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Abstract

This dissertation presents a model of the human sentence interpretation process, which at-
temptsto meet criteriaof adequacy imposed by the different paradigmsof sentence interpretation.
These include the need to produce a high-level interpretation, to embed alinguistically motivated
grammar, and to be compatible with psycholinguistic results on sentence processing.

The model includes a theory of grammar called Construction-Based Interpretive Grammar
(CIG) and an interpreter which uses the grammar to build an interpretation for single sentences.
An implementation of the interpreter has been built called Sal.

Sal isan on-line interpreter, reading words one at a time and updating a partial interpretation
of the sentence after each constituent. This constituent-by-constituent interpretation is more fine-
grained and hence more on-line than most previous models. Sal is strongly interactionist in using
both bottom-up and top-down knowledge in an evidential manner to access a set of constructions
to build interpretations. It uses a coherence-based selection mechanism to choose among these
candidate interpretations, and allows temporary limited parallelism to handle local ambiguities.
Sal’s architecture is consistent with a large number of psycholinguistic results.

The interpreter embodies a number of strong claims about sentence processing. One claim
is uniformity, with respect to both representation and process. In the grammar, a single kind
of knowledge structure, the grammatical construction, is used to represent lexical, syntactic,
idiomatic, and semantic knowledge. CIG thus does not distinguish between the lexicon, the
idiom dictionary, the syntactic rule base, and the semantic rule base. Uniformity in processing
means that there is no distinction between the lexical analyzer, the parser, and the semantic
interpreter. Because these kinds of knowledge are represented uniformly, they can be accessed,
integrated, and disambiguated by a single mechanism.

A second claim the interpreter embodies is that sentence processing is fundamentally
knowledge-intensive and expectation-based. The representation and integration of construc-
tions uses many diverse types of linguistic knowledge. Similarly, the access of constructions
is senditive to top-down and bottom-up, syntactic and semantic knowledge, and the selection of
constructionsis based on coherence with grammatical knowledge and the interpretation.
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“To parse asentence isto relate it to a general description of alanguage’
— Hays (1966)

“If our goa as understanders is to extract a meaning from its language-encoded form,
then the question we must ask is this: What is the best possible process to decode natural
I 24

anguage — Riesbeck & Schank (1978)

“An adequate theory of language comprehension must do more than describe the means
by which theindividual sentences of atext are processed and integrated into a coherent struc-
ture representing the meaning of the entire text. It must identify the principles determining

the analysis of theinput. . . — Frazier (1987a)

As seen in these passages, there is no shared paradigm of what constitutes the nature and
significance of research in language understanding. One paradigm, which might be called the
linguistic paradigm, expressed here by Hays, is concerned with the relation between a computa-
tional model and linguistic theories of language structure. The second, computational, paradigm
tendsto be interested in the computationally best process for computing the meaning or structure
of a sentence. Finally, the psychological paradigm, expressed here by Frazier, concerns itself
with psychological modeling of the temporal processes which accompany human interpretation
of language, and the expression of general principles which determine this processing.

The goals and the domain of study expressed by each of these paradigms are frequently
assumed to be incompatible. Thus although the sentence interpretation process has received a
great amount of attentionin the cognitive science community, most modelshave tended to address
very limited subparts of the problem of interpreting an utterance. By focusing on subproblems,
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such as lexical access, or syntactic disambiguation, or efficient parsing, these models do not
generalize well enough to deal with broader sentence-interpretation issues.

But there is no reason why a model of human sentence interpretation must limit itself to a
single paradigm, particularly in this era of interdisciplinary studies and cognitive science. This
dissertation proposes a model of the human sentence interpretation process which attempts to
address the fundamental criteriaimposed by each of these paradigms. The model consists of two
components:

e A theory of grammar called Construction-Based Interpretive Grammar (CIG), part of
a family of theories called Construction Grammars (Fillmore et al. 1988; Kay 1990;
Lakoff 1987), which represents knowledge of language as a collection of uniform structures
called grammatical constructions representing lexical, syntactic, semantic, and pragmatic
information.

e A semantic interpreter named Sal (after the well-known Erie Canal mule of songdom),
which includes:

— aworking store which allows multiple constructions and interpretations to be consid-
ered in parallel.

— an evidentia access function, which uses different knowledge sources to guide its
search for the correct constructions to access in an interactionist manner.

— aninformation-combining operation called integration, which augments aunification-
like operation with knowledge about the semantic representation language and with a
mechanism for functional application.

— aselection algorithmwhich prefersinterpretationswhich are more coherent and which
prunes low-ranked interpretations.

This characterization of any theory of interpretation as including sub-theories of access,
integration, and selection is a very general one, frequently applied to models of the lexicon, for
example. These three sub-theorieswill be used to structure the dissertation; the architecture of the
interpreter will be described by giving specific proposalsfor an access function, an interpretation
function, and a selection function, and each is described by a chapter.

1.1 Criteriafor a Theory of Interpretation

Thisisaparticularly exciting timeto study computational models of language processing. Recent
years, and particularly the last decade, have produced a cornucopia of experimental results from
psycholinguistics. Many, if not most, modern linguistics theories have begun to be seriously
concerned with psychological and computational issues. And everywhere computational results
and models abound. It is the beginnings of a convergence of interests of these fields which make
the development of such amodel possible.

But modeling sentence understanding is difficult as much because of what we know as because
of what we don’t know. The more each paradigm requires of a successful model, the more there
is a temptation to avoid these requirements by building models which do not stray beyond the
bounds of an individual field. To avoid these problems, this section proposes an interdisciplinary
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set of broad-ranging criteriaof adequacy for atheory of human sentence interpretation. The first
criterion of Functional Adequacy constrains the nature of the interpretation.

Functional Adequacy: An interpreter must produce a representation which isrich
and complete enough to function as an interpretation of the sentence in a larger
model of language under standing.

The functional adequacy criterion is a definitional one for an interpreter which is intended
to model human processing. It is the necessity of meeting this criterion which distinguishes
an interpreter, which must meet semantic and functional constraints on its representation, from
a parser, which need not meet semantic constraints, or a lexical model, which need not even
meet syntactic constraints. Without such a criterion, it istoo easy to build a model of language
processing whose defects are hidden by assuming that some as-yet-undefined module will solve
them.

A processing model which accounts only for lexical access, or for syntactic parsing, may
fail when a solution to the more general problem of sentence interpretation is called for. For
example many models of lexical access account quite successfully for psycholinguistic resultson
lexical access. However none of these models deal with syntactic access. Similarly, no models
of syntactic rule access can model the psycholinguistic results on lexical access. Because most
models treat only one of lexical or syntactic access, the incompatibility between the approaches
is not apparent. If either model was extended to deal with the other problem, however, the
incompatibility would become clear, and might suggest changes in either model. Treating the
problem of accessing linguistic knowledge in this piecemeal way can be avoided by adopting the
criterion of Functional Adequacy.

The second criterion for an interpreter isthat of Representational Adequacy:

Representational Adequacy: An interpreter must include a declarative and linguis-
tically motivated representation of linguistic knowledge.

Thiscriterioninsuresthat therepresentational basisof the processing model meetsindependent
linguistic criteria for linguistic knowledge, particularly the need to capture relevant linguistic
generalizations and account for the creativity of the language faculty.

Meeting the criterion of representational adequacy also requiresthat the linguistic knowledge
used by the interpreter include more than just phonological or syntactic information. In order to
produce an interpretation of a sufficient richness and completeness, the interpreter must bring to
bear alarge and varied collection of semantic, pragmatic, and world knowledge.

Thefinal criterion concerns psychological validity:

Psychological Adequacy: An interpreter must meet standards of psycholinguistic
and general cognitive validity.

The criterion of Psychological Adequacy requires that the theory account in a principled
manner for psycholinguistic results. A number of such resultswill be discussed in Chapters 4-7;
the following list summarizes some of these results and the chaptersin which they are discussed
and modeled:
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¢ the on-line nature of the language interpretation process (see Chapter 6)

¢ theparallel nature and time course of lexical, idiomatic and syntactic access (see Chapter 5)

¢ the context-dependence of the access point (see Chapter 5)

¢ the use of frequency informationin access and in selection (see Chapters 5 and 7)

¢ the use of lexical knowledge such as valence, subcategorization, and thematic roles in
integration (see Chapter 6)

¢ the nature and time-course of gap-filling (see Chapter 6)

e theuse of expectationsin selection (see Chapter 7)

Previous models of human language interpretation have generally focused on individual
parts of these three criteria. For example many processing models which are associated with
linguistictheories, such asFord et al. (1982) (LFG), Marcus (1980) (EST) or the Government and
Binding parsers such as Johnson (1991) or Fong (1991) include no semantic knowledge. That
is, these are all models of parsing, and hence do not meet the criterion of functional adequacy.
Alternatively, some models such as Riesbeck & Schank (1978), Birnbaum & Selfridge (1981),
DeJong (1982) and others of the Yale school, have emphasized semantic knowledge but ignored
syntactic knowledge. These modelsfail to meet representational adequacy. Somemodels, such as
Lytinen (1986), do address representational adequacy by representing both syntactic and semantic
knowledge, but, like these other classes of models, fail to meet the criterion of psychological
adequacy.

Many models which derive from the psycholinguistic community and hence concentrate on
psychological adequacy suffer by limiting their scope to lexical access; this includes the cohort
model of Marslen-Wilson, or thelogogen model of Morton. Again, by buildingamodel of lexical
access which ignores larger structures (e.g., syntactic rules or grammatical constructions), these
models meet neither functional nor representational adequacy.

Because most models of human language processing have thus focused on either syntactic
parsing or lexical access, very few cognitive models of interpretation have been proposed. Some
more complete models have been proposed (such as Hirst (1986), Kurtzman (1985), Kintsch
(1988), and Riesbeck & Schank (1978)), and these will be examined in further depth in Chapter 4.
Relevant sections of Chapters 4—7 will concentrate on other models in more detail.

1.2 Motivating the M odel

The criterion of psychological adequacy requires that the model account in a principled manner
for psycholinguistic results concerning sentence processing; in thelast ten yearsmany such results
have become available. Sal isanidealized model, and as such there is not a detailed quantitative
fit with data such as the exact millisecond timing of events, but Sal isqualitatively consistent with
all of the results summarized in Figures 1.1-1.4.

Consideringthecriteriain §1.1 and thelinguistic and psycholingui stic phenomenasummarized
in these figures leads us to a number of propertiesthat must be true of an interpreter like Sal and
an embedded grammar like CIG. Most of these propertiesfollow from the criteriaand evidence,
while some draw also on Occam’s razor.
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| Access |
Lexical constructionsareaccessed in parallel. | Swinney (1979) §5.1
Tanenhaus et al. (1979)
Tyler & Marden-Wilson (1982)
Idioms are accessed in parallel. Cacciari & Taboss (1988) §5.1
Syntactic constructions are accessed in | Kurtzman (1985) 65.1
parallel. Gorrell (1987) and (1989)
MacDonald et al. (in press)
More frequent constructions are accessed | Marden-Wilson (1990) 65.1
more easily. Tyler (1984)
Zwitserlood (1989)
Simpson & Burgess (1985)
Salasoo & Pisoni (1985)
The access-point of a construction is not im- | Swinney & Cutler (1979) §5.1.1
mediate, and varies on the context and on the | Cacciari & Taboss (1988)
construction.

Figure 1.1: Psycholinguistic Data on Access

| Selection

Selection Pruning

ical, syntactic, and semantic knowledge

Stowe (1989)

Trueswell & Tanenhaus (1991)
Pearlmutter & MacDonald (1991)
Zwitserlood (1989)

Prune when one interpretation has a much | #The grappling hooks onto the enemy | §7.3
more specific expectation ship.
Prune when one interpretation has a much | #The old man the boats. §7.6.3
more freguent expectation
Prune when one interpretation is much more | #The horse raced past the barn fell. §7.3
coherent than the other.

SAlection Preference
Prefer arguments to adjuncts Ford et al. (1982) §7.6
Prefer to fill expected constituents (Extrapo- | It frightened the child that John §7.6.4
sition vs Pronominal It) wanted to visit the lab.

Crain & Steedman (1985)

Selection preferences make referencesto lex- | Taraban & McClelland (1988) §7.6

Figure 1.2: Linguistic and Psycholinguistic Data on Selection
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| Integration
Building an interpretation is an on-line pro- | Swinney (1979) §6.2.3
cess, occurringin aconstituent-by-constituent | Tanenhaus et al. (1979)
manner, without waiting for the end of asen- | Tyler & Marden-Wilson (1982)
tence or clause. Marslen-Wilson et al. (1988)
Potter & Faulconer (1979)
Marden-Wilson (1975)
Theprocessor useslexical valenceand control | Mitchell & Holmes (1985)
knowledge in integration, including semantic | Shapiro et al. (1987)
and thematic knowledge. Clifton et al. (1984)
Boland et al. (1990)
Tanenhaus et al. (1989)
The processor experiences difficulty when | Crain & Fodor (1985) 66.5.3
encountering “filled gaps’ in non-subject | Tanenhaus et al. (1985)
position. Stowe (1986)
Garnsey et al. (1989)
Tanenhaus et al. (1989)
Kurtzman et al. (1991)
The processor does not experience thefilled- | Stowe (1986) 66.5.3
gap effect in subject gaps.
The processor integrates distant fillers di- | Pickering & Barry (1991) 66.5.2
rectly into the predicate, rather than mediating | Boland & Tanenhaus (1991)
through an empty category.
Figure 1.3: Psycholinguistic Data on Integration
| Representation |
Inflection is represented distinctly from | Stannerset al. (1979) §3.7.3
derivation Cutler (1983)
Semantic constraints on constituents *How three are they? §3.4.3

Figure 1.4: Linguistic and Psycholinguistic Data on Representation
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The architecture of the interpreter Sal is based on four properties: it is on-line, parallel,
interactive, and uniform. Each of these propertiesis described in detail in Chapter 4.

Sal is on-line because it maintains an interpretation for the utterance at all times; it updates
the interpretation in a constituent-by-constituent manner, which is a much more fine-grained and
on-line method than the rule-to-rule method Bach (1976) which is used by most other models.
The first part of Figure 1.3 summarizes a number of psycholinguistic results which indicate that
human sentence processing is on-linein this manner rather than producing an interpretation only
after acomplete syntactic interpretation for the sentence has been produced.

Sal is parallel because it can maintain more than one interpretation simultaneoudy, although
only for alimited time. Theuseof parallelismismotivated by anumber of psycholinguisticresults
summarized in Figure 1.1. Parallelismin lexical accessis afeature of all modern lexical-access
models, and anumber of recent psycholinguistic resultsindicate that theinterpreter keeps parallel
syntactic and idiomatic representations as well. Maintaining parallel representations thus allows
auniform treatment of lexical, idiomatic, and syntactic processing.

Sal is interactive because it allows syntactic, semantic, and higher-level expectations to
help access linguistic information, integrate constructions into the interpretation, and choose
among candidate interpretations. The interactive nature of the architecture is motivated by
psycholinguistic results on access, integration, and selection. Results on integration and selection
are summarized in Figures 1.3 and 1.2, respectively. Results on access are more mixed, and are
discussed in more detail in §5.5. Our position on interactionism is incompatible with a strong
version of Fodor’s (1983) Modularity Hypothes's, in which semantic and contextual knowledge
is unable to affect lower-level linguistic processing. Sal’s architecture might, however, be
compatible with a weaker version, in which semantic and contextual knowledge could affect
lower-level processing, but world knowledge and the genera reasoning capacity could not.

Sal is uniform because a single interpretation mechanism accounts for the access, integration,
and selection of structuresat all levelsof sentence processing. Thusthereisno distinction between
the lexical analyzer, the parser, and the semantic interpreter — Sal performsall these functions
in aunified way. This uniformity is motivated partly by the psycholinguistic evidence on access
summarized in Figure 1.1, and also by Occam’s razor; performing each of these tasks with one
mechanism is more efficient than proposing distinct ones. The uniformity of the architecture is
possible because the CIG grammar is uniform as well. Words, idioms, syntactic structures, and
semantic interpretation rules are all uniformly represented as grammatical constructions.

This brings us to a discussion of the grammar. The criteria and the linguistic evidence lead
to four properties that hold of CIG, and which we claim should hold in general of grammatical
theories which are embedded in models of interpretation. The grammar must be motivated,
declarative, information-rich, and uniform.

ClGismotivated because it issubject to thelinguistic requirementsof accounting for creativity
and of capturing generalizations. Itisthe criterion of Representational Adequacy which requires
an interpreter’s grammar to be motivated.

CIG is declarative because it is non-derivational, or non-constructive. The grammar does
not include the derivational algorithmwhich is a part of derivational grammars. Motivation for
a declarative grammar is discussed in detail in Chapter 2.

CIG isinformation-rich because it includes information from various domains of linguistic
knowledge, including phonological, syntactic, semantic, pragmatic, and frequency information.
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Arguments for information-rich grammar are discussed in Chapter 3.

CIG is uniform because lexical entries, idioms, and syntactic structures are al represented
uniformly as grammatical constructions. Aswastruewith Sal, thisuniformity is motivated partly
by the psycholinguistic evidence on access summarized in Figure 1.1, and also by Occam’srazor.

1.3 An Overview of the Model

Having discussed the motivation for the grammar and the interpreter, this section proceeds to
sketch the architectureof themodel itself. This section concentrates on describing and motivating
the four sub-theories of the model: representation, access, integration, and selection. The
following sections present a trace of the interpretation of a ssimple sentence and an outline of the
rest of the dissertation.

1.3.1 TheGrammar

The grammar that is embedded in Sal is an implementation of a linguistic theory called
Construction-Based I nterpretive Grammar (CIG), part of afamily of theories called Construction
Grammars (Fillmoreet al. 1988; Kay 1990; Lakoff 1987). CIG definesagrammar asadeclarative
collection of structurescalled grammatical constructionswhich resemblethe constructions of tra-
ditional pre-generative grammar. Each of these constructions represent information from various
domains of linguistic knowledge, including phonological, syntactic, semantic, pragmatic, and
frequency information. Thus the grammar constitutes a database of these constructions, which
might be called a*“ constructicon” (on the model of the word lexicon). Allowing a construction
to include semantic and pragmatic knowledge as well as syntactic knowledge helps CIG to meet
the constraint of Functional Adequacy.

Lexical entries, idioms, and syntactic structures are all represented uniformly as grammatical
constructions. Thus the “constructicon” subsumes the lexicon, the syntactic rule base, and the
idiom dictionary assumed by other theories. Using asinglerepresentation for linguistic knowledge
allowsavery general mechanism for |anguage understanding— lexical access, idiom processing,
syntactic parsing, and semantic interpretation are al done by the same mechanism using the same
knowledge base.

Like many recent theories of grammar (such as Pollard & Sag 1987; Bresnan 1982a; Uszkoreit
1986) CIG isbased ontheideathat constructions are represented as partial information structures
which can be combined to build up larger structures. CIG differs from most recent grammatical
theoriesin anumber of ways.

The first major distinction of CIG is the ability to define constituents of constructions se-
mantically as well as syntactically. CIG alows a constituent of a construction to be defined
by any set of informational assertions, phonological, syntactic, semantic, or pragmatic. Thus
semantic constraints on a constituent are part of the definition of a construction. If an instance
of a construction violates semantic constraints on its constituents it is uninterpretable. §3.4 will
describe constructions like the How-SCALE construction which require semantic information to
correctly specify their constituents.

A second novel feature of CIG is the use of weak constructions. Weak constructions are ab-
stract constructions, like the lexical weak construction Verb, which augment the representation of
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standard constructions by abstracting over them in an abstraction hierarchy. Weak constructions
are used in the grammar for two purposes. First, they serve to structure the grammar by linking
together strong constructionsin away that isuseful for access, for creating new constructions, and
for learning. Second, having weak constructions allows the grammar to specify an equivalence-
class of constructionswhich can be used by aparticular construction to constrain its constituents.
In general CIG emphasizes the use of mechanisms which structure the grammar and disallows
mechanisms such aslexical rules, metarules, or derivational rules which derive rules or structure
within the grammar. Weak and strong constructions are discussed in detail in §3.7.

1.3.2 Thelnterpreter

Theinterpreter Sal builds aninterpretation for asentence by accessing grammatical constructions,
integrating them together to produce multiple candidate interpretations, and then sel ecting amost-
favored interpretation from among these candidates.

Sal’sarchitecture consists of three components: theworking store, thelong-termstore, and the
interpretation function. The working store holds constructions as they are accessed, and partial
interpretations as they are being built up. The long-term store holds the linguistic knowledge of
theinterpreter (i.e., the grammar). The interpretation function includes the access, interpretation,
and selection functions. Figure 1.5 shows an outline of the architecture.

The access threshold alpha the access point for X The selection threshold sigma

| | l
i X

N '/"/ the selection
Construction X point for M

Construction X

|/
\\\ ’,

Construction Y

Construction Z

The Grammar The Access Buffer The Interpretation
R 7 Store

Interpretation M

ACCESS INTEGRATION SELECTION

(long-term store) e
working store

Figure 1.5: The Architecture of Sal

The first of the three sub-functions of the interpretive mechanisms is the access function.

Access Function: Access a construction whenever the evidence for it passes the
access threshold «.
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The access function amasses evidence for constructionsthat might be used in an interpretation.
When the evidence for a construction has passed the access threshold «, the interpreter copies
the construction into the access buffer, which is part of the working store. The ability to use
different kinds of evidence, including syntactic, semantic, and frequency evidence, amassed from
both bottom-up and top-down sources, makes this access function a much more general one
than have been used in previous parsers or interpreters. Previous models have generally relied
on a single kind of information to access rules. This might be bottom-up information, as in
the shift-reduce parsers of Aho & Ullman (1972), or top-down information, as in many Prolog
parsers, solely syntactic information, as in the left-corner parsers of Pereira & Shieber (1987),
Thompson et al. (1991), and Gibson (1991), or solely semantic or lexical information, as in
conceptual analyzers like Riesbeck & Schank (1978) or in Cardie & Lehnert (1991) or Lytinen
(1991). The access algorithm presented here can use any of these kinds of information, aswell as
frequency information, to suggest grammatical constructions, and thus suggests a more general
and knowledge-based approach to the access of linguistic knowledge.

Integration Function: Aninterpretation isbuilt up for each construction as each of
its congtituents is processed, by integrating the partial information provided by each
congtituent.

Theintegration function incrementally combinesthe meaning of aconstruction and itsvarious
congtituentsinto an interpretation for the construction. The operation used to combine structures
isalso called integration, designed as an extension of the unification operation. While unification
has been used very successfully in building syntactic structure, extending the operation to building
more complex semantic structures requires three major augmentations:

e The integration operation includes knowledge about the representation language which is
used to describe constructions (see §3.8).

¢ Theintegration operation distinguishes constraints on constituents or on valence arguments
from fillers of constituents or valence arguments.

e Theintegration operation isaugmented by aslash operator, which allowsit to join semantic
structures by embedding one inside another, in a similar way to the functional -application
operation used by other models of semantic interpretation.

The selection function chooses an interpretation from the set of candidate interpretationsin
the interpretation store. The function chooses the interpretation which is the most coherent with
grammatical expectations, according to the Selection Choice Principle:

Selection ChoicePrinciple: Prefer theinterpretation whose most recently integrated
element was the most coherent with the interpretation and its lexical, syntactic,
semantic, and probabilistic expectations.

Selection is timed in an on-line fashion — the selection function prunes an interpretation
whenever it becomes much worse than the most-favored interpretation in the interpretation store,
according to the Selection Timing Principle:

Selection Timing Principle: Pruneinterpretationswhenever the difference between
their ranking and the ranking of the most-favored interpretation is greater than the
selection threshold o.
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1.4 A Sample Trace

In order to develop and test the model of interpretation, | have built a Common Lisp implementa-
tion of Sal, aswell asasmall CIG test grammar of about 50 constructions. This section presents
atrace of the interpretation of the sentence “How can | create disk space?’. Further details of the
processing of this sentence are presented in §4.9.

<cl> (parse '(how can i create disk space))

* % % ACCESS * % %

I nput word: how

Bott omup Evidence for constructions (means-how howscal e)

Constructions (neans-how howscal e) are accessed

Bott om up Access of (whnonsubjectquestion), integrated directly into Access Buffer
Top-down Evi dence for constructions (aux)

Access of constructions nil

*%% | NTEGRATI ON ***
After integration, Store contains: ((whnonsubjectquestion whnonsubjectquestion
whnonsubj ect questi on))

**% SELECTI ON ***

After renoving failed integrations, Store contains: (whnonsubjectquestion
whnonsubj ect questi on)

Figure 1.6:

In the first part of the trace in Figure 1.6, the input word “how” supplies evidence for two
constructions, MEANS-HOw and How-ScCALE, which are then accessed. These constructions
then supply evidence for the WH-NON-SUBJECT-QUESTION construction, and these are integrated
together. At the end of this stage, the interpretation store contains two WH-NON-SUBJECT-
QUESTION interpretations, one with the MEANS-HOwW construction and one with the How-ScaLE
construction. Note that there was some top-down evidence for the Aux construction, because the
second constituent of the WH-NON-SUBJECT-QUESTION construction is constrained to be an Aux.

Figure 1.7 shows the second part of the trace, in which the input “can” provides evidence for
thethreelexical constructions CAN-1, CAN-2, and CAN-3, aswell as some larger constructions, the
DouBLE-NOUN construction, and the BARE-MONO-TRANS-V P construction. Sal then attemptsto
integrate each of the two previous interpretations with these 5 constructions, as well as with the
actual input word “can”, producing 12 possible interpretations. Most of these 12 interpretations
are ruled out because they failed to integrate successfully, leaving only one. This successful
interpretation includes the MEANS-HOw construction and the auxiliary sense of “can”.

In Figure 1.8 the word “i” isinput and integrated into the interpretation. Note that although
thereis some top-down evidence for the verb-phrase construction, it is not accessed, becauseitis
aweak construction, and thereisinsufficient evidence for any of the related strong constructions.
Weak and strong constructionswill be discussed in §3.7.
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* % % ACCESS * % %

I nput word: can

Bott omup Evidence for constructions (can-1 can-2 can-3 doubl enoun bare-nono-trans-vp)
Top-down Evi dence for constructions nil

Access of constructions nil

**% | NTEGRATI ON ***

After integration, Store contains: ((whnonsubjectquestion whnonsubjectquestion
whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on
whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on
whnonsubj ect questi on whnonsubj ect questi on))

*%*% SELECTI ON ***
After renoving failed integrations, Store contains: (whnonsubjectquestion)

Figure 1.7:

* % % ACCESS * % %

I nput word: i

Bott omup Evidence for constructions (i)
Top-down Evi dence for constructions (verb-phrase)
Access of constructions nil

**% | NTEGRATI ON ***
After integration, Store contains: ((whnonsubjectquestion whnonsubj ectquesti on))

***% SELECTI ON ***
After renoving failed integrations, Store contains: (whnonsubjectquestion)

Figure 1.8:

Next, in Figure 1.9, the word “create” is input and integrated into the interpretation, along
with an appropriate type of verb-phrase.

In Figure 1.10 the word “disk” isinput, which provides evidence for the lexical construction
Disk, aswell as the noun-compound Disk-SPaCE, and the DOUBLENOUN construction.

Finally, inFigure1.11 theword" space” accessesthelexical construction SPACE. Theselection
algorithm must now choose between two interpretations, one with the DISK-SPACE construction,
and one with the DOUBLENOUN construction in which the nouns are respectively “disk” and
“gpace”. Because the DIsk-SPACE construction has a strong expectation for the word * space”,
thisfirst interpretation is selected. See §4.9 for further details.
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* % % ACCESS * % %

I nput word: create

Bott omup Evidence for constructions (create bare-nono-trans-vp)
Top-down Evi dence for constructions (noun-phrase)

Access of constructions nil

**% | NTEGRATI ON ***

After integration, Store contains: ((whnonsubjectquestion whnonsubjectquesti on
whnonsubj ect questi on))

***% SELECTI ON ***
After renoving failed integrations, Store contains: (whnonsubjectquestion)

Figure 1.9:

* % % ACCESS * % %

I nput word: disk

Bott om up Evidence for constructions (disk diskspace doubl enoun)
Top-down Evi dence for constructions (noun)

Access of constructions nil

*%% | NTEGRATI ON ***
After integration, Store contains: ((whnonsubjectquestion whnonsubjectquestion
whnonsubj ect questi on whnonsubj ect question))

**% SELECTI ON ***

After renoving failed integrations, Store contains: (whnonsubjectquestion
whnonsubj ect questi on)

Figure 1.10:
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* % % ACCESS * % %

I nput word: space

Bott omup Evidence for constructions (space doubl enoun)
Top-down Evi dence for constructions ni

Access of constructions nil

**% | NTEGRATI ON ***
After integration, Store contains: ((whnonsubjectquestion whnonsubjectquestion
whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on whnonsubj ect questi on))

***% SELECTI ON ***

After renoving failed integrations, Store contains: (whnonsubjectquestion

whnonsubj ect questi on)

Pruni ng constructi on 'whnonsubj ectquesti on’ (1 points), because difference from
construction 'whnonsubj ectquestion’ (3 points) exceeds sel ection threshold

I nput Exhausted. Result is:
((a question $q
(queried $p*)
(background
(a neans-for $newar 285
(means $p*)
(goal (a ability-state $as
(actor (a speechsituation-speaker ))
(action
(a forcedynam caction $newar291
(action
(a creation-action
(created (a disk-freespace ))
(creator (a speechsituation-speaker ))))))))))))

Figure 1.11:

1.5 Overview of the Thesis

Chapter 2 discusses the relationship between the grammar and the interpreter, defining the
rolethat CIG playsin Sal. It touches on issues of grammaticality and interpretability, as well as
proposing the I nter pretive Hypothes sasan alternative to the competence-perf ormance distinction.
Chapter 3 introduces CIG, giving a definition for the grammatical construction and a summary
of the notations and mechanisms that are used to define it, including the concept of valence.
Chapter 4 gives an overview of Sal, and defines the access, integration, and selection theories.
Chapter 4 also summarizes the psycholinguistic evidence which bears on the interpreter, and
includes atrace of the interpretation of a complex sentence, showing how the interpreter handles
sentences with wh-elements. Chapters 57 present the details of the interpretation mechanism.
Chapter 5 discusses the access theory, and shows how the access of aconstruction can beinformed
by many different kinds of linguistic knowledge. Chapter 6 gives the details of the integration
theory, showing how the integration operation handles complex combinations like those caused
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by long-distance dependencies. Chapter 7 describes the selection theory, including the means by
which interpretations are chosen as well as the timing of the choice.

Related models of interpretation are discussed in the previous-research sections of each
chapter. Thus Chapter 4 discusses related interpreter architectures, and Chapter 5 discusses the
access theories of anumber of parsersand interpreters. Chapter 6 summarizes previous models of
integration, including adiscussion of information-combinationoperatorsaswell asthegranularity
of integration, while Chapter 7 discusses previous models of selection choice and timing.

Finally, Chapter 8 summarizes problems with this work, and gives directions for future
research.
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Proposing a model of sentence interpretation consistent with both psycholinguistic data and
linguistic criteriarequires areanaysis of the relation between grammar and interpretation. This
chapter describes how this relation differs in the model proposed in this dissertation from the
traditional generative-derivational model.

The familiar generative model of language distinguishes sharply between competence and
performance. Chomsky (1965) defines linguistic competence as being concerned with

an ideal speaker-listener, in a completely homogeneous speech-community, who
knows its language perfectly and is unaffected by such grammatically irrelevant
conditions as memory limitations, distractions, shifts of attention and interest, and
errors (random or characteristic) in applying hisknowledge of the language in actual
performance.

In this sense, competence acts as what Derwing (1973) has called *an idealized model of
linguistic performance’. Such idealizationsare essential for amodel of interpretationlike Sal. As
Gibson (1991) notes, such factors as shifts of attention and interest, for example, are independent
of linguistic processing, and can be better explained by non-linguistic psychological models.

While the importance of this aspect of competence as an idealized model of language use
is undeniable, in practice linguistic competence has also acquired a status as an autonomous
subsystem of a model of language. Thus the derivational model of language consists of four
components; two related to competence and two to performance:

[1a] A list of rules comprising acompetence grammar of the language.

[1b] A competence derivational algorithm, which follows these rules to create parse trees for
sentences.

[2a] A performance grammar, which correspondsin some unspecified fashion to the competence
grammar (see §2.1 on the nature of this correspondence).

17
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[2b] A setof performancealgorithmswhich accountsfor interpretation, production, and learning
by applying this performance grammar.

In other words, the traditional model includes a distinct and autonomous competence compo-
nent, which includes both alist of grammatical rulesand a derivational algorithm which follows
these rules and builds phrase-structures. Chomsky (1972) stated quite clearly that although he
characterized linguistic competence as a “ system of processes and rules’, this“system” need not
be related to the processes and rules which speakers of alanguage use to build interpretations:

The [perceptual model] PM incorporates the grammar G of a language. . . But it is
important to distinguish clearly between the function and propertiesof the perceptual
model PM and the competence model [grammar] G that it incorporates. . . Although
we may describe the grammar G as a system of processes and rules that apply in
a certain order to relate sound and meaning, we are not entitled to take this as a
description of the successive acts of a performance model such as PM — in fact, it
would be quite absurd to do so. (p. 117)

Themodel described inthisdissertation proposesthel nter pretiveHypothess, which redraws
this competence-performancedistinction, resulting in asystem with only two componentsinstead
of four. The interpretive hypothesis proposes that the two components of a theory of language
are

1. A Construction-Based I nterpretive Grammar (CIG), consisting of acollection of declarative
grammatical constructions.

2. A set of procedureswhich model interpretation, production, and learning. Thisdissertation
only discusses thefirst of these, the interpretation procedure Sal.

Thetraditional four componentsarereduced to two by eliminating two partsof thederivational
model. First, the interpretive hypothesis removes the distinction between the competence rule-
base and the performance rule-base, resulting in only a single collection of grammatical rules,
with asingle functional role as a structural ingredient in processing.

Second, the model does not include any competence derivational algorithm. Thus CIG is
non-constructive in the sense of Langendoen & Postal (1984), in that the grammar does not model
language by constructing structures for sentences. Rather, structure is built by the processing
component of the model, the interpreter Sal. Note that the distinction between a rule, in the
derivational or constructive sense, and a construction, in our sense, is that a rule implies the
existence of aderivational mechanism which follows therule.

Recasting the model of language in this way augments linguistic competence to include
language in use or language processing as part of linguistic theory, resulting in a much tighter
relation between the grammar and the interpreter than in the derivational model. Theinterpretive
hypothesis still assumes that the model is an idealization, ignoring such factors as attention
shifts. And the non-derivational model will till address many of the same problems as a
derivational model. Thus in building a correct interpretation for a sentence, the interpreter
will be demonstrating that there is such an interpretation for any sentence in a language. But
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significantly, the goal of thistheory, modeling the interpretation of sentences, isvery distinct from
thistraditional generative one of “generating al and only the sentences of alanguage”

The rest of this chapter will discuss the implications of removing two components from the
model:

e §2.1 summarizes the implications of collapsing the performance rule-base and the compe-
tencerule-base. Obviously thismeans that the two rule-bases cannot be distinct; acorollary
of thisisthat the theory does not allow a class of sentences which are grammatical but not
acceptable.

e §2.2 discusses the results of removing the competence derivational algorithm from the
model. This means that grammatical knowledge is solely declarative — any structure-
building is performed by the interpretive, production, or learning mechanisms. Thisrules
out derivational algorithms, grammatical transformations, as well as lexical rules. Thus
CIG is non-constructive.

2.1 No Distinct Competence Grammar

The first distinction between the derivational model and the interpretive model proposed hereis
that the interpretive model does not allow a distinction between the competence grammar and
the performance grammar of a language. The model only has a single linguistic knowledge
component, represented as a collection of grammatical constructions. This model of grammar
shares some features with the traditional derivational view. Like Chomsky (1965), this model
assumesthat “agenerativegrammar . . . attemptsto characterizeinthe most neutral possibleterms
the knowledge of language by a speaker-hearer (p. 9).” That is, it assumes that these declarative
knowledge structures abstract away from the details of interpretation or production. Furthermore,
conflating the competence and performance grammars does not rule out such generative notions
as devel oping methodological tools for investigating the structural portion of the model (such as
grammatical intuitions). But significantly, thereis only one such structural portion, with asingle
functional role as a structural ingredient in processing.

Theinterpretivehypothesisrulesout any separate functional rolefor thegrammar. That is, any
mechanisms which are included in the grammar to account for particular linguistic phenomena
must be visible to the processing mechanism. Thus mechanisms which are proposed to capture
linguistic generalizations, for example, such as redundancy rules or transformations, are either
present in the processing mechanism or are merely convenient metatheoretical or historical
abstractions, and can thus have no causal role in atheory of human language processing. This
makes the relationship between the grammar and the interpreter much tighter than in previous
models.

Many derivational models of grammar have assumed some close relation between the compe-
tence grammar of alanguage and the rule base (or “representational basis’) of aprocessing model.
One of the earliest such formulations is by Miller & Chomsky (1963), who proposed that the
language processing mechanismis “afinite device M in which are stored therules of agenerative
grammar G” (p466). Miller and Chomsky thus propose that the processing mechanism M contain
precisely the same rules as the grammar G.
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Miller and Chomsky’s position was restated in a form that Bresnan & Kaplan (1982) have
called the competence hypothesis, by Chomsky (1965):

...a reasonable model of language use will incorporate, as a basic component,
the generative grammar that expresses the speaker-hearer’s knowledge of the

language. .. (p. 9)

The competence hypothesis proposes that the competence and performance grammars be
closely related by “incorporation”. Thisis similar to our requirement that the competence and
performancegrammarsbeidentical, but differsintwo waysfrom theinterpretive hypothesisFirst,
the competence hypothesisstill maintained adistinct functional rolefor the competence grammear;
it was a separate entity, used as part of adevice to enumerate grammatical sentences, and as such
has its own rolein the language faculty. Second, the notion of incorporate was left quite vague.
At sometimesin hisformulation of the idea, Chomsky seemed to mean by incorporate that only
the representational aspect of the generative grammar (i.e., the rule-list) would be incorporated,
without the derivational or transformation algorithms (as in the quotation from Chomsky (1972)
on page 18). At other times, he seemed to include as well the transformational algorithms and
processes, as in the following passage from Miller & Chomsky (1963), which seemsto argue for
the Derivational Theory of Complexity:

The psychological plausibility of a transformational model of the language user
would be strengthened, of course, if it could be shown that our performance on tasks
requiring an appreciation of the structure of transformed sentences is some function
of the nature, number, and complexity of the grammatical transformationsinvolved.
(p. 481)

Neither of these positions is possible for us, since our theory not only disalows a difference
between the competence and performance grammars, but alows only a single functional role for
grammatical knowledge.

Our position closely resembles the Strong Competence Hypothesis of Bresnan & Kaplan
(1982:xxxi), which requires that the representational basis of the process model be “isomorphic
to the competence grammar.” However, although the requirement of isomorphism disallows
any grammatical rules which are in the competence grammar but not the performance grammar,
Bresnan and Kaplan still allow a class of lexical rules which appear in the competence model but
not in the performance model. AsBresnan & Kaplan (1982:xxxiii) note:

such lexical rules, aslong as they have afinite output, can always be interpreted as
redundancy rules. .. Assuch, therules could be applied to enter new lexical forms
into the mental lexicon, and the derived lexical formswould subsequently ssmply be
retrieved for lexical insertion rather than being rederived.

Thus in order to capture useful generalizations, the performance grammar of LFG is augmented
by these “competence lexical rules’.

CIG does not alow such lexical rules, since they would not be included in the performance
grammar, and hence violate the interpretive hypothesis.! CIG replaces these rules with specific

LAlthoughif these lexical rules were an active part of the grammar-learning mechanism, they would not violated
the interpretive hypothesis



2.2. NO DERIVATIONAL ALGORITHMS 21

constructions; Lakoff (1977), Jurafsky (1988), Goldberg (1989), and Goldberg (1991) discuss
how Construction Grammar uses constructions to represent phenomenatraditionally handled by
such redundancy rules (see also §3.7).

Asanumber of researchersin the Government and Binding paradigm have pointed out, there
isno logical necessity that the competence and performancegrammarsbeidentified. Berwick and
Weinberg (1983 and 1984), for example, argue that the relation between the two may be weaker
than isomorphism; that the mapping may be non-surjective or non-injective, or both. Indeed,
they claim that the grammars may be related by the even weaker notion of covering. Berwick &
Weinberg (1984) informally characterize covering as follows:

Informally, onegrammar (&, coversanother grammar G, if (1) both generate the same
language L(Gh) = L((G>), that is, the grammars are weakly equivalent; and (2) we
can find the parses or structural descriptions that ¢, assigns to sentences by parsing
the sentences using (+; and then applying a“smple” or easily-computed mapping to
the resulting output. (p. 79)

This model of covering grammars is used by many of the Principle-Based Parsers, such as
Abney (1991), Johnson (1991), Fong (1991), and Correa (1991), which compile a number of the
principles of GB to produce a covering grammar which is then used by the parser.

The interpretive hypothesis of course rules out such models, but it is interesting to note that
these covering grammarsresembl e construction grammars much morethan they do GB grammar:
As Berwick (1991) remarks about a covering gramma, it

is not pure X-bar theory — it actually looks more like a conventional context-free
rule-based system. . .

Indeed, the chunk-parser of Abney (1991) uses a grammar which bears little if any relation to
GB principles at al — his chunks are specifically defined as re-write rules, and when viewed
declaratively bear a close resemblance to grammatical constructions.

Theinterpretive hypothesisis preferableto these model s on the grounds of Occam’srazor; the
CIG model includes only asingle grammar, where the GB model must include two. The fact that
the performance grammars used by these parsers resemble construction grammars is additional
evidence for the kind of grammar described by CIG.

2.2 No Derivational Algorithms

As the introduction to this chapter discussed, the competence grammar that was part of the
generative-derivational theory of language included two components. acollection of rules, and an
algorithmic procedurefor following these rulesand assigning structural descriptionsto sentences.
The two parts combined to make a competence grammar “a system of rules that in some explicit
and well-defined way assigns structural descriptions to sentences’ (Chomsky (1965:8)). In an
earlier citation, Chomsky (1962) makes the algorithmic nature of this model even more explicit,
defining the grammar for alanguage L. as

adevice which enumerates the sentences of . in such away that a structural descrip-
tion can be mechanically derived for each enumerated sentence. [Reprinted in Fodor
& Katz (1964:240-1)]
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The interpretive hypothesis rules out this second, algorithmic, part of the model. Knowledge
of language is thus defined as knowledge of a declarative set of structures, and any principles
which specify how these structures are combined must be part of the interpretive or productive
mechanisms of the language faculty.

Clearly this view that a theory of language can be expressed solely by a collection of rep-
resentations rather than by a set of rules is incompatible with many theories of grammar. The
interpretive hypothesis disallows, for example, the transformations of Aspects-era generative
grammar, the move-a of Government and Binding theory (Chomsky 1981), or the redundancy
rulesof Jackendoff (1975) and Bresnan (1982a). But more significantly, it excludes the most fun-
damental and pervasive non-declarative mechanism, one which is present in some form in most
if not all modern theories of grammar, the derivational rule system of phrase-structure grammar.

This section will discuss two aspects of the lack of this derivational algorithm. First, §2.2.1
discusseshow anon-derivational system can still capturethe Humbol dtian “ creativity of language”
which was an early inspiration of the generative model. §2.2.2 then discusses how a non-
derivational theory models the derivational distinction between grammatical and acceptable
sentences, proposing a new criterion: interpretability. Finally, §2.2.3 summarizes arguments by
anumber of scholars against derivational theories.

2.2.1 Derivation and Creativity

The derivational rule system was proposed by Chomsky (1956/1975 and 1957) to capture a
notion of process that Chomsky claimed was missing from earlier American Structuralist models.
Chomsky relied on two familiar ideas that he credited to Humbol dt (discussed in Chomsky 1964
and 1966). The first is Humboldt's (1836/1988) comment that a theory of human language
processing must account for the infinite creativity of language processing with finite means.

... the procedure of language is not ssmply one whereby a single phenomenon comes
about; it must smultaneously open up the possibility of producing an indefinable
host of such phenomena, and under all the conditions that thought prescribes. For
language is quite peculiarly confronted by an unending and truly boundless domain,
the essence of al that can be thought. It must therefore make infinite employment
of finite means, and is able to do so through the power which produces identity of
language and thought. (p. 91)

This problem might be expressed as the constraint that atheory of human language processing
must model the human ability to recognize and produce novel utterances. The second justification
for the rule-system as a characterization of the human language faculty appealed to Humboldt's
dictum that “[Language] initsalf. .. isno product (Ergon) but an activity (Energeia).” (p. 49)

Chomsky’s solution was to characterize knowledge of language by intension rather than
by extenson — that is, by using recursive function theory to define the subset of the set of
strings of words which are members of the language without resorting to enumeration. The
theory consisted of two components. alist of structures (i.e., phrase-structure rules) and, more
importantly, a derivational agorithm which combined these structures (i.e., followed the rules).
The algorithm, which rewrites structure from S to terminal symbols, was supposed to act as
the creative force in a language model. Chomsky thus required that the grammar itself, the
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representational component of his theory of language, be “creative’. Chomsky seems to have
isolated creativity in the representational component because of his attempt to abstract away
from processing details in making the competence-performance distinction (see Boas (1975) for
afurther discussion of thisunusual definition of “creativity”).

In the model of interpretation presented in this dissertation, the creative spirit of human
language as a property of the language faculty as awhole, and not merely of the representational
component. Thus the locus of “creativity” is in the cognitive processes which constitute the
“processing ingredients’ of the human language processing mechanism. That is, we constrain
the processes which model the interpretation and production aspects of the human language
mechanism to use linguistic structural knowledge in a creative way. Thus instead of saying that
the grammar alone must generate ‘all and only the sentences of English’, we say that our model
of language understanding as a whole must be able to interpret and produce the sentences of
English, allowing usto dispose of the part of the generative mechanism that attempted to account
for creativity solely in the grammar, the derivational algorithm. In removing this mechanism
from the grammar we focus on the task of producing a cognitive model of human language
interpretation or production instead of the task of listing all and only the grammatical sentences
of English.

Indeed, this appeal to creativity as a function of language use can be seen in Humboldt as
well:

... language residesin every man in itswhol e range, which means, however, nothing
else but that everyone possesses an urge governed by a specifically modified, limiting
and confining power, to bring forth gradually the whole of language from within
himself, or when brought forth to understand it, as outer or inner occasion may
determine.

2.2.2 No Grammaticality

Because the generative-derivational model of grammatical competence includes a derivational
algorithmic component which is distinct from the performance interpretation mechanism, it may
build up structure in a different way than the performance model. This difference may allow the
performance model to accept a different set of sentences than the performance model.

In fact Miller & Chomsky (1963) argue that the processing mechanism may accept a subset
of the sentences which are accepted by the competence grammar:

We say that the device M (partially) understands the sentence x in the manner of G
if theset {Fy(x),... F.,(x)} of structural descriptions provided by M with input «
is (included in) the set assigned to « by the generative grammar G'. (p. 466)

That is, the device M accepts some subset of the grammatical sentences accepted by G'.

Miller & Chomsky (1963) claimthat the reason that the grammar & will accept some sentences
which the processing model M will reject is that it is possible that “ A/ will not contain enough
computing spaceto allow it to understand all sentences in the manner of thedevice G” (p467). In
other words, the processing model is bounded by memory limitations which do not apply to the
competence grammar . Miller and Chomsky proposed that it isthese memory limitationswhich
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make nested dependencies or self-embedding structures in natural language difficult to interpret.
In other words, Miller & Chomsky (1963) proposed that deeply center-embedded constructions
are grammatical, they simply are not able to be assigned a structure by the human language
interpretation mechanism.

Chomsky (1965) extends this discussion by giving a name to this class of sentences, those
which may be grammatical but to which it is difficult to assign a structure. Chomsky calls these
sentences “ unacceptable”, and gives as an example (2.1), which he considers grammatical but
unacceptable:

(2.1) The man who the boy who the students recognized pointed out is afriend of mine.

Thetradition in generative grammar, then, has been to label sentences which cause processing
overloadssuch asthe* center-embedded’ structuresmentioned above, or the garden-path sentences
first noted by Bever (1970) as grammatical but unacceptable.

But how is the theorist to decide that these sentences are grammatical? The only source
for grammaticality judgments that the theory allows, native speaker grammaticality intuitions,
certainly do not accept sentences like (2.1) above. Rather, the claim that sentences which are
unacceptable due to processing limitations are nonetheless grammatical is a claim that Miller &
Chomsky (1963) must make by fiat (this point is discussed by Reich (1969)).

Figure 2.1 uses Venn diagrams to show the generative-derivational model of grammaticality.
The outer circle contains the set of grammatical sentences, while the inner one contains the set
of acceptable sentences. Thus the digunction, those sentences in the outer set which are not in
the inner set, are the sentences like (2.1) which are grammatical but not acceptable. Besides
the center-embedded sentences described by Chomsky, most recent generative computational
linguistics assume that garden-path sentences such as “ The horse raced past the barn fell” are
also included in the category.

The interpretive model does not assume this set of grammatical-but-unacceptable sentences,
because it does not model alanguage by generating sentences like (2.1), and then ruling them out
by an acceptability filter. Rather, theinterpretivemodel describesalanguage by describing which
sentences are interpretable. A sentence isinterpretable if the interpreter is able to successfully
assign it an interpretation. Under this definition, the garden path sentences such as (2.1) are
uninter pretable, meaning that the interpreter is unableto process them without appealing to some
higher-level reasoning capacity.

Although the model does not build sentences which are grammatical but unacceptable, it
can distinguish sentences which are not interpretable for grammatical reasons from those which
are not interpretable for processing reasons. Thus a grammatically uninterpretable sentence is
one which is uninterpretable because of syntactic or other grammatical reasons, while a process
uninter pretable sentence is one which is uninterpretable for processing reasons. The difference
is that the interpretive model does not build and then filter out structures for these sentences as
the derivational model does.

In conclusion, theinterpretive hypothesisleadsto anotion of alinguistic theory asanidealiza-
tion of language processing, which includes both a collection of declarative structures constituting
knowledge of language and a set of processing functions constituting theinterpretive, productive,
and learning aspects of human language use.
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Acceptable
Sentences
of English

The dog bit the cat.
The cat bit the dog.

Grammatical
Sentences of
English

Ungrammatical
Sentences

The boy the cat the dog bit chased...
The man the boy the students recognized/.
The horse raced past the barn fell.

Figure 2.1: The Generative Grammar Definition of Grammaticality and Acceptability

2.2.3 Other Arguments Against Derivation

A number of researchers have advanced argumentsagainst aderivational or ‘ constructivist’ theory
of grammar. Langendoen & Postal (1984), for example, have shown that the set of sentences of
anatural languages istoo large to be recursively enumerable. Because of this, grammars which
model language by constructing the set of al possible sentences are insufficient to characterize
the complete set. However Langendoen & Postal’s (1984) argument is based on a consideration
of sentences of infinite length, which is only possible because they do not consider the problem
of interpretation.

A number of scholars have also argued that a derivational model of grammar is insufficient
because the meaning of particular sentences is dependent on their being constructed by an
interpretive model, and not by a derivational algorithm. For example, Fish (1970) has studied a
number of examples where the meaning of an utterance can only be expressed in the context of
atemporally-embedded model; i.e., examples where the meaning of a sentence is dependent on
the fact that sentences are interpreted on-line. Fish considers examples where factive clauses are
interpreted differently depending on the timing of their occurrence in the sentence.

Wilensky (personal communication) and Norvig (1988) have advanced similar arguments
against constructive theories based on what Wilensky has called “semi-double entendres’. In
these cases, sentences such as the newspaper headlines “ Bears maul Tigers’ or “ Dairy industry
sours’ have a coherent interpretation based on the metaphorically extended senses of the words,
but are designed so as to encourage a second reading based on the central sense of the words,
which has a humorous effect. This second interpretation (based on, e.g., the link between dairy
and the non-metaphorical sense of sours) is necessarily part of the meaning of the utterance, but



26 CHAPTER 2. THE ROLE OF GRAMMAR IN INTERPRETATION

it is difficult to imagine how a derivational grammar would build this second interpretation. An
interpretive model, on the other hand, could certainly build both of these interpretations; theories
of interpretation such as Hirst (1986) and Waltz & Pollack (1985) have modeled similar effects
by the use of spreading activation techniques.
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3.1 Introduction

This chapter introduces and defines Construction-Based I nterpretive Grammar (CIG), the theory
of grammar that is used by the interpretation model Sal. The chapter gives a detailed exposition
of the grammar and its principles, including the definition of the representation language which
will be used for grammatical examples throughout the dissertation.

CIG derives from Construction Grammar (Fillmore et al. 1988; Kay 1990; Lakoff 1987)
which proposes areturn to the traditional notion of the grammatical construction by:

describing the grammar of alanguage directly intermsof acollection of grammatical
constructions each of which representsapairing of asyntactic pattern with ameaning

structure. .. (Fillmore (1989b:4))

27
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CIG isbased on three fundamental principleswhich describe the form of the grammar and its
rolein the model of sentence interpretation.

Linguistic Knowledge Principle: A single uniform collection of grammatical con-
structions is the sole representation of linguistic knowledge, and is the structural
ingredient of all aspects of human language processing, interpretation, production,
and learning.

The Linguistic Knowledge Principle outlines the nature of the grammar. A CIG grammar
consists of adeclarative collection of structurescalled grammatical constructionswhich resemble
the constructions of traditional pre-generative grammar.! Each of these constructions represents
information from various domains of linguistic knowledge; phonological, syntactic, semantic,
and pragmatic knowledge. Thusthe grammar constitutes adatabase of these constructions, which
might be called a constructicon (on the model of the word lexicon).

The principle makes two further claims. First, the grammar consists solely of a collection of
grammatical constructions. That is, the grammatical construction is a sufficient representational
primitive to completely characterize the grammar of a language, without additional rule types,
such as derivationa or redundancy rules. Second, this grammar is the structural ingredient in
each aspect of human language processing, including interpretation, production, and learning.

Uniformity Principle: The constructions of the grammar uniformly represent lin-
guistic structures from the ssmplest to the most complex, whether lexical, idiomatic,
or syntactic.

The Uniformity Principle claims that lexical entries, idioms, and syntactic structures are
all represented uniformly as grammatical constructions. Thus the “constructicon” subsumes the
lexicon, thesyntactic rulebase, and theidiom dictionary assumed by other theories. Constructions
vary in size from lexical constructions, which represent knowledge of the phonology, syntax and
semantics of lexical items, to large clause- or sentence-level constructions like the YES-No-
QUESTION or WH-SUBJECT-QUESTION constructions. Using a single representation for linguistic
knowledge alows avery general mechanism for language understanding — lexical access, idiom
processing, syntactic parsing, and semantic interpretation are all done by the same mechanism
using the same knowledge base.

Most models of language structure represent different types of linguistic knowledge in very
disparate ways. Traditional models collect lexical entries into a lexicon, idioms into an idiom

1Theidea of the grammatical construction as arepresentational unit in a grammar was assumed by the American
Structuralists, and can even be found in Saussure. For example, Saussure (1915/1966:125) notes that “ To language
[langue] rather than to speaking [parole] belong the syntagmatic types that are built upon regular forms [i.e.,
congtructiong]. . . the same istrue of sentences and groups of words built upon regular patterns. Combinationslike
la terre tourne ‘the world turns,” que vous dit-il? ‘what does he say to you? etc. correspond to general types that
are in turn supported in the language by concrete remembrances.” Although a number of scholars maintain that on
the contrary Saussure considered syntax to be part of parole (see Chomsky (1965), Pollard & Sag (1987), Sampson
(1980)), it is quite possible thisisbased on a misreading of Saussure's reference to the ‘ sentence’ as part of parole,
(“The sentence is the ideal type of syntagm. But it belongs to speaking, not to language.” (p 124)), but it seems
clear that by ‘sentence’, Saussure means * utterance’, and not the more abstract epistemological notion of sententia
construction.
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dictionary, syntactic rules in a phrasal rule-base, and semantic rules in a semantic rule-base.
Obvioudly unifying these has the advantage of smplicity. Appealing to Occam’s Razor, asingle
linguistic knowledge base which can represent lexical, idiomatic, and syntactic knowledge is
more economical and efficient than separate knowledge-bases with separate representational
mechanisms. But in addition, a unified representational mechanism allows usto build atheory of
interpretation that applies all kinds of evidence in the construction of an interpretation in an on-
line, flexible, and integrated fashion. This means that knowledge can be accessed uniformly —
Chapter 5 showshow lexical access, syntactic access, idiom accessand semantic rule accesscan be
model ed with a single mechanism. Second, knowledge can be integrated uniformly — Chapter 6
shows how information from these multiple knowledge sources can be easily integrated in an
on-line and cognitively plausible manner in producing an interpretation of an utterance. Finaly,
interpretations can be selected on the basis of coherence with expectations derived from any of
these types of linguistic knowledge, as described in Chapter 7.2

Information Principle: Each construction of the grammar may represent phonolog-
ical, syntactic, semantic, and constructional information.

The Informational Principle describesthe kind of information that is represented in each con-
struction. Each construction may include knowledge about any domain of linguistic knowledge,
including syntactic, semantic, phonological, pragmatic, and frequency information. The set of
predicates which define a construction and its constituents can be viewed as a set of constraints
on possible instances of the construction.

The idea that a lexical item can be represented as a pairing of meaning and form is of
course directly in the tradition of Saussure. But construction grammar extends this approach
to larger, non-lexical constructions such as the PASSIVE construction or the SUBJECT-PREDICATE
construction. In alowing us to speak of the meaning of a construction just as it is possible to
speak of the meaning of a word, the grammatical construction resembles the representational
primitives of anumber of recent theories, beginning with Montague (1973) and including Becker
(1975), Lakoff (1977), Bolinger (1979), Wilensky & Arens (1980), Zwicky (1987), and Zwicky
(1989).

The grammatical construction is defined as a complex pairing of meaning and form, which
means that a construction is arelation between two information structures, rather than arelation
between form and meaning. These information structures can consist of syntactic knowledge,
semantic knowledge, or both. Thus, whereasthe sign expressed arel ation between aset of ordered
phonemes and a meaning structure, the construction abstracts over thisby replacing ‘ ordered sets

2Since construction grammars like CIG remove the distinction between the lexicon and the grammar, does any
interesting distinction remain between lexical and higher-level structures? Isit still possible to talk about “lexical
constructions’? One might imagine drawing adistinction between those structures that makerecourseto phonol ogical
information and those that do not. This, however, would give us the wrong intuitionfor constructionslike the How-
ScALE construction of §3.4, which contains phonological specifications like alexical entry, but also specifies two
congtituents and their ordering. Similarly, grammatical idioms like “kick the bucket” or “bury the hatchet” contain
phonological information but also allow verbal inflection and other grammatical modifications. (See Fillmore (1978)
on theseissues). An alternative possibility isto draw the line between constructions with multiple constituents and
those with single constituents. But many non-lexical constructionsare likely to have a single constituent. It seems
likely that there might be no completely satisfactory demarcation between lexical and non-lexical constructions. Of
course the essential issue isthat CIG requires no such demarcation. Thisissue is discussed further in§3.7.
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of phonemes’ with abstractionsover them. Theseabstractionscan be syntactic or semantic waysof
expressing more abstract categoriesto which these phoneme sequences belong. The construction
is thus a part-whole structuring relating these categories. From a learning perspective, these
constructions might be viewed as progressively more complex abstractions over pairings of
phoneme-strings and representations of real-world situations. Asthelearner’sgrammar grows, it
grows in complexity from a collection of lexical-style membersinvolving simple form-meaning
correspondences, to aricher collection of more complex and structured rel ations between abstract
linguistic categories and relevant semantic features of the representation of situations.

Further detail sof the form-meaningrelationship in thegrammeatical construction are discussed
in §3.4, where the notion of semantically-constrained constituentsis defined.

We concludethis section with astatement of theformal definition of the grammatical construc-
tion. Following theintuitionsof Fillmoreet al. (1988), agrammatical construction is proposed by
the grammar-writer whenever there is a need to express some non-compositional aspect of mean-
ing; a construction’s constituents are proposed whenever they are syntactically or semantically
required to express the correct definition of the construction:

The Grammatical Construction: A construction ¢ may be defined with a group of con-
stituents ¢ if and only if
e There is some linguistic information associated with the construction ¢ which is not pre-
dictable from the information associated with each of the individual constituents ¢;, and

e Each of theindividual constituents ¢; is required to be in the construction because:

— Writing the semantic form of the constitute® of ¢ requiresincluding the constituent g;
in order to build the correct interpretation, or

— The constituent ¢; is obligatory, in the sense that the construction ¢ may not appear
without the congtituent g;

Therest of thischapter will define and motivate this concept of grammar, and the grammatical
construction itself. First, however, §3.2 will attempt to summarize the differencesand similarities
between CIG and other recent computational grammatical theories. §3.3 will provide a descrip-
tion of the representational notation for a smple lexical construction. §3.4—$3.6 describe the
representation of more complex constructions, especially those which make use of construction
constituency. §3.7 introducesthe idea of strong constructions and weak constructions, and shows
how the relation between these constructions can be represented using an abstraction hierarchy.

3.2 Reated Theories of Grammar

CIG is among the many modern linguistic theories which have abandoned the derivational
metaphor which permeated early generative grammar. This use of declarative structures as a
theoretical foundation, as opposed to the metaphors of process used by the generative approach
to grammar, in many ways constitutes a return to pregenerative American Structuralist positions.
Of course, the need for declarative rather than procedural models was discussed early in the

3The constituteis the sesmantic rule built into a construction. See page 35 for amore complete definition.
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century by Saussure (1915/1966), who emphasized the importance of avoiding terminology
which “suggests a false notion of movement where there is only a state (p. 160)”. Saussure’'s
disagreement with procedural models came from his attempt to build synchronic models which
did not use diachronic process-oriented terminology. Similarly Hockett (1954:386) noted a shift
in late American Structuralism toward more declarative models “at least in part because of a
feeling of dissatisfaction with the *‘moving-part’ or ‘historical’ analogy” (but cf. Hymes &
Fought (1981)).

This structuralist-inspired view of linguistic knowledge has made significant inroads in mod-
ern theories of grammar. Most of these theoriesfall into one of two classes, each of which derives
from an important early model. The first class, the unification-based theories, is based on Kay’s
(1979) seminal work on functional grammar. These theories, such as LFG (Bresnan 1982a) and
LFG-based theories like that of Fenstad et al. (1985), HPSG (Pollard & Sag 1987), and recent
versions of categorial grammar such as Uszkoreit (1986) and Karttunen (1989) represent linguis-
tic information by partial information structures which are integrated in language processing
by the unification operation (see Shieber (1986) for an introduction and survey). The use of
partial information and the monotonic unification operation commit these theories to declarative
representations by placing no constraints on the processing method.

The second class of theoriesincludesthe Government and Binding theory of Chomsky (1981),
as well as anumber of its offshoots, including the computational implementations of the theory,
known as principle-based parsers (Berwick 1991) because they build structures using a small
set of universal principles derived from Government-Binding theory rather than a set of phrase-
structure rules. The principle-based theories derive their declarative metaphor from McCawley’s
(1968) proposal that phrase-structure rules be interpreted as a set of declarative admissibility
constraints.*

CIG and other versionsof Construction Grammar are closely related tothefirst classof theories
above, especially LFG and HPSG. Therest of this section sketches anumber of broad similarities
and differences between CI G and these theories, touching only sketchily on thelarger differences
between CIG and the principle-based theories. We begin by comparing the infor mation-theoretic
level of the theories, and then describe the nature of the grammars themselves.

CIG uses as its basic informational representation a semantic-network-like language (to be
described in §3.8.1) which represents partial information structures. Thus the language is a
notational variant of the feature structures used by feature unification models such as Pollard &
Sag (1987), Bresnan (1982a), and Uszkoreit (1986). Unlike the term structures of definite-clause
grammar models(Pereira& Shieber 1987), which are essentially asubset of feature-structures, the
languageisnot position-dependent, but attribute-dependent. That is, predicatesarerepresented by
concepts which have labeled dots. Like both feature and term unification, information structures
in CIG arerepresented by variables, and combining structuresoccurshby binding together variables
in different structures.

Although in these respects the representation language resembles the feature structures used
by feature-unification, the primitive information-combining operator is not unification but an
extension of unification called integration. It is described in Chapter 6.

At the grammatical level, CIG and other construction grammars are distinctive in their em-

4Although McCawley (p. 247) credits Richard Stanley (pers. comm. 1965) with the idea— a similar ideais
certainly present in Stanley (1967).
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phasis on semantic and pragmatic knowledge. In some ways, this use of semantics resembles
other modern theories, particularly the unification-based theories such as LFG (Bresnan 1982a)
and HPSG (Pollard & Sag 1987). Like LFG, CIG expresses complement selection mainly at
the level of predicate argument structure (Grimshaw 1979; Bresnan 1982b), but unlike LFG, it
allows semantic and syntactic constraints to be placed on the same complement in a uniform
fashion. Also like LFG and HPSG, CIG and other construction grammars allow no enrichment
of surface form. This rules out traditional syntactic devices such as traces, syntactic gaps, or
syntactic coindexing. CIG’sassumption that the constitute of each construction specifies how the
interpretation is constructed resembles the semantic interpretation rules which augment syntactic
rules in Montague (1973) and related formalisms, and in GPSG (Gazdar 1981; Gazdar 1982;
Gazdar et al. 1985).

In other ways, CIG’semphasi son semanticsdistinguishesit from LFG or HPSG. For example,
each CI G construction may have semantic or pragmatic properties. Neither LFG nor HPSG allows
constructions to specify particular pragmatic properties. They do alow lexical entries to have
semantic properties, but do not extend this ability to larger constructions. These theories do not
allow constructions to have semantic properties which are not predictable from the semantics of
their constituents. A number of researchers outside of construction grammar have argued for
the need for such complex partially non-compositional constructions, including Makkai (1972),
Becker (1975), Zwicky (1978), Bolinger (1979), Wilensky & Arens (1980), and Gross (1984).

CIG’s emphasis on semantics leads it to capture generalizations on the semantic level rather
than the syntactic level whenever possible. This is especially noticeable in the treatment of
long-distance dependencies. A distant element like a wh- construction is not related to an empty
category or trace, and is not syntactically coindexed, asin GB. Nor isit related to grammatical
relations like SUBJ and OBJ at the functional level, as in the functional uncertainty of LFG.
Instead, CIG associates a distant element directly with the semantics of the distant predicate.
This resembles the recent proposals in the categorial grammar framework of Pickering & Barry
(1991). §3.6 discusses how some sentences with wh-elements are represented in the grammar,
while §6.5 discusses how wh-elements are semantically integrated with their predicates by the
integration operation of Chapter 6.

Because of theInterpretive Hypothesi sdiscussed in Chapter 2, CIG doesnot alow derivational
mechani sms proposed to capture generalizationswhich play no roleinlanguage processing. These
include the c-structure rules of LFG, the redundancy rules of Jackendoff (1975) and Bresnan
(1978), which are used in LFG as well as HPSG, or the metarules of GPSG. Lakoff (1977),
Jurafsky (1988), Goldberg (1989), and Goldberg (1991) discuss how phenomena traditionally
handled by redundancy rules and transformations can be represented as constructions. §3.7.4
relates redundancy rules to the inheritance hierarchy used in Al models.

The weak constructions of CIG resemble the inheritance hierarchies of HPSG — §3.7 dis-
cusses similarities and differences. CIG tends to use semantics to capture most of the kind of
generalizations for which HPSG uses inheritance, reserving weak constructions for generalizing
over cases where HPSG uses lexical rules.

Another major distinction between CIG and other theories concerns the role of grammatical
relations or functional roles. Concepts like subject or object, which are primitives at the level of
f-structurein LFG, are not primitivesin CIG, but rather are namesfor constituentsin particularly
common constructions. For example, thesubject roleissimply thefirst constituent inthe SUBJECT-
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PREDICATE construction. This constituent is significant because the SUBJECT-PREDICATE is very
common, and isincluded in anumber of other large constructions.

CIG constructions are annotated with frequency information. Annotating constructions with
frequency information derives from some of the earliest traditions in linguistics and natural
language understanding. Grammars which include frequency information have been proposed
since the beginnings of modern linguistics. Ulvestad (1960) proposed that verbs be annotated
with probabilities for each subcategorization frame (well before the term subcategorization was
defined). The idea was independently reinvented by Ford et al. (1982), who proposed that this
ranking of subcategorization frames, known as “lexical preference”, be used to make phrase-
attachment decisions in parsing.

The stochastic grammar, created by augmenting every rule of the grammar with a conditional
probability, is defined in Fu (1974). The use of such grammars in speech understanding is
discussed extensively in Bahl et al. (1983). Stochastic grammars for context-free parsing are
discussed in Fujisaki (1984), Fujisaki et al. (1991), and Jelinek & Lafferty (1991).

The definition of the grammatical construction given inthe previous section makesthe process
of representing a particular construction quite different than the process of defining theimmediate
constituent in American Structuralism, or specifying the constituent analysis of a sentence to
determine the structure of a phrase-structure rule in generative grammar. In CIG, aconstruction
isonly defined if there is some information (syntactic or semantic) which needs to be expressed
whichisnot predictablefromitsconstituents, and aconstituent isonly defined if itisgrammatically
required for expressing the construction. American Structuralist and Generative models, on the
other hand, have generally proposed methodological principles for deciding how a rule or a
sentence was broken down into constituents.

American Structuralism saw a number of specific definitions of the immediate constituent —
dating asfar back as Bloomfield®>— couched intermsof their search for adescriptive methodol ogy.
In general, these attempt to capture the intuition that “ The primary criterion of the immediate
congtituent is the degree in which combinations behave as simple units’ Bazell (1952/1966:284).
The most well-known of the specific definitionsis Harris's (1946) idea of distributional similarity
to individual units, with the substitutability test. Essentially, the method proceeded by breaking
up a construction into constituents by attempting to substitute simple structures for possible
constituents — if a substitution of a simple form, say man, was substitutable in a construction
for amore complex set (like intense young man), then the form intense young man was probably
a congtituent. Harris's test was the beginning of the intuition that a constituent might be formed
by constraining some general class of formsto appear in a place. Substitutability was away of
expressing this equivalence notion.

The generative model of Chomsky (1965:197) states that in order to argue for a given con-
stituent analysis, one

would have to show that these analyses are required for some grammatical rule,
that the postulated intermediate phrases must receive a semantic interpretation, that
they define a phonetic contour, that there are perceptual grounds for the analysis, or
something of thissort. . .

5The term constituent was popul arized by Bloomfield, and Percival (1976) traces Bloomfield’suse of the concept
to Wundt.
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Fillmore (1985) has summarized a number of problems with this generative definition. He
showed problems with the required for some grammatical rule clause, for example, by show-
ing that various grammatical rules gave conflicting definitions of constituency, and also noted
problems with the phonetic contour clause.

Many other theories of grammar place much less emphasis on constituency. In the functional
grammar of Halliday (1985), the constituent is defined with respect to the text rather than the
construction. Halliday (1985:28-29) only allows as constituents larger elements such as Noun
Groupswhich can play afunctional roleinthebroad structure of thetext. In dependency grammar
(Méel’€uk 1979), structureis expressed by proposing rel ations between words rather than between
congtituents of rules.

3.3 TheRepresentation Language

This section will present a ssimple construction, and outline some representational machinery.
The representation we use employs a graphic tree-like notation, where each of the various types
of links and positions of elements has a particular significance. The implementation of the
interpreter and the grammar uses a Lisp-like sentential form which will appear in certain traces,
but in general most of the output from the program will be trandated into the more perspicuous
graphical notation.

Figure 3.1 shows an example of the CREATE construction. This is the lexical construction
which accounts for the verb create, and includes the following facts. There is a construction
whose name is CREATE, which has a frequency of 177, and which is a subtype of the VERB
construction. The constitute of the construction is a semantic structure, which builds an instance
of the Creation-Action concept. This concept has two subordinate relations, Creator and
Created. Both of these relations are currently unfilled, which isto say they arefilled by unbound
variables$aand $b. Thisconstruction only hasone constituent, which includesonly phonological
(or graphemic) conditions, specifying the form “create”.

This representation makes use of a small metalanguage. Construction names appear in bold
italic font, like the name Createin Figure 3.1. Weak construction names appear in regular italic,
like the name \erb in Figure 3.1. The bold line between the semantic structure and the word
“create” is used to indicate constituency. Constructions with more than one constituent will be
discussed in §3.4. The dotted line between Create and Verb is used to indicate an abstraction link
between a construction and a more abstract weak construction (see §3.7).

Phonological constraints are represented orthographically, where the double-quotes (") are
used to delimit an orthographic constraint. Phonological or morphological representations of a
more realistic nature are not discussed.

The semantic language isdefined in §3.8, but we summarizeitsrepresentational features here.
The operator a indicates an individual of the concept which follows, while the predicates which
follow are frame-like role-fillers of this concept, with the filler of each role appearing following
the name of therole. The dollar-sign ($) is used to mark variables.

The frequency numbers which appear in the construction are the number of timesit occurred
per millionin the Brown Corpus. The frequency information used in this dissertation comesfrom
two sources, Francis & Kucera (1982) and Ellegard (1978). The former provides frequencies
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weak construction

abstraction link--.- v

construction name.... Create 1L [ construction frequency

_(aCreation-Action $c

constitute -~ (Creator $a) . variable
(Created $b))

constituent link-----x=

constituent =~ Creatg" - orthographic constraints

Figure3.1: The"Create” Construction

for lexical entries and a number of grammatical constructions from the Brown Corpus. In many
cases this suffices to assign frequencies to the constructions in our small grammar. Thus, for
example, Francis & Kucera lists the CREATE construction as occurring 177 times per million
words. Ellegard (1978) provides some syntactic frequencies, also from the Brown Corpus, which
are used for some constructions. In many cases, it is not possible to find the exact frequency
of a construction, although in these cases it is generally possible to set an upper-bound on the
frequency, which is done by using the less-than symbol before the frequency. West (1953) was
also used to check the frequencies of usage for different senses of the same word.

We conclude with a brief summary and definition of terms of the major elements in a con-
struction.

congtitute The semantics associated with a construction. The congtitute is the “ semantic rule”
which is built into a construction. If the construction has congtituents, the constitute
specifies how the information from the constituents is combined to build the semantics for
the construction. The constitute for the CREATE construction is the semantic element (a
Creation-Action $c (Creator $a) (Created $b)).

congtituent A subordinate part of the construction, defined by some informational elements.

unordered constituents Constituents of a construction which does not placed ordering restric-
tions on its congtituents. Unordered constructions are discussed in §3.5.

strong construction A standard construction like CREATE.
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weak construction Anabstract construction like \erb whichisused to form an equival ence-class
of strong constructions for representation and access. See §3.7 for details.

frequency Thenumber of timesa construction appeared in the Brown Corpus per million words.

“word” An orthographic constraint on aconstituent, requiring that it match the sequence of letters
‘w’ ‘0’ ‘r’ *d’. Theorthographic constraint from the CREATE construction requirestheinput
to containtheletters‘c’ 'r’ ‘e ‘a ‘t’' ‘¢e.

“word” If a constituent has an orthographic constraint like “word”, after the interpreter has
found “word” in theinput and filled in the constituent, the constituent is displayed initalic.
Examples of filled-in constituents occur in chapters like Chapter 4 where construction
interpretation is discussed.

Name The name of astrong construction, in this case Create.
Name The name of aweak construction, in this case \erb.
$x A variable named ‘x’.

$/x A dashed variable. Slashed variables are used by the integration operation of Chapter 6 to
determine how to perform integrations.

$*x A marked, or filled variable named ‘x’. See £6.4.3.

(a...) The operator a indicates an assertion. For example, the element (a Scale $s) asserts an
instance of the Scale concept which isbound to the variable $s. See §3.8.

3.4 Constructions with Complex Constituents

In extending the traditional idea of aform-meaning pairing to structureswhich are more complex
than lexical items, the relation between form and meaning also becomes more complex. In
particular, the grammatical construction alows a collection of forms to have a signification as
agroup. Thisnotion is called constituency, and is based on the familiar use of constituency in
American structuralist and generative theories. The use of constituency in CIG is an extension of
thistraditional sense.

TheConstituency Principle: A construction may be composed of constituents, each
of which may be defined by any informational predicate, and each of which may be
linked to multiple constructions.

The Constituency Principle alows a constituent to be defined by any sort of informational
predicate that the representation language allows. There are three classes of these constraintsin
the system: orthographic, constructional, and semantic. In the remainder of this section, | will
discuss each of these types of constraints.
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3.4.1 Orthographic Constraints

The orthographic constraints were described in Figure 3.1 in §3.3 above, and are used for lexical
constructions. They may also be use for some of the constituents of grammatical idioms that
include orthographic/phonological constraints, such as the second and third constituents of “kick
the bucket” or “bury the hatchet”. As was noted earlier, phonological representations are not
addressed here, and thislevel of knowledgeis limited to this simple orthographic representation,
in which the orthographic formis smply enclosed in double quotation marks.

3.4.2 Constructional Constraints

The next type of constraint a construction may put on a constituent is to require that it be an
instance of a particular construction type. Thus for example the DETERMINATION construction
of Figure 3.2 below constrains its first constituent to be an instance of the DETERMINER weak
construction. (The second constituent is constrained semantically, while the interpretation for the
congtruction itself is defined by the integration operation |. See Chapter 6 and §3.8 for details).

~Determination 123,321

i “ frequency
name- _ L ($/d | _$n)
constitute- s the ‘integration’ operation

(a Determiner $d) (a Object-Type $n)

Figure 3.2: The “Determination” Construction

This class of constraintsis an extension to the syntactic category constraints that were placed
upon constituents in traditional phrase-structure rules. Recall that the only constraint a phrase-
structure rule could place on a constituent was that its category be a member of the set of
syntactic categories which made up the “universal and rather limited” (Chomsky 1965) non-
terminal vocabulary of the grammar. Constraining a constituent to be an instance of a particular
construction is moregeneral in two ways than constraining it to have a specific syntactic category.
Firgt, rather than a universal and limited vocabulary, the set of allowable constraintsis precisely
the set of grammatical constructions, which is large and presumably language-specific. In such
a system categories like N or A are not universal formal symbols, but rather names of very
abstract weak constructionsNouN and VERB. Second, following directly from this point, because
a construction is a pairing of meaning and form, these are not syntactic constraints, but rather
grammatical ones, thus including semantic knowledge as well.

§6.4.2 will show how the integration operation uses constructional constraintsin combining
constructions.
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3.4.3 Semantic Constraints

Thefinal class of constraintsis semantic specifications. One of the major distinguishing features
of this grammar is the ability to define constituents of constructions semantically as well as
syntactically. In writing a grammar to describe the constructions of a language, the linguist has
traditionally used only syntactic tools. Semantic featureswere considered generally non-essential
to the description of aconstruction, and to the notion of grammaticality. But a grammatical con-
struction differsfrom a phrase-structurerule (or similar characterizations of syntactic knowledge)
precisely in being apairing of meaning and form, an abstraction over instances of sets of features,
both syntactic and semantic ones. Because these abstractions can be characterized in semantic as
well as syntactic forms, semanticinformation can be used to define constituents of a construction.®

Frequently a representational choice is simplified greatly by this ability to use semantic
knowledge. But moresignificantly, especially in exploring non-core constructionsof thegrammar,
semantic features become necessary for the minimal description of grammaticality of certain
constructions. A theory of grammar which does not allow semantic constraints on constituents
of constructions could not adequately represent these constructions.

Since these semantic constraints on a constituent are part of the construction’s definition, if
an instance of a construction violates either syntactic or semantic constraints on its constituents
it is as unacceptable as a syntactically ungrammatical sentence in a traditional syntactically-
based theory. We use the term uninter pretabl e rather than ungrammatical for such constructions,
following Stucky (1987). An input to the interpreter is thus interpretable if it meets both the
syntactic and semantic constraints on some construction, and can be assigned an interpretation
by the interpretation mechanism. This distinguishes constructions from phrase-structure rules
as well as from the rule-pairs of Montague Grammar, whose semantic rules play no role in
grammaticality.

Asan exampleof aconstruction which requires semantic constraints, consider theHow-ScALE
construction first defined in Jurafsky (1990), which occurs in examples like the following”:

(31 a How old areyou, cook? 'Bout ninety, dey say, he gloomily muttered.
b. How accurateis her prophecy?

(3.2) a How much wood could a woodchuck chuck?
b. How often does the squire fall off of Dapple?
c. How quickly did she finish her work?

(3.3) How many barrelswill thy vengeance yield thee even if thou gettest it, Captain Ahab?

81t is interesting to recall that although American Structuralist models of grammar did not express a formal
semantic component, it was considered quite normal to define constituentsin semantic terms, although they were
never represented as such. For example, Huck & Ojeda (1987:1) formalize Bloomfield's (1933) method of defining
a congtituent as follows:

If a phonetic string C receives a constant semantic interpretation in sentences Sy, S, . . ., Sp, C'isa
constituent of 5;,0 < i < n.

7(3.1a) and (3.3) are from Moby Dick.
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The HOw-SCALE construction has two congtituents. The first constituent is the lexical item
“how”. The second may be an adjective, such as “old” or “accurate” in (3.1a), an adverb such
as “quickly” or “often” in (3.2a), or even a quantifier like “many”. Specifying this constituent
syntactically would require a very unnatural digunction of adverbs, quantifiers, and adjectives.
Furthermore, such a digunctive category is insufficient to capture the constraints on this con-
stituent. For example, not every adverb or adjective may serve as the second constituent in the
construction. Note the uninterpretability of the fragmentsin (3.4), which have respectively an
adverb, an adjective, and a quantifier astheir second constituent.

(34) a *How abroad...?
b. *How infinite...?
c. *How three...?

The commonality among the grammatical uses of the construction can only be expressed
semantically: the semantics of the second constituent must be scalar. A scale is a semantic
primitivein the representational system, and isused to definetraditional scalar notionslike size or
amount or weight. Note that in (3.4)—(3.4b above all the elements which are allowable as second
congtituentsfor the How-SCALE construction have semantic componentswhich are scales. Terms
like“wide”, “strong”, and “accurate” meet the traditional linguistic testsfor scalar elements (such
as co-occurrence with scalar adverbs like “very”, “somewhat”, “rather”, and “dightly”). The
elements in the ungrammatical examples (3.4) do not have any sort of scalar semantics. The
second constituent of the How-ScALE construction may be an adjective, an adverb, or aquantifier
so long as it has the proper semantics.

A theory which could not use semantic information to constrain a constituent would be
unable to represent the How-SCALE construction completely. This includes theories such as
HPSG (Pollard & Sag 1987), which assigns semantics to lexical constructions but not syntactic
constructions, as well as (most generative) theories which do not allow semantic information
to play a role in the grammaticality of a construction. Figure 3.3 presents a sketch of the
representation of the How-SCALE construction.

How-Scale 149

(aldentify $t
(Unknown $x)
(Background $s)

Such-That

(aScale $s
(Location $z $x)))

et (aScale $s
how (On $2))

Figure 3.3: The How-Scale Construction
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The use of semantic constraints on constituents has another advantage, which is that it
enables the grammar to capture generalizations which would not be possible in a syntactically
specified grammar. For example, it is sometimes possible to express a construction’s constituent
semantically rather than expressing it as a complex phrase-structure tree, asis possible in TAG
(Joshi 1985).8

3.5 Constructions with Unordered Constituents

The grammatical construction was defined as an abstraction over linguistic elements. It was noted
in Section 4.2.4 that these abstractions coul d taketheform of any collection of linguistic constraints
available to the representation language. In this section | discuss unordered constructions,
constructions which abstract away from the ordering relations that were present in the more
specified linguistic elements which they abstract over. This section will not discuss lexical
constructions which abstract away from ordering relations by maintaining unordered valence
positions. Valence-bearing constructions are lexical constructions which act as functors and
specify constraints on their possible arguments. Valence will be discussed in §3.8.

The most common unordered construction in our sample grammar of English isthe SUBJECT-
PREDICATE construction. This construction expresses the rel ation between the elements* he” and
“was’ in the sentences of (3.5a) and (3.5b):

(35) a Hewasplaying avery funky beat.
b. Was he playing afunky beat?

This definition of the relation between subject and predicate is different from the traditional
one, which relates the subject with the entire verb-phrase. Here, therelation is solely between the
subject and the head verb “was’, and specifies subject-verb agreement and the semantic relation
between the subject and the verb.

Figure 3.4 shows the representation of the ACTIVE-SUBJECT-PREDICATE construction, which
isasubtype of the SUBJECT-PREDICATE construction for active clauses. The construction contains
two constituents, one constrained to be a VERB, and the other one constrained to be a Actor (see
the next paragraph) and to integrate into the valence structure of the verb (the large symbol | is
used to indicate theintegration operation; see §6.4.3). Thearc drawn between thetwo constituents
indicates that they are unordered.

The construction buildsits semantics by integrating its two constituents, $v and $s. The VERB
constituent in the integration has been marked with a dash ($v). Thisindicates that the verb will
serve as the matrix for the complement. The other constituent of the construction, labeled $s,
has been constrained to fill the Actor role (Foley & van Valin 1984), which abstracts over those
thematic roles which generaly act as grammatical subjects. This will constrain which valence

8Paul Kay and Charles Fillmore (personal communication) have noted a number of other examples in which
constructions must include semantic constraints, such as the constrai nts on the complements of the verb fedl, as well
asin the constructionsin (i):

(i) He attended to her every thought/wish/* washing machine.
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Active—Subject-Predicate
(siv | $s)

(a$%s (a Verb $v)
(Actor))

Figure 3.4: The Active-Subject-Predicate Construction (omitting agreement)

role of the verb the first constituent can fill, and is used by the integration operation (see §6.4.3).
More details on valence semantics arein §3.8.

Note that unordered constructions are different than the unordered rules of Boas (1975) or the
Immediate Dominance rules of Gazdar et al. (1985) because unordered constructionsin CIG are
the exception rather than the rule; most constructionsinclude ordering specifications. CIG allows
abstraction over ordering, but does not requireit.®

3.6 Constructionswith Linked Constituents

A grammatical construction may constrain a number of its constituents to act as co-constituents
in an instance of some other construction. This may be viewed as an extension of the method
described in §3.4 of constraining a single congtituent of one construction to be an instance of
some other construction. Multiple constituents which are constrained to appear in multiple
constructions are called linked constituents.

Consider as an example the WH-NON-SUBJECT-QUESTION construction (Jurafsky (1990)).
This construction accounts for sentences which begin with certain wh-clauses, where these
clauses do not function as the subject of the sentence. Examples include:

(3.6) How can | create disk space?
(3.7) What did she write?
(3.8) Which book did he buy?

The construction has four constituents. The first, indicated in bold type in the examples
above, is a wh-element. The second is an auxiliary verb, and participates together with the
third constituent in the SUBJECT-PREDICATE construction. The second and fourth constituents are

90f course languages may differ in the amount they make use of ordered versus unordered constituents, and
the relative importance of valence arguments versus congtituents in the grammar. For example in representing
non-configurational languages like Warlpiri (Hale 1983), a construction grammar would make greater use of lexica
valence structures and semantic constraints on unordered constituents, and less use of ordered congtituents. This
use of non-constituent means of capturing generalizationsis similar to the LFG approach to Warlpiri (Simpson &
Bresnan 1983), which allows generalizations to be captured at the level of f-structure, without the assumption of a
non-configurational parameter.
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constrained to occur in an instance of the VERB-PHRASE construction. The representation for the
construction appearsin Figure 3.5 below.

Wh-Non-Subject-Question <3,600

(aQuestion $q
(Queried $var)
(Background (Int $/pre $/a)))

Subj-Prec

(aldentify $t ',;'5_'_":. _________ ‘
(Unknown $var) LN
(Background $pre)) (aAux $a) (aN P $n) (aVP $v)

Figure 3.5: The Wh-Non-Subject-Question Construction

Consider the definitions of each of the constituentsin this construction. The first constituent
is defined by the Identify concept. The Identify concept characterizes the wh- constructions
— it instantiates a frame in which the identity of some element isin question, and where some
background informationis provided to help identify the element. For exampleif thewh- element
is the lexical item “why”, the unknown element is the reason or cause for some action, and the
background information would specify the action itself.

While the first constituent of the construction is a smple one, the second, third, and fourth
congtituentsareall linked constituents, in that they each participatein multipleconstructions. First,
note that the second and third constituents are related by the SUBJECT-PREDICATE construction.
Thisis necessary both to enforce the agreement rel ation between these constituents, and to ensure
that the semantics of the auxiliary and the semantics of the subject noun-phrase are combined in
the correct way. For example, the structure of sentence (3.6) appearsin Figure 3.6. Note that the
SUBJECT-PREDICATE construction must hold between the words | and can.

Similarly, the second and fourth constituents are related by the VERB-PHRASE construction.
Thisis necessary to insurethat any constraintsthat the auxiliary places on its complements (such
as requiring that their inflectional category be bare-stem) are placed on this fourth constituent.

The WH-NON-SUBJECT-QUESTION illustrates the difference between Construction Grammar
approaches to syntax and more traditional generative grammar approaches. For example, the
fact that the Aux element precedes the NP was handled in transformational grammar with the
Aux-Inversion transformation, which derived these structures from ones with “canonical” SVO
ordering. CIG isnon-derivational, and so the facts about ordering of individual constructionsare
represented locally in each construction. More recent theories, like HPSG, represent ordering
information with general principles about the linear precedence of heads and complements;
presumably a theory like HPSG could be extended to alow some ordering information to be
construction-specific.

It is interesting to note that allowing an element to simultaneoudly instantiate multiple con-
structionswas discussed as early as Wells (1947:95), who remarksthat “ Our definition of theterm
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(aQuestion $q
(Queried $var)
(Background (Int $/pre $/a)))

ubi-Prec
(aldentify $t R

(Unknown $var) LN
(Background $pre))(aAux $a) (a NP $n) (aVP )

"how" "can" "I "create disk space"

Figure 3.6: The structure of “How can | create disk space?’

construction allows an occurrence to belong to more than one construction. ..”. See Fillmore
(1989a) for further discussion of multipleinstantiation.

Note that a parse which allows complex constituents does not have a parse tree, but a parse
graph. Recall that atreeisdefined asadirected acyclic graph (DAG) in which exactly one vertex,
the root, has no entering edges, and in which every other vertex has exactly one entering edge
(Ahoet al. 1974). Because acomplex constituent can belong to morethan one construction, these
constraints do not hold. Note, for example, that in the WH-NON-SUBJECT-QUESTION construction
in Figure 3.5, the last three constituents all have more than one entering edge. (See Karlgren
(1976) for an earlier proposal to extend the notion of ‘parse tree’ to ‘parse graph’.) This parse
graph complexity is less important for CIG than it is for other theories (such as the autolexical
syntax of Sadock (1987), whereit isan important theoretical distinction) since CIG is embedded
in a model of sentence interpretation. As such athough the syntactic structure of individual
constructionsis significant, the theory makes no claims about the syntactic structure of sentences,
but only about their interpretations.

3.7 Weak and Strong Constructions

Construction grammars like CIG make no theoretical distinction between the lexicon and the
rest of the grammar, following the Uniformity Principle. But the grammar-lexicon distinction
proved useful to earlier theories of grammar in distinguishing productive, semantically-coherent
rules or processes, from lexicalized, semi-productive, more idiomatic rules or processes. Until
now, the constructions we have described correspond to the productive, semantically coher-
ent rules (although of course without the derivational algorithms that characterize rules in the
derivational-generative model). It makes no sense to speak of the “productivity” of a construc-
tion — constructions are aways completely productive, in the sense that they can be employed
whenever the conditions on their constituents and meaning are met.

How, then, are we to describe the more “lexicalized”, “sporadic” rules? They cannot be
regular grammatical constructions, because they do not have a coherent semantics, and because
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they allow exceptions. Recall that these rules were proposed in generative grammar to capture
generalizations across elements — for exampl e the abstract smilarity between verbs and derived
nominals. Following thisintuition, we proposethat these non-productiverulescan be represented
asasort of abstract construction, which augment the representation of standard constructions by
abstracting over theminan abstraction hierarchy. We call these new constructionsweak construc-
tions, and will refer to the standard constructions as strong constructions. Strong constructions
are defined intensionally, by specifying constraints on the constitute and the constituents, but
weak constructions are defined extensionally, by specifying the set of constructions they abstract
over. Weak constructions are defined as follows:

The Weak Construction: A weak construction w is defined by specifying a con-
struction name n, a congtitute ¢, and a set s of strong and/or weak constructions over
which w abstracts,

Wesak constructionsresemble the subregularities which Wilensky (1990) has proposed for the
representation of lexical semantics and the broad-range rules which Pinker (1989) has proposed
for representing lexical argument-structure generalizations. Weak constructions are used in the
grammar for two purposes. First, they serve to structure the grammar by linking together strong
constructions in away that is useful for access, for creating new constructions, and for learning
(see Vennemann (1974) for similar arguments). Second, having weak constructions allows the
grammar to specify an equivalence-class of constructions which can be used to constrain the
congtituents of other constructions.

Consider an example of thisuse of aweak constructionto constrainaconstituent. A significant
fact about CIG is that it defines lexical categories as weak constructions, rather than as their
traditional role of representational primitives (§3.7.1 will discuss the distinction in further depth).
Thus traditional lexical categories such as Aux, or VERB are represented as weak constructions,
and thus act as an equivalence class for certain strong constructions. For example, the weak
construction Aux abstracts over the strong constructions CAN, WiLL, and other auxiliaries.
This enables other constructions to constrain their constituents to be AUXES, without having to
define a construction for each individual auxiliary, which would cause a huge proliferation of
constructions. This was the case in the WH-NON-SUBJECT-QUESTION construction of Figure 3.5
above, which constrained its second constituent to be an Aux.

Figure 3.7 shows a number of examples of weak constructions. These include the lexical
weak construction NOuN, the morphological weak (nominalization) construction -Eg, and the
weak construction VP.

Notethat in each of these cases, weak constructionsare at non-terminal positionsof theabstrac-
tion hierarchy, while the strong constructions are at the terminal nodes. The weak constructions
express abstractions over the strong constructions which are below them in the hierarchy. This
hierarchy is learned in the same way that constructions are learned, by successively forming
abstractions over linguistic instances. When strong constructions are learned in this way, the
particular instances which gave rise to the construction are not stored in the grammar — only the
generalization, the construction, remains. But when weak constructionsareformed by abstracting
over aset s of strong constructions, the instances which gave rise to the weak constructions (i.e.,
the set s of strong constructions) remain in the grammar.

The next three sections will consider examples of strong and weak constructions. §3.7.1
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Noun

ddg "-.\: ‘Iunch addfésseé ""-.‘ p“arolee
noodle utility employeé advisee
honesty trustee

Intransifi\/g,""' /% Resultative
Double-Obje¢tBenefactive

Mono—fransitive—VP

Figure 3.7: Weak Constructions

shows how traditional lexical categories are modeled in CIG as weak constructions. §3.7.2
discusseslarger weak construction likethe VP construction, and §3.7.3 showshow theweak/strong
distinction can be used in morphol ogy to capture the notion of productive vs non-productive rules
and inflection vs derivation. Finally, §3.7.4 places the notion of weak construction in a historical
context by summarizing previous models of abstraction in linguistic knowledge, such as the
redundancy rule or the metarule.

3.7.1 Lexical Weak Constructions

The idea of weak construction can be applied to lexical categories. In generative grammar, for
example, lexical categories are representational primitives. Early generative grammar included
lexical insertion rules which mapped lexical categories into individual lexical items. Modern
versions of generative grammar include a small number of primitive lexical categories, and mark
each lexical item with a particular category.

CI G does not assume that the grammar contains asmall number of representational primitives
(suchastheN, V A, and P of Chomsky (1986), or the nine lexical categories defined by Jackendoff
(1977)). Instead, lexical constructionslike NOUN and VERB areweak constructions. Representing
these as weak constructions instead of primitive lexical categories means first that these are not
necessarily limited to a very small number, and second that as constructions they include a
semantic component. Because they are weak constructions, they are defined extensionaly,
and do not have a completely consistent semantics. But they are used by other constructions
to specify equivalence classes of constructions. For example, the beginning of this section
noted that the weak construction Aux abstracts over the strong constructions CAN, WiLL, and
other auxiliaries. This enables other constructions (such as the TAG-QUESTION construction, for
example) to constrain their constituentsto be AUXES, without having to define a TAG-QUESTION
construction for eachindividual auxiliary, which would causeahuge proliferation of constructions.

Lexical categories are particularly significant weak constructions because they abstract over
so many individuals and because of their relatively general semantic correspondence. Of course
it has been observed since Aristotle that a rough correspondence can be drawn between lexical
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Verb Noun

Relation/Proce$s Entity
IS L dog % lunch
Phrasal-Verb: approach noodle : utility
- dine honesty

look up throw out

Figure 3.8: Lexical Categories as Weak Constructions

categories and an ontological partitioning of the world. The correspondence is rough because of
itsnumerous exceptions. For example while nounsgenerally refer to objects and verbsto actions,
deverbal nominalizations such as destruction seem to be more like verbal actions than nominal
objects.

But the many exceptionsto thisanalysis caused the real semantic nature of lexical categories
to receive less attention than it deserved. As Miller & Johnson-Laird (1976:527) note, “ perhaps
[traditional grammarians] did not really mean that everything labeled by a noun is a concrete
object; perhapsthey meant that when you use anoun to label something, youtend to conceptualize
itasif it wereaconcreteobject”. Thuslexical categories might have avery abstract semanticslike
Entity or Process/Relation (see Langacker (1987)). Because lexical weak constructions are so
high in the abstraction hierarchy, they become something like what Lakoff (1987) called “ central
principles’ or Chomsky’s (1986) “ Canonical Structural Realizations’ of semantic concepts.

Representing lexical categories asweak constructions captures the intuition that lexical cate-
goriesare an abstraction over lexical entrieswith an associated abstract semantics, whileusing a
mechanism, the weak construction, which is independently motivated in the grammar. Thusthis
aspect of CIG is more elegant than the traditional generative practice, which required explicitly
specifying a distinct and primitive set of categories.

Versionsof construction grammar whichincludethelexical network theory of Norvig & Lakoff
(1987) and Brugman & Lakoff (1988) allow even richer relations among lexical constructions
than the abstraction relations characterized by weak constructions. Although such relations are
not discussed in this dissertation, presumably CIG could be augmented with these networks,
particularly in those cases in which the networks are shown to be used in language processing.
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3.7.2 Larger Weak Constructions

Just as weak lexical constructions abstract over lexical constructions, larger weak constructions
abstract over larger constructions. One particularly common weak construction is the VP or
VERB-PHRASE construction, which abstracts over a number of strong constructions which relate
averb to its possible complements. Figure 3.9 shows the weak VP construction and a number of
the constructionsthat it abstracts over.
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Figure 3.9: The Weak VP Construction

Each of these strong verb-phrase constructions specifies a kind of verb and the kind of
complements the verb can take. In general these constraints are expressed semantically. §7.6.2
discusses the BENEFACTIVE construction, while the DITRANSITIVE construction is discussed in
Goldberg (1989).

The use of the weak construction is one way to capture relationships among a number of
constructions. Many versions of construction grammar have proposed more powerful ways to
capture such relations, such as the lexical networks discussed in the previous section. For larger
constructions, the cognitive grammar proposals of Lakoff (1984) and (1987) show how a number
of there-constructions, such as the CENTRAL DEICTIC construction and the PERIPHERAL DEICTIC
construction, can be structured by relating the constructions with the Based-On relation. The
details of the analysis and the definition of each of these construction is specified in Case Study
3 of Lakoff (1987), and in Lakoff (1984).

3.7.3 Morphological Weak Constructions

“1 never heard of *Uglification,” " Alice ventured to say. “ What isit?”
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The Gryphon lifted up both its paws in surprise. “ Never heard of uglifying!” it
exclaimed. “ You know what to beautify is, | suppose?”
“Yes,” said Alice doubtfully; “ it means —to — make — anything — prettier.”
“Well, then,” the Gryphon went on, “ if you don’t know what to uglify is, you are
a simpleton,”
— Lewis Carroll, Alice’s Adventures in Wonderland

The distinction between strong and weak constructions corresponds quite naturaly to the
distinction in traditional morphology between inflection and derivation, and in classic generative
grammar between productive rules which were assigned to syntax, and non-productive rules,
assigned to the lexicon.

Consider, for example, the traditional account of the English rules for nominalization. Ac-
cording to this account, English has two classes of nominalizing rules, the productive action
or gerundive nominals, and the non-productive “derived” nominals. In such a theory the verb
“destroy” has two lexical nominalizations — the productive or gerundive “destroying”, and the
derived or non-productive “destruction”. The nominal use of the gerundive “destroying” is pro-
ductive in the sense that if a new verb entered the language, say “to xerox”, the native speaker
would automatically be able to speak about “xeroxing”, and in the sense that the semantics of
the new word “ xeroxing” would be predictable. The rule which derives the form “destruction”,
however, is non-productive. For each non-productive nominalizing suffix (like “—ity”, “—ure”,
etc.) it isnecessary to enumerate some or all of the lexical items which undergo the rule (see
Aronoff (1976)), and specify the semantics of the combination.

By allowing both weak and strong constructions, CIG can represent both the productive and
non-productive nominalizations. Productive nominalizations such as the English gerundive are
represented as strong constructions. An important early argument for nominalization rules was
that they capture the generalization between the argument structure of verbs and nominalizations.
In CIG the correspondence between the argument structure of verbs and the argument structure
of the gerundive is captured because the lexical verb and the suffix combine to form an instance
of the gerundive construction. Thus the gerundive construction maintains the same argument
structure as the verb. Figure 3.10 shows an example of a strong (the gerundive) and a weak (the
-EE) nominalization construction.

The various non-productive nominalizations are represented as weak constructions. This
means that they are abstractions over individual instances of nominalizations. A characteristic
feature of the non-productive nominalizationsisthat their ssmanticsisrarely fully predictablefrom
the semantics of the underlying verb — they tend to differ in idiosyncratic ways. Diachronically
speaking, the non-productive nominalizations have undergone semantic drift. But note that this
semantic drift will generally not carry the nouns far enough to change their thematic structure.
Thus the similarity in the argument structure between non-productive nominalizations and verbs
isnot asyntactic fact, asit isin the traditional model, but a semantic one.

There is an extensive psycholinguistic literature on weak and strong morphological con-
structions, generally phrased in terms of the distinction between inflection and derivation. For
example, there are a number of results supporting the idea that inflection is represented as a
distinct construction, and that the lexicon does not compile out an inflected form of each entry.
Butterworth (1983) has called the latter the Full Listing Hypothesis. As Cutler (1983) noted,
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Figure 3.10: Strong and Weak Nominalization Constructions

“There is abundant evidence that words inflected for tense or number do not have lexical rep-
resentation independent of their base form, and that base word and inflection are separated in
language processing”. Cutler givesanumber of referencesbes desthe Stannerset al. (1979) study
mentioned below. In amore linguistic vein, Hankamer (1989) has made complexity arguments
from Turkish morphology, showing that no version of the Full Listing Hypothesis is possible,
at least for agglutinative languages like Turkish. Hankamer showed that the number of forms
which can be created from a single verbal or nominal entry in Turkish is larger than could fit in
the mental lexicon.

In addition to evidence for morphological strong constructions, there is extensive psycholin-
guistic evidence that inflected and derived forms are represented differently. For example,
Stanners et al. (1979) showed that accessing the inflected forms of verbs (such as the past tense
form, or the gerund) caused the root form of the verb to be primed very strongly. Thiswould be
expected if the past-tense inflection is represented as a separate strong morphological construc-
tion, because the past tense form would be created as a combination of the root-verb construction
and theinflection construction. Stannerset al. found, however, that accessing irregular past tense
verbs only weakly primethe root verb. Again, thiswould be expected if irregular or derivational
suffixes are represented as weak constructions, since the past tense form of the verb is not created
by combining any of the weak past-tense constructions with the root form of the verb. Rather,
theirregular past tense formsare listed explicitly in the lexicon.

The fact that some weak priming of base forms does occur led Stanners et al. to suggest that
the derived forms are represented in some way that relates them, albeit weakly, to a base form.
The weak morphological construction may play thisrole. A number of other studieswhich show
distinct but linked representation are summarized by Cutler (1983). An alternativeview, inwhich
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the weak link between the derived and base formsis captured by some sort of analogical process,
is presented in Derwing & Skousen (1989). Sadock (1984) and Wilensky (1990) also note the
need to include such local generalizationsin the lexicon.

3.7.4 Reated Models of Abstraction

Theideaof using weak constructions as an abstraction over other constructions derivesfrom two
traditionsin generativelinguistics. Thefirstisthetraditioninlinguisticsof proposing mechanisms
to capture generalizations across sentences and rules, such as Chomsky’s early arguments against
context-free grammar. Chomsky did not try to show that context-free grammar was unable to
account for the syntactic facts of English. Instead, he showed that given certain assumptions,
context-free grammar was unable to capture certain interesting generalizations across sentences
of thelanguage. Hisformalization of the theory of grammar employed structural transformations
asadevicefor capturing such generalizations. During the same period, Halle (1959) proposed the
use of redundancy rules to express phonological generalizations. This use of redundancy rules
was extended to generalize over lexical entries (see Jackendoff 1975 and Bresnan 1978).

The second major tradition is the idea of capturing the distinction between productive and
non-productive rules by locating non-productive rules in the lexicon. This idea was suggested
by Zimmer (1964), drawing on the traditional notion (see Bloomfield 1933, for example) of the
lexicon as the repository of all arbitrary terms:

The implication of such amodel for the linguistic behavior of speakers of Englishis
that a number of forms such as untrue, unhappy, unkind are learned as lexical items
liketrue, happy, kind while other formsin un- can reasonably be accounted for asthe
output of productive rules that should be given a place in the equipment we assume
the speaker to be operating with. (p. 85)

Zimmer goeson to say that theselexicalized processes which relate formslike true and untrue
till constitute important regularities which must be dealt with:

We would therefore say . .. that the derivation of nounsin -ling should be excluded
from a*“generative” and dealt with in an “analytic” morphology.

These two traditionswere merged in the next theoretical advancein mechanismsfor linguistic
abstraction — the Lexicalist Hypothesis of Chomsky (1970), which proposed generalizing over
rules, rather than sentences. The lexicalist hypothesis proposed that productive nominalizations
be accounted for by syntactic rules, but that non-productive nominalizations be listed in the
lexicon. In order to capture the generalization between the argument structure of the lexical
nominalizations and the related verb, Chomsky (1970) proposed the X-Bar Convention, the use
of generalized cross-categorical phrase-structurerules (see al so Jackendoff (1977)). Thisallowed
the generalization between the verb and the derived nominal to be captured by sharing similar
phrase-structures, rather than by atransformational rule.

The metarules of GPSG (Gazdar 1982 and Gazdar et al. 1985) combine elements of each of
these mechanisms, which were basically an extension of the redundancy rule to generalized over
phrase-structure rules but applied in alexical fashion.
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More recently, many versions of construction grammar, including Lakoff (1987), Norvig &
Lakoff (1987), and Brugman & Lakoff (1988), have proposed capturing generalizations among
constructions with network-style relations among constructions.

In parallel with the development of mechanisms for capturing generalizations in generative
linguistics, the abstraction hierarchy was proposed in the fields of computational linguistics
and knowledge representation, beginning with Quillian (1968) and Collins & Quillian (1969),
and continuing with knowledge representation languages such as Fahlman (1979), Bobrow &
Winograd (1977), Brachman & Schmolze (1985), Wilensky (1986) and Norvig (1987). The
abstraction hierarchy was originally proposed to represent solely semantic knowledge. The idea
of using it to explicitly represent linguistic knowledge, and hence the correspondence between
meaning and form, and to capture generalizations across this correspondence, was first proposed
by Bobrow & Webber (1980), quickly followed by a number of other models, including Hudson
(1984), Jacobs (1985), Flickinger et al. (1985), Pollard & Sag (1987), Jurafsky (1988).

The use of weak constructionsto abstract over strong constructionsissimilar to these last pro-
posals, but differsinnot using thenotion of inheritance. Inheritanceisaprocessby which concepts
lower on a hierarchy augmented with information from concepts higher on the hierarchy. Thus
concepts which are higher in an inheritance hierarchy abstract over lower concepts, producing a
more efficient representation, since redundant information is removed from the lower concepts.
Inheritance thus strongly resembles the redundancy rule mechanism, or the metarule mechanism
of GPSG. One aspect of the resemblance is that both inheritance and redundancy-rule/metarule
mechanisms could be viewed as generative mechanisms or as redundant mechanisms. For exam-
ple, redundancy rules were proposed in two ways (Jackendoff 1975), one in which they merely
abstracted over two fully-specified lexical entries (the full-entry theory) and one in which they
were generatively employed to produce asecond lexical entry from afirst (theimpoverished-entry
theory). Shieber et al. (1983) note that this holds for metarules as well. Similarly, inheritance
mechanisms may employ what Fahlman (1979) has called virtual copiesor real copies. Invirtual
copying, lower structures do not duplicate the information in more abstract structures, and thus
inference mechanisms must search up the hierarchy to fully instantiate a concept. This is the
version of inheritancewhich wasfirst defined in Quillian (1968). Inreal copying, lower structures
do include al the information from higher structures; they are compiled out, and the abstraction
captured by the higher structuresis not used at run-time.

Weak construction abstractionisvery similar in spirit to inheritance or meta/redundancy rules,
but differssomewhat in application from both the compiled-out version and the generativeversion
of these mechanisms. First, weak constructions are not used to generate new rules; the strong
constructionswhich are abstracted over by weak constructions are completely filled-out. Second,
compiling out information from theinheritance hierarchy in advancewould viol atethe I nterpretive
Hypothesis of Chapter 2, because the weak constructions would then play no role in language
processing. Indeed, Shieber et al. (1983) conclude that viewing metarules as merely a redundant
way to structure the grammar allows them to play no rolein processing. However, although they
act as redundant information, weak constructions are used in processing, for example in aiding
the access mechanism, as discussed in the beginning of §3.7 (see Stowe (1984) for a similar
suggestion).
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3.8 TheRepresentation of Lexical Semantics

This section turns to the simple semantic representation language that is used in CIG. We made
recourse in previous sections to an intuitive notion of a semantic representation language. Inthis
chapter we discuss thisideafurther, and explore issues in the representation of lexical semantics,
concentrating on describing the kinds of semantic expectations or conceptual constraints that can
be used in processing to help access or integrate other constructions. In general, then, we will
express only as much semantics as is necessary to express constraints on constituents and to
combine constituents.

3.8.1 The Representation L anguage

We have chosen a simple frame-like representation language to represent the conceptual domain
of grammatical constructions. Most modern representation languages (KRL (Bobrow & Wino-
grad 1977), NETL (Fahlman 1979) KL-ONE (Brachman & Schmolze 1985), FRAIL, KODIAK
(Wilensky 1986) and (Norvig 1987), SNEPS (Maida & Shapiro 1982)) have basically proposed
to represent semantics by augmenting predicate logic by structuring concepts into frames or
schemata, following the insights of Bartlett and Minsky. The language which is used by CIG
has two components; the definitional language, which is used to define various concepts and
their dots, and the assertional language, which isused in each grammatical construction to make
assertions about the semantics of the construction and its constituents. Both of these languages
consist of alarge number of concepts and asmall set of operatorswhich allow the conceptsto be
defined and manipulated. The concepts themselves are the familiar ones that exist in every such
semantic language. These include abstract concepts like Actions, Events, or Objects, aswell as
more specific concepts like Creation-Action or Scale.
(3.9) shows the format of an assertion in the assertional language:

(39) (a Scale $c)

An assertion like (3.9) consists of at least three elements. These are an operator, a concept,
and a variable. The operator for the assertion above is a. The operator a creates an instance of
the concept which follows. Operators are modeled after the frame determiners of Hirst (1986),
which were used as a metanotation for Frail. The second element is the name of the concept
to which the operator applies. Thus (3.9) creates an instance of the Scale concept. The third
argument, the variable, is bound to this new concept. The variablein (3.9) is $c. Variablesin
CIG are marked by a dollar-sign ($). Thus the meaning of (3.9) is that the variable $c is bound
to an instance of the Scale concept. Variablesin CIG are logical variables like the variables of
functional or term unification, rather than the location- or content-pointer variables of standard
programming languages (see Pereira & Shieber (1987)).

Asin frame-oriented languages like Frail or KL-ONE, concepts are structured entities, with
subparts, dots, which place constraints on their fillers. We assume the definition of these dots
in the definitional language to be the standard one, in which a frame-name creates an implicit
Y, and each dot of the frame instantiates an implicit 3 in the scope of the V. However, we
assume that each dot isapredicate, which can take any number of arguments, rather thanasingle
dot-filler. A CIG assertion may refer to the slots of a concept in order to further constrain them,
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or in order to use the dot information in building construction interpretations. For example, the
Scale concept is defined in the representation language to have a number of possible slots, which
represent such things as which objects are on the scale, or the location of objects on the scale,
or the domain of the scale. The dots of the concept can be used in specifying the constitute or
a constituent of a construction. For example, the assertion in (3.10) shows the representation of
a Scale which specifies the On predicate. The On dot is used to express the relation between a
scale and some object on the scale. It takes a single argument, which is filled in (3.10) by the
variable $z, indicating that whatever is bound to $z is on the scale $s.

(3.10) (a Scal e $s
(On $2))

The meaning of (3.10) isthus that there is some instance of a scale $s with some object $z on
the scale. Remember that this assertion is not the definition of the scale concept, but rather the
semantics associated with a particular constituent which makes use of the scale concept.

The assertion in Figure 3.10 is the semantics of the second constituent of the How-ScALE
construction from Figure 3.3 above, repeated in Figure 3.11. Consider now the semantics of the
congtitute of the HOw-SCALE construction. It begins with the Identify concept. The Identify
concept characterizes the semantics of all the wh- constructions. Its meaning is that the identity
of some element isin question, with respect to some background information about the element.
For example as §3.6 mentioned, if the wh- element isthe lexical construction why, the unknown
element isthe reason or cause for some action, and the background information would specify the
action itself. For the lexical construction who, the background information is that there is some
person $x, while the unknown is the identity of $x.

How-Scale 149

(aldentify $t
(Unknown $x)
(Background $s)

Such-That

(aScale $s
(Location $z $x)))

et (aScale $s
how (On$2))

Figure 3.11: The How-Scale Construction (from Figure 3.3)

For the How-ScALE congtruction, notefirst that the Unknown element isfilled by the variable
$x, while the Background element isfilled by the variable $s. Constraints on these variables are
specified by including further assertions after the operator Such-That. The assertion after the
Such-That operator in the constitute of Figure 3.11 isrepeated in (3.11). It places constraints on
both the Unknown and Background dots:
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(311 (a Scale $s
(Location $z $x))

The meaning of (3.11) is that there is some instance of a scale $s where some object $z is
located at position $x on the scale. That is, the first argument of the L ocation dot is an object on
the scale, and the second argument is the location of the object on the scale.

Thus the meaning of the entire semantics of the constitute of the HOw-SCALE construction is
that there is some Scale with some object on it, and the location of the object on the scaleisin
guestion. §6.4.3 shows how the integration operation combines the semantics of the constituent
with the semantics of the constitute in producing an interpretation for a construction.

See Talmy (1977, 1978, and 1986) for further discussion of the semantics of scales.

3.8.2 Valence

The previous section defined the language whichisused to represent the semanticsof constructions
congtitutes and constituents. It showed that a constitute or constituent can be defined by creating
an instance of an assertion and specifying some of its dots.

This section shows how these dots act as the valence of a construction, in effect creating
expectations for dot fillers. The term valence was used originally by Tesniere (1959) to indicate
the number of arguments a verb might take. Construction grammars like CIG extend the term to
mean the number and type of open fillerswhich are associated with a construction. The valence
properties of a predicate include such constraints as the thematic roles of an argument as well as
the syntactic subcategorization constraints on an argument.

The valence theory thus generalizes over earlier theories of argument specifications, which
have used such representations as subcategorization frames or selectional restrictions (Chomsky
1965), case frames (Fillmore 1968 and 1977) or thematic grids.*®

Consider the scale from (3.10) above, repeated as (3.12):

(312) (a Scal e $s
(On $2))

(3.12) indicates an instance of ascale with some element $z on the scale. Because the assertion
(3.12) does not specify afiller for the On dot, the variable $z is an open variable. This open
variable $z is a valence argument of the assertion. A valence argument is defined as any unfilled
sot of an assertion. Thus (3.12) might also be interpreted as “an instance of a scale which has a
singlevalence argument whichfillsthe On dot”. Sincethe semanticsof scalar adjectivesincludes
the assertion (3.12), this valence corresponds to the valence of scalar adjectives.

Whilein CIG any construction can have valence, most previouswork on valence-liketheories
hasfocused onverbs. Thisisespecially trueof theoriesof thematic rolesand of subcategorization.
Consider the representation of verbal valencein CIG. The construction CREATE described in §3.3
above has the assertion (3.13) asits congtitute:

10The idea that Slots of concepts in a representation language correspond to grammatical arguments was first
proposed by Quillian (1968:244-245). Charniak (1981) discussed the relation between case roles and frame-dots.
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(3.13) (a Creation-Action $c
(Creator $a)
(Created $b))

Example (3.13) asserts an instance of the Creation-Action concept, with two sots, Creator
and Created. Thefillersof Creator and Creation are the variables $a and $b respectively. The
fact that these two variables are unbound means that they are open variables, and hence they are
open valence arguments of the CREATE construction.

The CREATE construction only has two valence arguments, but the Creation-Action concept
has many more dots which are not included in the CREATE construction. For example, Action
concepts have dots for the Time and L ocation of the action. These dots are not listed in the
CREATE construction, and so they are not open valence arguments of the construction, but they
can play arolein the processing of the CREATE construction, arolewhichwill be discussed bel ow.

Beforefurther discussion of the relation between valence arguments and g ots, we will discuss
asomewhat more complex case of valence. The constructionwe consider isalexical construction
for the word how called the MEANS-HOW construction. MEANS-HOw is one of a number of how
constructions — the How-ScALE construction discussed above is another of them, for example,
and othersinclude the MANNER-How and INSTRUMENT-HOw constructions!t, or the construction
in the following quotation from Milne’s Winnie-the-Pooh:

“ And how are you?” said Winnie-the-Pooh.
Eeyore shook his head from side to side.
“Not very how,” hesaid. “ | don’'t seem to have felt at all how for a long time.”

The MEANS-HOw construction is concerned with the means of some action, asking for a
specification of the means or plan by which some goal is accomplished. It occursin examples
like (3.14a)—(3.14d) (the last three are from Alice’'s Adventures in WWonderland).

(3.14) a How can| create disk space?
b. Thefirst question of course was, how to get dry again.
c. Let me see-how ISt to be managed?
d. ‘Please, then,” said Alice, ‘how am | to get in?

Figure 3.12 shows the representation of the construction.
Like the How-ScALE construction, the MEANS-HOW construction includes an | dentify asser-
tion, with its Unknown and Background dots. For the MEANS-HOW construction, however, the

1 Representing the manner, means and instrument senses of how as separate constructions is necessary, since
besides the semantic distinction, the constructions differ in relative frequency; the MANNER-HOwW construction is
much less common than the other two senses. Thus note the unacceptability (except in a humorous vein) of (b) vs
(c) asaresponseto (a):

a. How did he clean hisroom?
b. * — Carefully.
¢. — With avacuum cleaner.
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Means-How <675

(aldentify $t
(Unknown $p)
(Background $x)

Such-That
(aMeans-For $x
(Means $p)

(Godl $9)))

"how"

Figure 3.12: The Means-How Construction

Background element is constrained to be an instance of the M eans-For concept, while the Un-
known element is bound to the M eans dot of this Means-For concept. Thus the construction’s
congtitute means that thereisaM eans-For relation which holds between some M eans and some
Goal, and the identity of thisMeansisin question.

Having now discussed the valence of a number of different constructions, we turn to a
discussion of how valence arguments are used and filled in processing. Vaence arguments
specify those aspects of a concept which are required to be instantiated in some way. Thus since
alexical construction like CREATE specifies two valence arguments, Creator and Created, both
of these arguments must be instantiated in order for the construction to be felicitous.

The element which instantiates a valence argument can appear in a number of places, locally
or distantly. In the case of CREATE, for example, the local SUBJECT-PREDICATE construction
may instantiate the Creator as the subject of the verb, while the VERB-PHRASE construction
may instantiate the Created as a direct complement of the verb. Distant instantiation occurs
with focusing constructions, the gapping constructions referred to as right-node raising in the
transformational paradigm, or any of the wh- constructions, For example the WH-NON-SUBJECT-
QUESTION construction may instantiate the Created role of the CREATE construction as a wh-
element, asin (3.15):

(3.15) What did Rodin creste?

In (3.15), the Created valence dot of the CREATE construction is filled by the semantics of
thelexical construction what.

Some constructions allow their valence arguments to be filled even more distantly, such as
by elements outside the clause or the sentence. Among these are the cases of null complement
anaphora discussed by Grimshaw (1979) and Fillmore (1986). Since the model of interpretation
presented in this dissertation only deals with single sentences, the problems of representing which
lexical constructions alow null-complement anaphora, and of correctly filling the appropriate
valence dot, will not be discussed here.

Since al valence dots correspond to required arguments, optional arguments cannot be rep-
resented as valence dots. Instead, optional arguments are represented in one of two ways,
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depending on the argument. Some arguments, such as the optional that complementizer in the
SUBORDINATE-PROPOSITION construction, are represented by creating two copies of the construc-
tion, one with the argument, and one without. This option is chosen in cases where the meaning
of the construction seems to differ depending on whether or not the element is present.

Other types of optional arguments, such as the time and location adjuncts which are often but
optionally attached to activity verbs, are represented by allowing the concepts for these verbs to
have unfilled variables. Placing unfilled variablesin the concept is different than placing themin
the construction since, as discussed above, a concept may contain anumber of slots which are not
mentioned in the construction. Thus the fact that the CREATE construction may optionally appear
with atime adjunct asin (3.16) is predicted by the Time dot in the Creation-Action concept.

(3.16) When did she create that sculpture?

This idea of allowing optional time and location adjuncts to appear when they are specified
semantically was proposed by Gawron (1983).

This concludes the discussion of CIG. All the constructions which appear in the rest of the
dissertation use the representational mechanisms described in this chapter; many of theindividual
constructions from this chapter will reappear later. The rest of the dissertation will focus on the
architecture and sub-theories of the interpreter Sal.
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Chapter 1 introduced the fundamental problem which we will explore in further detail in
this chapter: modeling the process of human sentence interpretation. This chapter describes the
architecture of Sal itself and summarizesthe access, integration, and selection theorieswhich are
examined in detail in Chapters 5, 6, and 7.

4.1 Architectural Principles

This section gives an overview of the interpreter by introducing four architectural principles,
and sketching how these principles relate to the architectures of other models. The principles
express four properties of the model; it ison-line, parallel, interactionist, and uniform. The first
architectural principle, the On-Line Principle, follows directly from the criterion of cognitive
adequacy:

On-Line Principle: Maintain a continually-updated partial interpretation of the
sentence at all timesin the processing.

59
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There is a great amount of psycholinguistic evidence for the on-line nature of interpretation
building, including evidence from comprehension (Marslen-Wilson 1975; Potter & Faulconer
1979), lexical disambiguation (Swinney 1979; Tanenhaus et al. 1979; Tyler & Marden-Wilson
1982; Marden-Wilson et al. 1988), pronominal anaphora resolution (Garrod & Sanford 1991;
Swinney & Osterhout 1990), verbal control (Boland et al. 1990; Tanenhaus et al. 1989), and
gap filling (Crain & Fodor 1985; Stowe 1986; Carlson & Tanenhaus 1987; Garnsey et al. 1989;
Kurtzman et al. 1991).

The on-line principle has two implicationsfor the interpreter. Thefirstisthat it must produce
aninterpretation incrementally, that isin astrictly left-to-right manner while the sentence isbeing
processed. This rulesout the traditional depth-first or backtracking control structure for parsers,
because these parsers may make an indefinite number of |eft-to-right scans over the input. Thus,
for example, depth-first ATN’s do not conform to the principle. Systems which employ very
local backup (such as single word backup) can till be on-line, and hence are not ruled out by the
on-line principle.

The second implication of the on-line principle is that the interpreter cannot maintain all
possible interpretations of a sentence during the processing. It is required, fairly frequently,
to choose a single interpretation with which to continue processing, in accordance with the
psycholinguistic evidence present above. Thisrulesout the use of parallel parserswhich maintain
every possi ble syntactic or semantic structurein parallel, such asthe active chart parser of Kaplan
(1973), the breadth-first ATN parser (Woods 1970), or the expanded LR-style parser of Tomita
(1987). Indeed Church & Patil (1982) have shown that attempting to maintain every possible
syntactic structure for sentences with preposition-phrase ambiguities is extremely difficult.t

Unfortunately it is not possible to follow the on-line principle by simply choosing an inter-
pretation immediately whenever an ambiguity arises. Thisis due to the fundamental conflict in
human language understanding between the need to produce an interpretation as soon as possible,
and the need to produce the correct interpretation. Because evidencefor the correct interpretation
may be delayed, any on-lineinterpreter must choose a method for integrating this late evidence.

Our model uses limited local parallelism to represent these local ambiguities while waiting
for further evidence. At any point, multiple possible candidate interpretations are entertained,
but only for a short time, and the interpreter is forced to choose among them quickly. We can
summarize this as the Parallel Principle below:

Parallel Principle: Keep multiple partial interpretations for a limited time during
processing of a sentence.

There isa great deal of evidence for temporary local parallelism in lexical processing (such
as Swinney (1979), Tanenhaus et al. (1979), and Tyler & Marden-Wilson (1982)). Cacciari &
Taboss (1988) describe resultsthat provide strong evidence for temporary local paralelismin the
processing of idioms. Finally, Kurtzman (1985), Gorrell (1987) and 1989, and MacDonald et al.

INote that the On-Line Principle thus rules out backtracking and long-term parallelism, as does Marcus (1980),
but for quite different reasons. Marcus's Determinism Hypothesisrule out backtracking and parallelism because they
are ways of simulating a non-deterministic machine. The On-Line Principle rules out backtracking and long-term
parallelism because they make it impossible to produce a single interpretation of a sentence in a on-linefashion.
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(in press) present evidence for parallelism in syntactic processing. 2 A number of recent models
of interpretation use the limited parallel framework, including Gibson (1991), Gorrell (1987), and
Kurtzman (1985). §4.8.2 contains afurther discussion of these other models.

Other earlier approaches to modeling local syntactic ambiguity have generally been serial
rather than parallel models, and fall into two classes. The first class might be called delayed-
choice serialism, and has been referred to as the “wait-and-see” approach. It was first proposed
by Marcus (1980) and is used by other Parsifal-style parsers (Milne (1982), Charniak (1983)) as
well as the shift-reduce parser of Shieber (1983), and the Description Theory model of Marcus
et al. (1983). In these approaches, the model waits to build structure until it can be certain it
is building the correct interpretation, although the delay is strictly limited. Pritchett (1988) and
Gibson (1991) note a number of problems with these models, such as the incorrect prediction
that certain sentences will be unproblematic when they do in fact cause the garden path effect. In
general, these problems are caused by the fact that delayed-choice serial models have difficulty
correctly specifying exactly how long to delay.

The second class of modelsimplement immediate-choice serialism by using global heuristics
(such as Minimal Attachment) to resolve local ambiguity immediately. Because such global
heuristics are syntactic, immediate-choice serial models are amost invariably parsing models
rather than models of interpretation. Example of these include Kimball (1973), Frazier & Fodor
(1978), Wanner (1980), and Pritchett (1988). These models suffer from a number of problems.
First, because the models are limited to syntactic structure, they fail to meet the criterion of
functional adequacy introduced in Chapter 1. Next, they are incompatible with psycholinguistic
datawhich supports parallelism in syntactic processing, such as Kurtzman (1985), Gorrell (1987)
and 1989, and MacDonald et al. (in press). These models are also uneconomical in assuming
that lexical processing is donein parallel but syntactic processing is done serialy, thus requiring
that separate access, integration, and selection mechanisms be used for lexical and non-lexical
structures. Finally, the exact specification of these global syntactic heuristics is quite difficult.

The third principle, the Interaction Principle, cals for a interactionist, knowledge-based
approach to sentence processing.

Interaction Principle: Make use of syntactic, semantic, and higher-level expecta-
tions to help access linguistic information, integrate it into the interpretation, and
choose among candidate interpretations.

Interactionist architectures are quite widespread in natural language processing models, such
as Wilks (1975a), Riesbeck & Schank (1978), Cullingford (1981), Phillips & Hendler (1982),
and Adriaens & Small (1988). But most theoriesthat explicitly attempt to model human sentence
processing have avoided expectation-driven processing. Sentence processing models all assume
that contextual information isused at some point in processing; the disagreement is over whether
this high-level knowledge can be used early in the access and integration of linguistic knowledge.

Most models have particularly avoided the use of expectations to suggest lexical items or
syntactic constructions in a top-down way. This use of expectations, called variously “strong

2By parallelismwe mean what Ward (1991) called ‘ competitive parallelisn’ — simultaneous consideration of
severa dternative interpretations. The interpreter does not employ what Ward called ‘part-wise pardlelism’ —
working on several words of theinput in paralel. Wordsare still input in aserial fashion.
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interactionism” or “contextual preselection”, is a characteristic of our model. An interactionist
model (such as McClelland 1987) allows information from any level of linguistic processing
to affect any other; in particular, semantic knowledge may directly affect the access of lexical
or syntactic constructions. Sal allows the use of frames (like Hirst 1986), thematic roles (like
Carlson & Tanenhaus 1987 and Stowe 1989), and other high-level semantic information (like
Riesbeck & Schank 1978) to build interpretations.

Other models fall into two classes. Models which fall in the first, “modularist” or “non-
interactionist” class (Frazier 1987b, Clifton & Ferreira 1987, Clifton & Ferreira 1989) consist
of highly autonomous processing modules which are informationally encapsulated. Syntactic
processing, for example, is done by a syntactic module which is insensitive to semantic or other
high-level effects.

The second class of models, the “weak interactionist” models, have been described as the
“syntax proposes and semantics disposes’ models. Here higher levelsmay help choose among the
output of lower levels, but may not act as to pass information to these levels. Weak interactionist
models include Crain & Steedman (1985), Marden-Wilson (1987), Tyler (1989), Steedman
(1989), Tanenhaus & Carlson (1989), Cottrell (1989), and Altmann (1988).

In general, psycholinguistic evidence has not been conclusive in deciding among the strong-,
weak-, and non-interactionist positions. While such studies as Swinney (1979) and Tanenhaus
etal. (1979) initially argued that |exical accesswasindependent of contextual influences, Simpson
(1984) and McClelland (1987) showed that even these studies displayed dight effects of context.
Morerecent studiessuch as Taboss (1988) and Simpson & Kellas(1989) havefound interactionist
effects by using particularly strong contexts. While modularist models such as Frazier (1987b)
have used the existence of garden-path effects to argue for modularism, models such as those of
Crain & Steedman (1985) and Altmann & Steedman (1988) have shown that garden-path effects
can be accounted for in an interactionist architecture. The issue of interactionism is discussed in
more detail in §5.5.

Thefinal principle, theUnifor mity Principle, makesmore-specific claimsabout thea gorithm
used to produce the interpretation.

Uniformity Principle: A single interpretation mechanism accounts for the access,
integration, and selection of structures at all levels of sentence processing

The Uniformity Principle proposes a single, integrated mechanism to replace the traditional
informationally encapsul ated lexical analyzer, syntactic tree-builder, morphol ogical analyzer, and
interpretation mechanisms. Recall that the Grammatical Construction Principle of Chapter 3
proposed that a single representational device account for all linguistic knowledge — lexical
items, idioms, constructions. The Uniformity Principle extends this representational uniformity
to the processing domain. Thusour model does not require aseparate lexicon, grammar rule-base,
idiom dictionary, and semantic interpretation rule-base, nor the various processing mechanisms
each would need.

A corollary of the Uniformity Principle is that syntactic and semantic processing are not
distinct; the model does not distinguish the parser from the semantic interpreter, or indeed from
thelexical analyzer. Thefunctionsof access (proposing constructionsto usein an interpretation),
integration (combining constructions to build an interpretation), and selection (choosing among
interpretations) apply uniformly acrossthelexical, syntactic, and semantic domains. For example,
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the access function accounts for the access of lexical items as well as syntactic rules (this is
natural because both are represented as grammatical constructions). The integration function
builds structures by combining component structures at each level (in building words, syntactic
phrases, or semantic interpretations). The selection function resolvesboth lexical and higher-level
ambiguities.

It is important to note that integrating syntactic and semantic processing does not mean
ignoring one paradigm or the other. As Hirst (1986:2) has noted, “those who argue for the
integration of syntactic and semantic processing are usually disparaging the role of syntax”. The
criterion of representational adequacy introduced in Chapter 1 required that both syntactic and
semantic knowledge be adequately represented. Indeed, the fact that syntactic and semantic
knowledge are uniformly represented in grammatical constructions makesit quite natural that the
interpreter give equal consideration in processing to each kind of knowledge.

Psycholinguistic evidence for the uniformity principlesarise from resultswhich show that the
functionsof access, integration, and selection apply uniformly to lexical, idiomatic, and syntactic
structures. For example, the studies cited in support of the Parallel Principle above showed that
lexical, idiomatic, and syntactic structures are all accessed and maintained in parallel. Other
evidence shows that the access of structures at all levels is sensitive to context and multiple
knowledge sources (Salasoo & Pisoni 1985, Cacciari & Taboss 1988, and Marsen-Wilson et al.
1988). Chapter 7 shows that a uniform selection theory can account for lexical, idiomatic, and
syntactic preferencesin disambiguation.

The Uniformity Principle distinguishes Sal from the majority of sentence-processing models,
whichdraw especially sharp distinctionsbetween syntactic and semantic processing. Suchmodels
include those associated with theories of grammar, such as Ford et al. (1982) (LFG), Proudian
& Pollard (1985) (HPSG), the Government and Binding parsers such as Pritchett (1988), Abney
(1989), Johnson (1991), or Fong (1991), or models such as Frazier & Fodor (1978), aswell asa
number of Al models such as Winograd (1972), Mellish (1983), and Hirst (1986).

Aswenoted abovefollowing Hirst, model swhich attempt somelevel of uniformity of syntactic
and semantic processing have generally given short shrift to syntactic knowledge. These include
models such as Riesbeck & Schank (1978), Wilensky & Arens (1980), and Cater (1983).

4.2 Introducing the Algorithm

Like Caesar’s Gaul, Sal’s architecture consists of three components. the working store, the
long-term store, and the interpretation function.

e The working store contains constructions as they are accessed, and partial interpretations
as they are being built up. It consists of two data structures: the access buffer and
the interpretation store. When a construction is first accessed, it is copied into the
access buffer, and is then integrated into the interpretation store, which may contain
a number of partia interpretations. The working store is constrained in the number of
interpretations that it can hold, and by the time that it can hold them. In this way it
models the similar limitations of human short-term memory which have been shown to
place specific constraints on interpretations (Gibson (1991), MacDonald et al. (in press),
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etc.). Limitationson short-term memory affect both the access buffer and the interpretation
store.

e The long-term store contains the linguistic knowledge of the interpreter (i.e., the gram-
mar). This knowledge consists of the collection of grammatical constructions discussed in
Chapter 3. The long-term store aso includes the representation of general, non-linguistic
knowledge.

e The interpretation function is the processing component of the interpreter. As Chapter 1
discussed, any theory of interpretation processing must include sub-theories of access, in-
tegration, and selection. Thusthe interpretation algorithm will be discussed by describing
a control structure and the three functions of access, integration, and selection. When
the interpreter is given a sentence as input, it first relies on the access function to amass
evidence for constructions in the grammar, and to copy suggested structures into the ac-
cess buffer. The integration function then integrates these structures together to produce
candidate interpretations in the inter pretation store, and the selection function chooses a
single interpretation among the candidate interpretations.

Figure 4.1 presents a schematic diagram of the architecture, showing each of the functions
and each of the data structures.

The control algorithm for the interpreter simply calls each of the three functions to do the
appropriate manipulation of interpretations. The algorithm can be sketched abstractly as follows,
the details of access, integration, and selection will be discussed afterwards.

1. Examine the input. As evidence accumulates for the applicability of constructionsin the
grammar, increase their activation values.

2. When a construction’s activation passes the access point, copy it into the access buffer,
or if the construction was suggested by evidence already in the access buffer, integrate it
directly with the access buffer.

3. Integrate the access buffer with the interpretation store as follows (successful integration
may increase the size of the buffers):

For each interpretation « in the interpretation store
Make a copy ¢ of theinterpretation :
For each construction « in the access buffer
Integrate the current point (the cursor) of ¢ with a.
Clean up by removing any structures which failed to integrate.

4. Clear out the access buffer after integration.
5. Update the selection rankings of each interpretation in the interpretation store

6. If any interpretations in the interpretation store are worse than the best interpretation, by
at least the selection threshold o, prune them from the interpretation store. If only one
interpretation remainsin the selection store, it is selected.
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7. Goto 1.

The next five sections will further describe each of these functions and data structures. Even
moredetailed discussion of eachiscontainedin Chapters5, 6, and 7. §4.7 showshow the cognitive
congtraintson theinterpreter allow it to avoid thewell-known compl exity and efficiency problems.
Finally, §4.9 provides a short trace of the processing of a sample sentence.

4.3 The Access Theory

The first function, the access function, must decide when to copy a construction into the access
buffer. The access function and the algorithm which implementsit can be specified as follows:

Access Function: Access a construction whenever the evidence for its applicability
passes the access threshold «.

Access Algorithm:
1. Each construction in the grammar has an activation value, which isinitialized to zero.

2. As the interpreter encounters evidence for a given construction, the activation value of
the construction is increased by the number of “access points’ corresponding to the new
evidence.

3. When the activation value for a construction passes the access threshold «, a copy of the
congtruction isinserted in the access buffer. This point in timeiscalled the “access point”,

4. After each access round, the activation value of each construction in the grammar is reset
to zero.

The access algorithm shares a number of properties with the interpreter as a whole. Firdt,
the access algorithm is uniform. Since all linguistic information (lexical items, idioms, syntactic
rules, semantic rules) is represented uniformly as grammatical constructions, a single access
algorithm can access al thisinformation uniformly. Each type of constructionsis annotated with
relative frequencies, and higher-frequency constructions are more likely to be suggested. The
access algorithmis parallel, in that it suggests and activates multiple grammatical constructions
at atime. Each construction whose activation value passes the access threshold « is inserted
in the access buffer. Thus if multiple constructions pass the access point ssimultaneoudly, the
access buffer will contain a number of constructions at a time, The access algorithm is on-line
in accumulating evidence for the access of each constructions continuously and incrementally.
Asthe interpreter amasses evidence for a construction, it adds the evidence values (expressed in
“access points” which are proportional to the frequency of the construction — see §5.2) to the
current state of each construction.

Finally, accessisinteractionistin using any kind of linguistic information, including top-down
or contextual information, to provide evidence for accessing constructions. Knowledge sources
that the access function allows include:
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¢ Bottom-up syntactic evidence: For example, the fact that a construction’s first constituent
matches the contents of the access buffer is evidence for that construction.

e Bottom-up semantic evidence: evidence for a construction whose left-most constituent
matches the semantic structures of some structure in the access buffer.

¢ Top-down syntactic evidence: when aconstruction’s constitute matchesthe current position
of some construction in the interpretation store.

¢ Top-down semantic evidence: when a construction’s constitute matches the semantics of
the current position of some construction in theinterpretation store, or matchesthe semantic
expectations of a previously encountered lexical item.

Chapter 5 will give examples of each of these kinds of evidence. Figure 4.2 shows the state
of the system, including the grammar, the input, and the access buffer, after seeing the word how.
The activation value which is associated with each construction in the grammar isrepresented in
Figure 4.2 by an activation meter.

Note in Figure 4.2 that the word how has provided evidence for two constructions. The first
construction (the MEANS-HOw construction) is alexical one, and is the sense of “how” whichis
concerned with specifying the means or plan by which some goal is accomplished (“how can |
get home?"). The second (called How-Scale) expresses a question about some scalar properties
(“How red is that dress?’). Both constructions are discussed in Chapter 3. The representation
of the semantics of the two constructions is somewhat difficult to read; we are perhaps more
familiar with descriptions of parsers which manipulate the traditional N’s and V's. The complex
diagrams in the figures in this chapter are an unfortunate side-effect of the fact that neither CIG
nor theinterpreter assume an autonomous syntax, and thus syntactic and semantic constraints are
represented and interact at the same level. In any case, see §3.8 for adescription of the semantic
language used in the examples in this dissertation.

When a construction is accessed, it is either copied into the access buffer or integrated with
the access buffer. Which of these is done depends on how the construction was accessed. |If
a construction is accessed by bottom-up evidence from a construction that is already in the
access buffer, it is integrated with that construction. For example when a lexical construction
¢ 1s accessed, it would provide evidence for a construction f whose first constituent can be .
However, when f is accessed from bottom-up evidence, it cannot smply be inserted into the
access buffer, because the access buffer already contains c¢. Instead f isintegrated directly into
the access buffer. Thusin the case of bottom-up evidence f and ¢ are integrated together before
they are integrated into the interpretation store.

4.4 Thelnterpretation Store

We have discussed the access function, and its data structure the access buffer. Before discussing
the integration function, we turn to the data structure in which candidate interpretations are kept,
the inter pretation store.

After constructions appear in the access buffer, they are integrated with the interpretationsin
the interpretation store. The interpretation store contains a digunction of interpretations which
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account for all the input which the interpreter has seen at the current point in the interpretation
process. Figure 4.3 shows a schematic display of the access buffer with four constructions and
the interpretation store with two possible interpretations.

Cursors

Access Buffer Interpretation Store

Figure 4.3: The access buffer and the interpretation store

For explanatory purposes, Figure 4.3 uses geometric shapes to stand for different construc-
tions which may occur in the access buffer or in the interpretation. Each interpretation in the
interpretation store consists of anumber of constructions (combined by theintegration mechanism
discussed below), and thus Figure 4.3 depicts an interpretation as a network of these geometric
shapes.

Note that one of the constructions in each partial interpretation is specially marked by encir-
cling it with a dotted line. This mark indicates the cursor, which is the current position of the
interpreter in each interpretation. For each interpretation, its cursor indicates the location in the
interpretation at which the integration control process will attempt to integrate the contents of
the access buffer. As the interpretation process proceeds, the integration control will fill in the
constituents of each interpretation one by one. Asthis happens, the cursor for each interpretation
moves forward each time to the next constituent. In the remainder of this chapter and in the fol-
lowing chapters, whenever processing examples are shown in figures, the cursor will be marked
by a dotted line circling the constituent.

In Figure 4.3, the particular geometric shape which is marked by the cursor indicates the
constraints on the construction that isto fill thisslot. These constraints can be syntactic, semantic,
or pragmatic. The next section and Chapter 6 show how these constraints are exploited by the
integration agorithm.

The use of a device for marking the current point in the interpretation is universal to parsers
and interpreters. Traditional parsers do thisin various ways — LR parsers with the dot in items,
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chart parserswith open chart edges, Marcus parsers with the constituent in thefirst buffer, ATN’s
by the top of the execution stack, conceptual dependency analyzers by maintaining a marked
‘now-point’. The term cursor was first used by Ward (1991) in his model of natural language
generation to describe the current point in agrammatical construction asit is being generated.

45 Thelntegration Theory

Any interpreter must have a way to build up interpretations from (among other things) their
component constructions. We call the part of the theory which instantiates this process the
integration theory. Integration is the process by which the meaning of a construction and its
various congtituents are incrementally combined into an interpretation for the construction. We
may conveniently divide the integration theory into an integration control structure and an
integration operation. The control structure specifies how the interpreter attempts to integrate
each of the constructionsin the access buffer into each of the interpretationsin the interpretation
store. Recall that Sal’s control structure as described in §4.2 called the integration operation as
follows:

For each interpretation ¢ in the interpretation store
Make a copy ¢ of theinterpretation :
For each construction « in the access buffer
Attempt to integrate the cursor of ¢ with «.
Cleanup by removing any structures which failed to integrate.

The integration operation itself is thus called on each interpretation-construction pair, and
attempts to integrate each construction with the cursor of each interpretation.

45.1 Thelntegration Operation

In introducing the integration operation itself, it isimportant to note itslimitations. In particular,
the integration operation is not intended to model the entire process of interpretation-building.
We may divide this large problem into two components — grammaticalized combination and
inferential combination. Theintegration operation only solvesthefirst of these problems— com-
bining meanings when the means or nature of the combination is specified in some grammatical
construction.

Integration was designed as an extension to the unification operation (Kay 1979). While
unification has been used very successfully in building syntactic structure, extending the operation
to building more complex semantic structures requires three major augmentations:

e The integration operation includes knowledge about the representation language which
is used to describe constructions (see §3.8). This allows the interpreter to use the same
semantic language to specify constructions as it uses to build final interpretations, without
requiring trandation in and out of feature structures. The integration operation can also use
information about the representation language to decide if structures should integrate; thus
it will integrate two constructionsif one subsumes the other.
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¢ Theintegration operation distinguishes constraints on constituents or on valence arguments
from fillers of constituents or valence arguments.

¢ Theintegration operation isaugmented by aslash operator, which allowsit to join semantic
structures by embedding one inside another. This is accomplished by finding a semantic
gap inside one structure (the matrix), and binding this gap to the other structure (thefiller).
This operation is similar to the functional-application operation and the lambda-calculus
used by other models of semantic interpretation.

Thisintegration operation is used in two waysin building interpretations, constituent integra-
tion and congtitute integration. Constituent integration is the process by which a construction’s
constituent dots are filled by other constructions. In order to fill a constituent slot, a candidate
filler must meet the constraints imposed on that sot by the construction. Constitute integration
isthe process by which the semantics of each of these constituentsis combined to build an inter-
pretation. Constitute integration may be as simple as linking semantic structures by co-indexing
avariable, or may involve more complex combinations of structures.

Constituent integration is very much like a more fine-grained version of the handle-pruning
mechanisms used by bottom-up parsers (Aho et al. 1986). Informally, a handle is a substring of
theinput that matches the right-hand side of some rule. Handle-pruning thus consists of replacing
ahandlein astring with the left-hand side of the relevant rule. In constituent integration, instead
of matching the entire right-hand side of a rule with the input, we match a single constituent
with the input. Integration thus proceeds on a constituent-by-constituent basis, instead of the
rule-to-rule basis which is used in many models of sentence-interpretation as well as in many
parsers used for programming languages. This is discussed further in §6.2.3. The constituent
integration algorithm is specified as follows:

Constituent Integration Algorithm: Given a construction ¢ which places a set of
constraints s on its cursor constituent, and given a proposed constituent ¢, integrate
each assertion in ¢ with each assertion in s, subject to the constraint that s must
subsume g.

Figure 4.4 illustrates the congtituent integration algorithm. The interpretation store contains
a construction whose cursor is specified to be a VERB. The access buffer contains a construction
whichisin fact aVERB. Thusthe constituent integration algorithm will integrate the construction
in the access buffer with the construction in the interpretation store. See §6.4.2 for more detailed
examples using real constructions.

Unlike constituent integration, the constitute integration algorithm is not called by the inte-
gration control algorithm, but rather is called whenever a constituent of a construction has just
been integrated, and the construction itself specifies that the bindings of certain variables should
be integrated. If a construction specifies that one structure should be bound to a hole inside
another, as does the VERB-PHRASE construction, or the DETERMINATION construction, constitute
integration calls the valence integration algorithm. A sketch of the valence integration algorithm
follows; details are discussed in Chapter 6.

Valence Integration Algorithm: Given amatrix variable m and afiller variable f,
examine each hole #; in m, and when the constraints on a given hole #,, meet the
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constraints on the filler f, integrate /,, with f. If thereisno such hole #,,, but some
part of the matrix m is still incomplete, wait and try again.

4.5.2 An Example of Integration

This section illustrates the concept of integration by showing an example of a single integration
step. The example takes place in processing the sentence fragment:

(4.1) Peter will can. ..

Thisfragment is useful as an example, even if abit contrived, because of the multi-categorial
ambiguitiesof can. Can can be anoun, an auxiliary, or averb (in fact two verbs, one meaning “to
put in acan”, the other “to dismiss an employee”). In the example above, the sentential context
isonly compatible with the verbal reading of can. Thus (4.1) the sentence might be completed as
in(4.2a) or (4.2b):

(4.2) a Peter will can all this salmon by 5:00.
b. Peter will can that employee who was accused of insider trading.

Figure 4.5 displays the access buffer after the access of the variouslexical can constructions,
and the interpretation store with the relevant part of the interpretation.

In the example shown in Figure 4.5, each of the four structures in the access buffer will
be integrated with the structure in the interpretation store. If the partial interpretations did not
place any constraints on the constructions which may integrate into them, the number of possible
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Figure4.5: Interpreter State after seeing can

interpretations would grow from one to four. A copy of the interpretation is made for and then
integrated with each sense of can. If the interpretation store had begun with two interpretations,
it would grow to 8. In general, each time the access buffer isfilled, integrating the digunction of
accessed constructions with the digunction of partial interpretations would cause the size of the
interpretation store to increase to the product of the sizes of the store and the buffer.

However, because each interpretation imposes constraints on which constructions may inte-
grate with it, some of the possible combinations may be ruled out in integration. For example,
the result of integrating the access buffer of Figure 4.5 into the interpretation store would result
in anew interpreter state shown in Figure 4.6.

Note that in Figure 4.6 the interpretation store only contains two interpretations, rather than
four. This is because the other two possible interpretations were ruled out by constraints on
the integration. These constraints were placed on the cursor of the single interpretation in the
interpretation store in Figure 4.5. Note that the verb "will” required that its complement be the
stem-infinitiveform of averb. This constraint ruled out the nominal sense (sense 1) aswell asthe
auxiliary sense (sense 4) of can. (The latter because auxiliaries have no non-finite forms). This
left two constructionsin the access buffer — the two verbal senses of can®. Each of these senses
can be integrated with the interpretation store, resulting in two partia interpretations.

We have seen that the integration mechanism applies both syntactic and semantic constraints
in an on-line fashion. Chapter 6 will present further examples of integration, as well as showing
examples of the gap-finding algorithm and discussing psycholinguistic evidence for integration.

4.6 The Selection Theory

Any model of interpretation which allows parallel structures must include a theory for choosing
among these structures. We call the function which instantiates this theory the selection function.

3Both verbal senses of can are actually ambiguous between the stem-infinitive and the non-third-person-singular
present tensefiniteform. We haveignored thissecond sense of each verb, sinceitisalso ruled out by the stem-infinite
constraint placed by the verb will.
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Figure 4.6: After Integration

The selection function chooses an interpretation from the digunction of candidate interpretations
in the interpretation store. Any selection theory must answer two fundamental questions:

How to choose among the interpretations?
When to select an interpretation?

Sal solvesthefirst problem by ranking the interpretations according to a metric, and selecting
the most-favored interpretation by this metric. The metric the interpreter uses is coherence
with expectations, and the theory assigns preferences to interpretations by the Selection Choice
Principle:

Selection ChoicePrinciple: Prefer theinterpretation whose most recently integrated
element was the most coherent with the interpretation and its lexical, syntactic,
semantic, and probabilistic expectations.

The Selection Choice Principle refers to a number of kinds of expectations. The term
“expectation” has been used most frequently to mean the sort of dot-filling processing that is
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associ ated with the scriptsof Schank & Abelson theframesof Minsky, or the schemata of Bartlett.
The term is used for similar purposes in the selection theory. Selection theory expectations
include constituent expectations, which are expectations which a grammatical construction has
for particular constituents, valence expectations, which are expectations that particular lexical
items have for their arguments, as well as frequency expectations, based on the idea mentioned
in Chapter 5 that more frequent constructions are more expected than less frequent constructions,
all things begin equal. As Chapter 3 showed, each construction is annotated with a relative
frequency, drawn from its occurrence frequency in the Brown Corpus. Thus an expectation is
defined as any structural constraint placed by previously-encountered linguistic structures which
can help narrow down the search space for predicting or disambiguating the structures which
follow.

The coherence of arecently integrated element with an interpretation is defined according to
the following ranking:

The Coherence Ranking (in order of preference, with coherence pointsin parenthe-
S9):

1(3) Integrations which fill a very strong expectation such as one for an exact construction, or
for a construction which is extremely frequent.

I1(1) Integrationswhich fill a strong expectation such as a valence expectation or a constituent
expectation.

I11(1) Integrationswhich fill aweak expectation, such asfor an optional adjunct or includefeature
matching rather than feature imposing.

V(1) Integrationswhich fill no expectations, but which are nonetheless successfully integrated
into the interpretation.

V() Integrations which are local, i.e., which integrate the elements which are the closest
together.*

VI1(0) Integrationswhich fill no expectations, and are not integrated into the interpretation.

Thus when choosing between two interpretations, the selection function will look at the
most recently integrated element, and select the interpretation whose ranking is highest on the
Coherence Ranking. (Thenumbersafter therankingwill beused by the Selection Timing Principle
below).

Of course, the selection choice principle will not be sufficient to solve every case of dis-
ambiguation — clearly disambiguation is a process that must refer to every level of linguistic
knowledge, including pragmatic and textual knowledge which is not considered in thisthesis, as
well as non-linguistic world knowledge. But the use of coherence as a preference metric provides
aframework with which to express the effect of these kinds of knowledge on the interpretation.

The interpreter solves the second problem (when to choose) by assuming that because the
interpreter’s working store is limited like human short-term memory, interpretations are pruned
whenever they become significantly less-favored than the most preferred interpretation. §4.7 will
show that forcing selection to be on-linein this manner al so solves some long-standing efficiency
problemsin parsing. The timing constraint is stated in the Selection Timing Principle:

4The current implementation of Sal has no point val ue assigned to locality.
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Selection Timing Principle: Pruneinterpretationswhenever the difference between
their ranking and the ranking of the most-favored interpretation is greater than the
selection threshold o.

The Selection Timing Principlerequiresthat an interpretation is pruned whenever there exists
a much better interpretation. When all of the alternative interpretations have been pruned, the
most-favoredinterpretation will be selected. Thustheinterpretation storemay temporarily contain
anumber of interpretations, but these will be resolved to a single interpretation quite soon. The
point at which one interpretation is left in the interpretation store is called the selection point.
Like the access point of Chapter 5, the selection point is context dependent. That is, the exact
time when sel ection takes place will depend on the nature of the candidate interpretations and the
context. Just as the access threshold o was fixed but the access point was variable, the selection
threshold o isfixed, while the selection point will vary with the context and the construction.

Specifying selection timing consists of choosing the selection threshold o in terms of the
Coherence Ranking above. We propose that the threshold o be set at 2 coherence points, where
coherence points are the numbers which were assigned to the Coherence Ranking above.

Chapter 7 shows that this selection algorithm is sufficient to handle most cases of local
ambiguity by discussing a number of well-known cases and showing how the agorithm would
choose the correct structure in each case. These include various kinds of lexical ambiguity
and structural ambiguity such as preposition or adverbial attachment, or the ambiguity between
pronominal and extraposition uses of the pronoun it.

4.6.1 Psycholinguistic Evidence

Sal is consistent with a number of psycholinguistic results. This section briefly summarizes a
number of these results — further details can be found in Chapters 5-7.

There is psycholinguistic evidence supporting paralelism in the access mechanism for the
access of many types of linguistic structures: lexical (Swinney (1979), Tanenhaus et al. (1979),
and Tyler & Marden-Wilson (1982)), idiomatic (Cacciari & Taboss (1988)), and syntactic
(Kurtzman (1985), Gorrell (1987) and (1989), and MacDonald et al. (in press)).

A number of studies have found evidence for top-down and contextual effects on access.
Wright & Garrett (1984) found that very strong syntactic contexts can speed up the access of
nouns, verbs, and adjectives. Salasoo & Pisoni (1985) found that top-down effects, both syntactic
and semantic, can cause constructions to be accessed. There are a number of results suggesting
that contextual evidence can speed up access. These include Cacciari & Taboss (1988) for
idioms, as well as lexical studies such as Prather & Swinney (1988), Taboss (1988), Oden &
Spira (1983), and Simpson & Kellas (1989).

Many studies have demonstrated the need for the use of frequency evidencein access. Studies
have shown that high-frequency lexical items have higher initial activation than low-frequency
ones (Marden-Wilson (1990)), are accessed more easily (Tyler 1984 and Zwitserlood 1989), and
reach recognition threshold more quickly (Simpson & Burgess 1985 and Salasoo & Pisoni 1985).

There are two classes of evidence for the context-dependent access point assumed by our
theory. Thefirst class, evidence that access is not immediate, includes Swinney & Cutler (1979)
and Cacciari & Taboss (1988) for idioms, and Tyler (1984) and Salasoo & Pisoni (1985) for
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lexical items. The second type of evidence indicates that the access point is variable even
for asingle construction, in different contexts. Cacciari & Taboss (1988) showed that access of
idiomswasfaster in the presence of context. Salasoo & Pisoni (1985) showed the samefor lexical
constructions. Marden-Wilson et al. (1988) showed the negative case — that that anomalous
contexts can dow down the access point of lexical constructions.

Thenext classof resultsdeal with thetiming of integration. Thereisagreat deal of evidencefor
the on-line, constituent-by-constituent nature of the integration process. This includes evidence
from comprehension (Marslen-Wilson 1975; Potter & Faulconer 1979), lexical disambiguation
(Swinney 1979; Tanenhaus et al. 1979; Tyler & Marden-Wilson 1982; Marden-Wilson et al.
1988), pronominal anaphora resolution (Garrod & Sanford 1991; Swinney & Osterhout 1990),
verbal control (Boland et al. 1990; Tanenhaus et al. 1989), and gap filling (Crain & Fodor
1985; Stowe 1986; Carlson & Tanenhaus 1987; Garnsey et al. 1989; Kurtzman et al. 1991).

A very broad class of results supports the knowledge-intensive nature of Sal’s integration
theory, showing that integration makes use of many kinds of information, included syntactic
category and subcategory (Mitchell & Holmes 1985), lexical semanticinformation (Shapiro et al.
1987), and verbal control information (Boland et al. 1990; Tanenhaus et al. 1989). Sal’svalence
integration agorithm, in which valence-filling takes place semantically at the valence-bearing
predicate, is consistent with the results of Crain & Fodor (1985), Stowe (1986), Swinney &
Osterhout (1990), and Garnsey et al. (1989) that wh- antecedents are filled directly at the verb,
those of Tanenhaus et al. (1985), Clifton et al. (1984), and Tanenhaus et al. (1989) that verbal
valence information such as the number of arguments is taken into account in gap-filling, and
those of Boland et al. (1990), Tanenhaus et al. (1989), Boland et al. (1989), and Kurtzman et al.
(1991) that the interpreter uses semantic information about the filler (such as animacy) to decide
which argument a gap should fill.

Finally, a number of recent results support the use of syntactic and semantic expectationsin
selection. Trueswell & Tanenhaus (1991) show that garden path effects could be reduced by
mani pul ating the tense of the clause, indicating that temporal informationis used by the selection
mechanism. Pearlmutter & MacDonald (1991) and Taraban & McClelland (1988) demonstrate
similar effects for thematic roles, showing that selection is sensitive to thematic information.

4.7 The Complexity of Interpretation

Many researchers have noted that without some specia attempts at efficiency, the problem of
computing syntactic structurefor asentence can be quitecomplex. Church & Patil (1982) showed,
for example, that the number of ambiguous phrase-structure trees for a sentence with multiple
preposition-phrases was proportional to the Catalan numbers, while Barton et al. (1987) showed
that the need for keeping long-distance agreement information and the need to represent lexical
ambiguity together make the parsing problem for a grammar that represents such information
NP-complete. It might seem that the problems of computing interpretations would be even more
complex, as the interpreter must produce a semantic structure as well as a syntactic one. In
fact, we argue that these complexity problems do not arise, specifically because of the cognitive
constraints on the interpreter.

The most popular solution to the problem of maintaining multiple parses of an ambiguous
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sentence, while still parsing in polynomial time, involves dynamic programming techniques.
Essentially, the parser stores the common sub-parts of multiple parses, allowing sub-parsesto be
only represented once, instead of once per parse tree. This method goes by a number of names,
and has been proposed anumber of times. It wasfirst proposed as the well-formed substring table
(WFST) by Kuno (1965), as adata structure which stores the results of all previous computations.
It then appeared independently as the chart parsing algorithm of Kay (1973), and the Earley
algorithm of Earley (1970). (Sheil (1976) showed the equivalence of the WFST and the Earley
algorithm.) More recently, Tomita (1987) recast the algorithm in a bottom-up form, using as his
data structure a generalization of the chart or WFST, the graph-structured stack. Norvig (1991)
showsthat all these algorithms can be captured by wrapping the memoization operation around a
smple parser.

Unfortunately, these solutions to the ambiguous parse tree problem may not generalize to
the problem of interpretation. For example, if two parse trees both include an NP, the dynamic
programming algorithm can smply store the NP once, because the internal structure of the NP
is irrelevant to the global parse. But if two interpretations share the same NP, it may not be
possible to store the NP only once, because its internal structure, and particularly its semantic
structure, is relevant to the interpretation, and may be needed by the interpreter to produce part
of an on-lineinterpretation. Building the semantics of the NP into the interpretation may involve
binding variables differently in the context of different interpretations. Although some semantic
structure can most likely be shared, the sharing will not be as efficient as for syntactic structure.

Sal uses another method of avoiding complexity problems. Note that the results of Church &
Patil (1982) and Barton et al. (1987) rely on the fact that syntactic ambiguities in these parsers
are not resolved until after the entire sentence has been parsed. It is the need to represent
ambiguities for indefinite lengths of time in parsing that causes complexity. Sal, however, builds
interpretations on-line, and hence ambiguities are resolved locally. For example, most of the
ambiguities of the word can in example 4.1 were resolved immediately upon seeing the word,
because the context was only compatible with the verbal sense of can, and ruled out the auxiliary
or nominal senses. Those ambiguities which are not resolved by local constraints will often be
ruled out by the Selection Timing Principle, which prunes less-favored interpretations on-line.

Infact, augmenting Sal by the simple assumption that theinterpreter’sworking storeislimited
in the number of total structuresit can maintain, as suggested by Gibson (1991), would insure
that the total amount of ambiguity the interpreter can maintain will always be limited by a small
constant. Although this dissertation does not model processing overload, the overload criteria
that Gibson proposes could easily be applied to our model, although it is possible that using
realistically large grammars may require even sharper filters than these overload cutoffs.

In each of these cases, placing cognitive constraints on Sal actually simplifiesthe processing
enough to avoid complexity problems.

4.8 Related Architectures

The number of computational models which bear on human sentence processing is enormous.
Because it would beimpossibleto describe al of these modelsand relate them to Sal in one place,
each chapter of the dissertation contains its own related work section. This section, then, will
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concentrate on surveying related architectures for interpretation.

A great many of the models which are not discussed in this chapter emphasize theories of
attachment preferences or disambiguation, and are therefore more productively discussed as
selection modelsin Chapter 7. These include Ford et al. (1982), Pritchett (1988), Gibson (1991),
Abney (1989), Frazier & Fodor (1978), Shieber (1983), Wilensky & Arens (1980), Schubert
(1986), Wilks et al. (1985), and Dahlgren & McDowell (1986).

The access mechanisms of many other parsers are discussed in Chapter 5, including Kuno
& Oettinger (1962/1986), Aho & Ullman (1972), Kimball (1975), Riesbeck & Schank (1978),
Wilensky & Arens(1980), Gershman (1982), Shieber (1985), Pereira& Shieber (1987), Adriaens
& Small (1988), van der Linden & Kraaij (1990), Thompson et al. (1991), and Gibson (1991).

A number of other models are not discussed atogether, including a number of interesting
parsers which serve mainly as implementations of syntactic theories.

This section will briefly survey a number of classes of architectures for interpreters. These
include semantic analyzers, various parallel architectures, ‘compiled-principle’ parsers such as
some principle-based parsers, and finally integrated models whose architectures resemble Sal’s.

481 Semantic Analyzers

Sal’s architecture has much in common with the semantic analyzers such as the Yale conceptual
analyzers (Riesbeck & Schank 1978; Birnbaum & Selfridge 1981) and the preference semantics
models of Wilks (1975b, 1975c, 1975a). Both of these traditions emphasize the importance of
expectations and the use of top-down knowledge in processing.

Wilks models conceptual linguistic knowledge as a set of semantic templates. Like frames,
templates are semantic structures with gaps and constraints on the fillers of these gaps. Unlike
frames, these constraints are expressed as preferences rather than asrequirements, and also unlike
frames, templates include syntactic ordering information. An input sentence would be passed
through a‘ fragmenter’ which builds up small structuresfrom theinput. A template matcher then
triesto match templates against these fragments. Wilks's disambiguation mechanism, which was
based on choosing the most coherent interpretation, isdiscussed in §7.4.1.

The conceptual analyzersof the Yale school (Riesbeck & Schank 1978; Birnbaum & Selfridge
1981; Dedong 1982; Schank et al. 1980) also emphasi ze expectation-driven interpretation. Inthe
most well-specified analyzer in this tradition, ELI, each word which isinput to the analyzer will
access routines from adictionary which build conceptual structures. These conceptual structures
have gaps, and filling these gaps drives the rest of the processing. This is done by attaching
daemonswith certain conditionsto slots in these structures. When a daemon triggers after seeing
some input, it builds structure and fills dots.

Our interpreter’s use of valence holes as conceptual expectations which can access construc-
tions and guide valence integration, is similar to the use of gaps and templates in the conceptual
analysis and preference semantics traditions. Similarly, our use of coherence as a selection
criterionis similar to Wilks's model.

Differences between the model presented here and the semantic analyzers include the com-
mitment to a theoretically motivated representation of linguistic (including syntactic) knowledge,
and to psycholinguistic verification. For example, as§5.3.2 mentions, ELI’suseof solely lexically
indexed patterns and genera lack of higher-level syntactic knowledge makes it difficult if not
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impossible to represent the complex ordering constraints on adverbs, for example. Similarly, the
emphasis in both models on expectations make it difficult for either to access constructions or
select interpretations which are not expected, which makes them at odds with the lexical access
results of Swinney (1979) and othersdiscussed in §5.3.2.

Later modelsinthe Yaletradition such as DeJong (1982) and Schank et al. (1980) concentrated
on modeling text skimming. Unlike these models, our architecture interprets every word in the
input, and thus the interpretation of each sentence involves a large number of lexical and larger
grammatical constructions. However these models do make important suggestions concerning
the allocation of human attentional capacity to the processing of different words.

4.8.2 Parallel Models

Parallel models of the human sentence interpretation process have been suggested since Fodor
et al. (1974), but fully explicit models only became common much more recently. A number of
architectures for language understanding have used production-rulesfor building interpretations
(Riesbeck & Schank 1978; Marcus 1980; Slator & Wilks 1991). Although these production-
rules can be designed to operate in paralel, none of these models build parallel structures or
interpretations. Even the HEARSAY |l model (Erman et al. 1980/1981), which did build much of
its structure in parallel, did semantic interpretation in a seria fashion — semantic interpretation
did not take place until the entire parse tree had been built.

Kurtzman (1985) considers a number of parallel parsing models, reviewing the psychological
evidence for each, and concludes that the most favored model is “Immediate Parallel Analysis
with strong parallelism”. In this model, all possible analyses of the input are built as soon as an
ambiguity is detected, and each is updated as further input is processed. A particular analysisis
chosen as soon as conceptual and syntactic mechanisms are able to confidently distinguish the
most appropriate analysis. Although the details of Kurtzman’smodel are not specified, the overall
architectureisvery similar to Sal.

Gorrell (1987) proposes a model like Kurtzman's called the ranked-parallel model, which
maintains a set of parallel syntactic parses which are ranked in terms of simplicity (the smallest
number of nodes). Gorrell’s architecture is different from the parallel architecture of Sal in two
ways. Firgt, the ranked-parallel model builds complete parallel syntactic trees before doing any
semantic interpretation. Second, while the model builds multiple syntactic parse-trees, it only
builds a single semantic interpretation, based on the highest-ranked parse tree.

Like Gorrell, Boland (1991) presents a model of sentence processing which builds multiple
syntactic parse-trees but only a single semantic interpretation. However Boland's model is much
more like Sal in building the semantic interpretation at the same time as the syntactic parse and
in allowing contextual information to immediately influence the interpretation.

Sal’sarchitecture al so resembles Gibson's (1991) parsing model, which consists of a* buffer”
and a“ stack-set”. When wordsare accessed, each lexical entry isinserted in the buffer along with
its “lexical projection”, an X-bar maximal category. Thus the buffer will contain one entry for
each sense of an ambiguous word. Then each entry in the buffer is attached to each of the parse
trees which the system maintains in parallel “stacks’ in a “stack-set”. A number of selection
principles (described in further detail in §7.4.1) instantiate preferences which are used to choose
among the parses in the stack-set.
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Connectionist modelsof interpretation, such asWaltz & Pollack (1985), Jain & Waibel (1991),
and McClelland et al. (1989), are also inherently paralel. Inthese models, the system does not
explicitly consider multiple interpretation, but many of them may receive activation before the
system settles on a preferred interpretation.

4.8.3 Compiled-Principle Parsers

A number of recent parsers propose anovel architecture in which the principles of GB syntax are
compiled into the parser in such away asto produce the familiar phrase-structurerules or smilar
knowledge structures. Although these parsers are based on GB theory, they strongly resemble
traditional phrase-structure parsers, and they do not produce parses which correspond to the GB
analysis of agiven sentence. For example, the parser of Correa (1991) uses attribute grammars
rather than principles as its fundamental knowledge structure. In addition, most of these parsers,
such as those of Abney (1991), Johnson (1991), Fong (1991), and Correa (1991), compile a
number of the GB principlesinto anew grammar, acovering grammar. AsBerwick (1991) notes,
this new grammar

is not pure X-bar theory — it actually looks more like a conventional context-free
rule-based system. . .”

Some of these parsers, such as the chunk parser of Abney (1991), use a grammar which bears
little if any relation to GB principles at al. Chunks, for example, are specifically defined as
rewrite rules, and bear a close resemblance to grammatical constructions.

As §2.1 noted, the model presented here is preferable to compiled-principle models on the
grounds of Occam’s razor; the CIG model includes only a single grammar, where the GB
model must includetwo. The fact that the performance grammars used by these parsersresemble
construction grammarsisadditional evidencethat asingletype of knowledgestructureissufficient.

4.8.4 Integrated Models

One of the earliest integrated models of interpretation which attempted to meet broad-ranging
adequacy criteria was the model of Hirst (1986). Hirst’s (1986) model included a Marcus-like
parser (Paragram), a lexical disambiguation system (Polaroid Words) which attempted to meet
psychological adequacy, asemantic interpreter (Absity), and amechanism for resolving structural
ambiguities (the Semantic Enquiry Desk). Hirst’s model strongly influenced the design of Sal,
but differsin anumber of ways. First, where Hirst’s model consisted of four separate modulesfor
solving four problems, Sal consists of a single unified mechanism. Second, in embedding a CIG
grammar, Sal emphasi zes the use of semantic knowledge directly in the grammar, accounting for
long-distance dependencies and other phenomenain semantic rather than syntactic ways.
McRoy & Hirst (1990) modifies Hirst's (1986) model with a new race-based architecture.
Thismodel, inspired by the Sausage Machine of Frazier & Fodor (1978), includes a parser which
reads words and incrementally produces a semantic interpretation in two stages. The first stage
collects 5 to 7 wordsinto an interpretation fragment, which isthen passed on to a second stage and
integrated with the complete interpretation. The model ssimulates parallelism by assigning time
costsfor different attachmentsor integrations, and choosing theinterpretation with thelowest time
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cost. Structures are combined by the attachment processor, which uses a set of hypothesizers,
specific routines that interact with syntactic and semantic consultant routines to suggest possible
attachments.

The system’s use of multiple sources of information to suggest possible attachments, and
parallel consideration of these attachments, is similar to Sal. The system differs from Sal in
its use of time costs as an extremely elegant way of ssimplifying the selection problem. The
system suffers some of the same problems as Hirst (1986), however, in requiring a number of
separate modules to solve similar problems. Lexical disambiguation, for example, is handled
by the Polaroid Words mechanism, while structural disambiguation is handled by time-costs on
different hypothesizers. In addition, the system must include a number of different procedurally-
specified hypothesizers to check for thematic expectations, structural expectations, and possible
pre- or post-modification, as well as separate consultant routines for phrase-structure-checking
and phrase-structure-building. Sal’s access mechanism suggests constructions in a more general
way by allowing any linguistic evidence to suggest constructions, checking the consistency of the
suggestions with the integration algorithm, and Sal’s grammar is represented only declaratively.

Cardie & Lehnert’s (1991) present a system which resembles Sal in modeling psychological
results by using semantic constraints to process wh-clauses, consisting of a semantic interpreter
and a mechanism for interpreting embedded clauses. Although their system might be much more
robust than Sal, it lacks any representation of larger grammatical constructions, only representing
local intraclausal linguistic information. Without a declarative model of linguistic knowledge
their model fails to address Representational Adequacy. Also, because their model only allows
linguistic structures to be accessed by lexical input, it is unable to account for psycholinguistic
results summarized in Figure 1.1 that syntactic, contextual, and frequency information can affect
access.

Slator & Wilks (1991) describe an architecture called PREMO (The PREference Machine
Organization), which resembles Sal’s architecture in many ways. The interpreter maintains a
uniform collection of language objects which correspond to our interpretation store. As each
word of the sentence is input, PREMO creates a new language-object for each sense of the
word, and integrates each new |exical-language-object with each language object in the store.
PREMO's integration operation is called the Coalesce operation. The selection mechanism is
based on Preference Semantics (Wilks 1975a; Wilks 1975D).

PREMO differs from Sal particularly in its representation of linguistic knowledge. The
system does not use a declarative set of constructions or rules as its grammatical knowledge, but
rather a set of phrase-triggered situation-action rules. Like the rules of Marcus (1980), these
rules are production rules that express which syntactic action to take based on the state of the
interpreter and the next word in the input. Because these rules are limited to a small set of
five syntactic phrase types, the grammar cannot represent larger, non-lexical, and particularly
non-headed constructions. On the other hand, PREMO is able to use the Longman’s Dictionary
of Contemporary English (LDOCE) directly as its lexicon. Assuch, it isarobust and practical
system, unlike Sal, which has avery small grammar and lexicon.

Another difference between PREMO and Sal is that PREMO maintains all possible parses
of theinputs, although it only works on the best one at any time. Infélicitous interpretations are
never destroyed, but are rather given avery low preference, and hence not pursued.
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4.9 Processing a Sentence

This section presents a trace of the interpreter’s processing of the sentence “ How can | create
disk space?” . Thetraceis structured in processing order — each figure follows the previous one

temporally. Inside most of the

figures are two snapshots — first the access buffer immediately

after constructions are copied into it, and then the interpretation storeimmediately after the access

buffer isintegrated into it.
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buffer. Itis integrated directly into the access buffer.

Figure 4.7: The access buffer after “how”

Thefirst figure, Figure4.7, shows the access buffer after two constructions have been inserted
into it, MEANS-How and HOw-SCALE. Both constructions were suggested bottom-up by the
appearance of the word how in the input.

Ontheright of Figure4.7 isthe WH-NON-SUBJECT-QUESTION construction. This construction
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issuggested because of the semanticsof itsleft-most constituent. The semanticsof thisconstituent,
the Identify concept, matches similar semantics in the two constructions in the access buffer
(recall that the Identify concept characterizes the semantics of al wh- elements). Thus the WH-
NON-SUBJECT-QUESTION construction is suggested for access by the constructions already in this
access buffer. When a construction is suggested thisway, it is integrated directly into the buffer,
rather than being copied into the buffer (see §4.3 for these details).

Figure 4.8 shows theinterpretation store after the two how constructions have been integrated
withthe WH-NON-SUBJECT-QUESTION. Theinterpretation storenow containsfour interpretations,
although only two are shown in Figure 4.8 for brevity. The two interpretationsthat are shown are
both Wh-Non-Subject-Questionswhich differ only in how the first constituent has been filled in.
The two that are not shown are the original MEANS-How and How-SCALE constructions, which
are also copied into the interpretation store.

The cursors of the two interpretations in Figure 4.8 are in different places. The cursor of
the first interpretation has moved to the auxiliary which is the second constituent of the original
WH-NON-SUBJECT-QUESTION construction. The cursor of the second interpretation points to the
second constituent of the How-SCALE construction, which is embedded in the interpretation.
Thus the two interpretations place different constraints on the next element to be integrated.

Thedifferencein the semantics of thetwo interpretationscan be seen by acareful examination
of the variables in the semantic forms. Note that the Background relation of the Question in
each interpretation isfilled by integrating two slashed variables. In the first interpretation, one of
thesevariablesis $x. $xisalso bound to the Background relation of the constituent MEANS-HOw
construction, and thusto the M eans-For relation.

In the second interpretation, thisvariable is $s. $sis also bound to the Background relation
of the constituent How-ScALE construction, and thus to the Scal e relation.

Figure 4.9 first shows the access buffer after the access of the three lexical constructions
which were suggested bottom-up by the appearance of the word can in theinput. Note that these
include the verb can (in the sense of “to preservein a can”), the noun can (in the sense of small
cylindrical metal container), and the auxiliary can. (The verbal sense of can meaning “to fire” is
not listed here for brevity, since it is processed in the same way as the verbal sense meaning “to
preservein acan”).

The right side of Figure 4.9 shows the interpretation store after each of the three senses of
can in the Access Buffer are integrated with each of the four interpretationsin the interpretation
store. Recall that thisintegration process could create up to twelve total interpretations— three
constructions times four interpretations.

However, only one interpretation is produced. The other eleven potentia interpretations
are al ruled out in the integration process in three different ways. First, note that the bottom
interpretation in Figure4.8, theinterpretation which included the How-SCALE construction, failed
to integrate with any of the senses of can. Thisisbecause the How-ScALE construction constrains
its second constituent to be a scale. None of the senses of can in the access buffer includes the
scale concept. Thisrules out three of the potential twelve interpretations. The same istrue of the
bare How-ScALE construction which was in the interpretation store (but was not shown in the
figure). Thisrules out three more of the twelve.

Next, the bare MEANS-HOW interpretation is eliminated because it only has one constituent,
and thus cannot integrate with further constituents like the can constructions.
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(a Question $q e E
(Queried $p) i Very Strong Expectation® |
(Background (Int $/x $/a))) Expectations: 1

i Integrations: 1
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(Background $x) i VP
Such-That <
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(Means $p)
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/ Interpretation Store
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Figure4.8: After Integrating “how” with the Wh-Non-Subject-Question Construction. Two more
interpretations are not shown (see text).
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After ‘can’ is input. After integrating “can"; note that the How—Scale construction
failed to integrate with any sense of ‘can’ and was removed.
Similarly, only the Aux sense of ‘can’ integrated successfully

with the Wh—Non-Subject—Question construction.

Figure4.9: Accessing and Integrating “can”
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Next, of the three can constructions, only the auxiliary CAN is able to integrate with the
remaining interpretation, because the interpretation constrains its cursor to be an Aux. Both the
nominal and verbal senses of can are ruled out.

The semantics of the remaining interpretation in Figure 4.9 builds on the first interpretation
in Figure 4.8. Recall that that interpretation had the semantics of Figure 4.10.

(a Question $q
(Queried $*p)
(Background (Int $/x $/a)))
Such- That
(a ldentify $t
(Unknown $p)
(Background $x)
(a Means- For $x
(Means $p)
(Goal $g)))

Figure 4.10: The Semantics of the First Interpretation in Figure 4.8

Figure 4.10 shows the semantics of the first interpretation from Figure 4.8 with the bindings
related to the variable $x included after the Such-That clause. Figure 4.10 might be paraphrased
in English as “a question about the means $p for achieving some goa $¢”. After the can
constructions are accessed in Figure 4.9, the semantics of the auxiliary can are available to be
integrated with the semantics of Figure 4.10. At this point, the interpreter has already built the
semantics in Figure 4.10, and it has bound the variable $a to the semantics of the auxiliary CAN
construction. How will the semantics of can be integrated with the interpretation?

To answer thisquestion, noticethat the semanticsin Figure4.10 specifiesthat the Background
for the Question is created by integrating the bindings of $x and $a. Because both variables are
dashed, the integration operation will attempt to find ahole in one of the two semantic structures
(the one bound to $x or the one bound to $a). As the table below shows, the structure bound to
$x isthe Means-For concept in Figure 4.10. The only unfilled variable in this structure is the
variable $g which fills the Goal relation.

| Variable Bindings |
Means-For

Ability-State

marked as an open variable
Question

| dentify

& 228 8%
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As the chart shows, all the other variables in Figure 4.10 are already bound, and are not
available to the integration operation. The variables $g, &, and $x are bound because they are
in the scope of the operator a. As §3.8 discusses, the operator a creates an individual, and thus
the variable it fillsis not an open valence argument. The variable $ is previoudy marked by
the WH-NON-SUBJECT-QUESTION construction as being obligatory open inside this construction
(see §6.4.3). This leaves only the variable $g available for binding. Thus the interpretation in
Figure 4.9 shows that the Goal relation has been filled with the semantics of the auxiliary can,
the Ability-State concept.

The Ability-State concept specifies that a certain Actor has the ability to perform a certain
Action. Note that the Ability relation isfilled by integrating the Actor $a into the semantics of
the Action $b. Thisis how verbal control is specified in this grammar.

Figure4.11first showstheaccessbuffer after theaccessof thel construction. Thisconstruction
isthe personal pronoun “1”, and is suggested bottom-up by the appearance of | in the input.

On theright of Figure 4.11, the | construction is integrated into the interpretation. Note that
the Actor of the Ability-State has become bound to the semantics of I.

Figure 4.12 first shows the access buffer after the verbal CREATE construction is accessed
bottom-up after create appears in the input. Bottom-up evidence from CREATE construction and
top-down evidence from the WH-NON-SUBJECT-QUESTION construction cause the BARE-MONO-
TRANS-VP construction to be accessed. As we saw in Figure 4.7, because the BARE-MONO-
TRANS-VP construction is suggested by a construction which is till in the access buffer, the new
construction is integrated directly into the access buffer. The right side of Figure 4.12 shows the
access buffer after thisintegration. The verbal construction CREATE has integrated with the first
congtituent of the BARE-MONO-TRANS-V P construction.

Figure 4.13 shows the interpretation store after the verb-phrase containing the verb CREATE
from Figure 4.12 has been integrated into the interpretation from Figure 4.11. Note that this
verb-phrase has filled the fourth constituent of the original WH-NON-SUBJECT-QUESTION. This
constituent was originally constrained to be a verb-phrase, and so the integration is successful.

The semantic result of the integration is to fill in the Action relation of the Ability-State
concept. Note that the Action relation is now filled by a Creation-Action whose Creator is
bound to the variable § — in other words the third constituent 1.

To see how this semantic integration took place, note in Figure 4.11 that the Action relation
specified that itsfiller $b must be a Force-Dynamic-Action and that the variable $ (bound to I)
must integrate into this action.

Figure 4.14 first shows the access buffer after two constructions are accessed by bottom-
up evidence from the appearance of “ disk’ in the input. The two constructions are the lexical
construction Disk and the Disk-SpPACE construction. The Disk construction suggeststhe DOUBLE-
NP construction, which handles compound nouns. Because it is suggested by bottom-up input, it
isintegrated directly into the access buffer. The right side of Figure 4.14 thus shows the access
buffer after the integration. The Disk construction has been integrated with the DouBLE-NP
construction, leaving three constructions in the access buffer, the original Disk construction, the
Disk-SPACE construction, and the DOUBLE-NP construction.

Figure4.15 showsthe (rather complicated) state of theinterpretation storeafter the DiSk-SPACE
and DoUBLE-NP constructions have been integrated with the interpretation from Figure 4.13.
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Interpretation Store
After integrating “I”

Figure4.11: Accessing and Integrating “1”
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(constr Bare—Mono-Trans—-VP (Int $/d$d)

(constr Create Verb 177 (a Creation—Action $c
(a(ggg%'oornﬂ; éﬁ)\ctlon $c (Creator $a) (a $d)
(Created $d))) (Created $d)))
“create” “create”
Access Buffer Access Buffer
After “create” is input After accessing Bare—Mono-Trans—VP

construction and integrating it directly
with ‘create’ in the Access Buffer.

Figure 4.12: Two pictures of the access buffer after “ create”

The Disk construction failed to integrate because it did not meet the constraint that required
the cursor to be an NP. The interpretation store now contains two interpretations; the one at the
top of Figure 4.15 has integrated the DISK-SPACE construction, while the one at the bottom has
integrated the Disk construction. The cursor for the top construction pointsto a constituent which
is constrained by the orthographic form “space”, while the cursor for the bottom construction is
more broadly constrained simply to be a NOUN.

Figure 4.16 shows the access buffer after the lexical construction SPACE is accessed by
bottom-up evidence from the input “space”.

Figure 4.17 shows the interpretation store after the construction SPACE from the access buffer
has been integrated with both interpretations from the interpretation store in Figure 4.15. The
integration was successful with both interpretations, and thus both are still present in theinterpre-
tation store. But notice the selection scores shown in the upper right of each interpretation. The
last integration performed by thetop interpretation filled avery strong expectation, the expectation
for the specific word space. According to the Coherence Ranking described in §4.6 and §7.3,
filling avery strong expectation gives the interpretation 3 coherence points.

On the other hand, the last integration performed by the bottom interpretation filled a con-
stituent expectation, but not astrong one, and so according to the Coherencerankingit isassigned
1 coherence point. The difference between the two interpretationsis 2 points, which is equal to
the selection threshold ¢, and so the bottom interpretation is pruned.
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Figure4.13: The interpretation store after integrating “ create”
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Figure 4.14: The access buffer after “ disk”
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Figure 4.16: The access buffer after “ space”
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Figure4.17: The interpretation store after integrating “ space’
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A theory of access is an important part of any model of sentence interpretation or parsing.
However, although a number of such models have been proposed, research on access has, like
the Balkans, tended to be broken up into smaller units and dealt with in an independent and
piecemeal way. Psycholinguists have studied lexical access extensively, and have studied the
access of idioms to a lesser extent, while very little psycholinguistic work has been done on
syntactic access. Syntactic access has been dealt with frequently in the computational paradigm,
by computer scientists and computational linguists who have studied the computational properties
of various algorithms for syntactic rule-access in parsing, but with no attempt to model human
behavior.

By proposing a single linguistic knowledge base which conflates the lexicon, the syntactic
rule-base, idiom dictionaries, and the semantic interpretation rules (the Grammatical Construction
Principle of Chapter 3), and by using a uniform processing module (the Uniformity Principle of
Chapter 4), we are able to propose a single access algorithm which accounts for psycholinguistic
data and meets computational criteria. We refer to this parallel interactive access mechanism as
the evidential access model.

Sal’s evidential access algorithm is a much more general one than those that have been
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used in previous parsers or interpreters. Previous models have generally relied on asingle kind
of information to access rules. This might be bottom-up information, as in the shift-reduce
parsers of Aho & Ullman (1972), or top-down information, as in many Prolog parsers, solely
syntactic information, as in the left-corner parsers of Pereira & Shieber (1987), Thompson
et al. (1991), and Gibson (1991), or solely semantic or lexical information, as in conceptual
analyzers like Riesbeck & Schank (1978) or in Cardie & Lehnert (1991) or Lytinen (1991). The
evidential access algorithm presented here can use any of these kinds of information, as well as
frequency information, to suggest grammatical constructions, and thus suggests a more general
and knowledge-based approach to the access of linguistic knowledge.

5.1 TheAccess Algorithm

Access Function: Access a construction whenever the evidence for it passes the
access threshold «.

The algorithm can be sketched as follows:
Access Algorithm:

1. Each construction in the grammar has an activation value, which isinitialized to zero.

2. As the interpreter encounters evidence for a given construction, the activation value of
the construction is increased by the number of “access points’ corresponding to the new
evidence.

3. When the activation value for a construction passes the access threshold «, a copy of the
congtruction isinserted in the access buffer. This point in timeiscalled the “access point”,

4. After each access round, the activation value of each construction in the grammar is reset
to zero.

The nature of the algorithm mirrorsthe nature of theinterpreter as awhole: accessisuniform,
parallel, on-line and interactionist.

The uniform nature of the algorithm follows from the uniform nature of the linguistic knowl-
edge base. Since al linguistic information (i.e., lexical items, idioms, syntactic rules, semantic
rules) isrepresented uniformly asgrammatical constructions, asingle access algorithm can access
all this information uniformly. As was mentioned above, lexical access, syntactic rule access,
and idiom access are all done by the same algorithm. A construction is accessed by inserting a
copy of it into the access buffer.

The next feature of the access function is its parallel nature. The algorithm suggests and
activates multiple grammatical constructionsat atime. Each construction whose activation value
isgreater than the access threshold « isinserted in the access buffer. For example, in Figure4.1in
the previous chapter, the string “how” provided evidence for the How-ScaLE and MEANS-HOwW
constructions, both of which areinserted in the access buffer in parallel. One of the constructions
islexical, the other has two constituents, and so appears non-lexical.
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This activation of multiple constructions ssimultaneoudly follows naturally from the Parallel
Principle of the interpreter, which proposes that the interpreter can maintain parallel interpre-
tations of the input temporarily. As Chapter 4 discussed, there is psycholinguistic evidence
supporting parallelism in all varieties of access. lexical (Swinney (1979), Tanenhaus et al.
(1979), and Tyler & Marden-Wilson (1982)), idiomatic (Cacciari & Taboss (1988)), and syntac-
tic (Kurtzman (1985), Gorrell (1987) and (1989), and MacDonald et al. (in press)). The evidence
for lexical access shows that when an ambiguous input is read, every sense of the ambiguous
word is activated.

The next aspect of this algorithm is that it is knowledge-rich and interactionist, in using
any kind of linguistic information, including top-down or contextual information, to provide
evidence for accessing constructions. Earlier access mechanisms were dependent on a fixed set
of predetermined syntactic categories or featuresto suggest rules. In order to allow for the richer
information content of grammatical constructions rather than rules, our access algorithm extends
these ideas by alowing any knowledge that is available to the interpreter to be used to access
constructions.  Top-down, bottom-up, syntactic, semantic, and lexical knowledge each can be
evidence for access of a construction. §5.4 will consider each of these kinds of evidence, and
show how they can be used to suggest individual constructions.

Finally, the access agorithm is on-line. On-line means here that evidence for the access
of constructions is accumulated continuously and incrementally. As the interpreter processes
constructionswhich express evidence for other constructionsin any of theways discussed in §5.4
it adds the evidence values to the current state of each construction. When a construction passes
the access threshold «, it is copied into the access buffer.

5.1.1 TheAccessPoint

The access point is defined as the point in time when the activation of a construction passes
the access threshold « and the construction is inserted into the access buffer. The fact that a
construction is not accessed as soon as any evidence for it arrives, but rather waits until enough
evidence has accumulated, distinguishesthismodel from most previous ones; thisisan advantage
because it captures psycholinguistic results such as those discussed bel ow.

Unlike in these earlier models, the access point of a construction is not constant across all
constructions, nor isit constant for the same construction in different interpretations. The access
point thus cannot be a context-independent fixed point in the representation of the construction.
Access is context-sensitive: a construction may be accessed earlier in some contexts than others
because the context provides more evidence for the construction. This rules out the use of
traditional access schemes, where a construction is accessed immediately upon the occurrence
of any evidence for it, or more advanced algorithms (like Wilensky & Arens 1980, Cacciari &
Taboss 1988 or van der Linden & Kraaij 1990 discussed below) where access is represented by
marking part or al of aconstruction as the key or indexing clue.

The access point is defined instead as the point at which the construction’s activation passes
afixed threshold «. We make the smplifying assumption that this threshold value is the same
for all congtructions. That is, the interpreter includes a single activation value ¢, such that when
the activation of any construction becomes greater than ¢, that construction is copied into the
access buffer. Thus the access threshold « is constant, but the access point is not. Different
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constructions will take different amounts of time to reach the access point because of differences
in relative frequency, or in the value of the access cues. Similarly, the same construction would
reach the access point differently in different contexts, because the contextual evidence would
differ, causing the activation profileto differ.

There are two classes of evidence for this context-dependent access point assumed by the
evidential accesstheory. Thefirst classis evidence that access of constructionsis not immediate.
Swinney & Cutler (1979) showed that some idiomswere not accessed immediately after thefirst
content word of theidiom, but rather that it took at | east two wordsto accesstheidiom. Cacciari &
Taboss (1988) found that for some specially-selected idioms, in absence of context theidiom was
not accessed until after thelast word of the idiom was presented. For lexical constructions, Tyler
(1984) and Salasoo & Pisoni (1985) show that the access point for lexical itemsis approximately
150 ms after word-onset.

The second class of evidence indicates that the access point is variable even for a single
construction, in different contexts. Cacciari & Taboss (1988) showed that access of idioms
was faster in the presence of context. Salasoo & Pisoni (1985) showed the same for lexical
constructions. Marden-Wilson et al. (1988) showed the negative case — that anomal ous contexts
can slow down the access point of lexical constructions. Marden-Wilson et al. (1988) showed
that the more anomal ous the contexts were, the higher the response latencies were.

5.2 TheEvidence Combination Function

In line with its interactionist nature, the access function uses a number of different knowledge
sources to supply evidence for a construction. These include:

¢ Bottom-up syntactic evidence: For example, the fact that a construction’s first constituent
matches the contents of the access buffer isevidence for that construction.

¢ Bottom-up semantic evidence: evidence for a construction whose left-most constituent
matches the semantic structures of some structure in the access buffer.

¢ Top-down syntactic evidence: when aconstruction’s constitute matchesthe current position
of some construction in the interpretation store.

e Top-down semantic evidence: when a construction’s constitute matches the semantics of
the current position of some construction in theinterpretation store, or matchesthe semantic
expectations of a previously encountered lexical item.

e Freguency-based evidence: Constructions are annotated with relative frequencies; higher-
frequency constructions are more likely to be suggested.

These various knowledge sources can supply evidencein different ways. Top-down evidence,
for example, can be constituent-based or valence-based. Constituent-based evidence occurswhen
aconstruction is part of an interpretation, and one of its constituents has not yet been filled. This
unfilled constituent provides evidence for any construction which meets its constraints. If these
constraints are semantic ones, then the evidence is top-down semantic evidence, if syntactic, then
the evidence is top-down syntactic evidence. Valence-based top-down evidence occurs when
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the arguments of a predicate are used as evidence for the appearance of a possible argument-
filler. When these arguments are constrained semantically, valence-based evidence is top-down
semantic evidence, otherwise it is top-down syntactic evidence.

Proposing an access a gorithm which allows multiplekinds of evidence to amassfor construc-
tions requires that we choose a uniform metric for representing each of these kinds of evidence.
We make a simplifying assumption that whatever metric we choose for evaluating evidence, it
treat each of these classes of evidence in the same way. Thus bottom-up syntactic evidence
values, top-down semantic evidence values and all other evidence valueswill smply be summed
to produce an activation level for a construction.

The difficult question, then, is what metric to use in weighing individual evidence values.
Given that each type of evidence isweighted equally, the s mplest possible combination function
might be to also weight each piece of evidence equally. That is, we might assign one point to
each evidence factor, where a factor might be something like the occurrence of some part of
construction in the input. We could assign a constant access point to each construction, say a
small integer, and access any construction which receives enough evidence points to pass this
threshold.

This metric has anumber of advantages, the most obviousbeing s mplicity and operationality.
Unfortunately, it has anumber of disadvantages. Foremost among these isthe fact that individual
pieces of evidence differ widely in significance. For example, we would expect that very common
wordswould not be very good evidencefor aconstruction, even if the construction contains these
words. Thisintuition is borne out by Cacciari & Tabossi (1988), which studied idiomsin Italian
which begin with very common words such as venire (‘come’), or andare (‘go’). Aswe would
expect, they found that such idioms are not accessed until after the last word of the idiom was
processed. That is, the highly frequent words which began the idiom did not prove agood source
of evidence for the idiom, because they provided evidence for so many other constructions as
well.

The next factor that our simple metricignoresis the relative frequency of the construction for
which evidence is being provided. We would certainly expect that very common construction
be suggested more easily and quickly than less frequent ones. Again, thisintuition is borne out
by agreat deal of experimental evidence. A number of studies have shown that high-frequency
lexical items have higher initial activation than low-frequency ones (Marslen-Wilson (1990)), are
accessed more easly (Tyler 1984 and Zwitserlood 1989), and reach recognition threshold more
quickly (Simpson & Burgess 1985 and Salasoo & Pisoni 1985). In effect, frequency evidence
acts as the prior probability of a construction, while the other kinds of evidence act as posterior
probabilities.

It seems, then, that given aconstruction e which provides evidence for apossible construction
¢, the construction ¢ ought to receive evidence in direct proportion its own relative frequency,
and in inverse proportion to the sum of the frequencies of al the other constructions for which e
also provides evidence. That is, if we use F to stand for ‘the evidence from construction e for
construction ¢’, and x; to range over all constructions « for which e provides evidence, then:

E(e,c) x Freq(c)
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and
1

Ele,e) x —————
( ) 2oic1 FT@Q(%’)
Thus,

Freg(c)
x
S Freg(a;) + Freg(c)

Note that the sum of the frequencies of every possible construction «; for which aconstruction
¢ gives evidence must be the frequency of the construction ¢. That is, if each and only each
occurrence of ax; includes an occurrence of ¢, there can be no more or less occurrences of ¢ than
there are of the «;s. In other words:

E(e,c)

Freg(e) = éFreq(:L‘i)

In conclusion, we can require of our metric that each piece of evidence for a construction be
weighed in direct proportion to the frequency of the construction p and in inverse proportion to
the frequency of the evidence construction c:

(5.1)

Freg(c)
Freg(e) — Freq(c)

E(e,c) x

Consider for example, the bottom-up evidence which the input “how” provides for the How-
ScALE construction. According to Francis & Kucera (1982), “how” has a frequency of 1000 per
million, while the How-SCALE construction has afrequency of 149 per million. Thus the bottom-
up evidence that “how” providesis proportional to 149/(1000-149), or .175. The MEANS-HOW
construction, on the other hand, occurs with a frequency somewhat less than 675 (it is not clear
exactly how much less, since Francis & Kucera (1982) do not distinguish MEANS-HOwW from
MANNER-How). Thus the bottom-up evidence that “how” providesis proportional to something
less than 675/(1000-675) or less than 2.07.

As a simple starting hypothesis, we propose to assign each piece of evidence the weight in
“access points’ determined by (5.1) above, and to set the access threshold « at the value of 0.1
access points. Choosing this low value means that any evidence will be sufficient to access a
construction if itsfrequency iswithin an order of magnitude of the frequency of the construction.

5.3 Previous Access Moddls

5.3.1 Syntactic AccessModels

Most previous syntactic access mechanisms are quite straightforward. For example a traditional
bottom-up parser such as the shift-reduce parsers of Aho & Ullman (1972) ( bottom-up parsing

1Thisevidential weighting method is essentially a simple heuristic for approximating the conditional probability
of the appearance of a construction.



5.3. PREVIOUSACCESS MODELS 103

was first suggested in Yngve (1955)) looks at the syntactic categories of the words in the input
sentence, and uses this knowledge to suggest rules whose right side matches some handle in the
input. This access continues in arecursive way until the structure which has been built reaches
the root node.

Top-down parsers (such as the predictive parsers for LL(k) grammars of Aho & Ullman
(1972)) begin with the root node of the grammar, and suggest rules whose |eft-hand side matches
some nodes of the parse tree which is being built top-down. Thusif the parsetree containsaverb
phrase node, the top-down access algorithm would check the grammar for all the alternatives of
the verb phrase, (i.e., al ruleswhose left-hand side is a verb-phrase) and access them.

As anumber of researchers have noted (such as Griffiths & Petrick (1965) and Kay (1982)),
the only difference between top-down and bottom-up parsers is their access algorithm 2. Both
algorithmsuse some syntactic information from the phrase-structurewhichisbeing built to suggest
rulesto access. A natural extension of these access mechanisms, then, isto use both top-down and
bottom-up information to access constructions. Some of the earliest parsers, such as the Harvard
Syntactic Analyzer (Kuno & Oettinger 1962/1986), used both kinds of informationto accessrules.
The left-corner parsing algorithm (Aho & Ullman 1972), in which rules are suggested bottom up
by their first constituent, and then parsed top down from the other constituents, also uses both
kinds of information. This method was proposed as a cognitive model by Kimball (1975) who
called it “over-the-top parsing”, and is used in a number of systems, including Pereira& Shieber
(1987), Thompson et al. (1991), and Gibson (1991) extended the idea by increasing the power of
the bottom-up suggestion to suggest a construction if its head has appeared (a similar approach
was taken by van Noord (1991), who called it a head-corner parser).

These approaches to syntactic rule-access could be viewed as methods of searching for the
correct rules to access, where the search space is the space of possible rules. Bottom-up access
amounts to constraining the search by using knowledge of the input. Top-down access amounts
to constraining the search by the knowledge of what rules exist in the grammar. Methods which
use both top-down and bottom-up information, like the left-corner model s discussed above, or the
mixed-mode algorithm of Allen (1987), or the connectionist parser of Cottrell (1985), resemble
the version-space search algorithm proposed for concept learning by Mitchell (1981), which
searches for the correct concept by incrementally constraining the space from above and below.
In general, the more knowledge which is used to constrain the search, the more likely the search
will access exactly theright rules.

The search space of rules is quite different for syntactic parsers, however, than it is for
semantic interpreters. All of the syntactic rule access algorithms discussed above were quite
simple methods, which were frequently able to compile out much of the access knowledge in
advance, because rules were suggested by syntactic categories, and the number of syntactic
categoriesin all these systems was quite small. In CIG, however, a construction’s constituents
may include any set of semantic relations rather than being restricted to a small, finite set of
syntactic symbols. Thus these simple access methods used for parsers are insufficient. Many
modern linguistic theories have extended the small finite set of non-terminals in a grammar to
a larger, potentially infinite set of directed graphs, by alowing constituents to be defined by
complex syntactic features. Most of these theories, however, require that the grammar contain a

2Althoughwork in parsing tends not to use the term access — theterm parsing strategy (Abney & Johnson 1991)
isalso used.
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“context-free backbone” which is used for parsing. That is, athough any constituent may have
feature structures of arbitrary complexity, they are required to have a Cat attribute whose valueis
asyntactic category taken from afinitelist. Inthisway the parsersfor LFG (Ford et al. 1982) and
HPSG (Proudian & Pollard 1985) for example, can use the context-free backbone to suggest rules,
and use other feature structures to rule them out afterwards. To loosen this dependency on the
context-free backbone, Shieber (1985) proposed an algorithm called “restriction”, which enables
the grammar designer to specify in advance which features the parser should use to suggest
rules. Parsers using restriction might use other information besides simple category information
to suggest rules. Unfortunately Shieber’s method does not allow any way for arbitrary semantic
predicates to affect the access process. Thus the evidential access mechanism used in Sal ismore
genera than any of these methods, because it allows any kind of evidence, whether top-down,
bottom-up, syntactic, or semantic, to influence the access of constructions.

5.3.2 Semantic Access Models

It is important to note that the use of semantic expectations to guide access was an important
contribution of the EL1 model (Riesbeck & Schank 1978). However, both ELI and other models
in the conceptual analysis tradition (such as the Word Expert Parser (WEP) (Small & Rieger
1982) and (Adriaens & Small 1988)) have adso smplified the access problem. In the WEP,
each word of the language is modeled as a procedural knowledge source, a “word expert”. The
word expert contains linguistic and world knowledge about the word necessary to understand it
in many contexts. Since all constructions are lexical, there are no higher-level constructions to
consider accessing. Although this simplifies the access problem, it means that WEP is unable
to represent non-lexical knowledge such as the ordering of adverbials, or knowledge of more
general constructionslike noun-compounds. Much the same problem holdsfor ELI, which bases
itsprocessing control on semantic expectations set up by wordsin the sentence which have aready
been processed. ELI does allow some non-lexical constructions — these are called “traps’ and
are suggested by the program when the input fails all expectations. Gershman (1982) also notes
that access of some post-nominal modifiers must be done by this same “trap” mechanism, while
othersare handled by routines attached to the individual modifiers. However, the means by which
these traps are accessed, and the timing of their access, is not made clear in Riesbeck & Schank
(1978) or Gershman (1982).

Riesbeck & Schank (1978) also assumed the selective access model of lexical access, inwhich
only the contextually relevant sense of alexical item is accessed from the lexicon. A number
of studies, such as Swinney (1979), Prather & Swinney (1988), Tanenhaus et al. (1979), and
Seidenberg et al. (1982) have presented psycholinguistic evidence which indicates that lexical
access is not restricted to the contextually relevant sense.

Riesbeck (1986) proposed that construction accessbe handl ed by the same general mechanisms
that handle conceptual memory access. This proposal seems quite interesting, but unfortunately
the details of the approach are not presented.
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5.3.3 Connectionist AccessModels

A number of connectionist models of sentence interpretation have been proposed. Like Sal
many of these models (such as Waltz & Pollack (1985), Jain & Waibel (1991), and McClelland
et al. (1989)) are interactionist, in allowing semantic and other top-down knowledge to directly
affect the access process. The localist models (Waltz & Pollack 1985) strongly resemble Sal
although they allow a somewhat finer-grained algebra for evaluating evidence for constructions.
The distributed models (Jain & Waibel 1991; McClelland et al. 1989) do not incorporate the
same notion of access as traditional parsers or interpreters, since rules or constructions are not
represented as individual nodes. However, various top-down and semantic influences act as
expectations which predict various structural aspects of the interpretation.

Neither of these classes of connectionist model s di stingui shes between the access and sel ection
theories. Thereis no discrete access point in these models; structuresor features accrue activation
in a continuous fashion until oneis selected.

5.34 Lexical AccessModels

Where work on access of more complex structures comes mostly from the computational domain,
models of lexical access are mainly psycholinguistic in origin. Simpson (1984) distinguished
three classes of lexical access models: exhaustive access, context-dependent access, and ordered
access. Simpson’s second class, context-dependent access, is more perspicuously viewed as
two distinct classes — selective access and parallel interactive access. These models might
be arranged according to two variables: interactive versus non-interactive, and parallel versus
serial, as depicted in Figure5.1.

The serial models, those on the bottom of the chart, assume that only asingle lexical entry is
suggested by the access mechanism. Which entry is suggested may be dependent on the context,
in the models on the bottom left, or may be solely dependent on relative frequencies, in the
model on the bottom right. Researchersin the parallel tradition have argued that the serial models
measure the state of the access mechanism after the mechanism has settled on a single word.

The top half of the chart lists the parallel models. 1n the non-interactive or exhaustive access
models in the upper right of the chart, bottom-up stimulus aone determines a set of lexical
candidates, and context can only help select the final candidate from among these. The weak
interactionist modelsmentionedin §4.1 assumethisform of access, based on resultsfrom Swinney
(1979), Tanenhaus et al. (1979), and the cohort model of Marden-Wilson (1987). The Polaroid
Words system of Hirst (1986) implements an exhaustive-access model which then uses semantic
constraints to select among candidates.

A dlightly modified form of the exhaustive access model, modified exhaustive access (Seiden-
berg et al. 1982), allows some associative information from the context to affect lexical access.
Seidenberg et al. (1982) found that a context including a noun could cause selective access of
a semantically-related noun. Cottrell’s (1989) connectionist model of lexical disambiguation
implements an algorithm which is a generalization of the Seidenberg et al. model.

The ordered-access model of Hogaboam & Perfetti (1975) serially considers each ambiguous
lexical entry, beginning with the most frequent. The search terminates as soon as one entry fitsin
with the context.
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Interactive
Activation—Suppression Exhaustive
Neill (1989) Swinney (1979)

, Seidenberg et al (1982)
+ Parallel Interactive Models Cottrell (1989)

Tabossi (1988) Cohort
McClelland (1987) Marslen-Wilson (1989)
Parallel
Selective Access Ordered—Access

- Glucksberg et al (1986) Hogaboam & Perfetti (1975)
Riesbeck & Schank (1978)

Figure5.1: Previous Models of Lexical Access

In the selective access model (Schvaneveldt et al. 1976; Glucksberg et al. 1986; Riesbeck &
Schank 1978), the context compl etely determineswhich sense of an ambiguous word is accessed.
Although many early non-on-line studies showed support for the model, on-line studies have
generally shown effects of multiple-access.

There are a number of problems with these models. In general, these models assume that
thereis afixed access point, that is, that aword or cohort is accessed by bottom-up or top-down
factorsafter afixedtimelag, or onewhichvariesonly onfrequency. The next section summarizes
evidence that in fact the access point can vary with the construction and with the context.

The major problem with these models, however, isthat they do not extend well to the problem
of sentence interpretation. The ordered-access model, for example, assumes that each input will
directly index a set of constructions, and then access them serially in order of frequency. While
thisconcept of set-accessisquiteclear for lexical access, in which the set isthe set of homographs,
itisdifficult to imagine a set of access criteriafor grammatical constructionswhich would return
just theright set of constructionsfor agiven phonological input. For example, if the model, upon
seeing a verb, accesses all constructions which begin with a verb, it would seem impossible to
decide which oneis correct immediately.

Thefinal class of models, on the upper left of the chart, arethe interactive or context-sensitive
access models, which most resemble Sal’sevidential access model. 1n these models, both context
and stimuluscan directly affect lexical access. For example, in the context-sensitive or activation-
suppression model of Neill et al. (1988) and Neill (1989), multiple meanings of an ambiguous
word are accessed in parallel, but the ease of accessing each meaning isafunction of itsfrequency
and of the context.

Similarly, in the interactive activation framework of McClelland (1987), information at any
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level of knowledge can affect information at other levels, both above and below — activation
flows both bottom-up and top-down. Other interactive modelsinclude Simpson & Burgess (1988)
and Becker (1980).

In a sense, Sal’s access model is a generalization of these parallel interactive models to
higher-level structures. While the exact extent to which context and higher-level knowledge can
influence accessis still debated, it does seem that the larger the structuresthat are being accessed,
the more sense an interactionist architecture makes — since grammatical constructions can be
longer than lexical items, the access of a grammeatical construction may take longer, thus allowing
time for higher-level evidence to take affect.

5.3.5 Previous Models of the Access Point

Finally, anumber of previous models have proposed something like an access point. The simplest
of these models, like the cohort model, assumes that thereis afixed 100-150 mslag timeinlexical
uptake, after which access begins (Marden-Wilson (1987:78)). Proposing that thislexical uptake
time is constant for all words effectively means that the cohort model proposes a fixed access
point, defined in terms of milliseconds after lexical onset. This proposa is incompatible with
the evidence of Simpson & Burgess (1985) that the lexical access point is different for different
words, as well as the evidence of Salasoo & Pisoni (1985) and Cacciari & Taboss (1988) that
access of even the same congtruction is faster in the presence of context.

A small number of models of interpretation have also alowed a variable access point. Wilen-
sky & Arens(1980)’sinterpreter PHRAN allowed access of a pattern-concept pair (the equivalent
of agrammatical construction) to be delayed until more than one constituent of the construction
has been seen. Thus constructionslike the big apple, which occur rarely but begin with common
constituents like the, are not accessed whenever the appears in the input. Some idioms, like by
and large, which are not lexically headed, were not indexed until the entireidiom had been seen.
PHRAN’s access model was better than the fixed access lag of the cohort model, but is still fixed
for each construction. That is, the PHRAN model, like the cohort model, cannot account for
psycholinguistic data indicating that the access point of the same construction is earlier in the
presence of context (Salasoo & Pisoni 1985 and Cacciari & Taboss 1988). The PHRAN model
also required the access point for each construction to be determined by the grammar writer.
PHRAN’s*pattern sel ection mechanism”, the access theory, used adiscrimination net to index its
pattern-concept pairs, where the grammar-writer was required to specify where each construction
was located in the discrimination net. In the access model described in this dissertation, the
access threshold is fixed for the entire grammar, but the access point depends automatically on
the construction and the contextual evidence for it, thus eliminating the need for hand-tuning.

More recently, van der Linden & Kraaij (1990) present two algorithms which implement
delayed access for idioms. Both algorithms are subsets of the earlier (Wilensky & Arens 1980)
model. In the first, the idiom is simply indexed under the first (content) word of the idiom.
When that word is recognized, the idiom is suggested. In the second model, which issimpler but
interesting because the authors present a connectionist implementation, access is delayed until
every word of theidiomisrecognized. Both of these models are as inflexible as the cohort model,
since both propose a fixed access point for all idioms. The first model proposes that all idioms
are accessed after their first word in all contexts; the second that that all idioms are accessed after
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their last word in all contexts.

All of these earlier models thus assume (at best) that the access point is fixed per construction
— at worst (in the cohort model or one of the van der Linden & Kraaij (1990) models) asingle
access point isfixed for the entire grammar. None of these models have the ability to use multiple
sources of evidencefor access, nor allow acontext-dependent access point, and thus cannot model
variable-access-point results.

54 Examplesof Access

The next four subsections summarize different kinds of linguistic knowledge that may be used as
evidence for a construction.

54.1 Bottom-up Syntactic Evidence

Bottom-up syntactic or graphemic evidence is used by all parsers or interpreters. Figure 5.2
below (apart of Figure 4.2 above) shows an example of bottom-up access. After seeing the word
“how”, the interpreter accessed the two constructions which included that lexical form.

Means—How <675 How-Scale 149
(a Identify $t (a Identify $t
(Unknown $p) (Unknown $x)
(Background $x) (Background $s)
Such-That Such-That
(a Means—-For $x (a Scale $s
(Means $p) (Location $z $x)))
(Goal $g)))
“ " (a Scale $s
“how" how (On $2))

Access Buffer

Figure 5.2: The Access Buffer after seeing *how”

The buffer containstwo constructions, both accessed because of bottom-up syntactic evidence
from theword “how”. Thefirst isthe MEANS-HOw construction which, as was mentioned above,
is concerned with specifying the means or plan by which some goal isaccomplished (“How can |
get home?’). The second, the HOw-SCALE construction, expresses a question about some scalar
properties (“How red isthat dress?’).
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In general, the fact that a construction’s first constituent matches the contents of the access
buffer will be good evidence for the construction, unless of course the evidential construction is
quite rare and the construction is quite common. In each of the cases in Figure 5.2, however,
the activation value is greater than the access threshold 0.1. The activation of the How-SCALE
construction is .175, while the activation of the MEANS-HOwW construction is 2.07, and so both
constructions are accessed.

Effects of bottom-up syntactic evidence for access are quite robust in the psycholinguistic
literature, as of course one would expect. Thus for example the studies of Swinney (1979) and
otherscited above show that bottom-up access of lexical constructionsoccurs even in the absence
of context.

5.4.2 Bottom-up Semantic Evidence

In bottom-up semantic access, the semantic structures of some construction in the access buffer
provides evidence for a construction whose |eft-most constituent matches them. For examplein
Figure 5.3 the semantics of the MEANS-HOw construction provide evidence for the WH-NON-
SUBJECT-QUESTION construction.

Means—How <675

................
*

. (@ 'd(egﬁ'%g\t,vﬁ-%) Wh-Non-Subject-Question <3,600
™. (Background $x) (a Question $q
SUChThat ................. (Querled $Var)
(a Means—For $x (Background (Int $/pre $/a)))
(Means $p) Subj-Pred
(Goal $9))) ~C VP
"how" ‘

Access Buffer
This construction ...is semantic evidence for this construction

Figure 5.3: Bottom-up Access of the Wh-Non-Subject-Question Construction

Because psycholinguistic resultsin access have generally been limited to the access of lexical
structures, and because psychological models have tended to be models of parsing rather than
of interpretation it has been difficult to find psychological results which support (or discredit)
the notion of bottom-up semantic evidence for access. Recently, however, Gibbs et al. (1989)
have studied the processing of idioms, and argued for the use of bottom-up semantic evidencein
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certainidioms. They noted that human processing of acertain class of idioms— those which they
called semantically decomposable — was much faster than the processing of semantically non-
decomposable idioms, and than non-idiomatic control sentences. Semantically decomposable
idiomsarethoseinwhich the semanticsof theidiom’sconstituents playssome part in the semantics
of theidiom asawhole. For examplein theidiom pop the question, the question clearly signifies
a “marriage proposal”, and the verb pop the act of uttering it. In a non-decomposable idiom,
there is no semantic relation between the meaning of the individual words of the idiom and the
meaning of the idiom. For example in the non-decomposable idiom kick the bucket there is no
relation between buckets and dying.

Gibbs et al. (1989) proposed that decomposable idioms like pop the question or spill the
beans were accessed when the subjects read the word pop or spill, because the meanings of these
words plays some metaphoric part in the meanings of the entireidioms. That is, theidioms were
accessed from bottom-up semantic evidence. Non-decomposable idioms like kick the bucket
were not accessed until the entire phrase had been seen, because there was no semantic evidence
for them.

In order to access idioms from metaphorically related senses in this way, the grammar must
include a representation of the conventional metaphors that play a part in the meanings of the
idioms. Martin (1990) shows how these metaphors may be represented and learned. Figure 5.4
below shows the representation of the Spill-the-Beans-As-Reveal-Secret metaphor that is part
of the meaning of the SPILL-THE-BEANS construction, using the notation of Martin (1990), and
Figure 5.5 shows the SPILL-THE-BEANS construction which includes this metaphor.

Figure 5.6 shows how the SPILL-THE-BEANS construction would receives bottom-up seman-
tic evidence in the proposed extended model. First, the orthographic input “spill” provides
some evidence for the SPILL-THE-BEANS construction, and aso provides evidence for the ver-
bal construction SpiLL. Next, the Spilling-Action concept which is part of the semantics of the
SPILL construction in the access buffer provides evidence for the SPILL-THE-BEANS construc-
tion, because the SPILL-THE-BEANS construction also contains the Spilling-Action concept. This
bottom-up semantic evidence thus accumulates in exactly the same way as the | dentify concept
from the MEANS-HOW construction provided evidence for the WH-NON-SUBJECT-QUESTION con-
struction in Figure 5.3 above. The SpiLL-THE-BEANS construction thus receives both bottom-up
syntactic and bottom-up semantic evidence.

A construction like Kick-THE-BUCKET, which is non-decomposable, only receives bottom-
up orthographic input from “kick”, but does not receive bottom-up semantic input, since the
semantics of Kick are not part of the Kick-THE-BUCKET construction. Allowing the SPILL-THE-
BEANS construction to receive evidence from both the input “spill” and the construction SPiLL
makes the access system different from classic evidential systems, because the orthographicinput
isin effect providing extra evidence as mediated by the semantics of the SPiLL construction.

It is unfortunately not clear from the psycholinguistic data whether the syntactic evidence
from “spill” plus the semantic evidence from SPILL is sufficient to access the SPILL-THE-BEANS
construction, or whether the syntactic and semantic evidence from "beans’ is aso necessary.
Because Gibbs et al. (1989) did not use an on-line measure, the exact access point of the
construction is unclear.

The fact that both the literal meaning of spill aswell asthe meaning of the SPILL-THE-BEANS
construction are both accessed, but with varying temporal onsets, is compatible with resultsfrom
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|dea-As-Object

D
Spill-the-Beans-Metaphor:

Spilling Beans 1 Revedling a Secret
TSpill-Beans-Reveal -Secr et

Spiller spiller-revealer Revealer

beans-secret

Beans

Figure5.4: The Spill-The-Beans Metaphor (After Martin 1990)

Spill-the—-Beans <9

(a Revealing $r
(Revealed $v)
(Revealer $a)
Such-That
(a Secret $v)
(a Spill-Beans—Reveal-Secret—-Metaphor
(Source $s
(Target $r))

(a Spilling—Action $s (a Beans $b
(Spiller $x) (def $b)
(Spilled $b))

“the” “beans”
“spill”

Figure 5.5: The Spill-The-Beans Construction Uses the Spill-the-Beans Metaphor
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Spill-the-Beans-Construction:

Spill-Beans-Reveal -Secret

ESpiIIinmmg aSecrei

;pi " "the" "beans’

Bottom-Up Semantic

_ ill Construction:
Bottom-Up Syntactic
Spilling-Action

"spill"

\ " o "
Bottom-Up Syntactic — "spill

I nput

Figure 5.6: The Semantics of “Spill” provides evidence for “ Spill-The-Beans’

Cacciari & Taboss (1988).

5.4.3 Top-Down Syntactic Evidence

As §5.3 discussed, the use of top-down syntactic evidence is one of the historically earliest
and also most common access strategies found in models of parsing. Top-down evidence for a
construction occurs when its constitute (i.e., its left-hand side) matches the current position of
some constructionin the interpretation store. Figure5.7 shows an example of top-down evidence.
The interpretation store contains a copy of the Wh-Non-Subject-Question construction. Because
its cursor points at the Aux construction, evidence is provided for that construction. Because
AuUX is aweak construction, the evidence is passed on to the strong constructions which make
up the weak Aux construction, and the activation values for these constructions in the grammar
rises.

As is the case with bottom-up evidence, top-down evidence may be insufficient to access a
construction. One expects this to be true when the top-down evidence does not provide cues
that are specific enough to a given construction. For example, constructions which constrain
their congtituents to be very abstract syntactic categories such as NOUN or VERB (or Aux) do not
supply very good evidence for an individual noun or verb. As Figure 1.6 in Chapter 1 showed,
the top-down evidence for the Aux construction is insufficient by itself to access any particular
auxiliary. For example, although Francis & Kucera (1982) do not specify an frequency for
the Aux construction, we estimate it by summing the frequency of the MODAL construction and,
conservatively, 75 percent of the Do construction and 20 percent of the BE and HAVE constructions
(assuming that these function as main verbs with the complementary percentages). This gives
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(a Question $q
(Queried $p)
(Background (Int $/x $/a)))

(a Identify $t
(Unknown $p)
(Background $x)

Such-That

(a Means—For $x
(Means $p)
(Goal $9)))

Subj-Pred
v Aux (25,274)

[ chn Will Must
o EARS) @NPSY) @VRe

.................. (activation levels)

Interpretation Store The Grammar

Figure5.7: Top-down Evidence for the Aux Construction

a frequency for Aux of 25,247. But the frequency of the auxiliary CAN construction is only
1,758. The evidential formulaof §5.2 givesan activation for the CAN construction of only (1,758
/(25,247 - 1,758)), or .075, which is below the access threshold of 0.1.

Indeed Tanenhaus & Lucas (1987) note that psycholinguistic evidence of top-down effects
are very common in phonology, but much rarer in syntax. They suggest this may be because
top-down evidence provides very good cues in phonology, since the conditional probability of
a phoneme appearing given a word in which it occurs is 1. (They credit Gary Dell for this
observation). The conditional probability of agiven construction appearing given a construction
which requires it as a congtituent is much lower because the constraints are generally specified
in terms of abstract constructions like NOUN or VERB. Thus the conditional probability of any
specific noun appearing is much less than 1. Tanenhaus & Lucas interpret this fact to argue for a
difference between the processing of phonology and syntax. Although | agree completely with
their evidential analysis, | arguethat it isnot necessary to propose separate process ng mechanisms
for phonology and syntax, particularly since there are cases in which top-down access does seem
to occur. The uniform evidential access mechanism proposed here can explain both these facts,
and till account for the cases of top-down evidence that do occur in the literature.

Two important studies have found evidence for top-down syntactic effects. Wright & Garrett
(1984) found that very strong syntactic contexts affected the reaction timefor lexical decisionson
nouns, verbs, and adjectives. 1none experiment, acontext ending in amodal verb sharply reduced
the time for lexical decision to averb. Similarly, a context ending in a preposition reduced the
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timefor lexical decisionto anoun. Wright and Garrett suggest that their results may be accounted
for by proposing that the parser incorporatestop-down syntactic expectationsfor “ phrasal heads’.
The evidential access theory proposed in this dissertation accounts for the Wright & Garrett
resultsin amoregeneral way than specifying expectationsfor “phrasal heads’. Thisisbecauseany
open variable which has constructional constraints may act as an expectation and hence evidence
for a construction. These variables can be valence expectations, such as the expectation from an
Aux for averbal complement that Wright and Garrett found, as well as constituent expectations,
like the expectation for the Aux construction shown above. Salasoo & Pisoni (1985) also found
that top-down evidence, both syntactic and semantic, can cause constructions to be accessed.

5.4.4 Top-Down Semantic Evidence

Like syntactic evidence, top-down semantic evidence can be constituent-based or val ence-based.
Consider an example of valence-based top-down semantic evidence from the verb “ know” .
This verb is particularly interesting because its arguments have traditionally been assumed to
be syntactic rather than semantic. This section shows that the arguments can be expressed
semantically, and that they can be used as semantic evidence for the constructions which can fill
these arguments.

Consider two of the senses of “know”. In the first sense, “know” is a stative with two
arguments — an animate knower, and some sort of Proposition. This is the know of examples
(5.2a) or (5.2b) below:

(5.2) a | know (that) John went to the store.
b. I know (that) my efforts will not go unrewarded.
Figure 5.8 shows the representation of the argument information for thisfirst sense of know.

Syntactically, these two arguments are expressed as a noun-phrase and a declarative clause, with
an optional complementizer “that”.

(a Knowi ng $k
(Knower $a Ani mat e- Agent)
(Known $b Proposition)

Figure5.8: The semantics of the construction ‘ knowl’

In the second sense, seen in examples (5.3a) and (5.3b) below, the first argument is the same
as in the other sense of know — it is constrained to be an Animate Agent. The semantics of the
second argument, however, is different; what is known is the (unexpressed) value of the binding
for some lambda-expression. Quirk et al. (1972) note that this complement of know “contains a
gap of unknown information, expressed by the wh-element, and its superordinate clause expresses
some concern with the closing of that gap, with supplying the missing information.”
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(5.3) a | know what color thisis.
b. I know what to do.

Figure 5.9 shows the representation of the argument information for this second sense of
know.

(a Knowi ng $k
(Knower $a Ani mat e- Agent)
(Known $b Gapped- Proposition))

Figure5.9: The semantics of the construction ‘ know2’

Both these senses of know thus have very specific semantic constraints on their arguments.
These semantic constraints can be used as evidence to the interpreter to help access the con-
structions which will instantiate these complements. For example, recall that the first sense
of know constrained its second argument to be an instance of the Proposition concept. This
fact provides evidence for the SUBORDINATE-PROPOSITION construction, whose congtitute is the
Proposition concept, and whose syntax builds a finite clause with an optional “that” comple-
mentizer, as seen in examples (5.2a) or (5.2b). The second sense of know, by constraining its
second argument to be an instance of the Gapped-Proposition concept, provides evidence for
the WH-SUBORDINATE-CLAUSE constructions, which account for the complements in examples
(5.33) and (5.3b) above. (There are three WH-SUBORDINATE-CLAUSE constructions, the WH-
SUBJECT-SUBORDINATE-CLAUSE, the WH-OBJECT-SUBORDINATE-CLAUSE, and the WH-INFINITE-
SUBORDINATE-CLAUSE, differing in how the wh-element is linked to the following verb-phrase).

Figure 5.10 shows the SUBORDINATE-PROPOSITION construction and the WH-OBJECT-
SUBORDINATE-CLAUSE, for which the two know constructions provide evidence.

The use of the semantic structure of the verb to represent the arguments it allows, rather
than subcategorizing the verb syntactically, is discussed in more detail in Chapter 3. Thereisno
evidence bearing on the question of whether a verb’s semantic arguments alone are sufficient to
access constructions, although there is extensive evidence that the verb’s semantic or thematic
argument structures are used immediately by the interpreter (including Shapiro et al. (1987),
Carlson & Tanenhaus (1987), Stowe (1989), Boland et al. (1990), Tanenhaus et al. (1989),
Boland et al. (1989), and Kurtzman et al. (1991)).

I nsufficient Evidence

Aswithany other kind of evidence, semantic evidence may beinsufficient to accessaconstruction.
This is especialy likely with semantic evidence because semantic structures are more complex
than the primitive syntactic categories used by syntactic parsers. For example, consider the
various lexical constructions accessed by “how” in Figure 5.2. The second construction, the
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(a Gapped-Proposition $q
(Unknown $var)
(Background (Int $/pre $/v)))

(aldentify $t ) ‘
(Unknown $var)
(Background $pre)) (@aNP$n) (aVP%v)

The Wh-Object-Subordinate-Clause Construction

(aProposition $v)
Subj-Pred

“that"  (@NP$n)  (aVP$v)
The Subordinate-Proposition Construction

Figure5.10: The Subordinate-Proposition and the Wh-Object-Subordinate-Clause Constructions

How-ScALE construction described in Chapter 3, hastwo congtituents. Thefirst oneisthelexical
item “how”, and the second is described by the semantic predicates (a Scale $s (On $z)). After
the HOW-SCALE construction is accessed, the access mechanism uses this semantic predicate as
evidence to try to access a construction with that semantics. However, this predicate is not good
evidence for any particular construction, because it is evidence for so many of them. Thisis
true because there are so many scalar adjectives (e.g., how big, how tall, how red, etc.). As§5.2
shows, the scalar predicate isthus not agood cue for any particular scalar item, and thus no items
receive enough activation to pass the access point.

5.5 TheCasefor Strong Interactionism

The use of semantic information to directly affect the access of constructions makes our access
algorithm astrongly interactionist one. Obviously all modelsmust allow high-level and contextual
information to affect an interpretation; strongly interactionist models are those which allow high-
level information to directly cause constructions to be accessed.

Crain & Steedman (1985) and Altmann & Steedman (1988), in defining the terms strong and
weak interaction, note that there are different versions of the strong interaction hypothesis. They
consider a situation in which the interpreter is interpreting a sentence beginning with the words
“the wife that”, in which the presence of multiple possible references for the phrase “the wife”
might influence the interpreter in various ways. According to one version,

the presence in a hearer’s discourse representation of several wives predisposes the
processor towards complex NP analysesin general — that is, not just the woman that
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he was having trouble with but al so the horse (that was) raced past the barn Altmann
& Steedman (1988:206).

As Crain & Steedman (1985) and Altmann & Steedman (1988) note, this version of the strong
interaction hypothesisis unlikely, and it is not the version advanced by this dissertation.

Instead, we propose that the semantics of partial interpretation may help suggest constructions
when the expectation is specific enough to the semantics of the construction. For example the
fact that a verb has a valence argument with specific semantic properties may provide evidence
for constructions which instantiate these properties. Crain & Steedman (1985) and Altmann
& Steedman (1988) suggest that this version of the strong interaction hypothesis is difficult to
distinguish empirically from weak interaction; however it would seem quite possible to study the
activation of various grammatical constructionsjust after the verb has been introduced and before
the processor sees any further input.

In introducing the notion of interactionism, Chapter 4 mentioned that the psycholinguistic
evidence to date does not conclusively distinguish between the strong and weak interactionist
positions. In particular, there seems to be no direct evidence that bears on the question whether
contextual or top-down evidence alone can cause a construction to be suggested. There are
a number of results, however, suggesting that contextual evidence can speed up or otherwise
influence the access process. Wright & Garrett (1984) found that very strong syntactic contexts
can speed up the access of nouns, verbs, and adjectives. Salasoo & Pisoni (1985) found that top-
down effects, both syntactic and semantic, can cause constructions to be accessed. Cacciari &
Tabossi’s (1988) study of idiom understanding in context showed that a biasing semantic context
sped up access to a given idiom. Marden-Wilson et al. (1988) showed that lexical access was
dowed down when a proposed argument to a verb was semantically anomalous. Lexical studies
include Oden & Spira(1983)3, Tabossi (1988), van Petten & Kutas (1988), and Simpson & Kellas
(1989).

A number of results have been interpreted to argue against the interactionist position. Most of
these, when re-examined, are much more limited in their scope — they argue against the selective
inhibition or selective access position, a position no longer held by most modern theories. The
selective access position holds that the initial candidate set is strictly limited by context — no
constructions can be accessed which are incompatible with contextual information.

For example, the original exhaustive-access studies such as Swinney (1979) and Tanenhaus
etal. (1979) initially argued that lexical access was independent of contextual influences, because
facilitation was found for non-contextually primed senses of words. But as Simpson (1984)
and McClelland (1987) showed, in both of these studies the contextually appropriate sense was
activated dightly more strongly than the other sense. That is, athough access was not selective,
neither was it blindly exhaustive; it does provide extra activation for contextually felicitous
candidates. This evidence is thus compatible with the parallel-interactive, context-sensitive, or
evidential access models discussed in §5.3.4.

Some studies, however, seem to show incontrovertibly that top-down context does not affect
access. A recent study by Zwitserlood (1989), for example, argues that the effects of context are
not available until after at least theinitial stage of the access phase — about 278 msinto theword.

3Although Oden & Spira (1983) tested subjects at least 500 ms after the point of ambiguity, and so it is possible
that their results are affected by post-access processing.
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One possible conclusion that could be drawn from the conflicting data on interactionism is
that access is only sensitive to particularly strong contexts — this is the conclusion reached by
McClelland (1987). In addition, it is interesting that none of the studies which argue against
interactionism have studied the access of non-lexical constructions. It ispossible that contextual
effects take a certain minimal time to take effect, and thus are particularly apparent with strong
contexts or with the larger constructions studied by Cacciari & Taboss (1988). Clearly more
study is needed, particularly with larger structures.
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6.1 Introduction

Any theory of interpretation must show how interpretationsare built up from (among other things)
their component constructions. We call the part of the theory which instantiates this process the
integration theory. Integration, then, isthe process by which the meaning of aconstruction and its
various constituents are incrementally combined into an interpretation for the construction. This
incremental interpretation-building has two components: constituent integration and constitute
integration. Constituent integration is the process by which a construction’s constituent sots
are filled by other constructions. In order to fill a constituent slot, a candidate filler must meet
the constraints imposed on that dot by the construction. Constitute integration is the process
by which the semantics of each of these congtituents is combined to build an interpretation.
Constitute integration may be as smple as linking semantic structures by co-indexing avariable,

119
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or may involve more complex combinations of structures.

It is important to note that Sal’s integration theory is not intended to be a general solution
to the problem of information-combination. As many previous studies have noted, building
interpretationsrequiresmorethan simply combining component meanings. Interpretation requires
inference. We dividetheinterpretation-buildingprocessinto two components— grammaticalized
combination and inferential combination. The integration operation we define only solves this
first class of combinations — those where the grammar specifies how the combination is to
be done. Augmenting an interpretation by inferential means such as those of Norvig (1987),
Charniak & Goldman (1988), or Hobbs et al. (1988) is beyond the scope of thisdissertation. This
distinction, between grammaticalized interpretation and inferential interpretation, is consistent
with a number of experimental results, such as those of Swinney & Osterhout (1990), Murphy
(1990)%, and McKoon & Ratcliff (1990)2.

In fact, drawing the distinction between grammatical and inferential combination may help
illuminate why certain “inferences’ seem to be made on-line, where others are not. For example,
a number of researchers, including Garrod & Sanford (1981) and (1990), Singer (1979), and
Cotter (1984), have shown that when subjects are given averb (such as drive), they inferred the
presence of arole (such as car) only if the role was definitionally related to the verb. Readers
did not infer instruments when the inference required world knowledge, such asinferring the use
of a“snow shovel” from a sentence like Harry cleared the snow from the stairs. In the model
described in this dissertation, inferring Car from driveis performed by the integration operation,
since the construction DRIVE includesthe concept Car. However, theintegration operation cannot
infer “snow shovel” from ”clearing snow”, since the knowledge that snow-shovels are used to
clear snow is not present in any of these constructions.

The following, then, are the kinds of grammaticalized information-combination that are
performed by the integration operation:

Simple combination of constituentsin agrammeatical construction.

Combining predicates with their arguments, using semantic and thematic information from
the valence description of the predicate.

Correctly assigning the semantics for the subject of verbs which are controlled by other
verbs.

Relating wh-anaphors with their antecedents.

Murphy (1990), for example, showed that integrating noun-modifiers with their head nouns was more difficult
when the interpreter had to draw inferences in order to decide exactly how the modifier modified the noun. Simple
combinations, in which the information present in the two items was sufficient to make the combination, without
external knowledge, were made immediately. More complex combinationstook much longer.

2By studying only grammatical integrations, and not the inferential combinations, we do not intend to make any
claims about modularity or informationa encapsulation. We assume, following such models as Hobbs et al. (1988)
and the Boots-And-All-Theory of Hirst (1981), that language understanding necessarily involves many aspects of
human cognitive processing. However, in order to circumscribe a more manageable topic, the model presented in
this dissertation focuses on linguistic knowledge at the expense of general world knowledge. Thus the fact that the
integration agorithm builds certain structures and not othersis a function of the knowledge that it is given, not any
modularity constraint such as the Modularity Hypothesis of Fodor (1983).
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Thenext section, §6.2, introducestheintegration theory and sketches theintegrati on operation.
After §6.3 summarizes related models of integration, §6.4 describes the integration operation in
detail, and finally §6.5 shows how integration can account for meaning combination in a number
of problematic constructions of English.

6.2 A Sketch of the Integration Function
Sal’sintegration function can be summarized as follows:

Integration Function: Aninterpretation is built up for each construction

¢ by applying the integration operation
e in aconstituent-by-constituent manner
e as specified by the constitute of the construction.

The next three sections will discuss each of these three aspects of the integration function,
characterizing it along three dimensions: which semantic structures to combine, how to combine
them, and when to combine them.

6.2.1 Which Structuresto Combine

The ssimplest and most common way of determining which structuresto combineisto specify the
combinationin asemantic interpretation rule which islinked with a syntactic rulein the grammar,
in the style of Montague (1973). When the semantic elementsto be combined are all constituents
in asingle semantic rule, it is smple for the rule to specify exactly which constituents are to be
combined and how.

Theintegration theory usesaderivativeof thismethod, in which theconstitute of agrammatical
construction specifies how the semantics of its constituents are to be integrated. Because a
grammatical construction is an abstraction over acomplex pairing of meaning and form, thereis
no need for adistinct semantic ruleto accompany the construction, asisemployedin Montague’ sas
well asmost other theories (Bresnan 1982a; Moore 1989; Pereira& Shieber 1987). Constructions
are the only form of linguistic knowledge in our system, and thus it is in the constructions
themselves that the instructions for combination are expressed. This choice principle can be
simply expressed as follows:

Integration Arguments: Integratethe elementswhich are specified by the constitute
of the construction.

For example, in the HoOw-ScALE construction defined in §3.4.3 and repeated in Figure 6.1
bel ow, the semantics of the second constituent areintegrated with the semantics of the construction
because the variable $s, which is bound to the assertion in the second constituent, is also bound
to part of the Identify assertion in the constitute.

Specifying which elements to combine becomes more difficult when the semantic elements
to be combined are not smply the congtituents of a single rule. This occurs with phenomena
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How-Scale 149
(aldentify $t
(Unknown $x)
Back d
Sucg'?ﬁa? o $S) ............... » because these variables are identical,
(aScae s { any semantic information from the
(Location $z $x))) { constituent will be copied up to the
constitute.
"o (a Scal e
how (On $2))

Figure 6.1: The How-Scale Construction Specifiesits Integration

like valence, where we would like to integrate the semantics of a predicate and its arguments,
and is particularly difficult when the predicate or the argument are related by long-distance
dependencies. We see it aso with anaphora, where a pronoun must be integrated with its
antecedent. Many linguistic frameworks propose special theories which alow them to integrate
long-distance dependencies or verbal arguments, such as the functional uncertainty of LFG or
others.

Our integration theory handles these cases by proposing a more general method to specify
that two elements must be combined than simply coindexing their variables or combining their
feature structures. This method allows aconstruction to specify that $a and $b must beintegrated,
where in fact $a should be integrated with some variable inside the structure which fills $b. The
integration process will attempt to find an appropriate semantic gap (called a hole) in $b to bind
to $a. The VERB-PHRASE construction, for example, specifies that the complement of the verb
must be integrated with some hole inside the semantics of the verb.

This extension to the simple semantic-interpretation-rule method requiresthat the integration
operation be more powerful than simple operations such as unification or functional-application,
so that it can decide exactly which elements are to be combined. This extra power that valence-
integration requires, and the details of valence-integration, are discussed in detail in §6.4.3.

Animportant feature of thisalgorithmisthat it does not treat |ong-distance dependenciesasthe
result of movement, mediated by some coindexed empty category. Long-distance dependencies
areresolved in the semantic domain, and are handled in the same way as other kinds of integration
(see §6.5).

6.2.2 How to Combine Structures

Once an integration theory has determined which constructions to integrate, it must decide how
they are to be integrated. The kind of integration theory that we will define here resembles the
Universal Grammar of Montague (1973), as well as the unification-based semantic interpretation
theories of Pereira & Shieber (1987) and Moore (1989). Like these theories, our integration
theory includes an algorithm which, given aset of semantic structures, produces a combination of
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their meanings. Unlikein these theories, strict compositionality is not essential to integration —
the interpretation of a construction may be augmented by combination with contextual or world
knowledge. Indeed, as Chapter 3 showed, grammatical constructions themselves are defined
specifically when there is non-compositionality — i.e., some element of meaning not predictable
from the constituents. At therisk of confusion, the operator itself iscalled integration, and so the
combination principleis expressed as follows:

Integration Method: Apply the integration operation to each of the specified ele-
ments to produce an interpretation.

As§6.2.1 suggested, the integration operation is a somewhat more intelligent one than unifi-
cation or functional composition. We consider here four ways in which integration extends the
unification operation:

e The integration operation is defined over the semantic language defined in §3.8 rather
than the feature-structures used by feature unification. This allows the interpreter to use
the same semantic language to specify constructions as it uses build fina interpretations,
without requiring translation in and out of feature structures.

¢ Theintegration operation distinguishes constraints on constituents or on valence arguments
fromfillersof constituentsor valencearguments. Thisextensionsolvesatraditional problem
with unification-grammars. In pure unification grammars, there is no way to know when
the argument of a verb has been filled, because unification does not distinguish between
constraints on an argument and a filler of an argument — both are represented as feature
structures. Integration solves this problem by distinguishing constraints from fillers with
the marking algorithm described in §6.4.3.

e Because the integration operation is defined for a specific representation language, it can
use information about the representation language to decide if structures should integrate.
For example, if a construction constrains one of its constituents to be a weak construction
like DETERMINER, thisconstituent will integrate successfully with astrong constructionlike
THE, because DETERMINER abstracts over THE. Examples of thisare presented in §6.4.2.

e Theintegration operation isaugmented by aslash operator, which allowsit to join semantic
structures by embedding one inside another. This is accomplished by finding a hole
inside one structure (the matrix), and binding this hole to the other structure (the filler).
This approach resembles the unification-based formalisms of Pereira & Shieber (1987)
and Moore (1989), which extend unification by borrowing the idea of lambda-abstraction
and functional application from categorial grammar (Adjukiewicz 1935/1967). The slash
extension is more complex than function-application because fillers must meet the semantic
constraints which are posted on holes. The difference between integration and functional
application are discussed in §6.3.

The integration algorithm is discussed in detail in §6.4.



124 CHAPTER 6. THE INTEGRATION THEORY

6.2.3 When to Combine Structures

Thefinal question that must be addressed for an integration model iswhento integrate. Answering
this question traditionally means choosing a granularity for the interaction between syntax and
semantics, deciding how often semantic interpretation rules should be activated. Unlike CIG,
most models distinguish syntactic and semantic rules, and thus the structure-building performed
by each can be quite distinct. Following a great deal of psycholinguistic evidence which argues
that integration must be incremental, the integration algorithm chooses the most fine-grained
integration timing which is possible:

Integration Timing: Perform integration constituent-by-constituent.

Consider first the way that other models have chosen to time semantic integration. A great
number of early models have chosen to perform semantic interpretation after an entire sentence
or clause has been processed. Models which made this assumption of a very broad granularity
for syntax-semantics interaction include Fodor et al. (1974), Erman et al. (1980/1981), Woods
(1977), and McCord (1982) and (1990).

Systems which interleave syntactic and semantic processing at a somewhat finer granularity
include Marcus (1980) and Winograd (1972). The semantic knowledge of Winograd's (1972)
SHRDLU consisted of a large number of procedures which examine the syntactic parse of the
input and build up a PLANNER program to answer the question. These semantic routines were
called at various times in the syntactic parse, constituting a medium-grained interaction. For
example, the NOUN GROUP specialist was called first after the head noun of a noun phrase,
and then after the modifiers. Similarly, Marcus's (1980) Parsifal was augmented with a set of
attachment monitors as part of a Case Frame Interpreter designed to produce a case-theoretic
interpretation of a sentence. Although these monitors are triggered by a number of possible
events in the parse, they do not trigger until after a verb has been parsed, and like SHRDLU'’s
routines, generally trigger only at the end of noun phrases.

Most recent models assume that semantic integration take place at a finer granularity than
these models, assuming that semantic integration takes place at every reduction — that is,
after a construction or rule has been completed. This is the rule-to-rule method defined by
Bach (1976). Models which use this approach include Hendrix (1978/1986); Pereira & Warren
(1980); Schubert & Pelletier (1982); Altmann & Steedman (1988); Steedman (1989) and Haddock
(1989) (although the last three models effectively redesign the rule-to-rule approach to achieve
a finer granularity, as will be discussed below). A number of researchers, including Altmann
& Steedman (1988); Steedman (1989); Haddock (1989) and Stabler (1991) have noted that if
integration only takes place after a reduction, it cannot be as incremental as psycholinguistic
evidence suggests

In the model presented in this dissertation, the granularity of syntactic-semantic interaction is
morefine-grained than any of the model sdiscussed above. We call thisgranularity constituent-by-
constituent. A partial interpretation for each constructionisconstructed assoon asthe construction
issuggested by the access mechanism, and as each constituent of any construction is proposed, its
semantics areintegrated with the constitute of the construction. Thusan interpretationisavailable
as soon as the smallest sub-constituent is integrated. Indeed, because syntactic and semantic
constraints are represented uniformly in grammatical constructions, it would be impossible for
syntactic and semantic structure-building to be digoint.
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There is a great amount of psycholinguistic evidence for this fine-grained, on-line nature of
interpretation building, including evidence from comprehension (Marslen-Wilson 1975; Potter &
Faulconer 1979), lexical disambiguation (Swinney 1979; Tanenhauset al. 1979; Tyler & Marden-
Wilson 1982; Marden-Wilson et al. 1988), pronominal anaphora resolution (Garrod & Sanford
1991; Swinney & Osterhout 1990), verbal control (Boland et al. 1990; Tanenhaus et al. 1989),
and gap filling (Crain & Fodor 1985; Stowe 1986; Carlson & Tanenhaus 1987; Garnsey et al.
1989; Kurtzman et al. 1991). Potter & Faulconer (1979) present quite specific results showing that
theintegration of the two constituents of the ADJECTIVE-NOUN construction isdoneimmediately;
they found that the interpretation for an adjective-noun pair was available immediately at the
offset of the noun.

A number of other recent models propose on-line, incremental integration models. The
reading model of Just & Carpenter (1980), for example, assumed that some integrationswould be
immediate. The HPSG parser of Proudian & Pollard (1985) allowed constituent-by-constituent
interpretation, but only after the head had been found in the input — in cases where the head
appearslate in the input, the granularity was more like rule-to-rule. The integration algorithmin
RUS (Bobrow & Webber 1980) seems to be more fine than rule-to-rule. RUS was an ATN parser
linked with asemantic interpreter, PSI-KLONE. At certain arcs (all arcs?) of the ATN, the parser
proposes functional relation between syntactic constituents, and the semantic interpreter responds
by accepting or rejecting. It is difficult to tell from the paper whether this syntax-semantic
interaction happened after every constituent or merely most of them.

The categorial grammar proposals of Altmann & Steedman (1988); Steedman (1989),
Haddock (1989), and Hausser (1986) redefine the rules of categorial grammar to produce
left-branching structures so that the rule-to-rule method will produce the same results as the
constituent-by-constituent approach. Steedman and Haddock both claim that categorial gram-
mar is thus more amenable to incremental interpretation than other models, since it can produce
an incremental interpretation while maintaining the advantage of rule-to-rule parsing in keep-
ing a clean relation between syntactic and semantic processing. The constituent-by-constituent
method also has both of these advantages, since integration is incremental and the production
of an interpretation is directly tied to the construction which licenses it. Since the semantics
of a construction (i.e., its constitute) is expressed as a set of assertions with variables, a partial
interpretation is available as soon as the construction is accessed, and since each word of the
input will be a constituent of some construction, constituent-by-constituent integration implies
that an interpretation can be incrementally augmented as each word is processed. This allows
the constituent-by-constituent method to avoid what Stabler (1991) has called the Pedestrian’s
Paradox; the pedestrian’s paradox is the assumption that a semantic interpretation cannot be
assigned until after arule has been completed and reduced.

Although integration takes place incrementally, a number of experiments have shown that
some parts of the integration process may occur only at clause or sentence boundaries, acting to
integrate the sentence with previous parts of the text. Because the interpretation model discussed
in this dissertation does not focus on inter-sentential processing, and because the integration
algorithm only models grammaticalized combinations, the integration a gorithm does not model
these slower, more powerful end-of-sentence processes.



126 CHAPTER 6. THE INTEGRATION THEORY

6.3 PreviousIntegration Models

6.3.1 Information-Combining Formalisms

Formalismswhich extend unification-like approaches from the syntactic to the semantic domain,
such as Moore (1989) and Pereira & Shieber (1987), have used the lambda-cal culusto represent
the functional nature of the partial information structures, and functional application to combine
these structures. For example if the verb halt were represented as Axhalts(x), then applying this
function to an element like SHRDLU would produce the form halts(SHRDLU).

The integration theory discussed here might be viewed as using implicit lambdas for every
partial information structure. All unfilled variables (i.e., unmarked variables, see §6.4.3) are
considered open by the valence-integration algorithm, and thus act asif the information structure
was in the scope of the appropriate lambda. The valence-integration agorithm ignores variables
which are aready filled, which thus act asif they were not in the scope of alambda.

6.3.2 Valence- and Gap-Filling Formalisms

Both of the unification-based formalisms mentioned above, (Moore 1989 and Pereira& Shieber
1987) propose similar mechanisms for representing and integrating filler-gap dependencies, the
argument stacks of Moore (1989), and the gap-threading of Pereira & Shieber (1987). The
gap-threading algorithm, for example, propagates gap information in two directions— top-down
information from constructions which require a gap to occur, and bottom-up information from
the lexical gap-insertion ruleswhich indicate that a gap exists.

Because filler-gap integration is done semantically rather than syntactically in CIG, there
is no need for gap-threading. A construction specifies that a hole is required by binding a
filler to a dash-variable. When the constituent which instantiates the dash-variable is found,
the integration algorithm finds a hole inside it to bind the filler. There is no need for lexical-
insertion rules which add empty-categories to the phrase-structure tree, and hence no need to
back-propagate gap-location.

Like CIG, the filler-gap relation in LFG is also expressed in non-phrase-structure terms.
Kaplan & Zaenen (1989) and Kaplan & Maxwell (1988) proposed that along-distance-antecedent
is linked directly with the functional structure of a predicate. The functional or f-structure level
of LFG isdefined in terms of grammatical relations like TOPIC, OBJ, and COMP.

Linked with this proposal for afunctionally-based account of long-distance dependenciesisa
representational mechanism called functional uncertainty. Functional uncertainty allows a kind
of abstraction in the equations which specify how the fillers of different functions are related
to each other. For example, consider the topicalized sentences (6.1) and (6.2) from Kaplan &
Zaenen (1989) (their (25) and (26)):

(6.1) Mary John telephoned yesterday.
(6.2) Mary John claimed that Bill telephoned yesterday.

In 6.1, the appropriate LFG equation relating the topicalized element and its subcategorizing
predicateis (T TOPIC) = (T OBJ) , indicating that Mary is the object of the verb telephoned.
In 6.2, the appropriate equationis (T TOPIC) = (T COM P OB.J) ,indicating that Mary isthe
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object of the complement of the verb telephoned. In general, then, the equation for constructions
of this sort would need to be something like (T 70OPIC) = (T COMP COMP ... OBJ) ,
indicating that the topic is linked to the object of some complement in the sentence.

Thefunctional uncertainty method allows exactly thislast type of equation to bewritten, using
the Kleene-star operator:

(63) (1 TOPIC)= (1 COMP + OBJ)

Joshi & Vijay-Shanker (1989) shows that a mechanism similar to functional uncertainty can
be defined for Feature-Structure-Based Tree-Adjoining Grammars (FTAGS), where the relation
between the antecedent and the predicate is again captured in functional terms, but where the
mechanism takes advantage of thefact that FTAG ‘elementary trees formadomain for localizing
long-distance dependencies.

6.3.3 Valence- and Gap-Filling Algorithms

The previous section discussed ways of representing filler-gap relations. This section discusses
algorithms for combining the filler and the gap in producing a semantic interpretation. In
general, gap-filling algorithmsfall into one of two classes. Inthefirst class, the knowledge-based
algorithms, (Fodor 1978; Tanenhaus et al. 1985; Ford et al. 1982; Hirst 1986; Cardie & Lehnert
1991) the interpreter uses any available knowledge to help decide how to link fillers and gaps.
Thisinformation can includelexical category, lexical semantics, lexical valence, etc. The second
class of agorithms(Clifton & Frazier 1989) assume that the syntactic processor isan autonomous
subsystem which assigns fillers to gaps without using any lexical knowledge except perhaps
lexical syntactic category information.

In the lexical expectation model of Fodor (1978), which she bases on unpublished work by
Wanner and others, the processor only proposes a gap for verbs which have expectations for
arguments. The subcategorization frame for each verb isranked, and if the preferred frame for a
verb istransitive, the processor hypothesizes a gap following the verb. Thus the model relies on
verb subcategorization information.

Boland et al. (1989) extend the lexical expectation model to handle multivalent verbs. They
suggest that if the verb is multi-valent, the processor first attemptsto fill the direct-object role, but
if the filler is an implausible direct-object, the processor immediately attempts to fill any other
roles the verb has instead, such as indirect-object or infinitive complement. For convenience we
will refer to this model as the multivalent lexical expectation model. This model is very similar
to Sal’s valence integration algorithm, which is discussed in §6.4.3 below. The major distinction
isthat since Sal maintains parallel interpretations, integration can proceed on each interpretation
simultaneously.

Hirst (1986) proposes a model of gap-filling which evaluates each possible gap location in
parallel. In order to consider all the possibilities ssimultaneoudly, Hirst’s algorithm is not on-line
— after the Paragram parser has completed parsing the sentence, it passes al the parses to the
Semantic Enquiry Desk. The Semantic Enquiry Desk chooses thefiller-gap pairing which ismost
semantically plausible. Although Hirst’smodel isnot on-line, it isthefirst implementation which
uses plausibility to choose between candidate gap-filler pairs.



128 CHAPTER 6. THE INTEGRATION THEORY

Clifton & Frazier (1989) model gap filling with the Active Filler process. In their model,
whenever a wh-element occurs, the processor expects a gap to appear somewhere afterwards,
hypothesizing a gap at every syntactically legal position until the gap isfilled. Like the Active
Filler process, Sal’s valence integration algorithm proposes a filler when a construction suggests
it, although Sal is somewhat more general in that it proposes afiller not just after wh-elements,
but whenever the CIG grammar contains a slash-integration declaration, including, for example,
topicalization and other such phenomena. The valence integration algorithm also differsfromthe
active filler algorithm in that it searches for semantic gaps, or holes, rather than syntactic gaps,
and that it applies semantic constraints on the hole to each filler.

6.4 Thelntegration Operation

This section describes the details of both constituent integration and valence integration. Both
these kinds of integration are based on a low-level information-combining primitive which is
modeled on unification. §6.4.1 defines this primitive operation. §6.4.2 then defines constituent
integration, and §6.4.3 definesvalence integration. Finally, §6.4.3 discusses how both constituent
integration and valence integration require that a representational distinction be drawn between
constraints on afiller of some gap or constituent slot, and the actual filler of the gap or dot.

6.4.1 Thelntegrational Primitive

The integration operation combines two informational structures by building a new structure
that has all the information from its inputs, augmented with a binding list. As such, it is
an extension of the most common information-combining formalisms, feature unification and
term unification. While unification is an adequate operation for combining syntactic feature
information, models which have attempted to use unification for semantics have augmented it
with such mechanisms as lambda-abstraction and functional application (Moore 1989, Pereira
& Shieber 1987). The integration operation proposed here also augments the basic unification
operation, using unification as a low-level processing primitive. This section describes this
primitive operation, based on unification. The following sections will show how this primitiveis
used in building interpretations.

Like unification, integration combines informational elements by building an output structure
which contains all the information from each input structure. Also like unification, it can do this
in two ways: by variable binding, and by predicate copying. In variable binding, a variablein
one structure is bound to some part of the other structure. In predicate copying, the new structure
is build by explicitly copying predicates from each input structure.

Notethat because our semantic structuresare expressed in apredicate-cal culus-likeformat, the
method of combination is predicate-copying rather than feature-copying. However, it is aways
possible to rewrite a predicate-based information-structure as a feature-based one, and so the two
methods are basically notational variants. Thus the primitive operation on which the integration
operator isbuiltisaversion of unificationwhich unifiesthese predicates. Thislow-level operation
is used as a sub-routine or combinational primitive by the integration mechanism.

The rest of this section will consider three examples of this primitive operation, which are
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shown in Figure 6.2. In each case the integration operation is represented by the | operator, and
the product of the operation is shown at the bottom of the figure.

(aldentify $t (aldentify $t
(Unknown $p) (aScale $s (Unknown $p)
(Background $x)) (On $2)) (Background $x))

(aldentify $i (a Scale $x (aMeans-For $x

| (Unknown $u) I (Domain Red) | (Plan $p)
(Background $j)) (On $y)) (Goal $9))
(aldentify $t (aScale $s
= (Unknown $p) = (Domain $g) = @
(Background $x)) (On $2))
BINDINGS BINDINGS
((3x $g) ($p $u) (St $i) (($z By) ($s$x))

(@ (b) ©

Figure 6.2: Three Examples of Integration

Figure 6.2a shows the integration of two assertions which are identical expect for the names
of the variables which are bound to them. Each assertion creates an instance of the Identify
concept, and both have the same slots, which are filled with different variables. The conceptsin
Figure 6.2a are integrated by first binding together the two concept variables $t and $i, and then
integrating the individual dlots of the concepts.

Figure 6.3 shows a raw trace of the integration function which is part of the implementation
of the interpreter, in integrating the two structures from Figure 6.2a. The function, called
i nt egr at e, takes two structures and returns a new structure which is the integration of the
two input structures. The only result of this simple integration was to bind together a number
of variables. Note that the integration function binds together the variables $t and $i, which are
bound to each of the two assertions. In addition, the variables which fill each of the individual
dots are a'so bound together.

Figure 6.2b shows a second example of integration which integrates two structures which
each define a scale (see Chapter 3). Each of the structures specifies particular information about
the scale. When the two structures are integrated the resultant structure specifies a scale which
combines the information from the input structures. As before, the concepts in Figure 6.2 are
unified by first unifying the two concept variables, and then unifying the individual slots of the
concepts. This example will be described further in Figure 6.5 and Figure 6.6.

Figure6.2c shows an example of afailed integration. Here the two assertionsthat were passed
to the integration function were assertions of different concepts. The first assertion required an
instance of the Identify concept, while the second assertion required an instance of the M eans-
For concept. Since the integration operation requires that two input assertions have the same
concept, thisintegration failed. Figure 6.4 shows atrace of thisfailed integration.
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<cl> (integrate

[(a identify $t
(unknown $*p)
(background $x))]

[(a identify $i
(unknown $*u)
(background $g))])

(a identify $t
(unknown $p*)
(background $x*))

Bl NDI NGS:

(($x* $g) ($p* $u*) (St $i))

<cl >

Figure 6.3: A trace of asimple successful integration

6.4.2 Constituent I ntegration

We turn now to examine the ways in which this primitive integration operation isused in building
interpretations. The first process we consider is congtituent integration. Constituent integration
is the name we give the process by which individual constituents of a construction are filled by
integration with structuresin the access buffer. As mentioned in §4.5.1, congtituent integration is
very much like amorefine-grained version of the handle-pruning mechanisms used by bottom-up
parsers (Aho et al. 1986). Informally, a handleis a substring of the input that matches the right
hand side of some rule. Handle-pruning thus consists of replacing a handle in a string with the
left-hand side of the relevant rule. In constituent integration, instead of matching the entireright-
hand side of arule with the input, we match a single constituent with the input. Thisis because
integration proceeds on a constituent-by-constituent basi's, instead of the rule-to-rule basis which
is used in many models of sentence-interpretation (as discussed in §6.2.3).

The control structure of constituent integration was described in §4.2, and proceeds by making
acopy of each interpretation in the interpretation store, and attempting to integrate it with a copy
of each construction in the access buffer. The constituent integration operation itself is thus
called on each interpretation-construction pair, and attempts to integrate each construction with
the cursor of each interpretation. The constituent integration algorithmitself isasfollows:

Constituent Integration: Given aconstruction ¢ which places a set of constraints s
on its cursor constituent, and given aproposed constituent ¢, integrate each assertion
in ¢ with each assertion in s, subject to the constraint that s must subsume g.

Figure 6.5 shows an example of constituent integration. The interpretation buffer containsthe
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<cl> (integrate

[(a identify $t
(unknown $*p)
(background $x))]

[ (a neans-for $x

(plan $*p)
(goal $g))1])

ni |
<c| >

Figure6.4: A trace of afailed integration

How-Scale construction. whose cursor selects the proposition (a Scale $s (On $z). The access
buffer contains the word red.

The concepts in Figure 6.5 are unified by first unifying the two concept variables, and then
unifying the individual dots of the concepts. Thus the integration operation acts to match the
information in the interpretation cursor with the information in the access buffer. In the case of
Figure 6.5, the integration succeeds because both structures contain the same concept, in thiscase
the concept scale. In addition, the concept in the interpretation store subsumes the concept in the
access buffer.

A raw trace of the output of the integration appears in Figure 6.6. The integration operation
performed a number of bindings in integration the two structures. Integrating the two Scales
required binding together the two variables $s and $x, while integrating the two On clauses
required the integration operation to bind the variables $z and 3y together.

The definition of constituent integration above required that the constituent subsume any
allowable fillers. Thus constituent integration treats constraint information differently than do
operations such as unification. The integration operation treats constraint information as a set of
relationsthat must be present in any gap filler. That is, where unification is symmetric, integration
isasymmetric because it requires that constraints on a constituent subsume a proposed filler. In
order tofill agap, a candidate filler must at least include all the semantic relations expressed by
the constraints on the congtituents. This is true for both constituent integration and constitute
integration. Thusin order for aconstruction tofill the constituent slot in another construction, i.e.,
for a construction ¢ to congtituent-integrate with a constituent ¢ of another construction, ¢ must
subsume ¢. See Ingria (1990) for a similar proposal, with a detailed examination of unification
and subsumption applied to agreement information in a number of languages.

As§6.2.2 noted, constituent integration can use information about the representation language
to decide if a candidate can successfully fill a constituent sot. Chapter 3 noted, for example,
that a construction can constrain one of its constituents to be a weak construction, such as NOUN
or DETERMINER. Recall that each weak construction abstracts over various strong constructions.
Since a successful filler must be subsumed by the constraints, a constituent which is constrained
to be a certain weak construction w can only be filled by constructions which are subsumed by
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Before I ntegration:

After I ntegration:

(aldentify $t (aldentify $t
(Unknown $x) (Unknown $x)
(Background $s) (Background $s)
Such-That Such-That
(aScale $s (aScale $s
(Location $z $x))) (Location $z $x)))
e (aScae$s e (aScde$s
how (On $2)) how (On$2) ;
-------------------------- . (Domain Red)):
Interpretation Store  redr |
| nter pretation Store
(aScale $x
(Domain Red)
(On $y))
|
1] rwll
Access Buffer Access Buffer

Figure 6.5: Constituent Integration

w. For example if a construction constrains one of its constituents to be a weak construction
like DETERMINER, this constituent will integrate successfully with a strong construction like THE,
because DETERMINER abstracts over THE. Figure 6.7 below shows a trace of the constituent-
integration function from the implementation of the interpreter integrating a weak-construction
subsumption example. The example begins by setting up a small sample grammar with three
congtructions. The three constructions are the DETERMINATION construction first introduced in
§3.4.2, thelexical construction THE, and the weak construction DETERMINER which abstractsover
the THE construction. The trace begins by placing these three constructionsin the grammar, and
then turns on status reporting and call s the constituent-integrate function on the two constructions
DETERMINATION and THE. The constituent-integration function notes that the DETERMINER
construction abstracts over the THE construction, and allows the THE construction to fill the
DETERMINER dot in the DETERMINATION construction, binding the variable $a to the Definite-
Refer ence concept which is the semantics of the THE construction.
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<cl> (integrate
[(a scale $s
(on $z))]
[(a scale $x
(domai n $q)
(on $y)
Such- That
(ared $9))]1)

(a scale $s
(domai n $g*)
(on $z*)

Such- That

(a red $g*))

Bl NDI NGS:

(($z* $y) ($s $x))

<cl >

Figure 6.6: A trace of theintegration diagrammed in Figure 6.5

6.4.3 Constitute I ntegration

While constituent integration is called by the integration control algorithm to integrate the access
buffer into theinterpretation store, constitute integration is defined explicitly by each grammatical
construction. Constituteintegrationisthe meansby which the semanticsof each of aconstruction’s
congtituents are combined to build the interpretation for the whole construction. In the smplest
case of constitute integration, such as for the HoOw-SCALE construction, the semantics of the
constitute are build merely by binding a variable in the constitute with a variable in one of the
constituents. Figure 6.8, repeated from Figure 6.1 above, shows how the semantics of the second
congtituent are integrated with the semantics of the construction because the variable $s, which
is bound to the assertion in the second constituent, is aso bound to part of the Identify assertion
in the constitute.

Aswediscussed above, constitute integration is often more complex than the simple example
above because many common linguistic phenomena require elements to be integrated which
are not locally instantiated, phenomena such as valence (or subcategorization), anaphora, and
other long-distance dependencies. Any theory of incremental integration must show how these
structures can be built up into interpretations.

In general, such structures occur when some semantic structure must be bound to some
variableinside another structure, or (in the vocabulary of the lambda-cal culus) one structure must
be applied to another. 1n order to handle these phenomena, the integration operation isaugmented
with a specia operator, called dash (at the risk of confusion with the various slash operators
of GPSG and Categorial Grammar). Like the slash operator in these two theories, the dash of
integration derivesfrom the use of the slash in mathematicsto indicate set-subtraction. Inthecase
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<cl >
<cl > (begi n- granmmar)

ni |
<cl > (weak Determ ner (freq $y)
[(a Determiner)])

det er i ner
<cl > (constr determ nation (freq $p)
[ (a (Integrate $b $/a)) ]
->
[(a Determner $a)]
[(a N $b)])

det ermi nati on
<cl > (lexicalconstr (The isa Determiner) (freq $f)
[(a Definite-Reference $ii
(head $h) )]
->
[*'the"])

t he
<cl > (end-grammar)

t
<cl > (setf *debuglevel * 1)

1
<cl> (constituent-integrate 'determ nation 'the)

Integrate: Construction ‘determ ner’ abstracts over construction
‘the’ of assertion ‘definite-reference’

Resul t:

$a*

Bi ndi ngs

(($a* ('a definite-reference Sii
(head $h))) ($b $/a))

<cl >

Figure 6.7: Constituent-Integration integrates Weak with Strong Constructions
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How-Scale 149
(aldentify $t
(Unknown $x)
Back d
Sucg'?ﬁa? o $S) ............... » because these variables are identical,
(aScae s { any semantic information from the
(Location $z $x))) { constituent will be copied up to the
constitute.
"o (a Scal e
how (On $2))

Figure 6.8: The How-Scale Construction Specifiesits Integration

of Categorial Grammar and GPSG, X/Y indicated ‘ an instance of category X whichismissing an
instance of category Y’. In the integration theory, a dashed variable indicates that the variableis
bound to a structure with a semantic gap (a hole) insideit.

When a dashed structure isintegrated with anon-slashed structure, the non-dashed structure
is bound to afree variable inside the dashed structure. Thus slashing a structure is like applying
itin categorial or Universal grammar.

The hole-filling integration agorithm can be sketched as follows:

Valence Integration Algorithm: Given amatrix variable m and afiller variable f,
examine each hole #; in m, and when the constraints on a given hole %,, meet the
constraints on the filler f, integrate /,, with f. If thereisno such hole #,,, but some
part of the matrix m is still incomplete, wait and try again.

This algorithm allows the the grammar to specify ways in which information-combination
can occur over adistance. In later sections we will discuss a number of grammatical construc-
tions which require such distant instantiation. For the rest of this section, however, we will
consider smpler structures involving verba valence (i.e., information in the verbal lexical entry
on subcategorization, thematic roles, and semantic arguments).

Aswesaw in §3.8, thelexical entry for valence-bearing wordslike verbsincludesinformation
on the possible arguments the verb can take, including their number, and any semantic and
syntactic constraints on them. Each of these arguments is represented as a hole in the lexical
structure. Just as in unification or lambda-cal culus-based approaches, the verb thus acts as a
function which is applied to its arguments, with the extension that the semantic predicates which
define the hole act as constraints on any fillers.

If the semantic gaps are represented in the verba lexica entry, and the fillers are noun
phrase or prepositional phrases, the grammar requires a third construction which specifies how
these two are integrated together. This is the verb-phrase construction. There are many verb-
phrase constructions in our grammar — we begin with the MONO-TRANSITIVE-VERB-PHRASE
CONSTRUCTION. This verb-phrase construction accounts for transitive verb-phraseswith asingle
complement. Figure 6.9 shows a representation of the construction.
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Mono-Tr-VP

($lv | $c)

(aVerb $v) (a%c
(Undergoer))

Figure 6.9: The Mono-Transitive-Verb-Phrase Construction

Note that the symbol | is used to indicate the integration operation. Thus the MoONO-
TRANSITIVE-VERB-PHRASE construction builds its semantics by integrating its two constituents,
$v and $c. The Verb congtituent in the integration has been marked with a dash ($/v). This
indicates that the verb will serve as the matrix for the complement. The second constituent of
the construction, labeled $c, has been constrained to fill the Under goer role (Foley & van Vain
1984), which abstracts over those thematic roleswhich generally act asgrammatical objects. This
will constrain which valence role of the verb will be filled by the integration. More details on
valence semantics arein §3.8.

Let’strace the operation of the integration function on the MONO-TRANSITIVE-V ERB-PHRASE
construction just defined. Consider the sentence in (6.4):

(6.4) Casey hit the ball.

The DECLARATIVE-CLAUSE construction was used to link the subject Casey to the verb hit.
Thusjust before the noun-phrase the ball isinterpreted, the state of the construction appearsasin
Figure 6.10.

($h | $c)

(Hitting-Action $h (a%c
(Hitter Casey) (UndGr))
(Hit-Pat $x )

" Casey hit...

Figure 6.10: Interpreting “ Casey hit...”

When the phrase the ball isfirst constituent-integrated, but before the valence integration is
done, the construction appearsasin Figure 6.11.
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($h | $0)

/\

(Hitting-Action $h (aBall $c)
(Hitter Casey) (Disc-ref)
(Hit-Pat $x (UndGr))

" Casey hit the ball"

Figure 6.11: Interpreting “ Casey hit the ball (1)”

In order to build the semantics for the MONO-TRANSITIVE-VERB-PHRASE construction, the
integration operation must find a gap in the structure bound to the variable $h, i.e., the semantic
structure of the Hitting-Action concept. There is only one unbound variable in this structure —
the variable $x, the filler of the Hit-Patient dot. In order for integration to succeed, however,
the constraints on the variable $x must match the constraints on the filler $c. This filler, the
Ball object, is constrained to be an Under goer by the verb-phrase construction. The Hit-Patient
concept is indeed defined to be an acceptable Under goer, (see §3.8), and hence the integration
proceeds as shown in Figure 6.12.

/\ (Hitting-Action $h

(Hitting-Action $h ‘(aBal $c) ™, J\ _
tine camy) | i | 2 s
tieealsy) (o) gl

integration finds
“thisgap andfillsit
with this structure. -+

Figure 6.12: Interpreting “ Casey hit the ball (2)”

The valence integration algorithm is thus knowledge-intensive, in that a variable may be
constrained by any type of linguistic knowledge — grammatical category, semantics, control
information. This aspect of the algorithm is compatible with a broad class of psycholinguistic
results. Mitchell & Holmes (1985), for example, shows that integration is able to use lexical
information like syntactic category and subcategory. Shapiro et al. (1987) shows that integration
can also uselexical semantic information. Boland et al. (1990) and Tanenhaus et al. (1989) show
that when a verb specifies control information for its verbal predicates, this information is also
used by the integration mechanism, and indeed is available immediately.
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Marking Variables

Expectations plays a strong role in the design of thisinterpreter. For example, §5.2 showed that
two kindsof expectations can be used to hel p access constructions: constituent-based expectations
and valence-based expectations. Constituent-based expectations arise from the constraints that a
construction placeson itsconstituents, whileval ence-based expectationsarise fromthe constraints
that alexical construction places on its valence arguments. 3

The integration theory allows each of these kinds of expectations to constrain the integration
process. Thus constituent-based expectations constrain constituent integration, while valence-
based expectations constrain constitute integration. But in making these integrations, the inter-
preter must be able to distinguish between these kinds of constraints on gaps, and information
which is actually present in the gap filler. Symmetric, monotonic operations such as unification
do not allow these two kinds of information to be distinguished — both are represented uniformly
as attribute-value pairs. Thus in a grammar which uses simple unification, for example, there
is no way to know whether a particular verbal subcategorization or valence argument has been
filled.

Other models handle this problem by extending the unification operation to allow aparticular
atomic value with a specia interpretation. The ANY value of Functional Unification Grammar,
discussed in Shieber (1986), acts like avariablein that it will unify with any variable. However,
an ANY value which does not unify with another variable or feature structure marks an unfilled
argument of averb.

Rather than propose aspecial atomic value, theintegration theory described in thisdissertation
makes a representational distinction between gap-constraints and gap-fillers. We do this by
mar king variableswhich have been filled. Unmarked variablesindicate constraining information,
while marked variablesindicate the filler of a gap.

The integration operation takes advantage of this representational difference in combining
information. For example, when thevalence integration algorithmis searching for asemantic gap,
it only considers unfilled gaps, i.e., those gaps whose variables are unmarked. Consider briefly
an example of valence integration that was presented in §4.9, in which the valence integration
algorithm is looking for a semantic gap in the MEANS-HOw construction (this construction is
defined in §3.8.2).

Figure 6.13 might be paraphrased in English as“a question about the means $p for achieving
some goal $g”. As §3.8.2 discusses, this lexical item has a single valence argument, the Goal
$g. In order for the integration algorithm to realize that this structure only has a single valence
argument, each variable which is not a valence argument must be marked. The following table
shows the state of each of the variablesin Figure 6.13:

3Although CIG is currently only embedded in a model of interpretation, it might be suggested that in a model
of production, an asymmetry in the part-whole structure of the construction might be reversed. For interpretation,
the information in the constituent dots of the construction definition is interpreted as constraints on candidate
constituents, while the information in the constitute element is interpreted as instructions for creating a whole
semantic structure. For production, we might expect that the constitute imposes constraints on what concepts may
be expressed by the construction, while the constituents give instructionsfor how to build structure.
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(a ldentify $t
(Unknown $*p)
(Background $x)

Such- That
(a Means- For $x
(Means $p)
(Goal $9)))

Figure 6.13: The Semantics of the MEANS-HOw construction

Variable Bindings
$t | marked as an instance of the | dentify concept
$x | marked as an instance of the Means-For concept
$p | marked as an open variable
$g | unmarked

The chart shows how all the other variablesin Figure 6.13 are marked. The variables $, and
$x aremarked because they are bound to instances of concepts by the assertion operator a. As§3.8
discusses, the operator a creates an individual, and thus the variableit fillsis not an open valence
argument. Thevariable $p is previousy marked by the Wh-Non-Subj ect-Question construction
asbeing obligatorily open inside this construction. This marking is donein the grammar, because
the questioned element of a question, (in this case the Unknown element of an Identify) is not
allowed to be filled by the question. The questioned element acts as an open variable in the
discourse, and thus cannot be filled by the question itself.

Thus the only unfilled variable in this structure is the unmarked variable $g which fills the
Goal relation. The traces of the interpreter which are included in this dissertation generally
distinguish marked variables by marking them with an asterisk (i.e., $*x).

§6.5 shows how the valence-integration algorithm accounts for a number of grammatical
phenomena where information-combination is not local.

6.5 Integrating Slashed Elements

The various constructions which are subsumed under the modern term long-distance dependen-
cies (wh-movement, topicalization, right-node raising, heavy-np shift, etc.) have caused most
linguistic or computational theories to propose special mechanisms to handle them. The traces
of GB (and HPSG), the slash-categories of GPSG and HSPG, the functional uncertainty of LFG,
the hold mechanism of ATNs and the adjoining operation of TAGs were all proposed to enable
the information from the distant element to be combined with the rest of the information of the
clause.
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In our model of linguistic knowledge and interpretation, thereis no need for a distinct mech-
anism to interpret long-distance dependencies. The same integration operation which combines
elements in a simple construction and combines valence-bearing el ements with their arguments
also combines distant elements.

This section will show anumber of examples of the use of slashed variablesin integration, and
show how the valence-integration a gorithm can handle the integration of filler-gap dependencies
in ageneral way that is consistent with anumber of psycholinguistic results.

What isnovel about using theintegration mechanism to combinelong-distance elementsisthat
the combinationisdone semantically; the grammar doesnot use syntactic traces, empty categories,
or coindexing as place-holdersfor semantic integration. Fronted elements are integrated directly
with the clauseswithwhich they are semantically related. Incontrast, all of thetheoriesmentioned
above require some sort of mediating syntactic or functional coindexing, or even phonologically
null elements in the syntactic structure of a sentence.

Figure 6.14 comparesour treatment of long-distance dependencieswith the traditional empty-
category model for the sentence What did George take from the fridge?. The empty-category
models postulate a wh-trace directly after the verb take which is coindexed with the wh-element
what. Inour model, the wh-element what isintegrated directly into the semantic structure of take.

Syntactic Gap Coindexing:

What ; did Georgetake wh-trace; from the fridge?

Semantic Gap I ntegration:

“ldentify -, Take

Taken: i

What  did Georgetake  from the fridge?

Figure 6.14: Integrating

One clear advantage of dispensing with complex syntactic |ong-distance dependency mecha
nismsis parsmony. Because theinterpreter must produce an incremental semantic interpretation
of the sentence anyway, thereis no cost in using the semantic gap-filling mechanism instead of a
syntactic one. This makes our integration method more parsimonious than syntactic onesin two
ways. First, using integration with semantic gaps allowslong-distance dependenciesto betreated
with the same mechanism that is used to do all other semantic integrations. Second, because
gaps are semantic rather than syntactic, thereis no need for the grammar to have special syntactic
mechanisms to handle ong-distance dependencies (such as those mentioned above).

The next section §6.5.1 presents an example of the representation and integration of the non-
subject gaps by the WH-NON-SUBJECT-QUESTION construction. The following sections, §6.5.2—
§6.5, present exampleswhich show how the model is consistent with anumber of psycholinguistic
results.
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6.5.1 Slash Integration — An Example

This section discusses the representation and integration of the two constituents of the WH-
NON-SUBJECT-QUESTION construction (Jurafsky (1990) and (1991)), which was introduced in
§3.6. This construction accounts for sentences which begin with certain wh-clauses, where these
clauses do not function as the subject of the sentence. Examples include:

(6.5) a How can| create disk space?
b. What did she write?
c. Which book did he buy?

The construction has four constituents. The first, indicated in bold type in the examples
above, isawh-element, specified as an instance of the | dentify concept (see §3.6). The second is
an auxiliary verb, and participates together with the third constituent in the SUBJECT-PREDICATE
construction, while the second and fourth constituents are constrained to occur in an instance of
the VERB-PHRASE construction, The representation for the construction appears in Figure 6.15
below.

Wh-Non-Subject-Question <3,600

(aQuestion $q
(Queried $var)
(Background (Int $/pre $/a)))

Subj-Prec

(aldentify $t ‘,:'5_'_": __________ ‘
(Unknown $var) [N |
(Background $pre)) (aAux $a) (aN P $n) (aVP $v)

Figure 6.15: The Wh-Non-Subject-Question Construction

Note in Figure 6.15 that the background knowledge for the question is formed by integrating
the variables $pre and $a. These contain the information from the two constituents. Note also
that each of these variablesis dashed. The fact that both variables are slashed indicates that the
semantic gap could be in the structures bound to either of these variables. The gap could beinside
the semantics bound to the Aux constituent, or inside the | dentify structure.

For example, inthe sentence “What did shewrite?” thegapislocated in thefourth constituent,
the VERB-PHRASE, because the verb “write” has an unfilled semantic dot for the object written.
The integration algorithm will bind the semantics of “what” to the unfilled “written-object” dot
of the verb “write”.

Consider now the interpretation of the sentence “How can | create disk space?”. This
sentence includes an instance of the MEANS-How construction defined in §3.8.2. The MEANS-
How construction is concerned with the means of some action, asking for a specification of the
means or plan by which some goal is accomplished.
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Means-How <675

(aldentify $t
(Unknown $p)
(Background $x)

Such-That

(aMeans-For $x
(Means $p)

(Godl $9)))

"how"

Figure 6.16: The Means-How Construction

In (6.58) the gap is in the first constituent, in the MEANS-HOwW construction.  As §3.8.2
discussed, the gap in this construction is the Goal $g.
(6.6) shows the semantics of the second constituent, the CAN construction:

(6.6) (a Ability-State $x
(Actor $a)
(Action $h))

In order to build the correct interpretation of the sentence, the integration algorithm realizes
that the Goal $g in Figure 6.16 is a semantic gap which can be filled by the Ability-State $x in
6.6, and it binds the Ability-State to the variable $g. The final result of the integration of the
sentenceis presented in Figure 6.17.

Aswe discussed above, the gap in the sentence “How can | create disk space” isin the word
“how” rather than in the Subj ect-Second-Clause. Other linguistic analysesrequire wh-phrasesto
fill asyntactic gap in the matrix clause, which requiresthem to include traces or empty categories
corresponding to each possible syntactic modifier position in the Subject-Second-Clause. By
placing the gap inside the semantics of “how”, we eliminate these numerous empty categories.

Figure 6.18 comparesthe CIG model, in which the semantic gap islocated in the MEANS-HOW
construction, with the empty-category model.

6.5.2 Semantic Gap-Filling

This section discusses evidence that gaps are filled by their antecedents directly at the verb (or
other val ence-bearing element) rather than mediated by asyntactic trace or empty category. These
include a number of studies showing the ‘filled-gap effect’. This occurs when the processor has
found an antecedent and expects it to fill a valence-gap in the verb (or in traditional models to
fill a trace after the verb), but this argument position/trace position is aready filled. Consider
examples (6.7) — (6.8), modified from Fodor (1989):

(6.7) Who; could the little child have forced; to sing those stupid French songs for Cheryl last
Christmas?
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(a Question $q
(Queried $p)
(Background
(a Means- For
(Means $p)
( Goal
(a Ability-State $x
(Actor (a Speech- Speaker))
(Action
(a Creation-Action
(Actor (a Speech- Speaker))
(Therre (a Di sk-Freespace)]
"’ A gquestion about the nmeans for achieving the
goal of being able to create sone di sk space.’’

Figure 6.17: The Semantics of ‘How can | create disk space?

Syntactic Gap Coindexing:

How; can| create disk space wh-trace; ?

Semantic Gap | ntegration:

M eans-For # Ability-State
Means ? ..  AbleActor: 1
Goal il "..Able-Action: Creation-Action
T ————
How can | create disk space?

Figure 6.18: The Semantic Gap is Not in the Verb

(6.8) Who; could the little child have forced us to sing those stupid French songs for; last
Christmas?

Note that in (6.7), there is no direct object after forced, while in (6.8, there is an explicit
direct object us. Response timesfrom Crain & Fodor (1985) showed that (6.8) is more difficult to
process than (6.7). This difficulty is manifested exactly at the position of the “filled-gap”, i.e., at
theword usin (6.8). In examples like these, the processor seems to be integrating the antecedent
directly into the verb, and is therefore *surprised” when attempting to fill the already-filled gap
with usin (6.8). A number of experiments have demonstrated this “filled-gap effect”, including
Crain & Fodor (1985), Stowe (1986), and Tanenhaus et al. (1989).

Another group of results using the embedded anomaly technique, in which the antecedent is
a semantically implausible filler for the verb, show effects exactly at the verb. These include
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Garnsey et al. (1989) and Tanenhaus et al. (1989).

The filled-gap and embedded-anomaly results support our model in which the antecedent is
directly integrated with the verbal valence frame. But these results are also compatible with an
empty-category model, in which thereis atrace located directly after the verb forced in (6.7).

The reason the results do not distinguish the two models is that the antecedents which were
considered in these experiments al corresponded to direct-objects, and hence the traces were
located directly after the verb. In order to distinguish the empty-category model from the direct-
integration model, it is necessary to consider cases where the verb and the syntactic trace are
separated by intervening material. Anomaly effects which happen directly or soon after the verb
would then provide evidence for the integration theory proposed here. Anomaly effects which
do not occur until later, that is until the trace position, would be evidence for the empty-category
hypothesis.

Boland & Tanenhaus (1991) studied exactly such a case, in which subjects were asked to
process sentences with antecedents for indirect objects. They used examples like (6.9)—«6.10),
in which both antecedents are sensible indirect objects of distribute, but only pupilsisasensible
indirect object of distribute science exams. That is, the direct object the science exams is
compatible with (6.9) but not (6.10). Thusthe direct-integration model predictsthat the anomaly
will show up when scienceis processed. The empty category model will predict that the anomaly
will not show up until after the preposition to, when the trace occurs. Tanenhaus and Boland
found that in fact the anomaly showed up in reading time and in semantic acceptability at the
presentation of the word science. This shows that gap-filling must have taken place by that time,
and hence must take place directly at the verb, and not mediated by a syntactic trace.

(6.9) Which uneasy pupilsdid Harriet distribute the science exams to in class?

(6.20) Which car salesmen did Harriet distribute the science examsto in class?

Pickering & Barry (1991) also present anumber of exampleswhere the empty-category model
would locate a gap extraordinarily far from the verb, arguing from the general on-line nature of
interpretation that gap-filling must proceed by a direct association between antecedent and filler.

6.5.3 WH-Questions and WH-Subor dinate-Clauses

In general, as the last section noted, finding empirical evidence that distinguishes between our
integration model and the traditional empty-category model is difficult. This is because the
empty-categories proposed by these models are usually placed directly after the valence-bearing
element — thus both models predict that ‘ gap-filling’ or integration will occur after the onset of
the predicate and before the onset of the next word.

Distinguishing the models requires considering cases where the hypothetical empty-category
isnot located directly after its subcategorizer. The SUBJECT-WH-QUESTION is such aconstruction,
because the classical model would place an empty category before rather than after the verb. In
(6.118)—(6.11c) below, theories with empty categories would insert them after the bold-face
wh-elements that begin each of the examples:

(6.11) a Who invented the airplane?
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b. What isfor dinner?
¢. Which book explains the meaning of life?

Figure 6.19 shows a representation of the WH-SUBJECT-QUESTION construction.

Wh-Subject-Question <3,600

(aQuestion $q
(Queried $var)
(Background (Int $/pre $/v)))

(aldentify $t
(Unknown $var)
(Background $pre)) (aVP3%v)

Figure 6.19: The Wh-Subject-Question Construction

Note that the WH-SUBJECT-QUESTION construction has two constituents. The first one, like
the WH-NON-SUBJECT-QUESTION, is constrained to be an instance of the I dentify concept. Recall
from §3.6 that the I dentify concept characterizes the wh- constructions— it instantiates a frame
in which the identity of some element is in question, and where some background information
is provided to help identify the element. The second constituent of the WH-SUBJECT-QUESTION
construction is constrained to be a verb-phrase. Note that the first constituent, the Identify
element, isthen constrained to be the subject of this verb phrase.

Three important psycholinguistic results related to the WH-SUBJECT-QUESTION and the WH-
SUBJECT-SUBORDINATE-CLAUSE construction were presented in Stowe (1986). Stowe's first
results concerned the ease or difficulty of processing Wh-Subject-Subor dinate-Clauses versus
Wh-Non-Subject-Subor dinate-Clauses. In particular, she was attempt to see if the Crain &
Fodor (1985) “filled-gap” results concerning tracesin object position extended to tracesin subject
position. Recall from §6.5.2 that Crain and Fodor showed that the processor used the wh-
antecedent to predict an upcoming post-verbal gap, and experienced difficulties if the gap was
already filled.

Stowe showed that thiswas not the case for subject gaps, that in fact people did not experience
any difficulty when encountering an explicit subject, even when they were expecting a subject
gap. She suggests that this may imply that the algorithm for interpreting wh-gaps in subject
position is very different from the one for interpreting gaps at object position.

Stowe' sresults supports the direct-integration view of gap-filling presented here, and seem to
provide counter-evidence to the empty-category view. Thisis because the empty-category model
would need to assume different processing for subject as against object gaps, which would be
rather difficult as empty-category theories do not distinguish subject and object gaps.

In CIG, on the other hand, subject gaps and object gaps are quite distinct; they belong to
different constructions. Thus it is quite possible that their processing will be different. Consider
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examples (6.12a)—6.12c) from Stowe (1986):

(6.12) a. My brother wanted to know who — will bring us home to Mom at Christmas.
b. My brother wanted to know who Ruth will bring — home to Mom at Christmas.
c. My brother wanted to know who Ruth will bring us hometo — at Christmas.

Stowe showed first that readers had no difficult reading ‘filled’ subject gaps, like the noun-
phrase Ruth in (6.12b) or (6.12c). Her second finding was that readers did have trouble with
‘filled’ object gaps, likethe noun-phraseusin (6.12c). Finally, readershad no troublewith‘filled’
object gapslikeusin (6.12a) if they occurred after awh-element had already filled a gap.

Each of these results would be expected if the interpreter processes wh-elements as CIG and
the integration theory predict. Consider the state of the interpreter directly before processing the
word Ruth in the fragment (6.13) which begins each sentence in (6.12) above.

(6.13) My brother wanted to know who . . .

The interpretation store will contain two constructions — the WH-NON-SUBJECT-
SUBORDINATE-CLAUSE construction and the WH-SUBJECT-SUBORDINATE-CLAUSE construction,
since the input up to that point does not distinguish between the two. The next word, Ruth or
will, distinguishes between the interpretations— Ruth (asin (6.12b) or (6.12c) is consistent with
the WH-NON-SUBJECT-SUBORDINATE-CLAUSE construction, while will (asin (6.12d)) is consis-
tent with the WH-SUBJECT-SUBORDINATE-CLAUSE construction. Neither word should cause any
problem or re-analysis for the interpreter; either one will sSsmply cause one interpretation to be
selected. Thisisconsistent with Stowe'sfirst result that subject gaps did not cause any processing
difficulty. Figure 6.20 shows this state of the interpreter.

Wh-Subject-Sub—Clause Wh-Subject-Sub-Clausd

who who  will bring us...
Wh-Non-Subject-Sub-Clausge Interpretation Store

/ . .
who will bring us...
Interpretation Store Wh-Non-Subject-Sub-Clause
My brother wanted to know who who  Ruth will bring...
Interpretation Store
Ruth will bring...

Figure 6.20: Interpreting Subject Versus Object Gaps (1)

But now consider the processing of object gaps. Recall that Stowe second finding was that
(6.12c) caused the ‘filled-gap’ effect at the word us, presumably because the object gap was
already filled by the wh-element how. The integration algorithm can model this result as well.
An object gap, such as occurs in (6.12b) above, can only occur once the WH-NON-SUBJECT-
SUBORDINATE-CLAUSE has already been selected, as in the bottom interpretation in Figure 6.20.
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When the interpreter getsto theword bring the integration operation will integrate the wh-element
who into the semantics of bring. This is because the WH-NON-SUBJECT-SUBORDINATE-CLAUSE
construction specifies that the wh-element is integrated into the VP constituent. Now when the
interpreter sees the word us, it must re-analyze the interpretation, and undo the integration of
who into bring, because usisinterpreted as the Goal of bring. Figure 6.21 shows the state of the
interpreter just before and after seeing the word us.

these are integrated together...

.............................................. ~.but “bring’ is already filled

A"

Wh —Non-Subject-Sub- Clause Wh-Non-Subject-Sub-Claus;
°, \

“Wha: Ruth willpring. | | whor.. Ruth will bring:Uis
Interpretation Store Interpretation Store
My brother wanted to know who us...
Ruth will bring...

Figure 6.21: Interpreting Subject Versus Object Gaps (2)

Stowe's third result was that readers had no trouble with “filled’ object gapslike usin (6.12a)
if they occurred after awh-element had already filled agap. That is, the processor stops looking
for agap once it findsone. Thisisin fact how the valence integration algorithm works; once a
gap isfilled, the operation does not continue attempting to find a binding.
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In defining atheory to guide aninterpreter like Sal in choosing among possible interpretations,
we might do well to recall that familiar philosophical mammal, Buridan's ass. Remember that
Buridan’s ass was placed exactly in between two equal portions of hay. With no metric allowing
him to choose between the hay on the |eft or the hay on the right, the assisin danger of starving,
because he cannot decide toward which portion to move. The ass must decide how and when to
choose abale of hay. These same questions in our model of sentence interpretation, as follows:

How do we choose among interpretations?
When do we choose among interpretations?

7.1 A Sketch of a Selection Algorithm

Let us begin with an answer to the first question. Like the donkey, we would like to choose
the larger pile of hay — i.e., the interpretation which is highest on some metric. The metric we
choose is coherence with contextual expectations.

In describing the access and integration mechanisms we have focused on the importance
of expectations in suggesting constructions and combining them into interpretations. These

149
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expectations are as important in selecting among interpretations as they are in creating them.
Indeed, the selection theory which | will describe hereisbased simply on assigning each candidate
interpretation a confidence measure based on its coherence with various kinds of expectations.
The theory assigns preferences to interpretations by the Selection Choice Principle:

Selection ChoicePrinciple: Prefer theinterpretation whose most recently integrated
element was the most coherent with the interpretation and its lexical, syntactic,
semantic, and probabilistic expectations.

The Selection Choice Principle refers to a number of kinds of expectations. The term
“expectation” has been used most frequently to mean the sort of dot-filling processing that is
associated with the scripts of Schank & Abelson, the frames of Minsky, the schemas of Bartlett,
even thenoema of Husserl. Thetermisused for similar purposesin the selection theory. Selection
theory expectationsinclude constituent expectations, which are expectationswhich agrammatical
construction has for particular constituents, valence expectations, which are expectations that
particular lexical items have for their arguments, as well as frequency expectations, based on
the idea mentioned in Chapter 5 that more frequent constructions are more expected than less
frequent constructions. As Chapter 3 discussed, each construction is annotated with a relative
frequency, drawn from its occurence frequency in the Brown Corpus.

Of course the selection choice principle will not be sufficient to solve every case of dis-
ambiguation — clearly disambiguation is a process that must refer to every level of linguistic
knowledge, including pragmatic and textual knowledge which is not considered in thisthesis, as
well as non-linguistic world knowledge. As Hirst (1986:111) noted, it is impossible to disam-
biguate sentences like (7.1a,b) without non-linguistic knowledge about “the rel ative aesthetics of
factoriesand flora™:

(7.1) a Theview from the window would be improved by the addition of a plant out there.
b. The view from the window would be destroyed by the addition of a plant out there.
But the use of grammatical expectations derived from lexical semantics, valence constraints,
syntactic constituency constraints, and constructional frequencies, is a necessary part of any
disambiguation model. Indeed, as Norvig (1988) showed, a selection theory which simply chose
the most plausibleinterpretation would fail to meet the constraints of cognitive validity. (7.2) lists
anumber of well-known examplesin which people choose implausibleinterpretationsin order to

fill local expectations, or in which local preferences cause correct interpretationsto be discarded
in favor of incorrect ones:

(7.2) a Thelandlord painted all the walls with cracks.
b. The horse raced past the barn fell (from Bever (1970))
C. The prime number few. (from Milne (1982))
d. Ross baked the cake in the freezer. (from Hirst (1986))

In each of these cases, the reader initially arrives at an interpretation which is semantically
anomalous. This misreading is due to local grammatical expectations, which override, at least



7.2. THE SELECTION CHOICE PRINCIPLE 151

temporarily, themoreglobal semantic well-formednessof thesentence. Sal’ssel ection mechanism
emphasizes examples like those in (7.2) which exhibit thislocal coherence phenomenon.

In addition, of course, even if we had good formal theories of the representation of aesthetic
knowledge, some principle such as the Selection Choice Principle would be needed to show how
the expectations derived from this knowledge can be used to inform future selection choices.

The interpreter solves the second problem (when to choose) by assuming that because the
interpreter’s working store is limited like human short-term memory, interpretations are pruned
whenever they become significantly less-favored than the most preferred interpretation. §4.7
showed that forcing sel ectionto be on-linein thismanner al so sol ves somelong-standing efficiency
problemsin parsing. The timing constraint is stated in the Selection Timing Principle:

Selection Timing Principle: Pruneinterpretationswhenever the difference between
their ranking and the ranking of the most-favored interpretation is greater than the
selection threshold o.

The Selection Timing Principlerequiresthat an interpretation is pruned whenever there exists
a much better interpretation. When all of the alternative interpretations have been pruned, the
most-favoredinterpretation will be selected. Thustheinterpretation storemay temporarily contain
anumber of interpretations, but these will be resolved to a single interpretation quite soon. The
point at which one interpretation is left in the interpretation store is called the selection point.
Like the access point of Chapter 5, the selection point is context dependent. That is, the exact
time when sel ection takes place will depend on the nature of the candidate interpretations and the
context. Just as the access threshold o was fixed but the access point was variable, the selection
threshold o isfixed, whilethe selection point will vary with the context and the construction. The
selection point resembles the recognition point which is used to define the point of final lexical
selection in the Cohort model (Marslen-Wilson 1987).

The remainder of this chapter will explore the Selection Choice Principle and the Selection
Timing principlein further detail. §7.2 summarizes the criteriawhich are used for ranking inter-
pretations. §7.3 explains the Selection Timing Principle, and shows how it can be implemented
by extending the model of Gibson (1991). §7.4 surveys previous selection models, and §7.5
discusses the use of locality in selection. Finally, §7.6 shows that a number of well-known cases
of ambiguity can be correctly disambiguated by the Selection Choice Principle.

7.2 The Selection Choice Principle

The Selection Choice Principle ssimply says to choose the interpretation which is most coherent
with grammatical expectations. The workings of this principle, then, depend on the ranking
algorithm which is use to measure coherence with expectations. This section proposes a specific
ranking algorithm based on the integration operation — interpretations are ranked according to
how well their latest integration was coherent with grammatical expectations and the rest of the
interpretation.

The ranking algorithm can be summarized very smply by considering three possible disam-
biguation situations:
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¢ Given achoice between interpretation whose last integration filled an expectation, and one
whose last integration did not, the selection algorithm will prefer the former.

¢ Given achoice between two interpretations both of whoselast integrationsfill expectations,
the selection agorithm will prefer the one which filled the stronger expectation.

e Given a choice between two interpretations neither of which filled an expectation, the
selection algorithm will prefer the interpretation which has integrated the elements in the
access buffer to one that has not.

This description makes use of a strength ranking for interpretation coherence. Coherenceis
defined according to the following ranking:

The Coherence Ranking: (in order of preference)

| Integrations which fill a very strong expectation such as one for an exact construction, or
for a construction which is extremely frequent.

Il Integrations which fill a strong expectation such as a valence expectation or a constituent
expectation.

Il Integrationswhich fill aweak expectation, such asfor an optional adjunct or include feature
matching rather than feature imposing.

IV Integrations which fill no expectations, but which are nonetheless successfully integrated
into the interpretation.

V Integrationswhicharelocal, i.e., whichintegrate the elementswhich arethe closest together.
VI Integrationswhich fill no expectations, and are not integrated into the interpretation.

It is important to note once again that coherence with expectations is not being offered as a
complete solution to the problem of selecting among ambiguous input. Besides the need for a
notion of ‘real-world or textual-world plausibility’, this algorithm clearly needs to be more fine-
grained, and needs to account for expectations based on such knowledge as previous discourse
referents (such asis proposed by Crain & Steedman (1985) and used by Hirst (1986)). But that
being said, this simple model does account for agreat deal of selection preferences.

The rest of this section will continue the exposition of the expectation ranking and the
Selection Choice Principle by examining specific cases where the interpreter uses the ranking to
select among interpretations at different levels. Examples will be drawn from the more detailed
studiesin §7.6.

Strong Expectations

The most obvious corollary to the Selection Choice Principle is the commonly noted preference
for verbal arguments over verbal adjuncts. Every major model of selection includes some way to
account for this preference. The Selection Choice Principle accounts for thisin a more general
fashion, however. The interpreter will prefer an interpretation which fills any expectation to
one that fills no expectation. This includes verbal valence expectations, thus preferring verbal
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arguments over verbal adjuncts, but aso includes nominal valence expectations, and constituent
expectations.

An example of a constituent expectation occurs with the SUBJECT-EXTRAPOSITION construc-
tion (thedetailsof Sal’sprocessing of thisconstruction arepresentedin§7.6.4). Crain & Steedman
(1985) noted that when processing extraposed clauses such as (7.3), people prefer to analyze the
clause John wanted to visit the lab as a complement clause rather than as a relative clause
modifying the child.

(7.3) It frightened the child that John wanted to visit the lab.

We can see how this preference would be predicted by the Selection Choice Principle by con-
sidering the two candidate interpretations of the sentence just after processing the word “ child” .
There are two candidate interpretations at this point, one involving the DECLARATIVE-CLAUSE
construction, and the other the SUBJECT-EXTRAPOSITION construction. In the DECLARATIVE-
CLAUSE interpretation the word it acts as a normal pronoun, and there are no unfilled verbal
or constructional expectations. Although the word “ that” could begin a post-nominal relative
clause, there is no expectation for it. The SUBJECT-EXTRAPOSITION interpretation, however, does
have one unfilled constituent slot — the slot for a SUBORDINATE-PROPOSITION, which begins
with the word “ that” . (The SUBJECT-EXTRAPOSITION construction has three constituents — the
subject it, a VP, and a SUBORDINATE-PROPOSITION.)

Because the word “ that” fills an expectation in the SUBJECT-EXTRAPOSITION construction
but not in the DECLARATIVE-CLAUSE construction, the SUBJECT-EXTRAPOSITION construction is
preferred. Thus when choosing between an interpretation which fills an expectation and one
which does not, the expectation is preferred.

Very Strong Expectations— Specificity

In the case of (7.3), only one of the possible interpretations was expected. If both interpretations
are produced by filling an expected argument, the selection algorithm will prefer the strongest
expectation according to the ranking criteria above. The most highly ranked expectations are
called very strong expectations. An expectation is very strong when compared with another if
it constrains its filler more specifically than the other expectation, or if its filler is much more
frequent than thefiller of the other expectation. Thus given a choice between two expectations, if
one is more specific to the constituent just integrated, it is selected. The idea of choosing a more
specific rule when two rules apply is often referred to as Panini’s Principle, and was proposed
by Wilensky & Arens (1980) and Wilensky (1983) for choosing among interpretations, and by
Hobbs & Bear (1990) for choosing among attachments.

Consider, for example, the ambiguous phrase grappling hooks in (7.4) from Milne (1982) in
which the word hooks can function as anoun (asin (7.4a)) or averb (asin (7.4b)):

(7.4) a The grappling hookswere lying on deck.
b. #The grappling hooks on to the enemy ship.

The use of hooks asanoun, asin (7.4a), ismuch preferred. Milne (1982) found that sentences
like (7.4b) cause processing difficulty. The preferencefor (7.4a) fallsout of the Selection Choice
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Principle because grappling hooks is a collocation — that is, there is a specific construction
GRAPPLING-HOOK S which has two constituents, the first “ grappling” , and the second “ hooks” .
Because the construction is alexical one, it has a very strong (lexical) expectation for the word
“hooks’ . Thuswhen hooks appears, it meetsthis strong expectation. In(7.4b), on the other hand,
the SUBJECT-PREDICATE construction only givesrise to an expectation for aVERB — i.e,, for any
verb. This expectation isnot avery specific one; there are agreat number of verbs, and therefore
by the Coherence Ranking, it isnot as strong an expectation as that from GRAPPLING-HOOKS, and
the GRAPPLING-HOOK S interpretation is selected. This exampleis discussed further in §7.6.1.%

Very Strong Expectations— Frequency

The second kind of very strong expectations are frequency expectations. If two interpretations
differ only in the frequency of the last construction which they integrated, and if one of these
constructions was much more frequent than the other, the interpretation that integrated this
construction will be preferred.

For example, (7.5) causes agarden path reaction inmost readers. Intheintended interpretation
of the sentence, “ complex” isanoun, and “ houses’ isaverb; thus the students are housed by the
complex. However, most readers initially interpret “ the complex houses’ as a noun phrase, and
are confused by the lack of averb.

(7.5) The complex houses married and single students and their families. 2

The two interpretations do not differ in valence or constituent expectations; the most recent
integration of both interpretationsfills a constituent expectation. However, these last integrations
differ significantly in frequency; the frequency of “ house” as a verb (according to Francis &
KuGera (1982)) is 53 per million 3, while the frequency of “ house” as anoun is 662 per million.
Because of this order-of-magnitude difference, the nominal sense of house is selected over the
verbal sense.

We define a strong frequency expectation as one in which the more frequent construction is at
least an order of magnitude more frequent than the alternative. Note that this definition of strong
frequency expectation isthus similar to the definition of the access threshold in the access theory,
which allowed a construction to be accessed by evidence unless the evidence was more than an
order of magnitude more frequent than the construction.

Weak Expectations

Below both strong and very strong expectations on the coherence ranking are interpretations
whose last integration fills weak expectations. Weak expectations are expectations for adjuncts,
derived from constraints on the semantic frame associated with alexical construction. As §3.8.2

Iwilensky (personal communication) has also suggested that (7.4b) may be difficult because the nominal sense
of grappling isvery rare, arguing that Sal would prefer (7.4a) because of avery strong frequency expectation rather
than a very strong specificity expectation.

2noted by Marti Hearst from an article in the Berkeley campus newspaper.

30r even lower than 53 per million; of these 53 verbal occurences, 29 consist of the gerund “ housing” , leaving
only 24 true verbs.
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discussed, the valence of lexical constructions expressed their required arguments. Optional
arguments are represented by dots in the definition of the semantic frame associated with a
construction. For example, Gawron (1983) suggested that the fact that certain verbs, such as
activity verbs, but not others, like statives, are particularly compatible with temporal adjuncts, be
represented by including a temporal dot in the definition of the frame related to the verb, but not
including this dot in the verb’'s valence arguments. This distinguishes weak expectations from
strong expectations, which are specified either in averb’'s valence structure or by a construction’s
constituents.  Among the consequences of this representation are that a time adverbial will
preferably attach to an action verb or an event noun over a stative or non-event noun. In general,
an active verb is preferred to a stative, and a verba form is preferred to a nominalization,
particularly with deverbal nominalizations from punctual verbs, Thus, for example, when the
selection algorithm must choose between an adverbial which could modify anoun, (in this case
a deverbal nominalization from a punctual verb), and an activity verb, the activity verb will be
chosen, with the result that the preferred interpretation of (7.6a) below isthat the talking occurred
yesterday, while the preferred interpretation of (7.6b) isthat the confirmation occurred yesterday.

(7.6) a Humbert was talking about Clarence Thomas confirmation yesterday. (talking yester-
day)

b. Humbert was talking about Clarence Thomas being confirmed yesterday. (confirmed
yesterday)

Locality

If none of the interpretations in the interpretation store has recently filled any expectation on
the Coherence Ranking, Sal prefers the interpretation which is more local. Locality isasimple
heuristic which instructs the sel ection mechanism to choose the interpretation whose most recent
integration integrated the nearest or most local constituents. Thusin sentenceslike thefollowing,
(from Wanner (1980)), where both verbs are compatible with atime adverbial, but neither has an
expectation, the selection algorithm will attach the adverb to the nearer verb * die” .

(7.7) Bill said John died yesterday.

Locality will be used to account for the someattachment preferencesof adverbsand preposition
phrases. Note that locality is not a very significant part of the selection algorithm — locality
preferences only apply if no coherence criteriaare applicable. See §7.5 for further details.

Constraint Violations

Finally, of course, an interpretation can be ruled out because some constraints were violated in
building it. The simplest case occurs when an interpretationis ruled out by syntactic constraints.
For example, §7.6.1 shows that the word can, which can be aMODAL, a NOUN, or a VERB, can
be disambiguated by the syntactic constraints of the preceding verb.

An interpretation can be ruled out for violation of semantic constraints as well as syntactic
ones. For example, Hobbs & Bear (1990) noted exampleslike (7.8), where the preposition phrase
during the campaign attaches to the (distant) verb saw rather than to the (local) noun president
because the president is not semantically modifiable by a duration adverbial.
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(7.8) John saw the president during the campaign.

The next two sections, §7.3 and §7.4, will survey linguistic data on these selection preferences.
§7.6 will show that the Sel ection Choice Principle handles anumber of classic cases of ambiguity,
while §7.5 reanalyzes the need for alocality principlein selection.

7.3 The Selection Timing Principle

A principle like the Selection Timing Principle, which states when selection decisions must be
made, is necessary for atheory of sentence processing which attempts to model human behavior.
Besides the obviousnecessity for some minimal statement of the time of disambiguation, atiming
principle can be used to explain the existence of certain garden-path effects. For example, the
timing principle may sometimes require an interpretation to be selected before enough evidence
has come in, causing the interpreter to choose an incorrect interpretation and discard the correct
one. In other words, because the interpreter is unable to look ahead in the input for evidence
before making adecision (unlike Balaam'’s ass), it can make the wrong decision. Thus the human
sentence interpreter trades completeness for tractability.

The Selection Timing Principleinstructs the interpreter to prune interpretations whenever the
difference between their ranking and the ranking of the most-favored interpretation isgreater than
the selection threshold «. In other words, selection timing is accounted for not by specifying
when an interpretation is selected, but by specifying when an interpretation is pruned. That is,
if there are two interpretations in the interpretation store, the selection timing principle explains
when the least-favored interpretation is removed from the interpretation store. When the store
only contains two interpretations, there is no difference between selecting the best interpretation
and removing the worst one. If there are more than two interpretations in the store, pruning the
worst interpretation will still [eave multiple possible interpretations.

This method of specifying selection timing by pruning less-favored interpretations according
to the arithmetic difference between their rankings and the rankings of the most-favored inter-
pretation was proposed by Gibson (1991). In this section, we show that Gibson's method of
accounting for selection timing data, which emphasized ranking based on syntactic criteria, can
be smply extended to include semantic and constructional criteria.

As we discussed above, Gibson proposed four principles which account for preferencesin
disambiguation — two of these, the Property of Thematic Reception and Property of Lexical
Requirement, are related to the Coherence Ranking. The Property of Thematic Reception assigns
a processing load to any structure which does not receive a thematic role, while the Property
of Lexical Requirement assigns a load to any parse with an unfilled expectation which is filled
in some other parse. Sal’s preference for interpretations with integrated elements over those
with unintegrated elements is a generalization of Thematic Reception, while its preference for
interpretations which fill expectationsis a generalization of Lexical Requirement.

Specifying selection timing consists of choosing the selection threshold o in terms of the
Coherence Ranking of §7.2. We propose that the threshold o be set a 2 coherence points, where
coherence points are assigned to the Coherence Ranking as follows:

The Coherence Ranking: (in order of preference)
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3 pts Integrations which fill a very strong expectation such as one for an exact construction, or
for a construction which is extremely frequent.

1 pt Integrations which fill a strong expectation such as a valence expectation or a constituent
expectation.

1 pt Integrationswhich fill aweak expectation, such asfor an