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ABSTRACT

This paper proposes a cooperative distributed natural language
understanding model that does syntactic, semantic, and prag-
matic analyses independently and in parallel, unifying analysis
results (logical forms) with those of other processes and comple-
menting each other. The model is capable of analyzing irregu-
lar expressions in spontaneous speech and of processing them in
real-time. An experimental system that implements this model
demonstrates robust analysis.

1 INTRODUCTION

A dialogue understanding system must handle irregular (ungram-
matical and fragmentary) expressions in real-time to be capable of
responding naturally to a speaker. Traditional processing models
for written text are unsuitable for this task.

Various robust parsing methods for written sentences have been
proposed for analyzing ungrammatical sentences, but they are in-
efficient and treat only written sentences, These methods involve
reanalyzing the same sentence one or more times, making real-
time processing very difficult. They are thus inappropriate for
use in dialogue understanding. Furthermore, since these methods
reanalyze a sentence using relaxed constraints, many ambiguities
are generally incorporated in the result. Therefore disambiguation
is needed to get an appropriate result.

Various efficient parsing techniques have been invented to an-
alyze sentences fast. However, it is not clear how to apply them
to the real-time processing of spontaneous speech. Particularly,
real-time processing is very difficult if traditional robust parsing
techniques are used because of the multiple reanalyses and the
ambiguities that result from relaxed constraints.

To cope with these problems, we propose a cooperative dis-
tributed natural language processing model, the Ensemble Model
(EM), in which independent analysis processes run in parallel,
unifying each of the analysis results (logical forms) with those
of other processes at appropriate points and complementing each
other. Each process reflects a different analysis strategy, such as
syntactic, semantic or pragmatic strategies, or some combination
of them, and produces results from input independently with-
out help of other processes. A process which reflects a syntactic
strategy uses syntactic information for analyzing an input sen-
tence and constructing a logical form of the sentence. Similarly, a
process which reflects some analysis strategy uses mainly the cor-
respoinding information. Here, we assume that the processings of
the various aspects are not mutually exclusive.

Each analysis process of the ensemble model writes its partial
results into a shared memory at appropriate points, such as at
phrase or sentence boundaries. A partial result means a logical
form that corresponds to a part of an input sentence. When par-
tial results are produced within an appropriate time, the model
tries to unify the results with corresponding results which have
been recorded, and writes the unified results into the shared mem-
ory if any are obtained. When only one process succeeds, the
results of that process are used. Even if some process fails in
analysis or cannot terminate within an appropriate time, the en-
semble model uses the results of the other processes and proceeds
with the analysis. These characteristics make the ensemble model
applicable to robust real-time analysis.

The characteristics of the model are advantages over con-
ventional robust parsing methods. Methods which relax con-
straints after analysis failure analyze the same sentence more
than twice: first with normal grammar and then with relaxed
constraints[12, 21, 13). The methods are effective in finding gram-
matical errors, but are not appropriate for real-time processing.

ICSLP 94, Yokohama, Japan, September 1994

The method called parse fitting tries to find useful parts in a sen-
tence after parsing failure and combines the partial parses[l, 5, 8].
These methods are weak in determining the correct relations be-
tween partial parses. Such a case is treated by the complement
process in the ensemble model. The chart-based method [14, 9]
is viewed as a combination of the above two methods. Since it is
a syntactic method, it is not clear how semantic phenomena are
treated. Abduction-based methods have been tried in the analysis
of ill-formed sentences [6, 2]. They are a closely interleaved model
and are inappropriate for real-time processing. Heuristics have
been tried for analyzing Japanese sentences which lack case parti-
cles [22]. This approach does not put importance on the semantic
aspect and cannot treat semantic consistency.

This paper describes the ensemble model, and explains, as
an example of the model, the Ensemble/Trio-1 system. The
Ensemble/Trio-1 system performs syntactic constraint-centered,
semantic constraint-centered, and syntactic-semantic constraint-
centered analyses on transcribed spontaneous speech that contains
ungramimatical expressions. Before acoustic input of spontaneous
speech can be treated, we think the transcribed input must be
treated as an intermediate step. To deal with spontaneous lan-
guage, the Ensemble/Trio-1 system uses a grammar and a dictio-
nary for spontaneous language[17].

2 COOPERATIVE DISTRIBUTED NATURAL
LANGUAGE UNDERSTANDING MODEL

2.1 Relationships among Syntactic, Semantic and
Pragmatic Processing

Syntactic, semantic, and pragmatic processings are considered
necessary in the understanding of language. For combining these
types of processings, a serial analysis (offline) model and an inte-
grated or interleaved analysis (online) model have been proposed.
The serial model basically tries syntactic analysis first, applies se-
mantic analysis to that result, and then applies pragmatic analysis
to the result of the semantic analysis. In the interleaving model,
the analysis processes call each other interactively, as the sentence
is processed incrementally. Though there has been much discus-
sion about the respective merits of these models, the question of
which is the best remains unanswered.

Considering the necessity of understanding spontaneous utter-
ances and responding to an interlocutor in real time, the offline
model is inappropriate, since semantic and pragmatic processing
are done after a sentence has been input and, if ungrammatical,
input sentences require reanalysis, further adding to the process-
ing time. Nor is the online model too promising, since the total
analysis time for an utterance is the sum of the times for syntactic,
semantic, and pragmatic processing. Recently, a constraint-based
method has been tried[4]. In this method, syntactic, semantic,
and pragmatic constraints are represented in a uniform manner.
However, this does not change the situation, and this method is
also inappropriate. )

2.2 Ensemble Model

In EM, independent analysis processes run in parallel, writing par-
tial results to a shared memory, unifying partial results of analysis
with each other at appropriate points and complementing each
other. FEach analysis process reflects various syntactic, semantic
or pragmatic strategies or a combination of them, and produces
results independently of other processes. A process which reflects
a syntactic strategy uses syntactic information for analyzing an in-
put and for constructing a logical form of the input. Similarly, a
process which reflects some analysis strategy uses the correspond-
ing information mainly. Here, we do not restrict the processings
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of the various aspects to mutually exclusive proccessings; they
may involve some common processing. The unification operation
aims to make results more appropriate. When partial results are
produced within an appropriate time, the model tries to unify
the results with corresponding results which have been recorded,
and adds the results to the shared memory if they can be unified.
When only one process succeeds, the results of that process are
used. Even if some process fails in analysis or cannot terminate
within an appropriate time, the EM uses the results of the other
processes and proceeds with the analysis. In some cases, the pro-
cess which failed in the analysis uses the partial results produced
by the successful process and continues the analysis, getting ap-
propriate results. We call this complement processing.

2.3 Language Usage

EM reflects observation of human language usage, in which a par-
ticular process mode is mainly used in specific situations, as ex-
plained below.

A mother, for instance, understands her baby’s condition from
his cry, and the baby conveys his needs to his mother with the
cry. In other cases, speaker’s meaning can also be conveyed and
understood, by means of even a single word. In the utterances of
a baby, a nonnative, a person in a hurry, an intimate friend or a
spouse, communication often succeeds with only a few words. In
such situations, pragmatic constraints-seem to be the primary fac-
tor in understanding. In everyday conversation, utterances often
lack particles or are syntactically ambiguous. Even such irregu-
lar utterances are understood on the basis of semantic relations
of words. In such situations, semantic constraints seem to be
the main factor. In written sentences, information is sent or re-
ceived using complex syntax where particles and auxiliary verbs
are properly used. Even in spontaneous speech, syntactic expres-
sions such as case particles are important for understanding new
information, since the hearer may not have semantic information
a priori. In such situations, syntactic constraints seem to be the
main factor. i

As the above examples show, language understanding processes
have several aspects. Emphasis is placed on the processing for the
specific aspect that is most appropriate for capturing the charac-
teristics of a particular utterance. For this, we assume that the
processing which put emphasis on some aspect, such as the syn-
tactic, semantic or pragmatic aspect, is done independently, and
that the analysis results of a specific process mainly serves when
other processes are less successful. The assumptions are suitable
for real-time processing of irregular expressions.

2.4 Robustness of Ensemble Model

When an input sentence is irregular in that it does not satisfy syn-
tactic conditions of a system’s grammar, as when it lacks required
particles, traditional analysis methods cannot analyze it. The
subsequent processing is then not carried out, and the language
processing fails as a whole. Similar situations occur in seman-
tic processing. When there are metaphorical expressions which
do not satisfy semantic conditions, semantic analysis fails, and
the overall language processing fails even though syntactic anal-
ysis succeeds. That is, traditional models treat these conditions
conjunctively.

Traditional robust parsing techniques generally regard ungram-
matical sentences as exceptions. These techniques first analyze
a sentence as if it were grammatical. Then, there are two main
methods for handling parsing failures. The first tries to reanalyze
the sentence by relaxing constraints such as grammar and dictio-
nary; the second tries to combine partially parsed results, and it
can also be regarded as applying relaxed rules to partially parsed
constituents. These methods present two problems: relaxed con-
straints generally bring about ambiguities, and these methods con-
sume much time.

Tn contrast to traditional analysis methods, the EM can do ro-
bust parsing efficiently by virtue of cooperative distributed pro-
cessing. For syntactically irregular inputs, some aspects of the
semantic and pragmatic processing of the model can provide infor-
mation even if the syntactic aspect of the processings fails. When
the semantic aspect cannot be treated because of a lack of knowl-
edge, the syntactic aspect can provide some information.

2.5 Real-timeness of Ensemble Model

The EM is also suitable for real-time processings. As in the pro-
cessing of ungramumatical inputs, even if some aspects of process-
ing fail in analysis or take excessive time, the other aspects may
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Figure 1: Comparison of a distributed model and an integrated
model

produce a result within an appropriate time. Whereas an inte-
grated model does not complete its analysis until all the subpro-
cesses terminate, the EM can produce a result when only some of
the processes produce their results. This does not mean that the
model stops processing when the first result has been obtained.
A process slow in getting results can continue or postpone the
analysis. The lower bound of processing time by EM is given by
the fastest analysis process, whereas that of an integrated model
is given by the slowest analysis process. This is shown in Figure

The observation of person-to-person dialogue also demands
real-timeness. According to acoustic data from person-to-person
dialogues[18], an interlocutor often utters an interjectory response
slightly before the speaker finishes his utterance. The interjectory
utterance functions as an indication of receiving, understanding,
or agreeing with the speaker’s utterance[19]. The observation
shows that it is impossible to respond quickly if semantic and
pragmatic analyses are not done until the syntactic analysis is

finished.

3 COOPERATIVE DISTRIBUTED ANALYSIS
SYSTEM FOR SYNTAX AND SEMANTICS

Ensemble/Trio-1 (TRIO) is an experimental system for imple-
menting the EM and studying the basic characteristics of the
model (Figure 2). The system currently focuses on syntactic and
semantic aspects.

3.1 Architecture

Processes TRIO consists of the following processes: syntac-
tic constraint-based analysis (SynCoA), semantic constraint-based
analysis (SemCoA), syntactic-semantic constraint-based analysis
(SynSemCoA), input dispatch to analysis processes, and unifica-
tion of the analysis results.

The input dispatch process sends the characters of an input
sentence one by one.

Each analysis process uses its own grammar and dictionary that
can treat colloquial expressions, analyzes an input incrementally,
and writes partially analyzed results encoded in logical language
to a shared memory for appropriate words or phrases. Each type
of analysis in TRIO is done using the bottom-up chart method[10],
in which the partial sequence of input characters is looked up in
the dictionary while lexical edges are constructed. At this stage,
misspellings are treated.

Unification and grammatical inference are processed by a logical
constraint system[15]. The unification process tries to combine
partial results into a consistent and more informative result when
they are sent to the shared memory.

Each analysis process has as its subprocess a complement pro-
cess. This subprocess helps a process that failed in analysis, using
information imported from a successful process.

SynCoA uses a grammar and a dictionary without semantic (se-
lectional) constraints to analyze an input and construct a logical
form of the input. SemCoA uses a grammar and dictionary which
do not have syntactic (surface case-marker) constraints to analyze
an input and construct a logical form of the input. SynSemCoA
uses a grammar and dictionary which have both syntactic and
semantic constraints to analyze an input and construct a logical
form of the input. The reason why SynSemCoA is used is that it is
more effective than a loose combination of SynCoA and SemCoA
when it works properly.

Constraints Qur grammars and dictionaries are based on JPSG
(Japanese Phrase Structure Grammar)[3]. In the present version,
the mother grammar and dictionary are created first and then
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Figure 2: Ensemble system

modified for use in each analysis process. The grammar covers
fundamental phenomena in Japanese, such as subcategorization,
passivization, causation, topicalization, interrogative, coordina-
tion, negation, copula, relative clause, unbounded dependency,
and conjunction. The grammar and dictionary for SynCoA are
derived from the mother grammar and dictionary by removing
sortal constraints; likewise the grammar and dictionary for Sem-
CoA are made from the mother grammar and dictionary by delet-
ing surface case-marker constraints and adding detailed semantic
constraints, such as noun-noun semantic relations. Another char-
acteristic of these grammars and dictionaries is that they handle
colloquial expressions that appear in spontaneous speech[16].

Output SynCoA, SemCoA, and SynSemCoA processes incre-
mentally and indeperndently analyze an input sentence. Each anal-
ysis process appropriately sends its partially derived logical forms
(intermediate results) to the shared memory. In the current ver-
sion, each process sends intermediate results when it recognizes
a (surface) speech act[11, 16]. The sending points roughly corre-
spond to the ends of verb or noun phrases. When the analysis has
multiple results, they are all sent out to the shared memory.

Unification The unification process compares the intermediate
results that cover the same interval of the input sentence, marks
them for preference in the shared memory, and records them. Two
points must be emphasized regarding unification.

First point is preference. In the present version, all results are
recorded with an indication of preference. When SynSemCoA
succeeds, its results are preferred over the other because they
subsume the results of SynCoA and SemCoA. Unified results are
preferred in other cases.

Second point is the unification of results from different sources.
Generally, the results of a syntactic constraint-based, a semantic
constraint-based, and a pragmatic constraint-based analysis differ
in degree of detail. For example, case roles obtained by a syntactic
constraint-hased analysis are generic, whereas case roles obtained
by a semantic constraint-based and pragmatic constraint-based
analysis are specific. Therefore, the unification process fills these
gaps by inferring case role relations. This is done by the logi-
cal constraint system. The gaps in logical forms are filled using
axioms expressing case role relations{7].

Complement TRIO has an advantage over traditional robust
parsing methods with respect to disambiguation. The traditional
system suffers from ambiguities, since relaxed constraints gener-
ally bring about many alternative results. TRIO coordinates in-
termediate results and can thus get appropriate results.

When an analysis process fails in some part of an input but
another process succeeds in that part, the process which failed
uses the results produced by the successful process and continues
the analysis. In the present version, the chart edge created by
the successful process is reused and the failed analysis is contin-
ued. Here, the edge generally contains ambiguous logical forms,
since the successful process has created the edge using relaxed
constraints. However, by virtue of the complement processing,
the ambiguities can be resolved in the analysis subsequent to the
failure, because the analysis uses a different kind of constraints.

3.2 Analysis Examples

Typical analyses produced by TRIO are shown below. Simple
sentences are used here for clarity.
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Normal Case Each process can analyze the input by itself.
(ex1) Hanako ga Taro o aisuru.
Hanako NOM Taro ACC love
Hanako loves Taro.
SynSemCoA and SynCoA produce the following representation.
love(E1) A agent(ELX) A hanako(X)
A patient(E1,Y) A taro(Y)
Here, E1 is a variable representing a love event. agent(E1, X)
means X is an agent of E1. The speech act label is omitted from
the representation, since it is unnecessary in explaining the exam-
ple. We will omit the speech act labels in the following examples.
On the other hand, SemCoA does not use syntactic constraints
such as surface case-markers, which correspond to case parti-
cles in Japanese and prepositions in English, but uses seman-
tic constraints concerning predicates and their semantic roles for
“aisuru”, “Yaro”, and “Hanalco”. This use of constraints brings
about the two results that follow.
« love(E1) A agent(E1,X) A hanako(X)
A patient(E1Y) A taro(Y)
+ love(E1) A agent(E1,X) A taro(X)
. A patient(E1,Y) A hanako(Y)
In the first result, “Hanako” is the agent and “Taro” is the pa-
tient. In the second, “Taro” is the agent and “Hanako” is the
patient. These representations are sent to the shared memory.
The unification process tries to unify the logical forms each time
they are sent. In this example, the results from SynSemCoA and
SynCoA are preferred.

Syntactically Irregular Case SynCoA cannot complete the

analysis by itself when the input has omitted words.

(ex2) Hanako ga Taro aisuru.

Hanako NOM Taro love
Hanako loves Taro.

SynCoA and SynSemCoA fail to analyze a sentence which lacks
an accusative case particle.. Such a phenomenon corresponds to
the omission of prepositions in English. In such a case, SynCoA
and SynSemCoA fail to combine the noun phrase and the verb.
However, SemCoA may succeed using knowledge that represents
the meanings of words and their semantic roles. When SemCoA
succeeds, SynCoA and SynSemCoA can use those results for the
part that they have failed to analyze. Furthermore, SynCoA and
SynSemCoA can then continue and resolve the ambiguities that
may be in the results from SemCoA.

In this example, SynCoA fails to recognize the verb phrase con-
sisting of “Taro” and “aisuru” (love), whereas SemCoA succeeds,
making an inactive edge covering “Taro aisuru”(love Taro or Taro
loves). The edge information includes two semantic representa-
tions. One represents that “Taro” is the patient, and the other
represents that “Taro” is the agent. SynCoA borrows the edge and
covers the part which it fails to analyze (Figure 3). In the end,
SynCoA and SynSemCoA produce the unique semantic represen-
tation in which “Hanako” is the agent and “Taro” is the patient,
whereas SemCoA. process produces the same two semantic repre-
sentations as in example 1. As the final result, the system prefers
the representation in which “Hanako” is the agent and “Taro” is
the patient.

Unlike traditional systems, Trio can sometimes analyze an ir-
regular input faster than it does a normal input. Indeed, it does
not necessarily need more time to analyze (ex2) than to analyze
(ex1). .

Semantically Irregular Case SemCoA process cannot com-

plete the analysis by itself when the constraints of the grammar

are not satisfied.

(ex3) Atsugi ga kiso-kenkyu o
Atsugi NOM kiso-kenyu
Atsugi starts basic research.

This is an example of what is called metonymy. Here, we assume
that “Atsugi”(a city near Tokyo) represents “researchers in Atsugi
labs”. The sentence seems strange out of context, but this kind
of utterance often occurs in real dialogues. In this case, SemCoA
and SynSemCoA processes fail because the semantic feature of
“Atsugi ga” does not match the sortal restriction of an agent role
in the subcategorization frame of “hajimeru”(start). However, the
system treats the sentence as a semantically irregular case. For
this sentence, SynCoA process produces the following resuit.

start(E1) A agent(E1,X) A atsugi(X)
A object(E1,Y) A basic-research(Y)

hajimeru.
ACC start
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The system is implemented in Lucid Common Lisp and the logical
constraint system[15]. The parallel processing is simulated using
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Figure 3: Example of robust analysis
VP(tarc aisuru) in the syntax chart is not made
from N(taro) and V(aisuru) in the syntax chart, but
is imported from the VP edge in the semantics chart.

In this example, this representation is adopted as the final result
of the system.

Absorption of Discrepancy between Representations
Generally, the results from SynCoA and SemCoA differ in the
degree of detail. The unification tries to absorb the discrepancy
in such representations by inference|7].
(ex4) Kyoto no  eki
Kyoto Gen station
station in Kyoto

For this phrase, the syntactic analysis process outputs the follow-
ing result.

station(X) A NO-relation(X,Y) A Kyoto(Y)
Here, NO-relation(X,Y) is analyzed from the adnominal particle
“no” (roughly of in English) [20]. On the other hand, SemCoA
and SynSemCoA processes produce the following.

station(X) A location(X,Y) A Kyoto(Y)
The unification process fills the gap between the NO-relation and
the location using the logical constraint system, using the follow-
ing axioms.

building(X) A location(X,Y) A place(Y)

— NO-relation(X,Y)

station(X) — building(X)

Kyoto(X) — place(X)
Fragmental Expressions and Expressions Peculiar to
Spontaneous Speech Expressions peculiar to spontaneous
speech are treated with the grammar and dictionary that treat
colloguial expressions[16]. At present, we have designed and par-
tially implemented an extended version, Ensemble/Quartet-1, to
analyze such fragmentary expressions as noun phrases lacking a
verb and inverted sentences, by adding a pragmatic analysis pro-
cess [11].

4 CONCLUSION

This paper proposed the Ensemble Model for cooperative dis-
tributed natural language processing and explained the experi-
mental system. This model involves parallel, independent analysis
processes based on syntactic, semantic, and pragmatic constraints,
unification of their analysis results, and complement of each other
process. The model appropriately uses required processing as-
pects, such as syntax, semantics, and pragmatics. This use allows
the analysis of irregular expressions in spontaneous speech and
real-time processing of them. These are advantages over conven-
tional robust parsing methods.

The ensemble model differs greatly from previous methods for
integrated natural language processing systems and robust pars-
ing. Although much work must be done to expand the system into
a full-fledged dialogue understanding system, the advantages of
the model have been demonstrated by the Ensemble/Trio-1 exper-
imental system. We are currently in the process of implementing
Ensemble/Quartet-1, an experimental system that incorporates a
plan recognition process for pragmatic constraint-based analysis.
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the multitasking facility of Lucid Common Lisp.
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