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Abstract

Studies of speech production and its control have traditionally focused
on acoustic parameters and/or articulatory configurations of the end result
of the production process as the target of speech production. The rep-
resentations of production target, however, are far richerthan the stereo-
typical acoustic/articulatory features that have been identified from those
traditional studies. Speech production is a process through which mental
representations of a language are transformed into vocal tract movements
and sounds as physical entities. Thus, the speech production target in-
cludes these complete representations, and in order to fully understand
how the target is controlled, we need to perturb the production process.
This paradigm allows us to see how the production system as a whole cor-
rects behavior in response to the perturbation. By systematically introduc-
ing perturbation, it is possible to examine what is needed for the system
to detect an error, and how such an error is reduced. This, in turn, enables
us to have a better understanding of what the speech production target is
and how it is defined. A series of experiments were carried out to examine
this issue in this thesis, using a real-time auditory perturbation paradigm.
This paradigm perturbs the auditory feedback speakers receive while they
are producing a speech segment. In response to the perturbation, sub-
jects spontaneously change their articulation to compensate. The results
showed that 1) the speech production target is not a list of independently
controlled acoustic features but is a multi-dimensionally defined category
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that is language dependent 2) spectral and temporal aspects of speech mo-
tor control show the same results 3) similar compensation behavior is ob-
served even with using an unfamiliar tool to produce a vowel-like sounds,
and 4) an intention to produce a speech category may be manifested in
ways that are different than behavior in other motor control studies such
as reaching.
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Chapter 1

Introduction

1.1 Introduction

Communication is at the heart of all human activities. Face-to-face conversation is the

most natural form of human communication and the main feature of this behavior is

fluent speech, and fluency is commonly defined as “the ability to speak . . . easily and

accurately” (Oxford, 2012). With these two prerequisites for fluency, the more essen-

tial one is accuracy. This is so because accurate speech production with effort (thus

not easily) is far more communicable than inaccurate and easily produced speech. Ac-

curacy inevitably implies faithfulness to some form of a reference, and freedom from

error. Thus, in order to fully understand accuracy of speech production, it is neces-

sary to understand what it is that speech production is trying to control and to control

for, i.e., the target of speech production. Surprisingly, there is no consensus on what

speech targets are. A largely unproductive debate about whether speech targets are ex-

pressed in acoustic or gestural terms has taken place (e.g., Diehl and Kluender, 1989;
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1.1 Introduction

Fowler, 1989; Lotto and Kluender, 1998; Viswanathan et al., 2009). The difficulty in

understanding this issue is underlined by the fact that there are virtually no studies of

Fitt’s law in speech. Speed accuracy tradeoffs are difficulty to define without a firm

definition of target.

Traditionally, studies have focused on the observable articulation process as the

target of speech production. For example, with vowels alone, acoustic characteristics

as well as their relationship to articulatory settings have been studied extensively as

production targets (e.g., Swedish: Fant, 1983; French: Gottfried, 1984; Gottfried and

Beddor, 1988; Ménard et al., 2002, 2004; Ménard et al., 2007; English: Hillenbrand

et al., 1995; Perkell and Nelson, 1985; Perkell et al., 1993, 1997, Modeling: Harring-

ton and Cassidy, 1999; Stevens, 1998). However, a recent study shows that an oral

movement that does not have any acoustic consequences for the production of a seg-

ment seems to still be a part of the motor plan of the segment (Nasir and Ostry, 2006).

When the jaw was perturbed along the lateral axis, talkers acted quickly to compensate

for the force perturbations. As such, it is evident that speech articulation and its co-

ordination as production targets are represented far richer than the parameters settings

that are traditionally used to characterize the acoustics of the sound that the speaker

is trying to produce. While it is clear that movements are specified at different lev-

els of representation (e.g. Saltzman, 1979) and no single level has a privileged access

to motor control, studies such as these suggest that the speech representation is quite

multimodal and richly detailed.

During the planning and control of speech, mental representations of language

sounds are transformed into physical entities- the movements of the vocal tract and

2



1.1 Introduction

their acoustic resultant. One of the unique aspects of spoken language as a movement

system is that it is controlled by the phonology of a language. Languages differ in their

inventory of sounds and in the precise details of the articulation of those sounds. Thus,

speech production is the product of a detailed system of representations.

Studying how such a system of representations is transformed into articulation is

difficult looking only at the end result of normal articulation and its acoustic resultant

as a proxy. In order to understand how the control system of speech production be-

haves, it is essential to introduce manipulations. This type of complex system analysis

is frequently undertaken using a perturbation approach. If we perturb the parame-

ter(s) being processed in such systems, we can see what changes are corrected and

how reorganization takes place during this corrective behavior. In this way, examin-

ing speaker’s corrective behavior serves as a window to investigate 1) how the speech

production target is intrinsically defined and 2) how it is controlled.

Because of time delays, servomechanisms have long been thought to be inadequate

for fluent speech (Lashley, 1951). Corrective behaviors in motor control have more

recently been explained by hypothetical internal models (Jordan and Rumelhart, 1992;

Miall and Wolpert, 1996 for reviews). Internal models consist of feedforward systems

and feedback systems. The feedforward system generates predictions of a trajectory

of articulators based on the motor commands sent to them while the feedback system

estimates an error, a difference between the estimated prediction and the actual out-

come through sensory input. The basic construction of a forward model has been the

foundation of recent development of speech production models (e.g,. DIVA: Guenther

et al., 1998; StateFeedback Control: Houde and Nagarajan, 2011; Neurocomputa-
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1.1 Introduction

tional: Kröger et al., 2009). Differences in details aside, according to these models,

when a phonological segment is being prepared to be articulated, motor commands are

sent to the articulators to produce a certain speech segment, which also generates so-

matosensory and auditory outcomes based on the motor plans. However, due to neural

noise and/or other factors, the plan may not be executed precisely and its outcome may

not be what was initially planned. The feedback system then receives actual sensory

results of the executed production of a speech segment, and if it detects a consider-

able difference between the predicted plan versus the actual sensory outcome, which,

in language, depends on speakers’ phonological system, a signal will be sent to the

articulators to reduce the error for ongoing and future productions of the segment (see

Perkell et al., 1997 for a review).

The importance of auditory feedback for speech production has been documented

such that speakers adjust their speech production based on the feedback they receive.

Anecdotal evidence comes from a situation like a noisy restaurant, where speakers

automatically raise their voice to be heard and hear themselves. This spontaneous re-

action to adjust vocal effort known as the Lombard effect (see van Summers et al., 1988

for a review) also affects fundamental frequency (F0) and prosodic patterns, vowel du-

ration and emphasis of important words, etc. (van Summers et al., 1988; Patel and

Schell, 2008). This involuntary tendency to increase communicative efficacy clearly

indicates that our speech production system is intricately linked to our perceptual sys-

tem, and that even higher cognitive information (i.e., linguistic features, such as dura-

tion, prosody and the lexical status) can be quickly altered when feedback is degraded.

In clinical settings, articulation by post-lingually deafened individuals’ and individu-
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1.1 Introduction

als with severe hearing impairment are known to become variable (Waldstein, 1990;

Cowie and Douglas-Cowie, 1992; Schenk et al., 2003). Even a short-term lack of au-

ditory feedback, by turning on and off cochlear implants, elicited variable productions

(Cowie and Douglas-Cowie, 1983; Higgins et al., 2001).

More recently, speech production as a control system has been examined system-

atically using the perturbation paradigm. This paradigm changes auditory signals that

the speakers produce with minimal delay, and the modified signals can be played back

through headphones that the speakers are wearing. Thus, while speakers try to pro-

duce a certain speech segment, they hear themselves producing a different sound. In

response, speakers modify their articulation in order to make the auditory feedback

more or less consistent with what was intended. By modifying the amount and kind

of perturbation, and seeing if or how much speakers compensate for it, it is possible

to figure out what the target of speech production might be and how it is controlled.

Using this technique, compensatory patterns of various speech characteristics such as

loudness (Bauer et al., 2006), pitch (Burnett et al., 1998; Jones and Munhall, 2000),

vowel formant frequency (Houde and Jordan, 1998; Purcell and Munhall, 2006; Villa-

corta et al., 2007; MacDonald et al., 2010, 2011) and fricative acoustics (Shiller et al.,

2009; Casserly, 2011) have been examined. For example in the vowel formant per-

turbation paradigm, feedback for the first and second formants (F1, F2, respectively)

is increased or decreased in frequency while speakers are producing a vowel segment.

In response, speakers involuntarily modify their formant values opposite in frequency

to the perturbation applied to cancel out the difference between the feedback formants

and the intended formant structure.
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1.2 The speech feedback system and speech production target

1.2 The speech feedback system and speech production
target

Although compensatory behavior for perturbed formant feedback has been replicated

by many studies, what is still lacking is an understanding of what it is that this behav-

ior signifies with respect to controlling a speech production target. Speech production

models acknowledge that the goal of speech production is to produce a phonologi-

cal segment. Thus, it is assumed that the ways in which such a sound is produced

and perceived is language dependent. However, studies of formant perturbation have

been focusing on English speakers producing an English vowel. There is a possibility

that compensation is not based on phonological processes (language dependent) but on

acoustic processes (the same acoustic difference is perceived equally across speakers

of all languages). In fact, MacDonald et al. (2010) demonstrated that partial compen-

sation for vowel formant perturbation was linearly related to the perturbation applied.

This seems to suggest that the compensatory behavior might be simply a function of

a sound-to-acoustic mapping for the vocal tract. The question of whether the speech

error reduction process is phonological or acoustic in nature has never been empiri-

cally tested. In order to fully understand how a speech production target is defined and

how it is controlled, it is important to examine phonological factors. Speakers’ vowel

inventory, their architecture (or distribution) in the acoustic space should be accounted

for when compensation behavior is analyzed.

Most of the studies that have examined speakers compensatory speech produc-

tion have been vowel formants. There are a few studies that examined fricative noise
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1.2 The speech feedback system and speech production target

(Shiller et al., 2009; Casserly, 2011). Although the formant structure and fricative

noise are different in the sense that the former is a vowel and the latter is a conso-

nant, all of these studies manipulated the distribution of spectral energy. Thus, the

compensatory behaviors that have been reported in the literature might be limited and

restricted to spectral manipulations, and it is unclear whether a similar type of behavior

is observed with manipulations of features other than spectral characteristics, for ex-

ample voicing of a consonant. Voicing as a phonological feature is an index of whether

the vocal folds vibrate or not (voiced versus voiceless as a consonantal category, for

example). The intricate coordinations of voicing to other non-laryngeal gestures has

been reported in the literature (e.g., Löfqvist and Yoshioka, 1981, 1984; Gracco and

Löfqvist, 1994; Munhall et al., 1994) and the importance of auditory feedback for

controlling the precision of voicing has been implicated in clinical studies (Cowie and

Douglas-Cowie, 1983; Lane et al., 1994; Waldstein, 1990; Higgins et al., 2001; Jones

et al., 2003). Yet, it is still unknown as to how voicing is monitored and controlled as a

speech production target. Moreover, because of the difference in acoustic characteris-

tics (spectral versus temporal), compensation behavior might show a different pattern,

or, more parsimoniously, all acoustic features of segments may be processed in similar

ways in the error reduction system.

It is no surprise that the acoustic information plays a major role for speech com-

munication. The importance for the need to correct acoustic outcome is intuitive since

sound transmission is at the heart of normal human communication. However, when

one articulates speech sounds, rich somatosensation of the articulation is also available

as feedback, thus, feedback of speech production is multimodal. Using the real-time
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1.2 The speech feedback system and speech production target

auditory perturbation paradigm, perturbed auditory feedback inevitably induces dis-

crepancies between what the somatosensory feedback signifies versus what auditory

feedback signifies. That is, while the prediction of somatosensation based on the mo-

tor commands is identical to the actual somatosensory feedback the speaker receives,

auditory feedback is different from the predicted acoustics. This conflict between the

feedback types, in fact, has been hypothesized as the source of the observed partial

compensation for formant perturbation (Purcell and Munhall, 2006; Tremblay et al.,

2008; Nasir and Ostry, 2006). Moreover, Lametti et al. (2012) attested that the degree

to which people rely on these two types of feedback may be different for on-going

speech control. In order to understand how the speech production feedback system

utilizes these different types of feedback, we need to disentangle them. One approach

to this problem might be to contrast speech and other motor systems that are more

easily measured and manipulated.

Speech motor control has been compared to other motor behaviors (e.g., Ostry

et al., 1983; Saltzman and Munhall, 1989) and the comparison is useful. With a vi-

suomotor adaptation paradigm (e.g., Mazzoni and Krakauer, 2006; Taylor and Ivry,

2011, 2012) where subjects reached for a target by moving a robotic arm with visual

feedback of the trajectory on the monitor, a rotation to the visual feedback induced

subjects to compensate their reaching trajectory to match the reach in the visual do-

main. A gradual adaptation to the perturbation as well as a quick de-adaptation when

the perturbation is removed is similar to the ways in which speakers compensate for au-

ditory perturbation (Bauer et al., 2006; Burnett et al., 1998; Jones and Munhall, 2000;

Houde and Jordan, 1998; Purcell and Munhall, 2006; Villacorta et al., 2007; MacDon-
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1.3 Thesis Outline

ald et al., 2010, 2011; Shiller et al., 2009; Casserly, 2011). In addition to behavioral

similarities, a study by Shum et al. (2011) reported that a brain area known to be cru-

cial for visuomotor adaptation (inferior parietal cortex, approximately around the left

supermarginal gyrus) was also implicated in sensorymotor adaptation for speech (for-

mant compensation). Although visuomotor and speech sensory motor adaptation are

parallel in a sense that both are motor control, they may differ in the nature of their tar-

gets and these differences may reveal important aspects of the coordination of speech.

For control of reaching with a limb, the target exists in the environment, and thus is

defined precisely in the three-dimensional space for reaching. For speech, on the other

hand, the target exists within our mind as a system of categories that are defined in a

multi-dimensional perceptual space. This difference in the nature of target may interact

with the ways in which people compensate for perturbation.

1.3 Thesis Outline

This thesis will examine some of the issues mentioned above. Below is the overview

of the thesis.

1.3.1 Studies

The main foci of this thesis will be to understand the nature of speech production

targets and how they are controlled. This issue is examined utilizing a real-time audi-

tory perturbation paradigm. Specifically, the experiments will examine 1) whether the

processes of error feedback are phonological and 2) how such processes interact with

9



1.3 Thesis Outline

speakers’ intention.

The studies that have examined speakers’ compensatory speech production with

vowel segments have been mostly English with only a few vowels. Thus, it is unclear

whether the reported behavior was unique to English speakers producing a few specific

vowel segments, or whether the pattern of results could be generalized to speakers of

other languages. Because speakers of different language have different phonological

representations and/or phonetic specifications for a similar phonological category, they

may respond to perturbed auditory feedback differently.

Although many speech production models have defined the speech target as a

phonological unit (e.g., phoneme, syllable and so on) instead of an acoustic point,

this assumption has never been never tested empirically. A phonological unit as a

target determines the ways in which language users hear and produce a sound as a cat-

egory. This means that the speaker as a listener categorizes the sound that s/he has just

produced. Because perceptual organization of language sounds is different across lan-

guages, such differences should be reflected in the ways in which speakers compensate.

On the other hand, if a production target is acoustic in nature, speakers should be sensi-

tive to the sounds without the influence of speech perceptual organization. Therefore,

the ways in which they compensate should not be language dependent. In this way, the

assumption that a speech production target is a phonological unit is testable. Chapter

2 and 3 will examine cross language differences on compensatory formant production

for real-time perturbed feedback. Chapter 3 also examines speakers’ perceptual repre-

sentations of the segment that they were producing and how this perceptual judgment

relates to compensatory behavior. Chapter 4 will extend the findings of Chapter 2, and
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1.3 Thesis Outline

3 and it will examine speakers’ compensatory production of voicing when the feedback

is perturbed.

Partial magnitude of compensations in the vowel formant perturbation studies such

as the ones reported in Chapter 2 and 3, may be confounded because auditory feedback

always co-occurs with somatosensory feedback. In fact there has been some assertion

that individual differences in which feedback one relies on is what causes the partial

compensation. Chapter 5 examines this assertion using a novel non-oral speech task

and again, attempts to provide evidence that the results are a function of a behavioral

category.

Visuomotor control has been used as an analogue of speech motor control. How-

ever, the target of visuomotor behavior such as reaching exists as a point (or specific

area) in the environment, while the target of speech production is a multi-dimensionally

defined phonological category in the mind. Mental representation as a production tar-

get should be initiated when a speaker intends to produce the category. This means,

speakers’ intention to produce a phonological category is intricately related to the ways

in which 1) such a category is transformed into a physical entity as movements of the

vocal tract, and 2) such a category is monitored. Chapter 6 examines differences and

similarities that may be manifested in how people compensate when they were given a

cognitive strategy to compensate for formant perturbations.

1.3.2 Ethics

All procedures were approved by Queen’s University’s General Research Ethics Board.

Approval letters and a certificate of completion for protecting human research partic-
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1.3 Thesis Outline

ipants issued by the National Institute of Health (in the United States) are included in

Appendix.

1.3.3 Published material

Chapter 2 and 3 were published in the Journal of the Acoustical Society of America.

Chapter 2:

Mitsuya, T., MacDonald, E. N., Purcell, D. W., and Munhall, K. G. (2011). “A cross-

language study of compensation in response to real-time formant perturbation”, The

Journal of the Acoustical Society of America 130, 2978–2986.

Chapter 3:

Mitsuya, T., Samson, F., Ménard, L., and Munhall, K. G. (2013). “Language dependent

vowel representation in speech production”, The Journal of the Acoustical Society of

America 133, 2993–3003.
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Chapter 2

A cross-language study of
compensation in response to real-time
formant perturbation

2.1 Abstract

Past studies have shown that when formants are perturbed in real time, speakers spon-

taneously compensate for the perturbation by changing their formant frequencies in

the opposite direction to the perturbation. Further, the pattern of these results suggests

that the processing of auditory feedback error operates at a purely acoustic level. This

hypothesis was tested by comparing the response of three language groups to real-time

formant perturbations, (1) native English speakers producing an English vowel /E/,

(2) native Japanese speakers producing a Japanese vowel /efl/, and (3) native Japanese

speakers learning English, producing /E/. All three groups showed similar production

patterns when F1 was decreased; however, when F1 was increased, the Japanese groups

13



2.2 Introduction

did not compensate as much as the native English speakers. Due to this asymmetry,

the hypothesis that the compensatory production for formant perturbation operates at

a purely acoustic level was rejected. Rather, some level of phonological processing

influences the feedback processing behavior.

2.2 Introduction

Evidence from a number of sources supports the idea that speakers constantly mon-

itor the sounds they produce so that the produced outcome is consistent with what

was intended. This self-production–perception relationship has been substantiated by

a variety of studies. For example, clinical studies have reported more variable ar-

ticulation among postlingually deafened and hearing-impaired individuals (Waldstein,

1990; Cowie and Douglas-Cowie, 1992; Schenk et al., 2003). Laboratory studies fur-

ther examined this perception–production linkage by perturbing auditory feedback in

real time. In this paradigm, speakers produce a speech segment repeatedly, and some

of the acoustic parameters are modified so that the feedback is incongruent with the

intended articulation. These studies have shown that speakers spontaneously compen-

sate not only for suprasegmental manipulations, such as loudness (Bauer et al., 2006)

and pitch (Burnett et al., 1998; Jones and Munhall, 2000), but also for segmental ma-

nipulations such as vowel formant frequency (Houde and Jordan, 2002; Purcell and

Munhall, 2006; Villacorta et al., 2007) and fricative acoustics (Shiller et al., 2009).

In many of the segmental manipulation studies using this paradigm, the formant

structure of a vowel was manipulated in real time while speakers produced a simple

14



2.2 Introduction

word like “head” (Purcell and Munhall, 2006; MacDonald et al., 2010, 2011). With

altered formant structure, speakers heard themselves say a slightly different vowel than

the one intended. For example, when the first formant (F1) of /E/ for the word head

was increased in frequency by 200 Hz, the speakers’ feedback sounded more like “had”

(/hæd/). In response to this altered feedback, speakers spontaneously lowered the fre-

quency of F1, so that the feedback was more consistent with the intended vowel. A

similar behavior was observed when the vowel’s F1 was decreased in frequency; sub-

jects produced compensations in the opposite direction in frequency to the perturba-

tion.

The magnitude of compensation to perturbations for these two directions of shift

was reported to be similar, although average compensations were smaller than the mag-

nitude of perturbation applied. The relationship between magnitude of perturbation

and compensation was closely examined by a recent study (MacDonald et al., 2010).

In this study, gradual, incremental perturbations were applied to the vowel formant

structure, and the compensatory magnitude was reported to be a constant proportion of

the applied perturbation (i.e., proportional compensation at ⇠ 20% – 30%).

The symmetrical response to perturbations that either raise or lower formant fre-

quency and the approximate linearity of the compensatory patterns across a wide range

of perturbation magnitudes strongly suggest that articulator trajectory control is reg-

ulated without the transformations involved in phonetic perception. If phonemic or-

ganization is involved in the processing of error feedback, then compensation should

be sensitive to phonemic category boundaries and result in a nonlinear relationship

between compensation and perturbation magnitudes.
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2.2 Introduction

In principle, one might test the hypothesis that compensatory production operates

at a purely acoustic level without phonological mediation by testing different vowels

within a language. However, vowels from some regions of the vowel space might have

different acoustic–articulatory relations (e.g., quantal effects as proposed by Stevens,

1989). Somatosensory feedback also plays a role in the control of speech production

and this feedback may vary across the vowel space. Vowels like /i/ have lingual contact

with the teeth and palate and more open vowels have strong joint and muscle sense

information for articulator position. Thus, if differences in compensatory response

across vowels were observed, phonological constraints and sensorimotor differences

would be confounded. In contrast, cross-language tests of vowels allow measures of

vowels in similar regions of the vowel space with significant differences in the native

language phonologies.

Languages differ in the number, location, and relative proximity of vowels, and

thus each language presents different articulatory challenges. For example, require-

ments for the precision of articulation may vary between languages with closely vs

sparsely distributed vowel inventories (e.g., Manuel, 1990). Further, languages may

also vary in syllabic structure, vowel quality, and temporal contrasts. Thus, the re-

quirements for successful control of formant production may vary across language.

All of these phonological characteristics, however, should not influence a low-level

acoustic-articulator mapping. If feedback processing is influenced by the phonology

itself then cross-language differences in the pattern of compensation can be expected.

To our knowledge, no cross-language formant perturbation studies have been re-

ported in the literature. Although some work has been done with native Mandarin
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speakers (e.g., Cai et al., 2010), the majority of the formant perturbation studies have

focused on native English speakers producing an English vowel. Thus, the compen-

satory production for monophthongs reported in previous studies might have been

unique to (1) the participants’ producing their native vowel and/or (2) English vow-

els. Whether or not the same compensatory pattern is observed with non-native vowels

or with other language speakers producing their native vowel is unknown. By con-

ducting a cross-language examination, we can confirm or reject the hypothesis that the

acoustic feedback error is processed at a purely acoustic level. If different patterns are

observed, it would imply that phonological processes are influencing the processing of

error signals in the control of production.

Because past studies’ findings regarding monophthongs are limited to (1) produc-

tion of native vowels and (2) the English vowel inventory, these factors were considered

in the current study. Specifically, the level of language experience and native vowel

space were considered by examining the response to auditory feedback perturbations

in native Japanese speakers speaking Japanese and Japanese speakers of English as a

second language (ESL).

The sounds of a second language (L2) or an unfamiliar language are not perceived

and produced precisely if they are not part of one’s native language (L1) sound in-

ventory. Perceptually, at an early stage of learning a new language, the L2 sounds

are categorized into speakers’ L1 sound categories, but not consistently. For example,

Japanese ESL speakers tend to categorize the English vowel /I/ as the Japanese /i/ or

/ii/ most of the time, yet they may also categorize the vowel as the Japanese /efl/, /eflefl/, or

/efli/ (Strange et al., 1998, 2001). Similarly, a study by Nishi and Kewley-Port (2007)
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showed that when asked to identify the English vowel /I/, Japanese ESL speakers re-

ported the English vowel /E/ most of the time.

Production studies also have reported large variability for L2 vowels (Chen et al.,

2001; Ng et al., 2008; Wang and van Heuven, 2006). These studies reported that

ESL learners’ English vowel spaces not only had slightly different acoustic targets

but also larger variability in formant production. The larger variability of L2 vowels

may be because acoustic and/or articulatory targets with non-native language sounds

are not well defined, motor coordination to achieve such targets is more variable, or

a combination of the two. Regardless of the source of variability, the production of

speech sounds differs in the level of practice and experience in producing the sounds

between one’s L1 and L2. Due to this inherent difference of productive experience, it

is possible that how people compensate for formant-shifted feedback may depend on

whether they are producing the sounds of L1 vs L2 during the experiment.

If the level of experience in producing sounds has an effect, ESL speakers of

Japanese should show a different compensatory production, depending on whether

they are producing their native Japanese or non-native English vowels, whereas the

pattern of the two language groups producing their L1 vowel should not differ. If,

however, the behavior is solely due to a frequency-based articulatory mapping adjust-

ment and no linguistic processes are involved, then there should not be a difference

across any of the conditions.

If there is no difference in compensatory production between native English speak-

ers and Japanese ESL speakers, this would suggest that there is no level of experience

effect. However, there still might be a difference between Japanese L1 compensatory
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2.3 Methods

production and that of English speakers’ L1 due to language specific vowel phonology.

Japanese and English differ on such factors as differences in acoustic target, vowel den-

sity, durational cues, syllabic structure, suprasegmental cues and so on. These intrinsic

differences between Japanese and English may impose different requirements on the

use of feedback in speech production control. Given that formant perturbation manip-

ulates the quality of the vowel being produced, feedback processing may be specific to

the particular vowel phonology.

In the current study we compared compensatory production of three groups: (1)

native English speakers producing English /E/ (ENG L1), (2) native Japanese speakers

producing Japanese /efl/ (JPN L1), and (3) native Japanese speakers producing English

/E/ (JPN L2). Briefly, if vowel quality and distribution of vowels affect speech control,

then the difference in compensatory production with formant-shifted feedback is ex-

pected between ENG L1 and JPN L1 groups. However, if only language experience

affects the behavior, we would expect that there might be a difference between ENG

L1 and JPN L2, but no difference between ENG L1 and JPN L1 groups. Last, if the

compensatory production operates at a purely acoustic level, without any mediation of

phonological processing, then these three groups should not show any differences.

2.3 Methods

2.3.1 Participants

The participants in this study consisted of 18 native English speakers and 35 native

Japanese speakers. All speakers were female. The study was restricted to one gender
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to reduce formant differences across participants. The English speakers were under-

graduate students at Queen’s University and their average age was 19.38 (ranging from

18 to 23 years). The Japanese speakers were students studying English as a second

language at Queen’s School of English. With the exception of two participants, all the

Japanese speakers had been in Canada for less than 8 months at the time of the study.

The majority of Japanese speakers was enrolled in the intermediate level of the ESL

program, and had not been immersed in an English speaking culture prior to coming

to Canada. The other two Japanese speakers were undergraduate students at Queen’s

University. One had finished the highest level of the ESL program at Queen’s Uni-

versity and the other had moved to Canada from Japan during her high school years.

The mean age of the Japanese group was 21.3 years (ranging from 19 to 32 years).

Each participant was tested in a single session. No participants reported speech or lan-

guage impairments and all had normal audiometric hearing thresholds over a range of

500–4000 Hz.

2.3.2 Equipment

Equipment used in this study was the same as that reported in Purcell and Munhall

(2006), and Munhall et al. (2009). Participants were seated in a sound insulated booth

(Industrial Acoustic Company) and wore a headset microphone (Shure WH20) and

the microphone signal was amplified (Tucker-Davis Technologies MA3 microphone

amplifier), low-pass filtered with a cutoff frequency of 4.5 kHz (Krohn-Hite 3384 fil-

ter), digitized at 10 kHz and filtered in real time to produce formant shifts (National
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Instruments PXI-8106 embedded controller). The manipulated voice signal was ampli-

fied and mixed with speech noise (Madsen Midimate 622 audiometer), and presented

over headphones (Sennheiser HD 265) such that the speech and noise were presented

approximately at 80 and 50 dBA SPL, respectively.

2.3.3 Online formant shifting and detection of voicing

Detection of voicing and formant shifting was performed as previously described in

Munhall et al. (2009). Voicing was detected using a statistical amplitude-threshold

technique. The formant shifting was achieved in real time using an IIR filter. Formants

were estimated every 900 µs using an iterative Burg algorithm (Orfanidis, 1988). Filter

coefficients were computed based on these estimates such that a pair of spectral zeroes

was placed at the location of the existing formant frequency and a pair of spectral poles

was placed at the desired frequency of the new formant.

2.3.4 Estimating model order

The iterative Burg algorithm used to estimate formant frequencies requires a parameter,

the model order, to determine the number of coefficients used in the autoregressive

analysis. Prior to data collection, speakers produced six utterances of seven English

vowels, /i, I, e, E, æ, O, and u/, in an /hVd/ context (“heed,” “hid,” “hayed,” “head,”

“had,” “hawed,” and “who’d”). When a word appeared on a screen in front of them,

speakers were instructed to say the prompted word without gliding the tone or pitch.

For the Japanese participants, the five Japanese vowels /a, efl, i, o, and W/ were also

collected in a similar manner after collecting the English vowels. Participants were
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asked to produce the Japanese vowels in an /hV/ context. The words were shown on

the monitor in Hiragana (“ ”, “ ”, “ ”, “ ”, “ ” ). Similar to the English words,

these Japanese prompts were lexical items in Japanese.

2.3.5 Offline formant analysis

The procedure used for offline formant analysis was the same as that used by Munhall

et al. (2009). The boundaries of the vowel segment in each utterance were estimated

using an automated process based on the harmonicity of the power spectrum. These

boundaries were then inspected by hand and corrected if required.

The first three formant frequencies were estimated offline from the first 25 ms of a

vowel segment using a similar algorithm to that used in online shifting. The formants

were estimated again after shifting the window 1 ms, and repeated until the end of the

vowel segment was reached. For each vowel segment, a single “steady-state” value

for each formant was calculated by averaging the estimates for that formant from 40%

to 80% of the way through the vowel. Although using the best model order reduced

gross errors in tracking, occasionally one of the formants was incorrectly categorized

as another (e.g., F2 being misinterpreted as F1, etc.). These incorrectly categorized

estimates were found and corrected by examining a plot with all the “steady-state” F1,

F2, and F3 estimates for each individual.

2.3.6 Procedure

The participants were split into three experimental groups. The 18 native English

speakers were assigned to the English L1 group (ENG L1). The native Japanese speak-
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ers were randomly assigned to either the JPN L1 (n = 17) or JPN L2 (n = 18) group.

The speakers in these two groups did not differ in the time they had spent in Canada

prior to the study. Other than the utterances produced for the experiment, the proce-

dure for each group was identical. Both the ENG L1 and JPN L2 groups produced

utterances of the English word “head” (/hEd/), whereas the JPN L1 group produced

utterances of the Japanese word “ ” (/hefl/).

The experiment consisted of two conditions: F1 Increase and F1 Decrease. In

the F1 Increase condition, when feedback was altered, F1 was increased. Similarly,

in the F1 Decrease condition, when feedback was altered, F1 was decreased. The

order in which speakers performed the F1 Increase and F1 Decrease conditions was

counterbalanced and speakers received a short break between conditions.

Figure 2.1: Schematic of the experiment - Feedback shift applied to the first formant for
the F1 Decrease (solid line) and F1 Increase (dashed line) conditions. The vertical dashed
lines denote the boundaries of the four phases: Baseline, Ramp, Hold, and Return.
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2.4 Results

Over the course of each condition, each speaker produced 140 utterances. Each

condition consisted of four phases (See, Figure 2.1). In the first phase, Baseline (utter-

ances 1–20), speakers received normal feedback (i.e., amplified and with noise added

but with no shift in formant frequency). In this and subsequent phases, subjects were

encouraged to speak at a natural rate and level with timing controlled by a prompt

on a monitor. Each prompt lasted 2.5 s, and the intertrial interval was approximately

1.5 s. In the second phase, Ramp (utterances 21–70), speakers produced utterances

while receiving altered feedback in which F1 was increased (F1 Increase condition)

or decreased (F1 Decrease condition) by 4 Hz per utterance. In the third phase, Hold

(utterances 71–90), speakers received altered feedback in which F1 was increased (F1

Increase condition) or decreased (F1 Decrease condition) by 200 Hz. In the final phase,

Return (utterances 91–140), utterances were produced with normal feedback (i.e., the

formant shift was abruptly turned off).

2.4 Results

The baseline average of F1 was calculated from the last 15 utterances of the Baseline

phase (i.e., utterances 6–20) and the F1 results were then normalized by subtracting

the subject’s baseline average from each utterance value. The normalized results for

each utterance, averaged across speakers, can be seen in Figure 2.2. All three groups

of speakers compensated for the altered feedback in both shift conditions by changing

production of F1 in a direction opposite that of the perturbation. However, differences

in the magnitude of the response were observed across groups.
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Figure 2.2: Time course of compensation - Normalized F1 production averaged across
talkers for the F1 Decrease (solid circles) and F1 Increase (open circles) condition for
(a) ENG L1, (b) JPN L1, and (c) JPN L2 groups. The vertical dashed lines denote the
boundaries of the four phases: Baseline, Ramp, Hold, and Return.
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To quantify the change in production, we defined compensation as the magnitude of

the change in formant frequency from the baseline average with sign based on whether

the change opposed (positive) or followed (negative) that of the perturbation. A mea-

sure of average compensation was computed by averaging over the utterances of the

Hold phase (i.e., utterances 71–90) for each individual in each shift condition. The

average compensation of each group is plotted in Figure 2.3. For each of the shift con-

ditions, an analysis of variance (ANOVA) was conducted on the average compensation

data with Order of shift condition and Language groups as between-subject factors. For

the F1 Decrease condition, none of the effects was significant, indicating that neither

order nor language group had any effect on the compensation magnitude. However,

for the F1 Increase condition, only a significant main effect of Language group was

found [F (2, 47) =8.215, p < 0.001]. Post hoc analyses with Bonferroni correction

showed that the speakers in the ENG L1 group produced significantly larger compen-

sation compared to JPN L1 (p < 0.05) and JPN L2 speakers (p < 0.01). However, the

two Japanese groups did not differ (p > 0.10) from each other.

In order to examine the symmetry of the magnitude of compensation, paired sam-

ple t-tests were performed within each group, using the average magnitude of com-

pensation for the last 20 trials in the Hold phase. Although both ENG L1 and JPN L2

groups showed no significant results, JPN L1 group’s difference approached signifi-

cance [t(16) = -1.915, p = 0.07], suggesting a slightly larger compensation in the F1

Decrease condition [X= 53.27; standard deviation (s.d.) =53.39] than the F1 Increase

condition (X =26.76; s.d. =26.52).
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Figure 2.3: Magnitude of compensation - Average compensation in F1 over the Hold
phase (i.e., utterances 71–90). Compensation is defined as the magnitude of the change
in formant frequency from the baseline average with sign based on whether the change
opposes (positive) or follows (negative) that of the perturbation. Error bars indicate one
standard error.

Although F2 was, in general, more variable than that of F1, overall, our speakers

did not change their F2 production during the Hold phase. The change in production of

F2 was examined in the same way as F1 production. Using the average F2 during the

last 15 utterances of the baseline as a reference, speakers’ average change in F2 pro-

duction during the Hold phase was computed. A mixed design ANOVA with language

groups as a between-subjects and direction of F1 shift as a within-subjects factor was

conducted. No significant interaction or main effect of either factor was observed (p >

0.05).

In the Return phase, de-adaptation in the F1 Decrease condition among the JPN

L1 group displayed a different pattern from that of the other groups, showing that the

compensatory production seemed to be maintained even after the perturbation was re-
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moved. A one-way ANOVA with Language groups as a between subject variable was

performed on the average magnitude of compensation for the last 20 trials in the Re-

turn phase of the F1 Decrease condition, and it revealed a significant group difference

[F (1,2) = 4.97, p < 0.05], and the subsequent post hoc analysis with Bonferroni cor-

rection (↵ set at 0.016) confirmed that the JPN L1 group in the F1 Decrease condition

was significantly larger than that of ENG L1 and JPN L2 groups (p < 0.016), whereas

these two groups did not differ significantly (p > 0.016). In the F1 Increase condition,

on the other hand, there was no group difference (p > 0.05).

The quality of the vowels produced during the Baseline phase was examined to

verify that the vowels produced by each group were spectrally similar. For each in-

dividual, the average F1 and F2 were calculated from the last 15 utterances of the

Baseline phase (i.e., utterances 6–20). The average baseline F1 for each group can

be seen in Figure 2.4. A repeated measures ANOVA was conducted for the average

baselines of F1 and F2, with Shift Condition as a within and with Language Group and

Order of shift direction as between-subject factors. For F1, although the average F1 of

the utterances produced by the native Japanese speakers was slightly lower than those

of the native English speakers, no significant interactions or main effects were found

(all with p > 0.05). However, for F2 (see Figure 2.5), a significant main effect of group

was found [F (1,2) = 34.584, p < 0.001]. The post hoc analysis with Bonferroni ad-

justment showed that the two Japanese groups showed significantly higher value of F2,

compared to the ENG L1 group, indicating that the vowel that our Japanese speakers

were producing was more fronted than the one that the ENG L1 speakers produced.
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Figure 2.4: Average baseline of F1 - Average F1 computed from the last 15 utterances of
the Baseline phase (i.e., utterances 6–20). Error bars indicate 1 standard error.

Figure 2.5: Average baseline of F2 - Average F2 computed from the last 15 utterances of
the Baseline phase (i.e., utterances 6–20). Error bars indicate one standard error.
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The difference in F2 produced across groups led us to speculate that the cross-

language differences in compensation observed in this study may be the result of in-

herent differences in producing vowels with slightly different positions in the vowel

space. The Japanese groups produced vowels with a higher F2 value, and in this par-

ticular location of the vowel space, it may be more difficult to alter production in

a manner that compensates for perturbations that increase F1. If so, native English

speakers who have a relatively higher baseline F2 frequency for /E/ should also com-

pensate in a similar manner to Japanese speakers. To examine this, the ENG L1 group

was split into two subgroups using a median split based on the average F2 value of /E/

collected during the prescreening procedure. A mixed design ANOVA was performed

with the F2 grouping as a between-subject and Shift directions as a within-subject fac-

tor. None of the effects were significant (p > 0.05). Moreover, we also examined the

correlation between the magnitude of compensation and speakers’ average baseline F2

value. For both shift directions, no significant correlation was found among all of the

groups (all p > 0.05). The observation of no relationship between the F2 value and

magnitude of compensation within each group suggests that the difference in compen-

satory pattern between ENG L1 vs Japanese groups is not likely a result of modest

cross-group differences in formant acoustics.

To examine the precision of control of vowel production, the standard deviation

of F1 was calculated for each speaker based on the last 15 utterances of the Baseline

phase. A repeated measures ANOVA, with the Order of shift direction as a within-

subject and Language group as a between-subject factor was carried out. None of

the effects were significant (p > 0.05), indicating that the production of the vowels,
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regardless of the speakers’ native languages and L1/L2 status, was relatively stable

across the groups and the shift conditions. Thus, no statistically significant differences

in the quality or stability of vowel production were observed across groups. For F2,

an ANOVA revealed that JPN L2 group had significantly larger variability during the

baseline phase, compared to the ENG L1 group [JPN L2: mean = 58.0, standard error

(s.e.) = 7.6; ENG L1: mean = 40.4, s.e. = 3.3]. However, the variability of the JPN L1

(mean =48.9, s.e. = 4.2) group did not differ significantly from that of either JPN L2

or ENG L1 groups.

The native language and second language vowel spaces may vary in the distribution

of vowels and this might influence compensation. Vowel spaces were estimated based

on the words collected for estimating model order. The seven English vowels in an

/hVd/ context (heed, hid, hayed, head, had, hawed, and who’d) were used to estimate

the English vowel space of our ENG L1 and JPN L2 groups. Similarly, for Japanese

speakers, estimates of the Japanese vowel space were calculated from the five Japanese

vowels produced in an /hV/ context. The results for an average individual speaker are

plotted in Figure 2.6. The results for the English and Japanese vowels are also found

in Tables 2.1 and 2.2, respectively. In comparing the vowel spaces, we see that the

distribution of front English vowels produced by JPN L2 is strongly assimilated to

their native Japanese vowels, in such a way that /I/ is produced almost identical to /i/

and /E/ is similar to /efl/.
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Figure 2.6: Vowel space - Vowel space of an average individual speaker from (A) ENG
L1, (B) JPN L1, and (C) JPN L2 groups. The centroid of each ellipse represents the
average F1/F2 value for that vowel. The solid and dashed ellipses represent one and two
standard deviations, respectively. The arrows indicate the 200 Hz perturbation and the
arrow tips indicate what the acoustic feedback speakers would have heard if they did not
compensate.
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2.5 Discussion

The current study examined cross language differences in the compensatory produc-

tion for real-time formant perturbations. The results for our native English speakers

replicated previous findings that when F1 of the vowel /E/ was increased or decreased

in frequency, the speakers compensated for the change by altering the frequency of F1

in the direction opposite the shift (Purcell and Munhall, 2006; Villacorta et al., 2007;

MacDonald et al., 2011). Moreover, the magnitude of compensation for both shift di-

rections was very similar. For the F1 Decrease condition, our Japanese speakers also

compensated for the formant perturbation in a similar manner to English speakers re-

gardless of whether they were producing an English /E/ or Japanese /efl/. However, in the

F1 Increase condition, the Japanese speakers exhibited significantly less compensation

compared to the native English speakers in the same condition.

This asymmetry in the magnitude of compensation by Japanese speakers might

have a number of different explanations. The origin of the difference may have some-

thing to do with speech motor coordination. Speakers of different languages may have

varying levels of experience in producing the gestures for vowels in a given location

in the vowel space. Thus, when presented with formant perturbations, speakers of one

language may be less familiar with producing the required compensatory gestures, re-

gardless of the manner in which the acoustic feedback error is processed. For example,

native Japanese speakers might have less experience in producing compensatory ges-

tures close to /æ/ than speakers of English since this vowel requires movements outside

of the normal Japanese vowel space. However, it was not gestures in this region that
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produced the observed differences between Japanese and English. The cross-language

difference in the compensatory response that we observed was for gestures that were

comfortably within (e.g., toward the center of) the vowel space rather than out of the

vowel space. Thus, it is unlikely that the cross-language pattern observed here is a

result of differing abilities to produce vocal tract movements.

The observed asymmetry of compensatory production thus appears to be due to

cross-language differences in how auditory feedback is perceptually processed and

applied to formant control. When the acoustic feedback is perturbed outside of the

acoustic Japanese vowel space (Vance, 1987), less compensation was observed than

that produced by English speakers. When the formant feedback is perturbed into the

acoustic Japanese vowel space, compensation by Japanese speakers was similar to that

of English speakers.

The cross-language differences in compensation are consistent with the perception

of auditory feedback error being influenced by the distribution of vowels in the vowel

space (see Figure 2.6). For native English speakers producing the vowel /E/, the acous-

tic consequence of both the F1 Increase and F1 Decrease shifts would be feedback that

was close to the acoustic region of an adjacent vowel (/æ/ and /I/ respectively).

Similarly, for Japanese speakers producing /efl/, the acoustic consequence of the F1

Decrease shift would be feedback that was close to the Japanese /i/. Thus, speakers

may have compensated in order to maintain the perceptual distinctiveness of the vowel

produced (English /E/ or Japanese /efl/). For Japanese speakers producing /E/, the acous-

tic consequence of the F1 Increase shift would be feedback that was similar in F1 to

the Japanese /a/. However, the Japanese vowel /a/ has a much lower F2. Although the
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native Japanese speakers may not have perceived the perturbed feedback as a good to-

ken of /E/, they may have perceived it as being an acceptable token. Thus, there would

be less need to compensate to maintain perceptual distinctiveness. Taken together, we

can reject the hypothesis that compensatory production is purely a frequency-based

error reduction process. Instead, we hypothesize that the nature of acoustic feedback

is phonologically mediated. This interpretation is consistent with the findings reported

by Manuel (1990) for extent of coarticulation as a function of vowel space density.

The nature of the phonological mediation is at present not clear. Previous studies

(e.g., Purcell and Munhall 2006; MacDonald et al. 2010) have shown that speakers

initiate compensation for relatively small perturbations (< 100 Hz for F1) and make

approximately linear compensations to feedback changes that clearly cross a category

boundary without producing any inflection in the response. A number of aspects of

vowel representation may be playing a role in these results including category pro-

totypes, dimensions of category goodness, perceptual ambiguities relative to adjacent

vowels and various nonlinearities of the vowel perceptual space (e.g., Kuhl, 1991).

In order to further examine the relationship between phonological category and

compensatory behavior, it will be important to examine speakers’ vowel perception as

well as their articulatory behavior. The vowel spaces obtained from the current study

are only measures of production. Although they may be related, the ellipses plotted

in Fig. 6 represent variability of production, and do not necessarily indicate speakers’

perceptual categorical boundaries or goodness ratings.

Another possible explanation to account for the current data is the Natural Referent

Vowel (NRV) perspective. Polka and Bohn (2003) found that discrimination between
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two vowels is better when the presentation of a more central vowel is preceded by a

peripheral referent vowel. This asymmetry in perceptual saliency is indeed compa-

rable to our data pattern observed. In the case of our English speakers, in both shift

directions, more central vowel /E/ was shifted toward the functionally more peripheral

referent vowels /I/ and /æ/, whereas with our Japanese speakers, in the F1 Increase con-

dition, the perturbation shift was far from the reference vowel /a/. Further investigation

is needed to examine this account.

Unfortunately, the current data do not allow us to draw a strong conclusion on the

effect of language experience (i.e., native vs non-native language status). Although a

difference was observed between the English and JPN L2 group, no difference was

observed between the two Japanese groups. It is possible that Japanese speakers in

the L2 group produced a substituted L1 vowel. Indeed, the similarity in the baseline

vowel production both in terms of formant structure and variability between the JPN

L1 and L2 groups supports this possibility. However, it is also possible that the /E/

produced by the JPN L2 group was strongly assimilated toward Japanese /efl/. During

the prescreening procedure, our Japanese speakers did differentiate the production of

F2 for the English /E/ and the Japanese /efl/. Thus, there is evidence that at some level,

these vowels are distinct in their repertoire. In this phase of the experiment, multiple

vowels were produced, which may have resulted in our Japanese speakers making a

conscious effort to maintain vowel contrasts. During the experimental trials in which

a single vowel was produced repetitively, a less familiar L2 vowel might have been

produced in a manner that is more similar to a familiar native vowel. If our JPN

L2 speakers were trying to produce the English /E/ (with articulation that was very
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similar to the Japanese /efl/) then our results would suggest that there was a language

experience effect. However, if JPN L2 speakers were simply substituting the Japanese

/efl/ when producing the English /E/, then the level of language experience was not

properly tested.

In addition to a difference in compensation magnitude for the F1 Increase condi-

tion, some other differences in the time-course of compensation were observed across

the three groups. For the main analysis, we defined the magnitude of compensation

by averaging change in F1 production over the Hold phase. However, the stability

of compensatory production during this phase appeared to be different across the lan-

guage groups as well as the shift directions and this difference influenced the mag-

nitude measures. Although native English speakers exhibited a strong and relatively

stable compensation in both shifting directions, the Japanese groups showed different

patterns. In the F1 Increase condition, the JPN L1 speakers, and in both shifting con-

ditions for the JPN L2 speakers, it seems that the speakers stopped compensating in

the middle of the Hold phase even though the maximum perturbation was still being

applied. Their F1 production drifted back somewhat to the normal baseline. During

the Return phase, the production by the JPN L1 group in the F1 Increase condition

returned to baseline; however, production in the F1 Decrease condition did not return

to baseline. This asymmetrical de-adaptation pattern during the Return phase was pre-

viously observed in a similar study using English native speakers (MacDonald et al.,

2011). Although it is unclear why and how these differences occurred, such pattern

does not seem to be unique and specific to the language of the target word or speakers’

native languages per se.
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The current results are relevant to speech production models, such as the DIVA

model (for review, see Guenther and Vladusich, 2012). According to the DIVA model,

articulation goals are not acoustic points but “convex regions in orosensory coordi-

nates defining the shape of the vocal tract (Guenther, 1995, p. 595).” The idea that

articulatory goals are defined by a region or space is similar to the idea that goals are

phonemic categories as the current study proposes.

In summary, the data obtained in the current study indicate that the compensatory

response to formant-shifted feedback is not based on purely acoustic processing. Rather,

some level of phonological processing appears to influence the behavior. In order to

fully examine the role phonological processing plays in compensatory behavior, we

will need to examine speakers of other languages and conduct vowel perception mea-

surements.
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Chapter 3

Language dependent vowel
representation in speech production

3.1 Abstract

The representation of speech goals was explored using an auditory feedback paradigm.

When talkers produced vowels formant structure of which is perturbed in real time,

they compensate to preserve the intended goal. When vowel formants are shifted up

or down in frequency, participants change the formant frequencies in the opposite di-

rection to the feedback perturbation. In this experiment, the specificity of vowel rep-

resentation was explored by examining the magnitude of vowel compensation when

the second formant frequency of a vowel was perturbed for speakers of two different

languages (English and French). Even though the target vowel was the same for both

language groups, the pattern of compensation differed. French speakers compensated

to smaller perturbations and made larger compensations overall. Moreover, French

speakers modified the third formant in their vowels to strengthen the compensation
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even though the third formant was not perturbed. English speakers did not alter their

third formant. Changes in the perceptual goodness ratings by the two groups of partic-

ipants were consistent with the threshold to initiate vowel compensation in production.

These results suggest that vowel goals not only specify the quality of the vowel but

also the relationship of the vowels to the vowel space of the spoken language.

3.2 Introduction

Producing speech sounds is a process through which phonological representations in

the mind are transformed into physical entities – movements of the vocal tract. The

perception of speech involves the opposite transformation from the physical (sound

waves) to the mental world of phonological and lexical representation. While it is

broadly believed that “in all communication, whether linguistic or not, sender and re-

ceiver must be bound by a common understanding of what counts: what counts for

sender must count for the receiver, else communication does not occur” (Liberman,

1996, p. 31), a detailed account of the relationship between perception and production

has been lacking. Empirically, strong relationships between the variance in produc-

ing and perceiving speech have been hard to demonstrate (e.g., Newman, 2003). In

part, this difficulty is due to vagueness in our understanding of the specific goals of

articulation.

Historically, phonological units have been depicted as sparse representations that

significantly underspecify what articulation must accomplish (Anderson, 1985). The

set of distinctive features, for example, was meant to efficiently code what was con-
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trastive about phonological units, not to completely characterize sounds or serve as

a control mechanism for articulation. The strongest evidence of this historical view

is that timing, one of the most essential aspects of speech motor control has little or

no presence in phonology (Lisker, 1974). Recently, a number of studies have sug-

gested that both perception and production involve very detailed representations of the

structure of speech (e.g., Pisoni and Levi, 2007). In other words, the representations

required for actually using speech units are far richer than the ones required to create

typologies of languages.

In speech production, a traditional way to depict the planning of a sound sequence

is to contrast the control of articulators that have specific linguistic goals in the se-

quence with ones that are unspecified for some sounds and thus free to vary (Henke,

1966). Recent evidence suggests that this is not a true characterization of vocal tract

control. When force perturbations are applied laterally to the jaw in a manner that has

no acoustic consequences and in a spatial direction that has no relation to phonetic

goals, the speech motor system still rapidly compensates to preserve the jaw trajectory

(Nasir and Ostry, 2006). These results suggest that everything in the vocal tract has

detailed control specifications during speech for reasons such as stability and coordi-

nation as well as phonetic goals.

In perception, adults and young infants are sensitive to the fine phonetic detail of

utterances. Fine phonetic detail has become a code phrase for reliable information in

speech acoustics that is not captured by traditional phonological representations but

is clearly used in communication (Nguyen et al., 2009). In adults, people adjust their

conversational acoustics in subtle ways to signal meaning, and listeners are remarkably
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attuned to these fine details (Local, 2003). Infants in the first year of life are already

sensitive to this fine phonetic detail and make discriminations based on it (Swingley,

2005). This perceptual sensitivity suggests that talkers are reliably producing much

richer categorical information than a distinctive feature assessment would lead one to

expect.

In this manuscript we present new data on the representation of the same vowel

quality in French and English. Our approach is to perturb the auditory feedback that

talkers hear when they produce a speech token and measure the compensatory behav-

ior.

By systematically studying normal articulatory tendencies and the ways in which

the talkers preserve the integrity of their phonological speech goals, we can get a more

robust picture of sound representation in production. This can be done with an auditory

feedback paradigm where produced acoustic parameters are manipulated in real time,

and we observe how they compensate for the perturbation.

Although, the importance of the self perception-production relationships has al-

ready been demonstrated with post-lingually deafened and hearing impaired individ-

uals (Waldstein, 1990; Cowie and Douglas-Cowie, 1983, 1992; Schenk et al., 2003),

laboratory examinations with a real-time auditory feedback paradigm have provided us

with more detailed characteristics of how an acoustic difference between an intended

productive target and the perturbed feedback error is compensated for with various

speech characteristics such as loudness (Bauer et al., 2006), pitch (Burnett et al., 1998;

Jones and Munhall, 2000), vowel formant frequency (Houde and Jordan, 2002; Purcell
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and Munhall, 2006; Villacorta et al., 2007; MacDonald et al., 2010, 2011) and fricative

acoustics (Shiller et al., 2009).

In vowel perturbation studies, the auditory feedback for the first and second for-

mants (F1, F2, respectively) is increased or decreased in hertz while speakers are pro-

ducing the vowel in a monosyllabic context (e.g., “head”). Speakers receive real-time

feedback of a vowel slightly different from the one intended. In response, they spon-

taneously change the formant production in the opposite direction of the perturbation

applied although the magnitude of compensation is always partial (Houde and Jor-

dan, 2002; Purcell and Munhall, 2006; Villacorta et al., 2007; MacDonald et al., 2010,

2011). The consistent patterns of compensatory formant production reported in these

experiments have suggested that the productive target is not a specific acoustic point,

but rather it is a more broadly defined acoustic region Guenther (1995), which may

reflect a phonemic category (MacDonald et al., 2012).

The International Phonetic Association’s vowel quadrangle assumes that all of the

world’s vowels can be slotted into equivalence categories with a small number of di-

mensions representing the differences between vowels. However, for the last 50 years

or more, phoneticians have reported differences between similar vocal qualities across

languages (for a review, see Jackson and McGowan, 2012). While intrinsic F0 vowel

patterns are generally consistent across languages (Whalen and Levitt, 1995), similar

vowels differ on many dimensions depending on the language’s vowel and consonant

inventory (e.g., Bradlow, 1995). This suggests that the goal or phonetic intention of

talkers differs depending on the language and thus depending on the language- con-

ditioned phoneme. By studying the specifics of the sensorimotor control of speech
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sounds across languages, we can characterize in detail the representations that are re-

sponsible for the exquisite coordination of articulation.

A recent study by Mitsuya and his colleagues (Mitsuya et al., 2011) examined a

cross-language difference of formant compensatory production of a vowel that is ty-

pologically similar in English and Japanese, and they found a difference across these

language groups in terms of the magnitude of compensation. According to the report,

when F1 of /E/ (“head”) was decreased in hertz, which made the feedback sound more

like /I/ (“hid”), the magnitude of compensation across the language groups was simi-

lar; whereas, when F1 was increased in hertz, which made the feedback sound more

like /æ/ (“had”), English speakers compensated as much as they did in the decreased

condition, but the Japanese speakers did not compensate as much. The same pattern of

asymmetry was also observed among another group of Japanese speakers, when they

were examined with their native Japanese vowel /efl/ which is somewhat similar with

the English vowel in the word “head.”

Mitsuya et al. (2011) argued that the difference in behavior between languages

reflects how the target vowel is represented in the F1/F2 acoustic space, and its relation

to the nearby vowels. That is, for English speakers, both increased and decreased

F1 feedback may have resulted in a comparable perceptual change from the intended

vowel, which in turn, elicited a comparable amount of compensation. For Japanese

speakers, however, the vowel found in “had” is unstable both perceptually (Strange

et al., 1998, 2001), and productively (Lambacher et al., 2005; Mitsuya et al., 2011).

Therefore, when perturbation sounded more like “had,” the sound might have been

heard as an acceptable instance of the intended vowel for “head.” Whereas with the
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more “hid” like feedback, the vowel might have been perceived to be different because

the vowel is known to be perceptually assimilated to the Japanese vowel /i/ (a vowel

comparable to the English vowel found in “heed” but much shorter; Strange et al.,

1998, 2001). In short, these results indicate that how much speakers compensate may

be related to their vowel representation in the F1/F2 acoustic space and the perceptual

consequence of perturbation.

The exact mechanism of how compensatory behavior is related to such a repre-

sentation is still not well understood. What exactly is the phonetic target, and what is

required for the error feedback system to detect an error in the acoustics of a sound that

has just been spoken? Although Mitsuya et al. (2011) suggest that the target reflects

the phonemic category of the speech segment, their results might have been unique to

(1) compensatory production of F1, and to (2) the language groups contrasted (English

versus Japanese). To further understand the nature and parameters of phonemic pro-

cesses on compensatory formant production and its mechanism, the current study (1)

examined compensatory production of F2 and (2) contrasted different language groups

(English versus French).

French and English have different vowel representations and vowel space density.

Specifically, the two languages differ in the use of (or the lack of) rounded front vow-

els. The front vowels /i, e, E/ in French, found in French words/letter, “i” “é,” ”haie,”

have a canonical rounded vowel counterpart /y, ø, œ/ (found in “u,” “eux,” “œuf”). Lip

rounding as a linguistic feature is binary (rounded or unrounded), but the articulatory

postures between these cognates differ in many ways beyond the activity of the oro-

facial muscle groups associated with the lips (Schwartz et al., 1993). Consequently,
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there are a host of acoustic differences associated with “lip rounding”. One of such

consequences is lowered F2 value. Because of the association between lip rounding

and lower F2, with synthesized two-formant vowels, lowering F2 alone can elicit the

perception that vowel is slightly rounded for speakers of a language with rounded front

vowels (Hose et al., 1983). However, those who do not produce rounded front vowels

such as native speakers of English may not be as sensitive to such acoustic changes.

If the F2 of French front vowel /E/ (English equivalent of the vowel in the word

“head”) is lowered, the value will be comparable to that of another French vowel /œ/ in

the word “œuf.” Consequently, such a perturbation should induce a perceptual change

among French speakers due to their /E-œ/ proximity in F2. In response, compensatory

formant production (raising F2) should be observed. However, for English speakers

who do not have the /œ/ phoneme in their vowel inventory, the same magnitude of

perturbation of F2 may not result in a comparable degree of perceptual change. The

difference in vowel representation and their internal structure across the two language

groups should reflect the perception of the feedback (e.g., Kuhl, 1991). In short, the

same amount of acoustic perturbation of F2 may not yield a similar perceptual change

between the two language groups. Compensatory behavior is expected to reflect the

speaker’s internal structure of the vowel system of their language.

In the current study, we measured the perceptual distinctiveness and the sensitivity

to such changes by perceptual goodness rating of the vowel being tested and attempted

to find a relationship between a goodness rating and formant compensatory production.

As past studies have reported, the majority of the speakers did not typically notice

that the quality of the vowel changed when perturbation was applied (see Purcell and
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Munhall, 2006). If speakers tend to hear the produced sound as what was intended, it is

more informative to assess goodness of the produced sound as an intended target. For

this reason, we decided to employ a goodness rating task, instead of a categorization

task.

Because perceptual goodness of a vowel is influenced by how the vowel is rep-

resented (thus, language specific), and because compensatory formant production is

mediated by such perceptual processes, French speakers and English speakers should

show different behaviors. Specifically, it was hypothesized that French speakers would

compensate (1) sooner (i.e., with a smaller perturbation) and (2) with a greater maxi-

mum compensation magnitude, compared to English speakers.

3.3 Methods

3.3.1 Participants

Forty-one female speakers took part in this experiment. Nineteen of them were na-

tive Quebec French speakers (FRN, hereafter) from the community of Université du

Québec à Montréal. The mean age of this group was 27.84 (range: 20-41 yr old). Be-

cause Montréal is virtually a bilingual city, we assessed how much English exposure

and usage that our participants had, using a self-assessing language background sur-

vey, The Language Experience and Proficiency Questionnaire (LEAP-Q; Marian et al.,

2007). One participant did not complete the survey correctly, thus the following survey

results do not include this individual; however she indicated that she does not speak,

read, or communicate in English in her daily activities. Based on their responses, the
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average proportion of exposure to Quebec French was 82.8% (s.d= 12.6%), while to

English was 15.7% (10.9%). The average proportion of speaking Quebec French was

92.7% (9.8%), whereas that of English was 6.3% (9.5%).

The remaining 22 participants were native English speakers from the Queen’s Uni-

versity community in Ontario Canada. The majority of them had taken French classes

but based on the LEAP-Q report, they did not consider themselves bilingual, except for

five participants, who indicated that they would be likely to choose both French and

English when they were to have a conversation with an English-French bilingual. Be-

cause the contrast that we were interested in examining across the language groups was

based on the presence or absence of the representation /œ/, we did not want to include

English speakers whose linguistic experience may have led to them having this vowel

category. For this reason, these five individuals were removed from analyses. The

mean age of the remaining 17 English speakers (ENG, hereafter) was 20.81 (range:

18-25 yr old). None of the participants reported speech or language impairments, and

all had normal audiometric hearing threshold over a range of 500-4000 Hz.

3.3.2 General procedure

Participants first completed a vowel exemplar goodness rating experiment and then

participated in the production experiment. The order of these experiments was fixed

because we did not want the perturbed feedback during the production experiment

to affect the speakers’ goodness/perceptual function of the vowel being tested. ENG

received instructions in English, while FRN given the same instructions in French by

a researcher whose native language is Quebec French.
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3.3.3 Perception experiment

A goodness rating experiment was carried out, in which participants listened to the

members of two continua /œf-Ef/ and /Ef-If/ over headphones (SONY MDR-XD 200).

Both continua were created based on a natural token of “œuf,” “F,” and “if” produced

by a French-English bilingual female speaker in such a way that the first four formants

were manipulated incrementally between the end points of the natural tokens (“œuf-F”

and “F-if”). This method created 11 members for each continuum (thus, 21 unique

tokens overall, with the natural token of “F” as one of the end points shared by the two

continua). Participants’ task was to rate how good each sound was as “F (/Ef/)” using

a scale of 1 (poor) to 7 (good) by pressing numeric keys on a computer keyboard.

Participants were given the natural token of “F” as the referent sound several times

before starting the experiment to ensure that they know what was considered to be a

good instance of “F.” During the experiment, each token was randomly presented from

the full set of 21 stimuli in the two continua 10 times. The participants were naive to

the fact that two continua were being tested during the perception experiment.

3.3.4 Production experiment

Equipment

Equipment used in this experiment was the same as the reported in Munhall et al.

(2009), MacDonald et al. (2010, 2011), and Mitsuya et al. (2011). Participants were

tested in a sound attenuated room in front of a computer monitor with a headset micro-

phone (Shure WH20) and headphones (Sennheiser HD 265). The microphone signal
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was amplified (Tucker-David Technologies MA 3 microphone amplifier), low-pass fil-

tered with a cutoff frequency of 4.5Hz (Hrohn-Hite 3384 filter), digitized at 10 kHz and

filtered in real-time to produce formant shifts (National Instruments PXI-8106 embed-

ded controller). The manipulated speech signal was then amplified and mixed with

speech noise (Madsen Midimate 622 audiometer). This signal was presented through

the headphones worn by the speakers. The speech and noise were presented at approx-

imately 80 and 50 dBA SPL respectively.

Estimating model order (Screener)

An iterative Burg algorithm (Orfanidis, 1988) was used for the online and offline esti-

mation of formant frequencies. The model order, a parameter that determines the num-

ber of coefficients used in the auto-regressive analysis, was estimated by collecting 11

French vowels for FRN, and 8 English vowels for ENG, prior to the experimental data

collection. The 11 French vowels were /i, y, e, ø, E, œ, a, A, O, o, u/, seven of which

(/i, y, e, œ, E, o, u /) were presented in a /V/ context, and the visual prompts for those

vowels were “i,” “u,” “é,” “eux,” “haie,” “eau,” “ou” (respectively). The vowels /a, A/

were presented in a /pVt/ context (“patte,” “pâte”), and the vowel /O/ was in a /Vt/ con-

text (“hotte”). The vowel /œ/ was presented in a /Vf/ context (“œuf”). Along with the

/V/ context, the vowel /E/ was also presented in the /Vf/ context (“F”) because this was

the word used during the experiment. The eight English vowels were /i, I, e, E, æ, O, o,

u/, all of which were presented in the /hVd/ context (“heed,” “hid,” “hayed,” “head,”

“had,” “hawed,” “hoed,” “who’d,”). Moreover, the vowels /O, E/ were also presented in

the /Vf/ context (“off,” “F”).
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The words were randomly presented on a computer screen in front of the partic-

ipants, and they were instructed to say the prompted word without gliding the pitch.

The visual prompt lasted 2.5 s, and the inter-trial interval was approximately 1.5 s.

For each participant, the best model order was selected based on minimum variance in

formant frequency over a 25 ms segment in the middle portion of the vowel MacDon-

ald et al. (2010). The utterances in this experiment were analyzed with model orders

ranging from 8 to 12 with no difference between the language groups.

Online formant shifting and detection of voicing

Voicing detection was done using a statistical, amplified-threshold technique, and the

real- time formant shifting was done using an IIR filter. The Burg algorithm (Orfanidis,

1988) was used to estimate formants and this was done every 900 µs. Based on these

estimates, filter coefficients were computed such that a pair of spectral zeroes was

placed at the location of the existing formant frequency and a pair of spectral poles

was placed at the desired frequency of the new formant.

Offline formant analysis

Offline formant analysis was done using the same method reported in Munhall et al.

(2009) and MacDonald et al. (2010, 2011). An automated process estimated the vowel

boundaries in each utterance, based on the harmonicity of the power spectrum. These

esimates were them manually inspected and corrected if required.

A similar algorithm to that used in online shifting was employed to estimate the first

three formants from the first 25 ms of a vowel segment. The estimation of formants
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was repeated with the window of 1 ms until the end of the vowel segment. For each

vowel, a steady state value for each formant was calculated based on the average of the

estimate 40% to 80% of the vowel duration. These estimates were then inspected and

if any esimates were incorrectly categoried (e.g., F1 being mislabed as F2, etc), they

were corrected by hand.

Experimental phases

During the experiment, the participants produced “F” /Ef/ 120 times, prompted by

a visual indicator on the monitor. The 120-trial session was broken down into four

experimental phases (Figure 3.1). In the first phase, baseline phase (trials 1-20), the

participants received normal auditory feedback (i.e., amplified with noise added but no

shift in formant frequency). In the second phase, ramp phase (trials 21-70), participants

produced utterances while receiving feedback during which F2 was decreased with an

increment of 10 Hz at each trial over the course of 50 trials. This made a -500 Hz

perturbation for speakers’ F2 at the end of this phase. This phase was followed by

the hold phase (trials 71-90) in which the maximum degree of perturbation (-500 Hz)

was held constant. In the final phase, the return phase (trials 91-120), the participants

received normal feedback (i.e., the perturbation was removed abruptly at trial 91).
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Figure 3.1: Schematic of the experiment - Feedback perturbation applied to the second
formant. The vertical dash lines denote the boundaries of the four phases: Baseline, ramp,
hold, and return

3.4 Results

3.4.1 Perception experiment

The group averages of /E/ goodness ratings of the /œf-Ef/ and /Ef-If/ continua were cal-

culated by averaging 10 goodness ratings for each of the 21 tokens for each individual

participant. This experiment was specifically assessing the decline of /E/ perceptual

goodness along the two continua, thus we first analyzed the rating of the natural to-

ken of /Ef/ (Token 11) across the language groups. On average FRN rated token 11 as

6.71 [standard error (s.e.) = 0.09] while ENG as 6.29 (0.11), and the difference was

significant (t[34] = 3.04, p < 0.05), although both groups rated token 11 the highest.

The natural token of /Ef/ was produced by a French-dominant French-English bilingual
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speaker, thus the produced vowel was slightly assimilated to that of French. We cal-

culated a Euclidian distance in the F1/F2 acoustic space between the formant values

of token 11 and the average formant values of /E/ produced in the /Ef/ context for each

participant that were collected during the screening session. The average distance from

token 11 to the average formant values of /E(f)/ among FRN was 103.06 (s.e.= 16.80)

while for ENG, the distance was 386.37 (68.01), and the difference between groups

was significant (t[34] = 11.98, p < 0.01). This might have been why ENG did not rate

the natural token /Ef/ as high as FRN even though both groups were given token 11

as a referent token several times before the experiment began. Due to the group dif-

ference in the rating of the referent token, the degree of goodness decline is not easily

compared, therefore, we normalized the rating for each individual so that the rating of

token 11 was given the value 7, and the difference between the raw score for token 11

and the score 7 was equally added to all of the average rating responses of the other

continuum tokens.

An analysis of variance (ANOVA) with language group as a between-subjects and

continuum tokens as a within-subjects factor was conducted for each of the two con-

tinua. For the /œf-Ef/ continuum, both main effects were significant (language: F [1,

34] = 20.55, p < 0.05; tokens: F [10, 340] = 141.85, p < 0.05), but more importantly,

the interaction between the two factors was significant (F [10, 340] = 14.97, p < 0.05).

As can be seen in Figure 3.2, while FRN speakers’ goodness ratings robustly decline as

tokens are moving toward token 1 from the reference (token 11), the decline of English

was more moderate. This confirms that FRN are more sensitive to lowered F2 because
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perception of the sound moves away from the category of /E/ and towards the category

of /œ/, while ENG are more tolerant of the manipulation.

Figure 3.2: Goodness rating - Normalized goodness rating of /Ef/ of the continua /œf-Ef/
and /Ef-If/. The ratings were normalized such that token 11 (naturally produced “F /Ef/”),
was given a rating of 7. The solid vertical line separates the two continua, and the arrowed
vertical lines indicate the magnitude of F2 perturbation needed for speakers to start com-
pensating (i.e., threshold), -160 Hz for French speakers, and -260 Hz for English speakers.
The hori- zontal line represents the goodness score corresponding to the threshold of the
language groups. The error bars indicate 1 standard error.

The results for the /Ef-If/ continuum also revealed a significant main effect of lan-

guage (F [1,34] = 6.11, p < 0.05) and continuum tokens (F [10,340]= 256.81, p <

0.01), and a significant interaction of the two factors (F [10,340] = 5.03, p < 0.01).

FRN seems to show more sensitivity to this continuum as well. Due to the difference

in density of the vowels in the front mid to close region across the two languages,

this perceptual difference was also expected. For English there is no monophthong

between /E-I/ in the F1/F2 acoustic space (note that /e/ is generally diphthongized and
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much longer in duration, thus qualitatively it is not a monophthong) while in French,

there is a monophthong /e/. Because French does not have /I/, the vowel is usually per-

ceptually assimilated to their /i/ (Iverson and Evans, 2007). Thus for Francophones,

the /Ef-If/ continuum may consist of three vowel categories /E-e-i/. With the added

vowel /e/ in the middle of the continuum, the goodness of /E/ declined sharply, and this

was evident by comparing the slope of the two language groups.

3.4.2 Production experiment

The baseline averages of F1 and F2 values were calculated based on the last 15 ut-

terances of the baseline phase (i.e., utterances 6–20), and the formant values were

then normalized by subtracting the participant’s baseline average from each utterance

value. The normalized values for each utterance, averaged across speakers, can be seen

in Figure 3.3 A (F1) and B (F2).

To quantify the change in formant production, we measured the average production

of each of F1 and F2 by averaging the last 15 utterances of the baseline (utterances

6–20), hold (76–90), and return (106–120) phases (see Table 3.1). For each formant,

a repeated measure ANOVA with the experimental phases as a within-subjects and the

language groups as a between-subjects factor was conducted to verify the change in

production.

For F1, both main effects were significant (phase: F [2,68] = 6.00, p < 0.05; lan-

guage: F [1,34] = 214.54, p < 0.001), and the interaction between the two factors was

not significant (F [2,68] = 1.40, p > 0.016). Overall, ENG had a significantly higher F1
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Figure 3.3: Time course of compensation - Normalized formant production average
across speakers within each language group, (A) first formant, (B) second formant, and
(C) third formant.
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F1 F2 F3
Baseline Hold Return Baseline Hold Return Baseline Hold Return

FRN 632.29 625.27 631.90 2175.54 2319.43 2223.89 2915.58 3011.95 2949.82
(s.e.) (10.53) (11.1) (11.31) (23.14) (25.66) (23.43) (29.43) (29.49) (29.76)
ENG 864.30 844.70 854.72 1895.87 2002.21 1895.21 3017.56 3037.62 3021.83
(s.e.) (11.13) (11.74) (11.96) (24.46) (27.12) (24.77) (31.11) (31.18) (31.46)

Table 3.1: Average formant values of the last 15 trials of baseline (trials 6–20), hold
(76–90), and return (106–120) phases.

value [854.75Hz (s.e.= 11.15Hz)] than FRN [629.82 Hz (10.54 Hz)]. Because the in-

herent language difference in F1 value is not the main interest of analysis, and because

there was no interaction, we collapsed the language groups to see how experiment

phases affect speakers’ F1 production. Post hoc analysis with Bonferroni adjustment

for the experiment phases (↵ set at 0.016 for three comparisons) revealed that partic-

ipants produced significantly lower F1 during the hold phase [734.99 Hz (8.08 Hz)]

than the baseline phase [748.30Hz (7.66Hz); t[35]=3.12, p < 0.05], but the difference

between the hold and return phases [743.31 Hz (8.23) Hz; t[35] = -2.33, p > 0.016]

and between baseline and return phases (t[35] = 1.12, p > 0.016) were not significant.

For F2, similarly, both main effects were significant (phase: F [2,68] = 97.19, p <

0.05; language: F [1,34] = 83.51, p < 0.05) but more importantly, the interaction of

the two factors was also significant (F [2,68] = 6.39, p < 0.05). To examine the effect

of perturbation across language groups, we compared the magnitude of compensation,

calculated by averaging the last 15 utterances of the hold phase (utterances 76–90)

of the normalized data for each participant. On average, FRN adjusted their F2 by

161.53 Hz (s.e. = 18.75 Hz) for the -500 Hz perturbation, which is approximately

32%, while ENG adjusted their F2 by 106.34Hz (15.96 Hz), approximately 21%, and
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this difference was significant (t[34] = 2.21, p < 0.05).

We also examined when the speakers started changing their F2 production. A

change in production was calculated for each speaker, based on the standard error of the

productions in the baseline phase. We defined a “change” as three consecutive produc-

tions whose F2 exceeded +3 s.e. from the baseline average. Then after finding such a

trial point, the magnitude of perturbation of that trial was calculated. On average, FRN

started changing their F2 production with a -162.11 Hz (s.e. = 27.36 Hz) perturbation,

while ENG needed a -260.59 Hz (29.56 Hz) perturbation to initiate F2 adjustment, and

the difference was significant (t[34] = 2.45, p < 0.05). Moreover, we ran a bivariate

correlation between the threshold and the average maximum of compensation for each

language group. We found that neither group showed a significant correlation (both p’s

> 0.05), indicating that early compensators did not necessarily compensate more. In-

terestingly, the perceptual goodness rating of the most /œf/-like tokens was negatively

correlated with the average maximum magnitude of compensation among the French

speakers (r[19] = -0.54, p < 0.05) but not with the English speakers (r[17] = 0.26, p >

0.05). This suggests that it is not likely that sensitivity to detect an acoustic difference

from /E/ alone is related to the amount of compensation, otherwise English speakers

should show the same relationship. The asymmetry of these correctional data across

the language groups seems to be attributed to the presence/absence of the category /œ/,

thus, we speculate that compensation magnitude is related to how the feedback sound

is perceived as a member of the neighboring phonemic category.

We also examined the relationship between the difference in F2 values between

naturally produced /E/ and /œ/ and the magnitude of compensation among the French
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/E/ /Ef/ /œf/
F1 F2 F3 F1 F2 F3 F1 F2 F3

FRN 577.20 2396.31 3064.00 624.35 2187.95 2953.94 581.87 1841.62 2669.75
(s.e.) (11.56) (28.75) (31.46) (9.56) (27.24) (33.07) (10.52) (17.94) (27.39)
ENG 742.22 2118.97 3114.94 862.55 1924.64 3013.62
(s.e.) (12.11) (25.80) (30.30) (11.80) (19.21) (24.84)

Table 3.2: Average formant values of /E/ and /œf/ produced in the /V/, /Vf/ contexts.

speakers. A bivariate correlation was analyzed and revealed that the coefficient was

negative although it was not significant (r[19] = -0.36, p = 0.13).

Because a lowered F3 is often associated with lip rounding with front vowels

(Stevens, 1998; Schwartz et al., 1993), we also examined the production of F3. As

can be seen in Table 3.2, the average F3 produced in the unrounded front vowel /E/

produced in “F” among FRN was 2953.94 Hz (s.e. = 33.07 Hz), while that of ENG

was 3013.62 Hz (24.84 Hz), and the group difference was not significant (t[34] = 1.42,

p > 0.05). For FRN, the F3 of the rounded /œ/ produced in “œuf” [2669.75 Hz (27.39

Hz)] was significantly lower than that of the unrounded vowel /E/ produced in as “F”

(t[18] = 10.99, p < 0.001). Thus for this particular pair of un/rounded vowels, a lower

F3 value is associated with rounding.

The F3 production during the experiment was analyzed in the same way as we ex-

amined F1 and F2 [Figure 3.3 C]. While ENG did not change the production of F3 in

any discernible pattern across the experimental phases, FRN showed a robust change

in the F3 production. A repeated measure ANOVA (phase x language) revealed a sig-

nificant interaction between the experimental phase and language groups (F [2.68] =

9.70, p < 0.01). While ENG did not change their F3 production across the experimen-

tal phases (F [2, 32] = 1.36, p > 0.05), FRN significantly increased their F3 production
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during the hold phase [3011.95Hz, [(s.e. = 29.49 Hz)] compared to the baseline phase

(2915.58 Hz; t[18] = 6.89, p < 0.016), and to the return phase [2949.82 Hz (29.76

Hz); t[18] = 6.71, p < 0.016]. Moreover the baseline and the return phases were also

significantly different (t[18] = 3.33, p < 0.016) such that the increased F3 did not fully

go back to what it had been in the baseline phase. The magnitude of change in F3

production between the language groups (seen in Figure 3.4) was also significantly

different (t[34] = 3.76, p < 0.01), such that FRN increased the F3 value [96. 37 Hz

(13.98 Hz)] much more than ENG [20.47 Hz (14.54 Hz)] did.

Figure 3.4: Magnitude of compensation - Average compensation in F2 and F3 over the
hold phase (i.e., trials 76–90). Compensation is defined as the magnitude of the change in
formant frequency from the baseline average. Error bars indicate 1 standard error.

Because lip rounding is a particularly important articulatory posture for French

speakers and because of evidence of co-variance of F2 and F3 for the un/rounded

vowels being tested, we examined a correlation between these two formants for each

participant and compared the group differences. We calculated Pearson’s correlation
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coefficient (r) for each of the four experimental phases (note that the first five utterance

of the baseline phase were removed, thus the baseline coefficient was based on the

last 15 trials; i.e., utterances 6–20) per participant and compared them across the two

language groups. A repeated measure ANOVA with experimental phases as a within-

subjects and the language group as a between-subjects factor revealed that there was

no main effect of experimental phases or the interaction (both F ’s < 1, p’s > 0.05).

However, there was a significant effect of language groups (F [1, 34] = 53.47, p <

0.01), indicating that FRN had a significantly higher positive correlation between F2

and F3 (X = 0.601, s.e. = 0.035) than that among ENG (X = 0.231, s.e. = 0.037).

Because there was no phase effect, we calculated the overall coefficient per participant

across all the experimental trials (except the first five utterances). As can be seen in

Figure 3.5, all of our French speakers had a significant positive correlation (r values

raging from 0.56 to 0.94, all p < 0.01) with the average of 0.71. On the other hand,

among the 17 English speakers, only eight speakers had a positive correlation between

F2 and F3 (r values ranging from 0.21 to 0.64, all p < 0.05) and two speakers having

a negative correlation (r’s were -0.21 and -0.31, both p < 0.05). These results clearly

indicates that F2 control is strongly associated with F3 for the mid front vowel for

French speakers but not for English speakers, but more importantly, it shows that FRN

speakers’ co-varying F2/F3 production is not to accommodate for the perturbation,

rather, the control of these two formants is underlyingly coupled.

In terms of a relationship between the production and the perception data, we com-

pared the formant value at which the groups started compensating to that of the token

ratings from the perception experiment. Once again, overall, FRN started compen-
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Figure 3.5: Distribution of correlation coefficients between F2 and F3 - Distribution of
correlation coefficients (r) between F2 and F3. The box represents first and third quartiles
of r, and the horizontal line in the box indicates the median. The error bars indicate one
standard error. The difference in group means was significant (p < 0.05).

Figure 3.6: Compensation gain normalized at the threshold - Normalized formant
production of F2, aligned at the threshold of compensation (i.e., FRN at trial 36 and ENG
at trial 46).
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Figure 3.7: Vowel space - Average vowel space of (A) ENG and (B) FRN in the first
formant (F1) and the second formant (F2) acoustic space. The centroid of each ellipse
represents the average F1/F2 for that vowel. The solid and dashed ellipses represent 1 and
2 standard deviations, respectively.
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sating approximately with -160 Hz F2 perturbation, which corresponds to utterance

36, while ENG started compensating approximately with -260 Hz, corresponding to

utterance 46. The -160 Hz of F2 was comparable to the F2 value midway between

tokens 4 and 5 of /œf-Ef/ continuum (the steady state formant values were taken from

the middle 40% of the vocalic part of the tokens), whereas the -260Hz would have

been a token with a slightly lower F2 value than token 1 (thus, somewhat comparable

to the natural token of /œf/). On average, the rating of the -160Hz F2 point among

the FRN was slightly lower than 5 on the Likert scale. This rating would correspond

to that for tokens 1 and slightly below among the ENG (seen in Figure 3.2). These

perception-production data seem to be comparable across the language groups, such

that there seems to be a relationship between the degree of degraded perceptual good-

ness and the initiation of compensatory production. Moreover if we align the F2 data

of the two groups at the threshold, the function of formant compensatory production

overlaps almost perfectly. This indicates that although the threshold is defined by lan-

guage specific phonemic goodness, once the compensation is initiated, the operation

of error reduction is similar (Figure 3.6) in such a way that the gain is the same across

the language groups. These results further confirm that (1) FRN was more perceptually

sensitive to the F2 perturbation, (2) a certain decrease in perceptual goodness of the

intended phoneme initiates compensation, and (3) once compensation is initiated, the

error reduction system seems to behave similarly across the language groups.

One thing to note is that the two language groups produced /E/ slightly differently

[see Figure 3.7 A for ENG, B for FRN; also see Table 3.2; F1: t[34] = 9.85, p < 0.01;

F2: t[34] = -7.11, p < 0.01]. Moreover, both language groups produced /E/ in the /Vf/
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context with a significantly higher F1 (FRN: t[18] = -8.22, p < 0.01; ENG: t[16] =

-16.27, p <4 0.01) and lower F2 (FRN: t[18] = 14.21, p < 0.01; ENG: t[16] = 9.32, p

< 0.01) compared to the vowel produced in the /V/ context. Thus one can argue that

the cross-language difference observed here might have been attributed to the inherent

articulatory/acoustic differences across the groups, which were further exaggerated by

the phonemic context of the vowel examined. It is not feasible to disentangle the ef-

fect of the inherent difference in F1/F2 values across the two language groups versus

the perceptual goodness process for the error feedback system, just by looking at the

results of F2 magnitude of compensation. However, the results of compensatory pro-

duction of F3, as well as the threshold of compensation mirroring a specific decrease

of goodness rating of the intended vowel strongly suggest that auditory error feedback

is specified by phonemic representation of the intended sound.

3.5 Discussion

The current experiment set out to examine the difference in compensatory production

for F2 perturbations across two language groups where the same magnitude of per-

turbation had a different decrease in perceptual goodness of the intended vowel. The

results for both languages showed the general pattern of compensatory formant pro-

duction that has been reported in the literature (Houde and Jordan, 2002; Purcell and

Munhall, 2006; Villacorta et al., 2007; MacDonald et al., 2010, 2011). More impor-

tantly, we saw a cross-language difference between FRN and ENG. French speakers

(1) altered their F2 production in response to smaller perturbations, (2) showed greater
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maximum compensations than ENG did, and (3) showed co-varying F3 compensa-

tion with F2, which was not observed among the English speakers. Furthermore, the

two language groups initiated compensatory behavior when perceptual goodness of /E/

decreased by a similar amount.

These results further confirm that feedback error operation does not involve sim-

ply reducing the acoustic error. Instead compensatory behavior is related to how the

feedback is perceived with relation to its nearby vowels, reflecting language-specific

phonemic processes. The original hypothesis by Mitsuya et al. (2011) stated that the

behavior was somehow related to “acceptability” of the perturbed token as the intended

sound, which implies processes of phonemic identity and categorization. The current

study did not employ a categorical perception task. Therefore we cannot make any con-

clusion about whether compensation is to maintain perceptual identity of the intended

token. It is still possible that the threshold of compensation, defined in this study, could

have coincided with the categorical boundary between two phonemes. Future studies

need to investigate the nature of compensatory threshold more thoroughly.

The importance of phonemic representation in the error reduction system was im-

plicated in a developmental study by MacDonald et al. (2012) in which it was found

that 2-yr-olds did not compensate for F1/F2 perturbation as adults and older children

(4-yr-olds) did. Their results show that the lack of compensatory behavior among the

young children was not due to their inherently variable production. MacDonald et al.

(2012) suggested the possibility that a stable phonemic representation is required for

error detection and correction in speech, and sometime between 2 and 4 yr of age such

a representation emerges and stabilizes.
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The design of the current study, however, does not allow us to tease apart whether

the difference in the dimensionality of vowel representation is language general or

vowel specific. That is, whether the coupled F2/F3 control is specific to the language

in general and thus across all of the vowels among our French speakers, or specific

to the particular vowels we examined (i.e., /œ/ and /E/) is not answered. However, it

is testable using a different language group. Unlike French, all of the front vowels of

which have a rounded counterpart, Korean has only one front vowel with a rounded

counterpart (/E/ and /ø/; Yang, 1996). Thus we can test whether Korean speakers show

co-varying F2/F3 with /E/ and compare that with other front vowels. If co-varying

F2/F3 compensation is specific to an articulatory/acoustic feature that is phonemically

important, then, we would expect that Koreans would show such co-varying production

only with /E/, but not with other front vowels. With this design, we can thoroughly

examine whether or not compensatory formant production is phoneme specific.

The majority of French speakers noticed that the feedback was perturbed in some

way, but only two of them reported that they had heard “œuf” while their utterances

were perturbed. However, there does not seem to be any relationship between their

awareness of the feedback being “œuf” and the magnitude of compensation because

these two participants did not compensate significantly more or less than other French

speakers (z-scores of these individuals’ magnitude of compensation were -0.6 and -

0.5). Similarly, many English speakers noticed that their feedback had been perturbed

during the experiment as well, but none reported that it was the vowel quality of the

feedback that was being manipulated. Taken together, we can at least rule out the

possibility that French speakers’ compensatory production was due to cognitive strate-
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gies. Furthermore, a study by Munhall et al. (2009) demonstrated that even when

speakers were given explicit information about the nature of perturbation and were

told not to compensate for it, they still changed their formant production just as much

as naive speakers. Thus even if there had been a cross-language difference in the level

of awareness of the feedback they received, it is questionable that such a difference is

the cause of the group difference in magnitude of compensation and F2/F3 co-varying

production.

In summary, the current study, along with the findings of Mitsuya et al. (2011)

strongly demonstrates that the error feedback for formant production is intricately re-

lated to speakers’ phonemic representation and that this representation contains de-

tailed phonetic information. Thus the hypothesis that error reduction in formant pro-

duction operates purely to reduce an overall acoustic difference is, once again, rejected.

Moreover there is clear evidence that the threshold of compensatory formant produc-

tion is different across languages. Even though the threshold was different across lan-

guage groups, the gain function of F2 compensatory production appears to be very

similar across the language groups, suggesting a similar error reduction system is in

operation. Thus the function of error reduction itself appears to be language univer-

sal, while detection of error is language specific. A specific decrease in perceptual

goodness of the intended sound within a language initiates compensatory behavior.

The data show that the representation of speech goals, at least in vowels, is not a set

of articulatory or acoustic features that defines each vowel independently from the

other vowels in the inventory. Rather, the target vowel’s many phonetic dimensions

are intricately represented with those of neighboring vowels. The current study cer-
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tainly provides evidence for improving the speech error feedback models such as the

DIVA model (Guenther, 1995; Guenther et al., 1998), the Neurocomputational model

(Kröger et al., 2009) and the State Feedback Control model (Houde and Nagarajan,

2011), so that the models can clearly define an acoustic target for speech production

not by the target itself but its relation to other vowels around it and parameterize what

the system detects as an error.
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Chapter 4

Temporal control and compensation
for perturbed voicing feedback

4.1 Abstract

Previous research employing a real-time auditory perturbation paradigm has shown

that talkers monitor their own voice attributes such as fundamental frequency, vowel

formants, and fricative noise as part of speech motor control. In the case of vowel

formants or fricative noise, what was manipulated is spectral information which pro-

vides information about the filter function of the vocal tract. However, segments can

be contrasted by parameters other than spectral configuration. In this paper, we exam-

ined whether a similar compensatory pattern would be observed when manipulating

information about voicing. It is possible that the feedback system monitors phonation

timing as well as “cues” associated with voicing in the way it does spectral informa-

tion. In Experiment 1, when talkers received feedback of the cross-categorical voic-

ing category (saying “tipper” while hearing themselves say “dipper,” vice versa), they
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changed the onset VOT and in some cases the following vowel. However when they

received feedback that could be heard as the intended voicing category yet its voic-

ing information was considerably different from their normal production, they did not

compensate. These results indicate that production targets are not an independently

controlled acoustic “cue,” rather they are a host of many articulatory/acoustic parame-

ters in a multi-dimensional perceptual space.

4.2 Introduction

The timing of speech is coordinated over many temporal scales ranging from millisec-

onds in individual phones and consonant clusters (Kent and Moll, 1975) to seconds in

the rhythmical structure for phrases and sentences (Lehiste, 1970). Historically, this

precise timing is explained by one of three accounts. 1) Speech timing is attributed to

some kind of clock mechanism within the nervous system (e.g., Ivry and Richardson,

2002; Buonomano and Laje, 2010); 2) Speech timing is controlled by detailed mo-

tor scripts or intrinsic motor organizations (e.g., MacNeilage, 1970; Tuller and Kelso,

1984; Fowler, 1986); 3) Speech timing of future movements is regulated by feedback

from ongoing movements (e.g., Lashley, 1951). In their strictest sense, none of these

frameworks has been entirely adequate to explain the intricacies of the temporal struc-

ture of speech. However, aspects of all of these ideas appear in recent accounts of the

temporal control of behavior (e.g., Buhusi and Meck, 2005).

Following Lashley (1951)’s theoretical criticism, sensory feedback has long been

dismissed as the source of accurate timing spanning short temporal scales such as oc-
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curs in individual consonant coordination. However, recent developments in models of

feedforward processing in speech movement (e.g., Guenther et al., 1998; Houde and

Nagarajan, 2011; Kröger et al., 2009) have led to a new focus on sensory feedback in

fluent speech. In this work, we examine the role that auditory feedback plays in the

timing of consonant production. Specifically, we are testing whether modifications of

acoustic feedback can influence voicing of word onset alveolar plosives. Evidence sug-

gests that talkers monitor their own voice and the perception of self-produced sounds

influences many acoustic parameters of speech. For example, it has been shown that

talkers exhibit compensatory behavior not only for altered suprasegmental parame-

ters such as loudness (Bauer et al., 2006) and pitch (Burnett et al., 1998; Jones and

Munhall, 2000), but also for segmental parameters such as vowel formant frequencies

(Houde and Jordan, 1998; Purcell and Munhall, 2006; Villacorta et al., 2007; Mac-

Donald et al., 2010, 2011; Cai et al., 2010; Mitsuya et al., 2011, 2013) and fricative

noise (Shiller et al., 2009; Casserly, 2011).

To date, the only segmental parameters that have been examined are acoustic fre-

quency manipulations (F0, and formant). However, there are other acoustic parameters

that define speech segments such as voicing. All languages have voicing contrasts. If

vibrations of the vocal folds are present when the consonantal gestures are made and

the air is released through the constricted point of the vocal tract, it is perceived to

be voiced, whereas if such vibration occurs with a temporal lag, it is perceived to be

voiceless.

The relative timing between the plosive release and the initiation of voicing is

called Voice Onset Time (VOT). Detailed articulatory parameters for this measure are
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not language universal (see Lisker and Abramson, 1964, for a review). For example, in

Romance languages such as Spanish and French, voicing generally precedes the plo-

sive burst for the voiced consonants, while for voiceless consonants, voicing follows

shortly after the plosive burst. In English, voicing follows shortly after the plosive

release for the voiced plosives (thus, the VOT value that is typically positive), which

is comparable to the voiceless category in Romance languages, whereas for English

voiceless consonants, voicing starts much later than the plosive release and it is usually

accompanied with aspiration. Even within a language, a voicing category may consist

of multiple phones (e.g., in English, when voiceless plosives occur in a syllable medial

position, they are usually unaspirated). In short, although the voicing category is not

strictly defined by relative phonatory timing to other gestures in a language universal

manner, it still remains the main acoustic cue to distinguish the categories.

VOT is determined by the interarticulator timing of laryngeal and oral gestures

plus the conditions of air pressure across the vocal folds. Löfqvist and Yoshioka

(1981, 1984) reported that even though the magnitude of glottal opening during con-

sonant production was variable, the temporal relationship between supralaryngeal and

laryngeal gestures was precisely coordinated. Using a motor perturbation paradigm,

Munhall et al. (1994) examined the coordination of laryngeal and supralaryngeal ges-

tures. They reported that when the lower lip was mechanically perturbed, interfering

with the bilabial closure for /p/ in a /i’pip/ context, not only did the lips show com-

pensatory movements to achieve the closure, but also the onset of glottal abduction

was delayed, prolonging the vowel. The following bilabial closure was shorter than

the unperturbed one, causing a slightly longer VOT. However, the glottal abduction
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movement did not change its timing or duration relative to oral movements. Taken

together, it is clear that the control of voicing as a phonemic outcome is not solely

dictated by voicing as an independently prescribed gesture; rather, the interaction of a

host of many gestures around the plosive consonant fluidly coordinate their timing to

control the category of voicing.

This complex coordination is supported by sensory information, and auditory feed-

back may be crucial for VOT control as well. Lane and Perkell (2005) reviewed the

studies that examined acoustic and articulatory differences of VOT production due

to the lack of auditory feedback among deaf individuals. After being deafened, the

VOT difference between voiced and voiceless consonants was reduced (Lane et al.,

1994; Waldstein, 1990) and often, the voice/voiceless distinction was wrongly pro-

duced (Cowie and Douglas-Cowie, 1983). Moreover, in a study with prelingually

deafened children, Higgins et al. (2001) turned on and off the cochlear implants to

examine the effect of auditory feedback (or the lack of) on their speech acoustics.

Although the finding was not consistent across their two children examined, at least

one child’s VOT production for /p/ was significantly reduced the day the implant was

turned off. The results of those studies strongly suggest that without being able to hear

their own speech, the voicing contrast cannot be monitored precisely and the phonetic

details for the contrast are no longer maintained in articulation.

Another study by Jones et al. (2003), examine the intraoral pressure as well as

its duration during /p/ and /b/ production in the /CVCV/ context (puppy vs baby)

with children with normal hearing and with a cochlear implant. With children with

a cochlear implant, these parameters were measured when the implant was on and off.

77



4.2 Introduction

The changes due to the removal of auditory feedback were not consistent across the ex-

amined children; however, it did seem to introduce articulatory adjustments, implying

the importance of auditory feedback.

If the function of the speech production error correction system is to monitor and

adjust any speech sound that we produce, then the system has to monitor and adjust

articulatory/phonetic details of voicing as well. Thus, people should exhibit compen-

satory behavior when they receive perturbed voicing feedback in a manner similar to

how talkers compensate for a formant structure perturbation. In the present study, we

examined whether talkers exhibited compensatory production of syllable onset plo-

sives when they received feedback that is not congruent with the plosive production

that they intended using the same general paradigm of the real-time perturbed audi-

tory feedback experiments. Because we were unsure about how sensitive talkers were

to acoustic parameters associated with plosive production, we decided to first use a

large perturbation - cross-categorical feedback perturbations in which talkers heard the

voicing cognate opposite to the one they were producing.

Although the paradigm itself is comparable to that of F0 (Burnett et al., 1998;

Jones and Munhall, 2000) and vowel formant perturbation (Houde and Jordan, 1998;

Purcell and Munhall, 2006; Villacorta et al., 2007; MacDonald et al., 2010, 2011;

Mitsuya et al., 2011, 2013), real-time modifications of temporal parameters are not

easily implemented. That is, it is difficult to lengthen ongoing temporal parameters,

and, it is impossible to shorten them. In order to solve this problem, we pre-recorded

talkers’ utterances, and selected five utterances of the token whose VOT was closest to

the mean of each voicing cognate to be used as playback tokens during perturbation.
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Because we used natural productions of syllables, the playback tokens’ tempo-

ral parameters differed more than simply by onset VOT. If the syllabic duration of a

voicing cognate pair is similar, the vowel with a voiceless plosive has a longer vowel

duration. Perturbation studies such as Munhall et al. (1994) and studies of compen-

satory shortening (Fowler, 1981; Munhall et al., 1992) have reported that the duration

of speech segments is controlled not for each segment but for a proportional relation-

ship of the segments that comprise a larger unit, such as syllable. The organization

of constituents within a syllable as a larger unit may also be examined using the real-

time auditory feedback paradigm. In order to measure duration of each constituent in

a syllable, it was necessary to have a consonantal coda to have a concrete and consis-

tent offset of the voicing. Monosyllablic CVC codas may be deemphasized, in which

case the duration of the vowel may also become more variable. For this reason, we

selected the trochaic disyllabic words, “tipper” and “dipper,” as our test words for the

experiment.

In the perturbation phase of the experiment, while talkers were repeating the word

“tipper” they started to hear their pre-recorded production of “dipper.” In the contrast-

ing condition, while saying “dipper,” they received “tipper” as the perturbed feedback.

We measured a change in VOT, the following vowel, coda closure and the syllable

duration due to the introduction of the playback token perturbations.
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4.3 Experiment 1

4.3.1 Methods

Participants

Thirteen female undergraduate students (mean age = 19.4; standard deviation [s.d.]

= 1.0) at Queen’s University in Canada participated in this part of the study. All of

them were native Canadian English talkers with normal hearing thresholds within the

range of 500 – 4000 Hz (< 20 dB HL). None reported a history of language or speech

impairments.

Equipment

Participants were tested in a sound isolated booth (Industrial Acoustic Company).

They wore a headset microphone (Shure WH20) and the microphone signal was ampli-

fied (Tucker-Davis Technologies MA3 microphone amplifier), low-pass filtered with a

cutoff frequency of 4500 Hertz (Krohn-Hite 3384 filter), digitized at 10 kHz and the

detection of voicing was processed in real-time (National Instruments PXI-8106 em-

bedded controller) such that a playback token was gated when the talker’s utterance

onset was detected. This resulted in a delay of by 3-5 ms but this magnitude of delay

is not perceivable. While talkers were receiving the playback token, they did not hear

their actual production since their actual microphone signal was not fed through the

headphones. Feedback (regardless of whether it was normal or playback token) was

amplified and mixed with noise (Madsen Midimate 622 audiometer), and presented
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over headphones (Sennheiser HD 265) such that the feedback signal and noise were

presented at approximately 80 and 50 dBA SPL respectively.

General procedure

Each participant was tested twice over the course of two weeks. The first session,

Session 1, was to collect their playback tokens, and Session 2 was the experimental

session.

Session 1: Baseline- Each participant was tested individually. They sat in front

of a monitor on which a target word (“tipper” in one condition, “dipper” in another)

was presented for 1 s with an inter-stimulus interval of approximately 1.5 s. Partic-

ipants were instructed to produce the prompted word trochaically at a normal pace

without gliding their pitch. A total of 100 utterances were produced for each of the

conditions. After completing the 100 tokens of one condition, they repeated the same

procedure with the other target word. The order of the conditions was counterbalanced

across participants. Participants wore headphones, through which they heard the pro-

duced sounds without any perturbation. Within a week’s time, participants returned to

participate in Session 2.

Playback tokens- From Session 1, each participant’s average VOT of each voic-

ing category was measured. Outliers (tokens with VOT values greater or smaller than

3.0 s.d.) were removed from assessing the mean VOT. Five tokens with VOT values

closest to the mean of the voicing category were chosen for each individual as playback

tokens for the second session. The amplitude of these selected tokens was normalized,

thus there was no difference in peak amplitude across the playback tokens.
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Session 2: Experimental condition- When participants came back for the second

session, they performed the same task as the first session. During the second session,

however, the 100 utterances were divided into three experimental phases. The Baseline

phase (utterance 1-20), the Perturbation phase (utterance 21-60), the Return phase (ut-

terance 61-100). During the Baseline phase, participants were given normal feedback

through the headphones so that they heard their voice as they produced the target word.

During the Perturbation phase, however, they heard their own pre-recorded playback

tokens of the other voicing category as they produced the target word on the moni-

tor. For example, while they were producing the word “tipper,” they heard their voice

saying “dipper” and vice versa. The order of presentation of the five playback tokens

was not randomized. Thus there were sequential presentations from token 1 through 5,

which repeated during this phase. These playback tokens were played at 80 dB. In the

Return phase, the participants received normal feedback just as the Baseline phase.

4.3.2 Results

Session 1

With the data collected from the first session, the utterances 11 to 100 were used for

the analysis to calculate the durational parameters of the first syllable of the two tar-

get words. For the target word “dipper,” many talkers produced a few instances of

negative VOT with which the onset of phonation precedes the plosive burst and contin-

ues through the plosive closure and the burst. The mean occurrence of negative VOT

production was 3.0 times over a course of 90 utterances, and there were no system-

atic patterns for these negative VOT productions. These tokens were excluded from
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the analyses because 1) the values of negative VOT were, in general, quite large, and

they would have skewed the mean value of positive VOT for /d/, and 2) the idiosyn-

cratic/unsystematic productions of negative VOT are not representative of talker’s stan-

dard (positive) VOT for /d/ in the word onset context.

We examined various durational parameters for the test tokens, including VOT of

the onset consonant, vowel duration of the vowel in the first syllable, coda closure

(offset of the vowel to the onset of /p/ burst of the second syllable) as well as syllable

duration of the first syllable (from the onset of initial alveolar plosive to the onset of

the plosive of the second syllable; See Figure 4.1).

Figure 4.1: Illustration of temporal parameters - Illustration of Voice Onset Time
(VOT), vowel, coda closure for the first syllable of the utterances of “tipper” (top) and
“dipper” (bottom).

On average, all of the durational parameters were different across the two target
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VOT Vowel Coda Syllable
Mean B Mean B Mean B Mean B

tipper 51.8 -0.03* 57.6 -0.003 99.5 0.075* 208.8 0.043*
(s.d.) (2.4) (2.6) (3.1) (3.4)
dipper 16.9 0.008 74.3 0.048* 109.4 0.015 200.6 0.072*
(s.d.) (1.0) (2.6) (2.8) (4.0)

Table 4.1: Average temporal parameters (in milliseconds) of the word ‘tipper’ and ‘dipper’
collected in Session 1. B represents unstandardized regression coefficient from trial 11 to
100. * is p < 0.05

words (the order of the presentation was not significant, p > 0.05) as summarized in

Table 4.1. Although the syllabic duration for “tipper” was significantly longer than

that of “dipper,” this effect was due to the longer VOT since all other parameters of

“tipper” were significantly shorter than those of “dipper.” This temporal structure of

syllable constituents across voicing cognates has already been reported by Allen and

Miller (1999). Although the increase in VOT from voiced to voiceless consonant is

associated with a shortened vowel duration, this reduction is less than the increased

amount of VOT resulting in a slightly longer syllable duration for voiceless tokens.

The durational parameters of the target words changed slightly over the course of

90 productions of the tokens. A series of regression analyses revealed that some of

the parameters changed significantly. As seen in Table 1, however, the unstandard-

ized coefficients were all rather small. For the token “dipper”, vowel and syllable

were lengthened by 4.32 and 6.48 ms respectively over the course of 90 trials. For

the token “tipper”, VOT was shortened by 2.7 ms, while coda closure and syllable

duration were lengthened by 6.75 ms and 3.87 ms respectively. These changes (i.e.,

shortened VOT with lengthened coda closure and syllable) are inconsistent with the
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changes associated with speaking rate. That is, if talkers were producing the segment

slower, indicated by the lengthened syllable, other durational parameters should also

be lengthened (see Kessinger and Blumstein, 1998, for a review). Although there is no

clear explanation to account for these temporal changes, this might have been due to 1)

fatigue from repetitive productions and 2) some unknown effect of repetitive produc-

tion itself. Repetitive listening of a syllable has been reported to lead to intermittent

changes in the perception of the constituent phoneme (verbal transform: Warren, 1961;

Tuller et al., 1997). Possibly, repetitive production might have shifted perception of

the sound the talkers were producing which in turn might have affected the production

of the sound.

Session 2

Comparison across sessions As in Session 1, the first 10 tokens of the 100 trials were

removed from the analyses. Most of our talkers produced some instances of negative

VOT for /d/ during the experiment. The mean frequency of negative VOT production

during this session was 7.5 times over the course of 90 trials and there was no apparent

pattern for such productions. However, in this part of the experiment, there was the

introduction of the perturbation. Thus, it was possible that the experimental phase (i.e.,

perturbation playback) could have caused the production of negative VOTs. In order to

verify that there was no difference in the number of negative VOT productions across

the experimental phases, we calculated the proportion of negative VOT occurrence

in each experimental phase for each talker, and then performed a repeated-measures

Analysis of Variance (ANOVA) on the proportion of negative VOT values with the
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experimental phase as a within-participant factor. The results showed that there was

no effect of phase [F (2, 24)= 1.38, p > 0.05]. Thus, we excluded these negative VOTs

for the word “dipper” from further analysis.

We also compared each talker’s average production of the last 10 utterances (utter-

ance 11-20) of the Baseline phase of the second session with those of the first session

to examine whether the participants produced target words differently between the two

sessions. Among VOT, vowel duration, coda closure duration and the overall syllable

duration, only the coda closure was significantly longer in the session 2 with both “tip-

per,” [t(12) = -2.23, p < 0.05; mean difference= 7.24 ms, s.d.= 11.69 ms] and “dipper”

[t(12) = -2.49, p < 0.05; mean difference= 6.85 ms, s.d.= 9.91 ms] being longer in

session 2. Overall, participants were producing the test tokens similarly across the two

sessions.

Compensatory production Figure 4.2. shows the group average VOT over the

course of 100 utterance. As can be seen, the talkers changed their VOT production

immediately after the introduction of a cross-categorical feedback. The VOT for /t/ be-

came longer while that for /d/ became shorter. The compensatory production reached

a plateau within 20 utterances after the introduction of the perturbation. Moreover,

once the perturbation was removed, talkers de-adapted the VOT production and the

VOT slowly returned to the baseline. This adaptation pattern is consistent with the

pattern reported with other acoustic parameters, such as formant compensatory pro-

duction (Houde and Jordan, 1998; Purcell and Munhall, 2006; Villacorta et al., 2007;

MacDonald et al., 2010, 2011; Mitsuya et al., 2011).
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Figure 4.2: Average temporal parameters - Group average of temporal parameters (in
milliseconds) over the course of the experiment of “tipper” (triangles) and “dipper” (cir-
cles); a) VOT, b) Vowel, c) Coda closure, and d) Syllable. The vertical lines indicate the
boundaries of the three experimental phases.
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In order to quantify this pattern, VOT was averaged across participants and trials

for the three experimental phases: Baseline (utterances 11-20), Perturbation (41-60),

and Return (81-100). The last 20 utterances from the Perturbation and Return phases

were analyzed because talker’s production was stabilized during this part of the phase.

A repeated measures ANOVA was conducted on VOT, vowel, coda closure and syllabic

duration with the experimental phase as a within-participant factor.

In the condition where talkers were producing “tipper” while receiving “dipper”

during the perturbation phase (Tipper condition, hereafter), the phase effect was sig-

nificant on VOT [F (2, 24)= 20.65, p < 0.01] and syllabic duration [F (2, 24)= 6.54,

p < 0.01], whereas there was no phase effect on vowel and coda closure (p > 0.05).

Post hoc analyses with Bonferroni correction (↵ set at 0.016 for three comparisons)

were performed in order to compare the phases for the word “tipper.” The VOT of the

Perturbed phase was 60.53 ms (s.d.=15.84) and this was significantly longer than that

of the Baseline phase [X= 50.27 ms, s.d.= 13.75; t(12)= -4.72, p < 0.016], and the Re-

turn phase [X= 50.56 ms, s.d.= 15.91; t(12)= 5.15, p < 0.01]. However, the difference

between the Baseline and Return phases was not significant (p > 0.016). For sylla-

ble duration, the Perturbation phase [X= 222.16 ms, s.d.= 29.18; t(12)= -4.15, p <

0.016] was significantly longer than the Baseline phase (X= 211.55 ms, s.d.= 29.27),

however, the Return phase (X= 217.55 ms, s.d.= 30.02) was not significantly different

from either phases (both p > 0.016).

In the “dipper” condition where talkers were producing “dipper” while they receive

“tipper” feedback (Dipper condition, hereafter), an experimental phase effect was ob-

served for VOT [F (2,24)=8.90, p < 0.01], vowel duration [F (2,24)=32.24, p < 0.01],
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and syllable duration [F (2,24)=8.93, p < 0.01]. Post hoc analyses revealed that VOT

of the Perturbation phase (X= 12.90 ms, s.d.= 3.76) was significantly shorter than that

of Baseline [X= 15.38 ms, s.d.= 4.59; t(12)= -4.72, p < 0.016] and Return phase

[X=14.34 ms, s.d.= 3.94; t(12)= 5.15, p < 0.016]. On the other hand, the vowel du-

ration in the Perturbation phase (X= 90.24 ms, s.d.= 22.36) was significantly longer

than the Baseline [X= 68.08 ms, s.d.= 15.22; t(12)= -7.08, p < 0.016] and the Return

phase [X= 75.05 ms, s.d.= 19.66; t(12)= -4.72, p < 0.016]. However, the Baseline and

Return phases were not significantly different (p > 0.016). Similarly, the duration of

syllable in the Perturbation phase (X= 217.72 ms, s.d.= 25.09) was significantly longer

than the Baseline [X= 197.12 ms, s.d.= 21.88; t(12)= -4.08, p < 0.016], but was not

different from the Return phase (X= 202.76 ms, s.d.= 26.68, p > 0.016). The differ-

ence in syllable duration of the Baseline and the Return phases was also not significant

(p > 0.016).

The magnitude of compensation was calculated by the difference between the av-

erage VOT during the last 20 tokens from the Perturbation phase and the average VOT

of the last 10 tokens of the Baseline phase. In the Tipper condition, the difference was

multiplied by -1 since the compensatory VOT was longer than the baseline VOT. A

paired sample t-test was conducted to examine the magnitude of compensation across

the two conditions, and revealed that, the compensatory production with the word “tip-

per” (X=10.23 ms, s.d.= 7.81) was significantly larger than that for the word “dipper”

[X= 2.47 ms, s.d.= 2.54; t(12)=-3.437, p < 0.05]. We speculated that the smaller

change in VOT with /d/ was due to the fact that the VOT for /d/ is already short, and

that there is not much temporal allowance for shortening the already short temporal
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parameter. Thus, we examined the proportional change of the VOT production in-

stead of the raw temporal scale. The VOT results were normalized by subtracting the

talker’s baseline average, which was calculated from the last 10 utterances of the Base-

line phase (i.e., utterances 11-20), from VOT value of each utterance and then dividing

by the Baseline average. The proportional results for each utterance, averaged across

talkers, can be seen in Figure 4.3. Interestingly, the magnitude of compensation for the

perturbed VOT feedback was found to be similar across the two conditions, and it was

roughly 15-20% (dipper: X=15.68%, s.d.= 12.63; tipper: X= 21.82%, s.d.= 19.19)

and the difference across the voicing cognates was not significant [t(12)= -1.09, p >

0.05]. Both the time course pattern as well as the symmetry across the shift conditions

observed here is similar to those of compensatory production for formant perturbation

(Purcell and Munhall, 2006; Villacorta et al., 2007; Munhall et al., 2009; MacDonald

et al., 2010, 2011).

In the current experiment, the magnitude of the perturbation applied varied across

talkers since the perturbed playback tokens had a different VOT depending on a talker’s

mean VOT production from the first session. Thus, the VOT change in absolute time

does not necessarily capture how much talkers compensated relative to the magnitude

of perturbation applied. In order to normalize the magnitude of compensation, we

divided the magnitude of compensation by the difference between the mean VOT for

/t/ and /d/ collected from the first session for each of the talkers, then averaged across

them. In the tipper condition, the magnitude of change was on average 30.1% (s.d.=

27.4), however, in the dipper condition, the VOT change was much smaller (X= 6.7%,

s.d.= 5.0).
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Figure 4.3: Average normalized VOT - Average normalized VOT of utterances of “tip-
per” (triangles) and “dipper” (circles) over the course of the experiment. For each indi-
vidual, the VOT measurements were normalized by diving by the average VOT of the last
10 utterances of the baseline phase. The vertical lines indicate the boundaries of the three
experimental phases.

4.3.3 Discussion

Experiment 1 was set up to examine how people compensate for an opposite voic-

ing cognate feedback using the real-time auditory feedback paradigm. This paradigm

employed a pseudo-real time manipulation in which the participants heard their own

pre-recorded voice producing a cognate of the voicing category during the perturbation

phase. The results showed that talkers changed the temporal structure of the intended

syllable when they heard themselves say the word onset plosive of the opposite voicing

cognate. While they were producing /t/ and heard themselves produce /d/, they length-

ened the VOT as if they were trying to compensate for the short VOT feedback they

received. Similarly, when producing /d/ with /t/ feedback, the talkers shortened their
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VOT as well as lengthening the vowel, making the VOT proportionally shorter. More-

over, the data showed that the proportional change of VOT was found to be similar in

both conditions of perturbation.

The importance of auditory feedback had been suggested for voicing control how-

ever, it was unknown whether or not talkers would adapt to perturbed voicing category

feedback in a single session and how sensitive the error feedback system would be

to such a perturbation. Our results clearly indicate that the speech motor control sys-

tem utilizes auditory feedback for voicing, and the pattern of compensatory production

was similar to results reported in the studies of spectral perturbation with only a partial

compensation being observed.

These results parallel what has been reported in the spectral perturbation litera-

ture suggesting that the mechanism underlying the utilization of error feedback in the

speech production system is functionally similar for both spectral and temporal infor-

mation, or possibly that the two aspects of speech share some of the processing com-

ponents even though the acoustic characteristics are vastly different between spectral

and temporal properties.

One interesting observation about the current results is that in the condition in

which talkers produced “dipper” while they received “tipper” feedback, they not only

shortened the VOT but they also lengthened vowel duration when the perturbation was

applied. We speculate that the lengthened vowel duration was a secondary way to

compensate.

Perception of voicing is known to be influenced by the proportion of VOT and

vowel in a syllabic structure (Port and Rotunno, 1979; Port and Dalby, 1982). The
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English VOT for the voiced plosives is typically positive in the onset location of a

stressed syllable. Because negative VOTs (prevoicing) are not systematically produced

in the onset location, the controllable range of VOT is very limited. Thus, shortening

an already short VOT might have been supplemented by lengthening the following

vowel so that the proportion of the VOT within the syllable would, in turn, become

much shorter. By doing so, the perception of voicing might have been more finely

controlled.

From the data we obtained, it is clear that cross-categorical voicing feedback changes

talkers’ production. In the vowel formant shifting studies, this is equivalent to applying

a stepwise perturbation with which talkers receive a maximum degree of perturbation

all at once (MacDonald et al., 2011). However, the studies in which small incremental

perturbations were applied have reported that talkers exhibited compensatory behavior

with as small as 40 Hz of perturbed F1 (Villacorta et al., 2007; Purcell and Munhall,

2006; MacDonald et al., 2011), which may be well within the production category

of the vowel that the talkers intend to produce. This indicates that the error feed-

back system is very sensitive to small incongruencies between the intended sound and

perturbed auditory feedback. A recent cross-language formant compensation study

(Mitsuya et al., 2011) indicates that “error” is language specific, and the threshold

of compensation seems to mirror a specific decrease in perceptual goodness of the

intended sound (Mitsuya et al., 2013). If error detection and control of the voicing cat-

egory operates similarly to formant control, then talkers may also show compensatory

production for small perturbations of acoustic parameters that affect the qualitative

perception of voicing categories.
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Changes in a variety of acoustic properties are sufficient to produce the percep-

tual contrast between voiced and voiceless consonants. Lisker (1986) presented a list

of at least 16 separate acoustic properties that influence which voicing cognate a lis-

tener hears. The properties include temporal values such as VOT, closure duration and

vowel duration as well as more frequency or amplitude-related factors such as the F0

contour, F1 onset frequency, and burst intensity. In Experiment 1, all of these proper-

ties were present in the perturbed feedback to mutually reinforce the error. However,

it is unknown how sensitive the feedback control system is. Are properties individ-

ually compensated for even though the talker’s overall category of production is not

changed?

A sub-categorical manipulation of voicing can be done in two ways. One is that

we take the VOT as a composite of the multivariate acoustic parameter for voicing and

compress or stretch it incrementally. Or we can manipulate a specific acoustic param-

eter(s) that is associated with voicing and thus strengthen or weaken the contrast. Be-

cause we were interested in how sensitive talkers were to certain articulatory/acoustic

details of plosive production, we decided to perturb feedback in the latter way. In Ex-

periment 2, we manipulated the duration of burst and/or aspiration noise during the

onset voiceless plosive /t/ production. By changing these acoustic parameters in a par-

ticular way, we ensured that the perceptual category of the voicing was not changed

but the goodness of token was.

In English, a syllable onset /t/ which is followed by a primary stress is aspirated.

Thus, the word onset /t/ in a trochaic disyllable, such as “tipper”, is almost always

aspirated. As Johnson (1997) noted, there are two types of noise for voiceless plosive
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Figure 4.4: Schematic plosive noise - Schematic representation of two types of noise
during a production of an onset voiceless plosive (adapted from Johnson, 1997).

stops; 1) a brief burst noise caused by the oral release of air pressure and 2) a long

aspiration noise associated with glottal frication (see figure 4.4, adapted from Johnson,

1997). For the burst noise manipulation, we took advantage of the fact that the burst

noise of [t] is often produced as [ts] in the onset context followed by a high vowel as

/I/. Playback tokens had an extra noise burst, which made the tokens seem slightly

affricated. For the aspiration noise manipulation, we shortened the VOT by removing

considerably the portion of the interval that contained this acoustic attribute. These

manipulations did not yield perceptual change of /t/ because they are considered as al-

lophonic variants. All other temporal parameters (i.e., vowel, coda-closure and syllable

duration) were not manipulated. With these manipulations, it was possible to exam-

ine whether production of the onset plosive production changes due to these specific

parameters.

95



4.4 Experiment 2

4.4 Experiment 2

4.4.1 Methods

The basic procedure for Experiment 2 was identical to Experiment 1. Participants took

part in two experimental sessions: The first (Session 1) for collecting the tokens “tip-

per” and “dipper,” and the second (Session 2) for the experimental condition. However,

in Experiment 2, we only used the word “tipper” for the experimental condition.

Participants

Fourteen female undergraduate students (mean age = 20.0; s.d. = 0.8) at Queen’s

University in Canada participated in this part of the study. All of them were native

Canadian English talkers with normal hearing thresholds with a range of 500 – 4000

Hz (< 20 dB HL). None reported a history of language or speech impairments.

Stimulus

Each participant’s mean VOT for “tipper and “dipper” were collected during Session

1 with the same criteria used in Experiment 1. Based on the mean VOT of /t/, the

five most representative tokens of “tipper” were selected. These tokens were further

manipulated to make a set of playback tokens that consisted of 1) unaspirated and

non-affricated [t] tokens, and 2) pseudo-affricated [ts] tokens. For the unaspirated and

non-affricated [t] tokens, 2.5 s.d. of the VOT portion preceding the onset of voicing

was removed. The pseudo-affricated [ts] tokens were created based on the unaspirated

/t/ playback tokens by inserting a fricative noise of voiceless alveolar sibilant /s/ right
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before the voice onset. This fricative noise was collected from a female native English

talker producing /si/ with a prolonged /s/. The duration of the inserted fricative noise

was calculated to be 2.5 s.d. of talker’s mean VOT for /t/ produced in the context of

“tipper.” This manipulation made the token sound like [ts], as if the release gesture of

the alveolar closure of /t/ was delayed. This in turn makes the percept of the onset /t/

somewhat affricated and aspirated.

Stimulus Check

For the pseudo-affricated feedback tokens, the average VOT was 103.01 ms (s.d.=

23.92). For the unaspirated playback tokens, it was 20.59 ms (s.d.= 5.94). These VOT

in both token types were considerably different from that of talkers’ natural production.

In order to make sure that these tokens were indeed heard as an allophone of /t/, we

conducted a perceptual judgment experiment.

Ten native English talkers (four males and six females; mean age of 25.5 year) with

normal audiometric thresholds from 500 to 4000 Hz took part in the perception exper-

iment. The listeners were tested individually in a sound attenuated room described

in Experiment 1. Their task was to indicate whether the sound that they just heard

was “tipper” or “dipper” by pressing buttons on a computer keyboard. The stimuli

consisted of 1) 5 unaspirated [t] playback tokens, 2) 5 pseudo-affricated [ts] playback

tokens, and 3) 5 normal productions of /t/, making 15 allophonic /t/ stimuli from each

of the 14 talkers, totaling 210 sounds. Fifteen normal productions of “dipper” from

each of the 14 talkers were also included as fillers. This made a total of 420 stimuli

altogether. These stimuli were presented once in a random order. The percent of /t/
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responses was calculated for each of the 14 talkers by the token types, unaspirated [t],

pseudo-affricated [ts],normal /t/ and normal /d/ productions, then averaged across the

talkers by the token types. The data revealed that the normal productions of /t/ and /d/

were almost always heard as it was intended (/t/: 99.5%; /d/: 8.8% t-responses). For

the other token types, the pseudo-affricated [ts] was also almost always heard as /t/

(99.0%) and the unaspirated [t] was consistently heard as /t/ (77.3%). This confirmed

that the identity of the phoneme /t/ was largely intact with the playback tokens. For

the unaspirated playback token [t], the resulting VOT turned out to be similar to the

natural VOT for /d/ for many of the talkers. However, because the onset of voicing and

the falling F0 of the initial voicing portion were present, the tokens sufficiently elicited

the perception of voicelessness (see Whalen et al., 1993 for a review).

Although participants produced both “tipper” and “dipper” conditions during Ses-

sion 1, they did not produce “dipper” in Session 2. Instead, they produced “tipper”

under two feedback conditions: 1) unaspirated [t] feedback and 2) pseudo-affricated

[ts] feedback conditions. The order of the conditions was counterbalanced across par-

ticipants.

4.4.2 Results

Baseline production

As in Experiment 1, the first 10 utterances were excluded from the analysis. The du-

rational parameters of the first syllable, defined by the onset of the word onset /t/ burst

to the onset of the word medial plosive of /p/, from the first session were examined
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VOT Vowel Coda Syllable
Mean B Mean B Mean B Mean B

tipper 51.6 0.008 65.1 -0.049* 114.0 0.109* 230.7 0.068*
(s.d.) (2.5) (4.3) (8.6) (6.5)

Table 4.2: Average temporal parameters (in milliseconds) of the word “tipper” collected
in Session 1. B represents unstandardized regression coefficient from trial 11 to 100. * is
p < 0.05

to see whether the talkers’ production changed over the course of the session. Re-

gression analysis reveled that unstandardized coefficients for vowel duration, the coda

closure and the syllable were significant (see Table 4.2), thus over the course of the 90

utterances of the word “tipper,” the production changed slightly. However, similar to

Experiment 1, the coefficients were small. Thus, even with the significant coefficients,

the changes of the durational parameters over the experimental session were minute,

such that vowel duration was shortened by 4.41 ms, while coda closure and syllable

duration were lengthened by 9.81 ms and 6.12 ms respectively.

In addition, paired sample t-tests were performed to examine whether the average

durational parameters of the utterances 11-20 were different across the two sessions

within each participant. No significant difference was found for any of the parameters

[VOT: t(13) = 0.38. p > 0.05; Vowel: t(13) = 1.35, p > 0.05; Coda closure: t(13)

= 1.74. p > 0.05, Syllable: t(13) = 2.03, p > 0.05], which indicates that the talkers’

production of the target word “tipper” was stable across Session 1 and Session 2.

Compensatory production

For the experimental manipulation, Figure 4.5 shows the group average VOT over the

course of 100 utterances. Contrary to the results from Experiment 1, the production of
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VOT was unchanged and was not affected by the introduction of perturbed feedback of

either types of playback tokens, presumably due to the fact that the feedback was still

heard as the intended sound, even though they had slightly different acoustic charac-

teristics than the normal production of the onset consonant /t/. To quantify the change

in VOT production, the magnitude of compensation was calculated in the same way

as Experiment 1 for each of the two token types. An ANOVA was performed with the

three experimental phases [Baseline (trial 11-20), Perturbation (41-60), Return (81-

100)] as a within-participant factor.

Figure 4.5: Average VOT - Average VOT (in milliseconds) of utterances of ‘tipper’ when
talkers were given feedback of pseudo-affricated /t/ (triangles) and unaspirated /t/ (circles).
The vertical lines indicate the boundaries of the three experimental phases.

In both perturbation types, the phase effect was not significant for VOT [Pseudo-

affricated type: F (2,26)= 2.55, p >0.05; Unaspirated type: F (2, 26)= 0.61, p > 0.05],

nor for coda closure and syllable duration (all p > 0.05); however, the phase effect was

significant for vowel duration for both perturbation types [Pseudo-affricated : F (2, 26)
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= 11.76, p < 0.05; Unaspirated: F (2, 26)= 5.08, p < 0.05]. Post hoc analyses with

Bonferroni correction (↵ set at 0.016 for three contrasts) revealed that, with the pseudo-

affricated type, the Perturbation Phase (X= 73.72 ms, s.d.= 31.80) had a significantly

longer vowel compared to the Baseline [X= 59.08 ms, s.d.= 20.80; t(13) = 3.76, p

< 0.016] and the Return Phase [X= 62.97 ms, s.d.= 25.81; t(13) = 3.96, p < 0.016],

whereas these two phases did not differ significantly [t(13) = 1.49, p > 0.016]. Similar

results were obtained with the unaspirated type, for which, the difference in vowel

of the Perturbation phase (X= 68.18 ms, s.d.= 34.79) and Baseline (X= 60.95 ms,

s.d.= 31.20) approached significance [t(13) = 2.64, p = 0.02; ↵ set at 0.016], and the

difference between the Perturbation and Return Phase (X= 62.40 ms, s.d.= 35.06) was

significant [t(13) = 2.77, p < 0.016]. The Baseline and Return Phases did not differ

[t(13) = 0.62, p > 0.016].

The playback tokens had different VOT across talkers and it could be the case that

the talkers’ compensation was systematically affected by it but that the average masks

this effect. In order to test this possibility, we first calculated normalized VOT values

by subtracting the average VOT values of the last 10 trials of the Baseline phase from

the VOT value of each trial. Then the average normalized VOT value of the last 15

trials of the Perturbation phase was calculated for each participant. A bivariate cor-

relation was calculated with this value and the average Playback VOT for each talker

across the feedback types. For both the pseudo-affricated feedback, and unaspirated

feedback, the magnitude of compensation was not correlated with the VOT magnitude

that they had received during the perturbation phase [Pseudo-affricated: r(14) = 0.47,

p > 0.05; unaspirated: r(14) = -0.07, p > 0.05].
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Because the proportion of /t/ responses of the unaspirated playback tokens var-

ied across the talkers, it was possible that those playback tokens might have influ-

enced compensatory production differently. In order to examine this, we correlated

t-responses of the unaspirated playback tokens of each talker with their magnitude of

compensation. However, this relationship was not significant [r(14)= -0.18, p > 0.05].

In addition, the magnitude of compensation of either feedback types was not sig-

nificantly different from the order of conditions [Pseudo-affricated: t(13) = -0.19, p >

0.05; Unaspirated: t(13) = 0.02, p > 0.05].

Although the VOT measures did not change due to the introduction of the within

phonemic category perturbation, it was possible that breathiness of the plosive could

have changed with the manipulation of aspiration. The amplitude ratio of the median

RMS during plosive production as well as the vowel portion of the first syllable was

calculated for each token, and was used as a proxy of breathiness of plosive the talker

produced. The mean and standard deviation for this measure were calculated within

each experimental phase. Tokens of the RMS ratio with a z-score greater than 3 or

smaller than -3 were removed from the analysis. The average ratio of the last 10 tokens

of the baseline (11-20) was subtracted from each of the ratios to normalize the data.

The last 20 tokens of the Perturbation Phase (41-60) and the Return Phase (81-100)

were averaged for each talker. An ANOVA with experimental phases and perturbation

type as within-participant factors were conducted on the RSM ratio, and none of the

effects were significant (all F s < 1, and all ps > 0.05), indicating that breathiness was

consistent and it was not affected by the experimental phases or perturbation type even

though it was the parameter manipulated in the experiment.
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4.4.3 Discussion

The current experiment examined whether talkers change their production of voic-

ing and its related parameters when they received auditory feedback that had different

articulatory/acoustic details of the onset voiceless plosive production than the one in-

tended while its perceptual identity did not change. The perturbed tokens either added

a fricative noise after the burst plosive or removed a portion of aspirated noise from the

normal production of aspirated /t/. Although many of the talkers reported that they had

noticed that the feedback they were receiving in the middle of the experiment somehow

sounded a bit odd, the manipulation did not change the production of [t], even though

the manipulation resulted in an acoustically large difference.

If compensatory production is to minimize acoustic differences between the in-

tended voicing production with specific articulatory/acoustic characteristics, then the

talkers should have compensated for the burst/aspiration production just as seen in Ex-

periment 1, however, they did not change those parameters. Even with the unaspirated

playback tokens, which were not always heard as /t/ (i.e., 77%) during the stimulus

check, talkers still did not change parameters. The only durational change that was

observed was the somewhat lengthened vowel during the Perturbation Phase for both

directions of perturbation. The lengthened vowel was also observed in the “dipper”

condition in the Experiment 1; however, it was accompanied with a change of VOT. In

the current experiment, on the other hand, the lengthened vowel did not systematically

covary with other temporal changes, thus we speculate that the lengthening effect was

not part of a specific compensatory response. This is because: 1) if the error system
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is trying to compensate for the perturbed parameters, then such parameters should be

the primary parameters to be controlled, and 2) vowel duration was lengthened in both

shift types, thus the uniform production change does not reflect a response to the ma-

nipulation introduced (i.e., burst noise was lengthened while aspiration was shortened).

The exact reason why our participants were resistant to the perturbation is unclear.

However, due to the fact that voicing as a phonemic category is not cued by a single

parameter, it is arguable that talkers’ did not have to compensate for the aspiration/VOT

perturbation because all other cues indicated that the voicing cognate that they had just

produced was indeed voiceless.

4.5 General Discussion

The purpose of the current investigation was to examine 1) whether talkers exhibit

compensatory temporal production when they received auditory feedback with an op-

posite voicing cognate and 2) if they do, to which articulatory/acoustic cues they are

sensitive. Our results showed that when talkers received a cross-categorical voicing

feedback, they spontaneously changed the production of onset plosive as if they are

trying to reduce the difference between the intended voicing category and the error

feedback they received. There is evidence that the production of syllable constituents

is intricately organized given that the shortened VOT covaried with lengthened vowel

production, which proportionally shortened the VOT within the syllabic structure. On

the other hand, when talkers received feedback that manipulated the plosive burst noise

or aspiration noise, which changed the VOT considerably, our talkers did not change
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the production of VOT or aspiration nor the duration of other syllabic constituents

(vowels, coda closure).

The current data provide insight into the nature of the target of speech production.

Mitsuya et al. (2011, 2013) showed that compensatory production of vowels is not

elicited for purely acoustic or phonetic correction; instead, the behavior seemed to be

under more linguistic control. Mitsuya et al. (2013) had French talkers and English

talkers produce a phonologically identical vowel /E/ while its F2 was lowered. This

made the feedback sound slightly rounded. Because French has front rounded vowels,

and there is a vowel that sounds similar to the perturbed vowel, French talkers compen-

sated more than English talkers. But what was more interesting is that French talkers

also changed their F3 production in response to F2 perturbation. F2 and F3 are known

to covary for roundedness, thus, it was interpreted that these two acoustic parameters

were coupled functionally because the language specified the function. This implies

that the production target is also multi-dimensionally specified (Mitsuya et al., 2013).

This pattern is similar to what we found in Experiment 1 such that not only VOT but

vowel duration was compensated for, presumably to make the intended voicing per-

ception more robust. However, in Experiment 2, even though VOT was manipulated

considerably, talkers did not compensate because the perturbations (playback tokens)

were heard as the intended phoneme with all other cues of voicing intact.

Timing parameters and their control for voicing have been under extensive investi-

gation for a long time. VOT as one of the strongest cues to distinguish the voicing cat-

egory has been decomposed into its acoustic (e.g., Lisker, 1986) and articulatory con-

stituents and their interactions and coordination (e.g., Löfqvist and Yoshioka, 1984).
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Larger scale factors such as syllabic structure as well as prosodic factors (e.g., rate

of speech) have been well described for the perception and production of the voicing

distinction (e.g., Port and Rotunno, 1979; Port and Dalby, 1982). The actual articu-

latory coordination of voicing and its remarkably flexibility to achieve an articulatory

target has also been demonstrated (e.g., Munhall et al., 1994). However, what was still

unknown was the exact nature of the production target for voicing. The current studies

provide evidence that what talkers are trying to achieve for voicing is not a specific

articulatory or acoustic parameter but a composite of many cues that together yield the

perception of voicing.

Many neural-based speech production models, such as DIVA (Guenther et al.,

1998), State Feedback Control (Houde and Nagarajan, 2011) and the Neurocomputa-

tional model (Kröger et al., 2009) describe speech production targets as phonemic (or

larger units). Despite the differences in the theoretical details in their models, all have a

process of error detection for controlling ongoing and future production of speech. The

current study as well as Mitsuya et al. (2013) showed that both error estimation and er-

ror reduction can be achieved with more than one parameter with multi-dimensionally

represented phonemes. Models of speech production should take such representations

into account in order to model accurate speech production control.

Current studies are limited in a sense that all the conclusions are made only for

acoustic parameters based on acoustic measurements. Thus, no conclusions are made

for articulatory parameters. Future investigations measuring the movements of the

articulatory apparatus are needed in order to fully understand how acoustic config-

urations for voicing are monitored by the nervous system and how such perceptual
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processes are transformed into fine adjustment of multi-articulator gestures.
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Chapter 5

Auditory feedback in novel motor
control tasks

5.1 Introduction

Across many species, vocal production involves generating a sound and having that

sound being filtered by its passage through the vocal tract (Taylor and Rebby, 2010).

This source-filter model has been the working model for speech acoustics for decades

(Chiba and Kajiyama, 1941; Fant, 1960) but remarkably there are still many unknowns.

Within this theoretical framework, recent efforts have focused on the control system

that can account for consistent articulation and the categorical production of speech

sounds (Guenther et al., 1998).

For motor control systems, the use of feedback is important to correct ongoing

and future actions (e.g., Todorov, 2004) and for speech production, the sounds that a

speaker produces are thought to be the primary feedback signal. For example, adult

hearing loss changes many aspects of vocal control (e.g., fundamental frequency, in-
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tensity, timing, spectral precision), indicating the importance of auditory feedback for

maintaining articulatory precision (Waldstein, 1990; Cowie and Douglas-Cowie, 1992;

Schenk et al., 2003). Laboratory studies have also demonstrated that normal-hearing

speakers change their articulation to counteract the perturbation when real time pertur-

bation is applied to speakers’ pitch or voice formant (Burnett et al., 1998; Jones and

Munhall, 2000; Houde and Jordan, 2002; Purcell and Munhall, 2006).

Unlike the frequent observation of complete compensation for visual and force

feedback perturbations for limb movement (e.g., Shadmehr and Mussa-Ivaldi, 1994),

auditory feedback perturbations of speech produce partial compensations, approxi-

mately 30% of the perturbation applied (e.g., MacDonald et al., 2010). There are

a number of possible explanations for these data including reduced gain for audi-

tory feedback, speech category influences on sensorimotor adaptation, and multiple

timescales of adaptation (see Hopp and Fuchs, 2004 for a discussion of partial adapta-

tion in saccadic perturbations). In addition, it has been recently suggested that partial

compensation is due to differences in sensory reliance (Purcell and Munhall, 2006;

Tremblay et al., 2008; Nasir and Ostry, 2006), such that some individuals may rely

more on somatosensory feedback or on auditory feedback for speech motor control.

Indeed, Lametti et al. (2012) found that participants who showed larger compensations

to auditory perturbations (first formant) showed smaller compensations to somatosen-

sory perturbations (non-speech force perturbation of the jaw) and vice versa.

In this study we examined compensation in response to auditory perturbations in

a speech and nonspeech context. Unlike standard speech perturbation studies which

involve well-established associations between the sound categories of the participants’
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language and the unique vocal tract maneuvers that produce those sounds, we tested

auditory-motor behaviors in which the sounds were manually controlled after mini-

mal experience with a sound generating device. If partial compensations in response

to speech perturbations result from partial reliance on somatosensory feedback, these

novel auditory-motor tasks should produce compensations in response to auditory per-

turbations larger than 30% of the applied perturbation. Our reasoning is that partici-

pants would rely more on the familiar auditory feedback of speech categories to de-

termine if there is an error since there was no well-established mapping between hand

movements and the resulting acoustics.

5.2 Experiment 1

5.2.1 Methods

Participants

Fourteen male students at Queen’s University in Canada participated in the current

experiment. All of the participants were native speakers of English. The mean age of

this group was 20.1 year (range: 18 - 23). Audiometric hearing threshold was tested

across the range of 500-4000 Hz, and all had normal hearing. None reported speech or

language impairments.

Artificial vocal tract

For an artificial vocal tract, an electrolarynx (Servox) and a tube made of synthetic

rubber (17.0 cm in length with an inside diameter of 3.18 cm [1.25 inches]) were used.
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The sound source end of the electrolarynx was inserted to the rubber tube. This made

the length of the “vocal tract” approximately 15.0 cm (i.e., from the sound source to

the opening of the tube), and its volume approximately 119.13 cm3. This is smaller

than the area function of an average male. The participants were instructed to use the

lower pitch (approximately 82 Hz) voice button for the experiment. The rubber tube

was pliable and was easy for the participants to make a constriction by squeezing it,

yet it was elastic enough to recover its original cylindrical shape when the physical

load was removed. Configurations of the oral cavity for the vowel /i/ and /a/, and their

comparable constrictions, with the artificial vocal tract and schematics of their formant

structures can be seen in Figure 5.1.

Figure 5.1: Comparison of natural vocal track and the artificial vocal tract - Mid-
sagittal MRI images of the vocal tract producing a vowel. The oral cavity configuration
is traced in colored line (left). Artificial vocal tract producing a similar sounding vowel
(right)

Vowel quality correlates with the first (F1) and second (F2) formants, which are re-

lated to the height and frontedness of the tongue constriction (respectively). As Figure
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5.1 depicts, the artificial vocal tract can mimick the place and degree of constriction of

the articulatory settings of the oral cavity and produce changes in vowel quality. How-

ever, in both the vocal tract and the tube, there is no simple one-to-one relationship

between the vocal tract shape and acoustics. For many sounds that are produced in

a particular way, other articulatory maneuvers also produce similar formant structure

(e.g., Perkell et al., 1993, 1997). Similarly, with the tube used as a model of vocal

tract, the formant structures can also be controlled in many ways. The complicated re-

lationship between the configurations of a tube as a vocal tract model and their acoustic

consequences has been studied extensively (e.g., Fant, 1960; Harrington and Cassidy,

1999; Stevens, 1998). As can be seen in Figure 5.2, the formant structure of the sound

produced by the tube we used can be modified by varying the constriction degree from

open to closed at the tube midpoint (left panel), or the constriction location while keep-

ing the constriction degree approximately the same (right panel). Moreover the area of

constriction also can be a variable (see Harrington and Cassidy, 1999; Stevens, 1998).

Equipment

Equipment used in this experiment was the same as that reported in Mitsuya et al.

(2011, 2013). They sat in front of a computer monitor with a headset microphone

(Shure WH20) and headphones (Sennheiser HD 265). The microphone signal was

amplified (Tucker-David Technologies MA 3 microphone amplifier), low-pass filtered

with a cutoff frequency of 4.5 Hz (Hrohn-Hite 3384 filter), digitized at 10 kHz, and fil-

tered in real-time to produce formant shifts (National Instruments PXI-8106 embedded

controller). The manipulated speech signal was then amplified. The manipulated sig-
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Figure 5.2: Formant structure produced by the artificial vocal tract - Formant struc-
tures of the sound produced by the artificial vocal tract with varying the degree of con-
striction continuously from open to closed (left), and with three different locations, scaling
from 0% (sound source) to 100% (open end) while the constriction degree was approxi-
mately the same (right).
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nal was amplified and mixed with speech noise (Madsen Midimate 622 audiometer),

and presented over headphones (Sennheiser HD 265) such that the speech and noise

were presented at approximately 80 and 50 dBA SPL, respectively.

Acoustic Processing

Voicing detection was done using a statistical amplified-threshold technique, and the

real-time formant shifting was done using an IIR filter. An iterative Burg algorithm

(Orfanidis, 1988) estimated formant frequencies every 900 µs. For offline formant

analysis, an automated process estimated the vowel boundaries in each utterance, based

on the harmonicity of the power spectrum. These estimates were then manually in-

spected and corrected if required.

Practice session

Participants’ task was to produce a vowel for the word “head” (hereafter /E/ ) by squeez-

ing the rubber tube of the artificial vocal tract when seeing a visual prompt (+) on the

monitor. They first explored the vocal tract for approximately one minute to find the

“sweet spot” to make the best /E/-like vowel. Then a practice session with 30 trials

started. The inter-stimulus-interval was set to 1.5 s, and the visual prompt was pre-

sented for 2.5 s. Participants were specifically told to let go of the constriction com-

pletely so that the fingers were not touching the tube in between the productions of the

vowel. No perturbation was applied to their feedback during the practice session.
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Figure 5.3: Feedback perturbation applied to the first and second formant. - Feed-
back perturbation applied to the first (Blue) second (Red) formant. The vertical dash lines
denote the boundaries of the four phases: Baseline, ramp, hold, and return.

Experimental session

During the experimental session, a cloth screen was draped in front of the participants.

They were asked to put their arms under the screen so that they could not see their

hands while they were still able to see the monitor in front of them. The experimental

session consisted of 120 trials with four experimental phases. The first 20 trials (Base-

line), participants received normal feedback. In the second phase (trials 21-70, Ramp),

an incremental change of 4 Hz for F1, and -5 Hz for F2 were applied for each trial over

the course of the 50 trials. At the end this phase, the maximum perturbation of 200

Hz for F1 and -250 Hz for F2 were applied, which made the feedback of the vowel /E/

more like /æ/. In the third phase (trials 71-90, Hold), the maximum perturbation was

held constant. Finally in the last phase (trials 91-120, Return), the perturbation was
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Sound 1 Sound 2 Sound 3
Labeled as “had” Labeled as “head” Labeled as “hid”
F1 F2 F1 F2 F1 F2

696.90 Hz 1525.53 Hz 662.13 Hz 1641.61 Hz 582.21 Hz 1569.31 Hz

Table 5.1: First and second formants of the sounds produced by the artificial vocal tract
with a single constriction made at three different locations.

removed all at once, thus the participants received abrupt change from the maximum

perturbation to normal feedback (Figure 5.3).

Manipulation check

Because the premise of the study was to induce compensatory production of vowel-like

sounds using an artificial vocal tract, it was important to ensure that the participants

were processing the feedback as vowel-like sounds. In order to assess this, we em-

ployed a categorization task, using the sounds that were produced by the same artificial

vocal tract.

Three tokens used were produced by a single constriction of approximately the

same degree at three different locations of the artificial vocal tract; Sound 1, labeled as

“had” vowel, Sound 2, labeled as “head” and Sound 3, labeled as “hid”. The intensity

and duration of these tokens were normalized. The formant values of these sounds are

summarized in Table 5.1, and their distribution is shown in the F1/F2 acoustic space in

Figure 5.2.

Sound 1 and 2 have formant structures that were close to that of /E/ and just at

the edge of the average /æ/ respectively. We labeled them as “vowel like in ’head’ ”

and “vowel like in ‘had’ ”. We examined whether the participants could reliably label
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Figure 5.4: Sound stimuli represented in the F1/F2 acoustic space - The distribution
of the stimuli used in Perception experiment (blue) and average Baseline /E/ production
using the artificial vocal tract by our participants (red circle) and perturbed feedback (red
diamond).
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the sounds. Sound 3, as a filler, had much lower F1 and F2 values compared to the

other sounds. Although English does not have a vowel with this formant structure, we

labeled this sound as “vowel like in ‘hid’ ” so that the participants can distinguish this

from the other sounds.

Participants were tested in a sound attenuated room. Their task was to identify

which of the three vowels that they had just heard by pressing one of the three keys

on a computer keyboard. Each of the three sounds was presented 20 times randomly.

Once again, the rationale for this experiment was to assess whether our participants

can reliably perceive the difference between the stimuli we labeled /E/ and /æ/ because

/E/ is the sound category they would be producing during the production experiment

while /æ/ is the perturbation they would receive. When Sound 1 (/æ/) was presented,

they were reliably able to label the sound as /æ/ (X= 92.9% [s.e.= 2.33]) and this pro-

portion was significantly different from other response types (both ps > 0.0167. ↵ was

set to 0.0167 for three comparisons). With Sound 2 (/E/) was presented, out partici-

pants were able to label the sound mostly /E/ (X= 71.07% [9.0]) and this proportion

was significantly different from the /æ/ responses (X= 5.00% [1.7]), however, the /I/

proportion (X= 23.93% [7.7]) was not significantly different from the /E/ responses.

The most important finding here is that our participants were able to label /E/ and /æ/

differently with few confusions between these vowels (see Table 5.2). With this, we

were sure that the maximum perturbation we applied was categorized into a different

phoneme since the pertubation was larger than the subtle variation in the perceptual

task.
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Response type
/I/% /E/% /æ/%

Sound 1 /I/ 58.93 39.29 1.43
(s.e) 9.48 9.58 1.10

Sound 2 /E/ 23.93 71.07 5.00
(s.e) 7.74 8.99 1.74

Sound 3 /æ/ 2.50 4.64 92.86
(s.e) 1.46 1.70 2.33

Table 5.2: Confusion matrix of the sounds used in the manipulation check and partici-
pants’ responses.

5.2.2 Results

The baseline average of formants was calculated for each participant, based on the last

15 trials of the Baseline phase (i.e., trials 6-20), then the raw formant value in Hz was

normalized by subtracting the speaker’s baseline average from the value of each trial.

Figure 5.5. shows the overall average of normalized formants for the experiment.

As can be seen, our participants changed the ways in which they produced their

vowel in response to a gradual formant perturbation. While both vowels formants

showed average change consistent with compensation to the perturbation, only F2

showed reliable changes from baseline. Most importantly, the average magnitude of

F2 compensation (trial 76-90) was 68.00 Hz (s.e.= 23.44 Hz), which was 27.2% (s.e.

= 9.3%) of the applied perturbation. This proportion of compensation was comparable

to what has been reported in the literature of F2 compensatory production (MacDonald

et al., 2010; Mitsuya et al., 2013).

In order to verify the change in formant production, we averaged the formant val-

ues of the last 15 trials of the Baseline, Hold and Return phase for each participants
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Figure 5.5: Time course of compensation - Normalized formant production average
across participants. Blue circles represent F1 and red circles represent F2. The vertical
lines indicate the boundaries of the experimental phases

and performed an ANOVA on each formant with a experimental phase as a within-

participant factor. While F1 values did not change across the experimental phases (p >

0.05), F2 value changed significantly (p < 0.05), such that the Hold phase (X=1689.60

Hz, s.e.= 24.46) was significantly higher than the Baseline (X=1621.59, s.e.= 18.26; p

< 0.0167), but not than the Return (X= 1664.09, s.e. = 91.63; p > 0.0167). Moreover,

the difference between the Baseline and Return was also not significant (p > 0.0167).

As for F1, our speakers did not change the value much. The experimental phases did

not have a significant effect (F < 1, p > 0.05).

The correlation between the Baseline F2 value and the F2 compensation magnitude

was not significant (p > 0.05). This means that compensatory behavior did not depend

on the original location of the constriction at which our participants started the exper-
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iment. Moreover, the Baseline F2 variability was not correlated with F2 magnitude of

compensation (p > 0.05) and the introduction of the perturbation did not change preci-

sion because variability of F2 did not differ across the Baseline and Hold phases (p >

0.05). Finally, the current study’s participants’ F2 variability (based on the normalized

data) using the artificial vocal tract was no different from the variability reported in

normal production study (p > 0.05, Mitsuya et al., 2013). Taken together, precision of

F2 control was not a prerequisite for compensating, and our participants had consistent

control over the ‘vocal tract’ that they manipulated.

Because the current experiment focused on sound production with an emphasis

on auditory feedback, it may have been the case that the participants’ exposure to

musical training (regardless of its formality) affected their compensatory behavior. To

examine that, we asked our participants how many years of musical training they had

had, if any. Two of the 14 participants did not complete this question, however, out

of the 12 who responded, the mean length of musical training was 5.6 years (s.d.,

4.7) with two having no training at all, while one participant had 18 years of formal

training. We calculated correlation coefficients (Pearson’s r) between the length of

musical training and, magnitude of compensation for both F1 and F2, and variability

of F1 and F2 production across the experiment phases; but none was significant (all

p’s > 0.05). If we assume that musical training leads to acuity of auditory perception

and consequently precision of sound control, these results imply that auditory acuity

did not play a role in our results.
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5.2.3 Discussion

The current experiment set out to examine whether speakers would exhibit partial com-

pensations for a perturbed vowel formant when using a highly simplified and unfamil-

iar artificial vocal tract with which they did not have an overlearned association of

somatosensory feedback and speech sound sounds they produced. Based on the hy-

pothesis that partial compensation is due to reliance on auditory or somatosensory

feedback, we expected a larger compensation magnitude than what has been reported

in the speech literature (i.e., approximately 25-30%) when somatosensory feedback

did not provide strong information about the category of the sound our participants

produced. Note that our expectation would only be true if the reliance on types of

feedback was flexible and that people, in a Bayesian way, gravitated to the optimal

feedback information. Such behavior has been demonstrated in multisensory integra-

tion (e.g., Burr and Alais, 2006).

However, the obtained data did not show an increased magnitude of compensation

from what is normally reported for auditory perturbations of speech formants. These

could be explained if people did indeed have different sensory preferences and these

preferences were quite general persisting across many tasks even without strong expe-

rience with the task. In some sense, this is consistent with Lametti et al. (2012) finding

because their force perturbation involved a nonspeech alteration of the jaw contrasted

with auditory perturbation of a vowel.

Another alternative to explain partial compensation is that when categorical be-

havior is being maintained there is a hysteris in the compensation that prevents large
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changes. In speech, vowels are thought to be represented categorically and as demon-

strated by Mitsuya et al. (2013), and compensation for vowel acoustic perturbations is

related to the vowel system of the speaker. In order to maintain this system of cate-

gories, partial compensation in the short term might be optimal. If categories were so

flexible that they can be recalibrated easily, the system that consists of such categories

would be unstable.

F2 compensation magnitude was similar to what has been reported in the literature,

however, F1 did not show a large compensation. There are number of possibilities for

the reduced F1 compensation. One is that as can be seen in Figure 5.2, the range

of F1 that can be controlled by the artificial vocal tract is relatively small, requiring

a larger amount of griping force and a larger shift in location of the constriction to

control the parameter, compared to F2 control. Acoustically, this difference in F1

and F2 control implies that F2 shows a larger change as the degree of constriction

and/or the constriction location vary, the change in F1 is more subtle for the amount

of “effort” that is required for control. Unfortunately, we did not measure participants

actual constriction configuration thus it is not clear whether 1) our participants were

changing their constriction configuration in effort to compensate for F1 but it might

have resulted in only a subtle change in the parameter or 2) they did not compensate

for F1.

Based on sampling a sound with varying constriction degree (from open to closed)

at 7 constriction locations, with a 2 cm increment from the sound source (i.e., 2cm,

4cm, 6 cm, to 14 cm), this artificial vocal tract can produce an F1, ranging from ap-

proximately 415 to 775 Hz and an F2 from 1150 to 2020 Hz. Therefore, it was possible
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for our participants to compensate by increasing F1 value much more than the modest

magnitude of change that we observed from the mean Baseline F1 production of 612.5

Hz (s.e.= 8.0). However, this may have required a large change in constriction degree

and/or location. In the case of the F2, the range that it can vary is more than 850 Hz al-

together, and even within a single constriction, the value can be modified dramatically,

thus, relative to F1 control, a subtle change in constriction might have been enough to

compensate, without inducing a conflict with the somatosensory feedback.

Clearly, vowels are strongly represented in the mind and prolonged perturbations

changes speakers’ representation of the intended vowel. The current study also shows

an aftereffect when perturbations were removed, such that participants’ production did

not go back to where it started and de-adaptation was not immediate. Well-formed

phonemic representation was reflected in their adaptation behavior, even though so-

matosensory feedback that our participants were receiving was not strongly associated

with speech production.

Production of a weakly represented sound (a pitch control by non-singer) was re-

ported to produces a larger compensation than shown by singers Jones and Keough

(2008). In addition, non-singers did not show an aftereffect when the perturbation

was removed. Thus, the presence or absence of an aftereffect can be useful as an in-

dex of status of categorical representation of the intended sound Jones and Keough

(2008). If there is no aftereffect, how people adapt to the incremental perturbation

should reflect the control of a sound that is not strongly represented, thus, more per-

ception general. Productions of a weakly represented sound inevitably mean much

weaker association of its perceptual category (if any), and weak association of audi-
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tory and somatosensory feedback with the sound. Therefore, it is possible to examine

compensatory behaviors with even less influence of somatosensory representation of

the target sound, with more reliance on auditory feedback. To implement this exami-

nation, we decided to test people when producing a constant pitch using an unfamiliar,

small guitar like instrument, which can be played just by lightly tapping the stem of

it. Once again, Jones and Keough (2008) reported that non-singers’ pitch was not well

represented due to the absence of aftereffect. Thus, we hypothesized that producing a

certain pitch using an unfamiliar tool would also be comparable to weakly represented

voice pitch control among non-singers. In addition, because only a light tapping was

required to produce a sound, richness of somatosensation for production of sound was

also reduced. Therefore, Experiment 2 examined whether partial compensation with

incremental perturbations is something to do with producing a well-established sound

category or a more auditory general phenomenon.

5.3 Experiment 2

5.3.1 Methods

Participants

Fourteen male participants from the Queen’s University community took part in this

part of the study. The mean age was 25.2 (ranging 19- 35 year old). None reported

having hearing impairments or speech difficulties. Audiometric threshold was exam-

ined in the range of 500 to 4000 Hertz, and all had normal thresholds (below 20 dB).

They were also asked whether they had had professional or extensive musical or vocal
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training in the past, and the duration of the training. On average, our participants had

had 5.7 years of playing a musical instrument either as part of their school program or

as a casual musician. None had had professional musical training.

Instrument

Otamatone, an electronic musical instrument (Maywa Denki) was used in the current

experiment. As can be seen in Figure 5.6, it is an instrument that resembles a musical

note and it is played by two hands, while one hand holds the “head” of the instrument,

the other hand placed around the stem. A player tapped the black strip on the stem to

make a note. The pitch of the sound is organized such that it is higher toward the head

and lower toward the tail. The length of the instrument is 400 mm. The frequency

profile of a sample sound (F0 at approximately 580 Hz) can be seen in Figure 5.6

Equipment

The equipment used in this experiment was the same as used in Experiment 1. For

real-time pitch shifting, an Eventide Ultra Harmonizer (H3000-D/SX) was used. The

processed signal was added with a noise then played through the headphones that the

participants wore.

Acoustic processing

The procedure used to detect onset and offset of the sound was identical to that of

Experiment 1. Pitch shifting caused a minimum delay 3 – 4 ms. This delay is not

perceivable.
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Figure 5.6: The instrument and its acoustic characteristic - Physical dimension of
Otamatone (left) and a specral slice for a frequency profile of the instrument (right)
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Procedure

Participants were tested in the same sound booth as Experiment 1. First, they were

given the instrument, and a pre-recorded sample sound (repeated presentations of a

500 ms pure tone at 580 Hz followed by a 500 ms silence). The reason why 580

Hz was selected is because the average F1 values among the male speakers in the

two experiments reported by MacDonald et al. (2010) were approximately 580 Hz.

Participants were told their task was to produce the sound, which had the same pitch

as the sample sound, as consistently as possible. They were instructed that they would

make the sound by tapping a specific point on stem, which was marked by a small

dot painted on the stem. They were instructed to hold the head part of the instrument

with their left hand (including two left-handed participants), and make a sound with

their right hand. In order to control somatosensory and kinematic feedback as much

as possible, participants were instructed not to hold the stem in their right hand but to

only use their fingertip to tap the instrument. In addition, they were instructed to let

go of the fingertip in between the trials. They were given a minute to practice and get

used to the instrument.

After this introduction, they had a practice session that consisted of 30 productions.

They were told to make the sound when they saw a visual prompt (+) presented on

the screen. The ISI and the duration of the visual prompt were identical to that of

Experiment 1. After the practice trial, a cloth screen was draped in front of them and

they were told to do the same task without looking at their hands, thus they had to rely

mostly on auditory feedback to perceive errors. This experimental trial consisted of
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120 trials, which were broken into four experimental phases, identical to Experiment

1. Quickly, during the Baseline (trials 1-20), no perturbation was applied. During the

Ramp phase (trials 21-70), the pitch was incrementally increased by 4 Hz each trial.

This made a 200 Hz increase in pitch at the 70th trial. This maximum perturbation

of 200 Hz was held constant during the Hold phase (trials 71-90). This magnitude of

perturbation in hertz is approximately 500 cents. At the 91st trial, it was removed all

at once, thus feedback went back to normal until the end of the session (Return phase:

trials 91-120).

5.3.2 Results

The baseline average pitch was calculated based on the last 15 trials of the Baseline

phase (trials 6-20). This average was subtracted from the pitch value of each trial. The

group average of this normalized pitch can be seen in Figure 5.7. As expected, partic-

ipants started to compensate for the perturbed pitch feedback during the Perturbation

and Hold phases. The average magnitude of compensation was -64.40 Hz (s.e. = 8.8)

and this was 32% of the perturbation applied. We asked all the participants to make

the sound using their right index finger regardless of their handedness. We computed

z-scores of the magnitude of compensation for the left-handed participants, and the

scores were 0.36 and -0.70. Thus, the handedness of participants was not related to

compensation.

What is important here is that when perturbation was removed at the 91st trial, they

almost instantaneously went back to where they started, with virtually no aftereffect.

To quantify the results, the average pitch of the last 15 trials of the Baseline, Hold,

129



5.3 Experiment 2

Figure 5.7: Time course of compensation - Normalized pitch production average across
participants. The vertical lines indicate the boundaries across the experimental phases.

and Return phases were submitted to an ANOVA with those three phases as a within-

participant factor. This analysis revealed that this factor was significant (p < 0.05).

Post hoc analysis with ↵ set to 0.0167 (for three comparisions) showed that the Hold

phase had a significantly lower pitch (X= 546.57, s.e.= 21.48) than Both Baseline

(X=610.98, s.e.= 19.48; p < 0.0167) and Return phase (X= 603.21, s.e.= 19.73; p <

0.0167) while these two phases did not differ (p > 0.0167).

Variability of pitch production was also submitted to an ANOVA with phases as

a within-participant factor. Although the omnibus test was significant (p < 0.05),

post hoc analyses with ↵ set to 0.0167 did not yield significance. Baseline variability

seemed to be slightly larger (X= 17.52, s.e.= 4.2) than Hold phase (X= 7.99, s.e.=

1.2; p = 0.018) but it was not larger than the Return phase (X= 10.92, s.e.= 1.3; p =

0.11), while the Hold and Return phases did not differ much either (p = 0.04). Neither
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magnitude of compensation or variability measure correlated with the duration of mu-

sical exposure that our participants had (both p’s > 0.05). In addition, our left-handed

participants did not have more variable productions in any of the experimental phases

(the absolute value of all the Z-scores was less than 0.72)

5.3.3 Discussion

Experiment 2 examined compensation behavior of pitch production using an unfamil-

iar instrument. Because of a past report (Jones and Keough, 2008), we expected that

representation of pitch among people who are not musically trained would not be well

established. Indeed, there was no aftereffect after the perturbation was removed, show-

ing that our participants did not have strong representations of the pitch. This implies

that they also do not have a strongly represented internal model for producing and

controlling pitch using the unfamiliar musical instrument they were using in the exper-

iment. In turn, this suggests that they also did not have a strong association between

somatosensory information from the limbs, hands and fingers and the pitch they were

trying to produce. While this source of information is not well-learned, participants

were thought to rely more on the auditory feedback to detect errors and control the

pitch. Relying more on auditory feedback, as well as processing the sound more at an

auditory level, we expected that the participants would produce a large magnitude of

compensation (if not 100%), because the instrument had a pitch range from approx-

imately 165 to 880 Hz and so full compensation was possible. Yet, even with this

experiment, our participants showed partial compensation.
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5.4 General Discussion

The experiments reported in this paper examined whether partial compensation in an

auditory perturbation paradigm was due to relying on different types of sensory feed-

back. We did not test individual differences per se but instead used novelty of the

motor task and stimuli to attempt to bias the subjects toward prioritizing auditory feed-

back. We had participants use an unfamiliar tool to produce 1) a vowel-like sound and

2) a consistent pitch. Without an overlearned association between somatosensation of

the articulators and the sound they produced, in addition to no visual feedback of their

“articulation,” the reliance on auditory feedback to control the sound was expected to

be weighted more. In both experiments, we obtained partial compensations.

In the experiments, the average compensation magnitude observed suggests that we

were not able to change the reliance on auditory feedback. The compensation magni-

tudes were surprisingly 30% or less of the perturbation magnitude. The manipulation

of both instruments permitted complete compensation but subjects, on average, did

not make such large adjustments. The speech results might be explained by feedback

weighting however, this feedback processing would have to be a very rigid system that

was globally implemented within individuals. By this we mean, the feedback weight-

ing would not be restricted to the task of speech or even to the ongoing task. An

alternative interpretation is that the partial compensation results from a conservative

tendency in speech to not stray too far from a linguistic category. The resolution of

these alternatives would require an individual-differences research design as well as

performance on multiple feedback tasks. The comparison between a natural speech
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auditory feedback and tube auditory feedback task would be informative. It would

also be useful to have some information about the somatosensory reactivity in these

tasks.

The results of Experiment 2 were surprising and a bit puzzling. The average tonal

compensation was approximately 30% even though complete compensation was en-

tirely feasible. The study of tone reproduction in music is often focused around indi-

viduals with amusia or who are “tone deaf.” Recent work suggests that many individ-

uals who don’t meet the criteria for either musical disability, make significant errors

in the reproduction of novel melodies through singing. Pfordresher and Brown (2007)

argue that these errors are not perceptual, motoric but sensorimotor – an inability to

map the sound to the motor output. One of the characteristics of subjects who were

poor singers was a tendency to reduce the range of the musical intervals.

It is interesting that the incidence of such singers in the population is estimated

to be approximately 15% (Pfordresher and Brown, 2007) or 13% (Dalla Bella et al.,

2007). In speech perturbation studies, about 5-10 percent of individuals do not com-

pensate for vocal frequency perturbations and 10-15 percent do not compensate for

formant frequency perturbations. Such individuals play a role in the group averages

and certainly influenced the compensation magnitudes here. However, no subjects in

either Experiment 1 or 2 completed compensated for the perturbations.

One of the characteristics of increased skill with a behavior is a stronger representa-

tion of the task space. Jones and Keough (2008) examined pitch control of singers and

non-singers with an auditory feedback perturbation. Non-singers compensated nearly

100% to the perturbation applied, whereas the singers only showed partial compen-
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sation of F0. These findings raise the possiblity that partial compensation for speech

might be partly due to the fact that the sounds that people were producing was a well-

established mental category. The speech perturbation studies always show an afteref-

fect when normal auditory feedback is returned to the subject. This occurs for vowel

formant control perturbation studies (Houde and Jordan, 1998; Purcell and Munhall,

2006; Villacorta et al., 2007; MacDonald et al., 2010, 2011; Mitsuya et al., 2011,

2013) and for pitch control but only among singers citepJones2008. Jones and Keough

(2008) explained that this difference was because singers had strong internal models

(neural network of motor commands and sensory feedback) of pitch through extensive

training.

Houde and Nagarajan (2011) suggested that while auditory feedback is used for

finer adjustment, somatosensory feedback would have more influence when a per-

turbation is large. As evidence for this, they cited a study by Katseff et al. (2012)

where they found a near 100% compensation for F1 perturbed by 50 Hz while with

larger (250 Hz) perturbations, compensation magnitude was reduced by half. Houde

and Nagarajan (2011) cited MacDonald et al. (2010)’s results, mistakenly arguing that

compensation magnitude was larger with smaller perturbations. However, what Mac-

Donald et al. (2010)’s reported was that the compensation magnitude was proportional

to the perturbation at the rate of 25-30% across the range of perturbations leading up

to the asymptote in compensation. Thus, their participants did not compensate more

with smaller perturbations. It was only after perturbation became extreme that their

participants stopped compensating further.
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In some sense, the results of the two experiments reported here raise more ques-

tions than they answer. The relationship between sensory feedback and motor control

are not easily answered in a general way and the differences between modalities of

feedback and tasks may account for significant sources of variance in behavior. Our

work has focused on auditory feedback and speech. This work involves two special-

ization outside of the main visuomotor literature that addresses limb movement. Limb

movement such as reaching involves the visual representation of events in Cartesian

space as well as limb motor feedback from multiple levels of representation. The au-

ditory representation of speech and perhaps music usually involves the representation

of the task in a more symbolic system of targets. Auditory information received as

feedback is mapped to this system of representations in complex ways. At this point

in our understanding, the similarities and differences between such motor systems and

task are not well defined.
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Chapter 6

Strategy effect on compensation for
formant perturbations

6.1 Introduction

The relative contributions of cognitive strategies and implicit sensorimotor adaptation

in motor learning are unclear. Recently, a series of studies have directly addressed

this issue by instructing subjects to use an explicit strategy to overcome a visual feed-

back perturbation (Mazzoni and Krakauer, 2006; Taylor and Ivry, 2011, 2012). The

visual rotation perturbation that was used in these experiments is a classic technique

for studying visuomotor adaptation and it normally produces a compensatory response

that reduces the size of error in an exponentially decreasing function. The introduction

of an explicit strategy to this context, produced indications that both adaptation and

other learning processess were simultaneously active.

Three main findings from these studies contribute to this conclusion. 1) After sub-

jects were instructed to use a strategy to overcome the perturbation, accuracy for the
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original intended goal was high. This suggests that subjects could use a strategic ap-

proach to overcome the perturbation. 2) The initial accuracy did not remain constant

and the accuracy showed a drift across a number of trials. This accuracy change was

corrected for in long runs of perturbations. 3) Aftereffects when normal visual feed-

back was re-introduced were observed independent of whether compensatory changes

were observed in the experimental phase. However, the magnitude of aftereffects var-

ied with the presence of visual targets to aim strategically for prior to movement onset

or the presence of targets at all (Taylor and Ivry, 2012).

The present study examines the generality of these findings by making two signifi-

cant changes to the protocol. First, the feedback was changed from visual to auditory.

Sensory modalities have different timescales and different roles in updating internal

models. Second, we used a speech production task where the targets are more inter-

nalized than reaching to visual objects. We tested auditory feedback perturbations for

vowels. In any language, talkers have a set of vowels that are arranged in a “vowel

space”. Vowel spaces are determined by the resonances of the vocal tract or formants.

Traditionally, the first two formants (F1 and F2) are used to characterize the perceptual

and articulatory space where a vowel is produced (see Figure 6.1 a).

Recent studies show that talkers adapt to perturbed auditory feedback in a manner

similar to responses to visuomotor perturbations. When the frequency of formants is

shifted up or down, talkers compensate in the opposite direction in frequency to the

perturbations and they show aftereffects when normal auditory feedback is restored

(Houde and Jordan, 1998; Purcell and Munhall, 2006; Villacorta et al., 2007; Mac-

Donald et al., 2010, 2011). In this study, we introduced real-time formant perturba-
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tions of spoken vowels but instructed talkers about how to minimize the impact of the

perturbations. Our previous work demonstrated that the compensations for auditory

speech perturbations are automatic (Munhall et al., 2009). When instructed to ignore

the auditory feedback, subjects produced the same average compensation magnitude.

Here, we ask them to say a different vowel in order to compensate for the perturbation.

In this case, the auditory feedback sounds like the original target vowel and there is no

heard target error.

6.2 Methods

6.2.1 Participants

Twenty-two female students at Queen’s University, Ontario Canada participated in

this study. The use of one gender reduced the differences in formant structure due

to anatomy across participants. The average age was 19.1 (ranging from 18-23 years),

and all participants learned English as their first language. Each participant was tested

in a single session. No participant reported speech or language impairments and all

had normal audiometric hearing thresholds over a range of 500-4000 Hz.

6.2.2 Equipment

Equipment used in this experiment was the same as that reported in Munhall et al.

(2009); MacDonald et al. (2010, 2011); Mitsuya et al. (2011, 2013). Speakers were

tested in a sound attenuated booth in front of a computer monitor with a headset micro-

phone (Shure WH20) and headphones (Sennheiser HD 265). The microphone signal
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was amplified (Tucker-David Technologies MA 3 microphone amplifier), low-pass fil-

tered with a cutoff frequency of 4.5Hz (Hrohn-Hite 3384 filter), digitized at 10 kHz and

filtered in real-time to produce formant shifts (National Instruments PXI-8106 embed-

ded controller). The manipulated speech signal was then amplified and mixed with

speech noise (Madsen Midimate 622 audiometer). This signal was presented through

the headphones that the speakers wore. The speech and noise were presented at ap-

proximately 80 and 50 dBA SPL respectively.

6.2.3 Acoustic processing

Voicing detection was done using a statistical, amplified-threshold technique, and the

real-time formant shifting was done using an IIR filter. An iterative Burg algorithm

(Orfanidis, 1988) estimated formant frequencies every 900 µs. Prior to the experimen-

tal data collection, a parameter, the model order to determine the number of coefficients

(model order) used in the auto-regressive analysis, was estimated by collecting seven

English vowels /i, I, e, E, æ, O, u/ presented in an /hVd/ context (“heed”, “hid”, “hayed”,

“head”, “had”, “hawed”, “who’d”). These words were randomly presented on a com-

puter screen. These utterances were analyzed with model orders ranging from 8 to 12.

For each speaker, the best model order was selected based on minimum variance in for-

mant frequency over a 25 ms segment in the middle portion of the vowel (MacDonald

et al., 2010). For offline formant analysis, an automated process estimated the vowel

boundaries in each utterance, based on the harmonicity of the power spectrum. These

estimates were then manually inspected and corrected if required.
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6.2.4 Procedure

Speakers produced 100 utterances of the word “head (/hEd/)” cued by a visual prompt

on the screen in front of them. The prompt lasted 2.5 s with the inter-trial interval

of approximately 1.5 s. The 100-utterance session consisted of three experimental

phases. In the first phase, Baseline (utterances 1-20), speakers received normal feed-

back through the headphones (i.e., amplified and noise added but with no change in

formant frequency). In the second phase, Perturbation (utterance 21-60), speakers re-

ceived altered feedback in which F1 was increased by 200 Hz and F2 was decreased

by 250 Hz. This perturbation made the feedback sound more like “had (/hæd/)” than

the “head (/hEd/)” they were trying to produce (see Figure 6.1 b). Right before the

Perturbation phase starts, the experiment was paused and the speakers were told that

their auditory feedback would be perturbed and it would sound like “had” if they were

to say “head”. In order to cancel out the perturbation, they were instructed to say “hid

(/hId/)” so that the sound they heard through the headphones would be more consistent

with the sound of the word “head.” Then the experiment was resumed. The Perturba-

tion phase was followed by the Return phase (utterances 61-100) where perturbation

was removed. The experiment was paused once again right before the Return phase

started, and the speakers were told that the perturbation would be removed and that

they just had say “head” and their feedback would be normal. Then experiment was

resumed and continued until the entire session ended.
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Figure 6.1: Average vowel space and perturbation - a) Average vowel space in the
first formant (F1) and the second formant (F2) acoustic space produced by the speakers
in the current study. The centroid of each ellipse represents the average F1/F2 for that
vowel. The solid and dashed ellipses represent 1 and 2 standard deviations, respectively. b)
Schematic representation of the perturbation applied in the current experiment and typical
compensation behavior in the F1/F2 acoustic space. The dotted red arrow indicates the
perturbation applied to the word “head” with the arrow indicating what speakers would
hear if it was articulated. The solid red arrow indicates the perturbation applied to the
strategic word “hid” with the arrow indicating what speakers would hear as the original
target “head”. The circles indicate schematic representation of vowel categories.
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6.3 Results

As can be seen in Figure 6.2, the vowel production for the strategic vowel “hid”

changed modestly over the course of the Perturbation phase (solid blue line). This

change was in the opposite direction to what was expected (dotted blue line) if speech

production acted similarly to limb strategic studies. Following the removal of the for-

mant perturbation, a very small aftereffect was observed for production of the vowel

head (solid green line). These visually small effects were tested statistically and some

reliable albeit small differences were observed.

When the perturbation phase began, speakers followed the instruction and started

saying “hid,” instead of “head” to compensate for the perturbation. However, overtime,

their production shifted slightly toward the direction of “head”, which in turn, shifted

the auditory feedback slightly toward “had.” In order to examine the nature of this shift,

we compared the formant values of the vowel /I/ collected during the screener session,

and the average formant value of the first and the last 15 trials of the perturbation phase.

An ANOVA with a collection of time points as a within-subject factor revealed that for

F1, formants values were not significantly different (F [2,42] = 1.93, p > 0.05). For

F2, however, the last part of the Perturbation phase had a significantly lower value (X=

2194.17 Hz, s.e. = 32.1) than both screener (t[21]= 2.89, p < 0.0167 [↵ adjusted for 3

comparisons]; X= 2245.66 Hz, s.e.= 32.5) and the earlier Perturbation (t[21]= 2.66, p

< 0.0167; X= 2229.16 Hz, s.e.= 33.50).

The studies by Mazzoni and Krakauer (2006) and Taylor and Ivry (2011, 2012)

reported an aftereffect once the perturbation was removed, demonstrating that an ex-
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Figure 6.2: Production change represented in vowel space - Average compensation
behavior in the F1/F2 acoustic space. The solid blue line indicates speakers’ average
compensatory production during the last 15 trials of the Perturbation phase, with the arrow
indicating the average formant values. The dotted blue line is the expected change in
formant production if speech behaved like the implicit learning in the limb movement
experiments. The green arrow indicates the average formant frequency for the first 15
trials when normal feedback was re-introduced (aftereffect). The ellipses are the average
vowel categories of the vowels /I/ and /E/, collected during the screener session. The solid
and the outlined ellipses represent 1 and 2 standard deviations, respectively

143



6.4 Discussion

plicit cognitive strategy did not prevent implicit learning of the perturbation. In order

to examine whether our participants exhibited such an aftereffect, the formant values

across the Baseline session (trials 6-20), and Early (trials 61- 75) versus Late (trials

86-100) Return phase were compared with an ANOVA with the experimental phase

as a within-subject factor. For F1, the phase effect was significant (F [2, 42]= 8.07,

p < 0.05) and the post hoc test (with ↵ set at 0.0167) revealed that the Early Return

phase (X= 689.39 Hz, s.e. = 8.83) had a slightly lower formant value than the Baseline

(t[21]= 2.89, p < 0.0167; X= 702.18, s.e. = 9.18) and Late Return phase (t[21]= -4.06,

p < 0.0167; X= 702.90, s.e.= 8.86) while these two phases did not differ (t[21]= -0.21,

p < 0.067).

For F2, the same pattern emerged (F [2.42] = 9.45, p < 0.05) with the Early Return

phase having a higher value (X= 2063.17, s.e. = 15.39) than the Baseline (t[21]= -

3.49, p < 0.0167; X= 2043.78, s.e.= 26.10) and the Late Return phase (t[21]= 3.741,

p < 0.0167; 2042.40, s.e.= 26.39) while these two phases did not differ (t[21]= 0.283,

p > 0.0167). However, when the formants values of /E/ in the Early Return phase was

compared with that of the same vowel collected during the screening phase, F2 did not

yield significance (t[21]= 0.57, p > 0.05).

6.4 Discussion

The current study was set up to examine the similarities between the compensatory

behavior of auditory perturbations of speech formant production and the visuomotor

compensations for reaching tasks when the visual feedback is modified. The compari-
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son of interest is what happens in the two motor systems when subjects were given an

explicit strategy to correct for sensory feedback perturbations (Mazzoni and Krakauer,

2006; Taylor and Ivry, 2011, 2012). Our results showed significant yet very small

changes in the Perturbation phase along with a small aftereffect once the normal feed-

back was restored. The limb literature showed larger effects with some marked differ-

ences.

Initially, the target error after the perturbation onset in limb and speech movements

is quite small. For both tasks and systems the strategy allows subjects to reach the

original target. Over time, in the limb context, the target error increases as the strate-

gic movement starts to adapt (Mazzoni and Krakauer, 2006). This adaptation of the

strategic movement for limb movements varies if explicit cognitive targets are present

or not in the perturbed visual field (Taylor and Ivry, 2011, 2012). When no aiming

targets are present in the visual field, there is no observed adaptation of the strategic

movement. The vowel space and thus a set of phonological targets are thought to be

implicitly present during speech perturbation studies (Mitsuya et al., 2013). This con-

dition should have produced a solid adaptation of the strategic target if speech control

parallels limb movements. This was not the case and the changes that did occur were

in the opposite direction from those expected from the limb studies.

A modest aftereffect was also observed which was significant statistically. How-

ever, as can be seen in Figure 6.2, the change is very small and is within the productive

category variance. This change is unlikely to be detectable perceptually. Purcell and

Munhall (2006) reported that when the F1 of the vowel “head” was perturbed incre-

mentally (regardless of the direction of perturbation), the mean threshold to compen-
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sation for the perturbation was 76 Hz. Similarly, Mitsuya et al. (2013)’s study with

F2 perturbation (F2 decreased by 500 Hz incrementally) showed that the threshold

for compensation among French speakers who were sensitive to F2 perturbation was

-140 Hz on average. With these findings, it is clear that the aftereffect that our speak-

ers exhibited was well within the threshold boundaries for the category of the vowel

/E/. Moreover this effect subsided quickly. Given that the aftereffect in the perturbed

visuomotor studies with limb movement generally has people miss the target, and de-

adaptation may take a while (Mazzoni and Krakauer, 2006; Taylor and Ivry, 2011,

2012), the nature of the aftereffect we observed in the current study may be different

from that of limb movement.

Compensation for auditory perturbations has been reported to be automatic (Munhall

et al., 2009). In their experiments, participants were told about the nature of the per-

turbation they would receive and were told not to change their production and to resist

the perturbations; however, they still compensated just as much as their naı̈ve coun-

terparts. These results seemingly conflict with the results obtained in the current ex-

periment. That is, speakers in their study were not able to keep producing the word

“head” without responding to the perturbation (Munhall et al., 2009), while in the cur-

rent study, speakers were able to do so. There is a possible reason as to why there

was a difference between these studies. One is that in Munhall et al. (2009), speakers

were given the instructions to resist perturbation before the entire experiment began.

Thus, they had no idea as to when the perturbation would start. The perturbation given

to their speakers was identical to what was given in the current study. The maximum

level of perturbation was given all at once and this should have crossed the perceptual
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boundary of the vowel category that they intended to produce. Despite this level of

perturbation, in many cases speakers are not necessarily aware of the nature of pertur-

bation (see Purcell and Munhall, 2006) even though they may notice that some change

is being made to the feedback they hear. Thus, it is arguable that for the first few tri-

als after the perturbation was introduced, the error reduction might have already been

initiated before their speakers consciously started resisting the perturbation. On the

other hand, in the current experiment, we paused the experiment right before the max-

imum level of perturbation was turned on, which might have allowed the speakers to

somehow disengage the error reduction operation, as if error was re-defined (i.e., I am

going to say “hid” and the expected feedback of that will be “head”). If this is true,

replicating Munhall et al. (2009)’s experiment with instructions given right before the

perturbation is initiated should produce the pattern of results comparable to what we

found in the current study.

The current study compared the way people compensated for auditory perturbation

to reports of visuomotor perturbations. Despite the differences, it has been reported

that a similar cortical region is recruited for motor learning and error detection, re-

gardless of the domain of adaptation (e.g., visuomotor: Ghilardi et al., 2000; Krakauer

et al., 2004; Grafton et al., 2008; speech: Zheng et al., 2010 for reviews). Perhaps

the operation of error detection may be underlyingly similar in function, but the dif-

ference in the nature of target, whether it exisits in the environment or in the mind as

representation may be what is causing the behavioral difference.

The comparison of tasks and motor systems that was carried out here is remark-

ably crude. The nervous system clearly specifies tasks with far more details than our
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preliminary studies. Future work must continue to struggle with the problem of how

to describe a complex system in all of its complexity.
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Chapter 7

Discussion

7.1 Summary

A traditional approach to studying speech production has been looking at an end prod-

uct of normal production parameters, regardless of its form (acoustic versus articula-

tory) and trying to detect regularities. However, in order to understand the process

through which speech articulation (and its resultant acoustics) are planned and coor-

dinated, it is crucial to also understand the nature of the speech production target –

what talkers are trying to do. The studies reported in this thesis suggest that for fluent

speech that the targets are complex sound units that are planned with reference to a

language-specific system of sounds.

One of the fundamental assumptions of recent models of speech production (e.g.,

Guenther et al., 1998; Houde and Nagarajan, 2011; Kröger et al., 2009) is that the

target of speech production is a language dependent category such as phoneme, syl-

lable and/or a larger unit such as sentence. This inevitably means that the ways in
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which such targets are controlled also reflects the sound system of speaker’s language.

The size of the unit of the target being an completely independent issue, this assump-

tion had never been empirically tested. In Chapter 2 and 3, the same phonological

vowels were produced by speakers of different groups of language while the same per-

turbation was applied to those groups. The ways in which they compensated differed

(Chapter 2) such that there was a cross-language difference in magnitude of compen-

sation, which seemed to reflect the density of how vowels are represented in a fixed

F1/F2 acoustic space. In short, the speakers of a language with a denser vowel space

showed more compensation compared to the speakers of a language with a sparser

vowel space. Chapter 3 confirmed this finding with examining a different language

comparison. Moreover, an acoustic parameter that was not perturbed yet is known to

covary also showed changes in production. These findings indicate that the target of

production is not defined by a list of independently controlled acoustic parameters;

rather it is defined in a multi-dimentional perceptual space, which itself is language

dependent. Moreover, Chapter 3 reported that the difference in compensation mag-

nitude observed across language groups may be due to the difference in threshold of

compensation (i.e., when speakers started to compensate), which was correlated with

a certain increase in perceptual goodness of the sound that the speakers intended to

produce, while the rate at which they compensate seems constant across the language

groups. Parallel findings were also observed in Chapter 4 where speakers exhibited

compensatory production for temporal manipulations but only in the case where the

manipulation was large enough that the perceptual identity of the feedback sound was

not the same as that of the intended sound. What is more interesting is that, in some
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cases, speakers changed temporal structure of the entire syllable in order to supplement

the restoration of the identity of the sound they intended to produce.

Taken together, it is evident that the goal of speech production is to produce a cat-

egory of the intended sound. The importance of having a representational category,

and of production of such a category was further demonstrated in Chapter 5, where

speakers exhibited a similar compensatory production when they were trying to pro-

duce a vowel-like sound using an artificial vocal tract. Moreover, in this task, the

association between the sound category that they were producing and somatosensory

feedback they received was not well established, yet the participants’ compensation

magnitude was comparable to what has been reported. In the subsequent experiment

in Chapter 5, participants were instructed to produce a certain pitch using an unfamiliar

musical instrument while its feedback was perturbed. Although the data suggest that

they did not process the sound categorically, they nevertheless showed compensation

magnitude comparable to formant studies.

Chapter 6 investigated whether implicit learning such as has been reported in au-

ditory feedback perturbation studies here and elsewhere can be influenced by explicit

strategies. Previous work (e.g., Munhall et al., 2009) had shown that the compensatory

response for auditory feedback processing of formant perturbations was relatively au-

tomatic. Instructions to ignore the feedback did not alter the magnitude or form of

the compensation. Chapter 6 showed, in contrast, that instructions to produce another

sound that had the effect of having no audible error signal for the original sound en-

abled our talkers to evade the adaptation seen previously.
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The overall results of the experiments presented here show converging evidence

that the reduction of speech production error does not operate at the level of inde-

pendently controlled acoustic features. Instead, error seems to be defined by acous-

tic/articulatory parameters that jointly define a category of the sound that speakers are

trying to produce, which is specified in a multi-dimensional perceptual space.

7.2 Limitations and Future research directions

7.2.1 Articulatory inference through acoustics

As mentioned above, the interpretation of the current examinations of speech pro-

duction control is restricted to speakers’ production adjustment only in the domain

of acoustic characteristics. Although through acoustic information, some inference

can be made about articulatory gestures in the vocal tract, the actual changes in ar-

ticulation were not directly observed. Moreover, due to the non-linear relationship

between articulatory gestures and acoustics, it may be the case where speakers might

have been changing their articulatory gestures while such changes were not reflected

in their acoustics. In order to fully understand exactly what articulatory changes are

induced by auditory perturbations, we need to measure articulation directly. Possi-

ble candidates for this include ultrasound (e.g., Ménard et al., 2011), electromagnetic

articulography (EMA; e.g., Thibeault et al., 2011), and dynamic magnetic resonance

imaging (MRI) with high frame rate (e.g., Narayanan et al., 2004).
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7.2.2 Untested vowels and acoustic attributes

The majority of studies examining compensatory production of formant perturbation

have been using /E/ because of two factors. First, it is a front mid-open vowel in the

articulatory posture. Thus, regardless of the perturbation direction of F1, which corre-

lates with openness of the jaw and/or tongue height, speakers are able to compensate.

Whereas, if the vowel is for example /i/ and if speakers have to compensate by lower-

ing F1 (raising tongue height or closing their jaw even further), there is no way they

can compensate because the tongue posture for /i/ is already in contact with the roof of

the mouth. The same thing can be said with the most open vowel such as /æ/.

Secondly, for the formant perturbation paradigm, usually F1 and/or F2 are per-

turbed. In order for these formants to be estimated correctly from one another, it is

important that they are sufficiently far apart. In the case where the formants are close

to together in value, even though the formants are correctly estimated, the coefficient

that is applied to one of the formants to attenuate it for the perturbation would greatly

affect the other formant. Consequently, the perturbed feedback speakers receive may

not be what the perturbation intended to achieve. The vowel /E/ is a good candidate to

avoid this type of confound because its F1 and F2 values are far apart and perturbation

to one formant does not affect the other. However, due to these articulatory and acous-

tic limitations with the perturbation paradigm, it is extremely difficult to generalize

what has been reported with a specific vowel to other vowels (Pile et al., 2007). Indeed

there has been some effort to examine other vowels than /E/, to this date, the results

have not been available.
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The importance of F3 was reported in Chapter 3 among French speakers, yet so far,

formant perturbation paradigm has not examined F3 perturbation and its consequences.

Vowels have been traditionally represented by F1/F2/F3 3-dimensional space, but this

representation assumes the independence of each dimension from the others. However,

as early production models have discovered (Fant, 1960; Stevens, 1998), F2 and F3

covary with some vowels, and the pattern of this covariance is language dependent. In

order to fully examine multi-dimensionality (or dependent dimensionality) of vowel

representations in perception and production, more work is needed.

7.2.3 Perceptual implication during the production

Chapter 3 reported a relationship between the threshold of compensation and speak-

ers’ perceptual goodness rating of the tested vowel. However, during the experiment,

speakers were both producing and perceiving the sound at the same. It is still not

known exactly what they think they are hearing when the perturbations are applied.

For example, even with the maximum perturbation, some speakers are unaware that

their vowel category was changed even though they still compensate for it. It is ar-

guable that when they hear those perturbed tokens in a perceptual experiment without

producing them, they may be easily able to tell that the token does not sound like the

intended vowel. One possibility is that speakers’ intention to produce a certain phono-

logical category (forward or efferent information) may reinforce the perception of the

intended phonological category at the cognitive level. To this date, this has not been

tested. In order to fully understand the intricate relationship between production and

perception, this needs more study.
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7.2.4 Neural correlates

We have little understanding about how auditory feedback is processed by the nervous

system, and consequently how exactly the brain detects and responds to an error. For

example, Chapter 3 has demonstrated that at least in the auditory domain, what counts

as an error for speech motor control. The neural mechanism underlying this behavior

is still not well understood.

Considering that compensatory speech production for perturbed feedback is highly

automatic (Munhall et al., 2009), error detection must also be automatic. There are

studies that looked at functional imaging of the brains while speakers are produc-

ing speech segment with perturbed auditory feedback, examiming the area activated

for error detection (e.g., Tourville et al., 2008; Guenther and Vladusich, 2012; Zheng

et al., 2010 for reviews), the relationship between how the feedback is perceived and

its compensatory vowel production (Niziolek and Guenther, 2013) and the network

of compensatory formant production (Zheng et al., 2013). These imaging studies are

informative as to identifying the underlying function of speech error reduction pro-

cesses for evaluating neural-based speech production models, such as DIVA (Guenther

et al., 1998), State Feedback Control (Houde and Nagarajan, 2011), neurocomputa-

tional model (Kröger et al., 2009).

The temporal resolution of imaging studies, however, is quite crude for a quick

process like speech motor coordination. There have been studies examining a relation-

ship between auditory evoked potentials from the cortex and brain stem and behav-

ioral thresholds for the detection of auditory stimuli (e.g., Ostroff, 1999), yet still, this
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7.2 Limitations and Future research directions

neural-behavioral relationship has not been examined thoroughly with vowel produc-

tion and its control. For this reason, investigation of the underlying neural mechanism

of speech production control and error detection is crucial.

An assessment of the rapid neural responses of the speakers a) while they are pro-

ducing a speech sound with their voice perturbed, b) just passively listening to the

pre-recorded perturbed voice of their own, and c) how a) and b) correlate with their

perceptual detection thresholds and magnitudes of speech compensation would be in-

formative. From recent functional magnetic resonance imaging studies, we have some

indications of the network of brain structures involved in this fine motor control, but

there is a real need to augment this work with studies that allow the temporal patterns

of brain activity to be measured.

7.2.5 Visual speech cues

With the real-time auditory perturbation paradigm, what is investigated is multisensory

integration in speech production where auditory feedback indicates that the speaker

just produced one sound while kinematics/somatosensory feedback indicates the pro-

duction of another vowel. In the speech perception literature, multisensory integration

generally refers to audiovisual integration. Visual information of the speaker, such as

lip posture and movements, and head movements provides some linguistic informa-

tion. Listeners may exploit such cues when auditory information is not reliable. This

inevitably implies that listeners have linguistic representation of such visual cues. Be-

cause we normally do not see our face while we speak, it is arguable that such cues

may be learned solely from seeing talking faces of others and by correlating auditory
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7.3 Conclusion

cues with visual cues. However, it has been reported that infants are able to mimic

facial expressions shortly after birth (Meltzoff, 1990), indicating that perception of fa-

cial movements/posture is inherently linked to their production. Taken together, it is

possible that we as a speaker may be sensitive to visual cues of our own while we

speak. In potential experiments, speakers will be their own visual cues that are per-

turbed while they are production a speech segment, where what they are trying to say

does not match with the feedback of their facial movements.

7.3 Conclusion

In conclusion, when speakers are producing a speech segment, what they are trying

to produce is a phonological target that is defined in a multi-dimensional perceptual

space. A production error is detected not at the acoustic level but at the level of lan-

guage dependent multi-dimensions, and it was shown to be related to perceptual or-

ganization of the produced sound. Moreover, the intention to produce a phonological

category seems to play a strong role in controlling the production.
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5–31 (Mouton de Gruyter, Berlin).

Nishi, K. and Kewley-Port, D. (2007). “Training japanese listeners to per- ceive american en-

glish vowels: Influence of training sets”, Journal of Speech, Language, and Hearing Re-

search 50, 1496–1509.

Niziolek, C. A. and Guenther, F. H. (2013). “Vowel category boundaries enhance cortical

and behavioral responses to speech feedback alterations”, The Journal of Neuroscience 33,

12090–12098.

Orfanidis, S. J. (1988). Optimum Signal Processing: An Introduction (McGraw-Hill, New

York, NY).

166



REFERENCES

Ostroff, J. (1999). “Parametric study of the acoustic change complex elicited by second formant

change in synthetic vowel stimuli”, Ph.D. thesis, City University of New York, New York.

Ostry, D. J., Keller, E., and Parush, A. (1983). “Similarities in the control of the speech ar-

ticulators and the limbs: Kinematics of tongue dorsum movement in speech.”, Journal of

Experimental Psychology: Human Perception and Performance 9, 622–636.

Oxford (2012). Oxford English Diciontary (3rd ed.) (Oxford University Press).

Patel, R. and Schell, K. W. (2008). “The influence of linguistic content on the lombard effect”,

Journal of Speech, Language and Hearing Research 51, 209–220.

Perkell, J., Matthies, M., Lane, H., Guenther, F., Wilhelms-Tricarico, R., Wozniak, J., and

Guiod, P. (1997). “Speech motor control: Acoustic goals, saturation effects, auditory feed-

back and internal models”, Speech communication 22, 227–250.

Perkell, J. S., Matthies, M. L., Svirsky, M. A., and Jordan, M. I. (1993). “Trading relations

between tongue-body raising and lip rounding in production of the vowel/u: A pilot “motor

equivalence”study”, The Journal of the Acoustical Society of America 93, 2948–2961.

Perkell, J. S. and Nelson, W. L. (1985). “Variability in production of the vowels/i/and/a”, The

Journal of the Acoustical Society of America 77, 1889–1895.

Pfordresher, P. Q. and Brown, S. (2007). “Poor-pitch singing in the absence of “tone deafness””,

Music Perception: An Interdisciplinary Journal 25, 95–115.

Pile, E., Dajani, H., Purcell, D., and Munhall, K. (2007). “Talking under conditions of altered

auditory feedback: does adaptation of one vowel generalize to other vowels”, in Interna-

tional Congress of Phonetic Sciences, 645–648.

Pisoni, D. B. and Levi, S. V. (2007). “Some observations on representations and representa-

tional specificity in speech perception and spoken word recognition”, in The Oxford Hand-

book of Psycholinguistics, edited by M. G. Gaskell (Oxford University Press, Oxford, UK).

167



REFERENCES

Polka, L. and Bohn, O. S. (2003). “Asymmetries in vowel perception”, The Journal of the

Acoustical Society of America 122, 1111–1129.

Port, R. F. and Dalby, J. (1982). “Consonant/vowel ratio as a cue for voicing in english”, Per-

ception & Psychophysics 32, 141–152.

Port, R. F. and Rotunno, R. (1979). “Relation between voice-onset time and vowel duration”,

The Journal of the Acoustical Society of America 66, 654–662.

Purcell, D. W. and Munhall, K. G. (2006). “Adaptive control of vowel formant frequency:

Evidence from real-time formant manipulation”, The Journal of the Acoustical Society of

America 120, 966–977.

Saltzman, E. (1979). “Levels of sensorimotor representation”, Journal of Mathematical Psy-

chology 20, 91–163.

Saltzman, E. L. and Munhall, K. G. (1989). “A dynamical approach to gestural patterning in

speech production”, Ecological psychology 1, 333–382.

Schenk, B. S., Baumgartner, W. D., and Hamzavi, J. S. (2003). “Effects of the loss of auditory

feedback on segmental parameters of vowels of postlingually deafened speakers”, Auris

Nasau Larynx 30, 333–339.

Schwartz, J. L., Beautemps, D., Abry, C., and Escudier, P. (1993). “Inter-individual and cross-

linguistic strategies for the production of the [i] vs. [y] contrast”, Journal of Phonetics 21,

411–425.

Shadmehr, R. and Mussa-Ivaldi, F. A. (1994). “Adaptive representation of dynamics during

learning of a motor task”, The Journal of Neuroscience 14, 3208–3224.

Shiller, D. M., Sato, M., Gracco, V. L., and Baum, S. R. (2009). “Perceptual recalibration of

speech sounds following speech motor learning”, The Journal of the Acoustical Society of

America 125, 1103–1113.

168



REFERENCES

Shum, M., Shiller, D. M., Baum, S. R., and Gracco, V. L. (2011). “Sensorimotor integration

for speech motor learning involves the inferior parietal cortex”, European Journal of Neuro-

science 34, 1817–1822.

Stevens, K. N. (1989). “On the quantal nature of speech”, Journal of Phonetics 17, 3–45.

Stevens, K. N. (1998). Acoustic Phonetics (MIT Press, Cambridge, MA).

Strange, W., Akahane-Yamada, R., Kubo, R., Trent, S. A., and Nishi, K. (2001). “Effects of

consonantal context on perceptual assimilation of American English vowels by Japanese

listeners”, The Journal of the Acoustical Society of America 104, 1691–1704.

Strange, W., Akahane-Yamada, R., Kubo, R., Trent, S. A., Nishi, K., and Jenkins, J. J. (1998).

“Perceptual assimilation of American English vowels by Japanese listeners”, Journal of Pho-

netics 26, 311–344.

Swingley, D. (2005). “11-month-olds’ knowledge of how familiar words sound”, Developmen-

tal Science 8, 432–443.

Taylor, A. M. and Rebby, D. (2010). “The contribution of source-filter theory to mammal vocal

communication research”, Journal of Zoology 280, 221–236.

Taylor, J. A. and Ivry, R. B. (2011). “Flexible cognitive strategies during motor learning”, PLoS

computational biology 7, e1001096.

Taylor, J. A. and Ivry, R. B. (2012). “The role of strategies in motor learning”, Annals of the

New York Academy of Sciences 1251, 1–12.

Thibeault, M., Ménard, L., Baum, S. R., Richard, G., and McFarland, D. H. (2011). “Articula-

tory and acoustic adaptation to palatal perturbation”, The Journal of the Acoustical Society

of America 129, 2112–2120.

Todorov, E. (2004). “Optimality principles in sensorimotor control”, Nature neuroscience 7,

907–915.

169



REFERENCES

Tourville, J. A., Reilly, K. J., and Guenther, F. H. (2008). “Neural mechanisms underlying

auditory feedback control of speech”, Neuroimage 39, 1429–1443.

Tremblay, S., Houle, G., and Ostry, D. J. (2008). “Specificity of speech motor learning”, The

Journal of Neuroscience 28, 2426–2434.

Tuller, B., Ding, M., and Kelso, J. S. (1997). “Fractal timing of verbal transforms”, Perception

26, 913–928.

Tuller, B. and Kelso, J. S. (1984). “The timing of articulatory gestures: Evidence for relational

invariants”, The Journal of the Acoustical Society of America 76, 1030–1036.

van Summers, W., Pisoni, D. B., Bernacki, R. H., Pedlow, R. I., and Stokes, M. A. (1988).

“Effects of noise on speech production: Acoustic and perceptual analyses”, The Journal of

the Acoustical Society of America 84, 917–928.

Vance, T. J. (1987). An Introduction to Japanese Phonology (State University of New York

Press, Albany, NY).

Villacorta, V. M., Perkell, J. S., and Guenther, F. H. (2007). “Sensorimotor adaptation to feed-

back perturbations of vowel acoustics and its relation to perception”, The Journal of the

Acoustical Society of America 122, 2306–2319.

Viswanathan, N., Fowler, C. A., and Magnuson, J. S. (2009). “A critical examination of the

spectral contrast account of compensation for coarticulation”, Psychonomic bulletin & re-

view 16, 74–79.

Waldstein, R. S. (1990). “Effects of postlingual deadness on speech production: Implications

for the role of auditory feedback”, The Journal of the Acoustical Society of America 88,

2099–2114.

Wang, H. and van Heuven, V. J. (2006). “Acoustical analysis of english vowels produced by

chinese, dutch and american speakers”, in Linguistics, edited by J. M. van de Weijer and

B. Loz, 237–248 (Benjamins, Amsterdam/Philadelphia).

170



REFERENCES

Warren, R. M. (1961). “Illusory changes of distinct speech upon repetition—the verbal trans-

formation effect”, British Journal of Psychology 52, 249–258.

Whalen, D. H., Abramson, A. S., Lisker, L., and Mody, M. (1993). “F0 gives voicing infor-

mation even with unambiguous voice onset times”, The Journal of the Acoustical Society of

America 93, 2152–2159.

Whalen, D. H. and Levitt, A. G. (1995). “The universality of intrinsic F0 of vowels”, Journal

of Phonetics 23, 349–366.

Yang, B. (1996). “A comparative study of American English and Korean vowels produced by

male and female speakers”, Journal of Phonetics 24, 245–262.

Zheng, Z. Z., Munhall, K. G., and Johnsrude, I. S. (2010). “Functional overlap between regions

involved in speech perception and in monitoring one’s own voice during speech production”,

Journal of cognitive neuroscience 22, 1770–1781.

Zheng, Z. Z., Vicente-Grabovetsky, A., MacDonald, E. N., Munhall, K. G., Cusack, R., and

Johnsrude, I. S. (2013). “Multivoxel patterns reveal functionally differentiated networks un-

derlying auditory feedback processing of speech”, The Journal of Neuroscience 33, 4339–

4348.

171



Appendix
 
 

A.1 Ethics board approval letters

Letters of approval from Queen’s University General Research Ethics Board are in-

cluded here as required by Queen’s University School of Graduate Studies.
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A.1 Ethics board approval letters

Figure A.1: Ethics board approval - 2009 Original approval

173



A.1 Ethics board approval letters

Figure A.2: Ethics board approval - 2010 Renewal approval
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A.1 Ethics board approval letters

Figure A.3: Ethics board approval - 2011 Renewal approval
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A.1 Ethics board approval letters

Figure A.4: Ethics board approval - 2012 Renewal approval
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A.1 Ethics board approval letters

Figure A.5: Ethics board approval - 2013 Renewal approval
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A.2 Research ethics training

A.2 Research ethics training

A certificate of completion in protection human research participants by National In-

stitute of Health (NIH) in the United States of America.

Figure A.6: Certificate of completion - Certificate issued by NIH
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