An On-Line Model of Human Sentence Interpretation*

Daniel Jurafsky
571 Evans Hall
Computer Science Division
University of California at Berkeley
Berkeley, California 94720
Jurafsky@magnolia.Berkeley. EDU

Abstract

This paper presents a model of the human sentence inter-
pretation process, concentrating on modeling psycholinguis-
tic data through the use of rich semantic and grammatical
knowledge and expectations. The interpreter is an on-line
model, in that it reads words left-to-right, maintaining a par-
tial interpretation of the sentence at all times. It is strongly
interactionist in using both bottom-up evidence and top-
down suggestions to access a set of constructions to be used
in building candidate interpretations. It uses a coherence-
based selection mechanism to choose among these candidate
interpretations, and allows temporary limited parallelism to
handle local ambiguities. The interpreter is a unified one,
with respect to both representation and process. A single
kind of knowledge structure, the grammatical construction,
is used to represent lexical, syntactic and semantic knowl-
edge, and a single processing module is used to access and
integrate these structures.

Criteria for a Theory

Although the sentence interpretation process has re-
ceived a great amount of attention in the cognitive sci-
ence community, earlier models address very limited
subparts of the problem of interpreting an utterance,
and do not extend well to other significant parts of the
task. Asa guideline for designing and judging any model
of sentence interpretation, this section presents three
criteria of adequacy. The first criterion of Functional
Adequacy constrains the nature of the interpretation.
Functional Adequacy: An inferpreter must pro-
duce a representation which is rich and complete
enough 1o function as an interpretation of the sen-
tence in a larger model of language understanding.

The functional adequacy criterion is the most impor-
tant 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 repre-
sentation, from a parser, which need not.

The second criterion for an interpreter is that of Rep-
resentational Adequacy:

Representational Adequacy: An inferpreter

must include a declarative and linguistically moti-

vated representation of linguistic knowledge.
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This criterion insures that the representational basis
of the processing model meets independent linguistic cri-
teria for linguistic knowledge, particularly the need to
capture relevant linguistic generalizations and account
for the creativity of the language faculty. This knowl-
edge must include more than just phonological or syn-
tactic information. An interpreter must bring to bear
a large and rich collection of semantic, pragmatic, and
world knowledge in order to be complete enough to meet
the constraint of Functional Adequacy.

The final criterion concerns psychological validity:

Cognitive Adequacy: An interpreter must meet
standards of psycholinguistic and general cognitive
validily.

The principle of Cognitive Adequacy requires that the
theory account in a principled manner for psycholinguis-
tic results. Such results include the on-line nature of the
language interpretation process, the nature and time
course of lexical access, on gap filling, the use of the-
matic roles, on inference, anaphora, and work on gram-
matical interpretation phenomena such as attachment
preferences and garden path effects.

As mentioned above, most models have focused on
limited parts of sentence interpretation process, and do
not meet all the adequacy criteria. Many processing
models which emphasize Representational Adequacy,
particularly those associated with linguistic theories,
such as Ford et al. (1982) (LFG), Marcus (1980) (EST)
or Pritchett (1988) (GB), include no semantic knowledge
and do not meet the criterion of Functional Adequacy.
Alternatively, some models such as Riesbeck & Schank
(1978) have emphasized semantic knowledge but ignored
syntactic knowledge. In general, much of the cognitive
modeling community has emphasized either syntactic
parsing or lexical access. Very few cognitive models of
interpretation have been proposed, although these mod-
els (such as Hirst (1986) and Kurtzman (1985)) have
proved extremely important.

Architectural Principles

The first architectural principle, the On-Line Princi-
ple, follows directly from the criterion of cognitive ade-
quacy:
On-Line Principle: Maintain a continually-
updated partial interpretation of the sentence at all
times in the processing.
There is a great amount of psycholinguistic evidence
for the on-line nature of natural language processing, in-
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& Marslen-Wilson (1982), Marslen-Wilson et al. (1988)
and many others cited below.

The on-line principle has two implications for the in-
terpreter. The first is that it must produce an inter-
pretation incrementally, that is in a strictly left-to-right
manner while the sentence is being processed. This rules
out the traditional depth-first or backtracking control
structure for parsers. Thus, for example, depth-first
ATN's do not conform to the principle, even those like
RUS (Bobrow & Webber 1980) which eliminate some
backtracking through semantic constraints.

The second implication of the on-line principle is that
the interpreter cannot maintain all possible interpreta-
tions of a sentence during the processing. It is required,
fairly frequently, to choose a single interpretation with
which to continue processing. Evidence from lexical
access, (Swinney (1979) and other cited above), infer-
ence generation (Swinney & Osterhout 1990) gap filling
(Kurtzman (1989) and Carlson & Tanenhaus (1987))
show that selection among candidate interpretations is
done on-line. This rules out the use of parallel parsers
which maintain every possible syntactic or semantic
structure in parallel, such as the active chart parser of
Winograd (1983), the breadth-first ATN parser (Woods
1970), or the table-driven parser of Tomita (1987).

Unfortunately it is not possible to follow the on-line
principle by simply choosing an interpretation immedi-
ately whenever an ambiguity arises. This is 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 interpre-
tation. Because evidence for the correct interpretation
may be delayed, any on-line interpreter must choose a
method for integrating this late evidence.

Our model uses limited local parallelism to represent
these local ambiguities while waiting for further evi-
dence. At any point, multiple possible candidate inter-
pretations are entertained, but only for a short time, and
the interpreter is forced to choose among them quickly.
The use of temporary local parallelism in interpreta-
tion can be considered an extension of results which
show temporary local parallelism in lexical processing
(Swinney (1979), Tanenhaus et al. (1979), and Tyler &
Marslen-Wilson (1982)). In this sense our model resem-
bles Gibson (1990a) and (1990b) and Kurtzman (1985).

Alternative approaches for modeling local ambiguity
fall into two classes. The first is the “wait-and-see” ap-
proach proposed by Marcus (1980) (used also by the
shift-reduce parser of Shieber 1983). In this approach,
the model waits to build structure until it can be cer-
tain it is building the correct interpretation, although
the delay is strictly limited. The second class of models
use global heuristics (such as Minimal Attachment) to
resolve local ambiguity immediately. Example of these
include Kimball (1973), Frazier & Fodor (1978), Wanner
(1980), and Pritchett (1988).

The second principle, the Expectation Principle,
calls for a knowledge-based approach to sentence pro-
cessing.

Expectation Principle: Make use of synlactic,

semantic, and higher-level ezpectations to help in-

tegrate new information into the interpretation.
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The use of expectations to guide the integration of
linguistic knowledge in processing is well-grounded in
artificial intelligence. Language interpretation should
make use of frames (Hirst 1986), thematic roles (Carlson
& Tanenhaus 1987 and Stowe 1988), and other high-level
semantic information (Riesbeck & Schank 1978) to build
interpretations.

The final principle, the Uniformity Principle,
makes more specific claims about the algorithm used
to produce the interpretation.

Uniformity Principle: A single processing mod-

ule accounts for access, integraiion, and selection of

structures at all levels of sentence processing.

The uniformity principle proposes a single, integrated
mechanism to replace the traditional informationally
encapsulated lexical analyzer, syntactic tree-builder,
morphological analyzer, and interpretation mechanisms.
This has the advantages of parsimony and elegance.

The functions of access, integration, and selection ap-
ply uniformly across the lexical, syntactic, and semantic
domains. For example, the access function accounts for
the access of lexical items as well as syntactic rules (as
we will see below, this is 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 se-
mantic interpretations). The selection function resolves
both lexical and higher-level ambiguities.

Introducing the Algorithm

Any model must implement the basic functions of the in-
terpretation process: access, integration, and selection.
This section provides a sketch of the algorithm used to
implement each function.

The access function suggests possible constructions to
use in an interpretation, using a number of knowledge
sources. These include bottom-up information from the
input or from previously accessed constructions, and
top-down information and semantic expectations. Con-
structions can also be annotated with access clues. The
integration function combines information from various
constructions to build complete interpretations. The
function is currently implemented using an extension
of unification. The selection function chooses the best
interpretation from the disjunction of candidates being
considered at any time. Selection takes place quite soon
after a set of parallel candidates is proposed, using a sim-
ple coherence metric to choose among interpretations.

In the remainder of the paper, I will further describe
these three theories and the representation of linguistic
knowledge in the interpreter. A prototype interpreter
has been implemented, using a small grammar of about
60 constructions and interpreting a set of questions from
an earlier consultant project.

Representation

The interpreter’s linguistic knowledge consists of a col-
lection of structures which represent information from
various domains of linguistic knowledge: phonologi-
cal, morphological, syntactic, semantic, and pragmatic.
These uniform collections of constraints are called gram-
matical constructions, following the construction gram-
mar of Fillmore et al. (1988). A construction is an



abstraction over some complex pairing of meaning and
form. Because both lexical items and syntactic rules are
constructions, there is no distinction between the lexi-
con and the syntactic rule base.

The representation language and the grammar have a
number of distinguishing features, two of which will be
discussed here. First is the ability to define constituents
of constructions semantically as well as syntactically.
Second is the definition of two kinds of constructions,
strong constructions and weak constructions, character-
ized by their positions on a grammatical abstraction hi-
erarchy.

Semantic constraints on a constituent are part of the
definition of a construction. If an instance of a construc-
tion violates either syntactic or semantic constraints on
its constituents it is unacceptable. Following Stucky
(1987), I call such unacceptable constructions uninter-
pretable rather than ungrammatical, using the term in-
terpretability for this extension of the idea of grammat-
icality. This distinguishes constructions from Montague
Grammar rule-pairs, whose semantic rules play no role
in grammaticality.

As an example of a construction which requires se-
mantic constraints, consider the How-Scale construc-
tion first defined in Jurafsky (1990) which occurs in ex-
amples like the following:

(1a) How wide is the ocean?
How accurate s her prophecy?
(1b) How much does she love him?
How often does it rain in San Francisco?
How quickly did she finish her work?
(1c) How many angels can dance?

The How-Scale construction has two constituents.
The first constituent is the lexical item “how”. The
second may be an adjective, such as “wide” or “accu-
rate” in (la), an adverb such as “quickly” or “often”
in (1b), or even a quantifier like “many”. Specifying
this constituent syntactically requires a very unnatu-
ral disjunction of adverbs, quantifiers, and adjectives.
Furthermore, such a disjunctive category is insufficient
to capture the constraints on this constituent. For ex-
ample, not every adverb or adjective may serve as the
second constituent in the construction. Note the un-
interpretability of (2abc), which have respectively an
adverb, an adjective, and a quantifier as their second
constituent.

(2a) *How abroad ... ?

(2b) *How infinite ...?

(2¢) *How three ...7?

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 i1s a semantic primitive in the representational sys-
tem, and is used to define traditional scalar notions like
size or amount or weight. Note that in (1) above all the
elements which are allowable as second constituents for
the How-Scale construction have semantic components
which are scales. Terms like “wide”, “strong”, and “ac-
curate” meet the traditional linguistic tests for scalar
elements (such as co-occurrence with scalar adverbs like
“very”, “somewhat”, “rather”, and “slightly”). The el-
ements in the ungrammatical examples (2) do not have
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any sort of scalar semantics. The second constituent of
the How-Scale construction may be an adjective, an
adverb, or a quantifier so long as it has the proper se-
mantics.

A theory which could not use semantic information
to constrain a constituent would be unable to represent
the How-Scale construction completely. Even a the-
ory such as HPSG (Pollard & Sag 1987) which allows
semantic constraints for lexical constructions could not
represent it because HPSG does not allow semantic con-
straints on syntaciic constructions. Figure 1 presents
a sketch of the representation of the How-Scale con-
struction. The semantic representation language used
is a frame-like one, where the operator ‘a’ creates an
instance of a concept.

(lexicalconstr How-Scale
[(a Identify $t
(Unknown $x)
(Background $s)
SuchThat
(a Scale $s
(Location $z $x)))]
-2
["hOI“]
[(a Scale $=
(On $2))1)

"Given two constituents, one the word "how"
and one a scale $s, construct a question
about the location of object $z on scale $s"

Figure 1

A second feature of the grammar is the novel use
of an abstraction hierarchy to structure the gram-
mar. The grammar includes two kinds of constructions:
strong constructions, which express productive gram-
matical knowledge, and weak constructions, which ex-
press abstractions over strong constructions. The use
of these weak constructions allows us to capture the
traditional notion of semi-productive rules or subregu-
larities. Psycholinguistic arguments for the presence of
these kinds of constructions are summarized in Cutler
(1983). Weak constructions provide a structure for the
linguistic knowledge base, rather than acting as regular,
productive constructions. This use of the abstraction
hierarchy is different than other uses of abstraction in
linguistic knowledge (Bobrow & Webber (1980), Jacobs
(1985), Flickenger et al. (1985), Pollard & Sag (1987),
Jurafsky (1988)) in making this epistemological distinc-
tion between terminal (strong) and non-terminal (weak)
nodes in the hierarchy.

The Access Theory

The history of models of access is an extremely rich one,
but has tended to be somewhat balkanized. Psycholin-
guists have studied lexical access extensively, so much so
that a rather broad consensus has arisen on at least the
general nature of the lexical access process, while very
little psycholinguistic work has been done on syntactic
access. Some work on syntactic access has been done
by computational linguists who have studied the com-
putational properties of various algorithms for syntactic
rule-access in parsing, but with no attempt to model
human behavior.

By conflating the lexicon, the syntactic rule-base, and
the semantic interpretation rules into a single linguis-
tic knowledge base, and by using a uniform processing



module, we are able to propose a single access algorithm
which accounts for psycholinguistic data and meets com-
putational criteria.

Our access algorithm generalizes the lexical access al-
gorithm indicated by results such as Swinney (1979) and
Tanenhaus et al. (1979) which show that when an am-
biguous input is read, every sense of the ambiguous word
1s activated. All of these candidate senses of the word
are maintained for a short period of time, after which
various contextual factors can help select a single sense.
Our access function similarly activates multiple candi-
date constructions, using a number of knowled ge sources
for clues. Two sources of access suggestions are the tra-
ditional bottom-up and top-down ones. Constructions
are suggested if their first constituent matches the left-
hand side of a recently applied rule, or if their left-hand
side matches the current position of some previously
suggested construction.

Following Wilensky & Arens (1980), access can also
be delayed until more than one constituent of a con-
struction has been seen. Thus constructions like “The
Big Apple”, which occur rarely but begin with com-
mon constituents like “the”, are not accessed whenever
“the” appears in the input. Instead such constructions
are augmented with information specifying how much of
the construction should be seen before it is accessed.

The richest source for access suggestions is seman-
tic expectations. When a verb has a particular seman-
tic subcategorization for one of its arguments, the ac-
cess mechanism suggests a construction which builds
that semantics. For example when parsing the verb
“know”, which semantically subcategorizes for a propo-
sition, the mechanism suggests the Proposition con-
struction, whose syntax builds a finite clause with a
“that” complementizer. This is consistent with the ex-
perimental results of Shapiro et al. (1987) (also sug-
gested by Kurtzman (1989)) that a verb’s semantic argu-
ments rather than syntactic ones are used immediately
in processing. In this sense, our model is a strongly
interactionist one, in allowing top-down and contextual
information to directly affect the access of constructions.
Although many researchers have not found evidence of
these contextual effects, Tabossi (1988) has found such
evidence by using particularly strong contexts. In gen-
eral, construction access in our approach resembles the
broader problem of conceptual access in memory (see
also Riesbeck (1986).

The access theories of most earlier analyzers are quite
straightforward. For example in a traditional bottom-
up parser, the access algorithm recursively selects any
rule for which a handle is found in the input. Access
with top-down parsers works the same way, although
indexing a rule by its left-hand side instead of by the
first constituent. Some parsers (Tomita 1987) allow the
use of both top-down and bottom-up access methods. In
all these cases, access is very simple, since the number
of syntactic categories is quite small. In the system de-
scribed here, 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.
Most semantic analyzers have also simplified the access
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problem. For example in ELI (Riesbeck & Schank 1978)
and the Word Expert Parser (Small & Rieger 1982) all
constructions are lexical, and thus there are no higher-
level constructions to consider accessing,.

The Integration Theory

Partial interpretations are built by combining the in-
formation from constructions with an operation called
integration. In its simplest form, integration is an exten-
sion of the unification operation to a richer semantic do-
main. Integration also differs from unification in being
asymmetric, because it gives privilege to constructions
over proposed constituents. Any proposed constituent
must meet the constraints established by a construction,
but not vice versa. Integration also allows modifying
the structure of the elements being integrated, such as
by binding the value of one element to some open vari-
able in another. Where unification merely binds two
elements together, integration allows one to fill some se-
mantic gap inside the other.

The remainder of this section will work through the
representation and integration of the two constituents
of the Wh-Non-Subject-Question construction (Ju-
rafsky (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:

(3a) How can I create disk space?
(3b) What did she write?
(8c) Which book did he buy?

The construction has two constituents. The first, in-
dicated in bold type in the examples above, is a wh-
element. The second is an instance of the Subject-
Second-Clause construction, which consists of an aux-
iliary, a subject, and a verb phrase. The representation
for the construction appears in Figure 2 below:

(constr Wh-Non-Subject-Question
[(a Question $q
(Queried $var)
(Background (Integrate $/pre $/v)))]
->
[(a Identify $t
(Unknown $var)
(Background $pre))]
[(a Subject-Second-Clause $v)] )

"Given two constituents, the first a questioned
element $t and the second a subject-second-clause
$v, build a question about $t which includes as
background knowledge the information in $v."

Figure 2

Note in Figure 2 that the background knowledge for
the question is formed by integrating the variables $pre
and $v. These contain the information from the two
constituents. Note also that each of these variables is
preceded by a slash. A slash on a variable means that
the variable may be the matrix structure in which to
search for a gap. Thus to integrate an argument into a
verb, the variable representing the verb is slashed, while
the argument is not. In Figure 2, both variables are
slashed, indicating that the semantic gap could be in the
structures bound to either of these variables. The gap
could be inside the Subject-Second-Clause or inside
the Identify structure.



For example, in the sentence “What did she write®
the gap is located in the second constituent, the
Subject-Second-Clause, because the verb “write” has
an unfilled semantic slot for the object written. The in-
tegration algorithm will bind the semantics of “what”
to the unfilled “written-object” slot of the verb “write”.
Note that gap-filling is a semantic, not a syntactic pro-
cess.

For the sentence “How can [ create disk space?, the
gap is in the first constituent, the word “how”. The se-
mantics of this “how” construction in Figure 3 below are
concerned with specifying the means or plan by which
some goal is accomplished. The gap in this construction
is the goal $g.

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

Such-That

(a Means-For $x
(Means $p)
(Goal $g)))

"The means $p for achieving
some goal $g is unknown."
Figure 3
The second constituent, the Subject-Second-
Clause “can I create disk space”, produces the seman-
tics shown in Figure 4.

(a Ability-State $x
(Actor (a Speech-Speaker))
(Action
(a Creation-Action
(Actor (a Speech-Speaker))
(Theme (a Disk-Freespace))))

"the ability of the speaker in the
discourse to create disk free space”

Figure 4

In order to build the correct interpretation of the sen-
tence, the integration algorithm realizes that the goal
$g in Figure 3 is a semantic gap which can be filled
by the Ability-State $x in Figure 4, and it binds the
Ability-State to the variable $g. The final result of this
integration looks like Figure 5.

(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))
(Theme (a Disk-Freespace)]
"A question about the means for achieving the
goal of being able to create some disk space."
Figure 5
This example of integration highlights a number of lin-
guistic features of this model. First, the gap in the sen-
tence “How can I creale disk space” is in the word “how”
rather than in the Sub ject-Second-Clause. Other lin-
guistic analyses require wh-phrases to fill a syntactic
gap in the matrix clause, which requires them to in-
clude traces or empty categories corresponding to each
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possible syntactic modifier position in the Subject-
Second-Clause. By placing the gap inside the seman-
tics of “how”, we eliminate these numerous empty cate-
gories. Because the gap is semantic rather than syn-
tactic, there is no need for the grammar to contain
constructions with syntactic gaps (such as the slash-
constructions of GPSG). Using semantic gaps also al-
lows long-distance dependencies (WH-movement, Right-
Node Raising, Topicalization, etc) to be treated with the
same mechanism that is used to link verbs and other
predicates with their arguments.

Using semantic gaps to act as expectations for bind-
ing WH- constructions is also consistent with a number
of experimental results from psycholinguistics, including
Kurtzman (1989), and Carlson & Tanenhaus (1987). Al-
though these results were originally interpreted as sup-
port for the on-line location of gaps, they are consis-
tent with a semantic integration of the wh-element into
the verb. Our model can be distinguished from these
by considering syntactic gaps which are located before
the verb: we predict that subject gaps, for exdample,
should not cause processing difficulty because the inter-
preter integrates the wh-element directly into the fol-
lowing verb without proposing a gap. This is exactly
the result found by Stowe (1986).

The integration operation would need more inferen-
tial power to make the metaphoric inferences of Mar-
tin (1990), or the abductive inferences of Charniak &
Goldman (1988) or Hobbs et al. (1988). Making these
inferences in the integration algorithm allows them to
be made on-line, unlike these earlier inferencing mecha-
nisms.

The Selection Theory

The selection theory is based on assigning each candi-
date interpretation a confidence measure based on a sim-
ple coherence metric with semantic and constructional
expectations (Ng & Mooney 1990). As soon as the mea-
sure of one of the candidates exceeds a threshold that
interpretation is selected. If no candidate is ahead after
a certain time threshold, the top-ranked interpretation
is chosen, forcing the parallelism to be limited. Exactly
when this selection takes place depends on the nature of
the candidate interpretations. The current model uses
a confidence threshold which is similar to the memory-
capacity model of Gibson (1990b) and (1990a). Because
an interpretation may be selected before all possible evi-
dence has come in, the analyzer may choose an incorrect
interpretation, discarding the correct one, and produc-
ing the well-known garden path phenomenon.

The selection model is still incomplete. A more com-
plete metric would need to include syntactic distance,
as well as take into account the relative frequencies of
constructions.

Conclusions

I have proposed an on-line, incremental, strongly-
interactionist model of human sentence interpretation,
with a unified linguistic knowledge base and a single al-
gorithm to use this knowledge to build interpretations.
The model focuses on the use of semantic knowledge in



each part of the interpreter: the use of semantic infor-
mation to improve construction access, to do more in-
telligent integration of constructions, and to select con-
structions based on their coherence with expectations.
Similarly, the representation language focuses on the use
of semantic constraints on constituents and a semantic
account of long-distance dependencies.
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