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Abstiract

We present a svstem for the incremental interpretation of natural-language utterances
in contex!t. The main goal of the work is to account for the influences of context on inter-
pretation, while preserving compositionality to the extent possible. To achieve this goal.,
we introduce a representational device, conditional interpretations, and a rule system for
constructing them. Conditional interpretations represent the potential contributions of
phrases to the interpretation of an utterance. The rules specify how phrase interpretations
are combined and how they are elaborated with respect to context. The control structure
defined by the rules determines the points in the interpretation process at which sufficient
information becomes available to carry out specific inferential interpretation steps, such as
determining the plausibility of particular referential connections or modifier attachments.
We have implemented these ideas in Candide, a system for interaclive aequisition of proce-

dural knowledge.
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1 Introduction

The interpretation of natural-language utterances in context is riddled with representational
and computational difficulties. One way to organize the interpretation process is to adop! a
“divide and conquer” approach, in which the interpretation of an ntterance is systematically
determined {rom the interpretation of its parts, whose interpretations are, in turn, deter-
mined from the interpretations of their parts. This paper presents just such an approach,

which we call incremental interpreletion.

Clearly, the ultimate contribution of a phrase to the interpretation of an utterance
containing it is not determined by the phrase alone. Instead, its contribution will depend,
in general. upon its linguistic context, that is, the svntactic refation between the phrase
and the rest of the utterance; its discourse context, the relation between the utterance and
the discourse embedding it: and its world context, Lhe relation between the entire discourse,
its parts, and the facts of the world. Therefore. incremental interpretation raises three

interconnecied problems:

Analysis: What is the informational content of a phrase in isolation?

Representation: How can one represent that content so that it can interact in the neces-

sary ways with the phrase’s linguistic, discourse, and world contexts?

Control: At what points in the interpretation process is the content of a phrase combined
with different kinds of contextual information to develop the ultimate contribution of

the phrasc to the interpretation?

A minnnalist answer to the above questions is the compositional approach to interpreta-
tion, arising from the philosophy of Ianguage [29, 25] and widely explored in linguistic [11. 7]
and in computational settings [38, 37]. Compositional interpretation assigns to each phrase
a denolation, a set theoretic object characterizing the contribution of the phrase to the
truth conditions of sentences containing it, and makes the denotation of a complex phrase

a function of the denotations of its immediate constituents. With this analysis and repre-
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sentation of plirase interpretations, control becomes simply the application of appropriate

functions following directly the structural decomposition of a sentence into phrases.

Compositional interpretation is extremelyv attractive for its simplicity, mathematical
grounding, and power. However, to accommodate the contextual influences on phrase in-
terpretation, compositional denotations must become very complex. This is true even when
only the effects of linguistic context are considered. For example, Cooper provides a com-
positional treatment of quantified noun phrases {7]. The scopes of quantifiers arising in
noun-phrase interpretation cannot be determined until the noun phrases are incorporated
into larger phrases. Therefore, the denotations used in Cooper’s system must directly en-
code the combination possibilities of the quantifiers that arise during the interpretation of
quantified noun phrases. The resulting denotations are not only awkward, but they lack the
logical status originally intended for comnpositional deuotations. Furthermore, it is difficult
to see how this approach can be extended to deal with contextual interactions of a more

open-ended nature, for example, the interactions between quantification and reference.

Cooper’s work, as well as the earlier, but quite similar, computational treatment of
quantifier scoping due to Woods [45), relies on the important observation that a quantified
phrase provides two distinct contributions to the interpretation of a sentence: a matrix,
which combines comipositionally with the rest of the sentence, and 2 quantifier store, which
encodes the scoping potential of the quantifiers in the phrase. Our work can be seen as
an extension and application of this insight to a wider range of interpretation questions,
including those that involve referring expressions, anaphora, ambiguous attachments, and

ambiguous modifyving expressions.

In our interpretation sysiem. the contribution of a phrase is represented by a conditivnal
tnlerpretation, which has two parts: a sense, which participates compositionally in the in-
terpretation of larger phrases, and a set of assumptions, which represent constraints on how
the sense may be further connected to its context. Incremental interpretation involves two
interleaved processes: building conditional interpretations for phrases, and elaborating con-

ditional interpretations with respect to context by discharying interpretation assumptions.
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It is important to distinguish two different aspects of incremental interpretation. The
combinalorial aspect, which is our main concern in this work, makes explicit the inter-
pretation alternatives that arise from the jnteraction between phrase interpretations and
contextual information. The inferentiol aspect concerns the means by which a language
interpreter chooses amnongst combinatorial alternatives. Consider, for example, the inter-
pretation of the phrase “his” in an utterance, “He asked each guest to tell him his story”.
The problem can be decomposed into two parts: identification of the referential possibilities
for the phrase, and the determination that a particular possibility is the most likely one.
Any interpretation system must, of course, deal with both cownbinatorial and inferential
issues. A number of computational linguistics systems have concentrated on the inferen-
tial, rather than the combinatorial, side of the interpretation problem [28, 9, 22]. Others
have focused on the combinatorial aspects of single-sentence interpretation [43, 38, 32, 37].
We do not claim avy particular novelty in the inferential machinery that our system relies
on to produce interpretations. Rather, our goal has been to develop a detailed model of
the combinatorial aspects of the incremental interpretation of utterances in context, one
that shows how a range of inferential processes can be coordinatled with one another, and
how thiey can be provided with the information they need to solve their problems at the

appropriate times,
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2 A Framework for Incremental Interpretation

2.1 Candide

We have exercised and illustrated our theory of incremental interpretation by using it in
the Candide system for knowledge acquisition. Incorporating both a graphical interface
and a processor for English discourse, Candide is designed to be used in the construction
and maintenance of knowledge bases for the Procedural Reasoning System (PRS) [12].
In Candide, a procedure is described by a network whose nodes represent states in the
procedure’s execution and whose arcs represent state transitions described by suitable arc
aunotations. Each procedural network also contains invocaiion conditions, which encode
[prejconditions that must be satisfied for the procedure to be used, as well as [post]conditions
that are made true by the successful performance of the procedure. To create a procedural
network, a Candide uscr draws arcs and nodes with the graphical editor, and specifies
arc invocation conditions and arc annotations with English sentences. Iach sentence is
interpreted using the methods presented in this paper, yielding a logical representation
of the information it expresses; this is then translated into the specialized language of
procednral networks supported by PRS. The current version of Candide has been used to

construct networks that represent malfunction procedures for NASA’s space shuttle.

Candide is a too] for building procedural networks; there is no dialogue involved when
the networks are used by PRS to perform particular procedures. Figure 1 depicts a fraginent
of a very simiple procedural network. On each arc, we have included both the English query
and the logical representation that results from Candide’s interpretation process. The
network contains examples of the three types of arc supported by PRS: assertional arcs,

231

whose annotations are prefixed by “—™, achievement arcs, prefixed by “!”, and query arcs,

ugn
.

prefixed by

The type of an arc determines the conditions under which it will be traversed when PRS

executes the procedure. An assertional arc specifies some assertion that should be added
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“Js there & faulty je1?”

? ~{faulty(j)) ? lfaulty(j))

“Close its manifold.”

Helose(m))

Figure 1: A Procedural Network

to the PRS knowledge base if the arc is traversed. A Candide user will typically express an
assertion arc using a declarative sentence, such as “The jet failed.” This sentence expresses

the assertion to be added to the database.

An achievement arc calls for some action to be performed if the arc is traversed. Aclieve-
ment arcs are expressed using imperative sentences. Finally, a query arc specifies a condition
whose truth is prerequisite to the arc’s traversal; these arcs are expressed using an interrog-
ative sentence. In practice, ynery arcs are created in pairs in Candide, one corresponding to
the truth of a question, and the other to its falsity. Wh-questions have no direct counterpart

in Candide.

Invocation conditions may either be assertions, which denote propositions that, when
true, indicate that the procedure is relevani, or they may be imperatives, which denote

goals that are likely to be satisfied as a result of performing the procedure.

We defer until later a detailed explanation of the complete interpretations shown in

Figure 1. but it js important to note one general point about procedural discourse. {For
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more familiar but similar examples, consider recipes, operating instructions, and the like.)
For the most part, reference resolution in these types of dialogue does not involve actual
entities in the universe of discourse, but rather parameters of the procedure whose value
will not be known until the procedure is executed. Thus, in Figure 1, the word “its” in the
phrase “its manifold” should be resolved to a parameter introduced by the definite noun
phrase “the jet”. When the procedure is executed, the parameter will be instantiated to
some particular jet that failed. In the network, we see that “the jet” was resolved to some
entity 7, and “its manifold” was resolved to some entity m; as we will see later, the discourse
mode] will contain the information that m is the unique maniold attached to 7. Most of
the reasoning involved in the interpretation of procedural discourse is about sorts rather

than about specific entities and their individual properties.

Figure 1 exemplifies ouly a sinall subset of the range of syntactic, semantic, and prag-
matic phenomena handled by the Candide system. We present it here to illustrate the
Candide application. ln this rest of this section, we will use simple plirascs similar to those
in Figure 1 to describe in general our incremental interpretation framework. In Section 3,

we will turn to a nnmber of other linguistic phenomena not represented in the figure.

2.2 Counditional Interpretations

The process of incremental interpretation assigns conditiona! interpretations to phrases.
Couditional interpretations separate the context-independent aspects of an interpretation
from those that are context-dependent—that is, thev separate the part of the information
that is invariant with respect to {urther incremental interpreiation from the part that may

vary.

A conditional interpretation has two parts: a sense and a set of assumptions, which
represent constraints on how the sense may be further connected to the context. We denote

by A : s a conditional interpretation with sense s and set of assumptions A. If A and B

'The major exceptions to this are a small class of proper names and definite references that resolve to
spedfic entities in the domain of discourse,
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are assumption sets and a and b are assumpltions, we use the simplified notation 4, B for
AU B; we use A,a for AU {a}; and we use a,b for {«,b}. A conditional interpretation can
" be elaborated by assumption discharge, which adds new constraints on senses, parameters
they may contain, and the discourse context. We say that a conditional interpretation is

complele when its set of assumptions is empty.

The present version of our interpretation model provides two types of assumptions: bind
assumptions and resirict assumptions. A bind assumption introduces a new parameter in
an interpretation and constrains the way in which the parameter may receive its value from
the context. The discharge of a bind assumption eliminates the parameter in one of three
ways: replacement by a specific value drawn from the context, replacement by another

parameter, or binding the parameter with a binding operator such as a quantifier.

Bind assumptions are most typically introduced in the interpretation of noun plirases.
The general form of a bind assumption is bind{z,C.7T") where z is a parameter, C' specifies
linguistic constraints on the value of this parameter (for example, it may indicate that the
parameter is associated to a phrase with a definite determiner), and T gives the sort of the
parameter = (its domain of possible values). For example, a conditional interpretation for

the noun phrase “the jet” might be
bind(z, def, jet) : .

This interpretation stales that the sense of “the jet” is z where the value of z will be
an entity of sort jet determined from the context according to the constraints of definite

reference.

Restrict assumptions are introduced during the interpretation of phrases that comple-
ment or modify other phrases. Prepositional phrases (PPs) provide one example. Syntax
does not fully specify what phrase a given PP modifies, as evidenced by PP-attachment
ambiguities. During the conditional interpretation of a phrase containing a PP, we cannot
completely specify the informational contribution of the PP until we have considered the

contribution of larger constituents of the phrase.
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Consider the phrase “car in the park”, which we shall call @Q; let the constitnent “in
the park” be identified as P. The conditional interpretation for Q will contain a restrict
a.séumption, which signifies that the syntactic role of one of the phrase’s constituents, P, is
underspecified. It Turther signifies that P will contribute certain information either to the
overall interpretation of @ or to that of some larger phrase containing (). For instance, (9
may be part of the larger plirase “man near the car in the park”, and P may contribute
to this entire phrase by modifving “man”. When the role of P is determined, the restrict
assumption is discharged. and the sense associated with the larger phrase is elaborated to
reflect P's contribution. In this example, if we determine that “in the park” does in fact
modify “car”, then the restrict assumption introduced by the PP is discharged, and the

sense of {J is updated accordingly.

The general forn of a restrict assumption, introduced during the interpretation of a
phrase @ that includes a modif{ving phrase P. will be restrict(J2, C). The role component R
represents P's underspecified syntactic role: {for example, a PP. The constraint component
C specifies how P aflects the interpretation of some other phrase @/, where P and Q' arce
related by R. Note that @' may or may not be the same phrase as ¢. Thus, the phrase

“car in the park™ may be given the conditional interpretation

restrict(pp(in. ). x),bind(z, def, park) : car .

[

Here, 7 is a unique fndez for the phrase “ in the park™ We will use indices to enforce
certain syntactic constraints on modification: the details of this will be explained later. The
interpretation given here states that the sense of the phrase “man in the park™ is the sort
man, subject to the constraint that the plirase with index 1 modifies some as yet unspecified

phrase as a PP with prepositional object z. The bind assumption for x is similar to the

one in the previous example.
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2.3 The Interpretation Process

\We will now outline the overall process of incremental interpretation. To ground the pro-
cess, we make use of a leasi-commitmen{ grammar, which parses utterances and produces
analysis irees that are neutral with respect to context-dependent attachment decisions. The
grammar we use in Candide, for instance, leaves quantifiers in place (following [45]), attaches
all prepositional phrases low and right (following {32]), and brackets to the right all com-
pound nominals.? We also employ a discourse model, which is an encoding of the contextual
inlluences on a phrase that are a result of its surrounding discourse. As shown in Figure 2,
the incremental interpretation process operates on a Jeast-commitment analysis tree for an
utterance, along with an initial discourse model, to produce a complete interpretation for

the utterance, along with a resulting discourse model.

Ourinterpretation system is based on two kinds of rules: structurl rules, which build the
conditional interpretation of a phrase from the conditional interpretations of its constituents,

and discharge rules, which elaborate conditional interpretations by discharging assumiptions.

To interpret a phrase, Candide applies structural and discharge rules to construct a
derivation of a conditional interpretation for the phrase from the conditional interpreta-
tions of the constituents of the phrase. A derivation for a phrase is a tree in which each
node represents the conditional interpretation of a constituent of the phrase; moreover,
the conditional interpretation represented by every node results from the application of a
structural or discharge rule to the node’s daughters. 'I:lle root of the derivation is an in-
terpretation of the whole phrase. If the rule deriving a particular node is structural, the
daughters of that node will correspond to the interpretations of the immediate constituents
of the phrase whose interpretation is represented by the mother node. On the other hand,

if the rule deriving 2 node is a discharge rule, then the mother node and its single daugh-

?We consider low attachment and right bracketing to be convenient encodings of least-commitment analy-
ses, since all the other attachiment or bracketing possibilities can be reconstructed from them. However. this
should be seen as a temporary design decision, because there are reasons to suspect that ultimarely syntactic
analysis should be incorporated into the same stage of processing as semantic and pragmatic analysis. In
particular, it is difficult 10 develop svatactically neutral representations for certain constructions such as
coordination [27).
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Knowledge
Base
Least-Commitment
English Analysis Tree Incremental Complete
Utterance > Parser Interpreter | Interpretation

Initial

Updated
Model pd

Mode!

Discourse
Model

TFigure 2: The Architecture of an Incremental Interpreiation System

ter will be interpretations of the same phrase, but the mother node interpretation will be

elaborated with respect to the daughter node interpretation.

Let D be a derivation of an interpretation for a phrase P. Then the above deﬁnition
implies that each node n of D is the interpretation of some constituent § of P. Furthermore,
each descendant n’ of n is associated with Q or one of Q’s constituents. It is thus convenient
to think of derivations as being related to syntactic analyses in the way depicted in Figure
3. The tree on the left of the figure is a simplified syntactic analysis of the phrase “the
jet”, given in the feature-value notation common to various unification-based grammar
formalisms. (QOur gra,mma.f was written for the PATR-1I unification-grammar system [39]).
The tree on the right is an associated derivation. The horizontal dashed lines associate
derivation nodes to phrases whose interpretations they represent. Node 1 of thie analysis

tree is associated to two derivation nodes, 1’ and 1”. Node 1” is the result of applying

to node 1’ a discharge rule that identifies a possible referent for the noun phrase. The
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.1"
- >
- - - - -
- - l
lwe & — — bind(b, del, jen): b
//
the -2

cat

Det the N jet jet

Figure 4: Syntactic Analysis and Semantic Derivation

interpretation at node 1’ is the result of applying a structural rule for syntactically definite
noun phrases, which takes as input the interpretation for the noun in node 2’. We indicate
access to lexical information in a derivation by dashed lines connecting the appropriate node
to a word. Thus, the semantic lexicon is accessed to obtain the interpretation in 2’ of the
word “jet”. The word “the” is nol given a separate interpretation, but instead participates

in the licensing of the structural rule applied at node 1'.

It is clear from the foregoing discussion that the relation between phrases and their
immterpretations is central to the derivation process. We will use the symbol ~+ for that
relation, and write p ~ A4 : 7 to mean that phrase p has A : 7 as its conditional interpretation.
This is actually an oversimplification in that the relationship between phrases and their
interpretations both affects and is affected by the discourse model. Thus, strictly speaking,
we shonld have a 4-place interpretation relation between phrases, their interpretations,

input discourse models, and resulting discourse models. However, only the discharge rules
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usc and updaie the discourse model; the parts of a derivation involving structural rules
serve as conduils that pass discourse model fragments between constituents so that the
appropriate discourse information is made available to discharge nodes. Thercfore, we
will not burden our notation with explicit mention of input and output discoursc models.
Instead. we will explicitly describe how specific discharge rules interact with the discourse
model. For structural rules, we use a simple default threading mechanism for discourse

model propagation.

It is important not to confuse analysis trees with derivation trees. The former result
from .parsing an utterance, and serve as inpnt to the increwrental interpretation process.

The latter can be thonght of as traces of the incremental interpretation process.

2.3.1 Structural Rules

Structural rules define the interpretation relation ~~ for a phrase in terms of the same

relation for the phrase’s immediate constitnents. The general form of a structural rule is

Poardieif P~ 4;:5 and --- and P~ AL s (1)

where P is a pattern, containing variables Py through Py, that describes a type of node in

an analysis free. As usuval for such rules, the term to the left of the “if” js the consequent

of the rule, while the terms to the right are the antecedents.

For example, the structural rule for definite-noun phrase interpretation used at node 1’

in Figure 3 is

def-np(nom = N ) ~+ A, bind(z,def,s) 12 if N~ 4 : s (2)

The pattern def-np(nom = N) specifies the kind of phrase to which this rule applies. A
matching phrase must belong to the def-np class of phrases, as defined in the grammar;
it will have a feature nom, whose value NV is the phrase whose interpretation is picked up

in the antecedent of the rule. The rule states that if a phrase is a definite noun phrase
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whose nominal part has the interpretation s nnder assumptions A, then the interpretation
of the whole noun plirase is the new parameter 2 under the union of the assumptions A
with a new bind assumption that requires 2 to be bound according to the constraints of
definite reference to an entity of sort &. In Figure 3, the nominal N is the word "jet’;é its
interpretatjon is : jet; therefore, the interpretation of the whole definite noun phrase “the

jet” is bind(z, def, jet} : z.

It is important to note that rules such as (2) are schematic in the sense that each use
of the rule should be thought of as involving an appropriate new substitution instance of
the rule. In particular, the parameter z in a new bind assumnption bind(x,C, T} should be
thought of as a inetavariable standing at each use of the rule for a new parameter that does
not occur elsewhere in the derivation except for ancestors of the rule’s application. The
same applies to discharge rules and Jexical entries. In derivation examples that follow, we

will thus renaie variables as needed to avoid naming clashes.

As we remnarked earljer, the only role of structural rules wit)i respect to the discourse
model is 1o propagate discourse model information to the discharge rules that use it. This
is done by a simple threading arrangement: given a rule of the general form in (1), the
input discourse model for the phrasc P is just the input discourse model for phrase P, the
output discourse mode] for P is the cutput discourse model for plirase Py, and the output
discourse model for each phrase P;, 1 < 7 < k is identified with the input discourse model
for phrase Piy;. In this way, any discourse model updates made in derivation subtrees that
© are descendants of a node associated 10 P; will be propagated to the right-hand sisters of F;.
Clearly, the effect of this threading depends on the ordering of the antecedent conditions
for the rule, and determines how syntax affects the availability of contextual information
at different stages in the interpretation. This is important in treating such matters as
constraints on coreference, but in this work we adopted a simplistic Jeft-to-right threading,

which is sufficient for the issues we address.
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2.3.2 Discharge Rules

Discharge rules increment the conditional interpretation of a phrase by specifyving how as-
sumptions in the interpretation may he eliminated with respect to the context of ntterance,

vielding a new interpretation and an updated context.

For example, in Figure 3, a discharge rule for definite reference applies to node 1’ to
produce node 1”. The rule discharges an éssumption with general forin bind(z, def,T")
provided that there is some unique contextually available entity € of sort 7.3 The rule will
thus map a conditional interpretation A, bind{z,def, T} : s into A[x/e] : s[x/¢€], that is, the
contextually unique entity ¢ is replaced for :r in A and 8.4 Furthermore, the discourse modc]
will be updated to record this particular mention of €. In the example, applying the rule to

the interpretation
bind{b, def, jet) : b

and a discourse model containing a single entity 7 of sort jet will result in the complete

interpretation
2

together with an updated discourse model in which this particular mention of the jet 7 has

been recorded.

In general, discharge rules have the form
Padid if PoAcs

that is, the phrase under consideration is the same for both antecedent and consequent. As

for the rule’s use of the discourse model, the input model for the consequent is the same

*Contextual availability will in general take into account syntactic factors, such as forbidden coreference
consiraints, as well as disconrse factors.
*We will nse the notation efr /1] to represent the result of replacing all occurrences of z in e by &.
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as for ihe antecedent. while the output model for the consequent is the result of updating

appropriately the output model provided by the antecedent of the rule.

2.3.3 Rule Application

Structural rules arc obligatory in that soine structural rule associated with a given syntactic
phrase type must be applied to any phrase of that type. In ‘contrast, the application of
discharge rules is optional, although discharging a particular assumption too early or too
late may lead to a dead end in the interpretation process. Applying the same discharge rule
at different points in the interpretation process for some utterance may lead to alternative

interpretations, as we shall illustrate with the examples in Section 3.4.

Given a sentence and its syntactic analysis, the interpretation process applies structural
and discharge rules, according to their applicability conditions, to construct the derivation
ol a complete interpretation of the sentence. In Candide, this process resembles a syntax-
directed translation system {1]. Interpretation starts at the root node of the analysis tree.
TFor each node of the tree, the interpretation process selects a structural rule and calls itsel[
recursively for each of the node’s daughters. Interpretations are constructed on return {rom
the recursion, and discharge rules are optionally applied in a discharge cycle that follows

each application of a structural rule to a node.

The nondeterministic nature of the discharge-rule application stands in contrast to the
application of analysis rules in, say, a context-free grammar, but it recalls the use of inference
rules in a proof system. And, as is the case in proof systems, alternative orderings of
discharge-rule application can lead to different results. Within Candide, we control the
nondeterminism bv means of some relatively simple heuristics, such as earlv discharge of
assumptions and bounds on assumption percolation wherever it can be shown that an

assumption would not be dischargeable outside a certain syntactic domain.
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2.4 Semantic Representation

Our approach to semantic interpretation is not tied to a specific choice of representation
formalism for phrase senses or for sorts. liowever, to give further examples we nced to
explain some particular choices that were made in Candide. These choices should not be
taken as substantive claims of a semantic theory, but just as convenient placeholders that
fit. the needs of the application. In par‘licula.r= we do not deal with the problems created by

intensionality and opaque contexts.

The representation language nsed in Candide is basically that of the predicate calculus
snpplemented by generalized quantifiers and by lambda ahstraction to form r.ela.tions and
properties out of formulas. Furtherinore, we have a set of busic sorf constants that represent.
the basic sorts of the Candide dowmain. For any sort s and formula P(z) with z as a frec
variable we liave the restricted sort ¢| P(z) of the entities x of sort s that satisly P(z).
Sorts are used to qualify assumption parameters and discourse entities and are also used as

restrictions for gunantified variables in logical forms resulting from assumption discharge.

Senses will be represented by first-order terms, first-order formulas, or, in the case of
nominal senses, sorts. We also identify basic sorts with predicate constants when necessary.
Strictly speaking, our representation language is fyped, with basic types e (cntities) and ©
(trutli valnes). First-order terms and variables bound by quantifiers are of type e, while
first-order formulas are of type t. In addition, we will use derived functional types such
as e — t (properties understood as functions {rom entities to truth values, which will be
taken to include sorts where appropriate). In most cases the types of expressious can be
inferred from the context. However. in certain rules it will be convenient to subscript rule
schemiatic variables with types, to indicate that the rule will only apply if the variables are

filled by ohjects of their subscript types.

As an illustration, the following table gives the conditional interpretations before as-

suimption discharge for various phrases:



Pereira and Pollack _ 19

phrase assumptions Sensc

jet Jet

faulty jet Jel|faulty(x)
the faulty jet bind(j. def, jet|. fouliy{z)) | §

the faulty jet failed | bind(j, def, jet|.faulty(z)) | failed(5)

2.5 The Discourse Model

A language interpretation system needs some means of representing those aspects ol an
utterance’s context that are relevant to its meaning. Contextual information derives both
from the particular communication process to which the utterance belongs, which we encode
in Candide in a discoursc model, and from real-world constraints on entities, types, and
relations described by the utterance, which we represent in a knowledge base. In what
follows we will discuss the theoretical basis, organization, and construction of the discourse
model in some detail. We have less to say about the knowledge base, which in Candide
is static and fairly simplistic; we will describe it as needed for the explanation of specific

interpretation rules in Section 3.

Our approach to interpretation could in principle accommodate a variety of discourse
nmodels. However, any discourse model, and in particular the one used in Candide, must
reflect certain general principles. First, a discourse model must have some organizing struc-
ture. We chose to structure our model to reflect a particular theory of discourse context,
that developed by Grosz and Sidner [17]. Second, the specific contents of the model must
match what is required by the rules that access those contents, in our case, the discharge
rules. Third, the mapping {from states in the communication process to the discourse model
must reflect the modes of communication with the language-using system, in our case,

Candide.
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2.5.1 Structure and Content

The theory of discourse structure developed by Grosz and Sidner [17] is one of the most
comprehensive models of discourse in the computational-linguistics literature.® The key
idea in the theory is that discourses are structured by three interacting components. The
first, the linguistic struciure, is found in the actual utterances of a discourse, which can
be naturally factored into hierarchically organized segments. The linguistic structure in
general is isomorphic to the second structure, the intentione! structure, which, as its name
suggests, represents the intentions of the discourse participants. The third component of
discourse struciure is the attentional state, which “is an abstraction of the participants’ focus
of atiention as their discourse unfolds ...It is inherently dynamic, recording the objects,
properties, and relations that are salient at eacli point in the discourse” {17, p. 179]. The
attentional state is the discourse structure that most directly aflects reference resolution
questions; it is also the structure that corresponds most directly to the discourse model in
Candide. As discussed helow, the constraints of our langnage-using system allow us, in the
short-term, to avoid reasoning about agents’ intentions, and thus to avoid building a model

of the intentional structure.

Candide’s discourse model carries information about the objects referred 1o in a dis-
course, thereby enabling the interpretation of anaphoric and referring phrases, as well as
various kinds of modification. A more sophisticated model would also contain information
about the events referred to, typically with verb phrases and entire clauses, to support the

interpretation of tense, verl) phrase ellipsis, and verb phrase anaphora.

The attentional structure reflects the accessibility of information. In line with this,
Candide’s discourse model has three components, The most readily accessible informasion
concerns entities referred to in the “current” utterance, the one that is undergoing inter-
pretation at any point in time. Detailed information about those entities is encoded in the

first component of our discourse model, which we call the immediate contexi, and which we

*But it is not the only one; examples of alternative models include [22. 26).
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use primarily for resolving intrasentential anaphora and for making modification decisions
that depend on sortal information. The second component of our disconrse model, the local
confext, contains detailed information about slightly less-accessible entities, generally those
referred to in the immediately preceding utterance. We nse the local context primarily for
pronoun resolution, following the theory of centering introduced by Grosz ef al. [16]. The
third component of our discourse model is the globu! contezt, which contains somewhat less
detailed information about entities referred to throughout longer stretches of the discourse.
The global context is employed primarily for the resolution of definite anaphora, and is

strnctured as a stack to make wuse of the theory of focusing {14, 40, 3).

Because the immediate and local contexts both contain information about entities that
are highlv salient, entries in both these components ol the disconrse model are detailed. The
entry for an entity in the immediate or the local context will include (1) a unique parameter
that specifies it; (2) the surface syntactic position of te expression that was used to refer to
it; and (3) the sort of the entity (for example, jet). Entries in the global context include only
an entity’s identifying parameter and its sort: information about surface syntactic position

is presumed to be lost as the discourse proceeds.

2.5.2 Discourses in Candide

As we noted earlier, discourses in Candide consist of procedure descriptions. The Candide
user “draws” a procedural network, using a graphical editor, while using English to specify
the invocation conditions and arc annotations for the'network. The English sentences
constitute the utterances of the discourse. After each utterance is interpreted, Candide
must update the discourse model. Within the body of the procedural network, Candide

attaches the current discourse model to each node.

Consider Figure 4, which depicts the same procedural network as that in Figure 1, but
with the discourse model that Candide constructs attached to the nodes. We can specify
in general terms the discourse-model update relation as follows: let JC stand for immediate

context, LC stand for local context, and G( stand for global context. There are two cases
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to consider. In the case of nonbranching arcs (achievement or assertional arcs). Jet in bhe
the start node of the arc, and let ouf be the end node of the arc. Then L{leuwt) = I(1n)
and GClout) = push(LC'(in), GQin)), where push describes the operation of pushing an
entry onto a stack, and L{’ is a variant of LC, in which certain information, for example
svntactic position, has been deleted. J(lout) is determined only from the content of the
utterance labeling the arc leaving ouf. In other words, during the interpretation of an arc
aﬁnotation, the context that applies is that which is associated with the node above the

arc.

The second case of discourse mode] vpdate involves branching arcs. Let in be the node
starting both arcs, let outy, be the final node of the positive answer arc, and let out,, be the

final node of the negative answer arc. Then

LQouty) = 1Clin)
L outy,)
GClouty,) = push{L('(in), GQlin))
GCouty)

IC!(in)

push(LC'(in), GCin))

As with nonbranching arcs, /C{oul, ) and I({out,) are determined from the utterances that
label the arcs outgoing from them. The operator L’ is also as before. The operator IC',
however, corresponds to a variant of IC in which queried indefinites have been removed,
thus making them inaccessible for subsequent pronominal or definite reference. This is used
to disallow fragments like the following, in which the response “No.” corresponds to the

negative branch of a query arc:

(3) Is there a faulty jet?
No.

Close 1i.

The procedural network directly induces a discourse structure. In particular, as one

moves down one branch of a branching arc, one is engaging in a subdialogue. The entities
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? ~lfaulty(j)] ? lfaulry(j))

lclose(m)]

LC = m: manifold ;attached(mx)
GC=j: jet

Figure 4: Attachment of the Discourse Mode] to a Procedural Network

introduced in the subdialogue will be inherited only by nodes in the subdialogue, and thus
will be inaccessible to utterances made in the sister subdialogue (the one corresponding
to the alternative branch). Discourse structure is also induced by moves to subordinate

networks, which are allowed, and indeed heavily used, in PRS.%

The correspondence between procedure {or task) structure and discourse structure re-
calls the early work of Grosz [14], in which just sucl a correspondence was pointed out. As
Grosz and Sidner point out [17], later researchers have sometimes misread this earlier work,
taking it to claim that task structure is necessarily the determiner of discourse structure,
and that, moreover, the task structure must be known before the discourse structure can
be inferred. In the Candide system, the task structure need not, and indeed, typically will
not, be known to the system a priori. The user makes the task structure explicit by draw-

ing the procedural network. While other forms of language use may not have methods for

In fact, procedural networks are not restricted to tree structures, but can be arbitrary directed acyvelic
graphs. Nodes witl: muitiple parents present a problem for our current system, since they represent a
situation in whicli the procedural structure of the discourse does not follow directly the temporal order of
presentation. Currently, we somewlat arbitrarily simplify our treatment of the discourse model at such
nodes, by applying the update rules to the union of the parent discourse contexts.
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indicating discourse structure that are as direct as this, there are nonetheless devices that
serve just this purpose, for example, cue words and intonation. Those devices are not yet
well-enough understood to make the recognition of discourse structure in general a readily
solvable problem. One of the major advantages of the Candide application is that we have

not had to rely upon these devices, since the network itsell provides the needed structure.
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3 Interpretation Rules

We now turn to the specific interpretation rules in Candide. We begin, in Section 3.1,
by discussing the interpretation of referring noun phrases. In Section 3.2, we show how
the conditional interpretations of noun phrases are integrated into the clauses that contain
them. In Section 3.3, we deal with modifying expressions, such as prepositional phrases and
adjectival and nominal modifiers. Finally, in Section 3.4, we address the interpretation of

quantified noun phrases.

3.1 Interpreting Referring Noun Phrases

We first focus on the structural rules used to interpret referring singular noun phrases {(NPs):
definites, indefinites, pronouns, and proper nouns. Nonquantified plural nonn phrases are
not treated in our current svstem. We shall call the rules for interpreting referring noun

phrases the reference cluss of interpretation rules.

A referring singular nonn phrase is interpreted as a parameter, with a bind assump-
tion that restricts the parameter to be bound in the appropriate way to an entity of the
appropriate sort. Thus. as we saw earlier, the phrase “the jet” can be interpreted as
bind(b, def, jet) : b. The bind assumption constrains b to be bound according to the con-
straints of definite reference to an entity of the sort jet. The def parameter indicates that
the phase is syntactically definite, that is, its determiner is “the”. Discharge rules may later
determine that the expression is in fact functioning as an indefinite expression. Henceforth,
when we speak of a definite (indefinite) noun phrase, we shall mean one that includes a

definite (indefinite) determiner.

Recall the structural rule for interpreting a definite noun phrase:
[def-np] def-np(nom = N)~+ A, bind{(z,def,s):x if N~ A:s

Figure 5 shows both an analysis tree and a derivation tree for the phrase “the jet”. In



Pereira and Pollack A

= = = = = = => bind(b, def, jei):

cat '

Det the N jet jet

Tigurce 5: Interpretation of a Definite Noun Phrase

the analysis trec, the feature cat encodes syntactic category information used by pattern

predicates.

The derivation is grounded by 1he Iexical access rule lex. This rule selects an interpre-
tation for 2 word  of syntactic category C from the set J(w, (') of interpretations given in

the system’s semantic lexicon. The rule 1s simply
[lex] lex-item(lex = w,cat = C)~ 7 if i € J(w,C)

For example, rule lex applies to the lexical subtree rooted at node 2 to associate the inter-
pretation : jei with the word “jet”. * In the conditjonal interpretation of a common noun,

the sense is alwavs a sort 1erm.

Because the tree rooted at node 1 is a definite NP (that is, an NP with a definite deter-

miner), the structural rule def-np applies 1o it, resulting in the conditional interpretation:

bind(b, def, jet) : b (4)

"Node 2 is also lexical, bul definite determiners contribule only to the interpretation of their mother NP,
by rule def-np. rather than being given a separale interpretation.
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The other structural rules of the reference class are similar. Their interpretations difler
only in the constraints and sort restrictions of the bhind assnmption that the rules imroduce.
“The constraint in each depends directly on the form of the noun phrase, while the sort
restriction is derived from it. For instance, a proper noun P is identified with the individual

whose sort is any entity (e), restricted to having the name P.

|indef-np] indef-np(nom = A')~+ A, bind(z,indef, s) ;2 if N~ 4 :s
[pronoun] pronoun(pn = P) ~ A.bind(x,pronoun,s):z if P~ A:s

[propn] propn{name = P)~~ A.bind(z,pn.ef,name(y,n)}:z if P~ d:n
3.1.1 Discharge Rules for Referring Noun Phrases

Lach of the structural rules presented above introduces a bind assumption, whose kiud
depends upon the svatactic construction being analyzed. Our procedures for dischiarging
these bind assumptions do not represent a new theory of reference resolution. Instead. onr
goal has been to show how our interpretation framework can incorporate the contributions of
several pragmatic theories not specifically geared 1oward use in an integrated interpretation

sysiem.

In Candide. each major prammnatic phenomenon. such as definite reference, is handled
by a separate module consisting of a small set of discharge rules and procedures for their
application. Itis thus feasible to investizate alternative approaches to a particular pragmatic
phenomenon without modifving the modules responsible for other pragmaltic processes. Of
course, discharge rules interact with one another, since interpretation and discourse model
consequences of the application of onc rule affect the applicability and results of other rules.

In particular, different rule-application orders may lead to different ontcomes.

All the rules that discharge bind assumptions introduced by referential phrases have the
comnion effect of binding a parameter 2 occurring in the sense of a conditional interpreta-
tion. The binding may occur in two ways. The parameter may be bound to some discourse

entity e; in this case, an entry for € will be mnade in the discourse model, specifically. in the
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immediate context. Alternatively, the paraneter may he bound to the parameter of some
othier. as ver undischarged, bind assumption that appears in the conditional interpretation
of the current phrase. This corresponds 1o determining that the referring expression (the
one whose scnse is the parameter z) is coreferential with another expression in the phrase,
even through the actual mutual referent has yet to be determined. In cither type of binding,
all instances of the parameter x in the conditional interpretation are replaced with instances
of the entity or parameter to which £ has been bound. Thus, the rules for discharging a bind
assumplion introduced by a reference class structural rule all have the following schematic

fori
[ref-discharge] P~ A[z/r]: s[z/r] if P~ A, bind(2.C. 1) s

where (7 is def, indef, pronoun. or pn, and  is either an allowable referent or an allowable
corelerring parameter. In addiion, there will be conditions tbat relate the various rule
paramieters 1o the discourse model; and, in particnlar. supply possible values » to which a

can be hound.

“We illustrate thesc ideas with the discharge rules for definite noun phrases. There
are 1wo primary sources of candidate referents for definite noun phrases in Candide: the
knowledge base and the discourse model. An entity ¢ that is the onlyv instance of a particular
sort « in the knowledge base can be always referred to using 2 definite noun phrase, even
discourse initially: for example, the noun phrase “the current president of Mexico” would
nnambigoously refer to the single entity who is the current president of Mexico. We presume
that both the svstem and the user Lave mutual knowledge of the entities in the knowledge

base.

Alternatively, candidate referents may have been introduced in the discourse itself, and
hence may be stored in the discourse mode]. We adopt a set of control rules that are similar
to those proposed in earlier work on definite reference resointion [14. 40, 44, 5]: we look
for both intrasentential and intersentential antecedents, restricting the latter to entitjes

introduced in the current discourse segment or in a parent segment. We prefer entities that
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are in the current disconrse segment and that iave the same sort or a supersort of the target
definite NP. Our next preference is for same-sort or supersort entities in a parent segment.
1f a candidate antecedent still cannot be found. we seek one that can be construed as being
functionally dependent upon the entity referred to by the target NP; again, we look first in
the curren! segment and then in parent segments. Functional dependency is illustrated in

the following discourse fragment, similar to that in Figure 1:

{(5) The jet failed.

Close the manifold.

Because the knowledge hase contains the information that each jet is attached to one and
only one manifold, we can determine that the definite NP used in the second sentence refers
to the unique manifold that is attached to the jet mentioned in the first sentence. If “tlie
jet™ has been interpreted as 7. “the manifold™ will be interpreted as the unique entity m

with the sort manifold|.attached-to{x. 7).

As we noted before, discourse entities introduced during the interpretation of a discourse,
such as m in the current example, may not be associated to a particular domain entity until
the interpretation resnit is executed by PRS: the execution of a procedural network is not
part of Candide’s operation. In the case of the discourse fragment (5), the PRS assertional
arc labeled witl {the interpretation of) the first sentence will be traversed when there is
a particular jet. 7. under discussion, and PRS has just determined that it failed. As the
achievemeni arc corresponding to the second sentence is traversed, m will be bound to

whatever manifold is attached to the jet that, in fact, failed.

When interpreting a definite noun phrase as functionally dependent on some other ob-
ject, the determination of the intended function may require .a.rbitrarily complex domain
reasoning [22]. In practice, though, it is often the case that the intended function follows
immediately from the sorts of the objects being related and a small set of essentjal at-
tributes, such as the part/whole relations in which they participate. We have thus chosen

in Candide to restrict the class of functions considered to those that can be obtained from
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knowledge-hase information about sorts and their roles. which are binary relations between
elements of o sort and their attributes. More specifically, we consider as candidate func-
ttons those roles that are [nuctional. the inverse relations of roles if they are functional, aud
compositions of these. The restriction is motivated by the uniqueness requirement of most

definite reference.

For example, a knowledge base containing information about a sort work-station-display
may also describe two of its roles: eurser, which is functional, because a display typically
has a unique cursor, and window, which is not, because displays typically show multiple
windows. Both of the inverse roles are functional: every cursor and window is part of
a unigue work-station display. 11 is easv to see in this example how the functionality
requiremient operates. llaving made salient in the discourse some specific display, one can
then go on the speak of “the cursor™, but cannot felicitously speak of “the window™. On
the other hand. if oue has made salient a particular window, onc can then refer to “the
display”™. If a role and 1ts inverse are functions. one may in fact chain in either direction:
one can speak first of a particnlar display, and then mention “the cuysor™, or one can speak

{irst. of a particular cursor. and then mention “the displav®.
] pia)

The most appropriate control strategy for searching for an appropriate functional de-
pendency remains an open research gnestion. We adopt the commonly used approach of
performing a breadih-first graph traversal, trying to link the sort of the definite noun phrase
to the sort of some target by chaining through functional roles and functional inverses of
roles. As before, we begin the search with entities in the current discourse segment. and

then proceed throngh parent segments.

We have provided details of our treatment of definite reference as illustration of the sort
of pragmaltic theory we incorporate into Candide. We shall not provide a similar level of
detail about our treatment of indefinites, pronouns, or proper nouns, since, again, we have

gencrally adopted the approaches of other researchers.
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< fail(j)

1 —> bind(x, arg-1(2), device), restrict(arg-1(1), j): fail(x)

2 — bind(x, arg-1(2), device): fail(x) . j

| |

fail bind(b, def, jes): b
7
V'
/7
the : Jiex
|
jet

Figure 6: Interpreting a Main Clanse
3.2 Interpreting Clauses
We now consider how the conditional interpretations of NPs are integrated into interpre-

tations of the clanses that contain them. We distingnish between copular clanses and

noncopular ones, and begin our <iscussion with the former.

3.2.1 Noncopular Clauses

We introeduce the interpretation of clauses with an example: Figure G shows a derivation
tree for an interpretation of “the jet fajled”. Notice that it includes the derivation tree for

“the jel” that we previously discussed.

The interpretation of the main verb “fail” provided by rule lex is
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bind(z.arg-1(2), devicr) : fuil(x )5 Informally. this interpretation expresses the fact that the
sense of “fail™ is feil{.r). where x is to be bound according to the constraints specified by

the bind assumption. Let us consider that assumption in some more detail.

Enries for verbs in the semantic Jexicon refer, through assuimptions, to the grammatical
roles that will provide arguments Lo the predicate representing the sense of the verb. Thus
the interpretation for “fail” refers to arg-1. a particular grammatical role that happens
to correspond to what is often called “surface subject”™. Since we are not defending any
particular theory of grammar in this paper, we have choscn to skirt a theoretical and

terminological mineficld by naming the grammatical roles relevant to our purposes arg-7 for

Note also the index 2 included in the assumption constraint. This js an index into the
analysis Lree for the phrase: it specifies that the assumption is referring to the arg-1 role of
the plirase whose main verh is rooted at node 2 of the analysis tree. In other words. the
parameter & In the seuse foil{ 2} is 1o be bound 1o whatever is found to be the interpretation
of the arg-1 role of the verh phrase rooted at node 2, that is. the interpretation of the phrase
“the jet failed”. In our derivation trees. we represent analysis-node indices by bold-face
numbers, and show the correspondence belween analysis nodes and structural derivation
nodes by arrows from the appropriate nnmbers to the derivation nodes. In Figure 6, two
indices are used: 2, which corresponds to the analysis node for the verb “fail”, and 1, which

corresponds Lo the analvsis node for the entire clause “the jet failed™.

Conditional interpretations for verbs also encode sclectional restrictions. In the current
example. the bind assumption’s sort parameter is device, representing the the constraint
that the first argument of the verh ~fail” must be filled by an entity of sort device—things

that fail are devices.

In general, then, rule lex will return for an n-argument verb a conditional interpretation

of the form

SWe arc ignoring tense.
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bind(ay.arg-1(i}, s1).. ... bind(z,,arg-n{i}, &,) : rlay,. ... 2p)

where 7 is the analvsis node for the phrase being interpreted by lex.

We can now consider the interpretation of entire clauses. Noncopular clanses, hoth main

and subordinate, are interpreted by the following schematic rule:

[clause]  clause{pred = V,arg-1= Fy.....arg-n = Pp)~

Ag. Areo ... Ap,restrict(arg-1(1), 81), .. . restrict(arg-n(T). &) 1+ 1

Ve fg:rand Py~ Ay i syand ---and P, ~ A, 5,

The symbolic index | used in the restrict assumptions denotes t.lic analysis node for the
phrase being analvzed by the current rule. Note that the restrict assumptions introduced by
clause, like the bind assumptions introduced in verb interpretations. refer to grammatical
roles. By paiving the grammatical roles specified in a clanse’s interpretation with thosc
specified in the interpretation of the clanse’s verh, Candide can enforce constraints relating
erammatical role 10 arguments of the sense predicate. In particular, it can enforce the
obvions requirement that the fillers of the argument positions in the main verh of a clause

arc the subject and complements of the clause.

Again. return to the example in Figure 6. After application of clause, the sense of the
clanse is foil{x), the sense inberited froin the verh. The assumption set consists of the
assumptions inherited from the verb {the single bind assumption bind(x, arg-1{2}, derice)),
assumptions inherited from the verb’s arguments (none), and the new restrict assumption
restrict(arg-1(n). 7). This specifies that the first argument of the clause’s sense. namely =,
must be bound to the entity j, itself the sense of the filler of the arg-1 grammatical role
of the elause. The restrict assumptlions introduced by clause thus represent the connection
between a phrase as a filler of 2 gramwatical function in the syntax of the clause aud the
phrase’s sense as the filler of an argument position in the sense of the clause’s predicate.
This connection between svntactic and semautic structure is analogous to that provided by

projection functions in lexical-functional grammar [19].

The derivation in Figure 6 continues with the discharge of the two assumptions in the
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initial conditional interpretation of the entire clause: the argument bind that is inherited
from the interpretation of the predicate, and the restrict that is introduced by the clause
rule. These two assumptions can be discharged successfully in parallel: binding = to j is
legitimate because 7 has sort jet, and jeiis a subsort ol dewier. The discharge rnle used for

this is as follows:
larg-apply] P~ A:(Az.p)(y) if P~ A4, bind(x,arg-i(n'),s'), restrict{arg-i(n).ye): p

We require that node #’ correspond to an appropriate granunatical-role filler for node n
and that sort & be a subsort of the sort & of 3. Notice that the parameter y in the restrict
assumption must be of the type entily, as indicated by the subscript e. A different discharge
rile will apply when the parameter is a sort, as we will see in the discussion of relative clauses

below,

The foregoing analvsis applies only to situations in which all arguments in a clause are
specified as such in the syntactic analysis of the clause. However, slight modifications will
suffice Lo handle cases in which the least-commitment parser has attachied verbh complements

too Jow as modifiers of other verb complements.

LEvery discharge of an argument-filler restrict assuinption introduced by the clause rule
is paired with the discharge of an argument bind assumption introduced by lex. Tlhis
process effectively pairs the argument position of a predicate to its filler. More generally,
we will see fater that phrase references in restrict assuinptions serve to identi{v the syntactic
domain of candidates for modification by thatl assumption. As a result, if. in a derivation, a
restrict assumption is not discharged with respect 1o a sense coming from the appropriate
domain, the assumption will be “orphaned”, that is, there will be no way to discharge
the assumption in the rest of the derivation, which will thus be hinpossible to complete.
While this is a perfectly good way of specifying declaratively the possible derivations, it
is not reasonable computationally, because it leads too often to blocked derivations. For
this reason, in the Candide system, we do not let a derivation proceed if it inclndes any

orphaned assumptions.
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bind(b, def, jed fail(x)): b
-

-~
~
-~

the : jefiyfail(x)

1—> bind(x, arg-1(2), device), restrict(arg-1(1), jes): fail(x)

2 —3 bind(x, arg-1(2), device): fail(x) :jet
I I
| I
fail jet

Fignre 72 Interpreting a Relative Clause

3.2.2 TRelative Clauses

We now show how the clause rule is used to interpret relative clauses. Figure 7 is a derivation
of an interpretation for “the jet that failed”. Qur syntactic treatment of relative clauses is
somewlhat unorthodox: we analvze a relative clause just like a main clause, except that the
position in the analysis corresponding to the relative-clause gap is filled with the nominal
modified by the relative clausce. In other words, the relative clause is “wrapped around”
the nominal it modifies. Because the analvses for relative clauses and main clanses arc so
similar, the clause rule applies to both. Iu the current example, the resulting interpretation

is:
bind{z, arg-1(2), device), restrict{arg-1(1). jet) : fail(z) (G)

where 1 is the clause node and 2, the predicate node.

The difference between relative and main clauses is reflected in the discharge of argu-

ment bind assumptions against argument-filler restrict assumptions. Compare the restric
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assumption from Figure 7 (listed in (G)) with the corresponding restrict asswmption in Fig-
ure 6. In (G} the filler for the first argument of the predicate fuil is a sort term jef (ils 1ype
15 @ — t), whereas in the carlicr example it was an entity j (its type was e). The discharge
rule that comibines a verh argument with its filler has two versions: one in which the filler
sense is an entity, and the other in which it is a sort. The {oriner case was covercd by the
rule arg-apply given earlier. In the latter case, the rule produces an interpretation whose
sense is the filler sort restricted by the sense of the clause. The resulting interpretation for
the current example is thus jet| fail(z). The general form of the corresponding discharge

mle is

[arg-restrict] P~ A sl (Az.p)y) if

P~ A,bind(x,arg-i{7), &'). restrict(arg-i(n), Se_t ) 1 P
where » and #” are as for rule arg-apply.

Although our exaimnple above is for an intransitive verh, the same mechanism will apply
without change to relative clauses with multiargument verbs in whicl the gap filler occupies
anyv one of the argument positions. Only the argument that has been relativized will have
an interpretation whose sense is a sort term; hence, that argument will be the one to which
the arg-restrict rule applies: arg-apply will apply to the restrict assumptions associated with
all the other arguments. The entire rejative clause will thus receive an interpretation wlose
sense s a restricted sort term: its head sort is the sort of the modified noun, regardless of

what argument position has been relativized.

The parallelisin between restricting a sort and filling an argument, exemplified by rules
arg-restrict and arg-apply, is central to our interpretation system and will reappear in several
of our other discharge rules. In general, for any rule that fills an argument position of a
predicate, there will be a parallel rule that abstracts over that argument pesition to provide
a restriction to a sort. Which rule is used depends only on whether the argument filler
is an individual or a sort. Thus a restrictive adjective, a prepositional phrase or a clause

may be used to qualify an individual {predicate adjective, predicate prepositional phrase.
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main clause) or 1o restrict a sort (prenominal adjective, postnominal prepositional phrase,

relative clause).

3.2.3 Copular Clauses

In our application, copular clauses are defined to be those with mnain verh “to be™ and a
single predicate nominal, adjective p]l‘rase, or adverbial complement. The interpretation of
copnlar clanses relies on a clausal structural rule, along with specialized structural rules
for cach of the types of copular complements handled by our svstem. and the argument

discharge rules discussed previously (arg-apply and arg-restrict).

The copular clause rule is as follows:

|cop-clause]  clause(pred = be,arg-1 = 5,arg-2 = J’) ~ .|, B restrict(arg-1{]). %) : p 1f

S~ A:sand P~ B:p

The interpretations of predicate adjectives. predicate PDPs and predicate nominals will
have the same form as those of intransitive main verbs, that is, a proposition-type sense.
subject to an argument bind assumption. This assumption will be discharged against the
restrict assumption introduced in rule cop-clause for the subject of the copular clause. ‘The

following structural rules create the appropriate predicate interpretations:

[pred-adj]  pred-adj(pred = P)~+ A, bind{z,arg-1{]),e) : p{z) if P~ A:p
pred-pp(pred = P, pobj = 0) ~ A, bind(z.arg-1(1).€) : r{x.¢) if
[pred-pp]
Pr~:rand O~ A:e

[pred-nom] pred-nom{arg-1 = P)~+ A.bind(x,arg-1(1),e) : plz) if P~ A:p

The patterns in these rules match only the copular complement position. The predicate
nominal pattern matches an indefinite noun phrase with feature arg-1 representing the

nominal.
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3.3 Interpreting Modifying Expressions

Structural rules in the modification class are used for the interpretation of varions construc-
tions falling under the traditional Jabel of modilication: atuributive restrictive adjectives.
nominal modifiers and prepositional phrases. As was the case for clausal rules, cach of the
modification rules introduces a restrict assumption describing the interpretation consiraints
supplied by the modifving phrasc. In contrast with the clausal rules, however, the phrase

to be modified may not be fullv specified syntactically.

We begin with the rule for attribntive modification of a nominal by a restrictive ad-
jective. The sense of a restriciive adjective is a property, that is, it has type e — t. The

interpretation rule should thus have roughly the following form:
nom(adj = d,nom = N}~ P Q.restrict{adj([).7): s if A~ P:rand N~ Q: ¢

If A is an adjective with interpretation £2 0 v, which syntactically modifies 2 noun N with
interpretation @ : s. then the interpretation of the nominal consisting of A and N shoukd
have the sense s of its noun; its assumptions should include a restrict assumption encoding

the contribution of A sense r.

With this structural rule, the interpretation of a noun plirase containing an adjective is
straightforward, as shown by the derivation tree for “natural Janguage” in Figure 8. The
effect of discharging an adjectival restrict assnmption is simply to introdu‘ce the adjective’s
sense {a property) as a restriction to the sort corresponding to the sense of the nominal

being modified. A first approximation to tlie appropriate discharge rule would be
P A slpr(a) if P~ A, restrict(adj(i),r): s

where / must be syntactically allowed as an adjectival modifier of the phrase with sense s.

In fact, the rules given above are not quite correct. To see why, let us first consider a

similar rule for nominal modification:
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: language| ynatural(x)

1 —> restrict(adj(1), natral): language

s natural :language
| |
l I
natural language

Figure 8: Adjectival Modification

nom(nom-1 = N.nom-2 = X'}~ /i, B restrict{nom(T).7): & if

N~drrand V'~ DB : s

Figure 9 shows the use of this rule in the interpretation of *language processing”. Tor the
moment, we will leave unspecified the precise method by which we determine the appropriate
modifying relation iu the discharge of the restrict assumption; we will return to this question
below. Wlat is hmportant to note here is that the structural rule for interpreting compound
nowminals specifies that the sense of the compound nominal is the sense of the rightmost
noun (nom-2). under the assumption that that sort wil] be modified by the sense of the

noun that precedes it {nom-1}.

Now consider what happens when we apply the rules given so far to the phrase “natural
language processing”. The least-commitment parser gave the phrase the defanlt right-
branching analysis, and it is the job of the interpretation rnies to compute alternative
bracketings. Two alternative derivation trees are shown in Figures 10 and 11. In the first,
the restrict assnmption introduced by the interpretation of “language” is discharged imnic-
diately after introduction: in the second, its discharge is deferred until after the dischiarge

of the restrict assumption introduced during the juterpretation of “natural™. In either casc.
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: processing;(3 language y) object-of{x.y)

1 —> restrict(nom(1), language): processing

: language 1 processing
| I
| -
language processing

Figure 9: Nominal Modification

Liowever, one gets the less-common reading, in which the processing is both natural and
about language. The modification rules as given above are not capable of reconstructing
alternative bracketings from the least-commitnient parse. so we need some mechanism to
derive the alternative interpretation in which “natural”™ modifies “language” rather than

“processing”.

Alternative bracketings for compound nominals are generated by assumpfion ncsting,
a meneral device used in our system to keep track of dependencies hetween assumptions
introduced by nested constitnents. LEach assmuption a has an additional component, a
st of other assumptions nested in a. When the sel of assumptions nested within some
assimption is empty. we have omitted it, and will continue to do so. The assumptions
nested in an assumption a arise from the conditional interpretation of some constituent of

the phrase for whose interpretation a was introduced.

The default eflfect of discharging an assumption containing nested assumptions is to
“pop” the nested assumptions into the main assumption set for the resulting conditional
interpretation. All relevant discharge rules given earlier should be understood in this way.

For example. the nested-assmimption version of the ref-discharge rule would be
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: processingl,( (3 language y) object-of(x.y) )anatural(x}

: (processingl (3 language y) object-of(x.y) Wenanural(z)

2 —3 restrict(adj(2).natwral): processingl,(3 language y) object-ofx.y)

: natural : processing|,(3 language y) object-of(x.y)
I
| .
natural 1 —3 restrict(nom(1), language): processing
: language : processing
I I
I |
language processing

Figure 10: Mixed Modification—Early Discharge
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: processing natural(x)A(3 language y) object-of(x.y)

: (processing\ynatural(x) ), (3 language y) object-of(z.y)

restrici(nom(1) language): processing!ynatural(x)

2 — restrici(nom(1) language), restrict(adj(2).nawural): processing

: natural 1 —> restrict(nom(1), language): processing
{
| /\
natural .
: language :processing
l l
l :
language processing

Figure 11: Mixed Modification—Late Discharae
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[ref-discharge] P ~ Alx/7]. Blz/7]: s[a/r] if P~ A.bind(z, (. 1.8):«

\We can now see how the nesting mechanism is used in interpreting modi{ying expressions.
When a restrict assumption is introduced by the interpretation of either a modifving noun or
adjective, all other nominal restrict assumptions that are inherited from the ruje antecedent
will be nested within the newly introduced assumption. Thus the correct rules for adjectival

and nominal modification are as follows:

[adj-mod]) nom{adj = A,nom = N)~: P,(Q — Q',restrict{adj{1).7.Q) : s tf
A~ P:rand N~ (Q: s
[nom-mod] nom(nom-1 = N,nom-2 = Ny~ P.Q - @Q'.restrict{nom(]).7,Q") : & if

N~P:irand N'~ Q: &
where Q' is the set of nominal modifying assunptions in Q; Q — Q' denotes set difference.

In discharging the assumptions that are introduced by rules adj-mod and nom-meod. the
question of whether there are any nested assumptions bocomes crucial. If there are not.
then the discharge rule shown above still applies. However. in the case in which there are
nested assnmptions, the restriction specified in the top level of the assumption is taken to
be a qualification of the first nested sort—not a qualification of the sense itself. Thus, the
result of discharging a restrict assumption introduced by adj-mod or nom-mod with a nested
assumption is a conditional interpretation with the same sense as that in the antecedent of
the rule, but with a diflferent assumption list. For the adjective case, the improved discharge

rule is:
[adj-discharge] P ~ A.restrict{nom(n). s|.r{2). B):1 if
P ~ A, restrict(adj(n), r, restrict(nom(n’). s, B}) :

where either ' = n or n’ is a daughter of n. The discharge rule for the nominal case is

almost identical:

[nom-discharge] P ~- A, restrict(nom(n), s|sr(z). B} : t if

P~ A, restrict(nom(n). 7, restrict(nom(n'),s. B)) : 1
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: processingl,(3 languagel,nawral(x) z) objeci-of(y.2)

restrict(nom(1) languagel;natural(x)): processing

2 — restrict(adj(2) natwral restrict{nom(1),language)): processing

:na:;zral 1 —> restrict(nom(1), language): processing
|
natural
: language s processing
I I
|
language processing

Figure 12: Modification with Nesting

With the above rules, we can now derive the more natural reading of “natural language

processing”, as illustrated in Figure 12.

It is worth noting that the nesting mechanism allows only those combination alterna-
tives that respect the syntax of complex phrases. For example, when interpreting “computer
language processing system”, nesting will block the impossible alternatives in which “com-

puter” modifies “processing” and *language™ modifies “syvstem”.

It is reasonable to ask why we nest only nominal modification assumptions, and not
those introdnced by adjectives; after all, there are phrases like “dirty blonde hair® thin
exhibit a structural ambiguity analogous to that of “natural language processing”, but in
which the medial word is an adjective. The difficulty with that example is that the two

alternative readings do not involve just structural ambiguity, but lexical-semantic ambjguity
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as well. To interpret the bracketing “dirty [blonde hair]”, the word “dirty™ must be used
as a restrictive adjective, with a sense of type e — t, while to interpret the alternative
bracketing “[dirty blonde] hair” the same word must be an adjective-inodifying (adverbial)
sense. that is. a scnse of type (e — t) — (e — t). A systematic relationship between the
two senses is not obvious. A short-term solution, of course, is to include two distinct scuses

for *dirty™ in the lexicon, as we do for other cases of lexical-semantic ambiguity.

Wlien we discharge a nominal modifier, we need to find an implicit relation between
the noun being modified and the noun modifying it; for instance, in the case of “language
processing . we must determine that the lenguage is the object-of the processing. In the
nom-discharge rule. this relation is represented with the relation parameter 7. The are 1wo
perspectives one might take on the implicit relation represented by /. For a certain class
of modified nouns, namely, relational nonns and those derived from verbs, the modification
refation can be seen as argmment-filling, similar to the relation between verbs and their
arguments (complements). On the other hand, nominal modification can in general be seen

as a predication relation, similar 1o that between verbs and their adjuncts.

Consider first the case of relational and deverbal nouns. We can handle modification of
these using a treatment similar to the one we use for verbs. The lexical intcrpretations of
such nouns would then contain parameters and associated biud assumptions corresponding
to the arguments that may be filled. For example, the conditional interpretation for the

word “processing” would be:
bind(x, arg-1(n), object), bind(y, arg-2(n), object) : processing . y) (M)

Restrici assuimptions introduced by nom-mod would then be discharged against these bind
assumptions, similar to the way in which restrict assumptious introduced by the clausal
rules are discharged against the bind assumptions introduced by the lexical interpretation
of verbs. Advantages of this approach include (1) the fact that the sortal (selectional)
restrictions for the role-fillers are clearly indicated in the set of assumptions incinded in

the conditional interpretation. and (2) the fact that the search for the relation between the
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nouns is immediately constrained; rather than sceking an arbitrary relation. one jooks for

the appropriate argnment-filling relation.

A primary disadvantage of the approach is that in compound nominals the argument-
filling relationship is optional. One can, for example, say “language processing”, without
specifving what is doing the processing.? This optionality would result in undischarged bind
assumptions. Another disadvantage is that this solution will not handle the modification
of nouns that are neither relational nor deverbal. Consequently, in this paper, we have
adopted the alteynative approach, in which relations corresponding to relational nouns and
deverbals are reified, and argument fillers are connected to such relation entities by binary
predicates corresponding to argnment roles {10. 31]. We limit ourselves to the predication-
based approach only for ease of presentation. In fact, in the implementation of the Candide
svalem. we adopted a hybrid approach, in wlich we treated relational nouns as they arc
treated in this paper, while we handled participles and deverbal nouns, by first attempting
the alternative, argument-filling approach discussed above. If an argument-filling relation
could not he found in such cases, then a predicating role was ascribed to the modifving

nounun.

With the rules just described, modifving nouns in compound nominals do not introduce
new entities into the discourse model and thus cannot be subsequently referred to.'® This
accounts for the existential quantification of the entity of sort language in the interpretation

of “language processing” in Figures 10, 11, and 12 above.
The treatment of prepositional phrases should now be clear. The structural rule for

interpreting PPs is:

[pp]  pp(prep = P,psubj = §,pobj = O) ~+ A, restrict(pp(p,1),0,B): s if
Pr~:pand S~ A:sand O~ B:o

®The recovery of such implicit argument fillers ias been a major focus of the Pundit project [3u].

15This eflectively forces compound nominals Lo be anaphoric islands [34], which is in general oo stroug
a restnction [43] but is nonetheless a reasonable design clicice given the absence of a detailed theory of the
relatively limited cases in which reference into putative anaphoric islands is possible,
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Prepositional phrase modification. like adjectival and nominal modification, can result in
nested PP restrict assumptions. lowever, there is a difference in the way in wlich 1hese
nested assumptions are discharged: when a PP-restrict with a nested assumption is dis-
charged, the outermost sort does not restrict the first nested sort, as was the case with
adjectival and nominal modification. Instead, the outermost PP restricts the sense of the
current conditional interpretation, with the nested assumption then being “popped” to the

top Jevel. The following discharge rule achieves this:
[pp-discharge] P~ A. B :s|,p/(a,0) if P~ A,restrict{pp(p,n).0,B): s

The relation p' is determined froin the preposition and from the sorts of the modifving and
modified seuse. by using informnation in the knowledge base about sorts and the relations
in which their members may participate. The discharge procedure must ensure that = is

svintactically allowed as a modifier of the phrase with sense s.

The asyvmetry hetween adjectival and nomninal modification, on the one hand, and
prepositional phrase modification. on the other, results from the left-to-right order of En-
glish, in whicl prepositional phrases generally follow the terms they modify, whereas adjec-
tives and nonns {in general) precede them: this structure is reflected in our analyses. With
both types of modification, carly discharge results in a right-bracketed structure, while late
discharge results in a left-bracketed structure. Figures 13 and 14 show two derivations of
“man near the car in the park™, the first with right bracketing and the second with left

bracketing.

3.4 Interpreting Quantified Phrases

The structural rules for quantification are quite similar to the reference class rules given
in Section 3.1: the interpretation of a quantified NP is a new parameter that is subject
to a bind assumption. There are two rules, gen-quant {or general NPs and int-quant for

interrogative NPs. Rule gen-quant is as follows:
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:man |y near(y, ¢1)

2 — restrict(pp(near, 2), ¢;): man

: mear tman 10y

near man bind(c, def, ear I, in(xp1)): ¢

// .
the scar ly in(xp1)

1 —> restrict(pp(in, 1), p3): car

tin tcar P

! | |
in car bind(p, del, park). p

-
the 1 park
I
park
[man near [the car in the park]]

Figure 13: Prepositional Phrases—Right Bracketing
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:man |y near(y, c)A in(y, p1)

:(manly near(y, c1))l; in(z, p1)

restrict(pp(in, 1), p1) : man |y near(y, ¢1)

2 —3 restrict(pp(near, 2), c;, restrict(pp(in, 1), p1)): man

:near :man restrict(pp(in, 1), p1) : 01

| |
near man bind(c, def, car), restrict(pp(in, 1), ;1) : ¢

-

the 31— restrict(pplin, 1), p1): car

tin ‘e P
| | |
in car bind(p, def, park): p
- -
the : p;:rk
park

[[man near the car] in the park]

Figure 14: Prepositional Phrases—Left Bracketing

49
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[gen-quant]  gen-quant{quant = D.nom = N )~ bind(z,q,n, 4}z if

D~ :gand N~ d:n
Rule int-quant is almost identical, so we will not discuss it further here.

General NPs include all quantified NPs accepted by Candide except for those with
definite or referential indefinite determiners, which are interpreted by the def-np and indef-np

rules discussed in Section 3.1.

The bind assumption bind(z,¢.n. A) introduced by rule gen-quant can be scen as en-
coding a quantifier store element along the lines of Cooper storage-[7]. The rule puts a
quantifier into store. Appropriate discharge rules, discussed helow. unstore quantifiers and
apply them to their choscn scopes. As we shall see shortly, different orders of assnmption
discharge will produce different relative scopes for the quantifiers in the interpretation of a

senlence.

Examining rule gen-quant it is clear 1hat ¢ is the sense of the determiner of some NP,
while n is the sense of the nominal of the NP, Thus, the phrase “every jet” would receive
the conditional interpretation bind(x, evcry, jet) : z (there are no nested assumptions here).
Disregarding for the moment interactions with reference, the discharge of a general ¢nantifier
assumption bind(z, ¢, n, A) with respect to a sense S will vield the new sense ¢(n, Az.5).
which we will more perspicuously notate as {¢ n 2)5. Assume a derivation in which a
decision is made to discharge the quantifier bind assumption during analysis of the entire
phrase “every jet failed”. Assuming all other assumptions have already been discharged,
the discharge of the quantifier bind assuinption will lead to the conditional interpretation
1 (V jeta)fail(z). We can sce that the determiner sense g is being taken as a generalized
quantifier, that is, a relation between properties |{4]. The contribution of the NP to the
ultimate interpretation is the quantifier { = ¢(n), a property of properties. This is applied
to the property Az.S that corresponds to the scope of the quantifier to give the clanse sense

(¢nx)S.
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Rule gen-quant stores all the asstmptions 4 for the nominal of the general NP as nested
assumptions of the single bind assumption it introdnces. This ensures that the assumptions
in 4 will not be discharged before the enclosing bind assumption is itself discharged. As-
sumption nesting serves two purposes. The first is to implement a form of nested Cooper
storage enforcing the scoping constraint [42, 23] that a quantifier Q' appearing within an-
other quantifier  must either be scoped inside € or have a scope than includes both ()
and its scope. The second is to support the capture mechanism we use to interprét donkey

sentences, further discussed below.

The discharge rule reflecting the first use of nested assumptions is
|quant-discharge] P~ 4. B:{(gsx)p if P~ 4. bindlz,q.5 8): py

where 2 cannot ocenr free in A. This formal condition, which has heen given a semantic ex-
planation clsewhere {33), is necessary 10 block those derivations in which, roughly speaking,
a variable occurs outside the scope of its binder. The type subscript t for the sense variable
» shiould also be noted, indicating that this rule can apply only to interpretations whose
sense part has the semantic tvpe of a proposition. In general, scoping has to apply not only
1o proposition-type scopes but also to property-type scopes {(meanings of common-NPs and

verh-phrases) [35). It would be straightforward to do this in Candide.

Under certain circumstances, rule quant-discharge should apply not only to the bind
assumptions created for quantified NPs. but also to definite and indefinite bind assumptions
that are to he given nonreferential readings. These arise when an NP is taken as having
narrow scope with respect to another scoping operator. Examples include a generalized

quantifier or a verb with an opaque argument:

(8) The thrust of each jet is mieasured by a sensor.

(9) John believes that a unicorn is approaching.
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Let a = bind{x. k. <. 17} be a definite or indefinite bind assumption. () be the appropriate
quantifier. A,a :p be a conditional interpretation and let p have the appropriate type.
Then, it will be possible 10 apply rule quant-discharge to the interpretation, resulting in
a new interpretation - : @(Az.p) whenever the derivation above this point includes the
application of some scoping operator X' whose scope includes Q(Az.p). This condition can
be implemented in practice by letting definite or indefinite binds percolate up a derivation
until a rule introducing a scoping operator is about to apply. Then, just before i1 does, the

assumptions are optionally discharged as quantifiers.’?

Given the foregoing relinement of the quant-discharge rule, we can see how alternative
scopes for the interpretations of noun phrases in an utterance result from different orders of
assumption discharge. This is exemplified by the abbreviated derivations n Figures 15 and

16, which give the two alternative scopings for the quantified noun phrases in the sentence

{10) Every driver controls a joet.

In the derivation showu in Figure 15. the indefinite bind assumption is discharged by rule
quant-discharge as was just described, while in the derivation of Figure 16 the assump-
tion is discharged by rule ref-discharge. In both cases. rule gen-quant introduces the bind
assumption for the quantified NI? “every driver” and rule quant-discharge discharges that

assumption.

We noted above liow assunplion nesting is nsed to enforce a constraint on possible
-scopings. A second use of nesting in our system is to make indefinite noun phrase assump-
tions for the nominal in a quantified NP available to capiure rules that may discharge the
quantifiecd NP’s bind assummption. The purpose of capture rules is to allow the derivation

of the intended interpretation for donkey sentences such as (11)

{(11) Every driver that controls a jet closes it.

YThe current version of Candide actually allows this only for indefinite bind assumptions nested within
a guantified NP assamption about to be discharged. As a resull. an indefinite NP can be interpreted in
Candide only as referential (a discourse constant), as an existential quantifier immediately outscoped hy a
generalized (uantifier, or as a captured quantifier.
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(Y driver d)(3 je1 j) controls(d, J)

bind(d, every, driver) : (3 jer j) controls(d, J)

bind(d, every, driver), bind(j, indef, jer) : controls(d, j)

1—> bind(x, arg-1(1), agenr),  bind(d, every, driver). d bind(jindef, jer): j

bind(y, arg-2(1), device): ,’\ _-
controls(x.y) evé?y :driver a :jet
| | I
' ' !
controls driver jet

Figure 15: V3 Interpretation

1 (V driver d) controls(d, jy)

bind(d, every, driver) : controls(d, j;)

1—> bind(x, arg-1(1), agenr),  bind(d, every, driver): d th
bind(y, arg-2(1), device): _- |
controls(x.y) every :driver  bind(jindef, jes): j
| -
1 -
controls driver a tjet

jet

Figure 16: 37 Interpretation
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The basic operation of a capture rule is to discharge a bind assumption bind(z, ¢, s, 4) for
a guantified NP together with sotne subset A’ of the indefinite bind asswmptions in the
nested assumption set 4. Let y;..... ¥ be the parameters bound by the assumptions in
A'. Then captnre will introdnce an appropriate polyadic quaniifier [41], which quantifies
simultaneously over z and all the 3. For exanple. the interpretation of (11) just before

capture would be

bind(z, every, driveriycontrols{d. y}, {bind(y, indef. je)}) : close(z, y)

and after capture

(Y jei gy )V driver|gcontrols(d, y) x)close{x, y) (12)

In this case the polvadic quantifier reduces to two nested universal quantifiers. However,
this interpretation of (11) is not without difficulties. as noted hy Rooth [36] and Heim [21],
among others. Furthermore, it will not generalize to the interpretation of sentences with a

different generalized quantifier, for instance “most”. instead of *every™, since

1 (¥ jet y) most driver|gcontroldd. y) a)close(z, y) {13)

is nor an acceprable interpretation of

{14) Most drivers that control a jet close ir.

(Consider a model with three drivers dy. dy and 3 and two jets j; and jp such that dy
and dy control and close j;, and dz just controls j5. This model does not satisfy {13) but
seems to satisfv the intuitive meaning of the sentence.) Since our purpose here is only to
explain how such interpretations can be built incrementally, and not to argue for particular

semantic analyses, we will not discuss these problems further.

Figure 17 shows a simplified derivation of interpretation {12) for sentence (11). At

the clause node 4, the interpretation has two bind assumptions, one for the quantified NP
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6 :(V jer Y)(V driverly controls(d, y) x) closes(x, y)
§ bind(x, every, driver |4 controls(d. y), bind(y, indef, jes)) : closes(x, y)

4 bind(x, every, driver |4 controls(d, y), bind(y, indef, jen),
bind(z, pronoun, neuter) : closes(x, z)

/ 3 bind(z, pronoun, neuter) : z
i 2 bind(x, every, driver I courroLs(d y), bind(y,indef, jen):x |
—— it

closes eveéry  bind(y, indef, jer) : driver | controls(d, y)

/I\

) : driver 1 bind(y.indef, jes): y
H | -
- / )
controls driver a jet
I

jet

Tigure 17: Derivation for Donkey Sentence
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“everv driver...” interpreted al node 2 and the other for the pronoun “it” interpreted at
node 3. The bind assumption for the indefinite NP “a jet™ introdneed at node 1 is now
nested within the quantified NP assumption. The derivation continues from node 4 with
the identification of the indefinite noun phrase as the antecedent for the pronoun. This is
done at node 5 by the application of rule ref-discharge, which can discharge a pronominal
reference assumption against another undischarged bind assumption. Capture completes the
derivation, discharging the quantified NP assumption and the nested indefinite assumption
on node 5 to vield node 6. In general, several levels of nested assumptions may be unnested

on capture, as in (15).
(15) Lvery friend of a member of a club visits it with him.
A (simplified) interpretation for (17) would be:
1 (Y elub (Y member-ofl¢) mY(Y friend-ofim) f)visiis-with{ f, e, m)

Furthermore, definite assumptions must also be considered in capture. [For example, 1o
interpret (16} we need to discharge the assumptions in (17) so as to produce the intended

interpretation in (18).
{16) Every friend of the author of a book praises it Lo her.

bind( f. every, friend-ofia),
bind({ . def, author-of(b), (17)
bind( b, indef, book)}) : praises-io( f, b, a)

: (V book b)(the wuthor-of(b) a)(V friend-ofia) f)praises-to(f.b,a) (18)

In general, given a capturing bind assumption, the capture process involves selecting
some binding assumptions to be captured from the set of assumptions nested in the cap-

turing assumnption. and recording the scoping constraints between those assumptions. It is
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convenient 1o represent the result of this process as a scope {ree that represents the captured
assumptions and their scope relations. In the formal definition that follows, we represent a
scope tree as a pair {a.T) where o is a bind assumption and T is a {possibly empty) set of
scope trecs whose bind assumptions must outscope a. An appropriate translation will map

the capturing assumption and the selected scope trec to a polyadic quantifier.

Given a capturing assumption bind(z, ¢, s, 4), we take a bind assumption bind(y, &, . (')
that is within A to be capturable just in case (1) the assnmiption type k is indefinite (indef)
or (2) the assumption type is definite (def) and an assumption in the (nonempty) set of
nested assumptions C' is being captured. With this definition. all the definite and indefinite
assumptions for the NPs in the subject nominal of sentence {16) are capturable provided
that “a book” is captured. In this case. the derivation of the preferred interpretation (18) is
allowed. If *a hook™ is not captured. neitlier of the indefinites will be, and the interpretation
of the sentence will he that all the friends of the author of a specific book praise the book

to the author.

The capture process may then be more preciseiy defined as follows:

Given capturing assumption bind(x, ¢, s, A), construct a set of “lefiover” as-
sumptions B and a scope tree t = (bind(x, ¢, 5), T} where
e A'={ay,...,an) C A is a set of capturable assumptions for which scope
irees 1; and leftover assumptions B; have heen determined
e B=(A-AYUU;Biand T = {f1,.... 1}
o assumplion o; = bind(y;, ki, 7. C) is capturable with scope tree t; =
(bind(y,k..7), U} and leftover assumptions B; if either
— k; = indef, and C;, B; and U; are empty, or
— F; is def or indef, and «; can capture a nonempty subset of assumptions

from the nested assumption set C;, with resulting leftover assumptions

B; and scope tree {;.
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As outlined earlier, the captured assumptions in a scope trec must be combined with
the capturing quantifier to produce the appropriale polyadic quantifier. As was noted. in
general the choice of quantifier is a difficult one, and all current proposals for interpreting
donkey sentences have serious deliciencies. We will limit ourselves here to giving a usable
translation for a universal quantifier with captured assumptions, the simplest case of which
was originally considered in discourse representation theory (DRT) [24]. In this case, let
1 = (bind(z, every, £),T) be the quantifier tree buiit by tile capture process. Such a tree
encodes a. partial order helween assumptions: assumption a must outscope assumption J
Just in case a is a node in the subiree rooted at 4. Any linearization of the partial order

represented by the tree will Iead to a polvadic quantifier of the form
ARAY sy 2 (V¥ s, 2, ) 2y, ... 2n)

where /2 will be filled by the matrix of the guantification.

Looking again a1 the interpretation of sentence (16), we see that the rules just given will
translate the result of capturing hoth nested bind assumptions into the nested guantifiers

in (18).

Given the foregoing discussion. the general form of the capture discharge rule is thus:
[capture] P~ C.B:Q{Axy- 35 z.p) if P~ C,bind(2.¢,5. A}: pe

The application of this rule is subject to the foliowing conditions: (1) ¢ must be a general
quantifier, {2} assumption bind{x. ¢. &, A} captures some assumptions from A resulting in a
scope tree ¢ and leftover assmmptions B, (3) 2....,z, are the parameters for the captured

assumptions and {4) @ is the appropriate polvadic quantifier.
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4 Conclusion

We have presented a system for the incremental interpretation of natural-language utter-
ances in context. The main goal of the work was to account for the influences of context on
the combinatorial aspects of interpretation, while preserving compositionality to the extent
possible. To achieve this goal, we introduced a representational device, conditional interpre-
tations, and a rnle system for constructing them. Conditional interpretations represent the
potential contributions of phrascs to the interpretation of an utterance. Structural and dis-
charge rules specify how phrase interpretations are combined, and how they are elaborated
with respect to context. The control structure defined by the rules determines the points
in the interpretation process at which sufficient information becoines available to carry out

specific inferential interpretation steps.

Our interpretation system was conceived as a first step out of a dilemma of composition-
ality created by the fact that. in general, the choice of interpretation for a phrase depends
on the phrase’s context of utterance in complex and open-ended wavs. The dilemma is

represented by two opposing alternatives, which we now recapitulate.

The first alternative is represented by Moutague grammar and its descendants. In these
svsitemns, the eflects of context on the interpretation of a phrase must be built into the de-
noation of the phrase. This method preserves incrementality of interpretation, but leads
to complex and otherwise unmotivated denotations. Furthermore, we know of no princi-
pled way to design such denotalions to accommodate open-ended influences of context on
interpretation.’? Cooper’s work on quantifier storage is probably the best-known atiempt
1o provide such open-endedness. Since the scopes of quantifiers appearing in a phrase
are underspecified, in Cooper’s system phrase, denotations become pairs consisting of a
Montague-style denotation and a store representing those guantifiers in the phrase whose
scope is still to be determined. Quantifiers whose scope is determined are removed from

storage and applied to their scope. Cooper denotations are thus hybrids, which cross over

2These difliculties are reminiscent of the prablems of providing denotational semantics to imperative
programuing languages, in which the slore plays the role of context.
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from the sirictly semantic domain of Montague denotations to the domain of the interpre-
tation process. In Cooper’s svsteni, as in al]l the representatives of this first alternative, the
directness of Lthe semantics is sacrificed 10 maintain compositionality and incrementality in

the face of contextual eflects.

The other interpretation alternative is exemplified by discourse-representation Lheory
(DRT) [24]. In DRT, what we would call the complete interpretation of an utterance is de-
rived compositionally from an intermediate representation, called a discourse-representation
structure {DRS). However. the rules for DRS construction presented by Kamp [24] are not
compositional or incremental: the DRS for a phrase is found only as a by-product of finding
the DRS for the embedding discourse. In particular, DRS-construction rules apply only af-
ter the relative scope of noun phrases and anaphoric bindings liave been determined. Thus,
J{amp’'s svstem does not provide a principled framework for incremental interpretation,
that is, DRT sacrifices incrementality so that contextnal effects and semantic simplicity

may coexist.

This tension has been at least implicitly recognized by several authors. Darwise [3].in a
formal development of ideas implicit in Heim'’s file-change semantics |20], proposes the direct
interpretation of phrases as partial assignments of values to variables. His interpretation
rules are compositional, but are applied to analvses in which scope and coreference relations
have already been fully specified. Dynamic Montagne grammar, introduced by Groenendijk
and Stokhof [13] and further developed hy Clierchia [6], attempts {o treat context as a
first-class citizen by adding a context-change dimension to the phrase denotations. This
provides an elegant treatment of the interaction between quantification and reference, but
again only after scopes and coreference relations have been fixed. Finally Zeevat [46] gives
a set of incremental interpretation rules for a varnrant of DRT, but loses compositionality in
the sense that his semantic operations are applied to formulas in a logical language rather

than to denotations. Again, scoping and coreference relations must be fixed in advance.

Research on incremental interpretation in compntational linguistics has been mostly con-

cerned with its inferential rather than its combinatorial aspects. Neither that work nor work
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on the combinatorial side of single sentence interpretation has paid much attention to the
effects of context on combinatorial questions. Furthermore, our approach to interpretation
offers a {lexibility in the sequencing of interpretation decisions that has not been achieved
in typical inferential interpretation systems. For example, the Pundit system (S, 9] deals
with pragmatic problems in a fixed order, even though the necessary information may be-
come available in a different order. The TACITUS system [22] avoids the ordering problem
by eschewing incrementality and treating interpretation as global optimization. A higher
degree of incrementality was achicved by Mellish [28] and Haddock [18], but the structure
in their svstems was insufficient to handle as wide a range of combinatorial problems as we

do.

Ouvr system suflfers from a variety of limitations in linguistic coverage and disconrse
modeling that could be alleviated with further interpretation rules and the incorporation of
more detailed disconrse models. However, its main limjtation is that discourse entities can-
not depend upon undischarged interpretation assumptions. That kind of parameterjzation
of the discourse model would he needed to interpret correctly the dependencies between

multiple referring expressions that Avuso [2] identified as a problem for Webber's type of

discourse model {44].

It is {air 1o say that, even though the developments we have surveyed here bring more
of context into the compositional fold, thev do not address the central issue of the local
indeterininacy of context, that is. they do not provide phrase interpretations that can
be incrementally elaborated as contextual relations, such as coreference and scope. are

discovered. This is, of course, the main feature of our system.
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