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Abstract

Perceptual learning for speech: Mechanisms of phonetic adaptation to an unfamiliar accent

by

Yevgeniy Vasilyevich Melguy

Doctor of Philosophy in Linguistics

University of California, Berkeley

Professor Keith Johnson, Chair

The aim of this dissertation is to investigate the mechanisms involved in phonetic learning
of an unfamiliar accent, focusing on understanding what processes underlie changes to pho-
netic category structure, how such learning affects subsequent online lexical processing, and
whether the same mechanisms that underlie learning for a single speaker are also responsible
for generalization of learning to novel speakers with a similar pronunciation.

The first set of experiments (chapter 2) investigates the mechanisms that underpin the
changes in phonetic category structure (lexically-guided phonetic recalibration), following
exposure to a novel artificial accent. This chapter focuses on two possible adaptive strate-
gies that listeners may use which have been suggested in the literature: phonetic category
shift and phonetic category expansion. Under the first hypothesis, listeners make targeted
adjustments to a category boundary based on the specific accent they encounter, whereas
under the second, they utilize a more general expansion of that category in perceptual space.
Results of two experiments suggest that listeners rely on a (nonuniform) category expansion
strategy that is constrained by acoustic similarity to sounds involved in the exposure accent.

The experiments in Chapter 3 focus on the relationship between changes in category structure
and more online measures of speech processing. It is often assumed in the literature on
perceptual learning for speech that changes in phonetic category boundaries (recalibration)
following exposure to an atypical pronunciation underlie improved comprehension and/or
processing of accented speech. The experiments in this chapter test whether exposure to
such an artificial accent can facilitate subsequent processing of accented words, and whether
the same mechanisms that constrain category boundary changes found in Chapter 1 also
obtain for lexical processing. Results suggest that accent exposure does result in changes to
lexical processing, and results provide tentative support for a form of category expansion as
the mechanism for such changes.

The last set of experiments (Chapter 4) examine how perceptual learning may generalize
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to novel speakers and novel sound contrasts. The goal of this set of experiments is to
test whether the same mechanisms that are responsible for category boundary changes in
a single speaker are also applicable to novel speakers. Previous literature suggests that
phonetic learning of certain speech sounds (e.g., fricatives) may be speaker-specific — it
does not transfer to a novel speaker, possibly because fricatives contain spectral properties
that cue speaker identity. However, the results of Chapter 1 indicate that transfer to a novel
sound contrast can occur within a single speaker, suggesting that there is room for transfer
of learning to a novel speaker even if their pronunciation is acoustically distinct from that
of the exposure speaker. Results of these experiments show transfer of phonetic learning
to both novel speakers and novel phonetic contrasts. While results are mixed, depending
on speaker and contrast, there is tentative evidence that listeners may use a more targeted
mechanism when generalizing learning to novel speakers.

Together these experiments indicate that lexically-guided phonetic learning is flexible enough
to accommodate differences between familiar and novel contexts, suggesting that it may be
a viable mechanism for adapting to variability in speech. However, while results provide
evidence for some degree of generality in the underlying perceptual learning mechanisms,
they also show that such generalization is constrained by acoustic similarity to previous
experiences, whether the latter involves novel sound contrasts, novel speakers, or both. This
supports a view of the perceptual system as one that is dynamic but that must still balance
stability and plasticity.
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Chapter 1

Perceptual learning for speech

1.1 Introduction
Listeners must deal with a wide range of variability in speech, both within and across speak-
ers. This is a non-trivial task, as many factors affect how a given speech sound can be
produced . These include linguistic factors such as intonation, stress, and surrounding con-
text. They also include anatomical characteristics (e.g., vocal tract length, palate shape),
and social variables (e.g., race, gender, sexuality, socio-economic class, etc.).

The general goal of this dissertation is to investigate how listeners adapt to such speech
variability, focusing on one factor that has been shown to pose particular trouble for listen-
ers: a non-native accent or dialect. It is well known that an unfamiliar accent can result in
comprehension difficulty for listeners. Studies have demonstrated that processing foreign-
accented speech is more difficult for listeners, as shown by increased processing time (Clarke
& Garrett, 2004; Munro & Derwing, 1995), lower word identification scores (Bent & Holt,
2013), and more exposure time required for word recognition (Leikin et al., 2009). Fortu-
nately, although L2 learners of a language often do not attain native-like phonetic proficiency
(Flege et al., 1995), listeners show a remarkable ability to rapidly adapt to accented speech
(see Cristia et al. (2012) for a review). Such adaptation is a form of perceptual learning
— a general phenomenon where experience with a stimulus leads to improved perception of
that stimulus. An important question is how listeners are able to strike the right balance
between specificity and generalization in perceptual learning for unfamiliar speech. What
mechanisms allow listeners to adapt to a given speaker’s accent, and what factors allow such
learning to transfer to new contexts? For learning to be useful, it must be broad enough in
scope that it can generalize to novel contexts. Learning an accent must mean, on the one
hand, that the listeners can become attuned to the phonetic patterns that characterize that
specific accent, and subsequently can generalize such learning to novel speakers with a simi-
lar pronunciation. On the other hand, it also means that listeners must be able to constrain
the transfer of learning so that it does not interfere with processing of other speakers who
do not share those phonetic characteristics.



CHAPTER 1. PERCEPTUAL LEARNING FOR SPEECH 2

In the context of accented speech, perceptual learning has frequently been investigated
using either comprehension-based measures (Baese-Berk et al., 2013; Bradlow & Bent, 2008;
Gordon-Salant et al., 2010; Melguy & Johnson, 2021; Sidaras et al., 2009; Vaughn, 2019),
or measures of processing fluency (Clarke & Garrett, 2004; Xie, Weatherholtz, et al., 2018).
Such studies typically evaluate the success of learning measures through measures such as
sentence transcription or response latencies in some form of a word recognition task. An-
other important body of literature has investigated perceptual learning for speech with a
focus on phonetic category structure. Perceptual learning in these cases takes the form of
‘phonetic recalibration’1, a process that involves listeners adjusting their perceptual cate-
gory boundaries for a given speech sound following exposure to a speaker with an atypical
pronunciation of that sound (Eisner & McQueen, 2005, 2006; Kraljic & Samuel, 2005, 2006,
2007; Norris et al., 2003). Although these studies generally involve artificial ‘accents’ created
by manipulating individual target phonemes, a common assumption is that such lexically-
guided retuning of phoneme categories underlies listeners’ ability to adapt to novel accents
or dialects (Bradlow & Bent, 2008; Eisner et al., 2013; Witteman et al., 2013).

Phonetic recalibration offers a promising approach to investigating the mechanisms that
underlie perceptual learning of accented speech, because the targeted manipulation of just a
single phoneme and evaluation of subsequent changes in processing of that sound give us a
fine-grained measure of how the perceptual system adjusts to accommodate an atypical pro-
nunciation. This contrasts with the ‘black box’ approach of studies that use natural foreign
accents — comprehension and processing-based measures are often too coarse-grained to
shed much light on the mechanisms responsible for adaptation, and the multiple parameters
of deviation from natively-accented speech often leave it unclear what listeners are adapting
to. Crucially, while it has often been assumed that recalibration of phonetic categories facili-
tates comprehension and/or processing of accented speech (Bradlow & Bent, 2008; Eisner et
al., 2013; Kraljic & Samuel, 2006), there remains no direct evidence for this assumption. An
important goal of this dissertation is thus to investigate how recalibration (sound-specific ad-
justment of perceptual category boundaries) may benefit subsequent processing of accented
speech. Do the same mechanisms that underlie recalibration or phonetic re-tuning of internal
sound category structure also underlie accent accommodation more generally?

Before diving deeper into the research on perceptual learning for speech, this chapter
briefly reviews the general literature on perceptual learning. Placing the current project in
against the backdrop of perceptual learning across sensory domains may give the reader a
better understanding of which aspects of learning may be restricted to the domain of language
and which are more general principles that guide perceptual learning. The remainder of this
chapter is organized as follows. Section 1.2 gives a brief overview of the general literature

1In the literature on perceptual learning for speech, the terms “phonetic recalibration,” “phonetic re-
tuning,” “phonetic learning,” and “perceptual learning” are often used interchangeably to refer to this phe-
nomenon. In this study, we reserve the term “perceptual learning” to refer to the general phenomenon (across
sensory domains), the term “phonetic learning” to refer to perceptual learning for speech, and the terms
“phonetic recalibration,” “recalibration,” or “retuning” to refer specifically to the adjustment of perceptual
category boundaries following exposure to an atypical pronunciation.
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on perceptual learning, including psychophysical and neurological correlates of perceptual
learning across domains and suggested mechanisms. Section 1.3 takes a closer look at the
literature on perceptual learning for speech and how these findings may bear on the specific
case of perceptual adaptation to accented speech. Section 1.4 concludes the chapter by
providing an overview of the open questions in perceptual learning for accented speech that
will be the focus of this dissertation.

1.2 Perceptual learning
What is perceptual learning?
Definitions of perceptual learning focus predominantly on perceivers’ adaptation to stimulus
properties which affect subsequent perception of those and/or similar stimuli. For instance,
Fahle (2001) emphasizes low-level sensory adaptation as the key distinguishing feature: “Per-
ceptual learning […] is a form of learning leading to better use of sensory information which
is relatively independent of conscious or declarative forms of learning but relies partly on
rather low-level modifications in the central nervous system. Perceptual learning hence re-
sembles, in many respects, procedural forms of learning that are common in motor learning,
for example learning to ride a bicycle.” (p. 11225). Hall (2008) focuses on the acquired
ability to attend more effectively to unique elements of similar objects while filtering out
their shared properties, defining perceptual learning as “the learning process (or processes)
that increases the effectiveness of unique stimulus elements and/or reduces that of common
stimulus elements, thus facilitating discrimination between similar stimuli. (p. 110). Fi-
nally, Goldstone (1998) stresses the biologically adaptive elements of perceptual learning as
“relatively long-lasting changes to an organism’s perceptual system that improve its ability
to respond to its environment.” (p. 1).

While these definitions of perceptual learning vary in their emphasis, a point of gen-
eral consensus in the literature is that perceptual learning is not a simple practice effect that
emerges from participant familiarization with task rules or strategies, but rather reflects sub-
stantial changes in sensory processing. Gold and Watanabe (2010) point to several pieces of
evidence in favor of this idea. First, perceptual learning increases perceptual sensitivity, as
measured by the lower quality of stimulus that is needed to reach a particular threshold of
perceiver response. Second, perceptual learning effects are often highly specific to character-
istics of the exposure stimuli and task. This failure of transfer to similar tasks indicates that
perceptual learning cannot be solely attributed to familiarity with task procedures. Third,
as other reviewers have noted, perceptual learning effects tend to be relatively long-lasting,
often persisting over weeks or months (Fahle, 2005; Goldstone, 1998) which distinguishes
them from other learning effects such as habituation, sensitization, or priming, which are
generally short-term (Fahle, 2001; Gold & Watanabe, 2010).
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Perceptual learning across sensory domains
While interest in perceptual learning for speech is a relatively recent phenomenon, perceptual
learning has been a topic of investigation in experimental psychology since at least the mid-
nineteenth century and has been attested across all sensory domains in a variety of simple
and complex tasks.

One of the earliest studies documenting perceptual learning coincides with the birth of
psychophysics — the study of the relation between physical stimuli and the perceptions they
produce. Volkmann (1858) investigated the effects of practice on discrimination of tactile
difference thresholds. For each trial, subjects received two consecutive pricks on a region of
the arm and were asked to indicate whether the two points occurred in an identical spot or
distinct spots of the arm. Over the course of the experiment, subjects became capable of
detecting smaller and smaller distances between points, reducing the distance by more than
half after only a few hours of training. Much of the research on perceptual learning has
occurred in the visual modality, spurred by a seminal study by Gibson and Gibson (1955),
who used an image identification task to assess perceptual learning. They first presented
subjects with the target (a simple line drawing) and then with a succession of similar line
drawings, asking them to indicate which were identical to the target. Over the course of
the experiment, all participants showed a decrease in the number of incorrect responses
and improved ability to specify the dimensions on which non-identical items differed from
the target (e.g., too short, wrong orientation, etc.). The authors’ interpretation of this
finding was that perceptual learning involves improving perceivers’ ability to differentiate
objects in the environment by attending to features of the stimulus that may not have been
previously attended to. Since then, evidence of perceptual learning in the visual domain
has been found in a variety of tasks, ranging from simple ones like discriminating line offset
(Fiorentini & Berardi, 1980) to more complex ones like object search (Leonards et al., 2002)
and facial recognition (Apps & Tsakiris, 2013). Perceptual learning has been documented in
the domains of smell and taste, in tasks ranging from discrimination of odors to identifying
different brands of beer based on their flavor characteristics (see Hall (2008) for a review).
It has also been shown for auditory perception in simple tasks such as discriminating pitch
and duration differences as well as more complex ones such as learning contrasts between
non-native speech sounds (see Goldstone (1998) for a review of general auditory perceptual
learning and Samuel and Kraljic (2009) for the case of perceptual learning for speech).

Specificity, generalization, and the neural correlates of perceptual
learning
An important question in this literature concerns the physiological changes that underlie
the process of perceptual learning and understanding how they might differ across tasks. Is
perceptual learning a relatively low-level process, involving basic sensory modifications, or
does it include higher-level, cognitive changes? The literature provides evidence for both
types of physiological adaptation. On the one hand, the specificity of perceptual learning
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— its failure to transfer — meshes well with the observation that early stages of processing
tend to be specific to so-called ‘low-level’ features like stimulus position, while generalization
of learning is consistent with higher levels of processing (Fahle, 2005). Interestingly, as Fahle
(2009) observes, the claim that perceptual learning involves modification of low-level sensory
cortices would have been quite controversial just three or four decades ago, as it was widely
believed that the primary cortices were hard-wired and served simply to extract information
from the environment. The reasoning was that if low-level processing were modified during
learning, this could negatively impact performance in other, unrelated tasks. However, by
the 1980s mounting psychophysical and neurological evidence began to turn the tide against
this consensus. For instance, Fiorentini and Berardi (1980) found that subjects were able to
improve dramatically when trained to detect line offset with two near-collinear bars (Vernier
task), but that performance returned to baseline as soon as the stimulus was rotated by 90
degrees. Gilbert et al. (2009) point out that this kind of specificity provides evidence that
early levels of processing must be involved, since we know that early sensory areas tend to
be highly specific for basic attributes of stimuli like position in the visual field, orientation,
or luminance.

Physiological changes due to perceptual learning may vary depending on aspects of the
stimulus and its presentation, suggesting that distinct neural mechanisms may be involved
depending on exactly what is being learned. In their review, Gilbert et al. (2009) document a
number of different types of changes that have been shown to occur in early sensory areas due
to perceptual learning. One mechanism involves expansion of cortical representation, thus
allowing a larger amount of brain territory to be allocated to the trained area. For example,
training in acoustic frequency discrimination can expand the size of the cortical area in
the primary auditory cortex that represents the trained frequencies. However, changes in
cortical recruitment would predict transfer of learning to related tasks and stimuli, so failure
of generalization of perceptual learning is evidence against this mechanism. Alternatively,
perceptual learning can also involve changes in the stimulus selectivity of neurons: rather
than increasing the number of neurons involved, it means increasing their sensitivity to task-
relevant aspects of the signal. Another mechanism involves enhanced neural response due to
perceptual learning , either by increasing the activity of individual neurons or increasing the
number of recruited neurons. For instance, a study of tone discrimination in owl monkeys
has shown an initial increased neural response across all frequencies (not just the trained
ones), followed by more differentiated responses to non-target and target stimuli, suggesting
that increased neural response may be an early change that precedes sharpening of neural
response tuning curves (Li & Gilbert, 2009). Finally, neural plasticity due to perceptual
learning may manifest as a change in neural firing patterns, resulting in more synchronous
activity across a population of neurons(Li & Gilbert, 2009).

The cases reviewed above primarily yield evidence of low-level, task-specific adaptation
in the primary sensory cortices. However, studies have also shown that perceptual learning
can involve changes in higher-level processing and can generalize to new tasks and stimuli.
For instance, Fahle (2005) highlights several instances involving tasks such as reading, visual
object search, or playing action video games, where subjects may learn general strategies that
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can transfer to different tasks. Both locus of learning and generalization may be affected by
the complexity of the task and the stimuli involved. In visual learning, for instance, simpler
tasks may take more time, involve smaller amounts of learning, and be less likely to transfer
to novel situations (Fahle, 2005; Fine & Jacobs, 2002). This basic pattern suggests changes in
early stages of cortical processing (Fahle, 2005). On the other hand, complex tasks are often
learned quickly, show more dramatic improvement, and generalize more readily The distinct
patterns of behavior seen in these two cases suggest that simple tasks involve relatively
low-level adaptation while more complex tasks may involve higher-level changes. perceptual
learning may also involve a combination of both types of adaptation. For instance, Fahle
(2009) notes that two distinct patterns of learning have been found for complex visual search
tasks: subjects learn both specific stimulus features that do not generalize to other tasks
as well as a search strategy that does generalize. In other words, perceptual learning in
complex tasks may involve not only homing in on specific features and developing richer
object representations but also involves improved sensitivity to context and the kinds of
general response strategies required.

1.3 Phonetic learning
Is perceptual learning for speech unique?
Many of the characteristic features of general perceptual learning are also evident in the
literature on perceptual learning for speech. For instance, a key feature of perceptual learning
across domains is that it is relatively-long lasting. Perceptual learning for speech appears
to share this general property. Kraljic and Samuel (2005) found that perceptual learning
following exposure to a speaker with an artificial accent persisted 25 minutes after exposure
— there was no evidence that learning had attenuated in the intervening time period (in
fact, the size of the training effect was numerically larger). A study by Eisner and McQueen
(2006) found that perceptual learning for a similar type of artificial accent could persist
even longer — they found robust training effects 12 hours after initial exposure, including
if participants had slept during this period. Xie, Earle, et al. (2018) found the same effect
for adaptation to naturally-accented speech — training benefits persisted 12 hours after
exposure. Thus, perceptual learning for speech across different tasks appears to meet the
criterion of relative permanence that characterizes perceptual learning in other areas.

Another general feature of perceptual learning that we have already noted is a high level
of specificity to the trained stimulus — learning does not tend to generalize beyond the exact
exposure context. However, this appears to vary depending on the type of task: simple tasks
tend to be highly specific to the training context, whereas more complex ones may generalize.
In the case of perceptual learning for speech, results are mixed. There are certainly cases
where learning appears to be highly specific. For instance, Eisner and McQueen (2005)
show that listeners resist generalization of learning following exposure to a speaker with
an ambiguous fricative pronunciation. They found no cross-speaker transfer for this sound
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under normal testing conditions. However, subsequent studies have found that generalization
can occur for these sounds under particular contexts. For recalibration studies of the type
pioneered by Norris et al. (2003), generalization seems robust for certain classes of sounds
such as stop consonants (Kraljic & Samuel, 2006, 2007) . It also seems to be sensitive to the
degree of acoustic similarity between exposure and test contexts — learning is more likely
to transfer when these are highly similar (Kraljic & Samuel, 2005; Reinisch & Holt, 2014).
This is consistent with the general perceptual learning literature, where similarity between
training and test stimuli is an important predictor of learning transfer.

In the case of speech, generalization may crucially depend on the type of exposure context.
For instance, several studies of natural accent accommodation have shown that learning can
transfer to new speakers if listeners are exposed to sufficient input variability. Multi-speaker
training regimens in such cases have been shown to facilitate speaker-independent learning
(Baese-Berk et al., 2013; Bradlow & Bent, 2008). In the general literature on perceptual
learning , it has been suggested that the specificity of learning may depend on what is
being learned — relatively simple tasks (e.g., such as line offset discrimination) tend to
be highly specific, whereas more complex tasks tend to generalize more freely. Moreover,
distinct patterns of generalization may be observed for different aspects of complex tasks.
For instance, listeners may be able to generalize learning of a global task strategy, but not
specific stimulus attributes (Fahle, 2009). Results showing that listeners can achieve accent-
independent perceptual learning in some cases (Baese-Berk et al., 2013) suggests that this
can hold for speech as well: listeners in these learning conditions appear to acquire a general
adaptation strategy that may be independent of the specific phonetic patterns previously
encountered. Perceptual learning of accented speech may thus match the pattern of results
that have been observed for other complex tasks in non-language contexts.

Finally, research suggests that perceptual learning is relatively automatic and distinct
from other forms of learning such as declarative or procedural learning (Fahle, 2001). This
appears to hold in some cases of perceptual learning for speech as well. For instance, several
studies suggest a dissociation between listeners’ top-down expectations or beliefs and whether
learning generalizes or not. For instance, Eisner and McQueen (2005) found that learning of
a atypical fricative pronunciation generalized when fricatives from the original speaker were
cross-spliced into a new voice. Crucially, this occurred despite the fact that the majority of
listeners knew that they were perceiving a novel speaker. Analogously, Reinisch and Holt
(2014) found that listeners successfully transferred perceptual learning of a similar fricative
pronunciation to a new speaker, even though the majority reported this speaker as having
a different accent. Even more strikingly, Xie and Myers (2017) found that listeners failed
to generalize learning following exposure to Mandarin-accented English to a new speaker,
even when they believed that they were hearing the exact same speaker in exposure and
test contexts. Finally, Witteman et al. (2015) showed that listeners showed rapid short-
term adaptation for a Hebrew-accented Dutch even when the exposure period required them
to be engaged in an unrelated task. Overall, such results indicate the perceptual learning
for speech happens automatically and in some cases may even be independent of listeners’
explicit beliefs about the atypical speech they encounter.
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Key questions in perceptual learning for speech
In their review, Samuel and Kraljic (2009) define perceptual learning for speech as “a change
in subsequent language processing” following exposure to “speech that is in some way non-
canonical, or different than usually experienced.” (p. 1208). However, they distinguish
between two bodies of literature that approach the phenomenon from somewhat different
perspectives. So-called “Theme I” studies that fit classical definitions of perceptual learning,
where exposure to a stimulus leads to improved ability to detect or discriminate that stim-
ulus. These include learning of non-native phonetic contrasts, foreign accents or unfamiliar
dialects, and degraded (e.g., noisy) speech. “Theme II” studies consist of a recent body
of literature around phonetic recalibration, where exposure to atypical speech sounds alters
listeners’ perception of subsequent sounds but does not necessarily yield improvements in
discriminating them. Typically such studies involve presenting listeners with a phonetically
ambiguous sound embedded within a disambiguating word frame, with learning shown by a
subsequent shift in phonetic categorization.

One benefit of these latter types of studies, the authors note, is that they clearly indi-
cate what is changing in language processing, whereas studies that use comprehension as a
measure of perceptual learning don’t provide as much insight into what is going on ‘under
the hood’. However, one potential drawback of phonetic recalibration studies is that the
mechanisms they illustrate may not actually be the same as those underlying the improved
comprehension and/or processing of accented or atypical speech. Although this has been a
common assumption in the literature on perceptual learning for speech, there is actually little
evidence to support a direct link between category structure and improved accent percep-
tion. Increasingly, studies have begun to question this assumption (Charoy, 2021; Reinisch
& Holt, 2014; Xie et al., 2017; Zheng & Samuel, 2020). However, results remain inconclusive,
in part due to the different methodologies used across studies. A major goal of this disser-
tation is to build on such prior work in perceptual learning of accented speech. Specifically,
the focus of this project is to investigate the mechanisms that constrain exposure-induced
changes to phonetic category boundaries, and to test whether these same mechanisms affect
processing of accented speech and the generalization of learning to new speakers.

Perceptual learning of unfamiliar accents and dialects
Much of the literature on perceptual learning for speech has focused on the problem of how
listeners adapt to atypical speech in the form of a non-native accent or unfamiliar regional
dialect. Accented speech is often initially difficult for listeners and incurs a processing cost
(Munro & Derwing, 1995) but with exposure this difficulty rapidly diminishes as listeners
adapt to the pronunciation (Clarke & Garrett, 2004). Many studies have found mprove-
ments in accent comprehension and/or processing after relatively minimal minimal exposure
to accented speech (Baese-Berk et al., 2013; Bradlow & Bent, 2008; Clarke & Garrett, 2004;
Melguy & Johnson, 2021; Vaughn, 2019; Weil, 2001; Xie, Weatherholtz, et al., 2018). These
studies on perceptual learning of accented speech suggest that sufficient exposure allows
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listeners to adapt to a speaker or group of speakers. However, a drawback of this body of
research is that it does not offer a clear answer regarding the mechanisms that underpin
perceptual learning for accented speech—learning is assessed simply by measuring whether
comprehension improves or not. This metric doesn’t give us much direct insight into ques-
tions about what is learned and the mechanisms involved in generalization—these must be
inferred. Moreover, because these studies use speech from actual accented speakers, they are
not able to control precisely for particular phonetic features. These must be inferred from
the L1 backgrounds of the speakers, a tricky problem given how variable accented speech
has been shown to be (Wade et al., 2007).

Phonetic recalibration
A promising approach to phonetic learning avoids this problem by utilizing artificial accents
to address questions on the mechanisms involved in perceptual adaptation to accent. Such
studies involve exposing listeners to a phonetically ambiguous pronunciation of a sound that
is disambiguated by the context in which it occurs, and perceptual learning is indicated by a
subsequent categorization boundary shift on a phonetic continuum. For instance, this might
involve replacing the final sound in a word like moss with a sound between [s] and [f], where
the lexical context leads listeners to interpret the sound as [s] (because moss is a real word
and moff is not). With sufficient exposure to such examples, listeners will shift their cate-
gorization boundary of an [s]-[f] phonetic continuum such that more tokens are categorized
as /s/, effectively expanding the size of the phonetic category at the expense of /f/. This
type of perceptual learning has been referred to as phonetic recalibration because it involves
targeted adjustment of a single phonetic category. Seminal phonetic recalibration studies
(Bertelson et al., 2003; Norris et al., 2003) showed that various types of disambiguating
contexts could be used to achieve perceptual learning of phonetically ambiguous segments.
Norris et al. (2003) used a lexical decision task to expose Dutch listeners to an ambiguous
segment [?] that was midway between [s] and [f]. They separated their listeners into groups
and presented each with the same sound but in a different word context, such that one group
was led to interpret the sound as /f/ while the other group was led to hear it as /s/. They
found that after exposure these two groups showed phonetic categorization shifts in opposite
directions—those trained to hear [?] as an [f] shifted the boundary toward /s/, while those
trained to hear it as [s] shifted the boundary toward [f]. Bertelson et al. (2003) showed
that phonetic recalibration could be achieved using a different methodology that used visual
information as the disambiguating context. They exposed listeners to auditory [ada], [aba],
or [a?a], where the ambiguous sound was midway between [d] and [b]. They paired these
audio recordings with videos of a face articulating either [aba] or [ada]. They found that
participants perceived the ambiguous sound based on what they saw articulated in the video,
leading to category boundary shifts analogous to what was observed in Norris et al. (2003).
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Phonetic recalibration vs. accent accommodation
One limitation of the paradigms used in the phonetic recalibration studies discussed above
is that they often fail to provide evidence that exposure to a particular accent improves
perception of that accent, as measured by improved subsequent processing and/or com-
prehension scores. While it is often assumed that retuning of phonetic categories may be
a mechanism for learning a foreign accent or unfamiliar regional dialect, few studies have
tested this question empirically. Reinisch and Holt (2014) made important early steps by
demonstrating that phonetic recalibration could occur in the context of globally-accented
speech. They found that listeners were able to learn an ambiguous pronunciation of a target
fricative sound when it was embedded in a Dutch-accented voice, and that listeners were able
to generalize learning to novel speakers with the same accent. Their results suggest that the
phonetic recalibration paradigm, which involves targeted manipulations of individual critical
phonemes, may be a viable model for investigating perceptual adaptation to accent. How-
ever, more recent tests of the question have yielded mixed results. Xie et al. (2017) did find
a connection between changes in category structure and facilitated lexical processing, but
they used a natural accent as opposed to the typical ambiguous artificial accents used in
recalibration studies. Zheng and Samuel (2020) found both recalibration effects (category
shifts) and changes in lexical processing of a Mandarin-accented speaker with a similar /s/-
like pronunciation of /T/. However, they found no correlation between category shifts and
accent accommodation. Finally, Charoy (2021) investigated whether category shifts could
be found for both ambiguous pronunciations (/T/ = [T/s]) and substitutions or “bad maps”
(/T/ = [s]). She argued that both types of pronunciations may occur in naturally-accented
speech, so if recalibration facilitated accent accommodation it should be possible to observe
categorization shifts in both types of scenarios. In an initial set of experiments, the author
found that category shifts were indeed observed for both pronunciations. However, follow-up
experiments failed to find a clear relationship between such category shifts and lexical pro-
cessing of critical words (/T/ = [T/s] or [s]) produced by the same speaker. Previous accent
exposure did not appear to reliably facilitate processing of such accented items.

1.4 The current study
The primary goal of this dissertation is to investigate the mechanisms that underlie per-
ceptual learning of accented speech, with a focus on better understanding the relationship
between changes in phonetic category structure, lexical processing, and subsequent percep-
tion of novel speakers. In testing these questions, this project hopes to bring together two
bodies of literature that we have reviewed on perceptual learning for speech: studies on per-
ception of natural accents, which have generally used comprehension- or processing-based
measures to evaluate perceptual learning, and phonetic recalibration studies utilizing ar-
tificial accents, which measure learning via categorization shifts following exposure to an
ambiguous pronunciation of a target sound. If there is indeed a relationship between cate-
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gory shifts and accent processing, then we ought to observe improved word recognition for
critical words containing the trained accent.

Each of the following chapters investigates an aspect of perceptual learning for accented
speech, focusing on the mechanisms underlying changes to phonetic category structure, lex-
ical processing, and the generalization of learning to novel contexts. Together, this set of
studies aims to contribute to the broader question of whether recalibration of specific pho-
netic categories may underlie accent accommodation. Chapter 2 investigates the mechanisms
behind phonetic recalibration. Existing literature provides support for two possible mech-
anisms by which listeners recalibrate phonetic categories following exposure to an atypical
pronunciation — listeners can either shift the target category or expand it in perceptual
space. Crucially, both mechanisms can account for the recalibation effect, but existing liter-
ature does not providing conclusive evidence in favor of one or the other. Chapter 3 focuses
on the connection between changes to category representations and online lexical process-
ing, directly testing the common assumption that the former facilitates the latter. Chapter
4 examines how phonetic learning may generalize to novel speakers. These experiments
test whether the same mechanisms that underlie phonetic learning of a single speaker also
generalize to novel speakers.
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Chapter 2

Mechanisms of perceptual adaptation
to a novel accent

2.1 Introduction
As listeners, we sometimes encounter speech that deviates from what we typically hear in our
everyday lives.1 Whether due to a non-native accent or regional dialect, or an idiosyncratic
pronunciation, such variation poses a potential challenge for listeners, resulting in decreased
comprehension and/or increased processing time. Fortunately, listeners can rapidly adapt to
an atypical pronunciation, reducing or eliminating this ‘accent cost’ with sufficient exposure
to the speaker (Bradlow & Bent, 2008; Clarke & Garrett, 2004; Melguy & Johnson, 2021;
Sidaras et al., 2009; Vaughn, 2019).

Such perceptual adaptation is well-established in the literature, and has been found using
a variety of tasks. Clarke and Garrett (2004), for instance, exposed listeners to Spanish-
or Chinese-accented English where the final word in the sentence was unpredictable, and
listeners’ task was to indicate if a visual word target on their computer screen matched
the spoken word or not. By the end of the task, subjects’ responses matched the baseline
found for natively-accented speech. Another study by Bradlow and Bent (2008) measured
sentence transcription accuracy of Chinese-accented speech for trained and untrained groups
of listeners, finding that listeners previously exposed to the accent showed improved accuracy
vs. controls, with listeners trained on multiple speakers able to generalize learning to a new
speaker of the same accent. Sidaras et al. (2009) utilized a similar paradigm, exposing

1This chapter was previously published as: Melguy, Y.V and Johnson, K. (2022). Perceptual adaptation
to a novel accent: Phonetic category expansion or category shift? Journal of the Acoustical Society of
America, 152(4), 2090-2104. https://doi.org/10.1121/10.0014602. The contribution of each author is as
follows: Yevgeniy Melguy developed the research question, produced the experimental materials, collected
data, and drafted the manuscript; Keith Johnson produced Figure 2.2 and contributed a description of
acoustic and perceptual similarity for the critical fricative sounds in this study, in addition to assisting with
various aspects of experimental design, statistical analysis, and experimental implementation. We thank
Arthur Samuel and an anonymous reviewer for their helpful feedback on a draft of this manuscript.

https://doi.org/10.1121/10.0014602
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listeners to sentences produced by 6 speakers of Spanish-accented English, and then testing
transcription accuracy on novel sentences and words produced by either 6 different speakers
or the same group of speakers they heard in training. Trained listeners showed improved
performance for both the familiar and novel speaker group vs. untrained controls. Melguy
and Johnson (2021) also found evidence of adaptation to a speaker of Mandarin-accented
English, as measured by improved sentence transcription accuracy over the course of a 60-
trial exposure period. Vaughn (2019) obtained a similar result for Spanish-accented English,
finding a significant improvement in transcription accuracy across just 40 sentence-level
trials.

The common pattern in such studies is that listeners can rapidly adapt to a specific
speaker’s accent following a relatively brief period of exposure, a result that is consistent
across different measures of language processing, from word or sentence transcription accu-
racy (Alexander & Nygaard, 2019; Bradlow & Bent, 2008; Melguy & Johnson, 2021; Sidaras
et al., 2009; Vaughn, 2019) to reaction times in online lexical processing tasks (Clarke &
Garrett, 2004; Xie & Myers, 2017; Xie et al., 2017).

Phonetic recalibration
How do listeners achieve such adaptation? One commonly assumed mechanism is lexically-
guided recalibration or ‘retuning’ of phonetic category boundaries, which allows the percep-
tual system to dynamically adjust to changes in the linguistic environment (Norris et al.,
2003). Such adaptation facilitates subsequent speech processing by adjusting prelexical cat-
egories to more closely match recently encountered tokens, thereby improving accuracy for a
particular speaker or accent. In their seminal study, Norris et al. (2003) argued that lexical
feedback could allow listeners to perceptually adapt to a novel regional dialect or accent via
adjustment of phonetic categories. They created an artificial accent by mixing together two
sounds [s] and [f] and embedding the resulting ambiguous sound [s/f] in naturally recorded
words, replacing either /s/ or /f/. Following exposure to this pronunciation, listeners shifted
their categorization boundary on an [s]-[f] phonetic continuum, with the direction of the shift
depending on the training condition (whether they heard [s/f] in /s/ or /f/ words). Subse-
quent studies have added several key findings about the nature of recalibration. First, they
show that phonetic recalibration is often speaker-specific, failing to transfer to a new speaker
with the same pronunciation (Eisner & McQueen, 2005; Kraljic & Samuel, 2005). Authors of
these studies have argued that acoustic similarity between training and test pronunciations
constrains the likelihood of generalization, as the phonetic realization of fricatives can differ
substantially between speakers. This observation sees further support in later recalibration
research involving voiceless fricatives, which has shown that cross-speaker generalization is
possible when exposure and generalization speakers’ productions span a similar range of
perceptual space (Reinisch & Holt, 2014). In other cases generalization appears to occur
more freely, both across speakers and across categories for the same speaker. For instance,
Kraljic and Samuel (2006) showed that learning for an ambiguous pronunciation /d/ = [d/t]
transferred to a novel speaker and to a novel place of articulation – trained listeners classified
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more sounds as voiced on both [d]–[t] and [b]-[p] phonetic continua. The authors also explain
this generalization asymmetry between stops and fricatives in acoustic terms - the phonetic
implementation of voicing differs minimally across speakers and across places of articulation,
whereas fricatives show much larger differences and thus tend to resist generalization.

Schuhmann (2014) found that within-speaker generalization was possible with fricatives
in some cases: listeners trained on an ambiguous voiceless fricative pronunciation [f/s] gener-
alized the same pattern to a voiced fricative contrast [v]-[z]. She argued that generalization
occurred, despite the voicing difference, because both [f]-[s] and [v]-[z] contrasts involve simi-
lar acoustic-phonetic cues to place of articulation. Generalization was also found by Mitterer
et al. (2016), who trained listeners on a pronunciation involving tensified (underlyingly lax)
Korean stops that were phonetically ambiguous in place of articulation (e.g., /t/=[t∗/p∗]).
They found that listeners generalized learning to phonetically similar non-tensified lax stops
[t]-[p], but not to the more distinct aspirated stops [th]-[ph], concluding that acoustic simi-
larity was an important predictor for generalization of learning.

Additional research suggests that listeners can also generalize learning across prosodic
positions, but again such transfer seems to be tightly constrained. For instance, Jesse and
McQueen (2011) found that listeners trained on an ambiguous fricative pronunciation [f/s] in
word-final position generalized learning to word-initial instances of the sound, but Mitterer
et al. (2013) failed to find similar transfer of learning for Dutch liquids which, unlike frica-
tives such as /s/ or /f/, are realized differently in onset vs. offset positions. They trained
listeners on an ambiguous liquid pronunciation involving word-final /r/ and /l/, where /r/
can occur as an approximant, while /l/ is velarized (e.g., /l/ = [ô/ë]). They then tested
generalization of learning to different allophonic variants of these sounds in word-final and
word-initial positions. They found no generalization of learning in either case, concluding
that learning occurred at the level of position-dependent allophones and that generalization
is constrained by acoustic similarity with exposure sounds. A more recent study by Mitterer
and Reinisch (2017) also failed to find generalization of learning across word position for
German stops. Listeners were exposed to (underlyingly) voiced stops that were ambiguous
in place of articulation. These sounds occurred word-finally and, due to a German devoicing
process, were realized as phonetically voiceless (e.g., /d/ = [t/k]). Results showed that lis-
teners generalized learning to phonetic contrasts involving (underlyingly) voiced stops [d]-[g]
as well as (underlyingly) voiceless stops [t]-[k] in word-final position. However, there was
no generalization when the same sounds occurred word-medially. Again, the conclusion was
learning is contextually-specific and dependent on acoustic similarity between exposure and
test segments. Reinisch and Holt (2014) also found that cross-speaker transfer of percep-
tual learning for ambiguous fricative pronunciations was possible, provided that exposure
and generalization speakers’ productions spanned the same range of perceptual space. This
mirrors recent findings from natural accent accommodation studies (Alexander & Nygaard,
2019; Xie & Myers, 2017), which suggest that acoustic similarity between exposure and
test speakers is a key ingredient for successful generalization of perceptual learning to novel
speakers.

The current body of work on phonetic recalibration has shown that the perceptual system
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is flexible and able to adapt to atypical pronunciations of a wide variety of speech segments,
as well as to generalize such learning to novel segments. However, generalization of learning
appears to be tightly constrained by phonetic similarity and the distribution of relevant
acoustic cues, which may differ across contexts, varying by word position, by segment, and by
speaker. This mirrors recent findings from natural accent accommodation studies Alexander
and Nygaard, 2019; Xie and Myers, 2017, which suggest that acoustic similarity between
exposure and test speakers is a key ingredient for successful generalization of perceptual
learning to novel speakers. It also shows that such learning occurs at the prelexical level
and can generalize to novel segments, prosodic positions, words, and speakers.Moreover,
recalibration has been shown to yield changes not just in categorization behavior, but also
in online measures of lexical processing and listener judgements of category goodness (Eisner
et al., 2013; Xie et al., 2017).

Mechanisms of phonetic learning for accented speech
Despite extensive evidence that listeners can successfully ‘retune’ or ‘recalibrate’ perceptual
categories following exposure to an atypical pronunciation (Kraljic & Samuel, 2005, 2006;
Mitterer et al., 2013; Norris et al., 2003; Reinisch et al., 2013), and that perceptual categories
have internal structure (Iverson & Kuhl, 2000; J. L. Miller & Volaitis, 1989), there is no con-
sensus about the underlying mechanisms involved. In this study, we explore two possible
adaptation strategies that have been proposed in prior research: phonetic category boundary
shift vs. category boundary expansion (e.g., (Kleinschmidt & Jaeger, 2015)). Under the first
account, listeners are said to make targeted adjustments to phonetic category representa-
tions following exposure to a non-canonical pronunciation. Such shifts are expected to be
specific to the sound pattern involved in training with no expected generalization of learning
to other sound categories. Under the second, listeners may simply become more tolerant of
atypical pronunciations of a given category. This process has been described as a general
relaxation of default phonetic categorization criteria. This means that listeners may general-
ize learning beyond the specific phonetic pattern in the exposure accent, accepting multiple
different realizations of the trained category as instances of that category. Importantly, such
expansion could be uniform or non-uniform. A uniform expansion of the trained category
would involve a general broadening of the category in phonetic space, potentially altering
subsequent perception of all neighboring sounds. A non-uniform expansion, by contrast,
would involve expansion of just one part of the category toward the region of phonetic space
where listeners had encountered the unusual tokens of the target.2

2These different views on how recalibration might occur see a parallel in earlier research on selective
adaptation (SA), a perceptual phenomenon where the repeated presentation of a given stimulus (e.g., /ga/)
reduces subsequent perception of that stimulus (resulting in less /ga/ responses when listeners categorize
a [ga]-[ka] phonetic continuum). The earliest account of SA Eimas and Corbit, 1973 posited that that
the basic mechanism was fatigue of phonetic feature detectors. So, for instance, a detector tuned to the
feature [+voice] was predicted to show a reduction in output strength following presentation of a sound like
[ga], across the entire range of VOT values to which that detector is sensitive. This view thus suggests a
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These different mechanisms are schematized in Figure 2.1, where we illustrate three
possible ways by which listeners may restructure their /T/ category boundaries following
exposure to an artificial accent where /T/ = [T/s]. Here we show hypothetical perceptual
category distributions for /T/ and two neighboring fricatives, /f/ and /s/, which are similar
to it perceptually (Cutler et al., 2004; G. A. Miller & Nicely, 1955) and acoustically (Stevens,
1998). Crucially, we assume that /T/ lies in between these two categories in perceptual space
(see Section 2.1 for a detailed discussion of these sounds and a justification for placing them
along a continuum of perceptual similarity). If listeners recalibrate by shifting the category
(change in mean, see panel A), we expect a shift in both sides of the /T/ distribution toward
/s/. If listeners utilize a uniform expansion strategy (increase category variance, see panel
B), then we expect a shift on both sides of the category distribution, toward /s/ on the right
and toward /f/ on the left. Finally, if recalibration occurs via non-uniform expansion (added
skew of the distribution, see panel C), then we expect to see a shift in the category boundary
toward /s/ but no change in the /f/-/T/ boundary.

Previous work on phonetic recalibration has generally assumed a category shift mech-
anism – a direction-specific adjustment of the category boundary between the two sounds
involved in creating the artificial accent. However, the general method of testing for a percep-
tual learning effect in such studies usually does not allow us to distinguish between a shift of
one category toward another versus a general broadening of that category in phonetic space.

Previous work has noted the possibility that listeners could be relying on either cate-
gory shift or expansion to achieve recalibration. As Kleinschmidt and Jaeger (2015) point
out, both are plausible mechanisms that can account for the recalibration effect: listeners
can either shift a category in phonetic space (change the mean) or expand it (increase the
variance). Moreover, they argue that both strategies are available to listeners, and both
may be useful depending on the speech context and listeners’ prior assumptions about how
pronunciation varies across sound categories and across speakers – note, however, that their
modeling assumes that categories have a normal distribution defined by just two parameters
(mean and variance), and they do not discuss skewed distributions. Yet despite the extensive
body of work on phonetic recalibration, evidence to support a category category shift versus
some version of category expansion is lacking – existing findings are compatible with all three
possible strategies proposed here. This is because most recalibration studies have either fo-
cused on testing just the sound pattern listeners heard during exposure (Eisner & McQueen,
2006; Norris et al., 2003), testing generalization of the same pattern to a different speaker
(Eisner & McQueen, 2005; Kraljic & Samuel, 2005; Reinisch & Holt, 2014), or looking for
cross-series generalization of the trained sound pattern to another pair of sounds related on
some feature dimension (Kraljic & Samuel, 2006; Mitterer et al., 2016; Mitterer & Reinisch,
2017; Reinisch & Mitterer, 2016; Schuhmann, 2016). However, despite this ambiguity in the
more general mechanism structurally parallel to uniform category expansion. An alternative to the feature
detector explanation was the adaptation-level (AL) or contrast account of SA (Diehl, 1989; Diehl et al.,
1978). Under this view, repeated presentation of a given stimulus (the anchor, or adaptation level) causes
listeners to shift their categorization boundary toward it, a mechanism more closely resembling the category
shift or the non-uniform category expansion hypotheses being considered in the present study.
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/f/ /θ/ /s/

(a)

/f/ /θ/ /s/

(b)

/f/ /θ/ /s/

(c)

Figure 2.1: Possible recalibration strategies following exposure to an ambiguous /T/ = [T/s]
pronunciation (dotted line indicates category distributions prior to accent exposure): (a)
shows recalibration by category shift, while (b) and (c) show recalibration by uniform or
non-uniform category expansion. Category shift (a) and uniform expansion (b) predict that
both the /f/-/T/ and the /T/-/s/ boundaries will shift after exposure, while non-uniform
category expansion (c) allows for only a shift on the /T/-/s/ boundary.

existing recalibration literature, other research on perceptual learning more generally does
offer some evidence for each of these strategies.

Category Shift

For instance, several studies utilizing either natural or artificial accents have provided evi-
dence for the type of pattern-specific learning that is suggested by a category shift mecha-
nism. For instance, Maye et al. (2008) trained listeners on an artificial accent where front
vowels were systematically lowered (e.g., witch → wetch). Following exposure, listeners
were more likely to process novel words with lowered front vowels (matching the exposure
pattern) as real words. However, listeners who were tested on a novel accent where front
vowels were raised did not show increased acceptance of these items as real words, suggesting
pattern-specific learning. Analogously, Bradlow and Bent (2008) showed that exposure to
multiple talkers of Chinese-accented English led to improved transcription accuracy with a
novel Chinese-accented speaker, but not a Slovakian-accented one. This suggests that listen-
ers learned an accent-wide schema that was specific to the common phonetic characteristics
of Chinese-accented English, but not Slovakian-accented English. Alexander and Nygaard
(2019) also found relative specificity of learning, which they took as evidence for a boundary
shift learning mechanism — listeners who were trained on single-word utterances produced
within a given accent (either Korean- or Spanish-accented English) and subsequently tested
on a novel speaker of the same accent saw a significant training benefit, while those tested
on a novel speaker of a different accent did not. Meanwhile, results from multiple-accent
training were mixed and yielded a smaller training benefit that was less consistent, showing
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up for Spanish-accented tokens but not Korean-accented ones. Subsequent analyses of vowel
productions across the different accents suggested that acoustic similarity between exposure
and test items may have facilitated generalization where this was observed, regardless of
training/test accent pairings.

Category Expansion

Other studies show evidence for a less specific learning strategy that may support a version
of the category expansion mechanism proposed here. This kind of general strategy has been
presented as either relaxation of phonetic categorization criteria (e.g., (Zheng & Samuel,
2020)) or as general category expansion (Kleinschmidt & Jaeger, 2015; Schmale et al., 2012).
The idea is that rather than shifting phonetic category boundaries in a specific direction,
listeners may just expand them, which may help them with diverse or unfamiliar accents.
Lev-Ari (2015) presents an analogous view of non-native speech comprehension – listeners
expect non-native speakers to be less competent in general, and therefore adjust processing
at all levels (phonetic, lexical, syntactic, etc.) to accept more deviations from native-speaker
norms. Evidence for this mechanism is shown by generalization of perceptual learning beyond
the specific segmental patterns listeners are exposed to. For instance, White and Aslin (2011)
found that infants trained on a vowel fronting pattern /A/ → /æ/ (dog → dag) showed some
generalization of learning to a similar, but distinct pattern of fronting /A/ → /E/ (dog →
deg). The authors suggested that accent exposure may have resulted in category expansion,
but that this was constrained by similarity to the trained pronunciation. Weatherholtz
(2015) found evidence for more general category expansion, showing that listeners exposed
to a novel pattern of back vowel lowering generalized learning to a novel accent where back
vowels were raised (contrary to the findings of (Maye et al., 2008)), as well as to a structurally
parallel pattern where front vowels were lowered. However, listeners who were exposed to a
pattern of back vowel raising showed no generalization to raised front vowels – learning was
specific to the exposure pattern. Such findings suggest that while phonemes may expand
in phonetic space due to accent exposure, there are still clear constraints on the degree to
which listeners are willing to relax categorization criteria and generalize beyond the specific
phonetic pattern(s) they are exposed to.

The current study
The primary aim of this study is to investigate the mechanisms responsible for the change in
a phonetic category boundary observed in a typical lexically-guided recalibration experiment.
Crucially, we assume that in either scenario listeners are making an adjustment to a phonetic
category representation following exposure to an atypical realization of that category. The
question is whether such recalibration is contrast-specific (boundary shift) or more general
(category expansion).
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Figure 2.2: Perceptual space (left panel) and fricative noise spectra (right panel) illustrating
the similarity of the non-sibilants [T] and [f] and of the coronal fricatives [s] and [T]. [T] is
plotted with a solid black line, [s] is plotted with a dashed blue line, and [f] is plotted with
a red dotted line.

Fricatives in perceptual and acoustic space
The specific sounds used in training and test phases of the current study were selected based
on their close correspondence to actual pronunciation differences in non-native speakers of
English, as well as their proximity to one another in perceptual and acoustic space. Because
the dental fricative /T/ is a cross-linguistically unusual sound typically absent from language
phoneme inventories, L2 learners across different language backgrounds struggle to realize
it in a native-like manner. Even within a group of L2 speakers sharing a common L1
background, it is normal to see a wide range of variation in how this segment gets realized.
Two frequent substitutions involve other (more typologically common) fricatives that are
phonetically close to [T], such as [s] or [f] (Seibert, 2011).

The experiments reported here thus make use of the fricatives [f], [T], [s] (experiment 1),
and [S] (experiment 2), and critically assume that [T] is perceptually intermediate between
[f] and [s]. This assumption is justified by perceptual data (see Figure 2.2, left panel). The
perceptual space illustrated there was derived from the 0dB SNR confusion matrix published
by G. A. Miller and Nicely (1955), using the multidimensional scaling method for confusion
matrix data developed by Shepard (1972) (see also Johnson (2003) for a short explication
of the method). The first perceptual dimension that emerges in the analysis of English
fricative confusions separates the voiced fricatives from the voiceless fricatives. The second
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perceptual dimension separates the sibilant fricatives [s, S, z, Z] from the non-sibilants [f, T,
v, D]. Importantly, in the perceptual space [T] is between [f] and [s]. One key acoustic cue
that is related to this perceptual configuration is illustrated by the spectra shown in the
right panel of Figure 2.2, which shows acoustic power spectra taken from the midpoint of
each of the fricatives [f], [s], and [T] that were used in experiment 1 below. The sibilance of
[s] is apparent in how much louder (vertically displaced) the [s] spectrum is; [f] and [T] are
similar to each other in having lower amplitude. In addition, [s] and [T] are similar to each
other in having a peak amplitude between 5 and 7 kHz. This reflects the resonant frequency
of a short resonant tube in front of the tongue constriction of [T] and [s], which is shorter in
[T]. The effective length of the acoustic cavity in front of the constriction is much shorter in
[f], resonating above 9 kHz (Stevens, 1998). The spectrum of [S] (not shown in Figure 2.2 for
the sake of clarity) has high amplitude like [s] and lower frequency resonant peaks at about
3 and 5 kHz.

2.2 Experiment 1
The proximity of these two sounds in the phonetic space surrounding [T] makes for a clear
test of a category shift vs. expansion strategy, with potential real-world implications for
adaptation to natural accents. We investigated this question by exposing two groups of
listeners to the same artificial accent: a pronunciation of the voiceless dental fricative /T/
that was ambiguous between [s] and [T]). Previous recalibration literature has used a simi-
lar training accent involving /T/, intended to approximate a common pronunciation of this
sound by L1 Mandarin speakers of English (Charoy, 2021; Zheng & Samuel, 2020). Listeners
were then tested on different minimal pair continua: one group heard tokens along [T] – [s]
continua (e.g., think – sink), while the other group heard [T] – [f] continua (e.g., thought –
fought). Predictions for the changes in categorization under each type of possible recalibra-
tion mechanism are summarized in Figure 2.1. If recalibration is achieved by category shift
(shift in mean, no change in variance), then we should expect to see a shift toward [s] in the
[T]-[s] test group and a shift toward [T] in the [T]-[f] test group. However, if training induces
a uniform broadening of the /T/ category, then we can expect an increase in the proportion
of /T/ responses in both test groups, reflecting listeners’ willingness to generally accept more
atypical tokens as exemplars of /T/, regardless of phonetic match to the exposure pronun-
ciation. Finally, if listeners expand the /T/ category in a non-uniform way following accent
exposure (skewed distribution), we would expect to see a shift in the [T]-[s] group toward [s]
but no change in the categorization results for the [T]-[f] group.
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Experimental platform
This experiment was implemented via a custom web program3, and data was collected via
Amazon’s Mechanical Turk (Mturk), a platform where workers complete HITs (Human In-
telligence Tasks) for compensation. In recent years Mturk has been an increasingly popular
platform for conducting linguistics research, including auditory perception tasks (Cooper &
Bradlow, 2018; Melguy & Johnson, 2021; Vaughn, 2019; Xie & Myers, 2017) as well as pho-
netic recalibration tasks (Charoy, 2021; Liu & Jaeger, 2019). In contrast to data obtained
from the lab, Mturk offers the benefit of a more demographically diverse participant pool
and efficient collection of large amounts of data. Recent studies have shown that Mturk can
yield high-quality psychometric data comparable to that obtained from laboratory studies
(Buhrmester et al., 2011) despite the inability for researchers to precisely control for factors
such as the experimental environment or hardware used for stimulus presentation. Recent
research has shown that when differences in audio quality are accounted for, online partici-
pants can closely match the quantitative and qualitative patterns of their lab counterparts
(Cooke & García Lecumberri, 2021). 4

Participants
189 participants were initially recruited via Amazon’s Mechanical Turk to participate in the
main experiment. Exclusion of participants who failed to meet experimental criteria left a
total of 120 participants whose data were retained for analysis (see Section 2.2 for an ex-
plication of exclusion criteria). All participants lived in the U.S., were native speakers of
English, reported normal speech and hearing, and gave informed consent prior to partic-
ipating in the study. They were paid $15/hour for their participation. An additional 22
participants were recruited under the same selection criteria for a norming task, which was
used to determine the most ambiguous critical /T/-words to be used in the exposure task.
Experimental participants were primarily male (M = 80, F = 37), with 3 subjects declining
to report and no subjects selecting the ‘other’ option. Most participants reported white
ethnicity (N=94), with 7 self-reporting as Asian, 9 as black, 6 as Hispanic, and 4 declining
to answer. Participants spanned a wide range of age groups (6 = 21-25, 19 = 26-30, 33 =
31-35, 17 = 36-40, 11 = 41 – 45, 10 = 46 – 50, 12 = 51-55, 8 = 56-60, 4 = 61+). Participants
self-reported moderate experience with accented English on a 7-point scale (M = 4.64, SD
= 1.71, range = 1-7).

3A version of this program can be accessed at https://github.com/keithjohnson-berkeley/perception_
on_the_web.

4As noted by a reviewer, the importance of audio quality may be especially important in the perception
of certain sounds such as voiceless fricatives where differences between sounds are primarily in the higher
frequencies of the spectrum. While we utilized a headphone check in the present study, it was not possible
to precisely control for differences in audio hardware quality, although results suggest that the majority
(over 75%) of participants utilized high-quality headphones, based on participant self-reports. Nonetheless,
previous research Charoy, 2021; Liu and Jaeger, 2019 has shown that it is possible to conduct successful
online recalibration experiments with voiceless fricatives, even when a headphone check is not utilized.

https://github.com/keithjohnson-berkeley/perception_on_the_web
https://github.com/keithjohnson-berkeley/perception_on_the_web
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Stimuli
The materials for the exposure task consisted of 100 English words and 100 nonwords.
Stimuli were based on the lists used in the lexical decision exposure task from Zheng and
Samuel (2020) and were modified to be appropriate for testing the present question (e.g.,
words containing /f/ were removed from the critical /T/-items, and additional stimuli were
added to bring the total number of items to 200.

All stimuli were recorded in a quiet room at a sampling rate of 44,100 kHz using an
Audiotechnica AT2020USB+ condenser microphone. The speaker (27, M) was a native
speaker of American English and was living in Berkeley, California at the time. Stimuli
consisted of 20 critical words containing an ambiguous /T/ (phonetically between [T] and
[s]), 20 unambiguous words containing /s/, 60 filler words, and 100 filler non-words (see
Appendix A for a full list of training materials). Tokens from the 3 word-lists (/T/-words,
/s/-words, and word fillers) were equated in mean lexical frequency, with an average word
frequency in each list of 4.1 occurrences per million in the SUBTLEX-US corpus (Brysbaert
et al., 2012). Words ranged in length from 2-4 syllables, and the lists were closely matched
in mean syllable length (/T/-words = 3.1, /s/-words = 3.1, fillers = 3.2). The majority
of nonwords (80 items) overlapped with those used in Zheng and Samuel (2020), and were
supplemented with 20 additional items, created from filler words by replacing approximately
1 sound per syllable, following the method used in Kraljic et al. (2008). Non-word fillers
were also between 2-4 syllables long and matched the real-word items in mean syllable length
(3.1). None of the filler items contained the sounds /T/, /f/, or /s/.

Ambiguous realizations of /T/ for the 20 critical exposure items were created using
STRAIGHT (Kawahara &Morise, 2011), following recent phonetic recalibration work (Reinisch
& Holt, 2014; Reinisch et al., 2013). Using STRAIGHT allows morphing of word stimuli
in their entirety (rather than excising and mixing just the fricative portions). This means
that the resulting morphed stimuli are ambiguous on all cues to consonant identity (spectral
characteristics, duration, formant transitions, etc.).

For each critical item, two recordings were made: one naturally-produced /T/ word (e.g.,
empathy) and one non-word counterpart where /T/ was replaced with /s/ (e.g., empassy).
The two recordings were then mixed in their entirety, generating a 7-step phonetic continuum
for each item (e.g., empathy – empassy). Prior to mixing, temporal anchors were placed at
major acoustic landmarks (e.g., the onset of voicing for vowels, the onset/offset of silence for
stops) to ensure that segments of the same type were mixed together, and to obtain more
natural-sounding morphed stimuli (Reinisch et al., 2013). A norming task (see section 2.2
below) was then used to select the most phonetically ambiguous step along the resulting
continuum.

The same morphing procedure was used to create the minimal pairs used in the test
phase, following Reinisch and Holt (2014) and Reinisch et al. (2013), who report that using
minimal pairs rather than dummy syllables during the test phase reduced between-subject
variability and facilitated cross-talker generalization. We created 4 /T/-/s/ minimal-pair
continua and 4 /T/-/f/ minimal-pair continua. In each case, 2 of the continua had the
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critical sound occur word-finally, and 2 had it word-initially (see Appendix A for a full list
of Exp.1 test materials). The same speaker used to record training materials also produced
all test materials. Finally, both test and exposure items were normalized in amplitude,
resampled to 16KhZ, and converted to mp3 format to ensure between-browser compatibility
during audio presentation.

Procedure
Pretest

In order to select the most ambiguous critical /T/ items for the exposure task, the 20 continua
were subjected to a pretest by a separate listener group. For this purpose, 22 participants
were initially recruited via Mturk. Data from 2 participants was removed due to failure to
complete the task, and 1 additional participant was excluded due to inability or unwillingness
to perceive the difference between items (i.e., giving the same response for all tokens within
a continuum, for over 50% of continua).

For each continuum, the middle 5 steps were selected (the endpoints were not used).
Stimulus presentation was blocked by continuum, and 4 lists were created, each with a
different random order of continua and step numbers with a given continuum. Participants
were randomly assigned to one of these lists. Each participant was thus asked to judge
a total of 100 tokens (20 continua x 5 tokens each). Once the participant had read the
task instructions, they clicked a button on their web browser to begin the task. Listeners
were asked to complete the task in one sitting and to make their response as quickly and
accurately as possible. For each trial, listeners heard a token and were asked to indicate
whether they heard a real-word (e.g., empathy) or a non-word where the /T/ had been
replaced with /s/ (e.g., empassy). Responses were made by pressing one of two keyboard
keys (‘z’ = non-word, ‘m’ = real word). The response labels were present on the screen for
the duration of whole trial. Once the listener submitted their response, playback of the next
item began automatically (ISI = 1000 ms). The selected ambiguous step number for each
continuum was based on the step closest to the category boundary between response options
(i.e., the point at which 50% of participants indicated hearing the /T/-word). In cases where
the percentage of /T/-word responses for this token fell below 50%, the previous step on
the continuum was selected (e.g., if token 4 had an average of 45% /T/-word responses and
token 3 had an average of 60% /T/-word responses, token 3 was selected). This was done to
compensate for the real-word bias in speech perception (Ganong, 1980) and to ensure that
the target phoneme was phonetically ambiguous, following Reinisch et al. (2013). Results
for the selected step closely matched those obtained in their study: the average step number
of the ambiguous token was near the middle of the 7-step continuum (3.90), and the mean
percentage of /T/-word responses at this step was 73%.



CHAPTER 2. MECHANISMS OF PERCEPTUAL ADAPTATION TO A NOVEL
ACCENT 24

Screening

Prior to proceeding to the experimental task, all participants completed a screening task
designed to ensure that they were wearing headphones. Previous web-based studies have
found a significant difference in transcription accuracy based on the quality of audio hardware
participants used (Cooke & García Lecumberri, 2021; Melguy & Johnson, 2021). While it
is not possible to completely control for the quality of audio hardware with a crowd-sourced
participant pool, a headphone check ought to significantly reduce the amount of between-
listener variation in audio quality.

For the audio check, we used a custom JavaScript program created by Woods et al.
(2017), which utilizes a three-alternative forced choice (3AFC) task with 200 Hz pure tones.
In each trial, a random one of the 3 tones is in antiphase across the stereo channels, making
it sound significantly quieter when played through headphones, but not when played through
loudspeakers. Listeners must decide which of the 3 tones is quietest. This method has been
previously demonstrated to be highly effective in both lab and web-based studies with a
very small number of trials (see Woods et al., 2017 for more detailed information on stimuli,
protocol, and validation results). Questionnaire results suggest that the task was effective,
with the vast majority of participants self-reporting use of high-quality headphones (N = 93)
or earbuds(N = 24), although as in Woods et al. (2017) a small number purportedly passed
the task using loudspeakers (N = 3).

Training

Subjects were randomly assigned to one of two conditions (training vs. no training, cf.
(Kraljic et al., 2008)). All participants in the training condition completed a lexical decision
task designed to expose them to the speaker’s accent. Each heard the same 100 nonwords,
60 filler words, 20 ambiguous /T/-words, and 20 unambiguous /s/ words. Exposure items
were presented in a separate random order for each participant.

Listeners in the training condition were instructed that they would hear either a word or
nonword, and their task was to decide which they heard for each trial. Once the participant
had read the task instructions, they clicked a button on their web browser to begin the
task. Listeners were asked to complete the task in one sitting and to make their response as
quickly and accurately as possible. For each trial, listeners heard a token and were asked to
indicate whether they heard a real-word or a non-word. Responses were made by pressing
one of two keyboard keys (‘z’ = non-word, ‘m’ = real word). Once the listener submitted
their response, playback of the next item began automatically (ISI = 1000 ms). Upon task
completion, participants were taken to a separate page with instructions for the test phase
of the experiment.

Test

All participants (both control and training groups) were randomly assigned to one of two
test conditions: one group heard tokens from 7-step continua involving /T/-/s/ minimal pairs
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(e.g., think - sink), while the other group heard tokens from /T/-f/ minimal-pair continua
(e.g., thought - fought).

All participants were given instructions explaining the task and informed on the number
of trials. They were asked to complete the task in one sitting, and to respond as quickly
and accurately as possible. For each trial, participants heard a token and were asked to
decide which of two words (presented textually on the screen) they had heard. Responses
were again made via keyboard press (‘z’ = /T/-word, ‘m’ = /f/- or /s/-word, depending on
group). Textual response options were presented 500 ms prior to auditory stimulus onset
(ISI = 1000 ms), following previous studies (Reinisch & Holt, 2014; Reinisch et al., 2013). In
order to reduce response variability, six separate lists were created for each group, with each
list blocked by continuum and order of continua and step number randomized. Participants
were randomly assigned to one of these lists. Each step within a continuum was presented 4
times, making for a total of 112 tokens per list (4 continua x 7 steps x 4 repetitions).

Questionnaire

After completing the categorization task, participants were asked to complete a questionnaire
with basic demographic information (age, race, gender, languages spoken, audio speaker type
used to listen to stimuli, and experience with foreign-accented speech (from 1—7)).

Data preparation
Prior to statistical analysis, data were first processed by removing subjects who failed to
meet experimental criteria. Of the 189 subjects initially recruited, 34 were removed based
on performance in the training task: 33 subjects for failure to reach a 70% accuracy threshold
on the exposure task, following Kraljic and Samuel (2006), 1 subject for categorizing over
50% of ambiguous /T/ items as non-words (Norris et al., 2003). An additional 4 subjects
were removed for failing to complete the test (categorization) task. Several subjects (N = 5)
who had only a small number of missing trials (<5) due to a technical error were retained.
An additional 10 subjects removed for failure to complete the questionnaire, and 2 subjects
for indicating they were not native speakers of English. Subjects who had over 20% of trials
with excessively quick responses (RT < 200 ms) were also removed (N=2) (following Reinisch
and Holt, 2014, but using a less stringent exclusion criterion to minimize data loss). Finally,
a further 17 subjects were discarded due to unwillingness or inability to reliably perceive
the difference between continuum endpoints in the test task. Similar to Zheng and Samuel,
2020, we calculated a difference score by taking the per-subject proportion of [T] responses
for step 1 of each continuum (unambiguous [T]), and then subtracting the proportion of [T]
responses at step 7 (unambiguous [s] or [f], depending on test condition). Based on visual
inspection of the data, we set the difference score exclusion threshold at 20%. This is less
stringent than the threshold used by Zheng and Samuel (2020), but reflects the greater
perceptual similarity of the [T] and [f] endpoints used in the current study, and was used
primarily to exclude participants who were not performing the task in good faith. A total
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of 69 subjects were thus excluded, and data from the remaining 120 subjects was further
processed to remove trials with very fast (<200 ms) or very slow RTs (>2500 ms), following
Reinisch and Holt (2014). This resulted in exclusion of 6.28% of trials in the lexical decision
task and 5.27% of trials in the categorization task.

Analysis
Data were analyzed via mixed-effects logistic regression modeling using the lme4 package
(Bates et al., 2014) in R (R Core Team, 2022). Maximal random effect structure was used
for each model where this did not result in convergence issues, with random slopes fitted
for all within-item predictors (Barr, 2013). The inclusion of fixed effects and interactions
between them was decided via a step-wise selection process using a likelihood ratio test –
terms that did not significantly improve model fit were removed.

Categorical variables were dummy-coded and included condition (training vs. control)
and target word position (word-initial or word-final). Continuum step (1-7) was also included
as a centered numeric variable (such that the reference level corresponded to the middle of
the continuum). Random effects included by-listener intercepts and slopes for condition
and for continuum step. Issues with model convergence were addressed by first simplifying
random effect structure and then by simplifying interaction terms.

Results - Experiment 1
Lexical decision

Participants showed a high accuracy rate for all stimuli types, including the ambiguous /T/
items types (see Table 2.1 for a summary of RTs and proportion items correct by stimulus
type). RTs were somewhat higher for the non-word fillers compared to the other stimulus
types, but there appeared to be no difference between filler words and critical /T/ items,
suggesting that the ambiguous pronunciation sounded relatively natural.

Table 2.1: Experiment 1 lexical decision task results: mean accuracy rates and response
times (in milliseconds) for correct items, by word type.

% Correct RT (ms)
filler nonwords 94.2 1788
filler words 94.5 1646

critical /s/-words 97.4 1640
critical /T/-words 93.2 1685
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Figure 2.3: Proportion /T/ responses for groups tested on categorizing 7-step [T]-[s] phonetic
continua, by exposure condition.

Categorization

Results of the categorization task for the /T/-/s/ test group showed a significant effect of
condition (χ2(1) = 4.14, p < 0.05), with participants exposed to ambiguous /T/ = [T/s]
categorizing an average of 6.11% more tokens as /T/ compared to controls (see Figure 2.3).
There was also a significant effect of word position (χ2(1) = 21.59, p < 0.001), with word-
initial [T/s] targets showing a higher proportion of /T/ responses overall (54.18%) compared
to word-final tokens (48.34%). However, although the size of the training effect was larger
with word-final continua (8.43% more /T/ responses) than with word-initial ones (3.82%),
there was no significant interaction of group and word position (χ2(1) = 1.35, p = 0.24),
so it is unclear if word position affected the degree of perceptual learning (see Appendix A
for a visualization of the recalibration effect by word position). Continuum step was also
significant, with likelihood of a /T/ response decreasing with a step number (χ2(1) = 278.49,
p < 0.001), and there was a significant interaction of step and word position (χ2(1) = 12.84,
p < 0.001), indicating that the effect of step was weaker with word-initial /T/ targets.

Results for the [T]-[f] group showed a small difference (1.33%) in the mean proportion
of /T/ responses between exposure and control groups (see Figure 2.4), but this was not
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Figure 2.4: Proportion /T/ responses for groups tested on categorizing 7-step [T] – [f] phonetic
continua, by exposure condition.

significant (χ2(1) = 0.01, p = 0.93), suggesting that phonetic recalibration did not occur
in this test condition. As in the [T]-[s] condition, model results showed a significant effect
of step (χ2(1) = 430.11, p < 0.001). There was also a significant effect of word position
(χ2(1) = 6.07, p < 0.05), with a lower likelihood of /T/ responses predicted for word-initial
words – the reverse of the pattern shown for the [T] – [s] test group. Results showed that
listeners categorized 64.92% of tokens in the word-final continua as /T/, but only 60.11% for
word-initial continua.

Again, there was a small difference in proportion of /T/ responses by word position across
conditions: trained listeners showed 2.34% more /T/ responses for word-initial tokens versus
controls, and 0.39% more for word-final ones. There was no significant interaction of word
position and exposure condition, although word-initial continua showed a larger difference
between trained listeners and controls (see Appendix A.).

Exp.1 Discussion
Results from experiment 1 are consistent with a non-uniform category expansion mechanism
of phonetic recalibration. Participants trained on an ambiguous [T/s] realization of the
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phoneme /T/ showed a significant increase in the proportion of /T/ responses compared to
controls. However, participants trained on [T/s] and tested on a distinct continuum [T]-[f]
did not show such a shift, which suggests that the learning strategy is contrast-specific and
does not result in perceptual changes in other, neighboring parts of phonetic space – there
was no evidence for a general expansion of phoneme categories.

Many previous tests of generalization in phonetic recalibration have focused on whether
listeners generalize learning to a novel speaker with the same pronunciation. In this case,
by contrast, we are essentially testing for generalization of a novel pronunciation within
the same speaker. We do this by looking at the possibility of generalization of learning to
a novel phonetic contrast involving the trained category. Results suggest that learning is
contrast-specific, with no transfer of learning for the distinct fricative contrast [T]-[f].

Given evidence from experiment 1 for a non-uniform category expansion, and prior evi-
dence (White & Aslin, 2011) that recalibration may generalize to phonetically similar seg-
ments, experiment 2 tests for an effect of exposure to ambiguous [T/s] on listeners’ catego-
rization of a [T]-[S] continuum. The question addressed by experiment 2 is whether the effect
seen in experiment 1 is contrast-specific or represents a category expansion that could have
an impact on the perception of a sound [S] that is acoustically similar to [s].

2.3 Experiment 2
Previous research has shown high acoustic similarity of [T] and [f]: both are low-amplitude
and characterized by relatively flat acoustic power spectra Jongman et al., 2000; Stevens,
1998. They have also been shown to be perceptually confusable (Cutler et al., 2004; G. A.
Miller & Nicely, 1955),as illustrated in Figure 2.2 (left panel).Categorization results for [T]-[f]
in the present study support this, with the flat, linear categorization functions (Figure 2.4)
indicating that listeners found these stimuli highly confusable — even at the [f] endpoint of
the continuum, listener responses are near-chance. This contrasts sharply with results for the
[T]-[s] test groups, which display an unambiguous s-curve typical of categorical perception
(Figure 2.3). It is thus plausible that generalization failed due to low acoustic similarity
between [s] and [f], but that there could still be a change in categorization of other fricatives
that were more acoustically similar to [s]. For instance, the sibilant [S] shares with [s] a
relatively high amplitude and a prominent spectral peak, Jongman et al., 2000; Stevens,
1998, and it is perceptually similar (see Figure 2.2, left panel). While the results from
experiment 1 are consistent with the non-uniform boundary expansion hypothesis proposed
in the current study, they do not conclusively answer the question of whether learning is
constrast-specific or not. Testing another portion of phonetic space proximal to [T] but more
acoustically similar to [s] could thus shed additional light on the nature of the recalibration
mechanism.
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Participants
An additional 112 participants were initially recruited via Mturk following the same inclusion
criteria as in experiment 1. None had participated in experiment 1. Exclusion of participants
who failed to meet experimental criteria left a total of 68 participants whose data were
retained for data analysis, see section 2.3 for an explication of exclusion criteria). Participants
had a similar demographic profile to those in experiment 1. They were primarily male (M =
42, F = 25), with 1 subject declining to report and no subjects selecting the ‘other’ option.
Most participants self-reported as white (N=51), with 3 self-reporting as Asian, 6 as black,
3 as Hispanic, and 5 declining to answer. Participants spanned a wide range of age groups
(1 = 18-20, 6 = 21-25, 11 = 26-30, 21 = 31-35, 13 = 36-40, 6 = 41 – 45, 4 = 46 – 50, 4 =
51-55, 2 = 61+). Participants self-reported moderate experience with accented English on
a 7-point scale (M = 4.97, SD = 1.73, range = 1-7).

Stimuli
The same training materials used in the lexical decision task in experiment 1 were also used
here. Each subject group was then tested on 4 separate minimal pair continua involving the
/T/-/S/ contrast, e.g., math - mash (see Appendix A for a full list of test materials). The
same procedure was used to morph naturally-produced recordings in 7-step intervals.

Procedure
The same training/test procedure used in experiment 1 was used, with the presence of a
perceptual learning effect in the categorization phase tested by comparing an exposure group
to a corresponding control with no training. Training items were identical to those used in
experiment 1, and the number of tokens in the test phase also matched that of experiment
1.

Data preparation
Data from the 112 participants initially recruited was screened following the same criteria
used in experiment 1. First, 33 subjects were removed for failure to meet the 70% accuracy
criterion or to classify over 50% of the /T/ target words as real words in the training task.
An additional 2 participants were removed because they had already participated in the
previous experiment. 1 subject was excluded for failure to complete the test task, 3 were
excluded for failure to complete the questionnaire, and 1 for indicating that they were not
a native speaker of English. An additional 2 subjects were excluded because over 20% of
their trials had excessively fast reaction times (<200 ms). Finally, 2 subjects were excluded
for failure to meet the difference score threshold, indicating that they could not reliably
perceive the continuum endpoints. A total of 44 subjects were thus excluded from analysis.
As in experiment 1, data from the remaining 68 subjects was filtered to exclude trials with
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Table 2.2: Experiment 2 lexical decision task results: mean accuracy rates and response
times (in milliseconds) for correct items, by item type.

% Correct RT (ms)
filler nonwords 90.0 1780
filler words 91.6 1640

critical /s/-words 92.4 1658
critical /T/ words 90.7 1798

excessively fast (<200 ms) or slow (>2500 ms) reaction times. This resulted in the removal
of 10.9% of trials for the categorization task.

Analysis
Model selection procedures, coding scheme for predictor variables, and random effect structue
were all identical to experiment 1.

Exp.2 Results
Lexical Decision

As in experiment 1, participants showed a high accuracy rate for all stimuli types, including
the ambiguous /T/ items types (see Table 2.2). Unlike in experiment 1, however, critical
/T/ items appeared to pattern with filler nonwords, showing higher RTs than for filler words
/s/-words. Accuracy rates for critical /T/ words were nonetheless comparable to other items,
indicating that participants accepted these items as sufficiently natural.

Categorization
Analysis of the categorization data showed a significant effect of condition (χ2(1) = 5.33,
p < 0.05), with participants in the exposure group classifying an average of 7.08% more
tokens as /T/ compared to controls (see Figure 2.5). Participants showed almost the same
size training effect for word-initial continua (7.37% more /T/ responses vs. controls) as word-
final ones (6.79% more /T/ responses vs. controls), with no significant interaction between
word position and exposure condition (χ2(1) = 0.31, p = 0.58). Again, a visualization of the
training effect by word position can be found in Appendix A. Results also showed a significant
effect of continuum step (χ2(1) = 231.68, p < 0.001), with a significant interaction of step
and target word position (χ2(1) = 23.51, p < 0.001) as well as step and condition (χ2(1) =
7.38, p < 0.01).
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Figure 2.5: Proportion /T/ responses for groups tested on categorizing a 7-step [T] – [S][
phonetic continuum, by exposure condition.

Exp.2 Discussion
Results of experiment 2 showed that listeners exposed to an accent involving /T/ = [T/s]
generalized learning to neighboring phonetic sounds, as shown by the clear categorization
shift observed with [T]-[S] minimal pairs. These results build upon what was found in exper-
iment 1, where learning appeared to be specific to the trained accent, with a categorization
shift observed with [T]-[s] minimal-pair continua, but not with [T]-[f]. They illustrate that
generalization of learning beyond that specific accent presented in exposure is possible, pro-
vided that the test sounds are phonetically similar enough. Thus, recalibration can result
in changes to perception of neighboring phonetic categories when those are perceived to be
sufficiently similar to sounds used in the exposure accent.These results thus add to existing
recalibration literature which has found generalization of learning to novel phonetic contrasts
Kraljic and Samuel, 2006; Schuhmann, 2014.
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2.4 General Discussion
The goal of the current study was to investigate the perceptual mechanism underlying pho-
netic recalibration. In particular, we wanted to test whether the change in categorization
behavior following exposure to an atypical pronunciation of a particular phoneme was due
to a targeted shift in the phonetic category, or whether it was due to a more general mecha-
nism of relaxing phonetic categorization criteria or expanding the category into neighboring
perceptual space. Results of the current study provide support for a category expansion
strategy, albeit one that is sensitive to the phonetic similarity between the exposure accent
and neighboring sounds consistent with the non-uniform category expansion proposed here
(schematized in panel C of Figure 2.1).

The fact that perceptual learning in the present study generalized to a neighboring pho-
netic contrast involving the same target category /T/ used in the exposure phase suggests
that a simple boundary shift is not the underlying mechanism at work in recalibration—there
must be some degree of category expansion, affecting subsequent perception of neighboring
sounds. However, listeners cannot be doing this willy-nilly. That is, the strategy cannot
simply be “this speaker has an unusual /T/ pronunciation”. If this were the case, we would
expect any atypical realization of /T/ to be acceptable as an instance of this phoneme, but
instead we see that the changes in perception following exposure to the accent appear to be
constrained by (perceived) phonetic distance from the exposure accent. Listeners seem to be
relying on some dimension of phonetic similarity to limit the degree of category expansion.
In this case, it is possible that the spectral characteristics of [S] and [s] are close enough
for listeners, with the result that both categories show more overlap with neighboring /T/.
Meanwhile, because [f] is acoustically (Jongman et al., 2000; Stevens, 1998) and perceptually
(Cutler et al., 2004; G. A. Miller & Nicely, 1955) distinct from [s], it appears to be unaffected
by recalibration.

These results align with a large body of work on phonetic recalibration and perceptual
learning more generally which suggests that phonetic similarity between exposure and test
sounds plays a critical role in generalization of learning. For instance, studies by Kraljic and
Samuel (2005) and Eisner and McQueen (2005) have shown that generalization of ambiguous
fricative pronounciations [s/f] or [s/S] to new speakers is highly constrained. A possible ex-
planation for this (Kraljic & Samuel, 2007) is that fricatives encode speaker-specific spectral
information, and listeners are sensitive to acoustic differences in the way that these sounds
are realized. More recent work bolsters this hypothesis, showing that when such differences
between exposure and test speakers are minimized, generalization is possible. Reinisch and
Holt (2014), for instance, found that listeners exposed to an ambiguous [f/s] accent in a
Dutch-accented English speaker generalized to a novel Dutch-accented speaker when expo-
sure and test speakers’ fricatives were sampled from a similar perceptual space. Finally,
an accent accommodation task by Xie and Myers (2017) found that successful transfer of
learning for accented speech depended on the acoustic similarity between exposure and gen-
eralization speakers. Listeners did not appear to be learning an accent-wide schema that
could be applied to new speakers, but rather more specific characteristics of the target sounds
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they were tested on.
The finding of generalization in the current study from a /T/ = [T/s] pronunciation to

the /T/-/S/ contrast is particularly interesting as most previous work suggested that gener-
alization of perceptual learning for fricatives is limited (Eisner & McQueen, 2005; Kraljic &
Samuel, 2005) and has been found only when perceptual similarity between exposure and
test speakers is controlled for (Reinisch & Holt, 2014). If, as earlier work has suggested, the
specificity of learning in these cases has to do with listener sensitivity to the different acoustic
realization of fricatives by male and female speakers, it is surprising to see generalization in
the current study, where the differences between training and test contexts may be of similar
magnitude. In the current study, the transfer of learning from an /s/-like realization of /T/
to an /S/-like one suggests that perceptual learning, at least for some fricatives, may be
coarser-grained. Importantly, however, within-speaker transfer of learning across categories
could be a fundamentally different process than the cross-speaker generalization tested in
earlier work, so comparisons between the two should be made cautiously.

As we have already noted, the finding of generalization of perceptual learning found in
the present is not novel on its own. The key finding in the current study is that learning can
generalize to a novel phonetic contrast involving the same underlying category manipulated in
training, a scenario that has received little attention in prior work. Generalization observed
in previous recalibration studies typically involves sound contrasts where both categories
are distinct from the trained phoneme, e.g., where listeners are trained on /d/ = [d/t] and
generalize to the [b]-[p] contrast (Kraljic & Samuel, 2006, 2007; Mitterer et al., 2016; Mitterer
& Reinisch, 2017; Schuhmann, 2014). Closer to the current study, generalization has also
been found across languages for bilingual speakers, where learning-induced categorization
shifts transfer from L1 to L2 or vice versa (Reinisch & Holt, 2014; Schuhmann, 2016).
However, as the authors note, differences between each of the trained sounds /s/ and /f/
across these languages (Dutch, German, and English) are minimal (especially if speakers
produce the L2 versions with an L1 accent). More relevant would be an example of transfer
across languages with more distinct realizations of a given category (e.g., Spanish dental /d/
vs. English alveolar /d/), but we are not aware of work that has tested this.

As we have seen, existing evidence for a category expansion account of perceptual learning
across different tasks is mixed. In some cases, what we see looks more like an indiscriminate
relaxation of categorization criteria that may extend beyond the trained category or phonetic
pattern. In the face of uncertainty about the input or extensive variation, the perceptual
system might adopt an “anything goes” adaptive strategy. However, the current study does
not support such a view. While results clearly show that changes in categorization criteria
can extend beyond the exact phonetic pattern in exposure stimuli, they also show that these
changes are constrained by similarity to the trained accent. Results of the current study thus
provide support for (a version of) the category expansion hypothesis discussed in earlier work
(Kleinschmidt & Jaeger, 2015; Schmale et al., 2012).

However, additional research is necessary to show that this strategy is not specific to the
particular sound categories and contrasts used in these experiments. Earlier work suggests
that recalibration strategies may differ depending on the sounds involved (Kraljic & Samuel,
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2006, 2007). Crucially, we have assumed in the current study that learning occurs at the
level of the trained category (in this case, /T/). However, other studies indicate that learning
may occur at a more abstract (e.g., feature) level. For instance, Kraljic and Samuel (2006)
have found that listeners can generalize a stop voicing contrast across place of articulation,
while Schuhmann (2014) found generalization of a fricative pronunciation involving [f/s] to
their voiced counterparts [v]-[z]. So, it is plausible that listeners in the current study are
abstracting over acoustic differences between [s] and [S], and instead focusing on their shared
properties as sibilants — relatively loud fricatives with spectral similarities.

Such results have implications for the learning of natural accents. Recent work on pho-
netic recalibration has investigated whether this mechanism is responsible for perceptual
adaptation to non-native accents (Reinisch & Holt, 2014; Zheng & Samuel, 2020), and this
remains an open question in the literature. While the present study does not directly address
this question, results suggest that the perceptual mechanism underlying the recalibration
effect is flexible enough to accommodate differences between exposure and generalization
contexts. This is important, because to adapt to a natural accent, listeners must be able to
handle the substantial variation that exists within speakers of a given accent group, where
the same target L2 category may be realized in multiple distinct ways (Seibert, 2011). Thus,
it can behoove listeners to generalize to some extent or to maintain a scope of learning that
is relatively coarse. In other words, it is plausible that recalibration is not based on the
precise acoustic properties of heard exemplars, but rather on rougher measures of phonetic
similarity. Taken together, these results support a view of the perceptual system as flexible
and able to adjust to variation in the environment, but simultaneously constrained to not
overgeneralize learning.
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Chapter 3

Effects of phonetic learning on online
lexical processing

3.1 Introduction
Previous research on perceptual learning for speech has employed a wide variety of measures
to assess the effects of perceptual learning on subsequent language processing. Such measures
range from comprehension-focused tasks such as word/sentence transcription in noise (Baese-
Berk et al., 2013; Bradlow & Bent, 2008; Melguy & Johnson, 2021; Vaughn, 2019) to tasks
measuring lexical processing fluency (Clarke & Garrett, 2004; Xie, Weatherholtz, et al., 2018)
to tasks focused on measuring changes in phonetic category boundaries (Eisner & McQueen,
2005; Kraljic & Samuel, 2005; Norris et al., 2003).

Crucially, it has often been assumed in the literature that accent accommodation is
driven by lexically-guided changes in phonetic category structure (e.g., (Bradlow & Bent,
2008)). This explanation is intuitively appealing: if listeners “re-tune” their phonetic cate-
gory boundaries following exposure to a speaker with an atypical pronunciation of a given
sound, then future encounters with this pronunciation should be less surprising for the lis-
tener and incur reduced processing costs. Since it has been shown that even minor (sub-
phonemic) changes to the way a given sound is realized can incur processing costs (Whalen,
1984), it is plausible that making the appropriate adjustements could reduce these costs by
eliminating mismatches between listener expectations and a given speaker’s pronunciation.
Since accented speech typically differs from natively-accented speech in systematic ways due
to the influence of the L2 learner’s L1 phonological system, there are regularities within
and across L2 speakers of a given L1 background which listeners can exploit. For instance,
Japanese speakers typically struggle with the English /r/-/l/ contrast, substituting their
Japanese /r/ which is phonetically intermediate to the two English sounds. If listeners can
adapt to this regularity by adjusting their expectations about what types of pronunciations
are likely L2 realizations of a given native phoneme or allophone, then this could faciliate
perception of any speaker who shares this accent. However, as has been pointed out in recent



CHAPTER 3. EFFECTS OF PHONETIC LEARNING ON ONLINE LEXICAL
PROCESSING 37

literature (e.g., Zheng and Samuel, 2020) there is limited evidence for a direct relationship
between recalibration and accent accommodation, and existing studies that have sought to
address this question explicitly yield mixed results (Charoy, 2021; Reinisch & Holt, 2014;
Xie et al., 2017; Zheng & Samuel, 2020).

The primary goal of this chapter is to investigate whether changes in category structure
indeed result in improvements to processing of accented speech. If this relationship exists,
it would suggest that phonetic category recalibration may indeed be a driving mechanism
for perceptual accommodation to an unfamiliar accent. The set of experiments in Chapter
2 provided evidence for a limited form of the category expansion hypothesis as a mechanism
for phonetic recalibration following exposure to an atypical pronunciation. Results showed
that exposure to an ambiguous pronunciation /T/ = [T/s] affected subsequent perception
of both /T/-/s/ and /T/-/S/ minimal-pair phonetic continua. If the same mechanism that
drives recalibration of phonetic category boundaries also affects online lexical processing of
that accent, then we should observe a relationship between category shifts and improved
processing for accented words. Specifically, we expect listeners to show improved processing
not only for novel words produced with the exposure accent, but also for words produced with
a distinct but perceptually similar accent, consistent with a category expansion mechanism.

3.2 Background
Effects of perceptual learning on word processing
A relatively large body of literature has utilized lexical processing as a measure of accent ac-
commodation, often with a focus on segment-specific adaptation. If recalibration of category
boundaries coincides with improvement in the accuracy and/or fluency of lexical process-
ing, then it is plausible that there is a link between natural accent accommodation and
category boundary recalibration. Previous research has found that accent exposure often
does result in improved lexical processing. A seminal study by Clarke and Garrett (2004)
showed that listeners can begin to see such benefits in under a minute of exposure. In their
study, they exposed listeners to 3 blocks (each 12-18 sentences) of Spanish- or Mandarin
Chinese-accented English where the final word in the sentence was unpredictable, and lis-
teners’ task was to indicate if a visual target on the screen matched the spoken word or
not. Participants saw a steady decrease in response times, and by the fourth block these
approached the baseline established for native (unaccented) speech. By contrast, a control
group that performed the same task but heard unaccented sentences in the first three blocks
saw a sudden increase in response times when tested on accented sentences in the fourth
block. A recent study by Xie, Weatherholtz, et al. (2018) successfully replicated this basic
effect with the same (Mandarin Chinese) accent, finding also that learning could transfer to
a novel Mandarin-accented speaker provided there was sufficient acoustic similarity between
speakers. This suggests that listeners learned an accent-wide schema that could generalize
to speakers sharing the same pronunciation.
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A number of studies utilizing artificial accents have used different measures to assess the
effect of perceptual learning on lexical processing. For instance, Maye et al. (2008) exposed
listeners to an artificial accent where all front vowels were lowered (e.g, witch → wetch),
followed by a test phase where participants had to decide whether each word was a real word
or non-word (lexical decision task). The authors found that listeners trained on the accent
were more likely to accept novel words with lowered front vowels as real words, but not
words with raised front vowels (a different pattern than they had been exposed to). A study
by Weatherholtz (2015) assessed perceptual learning of a similar accent which mirrored an
actual vowel-shifted pronunciation in American English dialects. Like Maye et al. (2008),
this study used proportion of ‘word’ responses in an auditory lexical decision task to assess
learning, as well as a naming task to assess listener recognition of accented words (accuracy
and response latency). Overall results showed generalization of learning to a novel accent
where back vowels were raised instead of lowered (contra Maye et al., 2008), as well as
to a structurally parallel pattern where front vowels were lowered. However, listeners who
were exposed to a different accent containing a pattern of back vowel raising showed no
generalization to raised front vowels. Another study by Cooper and Bradlow (2018) exposed
listeners to an artifical accent where target vowels and consonants were substituted with
other sounds to create a non-standard English accent (e.g., cream → crim, throw → trow).
To evaluate perceptual learning, they used both an auditory lexical decision task and a word
identification task where participants were asked to transcribe the word (denoting non-words
with an ‘X’). Results from both tasks showed that listeners previously exposed to the accent
were more likely to accept novel words containing the same accent as real words. There
was also an overall increase in trained listeners’ willingness to accept any atypical tokens
as real words, even when the pronunciation did not match the exposure accent. Together,
these studies suggest that listeners may be using a form of category expansion to adapt to
an artificial accent.

Other studies have used a cross-modal priming paradigm to evaluate the effects of percep-
tual learning on lexical processing (Charoy, 2021; Eisner et al., 2013; McQueen et al., 2006;
Witteman et al., 2013; Xie et al., 2017). This is a visual lexical decision task where partici-
pants hear an auditory prime and must decide whether a written word on the screen is a real
word or not. Critical trials exploit the fact that the strongest priming effects in such a task
are observed when the auditory prime matches the written target (identity priming). Thus,
the size of the priming effect can be interpreted as a measure of the degree of lexical activa-
tion: if there is a training effect, we expect stronger lexical activation for trials with accented
‘identity’ primes, suggesting improved processing of the accent. This kind of methodology
has been used to evaluate perceptual learning for both naturally-accented speech and for
experimentally-created artificial accents. For instance, Eisner et al. (2013) tested British
English listeners on a word-final stop devoicing pattern found in Dutch-accented English.
They found that listeners were able to adapt to the pronunciation, whether it was produced
in a natural accent by an L2 English (L1 Dutch) speaker, or as an artificial accent where
a British English speaker imitated the accent (e.g., where overload → overloat). Trained
listeners showed a stronger priming effect in trials containing devoiced primes (e.g., seat
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primed both written <seed> and <seat>). Witteman et al. (2013) investigated the effect
of familiarity with German-accented Dutch on perceptual learning of this accent. They
used a cross-modal priming task to measure fluency of word recognition for words produced
with a weak, medium, or strong German accent (strongly-accented primes contained rela-
tively salient substitutions of Dutch vowels, medium-accented primes vowels contained less
salient vowel substitutions, and weakly-accented primes contained no substitutions). Initial
results showed that participants with limited prior accent experience adapted to weakly-
and medium-accented primes, but not strongly-accented ones, whereas participants with
extensive prior accent experience could adapt to all 3 types. A followup experiment ex-
posed listeners with limited previous accent experience to the same speaker as in the test
phase. They found that this 4-minute exposure phase was sufficient to produce reliable prim-
ing effects for strongly accented items that were on par with those seen with weakly- and
medium-accented primes. Listeners exposed to the same accent but without the strongly-
accented items also saw a benefit — they were able to adapt to the strongly-accented items
by the second half of the experiment. Such studies indicate that accent accommodation
results in improvements to lexical processing when accented words are sufficiently similar to
the training accent.

Phonetic category recalibration and accent accommodation
Several recent studies have explicitly set out to answer the question of whether accent adap-
tation (measured as changes in lexical processing) is indeed driven by changes in phonetic
category structure.

For instance, Reinisch and Holt (2014) addressed this question by testing whether pho-
netic recalibration could be observed in the context of speech that was already (globally)
accented. Previous literature had only tested recalibration in the context of an otherwise
natively-accented speaker with just a single target sound manipulated to be ambiguous. The
authors reasoned that if recalibration were a plausible mechanism for listener adaptation to
accented speech, it should occur even when a speaker already deviates from native-speaker
standards on multiple phonetic dimensions. They exposed American English listeners to
Dutch-accented English where a single sound (/s/ or /f/) had been manipulated to be pho-
netically ambiguous ([s/f]). They then tested listeners on categorization of /s/ - /f/ minimal-
pair continua (e.g., nice - knife). They found that listeners shifted their category boundary
for both the exposure speaker and for novel speakers with the same Dutch accent, provided
those novel speakers’ stimuli were acoustically similar to that of the training speaker.

Xie et al. (2017) provided a more explicit test of this question by evaluating the effect
of accent exposure on multiple measures of phonetic category structure. They exposed
American English listeners to Mandarin-accented English where word-final /d/ was produced
in a way that was perceptually ambiguous between /d/ and /t/ for listeners not familiar with
the accent (the speaker’s production of this sound spanned the range from unambiguous /d/
to unambiguous /t/). Following accent exposure, they tested listeners on (1) a cross-modal
priming task involving critical word-final /d/ primes, (2) a two-alternative forced choice
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categorization task with word-final /d/ or /t/ minimal pairs, and (3) a rating task where
listeners rated the goodness of /d/- and /t/-final words as exemplars of each respective
category. Overall results showed that compared to untrained controls, trained listeners
adjusted their /d/-/t/ category boundary (accepted more tokens as /d/), were more likely
to process /d/-final words as containing /d/ (i.e., showed stronger identity priming with
/d/-final primes), and showed higher goodness ratings for both /d/- and /t/-final words.
This suggests that accent exposure results in multiple changes to internal category structure
— not just shifting boundaries, as had been observed in previous work.

Zheng and Samuel (2020) tested a similar question using a different methodology. They
investigated whether changes in category boundaries and accent accommodation are driven
by the same underlying mechanisms. To do this they had American English listeners com-
plete a standard recalibration task involving an ambiguous /T/= [T/s] pronunciation in an
otherwise natively-accented American English speaker. The same group of listeners also
completed an accent accommodation task. This involved a brief period of exposure to
Mandarin-accented English, followed by a task where listeners judged Mandarin-accented
words (e.g., think produced as sink) as real words or non-words. Results showed that listen-
ers showed both a reliable shift in their [T]-[s] category boundary as well as an increase in
proportion of accented critical words that were accepted as real words. Listeners also showed
a general increase in the proportion of words accepted as real words, regardless of whether
they matched the exposure accent. However, a correlational test found no relation between
boundary shifts and accent accommodation, leading the authors to conclude that the two
were dissociated and that accent accommodation was likely driven by a general relaxation
of categorization criteria.

Charoy (2021) also investigated whether recalibration underlies accent accommodation.
In contrast with the typical recalibration literature, her study looked at both “bad maps”
(substitutions of a native phoneme with another, cf. Sumner, 2011) as well as ambiguous
sounds typical of recalibration studies. Her results showed that recalibration of category
boundaries can be observed for both ambiguous and remapped phonemes. However, sub-
sequent experiments that focused on lexical processing as a measure of accent adaptation
(cross-modal priming) found little evidence that these changes improved lexical processing
for either type of accent. For instance, they found that “bad map” productions of /T/ (as
[s]) yielded no priming for /T/ words for either trained or control listeners. Moreover, am-
biguous /T/ primes ([T/s]) primed both /s/ and /T/ words, with no difference found between
listeners with prior exposure to the accent and controls. The sole effect of training was seen
with a bad map production of /d/ as [t], where devoiced fond primed written <fond> for
trained listeners but not controls, replicating the basic finding of Xie et al. (2017). However,
listeners in this latter set of experiments showed no evidence for recalibration of category
boundaries, contrary to the first experiment. The author concluded that a form of criteria
relaxation was the more likely perceptual accommodation strategy for accent processing.

This set of studies yields inconclusive results on the relationship between category bound-
ary shifts and lexical processing measures for accented speech. For instance, although
Reinisch and Holt (2014) show that recalibration is possible for ambiguous target phonemes



CHAPTER 3. EFFECTS OF PHONETIC LEARNING ON ONLINE LEXICAL
PROCESSING 41

in the context of an already accented speaker, this does not directly demonstrate a con-
nection between accent accommodation and recalibration, but simply that recalibration is
not blocked in this context (as previously noted by Zheng and Samuel, 2020). Zheng and
Samuel (2020) notably fail to find a correlation between recalibration and accent accommo-
dation. However, their study measured recalibration for an ambiguous /T/ = [T/s] accent
in an otherwise American English accent, whereas the accent accommodation task utilized
Mandarin-accented English. The use of different speakers across tasks makes it difficult to
assess whether recalibration drives accent accommodation. Xie et al. (2017) provide the
strongest evidence that recalibration yields improvements in processing, finding that expo-
sure to a Mandarin-accented speaker with ambiguous word-final /d/ productions lead to
shifts in /d/-/t/ category boundaries, improved category goodness ratings for exemplars of
that speaker’s /d/ and /t/, and improved lexical processing in a cross-modal priming task
involving the critical phonemes. However, the methods used in this study deviate in several
ways from the typical recalibation study. Most importantly, the authors used Mandarin-
accented tokens of word-final /d/ which, as they note, spanned a phonetic range between
unambigous /d/ and unambiguous /t/. Moreover, Charoy (2021) failed to replicate the basic
findings of Xie et al (2017). Evidence for phoneme-specific adaptation in the cross-modal
priming experiments in her study was very weak, with no effect of training found for most
of the sound contrasts she tested. Moreover, the fact that no recalibration was observed in
her final set of experiments makes it difficult to make any conclusions about the connection
between boundary shifts and lexical processing. Finally, all of the studies reviewed here only
tested a single accent — stimuli from the test phase closely matched those in the exposure
phase. This contrasts with the approach of the experiments in the current study, which pur-
posefully test listeners on both the same accent as in training, and on a similar but distinct
accent involving the same critical phoneme. Providing both types of test may yield more
insight on the nature of the mechanism that drives changes in lexical processing.

The current study
The experiments in this chapter explicitly test the question of whether changes in phonetic
category representation facilitate subsequent lexical processing. If targeted adjustment of
specific sound categories following accent exposure is a mechanism for accent adaptation,
then we ought to see a connection between changes in phonetic category representation, and
corresponding changes in online lexical processing. Specifically, we expect that phonetic re-
calibration will result in reduced processing difficulty for atypical productions of the accented
target sound, leading to more rapid categorization of that sound as the intended category.
Previous literature that has examined the relationship between category changes and lexical
processing has yielded mixed results (Charoy, 2021; Xie et al., 2017), and the use of different
methodologies across studies make it difficult to draw clear conclusions. Moreover, while
there is limited support for a relationship between category changes and lexical processing,
it is still unclear whether the same mechanisms are responsible for changes in both domains,
because prior literature has not addressed this question directly. For instance, it is pos-
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sible that listeners use a relatively specific mechanism (non-uniform/asymmetric category
expansion) to recalibrate category boundaries, but that lexical processing is shaped by more
general learning mechanisms. For instance, Cooper and Bradlow (2018) found that exposure
to an artificial accent led to both pattern-specific changes in lexical processing, but also
a broader tendency for listeners to accept non-words as real words, suggesting a uniform
relaxation of categorization criteria. Given that Chapter 2 did not find evidence for such
general category expansion, it is plausible that changes to internal category structure and
lexical processing are (to some degree) independent.

Hypotheses
To test this question, the following experiments utilize a cross-modal priming task, following
previous literature which has used such a task to evaluate the success of accent adaptation
(e.g., Xie et al 2017, Charoy 2021). If changes in category structure affect subsequent
lexical processing, listeners with prior exposure to the accented speaker should see stronger
priming effects for critical words exemplifying the accent compared to controls. If the same
mechanisms that constrain recalibration of category boundaries apply to online processing,
then we should see such a facilitative effect of accent exposure for listeners tested on the same
accent as in training (/T/ = [T/s], Experiment 3) as well as those tested on a similar, but
distinct accent (/T/ = [T/S], Experiment 4). If both of these findings align with the patterns
of category recalibration seen in Chapter 2, this would provide evidence that changes to
category structure result in improved lexical processing, and that the same mechanisms
of phonetic learning apply across both domains. This result would support recalibration
of category boundaries as a plausible mechanism for the more complex real-world task of
adapting a non-natively accented speaker.

3.3 Experiment 3
Experimental platform
The experiments in this chapter were conducted using the same custom web-based program
used previously in Experiments 1-2. However, in these and all subsequent experiments, data
collection occurred through Prolific rather than Mturk. Prolific, like Mturk, is an online plat-
form where workers are compensated for performing various tasks. However, recent studies
suggest that Prolific yields higher-quality data (Peer et al., 2021), a finding corroborated in
this study by the much lower participant exclusion rates compared to Experiments 1 and 2.

Participants
81 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 12 participants, leaving a total of 69
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whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
An additional 19 subjects were recruited on Mturk under the same selection criteria to par-
ticipate in a pretest, which was used to select critical /T/ tokens to be used in the main
experiment. Participants were primarily male (M = 38, F = 27), with a small number
selecting the ‘other’ response option (N = 2). Participants self-reported the following eth-
nicities: white (N = 46); black (N = 7), hispanic (N = 6), asian (N = 5), and other (N =
3). They spanned the following age groups: 18-20 (N = 5), 21-25 (N = 16), 26-30 (N = 17),
31-35 (N = 5), 36-40 (N = 10), 41-45 (N = 4), 46-50 (N = 4), 51+ (N = 6). They reported
moderate experience with accented English on a seven-point scale (M = 5.0, SD = 1.5, range
= 2-7).

Stimuli
The same training materials used in Experiments 1-2 were used in this study. The same
speaker also produced all test materials. Materials in the test phase consisted of 180 writ-
ten targets (90 words + 90 nonwords), paired with 180 auditory primes (90 words + 90
nonwords). Auditory primes were constructed to result in three types of experimental con-
ditions, evenly split across trials. In identity trials, the auditory prime matched the written
target (e.g., spoken banana + written <banana>). In related trials, the prime was a minimal
non-word phonologically related to the target, but mismatching in the first phoneme (e.g.,
ganana + <banana>). Finally, in unrelated trials, the auditory prime had no semantic or
phonological relation to the target (e.g., computer + <banana>). Target words consisted
of 60 critical words containing /T/ and 120 filler words and nonwords (30 words and 90
nonwords). Like fillers, critical targets were evenly split to contain either identity, related,
or unrelated primes. Identity primes in this case were words containing ambiguous /T/ =
[T/s] (e.g., ?erapy + <therapy>). Related primes always contained an unambiguous /s/
(e.g., serapy + <therapy>). The 60 written /T/ target words were divided into 3 lists of
equal length, which were equated in mean lexical frequency (9.4, 9.8, and 9.4 occurrences
per million in the SUBTLEX corpus, respectively) and mean word length (each list averaged
2.2 syllables per per word, range 2-4). For each written target word, a corresponding iden-
tity, related, or unrelated prime was recorded, resulting in a total of 180 auditory primes
for the critical trials. Primes were counterbalanced across the 3 /T/ target word lists. This
resulted in a total of 6 counterbalanced lists, each of which had the same 60 written /T/
targets. As in Experiments 1-2, critical primes with ambiguous /T/ = [T/s] were created
using the same morphing procedure that was used to create the ambiguous /T/ words in the
training task, with a separate norming task determining selection of the most ambiguous
token. Finally, both test and exposure items were normalized in amplitude, resampled to
16 kHz, and converted to mp3 format to ensure between-browser compatibility during audio
presentation.
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Procedure
Pretest

To select the most ambiguous critical /T/ items for the exposure task, the 60 /T/-/s/ continua
were subjected to a pretest by a separate listener group. For this purpose, 19 participants
were initially recruited via MTurk. Data from 3 participants were removed due to inability
or unwillingness to perceive the difference between items (<30% mean difference in responses
between continuum endpoints). The procedure closely matched the norming task used in
Experiment 1. For each 7-step continuum, the endpoints were left out, leaving the middle
five steps (2-6). Stimulus presentation was blocked by continuum, and 7 lists were created,
each with a different random order of continua and step numbers with a given continuum.
Participants were randomly assigned to one of these lists. Each participant was thus asked
to judge a total of 300 tokens (60 continua x 5 tokens each). Once the participant had
read the task instructions, they clicked a button on their web browser to begin the task.
Listeners were asked to complete the task in one sitting and to make their response as
quickly and accurately as possible. For each trial, listeners heard a token and were asked to
indicate whether they heard a real word (e.g., therapy) or a non-word where the /T/ had been
replaced with /s/ (e.g., serapy). Responses were made by pressing one of two keyboard keys
(“z” for non-word, “m” for real word). The response labels were present on the screen for the
duration of the whole trial. Once the listener submitted their response, playback of the next
item began automatically [inter-stimulus interval (ISI) = 1000 ms]. The selected ambiguous
step number for each continuum was based on the step closest to the category boundary
between response options (i.e., the point at which 50% of participants indicated hearing the
/T/-word). In cases where the percentage of /T/-word responses for this token fell below
50%, the previous step on the continuum was selected. This was done to compensate for the
real-word bias in speech perception (Ganong, 1980) and to ensure that the target phoneme
was phonetically ambiguous, following Reinisch et al. (2013). Results for the selected step
closely matched those obtained in their study: the average step number of the ambiguous
token was near the middle of the seven-step continuum (4.40), and the mean percentage of
/T/-word responses at this step was 70%.

Screening

Prior to proceeding to the experimental task, all participants completed a screening task
designed to ensure that they were wearing headphones, identical to that used in Experi-
ments 1-2. Questionnaire results again suggested that the task was highly effective, with the
majority of participants self-reporting use of high-quality headphones (N = 49) or ear-buds
(N = 18)
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Lexical decision task (exposure)

Participants were randomly assigned to a training or control group, both of which completed
a lexical decision task designed to familiarize listeners with the speaker’s voice. Stimuli and
procedure for the training group were identical to those used in Experiments 1-2. Partici-
pants in the control group completed the same task, except that critical words containing
ambiguous /T/ were replaced with filler words matched on mean syllable count and lexical
frequency.

Cross-modal priming task (test)

Following the lexical decision task, all participants completed a cross-modal priming task.
Participants were given instructions explaining the task and informed on the number of
trials. They were asked to complete the task in one sitting and to respond as quickly and
accurately as possible. For each trial, participants heard an auditory prime, followed by the
presentation of a written target word on the screen, and were asked to indicate whether the
written word was a word or non-word. Responses were again made via keyboard press (“z”
= non-word, “m” = real word). For each trial, the written target appeared immediately
upon prime offset (Charoy, 2021; Xie & Myers, 2017; Xie et al., 2017), with an inter-trial
interval of 1000 ms. Listeners in both control and training groups were randomly assigned
one of the 6 counterbalanced test lists described above, each containing a total of 180 trials.

Questionnaire

After completing the categorization task, participants were asked to complete the same
questionnaire used in previous experiments, containing questions about audio hardware used
and participant demographics [age, race, gender, languages spoken, type of speaker used to
listen to stimuli, and experience with foreign-accented speech (from 1 to 7)].

Data preparation
Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 5 participants were removed for failing to complete the
questionnaire, 3 for self-reporting as non-native speakers of English, 1 for failing to complete
the exposure (lexical decision) task, 3 for failing to meet the 70% accuracy threshold in the
test (cross-modal priming) task, and 2 for responding too quickly (RT < 200 ms) on over 20%
of trials, following the criterion used in Experiments 1-2. An additional 3 participants were
excluding for restarting the experiment midway through. Resulting data were subsequently
cleaned to remove responses that were too fast (RT <200 ms) or too slow (RT > 2500 ms),
following the procedure in Exp. 1-2. This resulted in the removal of 184 trials (1.6%) of data.
Finally, incorrect responses were removed prior to analysis (495 trials or 4.4% of data). This
left a total of 10,840 observations (from 64 participants) that were retained for the analysis.
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Analysis
Data were analyzed via mixed-effects linear regression modeling using the lme4 package
(Bates et al., 2014) in R (R Core Team, 2022). Random intercepts were fitted for participant
and target word, and by-participant random slopes were fitted for all predictors where this
was justified by experimental design (Barr, 2013). Only critical trials were included in
the analysis. Reaction times were filtered to remove incorrect responses prior to analysis,
then converted to a log scale and normalized (converted to z-scores). Predictor variables
were treatment-coded and included experimental group (training vs. control, ref = control),
condition (identity, related, or unrelated prime, ref = unrelated). Given that previous cross-
modal priming studies have observed perceptual learning over the course of the experiment,
the analysis also included experiment half (block 1 vs. block 2, ref = block 1), following
Witteman et al. (2013). Significance of predictors and their interactions was assessed using a
type III Wald Chi-squared test (see Appendix B for model summary and Wald Chi-squared
significance tests).

Results
Model results showed main effects of condition (χ2(2) = 28.01, p < 0.001) and block (χ2(1)
= 5.75, p < 0.05). There was also an interaction of condition and group (χ2(2) = 6.08, p
< 0.05). Overall, participants showed a strong priming effect (see Figure 3.1) for identity
primes containing ambiguous /T/=[T/s] (b = -0.40, SE = 0.08, p < 0.001) and a weaker
but significant priming effect for related (/s/-nonword) primes (b = -0.24, SE = 0.07, p <
0.001). Participants also showed faster responses in the second block of the experiment (b
= -0.18, SE = 0.08, p < 0.05). Participants in the exposure group showed a numerically
larger identity priming effect and smaller related priming effects (see Figure 3.1) but neither
of these reached significance, despite the fact that the overall contribution of the group by
block interaction term in the model was significant (as measured by a Wald Chi-squared
test).

These results suggest that identity and related priming were observed for both groups of
listeners. Given the apparent differences in the size of identity vs. related effects across con-
trol and training groups, the same model was fitted with this predictor releveled, such that
the new reference level was set to be identity prime trials (rather than unrelated ones). Re-
sults show less priming for related primes compared to identity primes (b = 0.16, SE = 0.08,
p < 0.05), but the interaction of condition and group suggest that this effect was stronger
for participants with prior accent exposure (b = 0.26, SE = 0.11, p < 0.05). Given the
numerically close identity priming effect across groups (Figure 3.1), this difference suggests
that /s/ words served as poorer exemplars of /T/ for trained listeners.
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Figure 3.1: Experiment 3 cross-modal priming task results: Priming effect for identity and
related trials, for groups exposed to critical /T/ = [T/s] words (experimental group) vs.
replacement filler words (controls). Priming effects were calculated by subtracting RT for
identity trials (e.g., [T/s]erapy + <therapy>) and related trials (e.g., serapy + <therapy>)
from trials with unrelated primes (e.g., banana + <therapy>. Error bars represent boot-
strapped 95% confidence intervals.

Discussion
Results of Experiment 3 indicate that both control and experimental groups showed strong
identity priming for ambiguous /T/ = [T/s] items, and a weaker but significant related priming
effect for /T/ = [s] primes. This indicates that experiments dependent on measures such
as response latencies can be successfully conducted via web-based platforms, despite the
additional variance introduced by non-laboratory testing conditions.

No effect of training was observed with identity primes, so we cannot conclude that ex-
posure to such critical accented items caused significant changes in online lexical processing
of the same accent. This null effect may be due to several factors. First, controls showed
strong identity priming effects even in the first half of the experiment, and these stayed
relatively stable through the second half of the experiment. This suggests that phonetically
ambiguous /T/ tokens in this experimental context did not pose a strong processing imped-
iment, preventing possible differences between control and exposure groups from emerging
due to ceiling effects. This observation is consistent with results by Marslen-Wilson et al.
(1996) which showed that ambiguous primes such as [t/d]ask could prime task just as well
as true identity primes. The exposure group, however, did show numerically stronger iden-
tity priming, and significantly weaker related priming compared to identity priming. Such
results suggest a relatively specific processing strategy for trained listeners, who became less
tolerant of atypical /T/ pronunciations that did not match the exposure accent.

Even when /T/ when was replaced with /s/ (in the related priming condition), partici-
pants still showed a consistent priming effect, indicating that the perceptual system main-
tained lexical activation of /T/ items even when the auditory input was unambiguous. This
result is consistent with the relative proximity of /T/ and /s/ in perceptual space (see Figure
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2.2).

3.4 Experiment 4
Hypotheses
In the following experiment, the effect of perceptual and acoustic similarity was further
tested: listeners were trained on the same /T/ = [T/s] pronunciation but this time tested on
a novel accent /T/ = [T/S], produced by the same speaker. Given that /T/ and /S/ are less
perceptually confusable than /T/ and /s/ (Figure 2.2), this pronunciation ought to result in
a weaker priming effect for controls with no prior exposure to an atypical /T/ pronunciation.
However, participants previously exposed to the /T/ = [T/s] accent should still see a training
benefit, as measured by stronger identity priming for ambiguous /T/ = [T/S] primes, assuming
that changes in category structure facilitate lexical processing. Given the trend for weaker
related (/T/ = [s]) priming in the exposure group, we may also observe a similar pattern for
related (/T/ = [S]) priming in Experiment 4.

Experimental platform
As in Experiment 3, participants were recruited via the Prolific online platform.

Participants
79 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 11 participants, leaving a total of 68
whose data were retained for analysis. As in Experiment 3, all participants lived in the U.S.,
reported being native speakers of American English with normal speech and hearing, and
gave informed consent prior to participating in the study. They were paid $15/h for their
participation. An additional 21 subjects were recruited on Prolific under the same selection
criteria to participate in a pretest, which was used to select critical /T/ tokens to be used in
the main experiment. Participants were relatively evenly split on gender (F = 34, M = 32),
with a small number selecting the ‘other’ response option (N = 2). Participants self-reported
the following ethnicities: white (N = 52); black (N = 7), hispanic (N =5), asian (N = 3),
and other (N = 1). They spanned the following age groups: 18-20 (N = 5), 21-25 (N = 15),
26-30 (N = 13), 31-35 (N = 15), 36-40 (N =6), 41-45 (N = 3), 46-50 (N = 3), 51+ (N = 8).
They reported moderate experience with accented English on a seven-point scale (M = 4.8,
SD = 1.8, range = 1-7).

Stimuli
The same training materials used in Experiments 1-3 were used in this study. The same
speaker used to record training materials also produced all test materials. Materials in
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the test phase consisted of the same 180 written targets (90 words + 90 nonwords) used
in Experiment 3, paired with 180 auditory primes (90 words + 90 nonwords). Auditory
primes were identical to those used in Experiment 3, with the exception that critical identity
trials had a different artificial accent /T/ = [T/S] from that used in the training phase (e.g.,
[T/S]erapy + <therapy>), and critical related primes involved a substituted [S] rather than
[s] (e.g., sherapy + <therapy>). As in Experiment 3, critical auditory critical primes with
ambiguous /T/ (/T/ = [T/S]) were created using the same morphing procedure and a separate
norming task to determine selection of the most ambiguous token.

Procedure
Pretest

To select the most ambiguous critical /T/ items for the exposure task, the 60 /T/ - /S/
continua were subjected to a pretest by a separate listener group, following the procedure
used in Experiment 3. Of the 21 participants initially recruited via Prolific, 3 were removed
due to failure to complete the task, and 1 due to inability or unwillingness to perceive the
difference between items (<30% mean difference in responses between continuum endpoints).
The selected tokens for each of the 60 continua were similar to the results from Experiment
3: the average step number of the ambiguous token was near the middle of the seven-step
continuum (5.0), and the mean percentage of /T/-word responses at this step was 62%.

Screening

Participants had to pass the same headphone check used in Experiment 3 prior to participa-
tion in the experimental task. Questionnaire results suggest that screening was again highly
effective, with the majority of participants self-reporting use of high-quality headphones (N
= 34) or ear-buds (N = 30), and only a small number passing the task using an external
speaker (N = 4).

Exposure (lexical decision)

Participants completed the same training task used in Experiment 3, and were again ran-
domly assigned to a training or control group.

Test (cross-modal priming)

Following the lexical decision task, participants completed the same cross-modal priming
task used in Experiment 3, with the exception that identity primes were replaced with a
different accent /T/ = [T/S], and related primes involved substitution of /T/ with /S/.
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Questionnaire

After completing the categorization task, participants were asked to complete the same
questionnaire used in previous experiments.

Data preparation
Following the same procedure used in Experiment 3, data were first preprocessed by excluding
participants who did not meet experimental criteria: 6 participants were removed for failing
to complete the questionnaire, 3 for self-reporting as non-native speakers of English, 1 for
failing to meet the 70% accuracy threshold in the test (cross-modal priming) task, and
1 for responding too quickly (RT < 200 ms) on over 20% of trials. Resulting data were
subsequently cleaned to remove trials responses that were too fast (RT <200 ms), resulting
in the removal of 216 trials (1.76%) of data. Finally, incorrect responses were removed prior
to analysis (513 trials or 4.3% of data). This left a total of 11,511 observations (from 68
participants) that were retained for the analysis.

Analysis
Analyses were identical to those in Experiment 3. See Appendix B for model summary and
Wald Chi-squared significance tests).

Results
Results showed significant main effects of condition (χ2(2) = 22.26, p < 0.001) and block
(χ2(1) = 4.29, p < 0.05). There was also a significant interaction of condition and block
(χ2(2) = 13.57, p < 0.01). No other terms reached significance.

Overall, participants responded faster to /T/-target words when these were preceded by
a ambiguous /T/ = [T/S] “identity” primes, e.g., [T/S]erapy + <therapy> (b = -0.25, SE
= 0.06, p < 0.001). Controls showed no priming effect with sherapy + <therapy> trials
in the first block of the experiment (b = -0.03, SE = 0.06, p = 0.599). By contrast, the
training group did show a significant priming effect here, as shown by a condition by group
interaction (b = -0.18, SE = 0.09, p < 0.05). Participants responded faster overall in the
second block of the experiment (b = -0.14, SE = 0.07, p < 0.05), and the interaction of block
and condition indicate significantly increased identity priming (b = -0.28, SE = 0.08, p <
0.001) and related priming effects (b = -0.23, SE = 0.08, p < 0.01) for the control group in
the second half of the experiment, which was not observed for the exposure group.

As in Experiment 3, to assess the difference between identity and related priming, the
condition predictor was releveled, with the new reference level set to be identity prime trials
rather than unrelated ones. Model results show that related primes yielded weaker priming
effects than identity primes (b = 0.22, SE = 0.06, p < 0.001). Although this difference was
attenuated for participants with prior accent exposure (suggesting comparatively stronger
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Figure 3.2: Experiment 4 cross-modal priming task results: Priming effect for identity and
related trials, for groups exposed to critical /T/ = [T/s] words (experimental group) vs. re-
placement filler words (controls). Priming effects were calculated by subtracting mean RT for
identity trials (e.g., [T/S]erapy + <therapy>) and related trials (e.g., sherapy + <therapy>)
from trials with unrelated primes (e.g., banana + <therapy>. Error bars represent boot-
strapped 95% confidence intervals.

related priming), this interaction of prime type and experimental group did not reach sig-
nificance (b = -0.11, SE = 0.08, p = 0.20).

Exp.4 Discussion
These results provide tentative support for a faciliative effect of training on lexical processing.
First, analysis of priming effects across controls and trained listeners showed significantly
larger related priming for participants with prior accent exposure, in the first half of the
experiment. There was also a numerically larger but non-significant effect of identity priming
in the first experiment half. Results also showed that control participants saw perceptual
learning over the course of the experiment, as indicated by significantly larger identity and
related priming effects in the second experiment half. The experimental group saw no such
learning effect — priming effects in both conditions were relatively stable across the two
halves of the experiment. This pattern has several possible interpretations. The first is that
prior accent exposure prevented learning of the new accent for listeners in the experimental
group. This seems unlikely for several reasons. First, prior work has shown that listeners
can rapidly adapt to changes in accent. For instance, a series of experiments by Kraljic
and Samuel (2005, 2007) has shown that the recalibration effect can be “unlearned” by
exposing listeners to good tokens of the ambiguous target sound. This is consistent with the
observation that the recalibration effect tends to fade over the course of the categorization
task (Charoy, 2021; Liu & Jaeger, 2019). The second interpretation is that learning from
the exposure task could have immediately transferred for the trained participants, meaning
their performance would have already been near-ceiling in the first block of the experiment.
This would have left little room for improvement over the course of the task. Meanwhile,
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by the second trial block controls already showed priming effects comparable to the training
group. This interpretation would be consistent with previous recalibration work showing that
learning can occur after exposure to just 10 critical words (Kraljic & Samuel, 2007). The
significant increase in related priming is also consistent with the finding of Witteman et al.
(2013) that priming for strongly-accented items (involving a categorical vowel substitution)
was not seen initially but emerged in the second half of the cross-modal priming tasks.
Finally, comparison of the identity priming effects across Experiments 3 and 4 show little
difference in both the size and stability of priming across the task.

Overall, these results suggest that there was some transfer of perceptual learning due
to training, consistent with the observation that exposure to an ambiguous /T/ = [T/s]
pronunciation leads to categorization shifts for both /T/-/s/ and /T/-/S/ continua. Given
the weak evidence of a training benefit for related priming in Experiment 3, it is surprising to
see one in this experiment. In fact, the size of related priming for trained listeners in the first
half of the experiment was comparable to the size of identity priming for controls in that same
block in Experiment 3, suggesting that training led to some degree of category expansion —
even unambiguous /T/ = [S] words saw a relatively strong priming effect for listeners with
prior exposure to the atypical /T/ = [T/s] pronunciation. The reason for this discrepancy
in the related priming effect across experiments could be due to the nature of the exposure
task. Both control and training groups heard critical /s/ words during exposure, meaning
both groups learned what a typical /s/ production for this speaker ought to sound like. The
training group also heard examples of ambiguous /T/ = [T/s], so they were familiarized with
what a typical /T/ production for this speaker ought to sound like. For this group, an /s/
thus served as a poorer example of /T/ than it did for controls. Meanwhile, in Experiment 3,
neither the training nor control group had heard tokens containing /S/ during the exposure
phase. It appears that exposure to ambiguous /T/ thus resulting in this group showing more
tolerance for unambiguous /T/ = [T/S] productions during lexical access. Interestingly, it
appears that the size of this priming effect for trained listeners was on par with identity
primes — both priming effects were of comparable magnitude.

3.5 General discussion
Together, this set of experiments suggests that there is a relationship between changes in
category structure and accompanying changes in lexical processing. Interestingly, this re-
lationship emerges primarily in the analysis of between-group differences in the amount of
related priming seen across experiments and across trial blocks within each experiment. In
Experiment 3, results showed that both groups saw some priming in serapy + <therapy>
trials. While this priming effect was weaker than in identity [T/s]erapy + <therapy> trials
for either group, listeners with prior accent exposure showed a larger difference between
identity and related prime trials, suggesting that training led /s/ to be processed as a poorer
example of /T/. In Experiment 4, controls saw no priming for sherapy + <therapy> tri-
als until the second half of the experiment, whereas the exposure group saw robust related
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priming throughout the task.
Across experiments, there was no reliable difference between identity priming across

groups, although participants with prior accent experience did show numerically stronger
identity priming for both tasks. This result may be due to the fact that these “ambiguous”
[T/s] and [T/S] realizations of /T/ did not pose serious impediments to lexical processing even
for listeners who had no prior experience with this accent. Thus, ceiling effects for such
primes could have prevented possible effects of training from emerging. This result lines
up with previous work showing that a weak non-native accent does not always pose major
processing difficulty; robust lexical activation of target words can be seen even with listeners
who have limited prior experience with a given accent (Witteman et al., 2013).

Taken together, this set of result offers tentative support for a limited form of category
expansion as a mechanism for perceptual adaptation to an unfamiliar accent. The different
pattern of results seen for related priming across experiments and across experimental groups
suggests, consistent with the results of Experiments 1 and 2, that perceptual similarity
between training and test items played an important role in affecting the degree of lexical
activation of the /T/ targets. Overall, it appears that [s] served as a poorer example of /T/
for participants with prior accent exposure, as compared to listeners with no prior accent
exposure. This suggests that training resulted in changes to category representations for /T/
that made listeners less tolerant of atypical pronounciations of this sound that differed from
what they had previously encountered. Meanwhile, in Experiment 4, trained listeners seemed
to process /S/ as a relatively good instance of /T/. In fact, the size of related priming for this
group was nearly identical to that observed for identity priming, whereas controls showed no
evidence that /S/ words primed /T/ targets at all (at least in the first half of the experiment).
However, controls did adapt over the course of the experiment, showing significantly stronger
identity and related priming in the second half of the experiment, whereas trained listeners
showed no such effect, with related and identity priming effects remaining stable throughout
the task.

Such results offer tentative support for a relation between changes to category structure
and changes to lexical processing. Listeners with prior accent exposure showed some evidence
of increased lexical activation when processing accented words produced with a novel accent
that was similar to the exposure accent. However, as in Experiments 1 and 2, the set of
experiments in this chapter show that the degree to which listeners are able to adapt to
such pronunciations may be mediated by perceived similarity to the training accent—the
size of the priming effect differed for /s/ vs. /S/ primes. For controls, this difference is
explicable in terms of perceptual similarity: /s/ is more perceptually confusable with /T/
than /S/ is (as previously visualized in Figure 2.2 in Chapter 2). It is thus reasonable to see
related priming of /T/ targets with /s/-word primes but not /S/-word primes. For listeners
with previous accent exposure, things are less clear. Given the shifts observed for both
/T/-/s/ and /T/-/S/ continua in Experiments 1 and 2, it is not clear why the degree of
related priming (compared to identity priming) appears to differ between the two sounds.
Possibly, this occurred because /S/ was a perceptually closer match than /s/ to the training
accent. Still, these results are interesting given that categorization results for both /T/-/s/
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and /T/-/S/ continua (Experiments 1 and 2) showed no category shift at all at the /s/ and
/S/ endpoints — both controls and trained listeners unambiguously processed these tokens
as /s/ or /S/.

The main results from this set of experiments aligns with prior work demonstrating a
relationship between phonetic category structure and lexical processing. For instance, Xie
et al. (2017) found that listeners exposed to an ambiguous word-final /d/ pronunciation in
Mandarin-accented English were also more likely to process this sound as /d/ in a cross-
modal priming task where critical primes involved ambiguous /d/-words that had /t/-word
minimal pairs (e.g., auditory see[d/t] primed visual <seed>). However, the same devoiced
/d/-final primes also continued to prime /t/-final visual targets, indicating that perceptual
learning for this sound did not eliminate lexical competition for similar-sounding words.
However, Xie et al. (2017) did not expose listeners to examples of /t/ in the training phase,
meaning listeners did not have evidence for what a typical realization of /t/ sounded like for
this speaker. By contrast, in the current set of studies, listeners in the training group heard
both ambiguous /T/ = [T/s] word and unambiguous /s/ = [s] words. While prior exposure to
both sounds did not eliminate /s/ word priming of visual /T/ targets entirely, it did result in
these listeners showing weaker related priming relative to identity priming, as compared to
controls. However, listeners did not hear any instances of /S/ in the training task. Given this
fact and knowing that this speaker produced idiosyncratic /T/, they may have been more
flexible in allowing [S] to map on to /T/.

These results have several important implications for the question of the mechanisms
listeners use to adapt to an unfamiliar accent. First, the finding that trained listeners, but
not controls, showed priming of /T/ words following exposure to auditory /S/ minimal non-
words suggests that listeners relied on some form of category expansion to adapt to the
unfamiliar accent. Second, the fact that trained listeners also showed poorer related priming
with /s/ minimal non-words indicates that there were limits on these listeners’ tolerance
for atypical realizations of the target sound. Overall, this suggests that listeners utilize a
somewhat coarse-grained adaptation strategy for an unfamiliar accent. Perceptual learning
involves adjustments to phonetic categories that are not limited to the phonetic patterns
in the initial exposure period, but can also facilitate subsequent processing of similar but
distinct pronunciations. Given the increased variability of accented speech (Wade et al.,
2007), maintaining this kind of relatively general learning strategy may be important for
generalizing learning to novel speakers.
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Chapter 4

Investigating generalization of
phonetic learning to new speakers

4.1 Introduction
This chapter investigates the factors affecting generalization of an unfamiliar accent to novel
speakers. Chapter 2 results suggested that listeners use a non-uniform category expansion
mechanism to adapt to a speaker with an unfamiliar pronunciation. Moreover, findings from
Chapter 3 suggest that there is a link between category changes and processing — listeners
with prior exposure to the accent showed changes in lexical processing for critical words
produced with a novel accent similar to the training pronunciation. The experiments in the
current chapter build on these findings by investigating whether those same mechanisms
constrain the generalization of learning to novel speakers with a similar pronunciation.

Previous literature has suggested that this type of perceptual learning (lexically-guided
phonetic recalibration) is often speaker-specific — it does not tend to generalize. However,
results from Chapter 2 suggest that there is some listener tolerance for phonetic mismatch
between exposure and test contexts — listeners generalize learning to a novel phonetic con-
trast containing the trained sound category. Chapter 3 provides complementary evidence,
showing that even unambiguous /S/ (e.g., sherapy) could prime /T/ words (<therapy>) for
listeners with prior exposure to an atypical pronunciation of /T/ as [T/s]. Such results sug-
gest that lexically-guided recalibration of phonetic categories is sufficiently robust to phonetic
variation to facilitate speaker-independent adaptation to a given accent, as has been found
in related literature on accent accommodation (Bradlow & Bent, 2008; Sidaras et al., 2009).
Crucially, given the expected phonetic variation across speakers (even when they share a
language background), listeners must be able to abstract over such differences in order to
successfully learn the accent. The literature shows that accented speech in particular tends
to be more variable (Wade et al., 2007), but there are nonetheless systematic regularities
within a given accent due to the influence of the L1 sound system. So, maintaining the right
balance between perceptual flexibility and sensitivity to the systematic phonetic patterns
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within a given accent may be crucial for speaker-independent adaptation to a given accent.

4.2 Background
Generalization in phonetic recalibration studies
The long-lasting nature of perceptual learning for speech, as Samuel and Kraljic (2009) note,
raises the question of whether such learning is speaker-specific or not. If speaker-general,
such learning could potentially inhibit accurate perception of speakers who do not share
the pronunciation. The literature shows that the answer to this question is complicated,
depending on the sound categories involved in training and test contexts, acoustic simi-
larity between speakers, and the range of stimuli listeners are exposed to in training and
test contexts. For instance, Kraljic and Samuel (2005) showed that perceptual learning-
induced changes following exposure to ambiguous /s/ or /S/ (pronounced as [s/S]) persisted
25 minutes after exposure, even when listeners heard many canonical pronunciations (by
a different speaker) in the intervening period. However, when listeners heard canonical
forms produced by the same (idiosyncratic) speaker as in the original exposure, perceptual
learning-induced changes in categorization were attenuated. The fact that ‘unlearning’ was
only observed when listeners heard good tokens produced by the original speaker suggests
speaker-specificity. Eisner and McQueen (2005) also found that learning of such atypical
fricative pronunciations seemed to be speaker-specific. They found that generalization to
different speakers was only possible provided that the fricatives used in a novel speakers’
test continua were spliced in from the exposure speaker’s productions. No transfer of learn-
ing was observed when the novel speakers’ test continua used ambiguous fricatives created
from their own productions.

Other research suggests that the specificity of phonetic recalibration may depend on the
sound categories involved. Kraljic and Samuel (2006) found that learning of ambiguous stop
consonants was much less constrained than previously reported results for fricatives. They
exposed listeners to an ambiguous stop consonant [d/t] and found that learning generalized
to both a novel speaker and a novel stop contrast, inducing a categorization shift for [b]-[p]
continua. The authors suggest this difference is due to the fact that fricatives contain spectral
information that can cue speaker identity, whereas stops do not — the implementation of
stop voicing does not differ systematically across speakers. Kraljic and Samuel (2005) found
that phonetic recalibraton following exposure to an ambiguous fricative pronunciation can
transfer across speakers under certain conditions. In their study, they showed that learning
for an ambiguous [s/S] pronunciation transferred from a female training voice to male test
voice, but not vice versa. Acoustic analysis of fricative spectral means in each set of training
and test materials suggest that listeners were sensitive to acoustic similarity of fricatives
between training and test: generalization occurred with more acoustically similar sets of
training vs. test tokens (female training - male test) but not with more distinct ones (male
training - female test).
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Other literature on phonetic recalibration has also found that acoustic similarity be-
tween familiar (training) and novel (test) contexts facilitates cross-speaker generalization.
Reinisch and Holt (2014) found that perceptual learning for an ambiguous fricative pronun-
ciation could transfer to new speakers under certain conditions. They exposed American
English listeners to a Dutch-accented female speaker of English with an ambiguous fricative
production phonetically between [f] and [s]. They initially found that listeners were able to
generalize learning to a novel female speaker, but not to a novel male speaker. However, a
followup experiment showed that cross-gender generalization was possible when the familiar
and novel speakers’ test continua spanned a similar range of phonetic space.

Generalization of perceptual learning in natural accent
accommodation studies
The literature on natural-accent accommodation, although utilizing different methodologies
and types of speech exposure, has yielded similar results. Overall, patterns of generalization
of learning for accented speech tends to to be mixed—learning does not consistently trans-
fer to novel speakers. As with recalibration studies, the evidence here points to acoustic
similarity as being an important factor for successful generalization.

Single-speaker exposure is often sufficient for listeners to show improved perception of
a novel speaker. Xie, Weatherholtz, et al. (2018) found that a brief period of exposure to
Mandarin-accented English led to both improved accuracy and faster response times in a
cross-modal word recognition task, replicating a study by Clarke and Garrett (2004). Xie,
Weatherholtz, et al. (2018) also demonstrated that such learning could transfer to a novel
speaker sharing the same (Mandarin) accent. This adds to a set of studies demonstrating that
adaptation to naturally-accented speech can transfer with minimal exposure to just a single
speaker of that accent. For instance, Weil (2001) showed that listeners exposed to a single
Marathi-accented speaker of English showed improved transcription accuracy for sentences
produced by a novel Marathi-accented speaker. Witteman et al. (2013) showed that minimal
exposure to German-accented Dutch (just 12 accented items) resulted in improvements in
lexical processing of this accent, and that learning transferred to a novel German-accented
Dutch speaker.

However, Bradlow and Bent (2008) found that single-speaker exposure was insufficient
for speaker-independent accent accommodation. They exposed American English listeners
to Mandarin Chinese-accented English spoken with a strong accent, with one listener group
trained on many different speakers (high variability condition) whereas the other was trained
on just one speaker. Results of a post-training test phase showed that both the high-
variability and low-variability group showed approximately the same increase in transcription
accuracy for a familiar Chinese-accented speaker compared to baseline (a control group
with no prior accent exposure). However, performance for listeners in the low-variability
group was at baseline when they were tested on a new speaker, whereas improvements
transferred for the high-variability group. Thus, listeners in the multiple-talker condition
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were able to achieve speaker-independent perceptual adaptation, while those in the single-
talker condition only showed perceptual learning for the exposure speaker—learning did not
transfer. Interestingly, the two groups did not differ when tested on a Slovakian accent
which neither had been exposed to in training. This suggests that perceptual learning for
accented speech involves tuning in to shared features across a group of speakers, rather than
a simple increase in perceptual flexibility that may promote recognition of any accented
speaker. These results suggest that high-variability training protocols may be important for
achieving robust learning of a given accent.

Other studies support this observation. For instance, Sidaras et al. (2009) utilized the
same basic paradigm as Bradlow and Bent (2008). The authors exposed listeners to sen-
tences produced by 6 speakers of Spanish-accented English, and then tested them on novel
sentences and words produced by either 6 different speakers or the same group of speakers
they heard in training. Results showed that perceptual learning transferred to the novel
speakers at both the sentence and word level—performance for both groups was comparable
and significantly better than a control group that had been exposed to just natively-accented
English. Baese-Berk et al. (2013) investigated whether multi-speaker exposure could induce
accent-independent perceptual learning that would generalize to novel accents that listeners
had not been previously exposed to. Like Bradlow and Bent (2008), they included an ex-
posure phase where listeners were asked to transcribe speech produced by multiple accented
speakers. Unlike the former study, however Baese-Berk et al. (2013) included speakers from
a wide range of different L1 backgrounds. They hypothesized that if exposed to a sufficient
range of variability on relevant phonetic dimensions, listeners would be able to generalize
perceptual learning to a speaker of a novel accent. The idea was that because L2 speakers of
English tend to struggle with some of the same phonetic features of English (e.g., production
of typologically uncommon segments, slower speech rate, failure to reduce vowels, etc.), the
right kind of exposure would allow listeners to learn this “global” foreign accent and achieve
“accent-independent” adaptation. They used the stimuli/procedures of Bradlow and Bent
(2008) but divided their participants into 3 training groups, who were exposed to either
5 speakers with a Standard American English accent, 5 Mandarin-accented speakers, or 5
speakers with different accents (Thai, Korean, Romanian, Mandarin, and Hindi). Results
showed that listeners in the multiple-accent group were able to generalize perceptual learning
to a novel (Slovakian) accent, but listeners in the single-accent group did not see learning
transfer—their performance did not differ significantly from the native-accent control group.

Given the increased variability of non-natively accented speech (Wade et al., 2007), it is
not surprising that high-variability training appears to facilitate general accent adaptation.
It is plausible that exposure to many speakers can provide listeners with an approximation
of the range of possible pronunciations they may encounter across speakers of a given accent
group, allowing them to abstract over the differences between speakers. However, more
recent literature suggests that such abstraction may not be the key mechanism in producing
speaker-independent adapation. Rather, exposure to more speakers makes it more likely that
listeners will find an acoustic match between a novel and previously encountered speaker.
Xie and Myers (2017), for instance, exposed listeners to Mandarin-accented English where
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word-final /d/ sounds were produced such that they were ambiguous with /t/. In a series of
experiments, American English listeners were exposed to this accent in either a multi-speaker
training phase or one of two different single-speaker training phases. They were then tested
on a cross-modal priming task to assess whether training affected processing of word-final /d/
and /t/ words. Results showed that listeners in the multi-speaker training condition showed
generalization of learning to a novel speaker of Mandarin-accented English, but only one of
the two single-speaker training groups saw transfer of learning. Subsequent analyses showed
that, regardless of training type (single- or multi-speaker) transfer of learning was best
predicted by acoustic similarity between training-test speaker pairs. A study by Alexander
and Nygaard (2019) also illustrates how acoustic similarity seems to be an important factor
in generalization, regardless of L1 accent background. First, they found that multi-speaker
training generalized when the training and test accents matched, e.g., listeners trained on
multiple Spanish-accented speakers showed improved perception of novel Spanish-accented
speakers, but not Korean-accented ones. Results of multi-accent training were intermediate:
benefits were shown for words produced by novel Spanish-accented speakers, but not Korean-
accented ones. Followup analyses suggested that between-speaker acoustic similarity on
particular segments (vowels) may have facilitated transfer, with more acoustically similar
speakers showing more robust generalization, regardless of L1 background. Together, these
results suggest that a high-variability exposure phase may promote generalization of learning,
but that the reason for this benefit may not be that it allows for abstraction over speaker
differences. Rather, multi-speaker exposure may just make it more likely for listeners to find
a close acoustic match between familiar and novel speakers.

The current study
Given the mixed evidence for generalization of perceptual learning for accented speech, it
is plausible that listeners may rely on distinct mechanisms for achieving speaker-specific vs.
speaker-general accent adaption. Previous research has suggested that listeners may have
access to different strategies during accent accommodation (Schmale et al., 2012; Weil, 2001).
Choice of strategy may depend on multiple factors (type of exposure materials, duration of
training, number of speakers and accents in training phase, etc.). For instance, a high-
variability exposure task (e.g., Baese-Berk et al., 2013) may encourage listeners to adopt a
more general learning strategy (category expansion), whereas with lower exposure variability
(e.g., Bradlow and Bent, 2008) a more targeted mechanism may be preferable.

Existing research is unclear about how mechanisms may differ for speaker-specific learn-
ing vs. speaker-independent learning. To assess the nature of the mechanism underlying
recalibration of phonetic categories, the experiments in Chapter 2 tested listeners on a series
of sound contrasts contained the trained phoneme. Results showed that learning was not
contrast-specific, but generalized to a novel contrast that was perceptually similar to the
training accent. This result is consistent with a phonetic learning strategy that involves ex-
pansion of a perceptual category into neighboring phonetic space, following exposure to an
atypical production of that category. This result suggests that the perceptual system main-
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tains a certain amount of uncertainty or coarseness of learning. It is plausible that maintain-
ing this kind of general learning strategy could help listeners achieve speaker-independent
adaptation to a given accent — since there is natural variability across speakers, even those
with the ‘same’ accent will exhibit some degree of phonetic difference in their productions.
This may be especially important for adapting to a non-native accent, since such speech
tends to be especially variable (Seibert, 2011; Wade et al., 2007).

However, existing literature does not provide a clear answer to the question of whether
listeners rely on the same mechanisms for speaker-specific vs. speaker-independent phonetic
learning. Previous recalibration literature exploring cross-speaker generalization of learning
has only examined a single phonetic contrast involving the atypical target sound (Kraljic &
Samuel, 2005, 2007; Reinisch & Holt, 2014). The patterns of generalization in those studies
thus do not yield clear evidence about the learning mechanisms involved. The current study
aims to test this question explicitly by testing cross-speaker generalization for multiple pho-
netic contrasts involving the trained target phoneme, which ought to yield more conclusive
evidence on which mechanisms listeners use during generalization of learning.

Hypotheses
Assuming that listeners rely on a form of category expansion to recalibrate phonetic cat-
egories and that this same mechanism transfers to novel speakers, we would predict that
training on an ambiguous accent /T/ = [T/s] would result in an increased proportion of /T/
responses for both /T/-/s/ and /T/-/S/ continua, whether these were produced by the same
speaker or a novel speaker. However, given mixed results for cross-speaker generalization
of ambiguous fricative pronunciations in earlier work and the importance of acoustic match
in generalization of learning (Eisner & McQueen, 2005; Kraljic & Samuel, 2005; Reinisch &
Holt, 2014), it is plausible that we may observe asymmetric patterns of generalization for
novel male vs. female speakers (e.g., transfer of learning to the former but not the latter),
given the systematic gender-based differences in spectral characteristics for fricatives.

For /T/-/s/ continua, where the sounds in the contrast match the exposure accent (/T/ =
[T/s]), prior literature would suggest limited cross-gender generalization under normal testing
conditions (Reinisch & Holt, 2014), given the systematic differences in spectral characteris-
tics of /s/ across male vs. female speakers (male speakers generally have lower frequency
resonances due to a longer vocal tract (Mann & Repp, 1980; Strand & Johnson, 1996)).
This suggests that, consistent with previous work, we may observe generalization to the
more acoustically similar male speaker but not to the female speaker for this contrast.

For /T/-/S/ continua, given that existing literature on cross-speaker generalization of
phonetic recalibration has only tested a single phonetic contrast following exposure, it is not
clear what exact pattern of results we should expect. However, if listeners are using a non-
uniform category expansion mechanism, and generalization is primarily due to raw acoustic
similarity between training and test tokens, then we may again predict generalization to
the novel male speaker (increased proportion of /T/ responses). Transfer of learning to the
female speaker could also occur, given that female speakers’ fricative productions tend to
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exhibit a systematically higher spectral mean. This means that this speaker’s /T/-/S/ items
may fall within the acoustic range of the male speaker’s [T/s] tokens. If this is the case, then
we ought to observe transfer of learning here as well.

4.3 Experiment 5
Methods
Experimental platform

The experiments in this chapter were conducted using the same custom web-based program
used in previous experiments 1-4, and all study procedures occurred through Prolific.

Participants

81 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 13 participants, leaving a total of 68
whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
Participants were relatively evenly divided on gender (F = 36, M = 29, ), with a small
number selecting the ‘other’ response option (N = 3). Participants self-reported the following
ethnicities: White (N = 50), Hispanic (N = 8), Black (N = 7), Asian (N = 2), and ‘other’
(N = 1). They spanned the following age groups: 18-20 (N = 10), 21-25 (N = 18), 26-30 (N
= 18), 31-35 (N = 9), 36-40 (N = 2), 41-45 (N = 2), 46-50 (N = 1), 51+ (N = 8). Overall,
participants reported moderate experience with accented English on a seven-point scale (M
= 4.9, SD = 1.7, range = 1-7).

Stimuli

The same training materials used in previous experiments were presented in this study, fol-
lowing the same experimental procedures. Test materials included the same /T/-/s/ minimal-
pair continua used in Experiment 1. Howeever, in this experiment the test continua were
based on words produced by 3 different speakers: the male speaker who produced the train-
ing materials (age = 27), a novel male speaker (age = 30) and a novel female speaker (age
= 25). All speakers were native speakers of American English, had grown up in California,
and were living in California at the time of recording. Stimuli were recorded and processed
using the same procedure as in Experiment 1.
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Procedure
Screening

Participants had to pass the same headphone check used in previous experiments prior to
participation in the experimental task. Questionnaire results suggest that screening was
again highly effective, with the majority of participants self-reporting use of high-quality
headphones (N = 37) or ear-buds (N = 29), and only a small number passing the task using
an external speaker (N = 2).

Exposure (Lexical Decision)

Participants in the accent exposure group completed a lexical decision task, using the same
materials and following the same procedure as in previous experiments.

Test (Categorization)

All participants completed a categorization task using the same 4 /T/-/s/ minimal-pair
continua presented in Experiment 1. Each continuum was presented twice for each speaker,
resulting in a total of 168 tokens (3 speakers x 4 continua x 7 tokens x 2 repetitions per token).
Tokens were presented in a different random order for each participant, following Reinisch and
Holt (2014). The presentation of fewer tokens per speaker (compared to previous experiments
where 4 repetitions per token were utilized) was chosen in order to minimize task fatigue
and because recent research has suggested that the recalibration effect fades over the course
of the testing phase (Charoy, 2021; Liu & Jaeger, 2018, 2019). Thus, presentation of fewer
tokens ought to facilitate detection of the training effect. Aside from the differences noted
here, testing procedures matched those utilized in Experiments 1 and 2.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 3 participants were removed for completing the task more
than once, 6 were removed for failing to complete the questionnaire, 1 for failing to complete
the training task, 1 for self-reporting as a non-native speaker of English, and 2 for failing to
reliably perceive a difference between continuum endpoints (< 50% mean difference between
continuum points 1 and 7). Resulting data were subsequently cleaned to remove responses
that were too fast (RT <200 ms) or too slow (RT > 2500 ms), resulting in the removal of
581 trials (5.0%) of data.

Analysis

Data were analyzed via generalized linear mixed-effects regression modeling, using the lme4
package (Bates et al., 2014) in R (R Core Team, 2022). Maximal random effect structure
was used for each model where this did not result in convergence issues, with random slopes
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Figure 4.1: Proportion /T/ responses for groups tested on categorizing 7-step [T] – [s] phonetic
continua, by speaker and by exposure condition. No significant effect of training condition
was found for any of the speakers, including the exposure speaker (male1).

fitted for all within-participant predictors (Barr, 2013). The significance of fixed effects and
interactions between them was assessed using a Wald chi-squared test. Categorical variables
were treatment-coded and included condition (training vs control, ref = control), /T/ word
position (word-initial vs. word-final, ref = word-final), and speaker (ref = male exposure
speaker). A single numeric variable (continuum step, range = 1-7) was included as a centered
numeric variable. See Appendix C for a summary of model estimates and results of the Wald
Chi-squared test.

Results
Model results show significant main effects of continuum step (χ2(1) = 197.26, p < 0.001)
and speaker (χ2(2) = 25.86, p < 0.001). There were also significant 2-way interactions of
step by group (χ2(1) = 4.90, p < 0.05), step by speaker (χ2(2) = 11.23, p < 0.01), and
word position by speaker (χ2(2) = 65.32, p < 0.001). Finally, there was one significant
3-way interaction of step, group, and word position (χ2(1) = 4.96, p < 0.05). However, the
experimental group predictor was not significant on its own, nor was there an interaction of
experimental group and speaker, indicating that the effect of training was not detected in
this experiment.

As expected, participants classified fewer tokens as /T/ as a function of continuum step
(b = -2.27, SE = 0.16, z-value = -14.04, p < 0.001). They also showed less /T/ responses
overall for both the male generalization speaker (b = -0.88, SE = 0.21, z-value = -4.26,
p < 0.001) and the female generalization speaker (b = -1.01, SE = 0.22, z-value = -4.62,
p < 0.001). Significant interactions of the predictors step by speaker and word position
by speaker suggest that overall listeners were sensitive to the difference between the three
speakers, as reflected in different categorization functions (see Figure 4.1.

Discussion
These results are surprising given previous recalibration literature that has used a similar
multi-speaker test paradigm to evaluate the cross-speaker generalization of perceptual learn-
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ing for fricatives (Reinisch & Holt, 2014; Reinisch et al., 2013). Such previous work has
suggested that intermixing tokens across speakers in this way may facilitate the perception
of their common accent. In this experiment, by contrast, this method of presentation ap-
peared to have the opposite effect, with the result that a training effect was not observed
even for the familiar (exposure) speaker. The null effect observed here suggests that this
testing paradigm may not be appropriate to evaluate phonetic recalibration with more than
one novel speaker. Reinisch and Holt (2014) report significant differences in listeners’ cate-
gorization responses for the familiar speaker based on whether she was tested in the context
of a novel female or male generalization speaker. In their case, this change did not nullify the
effect of training. However, it is possible that in the current experiment, including more than
2 speakers in the test phase led to more more response variability in listeners, preventing
the detection of a possible effect.

4.4 Experiment 6
In order to test whether the null effect of training in the previous experiment was due to
the novel test paradigm, a series of follow-up experiments were conducted. These analyses
directly replicated the methods used in Chapter 1 — listeners in each experiment were all
trained on the same speaker as in Chapter 1, and were only tested on a single speaker in the
categorization task. This ought to avoid the possible confound of stimulus presentation in
multi-speaker categorization tasks and ensure that listener categorization responses would
not be affected by tokens produced by another speaker. Experiment 6a is a direct replication
of Experiment 1, with both training and test materials (/T/-/s/ continua) produced by the
same speaker. Experiment 6b tests generalization of learning with the novel male speaker
from Experiment 5, and Experiment 6c tests generalization of learning to the novel female
speaker from Experiment 5. All experiments used the same custom web program as in
previous experiments, with all study procedures occurring through the Prolific platform.

Experiment 6a - Male exposure speaker
Participants

87 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 15 participants, leaving a total of 72
whose data were retained for analysis. All participants lived in the U.S., reported being native
speakers of American English with normal speech and hearing, and gave informed consent
prior to participating in the study. They were paid $15/h for their participation. Participants
were relatively evenly divided on gender (M = 35, F = 34), with a small number selecting the
‘other’ response option (N = 3). Participants self-reported the following ethnicities: White
(N = 56); Black (N = 7), Hispanic (N = 5), Asian (N = 2), and other (N = 2). They
spanned the following age groups: 18-20 (N = 3), 21-25 (N = 16), 26-30 (N = 16), 31-35 (N
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= 10), 36-40 (N =8), 41-45 (N-6), 46-50 (N = 4), 51+ (N = 8). They reported moderate
experience with accented English on a seven-point scale (M = 5.0, SD = 1.7, range = 1-7).

Stimuli

The same training used in Experiment 1 were used in this study. The same test materials
used in Experiment 1 were also used, with the exception that participants were only tested
on /T/-/s/ continua (not /T/-/f/). Otherwise, all experimental procedures matched those in
Experiment 1.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 11 participants were removed for completing the task more
than once, 2 were removed for failing to complete the questionnaire, and 2 for self-reporting
as non-native speakers of English. Resulting data were subsequently cleaned to remove trials
responses that were too fast (RT <200 ms) or too slow (RT > 2500 ms), resulting in the
removal of 206 trials (2.47%) of data.

Analysis

Analyses were identical to those in Experiment 5, with the exception that experiment half
was added as a categorical predictor (trial block 1 vs. block 2, ref = block 1). Recent studies
have shown that the recalibration effect can diminish or disappear over the course of testing
it (Charoy, 2021; Liu & Jaeger, 2018, 2019). Although not originally present in the analyses
for Experiments 1 and 2, including this factor could avoid failure to detect a training effect
due to a watering down of the effect size by trials occurring late in the task. See Appendix
C for a summary of model estimates and results of the Wald Chi-squared test.

Experiment 6b - Male generalization speaker
Participants

88 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 16 participants, leaving a total of 69
whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
Participants were evenly divided on gender (M = 33, F = 30), with a small number selecting
the ‘other’ response option (N = 3). Participants self-reported the following ethnicities:
White (N = 46); Black (N = 8), Asian (N = 8), Hispanic (N = 5), and other (N = 2). They
spanned the following age groups: 18-20 (N = 8), 21-25 (N = 15), 26-30 (N = 15), 31-35 (N
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= 18), 36-40 (N =5), 41-45 (N = 2), 46-50 (N = 2), 51+ (N = 4). They reported moderate
experience with accented English on a seven-point scale (M = 4.9, SD = 1.6, range = 1-7).

Stimuli

The same training materials used in Experiments 1-2 were used in this study, following the
same experimental procedures. Test materials included the same 4 minimal-pair continua
used in Experiment 6a, recorded by the novel male speaker in Experiment 5. Number of test
stimuli and presentation procedure matched Experiment 6a.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 11 participants were removed for completing the task more
than once, 3 were removed for failing to complete the questionnaire, 3 for self-reporting as
non-native speakers of English, and 2 for failing to reach a 50% mean difference between
continuum endpoints in the categorization task. Resulting data were subsequently cleaned
to remove trials responses that were too fast (RT <200 ms) or too slow (RT > 2500 ms),
resulting in the removal of 316 trials (3.97%) of data.

Analysis

Analysis was identical to that used in Experiment 6a. See Appendix C for a summary of
model estimates and results of the Wald Chi-squared test.

Experiment 6c - Female generalization speaker
Participants

80 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 11 participants, leaving a total of 69
whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
Participants were primarily male (M = 42, F = 25), with a small number selecting the ‘other’
response option (N = 2). Participants self-reported the following ethnicities: White (N =
45), Asian (N = 9), Hispanic (N = 8), Black (N = 5), and other (N = 2). They spanned the
following age groups: 18-20 (N = 10), 21-25 (N = 16), 26-30 (N = 10), 31-35 (N = 11), 36-40
(N =7), 41-45 (N = 2), 46-50 (N = 6), 51+ (N = 7). They reported moderate experience
with accented English on a seven-point scale (M = 4.9, SD = 1.6, range = 2-7).
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Stimuli

The same training materials used in Experiments 1-2 were used in this study, following the
same experimental procedures. Test materials included the same 4 minimal-pair continua
used in Experiment 6a-b, recorded by the novel female speaker speaker in Experiment 5.
Number of test stimuli and presentation procedure matched that used in Experiments 6a-b.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 7 participants were removed for completing the task more
than once, 2 were removed for failing to complete the questionnaire, and 2 for self-reporting
as non-native speakers of English. Resulting data were subsequently cleaned to remove trials
responses that were too fast (RT <200 ms) or too slow (RT > 2500 ms), resulting in the
removal of 214 trials (2.72%) of data.

Analysis

Analysis was identical to that used in Experiment 6a-b. See Appendix C for a summary of
model estimates and results of the Wald Chi-squared test.

Results
Exp. 6a - Male exposure speaker

Model results show significant main effects of continuum step (χ2(1) = 165.54, p < 0.001),
experimental group (χ2(1) = 6.43, p < 0.05), and block (χ2(1) = 6.32, p < 0.05). There
were also significant 2-way interactions of continuum step by group (χ2(1) = 5.53, p <
0.05), as well as continuum step by block (χ2(1) = 4.21, p < 0.05). Finally, there were also
significant 3-way interactions of step, group, and block (χ2(1) = 6.73, p < 0.01), and step,
word position, and block (χ2(1) = 7.31, p < 0.01).

The exposure group showed showed a significantly higher proportion (3.8%) of /T/ re-
sponses (b = 0.86, SE = 0.34, z-value = 2.54, p < 0.05) compared to controls , with most
of the shift apparent in just the middle steps of the continuum (see Figure 4.2), contrary
to what was observed in Experiment 1, where the shift spanned the virtually all continuum
steps. There was a trend for a decrease in the size of the training effect across experiment
blocks (3.9% shift seen in the first half of trials, and a 3.6% shift in the second half), but this
was not significant (b = -0.38, SE = 0.31, z-value = -1.23, p = 0.22). The model also pre-
dicted a lower likelihood of /T/ responses closer to the [s] side of the continuum (b = -2.47,
SE = 0.19, z-value = -12.87, p < 0.001), and a higher overall likelihood of /T/ responses in
the second block of the experiment (b = 0.55, SE = 0.22, z-value = 2.51, p < 0.05).
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Figure 4.2: Male exposure speaker: Proportion /T/ responses for groups tested on catego-
rizing 7-step [T] – [s] phonetic continua, by exposure condition.

Exp. 6b - Male generalization speaker

Results showed main effects of continuum step (χ2(1) = 173.19, p < 0.001), word position
(χ2(1) = 18.80, p < 0.001), and trial block (χ2(1) = 8.77, p < 0.01), with a marginal effect of
experimental group (χ2(1) = 3.28, p = 0.070). There were also significant 2-way interactions
of continuum step by word position (χ2(1) = 7.41, p < 0.01) as well as word position by
block (χ2(1) = 8.16, p < 0.01). There was also a significant 3-way interaction of step, word
position, and block (χ2(1) = 11.14, p < 0.001).

The exposure group showed a marginally significant (5.3%) increase in the proportion
of /T/ responses compared to controls (b = 0.57, SE= 0.31, z-value = 1.81, p = 0.070).
Interestingly, the training effect spanned most of the continuum (see Figure 4.3), in contrast
to what was seen with the exposure speaker, where it was localized to the ambiguous region
of the continuum. This suggests that the novel male speaker had more acoustically similar
/T/ and /s/ productions to begin with, leaving room for a group difference to emerge even
near continuum endpoints, as we saw in Experiment 1. There was a numeric difference in
the size of the training effect across experiment blocks (a 6.9% shift seen in the first half of
trials, and a 3.5% shift in the second half), but this difference was not significant (b = -0.30,
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Figure 4.3: Male generalization speaker: Proportion /T/ responses for groups tested on
categorizing 7-step [T] – [s] phonetic continua, by exposure condition.

SE = 0.35, z-score = -0.85, p = 0.39).
Unsurprisingly, results again showed that proportion of /T/ responses decreased with

continuum step for tokens closer to the /s/ end-point (b = -1.70, SE = 0.13, z-value =
-13.16, p < 0.001). They also showed a lower likelihood of /T/ responses in word-initial /T/
continua (b = -1.16, SE = 0.27, z-value = -4.34, p < 0.001). The model also predicted a
higher likelihood of /T/ responses in the second block of the experiment (b = 0.75, SE = 0.25,
z-value = 2.96, p < 0.01). The interaction of step and word position suggest that the effect of
step on decreasing the likelihood of /T/ responses was weakened in word-initial /T/ continua
(b = 0.33, SE = 0.12, z-value = 2.72, p < 0.01), but a 3-way interaction of step, word
position, and block suggest that this weakening effect was not as strong in the second block
of the experiment (b = -0.66, SE = 0.20, z-value = -3.34, p < 0.001) The interaction of word
position and block suggest that the predicted effect of word-initial position on decreasing the
likelihood of a /T/ response was weakened in the second block (b = 0.76, SE = 0.27, z-value
= 2.86, p < 0.01).
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Exp. 6c - Female generalization speaker

Results showed significant main effects of continuum step (χ2(1) = 198.42, p < 0.001) and
of block (χ2(1) = 18.91, p < 0.001). There was also a significant 2-way interaction of group
and block (χ2(1) = 4.25, p < 0.05).

The exposure group showed showed a small numeric shift (1.8%) in their /T/-/s/ category
boundary (see Figure 4.4, but this difference was not significant (b = 0.13, SE = 0.26, z-value
= 0.48, p = 0.63). There was also a significant decrease in the size of the training effect
across experiment blocks (b = -0.92, SE = 0.44, z-score = -2.06, p < 0.05), with a 2.4%
shift seen in the first half of trials, and a 1.3% shift in the second half. As expected, the
predicted likelihood of a /T/ response decreased closer to the /s/ endpoint of minimal-pair
continua (b = -2.28, SE = 0.16, z-value = -14.09, p < 0.001). There was also a higher
predicted likelihood of /T/ responses in the second block of the experiment (b = 1.36, SE =
0.31, z-value = 4.35, p < 0.001).
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Figure 4.4: Female generalization speaker: Proportion /T/ responses for groups tested on
categorizing 7-step [T] – [s] phonetic continua, by exposure condition. A significantly small
training effect was predicted in the second block of trials.

Experiment 6a-c discussion
Results of this set of experiments are consistent with prior work showing that generalization
for phonetic recalibration of fricatives is relatively constrained. A significant boundary shift
for the male exposure speaker successfully replicates results from Experiment 1, indicating
an increase in proportion of /T/ responses following exposure to an ambiguous /T/ = [T/s]
pronunciation. Results for the novel male speaker showed a relatively large boundary shift
consistent across continuum steps. comparable to that observed for the exposure speaker.
However, model results indicate that the effect of training in this experiment only approached
significance, so we cannot be confident that generalization of learning occurred here. Finally,
the novel female speaker showed no evidence for generalization of learning, although there
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was a small numeric increase in proportion of /T/ responses for listeners in the training
group.

These results are consistent with a number of previous phonetic recalibration studies
showing that such learning for fricatives tends to resist cross-speaker generalization. For
instance, Kraljic and Samuel (2005) showed that learning only transferred when exposure
and test contexts were highly acoustically similar. Reinisch and Holt (2014) found a com-
plementary result. In an initial set of experiments, they found generalization from a female
exposure speaker to a novel female test speaker, but not to a novel male test speaker. A
subsequent experiment presented a subset of the male speaker’s original test continua, such
that they sampled a perceptual space similar to that of the female speaker. Under these con-
ditions, learning did transfer. The results of this set of experiments indicate that just as with
previous studies involving different fricative contrasts, perceptual learning of a speaker with
an ambiguous /T/ pronunciation tended to be speaker-specific, albeit with some evidence for
generalization for speakers of the same gender.

4.5 Experiment 7
The following set of experiments tests whether generalization of learning for an ambiguous
/T/ = [T/s] pronunciation can transfer to both a new speaker and a new phonetic contrast
/T/-/S/. Given that transfer of learning was observed within a single speaker in Chapter 2, it
is possible that the same mechanism may faciliate cross-speaker generalization for the same
contrast. Given gender-based spectral differences in fricative realization (Mann & Repp,
1980; Strand & Johnson, 1996), we might expect a different pattern of results here, since the
female speaker’s /S/ may be acoustically closer to the male speaker’s /s/, allowing transfer
for this contrast even though no transfer was observed in /T/-/S/ categorization.

The set of experiments presented below each utilize the same training materials as in
Experiments 6a-c, produced by the same speaker. The test phase, however, involves catego-
rization of a /T/-/S/ continuum, as in Experiment 2. Experiment 7a is a direct replication of
Experiment 2, with both training and test materials produced by the same speaker. Exper-
iment 7b tests generalization of learning for the novel male speaker in Experiment 6b, and
Experiment 7c tests generalization of learning to the novel female speaker from Experiment
6c. All experiments here are otherwise identical to Experiments 6a-c.

Experiment 7a - Male exposure speaker
Participants

78 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 6 participants, leaving a total of 72
whose data were retained for analysis. All participants lived in the U.S., reported being native
speakers of American English with normal speech and hearing, and gave informed consent
prior to participating in the study. They were paid $15/h for their participation. Participants
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were relatively evenly divided on gender (F = 38, M = 32), with a small number selecting the
‘other’ response option (N = 2). Participants self-reported the following ethnicities: White
(N = 58); Black (N = 5), other (N = 4), Hispanic (N = 3), and Asian (N = 2). They
spanned the following age groups: 18-20 (N = 7), 21-25 (N = 14), 26-30 (N = 13), 31-35 (N
= 7), 36-40 (N = 13), 41-45 (N = 2), 46-50 (N = 5), 51+ (N = 11). They reported moderate
experience with accented English on a seven-point scale (M = 4.8, SD = 1.6, range = 1-7).

Stimuli

The same training materials and test materials (/T/-/S/ minimal-pair continua) used in
Experiment 2 were used in this experiment, following the same experimental procedures.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 7 participants were removed for completing the task more
than once, 3 were removed for failing to complete the questionnaire, 2 for self-reporting as
non-native speakers of English, and 1 for responding too quickly (RT < 200 ms) on over 20%
of trials. Resulting data were subsequently cleaned to remove responses that were too fast
(RT < 200 ms) or too slow (RT > 2500 ms), resulting in the removal of 156 trials (1.91% of
data).

Analysis

Analyses were identical to those used in Experiments 6a-c. See Appendix C for a summary
of model estimates and results of the Wald Chi-squared test.

Experiment 7b - Male generalization speaker
Participants

79 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 8 participants, leaving a total of 71
whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
Participants were primarily male (M = 41, F = 28), with a small number selecting the ‘other’
response option (N = 2). Participants self-reported the following ethnicities: White (N =
44), Asian (N = 12), Black (N = 6), other (N = 5), and Hispanic (N = 4). They spanned the
following age groups: 18-20 (N = 7), 21-25 (N = 23), 26-30 (N = 7), 31-35 (N = 12), 36-40
(N = 6), 41-45 (N = 3), 46-50 (N = 7), 51+ (N = 6). They reported moderate experience
with accented English on a seven-point scale (M = 5.0, SD = 1.7, range = 1-7).
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Stimuli

The same training materials used in Experiments 2 were used in this study, following the same
experimental procedures. Test materials utilized the same /T/-/S/ minimal pair continua
used in Experiment 2, but recorded by the male generalization speaker in Experiment 6b.

Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 2 participants were removed for completing the task more
than once, 4 were removed for failing to complete the questionnaire, 2 for self-reporting as
non-native speakers of English, and 1 for responding too quickly (RT < 200 ms) on over 20%
of trials. Resulting data were subsequently cleaned to remove responses that were too fast
(RT <200 ms) or too slow (RT > 2500 ms), resulting in the removal of 173 trials (2.16% of
data).

Analysis

Analyses were identical to those used in Experiments 6a-c. See Appendix C for a summary
of model estimates and results of the Wald Chi-squared test.

Experiment 7c - Female generalization speaker
Participants

79 participants were initially recruited on Prolific. Exclusion of participants who failed to
meet experimental criteria resulted in the removal of 14 participants, leaving a total of 65
whose data were retained for analysis. All participants lived in the U.S., reported being
native speakers of American English with normal speech and hearing, and gave informed
consent prior to participating in the study. They were paid $15/h for their participation.
Participants were primarily male (M = 40, F = 25). Participants self-reported the following
ethnicities: White (N = 49), Hispanic (N = 8), Black (N = 4), Asian (N = 2), and other
(N = 2). They spanned the following age groups: 18-20 (N = 10), 21-25 (N = 11), 26-30 (N
= 13), 31-35 (N = 7), 36-40 (N = 9), 41-45 (N = 3), 46-50 (N = 4), 51+ (N = 8). They
reported moderate experience with accented English on a seven-point scale (M = 4.7, SD =
1.4, range = 1-7).

Stimuli

The same training materials used in Experiment 2 were used in this study, following the same
experimental procedures. Test materials utilized the same /T/-/S/ minimal pair continua
used in Experiment 2, recorded by the female generalization speaker in Experiment 6c.
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Data preparation

Prior to statistical analysis, data were first preprocessed by excluding participants who did
not meet experimental criteria: 2 participants were removed for completing the task more
than once, 4 were removed for failing to complete the questionnaire, 2 for self-reporting as
non-native speakers of English, and 1 for responding too quickly (RT < 200 ms) on over 20%
of trials. Resulting data were subsequently cleaned to remove responses that were too fast
(RT <200 ms) or too slow (RT > 2500 ms), resulting in the removal of 163 trials (2.21% of
data).

Analysis

Analyses were identical to those used in Experiments 6a-c. See Appendix C for a summary
of model estimates and results of the Wald Chi-squared test.

Results
Exp. 7a results

Model results revealed main effects of continuum step (χ2(1) = 177.03, p < 0.001) and block
(χ2(1) = 31.10, p < 0.001). There was also a significant 2-way interaction of word position
and block (χ2(1) = 8.77, p < 0.01), and a 4-way interaction of step, group, word position,
and block (χ2(1) = 6.00, p < 0.05). Crucially, the effect of experimental group failed to
reach significance (χ2(1) = 2.38, p = 0.12), failing to replicate the finding of Experiment 2,
where a significant effect of training was observed for categorization of [T]-[S] continua.

There was a trend for an increased proportion of /T/ responses for the training group
(see Figure 4.5), but this result was not significant (b = 0.58, SE = 0.38, z-value = 1.54,
p = 0.12). There was a small numeric difference in the size of the training effect across
experiment blocks (a 1.8% shift seen in the first half of trials, and a -1.4% shift in the second
half), but model results showed no significant effect of block on the training effect (χ2(1) =
0.26, p = 0.61).

As expected, the model predicted a lower likelihood of /T/ responses toward the /S/
endpoint of the continuum (b = -2.61, SE = 0.20, z-value = -13.31, p < 0.001), and higher
likelihood of a /T/ response in the second block of trials (b = 1.80, SE = 0.32, z-value =
5.58, p < 0.001). The interaction of word position and block also predicts a lower likelihood
of /T/ responses for word-initial continua in the second block of trials (b = -1.17, SE = 0.40,
z-value = -2.96, p < 0.01).

Exp. 7b results

Model results revealed main effects of continuum step (χ2(1) = 127.52, p < 0.001), experi-
mental group (χ2(1) = 6.78, p < 0.01), word position (χ2(1) = 63.24, p < 0.001), and trial
block (χ2(1) = 22.06, p < 0.001).
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Figure 4.5: Male exposure speaker: proportion /T/ responses for groups tested on categoriz-
ing 7-step [T] – [S] phonetic continua, by exposure condition.

There were also significant 2-way interactions of step and word position (χ2(1) = 5.73,
p < 0.01), of group and block (χ2(1) = 10.43, p < 0.001), and of word position and block
(χ2(1) = 15.66, p < 0.001). There were also 3-way interactions of step, group, and word
position (χ2(1) = 9.77, p < 0.01), of step, word position, and block (χ2(1) = 6.28, p < 0.05),
and a 4-way interaction of step, group, word position, and block (χ2(1) = 5.36, p < 0.05).

The training effect showed up as a significant decrease (-3.2%) in the proportion of /T/
responses in the data (b = -0.90, SE =0.35, z-value = -2.60 p < 0.01) There was also a
decrease in the size of the training effect across experiment blocks: the large -5.1% shift
seen in the first half of trials decreased to -1.3% in the second half (b = 0.85, SE = 0.26,
z-value = 3.23, p < 0.01). Similar to the results for [T]-[s] categorization for this speaker in
Experiment 6b, the training effect again seems to hold across continuum steps (see Figure
4.6), rather than being restricted to just the the middle steps.

As expected, the model predicted a lower likelihood of /T/ responses closer to the /S/
endpoint of the continuum (b = -1.94, SE = 0.17, z-value = -11.29, p < 0.001). It also
predicted lower overall likelihood of a /T/ response in the second block of trials (b = -0.86,
SE = 0.28, z-value = -4.70, p < 0.001), and lower likelihood of a /T/ response in continua with
word-initial /T/ (b = -2.08, SE = 0.26, z-value = -7.95, p < 0.001). The model predicted less
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/T/ responses for the training group, i.e., a shift in categorization responses in the opposite
direction typically observed in recalibration studies. Interactions of step and word position
suggested a stronger effect of step in word-initial continua (b = -0.33, SE = 0.14, z-value =
-2.39, p < 0.05), which intensified in the second block of trials (b = -0.53, SE = 0.21, z-value
= -2.51, p < 0.05). The model also predicted more /T/ responses for word-initial continua in
the second block of trials (b = 1.05, SE = 0.27, z-value = 3.96, p < 0.001). The interaction
of group and block also suggest that the training effect diminished in the second block of
trials (b = 0.85, SE = 0.26, z-value = 3.23, p < 0.01). The interaction of step, group, and
word position suggest a stronger effect of step for the training group in word-initial continua
(b = -0.98, SE = 0.31, z-value = -3.13, p < 0.01), but this diminished in the second block
of trials (b = 0.94, SE = 0.40, z-value = 2.32, p < 0.05).
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Figure 4.6: Male generalization speaker: proportion /T/ responses for groups tested on
categorizing 7-step [T] – [S] phonetic continua, by exposure condition and experiment half.

Exp. 7c results

Results showed main effects of continuum step (χ2(1) = 112.44, p < 0.001), experimental
group (χ2(1) = 5.01, p < 0.05), and trial block (χ2(1) = 5.21, p < 0.05), with a significant
interaction of step and word position (χ2(1) = 5.66, p < 0.05).

The training effect was seen as a significant increase (1.8%) in the proportion of /T/
responses (b = 1.00, SE = 0.45, z-value = 2.24, p < 0.05) There was a numeric decrease in
the size of the training effect across experiment blocks (the 2.3% shift seen in the first half of
trials decreased to 1.4% in the second half), but this effect did not reach significance (χ2(1)
= 2.17, p = 0.14). Similar to the results for the male exposure speaker, the training effect
again seems to be localized to just the middle steps of the continuum (see Figure 4.7).

As expected, the model predicted a lower likelihood of /T/ responses closer to the /S/
end of the continuum (b = -2.72, SE = 0.26, z-value = -10.60, p < 0.001), with a stronger
effect of step in word-initial continua (b = -0.65, SE = 0.27, z-value = -2.38, p < 0.05). A
higher likelihood of /T/ responses was also seen for the second block of trials (b = 0.73, SE
= 0.32, z-value = 2.28, p < 0.05).
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Figure 4.7: Female generalization speaker: Proportion /T/ responses for groups tested on
categorizing 7-step [T] – [S] phonetic continua, by exposure condition.

Discussion
Results of this set of experiments are surprising for several reasons. First, there was a
failure to replicate the finding in Experiment 2, which showed a shift in categorization of
/T/-/S/ continua following exposure to a /T/ = [T/s] accent. This null result may be partially
explained by the fact that both the control and training group perceived the test stimuli in a
highly categorical way, in contrast with the somewhat more linear response curve seen for the
MTurk participants in Experiment 2. In fact, the small numeric category shift in Experiment
7a was restricted entirely to the very middle continuum step, whereas in Experiment 2 it
was evident even at the /T/ endpoint of the continuum. Second, the presence of a significant
negative shift (i.e., towards the /T/ end of the continuum) for the novel male speaker was
anomalous and has not been reported in existing recalibration literature. This result suggests
that accent exposure led to listeners becoming less tolerant of atypical /T/ realizations for
this speaker when they did not match the training accent. If recalibration caused listeners to
expect an /s/-like /T/, then the perceptual match here may have been poor for this listener
group, leading to fewer /T/ responses. Interestingly, however, participants tested on the novel
female speaker did see a significant category shift in the expected direction (towards /S/).
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This suggests that perceptual learning transferred to this speaker, suggesting that listeners
judged this speaker’s productions of /T/ to be sufficiently similar to that of the exposure
speaker to trigger recalibration.

4.6 Acoustic analysis
Given the mixed results obtained in this set of experiments and evidence from previous
studies that acoustic similarity is a key predictor of generalization, we conducted acoustic
analyses of training and test stimuli. Following Kraljic and Samuel (2005), we obtained
center of gravity measures (spectral mean weighted by amplitude) for the middle 75% of
target fricatives. This gave a single measurement for each of the 20 critical /T/ training
items, and 56 measurements per speaker for the test items (7 tokens for each of 8 continua
across Experiments 6 and 7).

First, results of the training data show an average center of gravity of 4183 Hz for the
male exposure speaker. Tokens from the same speaker in the [T]-[s] test continua (Exp.6a)
show a higher mean center of gravity of 5312 Hz. Still, this measure is much lower than
for the novel male speaker (6351 Hz) or the novel female speaker (7351 Hz). These results
suggest a fairly straightforward explanation of the patterns of generalization obtained in
Exp.6 a-c, as they show a continuum of acoustic similarity across the three speakers (see
Figure 4.8). First, despite the difference in average spectral means between the exposure
speaker’s training and test materials, we replicated the significant category boundary shift
obtained in Experiment 1. We also saw a large marginally significant shift for the novel
male speaker, who was the closest acoustic match to the exposure speaker. Meanwhile, no
corresponding shift for the novel female speaker was obtained, consistent with the larger
acoustic difference.

For Experiments 7a-c, results are less straightforward. First, spectral means for all
speakers’ test continua are much closer acoustically. The male exposure speaker’s means for
[T]-[S] continua are 4223 Hz, nearly identical to that of the /T/ = [T/s] training items (4183
Hz). This close acoustic match may explain why generalization was observed for this contrast
in Experiment 2. However, Experiment 7a failed to replicate this result from Experiment
2 (although there was a trend in the expected direction). Meanwhile, the generalization
speakers in this set of studies show nearly identical measures: the novel male speaker’s
test tokens have an average center of gravity of 4702 Hz and the female speaker’s tokens
are 4681 Hz. This similarity is surprising given opposite categorization results observed for
these speakers (the female speaker showed a category shift toward /S/ while the novel male
speaker showed a negative shift toward /T/). Overall, such mixed results suggest that this
acoustic measure of fricative similarity may not capture cross-speaker acoustic differences
for these sounds very well.
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Figure 4.8: Spectral means (center of gravity) for training and test stimuli from Experiments
6-7, by speaker.

4.7 General discussion
Together, the set of results presented in this chapter suggest that generalization of perceptual
learning for a novel accent is modulated by several important factors.

The null result in Experiment 5, where no effect of training was observed with any
of the speakers (including the familiar male speaker from the exposure phase) indicates
that the type of exposure is an important factor determining whether recalibration can
be observed in the first place. Interestingly, this finding contrasts with those reported by
Reinisch and Holt (2014) and Reinisch et al. (2013), who utilized a similar task where
tokens from multiple minimal-pair continua and multiple speakers were intermixed in the
test phase. Although they suggest that this kind of methodology can facilitate generalization
of learning, we find the opposite effect here. Possibly, the additional variability in the
current study (three speakers presented simultaneously rather than two) may have introduced
additional uncertainty for listeners, preventing training effects from emerging. Reinisch and
Holt (2014) find that the way that listeners’ perceived the exposure speaker during the
test (categorization) phase changed as a function of the novel (female or male) speaker also
presented during exposure. While this did not neutralize the training effect in their study, it
is possible that the higher-variability testing paradigm in the current study did. Given that
subsequent experiments with single-speaker test phases did show reliable effects of training,
this may be an important takeaway for future research on the generalization of phonetic
learning.

Results of Experiments 6a-c, consistent with existing literature, show that recalibration
of category boundaries for fricatives is largely speaker-specific: listeners trained on a male
speaker with an ambiguous pronunciation /T/ = [T/s] showed a significant increase in pro-
portion of /T/ responses during categorization of [T]-[s] minimal-pair continua. They also
showed a marginally significant generalization of phonetic learning to a novel male speaker,
but not to a novel female speaker. This pattern of results is consistent with those of Reinisch
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and Holt (2014), who initially found transfer of learning only between speakers matched on
gender. Generalization from the female training speaker to the novel male speaker was only
observed when the authors resampled the male speaker’s test stimuli to more closely match
the range of phonetic space covered by the female speaker’s test stimuli. In the current
set of studies, a marginally significant category shift was observed for the more acoustically
similar novel male speaker, but not for the more distinct female speaker. This result, again,
is consistent with existing work showing that acoustic similarity between speakers is an im-
portant predictor of whether learning transfers. This has been previously demonstrated for
recalibration studies (Kraljic & Samuel, 2005; Reinisch et al., 2014) as well as for studies
utilizing natural accents (Alexander & Nygaard, 2019; Xie, Weatherholtz, et al., 2018).

Results of the second set of experiments (7a-c) are less easily explicable based on the
acoustic analyses presented here. Given the acoustically close match between the [T]-[S]
test materials and the training materials (and given the successful within-speaker transfer
of learning in Experiment 2), we might have expected to see generalization occur for all
speakers. Instead, results show that a category shift for the male exposure speaker trended
in the expected direction, and the novel female speaker saw a significant categorization shift,
also in the expected direction. However, the novel male speaker showed the opposite shift,
seeing a decrease in /T/ responses across the continuum. This shift cannot be explained by the
acoustic analyses presented here, given that this speaker’s test materials were nearly identical
to those of the female speaker. Moreover, both speakers’ test materials were highly similar to
the exposure speaker’s training materials. In fact, [T]-[S] test materials were acoustically more
similar to the /T/ = [T/s] training materials than the [T]-[s] continua were. This difference
is especially puzzling given the results of Experiments 6a-c, which showed the opposite
pattern — a numerically large shift for the male generalization speaker, but not for the
female speaker. This discrepancy suggests that the spectral measures of acoustic similarity
utilized here, although previously used to explain differences in cross-speaker generalization
of phonetic learning (Kraljic & Samuel, 2005) may be insufficient to capture differences
between speakers in the present study. Exploring additional acoustic measures (e.g., RMS
amplitude) that have been shown to distinguish sibilant and non-sibilant fricatives (Jongman
et al., 2000) could shed light on this question.

Overall, these results indicate, consistent with previous work, that recalibration of pho-
netic categories can affect perception of a novel speakers (Kraljic & Samuel, 2005, 2006;
Reinisch & Holt, 2014). However, it is unclear from the experiments presented in this
chapter what the mechanisms for generalization of such learning are, given the tenuous re-
lationship with the pattern of results observed in Experiments 1-2. For the male exposure
speaker, a significant shift for [T]-[s] continua but not [T]-[S] continua shows a failure to repli-
cate the pattern of results found in Chapter 1. While unexpected, these results suggest a
relatively targeted learning mechanism that is specific for the trained contrast and does not
result in changes to perception of neighboring sounds. For the novel male speaker, results
also support a relatively specific learning strategy. Trained listeners showed a marginally
significant shift toward /s/ when tested on [T]-[s] continua, and a shift toward /T/ when
tested on /T/-/S/ continua. This suggests an increased tolerance for atypical pronunciations



CHAPTER 4. INVESTIGATING GENERALIZATION OF PHONETIC LEARNING TO
NEW SPEAKERS 81

when these matched the exposure accent, coupled with a decrease in tolerance for atypical
pronunciations of /T/ that did not match the exposure accent. The pattern of results ob-
served across experiments for the novel female speaker is less clear. The lack of a shift on
[T]-[s] continua but a significant shift toward /S/ for /T/-/S/ continua could be explained by
acoustic similarity: analysis shows that this speaker’s test items for the [T]-[S] continua were
acoustically much closer to the exposure speaker’s training items than her /T/-/S/ continua.
However, an acoustically-based explanation here would also predict a similar shift on /T/-/S/
continua for both the familiar and novel male speakers. Overall, however, the pattern of
results across experiments in this chapter supports a relatively specific learning mechanism.
No speaker saw a significant increase in /T/ responses for both /T/-/s/ and /T/-/S/ continua,
which we would expect under a category expansion mechanism. In fact, results for the novel
male speaker speaker suggest a much more conservative learning mechanism shows that
listeners were less likely to categorize /S/-like tokens as examples of /T/, suggesting more
stringent categorization criteria for instances of this sound that did not match the training
accent. This suggests that different mechanisms may underlie the generalization of phonetic
recalibration effects than those which we see within-speaker.

The mixed results in this chapter may not be entirely surprising given the conflicting
pattern of results in the broader literature on perceptual learning for accented speech. In
particular, generalization following single-speaker accent exposure is not inconsistent across
studies. Bradlow and Bent (2008) found that single-speaker exposure to Mandarin-accented
English yielded no benefit in comprehension of a novel speaker with the same accent. Weil
(2001) did find generalization to a novel speaker, but transfer of learning was not consistent
across tasks (e.g., it was observed with sentence level but not word-level tasks). Witteman et
al. (2013) found that perceptual learning of German-accented Dutch could transfer to a novel
speaker, but not immediately after exposure (benefits to lexical processing only emerged in
the second half of the experiment). Finally, Xie and Myers (2017) found that, regardless
of whether listeners received single-speaker or multi-speaker accent familiarization, transfer
of phonetic learning for Mandarin-accented English was predicted by acoustic similarity be-
tween familiarized and novel speakers. This complements findings of Alexander and Nygaard
(2019), who found inconsistent generalization with different types of multi-accent training
— instead, the key predictor of generalization in their study was between-speaker acoustic
similarity.

The common thread through much of the research on generalization of phonetic learning
for accented speech is the importance of acoustic similarity in predicting generalization.
The set of experiments here provide some support for the importance of this factor as a
predictor of generalization in Experiments 6a-c, but fails to account for the mixed findings
seen in Experiments 7a-c. Given the relative coarseness of fricative spectral means as a
sole measure of acoustic similarity, it is plausible that this listeners were relying on other
measures of acoustic and/or perceptual similarity in determining whether and how learning
should generalize to novel speakers. Future studies may shed more light on which acoustic
factors listeners attend to in determining whether two speakers are sufficiently similar for
learning to generalize.
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Chapter 5

Conclusion

5.1 Mechanisms of accent adaptation
The primary goal of this dissertation was to investigate the mechanism(s) underlying per-
ceptual learning of accented speech. Specifically, the series of experiments in this study
investigate three largely open questions in this literature. The first asks what mechanisms
underlie the recalibration or ‘retuning’ of phonetic category boundaries following exposure
to an atypical pronunciation. The second asks whether these same mechanisms affect sub-
sequent online processing of novel words produced by the same speaker. The third question
asks whether the same mechanisms that underlie phonetic learning within a single speaker
also constrain the transfer of learning to novel speakers.

Each of these points are addressed in turn in this dissertation. Chapter 2 addresses an
ambiguity in the perceptual recalibration literature. These experiments test whether recal-
ibration of perceptual category boundaries following exposure to an atypical pronunciation
is caused by a targeted mechanism specific to the exposure accent (category shift) or a more
general mechanism of criteria relaxation (category expansion). Given that studies of natural
accent accommodation have found evidence of criteria relaxation following accent exposure
(e.g., Zheng and Samuel, 2020), we might expect this mechanism to also drive changes in
internal category structure. The experiments in this chapter provide evidence for limited
(non-uniform) category expansion that appears to be constrained by perceptual similar-
ity, supporting a possible link between recalibration and accent accommodation. Chapter
3 investigates whether the same kind of mechanism could benefit online lexical processing
following exposure to a speaker with an atypical pronunciation. Results of this study are
consistent with a category expansion mechanism, although the degree to which listeners tol-
erate novel accented productions of a given target sound appears to be constrained by the
accent exposure context and perceptual similarity to the exposure accent. Finally, Chapter
4 investigates whether the same mechanism driving recalibration of category boundaries for
a single speaker also applies to novel speakers. Results of this set of experiments provide
evidence for some generalization of phonetic recalibration to both novel speakers and novel
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phonetic contrasts (as in Chapter 2), but the pattern of results does not clearly align with
those obtained in Chapter 2 and appears to vary across speakers. On the whole, however,
these results favor a more conservative mechanism for generalization of phonetic category
retuning.

Taken together, these results show that recalibration of phonetic category boundaries
meets a number of criteria supporting a relationship between changes to category structure
and accent accommodation. First, a relatively general mechanism of phonetic retuning, as
supported by results from Chapters 2 and 3, may be beneficial to accent accommodation.
Given the increased variability of accented speech (Wade et al., 2007), it may behoove lis-
teners to main a larger perceptual “window” for sound categorization than they otherwise
would. For instance, studies have shown that non-native speakers of English may produce
/T/ in different ways (e.g., substituting /f/, /s/, or /t/) even when they speak the same L1.
Thus, the optimal strategy for perceptually adapting to a given accent may be to relax cat-
egorization criteria to accommodate the multiple possible variants of a given category that
a listener might encounter for a given accent. Crucially, however, an unconstrained expan-
sion of category boundaries may not be the best perceptual strategy, given the systematic
regularities typically seen within a given accent and evidence that listeners adapt to these
regularities (Hanulíková & Weber, 2012). A second point in favor of a relationship between
category structure and accent accommodation is the finding that this same mechanism (cat-
egory expansion) appears to constrain subsequent lexical processing of the same speaker,
as has been previously found with naturally-accented speech (Xie et al., 2017). Finally,
the results on generalization of phonetic recalibration to novel speakers in this dissertation
indicate that listeners may use multiple criteria to determine whether learning generalizes.
Given the differences in patterns of generalization across speakers, it seems that listeners
may rely on more targeted mechanisms when generalizing phonetic learning.

Crucially, while the experiments presented here tentatively favor a category expansion
explanation for both recalibration of category boundaries (Chapter 2) and changes in lexical
processing (Chapter 3), they do not exclude a more targeted mechanism as a possibility for
accent adaptation. As noted in this literature review, there is evidence for both types of
mechanisms in the existing literature on perceptual learning for accented speech. Previous
research has also highlighted the possibility that both mechanisms could be on the table.
For instance, Schmale et al. (2012) suggest that a category expansion strategy may be used
in the early stages of accent learning, but that with sufficient exposure listeners adopt a
more targeted strategy that is specific to regularities in the pronunciation. Given the short
timescales on which accent adaptation occurs (sometimes within minutes), it is plausible
that a form of category expansion may be the preferred initial strategy. It remains unclear
whether the kind of adaption that occurs with long-term exposure to accented speech may
involve a fundamentally different set of perceptual adaptations.
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5.2 Important factors in phonetic learning for
accented speech

An important goal of this dissertation has been to bridge two related bodies of literature on
perceptual learning: recalibration of phonetic category boundaries vs. natural accent accom-
modation. These different approaches to studying perceptual learning for speech, despite the
common assumption that they are linked, serve as extreme endpoints on the spectrum of
methodologies for studying atypical speech. On the one hand, recalibration work probably
represents the least veridical approximation of the real-world task of accent accommodation:
these studies rely on a single perfectly ambiguous target sound in a single otherwise natively-
accented voice. Perhaps for this reason, this approach to studying perceptual learning for
speech has been a popular one, given the ease of experimentally specifying the parameters of
deviation from a “normal” pronunciation. The recalibration paradigm also offers a straight-
forward way to study the mechanisms that listeners use to adapt to accented speech, since
perceptual learning can be evaluated at the phonemic (or allophonic) level with a relatively
high degree of specificity. On the other hand, studies of natural accent accommodation
commonly use a more naturalistic set of tasks during exposure and test, which more closely
approximate real-world learning contexts. This approach also has its problems, however,
since the types of measures often used to assess learning (e.g, comprehension scores or flu-
ency of lexical processing) are often too coarse to give much insight into the mechanisms
involved. At the same time, because non-native accents typically deviate in multiple ways
from natively-accented speech (e.g., showing differences in duration, prosody, segmental re-
alization, etc.), it is often difficult to evaluate exactly what it is that listeners are learning
during accent adaption.

This dissertation adopts the recalibration paradigm for the reasons outlined above, while
recognizing the inherent limitations of this approach. Critically, we assume that accent
adaptation occurs at least in part at the segmental level, and that changes in segmental rep-
resentations allow for word-independent learning of the systematic phonetic patterns that
characterize non-natively accented speech. This results in reduced mismatch as listeners ad-
just their expectations for how a given sound may be pronounced (Clark, 2013). While there
is evidence for such segment-level adaptation to naturally-accented speech (e.g., Witteman
et al., 2013; Xie and Myers, 2017; Xie et al., 2017), it is likely that listeners also adapt in
other ways. For instance, Reinisch and Weber (2012) found that listeners were able to rapidly
adapt to lexical stress errors in non-natively accented speech. Lev-Ari (2015) suggests that
processing of non-natively accented speech involves a fundamentally different listening mode
— because listeners expect non-native speakers to be less reliable/predictable, they instead
focus more on using top-down context (i.e., non-linguistic context) to process speech. That
is, they place less weight on the speech signal itself and more on the speech context (e.g.,
their prior expectations about what a non-native speaker intends to convey, rather than
what they actually say). An ERP study by Hanulíková et al. (2012), for instance, found
that grammatical gender violations in Dutch elicited a P600 response (indicating syntactic
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anomaly) when occurring in natively-accented speech, but not in a non-native accent. This
suggests that listeners may expect and tolerate more errors in non-native speech, and that
this occurs at multiple levels of linguistic processing.

Crucially, the nature of perceptual adaptation may depend on multiple factors. For
instance, important factors for generalization of perceptual learning for naturally-accented
speech have been shown to include sufficient input variability (e.g., multi-speaker and/or
multi-accent exposure) as well as between-speaker acoustic similarity. An important limi-
tation of this study (and other typical recalibration studies) is the use of a single-speaker
exposure phase — this may not always provide sufficient input variability for robust general-
ization. Another important factor is the nature of exposure and test stimuli. Previous work
has shown a discrepancy between perceptual learning at the word vs. sentence level Weil
(2001). This suggests that accent learning may involve adaptations beyond the segmental
level, so single-word exposure may be insufficient for listeners to learn relevant differences
in prosody or stress that characterize given accent. Given the focus of the current study on
the mechanisms of segment-level learning, it necessarily misses these potentially important
aspects of accent adaptation. This means we should be cautious when drawing comparisons
to other studies that have used measures such as comprehension scores, since improved com-
prehension could be driven by a stronger reliance on top-down context rather than phonetic
learning (Lev-Ari, 2015).

5.3 Stability vs. plasticity in perceptual learning
As we have seen, an important question in the general literature on perceptual learning is how
perceivers solve the stability-plasticity dilemma; simultaneously being able to adapt to novel
information in the environment without forgetting what they have already learned (Fahle,
2005; Grossberg, 2005; Kleinschmidt & Jaeger, 2015). In the case of perceptual learning
for speech, one answer to this question appears to be that listeners ‘retune’, or ‘recalibrate’
linguistic representations to better match recently encountered input. Importantly, the cur-
rent study shows that listeners can rapidly adapt to a novel pronunciation, showing evidence
of changes in both internal phonetic category structure and subsequent lexical processing.
Moreover, such learning appears to generalize beyond the specific training stimuli to novel
phonetic contrasts, novel words, and novel speakers. This finding aligns with the observation
in the general literature on perceptual learning, which shows that perceptual learning for
complex tasks occurs rapidly and generalizes easily. Given the highly variable nature of the
speech signal, such rapid and flexible learning appears to be an important adaptation of the
perceptual system that allows for relatively effortless communication across diverse speech
contexts.
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Appendix A

Chapter 2 materials

A.1 Experiment 1

Table A.1: Critical and filler words used in the lexical decision exposure task (Exp.1 and 2).

Words Non-words
/T/ words /s/ words Fillers
anthem reconcile multitude aluminum kimono adgendoy dioryle oudrenoa hartacko ayarbik
apathetic eraser polymer undertaker defending akelen udanaco pelade pelnimated nererant
apathy rigorous topical maternal outnumber altartalized dynrem pleope bulerame bonimaded
beneath clandestine durable domination Carribean altercole elember potler toalbinade contaluow
breakthrough admissible undertow mutilated parachute tulable tonker pocorome nomikord odanatar
commonwealth disparaged untoward detachment commoner amahate etoced polacual caltacate tumbodel
Dorothy hallucinate workable gunpowder broadway ampoter etugant premetor okenel cumpamer
earthquake intelligence challenged abandoned engineer anapt guncore prodabanga pontradashing odecogo
empathy episode pretended marketable optional ancarrunt haderate radorcattoon cayarac nobelake
hypothetical elements unarmed compilation termination ancorrack pabutda rapombargad coerpage dadratar
Jonathan democracy adorable degree moderate darkackood andegaul reatonape arunimung oggander
marathon pregnancy determine opportune dominated anguilder horabtalane reibonairo cleniot dargora
Neanderthal narcotics underwater independent laundry nantor kedoac relecker puroucly omblatal
tablecloth Tennessee abortion argument ambush noda lampunger garempit umberpater rallad
telepathy absence awarded unlucky coronation becoor leggarer klepentip collattar omblegon
Timothy outsmart terminated uploading Kennedy bocowlable meloded ungarnet nannotad demurea
twentieth Arkansas coordinate retrograde commendation conkartat mebable tepelnim nadelmar omparkandar
unauthorized amnesty opener bureaucrat hibernate malatad molorat umbelyaper combeter dentakter
undergrowth prosper monitored abnormal mutilation booktugner morachable abolaper negryhad otler
unethical participate congregation Abraham recommended rorana motolad adorshem ponimashum connontnor
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Table A.2: Minimal pairs used to generate test continua in Experiment 1.

Group Minimal pair Target word-position
A oath - oaf word-final

death - deaf word-final
thin - fin word-initial

thought - fought word-initial
B mouth - mouse word-final

math - mass word-final
thigh - sigh word-initial
think - sink word-initial
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Figure A.1: Proportion /T/ responses for groups tested on categorizing 7-step [T] – [s] pho-
netic continua, by exposure condition and target word position (Experiment 1).
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Figure A.2: Proportion /T/ responses for groups tested on categorizing 7-step [T] – [f] phonetic
continua, by exposure condition and target word position (Experiment 1).



APPENDIX A. CHAPTER 2 MATERIALS 95

Experiment 1a (/T/-/s/ categorization)

Table A.3: Model estimates for Experiment 1a logistic regression analysis. Generalized linear
mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial (logit).
Formula: response = /T/ ∼ center(step) * /T/ word position + group + (1 + center(step) *
/T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) -0.239 0.24 -0.99 0.322
center(step) -2.085 0.14 -15.37 < 2e-16

word_posword_initial 1.075 0.19 5.63 1.8e-08
grouptraining_th-s 0.544 0.27 2.03 0.042

center(step):word_posword_initial -0.775 0.2 -3.96 7.4e-05

Table A.4: Analysis of Deviance Table (Type II Wald chisquare tests) for Experiment 1a
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 0.981 1 0.322
center(step) 236.327 1 < 2e-16
word_pos 31.711 1 1.8e-08

group 4.139 1 0.042
center(step):word_pos 15.708 1 7.4e-05

Experiment 1b (/T/-/f/ categorization)

Table A.5: Model estimates for Experiment 1b logistic regression analysis. Generalized linear
mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial (logit).
Formula: response = /T/ ∼ center(step) * /T/ word position + group + (1 + center(step) *
/T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) 0.821 0.13 6.38 1.8e-10
center(step) -0.544 0.04 -14.37 < 2e-16

word_posword_initial -0.326 0.12 -2.72 0.0064
grouptraining_th-f 0.013 0.16 0.09 0.9316

center(step):word_posword_initial 0.074 0.04 1.69 0.0910
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Table A.6: Analysis of Deviance Table (Type II Wald chisquare tests) for Experiment 1a
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 40.646 1 1.8e-10
center(step) 206.359 1 < 2e-16
word_pos 7.422 1 0.0064

group 0.007 1 0.9316
center(step):word_pos 2.856 1 0.0910

A.2 Experiment 2

Table A.7: Minimal pairs used to generate test continua in Experiment 2.

Minimal pair Target word position
math - mash word-final
wrath rash word-final

thought - shot word-initial
thin - shin word-initial

/ / / /
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Figure A.3: Proportion /T/ responses for groups tested on categorizing 7-step [T] – [S] phonetic
continua, by exposure condition and target word position (Experiment 2).
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Experiment 2 (/T/-/S/ categorization)

Table A.8: Model estimates for Experiment 2 logistic regression analysis. Generalized linear
mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial (logit).
Formula: response = /T/ ∼ center(step) * /T/ word position + center(step) * group + (1 +
center(step) * /T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) -0.202 0.19 -1.05 0.2943
center(step) -1.637 0.18 -9.06 < 2e-16

word_posword_initial 0.506 0.17 2.96 0.0030
grouptraining 0.79 0.25 3.16 0.0016

center(step):word_posword_initial -0.935 0.19 -4.85 1.2e-06
center(step):grouptraining -0.703 0.26 -2.72 0.0066

Table A.9: Analysis of Deviance Table (Type II Wald chisquare tests) for Experiment 2
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 1.1 1 0.2943
center(step) 82.085 1 < 2e-16
word_pos 8.78 1 0.0030

group 9.966 1 0.0016
center(step):word_pos 23.513 1 1.2e-06

center(step):group 7.379 1 0.0066
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Appendix B

Chapter 3 materials

B.1 Experiment 3

Table B.1: Model estimates for Experiment 3 reaction time analysis. Linear mixed model fit
by REML. t-tests use Satterthwaite’s method. Formula: scale(log(rt)) ∼ condition * group
* block + (1 | target) + (1 + block + condition | subj).

Coeff. Std. Error t-value p-value
(Intercept) 0.357 0.11 3.19 0.00201

conditionidentity -0.401 0.08 -5.12 1e-06
conditionrelated -0.238 0.07 -3.51 0.00056
groupexposure -0.004 0.15 -0.02 0.98118

block2 -0.183 0.08 -2.4 0.01729
conditionidentity:groupexposure -0.127 0.11 -1.14 0.25444
conditionrelated:groupexposure 0.136 0.1 1.42 0.15860

conditionidentity:block2 -0.077 0.09 -0.84 0.39840
conditionrelated:block2 0.003 0.09 0.04 0.97198
groupexposure:block2 -0.081 0.11 -0.75 0.45544

conditionidentity:groupexposure:block2 0.171 0.13 1.33 0.18342
conditionrelated:groupexposure:block2 -0.034 0.13 -0.26 0.79410
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Table B.2: Model estimates for Experiment 3 reaction time analysis (condition variable
releveled, ref = “identity”). Linear mixed model fit by REML. t-tests use Satterthwaite’s
method. Formula: scale(log(rt)) ∼ condition * group * block + (1 | target) + (1 + block +
condition | subj).

Coeff. Std. Error t-value p-value
(Intercept) -0.045 0.12 -0.37 0.70911

conditionunrelated 0.401 0.08 5.12 1e-06
conditionrelated 0.163 0.08 2.13 0.03539
groupexposure -0.131 0.16 -0.81 0.42072

block2 -0.259 0.08 -3.44 0.00071
conditionunrelated:groupexposure 0.127 0.11 1.14 0.25444

conditionrelated:groupexposure 0.263 0.11 2.42 0.01669
conditionunrelated:block2 0.077 0.09 0.84 0.39840

conditionrelated:block2 0.08 0.09 0.89 0.37472
groupexposure:block2 0.091 0.11 0.85 0.39796

conditionunrelated:groupexposure:block2 -0.171 0.13 -1.33 0.18342
conditionrelated:groupexposure:block2 -0.205 0.13 -1.61 0.10824

Table B.3: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 3
reaction time model

Chi-squared Deg. Freedom p-value
(Intercept) 10.19 1 0.0014
condition 28.014 2 8.3e-07

group 0.001 1 0.9811
block 5.752 1 0.0165

condition:group 6.085 2 0.0477
condition:block 1.005 2 0.6051

group:block 0.559 1 0.4547
condition:group:block 2.957 2 0.2280
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B.2 Experiment 4

Table B.4: Model estimates for Experiment 4 reaction time analysis. Linear mixed model fit
by REML. t-tests use Satterthwaite’s method. Formula: scale(log(rt)) ∼ condition * group
* block + (1 | target) + (1 + block + condition | subj).

Coeff. Std. Error t-value p-value
(Intercept) 0.211 0.12 1.8 0.07597

conditionidentity -0.254 0.06 -4.19 4e-05
conditionrelated -0.033 0.06 -0.53 0.59916
groupexposure 0.217 0.16 1.34 0.18525

block2 -0.141 0.07 -2.07 0.03944
conditionidentity:groupexposure -0.071 0.09 -0.82 0.41270
conditionrelated:groupexposure -0.178 0.09 -1.97 0.04987

conditionidentity:block2 -0.284 0.08 -3.49 0.00049
conditionrelated:block2 -0.225 0.08 -2.78 0.00543
groupexposure:block2 -0.046 0.1 -0.47 0.63725

conditionidentity:groupexposure:block2 0.193 0.12 1.64 0.10082
conditionrelated:groupexposure:block2 0.131 0.12 1.12 0.26402
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Table B.5: Model estimates for Experiment 4 reaction time analysis (condition variable
releveled, ref = “identity”). Linear mixed model fit by REML. t-tests use Satterthwaite’s
method. Formula: scale(log(rt)) ∼ condition * group * block + (1 | target) + (1 + block +
condition | subj).

Coeff. Std. Error t-value p-value
(Intercept) -0.043 0.12 -0.35 0.72711

conditionunrelated 0.254 0.06 4.19 4.0e-05
conditionrelated 0.221 0.06 3.79 0.00019
groupexposure 0.146 0.17 0.86 0.39207

block2 -0.425 0.07 -6.24 2.1e-09
conditionunrelated:groupexposure 0.071 0.09 0.82 0.41270

conditionrelated:groupexposure -0.107 0.08 -1.28 0.20016
conditionunrelated:block2 0.284 0.08 3.49 0.00049

conditionrelated:block2 0.058 0.08 0.72 0.47206
groupexposure:block2 0.146 0.1 1.49 0.13746

conditionunrelated:groupexposure:block2 -0.193 0.12 -1.64 0.10082
conditionrelated:groupexposure:block2 -0.061 0.12 -0.52 0.60121

Table B.6: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 4
reaction time model

Chi-squared Deg. Freedom p-value
(Intercept) 3.23 1 0.0723
condition 22.259 2 1.5e-05

group 1.789 1 0.1810
block 4.291 1 0.0383

condition:group 3.997 2 0.1355
condition:block 13.574 2 0.0011

group:block 0.223 1 0.6368
condition:group:block 2.81 2 0.2453
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Appendix C

Chapter 4 materials

C.1 Experiment 5

Table C.1: Model estimates for Experiment 5 logistic regression analysis. Generalized linear
mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial (logit).
Formula: response = /T/ ∼ center(step) * group * /T/ word position * speaker + (1 +
speaker + center(step) + /T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) 0.93 0.21 4.4 1.1e-05
center(step) -2.267 0.16 -14.04 < 2e-16

grouptraining 0.194 0.29 0.67 0.5010
word_posword_initial -0.283 0.25 -1.12 0.2615

speakerfemale1 -1.011 0.22 -4.62 3.8e-06
speakermale2 -0.88 0.21 -4.26 2.0e-05

center(step):grouptraining 0.443 0.2 2.21 0.0269
center(step):word_posword_initial -0.16 0.2 -0.79 0.4286

grouptraining:word_posword_initial 0.124 0.35 0.35 0.7239
center(step):speakerfemale1 0.214 0.18 1.17 0.2438
center(step):speakermale2 0.536 0.17 3.18 0.0015

grouptraining:speakerfemale1 0.034 0.3 0.11 0.9090
grouptraining:speakermale2 -0.218 0.28 -0.78 0.4331

word_posword_initial:speakerfemale1 1.296 0.26 4.92 8.5e-07
word_posword_initial:speakermale2 -0.608 0.26 -2.36 0.0184

center(step):grouptraining:word_posword_initial -0.61 0.27 -2.23 0.0259
center(step):grouptraining:speakerfemale1 -0.352 0.23 -1.54 0.1247
center(step):grouptraining:speakermale2 -0.302 0.21 -1.46 0.1452

center(step):word_posword_initial:speakerfemale1 0.56 0.25 2.27 0.0234
center(step):word_posword_initial:speakermale2 0.384 0.23 1.67 0.0954

grouptraining:word_posword_initial:speakerfemale1 -0.391 0.37 -1.06 0.2869
grouptraining:word_posword_initial:speakermale2 0.364 0.35 1.03 0.3020

center(step):grouptraining:word_posword_initial:speakerfemale1 0.092 0.34 0.27 0.7873
center(step):grouptraining:word_posword_initial:speakermale2 0.567 0.31 1.82 0.0694



APPENDIX C. CHAPTER 4 MATERIALS 104

Table C.2: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 5
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 19.324 1 1.1e-05
center(step) 197.261 1 < 2e-16

group 0.453 1 0.5010
word_pos 1.261 1 0.2615

speaker 25.865 2 2.4e-06
center(step):group 4.9 1 0.0269

center(step):word_pos 0.627 1 0.4286
group:word_pos 0.125 1 0.7239

center(step):speaker 11.226 2 0.0036
group:speaker 0.993 2 0.6087

word_pos:speaker 65.317 2 6.6e-15
center(step):group:word_pos 4.962 1 0.0259

center(step):group:speaker 2.833 2 0.2425
center(step):word_pos:speaker 5.167 2 0.0755

group:word_pos:speaker 5.261 2 0.0720
center(step):group:word_pos:speaker 4.995 2 0.0823
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C.2 Experiment 6a

Table C.3: Model estimates for Experiment 6a logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position + block | subj).

Coeff. Std. Error z-value p-value
(Intercept) -0.259 0.24 -1.08 0.2789
center(step) -2.469 0.19 -12.87 <2e-16

grouptraining 0.855 0.34 2.54 0.0112
word_posword_initial 0.247 0.27 0.9 0.3670

block2 0.55 0.22 2.51 0.0120
center(step):grouptraining 0.589 0.25 2.35 0.0187

center(step):word_posword_initial -0.253 0.18 -1.43 0.1537
grouptraining:word_posword_initial -0.308 0.39 -0.79 0.4270

center(step):block2 0.315 0.15 2.05 0.0402
grouptraining:block2 -0.379 0.31 -1.23 0.2201

word_posword_initial:block2 0.434 0.27 1.59 0.1117
center(step):grouptraining:word_posword_initial -0.318 0.23 -1.36 0.1753

center(step):grouptraining:block2 -0.53 0.2 -2.59 0.0095
center(step):word_posword_initial:block2 -0.708 0.26 -2.7 0.0068

grouptraining:word_posword_initial:block2 0.252 0.39 0.64 0.5209
center(step):grouptraining:word_posword_initial:block2 0.564 0.36 1.56 0.1194
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Table C.4: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 6a
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 1.172 1 0.2789
center(step) 165.536 1 <2e-16

group 6.434 1 0.0112
word_pos 0.814 1 0.3670

block 6.315 1 0.0120
center(step):group 5.532 1 0.0187

center(step):word_pos 2.035 1 0.1537
group:word_pos 0.631 1 0.4270

center(step):block 4.208 1 0.0402
group:block 1.504 1 0.2201

word_pos:block 2.53 1 0.1117
center(step):group:word_pos 1.837 1 0.1753

center(step):group:block 6.733 1 0.0095
center(step):word_pos:block 7.313 1 0.0068

group:word_pos:block 0.412 1 0.5209
center(step):group:word_pos:block 2.426 1 0.1194
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C.3 Experiment 6b

Table C.5: Model estimates for Experiment 6b logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position + block | subj).

Coeff. Std. Error z-value p-value
(Intercept) -0.784 0.23 -3.48 0.00051
center(step) -1.698 0.13 -13.16 < 2e-16

grouptraining 0.565 0.31 1.81 0.06999
word_posword_initial -1.161 0.27 -4.34 1.5e-05

block2 0.747 0.25 2.96 0.00306
center(step):grouptraining 0.006 0.18 0.03 0.97406

center(step):word_posword_initial 0.331 0.12 2.72 0.00647
grouptraining:word_posword_initial 0.047 0.37 0.13 0.89769

center(step):block2 -0.067 0.13 -0.51 0.61185
grouptraining:block2 -0.299 0.35 -0.85 0.39334

word_posword_initial:block2 0.76 0.27 2.86 0.00427
center(step):grouptraining:word_posword_initial -0.262 0.17 -1.55 0.12141

center(step):grouptraining:block2 -0.047 0.18 -0.26 0.79614
center(step):word_posword_initial:block2 -0.656 0.2 -3.34 0.00085

grouptraining:word_posword_initial:block2 0.199 0.37 0.54 0.58617
center(step):grouptraining:word_posword_initial:block2 0.131 0.28 0.46 0.64218
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Table C.6: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 6b
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 12.093 1 0.00051
center(step) 173.189 1 < 2e-16

group 3.283 1 0.06999
word_pos 18.8 1 1.5e-05

block 8.771 1 0.00306
center(step):group 0.001 1 0.97406

center(step):word_pos 7.414 1 0.00647
group:word_pos 0.017 1 0.89769

center(step):block 0.257 1 0.61185
group:block 0.729 1 0.39334

word_pos:block 8.165 1 0.00427
center(step):group:word_pos 2.399 1 0.12141

center(step):group:block 0.067 1 0.79614
center(step):word_pos:block 11.137 1 0.00085

group:word_pos:block 0.296 1 0.58617
center(step):group:word_pos:block 0.216 1 0.64218
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C.4 Experiment 6c

Table C.7: Model estimates for Experiment 6c logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) -0.716 0.19 -3.84 0.00012
center(step) -2.281 0.16 -14.09 < 2e-16

grouptraining 0.127 0.26 0.48 0.63111
word_posword_initial -0.241 0.34 -0.7 0.48289

block2 1.357 0.31 4.35 1.4e-05
center(step):grouptraining -0.124 0.22 -0.56 0.57469

center(step):word_posword_initial 0.017 0.26 0.07 0.94805
grouptraining:word_posword_initial 0.543 0.47 1.16 0.24462

center(step):block2 -0.455 0.3 -1.5 0.13427
grouptraining:block2 -0.915 0.44 -2.06 0.03919

word_posword_initial:block2 -0.262 0.45 -0.59 0.55749
center(step):grouptraining:word_posword_initial 0.4 0.36 1.12 0.26170

center(step):grouptraining:block2 0.198 0.45 0.44 0.66265
center(step):word_posword_initial:block2 0.042 0.43 0.1 0.92327

grouptraining:word_posword_initial:block2 0.633 0.62 1.02 0.30632
center(step):grouptraining:word_posword_initial:block2 0.003 0.62 0.01 0.99593
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Table C.8: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 6c
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 14.756 1 0.00012
center(step) 198.425 1 < 2e-16

group 0.231 1 0.63111
word_pos 0.492 1 0.48289

block 18.907 1 1.4e-05
center(step):group 0.315 1 0.57469

center(step):word_pos 0.004 1 0.94805
group:word_pos 1.354 1 0.24462

center(step):block 2.242 1 0.13427
group:block 4.252 1 0.03919

word_pos:block 0.344 1 0.55749
center(step):group:word_pos 1.26 1 0.26170

center(step):group:block 0.19 1 0.66265
center(step):word_pos:block 0.009 1 0.92327

group:word_pos:block 1.046 1 0.30632
center(step):group:word_pos:block 0 1 0.99593
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C.5 Experiment 7a

Table C.9: Model estimates for Experiment 7a logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position + block | subj).

Coeff. Std. Error z-value p-value
(Intercept) 0.766 0.26 2.92 0.0035
center(step) -2.609 0.2 -13.31 < 2e-16

grouptraining 0.58 0.38 1.54 0.1231
word_posword_initial 0.524 0.31 1.67 0.0959

block2 1.804 0.32 5.58 2.4e-08
center(step):grouptraining -0.182 0.27 -0.67 0.4999

center(step):word_posword_initial -0.362 0.28 -1.3 0.1924
grouptraining:word_posword_initial -0.44 0.48 -0.92 0.3561

center(step):block2 0.076 0.22 0.35 0.7256
grouptraining:block2 -0.249 0.49 -0.51 0.6076

word_posword_initial:block2 -1.171 0.4 -2.96 0.0031
center(step):grouptraining:word_posword_initial -0.809 0.5 -1.61 0.1067

center(step):grouptraining:block2 -0.097 0.34 -0.29 0.7717
center(step):word_posword_initial:block2 -0.217 0.38 -0.57 0.5697

grouptraining:word_posword_initial:block2 -0.472 0.6 -0.79 0.4314
center(step):grouptraining:word_posword_initial:block2 1.554 0.63 2.45 0.0143
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Table C.10: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 7a
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 8.518 1 0.0035
center(step) 177.033 1 < 2e-16

group 2.377 1 0.1231
word_pos 2.772 1 0.0959

block 31.101 1 2.4e-08
center(step):group 0.455 1 0.4999

center(step):word_pos 1.699 1 0.1924
group:word_pos 0.852 1 0.3561

center(step):block 0.123 1 0.7256
group:block 0.264 1 0.6076

word_pos:block 8.77 1 0.0031
center(step):group:word_pos 2.602 1 0.1067

center(step):group:block 0.084 1 0.7717
center(step):word_pos:block 0.323 1 0.5697

group:word_pos:block 0.619 1 0.4314
center(step):group:word_pos:block 5.997 1 0.0143
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C.6 Experiment 7b

Table C.11: Model estimates for Experiment 7b logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position | subj).

Coeff. Std. Error z-value p-value
(Intercept) 1.606 0.25 6.49 8.3e-11
center(step) -1.94 0.17 -11.29 < 2e-16

grouptraining -0.9 0.35 -2.6 0.0092
word_posword_initial -2.079 0.26 -7.95 1.8e-15

block2 -0.865 0.18 -4.7 2.6e-06
center(step):grouptraining -0.364 0.25 -1.47 0.1410

center(step):word_posword_initial -0.328 0.14 -2.39 0.0167
grouptraining:word_posword_initial 0.11 0.39 0.28 0.7795

center(step):block2 -0.069 0.12 -0.58 0.5601
grouptraining:block2 0.853 0.26 3.23 0.0012

word_posword_initial:block2 1.055 0.27 3.96 7.6e-05
center(step):grouptraining:word_posword_initial -0.975 0.31 -3.13 0.0018

center(step):grouptraining:block2 0.105 0.19 0.55 0.5810
center(step):word_posword_initial:block2 -0.533 0.21 -2.51 0.0122

grouptraining:word_posword_initial:block2 -0.407 0.41 -0.98 0.3248
center(step):grouptraining:word_posword_initial:block2 0.938 0.4 2.32 0.0206
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Table C.12: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 7b
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 42.183 1 8.3e-11
center(step) 127.518 1 < 2e-16

group 6.784 1 0.0092
word_pos 63.241 1 1.8e-15

block 22.06 1 2.6e-06
center(step):group 2.167 1 0.1410

center(step):word_pos 5.726 1 0.0167
group:word_pos 0.078 1 0.7795

center(step):block 0.34 1 0.5601
group:block 10.431 1 0.0012

word_pos:block 15.658 1 7.6e-05
center(step):group:word_pos 9.769 1 0.0018

center(step):group:block 0.305 1 0.5810
center(step):word_pos:block 6.276 1 0.0122

group:word_pos:block 0.97 1 0.3248
center(step):group:word_pos:block 5.363 1 0.0206
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C.7 Experiment 7c

Table C.13: Model estimates for Experiment 7c logistic regression analysis. Generalized
linear mixed model fit by maximum likelihood (Laplace Approximation). Family:binomial
(logit). Formula: response = /T/ ∼ center(step) * group * /T/ word position * block + (1
+ center(step) + /T/ word position + block | subj).

Coeff. Std. Error z-value p-value
(Intercept) 1.334 0.3 4.5 6.9e-06
center(step) -2.683 0.25 -10.72 < 2e-16

grouptraining 0.967 0.42 2.28 0.0225
word_posword_initial 0.407 0.33 1.23 0.2168

block2 0.789 0.27 2.94 0.0033
center(step):grouptraining -0.365 0.35 -1.06 0.2904

center(step):word_posword_initial -0.607 0.26 -2.31 0.0206
grouptraining:word_posword_initial -0.217 0.51 -0.43 0.6680

center(step):block2 -0.317 0.23 -1.41 0.1585
grouptraining:block2 -0.707 0.4 -1.75 0.0799

word_posword_initial:block2 -0.475 0.42 -1.12 0.2618
center(step):grouptraining:word_posword_initial -0.592 0.46 -1.29 0.1981

center(step):grouptraining:block2 0.164 0.35 0.47 0.6392
center(step):word_posword_initial:block2 0.207 0.4 0.51 0.6082

grouptraining:word_posword_initial:block2 0.786 0.66 1.2 0.2303
center(step):grouptraining:word_posword_initial:block2 0.335 0.66 0.51 0.6104
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Table C.14: Analysis of Deviance Table (Type III Wald chisquare tests) for Experiment 7c
logistic regression model.

Chi-squared Deg. Freedom p-value
(Intercept) 20.225 1 6.9e-06
center(step) 115.009 1 < 2e-16

group 5.206 1 0.0225
word_pos 1.525 1 0.2168

block 8.661 1 0.0033
center(step):group 1.118 1 0.2904

center(step):word_pos 5.358 1 0.0206
group:word_pos 0.184 1 0.6680

center(step):block 1.988 1 0.1585
group:block 3.066 1 0.0799

word_pos:block 1.259 1 0.2618
center(step):group:word_pos 1.656 1 0.1981

center(step):group:block 0.22 1 0.6392
center(step):word_pos:block 0.263 1 0.6082

group:word_pos:block 1.439 1 0.2303
center(step):group:word_pos:block 0.26 1 0.6104
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