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Abstract

Dialogue-based computer-assisted language learning (CALL) concerns the application and
analysis of automated systems that engage with a language learner through dialogue. Routed
in an interactionist perspective of second language acquisition, dialogue-based CALL systems
assume the role of a speaking partner, providing learners the opportunity for spontaneous
production of their second language. One area of interest for such systems is the implemen-
tation of corrective feedback. However, the feedback strategies employed by such systems
remain fairly limited. In particular, there are currently no provisions for learners to initiate
the correction of their own errors, despite this being the most frequently occurring and most
preferred type of error correction in learner speech. To address this gap, this thesis pro-
poses a framework for implementing such functionality, identifying incremental self-initiated
self-repair (i.e. disfluency) detection as a key area for research. Taking an interdisciplinary
approach to the exploration of this topic, this thesis outlines the steps taken to optimise an
incremental disfluency detection model for use with spoken learner English. To begin, a lin-
guistic comparative analysis of native and learner disfluency corpora explored the differences
between the disfluency behaviour of native and learner speech, highlighting key features of
learner speech not previously explored in disfluency detection model analysis. Following this,
in order to identify a suitable baseline model for further experimentation, two state-of-the-art
incremental self-repair detection models were trained and tested with a learner speech corpus.
An error analysis of the models’ outputs found an LSTM model using word embeddings and
part-of-speech tags to be the most suitable for learner speech, thanks to its lower number
of false positives triggered by learner errors in the corpus. Following this, several adapta-
tions to the model were tested to improve performance. Namely, the inclusion of character
embeddings, silence and laughter features, separating edit term detection from disfluency
detection, lemmatization and the inclusion of learners’ prior proficiency scores led to over an
eight percent model improvement over the baseline. Findings from this thesis illustrate how
the analysis of language characteristics specific to learner speech can positively inform model
adaptation and provide a starting point for further investigation into the implementation of
effective corrective feedback strategies in dialogue-based CALL systems.
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Chapter 1

Introduction

Achieving conversational competence is an essential part of learning a language. Through
conversational practice, a learner not only acquires skills in speaking and listening but also
gains knowledge of social customs associated with the language they are learning. Having the
opportunity for conversational practice is a high priority for learners [1], but it has historically
been regarded as difficult to teach using automated systems [2]. As a consequence, language
learning technologies available today typically lack the functionality required for the effective
practice of conversation, focusing instead on the listening and speaking practice of isolated
words and phrases [3, 4]. However, thanks to recent technological milestones in spoken
dialogue system technologies alongside the global success of voice assistants such as Alexa
and Google Assistant, there has been not only a technological shift but also an attitudinal shift
towards the adoption of ‘voice-first’ technologies [5]. With this shift comes new opportunities
for learners to engage in conversational practice. Imagine you are planning a trip to France,
and you want to brush up on some common phrases to use when ordering at a restaurant. Or
perhaps you have learned a new grammatical construct in your Japanese language class and
part of your homework is to practice using it in full sentences. In these examples, a spoken
dialogue system could take the role of a speaking partner, generating the required scenario
to practice as well as providing learning support anytime, anywhere. This PhD thesis is
rooted in this idea, with an aim to establish how state-of-the-art speech technology can be
applied to further enhance the capabilities of spoken dialogue systems for language learning.
In particular, this work explores how incremental disfluency detection models can be adapted

for language learning data, in order to create more opportunities for learners to correct their



own errors when practicing with a spoken-dialogue system.

1.1 Thesis Aims

The overarching goal of the thesis was to build an incremental disfluency detection model
that is suitably adapted for learner speech. With this goal in mind, the remainder of this

thesis explores three main aims and ten research questions:

1. Identify the challenges specific to disfluency detection for learner speech through a

comparative analysis of native and learner disfluency corpora.

e RQ1. How do the corpora differ in terms of general linguistic features?
e RQ2. How do the corpora differ in terms of disfluency features?

e RQ3. How might the features identified in RQ1 and RQ2 impact disfluency de-

tection models adapted for L2 speech?

2. Test two state-of-the-art incremental disfluency detection models to identify a suitable

baseline model for further experimentation.

e RQ4. Which model has the highest overall performance for L2 speech?

e RQ5. What is the impact of the disfluency features discussed in RQ3 on the

models’ performance?

e RQ6. What are the remaining challenges to address in an adapted baseline model?

3. Adapt the baseline model to improve its overall performance.

e RQ7. Based on the findings of RQ6, how can the baseline model be improved?

e RQ8. What is the impact of the adaptations outlined in RQ7 on overall perfor-

mance?

e RQY9. What is the impact of the adaptations outlined in RQ7 on the disfluency
features established in RQ37

e RQ10. How does the final adapted model compare to models from other re-

searchers?



Through the fulfilment of the above three aims, this thesis provides an empirical grounding
of the differences between native and learner disfluency corpora, which is subsequently used
as a framework for highlighting challenges, measuring model performance and developing
model adaptations. The resulting incremental disfluency detection model adapted for spoken

learner English forms the first step toward incrementality in dialogue-based CALL systems.

1.2 Thesis Outline

Taking an interdisciplinary approach to fulfil the above aims of this research project, the
remainder of the thesis is split into five chapters:

Chapter Two first outlines the motivation for exploring incremental disfluency detection
for spoken learner English. Through an introduction to the field of computer-assisted lan-
guage learning (CALL) and subsequently dialogue-based CALL, corrective feedback is iden-
tified as an area for investigation. The strategies adopted in dialogue-based CALL systems to
facilitate corrective feedback are analysed through the lens of ‘pedagogical repair’, revealing
a missed opportunity for current systems to prioritise the self-initiated self-repair of learners.
To address this gap, an incremental framework for corrective feedback that facilitates self-
initiated self-repair is proposed, from which incremental disfluency detection is identified as
a promising avenue for further research. Exploring this topic further, the linguistic structure,
features and variation of self-initiated self-repairs (i.e. disfluencies) are outlined, followed by
an overview of the approaches taken for their automatic detection. Alongside general trends
in the field, the potential challenges pertinent to the task of incremental disfluency detection
for learner speech are discussed, namely the impact of disfluency length, type and learner
proficiency on detection scores as well as the absence of models trained using learner data.

Chapter Three further explores the challenges outlined in Chapter Two by means of a
linguistic comparative analysis between two disfluency corpora: one for native speakers of
English and one for learners of English. Several points of difference between the corpora
are analysed, not only untangling the complex relationship between the features discussed
above but also highlighting further features of interest: nested disfluencies, learner errors and
disfluencies that co-occur with edit terms. In solidifying the differences between native and

learner disfluency corpora, the results of this analysis provided motivation to train and test



disfluency models using learner speech.

Chapter Four details the evaluation of two state-of-the-art incremental disfluency detec-
tion models for use with learner speech. The models are trained and tested on both native
and learner data and evaluated by their performance on the five ‘difficult-to-detect’ disflu-
ency features established in Chapters Two and Three: length, type, nested, with-edit and
with-error disfluencies. Due to its overall higher performance on learner speech as well as its
lower number of false positive classifications of learner errors as disfluencies, a deep learning
neural network model was selected as a baseline model for further experimentation.

In Chapter Five, five approaches to adaptation of the baseline model established in Chap-
ter Four are explored: dataset lemmatization, using paralinguistic features as inputs, experi-
menting with character and word embeddings, separating edit terms from disfluency detection
and using learners’ prior proficiency scores as inputs to the model. Dataset lemmatization
and edit term removal were shown to have the biggest impact on detection, with the final
adapted model showing an 8.5% performance improvement on the baseline model and a 54%
improvement on prior incremental models for learner speech. Analysis of the results high-
lights remaining challenges for disfluency detection in learner speech, namely the impact of
learner errors and proficiency on model performance.

Chapter Six concludes the thesis, providing an overview of the work carried out and how
the findings relate to the wider goal of applying speech technology to enhance the current
capabilities of dialogue-based CALL systems. General limitations of the thesis are outlined,

from which multiple avenues for further work are identified.

1.3 Thesis Contributions

The work described in this thesis is the first to address incremental disfluency detection of
learner speech for use in dialogue-based CALL systems. Alongside the findings described

above, the principal contributions of this thesis are:

e A systematic analysis of the corrective feedback strategies used by dialogue-based CALL
systems. This analysis extends prior work on the features of dialogue-based CALL

systems at large [6], devising and applying a new typological framework to analyse



the corrective feedback strategies used in dialogue-based CALL systems with a spoken

modality.

e The establishment of an incremental framework for corrective feedback that prioritises
self-initiated self-repair. This framework is based on the findings of the systematic
analysis outlined above and provides a novel example of how incremental dialogue
processing can be applied to a language learning setting. A summary of both this
framework and the analysis above will be submitted for presentation at the Speech and
Language Technology in Education (SLaTE 2023) workshop, with a paper titled ‘An

incremental framework for corrective feedback in dialogue-based CALL’ .1

e The adaptation of the NICT-JLE Corpus (a corpus of learner speech labelled with
disfluencies [7]—see Chapter Three for an overview) for use as training data for ma-
chine learning models. The outcome of this adaptation process has provided a new
version of the dataset optimised for learner disfluency detection research, with added
POS tags, disfluency re-labelling, prosodic feature derivation and data-splitting bal-
anced by learner proficiency level. The adapted corpus and accompanying research
paper describing the processes of adaptation titled ‘Adapting the NICT-JLE Corpus

for Disfluency Detection Models’ has been shared online for public use.?

e The establishment of a baseline model for incremental disfluency detection of learner
speech that is trained and tested using the adapted NICT-JLE corpus provides both a
starting point for further work in the field as well as a new framework for fair replication

and comparison across approaches in wider research.

e Three new disfluency features suitable for measuring disfluency detection model per-
formance have been determined: nested, with-edit and with-error disfluencies. Model
performance of all features can be tested in both non-incremental and incremental

settings, with the latter being more pertinent to learner speech data.

e The application of learner proficiency level, lemmatization and laughter features for

model improvement have previously not been tested in disfluency detection research.

!Funding for this publication has been provided by the University of Sheffield Postgraduate Research
Student Publication Scholarship.
https://github.com /lucyskidmore/nict-jle



The impact of the latter two on model performance is explored in a paper titled ‘In-
cremental Disfluency Detection for Spoken Learner English’ [8], presented at the 17th
Workshop on Innovative Use of NLP for Building Educational Applications, held at the
NAACL conference in July 2022.

1.4 Additional Publications

Alongside the contributions and publications outlined above, the following work has also been

published during the course of this PhD:

e L. Skidmore and R. K. Moore. Using Alexa for Flashcard-Based Learning. In Proc.
Interspeech 2019, 1846-1850, Graz, 2019.

e L. Skidmore and A. Gutkin. Does A Priori Phonological Knowledge Improve Cross-
Lingual Robustness of Phonemic Contrasts? In Proc. SPECOM 2020, St. Petersburg,
2020.

e R. K. Moore and L. Skidmore. On the Use/Misuse of the Term ‘Phoneme’. In Proc.
Interspeech 2019, 2340-2344, Graz, 2019.

The first publication was presented as a poster at the Interspeech 2019 conference, sum-
marising the researcher’s MSc dissertation project which evaluated the feasibility of using
Alexa as a tool for flashcard-based Japanese vocabulary learning. The second publication
relates to the work undertaken as part of a three month internship as a ‘Computational
Linguist’” at the Google AI Research Lab in London. The publication was co-written with
Alexander Gutkin (part of the research team at Google) and reports the findings of the ex-
perimentation run by the researcher during the internship, presented online at SPECOM
2020. The final publication was also presented as a poster at the Interspeech 2019 confer-
ence, the work was conducted with Roger K. Moore and the researcher contributed to this
work through the collation and data analysis of the use of the term ‘phoneme’ in archived
Interspeech publications. Additionally, the researcher was responsible for the editorial co-
ordination of the Dagstuhl Seminar 20021, titled ‘Spoken Language Interaction with Virtual
Agents and Robots (SLIVAR): Towards Effective and Ethical Interaction (Dagstuhl Seminar
20021)’ [9].



Chapter 2

Toward Incrementality in

Dialogue-based CALL

This chapter begins with an overview of CALL, after which it narrows focus to the subfield of
dialogue-based CALL. Based on existing research in the field, corrective feedback in dialogue-
based CALL systems is selected as an area worthy of further investigation. A typology of
corrective feedback strategies applied in classrooms is presented and subsequently used as a
framework to evaluate how corrective feedback in current dialogue-based CALL systems is
implemented. From this analysis, the lack of opportunities for learners to correct themselves
in current systems is identified, and a framework that accommodates such functionality is
proposed. From this framework, incremental self-initiated self-repair detection is chosen as
a necessary and currently unexplored component for dialogue-based CALL systems. With
this motivation established, the formal definition of self-initiated self-repair, detailing its
structure, features and variation is outlined. This is followed by a detailed overview of work on
automatic self-initiated self-repair (also known as disfluency) detection. The main approaches
to disfluency detection are explored, alongside a summary of approaches to dataset labelling,
evaluation and challenges in the field. Approaches for both incremental and learner speech

are analysed in detail, highlighting areas of particular interest for this research.



2.1 Computer-Assisted Language Learning

Computer-assisted language learning (CALL) is defined as “the search for and study of ap-
plications of the computer in language teaching and learning”, [10] p. 1. Established in the
1960s, it is a long-standing field that continuously diversifies in tandem with the evolution
of both technology and second language pedagogy. Examples of CALL technology range
from using incidental tools such as machine translation engines [11] to intentional tools such
as specifically designed language learning apps and software [3]. Compared to face-to-face
teaching alone, the additional use of CALL technology not only improves learners’ language
proficiency [12] but has also been shown to increase motivation to learn [13, 14], learner
self-confidence [14, 15] and satisfaction [16]. The interdisciplinary range of applications that
CALL encompasses further fuels its diversification resulting in multiple perspectives from
which CALL technology can be implemented and evaluated [17]. Human-computer interac-
tion (HCI), second language acquisition (SLA), automatic speech recognition (ASR), natural
language processing (NLP), and applied linguistics are just some of the many research areas

that CALL intersects.

2.1.1 CALL in Context

From the first CALL programs performing text-based vocabulary drills [18] to contemporary
studies in immersion learning using virtual reality (VR) technology [19], there have been a
number of significant pedagogical and technological shifts within CALL research which can
be broadly categorised into phases. This is visualised by Figure 2.4, which depicts a timeline
from 1950 to the present day that marks out the boundaries of each CALL phase according
to Warschauer [20], Bax [21] and Gimeno-Sanze [22]. It also marks commercial technology
releases influential to CALL as well as example research projects (described below).

The first phase is known as ‘Structural’! [20] or ‘Restricted’ [21] CALL, occurring between
the 1960s and 1980s. The pedagogical motivation for this approach is rooted in Structural
Linguistics, in which language is seen as a formal system made up of distinct units [24].

Mainframe computers were used in specialised language laboratories for vocabulary drill ac-

!This term was updated by Warschauer and Healey from their initial labelling of Behavioural CALL six
years prior [23].
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Figure 2.1: History of CALL showing phases of CALL research according to

Warschauer, Baz and Gimeno-Sanze, alongside a timeline of commercial techno-

logical releases and research projects related to CALL between 1950 and the present

day.
tivities to improve learners’ accuracy [20] and were regarded as a supplement to classroom
instruction, rather than its replacement [25]. The Illinois PLATO Foreign Languages Project
[18] is an example of the Structural/Restricted approach using drill and practise exercises
[10]. The project was an evolution of the ‘Programmed Logic for Automatic Teaching Oper-
ations’ computer-based education system developed in the 1960s on ILLIAC, the University
of Illinois’ mainframe computer [26].

The second phase is deemed ‘Communicative’ [20] or ‘Open’ [21] CALL. The former took
place through the 1980s and 1990s, influenced by the approach of Communicative Language
Teaching (CLT), whereby communicative competence is the main goal of language study
[27]. The latter is argued to have continued through to the early 2000s, primarily due to
the fact that communicative language teaching forms a part of, but not the whole picture of
CALL between the 1980s and 2000s [21]. The term ‘Open’ is used to reflect the departure
from the restricted nature of previous approaches and a more open attitude to the way
computers are used for learning. Both interpretations of this phase describe opportunities for
interaction, using personal computers (PCs) and later the internet for games, simulations and
computer-mediated communication in order to improve learners’ fluency [20]. An example
of this approach can be seen in the investigation of a system called ‘Daedalus Interchange’, a
network computer application that allowed students to engage synchronously in collaborative,

written discussion on a chosen topic [28].
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Phase three, starting in the 2000s, is deemed as ‘Integrative’ [20] or ‘Integrated’ [21]
CALL. The former draws on a socio-cognitive view of language learning where learners are
encouraged to integrate within a community. Multimedia tools and the internet are used by
learners to carry out real-life tasks in order to improve their agency in the target language [20].
Integrated CALL, coined in 2003, is framed as “an aim towards which we should be working”
[21], p.22, where the computer is so embedded into teaching and learning that it is almost
an invisible technology—this process is coined ‘normalisation’ [21]. Phase three captures the
ubiquity of computer technology in recent decades, a reality which was in part facilitated
by the emergence of mobile-assisted language learning (MALL), a subfield of CALL which
explores the use of mobile technologies such as mobile phones, media players, smartphones and
tablet computers [29]. Taking CALL outside of the classroom, the portability, versatility and
cost of these technologies, in addition to their ability to support multimedia and collaborative
activities [30] allowed learners to engage with their language study anytime, anywhere. One
example of MALL technology is seen in the investigation by Stockwell [31], who describes a
mobile-based intelligent tutor system that generates vocabulary practise tasks personalised
to learners’ knowledge level.

Technology has continued to advance since the above phases were considered in the early
2000s. The widespread adoption and technological capabilities of smartphones have acted as
a driver for ‘integration’ in CALL. With them came an abundance of commercial language
learning applications (‘apps’), a multi-billion dollar industry in its own right, as well as a
rich topic of study. Smartphones not only enable the use of apps but also provide relatively
low-cost access to high-speed internet. This in turn grants a learner with access to a vast
array of online learning resources. This impact is directly linked to the current phase of
CALL, coined in 2013, known as ‘Atomised’ CALL [22] which describes the field from 2010
onward. Gimeno-Sanze argues that this phase is an extension of phase three and thanks
to the ‘normalisation’ of technology forecast by Bax [21], language learning has moved away
from relying on standalone ‘all-in-one’ software and has become primarily “needs-driven” [22],
pg. 1110, making use of the multiple technology-based tools and resources now available to
learners. Examples of these tools and resources include language learning apps [1], podcasts
[32], computer games [33] and other Web 2.0 technologies [34].

It is worth noting that although introduced chronologically, the phases described above
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are not strictly confined to set time periods, and elements of all phases can be found across
CALL research and development. The phases instead provide a framework to outline the gen-
eral transformation of CALL from the 1960s to the present day. CALL systems have evolved
from inaccessible tools used in university laboratories that teach small units of language to
personalised tools used in everyday life that facilitate unlimited access to language learning
resources. This evolution can be in part attributed to the general advancements in com-
puter hardware in terms of portability, processing power and affordability. This is reflected
in the commercial releases of the mainframe computer, desktop computer, and smartphone
illustrated in Figure 2.4 where each release precedes a new phase of CALL. This evolution
has been advanced further by the invention of the World Wide Web and Web 2.0 in particu-
lar, providing connectivity between CALL systems, facilitating real-time interaction between
learners in a way that was not possible previously. With each technological milestone, the
field has diversified and generated subfields, forming a vibrant and interdisciplinary land-
scape of research and development, reflecting Levy’s statement that “the nature of CALL at
any particular time is, to a large degree, a reflection of the level of the development of the
technology.” [10], p.1. One such subfield—and the focus of this thesis—is dialogue-based
CALL.

2.1.2 Dialogue-based CALL

As a consequence of the recent advances in automatic speech recognition and natural language
processing, there has been huge growth in the commercial development of voice assistants
such as Amazon Alexa, Google Assistant and Apple’s Siri [5]. The widespread adoption of
these technologies on smartphones, smart speakers and even in cars is evidence of a societal
shift towards using spoken dialogue systems in everyday life. Echoing the pattern of general
technical innovation leading to CALL applications described above, this shift has obvious
ramifications for CALL in terms of facilitating conversational practise, a skill that is a high
priority for language learners [1] that has been shown to be effectively improved using CALL
systems [35]. This area of research forms part of an emerging subfield of CALL, known as
‘dialogue-based’ CALL.

Dialogue-based CALL concerns the application and analysis of automated systems that

engage with a language learner through conversation. Routed in an interactionist perspective
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Figure 2.2: Screenshots from the POMY dialogue-based CALL system. From
left to right, the scenarios include asking for directions, visiting a post office and
going to the supermarket. Image Copyright ACL 1965-2022, licensed under CC
BY-NC-SA 3.0.

of second language acquisition (SLA) [36], dialogue-based CALL systems afford learners the
opportunity for spontaneous production of the language they are practising. In a dialogue
between a system and a learner, the system assumes the role of a conversational partner,
providing the learner with the opportunity to practise their verbal communication skills at
length, any time in an environment of low social risk. Dialogue with an automated agent
has been a feature of CALL applications such as intelligent tutoring systems (ICALL) [37]
and computer-assisted pronunciation training (CAPT) programs [38] since the 1980s, with
additional strands of research emerging from the application of spoken dialogue systems
(SDSs) [39] and chatbot technology [40]. Now emerging as a field in its own right, dialogue-
based CALL systems today have the opportunity to exploit complex dialogue management
and higher accuracy non-native speech processing, in turn facilitating more sophisticated
and helpful conversational practise tools for language learners. Evaluations of dialogue-based
CALL systems are reflective of the impact of CALL systems more generally—they have been
shown to improve proficiency [35] and reduce speaking anxiety [41], as well as being enjoyable
to learners [42].

One example of the level of complexity that current systems can achieve is POMY [43, 44],
an immersive language learning game where learners interact via speech with characters inside
a 3D environment on the screen to carry out tasks such as visiting the post office to send a
package. Figure 2.2 shows screenshots of the various tasks available to learners. Designed
for Korean-speaking learners of English, the dialogue system is goal-oriented thanks to the
task-based games that take place in an immersive environment. For example, in the post

office scenario, learners are required to send a camera to England and, through a conversation
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with the post office worker, have to ensure that the package is insured and delivered by the
following week. During tasks, feedback is given on learners’ morphological, grammatical and
lexical errors by a ‘tutor’ character that accompanies learners throughout the game. The
tutor can also provide hints to learners on how to engage with a task. Investigations into the
effectiveness of POMY have shown that it improves learners’ speaking rate and confidence
levels [44] as well as satisfaction and interest in learning [45].

Another example of a contemporary dialogue-based CALL system is a text-based interac-
tion game for English-speaking learners of Chinese [46]. Learners interact with pre-recorded
videos of characters with the goal of form-focused practise of formulaic expressions. The
setting and task are first described to the learner, after which they are required to play their
role in the scene by selecting the appropriate expression in tandem with the scene being acted
out in the video. Below is an example scenario (with English translations only) taken from
[46].

Situation: You are shopping at Raffles City Shanghai. A shop assistant walks

up to you to offer help, but you don’t need her help. While browsing, you see a
T-shirt you like. You wonder how much it is and if it fits you.

Shop assistant: Hello, how can I help you?

Customer: I'm just looking

Shop assistant: Alright, please let me know if you need any help
Customer: How much is this T-shirt?

Shop assistant: It’s 120 RMB.

Customer: Can I try it on?

NS ot w e

Shop assistant Sure, the fitting room is over there

For utterances two, four, and six, learners are required to select from a choice of four
options, with only one being correct. Feedback is provided to learners through the issuing
of points for correct answers, as well as hints when the wrong answer is chosen. Findings
from learner testing showed that after using the system, learners had stronger retention of
the formulaic expressions both immediately after practise and also two weeks later [46].

The examples above show a snippet of the broad range of pedagogical and technical ap-
proaches to developing dialogue-based CALL systems. Differences can be seen in modality

(e.g. spoken vs. written), the level of interactivity afforded to the learner (e.g. goal-oriented
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and meaning-focused vs. highly constrained and form-focused), as well as instructional fea-
tures such as the inclusion of feedback and gamification (see Bibauw et al. [47] for an overview
of this diversity and how various features impact learning outcomes). With each system comes
its own weaknesses specific to the desired learning task and tackling such challenges requires
expertise across multiple domains. As it is not possible to explore all areas here, this the-
sis focuses specifically on how speech technology can be applied to improve the corrective

feedback capabilities of dialogue-based CALL systems.

2.2 Challenges for Dialogue-based CALL: Corrective Feed-
back

Despite the advanced capabilities of contemporary dialogue-based CALL systems described
above, an area where systems are still limited is in their ability to provide high-quality
corrective feedback to learners. A recent investigation into the interactional, instructional and
technological characteristics of dialogue-based CALL systems found that just under half of
all systems that were evaluated provide corrective feedback [6], despite the fact that learning
outcomes are almost twice as strong for the systems that include such functionality [48].
With these findings comes the motivation to explore both the methodological and functional

limitations of dialogue-based CALL systems that employ corrective feedback.

2.2.1 Corrective Feedback in Teacher-Learner Dialogue

In a language learning environment, teacher-learner dialogue differs from dialogue between
two native speakers. Firstly, there is a known imbalance of language capabilities between the
speakers, with the learner having less knowledge of the target language than the teacher. For
learners, this means they are more likely to produce errors in the target language and they
may also struggle to comprehend the meaning of the teacher’s speech. As a consequence, the
teacher is required to accommodate for this knowledge imbalance through pedagogical tech-
niques such as negotiation of meaning, intonation change and adjusting their rate of speech.
These techniques fall under the umbrella of corrective feedback, a pedagogical approach that
sits at the intersection of conversation analysis (CA) and second language acquisition (SLA).

From the CA perspective, corrective feedback focuses on the application of the analysis frame-
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work of ‘repair’ (the term given to the handling of errors in dialogue) in a language learning
setting [49, 50]. From the SLA perspective, the focus is on how corrective feedback is used
in practice in second language classrooms, and whether or not it is beneficial for language
improvement. This is achieved through analyses of interactions between teachers and learners
that are categorised and tested (see [51, 52, 53] for examples). Insights from this research pro-
vide an empirical basis for implementing specific corrective feedback strategies in classroom
settings.

Figure 2.3 shows a taxonomy derived for this investigation that details the four instances
of error correction in teacher-learner dialogue: ‘prompting’, ‘reformulation’, ‘self-correction’
and ‘bridging the gap’, a phrase coined specifically for this investigation. It is informed by
typologies from both branches of research [49, 51, 54], capturing the dialogic structure of
corrective feedback, general descriptions of when the corrections occur in practice as well
as methods for implementing them. In addition, the terminology used in CA repair theory
to describe a repair segment is adjusted for language learning—the standard terms self and
other used in self-initiated, self-completed, other-initiated and other-completed are replaced
with learner and teacher, respectively. In line with a concept referred to as ‘pedagogical
repair’ [49], the framework applies only to errors in production made by the learner and does
not address errors in learner comprehension or teacher errors. Additionally, the feedback
provided by teachers is presumed to take place shortly after it occurs during conversation.

Self-correction describes the process of learner-initiated learner-completed repair, whereby
the learner realises their own error and corrects it themselves. During self-correction, learners
often mark their errors prosodically by cutting off the end of the erroneous word, stretching
it out, or pausing, as well as lexically through the use of edit terms and error repetition (see
later in this chapter for more detail on such processes). The other opportunity for learners
to correct their own errors within this framework is through prompting, where the teacher
not only indicates to the learner there is a problem in their utterance but also provides
an opportunity for the learner to correct the error themselves. There are various methods
that teachers use to achieve this: asking the learner to clarify what they mean (clarification
request), repeating the same erroneous phrase back to the learner (repetition), coaxing the
correction from the learner through the partial utterance of the corrected phrase (elicitation),

providing clues related to the linguistic form of the desired correction (meta-linguistic clue)
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Figure 2.3
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and finally through using non-verbal actions such as the raising of an eyebrow (paralinguistic
signal).

Bridging the gap and reformulation strategies occur when the teacher is the one to correct
the learner’s error. Opportunities for bridging the gap arise when a learner is aware that they
have made an error but are unable to correct it themselves. This method is commonly referred
to as a ‘word search’, i.e. a scenario when the speaker cannot think of the appropriate word
to say. In a language learning setting, this can occur when a learner cannot think of the
appropriate correction for an error, such as the example in Figure 2.3 but could also refer
to a scenario where a learner cannot think of or does not know the appropriate vocabulary
to use. Finally, reformation is used by teachers when the learner has not noticed their
own error. Methods for doing so include repeating back a corrected version of the learner’s
erroneous utterance (recasts), overtly stating that what the learner said was incorrect and
directly providing the correction (explicit correction), and finally explicit correction with a
meta-linguistic explanation, which is the same as the previous method with the addition of
the reason as to why the learner’s utterance was incorrect.

A meta-analysis of 15 classroom-based studies that investigated the pedagogical effec-
tiveness of the oral corrective feedback strategies described above showed that prompting
approaches outperform reformulation, especially those that elicit free constructed responses
from learners (i.e. responses that are not constrained by form or meaning) [51]. In addition,
research indicates that learners not only prefer learner-completed repair (self-correction and
prompting) over teacher-completed repair (reformulation and bridging the gap) [55] but also
find opportunities to self-correct more motivating [56]. These preferences are also reflected
in the behaviour of teachers, who have been shown to generally opt for a prompting first,
reformulation second approach to feedback [57]. With both the pedagogical and preferential
evidence pointing toward learner-completed repair as the more effective approach in teacher-
learner dialogue, it seems that it would be beneficial for dialogue-based CALL systems to
also prioritise such opportunities. However, in existing typologies of dialogue-based CALL
systems [6], this level of granularity in regard to the kind of corrective feedback methods
that are used does not exist, and so further investigation is required as to if and how such

methods are currently being implemented.
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2.2.2 Corrective Feedback in Dialogue-based CALL Systems

In order to better understand corrective feedback employed by dialogue-based CALL sys-
tems, the typology developed by Bibauw et al. [6] was expanded for this investigation to
include further classifications relating to the strategies described above. The resulting mod-
ified typology was used to evaluate the distribution of corrective feedback methods in order
to identify gaps in existing systems’ capabilities. To carry out this task, the following data

collection processes were followed:

1. The search methodology described by Bibauw et al. [6] was replicated to gather all
papers related to dialogue-based CALL that have been published since 2017 (the end
date of the study).

2. All dialogue-based systems (old and newly retrieved) labelled in the database with a
‘primarily spoken modality’ were reviewed and categorised according to their corrective

feedback type and method, using the taxonomy described above in Figure 2.3.

The additional database of systems with categorical labelling is reported in Table 1 in the
Appendix. Out of the 42 dialogue-based CALL systems surveyed with a primarily spoken
modality, 27 had corrective feedback as a feature of the system and 26 provided details of the
types and methods followed to implement it.2 Ten of the systems surveyed employed more
than one method of feedback and three out of the four feedback types were reported across
the systems: prompting, reformulation and bridging the gap. Twelve of the systems gave
delayed feedback (provided to learners after the completion of dialogue exercises) and for
nine of these systems, this was the only form of feedback provided. The delayed feedback was
communicated in various ways: onscreen transcriptions highlighting mispronounced words
[38, 59, 60] and grammatical errors [61] as well as pronunciation scores given at word and
sentence level [62, 63]. Additionally, pronunciation tips were generated for learners’ common
errors [64] as well as opportunities to hear back their own speech compared to an ideal pro-
nunciation [65]. There was also use of visual feedback with simulations of mouth movements
for learners to imitate [62, 66], and ‘prosody transplantation’ where the appropriate prosody

for a given sentence was imposed onto the learner’s speech for them to hear [67].

2The dialogue-based system ‘Military Language Tutor’ [58] used corrective feedback, but did not include
any further details, and so was excluded from this analysis.
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Looking at the strategies followed by the systems that applied immediate feedback, the
most frequent approach was to combine the methodologies of prompting with reformulation
or bridging the gap. Commonly these systems first provide the learner with the opportunity
to correct themselves by using a clarification request. If the clarification request is unsuc-
cessful, it is followed by a recast [68, 69, 70, 71]. This strategy has also been implemented
through the use of repetition as the initial prompting method [43]. In place of recasts, some
systems provide opportunities for bridging the gap instead through the generation of hints
that learners can opt for following an unsuccessful clarification request [72, 73]. Following a
similar approach but only using prompting methods, one system initiated correction with a
clarification request, followed by a more explicit form of prompting such as elicitation [71].
The second most frequent correction approach is to apply explicit feedback both with and
without metalinguistic information. The former is typically given at word level, realised
through scored and corrected transcriptions for both grammar and pronunciation feedback
that is generated as the learner speaks [74, 75, 69]. The latter provides feedback on a turn-
by-turn basis, often through a ‘pop-up’ screen detailing metalinguistic information that has
been generated based on a set of pre-defined error classifications [76, 77].

The remaining approaches to correction are standalone recasts, clarification requests due
to system recognition errors and elicitation. Standalone recasts do not occur in combination
with other methods and are applied with varying levels of implicity. These include the
embedding of a recast into a system’s response [78], providing additional prosodic emphasis
to the corrected part of a recast [79] and generating a recast for the system’s response whilst
highlighting the learner’s error in the conversational transcript [65]. Clarification requests
that are due to system recognition difficulties differ from those that are combined with other
methodologies in that in these cases the system is not able to identify issues in the learner
input, either because the input is unintelligible for some reason, or the type of error produced
by the learner has not been pre-defined by the system. In these cases, systems respond with
phrases such as “I don’t understand, can you repeat that” [77, 65, 71]. For the systems
evaluated, these types of clarification requests are an additional fallback feature rather than
the primary mode of correction for a system. Finally, two systems investigated reported
elicitation as their only feedback method [80, 81]. In both cases, hints were generated by the

systems in order to provide feedback on meaning (to progress the conversational trajectory),
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rather than feedback on form.

The overview above has revealed the range of approaches followed by dialogue-based
CALL systems to provide immediate oral corrective feedback. With such technology comes
multimodal affordances not typically available during teacher-learner dialogue, such as on-
screen transcriptions, visual feedback through highlighting and real-time proficiency scoring.
Nevertheless, the majority of systems employ feedback strategies similar to those enacted
by teachers—starting with implicit methods that encourage learner-completed repair before
falling back to explicit forms of teacher-completed repair when necessary [57]. Despite this
prioritisation of teacher-initiated learner-completed repair, there are no references to the
affordance of learner-initiated learner-completed repair (i.e. self-correction) in any of the
systems evaluated. This may in part be due to the nature of self-correction, in that it could
be considered to be outside of the purview of corrective feedback, given that it is the learners
themselves that are correcting their errors. However, as explored above, self-correction is an
inherent part of the error repair process in conversation. It is the most frequently occurring
correction type in speech [82] as well as being the most preferred type by learners [49, 83].
Through not addressing self-correction as part of the feedback process explicitly, dialogue-
based CALL systems not only miss an opportunity to prioritise an additional form of learner-
completed repair but also run the risk of self-corrections being misinterpreted as learner

errors3 .

3Here an error is defined as the inaccurate use of language by a learner. An error may be related to a
learner’s pronunciation (phonological), word formation (morphological), word use (lexical) or sentence struc-
ture (grammatical). See [84] for an overview of errors in language learning.
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Figure 2.4: Proposed incremental process for corrective feedback in a dialogue-
based CALL system.

2.2.3 An Incremental Framework for Corrective Feedback

Figure 2.4 shows a proposed framework for enacting corrective feedback in a dialogue-based
CALL system. It has a similar structure to the majority of systems described above whereby
learner-completed repair is prioritised over system-initiated repair, however, it differs in that
it also provides the affordance of self-correction. The framework is designed to process a
learner’s utterance incrementally, i.e. word-by-word, in order to detect and act upon errors
as they occur, rather than at the end of a given utterance. As the learner speaks, the system
continuously detects whether or not an error has occurred in their utterance. If there is
no error, the system continues to process the learner’s speech. If an error is detected, the
system first waits to see if the learner goes on to correct it (self-correction). If the learner
corrects themselves, the system continues to process the learner’s utterance as before. If the
learner does not correct their error, the system goes on to do one of two things. If this is the

first attempt by the system to correct the learner, it generates a prompt, again affording the
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learner an opportunity to correct themselves (prompting). If after prompting the learner is
unable to correct their error, the system does so through reformulation or bridging the gap
methods.

The framework introduced above does not encapsulate all of the functionality required to
implement a complete dialogue-based CALL system but instead focuses specifically on the
key processes of pedagogical repair: error detection, self-correction detection and feedback
generation. The feedback elements of the proposed framework would require either rule-based
or model-trained generation of utterances primed on the error detection output as well as the
pedagogical goals of the dialogue task itself. The addition of a self-correction module is what
separates this framework from the previous approaches described above. Not only does the
inclusion of the module force the system to ‘wait’, creating a window of opportunity for the
learner to self-correct, but its output also determines the most effective strategy of corrective
feedback to generate.

In a real-world setting, there are several other system elements beyond those described
above that would impact the performance of such a dialogue-based CALL application. Firstly,
poor quality ASR output may lead to the incorrect labelling of both learner errors and self-
correction. Without accurate labelling of these speech features, the system would not be able
to provide appropriate corrective feedback, potentially leading to confusion for the learner.
This is more likely in settings of low-resource data such as learner speech where the rate
of errors and mispronunciation is typically high, impacting the accuracy of ASR output.
Additionally, the requirement for incrementality across the system as a whole, including the
framework above as well as ASR, a dialogue manager and text-to-speech (TTS) modules may
cause system latency. Such latency may impede the system’s ability to provide corrective
feedback to learners at the appropriate points in the conversation, again leading to ineffec-
tive and potentially confusing feedback for the learner. With this in mind, the framework
introduced above can be considered as a starting point for the wider goal of fully effective

incremental processing in dialogue-based CALL systems.
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2.3 Automatic Disfluency Detection

Disfluency detection concerns the automatic labelling of self-initiated self-repairs (i.e. dis-
fluencies) found in spontaneous speech. The majority of research in this area is applied
with the aim of disfluency removal, transforming transcribed speech into a form more simi-
lar to written text. There are four main approaches to disfluency detection: parsing-based
approaches, noisy-channel model approaches, sequence labelling approaches and encoder-
decoder approaches. Following an introduction to the linguistic features of disfluencies, each
approach to disfluency detection is addressed in detail below, alongside an overview of perti-

nent input features, evaluation metrics and open challenges.

2.3.1 Self-initiated Self-repair

As introduced in Section 2.2.1 above, ‘self-initiated self-repair’ is a term coined in conversa-
tion analysis research [82] describing the process whereby through ‘self-monitoring’, a speaker
notices and ‘repairs’ a problem in their speech [85]. Such problems are a result of trouble
during the psycholinguistic processes of utterance planning and production, broadly cate-
gorised as problems with planning informational structure and content, appropriateness of
terms used and formulation of erroneous utterances [85]. The repair process can occur imme-
diately within the same utterance (position one self-initiated self-repair) or in the utterance
following an interlocutor’s utterance (position three self-initiated self-repair) [86]. In line with
the framework proposed in Section 2.2.3, this overview focuses on position one self-initiated
self-repairs. Such repairs are preferred by speakers [82] and the most frequently occurring in

conversation [87], making up approximately 6% of conversational speech [88].

(1) I'd like a | coffee 4+ {uh} cup of tea] please
S~—~— M~
reparandum  interregnum  repair
Following the notation scheme devised by Shriberg [89], the example above shows the
components of a self-initiated self-repair, where the speaker changes their request of “coffee”
for a “cup of tea”. Systematic in their structure, such repairs comprise of a reparandum
phrase, optional interregnum phrase and repair phrase [85]. The + represents the ‘interrup-

tion point’, marking the end of a reparandum phrase prior to the onset of repair. Interregnum

24



phrases are either filled pauses, edit terms or discourse markers such as “wuh”, “I mean” and
“you know”. Beyond the lexical structure of the reparandum phrase, interregnum and repair
phrase, prosodic features also play an important role in self-initiated self-repair. The inter-
ruption point is often marked prosodically with features such as silence as well as reparandum
word cut-off and glottalisation [90]. Pitch differences between repair and reparandum phrases
have also been reported, with emphasis particularly given to self-repairs that are initiated due
to grammatically erroneous reparandum phrases [91]. Finally, physical acts of eye and gestu-
ral movements have been shown to have a systematic function within self-repair, correlating
with preferences for self-initiated self-repair during word searches [92, 93].

There are three structural sub-types of self-initiated self-repairs: repetitions, substitutions
and deletions [89]. Example (2) below shows a repetition-type repair, where the reparandum
phrase and repair phrase are identical. Example (1) above is a substitution-type repair,
where the reparandum and repair phrases are different lexically but are easily understood
to be substitutions of one another. Deletion-type repairs occur when the repair phrase does
not resemble the reparandum phrase. Utterance-initial deletions such as the one shown in

example (3) are referred to as restarts.

(2) I'd like a [ cup of + cup of] tea please
~—— ~—

reparandum repair

(3)[ Where + {erm} ]I’d like a cup of tea please

reparandum interregnum

In addition, self-initiated self-repairs can be simple or complex [89]. Simple repairs refer
to the examples seen above, where there is only one instance of reparandum and repair within
the overall repair structure. Complex repairs have multiple instances within one structure,
also known as nested repairs. See example (4) below, where the repetition of the word “like”

occurs within the reparandum phrase of the outer repair structure.

reparandum  repair
4)| I'd p lik l?k I'd lik tea pl
(4)[Id [ lke + lke ]+ {erm} ike | a cup of tea please

repair

reparandum interregnum
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NP VP
| P subj obj
v NP l ‘ det l
| /\
ate an apple I ate an apple
(a) constituency parsing (b) dependency parsing

Figure 2.5: The labelling approaches for constituency and dependency parsing
using the example sentence “I ate an apple”.

The frequency, distribution and linguistic features of self-initiated self-repairs have been
shown to be dependent on a multitude of factors. Firstly, there is a proven relationship
between the frequency of self-initiated self-repair and cognitive load [94], with less predictable
words more likely to trigger instances of repair [95, 96]. Other examples of influencing factors
include but are not limited to speech task type [97, 87, 98], speaker age and gender [99, 100],
speech modality (i.e. human-computer interaction vs. human-human interaction) [101, 102]
and the native language of the speaker [103]. The same is true for learner speech, which
has higher overall rates of self-initiated self-repairs [104, 105] and filled pauses [106, 107]

compared to native speech.

2.3.2 Approaches to Disfluency Detection
Text Parsing

Text parsing is the process of labelling sentences for their syntactic structure, and is applied
for tasks such as grammar checking and question-answering [108]. There are two forms of
parse-tree structures that can be applied to a given sentence: constituency structures and
dependency structures. The former groups words into sub-phrases (i.e. ‘constituencies’)
according to their grammatical function, whereas the latter labels the directional syntactic
relationships (i.e. dependencies) between words. Figure 2.5 shows how constituency and
dependency labelling differ for the example sentence “I ate an apple”.

The presence of disfluencies in speech is a challenge for standard text-parsers. This is due

to the fact that despite being syntactically similar, the reparandum and repair phrase of disflu-
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encies do not always form a whole syntactic phrase. With this challenge came the motivation
to eliminate disfluencies as part of the parsing process. The earliest work in this area inte-
grated hand-crafted rules in order to delete reparandum phrases immediately upon detection
during parsing [109, 110]. Other work identified disfluencies either prior to [88, 111, 112] or
after [113] the parsing process. More recent iterations of this approach apply transition-based
dependency parsing, where the standard transition operators used to label dependencies are
augmented to include new operators for disfluency labelling [114, 115, 116, 117]. The most
successful results, however, are seen in self-attentive neural constituency parsers for joint
detection and constituency parsing. Modelled as a multi-task learning problem, syntactic
information from parse-trees improves the accuracy of neural disfluency detection models
achieving close to current state-of-the-art performance [118, 119].

The main limitation of parsing-based approaches is in the requirements for data labelled
with both syntactic information and disfluencies. For the majority of work that takes such
an approach, this is not a problem due to the fact that the most common corpus used for
analysis, the Switchboard corpus (introduced in detail in Chapter Three), contains such
labelling. However, when adapting disfluency detection models to new domains such as

learner speech, there is no such dataset publicly available.

Noisy-channel Model

The noisy-channel approach to disfluency detection is adopted from statistical machine trans-
lation research. As described by Johnson and Charniak [120], here the original text containing
disfluencies is considered the ‘source language’ and the text with disfluencies removed is con-
sidered the ‘target language’. With the idea that fluent speech is passed through a ‘noisy’
channel to create disfluent speech, given this observed disfluent string Y, the aim is to uncover

the underlying fluent string X , expressed using Bayes Theorem as follows:

X = argmax P(X]Y) = argmax P(Y|X) - P(X)
X X

The resulting probability distribution is split into two parts: P(X) denotes the language
model probability of a given fluent sentence X and P(Y'|X) denotes the probability that the

noisy-channel model generates disfluent sentence Y given fluent sentence X. Modelling in
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such a way isolates the ‘noise’ (i.e. reparandum phrase) from the fluent sentence.

Model variations for this approach include combining multiple noisy-channel model out-
puts by a weighted sum [121], using a syntactic parser-based language model along with a
Tree Adjoining Grammar (TAG) noisy-channel model [122, 120], training language models
on large amounts of non-speech data [123] and adding context-sensitive conditional probabil-
ities to the noisy-channel model [124]. The most successful outcome from these approaches
is by using deep neural language models combined with hand-crafted features to re-rank the
noisy-channel output [125].

The noisy-channel model approach relies on the assumption that the repair phrase is a
‘rough copy’ of the reparandum phrase, sharing structural and lexical similarities. However,
as discussed by Zayats et al. [126], this framework is not as successful when detecting restart-
type disfluencies, where the reparandum phrase is abandoned altogether. In addition, the
most successful approaches that leverage additional language models create complex runtime
dependencies [127] causing a higher computational load which is not preferable in an incre-
mental setting where efficient time-to-detection is a functional priority. When applying the
task to learner speech, it may additionally be the case that additional noise in the data such
as grammatical errors is falsely identified as part of a reparandum phrase. This has not yet

been shown however and requires further investigation.

Sequence Labelling

Born out of the success of statistical models for automatic speech and language processing seen
through the 1980s and 1990s, sequence labelling is the most popular approach for disfluency
detection research. Each word in a given sentence is labelled as either fluent or disfluent,

where only the reparandum phrase is considered disfluent as shown in the example below.

Input sentence: I'd like a [cup of tea {uh} + coffee] please
General tags: ¥ F F D D D F F F
BIOtags: O O O BE IE EE O 0] O

The example shows two common approaches to sequence labelling for disfluency detection:

general disfluency tags and ‘beginning-inside-outside’ (BIO) tags [128]. The former is a
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binary labelling approach which tags each word in a reparandum phrase of any length simply
as disfluent (D) and the remaining words, including edit terms, as fluent (F). The latter
approach delineates the position of words in a reparandum phrase as either at the beginning
of a reparandum phrase (BE for ‘begin edit’), inside the reparandum phrase (IE) or at the
end of a reparandum phrase (EE). Single word reparandum phrases are given a separate label
of single edit (SE) and the remaining words are labelled as other (O).

Early iterations of the sequence labelling approach combined hand-crafted rules with
statistical models such as Hidden Markov Models (HMMSs) and Decision Trees [129, 130, 131].
Other work used statistical approaches alone such as probabilistic language models to predict
disfluent words from context [132] and Decision Trees using prosodic information for detection
[133, 134]. Joint modelling was also a popular approach at this time, combining the task of
disfluency detection with end-of-turn detection [135], sentence boundary detection [136] and
punctuation detection [137] for use in spoken dialogue systems. As approaches to statistical
modelling continued to improve, so did their application to disfluency detection, with work
showing the success of conditional modelling through the use of Maximum Entropy Models
(MEMs) and Conditional Random Fields (CRFs) [128, 138, 139, 140]. The latter were the
most successful, and hence were the primary approach to disfluency detection for almost
a decade until the mid-2010s [141, 142, 143, 144, 145]. Echoing the approaches outlined
above, the current best performing sequence-labelling model makes use of neural networks,
specifically a bi-directional Long Short-Term Memory network (LSTM) with word and part-
of-speech (POS) embeddings as well as hand-crafted features as model inputs [126].

The advantage of bi-directional LSTMs as opposed to regular LSTMs or other neural
networks is that they process both the backwards and forward context of any given input.
This is particularly useful for disfluency detection, as the forward context of the repair phrase
can often provide useful information for accurately labelling the reparandum phrase due to the
syntactic relationship between the two. However, similarly to other recurrent neural network
(RNN) structures, LSTMs struggle with long-range dependencies. This is due to the fact that
during the backwards pass of model training, the multiplications required to backpropagate
the error signal through the model’s hidden layers can cause the resulting gradients to be
driven to zero when sequences are long [108]. This is often referred to as the ‘vanishing

gradient problem’ and in the case of disfluency detection, it results in poorer performance
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for disfluencies with longer reparandum phrases. In addition, the best performing sequence
labelling models rely on numerous hand-crafted features causing high dimensional sparse data
which is undesirable for model training. Finally, detecting disfluencies through individual
word labelling requires that each word be modelled independently. Although some context
is captured through RNN model structures, such models can cause illegal label sequences.
This in turn requires further elements to be added to the model pipeline such as inter linear

programming (ILP) which applies local and global constraints to the output sequence [128].

Encoder-Decoder

The most recent and successful approach to disfluency detection is seen in encoder-decoder
model architectures. The difference between these architectures compared to the approaches
described above is that they allow for processing an entire sentence input at once. Also
known as ‘end-to-end’ or ‘sequence-to-sequence’ models, such approaches are commonly used
for tasks where capturing the long range dependencies across whole sentences is required, such
as neural machine translation (NMT). This is achieved through the inclusion of what is known
as an ‘attention mechanism’, which assigns learned weights to model states non-sequentially,
thereby avoiding the vanishing gradient problem seen in RNNs. This is achieved either by
adding an attention layer to RNN pipelines [146] or, more successfully, using a standalone
attention mechanism, also known as a ‘Transformer’ model [147]. Both approaches have been
applied to disfluency detection, with examples of the former modelled as an NMT problem
[148, 149] and the latter using an adapted transformer model [150] as well as modelling
disfluencies jointly with tasks such as ASR [151] and punctuation prediction [152].

The most successful encoder-decoder approaches for disfluency detection are those that
are built on top of BERT models—Bidirectional Encoder Representations from Transformers’
[153]. The BERT model is a transformer-based language model, trained using unsupervised
methods on very large datasets of billions of words. BERT is then applied as a baseline
language model to be fine-tuned for downstream NLP tasks. This process is known as ‘transfer
learning’ [108]. The current state-of-the-art approach for reparandum phrase detection uses
a BERT model, achieving an F-score of 92.2 [154]. Further examples of BERT models being
used for disfluency detection include joint modelling with constituency parsing [119] and

punctuation detection [155] as well as domain and data augmentation for smaller on-device
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approaches [156].

Aside from their high performance, the success of BERT models can also be attributed to
the simplicity and universality of the input features that can be used to transfer to multiple
NLP tasks. However, the requirement of transformer models for whole sentence inputs is not
well suited to incremental approaches, which are restricted by their left-to-right operability,
and the task of combating this is non-trivial (addressed further in Section 2.3.5 below).
In addition, such language models trained on very large amounts of text scraped from the
internet have been shown to promote negative bias against underrepresented populations in
the data (see [108] for an overview). This mismatch in data type between written text of
likely majority native speakers of English and transcribed speech from learners of English

may cause similar problems.

2.3.3 Input Features

The model input features for the various approaches described above can be largely split
into two categories: lexical and prosodic. For lexical features, up until the success of BERT,
the vast majority of models relied on word pattern match features in order to capture the
linguistic structure of disfluent phrases. Such features include the distance to a repeated word
or bigram in a given window as well as POS tags and binary features such as whether or not
a word is preceded by an edit term. Additionally, language model probabilities have been
used as features themselves [120, 123], conceptualising repair starts as a type of deviation
from fluency that could be identified by a low probability output from a language model
trained on speech without disfluencies [143]. With the further development of neural network
approaches came the use of static word embeddings, where each word has its own unchanging
vector representation such as GloVe [157] and word2vec [158] (see Chapter Five for more detail
on these approaches). Such embeddings were commonly included in combination with the
pattern match and language model features described above [126].

Prosodic features are less commonly explored, often due to the fact that not all disfluency
datasets provide audio files for experimentation. It is therefore more likely for work that
experiments with ASR output to also include such prosodic information as model inputs.

The majority of prosodic features used in such research are built on early work investigating
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Table 2.1: F-scores for reparandum phrase detection (Frm) according to mod-
elling approach for all existing non-incremental disfluency detection models that
have been trained and tested with the Switchboard Corpus.

Approach Model Frm
Charniak & Johnson 2001 [88] 0.76

Kahn et al. 2005 [111] 0.78

Text parsin Wu et al. 2015 [114] 0.85
barsiig Tran et al. 2017 [117] 0.78

Wang et al. 2017 [116] 0.88

Lou et al. 2019 [118] 0.89

Lou & Johnson 2020* [119] 0.91

Johnson & Charniak 2004 [120] 0.80

Noisy-channel Zwarts & Johnson 2011 [123] 0.84
Lou & Johnson 2017 [125] 0.87

Zayats et al. 2014 [143] 0.83

Sequence labelling Ferguson et al. 2015 [145] 0.85
Zayats et al. 2016 [126] 0.86

Wang et al 2016 [149] 0.87

Dong et al. 2019 [150] 0.89

Encoder-decoder Bach & Huang 2019*% [154] 0.92
Wang et al. 2020* [162] 0.91

Rocholl et al. 2021* [156] 0.92

*Models that use BERT.

reliable predictors of the interruption point of repairs [90, 159, 160] such as pauses in speech
(represented as the presence of pauses, number of pauses in a given phrase and the duration
of pauses) and pitch (represented as the fundamental frequency as well as the distance of a
word’s average pitch to a speaker’s pitch floor). Prosodic features have been included in text
parsing, sequence labelling and encoder-decoder approaches showing improved performance
compared to lexical approaches alone (see [111, 117, 145, 151, 161] for examples). The impact

of prosody on state-of-the-art approaches using BERT models, however, is not yet known.

2.3.4 Performance Evaluation

The work conducted by Charniak and Johnson [88] was the first to formalise methods for
disfluency detection performance evaluation. The first aspect of this formalisation was to
introduce the use of the Switchboard Corpus [163] for model training and evaluation. Elab-

orated in further detail in Chapter Three, the Switchboard Corpus contains transcripts and
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audio files of telephone conversations, human-labelled for disfluency features among other lin-
guistic phenomena. The labelling process follows Shriberg’s notation scheme outlined above
in Section 2.3.1, labelling reparandum phrase, interregnum phrase and repair phrase as well
as preserving the structure of any complex repairs. Following this labelling schema, Char-
niak and Johnson introduced the evaluation metric Frm for disfluency detection, which is
the F-score for a model correctly identifying a word being part of the reparandum phrase of
the repair [88]. As is the case for the majority of disfluency detection, attention is given only
to reparandum phrases for subsequent removal and so the detection of repair phrases is not
measured.

Table 2.1 shows the performance of all of the above-mentioned studies that report the
Frm for the Switchboard corpus as defined by Charniak and Johnson [88]. It is worth noting
that there are some differences between approaches, with some choosing to exclude partial
words and edit terms from the dataset (see [118, 156] for more detailed comparisons between
models). As can be seen, there are strong outcomes across the various approaches, however in
recent years the most successful are those from text parsing and encoder-decoder approaches,
especially those that leverage BERT models (marked by an asterisk in the table) [119, 162,
154, 156].

Beyond Frm, many studies go on to evaluate the model performance with error analyses.
Firstly, disfluency type has been shown repeatedly to impact detection performance, with
repetitious instances of disfluencies being shown to be significantly easier to detect than non-
repetitious instances [116, 143, 126, 150, 162]. Deletion sub-types have been shown to be the
hardest to detect [151]. Other features of disfluencies shown to reduce model performance
include reparandum length [127] and the presence of partial words [118]. Errors from ASR
transcripts also pose a challenge, with models trained on such transcripts seeing a significantly
lower performance than those trained using human transcriptions [115, 117, 151]. Finally,
features of the sentence containing the disfluency can also cause disfluencies to go undetected,

most notably longer sentences [155] and sentences with grammatical errors [127].

2.3.5 Incremental Disfluency Detection

As described above, the standard approach to disfluency detection is built around the aim

of disfluency removal and with the later approaches, in particular, sentences are processed as
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a whole either using bi-directional LSTMs in sequence labelling or through encoder-decoder
approaches. However, there is a subset of disfluency detection research that is focused on
processing disfluencies incrementally, retaining the disfluent speech. This approach, com-
monly adapted for use in spoken dialogue systems is justified for two reasons, the first being
that disfluencies themselves have a linguistic function [164] and retention of their structure is

often required for resolving meaning [165]. Take this example from Core and Schubert [110]:
Have the engine [ take the oranges to Elmira + {um I mean} take them to C’ommg]

Here it is clear that “them” from the repair phrase is referring to “the oranges” in the
reparandum phrase. However, in a conventional disfluency detection approach, the reparan-
dum phrase containing the detail about the oranges would be removed, which is an undesirable
outcome in a conversational system. The second reason shares the perspective of incremen-
tal dialogue processing at large; dialogue is inherently incremental and as such, dialogue
processing tasks should function within an incremental framework [166]. For the applica-
tion of disfluency detection, that is to detect disfluencies at the point of repair onset, rather
than after the completion of a learner’s utterance. There are fewer studies exploring incre-
mental detection compared to the non-incremental approaches above, however, interest has
been building in recent years with the motivation to incorporate live ASR. streaming models
directly on-devices [167].

The trajectory of incremental approaches broadly follows that of non-incremental detec-
tion, with text parsing [168, 169] and sequence labelling [170, 171] forming some of the first
iterations of research. The functionality of these early systems can be considered incidentally
incremental thanks to their left-to-right operability, but as argued by Hough and Purver
[172], these systems are not explicitly optimised for incremental processing. The first system
that is considered to be intentionally optimised for incremental detection is that developed by
Zwarts et al. [173]. This approach prioritised model responsiveness (i.e. accurately detecting
a disfluency as soon as possible after its occurrence) and adapted Johnson and Charniak’s
[120] noisy-channel model with a Tree Adjoining Grammar (TAG) to operate incrementally.
Inspired by this approach, Hough and Purver implemented a pipeline of Random Forest clas-

sifiers that modelled the detection of reparandum start, repair start and interregna separately
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Table 2.2: F-scores for reparandum phrase detection (Frm) and repair start
detection (Frps) according to modelling approach for all existing incremental dis-
fluency detection models that have been trained and tested with the Switchboard
Corpus.

Approach Model Frm  Frps

Zwarts et al. 2010 [173] 0.78 -
Hough & Purver 2014 [172] 0.78 -
Purver et al. 2018 [86] 0.78 0.85

Hough & Schlangen 2015 [174] 0.71 -
Hough & Schlangen 2017 [175] 0.60 0.72
Shalyminov et al. 2018 [176] 0.75 0.82
[177]
[179]

Noisy-channel

Sequence labelling

Rohanian & Hough 2020 [177] 0.74 0.81
Encoder-decoder ~ Rohanian & Hough 2021 [179] 0.76 0.85

using probability-based input features derived from trigram language models [172]. The same
model was adapted to include partial words in the training data, leading to a marginal in-
crease in performance (0.781 compared to 0.779) [86]. Hough and Schlangen applied an RNN
with word embeddings and POS tags as input features, using one model as a multi-class
sequence labeller [174]. Modelling tasks jointly has also been explored, using LSTMs for
both disfluency detection and utterance segmentation [175] extended further to multi-task
learning with utterance segmentation, POS tagging and language modelling [176, 177].

Echoing the outcomes of general disfluency detection research, the most recent explo-
rations of incremental approaches apply fine-tuned BERT language models. As touched on
above, the encoder-decoder transformer architecture of BERT models requires whole sentence
inputs which is a non-trivial task for incremental systems that are developed with left-to-right
operability. As it stands, there are two approaches to this problem. The first, inspired by
work on incrementalising transformer architectures for other NLP tasks [178] is to combine
unfinished utterances with predictions generated from a GPT-2 language model to form full
sentences to be used as inputs [179]. The second is to train a BERT model to decide whether
or not to wait for further context before outputting a disfluency prediction [167].

Table 2.2 shows the utterance-final results of the intentional incremental systems trained
and tested using the transcribed version of the Switchboard corpus. As well as the Frm score
defined for general disfluency detection research, Frps is also commonly reported for repair

start detection (i.e. the F-score of the correct identification of the first word of the repair
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phrase). As the results show, the Frm results are generally lower for incremental approaches
compared to non-incremental approaches. In addition, despite increasing performance for
neural models used for sequence labelling and encoder-decoder approaches, noisy-channel
models remain the state-of-the-art for Frm. Other measures of incremental detection perfor-
mance for accuracy and latency include ‘time-to-detection’ (how many words are processed
following a disfluency before detection) and ‘delayed accuracy’ (within a window of n words,
how often are disfluencies correctly identified) [123] as well as ‘edit-overhead’ (the number
of unnecessary edits to the labelling output structure) [180]. These measures are typically
task-specific and are not consistently reported across papers so are not included here.

In the same way as non-incremental approaches, incremental detection has been shown
to be impacted by repair sub-type and reparandum length [86, 179]. An additional challenge
for incremental approaches is that they are typically designed for use in real-time settings,
using unsegmented, live transcripts generated by ASR models. The output of such models
inevitably contains model errors, and this ‘noisy’ data has been shown to significantly reduce
model performance—the strongest performing models on human transcripts only achieve Frps
scores of 0.6 and Frm of 0.5 on data produced by ASR models (see [179] for a more detailed
overview of the impact of such processes on recent model performance). Looking next to the
reduced performance of incremental approaches compared to non-incremental approaches, it
can be in part attributed to the restriction of left-to-right operability imposed on incremental
frameworks. As a consequence of this restriction, incremental approaches rely strongly on
successful repair start detection. The application of BERT-based encoder-decoder models
with generated inputs seeks to address this issue [179], however, overall performance remains
behind the state-of-the-art score established by Hough and Purver [172]. With the above in
mind, it may be of benefit to explore additional methods of boosting repair start detection.
Exploring the application of prosodic features as model inputs seems an obvious next step,
given both their overall positive impact on non-incremental approaches and linguistic salience

immediately prior to repair start.
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2.3.6 Disfluency Detection for Learner Speech

Currently, there have been only three approaches to disfluency detection for learner speech.
The first involves the adaptation of an incremental transition-based joint dependency parsing
and disfluency detection model [181]. For this approach, ‘Redshift’, an open-source incre-
mental parsing model trained on the Switchboard Corpus [169] was tested on the BULATS
corpus, which comprises transcriptions of the speaking tests of English learners from a va-
riety of first language backgrounds [182].* Reparandum phrase detection performance was
found to be low for the learner speech corpus (Frm of 0.48) and also a positive correlation
was found between learner proficiency level and disfluency detection accuracy. Although not
tested explicitly, this led to the hypothesis that learner errors may have a negative impact
on detection performance. The second and third approaches to detection stem from the first,
with the aim of applying disfluency detection for the downstream task of grammatical er-
ror detection and correction. Approaching the task non-incrementally and using flattened
disfluency structures (i.e. removing complex nesting labels), two further approaches to dis-
fluency detection in learner speech have been explored. The first is a sequence labelling
approach using a bi-directional LSTM with word embeddings, POS tags and hand-crafted
features [183] and the second is an encoder-decoder model leveraging word embeddings along-
side acoustic features using an attention mechanism [184]. These models were also trained
using the Switchboard corpus and tested on learner speech. Both the BULATS corpus and
the NICT-JLE corpus were used, (the latter consists of transcriptions of speaking tests of
Japanese learners of English, the details of which are expanded on in Chapter Three). The
bi-directional LSTM model was more successful for disfluency detection specifically, with Frm
scores of 0.80 and 0.64 for the NICT-JLE and BULATS corpora, respectively, compared to
Frm scores of 0.64 and 0.54 for the same corpora tested on the end-to-end model. Echoing
the results with native speech explored above, in both approaches, using ASR transcription
outputs for testing data led to a poorer performance of disfluency detection models.

Much like the majority of approaches described previously, the above three models were
designed to convert ASR output from learners’ speech to a form that is more similar to

written text through reparandum phrase detection and subsequent deletion and so are not

4This corpus was provided by Cambridge Assessment English and is not available for public use.
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entirely suitable for the problem defined for this thesis. Although the first approach operates
incrementally, it can be considered an ‘incidental” approach similar to the early work in this
area. This limitation of the model together with its particularly poor performance provides
further motivation to explore alternative approaches to incremental detection of disfluencies
in learner speech. For all three approaches, models were trained using native speech data.
With the knowledge outlined above that disfluency behaviour seen in learner speech differs
from that of native speakers, it seems likely that using learner speech for training and testing
would lead to improved model performance, especially for lower proficiency learners. The
BULATS corpus used in those studies is not publicly available, however, there is potential
for the NICT-JLE corpus to be adapted for such purposes. It is therefore of interest to
establish the suitability of the NICT-JLE corpus for model training. Finally, the presence of
learner errors was cited across all studies as a potential cause of poor model performance.
These observations along with evidence of a similar impact in the native speech approaches

discussed above [127] provide another point of further investigation.
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Dialogue-based CALL has been shown to be an important emerging field consider-
ing the recent trends in CALL research toward machine learning-based solutions. In
particular, the success of speech recognition and natural language processing tech-
nologies have facilitated the sophistication of spoken dialogue systems, such that a
version of the technology is now commercially available on devices such as smart-
phones and smart speakers. Dialogue-based CALL has the opportunity to leverage
these recent developments to create systems that better accommodate the nature of
teacher-learner dialogue, in turn facilitating more meaningful opportunities for lan-
guage learners to practise their conversation skills. One of the many areas of interest
is that of corrective feedback. Taking an interdisciplinary approach to evaluating
corrective feedback in dialogue-based CALL systems, findings revealed a mismatch
in the handling of learner errors between teacher-learner dialogue and system-learner
dialogue. This mismatch shows that existing dialogue-based CALL systems do not
have the appropriate functionality to facilitate learner self-correction. To address
this issue, a framework for such functionality was proposed and incremental self-
initiated self-repair detection for learner speech was identified as a key area for
further research. The linguistic structure, features and variation of self-initiated
self-repairs were defined, followed by an overview of the main approaches to their
automatic detection. Various challenges for disfluency detection were highlighted,
namely the impact of reparandum phrase length and non-repetitious disfluencies on
model detection across all approaches, the restriction of left-to-right operability for
incremental frameworks and finally the impact of learner errors on model perfor-
mance. From these findings the main goal of the thesis was introduced: to build an
incremental disfluency detection model that is suitably adapted for learner speech.
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Chapter 3

A Comparative Analysis of L1 and
L2 Disfluency Corpora

As illustrated in the previous chapter, the vast majority of disfluency detection research is
built for native speech and it is not clear how contemporary incremental approaches would
perform using a learner corpus. With the knowledge that native (L1) and learner (L2) dis-
fluency behaviour differ in a variety of ways such as frequency of occurrence and distribution
of disfluency type [185, 186], it needs to be established if and how these differences are rep-
resented in existing corpora for disfluency detection. With this comes the aim to identify the
challenges specific to disfluency detection for learner speech through a linguistic comparative
analysis of two available corpora that contain labelled disfluency structures—one for native
speakers of English and one for learners of English. Findings from this evaluation identified
several points of difference between L1 and L2 disfluency behaviour. The subsequent analysis
investigates how these features of disfluency relate to one another, followed by an exploration
of how speaker proficiency further impacts these features in the learner speech corpus. These
differences are considered in the context of existing linguistic research in order to understand
how they may impact disfluency detection models. From this analysis, five key disfluency

features are identified as potential difficult-to-detect cases.
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3.1 Introducing the Corpora

Two corpora were chosen for this investigation: the Switchboard corpus (L1 data) [163] and
the National Institute of Information and Communications Technology Japanese Learner
English (NICT-JLE) corpus (L2 data) [7]. The corpora were chosen due to their similarity
and therefore comparability as both contain transcriptions of similar conversational tasks as
well as labelled disfluency features. Although there are other conversational corpora for both
L1 and L2 data, at the time of investigation the corpora stated above were the only two with
labelled disfluency features that were available for public use'. See Table 2 in the Appendix
which provides an overview of corpora that were considered and subsequently ruled out for
use in this research.

The Switchboard corpus is made up of 2,400 telephone conversations (approximately
260 hours of speech) among 534 speakers from across the United States, covering 70 pre-
defined conversation topics. Speaker pairing was determined to ensure no two speakers would
engage in conversation more than once, and no speaker would speak on a certain topic
more than once. For the analysis described in this chapter, the disfluency-tagged subset
of Switchboard dialogues was used [188], which contains 650 transcribed and POS-tagged
conversations (approximately 70 hours of speech) labelled with edit terms and disfluencies
and follows the standard division into train (80%), heldout (10%) and test (10%) sets as
established by Johnson and Charniak [122]. As described in Chapter Two, the Switchboard
corpus is the most popular corpus for current disfluency detection research for native speech
and is commonly used as a benchmark for model evaluation.

The NICT-JLE corpus consists of 1,281 English oral proficiency tests (approximately
300 hours of speech) of Japanese-speaking learners of English. The Standard Speaking Test
(SST) is made up of various conversational tasks. At the beginning and end of the test, the
learner is encouraged to engage in ‘small-talk’ style open dialogue with the assessor, covering
topics such as the weather, what plans the learner has for after the assessment and so on.

The majority of the test is made up of two activities taken from a pre-defined set according

!Since this investigation, The KIT Speaking Test Corpus (KISTEC) [187] has been released. The KIT cor-
pus contains transcriptions of Japanese-speaking learners of English engaging with a computer-based English
speaking test. The disfluency tagging follows the same approach as the NICT-JLE corpus. Given its similarity
to the NICT-JLE corpus, as well as the fact that the data recorded is from human-computer interaction, it is
of interest to use this corpus in any future research relating to L2 disfluency detection.
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Table 3.1: General linguistic features of the Switchboard and NICT-JLE corpora

Switchboard NICT-JLE

total words 746290 1165785
total utterances 102169 178934
vocabulary size 16810 13499

logTTR 0.85 0.68

average utterance length (SD) 7.30 (3.61)  6.51 (3.27)

to the learner’s proficiency: a role-play scenario and a picture description task. The corpus
provides transcriptions of the test labelled for disfluencies, edit terms as well as ‘non-verbal
sounds’ such as laughter and silence. Each file also contains meta-data relating to the learners’
prior English proficiency, nationality and gender. A subset of files (167) contain additional
annotation of morphological, grammatical and lexical errors. Presently, the NICT-JLE corpus
is currently the only publicly available dataset of learner speech labelled with disfluencies.
Existing disfluency detection research has only used the grammatical error labelled subset of
the corpus for model evaluation (see [183, 184]) and there are currently no studies that use
the NICT-JLE corpus for model training.

Table 3.1 compares a range of general linguistic features of the two corpora. The NICT-
JLE corpus is the larger of the two, with a higher number of both words and utterances
(11165785 words and 178934 utterances compared to 746290 words and 102169 utterances).
However, the Switchboard corpus has a larger vocabulary size than the NICT-JLE corpus
(16810 compared to 13499). This is reflected in the values for the Type-token ratio (TTR):
a measure for ‘lexical richness’ taken by dividing the vocabulary size by the total number
of words in a given segment of text [189]. The closer the TTR value is to one, the higher
the lexical richness of a given text. Here the logTTR is reported (logV/logN), as it better
accounts for the sample size variation seen between the corpora [190]. The logTTR is 0.85 for
the Switchboard corpus and 0.69 for the NICT-JLE corpus, indicating that the Switchboard
corpus is the more lexically rich of the two. Finally, the average utterance length in the
Switchboard corpus is just under one word longer than the average utterance length in the

NICT-JLE corpus (7.30 compared to 6.51).
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Table 3.2: Disfluency features of the Switchboard and NICT-JLE corpora

Switchboard NICT-JLE

total disfluency phrases 22820 64346
disfluency phrases per 100 words 3.06 5.52
total disfluency instances 26597 87887
disfluency instances per 100 words 3.56 7.54

disfluency phrase average reparandum length (SD) 1.61 (1.13) 2.05 (1.71)
disfluency instance average reparandum length (SD) 1.58 (1.12) 1.62 (1.08)

total nested disfluencies 5767 34587
nested disfluencies/total disfluency instances 21.68 39.35
total non-repetitious disfluencies 13153 40075
non-repetitious disfluencies/total disfluency instances 49.45 45.60
total edit terms 53410 162718
total interregna 5896 27327
edit terms per 100 words 11.04 16.79
interregna/total edit terms  8.00 14.67
disfluency instances with interregna/total disfluency instances 22.17 31.09

3.2 Disfluencies in the Switchboard and NICT-JLE Corpora

3.2.1 Comparing General Disfluency Features

The approaches followed to define the disfluency attributes of the NICT-JLE and Switchboard
corpora are briefly explained here, starting with the differentiation of disfluency phrases and

disfluency instances:

inner disfluency

disfluency phrase: [I want [to + to] go+ I wanted to go]

outer disfluency

inner disfluency instance resolved: [I want to go + I wanted to go]

The above disfluency phrase contains two disfluency instances: the inner disfluency in-
stance and the outer disfluency instance. For all disfluency phrases, disfluency instances are
resolved from the inside out, following the labelling guidelines for the Switchboard corpus,
defined by Meteer et al. [188]. The inner disfluency instance, in this example a simple one-
word repetition, has a reparandum phrase length of one. For the outer disfluency instance,

the reparandum phrase length is counted as if the inner disfluency is resolved and so has a
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Table 3.3: Percentage distribution of disfluency instances according to reparan-
dum phrase lengths for the Switchboard and NICT-JLE corpora, showing little
difference between the two.

% Distribution
rm Length Switchboard NICT-JLE

1 66.2 63.7
2 21.1 22.5
3 6.8 8.2
4 3.1 3.1
5+ 2.7 2.6

Table 3.4: Percentage distribution of disfluency instances per disfluency phrase
for the Switchboard and NICT-JLE corpora, showing that the NICT-JLE corpus
has a higher rate of nested disfluencies of size two or more.

% Distribution
Instances Switchboard NICT-JLE

1 88.6 78.7
2 9.9 15.6
3 1.2 3.9
4 0.2 1.2
o5+ 0.1 0.6

length of four. A disfluency phrase that contains one disfluency instance is considered to be
non-nested, whereas a disfluency phrase that contains more than one disfluency instance (as
above) is labelled as nested.

Table 3.2 compares a variety of disfluency features found in the Switchboard and NICT-
JLE corpora. As the table shows, there is a higher number of both disfluency phrases and
instances in the NICT-JLE corpus. On examination of their frequency per 100 words, it
can be seen that disfluency phrases occur in the NICT-JLE corpus almost twice as often
as they do in the Switchboard corpus (5.52 occurrences per 100 words compared to 3.06),
with disfluency instances occurring over twice as frequently (7.54 occurrences per 100 words
compared to 3.56).

For disfluency instances, the average reparandum phrase length is comparable between
the corpora: the average length in the NICT-JLE corpus stands at 1.62 words compared to

1.58 words in the Switchboard corpus. This is also reflected in the frequency distribution of
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reparandum phrase lengths, as shown in Table 3.3, with the NICT-JLE corpus having only a
marginally higher proportion of disfluency instances with a reparandum length of two or more
(36.4% in the NICT-JLE corpus compared to 33.7% in the Switchboard corpus). Disfluency
phrases as a whole, however, have a higher average length in the NICT-JLE corpus compared
to the Switchboard corpus—2.05 and 1.61, respectively.

This difference in disfluency phrase length can partly be explained by the higher rate of
nested disfluencies occurring in the NICT-JLE corpus. As shown in Table 3.2, over a third of
disfluency instances (39.35%) in the NICT-JLE corpus are also nested—approximately twice
as many as those in the Switchboard corpus (21.68%). Table 3.4 summarises the distribution
of these disfluency phrases according to the number of nested instances per phrase, where
disfluency phrases without any nesting are considered to have a size of one. As is shown, the
NICT-JLE corpus has a higher proportion of disfluency phrases with two or more instances
than those in the Switchboard corpus.

Looking next to non-repetitious disfluency instances, the Switchboard corpus has marginally
higher rates than the NICT-JLE corpus (49.45% and 45.60%, respectively). Edit terms oc-
cur more frequently per 100 words in the NICT-JLE corpus compared to the Switchboard
corpus (16.79 and 11.04, respectively). When considering the proportion of edit terms that
are interregna (i.e. part of a disfluency instance), the NICT-JLE corpus is once again higher
than the Switchboard corpus with a rate of 14.67%, almost double that of the 8.00% seen
in the Switchboard corpus. Finally, almost a third of disfluency instances contain an inter-
regnum in the NICT-JLE corpus compared to the Switchboard corpus (31.09% and 22.17%,
respectively).

The general statistics described above compare each disfluency characteristic as separate
features, however, disfluencies can contain several of such features. For example, consider the

example below:

disfluency phrase: [I + [I work + {um} I work]] for five or sixz days

inner disfluency instance resolved: [I + I work] for five or siz days

The inner disfluency instance is labelled as repetitious, with-edit, nested, and has a

reparandum phrase length of two. With the inner instance resolved, the outer disfluency
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Table 3.5: Percentage distribution of disfluency features per disfluency instance
for the Switchboard and NICT-JLE corpora.

Frequency rate (%)
Disfluency Type Switchboard NICT-JLE

repetitious 38.9 26.7

repetitious with edit 5.9 7.0
non-repetitious 26.7 18.1

non-repetitious with edit 6.9 8.8
repetitious (nested) 5.2 16.5

repetitious with edit (nested) 0.6 4.2
non-repetitious (nested) 13.2 11.5
non-repetitious with edit (nested) 2.7 7.2

instance is non-repetitious and nested and has a reparandum phrase length of one. Based on
this information, the following analysis considers the relationships between disfluency features
and how they differ across corpora.

Figure 3.1 shows the relationships between reparandum phrase length and the frequency
rate of with-edit, nested and non-repetitious disfluency instances in both the Switchboard and
NICT-JLE corpora. For all features across both corpora, as reparandum length increases so
does the likelihood that a disfluency instance contains such features. For with-edit instances
depicted in Figure 3.1a, the correlation is stronger for the NICT-JLE corpus, with approxi-
mately 50 percent of disfluency instances of length five or more containing an edit term. For
nested disfluency instances depicted in Figure 3.1b, the correlation with reparandum length
is stronger for the Switchboard corpus. This is due to the fact that the NICT-JLE corpus has
a higher frequency of nested instances for reparandum phrase lengths between one and three,
with rates becoming comparable between both corpora for reparandum phrase lengths of four
and higher. Finally, Figure 3.1c shows a strong correlation between reparandum length and
non-repetitious disfluency, with over 90% of disfluency instances with reparandum lengths of
five or more being non-repetitious for both corpora.

Table 3.5 shows the co-occurrence rates of nested, repetitious, non-repetitious and with-
edit instances for both the Switchboard and NICT-JLE corpora. As the distribution shows,
the majority of disfluency instances in the Switchboard corpus are standalone repetitious or

non-repetitious, i.e. they are neither nested nor co-occur with edit terms. This group makes
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Figure 3.1: The percentage of disfluency instances that are mnested, mon-
repetitious and with-edit according to reparandum phrase length for the NICT-JLE
and Switchboard corpora, showing a positive correlation between length and all
three features.
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up approximately two-thirds (65.6%) of all instances, compared to the 44.8% seen in the
NICT-JLE corpus. Of the nested instances, the NICT-JLE corpus has almost three times as
many repetitious disfluencies that are part of a nested phrase compared to the Switchboard
corpus (16.5 compared to 5.2, respectively). The rate of both repetitious and non-repetitious
nested instances that co-occur with edit terms is low for both corpora, although it is more
so for the Switchboard corpus. For non-repetitious instances that are nested, however, the

Switchboard has marginally higher rates (13.2% compared to 11.5% in the NICT-JLE corpus).

3.2.2 Learner Errors in the NICT-JLE Corpus

Language errors are an inherent part of learner speech, occurring at a much higher rate than
in native speech. As described earlier, 167 of the transcript files in the NICT-JLE corpus
contain tags for learners’ morphological, grammatical and lexical errors (phonological errors
are not annotated). The examples below taken from the NICT-JLE corpus reflect how errors
co-occur with disfluency structures. The examples are labelled for disfluencies and words in

bold highlight learner errors.?

(1) My computer [use + {er} is used] by [all family + my family]
(2) She [[wanted shopping + wanted shop] + {er} wanted to go shopping]

(3) [[I don’t + I’'m not have watching movie| + I don’t have no time to watch movie]

The examples illustrate how learner errors can occur in all parts of the disfluency phrase.
The first example shows an example of an ‘error-type’ disfluency [185], where the error in the
reparandum phrase is repaired to its correct form. The second example shows the presence of
errors in a nested disfluency phrase, where the learner’s first attempt at correcting the initial
error fails and is followed by a second, correct repair phrase. The third example shows a failed
attempt to fully correct an error, where the repair phrase for the outer disfluency instance
remains erroneous. There are approximately 11 instances of annotated learner errors per 100
words in the NICT-JLE corpus. However, the actual number of errors present in the corpus

is likely to be higher as errors that occur in the reparandum phrase are not annotated.

2The same examples are used in the conference paper for BEA 2022 outlined in the Introduction of this
thesis [8].
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Figure 3.2: Frequency per 100 words of disfluency instances, subsequently broken
down into mon-repetitious, repetitious, with-edit and nested disfluency instances
according to speaker proficiency level.

3.2.3 Impact of Speaker Proficiency on Disfluency Behaviour

Figure 3.2 shows the frequency per 100 words of all disfluency instances, and subsequently,
repetitious, non-repetitious, with-edit and nested instances according to speaker proficiency
level. The ‘beginner’, ‘intermediate’, and ‘advanced’ levels refer to speakers from the NICT-
JLE corpus at SST levels one to three, four to six and seven to nine, respectively. The
‘native’ group refers to all speakers in the Switchboard corpus. As Figure 3.2 shows, the
frequency of all disfluency instances decreases as speaker proficiency level increases. This is
also reflected in the features of disfluencies. Repetitious disfluency instances show the steepest
decline between beginner and advanced proficiency levels, with frequency levelling off between
advanced and native speakers whereas the frequency of non-repetitious disfluencies shows a
smaller slope of decline as proficiency increases. Notably, Figure 3.2 shows the change of
frequency distribution of repetitious and non-repetitious disfluency instances. The ratio of
repetitious to non-repetitious disfluency instances is at its highest for beginner proficiencies
and marginally higher for intermediate proficiencies. For advanced speakers, the distribution
switches and non-repetitious disfluencies are shown to be more frequent until finally, the

distributions are approximately equal for native speakers.
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3.3 Considerations for Incremental Disfluency Detection Mod-

els for Learner Speech

As can be seen from the data described above, there are some key differences between the
NICT-JLE and Switchboard corpora in terms of linguistic complexity and disfluency be-
haviour. The Switchboard corpus is more lexically complex across measures of vocabulary
size, utterance length and logTTR. These figures are reflective of second language acquisition
research that determines both vocabulary size and average utterance length as predictors
of learners’ speaking proficiency [191, 106], where a larger vocabulary equates to a higher
speaking proficiency. However, it is important to note that language proficiency may not be
the only cause of increased vocabulary size as although similar, the Switchboard and NICT-
JLE corpora are not perfectly comparable. Firstly, the NICT-JLE corpus covers a smaller
amount of conversational topics than the Switchboard corpus—22 and 70 respectively, which
may be a factor in the reduced vocabulary size of the NICT-JLE corpus. Furthermore, task
type for learners has been shown to have an impact on vocabulary size [192]. For example,
picture describing tasks (which constitute approximately a third of each conversation in the
NICT-JLE corpus) have been shown to elicit less frequent words, and therefore wider vocab-
ulary, from learners [193]. From a modelling perspective, having a lexically ‘simpler’ dataset
may allow the disfluency detection model to generalise better. This is not only beneficial for
learner speech, but also for specific speaking assessment tasks such as role-play scenarios.
Comparing the disfluency characteristics of both corpora, the NICT-JLE corpus has over-
all higher rates of disfluency in terms of both disfluency phrases, instances and edit terms.
This reflects previous findings on the self-repair behaviour of learners which attributes the
lower degree of learners’ language ‘automatisation’ to the increased number of mistakes and
hesitations found in their speech [104, 105]. The same behaviour is seen for filled pauses,
which have higher rates in learner speech compared to native speech [106, 107]. It has also
been shown that learner proficiency level influences the disfluency features of learner speech—
as proficiency increases, the distribution of features becomes more similar to that of a native
speaker [185]. For example, the number of repetitions in learner speech has been shown to
be correlated with linguistic knowledge, where repetitious disfluency rates decrease as profi-

ciency increases [107]. These findings are corroborated by the NICT-JLE corpus data shown
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in Figure 3.2, and may also be a factor as to why the same trend is seen for nested disfluency
instances. The impact of these findings on model performance has mixed consequences. Prior
incremental disfluency detection research has shown that repetitious disfluency instances are
easier to detect than non-repetitious disfluency instances [172]. Although the overall discrep-
ancy between repetitious disfluencies in the Switchboard and NICT-JLE corpus is minimal,
it may be particularly beneficial for disfluency detection in beginner and intermediate learn-
ers’ speech, given the higher rates of repetitious instances seen in these groups. However,
given that it is not currently clear how the co-occurrence of nesting and with-edit features
impacts model performance, the high rate of repetitious repairs without such features in the
Switchboard corpus may also be beneficial for detection.

Findings from the data also revealed the impact of reparandum length on disfluency be-
haviour. Prior research has shown the degradation of detection performance as reparandum
length increases, citing the difficulty that RNNs often face due to the vanishing gradient
problem [172]. Although the corpora are comparable in terms of reparandum length distri-
bution, it is clear from the data explored in Figure 3.1 that a secondary influential factor is
reflected in the correlation between reparandum phrase length and complex disfluency fea-
tures such as non-repetitious, nested and with-edit disfluency instances. As the data show,
disfluency instances with longer reparandum phrases and interregna may pose a particular
issue for models trained and tested using the NICT-JLE corpus given their high prevalence
in the dataset.

The presence of learner errors in the NICT-JLE corpus is also of specific interest as they
are often cited as a contributing factor to the difficulty of NLP tasks for learner language
data such as POS tagging [194] and parsing [195]. Additionally, as discussed in Chapter Two,
such errors have been hypothesised (but not yet tested) to be detrimental to the performance
of disfluency detection models [181, 183, 184]. Prior research has shown that learner speech
tends to contain a higher rate of ‘error-type’ disfluencies (where the error forms all or part
of the reparandum phrase and is subsequently corrected in the repair phrase) compared to
other types [185]. However, as illustrated above, this is not the only way that errors appear
in learner speech. They can occur both outside and inside of disfluency phrases and for the
latter, can occur in any or all parts of the disfluency structure. Due to the limited scope

of learner error labelling in the NICT-JLE corpus, it is not known whether the proportion
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of error-type disfluencies is higher or lower than the frequency of errors occurring elsewhere
in learner speech, and as a consequence, it is unclear if such errors will impede disfluency
detection. Existing research on disfluency detection using the NICT-JLE corpus focuses on
removing disfluency for the purpose of grammatical error detection and correction and as a
result, does not explore the impact of learner errors on detection performance itself [183, 184].

It is therefore of interest to explore this relationship in further detail.

3.4 Limitations

In the NICT-JLE corpus, disfluency types are either labelled as repetitious or non-repetitious.
However, in the Switchboard corpus, a further distinction is made in the non-repetitious
category between deletion and substitution disfluency types. As a result, the comparison
conducted between the two corpora is limited to the scope of the NICT-JLE corpus labelling.
The same can be said for the approach to learner error labelling as previously indicated above.
Not only is labelling limited to a subset of files (167 out of 1281), but it is also limited in
that any errors that occur in the reparandum phrase are not annotated. This in turn shrinks
the scope for analysis. Nevertheless, the analysis that was possible for both disfluency type
and learner error behaviour has provided ample insights for what follows in Chapters Four
and Five.

The NICT-JLE corpus is additionally limited in that it only contains Japanese-speaking
learners of English. With the knowledge that learners’ native language can influence factors
such as disfluency frequency [196], it would be valuable to analyse data from learners with
varied language backgrounds. However, as it stands, there are currently no such corpora that
are publicly available to carry out this kind of analysis. Despite the limited scope of the
NICT-JLE corpus in terms of L1 variation, the parallels seen between its data and existing
research on learner disfluency behaviour are supportive of it being used as a proxy for learner
speech at large.

Finally, there are additional individual differences beyond proficiency that influence dis-
fluency behaviour in learner speech that were not considered in this analysis, for example,
learners’ sociolinguistic background [197], preference for self-repair [198] and L1 disfluency fre-

quency [196]. For this investigation, the aim was to establish the differences between learner
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and native disfluency corpora more broadly and as such, these inter-group differences fell out
of the scope of this investigation. However, the fact that there is variability of this nature
within learner speech motivates the necessity for much broader data collection procedures for

any future corpora that are developed.

This chapter introduced the Switchboard and NICT-JLE corpora for use in in-
cremental disfluency detection. Through a comparative analysis of linguistic and
disfluency features, several points of difference between the corpora were found.
The Switchboard corpus was found to be more lexically diverse with higher rates of
non-repetitious disfluencies, whereas the NICT-JLE corpus has considerably higher
disfluency rates overall as well as a higher rate of disfluencies that are nested and co-
occur with edit terms. The frequency of such features was shown to be compounded
by reparandum phrase length, with the correlation between edit term frequency be-
ing particularly high for the NICT-JLE corpus. Furthermore, the NICT-JLE corpus
contains a high rate of learner errors both inside and outside of disfluencies and a
wider variability of disfluency distribution due to the impact of learner proficiency on
disfluency behaviour. Through an exploration of how these differences may impact
model performance, five features of interest were identified: reparandum length,
nesting, non-repetitious disfluencies, disfluencies with edit terms and learner errors.
These features can be used as starting points for investigating the suitability of ex-
isting incremental disfluency detection models adapted for learner speech.
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Chapter 4

Establishing a Baseline Model

With a solid grounding in the differences between the disfluency behaviour seen in the Switch-
board and NICT-JLE corpora as well as potential points of difficulty for models trained on
learner speech, the subsequent aim of this research is to establish a suitable baseline model
for experimentation. In order to achieve this, two state-of-the-art incremental disfluency de-
tection models are trained and tested on both the NICT-JLE and Switchboard corpora. An
error analysis of the models’ outputs is carried out, exploring how the difficult-to-detect cases
identified in the previous chapter (reparandum length, nesting, non-repetitious disfluencies,
disfluencies with edit terms and learner errors) impact model performance. Due to its overall
higher performance on the NICT-JLE corpus as well as its lower number of false positive
classifications of learner errors as disfluencies, an LSTM sequence-labelling model with HMM

decoder was selected as the baseline model for further experimentation.

4.1 Introducing the Models

The Strongly Incremental Repair detection (STIR) model [172, 86] achieves current state-
of-the-art performance for incremental detection on the Switchboard corpus. The STIR
model follows a noisy channel approach to disfluency detection following [120, 173], where
disfluencies are treated as a deviation from an underlying ‘fluent’ phrase. Components of
disfluencies (reparandum start, interregnum, repair start and repair end), as well as edit
terms outside of disfluency phrases, are independently detected using a pipeline of Random

Forest classifiers, where each classifier has 20 trees with a maximum depth of four nodes, its
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Table 4.1: The incremental sequence labelling process adopted by the STIR and
DEEP models, demonstrated with the example sentence “His professor felt very uh

very happy”.

time step input trigram incremental label output
1 <s> <s> his his
2 <s> his professor his professor
3 his professor felt  his professor felt
4 professor felt very his professor felt very
5 felt very uh his professor felt very {uh}
6 very uh very his professor felt [very {uh} very
7 uh very happy his professor felt [very {uh} very| happy

own error function and specific combination of information-theoretic input features. These
features are derived from trigram language models for both words and POS tags and trained
on a ‘clean’ version of the Switchboard training set, where all disfluencies and edit terms
have been removed. Weighted Mean Log probability [199], entropy and Kullback—Leibler
divergence are some examples of the features implemented in the individual classifiers (see
supplementary materials in [86] for an overview of all of the features).

Following on from work on RNNs for incremental disfluency detection [174], the DEEP
Disfluency (DEEP) model [175] uses an LSTM architecture combined with an HMM decoder
for sequence labelling and achieves close to state-of-the-art results on the Switchboard cor-
pus. Modelled as a joint task with utterance segmentation, the DEEP model uses trigrams
of gensim word2vec embeddings [200] of length 50 (trained on a ‘clean’ version of the Switch-
board training set following the same approach as the STIR model), POS tags and word
timings (time stamps indicating the start and end of each word) as input features to label
reparandum starts, repair starts and edit terms. The network has a hidden layer of 50 nodes
and an output layer of size 10. Negative log likelihood (NLL) is used as the cost function and
stochastic gradient descent is used over the parameters and word embeddings. The learning
rate is set to 0.005 and L2 regularisation is applied with a weight of 0.0001. Viterbi decoding
is used on the LSTM softmax output layer combined with timings windows of each word, fol-
lowing [201]. This hand-crafted Markov model is used to eliminate any illegal tag sequences
from the LSTM output in the final tag sequence.

Both models process sequences incrementally in a window of nine words which encap-
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sulates the repair start and the eight words prior. Features from the trigram w;_s...w; are
used as inputs to the models. The outputs are updated incrementally with the models’ best
hypotheses as each new word in the sequence is processed. Table 4.1 shows how an exam-
ple sentence would be correctly labelled at each time step. The trigrams at time steps one
and two contain padding tags at the beginning of the sentence. Up until time step four, all
words are labelled as fluent, with the first non-fluent word classified at time step five for the
edit term “uh”. Time step six is the first point in the utterance that indicates a possible
disfluency with the repetition of the word “very”. It is at this point that the model should
label the repair start and ‘look-back’ for the reparandum start. For the STIR model, this is
achieved through local detection with back-tracing, where the repair start classifier precedes
the reparandum start classifier in the pipeline. If a repair start is classified, the system then
performs a backwards search of up to eight words and labels the most likely position of the
reparandum start. For the DEEP model, there is no manual look-back process. The position
of the repair start is instead encoded directly in the tag set and labelled as repair start-n
where n denotes the location of the reparandum start relative to the repair start—in the
case of the example in Table 4.1 it would be rps-1 as interregna are not counted in this
labelling process. After both the repair start and reparandum start have been identified, the
subsequent words after the repair start are processed in order to identify the repair end. For
the STIR model, this is done using a final repair end classifier in the pipeline. For the DEEP
model, the repair end is tagged during the Viterbi decoding process.

Aside from the similarities outlined above in terms of model inputs, outputs and labelling
conventions, the STIR and DEEP models take markedly different approaches to disfluency
detection. In its separate modelling of each part of a disfluency phrase, STIR takes an indi-
vidualised approach to detection with specific information theoretic input features separately
tailored for each classifier. The DEEP model takes a broader approach, with one classifier
to label the disfluency phrase as a whole using word embeddings and POS tags as generic
input features. The way that each model ensures the elimination of illegal tag sequences also
varies: the STIR model controls this through the order of the classification pipeline whereas

the DEEP model uses the HMM decoder to find the best legal sequence of tags.
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4.2 Testing the STIR and DEEP Disfluency Detection Models

The aim of this experiment was to understand how the STIR and DEEP models perform
with the NICT-JLE corpus compared to the Switchboard corpus in order to (i), identify
the better performing model for L2 incremental disfluency detection, (ii), test presumptions
about model performance outlined in Chapter Three and subsequently (7ii), identify areas
for further improvement to the chosen model for testing in later chapters. This section first
outlines the methodology followed to fulfil these aims. Following this, the results from testing
are presented and discussed thereafter, taking the attributes of both the models and corpora
as well as previous research into account. Finally, implications for further experimentation

are identified.

4.2.1 Methodology

To ensure a fair comparison between model outputs, both the models and the corpora selected
for this experiment required adaptation. The NICT-JLE corpus is provided as individual
transcripts with html-style tags of 1281 English learners’ oral proficiency tests. These tran-
scripts were processed in order to match the formatting and labelling conventions used in the
Switchboard corpus. Firstly, all tags relating to learner profile details (such as age, gender,
nationality, proficiency level and time spent in an English-speaking country) were removed.
Additionally, all tags relating to interview structure (pre-defined task descriptions and task
order) were also removed. Finally, any utterances made by the examiner, utterances that
contain Japanese, and utterances that had redacted parts for anonymisation purposes were
removed, as well as all paralinguistic information such as ‘laughter’, ‘sigh’ and non-verbal
actions such as ‘points’ or ‘shakes head’.

The Switchboard and NICT-JLE corpora differ in both formatting style and disfluency
labelling approach. In the NICT-JLE corpus, only the reparandum part of the disfluency is
labelled for detection (i.e. reparandum start, middle and end) and edit terms and interregnum
are not differentiated. In the Switchboard corpus all parts of the disfluency phrase are labelled
(i.e. reparandum start, middle and end, repair start, middle and end, interregnum and edit
terms outside of disfluency phrases). Due to these differences, the tags for both datasets were

adapted for this experimentation. The revised tag set includes reparandum start, middle
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and end and repair start labels only. It also separates interregnum and edit terms. Here,
hesitation fillers such as “you know” and “I mean” are also labelled as either interregnum or
edit terms. Figure 4.1 provides an example of how disfluencies are tagged using this revised
tag set alongside the original tags used in the Switchboard and NICT-JLE corpora. Two
examples of disfluencies are given, the first being a repetitious disfluency and the second
being a nested disfluency. The tag formatting of the revised set was adapted to match the
Switchboard corpus as closely as possible, as the code written for the STIR and DEEP models
was already compatible with this corpus. Words that are not part of the disfluency structure
are labelled as f (fluent). Interregnum are labelled as i and edit terms outside of disfluencies
are labelled as e. Reparandum phrase starts are labelled as rms and words that are either
in the middle or end of a reparandum phrase are labelled as rm. Repair phrase starts are
labelled as rps. Additionally, each disfluency instance is assigned an identification number
(ID) relating to the positional word index of the repair start. As shown in Example Sentence 2
in Figure 4.1, words can be assigned multiple tags in the case of nested disfluencies; the word
“I” at index position four inside the repetitious repair indicates the repair phrase start for
the outer disfluency instance as well as the reparandum phrase start for the inner repetitious
disfluency instance.

To adapt the Switchboard corpus to this revised tag set, all instances of repair phrase
middle (rp) and repair phrase end (rpn) tags were removed from the corpus and replaced with
fluent tags where necessary. The NICT-JLE corpus required a higher degree of processing
and re-formatting. Firstly, edit terms (originally labelled as F, meaning filler’, in the NICT-
JLE corpus) were further delineated as either interregnum (i) or edit terms (e) and all other
non-disfluent words were labelled as fluent (f). Reparandum phrases (labelled in the NICT-
JLE corpus as either R for repetitions or SC, meaning ‘self-correction’, for disfluencies) were
re-labelled as either rms or rm. Repair phrase starts (rps) were added as a new label. ID
numbers for all instances of disfluencies were also added.

Finally, the adapted NICT-JLE dataset was tokenized and subsequently tagged with parts
of speech using Stanford’s left3words MaxentTagger [202]. Following the same conventions as
the Switchboard corpus, contracted forms of words such as “I’ve” and “can’t” were split by
tokenization and re-merged after POS tag labelling to form compounded POS tags. In the

case of the two examples, the POS tags for these words are PRPVBP and MDRB, respectively.
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The corpus was split with 80% of the data for training, 10% for heldout and 10% for testing,
matching the structure of the Switchboard corpus. In light of the impact of learner profi-
ciency level on disfluency behaviour explored in Chapter Two, the speech data were balanced
across the train, heldout and test sets to ensure equal distributions of SST proficiency levels.
Additionally, all speech data in the test set were restricted to files that have learner error tags
to allow for future analysis. See Table 3 and Table 4 in the Appendix for an overview of the
disfluency metrics and proficiency level distribution associated with each set. The procedures
described above resulted in a significantly adapted version of the NICT-JLE corpus. As noted
in Chapter One, with the addition of POS tags, a wider set of disfluency labels, equal dis-
tribution of data according to learner proficiency and the restriction of error-tagged data to
the test set, the adapted corpus is not only more closely aligned with the Switchboard corpus
but also better optimised for automatic L2 disfluency detection research. Further adaptions
to the NICT-JLE corpus relating to the paralinguistic and meta-features of the corpus are
described in Chapter Five.

Based on the changes described above, both the STIR! and DEEP? models were adapted
from their original source code. For the DEEP model, the ‘disfluency-only’ model (without
utterance segmentation) was used. In addition, the HMM decoder was updated in two ways:
timings were removed as an input option to the decoder as the NICT-JLE corpus does not
provide timing information and repair end tags were removed from the final tag set defined
for the HMM. For the STIR model, the repair end classifier was removed from the pipeline.
The structure of the adapted models are depicted in Figure 4.2. For experimentation, the
adapted versions of the STIR and DEEP models were trained and tested on the adapted
Switchboard and NICT-JLE corpora individually. All of the model parameters described in
Section 4.1 were kept the same. To ensure replicable results, the same random seed was used

for all data preparation (word embeddings, language models etc.) and training procedures.

4.2.2 Results

Table 4.2 depicts the overall performance of the STIR and DEEP models trained and tested

on the Switchboard and NICT-JLE corpora. Following the standard approach taken for

"https://bitbucket.org/julianhough/STIR /src/master/
https://github.com/clp-research/DEEP _disfluency
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Figure 4.2: Diagrams of the adapted STIR and DEEP model structures used for

experimentation.

61



Table 4.2: Precision, recall and F-score results for repair start (rps), reparandum
phrase (rm) and edit term (e) detection for the STIR and DEEP models, trained
and tested on the Switchboard and NICT-JLE corpora.

STIR Models DEEP Models
Switchboard NICT-JLE Switchboard NICT-JLE
rps  Trm e rps  Trm e rps  rm e s Trm e

Precision 0.69 0.67 094 0.63 0.57 099 083 0.75 093 0.72 0.65 0.98
Recall 0.79 075 093 081 074 099 0.65 059 090 0.76 0.69 0.91
F-score 0.73 070 094 0.71 0.65 099 0.73 0.66 091 0.74 0.67 0.95
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Figure 4.3: Precision-Recall curves for repair start detection for the STIR and
DEEP models trained and tested on the Switchboard and NICT-JLE corpora.

evaluating incremental disfluency detection, the models’ performance is measured in terms
of precision, recall and F-score for repair start (rps), reparandum phrase (rm) and edit term
(e) detection, with utterance final labels reported. The DEEP model has the highest scores
for Frps and Frm detection in the NICT-JLE corpus (0.74 and 0.67, respectively) compared
to the STIR model (0.71 and 0.65). Looking more closely, it can be seen that this is a result
of the STIR model’s imbalanced recall and precision scores, with considerably lower figures
for the latter compared to the DEEP model. In regard to edit terms, the STIR model has
the best detection rates for the NICT-JLE corpus with an F-score of 0.99. Across both
models and datasets, Frps consistently outperforms Frm and the gap between Frm and Frps
detection is narrower for the STIR models, especially for the Switchboard corpus.

Figure 4.3 shows the Precision-Recall (PR) curves for each of the STIR and DEEP mod-
els trained and tested on the Switchboard and NICT-JLE corpora. As described above, the
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Figure 4.4: F-score results for repair start (rps) and reparandum phrase (rm)
detection according to reparandum phrase length for the STIR and DEEP models,
trained and tested on the Switchboard and NICT-JLE corpora.

STIR models use binary classification to detect repair start and reparandum start whereas the
DEEP model uses a multiclass classification approach to label the whole disfluency. With
these labelling approaches, only the repair start labels have associated model probability
scores available for PR curve calculation and so reporting is restricted to repair phrase start
detection. As the calculations for PR curves are based on the presumption of binary clas-
sification, the PR curves reported for the DEEP model are the result of micro-averaging
the prediction outputs for the eight classes related to repair start (rps-1, rps-2 and so on)
excluding the fluent and edit term classes. As seen in the figure, the STIR models show con-
sistent performance across the native and learner speech domains. The STIR models skew
towards higher recall, with the imbalance between recall and precision slightly higher for the
NICT-JLE corpus, reflecting the results above in Table 4.2. The PR curves for the DEEP
models show different outcomes depending on the corpus domain also reflected in the above
results in Table 4.2, with higher precision scores across thresholds for the Switchboard corpus

compared to the NICT-JLE corpus.
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Table 4.3: F-score results for repair start (Frps) and reparandum phrase (Frm)
detection of the STIR and DEEP models, for disfluency instances with reparandum
phrase lengths of two or more.

STIR Models DEEP Models

Switchboard NICT-JLE Switchboard NICT-JLE
Frps  Frm  Frps Frm Frps Frm  Frps Frm

length 2+ 0.66 0.60 0.72 0.61 0.60 046 0.70 0.59

How does reparandum phrase length impact the detection of disfluency instances?

Figure 4.4 compares Frps and Frm for the models tested on both corpora according to
reparandum length. Figure 4.4a shows the results of the Switchboard and NICT-JLE corpora
trained and tested on the STIR models and Figure 4.4b shows the same for the DEEP models.
As the graphs show, in general, model performance decreases as reparandum length increases.
In addition, reflecting the overall results described above, Frps consistently outperforms Frm.
The performance gap between these two measures generally increases with reparandum length
and is particularly detrimental for the DEEP models. Overall, the STIR models are the least
impacted by reparandum length and with the exception of one word reparanda, the models
trained using the NICT-JLE corpus generally show higher results across lengths. Performance
is particularly poor for the DEEP model trained on the Switchboard corpus, showing the
steepest decline in performance and particularly low scores for Frm detection. Table 4.3
summarises this data further and shows the F-score performance for all disfluency instances
with reparandum phrases that are two words or longer. As can be seen, for both corpora,

the STIR models have higher F-scores.

How does disfluency type (repetitious vs. non-repetitious) impact the detection

of disfluency instances?

Table 4.4 summarises the performance results across models and corpora for repetitious
and non-repetitious disfluency instances. As the model tags do not differentiate between
repetitious and non-repetitious disfluencies in the adjusted NICT-JLE corpora, precision
could not be calculated, and therefore only recall scores are reported. Reflective of the

overall results above, the STIR models have higher recall scores for both conditions. The
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Table 4.4: Recall results for repair start (rps) and reparandum phrase (rm)
detection of the STIR and DEEP models, for repetitious and non-repetitious dis-
fluency instances.

STIR Models DEEP Models

Switchboard ~NICT-JLE  Switchboard NICT-JLE
Rrps Rrm Rrps Rrm Rrps Rrm Rrps Rrm

repetition 098 096 094 089 081 079 086 0.83
non-repetition 0.59 0.53 0.68 0.59 047 037 0.63 0.52

Table 4.5: F-score results for repair start (Frps) and reparandum phrase (Frm)
detection of the STIR and DEEP models, for nested and non-nested disfluency
imstances.

STIR Models DEEP Models

Switchboard NICT-JLE Switchboard NICT-JLE
Frps  Frm  Frps Frm Frps Frm  Frps Frm

nested 0.74 065 0.68 056 072 059 065 0.52
non-nested 0.73 0.71 0.70 0.66 0.73 0.68 0.73 0.67

recall rates of repetitious instances are considerably more successful than the recall of non-
repetitious instances across both models and corpora. This is especially true for the STIR
models, with reparandum start recall reaching 0.98 for the Switchboard corpus and 0.94 for
the NICT-JLE corpus. For non-repetitious disfluencies, the models trained on the NICT-JLE

corpus outperform those trained on the Switchboard corpus.

How does disfluency nesting impact the detection of disfluency instances?

Table 4.5 reports the impact of nesting on the disfluency detection F-scores across the models
and corpora. As can be seen, models show a higher recall for non-nested disfluency instances
across both corpora. The degradation of detection performance for Frps is minimal between
the nested and non-nested instances in all cases apart from the DEEP model trained on the
NICT-JLE corpus which shows a considerable gap (0.73 and 0.65 for non-nested and nested,
respectively). When considering Frm, the detection of non-nested instances is higher than
nested instances across all models and corpora, most significantly so for models trained on

the NICT-JLE corpus.
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Table 4.6: F-score results for repair start (Frps) and reparandum phrase (Frm)
detection of the STIR and DEEP models, for with-edit and without-edit disfluency
imstances.

STIR Models DEEP Models

Switchboard NICT-JLE Switchboard NICT-JLE
Frps  Frm  Frps Frm Frps Frm  Frps Frm

with-edit 0.7 070 0.7 069 065 054 072 0.62
without-edit 0.73 070 0.69 0.63 0.75 0.69 0.74 0.69

Table 4.7: Comparing edit term recall with the average recall performance gap
for repair start and reparandum phrase detection showing that as edit term re-
call declines, the performance gap between with-edit and without-edit disfluency
mstances increases.

STIR Models DEEP Models
NICT-JLE Switchboard NICT-JLE Switchboard
performance gap 0.02 0.06 0.09 0.10
edit term recall 0.99 0.94 0.91 0.87

How do interregna impact the detection of disfluency instances?

Table 4.6 shows the impact of interregna on the detection F-scores of disfluency instances
across models and corpora. As can be seen in the results, the presence of interregna impacts
the STIR and DEEP models in opposite ways. For the STIR models, the disfluencies with
interregna have either the same (for in the Switchboard corpus) or a higher F-score than those
without. The difference is especially noticeable for the NICT-JLE corpus, (0.77 Frps and 0.69
Frm for with-edit compared to 0.69 Frps and 0.63 Frm for without-edit). When considering
the DEEP model, however, the performance for disfluency instances with interregna is lower,
with the impact being most prevalent for the Switchboard corpus (0.65 Frps and 0.54 Frm for
with-edit compared to 0.75 Frps and 0.69 Frm for without-edit). Table 4.7 shows the average
performance decrease (the average of Frps and Frm recall score for the with-edit group minus
the average of Frps and Frm recall score for the without-edit group) for each model dataset
combination in ascending order. Also reported is the associated overall edit term recall score
for each model combination. As can be seen, there may be a correlation between edit term
recall and the influence of interregna on disfluency instance detection—the higher the recall

of edit terms, the smaller the degradation of performance for with-edit disfluency instances.
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Table 4.8: F-score results for repair start (Frps) and reprandum phrase (Frm)
detection of the STIR and DEEP models for disfluency instances preceded by a
learner error.

STIR Model DEEP Model

error position Frps Frm  Frps  Frm

rps only 0.68 063 0.72 0.63
rps-1 only 0.40 036 049 045
rps and rps-1  0.50 0.45 0.59 0.52
any rps-1 0.46 041 055 049

How do errors in learner speech impact the detection of individual disfluency

instances?

Table 4.8 reports the impact of learner errors in the NICT-JLE corpus on the DEEP and
STIR models’ detection rates. Four conditions of disfluency instances are reported: those
that co-occur with a learner error at repair start only, those that co-occur with a learner
error at one word prior to the repair start only, those that co-occur with errors at both
repair start and one word prior to repair, and those that co-occur with an error at one word
prior to repair start. It can be seen from the results that the co-occurrence of learner errors
with disfluency instances impacts detection performance across both models, especially for
instances where there is an error immediately prior to the repair start. The STIR model
is particularly impacted, with F-score as low as 0.36 for reparandum phrase detection when
co-occurring with a learner error immediately prior to repair onset. Disfluency instances that
co-occur with learner errors at repair start are the least impacted, however, the performance

remains lower than the overall performance reported in Table 4.2.

4.2.3 Discussion

To summarise the above results, the DEEP model shows the best performance for the NICT-
JLE corpus, outperforming the STIR model as a result of its low precision. In addition,
models trained on the NICT-JLE corpus glean higher edit term detection accuracy compared
to those trained on the Switchboard corpus, although all model combinations score highly.
Reparandum length was shown to have a negative impact on model performance, however,

the severity of the impact was less for the models trained on the NICT-JLE corpus. Results
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confirmed that non-repetitious and nested disfluency instances prove harder to detect for both
models, whereas the accurate detection of instances with-interregna was model-dependent.
Finally, the presence of learner errors in the NICT-JLE test set impacts model performance,
for both the STIR and DEEP models, with the STIR model output suffering to a higher
extent. The causes and implications of these results are discussed in further detail below.

First looking at the overall performance of the models and corpora, one contributing factor
as to why the DEEP model shows the best performance for the NICT-JLE corpus may be
dataset size. As explored earlier in Chapter Three, NICT-JLE is the larger corpus, with over
three times as many instances of disfluency compared to the Switchboard corpus. The impact
of this is particularly evident in the results for the DEEP models, where the recall scores for
repair start and reparandum phrase detection for the NICT-JLE corpus are considerably
higher than those for the Switchboard corpus (0.76, 0.69 and 0.65, 0.59, respectively). The
impact of the NICT-JLE corpus’ larger dataset may be compounded further by the fact that
it has a lower lexical richness compared to the Switchboard corpus. With a higher number
of instances and smaller variation to learn from in the NICT-JLE corpus, it may be the case
that disfluency instances more closely resemble one another, making it easier for a model to
generalise. This may also explain why despite the fact that the STIR model trained on the
Switchboard corpus is the better performing model overall, the recall results are higher for
the NICT-JLE corpus than the Switchboard corpus in the STIR models.

Looking next to precision in the overall results, the poor outcomes for the STIR model
tested on the NICT-JLE corpus may be in part to do with the relationship found between
false positive classification and learner errors in the NICT-JLE corpus. As described in
Chapter Three, the STIR model approach relies on the presumption that the underlying
phrase of a disfluency is ‘fluent’. The language models that are used for probability-based
feature extraction are trained on ‘clean’ datasets without disfluencies, with the idea that any
repair start encountered by the model will output low probability scores making them easy
to detect. This approach is likely very effective for error-type disfluency instances in the
NICT-JLE corpus, and this may be another contributing factor as to why the recall scores
for the STIR model trained on the NICT-JLE corpus are so high. However, as explored
previously, there are instances of learner errors in the NICT-JLE corpus that do not go

on to be repaired. In the STIR model, these errors will also produce low probability and
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will therefore be more likely to be incorrectly identified as part of a disfluency phrase. The
particularly poor performance of the STIR model when detecting disfluency instances that
co-occur with learner errors supports this theory. Based on these findings, it seems that
the noisy-channel model approach to disfluency detection adopted by the STIR model may
not be suitable for learner data. It is worth noting that the DEEP model also shows poor
performance in this area but to a lesser degree than the STIR model. Although the DEEP
model does not use probabilistic language model features explicitly, it does use trigrams
of word embeddings which likely encode some semantic information into the model. In
addition, during validation and testing, the embedding vectors for previously unseen words
are initialised at random. Learner errors that result in non-existent words such as “wented”
are likely to be treated as unseen words and as a consequence exacerbate the problem.

The structured look-back system that is implemented in the STIR models is a likely
factor as to why they are the better performing models across reparandum lengths. As also
discussed in [175], this approach outperforms that of left-to-right LSTMs, which generally
struggle with labelling longer phrases as a consequence of the vanishing gradient problem. In
addition, because the DEEP model does not classify edit terms separately as STIR does—
which subsequently removes them from the classification pipeline—these edit terms add extra
length to the utterance, further exacerbating the issue of diminished detection accuracy over
longer phrases. When comparing the corpora performances, reparandum length is less of an
issue for the NICT-JLE corpus. These results contradict the predictions made in Chapter
Three, which supposed that disfluency instances with long reparandum phrases may be more
detrimental to detection in the NICT-JLE corpus due to them being more likely to occur
with difficult-to-detect disfluency features. These results instead provide further evidence to
support the above theory correlating reduced dataset lexical richness with higher disfluency
detection rates.

The results for repetitious and non-repetitious disfluency instances reflect that of prior
research discussed in Chapter Two, showing that repetitious disfluency instances are easier
for models to detect in general, especially for models such as STIR that use language model
probabilities as input features. Looking at the non-repetitious instances, as discussed in
Chapter Three, the lower rate of such instances seen in the NICT-JLE corpus may be a

contributing factor as to why detection performance for such instances was higher compared
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to the Switchboard corpus.

Looking at the impact of edit terms on disfluency detection, results showed that their
usefulness is model-dependent. For the STIR model, disfluency instances with interregna
perform marginally better on the Switchboard corpus and significantly better on the NICT-
JLE corpus. These results suggest that for the STIR model, high rates of edit terms in training
data like that seen in the NICT-JLE corpus not only lead to very high edit term detection
performance in general (as seen in the overall results in Table 4.2) but also to improved
disfluency detection, especially for repair start. The opposite effect is true for the DEEP
models. The impact is lesser for the NICT-JLE corpus compared to the Switchboard corpus,
again potentially due to the higher rate of edit terms seen during training, but generally
speaking, the DEEP models show a significant reduction in reparandum phrase detection for
both datasets. This adds further to the discussion above relating to the impact of edit terms
and the DEEP model performance as reparandum length increases. From these results, it is
clear that the handling of edit terms is an area of interest for this work and warrants further
experimentation.

The outcomes for nested disfluency instances confirm their negative impact on model
performance as was hypothesised in Chapter Three. The results show that this is especially
the case for reparandum phrase detection. The poor performance for nested disfluency de-
tection in the NICT-JLE corpus may be a reflection of its higher frequency of such disfluency
instances, exacerbated by their co-occurrence with non-repetitious and with-interregna in-
stances. However, the impact is not as severe for the STIR model tested on the NICT-JLE
corpus. As discussed above, the look-back classification approach used in the STIR model
may be the reason for this, especially with the knowledge that the inclusion of edit terms
leads to STIR model performance. These results highlight the need to focus on reducing the
impact of nesting in future experimentation.

The analysis above reveals the strengths and weaknesses of both models when trained
and tested using learner speech. Thanks to its individual classifiers and ‘look-back’ tagging
pipeline, the STIR model is particularly successful in disfluency instances closely related
to reparandum phrase detection: nested and with-edit instances as well as instances with
longer reparandum phrases. With its broader approach to classifying disfluency phrases as

a whole, the DEEP model is better able to handle learner errors. The particularly poor
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results of the STIR model in this area suggest that noisy-channel approaches are not suitable
for learner speech with high rates of learner errors. Furthermore, despite the STIR model
outperforming the DEEP model on measures of disfluency length, with-edit, nested and non-
repetitious repairs, the DEEP model shows the highest overall performance for disfluency
detection with the NICT-JLE. This result suggests that a model’s ability to handle learner
errors has a higher impact on overall performance than the other difficult-to-detect cases
and as such should be a strong focus of further inquiry. Finally, lexical complexity seems to
play a role in model performance across all disfluency types, with reduced lexical complexity
showing to be particularly advantageous in the DEEP model.

In terms of the models’ F-scores for disfluency detection (i.e. reparandum phrase and
repair phrase start detection), the DEEP model showed the highest performance on the
NICT-JLE corpus and was therefore chosen as the baseline model for further experimentation
in Chapter Five. Beyond its higher performance, there are other benefits to using the DEEP
model as a baseline for adaptation. Firstly, the architecture of the model is much simpler
than that of STIR. With one classifier (plus an HMM decoder) and one set of input features,
modifications can be implemented much more efficiently. For example, this could include
the addition of further input features or integration of beneficial aspects of the STIR model,
such as the high-accuracy edit term detection module. An additional benefit is that such a
model, like many other sequence-tagging approaches outlined in Chapter Two, can easily be
extended for further research endeavours to other joint tasks pertinent to dialogue processing
such as utterance segmentation (as is done in the original version of the DEEP model [175]),

POS-tagging and learner error detection.

4.3 Limitations

Although the corpora tested above were adapted to aid comparison, two features remain that
may have impacted model performance. The first is POS tags, which have been annotated
by hand for the Switchboard corpus and tagged automatically for the NICT-JLE corpus. It
is presumed here that automatic tagging, especially when using a tagger that is not adapted
for learner speech, is likely to have had a negative impact on the models trained and tested

on the NICT-JLE corpus. The second difference is dataset size. As discussed earlier, it
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is likely that the NICT-JLE corpus’ larger size in part contributed to model performance.
However, the differing sizes of the NICT-JLE and Switchboard corpora make it difficult to
control for size when considering the effects of other features such as nesting frequency and
reparandum length. These factors alongside the comparability issues regarding both task
and speaker variation previously discussed in Chapter Three highlight again how the corpora
tested here are a proxy for learner and native speech and future analysis would benefit from
using data that has been controlled for features such as speaker count, dataset size and
activity type. Nonetheless, comparing the performance of models trained and tested on the
NICT-JLE corpus with those trained and tested on the Switchboard corpus allowed for a
deeper understanding of the effects of the models versus the effects of the data. This in turn
facilitated a more precise targeting of the key challenges for incremental disfluency detection

adapted for learner speech specifically.

Experiments carried out on two start-of-the-art incremental disfluency detection
models found that an LSTM-based model with HMM decoder is the better-suited
model for learner speech. Findings from an error analysis carried out on the model
outputs suggest that this is due to the NICT-JLE corpus’ large size and reduced
lexical richness being particularly advantageous in a deep learning setting, as well
as the LSTM model’s lesser reliance on a noisy channel approach to disfluency
modelling, reducing the number of false positives attributed to learner errors in
the data. All five features that were previously identified as potential difficult-
to-detect cases were confirmed as such for learner speech, three of which (nested,
with-edit and with-error instances) have not been explored in previous research.
The results also confirmed the interrelated nature of the disfluency features tested
and provide several areas for further investigation. All of these features can be
considered as challenges to address, however, given their particularly poor results,
with-error disfluencies remain the most difficult disfluencies to detect accurately.

72



Chapter 5

Approaches to Model Adaptation

With the aim of improving the overall performance of the baseline model established in Chap-
ter Four, five approaches to model adaptation are introduced: dataset lemmatization, using
paralinguistic features as inputs, experimenting with character and word embeddings, tack-
ling edit term detection prior to disfluency detection and, using learners’ English proficiency
levels as input features. This is followed by an overview of the methodology followed to
test each adaptation. Performance results of the final model as well as each model iteration
are analysed in the context of the five difficult-to-detect disfluency cases encountered by the
baseline model. An ablation study is also carried out in order to identify the individual im-
pact of each of the adaptations. In addition, the model performance is reviewed according to
learners’ proficiency level. The model is tested on out-of-domain data and the overall perfor-
mance of the adapted model is compared to existing research, setting a new state-of-the-art

benchmark for incremental disfluency detection for learner speech.

5.1 Opportunities for Model Improvement

5.1.1 Lemmatization

Lemmatization is a text normalisation technique whereby words are reduced to their morpho-
logical ‘root’ (or ‘lemma’) form. For example, when lemmatized, the words “went”, “goes”,
and “going” are all reduced to the singular present tense verb “go”. Normalising the text in
this way not only reduces the overall vocabulary size of the text but also lowers its lexical

complexity and POS tag variation.
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With the results of experimentation in Chapter Three and Chapter Four revealing a pos-
sible correlation between dataset lexical complexity and model performance, along with the
knowledge that repetitious disfluencies are easier to detect for existing models, it was hy-
pothesised that normalising the NICT-JLE corpus may be a simple solution to improving
baseline performance. The advantage of lemmatization over other techniques such as stem-
ming is that the root forms remain whole linguistic units i.e. the lemma will almost always be
a real word. This allows for more accurate POS-tagging and word embedding representation

when creating the training dataset.

5.1.2 Pauses and Laughter

As discussed in Chapter Two, cues for disfluency come from a variety of sources. Physical
movements such as hand gestures [203] and eye gaze [93] as well as prosodic cues such as word
cut-offs and sound stretching all contribute to the production of self-repair. The NICT-JLE
corpus includes a subset of such features, tagged in the dataset as ‘non-verbal sounds’. With
the knowledge that several prosodic cues tend to occur immediately prior to repair onset (i.e.
the point at which disfluencies are detected in an incremental framework), using such features
may prove more beneficial to incremental systems compared to non-incremental approaches.
The features explored for this work are pauses in speech, laughter, and also laughed speech.

Incorporating pauses as model input features has shown to be successful in previous
disfluency detection research. They have been encoded implicitly as filter bank outputs [184]
explicitly with binary indicators of their presence or absence [145, 138], and also generated as
predictions from text [161]. The disfluencies of non-native speakers are more likely to contain
pauses compared to native speakers [204], suggesting that such pauses may be a more reliable
indicator of disfluency in learner speech than native speech. Due to the positive impact
of prosodic input features in non-incremental settings outlined above, it seems likely that
including pauses as input features will have a similar effect on incremental model performance.

It is well understood that laughter serves a pragmatic function in conversation beyond
reacting to something humorous [205]. For example, research has shown laughter to be
used as a tool for continuing the ongoing trajectory of talk [206] as well as dealing with
embarrassing moments during interviews [207] and doctor-patient interactions [208]. This

is also the case for language learners, who use laughter to pre-empt a problematic action
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[209] during uncertainty [210] and after making an error [211]. Considering the relationship
between learner errors and self-repair and the interview-like nature of the SLT test used in
the NICT-JLE corpus, it is reasonable to assume that laughter likely plays an important role
for learners during self-repair. In fact, in an analysis of English proficiency interviews for UK
universities, laughter was found to co-occur with disfluency in three ways: (i), on its own
between the reparandum and repair phrase, (ii), along with other indicators of disfluency such
as pauses and partial words, and (%), as laughed speech during either the repair phrase or the
whole disfluency phrase [212]. Laughter has been used as input for dialogue act classification
models [213], however, its value as a feature for incremental disfluency detection in learner

speech has not yet been explored.

5.1.3 Out of Vocabulary Words

A common challenge when modelling learner language data is the high number of unknown
words found in datasets, namely due to the inclusion of transliterated proper nouns and
learner errors [194]. An example of the former in the NICT-JLE corpus is “hackikomae”,
which refers to a famous meeting place in Tokyo in front of Shibuya train station. This is
something well-known to those living in Tokyo but may not be likely to appear in pre-trained
datasets. Morphological errors made by language learners lead to the presence of non-existent
words in learner corpora such as “camed”, “advices” and “broked” found in the NICT-JLE
corpus. The types of instances described above pose a challenge to word embedding models
as infrequent or erroneous words are less likely to have appeared in their training data. As
a consequence, words are treated as being ‘out of vocabulary and are typically assigned a
vector of random values rather than a learned embedding. Although the baseline model used
in this work updates embeddings as part of the objective function during training, this is
not likely to be as representative as a model that can better capture the similarity between
a mistake such as “camed” and the word “came”.

Two approaches to this problem are explored here. The first is to compare the performance
of using large pre-trained word embedding models with models trained on the NICT-JLE
dataset. The baseline model already implements the latter, and it can be argued that doing

so may help tackle the unknown word issue, as grammatical errors that occur frequently
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such as “camed” would be encoded into the embedding model. However, more recent work in
disfluency detection—including those applied to the NICT-JLE corpus [183, 184]—has shown
the advantages of using larger embeddings trained on millions of words of text. It is therefore
of interest to establish if including such embeddings is also beneficial in an incremental
setting or if prioritising the modelling of unknown words leads to better performance. The
second approach is the integration of character embeddings into the model. As seen in
disfluency detection [183] and POS-tagging [194] for learner data, character-level embeddings
are concatenated with word embeddings as another way to handle unknown words. Including
characters in this way allows the linguistic similarity between examples such as “camed” and

“came” to be more closely modelled.

5.1.4 Edit Terms

Looking at prior disfluency detection research, there are various approaches taken to edit
term detection. One approach has been to use the presence of edit terms as a binary input
feature in the models [126, 172]. However, other work has commented on the limitations that
including edit terms in this way brings in real-world settings, as many pre-built ASR models
automatically filter out edit terms [175]. Work on disfluency detection using the NICT-JLE
corpus specifically removes edit terms from the dataset altogether, taking the view that edit
term detection can be considered a separate task that can be handled prior to disfluency
detection [183, 184].

Following the results from experimentation in Chapter Four, it was hypothesised that for
the baseline model, it is not necessarily the presence of edit terms that degrades performance
but rather the increased distance between repair start and reparandum start for disfluencies
with interregna that cause detection difficulties. In fact, the presence of edit terms may be a
useful predictor specifically in L2 settings due to the fact that interregna occur almost twice
as frequently in the NICT-JLE corpus compared to the Switchboard corpus. Therefore, it
seems likely that retaining information about the presence or absence of edit terms without

including them directly in the LSTM tagging model will be beneficial to overall performance.
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5.1.5 Speaking Proficiency Level

As shown in Chapters Two and Three, there are various ways in which a learner’s speaking
proficiency may impact disfluency behaviour, including disfluency instance structure, disflu-
ency instance frequency, interregnum frequency and learner error frequency. Having estab-
lished in Chapter Four that with-edit and with-error disfluency instances negatively impact
the baseline model performance, it is reasonable to assume that lower proficiency speakers
with high rates of disfluency are likely to be more challenging. In addition, the NICT-JLE
corpus does not have an equal distribution of speaker proficiencies, with the majority of
speakers at the intermediate SST levels four, five and six (see Table 4 in the Appendix for
an overview of this distribution). This may cause a bias in the model and negatively im-
pact the disfluency detection performance for beginner and advanced speakers in the corpus.
With both of the above observations in mind, it was hypothesised that including speaker
proficiency level explicitly as an input feature may help the model to better generalise to the

variation described above.

5.2 Testing Model Adaptations

The aim of this experiment was to apply the approaches described above in order to improve
the performance of the baseline model established in Chapter Four. The adaptations to
the model described below were first tested consecutively in order of appearance, with each
new adaptation building on the best performing model of the previous iteration. This was
followed by an ablation study, where each adaptation was combined with the baseline model
and tested individually. Throughout the tests, the same hyperparameters as the previous
experimentation were used, with a learning rate of 0.005, L2 regularisation applied to the
parameters with a weight of 0.0001. The random seed for each iteration of the testing was

kept the same.

5.2.1 Methodology

The NLTK WordNet Lemmatizer was used for dataset lemmatization [214]. Following the
POS tag formatting requirements for the NLTK Lemmatizer, all POS tag variations of nouns,

verbs, adjectives and adverbs previously assigned by the Stanford POS-tagger [202] were
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manually reduced to one tag per POS category: NN, VB, JJ and RB, respectively. Only words
with these tags were lemmatized, leading to an approximate 20% reduction in vocabulary
size (6181 words reduced from 7590) and a 30% reduction in POS tags (49 tags reduced from
70). The training set of the lemmatized data was then used to create the word embedding
model used for input features.

Silence and laughter features were derived automatically from the ‘non-verbal sound’ tags
in the NICT-JLE corpus transcripts and transformed into one-hot vectors suitable for model
consumption. Each word was assigned a vector that indicated the presence (1) or absence (0)
of a preceding short pause, long pause, non-verbal laughter, or if the current word itself was
laughed. Following the approach of the baseline model for words and POS tags, the silence
and laughter data for the preceding two words were also included, resulting in a concatenated
vector of size 12. In order to find the best combination of these features, this experimentation
compared the individual impact of including silence, non-verbal laughter and laughed speech
on the model, as well as subsequent combinations of all three features.

For word and character embeddings, three models were explored: GloVe [157], word2vec
[158] and fastText [215]. GloVe uses global corpus statistics to generate ratios of probabilities
from co-occurrence matrices. The word2vec model follows a skip-gram with negative sampling
approach and uses the weights of a classifier trained to predict the likelihood of two words
occurring near each other in a text. Finally, fastText is an extension of word2vec which is
better able to handle unknown words thanks to the inclusion of n-gram subword models.
For this experimentation, pre-trained versions of each model with embedding sizes of 300 are
compared with word2vec and fastText models trained on the NICT-JLE training set with
embedding sizes of 50, 100 and 200. The pre-trained embedding size was set to 300 because
this was the only embedding size that was publicly available across all three models. It was
decided to start the embedding size of the dataset-trained models at 50 which is the original
size used for the baseline model, matching that of previous research [175].

In order to remove edit terms from the LSTM part of the model, an edit term classifier
was added to the front of the pipeline. The edit term classifier implemented in the STIR
model from Chapter Four was used, due to its high detection F-scores for the NICT-JLE
corpus (0.99). Figure 5.1 pictures the updated structure of the model. Instead of including
edit terms in the LSTM, the edit term classification is isolated by detecting and subsequently
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Figure 5.1: Diagram of the adapted DEEP model structure used for experimen-
tation.

Table 5.1: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase (rm) detection for the baseline model and subsequent model adapta-
tions. Each adaptation is added incrementally, including all preceding model iter-

ations.
Model iteration | Repair phrase start (rps) | Reparandum phrase (rm)

(added incrementally) | P R F P R F
baseline | 0.72 0.76 0.74 0.65 0.69 0.67
+ lemmatization | 0.72 0.81 0.76 0.65 0.74 0.69
+ pauses & laughter | 0.72 0.80 0.76 0.66 0.74 0.70
+ char embeddings | 0.74 0.80 0.77 0.68 0.73 0.71
+ edit terms | 0.75 0.82 0.78 0.70 0.76 0.73
+ learner level (final model) | 0.76 0.81 0.79 0.71 0.76 0.74

removing edit terms from the pipeline. The output from the classifier is fed to the LSTM as
a one-hot vector indicating the presence or absence of a preceding edit term for the current
word and the two words prior. Removing the edit terms in this way reduces the tag-set of
the LSTM and HMM from ten to nine. Edit terms are then fed back into the pipeline for
the final incremental detection output. This experimentation tested two models: one which
receives the edit term classifier output and one which does not.

Proficiency levels were derived from the NICT-JLE transcripts, represented as one-hot
vectors of size nine, reflecting the number of levels. Due to the more ‘global’ nature of these
features, relating to speaker features as opposed to isolated word-by-word features, these
vectors did not include data about the previous two words. For evaluation, the model was

tested with and without the presence of proficiency level features.
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Table 5.2: Performance results for repair start (rps) and reparandum phrase (rm)
detection for difficult-to-detect cases across all model adaptations. Each adaptation
18 added incrementally, including all preceding model iterations.

Model iteration length 2+ non-rep nested with-edit with-error
(added incrementally)  F-score  Recall F-score F-score F-score

Repair phrase start (rps)

baseline 0.70 0.63 0.65 0.72 0.55

+ lemmatized 0.70 0.79 0.68 0.74 0.59

+ pause & laughter 0.71 0.79 0.69 0.75 0.59

+ char embeddings 0.73 0.79 0.69 0.75 0.60

+ edit terms 0.75 0.81 0.73 0.80 0.59

+ learner level (final model) 0.76 0.80 0.73 0.79 0.60
Reparandum phrase (rm)

baseline 0.60 0.52 0.52 0.62 0.49

+ lemmatized 0.59 0.72 0.52 0.63 0.53

+ pause & laughter 0.61 0.72 0.53 0.64 0.53

+ char embeddings 0.62 0.72 0.55 0.64 0.53

+ edit terms 0.65 0.75 0.58 0.72 0.53

+ learner level (final model) 0.66 0.75 0.58 0.71 0.54

5.2.2 Results

Table 5.1 shows the precision, recall and F-score results for repair start and reparandum
phrase detection of the baseline model and the subsequent best performing models for each
of the testing iterations described above. For a full overview of the results for all testing
iterations, see Table 9 in the Appendix. As the results show, with each adaptation the
overall F-scores for repair start and reparandum phrase detection improve, with the one
exception of pauses and laughter where the F-score for repair start remains the same. The
final adapted model has an overall performance of 0.79 for Frps and 0.74 for Frm, showing
a good improvement for repair start detection and a strong improvement for reparandum
phrase detection on the initial baseline F-scores of 0.74 and 0.67, respectively. The final
adapted model uses a lemmatized dataset with fastText word and character embeddings of
size 50 derived from the NICT-JLE corpus, incorporating all silence and laughter features,
edit term features derived from an edit term classifier as well as learner proficiency features
as inputs.

Out of all of the model adaptations, the model results for lemmatization show the largest
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overall performance boost thanks to its high recall, leading to an approximate 0.02 increase
for both Frps and Frm. These results, extrapolated further in Table 5.2, show the detection
performance of each adaptation in relation to the five difficult-to-detect disfluency cases
explored in previous chapters. For ease of interpretation, the impact of reparandum length
is summarised as the F-score performance of all disfluency instances with a reparandum
phrase of two words or longer, and the impact of learner errors is summarised as the F-score
performance of all disfluency instances with an immediate preceding learner error. Following
Chapter Four, non-repetitious disfluency instance detection is measured by recall, and the
remaining cases are measured by F-scores.

When looking at difficult-to-detect cases, lemmatization shows improvement across all
measures apart from disfluency instances with reparandum lengths of two or more. This is
especially true for non-repetitious disfluencies and disfluencies occurring with learner errors.
The further inclusion of pause and laughter features shows a small overall improvement for
overall Frm, due to an increase in prediction precision. Looking again at the difficult-to-detect
cases, this is particularly impactful for the Frm score of disfluency instances with reparandum
lengths of two or more. Character and word embeddings trained on the NICT-JLE corpus
lead to an increase in overall model precision across both repair start and reparandum phrase
detection, showing small improvements across all difficult-to-detect measures apart from with-
edit disfluency instances. Removing edit terms from the processing pipeline increases overall
recall of the model and is particularly impactful for reparandum phrase detection. This is
seen to be especially beneficial for nested disfluency instances and disfluency instances that
co-occur with edit terms. Finally, the inclusion of learner level information leads to higher
overall model precision, primarily benefiting longer disfluency instances as well as disfluency
instances that co-occur with learner errors.

Table 5.3 reports the results of the ablation study on each of the adaptations described
above. A baseline model with each adaptation was trained and tested to better understand
the individual impact of the features. As the results show, the removal of edit terms from
the pipeline lead to the highest improvement over the baseline, with an increase of 0.03 for
Frps and 0.05 for Frm. Lemmatization also has a high impact with a performance increase
of 0.02 for both Frps and Frm. The remaining features of pauses and laughter, character

embeddings and learner level all show increased recall at the cost of reduced precision across
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Table 5.3: Results from an ablation study on each of the adaptations derived for
the final model. Precision, recall and F-score results for repair start (rps) and
reparandum phrase (rm) detection are reported.

Model | Repair phrase start (rps) | Reparandum phrase (rm)

(baseline + feature) | P R F p R F
baseline | 0.72 0.76 0.74 0.65 0.69 0.67
+ lemmatization | 0.72 0.81 0.76 0.65 0.74 0.69
+ pauses & laughter | 0.70 0.78 0.74 0.64 0.71 0.67
+ char embeddings | 0.69 0.80 0.74 0.63 0.73 0.68
+ edit terms | 0.74 0.81 0.77 0.69 0.76 0.72
+ learner level | 0.70 0.79 0.74 0.64 0.72 0.68

Table 5.4: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase detection (rm) according to learner proficiency level.

. Repair phrase start (rps) | Reparandum phrase (rm)
Proficiency level P R P p R P
beginner | 0.84 0.84 0.84 0.81 0.80 0.81
intermediate | 0.80 0.82 0.81 0.76 0.77 0.77
advanced | 0.77 0.74 0.75 0.73 0.68 0.70

both Frps and Frm compared to the baseline, with only small increases in Frm for character
embeddings and learner level.

Table 5.4 summarises the precision, recall and F-scores of the final adapted model for
repair start and reparandum phrase detection according to learner proficiency level. Following
the same approach as in Chapter Three, the ‘beginner’, ‘intermediate’, and ‘advanced’ levels
refer to speakers from the NICT-JLE corpus at SST levels one to three, four to six and seven
to nine, respectively. As the results show, as learner proficiency increases, both Frps and Frm
decrease. Precision and recall are both negatively impacted as proficiency increases however
the decline is more pronounced for recall, especially that of reparandum phrase detection.

Table 5.5 shows results for the Switchboard corpus tested on the final adapted model.
The baseline model reported is taken from the DEEP baseline model for the Switchboard
corpus in Chapter Four. The ‘tested-only’ model reflects the performance of the final adapted
model reported in Table 5.1, tested using the Switchboard Corpus test set. Due to their
unavailability in the Switchboard corpus, feature values for the pause and laughter and learner

level inputs were set to 0. For the ‘trained and tested’ model, a new model was trained using

82



Table 5.5: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase detection (rm) for the Switchboard corpus both tested on the final
adapted model and trained and tested on using the final model settings. The base-
line model is the DEEP model from Chapter Four trained and tested using the
Switchboard corpus.

Model Repair phrase start (rps) | Reparandum phrase (rm)
P R F P R F
baseline | 0.83 0.65 0.73 0.75 0.59 0.66
tested-only | 0.57 0.74 0.65 0.50 0.65 0.57
trained and tested | 0.83 0.67 0.74 0.77 0.62 0.68

Table 5.6:  F-scores for reparandum phrase (Frm) detection for incremental
and non-incremental disfluency detection across the NICT-JLE, BULATS and

Switchboard corpora.

Model Incremental? Corpus Frm

Adapted model v’ NICT-JLE * 0.74

Lu ET AL. 2019 NICT-JLE * 0.80

MOORE ET AL. 2015 BULATS 0.48

HouGH & PURVER 2014 (STIR) Switchboard 0.78
HouGH & SCHLANGEN 2017 (DEEP) Switchboard  0.60
Lou & JoHNSON 2020 - Switchboard 0.91

*The proficiency test files used for the test set in this research are a subset of
those used by Lu et al. [183] (128 out of 167).

NN

the Switchboard corpus, with pause and laughter as well as learner level features excluded.
As the results show, although the ‘tested-only’ model does not lead to improvements over
the baseline, it does show promising performance for a full zero-shot approach. The model
both trained and tested with the Switchboard corpus shows an improvement of 0.01 for Frps
and 0.02 for Frm compared to the baseline.

Table 5.6 summarises the reparandum phrase detection results of the final adapted model
alongside other comparable models. As no previous work has been done specifically on incre-
mental disfluency detection for the NICT-JLE corpus, multiple models approaching disfluency
detection have been reported. The Lu et al. model [183] is the closest for comparison due to
the fact that it uses the NICT-JLE corpus for testing. However, there are various differences
between the model developed by Lu et al. and the models for this research. Firstly, the test
set used for this research is a subset of those used by Lu et al (128 out of 167). In addition,

detection is handled non-incrementally with flattened disfluency structures (i.e. nesting re-
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moved) and the model itself is trained using the Switchboard corpus. As can be seen in Table
5.6, Lu et al.’s model outperforms the model developed for this chapter in terms of Frm score.
The only other available work in this area that focuses on learner speech is Moore et al.’s joint
parsing and disfluency detection model [181]. Operated incrementally, the model is trained
on the Switchboard corpus and tested using the BULATS corpus, a collection of transcribed
and disfluency-labelled recordings from Cambridge English Assessment’s Business Language
Testing Service. This corpus was provided to the researchers and is not publicly available.
As the results show, the adapted model from this work significantly outperforms Moore et
al.’s model.

At the time of writing, the STIR model from Hough and Purver has the current state-of-
the-art utterance-final results for incremental disfluency detection on native speech [172]. As
the results show, the adapted model from this work is lower than but not significantly behind
the performance of the STIR model. Also included here is the DEEP model developed by
Hough and Schlangen [175], as this is the model that the structure of the adapted model
is based on. As can be seen, the model adapted for this research has a higher Frm score
than the original version of the DEEP model built for native speech. Finally, the current
state-of-the-art model for utterance-final non-incremental detection developed by Lou and

Johnson [216] is reported for wider context.

5.2.3 Discussion

To summarise the above results, the adapted model developed here leads to an overall F-score
improvement of 0.05 for repair start detection and 0.07 for reparandum phrase detection. Re-
sults from the ablation study showed that the removal of edit terms from the pipeline has
the biggest impact on overall performance, followed by lemmatization. Detection improve-
ment is seen across all difficult-to-detect cases, and the model adaptations are particularly
advantageous for non-repetitious disfluency instances. Despite improvement from lemma-
tization as well as the inclusion of learner proficiency information, the detection scores for
disfluency instances that co-occur with learner errors remain relatively low compared to the
other difficult-to-detect cases. Results also show that learner proficiency impacts model per-

formance. The adapted model showed moderate performance when tested on out of domain
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data, providing a starting point for the further exploration of its zero-shot capabilities. Addi-
tionally, training a model for the Switchboard corpus using edit term removal, lemmatization,
and character embeddings showed improvement over the baseline. Finally, the adapted model
outperforms prior incremental approaches for disfluency detection in learner speech, setting
a new benchmark score for further improvement.

These results not only show the overall improvement of the adapted disfluency detection
model compared to the baseline model but also highlight the impact of the adapted model on
difficult-to-detect disfluency cases. Lemmatization proved to be a simple and effective way
to leverage the syntactic parallelism between reparandum and disfluency phrases by reducing
the linguistic complexity of disfluency structures. The example below illustrates how this

was particularly advantageous for non-repetitious and with-error disfluency instances.

She [go to + goes to] the department store.

!

She [go to + go to] the department store.

As shown by the example, lemmatization not only reduces the non-repetitious disfluency
instance to a repetitious (and therefore easier to detect) disfluency instance, but it also
minimises the impact of noun case and verb tense learner errors. However, this may not
always be the case for learner errors that result in words that do not exist such as “camed”.
Such words are more likely to be processed as ‘unknown’ and therefore go unlemmatized. It
would be of interest in future work to evaluate the performance of lemmatizers on non-word
learner errors such as these as well as explore how lemmatizers could be adapted to better
suit learner speech. More broadly, the simple approach of lemmatization provides motivation
for further methods of reducing the lexical complexity of datasets from other domains for
disfluency detection.

The impact of pauses and laughter as well as character embeddings on disfluency instances
with reparandum lengths of two or more shows the relationship between model precision and
reparandum phrase detection performance. That is, in the final adapted model, the inclusion
of these features allows the model to better identify the beginning of the disfluency phrase.

The impact of pauses and laughter in particular highlights the value of non-lexical features
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in settings where data is ‘non-typical’. In this case, learner speech with a high rate of errors
where relying solely on textual information can be detrimental to performance. To date,
this is the first work to include laughter as a feature for incremental disfluency detection
in a language learning setting and provides motivation to explore the combination of other
non-lexical indicators of disfluency such as gestures and eye-gaze.

The smallest embedding size of 50 trained on NICT-JLE outperformed the models using
large pre-trained embeddings, confirming that in this setting, prioritising the modelling of
unknown words is a better approach. This may not always be the case, however. As discussed
in Chapter Three, the range of topics covered in the NICT-JLE corpus is limited. In addi-
tion, the speaker group is homogeneous (Japanese learners of English), which is not always
true for learner corpora which often contain speakers from a wide variety of first language
backgrounds. It may be that in more general applications of disfluency detection for learner
speech, large pre-trained embeddings are more suitable and the appropriate approach would
need to be addressed on a case-by-case basis.

The results of edit term classification and subsequent removal from the processing pipeline
confirmed the presumptions outlined in Chapters Three and Four that the negative influence
of edit terms on detection performance was due to their impact on reparandum phrase length.
And in fact, thanks to their high frequency in the NICT-JLE corpus, they were useful as an
indicator of disfluency. This outcome further supports the inclusion of prosodic and gestural
features that occur systematically prior to repair onset.

As predicted, the inclusion of speaker proficiency levels improved detection for with-error
disfluency instances. Despite the limited or even negative impact on other difficult-to-detect
cases, the overall improvement to the model seen when including speaker proficiency level
shows the importance of prioritising approaches that tackle the issue of learner errors. It is
worth noting, however, that using proficiency scores is only viable in certain use cases where
access to such information is possible. For example, in a scenario where disfluency detection
is used for automatic proficiency scoring, this would not be feasible.

The findings from the ablation study confirm the individual impact of both lemmatization
and the removal of edit terms from the pipeline on model performance. The results also reveal
the value of combining the adaptations in the final model; individually, the adaptations to

include pauses and laughter, character embeddings and learner level features make little to
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no impact when tested individually in the ablation study, however, when looking at the
adaptations combined in the final model, performance is 0.02 higher across both Frps and
Frm compared to the best-performing model (baseline + edit terms) in the ablation study.

When evaluating model performance according to speaker proficiency, the results are
initially counter-intuitive—the detection performance for advanced learners is considerably
lower than for beginner and intermediate learners. These results can be better understood
by looking back to Figure 3.2 in Chapter Three. Firstly, the figure shows that the frequency
of disfluency instances decreases as proficiency increases. With the knowledge that the final
adapted model prioritises recall, it is understandable that the model will perform better on
speakers with higher numbers of disfluencies as there will be proportionally fewer false posi-
tives. In addition, lower proficiency speakers also have a higher rate of repetitious disfluency
instances. With the results from Chapter Four confirming that repetitious disfluencies are
easier to detect, it is again understandable that this impact is reflected in the results for begin-
ner and intermediate learners. From this, it is reasonable to presume that it may be beneficial
for future work to separate data and models according to learner proficiency. In addition,
considering the close similarities of disfluency behaviour seen between advanced learners and
native speakers, it may even be feasible for these speakers to be modelled together.

The results of testing the adapted model on the Switchboard corpus provide a starting
point for expanding the model’s application to other speech domains. Although the model
adaptations described above had a higher positive impact on model performance for learner
speech, results still showed such adaptations to be beneficial for native disfluencies. This
finding is further corroborated by the fair performance of the ‘tested-only’ (zero-shot) model,
especially given that laughter, pause and proficiency features were set to zero at test time.
Further investigating the zero-shot capabilities of the model across domains as well as other
L2 datasets (such as the KISTEC corpus introduced in Chapter Three [187]) is of interest

for future work.

5.3 Limitations

Without audio files available in this corpus, the instances of speakers’ pauses and laughter

were derived from the transcripts rather than as a result of automatic detection from audio.
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Similarly to the way that ASR output has been shown to reduce model performance [183], it
is possible that when detected automatically, input features of laughter and silence may only
be marginally impactful for model improvement. However, with automatic detection comes
access to audio files, in turn providing the opportunity for a much richer representation of
prosodic features than the binary input features tested here.

Additional limitations can be found in the experimental methodology for this investi-
gation. As discussed in previous chapters, it is clear that the difficult-to-detect disfluency
cases are interdependent—reparandum phrase length impacts the likelihood of nesting and
interregnum frequency, for example. Separating the impact of each iteration as they relate
to individual disfluency features is insightful, but likely does not paint the whole picture of
model performance. In the same way, testing the model adaptations in a different order may
have yielded different outcomes. For example, if lemmatization was incorporated into the
model later on in the iteration process, it may not have had such an impact on overall model
performance. However, as the main aim of the research reported in this chapter was to im-
prove the model performance, the discussion of the results above can be seen as a springboard
for further investigation and not simply as definitive observations on the isolated impact of
these adaptations.

With the integration of all of the adaptations, the final model is relatively complex and
corpus-specific, and features such as pauses and laughter information as well as learner pro-
ficiency level may not be readily available in other corpora. With recent research papers
published applying an incrementalised version of transformer-based language models such as
BERT for disfluency detection [179], it may be of value to explore such model architecture for
disfluency detection in learner speech. This is especially true given that BERT uses byte-pair
encoding of subword units, a tokenization approach that is similar to lemmatization (see [217]

for an overview).
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This chapter explored adaptations to the baseline model developed in Chapter Four.
The most successful approach was found through the application of a lemmatized
dataset with fastText word and character embeddings of size 50 derived from the
NICT-JLE corpus, silence and laughter features, edit term features derived from an
edit term classifier as well as learner proficiency features as inputs. These adapta-
tions led to a significant increase in performance for both repair start and reparan-
dum phrase detection. The findings reveal lemmatization and the removal of edit
terms to be effective approaches to model improvement and also show the advan-
tages of using non-lexical features in settings where transcript data is ‘non-typical’,
in this case, non-native data with a high rate of errors. Results also corroborate the
relationship between disfluency frequency, repetitious disfluency instance rate and
disfluency detection performance previously established in Chapter Four. Testing of
the final model on the Switchboard corpus showed promising results for use of the
model in zero-shot settings. In particular, the adaptations of lemmatization, char-
acter embeddings and removal of edit terms were shown to be effective in the native
speech domain. Although positive improvements have been made to the baseline
model across various difficult-to-detect disfluency types, nested disfluency instances
and disfluency instances that co-occur with learner errors remain the biggest chal-
lenges for disfluency detection.
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Chapter 6

Conclusion

The work outlined in this thesis provides an introduction to the investigation of incremen-
tal disfluency detection of learner speech. Laying the foundations for further investigation,
various aspects of this topic have been explored. Firstly, a framework for a spoken dialogue
system with such functionality was proposed in Chapter Two. Informed by an analysis of
the prior strategies of corrective feedback in dialogue-based CALL, the framework not only
provided an empirical grounding for the work of this thesis but also contextualised how
incremental disfluency detection could be applied to language learning settings. Through
the comparative analysis of native and learner speech disfluencies in Chapter Three, three
additional challenges for disfluency detection in learner speech were hypothesised: nested
disfluencies, disfluencies with edit terms and learner errors. The impact of such features on
detection were confirmed in Chapter Four through the analysis of two state-of-the-art incre-
mental disfluency detection models trained on both native and learner speech. There were
two additional outcomes of this testing: (i), the establishment of a train, heldout and test
set of the NICT-JLE corpus to be used for future model training and evaluation and (i),
the establishment of a baseline model to be used for further adaptation. Results from such
adaptation detailed in Chapter Five showed a good improvement of model performance over
the baseline. In particular, error analysis revealed that using a lemmatized dataset is a simple
but effective approach to improve model performance, especially so for non-repetitious disflu-
encies. Promising results were also seen for other areas of adaptation, providing motivation
for the further exploration of paralinguistic signals of disfluency such as laughter, silence as

well as other multimodal features. Though significant improvements were seen from model
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adaptation, several challenges for incremental disfluency detection in learner speech persist,

namely the impact of learner errors on model performance.

6.1 General Limitations and Future Work

The research topic of this thesis was approached from an applied machine learning per-
spective, evaluating how previously established state-of-the-art approaches to incremental
disfluency detection could be adapted for use with learner speech. The investigations were
linguistically grounded with experimentation and model evaluation was rooted in the differ-
ences found between native and learner disfluencies. However, as described in Chapter Three,
there are various other approaches to model performance evaluation that were not explored
as part of this investigation. Model latency and accuracy are key components for evaluat-
ing incremental systems [123, 180] and are equally as valuable in a dialogue-based CALL
setting, allowing for the generation of timely, accurate and therefore likely more effective
feedback. This approach to evaluation is generally reserved for systems that are already part
of a broader dialogue system architecture, with access to information such as timestamps
from ASR output [176, 179, 167]. The approach taken for this work can instead be seen as a
precursor to such approaches, with the long term goal of evaluating various aspects of incre-
mental disfluency detection as part of a larger dialogue-based CALL system that implements
corrective feedback.

As discussed in Chapters Two and Three, the structure and features of disfluencies may
vary greatly. The approaches developed in Chapters Four and Five are designed to detect
all of these variations within one model. However, as the performance results of the five
difficult-to-detect cases showed, certain types of disfluencies are much more difficult to detect
than others, most notably non-repetitious repairs and repairs that co-occur with learner er-
rors. Seeing such model performance variation across disfluency types motivates the question
of whether certain disfluency types should be modelled separately. For example, Osten-
dorf et al. split disfluency modelling between repetitious (the most easily detectable type
of disfluency structure) and non-repetitious disfluency types, leading to an overall improve-
ment of disfluency detection compared to approaches that modelled all variations together

[142]. Moreover, the framework proposed in Chapter Two only requires disfluencies related to
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learner errors to be attended to by the system. With the above factors in mind, it would be
of interest to explore the impact of modelling certain disfluency types independently. Firstly,
non-repetitious and repetitious disfluencies but also with-error disfluency types and without-
error disfluency types. For the latter, drawing on the taxonomies of both native [85] and
learner repair [185, 218], two sub-types of repair are of interest: ‘error’ repairs which relate
to lexical, syntactic and phonetic issues during speech, and ‘appropriateness’ repairs which
relate to the manner of expression. Having such a distinction within a model may not only
lead to higher overall disfluency detection rates as suggested by previous studies [142] but
may also reduce the negative impact of learner errors on detection shown in Chapters Four
and Five.

An additional benefit of the modelling approach described above is its usefulness for
feedback generation. Labelled outputs for disfluency type could be used by feedback gener-
ation models to determine whether to provide feedback on form (for error-type repairs) or
meaning (for appropriateness-type repairs). The success of cross-functionality such as this
within a dialogue-system framework has been reported in recent work on multi-task learning
of disfluencies, part-of-speech (POS) tags, utterance segmentation and language modelling,
where in a live setting such universal models outperform the tasks modelled individually
[177]. The joint learning of POS tagging and language modelling are of particular interest in
a dialogue-based CALL system. For the former, the shared representation of features may
help alleviate the negative impact attributed to POS taggers trained on native data discussed
in Chapter Four [194]. The inclusion of a language model in such a framework would not
only aid disfluency detection as shown in prior research [176, 177] but would also be useful
as an additional input feature for feedback generation, especially in highly predictable con-
versational tasks such as role-play scenarios and picture descriptions. With the most recent
work on incremental disfluency detection leveraging BERT models using language generated
from GPT-2 [179], there is an obvious opportunity here to integrate such a model with the
multi-task approaches outlined above. Within the context of a dialogue-based CALL system
designed for corrective feedback, such a system would use a fine-tuned BERT model for the
joint labelling of POS tags, learner errors and disfluencies combined with a GPT-3 language
generation model, the outputs of which would be used as inputs for both the BERT model
itself (as done by Rohanian and Hough [179] using GPT-2) as well as the feedback generation
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model. However, given that BERT is trained using written text scraped from the internet,
it is unclear how such models may perform on learner data. Therefore the first step prior
to developing the full incrementalised model described above would be to test the baseline
performance of a BERT model fine-tuned with the adapted NICT-JLE corpus.

As discussed in Chapters Three, Four and Five, the limited features of the NICT-JLE
corpus restricted the investigation of this thesis in some areas, most notably, the limited
labelling of learner errors. As a result, there remain roadblocks not only to the joint mod-
elling of disfluencies and errors but also to understanding the full impact of learner errors on
disfluency detection rates. In order to address this gap and achieve the road map of future
work outlined above, there is a clear motivation to develop a ‘gold-standard’ corpus of learner
dialogues to be used not only for disfluency detection but for dialogue-based CALL applica-
tions more generally. Based on the discussions of limitations throughout this thesis, as well
as the requirements of the model proposed above, there is a multitude of desired features
for such a dataset. Firstly, in order to account for the influence of factors such as modality
[101, 102], speaker’s native language [103], learner proficiency [185] and task type [97, 87, 98],
the ideal dialogues created for this corpus would involve a range of activity types (such as
the picture description task and role-play scenarios in the NICT-JLE corpus) carried out by
learners of English from a broad range of countries using voice assistants, on-screen virtual
environments and embodied robots. The provision of time-aligned transcriptions (both or-
thographic and phonetic), and audio and video files of the learners in dialogue would provide
the opportunity for both lexical and paralinguistic features to be modelled. Transcriptions
would need to be labelled with disfluencies following the notation scheme of Shriberg [89],
with additional labelling for with-error and other disfluency sub-types. Additionally, POS
tags, learners’ pronunciation and grammatical errors as well as their corrections would also
need to be labelled. To carry out such a task from scratch would of course require a significant
amount of time and resources and so may not be feasible in the immediate future, however,
there are alternative routes to achieving this goal. For example, there has been some recent
success in applying data augmentation techniques to generate artificial data for disfluency
detection [219, 220] and these techniques could be followed to create an equivalent set of
data that reflects learner speech. Furthermore, the NICT-JLE corpus itself could be adapted

to better accommodate the requirements for disfluency detection. Through the addition of
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gold-standard POS tags, the extension of disfluency labelling to include repair phrases as well
as disfluency categorisations for with-error and repetitious types, and the additional labelling
of errors that occur as part of the reparandum phrase.

Finally, looking at the framework that was proposed in Chapter Two, there are multiple
ways it can be further improved. Firstly, the framework is one-directional, where the learner’s
speech is the only source of error, with no opportunities for the learner to initiate repair due
to problems in their comprehension. Furthermore, the system focuses on same-turn repair,
whereas in conversation self-initiated self-repair can happen across turns [82]. These lim-
itations are in line with the concept of ‘pedagogical repair’ [49], however, the restrictions
reflect the fact that the framework only captures a small part of the conversational behaviour
seen in teacher-learner dialogue and could be expanded further. From the reverse perspec-
tive, using teacher-learner dialogue practices as a basis for developing dialogue-based CALL
systems does not account for the additional pedagogical affordances granted by automated
systems. For example, depending on the modality of the system used in practice, the frame-
work proposed in this thesis could be enhanced by features such as live transcriptions that
incrementally highlight errors [61] or the addition of delayed meta-linguistic feedback that
is generated from the error and disfluency data detected during dialogue. Using the high-
lighted areas of improvement for the goal of developing a successful dialogue-based CALL
system, it is important to not only maximise the benefits of computer-assisted features but
also facilitate the qualities of human dialogue that are beneficial for effective conversational

practice.

6.2 Final Remarks

This thesis has investigated incremental disfluency detection for spoken learner English, ful-
filling its aim to explore how speech technology research can be applied to enhance the current
capabilities of dialogue-based CALL systems. The results of this investigation have been for-
malised into three research papers, one of which has already been published [8], another which
is currently in review and a third which is in preparation for submission. A new benchmark
of performance for incremental disfluency detection of learner speech has been set, along with

an adapted version of the NICT-JLE corpus that can be used by the wider research commu-
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nity. Findings from this thesis have not only generated multiple avenues of research for the
specific task of incremental disfluency detection in learner speech but have also contributed

to the wider goal of moving toward incrementality in spoken dialogue systems.
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Table 2: Conversational corpora explored for experimentation, where the Switch-
board and NICT-JLE are the only corpora that meet the requirements for experi-
mentation.

Corpus L1 L2 Disfluency-tagged Publicly available

BULATS [182, 221] Y
ICNALE [222, 223] v v v
MAELC [224] v v
MCMC [225] v v
NICT-JLE [7] v v v
Switchboard [163] v~ v’ v’
Trinity Lancaster Corpus [226] Vv~ Vv v’
VIMELF [227] v v

Table 3: The means and standard deviations of reparandum phrase length, repairs
per utterance and edit terms per utterance for the train, heldout and test sets for
the NICT-JLE corpus, showing equivalency across sets. Fach set has an equal
distribution of learner proficiency levels and all files in the test set contain labels
for learners’ errors.

Train Heldout Test

reparandum phrase length 2.04 (£0.19) 2.02 (£0.18) 2.08 (£0.23)
repairs per utterance 0.38 (£0.14) 0.37 (£0.13) 0.36 (£0.15)
edit terms per utterance  0.75 (£0.20) 0.74 (£0.21) 0.73 (£0.17)
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Table 4: Count and percentage distribution of SST proficiency levels for the train,
heldout and test sets for the adapted NICT-JLE corpus, showing equivalency across
sets.

59 (5.8%) 9 (7.0%) 9 (7.0%)
44 (4.3%) 6 (47%) 6 (4.7%)
30 (2.9%) 5 (3.9%) 5 (3.9%)

SST Level Train Heldout  Test

1 2(0.2%) 0(0.0%) 1 (0.8%)
227 (2.6%) 4 (3.1%) 4 (3.1%)
3176 (17.2%) 23 (18.0%) 23 (18.0%)
4 395 (38.5%) 44 (34.3%) 43 (33.6%)
5 190 (18.5%) 23 (18.0%) 23 (18.0%)
6 102 (10.0%) 14 (10.9%) 14 (10.9%)
7

8

9

Table 5: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase (rm) detection of the difficult-to-detect cases for the STIR model
trained on the Switchboard corpus.

Precision Recall F-score
Model iteration

rps rm | rps rm | TPS rm

length =1 | 0.72 0.71 | 0.83 0.81 | 0.77 0.76
length =2 | 0.71 0.69 | 0.77 0.73 | 0.74 0.71
length =3 | 0.54 0.48 | 0.66 0.58 | 0.59 0.53
length =4 | 0.45 0.39 | 0.63 0.56 | 0.52 0.46
length = 54 | 0.52 0.31 | 0.60 0.40 | 0.56 0.35
length = 24 | 0.62 0.56 | 0.71 0.65 | 0.66 0.60

not nested | 0.68 0.66 | 0.79 0.77 | 0.73 0.71
nested | 0.72 0.64 | 0.77 0.66 | 0.74 0.65

with-edit | 0.78 0.72 | 0.72 0.67 | 0.75 0.70
without-edit | 0.67 0.65 | 0.80 0.77 | 0.73 0.70
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Table 6: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase (rm) detection of the difficult-to-detect cases for the STIR model
trained on the NICT-JLE corpus.

) ) Precision Recall F-score
Model iteration

™ps  rm | rps  rm | TPS M

length =1 | 0.60 0.58 | 0.84 0.80 | 0.70 0.67
length =2 | 0.71 0.64 | 0.80 0.71 | 0.75 0.67
length =3 | 0.66 0.55 | 0.76 0.63 | 0.71 0.59
length =4 | 0.67 0.49 | 0.69 0.54 | 0.68 0.51
length = 54+ | 0.54 0.31 | 0.52 0.30 | 0.53 0.31
length = 24 | 0.68 0.57 | 0.76 0.65 | 0.72 0.61

not nested | 0.61 0.59 | 0.82 0.75 | 0.70 0.66
nested | 0.65 0.56 | 0.71 0.57 | 0.68 0.56

with-edit | 0.75 0.67 | 0.79 0.71 | 0.77 0.69
without-edit | 0.59 0.55 | 0.82 0.76 | 0.69 0.63

rps-0 | 0.62 0.57 | 0.76 0.70 | 0.68 0.63

rps-1 | 0.27 0.24 | 0.80 0.72 | 0.40 0.36

rps-0 and rps-1 | 0.36  0.33 | 0.79 0.71 | 0.50 0.45
alltps-1 | 0.32 0.29 | 0.80 0.71 | 0.46 0.41
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Table 7: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase (rm) detection of the difficult-to-detect cases for the DEEP model
trained on the Switchboard corpus.

) ) Precision Recall F-score
Model iteration

rps rm | rps rm | TPS M

length =1 | 0.85 0.80 | 0.73 0.71 | 0.79 0.75
length =2 | 0.77 0.66 | 0.57 0.51 | 0.66 0.58
length =3 | 0.77 0.60 | 0.45 0.24 | 0.57 0.34
length =4 | 0.74 0.32 ] 0.26 0.06 | 0.38 0.11
length = 54 | 0.00 0.50 | 0.32 0.02 | 0.00 0.03
length = 24 | 0.77 0.63 | 0.49 0.37 | 0.60 0.46

not nested | 0.83 0.76 | 0.65 0.61 | 0.73 0.68
nested | 0.85 0.72 | 0.62 0.50 | 0.72 0.59

with-edit | 0.74 0.62 | 0.58 0.48 | 0.65 0.54
without-edit | 0.85 0.78 | 0.66 0.61 | 0.75 0.69
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Table 8: Precision, recall and F-score results for repair start (rps) and reparan-
dum phrase (rm) detection of the difficult-to-detect cases for the DEEP model
trained on the NICT-JLE corpus.

) ) Precision Recall F-score
Model iteration

™ps  rm | rps  rm | TPS M

length =1 | 0.75 0.70 | 0.77 0.74 | 0.76 0.72
length =2 | 0.65 0.59 | 0.80 0.72 | 0.72 0.65
length =3 | 0.65 0.57 | 0.72 0.57 | 0.68 0.57
length =4 | 0.70 0.58 | 0.66 0.42 | 0.68 0.48
length = 54+ | 0.69 0.50 | 0.45 0.08 | 0.54 0.14
length = 24 | 0.66 0.58 | 0.74 0.61 | 0.70 0.59

not nested | 0.70 0.65 | 0.76 0.70 | 0.73 0.67
nested | 0.73 0.67 | 0.58 0.42 | 0.65 0.52

with-edit | 0.69 0.60 | 0.76 0.64 | 0.72 0.62
without-edit | 0.72 0.67 | 0.76 0.71 | 0.74 0.69

rps-0 | 0.71 0.62 | 0.72 0.63 | 0.72 0.63

rps-1 | 0.39 0.35 | 0.67 0.61 | 0.49 0.45

rps-0 and rps-1 | 0.49 0.43 | 0.74 0.66 | 0.59 0.52
alltps-1 | 0.45 0.40 | 0.72 0.64 | 0.55 0.49
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Precision, recall and F-score classification results for repair start (rps)

and reparandum phrase detection (rm) for all model adaptations described in Chap-

Table 9

ter Five. Adaptations are added incrementally, building on the best model (in bold)

from each prior section.
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