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Abstract
Speech perception is characterized by categorical perception of phonemes. Certain
speech sounds varying along the continuous acoustic dimension known as voice onset
time (VOT) are perceived as either voiced /b/ or unvoiced /p/ phonemes by English
listeners. A third VOT prevoiced /p"/ phoneme category is used in Thai and is indistinct
from the /b/ category in English. Some listeners can learn to perceive speech sounds
belonging this third VOT category with a small amount of training. The cognitive
mechanisms underlying the variation in individuals’ ability to perceive the prevoiced /p"/
phoneme are not well understood. The current experiment investigated the role of
attention and working-memory in facilitating listeners’ ability to learn to perceive the
prevoiced /p"/ phoneme. A consistent relationship between attentional and working-
memory measures and prevoiced perceptual learning was not found. Musical ability was

a good predictor of performance on a prevoiced phoneme identification task.
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ATTENTION, WORKING-MEMORY, AND L2 PHONEME LEARNING

The Role of Individual Differences in Attention and Working-Memory in

Learning a Nonnative Phoneme Category
The ability to perceive and produce language 1s one of the most markedly human

qualities that distinguishes us from other species. Our first language forms the auditory
lens through which we selectively attend to the acoustic cues underlying speech. This
selective bias toward the acoustic cues acquired through childhood language experience
(i.e., the first language or L1) can affect the ability to perceive nonnative (i.e., second
language or L2) phonetic distinctions (Kuhl & Iverson, 1995). The mechanism
underlying L2 phoneme perception has been widely investigated from a variety of
perspectives. The present study was designed to investigate individual differences in
cognitive functioning that may affect L2 phoneme perception. The goal was to determine
the extent to which individual differences in attention and working memory affect the
ability of monolingual English listeners to learn to perceive an L2 phoneme category.
The L2 phoneme category chosen for the present study was the prevoiced bilabial stop
category, which is phonemically distinct in several southeast Asian languages. This
category is related to the English phoneme categories /b/ and /p/; these phonemes vary
along the acoustic dimension of voice-onset time (VOT). In the sections that follow, |
will outline research on speech perception and its underlying cognitive mechanisms. |
begin by providing an overview of some of the basic findings associated with speech
perception, focusing on the perception of nonnative phonemes. Next, I will review

research on individual differences in attention and working memory, and how they are
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related to the performance of cognitive tasks, including language. In the final section of
the introduction I will describe the study and expected pattern of results.

Speech Perception

A defining characteristic of speech perception is categorical perception. Adult
listeners perceive L1 speech stimuli that are evenly spaced apart on a physical continuum
as grouped together into distinct phoneme categories. Moreover, their ability to
discriminate between speech sounds from different categories exceeds their ability to
discriminate sounds from within the same category, despite equivalent physical
differences. Collectively, these characteristics define the phenomenon known as
categorical perception (Liberman, Harris, Hoffman, & Griffith, 1957; Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Pisoni & Tash, 1974).

Phoneme categories arise in part from characteristics of the human auditory
system (see Stevens & Blumstein, 1975). However, differences in phonemic categories
and category boundaries between languages suggest that the environment also plays a
role in shaping the categorical perception of speech. The Quantal Theory developed by
Stevens and Blumstein posits that speech sounds that are easily and reliably produced
tend to be more common among the various languages of the world. This theory
accounts for an early perceptual advantage for particular kinds of acoustic contrasts.
Nevertheless, invariant properties of both acoustic stimuli and the human auditory system
cannot account for all cross-language differences in perceptual sensitivity for speech

sounds (Swan & Myers, 2013). For example, phonetic boundaries along the same
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acoustic continuum vary between languages (Lisker & Abramson, 1964). Adults are
highly skilled at perceiving phonetic differences corresponding to phonemic contrasts in
their native language but will often have difficulty perceiving phonetic differences that
are not phonemic contrasts in their native language (e.g., Werker , Gilbert, Humphrey, &
Tees, 1981; Werker & Tees, 1984) ).

Despite having a perceptual bias toward perceiving phonetic differences based on
the phonemic categories of a listener’s native language, there is considerable evidence
that listeners remain perceptually sensitive to sub-phonemic variation under certain task
conditions (Pisoni & Tash, 1974; Werker & Logan, 1985; Polka, 1992; Werker, 1994;
Hayes, 2002; McMurray, Tanehaus, & Aslin, 2002). For example, although adults have a
reduced sensitivity to nonnative phonemic contrasts, they maintain a limited ability to
discriminate among them (Hayes-Harb, 2007). According to Pisoni and Tash (1974),
phonetic information is available to listeners within phonemic categories, but retrieval of
this information depends on the level of processing used to attend to the speech sounds.
Such findings suggest that perception of category boundaries between speech sounds and
the ability to perceive within-category differences is based on a combination of invariant
acoustic properties and universal properties of the human auditory system, as well as on
learned features of the language system.

The way that discontinuous perception of phonetic categories arises as new
phonetic categories are acquired is not well understood (Swan & Myers, 2013). Adults

can improve their perception of novel phoneme contrasts by mere exposure to a second
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language, yet little is known about how this change in perceptual sensitivity is
accomplished (Hayes-Harb, 2007). Researchers have suggested that discontinuous
perception of phonetic categories is the result of both bottom-up information such as the
statistical distribution of speech sounds providing cues to novel phoneme categorization
(e.g., Hayes-Harb, 2007; Kuhl et al., 1992; Maye, Werker, & Gerken, 2002), as well as
explicit top-down information such as category labels, phoneme-grapheme
correspondences, or minimal pairs (e.g., Francis & Nusbaum, 2002; Yeung & Werker,
2009). Many researchers have suggested that knowledge of the meaning of words can
mediate a learner’s ability to acquire phonemic contrasts (e.g., Jusczyk, 1985; Werker &
Pegg, 1992; Lalonde & Werker, 1995). Minimal pairs also contribute to learning
phonemes. Minimal pairs are sound strings that differ in one novel contrast only and
have different lexical meanings, for example [rak] and [lak]. Hayes-Harb (2007) found
that although adults can demonstrate evidence of perceptual learning based on statistical
information alone, the additional availability of minimal pairs facilitates greater accuracy
in identification of a novel speech contrast.

L2 learners are often able to discriminate between L2 phonemes in a laboratory or
classroom setting, yet are unable to generalize this ability in a linguistically useful way.
For example, Hayes-Harb (2007) found that participants who were able to discriminate
between novel phoneme contrasts in a perception task were unable to encode the same
contrasts in a word learning task. This parallels findings in language acquisition

literature (see Aslin et al., 1998) suggesting that infants demonstrate the ability to
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discriminate sounds without having the ability to contrastively match the sounds to word
meanings in lexical tasks. Further, L2 teachers frequently observe that adult learners can
learn to perceive and produce novel L2 phonemic contrasts in classroom tasks while
being unable to implement this ability in real world and lexical settings (Hayes-Harb,
2007). These findings suggest that there may be an intermediate processing stage
between having a basic perceptual sensitivity to novel speech contrasts and being able to
represent the contrasts in a lexically useful way.

Even in a highly controlled classroom or laboratory environment there are certain
combinations of L1 language background and L2 phoneme categories that are
particularly difficult for learners to discriminate. For example, findings from several
studies suggest that Japanese-English bilingual listeners have difficulty discriminating
between the English phonemes /1/ and /r/, even when they have considerable experience
conversing in English (e.g. Miyawaki, Strange, Verbrugge, Liberman, Jenkins, &
Fijimura, 1975; Logan, Lively, & Pisoni, 1991; Yamada & Tohkura, 1992). Several
factors that contribute to the discriminability of L2 phonemic contrasts include the degree
of conflict between the phonemic inventories of L1 and L2, age of the learner, and
amount of second language input.

According to Hayes-Harb (2007), the degree of conflict between L1 and L2
phonemic inventories is generally accepted as the principal determinant of a learner’s
ability to perceive L2 phonemes. This observation has been formalized in three models

of nonnative speech perception: Best’s Perceptual Assimilation Model (Best, 1994),
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Flege’s Speech Learning Model (Flege, 1995), and Kuhl’s Native Language Magnet
Model (Kuhl, 1991). These models posit that native speech experience provides the
organizational framework for a listener’s perception of speech that shapes discrimination
and identification of unfamiliar speech contrasts (Best, McRoberts, & Goodell, 2001).
All three models presume that an adults’ ability to discriminate L2 speech contrasts is
systematically informed by their native speech system. These models hold that nonnative
speech sounds belonging to categories that overlap or conflict with native phoneme
categories are particularly difficult to perceive because listeners have a natural tendency
to perceptually assimilate these sounds to L1 speech sound categories. Discrimination of
these speech sounds require a listener to inhibit the influence of the native language
perceptual system in order to distinguish these novel speech sounds from nearby or
overlapping L1 phoneme categories.

Discrimination of L2 speech sounds belonging to phoneme categories that overlap
L1 categories is inhibited by the listener’s pre-existing phonemic system because a
listener must inhibit the natural tendency to perceive the speech sounds as L1 phonemes.
An L2 speech sound perceived as a poor example of an L1 phoneme is more easily
discriminated from the L1 phoneme than an L2 sound that is more perceptually similar to
the nearest L1 phoneme (Best et al., 2001). In other words, the degree of assimilation to
an L1 phoneme can act as the basis for discrimination of an L2 speech sound. Japanese
speakers, for example, are likely to poorly discriminate between the English phonemes /1/

and /I/ because they perceive both of them as poorly assimilating to either the Japanese
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phoneme /1/ or /w/ to the same extent (e.g. Best & Strange, 1992; Takagi & Mann, 1995;
Yamada & Tokura, 1992). Moreover, although Japanese listeners can learn to
discriminate between /r/ and /1/ (Logan et al., 1991), to do so requires approximately 15
hours of training. In contrast, Pisoni, Aslin, Percy, and Hennessy (1982) found that
monolingual English speakers can learn to distinguish the previously phonemically
indistinct Thai prevoiced bilabial stop consonant (/p"/) from the English phoneme /b/ after
a brief 10 minute training session. Even though /p"/ is initially perceived as belonging to
the category /b/ in English, listeners can learn to discriminate between /p"/ and /b/
relatively efficiently because /p"/ is a poor example of /b/. Attention to category
goodness of fit may underlie this learning process. Further, in order for a listener to
interpret goodness of fit, attention must be directed toward the acoustic property of the
speech sound that differentiates /p"/ from /b/. The current study involves a training
procedure modelled after Pisoni et al. (1982) (discussed in detail below) which is
designed to direct the listener’s attention to an unattended region of voice onset time
(VOT)—the acoustic dimension that differentiates /p"/ and /b/. Both early and late L2
learners are able to gain perceptual access to features of L2 speech sounds that are not
used to contrast L1 phonemes (e.g., Schirru, & MacKay, 2003; Flege & MacKay, 2004).
Adults can learn to detect these differences and store this information in durable long-
term memory representations (Flege, 1987; Flege & Hammond, 1982). Individuals can
learn to identify L2 phonemes with categorical-like accuracy with relatively little training

when the training is designed in a way that facilitates attending to the relevant stimulus
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property (e.g., Pisoni et al., 1982).

The training procedure used by Pisoni et al. (1982) is based on the relationship
between native language speech sounds and prototype theory. The underlying perceptual
organization of phonetic categories is consistent with the prototype theory (see Rosch,
1975; 1978; Posner & Keele, 1968), which holds that categorical prototypes have a
unique perceptual status (Kuhl & Iverson, 1995). Good instances of categories (i.e.,
those exemplars that are most similar to the category prototypes) are more readily
classifiable and more quickly recalled than less exemplary instances (e.g., Mervis &
Rosch, 1981). For example, a robin is more easily recognized as belonging to the
category of birds than an ostrich, and a hammer is more exemplary of the tool category
than an awl. Similarly, adult listeners of a particular language are highly skilled at
identifying exemplars of phonetic categories in their native language (Kuhl & Iverson,
1995). The training procedure by Pisoni et al. (1982) uses category exemplars and
response feedback to engage listeners and focus their attention toward the differences
between the speech sounds used in their experiment. Listeners are presented with best
instances of /p"/ (VOT = -70 ms), /b/ (VOT = 0 ms), and /p/ (VOT = 70 ms) and required
to identify each stimulus. Response feedback indicates whether the listener has correctly
or incorrectly identified the phoneme category for each training trial. The difference
between the prevoiced and voiced categories is emphasized by only using category
exemplars, rather than the entire continuum of 15 stimuli ranging from -70 to 70 ms

VOT. Response and feedback facilitate learning by requiring listeners to actively engage
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with the stimuli. The purpose of this training procedure is to focus the listeners' attention
toward the acoustic differences between /p"/ and /b/ in order to facilitate development of a
durable representation of the prevoiced bilabial stop consonant that is perceptually
distinct from the voiced phoneme category. The current experiment uses the same
training procedure because it has been shown to be successful in teaching naive
monolingual English listeners to identify the novel prevoiced bilabial stop consonant with
a level of accuracy suggestive of categorical perception.

Kuhl and Iverson (1995) state that the category prototypes defined by a listener's
native language structure do not alter the ability to discriminate L2 speech contrasts at a
sensory level (e.g., Logan, Lively, & Pisoni, 1991; MacKain, Best, & Strange, 1981), but
they do alter the perceptual system underlying speech perception in a way that reduces
the prominence of certain phonetic distinctions when compared to the language-general
initial state that humans are born with. This change is thought to occur at a higher level
of processing involving memory and/or attention.
Working Memory

The relationship between unfamiliar L2 speech sounds and established L1
phonemic categories is a critical factor in determining an individual’s ability to learn
speech sounds from a nonnative language (Hayes-Harb, 2007). The framework of
categorical perception has become an indispensable component facilitating investigations
of L2 speech perception both from a developmental perspective (e.g., Aslin, Pisoni,

Hennessey, & Perey, 1981) and from an adult perspective (e.g., Pisoni, Aslin, Perey, &
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Hennessey, 1982). Accounts of how acoustic auditory information is transformed into
more durable phonetic code (e.g., Pisoni, 1973) have enabled the integration of the
categorical speech perception framework into mainstream psychology. Despite these
advances, little research has addressed the role of attention and working memory
limitations in this process (Schoenherr & Logan, 2014). The present study included
measures of attention and working memory in order to explore the potential relationship
between these cognitive processes and the learning process involved in developing a
durable representation of a novel phoneme.

Working memory is a system of domain-specific stores or formats for temporarily
holding information along with an executive attention or domain-general supervisory
mechanism (Engle, 2010). Engle (2010) suggests that there may be a few dozen domain-
specific stores whose contents can be thought of as temporarily activated representations
of long-term memory information, acting as “pointers” linking information to existing
representations.

The phonological loop is a domain-specific store that is relevant to spoken
language, and is suspected of playing an important role in language development (Enlgle,
2010). It is specialized for the retention of verbal information for short periods of time
(Baddeley, Gathercole, & Papagno, 1998). It is comprised of two components, a
phonological store responsible for holding information in its phonological form, as well
as a rehearsal process responsible for preserving phonological representations in the

phonological store. The phonological loop is manifested in the excellent ability of

10
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humans to repeat what they hear, especially when they hear strings of speech sounds from
their native language. Butterworth, Campbell, and Howard (1986) have argued that the
phonological loop is an aspect of short-term memory that is not actively involved in the
process of working memory. It has been shown that many individuals with specific
deficits in short-term phonological memory do not have any serious difficulties
performing everyday cognitive tasks (Baddeley et al., 1998). Individuals with serious
deficits in phonological loop capacity have typically demonstrated normal speech
production and language comprehension abilities (Shallice & Butterworth, 1977; Vallar &
Shallice, 1990). In contrast, Baddeley et al. (1998) suggest that the function of the
phonological loop is not to remember familiar words, but to aid in learning new words.
From this point of view, the ability to repeat a string of familiar digits or words is an
evolutionary byproduct of the more fundamental human capacity to generate more
durable representations of brief and novel phonological material—our ability to learn
new words. In the context of the present investigation, it is not clear what role the
phonological loop might play. This will be considered in a later section.

Engle (2010) found evidence suggesting that individuals differ in practice-
developed skill for various coding formats of the domain-specific working-memory
stores. The vast majority of research on individual differences in working-memory has
utilized complex span tasks to measure working-memory capacity (WMC). Historically,
the prototypical measures of short-term memory have been simple span tasks such as

digit span. A simple span task presents the participant with a series of letters, words, or

11
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numbers, one at a time, and then asks the subject to recall the items in the correct order.
In one of the most widely cited findings in cognitive psychology (Gorenflo &
McConnell, 1991), Miller (1956) reported that the typical human recall capacity for a
simple span task is approximately seven items, plus or minus two items. These simple
tasks were eventually discarded as measures of short-term memory because they lacked
reliability and were inconsistently valid (Engle, 2010). In contrast, complex span
measures modelled after the reading span (RSPAN) task originally developed by
Daneman and Carpenter (1980) have demonstrated moderate reliability and consistent
validity (Engle & Kane, 2004) in predicting performance in a wide array of higher-level
and real world cognitive tasks including listening comprehension, language
comprehension, ability to follow oral and spatial directions, vocabulary learning, note
taking ability, writing, reasoning, hypothesis generation, bridge playing, and complex
task learning such as the ability to learn to write computer programs in a computer
language (respectively: Daneman & Carpenter, 1983; Daneman & Merikle, 1996; King &
Just; 1991; Engle, Carullo, & Collins, 1991; Daneman & Green, 1986; Kiewra & Benton,
1988; Benton, Kraft, Glover, & Plake; 1984; Barrouillet, 1996; Kyllonen & Christal,
1990; Dougherty & Hunter, 2003; Clarkson-Smith & Hartley, 1990; Kyllonen &
Stephens, 1990). It is conceivable that the RSPAN task measures a cognitive construct
that is involved in an individual’s ability to transform a relatively unstable acoustic
representations of a novel sound into a more durable representation, which would

facilitate performance on a novel phoneme identification task. This is the rationale

12
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behind exploring the relationship between individual differences in the RSPAN task and
individual differences in identification performance for the prevoiced bilabial stop
consonant categorization in the current experiment.

A complex span task involves a series of easy yet nontrivial cognitive tasks
presented alongside a series of items to be recalled. The cognitive tasks provide a
distraction that interferes with an individual’s ability to recall the series of items. This
forces the reliance on higher-level cognitive resources for recall, compared to a simple
span task, because the items must be preserved in memory while attending to the
concurrent task. In the RSPAN task used by Unsworth, Heitz, Shrock, and Engle (2005)
the participant is given a brief period to read a sentence followed by a letter. The
participant is then required to make a judgment regarding whether the sentence makes
sense. After three to seven of these trials have been presented, the participant is required
to recall the letters that followed each of the sentences. Another complex span task is the
operation span task (Unsworth et al., 2005), which consists of presenting subjects with a
series of simple mathematical operations to perform, each followed with a single letter
for recall after three to seven trials. Both of these complex span tasks, as well as several
different spatial span tasks used by Engle et al. (2005) have accounted for similar
variance in a wide array of higher-order cognitive tasks and have been strongly correlated
with a construct that has been associated with fluid intelligence. The high degree of
agreement between the various complex span tasks and their ability to predict higher-

order cognitive abilities suggests that these tasks reflect a unitary psychological construct
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(Engle, 2010). Studies associating differences in WMC with performance of higher-order
cognitive tasks involving a degree of interference (e.g.,, Unsworth et al., 2005) but not
with those with minimal interference (e.g., Kane & Engle, 2002), suggest that WMC is
associated with attentional control. This idea was further supported by a study conducted
by Kane et al. (2007) that investigated the relationship of WMC to mind wandering.
Kane et al. (2007) found that individuals with low WMC were more likely to have their
mind wander than high WMC individuals as cognitive tasks became more challenging,
required more effort, or a higher amount of concentration. There is a degree of
interference involved in attending to a novel speech sound at an acoustic, rather than
phonemic, level of processing. The novel speech sound used in the present study is
automatically perceived as a voiced bilabial stop consonant by monolingual English
listeners. Therefore, the listeners must inhibit interference from the phonemic level of
attending in order to perceive the acoustic differences between the prevoiced and voiced
phonemes.

Engle (2010) argues that speech-based, along with visually- and spatially-based
coding formats for working memory, require limited-capacity attentional control that
functions under complex situations that involve distraction and interference. He suggests
that the link between attention control and complex span tasks lies in the psychological
mechanism involved in transferring relevant information between active and inactive
memory. According to Engle (2010), the source of individual differences in working

memory capacity tasks is the ability to control attention in a manner that enables

14
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functional access to representations of task-relevant information in either active memory
or easily accessible inactive memory. This attentional ability is most relevant when an
individual is engaged in a task involving interference from competing representations.
For example, in a dichotic listening task, Conway, Cowan, and Bunting (2001) found that
a significantly lower percentage (20%) of high WMC individuals reported hearing their
name after it was presented through the unattended ear, compared to low WMC
individuals of which 65% reported hearing their name. Similarly, Unsworth, Schrock,
and Engle (2004) found that low WMC individuals were more likely to make
unintentional errors during a task where individuals attempted to avoid the innate urge to
direct their gaze toward a moving stimulus on a computer screen. In addition, they found
that low WMC and high WMC individuals did not differ in ability to direct their gaze
toward a moving stimulus when that was the objective. These studies, therefore, both
suggest that individual differences in working memory capacity are highly associated
with differences in attentional control—specifically with the ability to avoid directing
attention toward distracting stimuli unrelated to the task at hand, even for very low-level
attention tasks.
Attention

Posner and Rothbart (2007) describe attention as a fundamental set of
mechanisms underlying our awareness of the world as well as our ability to intentionally
regulate our thoughts and emotions. Functional neuroimaging data have indicated that

attention is comprised of three networks, each responsible for different attentional
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processes (Fan, McCandliss, Fossella, Flombaum, & Posner, 2005). These networks
consist of distinct anatomical areas in the brain and associated cognitive processes of
alerting, orienting, and executive control of attention. Alerting is the process of achieving
and maintaining a high degree of sensitivity to incoming stimuli; orienting refers to the
process of selecting information from sensory input; and executive attention consists of
the mechanisms involved in monitoring and resolving conflict among thoughts, feelings,
and actions. Duncan et al. (2000) argue that the executive attention network is involved
in self-regulating emotions as well as a variety of higher-order cognitive tasks underlying
intelligence.

The attention network task (ANT) was developed by Posner and his colleagues in
order to investigate individual differences in efficiency of the alerting, orienting, and
executive attention networks (Fan, Flombaum, McCandliss, Thomas, & Posner, 2002).
Figure 3 provides an illustration of the ANT experimental procedure. The ANT uses
differences in reaction time (RT) between several conditions to measure the performance
of each network in an individual. The task consists of simply identifying the direction of
an arrow. The orienting and alerting responses consist of a cue presented shortly before
the target indicating that the target will occur or the location where the target will occur,
or both. A no-cue condition presents the target with no warning. The target occurs either
above or below the point of fixation, and consists the central target arrow and flanking
arrows surrounding the target that are either congruent or incongruent with the direction

of the target. The efficiency of the executive attention network is measured by
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subtracting the RTs from the congruent condition from those of the incongruent
condition. Subtracting RTs from the cue condition that does not inform the location of
the target from the RTs from the no-cue conditions provides an indication of the
efficiency of the alerting network. Finally, subtracting RTs obtained from the condition
where target location is cued from the RTs from the trials where the cue is present but not
spatially informative provides a measure of the efficiency of the orienting network. Fan
et al. (2002) used the ANT to examine individual differences in efficiency of each
attentional network and found no correlation among orienting, alerting, and executive
scores among a sample representative of the normal population. The current experiment
required the listener to 1) maintain a high degree of sensitivity to incoming speech sounds
for an extended period of time, 2) attend toward the acoustic nature of the speech sound,
and 3) retain attentional control in order to inhibit perceiving incoming auditory stimuli
as speech while a new phoneme category is being learned. These attentional processes
are expected to be associated with the alerting, orienting and executive control networks,
respectively. Individual differences in any of the three dimensions of attention measured
with the ANT may therefore be associated with individual differences in identification
performance for prevoiced stimuli.
Working Memory, Attention, and L2 Speech Perception

Working memory capacity, specifically the efficiency of the phonological loop,
has been implicated in the acquisition of native (e.g., Gathercole, Willis, Emslie, &

Baddeley, 1992) and nonnative (e.g., Papagno, Valentine, & Baddeley, 1991) durable
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lexical representations. Pisoni and Geers (2000) suggest that spoken language processing
and working memory are highly interrelated processes that share common reciprocal
links and processing resources involved in speech perception and production, language
comprehension, and reading. They found that children with cochlear implants who
performed better on a digit span task also performed better on a series of language tasks.
Pisoni and Greers were attempting to provide some explanation for the large discrepancy
in development of language related abilities among children with cochlear implants.
Analogously, if speech perception is closely associated with WMC, then it is probable
that individual differences in WMC within the normal population are associated with
variations in ability to acquire L2 phonemes. Further, Pisoni, Lively, and Logan (1994)
suggest that selective attention is the psychological mechanism principally responsible
for perceptual reorganization during perceptual learning of speech. Neuroanatomically
based functional divisions in attentional capacities as measured by the ANT (Posner &
Rothbar, 2007) may shed light on the degree to which the attentional networks are
involved in the acquisition of L2 phonemic categories.

Redick and Engle (2006) found that individual differences in WMC are related to
individual differences in performance on the executive control component of the ANT,
but not to alerting or orienting. Although both the ANT and the RSPAN provide a
measure of executive control of attention, which is arguably a major cognitive component
involved in learning a novel phoneme, the advantage to administering both tasks rather

than either the ANT or the RSPAN alone in the present study warrants discussion. As
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discussed earlier, the ANT provides a measure of individual efficiencies of three distinct
attentional networks. The alerting network is associated with the ability to maintain a
sensitivity to incoming stimuli in the environment, which may be associated with
maintaining focus on the speech sounds used in the present experiment. The orienting
network is associated with the ability to align attention with a source of sensory signals,
and may therefore be associated with a listener's ability to focus on the specific auditory
cues presented during the current experiment in a way that maximizes the level of
stimulus information available to the listener for further processing after input. Finally,
executive control of attention is associated with the ability to inhibit attention towards
stimulus properties that are irrelevant to the task at hand. In the context of the present
study, executive attention is conceivably involved in inhibiting attending to the prevoiced
stimuli at the phonemic level so that the listener can focus attention on the acoustic nature
of the stimuli during the process of new category formation. Executive control of
attention is also associated with WMC, but WMC also involves the ability to maintain,
access, and develop durable representations of novel information during the learning
process. The RSPAN task will be administered in the current study in addition to the ANT
because complex span tasks provide a measurement of a construct related to attending,
updating, storing, and retrieving information from active memory stores. WMC is highly
related to executive control of attention in a way that facilitates inhibiting attention
towards irrelevant aspects of stimuli, but is also related to storage and retrieval. This

active memory updating process may be related to an individual’s ability to develop new
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phoneme categories while attending to the acoustic dimension of incoming speech
sounds.

The present study focuses on identification of the phonemic status of a series of
bilabial stop consonant syllables varied along a single acoustic dimension—the VOT
continuum. The procedure is an adaptation of the experimental design used by Pisoni et
al. (1982) and Schoenherr and Logan (2014).

Pisoni et al. (1982) provided strong evidence that the perceptual abilities
underlying stop consonant identification are not permanently fixed by early linguistic
experience, and that the perceptual abilities of monolingual speakers of English can be
selectively modified. They found that, contrary to widely accepted views at the time,
individuals could learn to identify phonemes that were not phonemically distinctive in
their native language, specifically, the prevoiced bilabial stop consonant /p"/. They
presented participants with synthetic speech stimuli evenly spaced along an acoustic
dimension (VOT) and representing three possible phonemes. Two of the three phoneme
categories encompassed by the synthesized VOT series (see Lisker & Abramson, 1967)
represented a contrast in English (/b/-/p/), whereas the third category /p"/ encompassed
speech sounds that are not phonemically distinct in English but are often produced in
English, as free variants of /b/ in word-initial contexts and as allophonic variants of /b/ in
intervocalic phonetic contexts (Strange & Dittmann, 1984). Therefore, according to
Strange and Dittmann, participants had considerable experience with the phonetic

categories being trained, although not as phonemically distinctive (functional) categories
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in their native language. The key to the success of Pisoni et al. involved modifying
experimental conditions in order to reduce participants’ uncertainties and strategically
directing participants’ attention toward acoustic, rather than phonetic properties of the
stimuli.

Pisoni et al. (1982) conducted three experiments. The purpose of the first
experiment was to determine whether a large group of naive participants could identify
the three perceptual categories along the VOT continuum with no formal training or
systematic feedback during identification. The second experiment was conducted in
order to determine whether successful three-category labelling would modify subsequent
discrimination performance. The stimuli used in their experiment consisted of 15
synthetic labial stop consonant-vowel (CV) syllables varied along the VOT continuum
from -70 ms to +70 ms VOT. The experiment involved two one-hour sessions conducted
on separate days. Prior to the experimental tasks, participants were presented with one
exemplar representing each one of the three phoneme categories (-70, 0, and 70 ms VOT)
ten times each in order to familiarize them with stimulus contrasts and correct responses.
It is important to note that these 30 trials did not require any response from participants
so no feedback was available to listeners. One group of participants completed a two and
three category identification (ID) task on separate days, and another group completed the
same identification tasks followed by an ABX discrimination test. For each trial of the
identification task, participants were presented with a stimulus. They were then required

to indicate which phoneme category the stimulus best represented (i.e., either /b/ or /p/
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for the two category condition, and either /p"/, /b/, or /p/ for the three category condition).
The ABX discrimination test included all 13 two-step pairs from the 15 stimuli (ie: -70/-
50, -60/-40, -50/-30, etc.), with stimuli in the triads presented 500 ms apart. For each
trial, participants were presented with a stimulus pair followed by one of the stimuli from
the pair. They were then required to indicate whether the third stimulus was identical to
the first or second stimulus. The ID task consisted of 150 trials each day, and the

discrimination task consisted of 208 trials.

100

5888

Figure 1. Results from Pisoni et al. (1982). Experiment 1 (left) includes full sample and Experiment 3
(right) includes only the half of participants who scored above 85% correct identification on the training
procedure. ID functions for the percentage of VOT stimuli identified as /p"/, /b/, or /p/. VOT is shown on

the x-axis and proportion of responses for each category on the y-axis.

All participants showed reliable and consistent two-category ID functions and in
the three-category condition only two of the 45 participants failed to reliably identify
stimuli belonging to the third phoneme category which was not phonemically distinctive

in English (see Figure 1, left panel). Many participants showed two peaks in their ABX
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discrimination functions at boundaries separating the three voicing categories, suggesting
that participants could perceive a novel prevoiced category. Peaks in discrimination
functions closely corresponded to category boundaries in the ID functions providing
further evidence that participants learned categorical perception of a nonnative phoneme
category.

The correspondence between ID and discrimination functions arguably could have
been a result of the ID task influencing performance on the ABX test. Pisoni et al. (1982)
tested this possibility in Experiment 2 which involved an ABX task with no preceding ID
task. Additionally, they tested the effect of response feedback on ABX performance.
Pisoni et al. found that ABX functions from the no-feedback condition were similar to
those obtained in Experiment I, demonstrating that the peaks in discrimination
performance at category boundaries were not entirely the result of a prior ID task. The
results from Experiment 2 suggested that some underlying sensory or psychophysical
factor, rather than perceptual categorization in and of itself, is responsible for
discontinuities in VOT discrimination performance typically found at specific regions of
the acoustic continuum. The feedback condition did not significantly enhance
discrimination performance compared to the no-feedback condition.

Experiment 3 in Pisoni et al. (1982) investigated whether an enhanced training
regimen would improve discrimination performance and sharpen category boundaries
indicated by ID functions. Pisoni et al. were also interested in reducing intersubject

variability and response consistency which had been issues of minor concern in
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Experiments 1 and 2. This was accomplished with a training procedure involving
response feedback.

Experiment 3 involved four one-hour sessions occurring on consecutive days.
Consistent with Experiments 1 and 2, participants were initially presented with the three
category exemplars (-70, 0, and 70 ms VOT) to familiarize them with the stimuli and
required responses. Next, a training procedure presented participants with the three
salient exemplars of each perceptual category presented in random order. Participants
were presented with each exemplar 80 times, for a total of 240 training trials. After each
stimulus was presented, participants were required to identify which of the three
phoneme categories it belonged to. After each response, feedback was provided
indicating whether each response was correct or incorrect.

Day two consisted of a 75-trial training task identical to that of the previous day
followed by an three-category ID task and an ABX discrimination task identical to those
of Experiment 1. Participants who correctly identified at least 85% of the stimuli during
the feedback training task on day 1 participated in the experiment on days 3 and 4. For
these days, testing consisted of one block of 150 ID trials, and one block of 250 ABX
discrimination trials. No response feedback was provided during the ID task, however,
response feedback was provided after each correct response during the ABX test.

Pisoni et al.'s (1982) Experiment 3 results indicated, as in Experiment 1, that there
was variability among individual participants. Six out of twelve participants performed

the initial feedback training task with at least 85% accuracy, and these participants
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showed a high degree of consistency in labelling stimuli in the prevoiced category. As
shown in the right panel of Figure 1, the average ID function was characterized by sharp
slopes at both category boundaries, similar to the voiced-unvoiced category boundary
obtained in the ID function of Experiment 1. This indicates the presence of three discrete
and well-defined perceptual categories. Pisoni et al. also found that the slope for the
group-identification function of the prevoiced category was steeper for Experiment 3 than
for Experiment 1, suggesting that a training procedure using exemplars, participant
responses, and response feedback, increases response consistency in perceptual
categorization. | will be administering a training procedure identical to that used in
Pisoni et al.'s Experiment 3 in the current experiment, due to the success of this method.

The overall results of Pisoni et al. (1982) indicated that when given the
appropriate experimental procedures, naive listeners can learn to perceive differences in
the prevoiced region of the VOT continuum. Therefore, these results demonstrate that
the perceptual system of adults is capable of responding to a phoneme category that is not
phonemically distinctive in the listener’s native language. These results indicated that
perceptual reorganization of the system involved in interpreting auditory input at the
phonemic level is possible, although the specific mechanisms underlying this kind of
perceptual reorganization remain largely unexplored.

As discussed earlier, nonnative speech perception requires a degree of inhibition
of the native language system in order to restrict inappropriate categorization of

nonnative speech sounds. This is especially true during the perceptual learning process
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involved in developing novel phoneme categories. This type of inhibition requires
several lower levels of attention in order to focus on the acoustic nature of the novel
speech sounds, as well as executive control of attention in order to inhibit native language
system from automatically categorizing nonnative speech sounds. This learning process
also requires a degree of working-memory in order to facilitate the formation of durable
representations of nonnative phoneme categories. In order to investigate the roles of
attentional control and working-memory capacity in facilitating the process of learning to
perceive a nonnative linguistic phoneme, Schoenherr and Logan (2014) conducted a
study modelled after Pisoni et al. (1982). Additionally, Schoenherr and Logan assessed
the roles of explicit and implicit sources of information during perceptual learning at the
phonemic level by asking participants to provide confidence ratings after each
identification response. Ashby, Alfonso-Reese, Turken, and Waldron (1998) suggest that
both explicit and implicit cognitive systems are involved in categorical learning. Explicit
systems focus attention on a small number of stimulus dimensions used when initially
learning to categorize stimuli. As learning progresses, an implicit procedural-learning
system that uses more multidimensional stimulus information becomes a more dominant
system involved in categorizing stimuli. Few models of speech perception have
incorporated categorization models involving explicit and implicit systems (but see
Chandrasekaran, Koslov, & Maddox, 2014 for a recent attempt to develop such a model).
Schoenherr and Logan (2013) have argued that when confidence ratings exceed

performance during an ID task, individuals’ subjective awareness is focused on the
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phonemic level of incoming auditory information. By contrast, when individuals are
required to focus on acoustic stimulus properties during a phoneme identification task
such as learning to perceive the prevoiced bilabial stop consonant, they will exhibit lower
confidence ratings. Schoenherr and Logan suggest that acoustic properties of speech
sounds are implicit when performing an ID or discrimination task involving nonnative
phonemes. They argue that divergent evidence for explicit and implicit representations of
speech sounds can be obtained from measures of immediate memory and attention.
Schoenherr and Logan (2014) assessed the relationship between individual measures of
immediate memory and attention, explicit and implicit representations of the prevoiced
VOT category, and ID performance using the laboratory training procedure employed by
Pisoni et al. (1982), with the addition of confidence, attentional network, and immediate
memory measures. They posited that implicit representations of speech sounds should be
evidenced in ID performance, measures of orientation obtained from the attentional
network task, and measures of immediate memory components requiring less attentional
control.

Prior to the main experimental task, Schoenherr and Logan (2014) measured
individual differences in immediate memory using a reading span (RSPAN) task adapted
from Engle et al. (1999). They presented each participant with 42 sentences in sets
ranging from 2 to 5 sentences (there were three cases of each set length, i.e., 2 x 3 + 3 x3
+4 x3 + 5 x 3 =42 sentences). The order of each set length was randomized. Each

sentence was presented visually and auditorily, and participants were instructed to read
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sentences aloud along with the auditory presentation. A random letter followed each
sentence. Participants were required to make a judgment after each sentence-letter pair
was presented regarding whether the sentence was semantically meaningful. For
example, when presented with the sentence “The young pencil kept his eyes closed until
he was told to look™, a participant should press the keyboard button associated with a
“No” response to indicate that the sentence was not semantically correct. After each set
of sentence-letter pairs participants were prompted to recall the set of letters that followed
each sentence. The ability to correctly recall letter sets was assumed to reflect the
executive function of immediate memory. Other measures of memory assumed to be
associated with implicit representations requiring less attentional control consisted of
simple letter span tasks. Ten sets of eight random letters were presented to participants
who were required to recall each set either forwards or backwards immediately following
the presentation of each letter set. Letter sets were presented either auditorily or visually.
The principal task in Schoenherr and Logan (2014) involved training with
feedback, and four experimental blocks involving an ID task (two-category ID with
confidence response, two-category ID without confidence response, three-category 1D
with confidence response, three-category ID without confidence response). The training
component was identical to that used in Experiment 3 of Pisoni et al. (1982), except that
each category exemplar was presented 60 times instead of 80 times. Each experimental
block consisted of 10 repetitions of each of the 15 synthetic bilabial stop consonant

stimuli ranging from -70 to +70 ms VOT, presented in random order. As in Pisoni et al.,
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participants responded to each stimulus by indicating its categorical status as /p"/, /b/,

or /p/ in the three-category condition, and as /b/ or /p/ in the two-category condition. For
the ID tasks with confidence reporting participants additionally indicated how confident
they were with each category response by pressing keys representing a six point scale
ranging from 50% to 100% certainty, in 10% increments.

Schoenherr and Logan’s (2014) results provided further evidence that listeners are
able to use acoustic properties of stimuli along a speech continuum in order to identify
speech sounds belonging to a nonnative linguistic category that was previously not
phonemically distinct. They argued that listeners became sensitized to specific regions of
the VOT continuum characteristic of categorical perception. Confidence reporting,
however, was not significantly related to ID performance in the 3-category condition.
Schoenherr and Logan suggest that this could be taken as evidence that the process of
perceptual reorganization involved in nonnative categorical perception occurs at a
cognitive level below subjective awareness. Additionally, they suggest that this implies
that the acquisition of nonnative speech sounds is not affected by the additional
attentional requirements involved in performance monitoring. They also suggest that this
implies that using acoustic properties to develop a nonnative contrast is primarily a
function of implicit processes.

Schoenherr and Logan (2014) concluded by suggesting that immediate response
feedback during training allocates attention to specific acoustic stimulus properties, as

evidenced by correct identification of exemplars during the training task. This provides
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further rationale for my use of this training procedure in the present study. Further, they
make the claim that attentional capacity appears to affect ID performance by determining
the extent that either acoustic or phonemic stimulus features are used for processing.
Greater attentional capacity is associated with more sharply defined ID functions.
However, immediate memory did not play a significant role in the context of their
investigation. Nevertheless, | included an RSPAN task as a measure of working memory
to investigate the potential relationship between phoneme category learning and working
memory over the time course of my experimental task.
Objectives and Hypotheses

The general aim of the present study was to investigate the cognitive mechanisms
involved in learning to perceive L2 speech sounds. The method used in the present study
was adapted from Schoenherr and Logan (2014) which, in turn, was modelled after
Pisoni et al. (1982). I modified the methods used in these earlier studies by separating the
phoneme identification task into five blocks in order to obtain a more fine-grained
understanding of the learning process. Although evidence of L2 phoneme category
acquisition as a result of a short experimental training session has been provided in
several studies (e.g., Pisoni et al., 1982; Schoenherr & Logan, 2013; Schoenherr &
Logan, 2014), the time course of the acquisition process has not yet been investigated. It
is possible that new phoneme categories are learned through a gradual perceptual shaping
process that enables better perception of previously unperceived phoneme categories in

small increments over the course of an experimental session. Another possibility is that
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there is a learning threshold, or tipping point, where an individual’s mode of attending
switches from acoustic to phonemic, and absolute categorical perception of an L2
phoneme occurs suddenly at a specific point in time over the course of an experimental
session. Blocking of the experiment will enable the individual ID responses to be
assessed in a block to block comparison of ID performance. Aside from blocking the
experimental procedure, this experimental paradigm was essentially the same as the
feedback training task from Experiment 3 and three-category ID response task from
Experiment 1 by Pisoni et al. (1982).

The training task for the current study consisted of presenting three exemplar
stimuli from the VOT continuum ranging from -70 ms to 70 ms. Each stimulus
represents an ideal case of either the prevoiced, voiced, or unvoiced bilabial stop
consonant phoneme category and was presented 80 times, in random order, for a total of
240 trials. After each stimulus was presented, the participant was required to identify the
phoneme category associated with the stimulus. The participant was given feedback
whether the response was correct or incorrect. [ used this particular training procedure
because it was demonstrated to be effective in facilitating prevoiced phoneme category
learning (e.g., Pisoni et al., 1982; Schoenherr and Logan, 2013; 2014). The use of
exemplar stimuli during training facilitates the formation of a durable representation of a
prevoiced category phoneme in memory, and the use of feedback focuses the listener's
attention toward the relevant acoustic differences that differentiate the prevoiced category

from the voiced category.
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For the current experiment, I employed the three category identification task used
by Pisoni et al. (1982). I did not employ a two-category identification task because
Pisoni et al. and Schoenherr and Logan (2013, 2014) have clearly demonstrated that
monolingual native language English speakers can consistently and accurately
differentiate the voiced and unvoiced phoneme categories. I also did not employ the
ABX discrimination task used by Pisoni et al. because discrimination tasks do not
necessarily require the listener to attend to the stimuli at the phonemic level. 1 was
concerned with the way that learning 1s related to the interface between acoustic and
phonemic stimulus properties, and the requirement of phoneme category labelling for the
identification task requires attention toward the phonemic properties. By only employing
a three-category identification task, I was able to increase the number of trials and obtain
more identification data from each participant. The experimental task consisted of a 15-
item stimulus set from along the VOT continuum that spanned the range from -70 ms to
70 ms, with each stimulus presented six times per block, resulting in 30 presentations of
each stimulus, for a total of 450 experimental trials. Considering that this study involves
the ANT, the RSPAN task, and a relatively substantial training procedure, I concluded
that 450 trials would best maximize the amount of data that could be collected without
risking serious degradation in identification performance due to particiapant fatigue.

I expected that the ID functions obtained in the present investigation would
resemble those obtained by Pisoni et al. (1982) (see the left-hand panel of Figure 1,

above). These ID functions are characterized by a sharply defined category boundary
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between voiced /b/ and unvoiced aspirated /p/ ID functions, but a more gradual transition
from the voiced to prevoiced ID functions.

Based on the models of nonnative speech perception (the Perceptual Assimilation
Model, the Speech Learning Model, and the Native Language Magnet model), I expected
that participants would base their interpretation of the novel speech sounds on their
relationship to L1 phoneme categories. This would be sufficient for identifying the
stimuli belonging to the /p/ category (+30 to +70 VOT). However, attending to phonemic
information alone will not be sufficient as a means of distinguishing between stimuli in
the -70 to +20 VOT range. According to the models of L2 speech perception, both
the /p"/ and the /b/ (the stimuli ranging from -70 to +20 ms VOT) will, by default, be
perceived as belonging to the /b/ category by native speakers of English. However, with
a short period of training English listeners can reliably perceive differences in the
prevoiced (negative VOT) region of the VOT continuum (Pisoni et al., 1982).
Participants received training intended to facilitate their ability to selectively attend to the
relevant acoustic property (VOT) of the prevoiced category /p"/. Because participants
lacked well-established phonemic knowledge of this category, they had to rely on their
ability to selectively attend to acoustic properties as a means of categorizing the
prevoiced stimuli. As noted above, the range of stimuli in the prevoiced category include
speech sounds often produced in English as free variants in word-initial contexts, and as
allophonic variants in intervocalic phonetic contexts (Strange & Dittmann, 1984).

Therefore, English listeners will have had experience with the prevoiced category at an
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acoustic/phonetic level, but not as a phonemically distinct category.

I expected that some participants would identify stimuli as either /b/ or /p"/ based
on the degree of perceived goodness of fit to either the exemplar of the /b/ category or of
the newly formed /p"/ category, in accordance with the Perceptual Assimilation Model
(PAM) (Best et al., 2001). The difference between prevoiced stimuli and the voiced
unaspirated phonemic exemplar (i.e., /b/) is termed a Category Goodness (CG)
difference by the PAM. The prototypical /b/ has a VOT of 0 ms, and stimuli with VOT
ranging from -70 to +20 ms VOT will be by default perceived phonemically as /b/ by
English listeners. A CG difference is more readily perceived than the difference between
stimuli when Single Category assimilation is used to perceptually classify phonemes, but
not as well as when the stimuli belong to separate categories. Consistent with the PAM,
Schoenherr and Logan (2013) found that for adjacent /p"/ and /b/ categories, participants
showed partial evidence of phonemic categorization, whereas a sharp category boundary
was present between the L1 categories /p/ versus /b/ (see Figure 2 below). The presence
of one clear-cut category distinction (between /b/ and /p/) and one somewhat gradual
category distinction (between /p"/ and /b/) suggests that both high-level phonemic and
lower-level acoustic modes of attending are being employed, depending on where the
stimulus is situated on the VOT continuum. A sharply defined category boundary is
highly suggestive of attending toward stimuli purely at the more abstract phoneme level;
acoustic-level stimulus differences can be automatically processed below the level of

explicit awareness. Less clear-cut category boundaries may be more suggestive of
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attending toward both acoustic and phonemic levels in order to categorize stimuli. This
kind of attending is required when a newly developed phoneme category is not yet rigidly
established and when this new category overlaps or interferes with an L1 phoneme
category.

I expected that an acoustic mode of attending would be employed in order to
identify stimuli with a VOT below +20 and that this would be a way to assess the
goodness of fit to either the /b/ or to the newly developed /p"/ phoneme category. A high
goodness of fit with /b/ would be identified as /b/, with stimuli having smaller VOT
values gradually being perceived as poorer representations of /b/ and better
representations of /p"/ as the VOT decreases from 0 ms (the VOT of an exemplary /b/
stimulus) to -70 ms. Stimuli with the poorest assimilation to the /b/ category and best
assimilation to the /p"/ were expected to be identified as /p"/, and this is what Schoenherr
and Logan (2013) found (see Figure 2). I proposed that a gradual slope for the category
boundary between /p"/ and /b/ in ID performance is indicative of an acoustic mode of
attending, in addition to the phonemic mode of attending used to label the stimulus
category. Absolute identification was not expected to initially occur for these categories
because attention would initially need to be focused at the acoustic level rather than at the
higher-order phoneme level that more or less automatically categorizes speech sounds
according to phoneme categories. Schoenherr and Logan (2014) found evidence
supporting an acoustic mode of attending for prevoiced stimuli based on confidence

ratings and individual measures of attention and immediate memory.
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Figure 2. From Schoenherr and Logan (2013). ID functions for prevoiced, voiced, and unvoiced
categorization of bilabial stop consonants ranging from -70 to +70 ms VOT. There is a relatively clear-cut

category boundary between /b/ and /p/, and a more gradual boundary between /b/ and /p"/.

The present study included measures of working-memory (the RSPAN task) and
attentional network efficiency (the ANT) in order to investigate whether a relationship
exists between working memory, executive control of attention, lower levels of attention,
and the process of perceptual learning. Learning was measured by ID performance for
stimuli situated within the prevoiced region of the VOT, over the course of five
experimental blocks. A link between the more implicit, lower-level, measures of
attention—the orienting and alerting components of the ANT—was expected to be
associated with the ability to maintain and focus attention toward stimulus properties
along the acoustic dimension, thus contributing to the ability to accurately categorize

stimuli. The more explicit, higher-level measure of attention—the executive control
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component of the ANT—was expected to be associated with the ability to inhibit
perception of the prevoiced stimulus using L1 phoneme categorization, thus facilitating
attending to prevoiced stimuli at the acoustic level. Working memory was expected to be
associated with executive control of attention, as well as the ability to negotiate the
interface between attention and memory in order to access either the newly formed
prevoiced category, or the previously established voiced category, while maintaining
focus on acoustic stimulus properties in order to label prevoiced stimuli.

Previous studies of L2 phoneme learning (e.g., Pisoni et al., 1982; Logan et al.,
1991; Golestani & Zatorre, 2009) have found a high degree of individual variability in ID
performance. These differences may be related to individual differences in some form of
executive attention or working memory capacity, but relatively few studies have
investigated the relationship between these cognitive processes and L2 speech perception.
The ability to identify a stimulus as either /b/ or /p"/ in this type of experiment involves
the cognitive ability responsible for inhibiting the impulse to use phonemic encoding
mechanisms to categorize the stimulus into a pre-existing L1 phoneme category.
Otherwise, all stimuli with a VOT of +20 or less would be perceived as /b/. I expected
that individual differences in executive control of attention and working memory capacity
are associated with the ability to inhibit interference from automatic categorization of
prevoiced stimuli based on the L1 phonemic system. The more an individual is able to
focus attention on acoustic stimulus properties and retain a representation of the stimulus

in a working memory store, the better that individual will be at making a judgment
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regarding how well (or poorly) the acoustic properties of the stimulus correspond with a
phoneme category. Further, it has been suggested that attending to acoustic-level
stimulus properties require more short-term memory resources than attending at the
phonemic level (Werker & Logan, 1985). Therefore, measures of memory and attention
at the level of executive control as well as lower-level orienting and alerting mechanisms
may be involved in processing the prevoiced speech stimuli at the acoustic level.
Learning to perceive nonnative phonemes, especially those situated within pre-
established L1 phoneme categories, is extremely difficult for individuals with no previous
linguistic experience with the given L2 phoneme. Eimas (1978) even argued that the
limited ability to make distinctions between speech sounds within the same phoneme
category suggested that the neural mechanisms mediating VOT perception degenerate
after a certain critical period of development. Pisoni et al. (1982) demonstrated that with
proper training techniques, the perceptual mechanisms used by adults to categorize stop
consonants can in fact be modified. Pisoni et al. were able to show that American
English (AE) listeners can distinguish a prevoiced unaspirated category not present in
AE. Further, when individual differences are minimized by only using data from
participants who perform at a high level on a training procedure, very sharp identification
functions can result for all three phoneme categories (see Figure 1, right panel) compared
to the group ID functions (see Figure 1, left panel). The underlying source of this
individual variability is not well understood, but may be related to individual differences

in working memory capacity and attentional networks. This potential relationship was
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investigated in the present study by comparing individual differences in working memory
and attention measures to perceptual learning as measured by identification performance
over the course the phoneme categorization experiment.

Based on the proposed association between executive control of attention and L2
phoneme identification performance, as well as individual variability in L2 phoneme
category acquisition found by Pisoni et al. (1982), I hypothesized that individual
executive control of attention would be positively related to metalinguistic awareness of
phonemic stimulus properties. Each participant's executive control of attention was
measured with the executive attention component of the ANT as well as with a portion of
the reading span (RSPAN) task (e.g., Daneman & Carpenter, 1980). The metalinguistic
awareness of phonemic stimulus properties was measured by performance on the
phoneme identification task.

Based on the gradual transition between /b/ and /p"/ in the identification functions
provided by Shoenherr and Logan (2013) (Figure 2) and in Experiment 1 of Pisoni et al.
(1982) (Figure 1, left), I posited that the early stages of metalinguistic phoneme
identification are based on the ability to recognize the degree of acoustic relationship
between the prevoiced stimuli and category exemplars. I expected that efficiency of the
lower-level, more implicit, attention networks (orienting and alerting) would be
positively related to early ID performance in the prevoiced-voiced region. I expected that
the perceptual system responsible for making comparisons based on small acoustic

differences would become gradually more attuned over the course of the short
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experimental session and as a result, ID performance would improve over the course of
the five experimental blocks. As a caveat, I predicted that some participants would have
markedly better ID performance and produce ID functions consistent with those found in
Experiment 3 of Pisoni et al. (1982) (Figure 1, right). I hypothesized that these
individuals would have developed durable phonemic representations of /p"/ at some point
of the course of the experiment and the accompanying shift in mode of attending from
acoustic and phonemic to purely phonemic would be characterized by a sudden change in
ID functions between blocks. This sudden shift in mode of attending would be evidenced
by ID functions with two clear-cut phoneme category boundaries similar to those
obtained in Experiment 3 of Pisoni et al. (Figure 1, right panel), rather than one clear-cut
boundary and one gradual transition (Pisoni et al. (Figure 1, left panel). It is at this point
in the course of L2 learning that I expected a new durable representation of the prevoiced
phoneme category would be developed. Once a new phoneme category has been
acquired, acoustic properties become more or less automatically processed and phoneme
identification can rely on absolute categorization based on attending to stimulus
information at the phonemic level. This change in perception may be also characterized
as a transition from an effortful process to a more automatized process that is typically
associated with L1 phoneme processing.

I expected that acquisition of L2 phoneme categories relies on cognitive processes
involved in language learning including executive control of attention. Therefore, I

hypothesized that WMC and efficiency of the executive control attention network would
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be positively related to learning efficiency. More efficient executive function was
expected to lead to faster L2 category formation, and steeper prevoiced-voiced category
boundaries would occur earlier in the experiment. Executive control measures were
expected to be related to ID performance at the beginning of the task as a result of their
role in inhibiting interference from the L1 phonemic system and preserving acoustic
representations of the stimuli. I predicted that this ability would facilitate learning, and
that individuals with higher executive function would be able to transition toward purely
phonemic attending more quickly as a result of faster category development. Once an L2
category has been acquired, I hypothesized that measures of memory and attention at
both higher and lower levels of processing is not implicated in stimulus processing. This
is because it has been suggested by Werker and Logan (1985) that phonemic level
stimulus encoding requires less short-term memory resources than encoding at the level
of acoustic stimulus properties. Thus, once a stable representation of the prevoiced
phoneme category has been formed, stimulus identification can rely on the largely
automatic process of categorization at the phonemic level.

In addition to working memory capacity and attentional measures, it is possible
that other individual differences in experience would affect categorization performance.
In the present study, I examined individual differences in musical ability. Specifically, I
expected that relatively highly skilled musicians are skilled at attending to fine acoustic
stimulus properties, but they may have difficulty developing a new phonemic category

due to their well developed ability to attend to stimulus properties at the acoustic level. 1
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hypothesized that skilled musicians may artificially create a phonemic boundary based on
acoustic features; they would produce clear-cut ID functions highly suggestive of
categorical perception of the prevoiced phoneme for the duration of the experiment;
however, attending will not be an automatized phonemic process, rather, musicians will
continue to attend to acoustic stimulus features for the duration of the experimental
procedure. To investigate this hypothesis, a short musical experience survey was
administered to participants prior to the experiment. ID functions for experienced
musicians were compared those of nonmusicians to investigate potential differences in ID

performance over the course of the experiment.

Method

Participants

35 participants were recruited for this experiment from the university's online
study participation system and from a community sample (20 females, 15 males). All
participants spoke English as their first language and had no significant knowledge of any
Southeast Asian language (this was to ensure that prior exposure to languages that use the
prevoiced category was kept to a minimum). Participants had normal or corrected vision
and had no significant hearing or neurological problems. They signed an informed
consent form prior to the experiment. Each Carleton University student recruited through

the SONA system received a 1.5% course credit.
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Materials

Identification Task Stimuli. Fifteen synthetic speech stimuli were obtained from
the Haskins Laboratories website (Haskins Laboratories, 2014). The stimuli originally
were generated by Lisker and Abramson (1967). The stimuli varied along the VOT
continuum from -70 to 70 ms VOT, in 10 ms increments. These stimuli correspond to
labial stop consonant-vowel (CV) syllables representing prevoiced unaspirated, voiced
unaspirated, and unvoiced aspirated stops. The latter two categories are present in the
inventory of English phonemes while the former is not. The sounds were originally
recorded on reel-to-reel tape and later converted into AIFF format at Haskins
Laboratories. Once downloaded, the stimuli were pre-processed using a DC offset
correction to eliminate clicks present in the AIFF versions and then converted into .WAV
files using Audacity software. It should be noted that these stimuli were also used by
Schoenherr and Logan (2013, 2014) but are not the same stimuli used by Pisoni et al.
(1982).

Individual Differences Measures. Participants were required to complete three
individual difference measures: 1) a music and language experience questionnaire, 2) a
reading span task (RSPAN), and 3) the Attentional Network Test (ANT). The music and
language experience questionnaire was designed to assess individual differences in
language and musical experience that could have affected performance of the speech
perception task (see Appendix A for the music and language experience questionnaire).

Working memory capacity was measured using a version of the the reading span
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(RSPAN) task adapted from Turner and Engle (1989). This measure assesses an
individual’s ability to maintain and retrieve task relevant information in active working
memory stores while attention is focused on performing an unrelated simple, yet
nontrivial, cognitive task. In this version of the RSPAN task participants were presented
with a series of sentences in both auditory and visual form. Participants were required to
read the sentences displayed on the screen aloud as they were presented auditorily
through headphones. Each sentence was followed immediately with a letter to be
recalled following the presentation of a span of two to five sentences. Participants were
asked to make judgments after reading each sentence and letter pair regarding whether
the sentence was semantically correct. Judgments were made by pressing the letter “Y”
on the computer keyboard to indicate a semantically correct judgment, or “N” to indicate
that the sentence was not semantically correct. For example, when presented with the
sentence-letter pair “Andy was stopped by the policeman because he crossed the yellow
heaven. R” the participant should have pressed “N” to indicate that the sentence was not
semantically correct. Once a span of two to five sentence-letter pairs was presented
participants were asked to recall the letters from the set in the order they were presented
by writing them down on a response sheet. Three sets of each length of spans were
presented. There were three two-sentence spans, three three-sentence spans, three four-
sentence spans, and three five-sentence spans. Thus, a total of 42 sentences were
presented over twelve sets. The RSPAN task took approximately 12 minutes to complete.

The RSPAN scores were obtained based on two scoring methods: 1) the
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traditional absolute span scoring method (e.g., Daneman & Carpenter, 1980) and 2) the
Partial scoring method (e.g., Conway et al., 2005). The absolute scoring method obtains
scores for each individual participant by adding up the lengths of sets for which all letters
were correctly recalled. For example, if a participant recalled all letters correctly from
three of twelve sentence spans, one two-sentence span, one three-sentence span, and one
five-sentence span, that participants absolute RSPAN score would be 10 (2 + 3 + 5). The
partial scoring method awards points for each letter correctly recalled in the correct
position. The score obtained is the number of letters (out of 42 in this case) correctly
recalled in the correct position. The partial scoring method would give a participant who
correctly recalled four out of five letters in a five-sentence span four points for that span,
compared to zero points that would be given using the absolute method.

The Attention Network Task (ANT), developed by Fan et al. (2002) and retrieved
from https://sacklerinstitute.org/cornell/assays and tools/ant/jin.fan/, measures each
participant’s ability on three distinct attentional functions: alertness, orienting, and
executive control of attention (also referred to as conflict resolution). For each trial
participants were required to indicate the direction (either left or right) of a target arrow
presented to them either above or below a central fixation cross on a computer monitor
by pressing the “left arrow” or “right arrow” keys. Target arrows were presented in either
in the middle of a row of flankers facing either the same way as the target arrow
(congruent) or the opposite way (incongruent), or with no flankers (neutral condition).

Prior to the target presentation, participants were given either no cue, or a cue indicating
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that the target would be presented shortly. The cue was an asterisk presented either
centrally, both above and below the fixation, or in the location of the target (either above
or below the fixation). The ANT consisted of four blocks which included a practice
block with response feedback, and three test blocks. The ANT took approximately 25

minutes to complete. See Figure 3 for an illustration of the ANT.
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Figure 3. An illustration of the ANT experimental procedure. (a) The four cue conditions; (b) the six

stimuli presented; (c) an example of the procedure for one trial. (From Fan et al., 2002, p. 341).
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Procedure

The individual difference measures were administered prior to the speech
perception training and experimental procedures. The auditory experience questionnaire
was administered first, followed by the RSPAN and the ANT. The order of
administration of the RSPAN and ANT was counterbalanced. PsychoPy software (Pierce,
2007) was used to control presentation of stimuli and collection of responses for the
RSPAN, training, and experimental tasks. The ANT is a Java program that was
administered using JAR (Java Application Runtime environment) Launcher software.

Training. The training procedure and phoneme identification task were adapted
from those originally used by Pisoni et al. (1982). Participants were seated in front of a
14" laptop screen in a sound attenuated booth. All auditory information was presented
through headphones adjusted to a comfortable listening level. A training task was
administered prior to the principal experimental task to familiarize participants with the
experimental task and the association between the stimuli and the three phonemic
categories. Participants were presented with exemplars from each of the three phoneme
categories: /p"/, /b/ and /p/. These exemplars were represented by stimuli with VOTs of
-70, 0, and 70 ms, respectively. After hearing each stimulus, participants indicated
whether the speech sound belonged to the /p"/, /b/, or /p/ category by pressing the “V”,
“B”, or “N” keys, labelled as “ B”, “B”, and “P”, respectively. Participants were given
feedback after each response indicating whether the response was correct or incorrect.

Feedback was given by presenting the word “Correct” or “Incorrect” visually on the
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monitor. Each of the three stimuli were presented 80 times during the training phase, for
a total of 240 training trials. The stimuli were presented in random order. The training
task took approximately 12 minutes to complete.

Experimental Task. Once training was complete participants were given the
main experimental task. This task involved presenting participants with all 15 stimuli
from the VOT continuum ranging from -70 to 70 ms VOT. As in the training procedure,
participants were required to identify each stimulus as /p"/, /b/, or /p/ by pressing either
the 'V', 'B', or 'N' key, labelled / B/, /B/, or /P/, respectively. However, in this phase of
the experiment no response feedback was provided. The experimental task consisted of
five blocks with a short break between blocks. Participants were presented with each
stimulus six times in each block for a total of 90 trials per block, yielding 450
experimental trials. Stimuli were presented in random order. The test phase took
approximately 15 minutes to complete. Overall, the study took approximately an hour

and ten minutes for each participant to complete.

Results
Individual Difference Measures. The means and standard deviations of the
attention network efficiencies, working-memory measures, and number of years of
musical training are presented in Tables 1, 2, and 3, respectively. A median split was
used to separate participants into high and low groups for the ANT (see Table 1) and
RSPAN (see Table 2) measures. For the auditory experience measure, participants were

categorized into high and low experience groups based on the number of years of
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musical training (see Table 3). A series of analyses indicates that there was a significant
amount of variation in individual difference measures. Analyses of variance indicated
significant differences between low and high levels of the ANT alerting efficiency scores,
F(1,33) =38.51, p <.01, ANT orienting efficiency scores, F(1,33) =38.67, p <.01, ANT
executive control of attention efficiency scores, F(1,33) =36.04, p < .01, ANT average
response times, F(1,33) = 52.40, p <.01, RSPAN scores using the absolute scoring
method, F(1,33) = 68.85, p <.01, RPAN scores using the partial scoring method, F(1,33)
= 64.60, p < .01 and number of years of musical training, F(1,33) =57.24, p < .01.

Most participants (N=24) had at least one year of musical training experience and
this measure was therefore used as a measure of musical experience for the sample as a
whole. This provided a strong rationale to include musical training as an auditory
experience measure for the general population of English speaking individuals.
Additionally, seven of the 35 participants currently played an instrument two or more
hours per week. These participants were classified as musicians, and all other
participants were classified as nonmusicians. The musician/nonmusician classification
was used in addition to the musical training measure because it was clear from the
individual ID functions that participants who currently played an instrument more than
two hours per week were better than the rest of participants (see Figure 8). Although the
musician/nonmusician distinction clearly played a role in ID performance, only twelve
participants currently played an instrument (seven of those twelve played more than two

hours per week), therefore this measure was not as well suited as musical training as a
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predictor variable. See the middle and right columns of Tables 1, 2, and 3 for the means
and standard deviations of median-split participant groups for each individual difference
measure.

Table 1
Mean efficiency (RT average in seconds) for attentional networks.

High Efficiency Low Efficiency

Network M (SE) M (SE) M (SE)
Alerting 32.86 (24.08) 15.12 (11.75) 50.71 (20.52)
Orienting 37.46 (23.28) 20.12 (19.96) 54.52 (11.06)
Executive 133.97 (37.57) 106.88 (14.56)  159.54 (34.59)
Control
Overall RT 592.37 (87.25) 526.46 (15.56) 661.46 (72.35)
Table 2
Mean RSPAN score .
High Low
Scoring Type M (SE) M (SE M (SE)
Absolute 15.06 (9.90) 2329 (3.40) 694 (7.38)
Partial 25.29 (8.92) 3259 (5.03) 18.00 (5.54)
Table 3
Mean number of years of musical training.
High Low
M (SE) M (SE) M (SE)
Years 5.34 (6.09) 10.29 (5.22) 0.59 (0.87)
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Figure 4. Overall ID functions for /p"/, /b/, and /p/ categories.

Identification responses. The results of the overall ID response functions
averaged across all blocks and participants (see Figure 4) were very similar to those of
Pisoni et al. (1982) (see left-hand panel of Figure 1) and Schoenherr and Logan (2013,
2014). About half of the participants were quite proficient at distinguishing between the
prevoiced and voiced stop consonant phoneme categories, and almost all participants

demonstrated the ability to distinguish between the voiced and unvoiced aspirated
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categories. The musicians’ ID functions indicated that musicians were better at
distinguishing between prevoiced and voiced stimuli than nonmusicians (see Figure 8).
The block-by-block ID functions indicated that there was not a substantial or consistent
change in individuals’ ID performance across blocks.

ID functions for were created using each individual difference measure median-
split participant group. The ID functions created from median-split groups based on ANT
response time, RSPAN scores using Partial scoring strategy, and number of years of
musical training revealed distinct groups (See figures 5, 6 and 7). Participants in the
faster ANT response time group were better at distinguishing between prevoiced and
voiced stimuli (see the left-hand panel of Figure 8) compared to participants with slower
ANT response time (see the right-panel of Figure 8). Participants in the high RSPAN
group, according to the Partial scoring method, were better at distinguishing between
prevoiced and voiced stimuli (see the left-hand panel of Figure 9) compared to
participants in the low RSPAN group (see the right-hand panel of Figure 9). Participants
with more years of musical training were better at distinguishing between prevoiced and
voiced stimuli (see the left-hand panel of Figure 10) compared to participants with less

musical training (see the right-hand panel of Figure 10).
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Figure 5. 1ID functions for overall performance, for fast and slow ANT response time groups. Left: ID

function for fast ANT response time group. Right: ID function for slow ANT response time group.
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Figure 6. ID functions for overall performance for high and low RSPAN (Partial scoring method) groups.

Left: ID function for high RSPAN group. Right: ID function for low RSPAN group.
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Figure 7. ID functions for overall performance for high and low number of years of musical training. Left:

ID function for high musical training group. Right: ID function for low musical training group.
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Figure 8. 1D functions for overall performance for musicians (N=7) and nonmusicians (N=28). Musicians

were visibly better at identifying prevoiced stimuli compared to nonmusicians.

Logistic Regression. In order to quantify these observations, the identification
performance for prevoiced responses for all 15 VOT stimuli was tabulated for each block,
as well as overall, for each participant. Identification frequency of responses for
prevoiced categorization for all 15 VOT stimuli was tabulated for each block, as well as
overall, for each participant. Logistic functions were fitted to individual participants’ ID
functions for prevoiced category responses for each block, as well as for overall
performance, using the R software (R Core Team, 2014) library DRC (Dose Response
Curve; Ritz & Streibig, 2005). The DRC software yielded slope, lower limit, upper limit,
and 50% crossover parameters for each plot. (The 50% crossover is defined as the point
on the VOT continuum that corresponds to where 50% of the prevoiced responses are
located). See Figure 9 for an example of two logistic functions fitted to prevoiced
identification plots. Plots were created in order to facilitate efficient categorization of
prevoiced identification performance as either "successful" or "unsuccessful" for each

block. RCommander (Fox, 2005) was used to apply a hierarchical means clustering
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solution in order to sort the individual prevoiced identification plots for each block
according to the lower limit, upper limit, and 50% crossover parameters from each
logistic model. See Figure 10 for an example of a hierarchical means clustering
dendrogram.

Roughly half of participants successfully distinguished between the prevoiced and
voiced stimuli in each block. Although the hierarchical means clustering strategy was
generally effective in grouping all prevoiced ID performances as either "successful" or
"unsuccessful", some inconsistencies led to some plots being categorized incorrectly. For
example, some successful participants tended to draw the distinction between the
prevoiced and voiced stimuli at longer VOT values than most other successful
participants, and as a result these participants were improperly classified with the
unsuccessful ID performance group by the hierarchical means clustering analysis (see
Figure 11, right). Another inconsistency resulted from logistic functions that
coincidentally had the correct 50% crossover category boundary but with numerous
inappropriate responses for stimuli in the positive VOT range (see Figure 11, middle).
Finally, some participants were biased to make prevoiced responses which also had an
effect on the ability of the hierarchical means clustering analysis to correctly group
prevoiced ID performances into successful and unsuccessful groups (see figure 11, left).
These inconsistencies were not due to any inherent failure of the clustering algorithm but
occurred as a result of simply applying criteria for separating groups that did not take into

account the characteristics or features of an “ideal” categorical identification function
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based on linguistic and psychoacoustic consideration. As a consequence of these
inconsistencies in the clustering solutions, all logistic fitted plots were visually inspected
and recategorized as either successful or unsuccessful prevoiced identification as
necessary. This manual check of the clustering solutions resulted in anywhere from four
to eight functions being reclassified as belonging to the opposite group (i.e., successful to
unsuccessful or unsuccessful to successful), for each block. Reclassification required a

consensus of two observers.

Figure 9. Examples of logistic functions fitted to plots for a "successful" prevoiced ID individual
participant's performance block (left) and an "unsuccessful" ID performance (right). Y-axis represents VOT
stimuli from -70 ms (represented by 0) to 70 ms (represented by 15). Prevoiced response frequency is

represented along X-axis.
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Figure 10. Hierarchical means clustering of individual prevoiced logistic functions for block 3. Brach 25
corresponds to the plot on the left side of Figure 5 ("successful") and branch 18 corresponds to the plot on

the right side ("unsuccessful").

Figure 11. Logistic fitted plots classified incorrectly by hierarchical means clustering analysis. Left: high
prevoiced response bias. Middle: coincidentally "successful" logistic model fit. Right: Prevoiced/voiced

boundary inappropriately shifted toward voiced category.
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Once each participants’ prevoiced ID responses for each block were categorized
as either successful or unsuccessful, data from participants who had the 10 most
ambiguous logistic functions were removed from each block, leaving data from 25
participants for further analysis. Next, predictor variables were selected for use in a
logistic regression to predict successful or unsuccessful categorization of the prevoiced
stimuli. The predictor variables were chosen from the ANT measures (alerting, orienting,
executive), plus the overall ANT response times, the three RSPAN measures (absolute
RSPAN scores, and partial RSPAN scores) and finally, two measures from the auditory
experience questionnaire (number of years of music experience and number of hours per
week spent playing an instrument). The predictors chosen were RSPAN scores using
Partial scoring, ANT average overall response time, and number of years of musical
training. The choice of these variables was based on the ID functions for each median-
split individual difference measure. These three measures revealed the largest differences
between the high and low median-split groups. Results from from this regression
analysis are presented in Tables 4 through 9.

The logistic regression output tables merit some explanation. The slopes of the
constant and predictor variables and their standard errors are presented in the first data
column (B (SE)). These are the coefficients used in the logistic regression model. The
odds ratio of each predictor is presented in the third data column (Odds ratio) and is an
indicator of the change in the odds of successful prevoiced categorization resulting from

a change in one unit of the predictor. The lower and upper confidence intervals for the
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odds ratio are presented in data columns 2 and 4 (Lower and Upper). Confidence values
greater than 1 signify a positive relationship between the predictor and the outcome
variable (prevoiced categorization success in this case). Confidence values less than 1
signify a negative relationship between the predictor and the outcome variable.
Confidence intervals that span across 1 indicate that there is a chance that in the
population the direction of the relationship between the predictor and outcome variables
is the opposite of what was observed in this experiment. A measure of the logistic
regression analogue to R’ is provided for three different methodologies: Hosmer and
Lemeshow (1989), Cox and Snell (1989) and Nagelkerke (1991). These measures
indicate how well the data fit the logistic regression line. The model chi-square statistic
measures the difference between the model with the included predictors and the model
with only the constant. A significant chi-square statistic for a logistic regression indicates
that the model predicts the probability of a certain outcome significantly better with the
predictor(s) included in the model. The R*and chi-square values are reported as a "Note"
below each regression output table.

ANT overall average response time was a significant predictor of prevoiced
identification performance success for block 1. Number of years of musical training was
a significant predictor of prevoiced identification performance success from block 4 and
block 5. These results indicate that when these three predictors are included the logistic
regression model predicted prevoiced categorization performance success significantly

better than when these predictors were not used in the model for all five blocks, as well as
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overall performance collapsed across blocks.

The role of ANT and RSPAN measures changes, however, when the analyses
separate the categorization performance of musicians from nonmusicians. A binomial
logistic regression analysis that included only nonmusicians indicated that when ANT
average response time and RSPAN score are used as predictors, the logistic regression
model did not predict prevoiced categorization performance success significantly better
than when these predictors were not used in the model for four of five blocks, as well as
overall (see Tables 10 through 15). The exception was for block 3, which indicated that
the model was significantly better at predicting prevoiced categorization performance
when the ANT average response time and RSPAN score were included in the model than

when the predictors were not included in the model.

Table 4
Block 1 binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 15.94
(9.35)
ANT -0.031 *
Response (0.02) 0.93 0.97 0.99
Time '
RSPAN 0.05
0.86 1.06 1.36
(0.10)
Years of 0.21
Mu§1gal (0.14) 0.98 1.23 1.78
Training

Note. R2= 57 (Hosmer-Lemeshow), .55 (Cox-Snell), .73 (Nagelkerke). Model 42 (3) = 19.80, p <.0005.
*
‘p <.05.
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Table 5
Block 2 binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 19.2
(10.11)
ANT -0.03 .
Response (0.02) 0.93 0.97 0.99
Time '
RSPAN -0.09
0.86 1.06 1.36
(0.07)
Years of 0.23
Mu§1gal (0.16) 0.98 1.23 1.78
Training

Note. R2= 47 (Hosmer-Lemeshow), .55 (Cox-Snell), .73 (Nagelkerke). Model 42 (3) =16.12, p <.005. . p
<0.1

Table 6
Block 3 binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 11.15
(11.74)
ANT -0.02
Response (0.02) 0.93 0.98 1.00
Time '
RSPAN 0.06
0.88 1.06 1.32
(0.10)
Years of 0.24 .
Mu§1gal (0.13) 1.03 1.27 1.78
Training

Note. R?= 47 (Hosmer-Lemeshow), .48 (Cox-Snell), .64 (Nagelkerke). Model 42 (3) =16.40, p <.001. . p
<.1.
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Table 7
Block 4 binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 12.98
(12.42)
ANT -0.02
Response (0.02) 0.93 0.97 0.99
Time '
RSPAN (-0.02)
0.86 1.23 1.78
(0.09)
Years of 0.22 *
Mu§1§:a1 0.11) 0.98 1.06 1.36
Training

Note. R2= 39 (Hosmer-Lemeshow), .55 (Cox-Snell), .73 (Nagelkerke). Model 42 (3) = 16.40, p <.001. * p
<.05.

Table 8
Block 5 binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant -2.35
(3.95)
ANT 0.00
Response (0.01) 0.99 1.00 1.01
Time '
RSPAN -0.03
0.85 0.97 1.08
(0.06)
Years of 0.31 *
Musical (0.16) 1.07 1.36 2.06
Training '

Note. R?= 23 (Hosmer-Lemeshow), .27 (Cox-Snell), .36 (Nagelkerke). Model 2 (3) =7.81, p<.05. *p
<.05.
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Table 9
Overall binomial logistic regression results with ambiguous cases removed. N=25.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 19.45
(12.05)
ANT -0.03
Response (0.02) 0.92 0.97 1.00
Time '
RSPAN -0.08
0.77 0.92 1.07
(0.08)
Years of 0.24 .
%zislll(izsl (0.14) 1.02 1.27 1.85
g

Note. R2= .44 (Hosmer-Lemeshow), .45 (Cox-Snell), .60 (Nagelkerke). Model 42 (3) = 15.07, p <.005. . p
<.1.

Table 10
Block 1 binomial logistic regression results with musicians removed. N=28.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 6.08
(3.95)
ANT -0.01 .
Response (0.01) 0.97 0.99 1.00
Time '
RSPAN -0.01
0.9 0.99 1.09
(0.05

Note. R2= .11 (Hosmer-Lemeshow), .15 (Cox-Snell), .20 (Nagelkerke). Model 42 (2) =4.08,p>.1..p <.l

63



ATTENTION, WORKING-MEMORY, AND L2 PHONEME LEARNING

Table 11
Block 2 binomial logistic regression results with musicians removed. N=28.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 7.85.
(4.13)
ANT -0.01 *
Response (0.01) 0.97 0.99 1.00
Time ’
RSPAN 0.02
0.92 1.02 1.12
(0.05)

Note. R2= .19 (Hosmer-Lemeshow), .25 (Cox-Snell), .32 (Nagelkerke). Model 42 (2) =7.17, p <.05. *p
<.05.,.p<.l

Table 12
Block 3 binomial logistic regression results with musicians removed. N=28.

B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included

Constant -7.83.

(4.07)
ANT 0.01
Response (0.01) 1 1.01 1.02
Time ’
RSPAN 0.16 *

1.05 1.17 1.38
(0.07)

Note. R?= 24 (Hosmer-Lemeshow), .31 (Cox-Snell), .39 (Nagelkerke). Model 42 (2) =9.22, p <.01. *p
<.05,.p<.l
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Table 13
Block 4 binomial logistic regression results with musicians removed. N=28.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 0.56
(3.22)
ANT 0.00
Response 0.00 0.99 1 1.01
Time (0.00)
RSPAN 0.04
0.95 1.04 1.14
(0.05)

Note. R?= .04 (Hosmer-Lemeshow), .06 (Cox-Snell), .07 (Nagelkerke). Model 2 (2) = 1.49, p > .1.

Table 14
Block 5 binomial logistic regression results with musicians removed. N=28.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 0.14
(3.01)
ANT 0.00
Response (0.00) 0.99 1 1.01
Time '
RSPAN 0.00
0.91 1 1.08
(0.04)

Note. R?= .00 (Hosmer-Lemeshow), .00 (Cox-Snell), .00 (Nagelkerke). Model 42 (2) = 0.02, p > .1.
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Table 15
Overall binomial logistic regression results with musicians removed. N=28.
B (SE) 95% CI for odds ratio
Lower Odds ratio Upper
Included
Constant 0.56
(3.07)
ANT 0.00
Response -0.49 0.99 1 1.01
Time (-:0.49)
RSPAN 0.02
0.94 1.02 1.12
(0.04)

Note. R2= .01 (Hosmer-Lemeshow), .02 (Cox-Snell), .03 (Nagelkerke). Model 42 (2) = 0.55, p > .1.
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Discussion

ID functions for all three phoneme categories collapsed over the five experimental
blocks were characterized by a sharply defined category boundary between voiced /b/ and
unvoiced aspirated /p/ ID functions that contrasted with a more gradual transition from
the /b/ to /p"/ ID functions. These ID functions were similar to the ID functions obtained
in Experiment 1 of Pisoni et al. (1982) and Schoenherr and Logan (2013, 2014). They
demonstrated that participants could accurately categorize stimuli in the unvoiced /p/
region of the VOT continuum. The smaller distinction between the prevoiced /p"/ and
voiced /b/ ID functions suggests that participants could generally identify stimuli in the
prevoiced VOT region from stimuli in the voiced VOT region but that this distinction was
far less reliable. Furthermore, the category boundary between the prevoiced and voiced
regions was characterized by a much more gradual transition than the voiced-unvoiced
category boundary. See Figure 12 for a side-by-side comparison of the current results to

those from Experiment 1 of Pisoni et al. (1982).
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Propaortion |dentified

Figure 12. Overall ID functions for prevoiced (blue), voiced (red), and unvoiced (yellow) categories
obtained from the current experiment (left-hand panel). Three-category ID functions from Experiment 1 of

Pisoni et al. (1982) (right-hand panel).

As expected, the stimuli closest to the category exemplars presented during
training were most accurately identified by participants, even for stimuli in the prevoiced
region from -70 ms to -20 ms VOT. The slope of the prevoiced and voiced ID functions
was less steep than the slope of the unvoiced ID function, suggesting that participants
attended to acoustic-level stimulus properties (i.e., VOT) as well as more abstract
phonemic properties in order to categorize the prevoiced stimuli. A plateau in the
prevoiced ID response curve between -70 and -50 ms suggests that some participants
were able to attend to phonemic-level stimulus properties in order to categorize the
prevoiced stimuli.

Also consistent with Pisoni et al. (1982), about half of the participants could
reliably and accurately identify stimuli in the prevoiced VOT region. Moreover, contrary
to what I expected, participants’ ID performance did not vary substantially across blocks.

The cognitive processes underlying an individual’s ability to learn to perceive a
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nonnative phoneme may be somewhat resistant to change over the course of such a short
experimental session.

The results did not provide a clear picture of the cognitive mechanisms underlying
the individual differences observed in ID performance. Results from the ANT and
RSPAN did not consistently predict ID performance. There appeared to be a relationship
between ID performance and both ANT average response time, as well as RSPAN scores.
ANT response time significantly predicted ID performance in block 1 in the logistic
regression analysis that included musicians, and in block 2 in the analysis that did not
include musicians, and moderately predicted ID performance in block 2 in the first
analysis and block 1 in the second analysis. Participants who respond quicker may
categorize stimuli based on more implicit cognitive processes that utilize acoustic-level
cues more effectively than explicit, rule-based processes, and this in turn may result in a
better ability to identify prevoiced stimuli, especially for early blocks.

The complete lack of relationship between prevoiced ID functions and individual
differences in the alerting, orienting, and executive control of attention as measured by
the ANT suggests that either these constructs do not underly perceptual learning of
nonnative phonemes or that the ANT is an inappropriate conceptualization of attentional
dimensions for predicting the cognitive processes underlying phoneme learning. An
alternative to attentional networks is attentional control theory which traditionally focuses
on the relationship between anxiety and performance on cognitive tasks. However, it

may be a useful conceptualization of attention for future studies of perceptual learning
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related to speech perception (Eysenck, Derakshan, Santos, & Calvo, 2007). Attentional
control theory holds that attentional control underlying processing efficiency for a given
cognitive task is associated with three attentional functions: inhibition, shifting, and
updating. Inhibition comprises one’s ability to intentionally inhibit automatic or
dominant responses that interfere with task completion (Eysenck et al., 2007). The
inhibition function of Attentional Control Theory could conceivably facilitate the
inhibition of native phonological system required in order to accurately perceive
nonnative phonemes. Shifting defines the cognitive process used to allocate attention
toward task relevant stimuli. This could be related to an individual’s ability to shift from
acoustic-level to phoneme-level processing in order to categorize novel speech sounds.
Finally, the updating function is associated with the processes of monitoring and updating
information in working memory. This could underly the accuracy of a comparison
between novel phonemes and previously heard category exemplars. Although the ANT
measures attentional efficiency of three distinct networks—alerting, orienting, and
executive control of attention—an individual difference task that measures attentional
functions as posited by attentional control theory may be worth exploring as a potential
way to account for the cognitive processes that underlie perceptual learning of novel
phonemes.

Visual inspection of the overall ID functions from the high and low RSPAN
median split groups suggests that participants with a higher RSPAN were somewhat

better at accurately identifying stimuli in the prevoiced region (see Figure 6), however,
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RSPAN was for the most part not a significant predictor of ID performance for stimuli in
the prevoiced VOT region. Although working-memory capacity may underly nonnative
phoneme learning in some way, either the sample size for this experiment may have been
too small or the RSPAN task may not have been an ideal measure of working memory.

Two potential issues with way that the RSPAN implemented in the present study
may have affected the results. Requiring participants to read sentences out loud may
have affected recall ability differently for different participants. For individuals who are
extremely proficient at reading out loud this part of the RSPAN may not inhibit letter
recall as much as it would for participants who are not as proficient at reading out loud.
In this situation the RSPAN is providing a measure of ability to read aloud that is
confounded with the RSPAN as a measure of working-memory capacity. Another issue is
that recall strategies may vary between participants. For example, some participants may
utilize a repetition strategy, some may use mnemonics, and some may use no particular
strategy. RSPAN score would therefore provide an indication which strategy works best
rather than a measure of working memory capacity.

Another measure of working memory that has become popular, especially in
neuroimaging studies, is the n-back task. An n-back task presents a sequence of a certain
kind of stimulus such as letters or pictures, and requires a participant to continuously
recognize whether the current item matches the item presented » items ago (Kane,
Conway, Miura, & Colflesh, 2007). The n-back task has received little empirical

validation as a measure of working memory compared to complex span tasks, however,
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an n-back recall task (as opposed to recognition) has been shown to be strongly
correlated with results from a complex span task (Shelton, Metzger, & Elliott, 2007).
Future studies on individual differences in working memory and nonnative speech
perception could investigate whether the n-back can be used to better predict
identification performance compared to complex span tasks such as the RSPAN.

Other processes that may be associated with learning to perceive a nonnative
phoneme may be delayed gratification or impulse control. Delayed gratification is the
ability to resist the temptation to indulge in an immediate reward based on the knowledge
that this will lead to a larger reward at some point in the future. An individual's ability to
delay gratification is associated with impulse control, which requires cognitive control.
Thus, a measure of gratification delay, such as the Delaying Gratification Inventory
(DGI) (Hoerger, Quirk, & Weed, 2011) could be administered in future phoneme learning
studies to investigate the possible relationship between impulse control and a person's
ability to inhibit the L1 phonological system during nonnative speech perception.
Another measure that could be administered in order to measure the degree that
individual differences in impulse control may be related to novel phoneme identification
performance is a Go/No-go test. These tests are used to provide a measure of a
participant's ability to sustain attention toward relevant stimuli and control responses.
Usually a Go/No-go test involves pressing a button in response to a certain kind of
stimulus, and refraining from pushing the same button in response to a different kind of

stimulus. This process may be similar to the inhibition of the L1 phonological system
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when learning a novel L2 phoneme category, and thus a Go/No-go test may be a useful
measure of individual differences in future studies.

In conclusion, the present study found limited support for the involvement of
attention and working memory in the learning of a novel phoneme category as a function
of block. Future work that examines individual differences in nonnative phoneme
learning should consider alternative measures of attention and working memory to
determine if the pattern of results obtained in the present study were due to limitations in
the individual difference measures used. Additional participants may also yield a wider
range of performance that may make it easier to see the role of individual differences in
attention and working memory. Finally, the differences between musicians and
nonmusicians deserves further examination. The possibility that becoming proficient at
playing an instrument develops a skill that is transferable to learning a novel phoneme
category implicates general auditory processing being recruited to deal with speech
perception. Such a finding suggests that the modularity of mind championed by Fodor
(1983) and others (e.g., Pinker, 1996) may be limited, especially as Fodor used speech

perception as the model system to illustrate modularity.
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Appendix A
Auditory Experience Questionnaire
Language experience

Please indicate your date of birth: /]

Your place of birth:

1. Please list, to the best of your knowledge, where you have lived during your life.
Please list Country, Province, and City and at what age you were when you lived there:

Age Country Province City

2. While in elementary or primary school, did you receive any instruction in a language
other than English?

Yes No

3. If Yes, which language?
If yes, approximately how many hours a day were you exposed to this language?

4. Did any parent/guardian/daycare provider have a first language other than Canadian
English?
Yes No

5. If Yes, which language?

6. Did any parent/guardian/daycare provider speak a language other than Canadian
English to you on a regular basis?
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7. If Yes, which language?

Musical Experience
1. Do you have any musical training? Yes No

2. State your musical training, including age and duration, and type of schooling

Age Duration of training  Instrument Schooling

3. Rate your musical skill level (circle answer)
beginner intermediate good excellent professional

4. What instrument(s) can you play? (List in order from best to worst).

5. How many hours per week on average do you play a musical instrument currently?

6. Do you come from a musical family? (Check best option)
Yes, very much.
Somewhat.

Not at all.
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7. How many hours per week on average do you listen to music?

8. How many hours per week on average do you listen to music without being involved
in any other activities (ie: listening to music and not doing anything else)?

9. What type of music do you listen to most often? (Check best options)
Classical

Jazz
Rock
_ Pop

Folk
Other (please specify)

10. How often do you enjoy listening to music? (Check best option)
_ Always.
_ Most of the time.

Sometimes.

Almost never.
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