyle want but does not give us a
plausible theory of scope assignment. Poesio made therefore an ad-
ditional hypothesis: that rewriting operations have to be licensed. The
main licensing condition is that a rewriting rule can only apply to an
operator after the context-dependent of this operators aspects have been
determined. For example, the rewriting rule for quantifiers is only li-
censed after the domain of quantification of the quantifier has been
determined, whereas the rewriting rule for modals only applies after
the modal base (Kratzer, 1977) of the modal has been identified. This
licensing condition predicts that, in general, operators which have a
contextual element that can be easily resolved in a given context will
take scope over operators without a domain restriction (e.g., ‘weak’
indefinites) or operators whose domain restriction cannot be resolved
on the basis of the existing context, and which therefore require some
sort of presupposition accommodation; for example, modals will take
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scope over indefinites and negation. This predictions are borne out in
the TRAINS corpus: e.g., the preferred reading of We should not send an
engine to Elmira is ‘all situations consistent with the plan are situations
in which we do not send an engine to Elmira’.

Given the licensing hypothesis, the main task in developing a the-
ory of scope assignment is to explain which operators depend on con-
text for their interpretation, and to formulate theories about how these
context-dependent aspects are resolved, to be formalized in terms of
default inference rules. For reasons of space, we will not be able to dis-
cuss here these aspects of the theory, which take the largest part of Poe-
sio (1994b); we will just explain how the rewriting rules used there can
be formalized in terms of the theory of underspecification introduced
in this monograph, that is different from the one assumed in (Poesio,
1994b).

The hypothesis we pursue is that the ‘rewriting operations’ of Kamp
and Reyle can be formulated in terms of ADJUNCTION in Tree Adjoining
Grammar (Joshi, 1987), with the additional restriction that the adjunc-
tion always takes place in the same position, the one indicated by L
in Example (6.56). For example, the ‘rewriting operation” that partially
disambiguates (6.56) by assigning to every farmer wide scope consists of
the adjoining in Figure 5.

Adjunction in Compositional DRT can be viewed as a combination
of updates to the value of a discourse marker, here called A, together
with a final operation of ‘closure’. The current adjunction ‘range’ of an
utterance is specified by the discourse markers A and L. Each time that
a new operator gets adjoined, the utterance that immediately domi-
nates it (1,1, in the example we have been discussing) gets identified
with the previous value of A, whereas A gets updated to have as value
the utterance that specifies the scope of this operator (u,, ). For example,
the steps involved in the disambiguation of (6.56) that assigns wider
scope to every farmer are as follows:

L L<*T;A=T

2. ug — A A ug,
This adjunction (which must be independently licensed) assigns
wide scope to every farmer.

3. Ug2 A A+ Usg,
This adjunction assigns narrow scope to a donkey.

4. 1+ A
This final update ‘closes’ the interpretation of the utterance, re-
sulting in the interpretation in Figure 4.
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Udetq Unq Unpq Uvp

Uy Unpg

FIGURE 5 Adjunction of the ‘stored” component of every farmer.




7

The Processor as a Defeasible Reasoner
and the Notion of Ambiguity

In previous chapters we have seen that a number of disambiguation
processes including lexical access, anaphora resolution, and scope as-
signment are best formalized in terms of defeasible reasoning. In this
Chapter we are going to look at evidence that the other aspects of utter-
ance processing, including parsing and semantic composition, are best
viewed as cases of defeasible inference, as well. This suggests the hy-
pothesis that the processor as a whole is a defeasible reasoner. We will
see how this hypothesis leads to a new characterization of ambiguity.

7.1 Defaults in Parsing and Semantic Composition

In this section we argue that just like lexical access should be viewed as
a process of (prioritized) default inference, so should other aspects of
interpretation—in particular, parsing and semantic composition.

Parsing Operations

In Section §3.2 we did not specify how to interpret operators such as
Left Attachment; now that we have introduced Prioritized Default Logic,
we will propose that these operators can be seen (at an appropriately
abstract level) as PDL default inference rules, as well. This characteri-
zation is consistent with the fact that, whatever their interpretation as
a characterization of grammatical competence, from the point of view
of interpretation Left Attachment and other operators behave just like
defaults: they suggest hypotheses—e.g., that the VP raced past the barn
should be interpreted as constituting a sentence with the NP the horse
in the horse raced past the barn fell-that can be defeated by further evi-
dence with higher priority. And just as in the case of lexical entries, the
defaults encoding grammatical performance have priorities which are
used to resolve ambiguities. A possible PDL formalization of left attach-
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ment is shown below.

[| syn(u1) is [cat : A} , syn(us) is [cat : A},
2 [|ug is ug]

syn(us) is [cat : D} ,ug Qug, up < us]
LA

[u1 is us]

That parsing is a defeasible reasoning process is by now almost a
given in the parsing literature. To the extent that there is discussion, is
whether ‘defeasible’ in this case should mean “statistical” or “principle-
based’, with the balance now tipping more and more in favor of statisti-
cal paradigms, both in the computational literature (Bod, 1998; Collins,
1997; Finch, 1993; Hindle and Rooth, 1993; Jurafsky, 1996; Stolcke, 1994)
and in the psychological literature, where increasing evidence has been
found for frequency effects; in fact, (MacDonald et al., 1994) explicitly
propose to view parsing as an extension of lexical access.®!

Semantic Composition

Once all word utterances have been given a lexical interpretation and
the constituent structure in which they participate has been identified,
the two semantic composition rules discussed in Section §3.2 apply to
compositionally derive the meaning of phrasal utterances. In this sec-
tion, we would like to examine this process more closely, and ask our-
selves the question: what is the nature of these rules? Are they defeasi-
ble, like lexical rules and syntactic composition operators, or not?

Phenomena such as metonymy or ‘transfers of meaning’ Nunberg
(1978, 1995) suggest that semantic composition rules may also behave
like defaults. Nunberg (1995) identifies two types of metonymy: DE-
FERRED INDEXICAL REFERENCE and PREDICATE TRANSFER. These two
types of metonymy are illustrated by the two utterances in (7.59), to be
imagined uttered by a customer handing his key to an attendant at a
parking lot:
(7.59) a. Thisis parked out back.

b. Iam parked out back.

Deferred indexical reference is the case of metonymy in which an NP
refers indirectly; Nunberg argues that in (7.59a), this refers to the car
rather than to the key, as shown by the fact that in languages in which
objects may have different genders, the gender of the car, not of the key,
would used in this case. Predicate transfer, illustrated by (7.59b), is the

61Recent work on grammar inspired by Optimality Theory (Prince and Smolensky,
1993) can be interpreted as suggesting that interpreting grammatical rules as defaults
with priorities is also important for a theory of competence. See e.g., (Bard et al., 1996;
Keller, 1996).
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analogous case for predicates: Nunberg argues that in this example, am
parked out back is not interpreted as denoting the predicate that holds of
objects that are parked out back, but a predicate that applies to human
beings whose car is parked out back:

(7.60)  Ay(Vz[car-of(y) = z]—parked-out-back(x)).

Nunberg argues that predicate transfer is “...a phrasal phenomenon
that works in concert with the process of semantic composition” and
is subject to the same constraints; e.g., composition has to apply in a
certain order. This is shown by the fact that although predicate trans-
fer can apply in (7.61a) to get a ‘disease’ reading out of ‘virus’, and
although predicate transfer can apply after ‘virus” has been modified
so that (7.61a) can be interpreted as referring, for example, to ‘a widely
studied disease caused by a virus native to Peru’, that NP does not have
the reading in (7.61b), obtained by applying ‘Peruvian’ to the result of
applying ‘widely studied’ to ‘virus”:
(7.61) a. awidely studied Peruvian virus

b. ‘a disease endemic to Peru that is caused by a widely

studied virus’

Nunberg’s description of semantic composition makes it sound very
much like like a defeasible reasoning process:

...one way of dealing with [these cases] would be to per-
mit transfer to take place independently on any simple or
complex predicate or term, and then filter the output via
constraints charged with maintaining consistency ...

There are two possible strategies to account for Nunberg’s obser-
vations, both of which involve assuming that semantic composition is
a defeasible process. Perhaps the simplest strategy is to hypothesize
that there is more than one way of obtaining the meaning of an utter-
ance of type s from the meanings of its constituents of type np and
vp; rules such as those discussed in Section §3.2—e.g., applying the di-
rect meaning of the np to the direct meaning of the vp-are only one
way of doing this, that can be overridden by more specific strategies.
We could hypothesize that at least two defaults can apply to derive
the meaning of a node from the meanings of its constituents: a low-
priority one, BINARY-SEMANTIC-COMPOSITION, doing what the
semantic composition rule Binary Semantic Composition described in
Section §3.2 does; and a higher-priority one, PT-BIN-SEM-COMP, that
applies whenever there is a predicate transfer function g mapping ¢
into a predicate T (e.g., g could be the transfer function mapping pred-
icates like parked-out-back into predicates like (7.60)):
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ur <Qug Aug ug A
Uy ~» P(a,B) AUz~ Yo A
COMPLETE3(ug,ui,uz) A
dgglp)=T"

DUz~ T()

PT-BIN-SEM-COMP

ug ~» T(’L[))

An alternative formalization, perhaps closest to what Nunberg has in

mind, involves modifying our assumptions about the type of constituent
structure that gets constructed during interpretation. In Chapter 6 we

already saw reasons for looking at the hierarchical relations between

utterances as specifying what is called a ‘derivation tree’ in Montague

grammar, or LF in a generative framework. Nunberg’s suggestions could
be seen as yet another reason for looking at the structure of utterances

in this way. If we adopt this perspective, the rules allowing for the

derivation of ‘transferred’ meanings can be seen as rules allowing the

processor to make an additional and optional derivation step, provided

that it is consistent to do so. The (much simplified) derivation of the

conventional meaning of This is parked out back would then be as in

(7.62a), whereas the derivation of the conventional meaning of I am

parked out back would be as in (7.62b).

syn : [cat : s}

sem : parked-out-back(car-1)

RN

syn : |:cat : np:| syn : [cat : vp}
sem: car — 1 sem : parked-out-back
i} | . |
. . phon : “parkedoutback’’
(7 62) a syn: |cat : np
sem : key — 1 syn : [cat v

| sem : parked-out-back
phon : “This”
syn : {cat : pro}
sem : key — 1
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syn : [cat H

sem : Vx[car-of(speaker) = x]—parked-out-back(x)

b syn : |:cat : np} syn : [cat : vp}
sem : speaker sem : Ay(Vx[car-of(y) = x| —+parked-out-back(x))
| |
phon : “1”

syn : [cat : vp]

Syn : {cat : pro} sem : parked-out-back
sem : speaker |

phon : “parkedoutback’’
syn : [cat : iv}

sem : parked-out-back

We have no way of resolving the question of which of these two hy-
pothesis is correct for the moment, but this second hypothesis is more
closely related to what has been proposed by a number of recent ap-
proaches to scopal underspecification.

7.2 Extensions and Precisifications

We can now address a question that we have been avoiding until now:

how is the intuition that ambiguity has to do with ‘multiplicity of inter-
pretations’ captured by the theory presented here? Our answer (Poesio,
1995b) is that a theory of defeasible reasoning like Prioritized Default
Logic provides us with a notion of precisification®® to which is perfectly
adequate for our purposes: namely, the notion of extension. More pre-
cisely, we can define precisifications as follows. Let a be an expression

of the language, and let o' be its h-underspecified interpretation. (E.g.,

a could be Kermit croaked, whereas o would be [u|u:utter(a,”Kermit croaked”)).)
Let context C be the PDL theory (D,W). Then,

Definition 5 The PRECISIFICATIONS of o in C are the extensions of the PDL
theory (D,W U &').

We can then define ambiguity as follows:

Definition 6 Expression o is AMBIGUOUS WITH RESPECT TO CONTEXT
C, where C = {D,W), if (D,W; [u|u:utter(A,a)]) has more than one extension.

©2We refer to the disambiguations of an expression by using the term “precisification’
proposed by Pinkal (1995a).
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More specifically, semantic ambiguity has to do with differences in the
value of the function ~» :

Definition 7 Expression o is SEMANTICALLY AMBIGUOUS WITH RESPECT
TO CONTEXT C if it is ambiguous with respect to C, and if the extensions of
(D,W; [u|u-utter(A,a)]) include extensions E and E' such that E = u~» m,
E'Eu~ m, withm #m'.
In other words, by combining a theory of defeasible reasoning with the
properties discussed in this Chapter, with the theory of underspecifica-
tion introduced in the previous chapters, we get a theory of ambiguity
in which the notion of precisification is not used to define the seman-
tics of the logical language, unlike in most early theories of underspec-
ification (Alshawi and Crouch, 1992; Poesio, 1991, 1996a; Reyle, 1993).
In the theory presented here, the notion of underspecification is for-
malized using Compositional DRT —that is, a fairly traditional logical
theory. This account of underspecification and ambiguity has the ad-
vantage that it ties in easily with current work in semantics: we do not
need a new logic for characterizing ambiguous expressions.

Some may think that the approach has the drawback that we get
a context-dependent notion of ambiguity: in our theory, expressions
are always ambiguous in a relative sense, but with respect to a con-
text C (i.e., a specific default theory). By contrast, (semantic) ambi-
guity is traditionally defined in absolute terms. We believe however
that the precisifications-as-extensions theory has more intuitive appeal
than the precisifications-as-semantic-competence theory. For one thing,
it fits better with the observation that most people cannot explain what
a word means unless they are given some ‘context’—the rest of the
sentence in which the word occurs. In addition, we would argue that
the precisifications-as-extensions theory also gives us a simple expla-
nation of why linguists tend to find sentences more ambiguous than
non-linguists—their ‘context’ would always include more linguistic de-
faults.®

%3The idea that ambiguity may be context-dependent was also suggested by Pulman
(1994). See also (Fernando, 1995).
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Do Interpretations Remain
Underspecified? Evidence from
Corpora

Perhaps the most intriguing issue raised by some of the original work
especially on scopal underspecification was the possibility that the con-
ventional meaning of utterances may remain h-underspecified even af-
ter the language module has finished processing them. Given that in
most recent theories of underspecification the underspecified interpre-
tation of an utterance is a first-class logical object with a proper se-
mantics, it is possible to use this interpretation as the basis for some
types of inference even without achieving a complete disambiguation;
this makes complete disambiguation optional (and pragmatically con-
trolled), rather than mandatory. This idea was a radical departure from
the traditional assumptions of mainstream semantic theory.

One could also hypothesize ‘mixed” degrees of disambiguation for
different phenomena. For example, one of the central claims of Con-
strual Theory (Frazier and Clifton, 1997) is that certain aspects of syn-
tactic interpretation are completely determined, whereas others (such
as adjunct attachment) are left underspecified. In a similar fashion, one
may ask whether the interpretation of an utterance containing a pro-
noun such as ke left in a context in which no suitable antecedent is avail-
able, or in cases like those discussed by Garrod and Sanford, remains
h-underspecified, or if instead in that context humans produce a weak
interpretation such as ‘there is a human individual that left’.

Ultimately, this question can only be resolved by psycholinguistic
research; but at the light of the work on underspecification of the past
few years it is already possible to attempt some preliminary conclu-
sions. Throughout this paper we have discussed, for the most part, ev-
idence that an utterance’s conventional meaning is either immediately
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identified, or identified by the end of the sentence; and this conven-
tional meaning is generally of the type assumed in conventional seman-
tic theory. Indeed, these are the only possibilities according to Frazier
and Rayner’s IPTH. The exception to this are the results reported by Gar-
rod and Sanford; in those cases, it does seem like certain expressions
are left uninterpreted. In the case of scope, the evidence is less clear:
we know from examples like (2.10b) that we can have scopal garden
paths, and the experiments of Kurtzman and MacDonald indicate that
subjects do have preferences (Kurtzman and MacDonald, 1993; Poesio,
1994b), but it’s not clear how more complex sentences with more than
two quantifiers, like (2.8), are interpreted.

In this Chapter we want to look at this question by using a different
type of evidence. Over the past few years we have been uncovering in
the corpora we have been studying evidence that certain expressions
may not have a ‘unique’ disambiguation in the given text, and that
subjects may be satisfied with a partial resolution. One example are
dialogues like the following (dialogue d91-3.1 from the TRAINS corpus
at the University of Rochester):

(8.63) 3.1 M can we .. kindly hook up
3.2 : uh
3.3 : engine E2 to the boxcar at .. Elmra
4.1 S: ok
5.1 M +and+ send it to Corning
5.2 : as soon as possible please
6.1 S: okay
[ 2sec]
7.1 M do let me know when it gets there
8.1 S: okay it'Il /
8.2 : it should get there at 2 AM
9.1 M great
9.2 : uh can you give the
9.3 manager at Corning instructions that
9.4 as soon as it arrives
9.5 it should be filled with oranges
10.1 S: okay
10.2 : then we can get that filled

In this example, it’s not clear whether the pronoun it in 5.1 refers to
engine E2 or to the boxcar at Elmira, or if indeed that matters; it’s only at
utterance 9.5 that we get evidence that it probably referred to the boxcar
at Elmira, since it is only boxcars that can be filled with oranges.

Other cases of apparently ambiguous references include certain ref-
erences to surface areas discussed in (Poesio and Vieira, 1998) and ref-
erences to abstract objects such as plans discussed in (Poesio, 1994b). In
trying to understand what happens in these cases, we have to address
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two questions: why the writer / speaker can afford leaving the interpre-
tation partially open (is he/she simply being sloppy?), and what does
the reader/ listener do. We briefly discuss a few other cases; more ev-
idence, and our preliminary hypotheses, are discussed in (Poesio and
Reyle, 1999).

Mereology Cases

‘Sloppy’ references such as the pronoun in (8.63) are fairly common
in the TRAINS dialogues: here are two additional examples (from d91-
2.2 and d91-2.1, respectively).®* In (8.64), the question is whether the
pronoun it in 44.5 refers to the engine from Avon or the boxcar.

(8.64) 42.1 s if we took the engine from Avon
43.1 M +t o Bat h+ apparently
44,1 S: if we took it to Bath
44.2 : that would take 8 hours
44.3 the same anount
44. 4 to get the boxcar and cone back
44.5 if we took it to Dansville
44.6 take 6 hours to
44.7 : get the boxcar and cone back
(8.65) 18.1 S um
18.2 : y / you could take engine El
18.3 and get
18.4 a boxcar fromBath to Corning in 6 hours
18.5 or you could take engine E2 or .. E3
18.6 and get a boxcar to Corning
18.7 : in 2 hours
[ 4sec]
19.1 M okay
19.2 : so why don’t we do that
19.3 take one of the engines fromE nmra
19. 4 and the boxcar
19.5 : and take it to Corning
20.1 S: +okay+
20.2 : so we'll say E2
20.3 and the boxcar
4

take it to Corning

In the TRAINS corpus we also find a second pattern, illustrated by (8.66),
in which the pronoun that in 27.4 may refer either to the orange juice or
to the tanker car in which the orange juice has been loaded:

(8.66) 26.1 S okay
27.1 M so then we'll

64The same person plays the system’s role in all dialogues; 8 different subjects play the
manager role, and each of them is involved in two dialogues. The first part of code of
the dialogue says which speaker was involved; the second which dialogue it was - for
example, d91-1.1 is the first dialogue for speaker 1, d91-1.2 is the second dialogue for
speaker 1, d91-2.1 is the first dialogue for speaker 2, etc.
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27.2 : ... we'll be in a position to
27.3 : load the orange juice into the tanker car
27.4 : ... and send that off

Intuitively, both in situations involving attaching two objects together
and in situations involving loading objects into other objects, the two
available interpretations of the pronoun are equivalent as far as the plan
is concerned: if one object gets moved, the other one must be moved as
well, because they are part of the same mereological structure. We will
write X ~ Y to indicate that X is equivalent to Y for the purpose of the
plan: e.g., in the case of (8.63), we will write e ~ b to say that from the
point of view of the plan, the interpretation of it in which it refers to
engine E2 and that in which it refers to the boxcar are equivalent. We
will use Link’s notation e @ b to indicate the object that has e and b as
subparts, and e < t to say that e is a mereological part of ¢.

What's interesting about these examples is that in all of them the
speaker is taking a risk, yet the listener does not signal a problem in un-
derstanding. One question to be asked, then, is whether the speaker is
simply being sloppy, or he/she has done what Hobbs (1985) would call
‘collapsing a complex theory in one of coarser granularity’—i.e., he/she
is aware that there are two possible interpretations, but is also aware
that the two interpretations are equivalent. This question is unfortu-
nately difficult to answer. A second question, and one perhaps more
amenable to empirical testing, is why isn’t the listener complaining.
The space of possible answers is as follows:

1. The listener doesn’t even attempt to interpret the pronoun, and
keeps for it an h-underspecified interpretation. This hypothesis
would be perhaps more plausible in the case of non-task-oriented
dialogues; less so in the case of task-oriented dialogues. Further-
more, the psychological evidence about anaphora discussed in
Chapter 2 suggests that listeners do interpret pronouns when the
entity they refer to is in focus (as is the case in all examples here).®

2. The listener does attempt to interpret the pronoun. Again, there
are two possibilities:

(a) The listener realizes that there are two possible interpreta-
tions.
In this case, there are three more possibilities:

%Perhaps one could argue that at this point in the conversation the listener (usually
S) is simply constructing a very rough plan, without really trying to interpret everything
that the speaker says; this is left for later. This hypothesis is, however, hard to distinguish
from Hypothesis 2.a.
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i. The listener realizes that the two objects are part of a

same mereological structure ¢; so it builds a (p-underspecified)

interpretation where the pronoun is assigned a discourse
entity z as interpretation, with the constraints that
z<(e®b), ATOM(z).

ii. The listener performs a shift in granularity, building a
new interpretation in which e and b are treated as the
same object.

iii. The listener interprets the pronoun as referring to the
mereological structure itself, (e & b).

iv. The listener chooses one of the two interpretations, whether

or not he/she realizes that they are equivalent (he/she
may also be taking a risky strategy and ‘hope for the
best’).

(b) The listener only finds one possible interpretation for the

pronoun, either e or b; no communication problem ensues,
since the two interpretations are equivalent.

It’s clear that the corpus does not give us enough information to choose
among the hypotheses; it’s also possible that different listeners adopt

differentstrategies. A few controlled psychological experiments are needed

to resolve this question.

References to spatial areas

In a recent empirical study of the interpretation of definite descriptions
(Poesio and Vieira, 1998) it was reported that human subjects do not
agree on the interpretation of definite descriptions such as the area in
the following example:

(8.67)

About 160 workers at a factory that made paper for the Kent fil-
ters were exposed to asbestos in the 1950s. Areas of the factory were
particularly dusty where the crocidolite was used. Workers dumped
large burlap sacks of the imported material into a huge bin, poured
in cotton and acetate fibers and mechanically mixed the dry fibers
in a process used to make filters. Workers described “clouds of blue
dust” that hung over parts of the factory, even though exhaust fans
ventilated the areq.

Three subjects were asked to indicate the antecedent of this description
in the text. One subject indicated parts of the factory as the antecedent;
another indicated the factory; and the third indicated areas of the factory.

In this example, again, we have an underlying mereological struc-
ture: both parts of the factory and areas of the factory are obviously in-
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cluded in the total area of the factory. However, unlike the cases dis-
cussed above, there is no obvious equivalence between the three dif-
ferent interpretations. Also, this is the case in which one can make the
clearest argument that the object referred to - the area - is not the “topic’
of the text; to the extent that one can say that there is a topic in this text,
it is most likely the factory. So, this is perhaps the example in which it is
most likely that Garrod and Sanford’s finding applies —i.e., the reader
did not even attempt to construct an interpretation for the anaphoric
expression.



9

Related Research

9.1 Other Approaches to Semantic Underspecification

“Underspecified logical forms” were proposed early on in computational
linguistics as a way of separating the task of grammar from that of
the pragmatic component (Woods et al., 1972; Schubert and Pelletier,
1982; Moore, 1981). However, these early proposals were not concerned
with providing a real semantics for these interpretations, i.e., to specify
which information the language processor had after producing these
interpretations; nor with the mechanics of the disambiguation process,
typically formulated in terms of heuristics (e.g., for scope, (Hurum,
1988; Moran, 1988)) and with little input from psychological research
(admittedly, there wasn’t much available at the time).

The first to formulate a theory of disambiguation in terms of in-
ferences over underspecified interpretations with a proper semantics
was Hobbs (Hobbs, 1982, 1983; Hobbs et al., 1993). Hobbs characterized
initial interpretations in terms of a very flat first-order logical repre-
sentation (e.g., Kermit croaked would be represented as in (9.68)) and
formalized disambiguation as a process of abductive inference.®

(9.68)  Jwl, w2 Kermit(wl)A croaked(w2)

Both the characterization of interpretations and the theory of disam-
biguation presented here have been influenced by Hobbs” proposals,
which, however, has many problematic features. The main problem
perhaps is that Hobbs proposes for most phenomena analyses which
are radically different from those adopted in traditional semantic the-
ory. Part of the reason for this is to avoid committing early on to a given
interpretation; we hope to have showed that this goal can be achieved

% Recently, ‘flat’ logical representations have also been adopted in VERBMOBIL (Bos
et al., 1994) and other projects involved in robust interpretation of dialogues.
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while maintaining more traditional analyses.®”

9.2 Incrementality in Semantic Processing

Incremental theories of semantic processing have been proposed, among
others, in (Haddock, 1988; Pereira and Pollack, 1991; Shieber and John-
son, 1993; Milward and Sturt, 1995). Shieber and Johnson (1993) pro-
pose a model of interpretation which is mainly concerned with account-
ing for incrementality effects on parsing, rather than for evidence about
underspecification and about processes such as lexical disambiguation
or pronoun resolution. Their model of parsing is also based on TAGs,
like Sturt and Crocker’s, but they tie syntactic information with seman-
tic information in so-called ASYNCHRONOUS TAGS, except that the se-
mantic components of asynchronous tags are much more ‘representa-
tional” in nature than the semantic representation proposed here-i.e.,
these semantic interpretations are objects that can be manipulated by
means of operations very similar to those that operate on syntactic rep-
resentations.®®

Jurafsky (1996) proposes a model of disambiguation motivated by
much the same considerations as the model presented here, except for
the data about underspecification, but that again concentrates on syn-
tactic rather than semantic disambiguation. One of the main points of
Jurafsky’s paper is to argue for a probabilistic model of disambiguation.
Although our model is not cast in probabilistic terms, we believe that
our account of the evidence which is relevant to both papers is largely
compatible with his.

9.3 Lexical Access

Other accounts of lexical access based on underspecified interpretations
include the proposal made in PHLIQA1 (Bronneberg et al., 1979), Hobbs’
proposal (Hobbs and Martin, 1987), and Hirst’s “Polaroid-words” tech-
nique Hirst (1987). All of these accounts can be viewed as using p-
underspecified representations for both homonyms and polysemous
words. In PHLIQA1 and in Hobbs’s theory of lexical disambiguation,
an ambiguous predicate is assigned as the initial interpretation of both
homonyms and polysemous words; Hirst’s account is more complex
in that it includes an element of ‘lazy evaluation’, but again, only a

67 A second reason is Hobbs’ desire to preserve a first-order representation; all we can
say is that at the moment it is not at all clear that a first-order representation is enough
to capture all the complexities of natural language semantics. See, however, (Hwang and
Schubert, 1993).

%8See also the discussion in Chapter 5 about Kamp and Reyle’s proposals about under-
specified anaphoric expressions.
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single hypothesis is generated, rather than generating multiple ones
and then filtering them right away as proposed here. More recently,
Copestake and Briscoe (1995) argued for a distinction in the lexicon be-
tween homonyms and polysemous words, and proposed an account
of how polysemous words are disambiguated. Copestake and Briscoe
draw a distinction between two types of polysemous words: the cases
of CONSTRUCTIONAL POLYSEMY, such as fast (that has different inter-
pretations in fast car and fast typist); and the cases of SENSE EXTENSION—
e.g., words like apple that have both a mass and a count reading. Two
rather different mechanisms are proposed to explain how the senses
of these two types of polysemous words are identified. In the case of
constructional polysemy, it is proposed that the initial interpretation is
p-underspecified; the resolution process they propose is also compati-
ble with what has been proposed here, at least as far as the rather ab-
stract properties of the disambiguation process we are considering here
are concerned (Copestake and Briscoe assume a more complex theory
of the lexicon, as well as a different theory of defeasible reasoning). In
the cases of sense extension, Copestake and Briscoe propose that lexical
rules are used to generate what essentially amounts to new lexical en-
tries for these words; from the point of view adopted here the process
by which these cases of polysemy is resolved has therefore similarities
to the cases of homonymy we have been considering (except that the
separate lexical entries are related in a systematic fashion). And indeed,
Copestake and Briscoe claim that these words, as well, can be used for
zeugmatic effects as in (2.10a). We don’t know if this similarity has been
tested in psychological experiments.



10

Summary And Open Problems

10.1 A Summary

If nothing else, we hope we have convinced our readers of three main
points. The first is that any explanation for humans’ ability to process
utterances without apparent effort is likely to involve a complex inter-
action between incrementality and underspecification. The second is
that, at least at the fairly abstract level of detail considered here, there
are strong similarities between all modules of the processor. And fi-
nally, and perhaps most importantly, that theories of semantic process-
ing in humans should be carefully motivated in terms of empirical evi-
dence, even though there is still a gap between the kind of hypotheses
computational semanticists would like to test and the kind of hypothe-
ses that can be tested with current psychological methods.

Coming to more specific contributions, the first contribution of this
paper is to show that ideas about interpretation developed in work on
syntactic underspecification generalize to a model in which the pro-
cessor may also entertain semantically underspecified interpretations,
while processing the input incrementally and generating hypotheses in
parallel. The notion of interpretation we developed is centered around
the idea, shared with sign-based theories, that the interpretations con-
structed by the processor include the information that there are one or
more ‘language objects’ that have to be processed —which, in our case,
are utterances, a generalization of the notion of sign. Adopting this
view of interpretation allowed us to explain how semantic interpreta-
tion can proceed incrementally while preserving compositional mean-
ing construction, and to develop a theory of semantic underspecifica-
tion that does not require a specialized logical formalism. We also at-
tempted to clarify previous discussions among computational semanti-
cists by drawing a distinction between two senses in which an interpre-
tation can be underspecified: h-underspecification (the case in which
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the value of one of the attributes of an utterance is not specified by the
interpretation) and p-underspecification (the case in which a value for
that attribute is provisionally adopted, to be further refined by prag-
matic reasoning after the interpretation of the whole utterance is com-
pleted).

Secondly, we proposed a very general characterization of disam-
biguation as a process of inference in Prioritized Default Logic. This
part of the proposal is needed to provide a formal characterization of
the notions of parallel hypothesis generation, of pruning, and of the
situations in which the language processor still maintains multiple hy-
potheses even after preliminary pruning. We also claimed that a theory
of defeasible reasoning with priorities (whether statistical or nonmono-
tonic) is not just necessary to provide an account of disambiguation; it’s
a crucial ingredient of a theory of ambiguity.

We used our theory to give a formal account of the currently avail-
able evidence about semantic underspecification, which includes the
results about lexical access by Frazier and Rayner (1990), and the re-
sults on pronoun interpretation by Corbett and Chang (1983); Gerns-
bacher (1989); Garrod and Sanford (1994). Our account of pronoun res-
olution involved the claim that the lexical meaning of pronouns is h-
underspecified, and a formalization of centering theory which is also
novel and is in accord with the formal intuitions that stood behind the
original formulation of the theory (Grosz et al., 1995). Finally, we pro-
posed a preliminary account of some evidence about scoping, and stud-
ied corpus-based evidence suggesting that in some cases, the semantic
interpretation of an utterance may not be completely determined.

One of the conclusions that can be drawn from this work is that even
Frazier and Rayner’s IPIH is still too strong. The processor can maintain
multiple interpretations in parallel at least until the end of the sentence;
and if our account of Garrod and Sanford’s results is correct, there may
be utterances whose conventional meaning remains h-underspecified.

10.2 Open Problems

We think that an equally important contribution of this paper is our
attempt to provide a systematic survey of currently available evidence
on semantic underspecification, and to indicate where more evidence
is needed. In particular, we mentioned that psychological research is
needed both to get more information on scope assignment and to de-
termine the form of the final interpretations in the cases in which there
doesn’t seem to be a preferred disambiguation of an utterance, dis-
cussed in Chapter 8.
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Concerning the technical aspects of the proposal, perhaps the most
urgent need is to find a way to connect theories of semantic disam-
biguation based on semantic theories motivated by linguistic evidence,
such as the one presented here, with theories of semantic disambigua-
tion based on considerations about learning, such as, for example, (Schiitze,
1997). This may be less difficult than some people believe: contrary to
common belief, logic formalisms are not inherently tied to symbolic as-
sumptions (see, e.g., (Pinkal, 1995a) for how to build a logic formal-
ism without assuming a fixed denotation for the logical constants); only
‘representational’ formalisms are. Nevertheless, doing this will be a ma-
jor undertaking. We also need better theories of the dynamic re-ranking
of priorities during interpretation, to account for the results about lexi-
cal disambiguation and pronoun resolution reported in (Simpson, 1994;
Garrod and Sanford, 1994).

Finally, we mentioned in Chapter 4 that the theory as presently for-
mulated cannot really make any claims about the cost of obtaining a
particular interpretation. Recently, there has been some interest in mo-
tivating interpretive choices on the basis of their cost, and a few for-
malisms have been proposed that reduce the complexity of semantic
interpretation by developing a special-purpose logic (‘glue language”)
(Dalrymple, 1999), but it’s not clear yet how some of the semantic in-
terpretation tasks discussed in this monograph could be formulated in
terms of such formalisms.®

09See, however, (Crouch and van Genabith, 1999).



Appendix A: Compositional DRT

A.1: Basic Ideas

Compositional DRT (Muskens, 1995b, 1994) merges the familiar tech-
nical tools from Intensional Logic with technical ideas from Discourse
Representation Theory (DRT) (Kamp and Reyle, 1993), including DRT’s
treatment of events (that we uses to assign an interpretation to the ex-
pressions describing utterances) and DRTs’ treatment of context change
and anaphora.”®

We recall that the fundamental idea of dynamic theories is that sen-
tences are seen as transitions among STATES: that is, a sentence like (69)

(69) A man left

is thought of as specifying a transition from initial states in which no
DISCOURSE ENTITY for ‘a man’ is available to ones in which it is and
in which, furthermore, this discourse entity (let’s call it x) satisfies the
conditions imposed by the sentence (i.e., that x is a man and that it
left). The sentence that follows (69) in a discourse will, in turn, specify
a transition from any state which results from the transition specified
by (69) to new states in which additional conditions are imposed on x
and new discourse entities may be introduced.

In DRT, states are represented by Discourse Representation Struc-
tures (DRS), and the state change resulting from a sentence is specified
by means of algorithms that modify an existing DRS by adding new
discourse entities and / or conditions. Compositional DRT is based on
the rather different view of dynamics adopted in (Heim, 1982; Barwise,
1987; Rooth, 1987; Groenendijk and Stokhof, 1991), according to which

70The theory of grammar that we propose can be seen as a generalization of dynamic
theories such as DRT, in that natural language expressions specify context updates; our
characterization of the results of interpreting anaphoric expressions is also based on DRT’s
treatment.
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states are similar to variable assignments, and sentences are viewed as
relations among states. In Compositional DRT, DRSs are expressions that
encode state changes; sentences are translated into DRSs, and the mean-
ing of a text is obtained by ‘concatenating’ the DRSs associated with its
constituent sentences, which allows for a compositional procedure of
meaning construction. In symbols, and using Muskens’ linear notation
for DRSs according to which DRSs are represented by expressions of the
form

[ug, ..., un | @1, - -, ©m]

the interpretation of (69) as a relation between assignments can be spec-
ified in semi-formal terms as in (70).

(70) [[x|man(x),left(x)] | = {(ij) | i and j are states, j differs from i at
most over x, and the values assigned by j to x satisfy [man(x)],

[left(x)]}

In (70), the denotation of a DRS is specified as a relation between states,
i.e., a set of pairs (i,j) of states. The interpretation of a discourse is con-
structed by concatenating the interpretations of each sentence by means
of the concatenation relation among DRss *;". If K and K’ are DRss, KK’
specifies a transition from a set of initial states to a new set of states that
satisfy both the constraints imposed by K and those imposed by K'.

The central idea of Compositional DRT is to define the main expres-
sions of DRT, such as DRSs, as expressions in type theory. This is done
by adding to the primitive types e (‘entities’) and ¢ (‘truth values’) of In-
tensional Logic, the two primitive types s—the type of STATES-and 7.—
the type of DISCOURSE ENTITIES (of type e).”!

Constants of type . are used to represents discourse entities, as fol-
lows. In order to allow these constants to occur as arguments of predi-
cates, a constant V., of type (7.,(s,e)) is introduced, denoting a function
from discourse entities and states to entities; this function specifies the
object associated with discourse entity d at state i. In this way, we can
write expressions such as man(V(x,j)), meaning that the value of dis-
course entity x at state j is a man. (In fact, in what follows instead of
writing V(x,j) every time, we will simply write the discourse entity as
an argument of the predicate, as done by Muskens: e.g., we will write
man(x) instead of man(V(x,j)).) A second constant ST, of type (m,,t) is
also defined; ST, (x) is true iff x is a constant of type 7..

State changes are specified by means of an ‘update relation” i[u]j,
which holds between states i and j if j differs from i at most over the

71 As we will see shortly, in Compositional DRT there are other types of discourse enti-
ties besides 7re.
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value assigned to discourse entity u of type 74:

e i[u]j is short for (i) Vv (STa(v)A u # v) = (Va(v,i) = Va(v,)))
and (ii) the conjunction of all Yv.,STs(v) = (Vs(v,1) = Vs(v,)))
for all 3 € ©® — {a}, where O is the set of types of objects which
can be values for discourse entities (to be specified below).

e i[]j is short for Vv V,(v,7) = V4 (v,]) for o € ©.

The definition of i[u]j can be generalized to an arbitrary number of dis-
course entities by defining i[u1, . .., u,] by induction as an abbreviation
of the formula 3k (i[ui]kA klua, . .., unlj)-

The type-theoretic interpretation of the constructs of DRT is specified
as follows: let K and K’ be DRSs, i and j variables ranging over states,
and ¢1,...,om expressions of type (s,t). Then DRT’s simple and complex
conditions (Kamp and Reyle, 1993), as well as the concatenation of DRSs
K;K’, are defined as follows:

R{r1,..., T} is short for ~ AiR(71)...(7Tn)
T1 18 72 Ai(11) = (72)
not(K) A =35K(0) ()

(71) KorK’ MIFK (3)(G)VK'(3)(5)
K=K VG K (1)(5) = KK (5) (k)
[ui, ..., un | @1, ..., Pm] Aio Aj.oifug, .., unlf A @1(), ..
K; K Xi. Aj. FEK () (k)A K' (k) (5)

where the expressions on the left-hand side are expressions of the DRT
language together with concatenation K;K’, and those on the right-hand
side are expressions of the standard type-theoretical language defined
below. Conditions are defined as functions from states to truth values;
DRSs as functions from pairs of states onto truth values. A DRs K with
discourse entities u; .. . u, and conditions ¢1 ..., is true at state i iff
there is a state j such that (i)j) is in the denotation of K, i.e., such that j
agrees with i over all discourse entities other than u; ...u,, and all of
¢y hold at j. For example, if we ignore tense, the DRS representation of
A man left in (72b) is interpreted as in (72c).
(72) a. A man left

b. [x| man(x), left(x)]

c.  AiAj[i[z]jA man(V(x,))A left(V(x,j))]

The Unselective Binding Lemma asserts that these definitions yield the
right semantics for DRSs (e.g., they assign existential force to a DRS like
(72b)); his Merging Lemma ensures that the DRS for a discourse can be
composed piecemeal from the DRSs of single sentences and *;’.

The concepts introduced so far are sufficient to reformulate the treat-
ment of (singular) nominal anaphora of Kamp and Reyle (1993); addi-
tional machinery is introduced in Compositional DRT to reproduce the

cr (Pm(])
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treatment of tense and event anaphora. The treatment of tense adopted
in Muskens (1995b) is Davidsonian (Davidson, 1967), in the sense that
each predicate (both nominal and verbal) is assumed to have an addi-
tional argument for the EVENTUALITY of that state or event. Eventual-
ities, as well as temporal intervals, are treated as first-class objects: in
addition to the types e, t, s and 7 discussed so far, there are in Com-
positional DRT a type € for events and a type 7 for temporal intervals.
Periods of time are viewed as segments of a Euclidean straight line;
eventualities are allowed to branch in the future. Each eventuality is
associated with a period at which it takes place. (The axioms for even-
tualities and time intervals are given below.)

As in (Kamp and Reyle, 1993), it is assumed that temporal expres-
sions introduce new discourse entities. For example, A man left intro-
duces into discourse an event of a man leaving, which can subsequently
be referred to (as in, e.g., that happened at 5pm). In DRT notation, this sen-
tence is translated as (73b), where S is a discourse entity denoting the
speech time; this expression is equivalent to (73c) in type-theoretical
terms.”2
(73) a. A manleft

b. [xe1]| man(x), left(x,e1), e1 < S]
c.  AiNji[x,e1]iA man(x)A left(x,e1)A e < S

In what follows, we will use the expression e:p(Z) as a shorthand for
what Muskens would write as p(Z, €), in accord with the DRT notation
used in (Kamp and Reyle, 1993): e.g., we will write ¢; :1eft(x) instead of
left(x,eq).

The discourse entities holding values of type eventuality and time
interval are handled in the same way as discourse entities holding val-
ues of type e: they are represented as constants of types n, and =,
whose values at a given state are specified by constants V, and V.,
of type (m,(s,€)) and (m,,(s, 7)), respectively. Overall, the set © of types
that can be assigned as values of discourse entities in (Muskens, 1995b)
is © = {e,e,7,w}, where w is the type of worlds (i.e., Intensional Logic’s

typess).
A.2 More Details

In this section we give more details about Compositional DRT; in par-
ticular, about its axiomatization. This latter is important for the formal-
ization of the disambiguation process in Chapter 4, but can be skipped

72We have simplified matters considerably with respect to Muskens’ treatment in
Muskens (1995b); in particular, we have ignored the issue of the referentiality of times
and reference time shifting.
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by those readers not interested in the details of the formalization of rea-
soning we are using.
The set of types of Compositional DRT is the minimal set such that

1. ¢, t, 5, ¢ 7, w (for worlds), 7, 7, 7 and 7, are types;
2. if ¢ and 3 are types, then so is (,3).

For each type an infinite set of variables and constants of that type is
assumed. The ‘basic terms’ of the language are defined in the standard
way, as follows:

1. Every constant or variable of any type is a term of that type;

2. If p and 9 are terms of type t (FORMULAE), then (—) and (pA 1)
are formulae;

3. If ¢ is a formula and x is a variable of any type, then (V x ¢) is a
formula;

4. If A is a term of type (,3) and B is a term of type «, then (A B) is
a term of type 3;

5. If A is a term of type 3 and x is a variable of type a, then A x. A is
a term of type (a,(0);

6. If A and B are terms of type a, then (A = B) is a formula.

The set of non-logical constants includes:

1. the constants V. of type (m.,(s,e)), V. of type (rm(,(s,€}), V of type
(77 ,(s,7)), and V,, of type {my,(sw));

2. the constants ST,, ST,, ST, and ST,,, defined as above;

3. the constant < of type (7,{7,f)) (see below);

4. the constant 9 of type (e, 7) (see below).

To these expressions we add the expressions of the DRT language, de-
fined as in (71). The semantics of these expressions is defined in the
usual fashion; most interesting constraints on the model are imposed
by means of the axioms below.

One of the essential properties of Compositional DRT for our pur-
poses is that it has a sound and complete proof theory; this is a nec-
essary prerequisite for the formulation of reasoning with underspeci-
fied interpretations that we presented. Sound and complete axiomati-
zations for type theory (with respect to generalized models) are given
by Henkin (1950) and Andrews (1986); the formulation we give below is
Carpenter’s formulation of Andrews” axioms (Carpenter, 1998). These
basic axioms consist of all the instances of the following schemas:

BA1 P(true)\ P(false) = VeP(x)
BA2 (z=y) = (P(z) = P(y))
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BA3 (z =y) =Vz(z(2) = y(2))
BA4 (\z.a)(B) = a[z — (] [B free for z in a]
BA5 1(eqInd(y)) =y

The first axiom states that there are only two truth values. The sec-
ond, that if two objects are equal, then the result of applying a boolean
function to both of them is the same. The third, that the identity con-
dition for functions is extensional. BA4 is §-reduction (both 7- and a-
reduction are a consequence of the axioms). The fifth axiom states that
the property of being equal to an object (eqInd) denotes a single object,
which is that object.

In addition, in Compositional DRT states and discourse entities must
satisfy the following three axioms:

AX1 ViVuo V24 ST (v)—35(i[v]jA Va(v,j) = z) fora € ©

AX2 ST, (vq) for each discourse entity v, of type mq, for a € ©;

AX3 uy#uy for each two different discourse entities of type ,, where
y=e,ToOre.

Time intervals are ordered by a relation of complete temporal prece-
dence <. Four further relations —temporal inclusion C, temporal over-
lap O, ‘immediate precedence’ <, and “partial precedence’ <<-are de-
fined as follows:

t1 C to abbreviates Vi(te <t = t; < )AVE(E <ty =t < t1)
t1 0ty abbreviates 3t(t C t1At C t)

t1 << to abbreviates Vt(ty <t — t; < t)

t1 <ty abbreviates t; < taA —dtszt; < t3 < to

The following five axioms on time intervals state that temporal prece-
dence is a strict partial order; that given any two period either they
overlap or one of the two precedes the other; and that temporal inclu-
sion C is antisymmetric.

AX4 Vit <t

AX5 Vt1t2t3((t1 < toNty < t3)—>t1 < t3

AX6 Vt1t2t3(t1 < taVt10ta Vit < tl)

AX7 Vt1t2t3((t1 CtaNty C tl)—>t1 =ty

AX8 VitiTtot; < taA VigTtats <ty

Each eventuality e is associated with a unique time interval ¥(e). Be-
cause of this association it is possible to define relations among even-
tualities that reflect those among events: e.g., it is possible to state that
e1 < ey iff the two events are part of the same world and ¥(e1) < ¥(e2).
In addition, Muskens imposes the following axioms on events:
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AX9 Vedwe in w
AX10 Vejes(e; << e2 = Yw(ez inw — e1 in w))
AX11 VtVwIee at tA e in w”?

3¢ at t is an abbreviation for 9(e) = t.
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