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Abstract

Automatic analysis of syntax is one of the core problems inaddamguage processing. Despite
significant advances in syntactic parsing of written text,apylication of these techniques to
spontaneous spoken language has received more limited attentienmecént explosive growth

of online, accessible corpora of spoken language interactions oparew opportunities for the

development of high accuracy parsing approaches to the analysgokdn language. The
availability of high accuracy parsers will in turn pide a platform for development of a wide
range of new applications, as well as for advanced researcheomatare of conversational

interactions. One concrete field of investigation thatpe for the application of such parsing
tools is the study of child language acquisition.

In this thesis, we describe an approach for analyzing the céignttructure of spontaneous
conversational language in parent-child interactions. Speaifiihasis is placed on the challenge
of accurately annotating the English corpora in the CHILDESbdat with grammatical
relations (such as subject, objects and adjuncts) that apart€ular interest and utility to
researchers in child language acquisition. This work involués-blased and corpus-based
natural language processing techniques, as well as a methodotogymbining results from
different parsing approaches. We present novel strategi@stégrating the results of different
parsers into a system with improved accuracy.

One practical application of this research is the automatidanguage competence measures
used by clinicians and researchers of child language developiergresent an implementation
of an automatic version of one such measurement scheme prokides not only a useful tool
for the child language research community, but also a task-baséubtesn framework for
grammatical relation identification.

Through experiments using data from the Penn Treebank, we shasevkadl of the techniques
and ideas presented in this thesis are applicable not jagatygsis of parent-child dialogs, but to
parsing in general.



1 Introduction

Automatic analysis of syntax is one of the core problems in nd&umguage processing. The
process of determining one or more syntactic structures corresgotadian input sentence is
commonly referred to agy/ntactic parsing, or simplyparsing, and it is generally regarded as a
necessary step in natural language understanding, as wefl asveral natural language
applications such as machine translation or question answeriftgr decades of research in
linguistics, computer science and related fields, reasonabiyate natural language parsers are
now available for a number of languages. However, most ofdbésrch has focused on written
text, and the application of these analysis methods to spontasaken language corpora has
received more limited attention. At the same time, thenteegplosive growth of online,
accessible corpora of spoken language interactions opens up newubppiesrtfor the
development of high accuracy parsing approaches to the analysgokdn language. The
availability of high accuracy parsers will in turn provigelatform for developing a wide range
of new applications, as well as for advanced research on the nbtare/ersational interactions.
One concrete field of investigation that is ripe for #pplication of such parsing tools is the
study of child language acquisition. The CHILDES database (Mauwy, 2000), containing
several megabytes of transcripts of spoken interactions &etel@ldren at various stages of
language development with their parents, provides vast amounts faf dat for linguistic,
psychological, and sociological studies of child language developmanthis thesis, we will
present an approach for syntactic parsing of the child and adult gengu@HILDES transcripts,
focusing on a syntactic representation that suits the nefedlseochild language research
community.

Despite the enormous impact CHILDES has had on the study of langaqggsition, the
lack of tools for automatic analysis above the word-le\aidg as a barrier to the realization of
the full potential of this system for research on normalldagg development and the evaluation
of language disorders. Currently, the corpus includes no syniafdrenation, because parsing
technology specifically targeted to the production of such annotatiassot been available.
Lacking these tools, several major research grfobpse been forced to engage in resource-
intensive syntactic annotation of small segments of the dataliBescause this work is not based
on shared community standards, the resulting analyses are dicagplanon-replicable, and
current corpus-based research on syntactic development has been only wealdyivaim

The work presented in this thesis aims to correct this situsitrough the development of a
new system specifically tailored to the needs of thedclahguage community. Developing
technology for reliable analysis of the syntax of spontanepokes language is a challenging
task, and shaping this technology for the productions of young children is aestibrgchallenge.
We present an annotation scheme designed to represent isyiritmimation in CHILDES
corpora in a way that addresses specific needs of the enifgldge community. We then
investigate the use of different parsing technologies to amaiyanscripts according to our
annotation scheme. Finally, we will show that novel ways of combimiifferent parsing

! Such as those in the University of Winsconsin (Mad), the University of California (San Diego and
Berkeley), Rutgers, Purdue, Cornell, the Massadtaibestitute of Technology, Nagoya University, the
University of Potsdam, among others.



approaches allow for accurate analysis of syntax in botd el adult language in CHILDES
transcripts.

1.1 Motivation

Explaining the enigma of child language acquisition is one of thim rlaallenges facing
cognitive science. Although all normal children succeedamiag their native tongue, neither
psychology nor linguistics has yet succeeded in accounting for Hrey momplexities of
language learning. Within this general area, there has begcufzarattention to the acquisition
of grammar, as it is expressed through morphosyntax, stimulatedy@rheasure by Chomsky’s
theory of Universal Grammar and its attendant claims dagginnate principles and parameters
(Chomsky, 1982). Beyond its theoretical importance, the measurerhembrphosyntactic
competence is crucial to applied work in fields such as develog@inlanguage disorders,
schooling and literacy, and second language acquisition.

To examine the development of morphosyntax, researchers havecoaheihcreasingly on
large corpora of transcript data of verbal interactionséen children and parents. The standard
database in this area is the CHILDES database (MacWhi@089, http://childes.psy.cmu.edu),
which provides 300MB of transcript data for over 25 human languagesell as a large amount
of digitized audio and video linked to the transcripts. There areseeeral hundred studies that
have used the CHILDES database to study the development of marfzhogyiowever, these
studies have typically been forced to use the database ramitgexical form, without tags for
part-of-speech, syntactic parses, or predicate-argument etiorm Lacking this information,
researchers have devoted long hours of hand analysis to locatingo@dind the sentences
relevant to their hypotheses. If syntactic parses were adl@jl these analyses could be
automated, allowing investigators to conduct a wider varietgsibtin a more reliable fashion.
Automatic syntactic analysis systems would also be of giadae in clinical settings, allowing
clinicians and clinical researchers to construct profiletanfjluage delays by comparing small
speech samples collected in structured interviews with a largdragataf normed data.

Producing automated analyses of child language corpora is one ingtaheemore general
challenge of developing a comprehensive NLP approach to thesinafyspontaneous speech.
Although many of the ideas presented in this thesis are applitalbther genres of spoken
language, we focus on the child language problem for three reasanss, aHarge, publicly
accessible corpus of parent-child spoken language interactiaxaiiable, and its importance in
the study of child language makes the task of syntactic amaigmediately meaningful in a
practical sense. Second, research in this area works tolréldsg the gap between cognitive
science and natural language processing, thereby improving tiderdbetween these fields.
Third, the child language field has already developed a cléaf seiteria for the standardized
measurement of morphosyntactic development (Scarborough, 1990). The autarhahese
pre-existing measures provides clear benchmarks for new NLP systems.

1.2 Research Goals

The research | propose encompasses five main objectives:



» Developing effective parsing approaches for high accuracy idetitfn of grammatical
relations in spoken language (including utterances spoken by adulthikdrdn at various
stages of first language acquisition);

» Developing effective methods for combining the results of pieltsources of information,
including rule-based and statistical parsers, in order to boosttheaay of the combined
system by accounting for specific strengths of the different approaches;

« Evaluating the performance of our resulting grammaticatioglgparsing approaches using
the standard performance metrics of precision and recall;

» Validating the utility of the resulting systems to childhdaage acquisition research by
automating a standard application for measuring the grammataraplexity of child
language corpora;

2 Background: Data and Previous Related Wor k

Natural language syntactic parsers are systems that outpubrommre syntactic structures
corresponding to an input sentence. Parsing is a complex probheinseaeral different
approaches have demonstrated some amount of success in diffpeans af the task. Parsers
differ with respect to what underlying algorithm they use to dater syntactic structures, what
kind of syntactic structures they provide, whether they output on®re syntactic structures for
a single sentence, among other things. One characteristicaties significantly across several
parsing approaches is how much the system relies on linguistiddédge encoded as rules, such
as with a manually-written grammar, and how much the systammsebased on manually
annotated examples (sentences with their correct syntattatuses). In chapter 2 we start by
looking at this source of variation, as one of the issues addt@s this thesis is the combination
of rule-based and data-driven parsing strategies: by lewgragithe strengths of approaches that
tackle the parsing challenge in different ways, we attémptchieve overall results that surpass
the performance of the state-of-the-art of the different appesatdken in isolation. We then
turn to the data used in this work, and discuss what data we targg/ntactic analysis, what
data is used for evaluation of the techniques we develop, artddetaais used for development
and training of our systems. Finally, we discuss previous wopktising and related fields that
are of particular relevance to the work presented in this thesis.

2.1 TheCHILDES Database

The standard source for corpus-based research in child language @HILDES Database
(MacWhinney, 2000), which contains hundreds of megabytes of trassofiglialogs between
children and parents in several languages. CHILDES tratsdrgve been used in over 1,500
studies in child language acquisition and developmental languageledtso We focus on the
English portion of the database, and pay particular attention tBwhecorpus (Brown, 1973),
which we partition into training, development and testing sectizaiswe use with the different
parsing strategies we pursue.

2.2 ThePenn Treebank

The Penn Treebank (Marcus, Santorini, & Marcinkiewics, 1993) tengalarge amount of text
annotated with constituent (phrase structure) trees. The Wedit Sournal (WSJ) corpus of the



Penn Treebank contains about one million words of text from néwes in the financial
domain. Although the type of language in the WSJ domain differs isigmilfy from our target
domain (CHILDES transcripts with utterances from childamd parents), there are two
important reasons for our use of the WSJ corpus of the Penn Treebaskwaorth (1) it contains
a much larger amount of text annotated with syntactic strigcthien would be feasible us to
annotate manually using CHILDES data, and certain data-drivéensysrequire very large
training corpora; (2) it allows us to compare our methods djrexia vast and well-known body
of research in parsing that has used the WSJ corpus for training, desmetaprd testing.

3 TheCHILDESGR Annotation Scheme

One crucial aspect of producing useful automatic syntacticysieafor child-parent dialog
transcripts is the definition of a suitable annotation sehémat targets the specific type of
syntactic information needed by the child language community. Tesslthis need, we have
developed the CHILDES Grammatical Relation (GR) annotation schemebéddsanapter 3.

Syntactic information in CHILDES transcripts is represerdedording to our scheme as
labeled dependency structures. Such structures are trees edr node is a word in the
sentence, and there are labels associated with each edgesftbet the type of syntactic
relationship (or grammatical relation) that exists betwdenparent word (the head), and its
children (the dependents). The GRs specified by the dependencyitaibadle relations such as
subject, object, adjunct, etc. The specific set of GR typetabels) included in our annotation
scheme was developed by using the GRs in the annotation scheragaf € al. (2003) as a
starting point, and adapting the set to suit specific needsildflanguage research. Sources of
refinement included a survey of the child language litergtietcher & MacWhinney, 1995), a
review of existing measures of syntactic development (Mankiéy, 2000), and input from child
language researchers.

In general, content words (such as nouns and verbs) are considered to be théfaoeatisn
words (such as determiners and auxiliaries), except in the chpespositional phrases, where
the preposition is the head of its object (usually a noun), and catedinar a conjunction is the
head of its coordinated phrases. Only surface grammatiedlored are considered, and the
annotation scheme does not deal with issues such as controlipsid &llthough extensions for
handling such phenomena are possible). We have measured intet@nagteement for the
CHILDES GR annotation scheme at 96.5%.

4 A Rule-Based GR Parsing Approach

Chapter 4 describes the use of rule-based parsing for autofgadivabdtating CHILDES corpora

with the grammatical relation scheme described in chaptdih@. form of rule-based parser we
consider here is more specifically described as grammarmdpeaesing, which uses a set of
production rules (a grammar) that specify how each syntactic¢ittems may be expanded into
other constituents or words as a model of natural language.

The use of a grammar effectively shapes the search epaossible syntactic analyses for a
sentence, since the rules specify exactly how words may conabfoem larger structures. It is
then important to use a carefully designed grammar that atlesvsystem to analyze as many
syntactic configurations in the text as possible, while cangtgathe space of analyses so that



ambiguities present in the grammar can be resolved effggtaved a correct analysis for each
sentence can be found. In practice, this results in a tradetfieen coverage (the portion of
input sentences that are covered by the rules in the gr@ranthambiguity (how many possible
analysis for each sentence are licensed by the gramr@gmmars that cover too many ways
words and phrases may be combined can be highly ambiguous, makingdessmf choosing a

correct analysis for a given sentence (in other wordsmthisaation) a difficult task. On the

other hand, more restrictive grammars may not cover all gym&tructures in the input text. In

spontaneous spoken language this problem is exacerbated, singeesesitactures do not

always conform to the more rigid standards of written text.

We developed a syntactic analysis system based mainly omgiraginiven robust parsing
using the LCFlex parser (Rosé & Lavie, 2001). The system analjteeances from CHILDES
transcripts in three steps: (1) word-level analysis (morplotogl part-of-speech tagging); (2)
grammar-driven syntactic analysis; and (3) statistical disaraban.

4.1 Word-level Analysis: MOR and Part-of-Speech Tagging

We use the morphological analyzer MOR (MacWhinney, 2000), which vesgnael for use with
CHILDES data, and returns a set of possible morphological sewfipr each word in a input
sentence. For part-of-speech tagging and disambiguation of the oftifd@R, we designed a
scheme that involves MXPOST (Ratnaparkhi, 1996), a part-of-spaggér trained on the Penn
Treebank WSJ corpus, and a classifier that converts the aftpdKPOST to the CHILDES
POS tag set. With this approach, we obtain over 96% accurgmartedf-speech tagging using
the CHILDES tag set.

4.2 Grammar-driven Syntactic Analysis: L CFlex

LCFlex is a robust grammar-driven parser with features teadl@signed specifically for analysis
of spontaneous spoken language. Through the tuning of a few parsntie¢ parser allows the
insertion of pre-specified words or constituents into the inmutesee, or the skipping of certain
portions of the input. The ability to insert and skip allowspgheser to analyze sentences that
deviate from the language specified by the grammar in usés r@sults in a way to manage
aspects of the coverage/ambiguity trade-off while keeping the gracomstant.

Grammars used by LCFlex consist of a set of rules, eachimiogta context-free backbone
and a set of unification equations. A bottom-up chart-parsing digontith top-down left-
corner predictions is used to process sentences accodlithg tcontext-free backbone of the
grammar, and unification according to the equations in each suyterformed in interleaved
fashion. LCFlex outputs feature structures that can béy easiverted to labeled dependency
structures. To parse CHILDES data with LCFlex, we desigmemistom grammar for our
domain, containing unification features that correspond to the iGEhe CHILDES annotation
scheme. The grammar is relatively small, and it coversita®fo of the Eve test set. While
35% of the sentences in our test set cannot be parsed witirahisnar, ambiguity is kept low.
This means that while the recall of specific GRs is lowgipren is high. By allowing the parser
to insert and skip according to its robustness parametersam@arse more sentences, while
introducing more ambiguity. In other words, we increase recall at the exgfigmseision.



4.3 Statistical Disambiguiation: Two-level PCFG

When the grammar allows for multiple analyses of a sisgletence, we choose one of the
possible analyses using statistical disambiguation. In ouersystisambiguation is done with a
two-level probabilistic context-free grammar (two-level PCFG).

PCFGs are generative models that simply have a probability assocititeeh context-free
rule in the grammar (and the probabilities for all rules whth $ame left-hand side sum to 1.0).
According to a PCFG, the probability of an analysis is the product of thehilities of each rule
used in the derivation of the analysis. A two-level PCFG densirule bigrams (while a regular
PCFG considers rule unigrams). In other words, instead ofrebehaving a probability (as in
the case of PCFGs), each pair of rules has a probabiffiynilar to the parent annotation
described by Johnson (1998), this model creates bounded sensitisitygtext. The rule-bigram
probabilities in our two-level PCFG are determined by maxiriketihood estimation using the
(manually annotated) Eve training corpus.

4.4 Tailoring an Analysis System for Adult Utterances

While the adult language in the CHILDES corpora generally arard to standard spoken
language, the child language in the corpora varies from tigridge of a child in the very early
stages of language learning to fairly complex syntactic congingc Child and adult utterances
differ significantly enough that we can analyze them mourately by doing so separately,
often with different strategies. We first explore the fedqin the sense that it is better defined)
problem of analyzing adult utterances, which are theoreticallgqoial importance as child

utterances, since theories of learning depend heavily on eoasoh of the range of

constructions provided to children in the input (MacWhinney, 1999; Moerk, 1983).

Although the grammar covers about 65% of the sentences in theegiveet, this does not
mean that the system returns the correct analysis ébrafahese sentences. What it does mean,
however, is that the correct analysis is included in the seinalyses the parser finds for a
sentence, and it is up to the disambiguation procedure to find libwiAf the parser to use its
robustness features (skip portions of the input and insert lextich non-lexical items in the
parsing process, as needed) increases coverage, while alssimgr@mbiguity (and making the
search for the correct analysis more difficult). In otivards, by controlling the amount of
flexibility that the parser is allowed to use, we can manipulate the afadetween precision and
recall of GRs. For example, consider the GR SUBJ (subj#at)e look at the output of system
when it is not allowed to insert of skip at all, we obtaighhprecision (94.9%) and low recall
(51.6%). This is because ambiguity and coverage were limitiedie increase coverage and
ambiguity by allowing the system to insert a noun phrase, andp@s& word, precision drops
due to the increased ambiguity (84.3%), but recall improves due tmdrease in coverage
(76.2%).

Although the performance of our rule-based system is poor inrcadpects, it is not meant
to be used by itself for analysis of CHILDES data. Instead,used in combination with other
approaches described in this thesis. As we show in chapter 8,cohined with data-driven
approaches, the rule-based system can be valuable.



45 Grammar-driven Parsing of Child Utterances

While every adult utterance in CHILDES transcripts is etgub¢o have valid grammatical
relations, utterances spoken by children younger than five p&hiften deviates enough from
standard adult speech that the recognition of GRs is not possgr@mmar-driven parsing is
particularly appropriate in this situation, since it can be uselétiect sentences where the system
should not attempt to find GRs. Because the well-formed sentences spoken by yalrag ahd
syntactically simpler than adult speech, our grammar cotlerse sentences quite well.
Sentences that are rejected by the rule-based systenoraielezed to be in the category of
sentences where GR analysis is not possible. The rule-bgstedhdinds such sentences with
accuracy above 85%. In chapter 6, we will see how this disctimineapability of our rule-
based system can be combined with other parsing approaches f@t@¢R analysis of child
utterances.

5 Data-Driven GR Parsing

In chapter 5 we consider two data-driven approaches to syntactic anflgsi DES data. The
first is based on existing statistical parsing using a generatde| trained on the WSJ corpus of
the Penn Treebank. The second is based on deterministic elasaged parsing, where a
classifier decides the actions of a shift-reduce parser.compare this last approach to other
work on parsing English, we first train and test it usingstiamdard division of the WSJ corpus.
We then apply it to our task of parsing CHILDES data, trairang evaluating it on the
appropriate sections of the Eve corpus.

5.1 GR Parsingwith a Generative Statistical Parser

This first data-driven GR parsing approach we describerdiiest how existing natural language
processing tools and resources can be utilized to produce a highwaerce system for GR
analysis in CHILDES data with relatively little cost. hi§ approach is particularly useful in
languages for which accurate parsers already exist. Theideains obtain syntactic parses for
the target data using an existing parser, the well-known Charniak (2000) padsssneaert those
analyses into GRs in the CHILDES annotation scheme. TheyGtem we developed according
to this general idea analyzes CHILDES transcripts inetlsteps: text preprocessing, unlabeled
dependency identification, and dependency labeling.

In the text processing step we simply use existing tools for gsoae transcripts in the
CHILDES database to remove dysfluencies such as false-stdregings and repetitions. This
step also tokenizes the input text, providing text that is as clearssiblpdo the Charniak parser.

The second step of unlabeled dependency identification is wheretualya find a bare-
bones syntactic analysis for the input text, using the CharniakmpaSince the parser is trained
on Penn Treebank constituent trees, and outputs the same styidaatis representation, it is
then necessary to convert the output of the parser into thenddepsy format used for
representing syntactic structures in the CHILDES annotationmecheWe use the standard
procedure of lexicalizing the output constituent trees usingad percolation table (Collins,
1996; Magerman, 1995) to extract an unlabeled dependency structuréh&oootput of the
Charniak parser. The rules in the head table we use aitardinthe ones used in the Collins
(1996) parser, but modified to reflect our dependency annotation scheme.



Once we have obtained unlabeled dependencies, we proceed to dhgtepirdependency
labeling. This is accomplished by using a classifier thadra@hes a GR label for each of the
dependencies in a dependency structure. The input we pass tostifieclis a set of features
extracted from the unlabeled dependency structure, including theahdadependent words in
the dependency in question, their part-of-speech tags, the distanezibéhe two words, and
the label (phrase type) of the lowest constituent that inslust@h words in the original
constituent tree output of the Charniak parser. The outpbedflassifier is one of the possible
GR labels in the CHILDES GR annotation scheme. The classifier is trainetragtieg pairs of
correct labels and feature sets for every dependency in thér&xing corpus. The classifier
used in our system is the k-nearest neighbors implementation ifvB& package (Daelemans,
Zavrel, van der Sloot, & van den Bosch, 2004).

This approach is quite effective in identifying GRs in CHES data, as we verify by testing
it on the Eve test corpus. When tested on WSJ data, the Ghaamnser has an unlabeled
dependency accuracy of over 92%. On the Eve test corpus)ldieied dependency accuracy
of the parser is 90.1%. Despite the degradation in performanceodbe differences in the
training and testing domains, the accuracy of the parser onQE8ldata is still high. The
accuracy of the dependency labeling step using the k-nn @agsifi gold standard unlabeled
dependencies) is 91.4%. When we combine the unlabeled dependency ptepirand the
dependency labeling step, the overall labeled dependency accurdlcg eystem is 86.9%.
Although accuracy is high, the precision and recall of ce@&is is, in fact, quite low. The GRs
corresponding to clausal complements COMP and XCOMP, for exangle, grecision and
recall below 60%. Other frequent GRs, such as subject, objectslpmtts, are recognized with
high levels of precision and recall (above 80%).

5.2 GR Analysiswith Classifier-Based Parsing

Although the statistical parsing approach to GR identificatiescribed in the previous section
performs well for most GRs in our annotation scheme, therergreriant reasons for also using
additional data-driven approaches to GR analysis. One of thereasons, which is discussed in
detail in chapter 6 and is directly related to one of theragktiiemes in this thesis, is that we can
improve the precision and recall of identification of individ@Rs as well as overall system
accuracy by utilizing several different GR identificatiapproaches. Henderson and Brill (1999)
have shown that, in the context of constituent parsing of the Pembdnk, combining the
outputs of different parsers can result in improved accuraey iéall each parser uses the same
training data. As we show in chapter 6, this aspect of parsersidy is also applicable to
dependency parsing, and combination schemes using different apprma@ieparsing result in
improved precision and recall of GRs. An additional reason for pudiffgrent analysis
approaches is, of course, that our statistical parsing appdismissed in the previous section
does not identify certain GRs (such as COMP and XCOMP) helidkinally, this second data-
driven approach we consider allows us to develop a parsenotinks natively with the syntactic
representation used in our CHILDES GR scheme.

We first present a general approach for classifier-basesingawith constituent structures,
and evaluate two parsers developed in this framework using ahdastl split for training,
development and testing of the Penn Treebank. The main idedassifier-based parsing
approach is to have a classifier that decides on the parding at a shift-reduce parser. The



parsing algorithm is very simple, and parsing is done in litieeg. Each time the parser must
decide on a shift or a reduce action, a set of featurésethect the current configuration of the
parser is given as input to a classifier, which then outpytargser action. A parser using k-
nearest neighbors for classification achieves slightly above ®@86ision and recall of
constituents, and 86.3% dependency accuracy on Penn Treebank WS3Jsitajesupport vector
machines, the classifier-based parser achieves over 87%igmeand recall of constituents, and
90.3% dependency accuracy. The SVM-based parser, although not agaasstate-of-the-art
statistical parsers that achieve about 89% precision anil tadhe same data, is more accurate
than several more complex parsers, while parsing consideralpyy than popular statistical
parsing approaches.

We then turn to the task of parsing CHILDES data using a fitadsased parser. First, we
show that our general classifier-based parser for constitoentbe easily adapted into a labeled
dependency parser. The resulting parser is similar to theTMsrser (Nivre & Scholz, 2004),
but it uses a slightly different set of features. Using suppntor machines for classification,
and training on the Eve training set, the performance of thgepam the Eve test set is
surprisingly high. Overall labeled dependency accuracy is 87.3&8ngthis approach on the
same level as the one using the more complex Charniak paigeedton the larger WSJ
corpus). More interestingly, the precision and recall of @R¢ were problematic for our
previous approach is much improved. For example, the precision aridofeB&OMP are
above 80%, and the precision and recall of COMP are above 70%.

6 Combining Different Approachesfor GR Parsing

In chapter 6 we address the issues related to the combinatiba séveral parsing approaches
discussed in chapters 4 and 5 to achieve improved identificdtiGR®. We start with a simple
voting scheme, examine progressively more sophisticated combinatiemas, and arrive at a
novel way of performing parser combination using a parsing algorithviea then turn to the issue
of analyzing utterances from young children using rule-based p@rsgiscriminate between
utterances that contain GRs and those where GRs cannot be reliabfieilenti

6.1 Dependency Voting

First we consider the simplest case of combining unlabeledndepcy structures created by
different parsers. The simplest voting scheme assigns equal teeightdependencies generated
by every parser. Voting is done on a word-by-word basis. For eaah we check the head

chosen by each of the parsers. Each of these heads receivedeon&he head with most votes
is chosen as the head for the current word.

We tested this combination scheme using different parsers tghesacording to the
classifier-based framework described in chapter 5. Accurattyeatombination on the standard
WSJ test set is 91.9%, a 14% error reduction over the mostade parser in the combination.
Similar but more complex schemes that assign weights to the vatasloparser result in further
accuracy improvements, with the best scheme achieving 92.3%aegcu For comparison
purposes, the statistical parsers of Collins (1997) and Char@@®0) have unlabeled
dependency accuracy of 91.2% and 92.3%, respectively. When theseatwstical parsers are
included in the best-performing voting scheme in addition to the deternmpéssers, we achieve
93.9% accuracy, surpassing the highest published results in the WSJ test seapjied to the



Eve test set, a weighted voting combination gives us 94.0% uathtéependency accuracy (over
30% relative error reduction from the single best parser icdh@ination scheme), and 91.6%
labeled dependency accuracy.

6.2 Obtaining Well-Formed Dependency Trees

Although the voting schemes perform well in producing more aeutapendencies from
multiple parsers, there is no guarantee that the resultingidepeaes form a dependency tree. In
fact, the resulting set of dependencies may form a struatitinecycles, or even disconnected
graphs. We present two novel ways to combine dependency structures that peraiiraa the
voting schemes in terms of accuracy, while building well-formed depepndénctures.

In both cases, we start by creating a graph where each wdrd gemntence is a node. We
then create directed edges between nodes corresponding to wovdsidlordependencies are
obtained from any of the parsers. In cases where more than rzee ipalicates that the same
edge should be created, the weights are added, just as in the votimg sdgelong as any of the
parsers creates a valid dependency tree for the sentendirettied weighted graph created this
way will be fully connected.

Once the graph is created, we can simply find its maximum spatma#gising, for example,
the Chu-Liu/Edmonds directed MST algorithm (Chu & Liu, 1965; Edmonds, 1967). The
maximum spanning tree maximizes the votes for dependencies tfigeconstraint that the
resulting structure must be a tree. However, there isuapagtee against crossing branches.
While this may seem undesirable, the resulting tree gedefratien the combination of parsers
should rarely contain crossing branches (for English). In addities,would be a suitable
scheme for combining structures in free-word-order languages, \Wwhemehes are expected to
Cross.

A second option is to use dynamic programming to “reparseSe¢htence. We proceed just
as if we were parsing the sentence using the CKY parsjagithiim for PCFGs, but we restrict
the creation of new items in the CKY chart to pairs of worndsected by the appropriate edges
in the directed weighted graph, and assign these items thétwaigheir respective edges.
Instead of the usual multiplication of probabilities, we singald the values associated with each
item used in the creation of a new item, and the value of tiph g@dge that allowed that item to
be created. The resulting syntactic structure is guaratdgdezla tree with no crossing branches.
Unlabeled dependency accuracy on the WSJ test set is oriylysligwer than with the best-
performing voting method, and labeled accuracy on the Eve test set is hayhevrith any voting
method.

6.3 Handling Child Utterances by Combining Rule-Based and Data-Driven
Approaches

There are two challenges in parsing child language that arddotssed by the data-driven GR
analysis methods presented in chapter 5:

1. Certain utterances by young children cannot be annotated acctwdiuy GR annotation
scheme, simply because they do not contain the syntactic strassweiated with GRs.
Young children may produce word strings that do not conform to a gnathaiawe can



interpret. Rather than tguess what the child is trying to say (but not saying), we should
simply not annotate any GRs in such utterances. The datmdsgystems we have
developed, as most of the recent work in data-driven parsiminleerently robust, assigning
a syntactic structure to (almost) any string of words.

2. Young children may produce utterances that are mostly grammaiigamissing certain
words (auxiliaries, possessive case markers, pronouns, prepostipngilthough the intent
of the utterance is clear (and no guessing is required), wraitlare missing in the utterance
make its analysis problematic for a data-driven parser trained grgfalinmatical language.

We have seen that the data-driven parsing approaches outperferall gerformance of our
rule-based approach. However, the rule-based approach is betteredqtappandle the two
challenges mentioned above. First we address challenge yl)si®y a small grammar with as
little over-generation as possible, we can attempt to identiBrances where GRs should be
found, and those where they should not. This is done simply by verifyamgutterance can be
parsed using the grammar or not. While it may seem that ittlertess usually associated with
rule-based systems may be a problem, there is a cheastictefi the task that works to our
advantage: the sentences in question tend to be very simple, so the tirahumaerage problem
is greatly diminished. To address challenge (2), we useilindased parser’s ability to perform
limited insertions (one of the robustness features of LCFI®Y).using the same grammar, we
can also attempt to identify utterances where a word mayissng, and even determine what
the word should be. If a missing word is correctly identifiedan be inserted in the sentence,
which can then be passed as input to a data-driven system amtdnation of systems as
described in the previous section.

In the task of determining whether or not a sentence should beeadbr GRs, we achieve
better than 85% accuracy. In the task of identifying misgiogls, the system performs well in
the most frequent cases (missing copula, missing possesstvenadser). Certain less frequent
(and more challenging) word insertions cannot be reliably, suchithsmissing prepositions.
These rule-based techniques allow the overall performance ofid&Rification in young
children’s utterances to go from 69% to 87% accuracy.

7 Automated M easurement of Syntactic Development

In chapter 7 we present a practical end-to-end application ofi¢ti@ods for syntactic annotation
and automatic analysis described so far. The task we expltine automated measurement of
syntactic development in child language, which has both cliai@ltheoretical value in the field
of child language acquisition. Specifically, we present a falilomated way of computing the
Index of Productive Syntax, or IPSyn (Scarborough, 1990), a popular mdaswgntactic
development that has traditionally required significant maetfalt by trained researchers or
clinicians.

In addition to its inherent value to the child language communitpn@atic computation of
IPSyn scores serves as a task-based evaluation for our Ggisarapproach. Although
researchers in natural language parsing have become accustoenvatlsting systems in terms
of precision and recall of certain pieces of information (suclcasstituent bracketing, or
grammatical relations, as we have done in previous chapterg)iatec analysis system often
operates as a piece in a larger system designed to pexftagk that goes beyond determining



parse trees or grammatical relations. Because task-baatditions focusing on the effects of
the performance of specific NLP components are relatively, the relationship between the
standard precision/recall measures and the performanaegef lsystems that include these NLP
components is still somewhat unclear. Through a task-based ewaludiere we examine the
results of an end-to-end system that computes IPSyn scoreanvadetermine the impact of the
accuracy of our GR system in a practical setting. Accwa@tgputation of IPSyn scores validates
the usefulness of our annotation scheme and our approach to automanal@ds in its current
levels of precision and recall of grammatical relations.

7.1 Thelndex of Productive Syntax (IPSyn)

The Index of Productive Syntax (Scarborough, 1990) is a measure elbpeent of child
language that provides a numerical score for grammatigaplexity. IPSyn was designed for
investigating individual and group differences in child langueguiisition, and has been used in
numerous studies. It addresses weaknesses in the widely pMmdar Length of Utterance
measure, or MLU, with respect to the assessment of develoigyritax in children. Because
it addresses syntactic structures directly, it has dapwmpularity in the study of grammatical
aspects of child language learning in both research and clinical settings

Calculation of IPSyn scores requires a corpus of 100 traesciihild utterances, and the
identification of 56 specific language structures in each uiteralhese structures are counted
and used to compute numeric scores for the corpus in four categories (noun phiagtsages,
guestions and negations, and sentence structures), accordiriged scbre sheet. IPSyn scores
vary from zero to 112, with higher scores reflecting more syjioct@omplexity in the corpus.
Language structures that must be identified for computatidR®¥n vary from simple patterns
such as determiner-noun sequences to more complex structures suclbeaklezl clauses,
relative clauses and bitransitive predicates.

7.2 Automating IPSyn

Calculating IPSyn scores manually is a laborious processmnaiivés identifying 56 syntactic
structures (or their absence) in a transcript of 10l@ echterances. Currently, researchers work
with a partially automated process by using transcripts irtretfec format and spreadsheets.
However, the actual identification of syntactic structureschwiaccounts for most of the time
spent on calculating IPSyn scores, still has to be done manualhg, Eey and Channell (2004)
have attempted, with limited success, to automate the computdti®Byn using patterns of
part-of-speech tags to search for the syntactic structureswrhaised in IPSyn scoring. Their
Computerized Profiling (CP) program can be used for identificadf simpler structures within
IPSyn, but reliability of overall scores is well below manlatel. Syntactic analysis of
transcripts as described in chapters 4, 5 and 6 allows us #ostep further, fully automating
IPSyn computations and obtaining a level of reliability comparto that of human scoring. The
ability to search for syntactic patterns using both granualatielations and parts-of-speech
makes searching both easier and more reliable. Automdtengprocess of computing IPSyn
scores consists of two main steps: (1) parse each sentetiee input transcript to obtain GRs
according to the CHILDES annotation scheme; and (2) use patierGRs to search each
sentence in the transcript for each of the syntactic structures nanfRsiyn.



7.3 Evaluation

We evaluate our implementation of IPSyn in two ways. The iirBoint Difference, which is
calculated by taking the (unsigned) difference between scofgained manually and
automatically. The point difference is of great practiale, since it shows exactly how close
automatically produced scores are to manually produced scoresetbrd isPoint-to-Point
Accuracy, which reflects the overall reliability over each individaloring decision in the
computation of IPSyn scores. It is calculated by counting how manigiales (identification of
presence/absence of language structures in the transcript beiad)swere made correctly, and
dividing that number by the total number of decisions. The point-to-paaisure is commonly
used for assessing the inter-rater reliability of metsiech as the IPSyn. In our case, it allows us
to establish the reliability of automatically computed scoresnaghuman scoring.

Using two sets of transcripts (41 transcripts in totalhwibrresponding IPSyn scoring that
were provided to us by child language research groups, we reddbaraverage point difference
of our GR-based IPSyn system to be 3.3, and the point-to-point ligtiabibe 92.8%. For
comparison purposes, CP’s average point difference on the sanseripts is significantly
higher at 8.3, and its point-to-point reliability is significgntbwer at 85.4%. Inter-rater
reliability among human coders is about 94%.

Our experiments show that the results obtained from autom&jmIBcoring using our GR
analysis for CHILDES data are only slightly less reliattlen human scoring, and much more
reliable than scoring based on part-of-speech analysis alonevalidistes not only our analysis
approach, but also our CHILDES GR annotation scheme.

8 Conclusions

This thesis presents a multi-strategy approach for syntaatilysis of transcripts of parent-child

dialogs. Experiments using data from the CHILDES database $tadwour approach achieves

high accuracy in the identification of grammatical relas. Through experiments using data
from the Penn Treebank, we show that several of the ideas plegéfothis thesis are applicable

not just to analysis of parent-child dialogs, but to parsing in general.

8.1 Summary of Contributions

The major contributions of this thesis are:

* A scheme for annotating syntactic information as grammatelations in transcripts of
child-parent dialogs focusing on information relevant to the stfdghild language. The
annotation scheme is based on labeled dependency structutesephasent several
grammatical relations (GRs), such as subjects, objects and adjuncts

* A linear-time classifier-based deterministic parsing apgrdac constituent structures. By
using classifiers to determine the actions of a shift-recharser, we obtain high levels of
precision and recall of constituent structures at a grea¢edsthan methods with comparable
accuracy.

» The application of the rule-based robust parsing techniquesvig [(#996) and Rosé and
Lavie (2001) to a high-precision grammatical relation identificasystem for parent-child
dialogs. We use a multi-pass approach, allowing a gradual iecefasoverage and



ambiguity by setting robust parsing parameters. Althougheitedirof grammatical relations
obtained with the system is low, precision is very high, allowmgsystem to contribute as
one of the components in a high-accuracy combination system.

* The development of data-driven parsers for grammaticalaetatbased on statistical and
classifier-based parsing approaches. First, using the Penrafmkg@dbarcus et al., 1993) and
the Charniak (2000) parser, we show how existing resources aidgpchnologies can be
adapted to a different domain using a different syntactic septation. We then develop a
classifier-based approach for constituents and labeled depezglenéVe show that the
performance of a classifier-based parser trained on a sorallis is comparable to that of a
more complex system trained on a much larger corpus of text in a differenihdoma

* The use of different weighted voting schemes for combiningrdiffedependency structures,
and a novel methodology for using parsing algorithms to combine gracamadiation
analysis from multiple systems. We extend the work of Henderson an{B&8) on parser
combination to the case where several dependency parsers drieeshmWe also develop
new ways of determining different voting weights, and show that speeific weights can
produce improved accuracy. Finally, we present a novel way of msaximum spanning
trees or the CKY algorithm to combine the results of different parsedsiging well- formed
dependency structures.

» The demonstration of the effectiveness of the GR annotatlemee and GR identification
approach through a task-based evaluation. We implement an awtoreegion of the Index
of Productive Syntax, or IPSyn (Scarborough, 1990), a measuratat8y development in
child language used by clinicians and researchers. We showytheing our GR parsing
approach, we can produce IPSyn scores fully automatically witiracy comparable to that
of manual scoring. This serves not only as a useful tooh#ochild language community,
but as a way of showing the quality and value of our syntactic analysis approguiaatical
setting.

8.2 Future Research Directions

There are several possible directions for research thatidsxthe work presented in this thesis.
One area of future work is strongly tied to an important cheniatic of the CHILDES database,
which served as the source of much of the data used in our expetiri¢iet CHILDES database
contains transcripts in several languages, and the state ofrédloRrces for these languages
varies greatly. No other language, however, offers us a wealth of rescongearable to what is
available for English. This situation points to the researcktimueof what level of success can
be expected from the application of the work in this thasisther languages. Work towards
parsing different languages includes the investigation of thdicapjlity of several of the
analysis approaches developed for English data.

Another direction of future research is further explorationhef dlassifier-based framework
for parsing. The classifier-based parsers in this thesigleterministic, but it is possible to
extend them to perform a beam search that considers multipjsesaind outputs a k-best list of
parses while keeping a linear run-time, in a similay wa done by Ratnaparkhi (1997) in his
maximum-entropy parser. Another area of improvement for diasbiised parsing is the set of
features used to determine the parser’s actions. One interpssipility is the use of tree
features, since the data structures operated on by the parsier fat trees. This can be



accomplished with the use of support vector machines and treelkeor other structured
classification techniques, such as the tree boosting algorithm by Kudo anardatg2004).

One issue that deserves further research in our parser combination apptioadelisction of
parsers to be included in the combination. Intuitively, we know tih@tdigsirable to have parsers
that rely on different methods for determining syntactic stirest and in practice we have relied
on checking the performance of different parser sets on devetbplaw. While this simple
strategy has produced good results, finding a scheme for patsetiah that is robust to the
addition of weak parsers or several very similar parsemsins a challenge. One possible
direction for addressing this issue is the use of claasifin techniques, such as Henderson and
Brill's (1999) use of a naive Bayes classifier for sthecconstituents from different parsers.
Using such technigues, however, would require that scores canslymeas to different
dependencies from different parsers depending on their parts-chspe€&R types, as we found
that such scoring produces superior results than parser-wide serthgimple yes/no decisions
on the inclusion of dependencies would be insufficient for our maxispanning-tree or CKY
combination approaches.

Finally, accurate parsing of child language transcripts allfowsseveral future research
directions in child language. One area that is directlyeelto an issue explored in this thesis is
the measurement of grammatical complexity in child languagemef&sure such as IPSyn
(Scarborough, 1990) was designed with the knowledge that transcadpld have to be scored
manually. There is no doubt that such a constraint shaped then ddste scoring task.
Although the design of entirely new metrics that make betterafisthe currently available
technology is a worthwhile area of research, it is also cateigHikely to require a great deal of
expertise in child language research. A more tractable goalafiural language processing
research is to find better ways to utilize parsing technologgetermine scores for existing
metrics, such as IPSyn. In our current implementation, we wiog@ an automated system to
mimic the manual scoring process. Knowing the precision and Hewals of different GRs
produced automatically allows us to sets of transcripts andspmnding scores to increase the
reliability of automatic scoring even further. For examptestgad of using whole counts of
IPSyn items, fractional counts could be used depending on the expected aotidantification
of GRs involved in particular items. A more ambitious (ttrely plausible) alternative is the
use of machine learning techniques to go from a GR-annotatedripariscan IPSyn score
without the use of manually encoded rules, allowing a systepata the mapping from GRs to
scores.
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