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Chapter 15
Constraint Satisfaction Accounts of Lexical and Sentence Comprehension

Maryellen C. MacDonald and Mark S. Seidenberg

Consider what it takes to understand an ordinary sentence such as The man bought a tie
with timy white diamonds. Part of your understanding includes that the man is the agent of
the action bought and that g fie is the thing being bought. To get this far, you also need to
understand that man and fie are nouns and not verbs, although the verb usage of these
words is possible in other contexts, such as man the boats or tie your shoes. You also need
to understand that a tie refers to neckware, not to a game with equal scores, and that tiny
white diamonds are an attribute of the tie, and not the currency used to purchase the tie
(cf. The man bought a tie with his credit card). Despite these and many other possibilities
where interpretation could go wrong, the odds are in favor of your interpreting this sentence
correctly. For example, man is more common as a noun than a verb, so a comprehender
who unconsciously goes with the best odds will get to the right interpretation here.
Similarly, words that follow determiners such as the and g are far more likely to be nouns
than verbs, and tiny white diamonds are unlikely to be offered in trade for haberdashery, at
least in most cultures. Comprehenders who follow the most likely alternatives will get to
the correct interpretations of these aspects of the sentence. The idea that language
comprehension is a process of following likely alternatives to derive an interpretation of
ambiguous input forms the basic claims of constraint satisfaction, or constraint-based, the-
ories of language comprehension. As in these examples, what is a likely alternative depends
on properties of both individual bits of information (e.g., the frequency with which a word
is used as a noun or verb) and combinations of bits of information (e.g., the + man or a +
tie). Constraint-based theories emphasize how people learn, represent, and use such prob-
abilistic information. This chapter will provide an overview of this approach, including its
history, how it compares to alternative views, and a description of the kinds of computa-
tional mechanisms that are thought to underlie learning and using such constraints.

1. TRADITIONAL VIEWS OF LEXICAL AND SYNTACTIC AMBIGUITY

As the sentence about the man and his new tie illustrated, ambiguity is ubiquitous in
language. This chapter will focus on two main types of ambiguity: lexical ambiguity,
illustrated by the multiple meanings of words such as tie, and syntactic ambiguity,
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illustrated by the alternative interpretations of with tiny white diamonds as something
describing the tie (thus modifying a noun) or describing the method of buying (modify-
ing a verb). (See the Pickering and van Gompel, Kluender, and Tanenhaus and Trueswel]
chapters for discussions of other types of ambiguity.) The two kinds of ambiguity can
interact; for example, adopting the noun vs. verb interpretation of man affects how one
interprets the syntactic structure of a sentence containing this word. Despite the close
relationship between these two types of ambiguity, for much of the history of modern
psycholinguistics they have been studied independently. This division reflected differing
views about lexical and syntactic representations (MacDonald, Pearlmutter, &
Seidenberg, 1994). The meanings and other properties of words have often been thought
to be stored in the lexicon, a person’s mental dictionary. On this view, interpreting words
involves looking up, or accessing, information in the lexicon. This process was thought
to be autonomous, proceeding in the same way regardless of the context in which a word
occurred (Tanenhaus, Leiman, & Seidenberg, 1979; Swinney, 1979). It was also thought
to make minimal demands on limited capacity working memory and attentional
resources, allowing multiple meanings of words to be accessed in parallel. This led to a
two-stage model of lexical ambiguity resolution. In the first stage, the lexical system
accessed the common meaning or meanings of words; in the second stage, information
derived from the linguistic and extra-linguistic contexts and the comprehender’s back-
ground knowledge were used to select the appropriate meaning and integrate it into the
developing representation of the sentence (see Simpson, 1981, for review).

Syntactic structures, in contrast, were standardly assumed to be constructed by a men-
tal parser on the basis of grammatical rules. Deriving sentence structure was assumed to
place demands on working memory and attentional resources that are limited in capacity
(Frazier, 1987; Gibson, 1998; Just & Carpenter, 1992; MacDonald, Just, & Carpenter,
1992). These memory demands caused the parser to pursue only a single interpretation of
syntactic structure at a time. This also led to a two-stage model. In the first stage, general
parsing principles were used to assign a candidate syntactic structure online; in the second
stage, other types of knowledge were utilized to flesh out this representation (e.g., inter-
pret it semantically) and to revise the initial analysis if it were discovered to be incorrect.

Both lexical and syntactic accounts were motivated in part by appeals to the notion that
language consists of distinct modules involving different types of information and processes;
however, in the lexical case, this resulted in multiple alternatives being considered in a
parallel process, whereas in the syntactic case, this resulted in a single interpretation being
considered in a serial process (see MacDonald et al., 1994; Tanenhaus & Trueswell, 1995,
for reviews). The modular view was consistent with distinctions between the lexicon and
syntax in grammatical theories that were prominent at the time the two-stage accounts
were being developed (Newmeyer, 1980). The two-stage approach was also justified on
the basis of assumptions about processing capacity limitations and the need to analyze the
linguistic input very rapidly. The route to efficient interpretation was thought to be via a
two-stage system in which the preliminary first-stage analysis prevented the input
from being lost from working memory; the burden on working memory limitations was
reduced because processing at this stage was limited to certain types of information,
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e.g., syntactic structure. The initial interpretation could then be refined, corrected, and
elaborated in the second-stage analysis.! This attention to the time pressures of language
comprehension and to the notion that processing may proceed through several distinct
stages was reflected in the use of behavioral measures that were closely time-locked to the
language input (e.g., tracking eye-movements, cross-modal priming). In various forms,
two-stage approaches formed the dominant theoretical framework for word and sentence
comprehension through the 1980s, and the focus on the time course of processing contin-
ues to this day.

The alternative view, which came to be called constraint-based language comprehen-
sion (or comprehension via probabilistic constraints), emerged in the 1990s. This
approach challenged essentially every major tenet of the two-stage accounts. Whereas the
two-stage theories held that comprehension consists of discrete stages at which different
types of information and processes are used, constraint-based theories viewed compre-
hension as continuous and homogeneous, with the same types of information and
processes in use at all times. Whereas the two-stage theories assumed that processing
limitations restrict the types of information that initially guide the comprehension
process, constraint-based theories emphasized the richness of the linguistic signal, the
capacity of language users to learn this information over time, and the comprehender’s
capacity to bring this information rapidly to bear on the input during real-time compre-
hension processes.

2. SOURCES OF THE CONSTRAINT-BASED APPROACH

The constraint-based approach emerged from advances in several areas, including
linguistic theory, corpus linguistics, psycholinguistics, and computational modeling.

2.1. Changing Views about Linguistic Structure

Whereas two-stage models reflect early approaches within generative grammar in
which lexical and syntactic information were held to be separate, the constraint-based
approach to comprehension is more closely related to work within linguistics in which
(to varying degrees) lexical and syntactic representations are closely related (e.g.,
Bresnan, 1982; Chomsky, 1981; Joshi, 1985). The lexical representation of a word might
include not only information about its spelling, pronunciation, and meaning(s) but also
its grammatical functions and the types of syntactic structures in which it participates. It
is a small step to then envision this information as part of a large interactive network
(MacDonald et al., 1994). Under this scenario, the computation of both “lexical” and
“syntactic” information in sentence comprehension is governed by a common set of
lexical processing mechanisms.

! This two-stage process is reminiscent of practices in machine translation, in which an automatic but limited first
pass analysis (by machine) is then corrected and elaborated in a second-stage analysis (by a human translator).
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2.2. Changing Views about Context

Language is comprehended essentially as it is perceived (Marslen-Wilson, 1975), and
so a central question is what types of information can be brought to bear on decoding
and interpreting the incoming signal. Studies of the role of language context in
comprehension have also undergone a significant shift over the years. Research in the
two-stage era focused on the use of real-world knowledge in guiding the comprehension
process, and on the difficulties inherent in accessing relevant information online
(Kintsch & Van Dijk, 1978). People know a vast amount about the world; as research on
natural language processing in artificial intelligence suggested, it is a difficult problem
to design a comprehension system that accesses relevant information from an enormous
database of facts (Hayes-Roth & Jacobstein, 1994). Moreover, several studies
emphasized the ineffectiveness of context, suggesting that comprehenders were limited
in their application of real-world knowledge during comprehension (Forster, 1979), that
context facilitated lexical processing only when words were highly predictable (Fischler
& Bloom, 1979), and that this very strong degree of contextual constraint is rare in
naturally occurring texts (Gough, Alford, & Holly-Wilcox, 1981). These results led to
the conclusion that context-based prediction was not an important component of
comprehension.

Complementary findings emerged from the study of lexical ambiguity resolution
(e.g., Swinney, 1979; Tanenhaus et al, 1979). Many words are ambiguous between
semantically distinct meanings (e.g., WATCH: a timepiece, to look; BANK: a monetary
institution, the ground bordering a river). These early studies examined the
processing of ambiguous words for which there are two main meanings that are used
approximately equally often in the language (“equibiased” ambiguities). The main find-
ing was that subjects initially activated multiple meanings, even in contexts that were
highly disambiguating. For example, the contexts in (1) and (2) clearly disambiguate the
word ROSE. Yet subjects showed priming (facilitation compared to an unrelated con-
trol) for target words related to both of the main meanings (e.g., FLOWER, STOOD)
presented immediately following each sentence (Tanenhaus et al., 1979). Results such
as this were taken as evidence that comprehenders initially activated the common mean-
ings of ambiguous words and within about 250 ms selected the correct meaning based
on the context. Here too the processing of words seemed to be independent from
processes involved in integrating a sequence of words into a meaningful, syntactically
structured representation.

1. They all ROSE.
2. He bought a ROSE.

The research on predictability effects and lexical ambiguity resolution led many
researchers to conclude that context effects are relatively weak, with the result that
theories instead emphasized bottom-up aspects of processing — how words are identified-
The ambiguity research played an important role in Fodor’s (1983) development of
his concept of modularity. The lexicon was seen as a paradigmatic example of an
autonomous module in the comprehension system.
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Subsequent research has led many of these conclusions to be revised. Whereas the
word predictability studies initially argued for a limited role of context, later work sug-
gested that context effects could operate at levels other than predicting specific words.
Studies of semantic priming, for example, suggested that the processing of a word is
facilitated when preceded by a word with which it shares semantic features (e.g., McRae,
de Sa, & Seidenberg, 1997). Here the target words are not predictable, but facilitation
occurs nonetheless. Moreover, it is worth noting that most of the studies which suggested
that context effects are limited in scope examined reading rather than spoken language.
Written language does not exhibit many of the properties that make speech perception
such a difficult computational problem (e.g., variability with respect to rate, pitch, accent;
relatively lower signal — noise ratios; co-articulation and the absence of definitive mark-
ers for phoneme or word boundaries). The spoken code seems inherently more context
bound, insofar as the mere perception of sounds depends on the contexts in which they
occur (e.g., Samuel & Pitt, 2003).

As with the context research, the lexical ambiguity research was similarly reexamined.
Whereas initial studies had argued for activation of multiple meanings of ambiguous words
independent of context, subsequent research yielded a more complex picture. Several stud-
ies showed that contextual information could result in only one meaning of an ambiguous
word being considered online (e.g., Simpson & Kreuger, 1991). However, other studies
showed that context could not override all aspects of lexical knowledge, in particular the
relative frequencies of the meanings: there was still an ambiguity effect (computation of
multiple meanings) when contexts favored the less-frequent meaning of an ambiguous
word (Duffy, Mortis, & Rayner, 1988). Thus, the system is apparently neither strictly mod-
ular nor completely context-bound. Kawamoto (1993) developed a computational model
that provided insight about these results. His system was not inherently modular, insofar as
nothing architectural prohibited contextual information from affecting meaning activation.
However, in practice lexical information was activated more rapidly, limiting the effects of
context. This is because there is a much closer relationship between the spelling or sound
of a word such as ROSE and its meanings than there usually is between either of the mean-
ings and the contexts in which they occur.

Finally, researchers began to question a key assumption underlying much of the
research on lexical ambiguity: that words have discrete meanings that can be accessed
like entries in a mental dictionary. The meaning of a word routinely shifts as a function
of the context in which it occurs. Consider a word such as piano. It has a seemingly
simple, unambiguous common meaning: large keyboard instrument with steel wires
struck by felt-covered hammers (we are ignoring here the secondary musicological
sense meaning “soft in volume”). Yet different shades of meaning are involved in push-
ing a piano (where weight is relevant but musical properties are not) vs. playing a piano
(where the opposite is true; Merrill, Sperber, & McCauley, 1981). How to properly
characterize meanings is a difficult issue that has been addressed from many theoretical
and disciplinary perspectives (Margolis & Laurence, 1999). Here it is sufficient to note
that it may be an essential property of word meaning that it is computed in a context-
dependent manner every time a word is comprehended. This type of computation
seems inherently at odds with a modular lexicon that automatically and independently





