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Abstract
The main goal of this thesis is to investigate the nature of an optional consonant
deletion process, through an articulatory and acoustic study of word-final consonant clusters

in Persian. Persian word-final coronal stops are optionally deleted when they are preceded

by obstruents or the homorganic nasal /n/. For example, the final clusters in the words /neeft/

“o1l”, /suyt/ “burnt” and /qasd/ “intention” are optionally simplified in fast/casual speech,

resulting in: [naef], [suy], and [qaes]. What is not clear from this traditional description is

whether the coronal stop is truly deleted, or if a coronal gesture is produced, but not heard,
because it is obscured by the adjacent consonants. According to Articulatory Phonology
(Browman & Goldstein 1986, 1988, 1989, 1990a, 1990b, 1992, 2001), the articulatory
gestures of the deleted segments can still exist even if the segments are not heard. In this
dissertation, ultrasound imaging was used to determine whether coronal consonant deletion
in Persian is categorical or gradient, and the acoustic consequences of cluster simplification
were investigated through duration and spectral measures. This phonetic study enables an
account for the optional nature of the cluster simplification process. A general phonological
account is provided for the simplification of coda clusters with rising sonority, and the
acoustic and articulatory investigation focuses on the simplification of clusters with coronal
stops.

Ten Persian-speaking graduate students from the University of Ottawa and Carleton
University, five male and five female, aged 25-38 participated in the articulatory and
acoustic study. Audio and real time ultrasound video recordings were made while subjects

had a guided conversation with a native speaker of Persian.



662 tokens of word-final coronal clusters were auditorily classified into unsimplified

and simplified according to whether they contained an audible [t]. Singleton coda consonants

and singleton /t/s were also captured as controls.

The end of the constriction plateau of C; and beginning of constriction plateau of C;
were used to define a time interval in which to measure the coronal gesture as the vertical
distance between the tongue blade and the palate. Smoothing Splines ANOV A was used in a

novel way to compare tongue blade height over time across the three conditions.

The articulatory results of this study showed that the gestures of the deleted segments

are often still present. More specifically, the findings showed that of the clusters that

sounded simplified, some truly had no [t] gesture, some had gestural overlap, and some had

reduced gestures. In order to explain the optional nature of the simplification process, it is
argued that the simplified tokens are the result of two independent mechanisms. Inevitable
mechanical and physiological effects generate gesturally reduced and overlapped tokens

whereas planned language-specific behaviors driven by phonological rules or abstract
cognitive representations result in no [t]-gesture output. The findings of this study support
the main arguments presented in Articulatory Phonology regarding the underlying reasons
for sound patterns and sound change. The results of this study are further used to examine
different sound change models. It is argued that the simplified tokens with totally deleted [t]
gesture could be the result of speakers changing their representations based on other people’s

gestural overlap. This would be instances of the Choice and Chance categories in Blevins’

(2004) CCC sound change model. The acoustic results did not find any major cues which



could distinguish simplified tokens from controls. It is argued that articulatory data should

form an integral part of phonetic studies.
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Chapter 1

Introduction

This thesis is an articulatory and acoustic study of word-final consonant clusters in
Persian, in order to provide a phonetically informed account of a variable cluster

simplification process. Word-final coronal stops are optionally deleted when they are

preceded by obstruents or the homorganic nasal /n/. For example, the final clusters in the

words /reft/ “went”, /duyt/ “sew” and /qasd/ “intention” are optionally simplified in

fast/casual speech, resulting in: [raef], [duy], and [ges]. The point which is unclear is

whether /t/ deletion is categorical, i.e., whether the coronal gesture is completely absent in

deleted tokens, or some traces of the gesture remains either reduced in magnitude or
obscured by other consonants. Since the articulatory status of final cluster simplification is
in question, the term “simplification” will be used throughout this dissertation in its
acoustic/perceptual sense, to describe what happens when coronal consonants are perceived

to be deleted, regardless of whether there is residual articulatory evidence.

The issue of incomplete deletion has been raised and discussed in the Articulatory
Phonology literature. Articulatory Phonology (Browman & Goldstein 1986, 1988, 1989,
1990a, 1990b, 1992, 2001) is a theory of phonology which considers gestures as the building
units of lexical and phonological processes. This theory considers the change of magnitude
and temporal duration in the gestural score as the primary reasons for phonological changes.

Browman and Goldstein (1990b), for example, hypothesized that the alveolar closure gesture



for the /t/ in must be [masbi] is still present in fast/casual speech but is completely

overlapped or hidden by the labial closure gesture. This would mean that the gesture for the

alveolar /t/ (raising the tongue tip/blade towards the alveolar ridge) is masked during the time

that lips are closed or narrowed for labial /b/ and that this masking, not articulatory deletion,

is why the /t/ is not audible.

The next goal of this research is to investigate the optional nature of this process.
Optional consonant deletion is a complex phenomenon which is not well known yet. The old
literature on phonetics makes a distinction between modifications in articulation which are
the result of planned reorganization of the gestural targets versus the ones which are
inevitable and mechanical (Sweet 1877; Jespersen 1904). The former are the result of
features which are present in the input to speech production or gestures (Browman &
Goldstein 1986), whereas the latter are due to physiological or aerodynamic constraints. For
example, the controlled acoustic properties adjust to durational variations across different
speech rates to keep the perceptual distance constant, whereas low-level automatic phonetic
effects remain the same at different speech rates (Sole” 1992, 1995). This dissertation aims at
identifying the planned versus mechanical nature of optional coronal deletion in Persian as

well.

Optional cluster simplification phenomena raise important questions involving the
relationship between phonetics and phonology, planned versus unplanned alternations, and

the connection between gradient and categorical phenomena.



This dissertation has major and minor contributions to the field. First, it is the first
experimental study which uses tongue imaging system to study the coronal stop deletion in
Persian. Next, there are very few studies which have collected articulatory data from
spontaneous speech using ultrasound technology and the stabalising headset. A novel
application of SSANOVA for comparing between distributions of gestures is another

innovation in this study.

In the following section first I will discuss the feature-based account of deletion
followed by an introduction to Articulatory Phonology. Next, a number of categorical and
gradient patterns will be reviewed. A discussion about planned versus mechanical phonetic
processes will follow this section. The final section of Introduction deals with the role of

listeners and speakers in sound change.

1.1 Feature-based Account of Deletion

The feature-based account of deletion uses the distinctive feature as its smallest unit.
This does not allow partial deletion. Generative Phonology, which was founded by Morris
Halle in the 1950’s, initially took segments as its basic unit of phonological representation.
According to this approach, segments are discrete units which are characterized by binary
distinctive features. Jakobson, Fant & Halle (1953) originally proposed static binary features
which were defined in acoustic terms and intended primarily as a means to characterize
speech sounds by their acoustic properties. Halle (1959) subsequently proposed a set of
articulatorily-defined features meant to account mainly for phonological processes.

Later feature models developed more to determine the similarity or contrast among

segments and were used as the baseline for defining natural classes. Some of these models



also tried to incorporate more tangible and physical constraints into phonological models.
Feature geometry is a good example. The main representational advantage of this model was
adding new dimensions mainly representing the vocal tract and speech production system. In
this model, features are organized into tiers which themselves are organized in relation to
each other in turn. The significant aspect of this model was to show which features group
together. If some sets of features could spread independently of each other, they were put on
separate tiers. This gives the model the power to provide a uniform description of
phonological processes. The following figure adapted from Clements and Hume (1995)

illustrates the feature geometry model for consonants.

+sonorant
root | tapproximant
—vocoid

[continuant]
C-place

[labial]

[coronal]

[dorsal]
[anteri/or]\

[distributed]

Figure 1.1 Feature geometry model (Adapted from Clements & Hume 1995, p. 292)

Assimilation happens when a segment in a sequence takes on some properties of a

following or preceding segment. The nasal in the prefix -in, for example, becomes -im in



impossible by assimilating to the labial feature of the following consonant. Place
assimilation, for example, is primarily accounted for in feature geometry by deleting the
association line of a place node and spreading it to a new position on an adjacent tier (e.g.,
Clements 1985; McCarthy 1988). However, older models which did not use tiers to organize
features had to formulate different phonological rules to explain a set of sound patterns in
which the same features were involved. In Chukchi, for example, nasals assimilate to the
place of articulation of the following consonants in the features [labial], [coronal], and
[velar] (Clements & Hume 1995). In order to show these processes, the following rules could

be formulated to introduce these three patterns informally:

[+nasal, -LAB] — [+nasal, +LAB]/ —[+cons, +tLAB]

[+nasal, -COR] — [+nasal, +COR]/ — [+cons, +COR]

[+tnasal, -DOR] — [+nasal, +DOR]/ —[+cons, +DOR]

The assimilation process in Chukchi, which is attested in other languages in the
world, could be presented formally in this way. However, this formalism is not very
appealing since these rules are not able to unify the three processes. The addition of a place
tier not only does provide a uniform description of this sound alternation but also shows the
active articulators involved in this sound change. This model showed a shift in incorporating

general physical constraints into phonology.

Despite making the role of physical articulators more prominent, feature geometry
still relied on features as the smallest phonological element. The whole physical properties of
a feature are assumed to be bound and move together (see Kenstowicz, 2005, for further

discussion). The transfer of features as abstract phonological units leads to categorical and



uniform alternations. In categorical processes time is only used as a reference point for

segmental sequencing. There is no way to refer to particular moments within a segment or

feature, if needed. This means that partial deletion of a segment cannot be captured as far as

the system is bound with features as its minimal working unit.

One way to resolve the problem for describing the sound patterns which do not
necessarily involve phonological manipulation of segmental feature values was to devise a
unit which could identify the temporal and spatial aspects within articulators. Articulatory
Phonology (Browman & Goldstein 1986, 1988, 1990a, 1990b) was proposed as a
reformulation of the analytical units in phonology with gestures as the basic unit of

phonological description. It is introduced in the next section.

1.2 Articulatory Phonology

Articulatory Phonology (Browman & Goldstein 1986, 1988, 1989, 1990a, 1990b,
1992, 2001) takes dynamically-defined articulatory gestures as the constituent units of
lexical and phonological representations. According to the computational model developed
by Browman and Goldstein, a gesture is “an abstract characterization of coordinated task-
directed movements of articulators within the vocal tract” (1989, p. 206). Gestures are
“events that unfold during speech production and whose consequences can be observed in
the movements of the speech articulators” (1992, p. 156). An individual gesture is produced
by groups of muscles that act in concert, sometimes ranging over more than one articulator.
For instance, constriction of lip aperture involves the action of the upper lip, the lower lip,

and the jaw; however, such a constriction is considered one gesture.



Gestures can be specified in terms of the tract variables involved in their production.
In the computational model, there are 5 tract variables: Lips (L), Tongue Tip (TT), Tongue
Body (TB), Velum (VEL), and Glottis (GLO). These tract variables are specified for
constriction location (CL) and constriction degree (CD). Having constriction location as a
variable guarantees that tract variables can make a constriction in more than one location
along the vocal tract. Browman and Goldstein also have incorporated constriction degree into
their model to make a distinction between different degrees of constriction made at the same
location. There are five states for constriction degree in this model: [closure], [critical],
[narrow], [mid], and [wide]. In this model, the tract variables for oral gestures are paired and
have the two dimensions of constriction location and constriction degree. This model
assumes that each of the articulators can move independently. The tract variables along with

the articulators involved identified by Browman and Goldstein are shown in Figure 1.2.



Tract variable

Articulators involved

LP  lip protrusion

LA  lip aperture

TTCL tongue tip constrict location

TTCD tongue tip constrict degree

TBCL tongue body constrict location

TBCD tongue body constrict degree

VEL velic aperture

GLO glottal aperture

upper & lower lips, jaw

upper & lower lips, jaw

tongue tip, tongue body, jaw

tongue tip, tongue body, jaw

tongue body, jaw

tongue body, jaw

velum

glottis

Figure 1.2 Tract variables and the articulators involved (adapted from Browman &

Goldstein, 1990a, p. 301).

Gestures are abstract, discrete, and dynamic linguistic units which have an inherent

spatiotemporal nature. These gestures are invariant when used in different segments;

however their spatiotemporal quality allows them to overlap in time. Such an overlap

between invariant gestures results in articulatory trajectories which vary based on the

context. A set of gestures which shape a given utterance form a larger coordinated structure,

or constellation, which is represented in a “gestural score”. The gestural score refers to a

representation of a word in terms of its gestural units and its organization. A gestural score is




similar to autosegmental representation. This makes Articulatory Phonology similar to
feature geometry as being a type of autosegmental representation. The minimal size of
gesture and the overlap among them enables Articulatory Phonology to capture the processes
which involve partial completion (e.g., partial deletion or partial assimilation). However, the
feature geometry model lacks this power due to choosing a unit which does not lend itself to
explaining phenomena where the unit involved in phonological processes is not a feature,

node, or segment.

The innovative view of Articulatory Phonology is that the perception, production, and
mental representations of speech all share the same basic primitive: articulatory gestures.
According to Articulatory Phonology, physical systems impose constraints on the
organization and description of phonological structures. According to this view, the output of
phonological structure is an interaction between articulatory, acoustic, and purely linguistic
organizations. A practical advantage of the gestural analysis of phonological patterns is that
it yields a more fine-grained description of phonological phenomena than a feature-and-

segment analysis does.

According to Articulatory Phonology, much of the phonological processes such as
deletion and assimilation are the result of the overlap between invariant gestures. Browman
and Goldstein (1990b) state that a number of patterns found in casual speech, such as
deletion, insertion, and assimilation, can result from alternations in the magnitude and
temporal duration in the gestural score. According to this perspective, a number of
phonological phenomena can be explained by alternations in the timing relationship among

gestures or alternating their magnitude.



Subsequent studies have shown that variation in gestural timing and magnitude can

explain some phonological processes and sound patterns (e.g., Gick 1999; Davidson 2003;

Proctor 2009). Sproat and Fujimura (1993) studied the allophonic variation in English /1/

using X-ray microbeam data. The primary articulatory gestures of light and dark variants of

/I/ in English involve the tongue dorsum and the tongue blade. The results of the study show

that the contrast between light and dark /1/ is quantitative and not categorical. Sproat and

Fujimura explain that the variation between light and dark /1/ is due to differences in the

timing and magnitude of the articulatory gestures.

As for the current study, Articulatory Phonology predicts that alveolar closure gesture
for coronal stops could be present in the simplified clusters, but acoustically “hidden” by the
surrounding gestures. This approach claims that the entire or partial movement of tongue tip
towards alveolar ridge and then back may exist during the time of gestures for adjacent
phonemes. According to this approach, overlap by following stop and fricative gestures can
hide alveolar closure gestures more than liquids or glides. This approach also predicts that
the following vowel may not have any overlap with the alveolar gestures of the preceding
coronal stops. This approach also states that variation in phonological processes is quite
systematic, i.e., the simplified and unsimplified clusters could vary along a single dimension

of gesture timing.

The inclusion of physical constraints such as continuous gestural features will
provide the framework with the power to show the completion or lack of completion for
some phonological processes. Adopting a phonetic perspective which involves gradient and

variable phenomena was considered to be indispensible for explaining some of the
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phonological processes since not all events are categorical. In fact it is shown that some of
these seemingly categorical patterns could have more justifiable phonetic explanations. The

following section will review some of the studies in this area.

1.3 Categorical versus Gradient Processes

Many different studies have demonstrated that not all phonological processes can be
described as categorical. Indeed, the gradient nature of some processes is well attested across
different languages (Hardcastle & Roach 1979; Browman & Goldstein 1990b; Barry 1992;
Byrd 1994; Hardcastle 1994; Zsiga 1995; Gow & McMurray 2007 among others). Hardcastle
(1994), for example, showed that alveolar assimilation in English lacks complete stop
closure on the alveolar ridge but shows some tongue blade or tongue body gestures. He used
electropalatography (EPG) and combination of coronal + velar such as Fred can, can go, or
Susan can’t where assimilation potentially happens. The results of this study show that
alveolar assimilation is not a total replacement of an alveolar stop by a velar stop, as a
discrete phonological analysis would describe it.

Post nasal voicing of voiceless stops has also received both categorical and gradient
explanation. Hayes and Stivers (1996) stated that this process is quite categorical in
Ecuadorian Quechua, while the same process is shown to be gradient in English. In order to
test this, Hayes and Stivers examined the amount of closure voicing in stop consonant /p/
where it was preceded by phonemes /m/ and /r/. The stop was shown to be more voiced after
nasal /m/ than /r/. The speakers in the experiment showed significantly more closure voicing
in some tokens like fompa than tarpa. The authors explain that there is a “phonetic tendency
toward post-nasal voicing” (p. 29). It was also shown that post nasal effect was stronger in

more rapid speech.
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Zsiga (1995) in an electropalatographic experiment studied the articulatory behaviors

of alveolar obstruents such as /t, d, s, z/ which turn into [tf, d3, {, 3] before the palatal glide

/j/ in American English. The palatalization process is obligatory at the lexical level as in

habit/habitual, confess/confession pairs; however, this process is optional at the post-lexical
level as in the phrases made you and please yourself. The results of this study showed that
post-lexical palatalization is gradient and variable while lexical palatalization involves a
categorical alternation. She argues that gradient palatalization happens mainly because of

gestural overlap.

Previous studies on the deletion of consonants have provided different explanations
for this process in different positions cross-linguistically. These accounts mainly differ from
each other on the basis of whether they provide primarily a categorical account of this
process (e.g., Clements 1985; McCarthy 1988) or whether they include substantive elements
such as articulatory factors (Browman & Goldstein 1986, 1988, 1990a, 1990b, 2001) and/or
acoustic/perceptual elements in their explanations (e.g., Ohala 1981a, 1995; Cété 2000,
2004a, 2004b; Mielke 2003, 2010).

Darzi (1991), for example, in the study of glottal consonant deletion in colloquial

Persian assumes that the deletion of glottal /?/ and /h/ is full and categorical and this results

in the compensatory lengthening of the adjacent vowel. The glottal consonants /?/ and /h/ are

deleted in coda position in Persian. The words /fe?r/ “poem”, /zohr/ “noon”, and /sobh/
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“morning”, for example, turn into [{eir],[zo:r], and [so:b]' in colloquial speech. Darzi uses a

version of moraic theory proposed by Hayes (1989) and CV phonology to account for the
deletion of these segments in Persian. However, some more recent phonetic studies have
shown that the process of glottal deletion in Persian is partial and gradient. These studies
have shown that glottals get weakened but not totally deleted (e.g., Sadeghi & Bijankhan
2007). Moreover, Shademan (2003) has shown that the vowel in this context is not always
lengthened. Based on the standard view of moraic and X theories, the deletion of a moraic
segment will trigger compensatory lengthening as the timing slot of the deleted segment is
allocated to the adjacent vowel (Hayes 1989). The residue left after the glottal deletion and
the disproportionate vowel length do not support the categorical account of this phenomenon
in Persian.

In addition to glottal deletion, Persian shows the simplification of word-final clusters.
The true nature of this phenomenon has not been investigated yet. It is not clear whether this
process is categorical or gradient. If this process is not complete, we expect to find
articulatory evidence of residual gestures. Previous studies have been based on acoustic data.
In the absence of articulatory data, it is not possible to look for residual articulatory gestures
from apparently deleted consonants and see whether deletion is gradient or categorical.

Another logical possibility is that categorical and gradient deletion patterns may
coexist in the same speaker or the same population. Gradient deletion may also be an
intermediate stage on the way to categorical deletion. The fact that this process may or may

not be applied by speakers (i.e., this process being optional) could also help us understand

"I am using “:  here to show the lengthening of the vowel. This preference has no theoretical
implications.
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more about the nature of this process. Speakers may or may not delete the same coronal
consonant in the same environment. The fact that speakers delete only a subset of tokens
which potentially reduce could be interpreted in two ways. One interpretation is that speakers
randomly delete the consonant because of physical or physiological constraints. The other
approach could be that speakers consciously plan for such a process and its optional nature is

under speaker’s control. The next section elaborates more on this issue.

1.4 Planned versus Mechanical Phonetic Processes

One of the issues which has not been discussed thoroughly in the literature is the
distinction between mechanical effects due to the physiological or acrodynamic systems of
speech production organs and language-specific behaviors which are controlled by the
speakers. The lack of references on this topic is partly due to the fact that the nature of a
phonetic feature may not be the same for all language users at a given time (Sole” 2007).
Different studies have shown that the status of phonetic features may change over time. This
could be for boosting the saliency of speech or due to different interpretation of speakers’
input features by listeners. For example, Kingston and Diehl (1994) explain that speakers
may decide to alter acoustic cues, which used to have a physiological base, to enhance a
contrast. The articulatory gestures used in producing high versus low vowels, for example,
generate different acoustic cues. The high vowels have shorter duration and lower pitch
while low vowels have longer duration and higher pitch. The listener who is aware of the
perceptual effects of the articulatory gestures and intends to expand the vocalic contrast,
deliberately adjusts the relevant acoustic cues via gestural changes to fulfill this task.

Researchers have proposed different methods in order to tease apart planned from

unplanned phonetic processes. Ohala (1981b) states that manipulating syllable structure can
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determine whether a phonetic process is intended by the speaker or it is the result of low-
level mechanical effects. The underlying assumption is that the syllable structure has
phonological effects on the duration of segments. In a phonetic process such as consonant
epenthesis, if the epenthetic consonant affects the duration of the preceding segment, as
usually happens to vowels before consonants, it could be concluded that this process is

controlled and not due to low level phonetic constraints. For example, if the insertion of

coronal stop [t] in prin[t]ce is planned, we should expect this affect the duration of the

preceding nasal whereas if this is due to mechanical constraints, this should not have
consequences on the temporal duration of preceding consonant. In addition to syllable
structure, prosodic conditions (De Jong 2004) and speaking rate (Byrd 1994, 1996a, 1996b;
Byrd & Cheng Tan 1996; Kirchner 2001) are suggested to change the temporal duration of
features which are planned by the speaker. These factors are not expected to have such an
effect on automatic mechanical phonetic processes.

In order to distinguish properties which are actively controlled by the speaker from
properties which are the by-products of a mechanical execution, Sole” (2007) has listed a
number of processes with durational variations. The status of vowel nasalization, VOT
differences, and vowel duration differences before voiceless and voiced obstruents in various
languages are suggested as good contexts to test the dichotomy of planned versus mechanical
processes. The features under investigation in these processes are expected to behave
differently if they are planned versus when they are biomechanical.

Sole” (1992, 1995) examined the oral and nasalized portions of a vowel followed by
oral and nasal consonants in the production of three American and Spanish native speakers at

four different speaking rates. The results of her study showed that the nasalized portion of
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the vowel was longer at slower speech rates for American English speakers. Contrary to this,
Spanish speakers showed a constant portion of nasalized vowel across different speaking
rates. This means that the vowel nasalization process in American English is a language-
specific process whereas for Spanish speakers it is an uncontrolled behavior.

This approach has also been adopted by Sole” and Estebas (2000) on the
implementation of the voicing contrast in stops in onset position in Southern British English
and Catalan. These two languages differ from each on the grounds that English uses VOT to
signal voicing contrast whereas voicing contrast in Romance languages is done via presence
or absence of vocal fold vibration during the constriction of consonants. Since VOT is a
language-specific property of English, the ratio for the duration of aspiration to duration of
segments is expected to remain the same under different speaking rates to ensure a constant
perceptual contrast. The results of Sole” and Estebas’ study showed a positive correlation
between duration of aspiration and all four speech rates for the English speakers. This means
that aspiration in English does not happen mechanically but that it is planned and executed
by cognitive system. In contrast to English speakers, the results for Catalan speakers did not
show any correlation between voicing lag and segmental duration. This indicates that
duration of aspiration and speaking rate work independent of each other and this is a
confirmation to its mechanical nature.

In general, the results of these studies show that variation in the temporal duration of
segments triggers the temporal change of controlled effects whereas they have no impacts on
mechanical effects. These effects can be interpreted as adjusting the gestural values to the
perceptual demands. Considering how this process could unfold involves the role of the

listener in sound change. The following section explores this topic.

16



1.5 Role of the Listener and the Speaker in Sound Change
1.5.1 Ohala’s Sound Change Model

It is generally accepted that in human interactions, listeners are actively involved in
adjusting and modifying their speech in response to what they hear from speakers. This could
be in the form of normalization or (phonetic) accommodation. Normalization is the ability of
listeners to correct and understand a wide range of variation which exists in speaker’s
production. This idea is mainly inspired by John Ohala in his listener-based theory of sound
change (Ohala 1981a, 1995) and the further contribution of other scholars in the field (e.g.,
Mielke 2003, 2008; Babel & Johnson 2010). Ohala attributes a variety of sound changes to
the listener’s failure to accurately normalize the sounds produced by the speaker. The reason

for such a failure on listener’s part could be two: hypocorrection and hypercorrection.

Hypocorrection refers to patterns where listeners fail to correct for a contextual

effect. Let’s consider, for example, the underlying /VN/ where phonetic factor for changing

it into a nasalized vowel [V] is coarticulatory variation. The lowering of the velum for

producing a nasal consonant could overlap the vowel, causing vowel nasalization. In
languages in which vowel nasalization is not phonologized, there could be variation in the
gestural alignment with the oral articulators despite of the fact that the gesture itself is stable.
This means that longer nasal consonants happen with shorter nasalized vowels and longer
nasalized vowels co-occur with shorter nasalized consonants (Beddor 2009). If listeners
attribute the intrinsic nasal features of the consonant to the vowel, this will lead to a sound

system where nasal vowels will appear as phonemes.

On the other hand, hypercorrection happens when listeners wrongly attribute an

intrinsic property of the input produced by speakers to contextual influence. For example,
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let’s assume a language where plain consonants such as /k/ are variably palatalized to /ki/

when followed by front vowels. The plain and palatalized consonants can variably happen in
this context. However, in other contexts, the distinction between plain and palatalized
consonants is phonemic. Listeners may take the intrinsic palatal feature of these
phonemically palatalized consonants as a contextual effect and consider their underlying
representation to be a plain consonant. The subsequent phonologization of the misparsed
input by listeners amounts to a new phonological system. This is of course done through
some articulatory and/or acoustic/perceptual paths. To conclude, Ohala’s account of sound
change considers listeners’ perceptual errors as the main source of phonological change and

emphasizes the active role of listeners in sound change.

Such work under the rubric of Laboratory Phonology has deepened our understanding
of the major role articulatory and acoustic factors play in sound change. Laboratory
phonology has facilitated experimental research into the questions that once were addressed
primarily in formal linguistics. This trend has created the chance of revisiting the

phonological processes which were investigated in the past. Mielke (2003), for example,
showed how /h/ deletion in Turkish correlates with the low perceptibility of this segment in
contexts where it deletes. Following Steriade, Mielke considers the amount of information

lost resulting from the change as well as the unstability of less perceptible sounds to be

factors affecting deletion.

Ohala’s model is primarily concerned with the initial stage of sound change (see also
Hansson 2008), and it raises further questions about how this “mini sound change” (Ohala

1995) spreads throughout a speech community and how it changes into a phonologized
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segment. [ will resume this subject below when discussing the sound change model proposed

by Blevins.

1.5.2 Blevins’ Sound Change Model

According to Blevins’ Evolutionary Phonology model (Blevins 2004), recurrent
sound patterns find their origins in phonetically motivated sound changes. According to
Blevins’ model, the three natural sources of sound change are Change, Chance, and Choice
(this 1s also known as CCC sound change model). The first category Change happens due to
perceptual similarities between the actual phonetic signal and the perceived one. In this

sound change, the original phonetic utterance is misperceived by the listener. For example,

the results of some experiments show that listeners show a biased tendency to hear /ki/ as

/tfi/ and /6/ as /f/ (Eilers 1977; Guion 1998). The misperception on the side of the listener

due to auditory reasons could sometimes lead to sound change.

The second type of sound change in this model is Chance. This sound change
happens due to the intrinsic ambiguity of the original phonetic utterance. Here the listener
accurately perceives the original signal but associates an underlying representation to it

which is different from that of speaker’s. According to Hansson (2008), this happens when

the underlying representation /...k"u.../ is produced as [...k"u...] where the phonemic labial

/k*/ 1s followed by a rounded vowel. The listener will hear this correctly as [...k"u...], but

could attribute the intrinsic labial feature of the consonant to the coarticulatory effects of its

adjacent vowel and take it underlyingly as /...ku.../. This is the same phenomenon

described above as hypercorrection. Hansson (2008) emphasizes that this misinterpretation
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need not affect the pronunciation of the listener. This type of sound change can be different
from Change in three ways. First, the listener does not misperceive the acoustic signal
whereas in Change such a misperception happens. Second, Chance does not trigger any
immediate change in the pronunciation of the listener. The last difference between these two
sound change types is related to how they evolve. The probability of a sound change
happening based on Chance depends on the bias in human perception system; whereas, the
priming effects produced by pre-existing sound patterns will boost the sound change (see

Blevins, 2004, for further discussion).

The third category of sound change proposed in this model is Choice. According to
Blevins (2004), “multiple phonetic signals representing variants of a single phonological
form are accurately perceived by the listener, and due to this variation, the listener (a)
acquires a prototype or best exemplar of a phonetic category which differs from that of a
speaker; and/or (b) associates a phonological form with the set of variants which differs from
the phonological form in the speaker’s grammar” (p. 33). For example, If we take the
gestural overlap between adjacent consonants as discussed by Browman and Goldstein
(1986, 1988, 1990a, 1990b, 2001) and assume that, due to gestural overlap, a consonant
cluster like /XTK/ (X, T, and K represent uvular, coronal, and velar obstruents, respectively)
can have multiple phonetic signals all of which are equally acceptable as follows:

Speaker: [XXXXHIRKKKk)  pxexxptadkkpekkky - pyxooptikgekkkd stk gk
Listener: [X X THkkkkky | pygxooeptitie ki) | pymoncpiaxkk ek | pyenoeptadkkge ki

The superscripts ““”, ““* and “*> show the range of gestures of the related

consonants. If we could assume that there is no overlap between the consonants then their

Xxxxthtttthkkkk

phonetic signal could look like [X ]. However, studies have shown that in
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fast/casual speech, there is varying degrees of gestural overlap and this could be less (e.g.,
[XPOTHRKEERRD) or more (e.g., [X¥™*T™*K**]) in some clusters. The change in articulation
could also affect the acoustic percept of these clusters. The different degrees of overlap in
clusters lead to variability in the acoustic signal. Listeners have access to the phonetic details
of the ambient speech as well as information about specific lexical items. Listeners store the
detailed acoustic information of the speech in their memory. Categories are represented in
memory by the cloud of remembered tokens of that category. The variable nature of speech
production may lead into a mismatch in “phonological form” or “best exemplar” between the
speaker and the listener.

Both Ohala’s and Blevins’ sound change models take a synchronic and non-
teleological approach to explaining phonological processes. According to this view, sound
change does not happen in order to generate a more audible signal or an easier segment to
articulate. The first two categories of sound change proposed by Blevins are very close to
Ohala’s hypocorrection and hypercorrection. In both of them, the phonological

representation formed by the listener differs from that intended by the speaker.

In addition to formalizing these types of sound change, Blevins contributes the
Choice category where the role of speaker is more prominent. This departs from the Change
category in two ways. First, in the Change category, the listener misperceives the speaker’s
phonetic signal from the outset; whereas, in the Choice category, the listener accurately
perceives the phonetic signal. Second, in Change category, the internal ambiguity in a one-
to-one relationship between the speaker’s and the listener’s phonological form is the driving
force for change whereas in Choice it is the many-to-one relationship itself which is the

source of ambiguity.
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The simplification of consonant clusters in Persian could be due to gestural overlap.
This hypothesis corresponds to the multiple variants involved in Blevins’ Choice category.
Listeners hear tokens with more or less overlap and can interpret the more overlapped tokens

as the intended utterance. As the target involves more overlap, the range of natural

productions includes tokens where /t/ is inaudible, and listeners can either interpret that

accurately as complete overlap, or interpret it as having no /t/. This could correspond to the

final stage of Ohala’s hypocorrection, resulting in complete deletion, and qualifying as

Chance, because complete overlap is ambiguous between an intended /t/ and the absence of

.

A question which is equally as important here is to know whether this gestural
overlap is due to mechanical effects or it is planned by the speaker. If the deletion of coronal
stops is a language-specific process, we should expect variation across subjects on the
magnitude of the gestural overlap. This could be triggered by varying speaking rates which
affects temporal duration. From the other side, if mechanical effects are the underlying
reasons for gestural overlap, no such a variation is expected. The next section introduces a
third sound change model in which the speaker plays an active role in optimizing the speech

signal.

1.5.3 Lindblom’s Model
The hyper- and hypo-articulation (H&H) theory proposed by Lindblom (1990) takes
a very different approach to sound change. According to this theory, speakers are adaptive

and take the active role of tuning their speech to accommodate the listeners. The principle of
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economy plays a major role in this theory. Speakers have the choice of whether or not to
undershoot phonetic targets. If undershoot or hypoarticulation does not impede accurate
perception by the listener, then it will be applied by the speaker. In this model, speakers are
aware of the factors which affect listener’s perception.

This model is fundamentally different from Ohala’s and Blevins’ in more than one
respect. This model takes a goal-oriented approach towards phonological processes.
According to this, speakers are conscious about their own production and try to keep them
maximally salient. At the same time, they also sometimes need to underarticulate their
speech due to the economy principle and the demands of the speech setting. This model also
diverges from the other two models because it takes speaker as the source of sound change.
Based on this model, it is the speaker who anticipates the need for perceptability by the
listener and adjusts his/her production accordingly.

Despite of the differences between this model and the ones discussed from Blevins,
some commonalities could also be found. Lindblom’s model considers speakers to play a
major role in sound change, something which is echoed by Blevins’ Choice category of
sound change. This means that the listener accurately perceives the signal, and sound change
happens when he/she assumes the role of a speaker. This is different from Blevins’ Change
and Chance categories, where the sound change is planted in the listener at the time when
he/she misperceives or misparses the phonetic signal. But in Lindblom’s model, the speaker
consciously pursues the sound change while in Blevins’ sound change model no such will
exists.

The simplification of consonant clusters in these three models is accounted for
differently. Ohala considers the underlying reason for consonant deletion to be

hypocorrection where the acoustic cues of a consonant are hidden by the adjacent
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consonants. Blevins’ model involves more than one possible phonological form for the
consonant clusters. Sound change happens when there is a mismatch between the
“phonological form” or “best exemplar” of the listener and the speaker. In this model,
listeners store the tokens they have been exposed to with detailed information. In contrast to
Ohala’s and Blevins’ models, the deletion of coronal stops in consonant clusters in
Lindblom’s model would be due to the high precision that coronal stops require. If more
energy is required to articulate a consonant that also has low cost on the side of the listener
(because it is already difficult to recover from the signal and not critical to understanding the
utterance), then deleting it is economical. According to this approach, the simplification of
coronal stops at initial stage is planned by the speaker through hypo-articulation. However,
both Ohala’s and Blevins’ models attribute it to the mechanical effects. According to these
models, speakers do not necessarily plan to simplify clusters at the initial stage. This happens
because of physical and physiological constraints in human’s vocal tract.

The next chapter introduces Persian phonology and the different types of clusters

which may or may not be simplified.
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Chapter 2

Background on Persian

2.1 Phonological Structure of Persian

Persian is a member of the Indo-European family and within that family it belongs to
the Indo-Iranian branch. Its segmental inventory has twenty-three consonants and eight
vocalic phonemes (six vowels and two diphthongs). The consonant and vowel inventories of

Persian (more specifically, the Tehrani Farsi variety of Persian) are given below.

(1) Persian consonant inventory

Labial | Labiodental | Alveolar | Postalveolar | Velar | Uvular | Glottal
Stop p b t d k g|q
Fricative f v s z { 3 Y
Affricate tf dz
Nasal m n
Lateral 1
r
Glide j h
?

Where symbols appear in pairs, the one to the right represents a voiced consonant.
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(2) Persian vowel and diphthong inventory

Front Back
High i u
Mid e 0
Low ® a
Diphthong oW, €]

The inventory in (2) is the most typical arrangement of the vocalic segments in

Persian. However, there are some studies which have used different representations for the

two low vowels. For example, Rohany Rahbar (2012) used /a/ to show the front low vowel

and Darzi (1991) and Mahootian (1997) used /a/ for back low vowel. The symbols for other

four vowels were mainly used consistently in the literature. Quality distinction (i.e., height,
backness / frontness) is considered to play the primary role in vowel inventory in Modern
Persian whereas quantity is assumed to have a secondary role to play in the system as well

(Darzi 1991; Mahootian 1997; Samareh 2002; Rohany Rahbar 2012). These studies mainly

consider /i u a/ as long vowels and /e o &/ as short vowels (see Mahootian, 1997, for more

discussion). Old Persian is traditionally accepted to have only a quantity-based system for

vowels with long and short pairs for /i u @/ (Natel Khanlari 1987). It is suggested that the

language has gone through the process of quantity loss for vowels from the middle to modern

period (see Rohany Rahbar, 2012, for further discussion).

There is no general consensus among linguists on the status of the diphthongs. Some

studies have investigated the phonemic status of the two diphthongs and claimed that /ow/ is
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phonemic and /ej/ is not. This is attributed to the status of the individual segments of each

diphthong in the inventory. Since consonants are the main focus of this thesis, no further

discussion is presented here on vocalic segments.

As for the Persian consonant inventory, the status of glottal consonants also lacks

consensus. The traditional phonetic classification describes /?/ and /h/ as “glottal stop” and

“glottal fricative”, respectively. The production of /?/ involves “a complete closure of the

glottis with no extra constriction of the larynx”, while /h/ involves “an open glottis typical of

voiceless sounds but with turbulent airflow” (Durand 1990, p. 103). As for their acoustic

features, the records of /?/ correspond to “a short period of silence with abrupt rise time and

cut-off in relation to a following and preceding vowel” while the records of /h/ correspond to

broad spectrum noise from about 400 to 6500 hertz (Durand 1990, p. 103).

Kavitskaya (2002) convincingly argues that the glottal consonant /?/ in Persian is an

approximant. Firstly, she shows that cross-linguistically it is only the glottal consonant /?/ in

the stop class whose deletion causes compensatory lengthening. Compensatory lengthening

is never triggered by the deletion of oral plosives. There is no other study reporting that the

deletion of a plosive other than /?/ triggers compensatory lengthening. Secondly, she states

that the glottal consonant /?/ does not share phonetic characteristics with other consonants

such as fricatives and liquids, the segments which usually trigger compensatory lengthening

in other languages. She considers this as another argument for not considering /?/ as a glottal
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stop in Persian. She further provides phonetic data from the spectrograms of two native
speakers of Persian which show that the glottal consonant in question is an approximant. The
vocalic nature of this segment is further supported by providing some evidence from Ket (a

Siberian language) in which the glottal stop freely alternates with vowels.

Kavitskaya used Ohala’s listener-oriented sound change model to develop a
phonetically-based phonologization model to account for compensatory lengthening in

Persian. Her results show a hypocorrection effect where the listener fails to correct for

contextual effects. She argues that the deletion of glottals /?/ and /h/ is due to their weak

perception. Since glides have longer vocalic transitions compared to other consonants such a
stops, the listener may take this longer transitional length as an intrinsic feature of the

preceding vowel at the time of glide deletion.

The syllable structure in this language is considered to be (C)V(C)(C). This means
that Persian can have the following six syllable types: V, CV, CVC, VC, VCC, and CVCC?.
This language allows consonant clusters in the coda position. The maximum number of
consonants in this position could be two; however, we may have three consonants in row if
the following word starts with a consonant in its onset position. In the following section, I
will present the possible word-final consonant clusters in Persian and discuss their

simplification.

? Some linguists suggest that syllables in Persian should have a consonant in their onset position. This
will reduce the number of syllable types in Persian to three: CV, CVC, and CVCC. Since the main
focus of this study is consonant clusters in word-final position, this debate will not be an issue (see
Samareh 2002).

28



2.2. Consonant Clusters in Persian

Persian allows various classes of consonants to combine together in the final position
of words. These include stops, fricatives, affricates, nasals, liquids, and glides. Liquids have
the highest number of combinations with other consonants. Stops and fricatives are also very
dynamic in combining with other consonants either as C; or C; of the clusters. Persian allows
all combinations of consonants except for liquid-liquid. A detailed list of attested word-final

consonant clusters in Persian with some examples is provided in Table 2.1.

Table 2.1 Attested word-final clusters in Persian

Type Combinations
stop-stop /tb, gb, bt, qt, qd, bd, bk, tk, tq, bq, dg/
Examples: /qotb/ “pole”, /naeqb/ “burrow”, /zebt/ “record”, /veqt/ “time”, /eqd/

“engagement”, /&bd/ “servant”, /sebk/ “style”, /potk/ “sledge-hammer”,

/motq/ “speech”, / tebq/ “according”, /sedq/ “truthfulness”
fricative-stop /sb, zb, ft, st, xt, ft, {d, sd, zd, fq, sq, {q, zq, sk, [k/

Examples: /naesb/ “installation”, /hezb/ “party”, /haeft/ “seven”, /dorost/ “right”,
Noyt/ “naked”,/ ze(t/ “ugly”, /rofd/ “growth”, /qeesd/ “intension”, /mozd/
“payment”, /bafqg/ “a city”, /fesq/ “sinful act”, /efq/ “love”, /rezq/
“daily bread”, /mask/ “mask”, /xofk/ “dry”

nasal-stop /mb, nb, mp, mt, md, nd, mq, nk, ng/

Examples: /bomb/ “bomb”, /dzenb/ “next”, /pomp/ “pump”, /semt/ “direction”,
/emd/ “intentional”, /tfeerend/ “nonsense”, /omg/ “depth”, /bank/

“bank”, /reeng/ “color”
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liquid-stop /p, 1b, 1b, 1t, 1t, 1d, rd, Iq, rq, Lk, rk, rg/

Examples: /alp/ “name of a mountain”, /qelb/ “heart”, /sorb/ “lead”, /qalt/ “roll”,
/tfort/ “nap”, /dzeld/ “cover”, /xord/ “ate”, /xaelq/ “creation”, /farq/
“east”, /melk/ “land”, /teerk/ “depart”, /meerg/ “death”

glide-stop /ib, b, jd, hd, ?d, ht, jt, jk/

Examples: /qejb/ “unknown world”, /ro?b/ “fear”, /ejd/ “holiday”, /mahd/ “cradle”,
/bae?d/ “after”, /teeht/ “under”, /bejt/ “home”, /pejk/ “messenger”

stop-fricative /ds, ks, gs, bs, qz, bz, bf, qf, tf, qf, qv, dv, by/

Examples /heeds/ “guess”, /&ks/ “photo”, /raeqs/ “dance”, /habs/ “imprison”,
/maeqz/ “mind”, /naebz/ “pulse”, /nabf/ “corner”, /neqf/ “picture”, /lott/
“kindness”, /vaeqf/ “devotion”, /leqv/ “cancellation”, /baedv/

“beginning”, /teby/ “cook”
fricative-fricative /fs, s, fz, xz, 1, %/, sf, f, zf, v, zv, fv, fyx, sy/

Examples: /neefs/ “nature”, /(aeys/ “person”, /hefz/ “keep”, /a@yz/ “take”, /kaef]/
“shoe”, /paey|/ “distribution”, /nesf/ “halt”, /keft/ “discovery”, /haezt/
“deletion”, /nafv/ “growth”, /ozv/ “part”, /&fv/ “forgive”, nafy/

“flatulence”, /faesy/ “abolition”
nasal-fricative /ms, ns, mz, nz, nf, mf, ny/

Examples: /lems/ “touch”, /fans/ “chance”, /remz/ “code”, /tenz/ “joke”, /sent/
“job”, /femf/ “bullion”, /seny/ “kind”

liquid-fricative /s, ts, If, tf, 1y, 1y, 1v,, 1Z, 1f/

Examples: /sols/ “one third”, /qors/ “pill”, /serf/ “only”, /taely/ “bitter”, /sory/ “red”,

/serv/ “cypress”, /daerz/ “seam”, /torf/ “sour”
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glide-fricative

Examples:

stop-nasal

Examples:

fricative-nasal

Examples:

nasal-nasal
Example:
liquid-nasal
Examples:
glide-nasal

Examples:

stop-liquid

Examples:

/hs, js, 25, hz, iz, 7, if, 2, by, jf, ?f, hf, hv/

/baehs/ “discussion”, /hejs/ “direction”, /ja?s/ “disappointment”, /machz/
“for”, /fejz/ “honour”, /ve?z/ “preach”, /ejf/ “joy”, /ne?f/ “corpse”,
/veehf/ “wild”, /hejt/ “pity”, /zae?f/ “weakness”, /kaehf]/ “cave”, /maehv/
“disappear”

/km, tm, qm, kn, bn, tn/

/hokm/ “order”, /yaetm/ “end”, /reeqm/ “despite”, /rokn/ “principle”,

/qaebn/ “loss”, /maetn/ “text”
/sm, zm, ym, fm, sn, fn, zn, fn/

/dzesm/ “object”, /naezm/ “order”, /foym/ “plough”, /tfefm/ “eye”, /hosn/
“advantage”, /dza&(n/ “celebration”, /vezn/ “weight”, /detn/ “bury”

/mn/

/emn/ “secure”

/lm, rm, rn/

/elm/ “science”, /kerm/ “worm”, /qaern/ “century”
/hm, jm, ?m, hn, jn, ?n/

/fehm/ “understanding”, /dejm/ “rain-watered”, /tee?m/ “taste”, /zehn/

“mind”, /ejn/ “like”, /fe&?n/ “dignity”
/bl, tl, dl, kl, ql, tr, dr, br, kr, qr/

/teebl/ “drum”, /saetl/ “bucket”, /eedl/ “justice”, /fekl/ “shape”, /&ql/
“mind”, /etr/ “perfume”, /qaedr/ “value”, /a&br/ “cloud”, /meekr/ “trick”,

/feeqr/ “poverty”
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fricative-liquid

Examples:

nasal-liquid

Examples:

liquid-liquid

glide-liquid

Examples:

stop-glide

Examples:

fricative-glide

Examples:

nasal-glide
Examples:
liquid-glide
Examples:
glide-glide

Examples:

/fr, st, zr, {t, %r, fl, sl, zl, xl/

/kofr/ “blasphemy”, /esr/ “afternoon, /ozr/ “excuse”, /ofr/ “degree”,

/estayr/ “pool”, /qofl/ “luck”, /mesl/ “like”, /faezl/ “superiority”, /deeyl/
“income”

/ml, mr/

/haeml/ “carry”, /omr/ “age”

/1, hl, jl, hr, jt/

/dza?1/ “forging”, /ehl/ “inhabitant”, /mejl/ “tendency”, /zeehr/ “poison”,
/qejr/ “else”

/bh, dh, th, gh, b2, t2, q?/

/sobh/ “morning”, /madh/ “praise”, /sath/ “surface”, /feqh/

“jurisprudence”, /rob?/ “quarter”, /qeet?/ “cut”, /veq?/ “respect”
/sh, {j, fj, s?, f2, z?/

/mesh/ “rituals of prayer”, /ma(j/ “method”, /nafj/ “rejection”, /vos?/

“ability”, /naef?/ “benefit”, /vaez?/ “situation”

/nh, m?, n?/

/konh/ “nature”, /dzem?/ “addition”, /man?/ “prohibition”

/h, th, 12, r?/

/solh/ “peace”, /feerh/ “explanation”, /zel?/ “side”, /faer?/ “minor”
/hj, j?, 25/

/vaehj/ “revelation”, /bej?/ “sell”, /s&?j/ “try”
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The above list shows that Persian allows most of the consonant types to adjoin word
finally. There are some other lists provided which lack a few clusters and are not as
comprehensive as the list presented in this study. The list presented by Mahootian (1997), for
example, does not include nasal-glide, liquid-liquid, and glide-glide combinations. One
reason that she hasn’t included them is that most of the words belonging to these clusters
have Arabic origin. It should be noted that not all the attested combinations have the same
frequency. The cluster types nasal-nasal, liquid-nasal, nasal-liquid, glide-liquid, fricative-
glide, nasal-glide, liquid-glide, and glide-glide are found in fewer words compared to other

combinations. There are also some consonants in the attested combination types which do

not actively participate in making clusters. For example, the phonemes /p/, /¢/, and /v/ do not

frequently adjoin to other segments to make clusters. In contrast to these phonemes, /1/ and

/t/ are very dynamic in forming consonant clusters. There are also some other segments

which show preferences in occupying either of the positions in clusters. Samareh (2002)

states that both /h/ and /j/ show a strong tendency to occupy the first position in the clusters.

Some of the consonant clusters tend to simplify more than others. The process of
cluster simplification usually happens in fast and/or colloquial speech. Pisowics (1985)
confirms that the deletion of consonants in Persian is observed more often in everyday and
common words. Mahootian (1997) lists the various types of consonant clusters in Persian
which occur syllable finally and whether they get simplified. She defines the simplification

of consonant clusters in final position as a “rule” in this language. Her study shows the
predominant deletion of coronal stops /t/ and /d/ in colloquial Persian. Mahootian also
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provides a limited number of words which show that /1/ is optionally deleted as the second

element of a cluster.

The number of studies on consonant clusters in Persian is quite limited, and most of
them have focused on the deletion of glottals. Working on the compensatory lengthening
phenomenon, Shademan (2003) measured the duration of the vowel in words with the
syllable template CVCC, CVGC, CVCG, CVC.CVC, and CVG.CVC, where G is used for
glottal. The results of this study showed that the deletion of glottals in CVGC had no
significant effect on the duration of the preceding vowel; however, it did have some effects
in CVG.CVC words. This shows that the deletion of glottals does not always result in the
lengthening of the vowel, particularly in word-final clusters. One could explain this by
considering the phonologized nature of this process in this language and the fact that length
distinction is not phonemic for Persian vowels. The initial phonetic effects of vowel
lengthening could shift back to normal to respect the non-phonemic nature of length among

vowels in this language.

In another study on glottal consonant deletion in Persian, Sadeghi and Bijankhan
(2007) have suggested that the compensatory lengthening in Persian is a gradient process
where the deletion of glottals is a matter of degree rather than category. Sadeghi and

Bijankhan asked twenty native speakers of Persian to utter colloquially ten words with the

CVGC template (five CVhC and five CV?C) and ten words with CVC syllabic shape which

were the counterparts of the first ten words. They used pairs such as /zaehr/ “poison” vs. /zaer/

“gold” and /ba?d/ “later” vs. /baed/ “bad” in their study. Using a spectral tilt measurement,

they showed that the glottal gesture is indeed weakened in the coda position of CVGC words
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and it acquires vocalic attributes. This study suggests that vowel length is dependent on the
laryngeal variation of glottal consonants in coda position.

Assadi (2007) conducted an acoustic study on consonant and vowel deletion in
colloquial Persian. She recorded the individual conversation of three native speakers which
resulted in the production of 4038 consonants. The results of this study show that almost 8.1
% of the consonants get deleted, mainly glottals, alveolars, and velars (glottal 82%, alveolar
7.22 %, velar 7.44 %). To explain the deletion process in the language, Assadi considers the
“position of the sound” and the “class of word” as the two main factors for the simplification
of clusters. She explains that the final position in a word is more vulnerable to deletion
because the articulatory effort in that position decreases. She further adds that the
simplification of homorganic clusters is due to having a constraint based on articulatory
gestures, requiring that the least possible effort be spent on producing intelligible sounds.
Assadi attributes the higher rate of deletion in grammatical words rather than lexical words

to their higher frequency.

In general, the number of phonetic studies on cluster simplification in Persian is low
and none of them have specifically focused on coronal stops. There are a few studies which
have proposed some descriptive generalizations for consonant cluster simplification
including coronal stops in Persian (Mahootian 1997; Lazard 2006), but none of them have
provided articulatory or perceptual analyses of this process in Persian. Moreover, these
studies have not considered the clusters which are not reduced and they don’t provide any
explanation for why simplification does not apply to them. The current study mainly
addresses one of the major categories of consonant cluster simplification in Persian: coronal

stops. This study uses articulatory and acoustic data to provide an explanation for the
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simplified word-final coronal stop clusters. This thesis also explores the optional nature of
this process to see why the same speaker may or may not apply it. But before investigating
the nature of coronal stop deletion, the simplifying consonant clusters that violate the

Sonority Sequencing Principle (SSP) are discussed.

2.3 Cluster Reduction and Sonority

Some consonant cluster simplification in Persian can be accounted for in terms of the
Sonority Sequencing Principle (SSP). According to this principle, the occurrence of a set of
consonants in the onset or coda position of a syllable is determined by the sonority hierarchy.
This principle requires that “the level of sonority must not increase from the nucleus to the
edges of the syllable, i.e., it must not decrease in the onset and increase in the coda” (Coté
2004b, p. 158). Clements (1990) proposes the following hierarchy for sonority:

(3) Glides (G) > Liquids (L) > Nasals (N) > Obstruents (O)

The occurrence of each class of sound in a cluster will have different effects on the
violation of the SSP. The clusters which violate the SSP in Persian are formed by a
combination of obstruent + glide, obstruent + liquid, obstruent + nasal, and nasal + liquid.
The data given in (4) shows the words in which the last consonant in the cluster is more
sonorous than the preceding segment and can get deleted; however, this does not apply to the

words in (5).
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(4) a /nzxfj/ —
b. /mefj/ —
c./fekl/ —
d./qofl/ —
e./qebl/ —
f./eql/ —
g /etr/ —

h. /ozr/ —
1. /sebr/ —

. /seft/ —

%) k /qyefm/ —
l. /hezm/ —
m. /&@zm/ -
n. /vezn/ —
o./omr/ —
p. /emr/ —

g. /heml/ —

[nzef]
[maef]
[Jek]
[gof]
[qaeb]
[eq]
[eet]
[oz]
[seeb]

[sef]

*[xeef]

*[haez]

[xaefm]
[haezm)]
[ezm] *[xz]
[vaezn] *[vaz]
[omr]  *[om]
[eemr]

*[eem]

[heeml] *[haem]

“rejection”
“method”
“shape”
“lock”
“before”
“wisdom”
“perfume”
“excuse”
“patience”

“zero”

“anger”
“digestion”
“will”
“weight”
“age”

“order”

“Carry”

According to the sonority sequencing hierarchy given in (3), the first segments in the

clusters given in (4) and (5) are less sonorous than the second segments. Therefore, they

appear to violate SSP. However, not all clusters violating sonority will simplify. Those

ending in a glide (4a-b) or a liquid (4c-j) do, but obstruent-nasal clusters remain intact (5k-q).

The different behavior shown between the two patterns given in (4) and (5) can be related to
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the degree of the SSP violation. If we assign a value to each class of sound and measure the
sonority distance between the two adjacent consonants, then the intensity of each violation
can be measured. We can then incorporate the parameters of SSP violation into a system like
perception and expect that the clusters which violate the SSP more, or possibly the less
perceptible clusters, are more marked and more prone to deletion. If we assign the following

values to each class of sounds, we can determine the SSP violation in each cluster:

(6) Sonority Scale (Clements 1990)

class value
Obstruent 0
Nasal 1
Liquid 2
Glide 3

The above scale shows that the clusters obstruent + glide violate the SSP more than
obstruent + liquid clusters since the magnitude of the difference between the segments of the
first cluster is 3, whereas it reduces to 2 for obstruent + liquid cluster. This means that the
violation of SSP is relative to the magnitude of the violation between the two adjacent
segments (see Coté ,2000, for further discussion).

Drawing on the notion of perceptibility, I provide an account for the two patterns in
(4) and (5) here. Ohala (1990) considers perceptibility to be how easy a segment or a gesture
can be identified in a sequence. Having different sources of acoustic information will
naturally facilitate the perceptibility of these segments or gestures. Sonority is a way to
achieve this goal. According to this principle, the sonority of the onsets rise up to nucleus,
which is the peak of the sonority in a syllable, and then it will decrease towards the end of
coda. The scale for sonority starts with the segments with very narrow constriction (i.e.,
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stops or fricatives) and progress into segments with wider constriction (i.e., vowels or
glides). Mattingly (1981) argues that the order of this scale crucially depends on the different
degrees of available information within the articulatory stages of the constriction, application
of the constriction, and its release. He states that “[T]he articulations of speech must be
scheduled so that periods during which constrictions are released in rank order alternate with
periods during which constrictions are applied in inverse rank order” (Mattingly 1981, p.
418). This is very similar to sonority scale where a narrow constriction such as that of a stop
is released into a segment with more open constriction such as a glide. According to
Chitoran, Goldstein and Byrd (2002), this will lead into a more overlap between segments.
This in turn will allow for a simultaneous transition of a big amount of acoustic information
about more than one phonetic element. According to this view, the clusters with the
maximum amount of overlap which still can be recoverable are preferred and tolerated. The
ones with the drastic change in their closure which block their recoverability are not tolerated

and hence abandoned. According to the data presented in (4) and (5) above, the consonant

cluster in [&@mr] “order” is tolerated while the one in [sabr] “patience” gets simplified. Both

clusters in the coda start with a stop and are followed by a liquid; however, the stop in [@&mr]

is a nasal which involves velum lowering and labial closing gestures whereas the oral stop in
[sebr] only has labial closing gesture. The maximum modulations in several acoustic
parameters simultaneously will raise the salience of an acoustic signal (Kawasaki 1984;

Ohala 1990). The existence of two gestures for nasal stop will secure a bigger load of

acoustic information compared to oral stop where only one of these gestures is present.

Therefore, the first consonant in [@&mr] is acoustically more salient making the cluster more
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stable while the first consonant in [sabr] is less salient. This leads into reducing the final

consonant which renders the first consonant more salient. The analysis provided here for the
clusters violating SSP offers a more uniform account which is in conformity with the
articulatory and perceptual tenets of coronal stop deletion discussed later in the study.

The following sections present the four major categories of clusters with or without

simplification with no violation of SSP.

2.4 Different Categories of Cluster Simplification in Persian

In this section I will provide different patterns of cluster simplification in Persian.
This language does not have a very complicated pattern of cluster simplification when SSP is
not violated. It displays a strong preference for stop deletion, similar to other languages such
as English, Québec French, Hungarian, Icelandic, and Attic Greek (Browman & Goldstein
1990; Bayley 1994; Coté 2000). The stop class which is mostly targeted in Persian is limited

to one place of articulation, namely coronal. Coronal stops in cluster-final position get
deleted after all types of consonants except glides, liquids, and the nasal /m/. The other
consonants such as fricatives, nasals, and liquids do not get deleted in the final position.
There are also some non-coronal consonants which are deleted in some restricted
environments, but they are still obstruents.

In order to describe the behavior of clusters which do not violate the SSP, a four way

classification of the clusters is made in this study. The first category is the coronal stop-final

clusters which optionally simplify. These clusters have stops, fricatives and the nasal /n/ as

the first element in the cluster (i.e., C;). The second category is the coronal stop-final clusters
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which never simplify. These clusters have glides, liquids and the nasal /m/ as C;. The third

category is the non-coronal stop-final clusters which get simplified. The members of these

clusters all share their place of articulation. They are clusters such as /mb/, /mp/, /fv/, and

/ng/. The final category is the non-coronal stop final clusters which never show

simplification. This category is the biggest among the four discussed here. The coronal stop-

final clusters which simplify are presented first.

2.4.1 Coronal Stop-final Clusters with Simplification

The coronal stops /t/ and /d/ show unrestricted deletion after stops, fricatives, and /n/.

They comprise the sequences stop + /t/ (a-d), fricative + /t/ (e-1), stop + /d/ (m-n), fricative +

/d/ (0-s), and /n/ + /d/ (t-u). List (7) below presents examples for this category.

(7) a. /rebt/
b. /zzbt/
c. /veqt/
d. /seqt/
e. /nzft/
f. /moft/
g. /dust/
h. /dorost/

1. /loyt/

[reeb]
[zzb]
[veex]
[seq]
[neef]
[mof]
[dus]
[doros]

[lox]

“relation”
“record”

“time”
“abortion”
“Oil”
“ﬁ,eei’
“friend”
“right”

“naked”
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J. Isext/ — [s&y] “difficult”

k. /doroft/ — [dorof] “large”

1. /zeft/ - [zef] “ugly”
m. /eqd/ — [&q] “engagement”
n. /neqd/ — [nz(q] “cash”
o./qesd/ — [qes] “intension”

p. /fasd/ — [fas] “phlebotomy”
g./rofd/  — [rof] “orow”
r./dozd/ — [doz] “thief”

s. jezd/  — [jez] “a city”

t. /bolend/ — [bolaen] “tall”

u. /tferend/— [tferen] “non sense”

Coronal stops can appear after almost all types of consonants in Persian. The final
consonants of the above clusters are typically deleted in fast/casual speech. No experimental
work has been reported on the simplification of these clusters yet. The few studies which
have focused on the simplification of clusters in Persian are either limited to glottals (Darzi
1997; Shademan 2003; Sadeghi & Bijankhan 2007) or have taken a descriptive approach in
their study (e.g., Darzi 1997; Assadi 2007). The following section introduces the coronal

stop-final clusters which do not simplify.
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2.4.2 Coronal Stop-final Clusters without Simplification

Similar to the first category, this group has coronal stops in the final position;

however, they are preceded by different segments. These clusters include sequences glide +

Jt/ (a-b), liquid + /t/ (c-9), /m/ + /t/ (g), glide + /d/ (h-i), and liquid + /d/ (j-m). They have

either liquid or glide as C; except for /m/ + /t/. Unlike the first category, C, (i.e., coronal

stops) in these clusters does not get deleted. List (8) below presents some examples for the

sequences attested in this category.

(8) a./bejt/ —
b. /sajt/ —

c./qelt/ —

d. /volt/ —

e. /fert/ —

f. /tfort/ —

g. /semt/ —
h. /ejd/ —
1. /sejd/ —

J. /dzeld/ —

k. /dzeld/ —
l. /xord/ —

m. /bord/ —

[bejt]
[sajt]
[qeelt]
[volt]
[Jeert]
[tfort]
[seemt]
[ejd]
[sejd]
[dzeld]
[d3eeld]
[xord]

[bord]

“verse”

“location”

“roll”

“unit of measurement”
“condition”

“nap”

“direction”

“holiday”

“trap”

“cover”

“fast”

13 29

ate

“tOOk”
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These clusters do not simplify despite of the fact that they all have coronal stops as
C,. Darzi (1991) in his study on consonant cluster simplification in Persian has not included
this category in the analysis. The non-coronal stops or fricatives which simplify are

presented next.

2.4.3 Non-coronal Stop/Fricative-final Clusters with Simplification

In addition to coronal stops which are deleted in the final position, there are some

non-coronal stops or fricatives which also get deleted as C,. These are /m/ + /p/, /m/ + /b/, /n/

+/g/, and /f/ + /v/. List (9) provides some examples of this category.

9 a./pomp/ — [pom] “pump”
b. /lamp/ — [lam] “bulb”
c./bomb/ — [bom] “bomb”
d. /polomb/ — [polom] “seal”

e. /reng — [ren] “color”
f. /zeng/ — [zen] “ring”
g jefv/ — [ef] “forgive”

The clusters in (9) show unrestricted deletion of the final consonant. Assadi (2007)
reported that labial consonants are deleted the least in Persian, but does not specify the
position of these consonants in the syllable. The non-coronal stop-final clusters which do not

simplify are the last category presented.
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2.4.4 Non-coronal Stop-final Clusters without Simplification

This is the biggest category where C, is not a coronal stop and the clusters never

simplify. These clusters are /jl/, /jr/, /km/, /lm/, /rm/, /jm/, /tn/, /jn/, /mn/, /bk/, /1k/, /nk/,
/tk/, /sk/, 1tk/, /§k/, /ik/, /rg/, /ds/, /ts/, /ks/, /1s/, /ms/, /ns/, /ts/, /xs/, /qs/, /bs/, /fz/, /mz/, /nz/,
/rz/, Iqz/, bzl, jz/, Itx/, [1x/, tx/, /sx/, /fq/, 19/, /rq/, /sq/, /'mq/, /tq/, /§q/, /zq/, /bq/, /1f/, f/,
Itfl, Istl, ittl, /581, ifl, 1zE], /qfl, /vvl, 1§, 1zvl, Iqv/, /1b/, b/, /tb/, /sb/, /tbl/, /jbl, Izb/, qb/,

/p/, Nt/, /mt/, /rt/, /1d/, /md/, /rd/, and /jd/. The list of words given in (10) provides some

examples.

(10) a./pefm/ — [pefm] “wool”
b. /remz/ — [remz] “secret”
c./derz/ — [deerz] “stitch”
d. /keff/ — [kaff] “discovery”
e. /nesb/ — [nasb] “installation”
f. /efq/ - [efq] “love”

The clusters presented in (10) remain unaffected by simplification. The previous
studies on consonant deletion in Persian have not drawn a clear distinction between these
four categories which do or do not simplify. There is no articulatory data available to see
whether the simplification process is complete or incomplete. Moreover, none of these

studies has addressed the optional simplification trait of the clusters which do simplify.
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In general, the four categories presented above show that there are some consonants
which have greater tendency to get deleted. It was shown that coronal stops are better targets
for deletion compared to labials and dorsals. It seems that the simplification of a consonant
cluster has a direct relationship with its adjacent segment. A summary on the status of the
consonant clusters which do or do not simplify is given in Table 2.2. The groups of clusters
which do simplify are five: the ones with coronal stops as C, (i.e., the target of this
dissertation) are marked with vertical shading; the homorganic C; and C, are marked with
dark horizontal shading; the ones violating SSP are marked with dark up diagonal shading.
The ones which violate SSP and lead into CL are sub-divided into two groups: the ones
marked with light down diagonal shading delete C, and the ones marked with grids delete
C;. The cells in white are attested clusters which do not simplify and the ones in gray are not
attested clusters. The following legend is provided as a guide for this classification and Table

2.2.

Non-attested clusters

Attested clusters with no simplification

Coronal stop-final clusters with simplification

Homorganic non-coronal stop clusters with simplification

7 Clusters violating SSP with simplification
|

m Clusters violating SSP with simplification & CL (C, deletion)

HHHHHHH Clusters violating SSP with simplification & CL (C, deletion)
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Table 2.2 Possible consonant clusters and their simplification status
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This chapter presented different categories of consonant clusters including coronal
stop-final clusters which simplify in specific contexts. The true nature of coronal
simplification is still unclear. The open question is whether the simplification process is
gradient or categorical and whether there are any residual gestures left when clusters get
simplified. The next question is whether this is a language-specific process and planned or
whether it is a low-level phonetic effect and mechanical. Articulatory data gives us an
optimal window to look at these questions. The next chapter reviews related articulatory
studies. The ultrasound imaging and innovations of the study are also discussed in this

chapter.
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Chapter 3

Previous Studies of Consonant Articulation and Coronal Deletion

This chapter will review a number of studies on consonant articulation and coronal
stop deletion. The first section covers the research which shows how syllable position and
speech rate can affect the timing between the gestures. In the second section a review on
coronal stop deletion in Persian will be presented followed by a discussion on their special

status.

3.1 Articulation of Consonants

The purpose of the articulatory study in this thesis is to investigate the production and
deletion of word-final coronal stops in Persian fast/casual speech, specifically whether the
coronal is truly deleted, or if a coronal gesture is being produced, but not heard, because it is
obscured by the adjacent consonants. According to Articulatory Phonology, the gestures of

the deleted segments can still exist even if those segments are not heard. Scobbie, Stuart-

Smith and Lawson (2008) investigated the production and perception of Scottish English /r/

which is undergoing derhoticisation. Their articulatory results showed that even in cases

where the acoustic correlates (i.e., raising of F2 and steep lowering of F3) of the canonical

Scottish /r/ is missing, the gestures related to /r/ production are sometimes present.

Ultrasound tongue images showed that the lack of /r/ perception in these cases is due to the

delay in tongue-tip raising movement in /r/ production rather than the total deletion of /1/-

related gestures.
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Previous studies have shown that language users tend to employ different strategies
for the simplification of consonant clusters in different positions (e.g., Gafos 2002; Han
2006; Ramirez 2006). These strategies include vowel insertion and consonant deletion. These
studies have provided various explanations for such different preferences in word positions.
A number of studies have shown that the consonants in onset or prevocalic position have
different gestural patterns compared to those in coda or post-vocalic positions (e.g. Ohala &
Kawasaki 1984; Krakow 1989; Browman & Goldstein 1992, 1995; Sproat & Fujimura 1993;
Wang 1995; Byrd 1996a, 1996b, Fougeron & Keating 1997; Gick 2003; Gick, Campbell, &
Tamburri-Watt 2006; Kochetov 2006). These “syllable position” effects explain the variation

caused by the relative timing between gestures and also the degree or magnitude of

constriction. Sproat and Fujimura (1993), for example, in a study of light /1/, which happens

syllable-initially (e.g., lease) versus dark /1/ which appears syllable-finally (e.g., seal) in

English, stated that the production of /1/ involves two coordinated gestures of vocalic dorsal

and consonantal coronal conducted by tongue body (TB) retraction and tongue tip (TT)
closure, respectively. Acoustic and X-ray microbeam data showed that the order of these two
gestures differs between onset and coda positions. The vocalic gesture preceded the
consonantal gesture in codas, whereas it slightly lagged or was almost synchronous with the
TT closure in onsets. Sproat and Fujimura consider gestures as inherently gradient (unlike
phonological features, which are categorical) and conclude that allophonic variation is not

categorical at the gestural level. They emphasize that the discussion about allophonic

variations like syllable-initial and syllable-final /I/ may obscure the broader generalization

relevant to all syllable-initial and syllable-final consonants.
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Giles and Moll (1975), using high-speed lateral cinefluorography, reported that the
magnitude or the degree of constriction of tongue tip gestures also varies syllable-initially
versus syllable-finally. Tongue tip raising achieves its target consistently in the syllable-
initial position whereas it lacks complete closure and is smaller in magnitude syllable-finally.
Giles and Moll consider “final reduction” as an effect which only applies to syllable-final

allophones.

Gick (2003) examined the pre- and post-vocalic allophones of /1/, /w/, and /j/ to

identify the consonantal and vocalic gestures of these segments in different positions. Two

gestures (i.e., consonantal and vocalic) were measured for /1/ and /w/ while only one gesture

was considered for /j/. Lip aperture (LA) for the syllable-initial /w/ was found to precede the

equally open tongue body (TB) backing gesture in the syllable onset, while the two were
near-synchronous in the syllable coda. The results for other segments did not show any

specific pattern.

In another study conducted by Browman and Goldstein (1995), the timing of gestures
for nasals and laterals in American English was examined. Each phoneme consists of two
gestures: nasals involve velic opening and oral closure gestures while laterals involve tongue
tip and tongue dorsum movements. The results of MRI and X-ray for the syllable-initial
(e.g., meet) versus syllable-final (e.g., feam) nasal showed that the velum lowering and
labial closing gestures are almost synchronous syllable-initially whereas the labial movement
lags behind velum lowering gestures in syllable-final nasals. The finding of this study for
laterals was similar to Sproat and Fujimura’s (1993) results. The overall results of these two

studies show that the vocalic gestures tend to be closer to the nucleus or synchronous with
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consonantal gestures in the initial position while gestures with narrower constrictions (i.e.,
tongue tip movement) tend to lag behind the gestures with wider constrictions (i.e., tongue

dorsum or velum lowering gestures) in syllable-final position.

According to the Articulatory Phonology approach, gestural constellations have some
intrinsic configurational properties which can identify syllable-initial and syllable-final
consonants without resorting to the syllable as a prosodic constituent. In this framework, the
consonants preceding a vowel or following it have a different phasing or spatial displacement
with respect to the vowel. Therefore, this approach considers different gestural patterns for a
consonant in onset versus coda position. According to this framework, consonants in onset
and coda positions are unlikely to be the same, unless they undergo alternations. As a result,
the allophones of a specific phoneme are specified by the timing of their component gestures

to those of surrounding segments.

In another study, Kochetov (2006) examined the “syllable position” effect in Russian

using the palatalized and non-palatalized voiceless labial stops /pj/ and /p/, and the palatal

glide /j/. This study investigated the inter-gestural timing and the internal gestural properties
of these consonants using an Electromagnetic Mid-sagittal Articulometry (EMMA) system.
The two coordinated oral gestures in the production of the palatalized consonant /pj/ chosen

in this study allows for examining the timing of the two gestures in syllable-initial and

syllable-final positions and comparing it with the timing of the same gestures in /pj/ and /jp/

sequences. The results of the study show major differences in syllable position effects for the

same consonants. The syllable-final consonants showed more variation in timing and
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magnitude compared to syllable-initial consonants. They also showed variation in the
amount of lag between more open and more closed gestures across languages. The two
gestures existing in the Russian palatalized stop showed more positive lag in onset position
and were more synchronous or had less negative or positive lag in coda position. This differs

from the timing pattern found for English nasal and laterals (see Sproat & Fujimura 1993;

Browman & Goldstein 1995); however, it is similar to the one observed for English /w/ (see

Gick 2003). These studies, in general, show that the different allophones of the same
phoneme are generally the result of variation in the intergestural timing and magnitude

patterns of the same gestures.

In addition to the role of syllable position in orchestrating the phasing relationship
between different gestures in the same segment, research has shown that other extralinguistic
factors influence them as well. The rate of production, which is one of the distinguishing
factors between deliberate canonical speech and connected casual speech, has proved to
influence gestural orchestration and consequently the rate of deletion as well (Gay 1981;

Barry 1985; Kaisse 1985; Byrd 1994, 1996a, 1996b; Byrd & Cheng Tan 1996; Kirchner

2001). Byrd and Cheng Tan (1996) investigated [s#q], [g#s], [g#d], and [d#g] sequences to

see whether an increase in speech rate affects all the consonants in the same way. The results
of the study for some speakers showed that consonants become shorter as speech rate

increases and this reduction happens somewhat more consistently in coda than in onset

position. This study also showed that stops [d] and [g] are more likely to reduce than the

fricative [s], and that coronals show greater reduction than the velar [g].
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In another study Zsiga (1994) investigated whether an increase in speech rate would
affect the formant transition between V C; and C,. She tested this hypothesis by examining

the temporal overlap of the two closure gestures in word-final alveolar stop as a function of a

following word-initial /p/, /t/, or /k/ in VC;# C,V environment. The results of this study

showed that, taking the ratio of vowel duration to consonant closure duration as the criterion
for measuring rate, C, increasingly dominates the transition as rate increases. Zsiga
concluded that the manipulation of rate would result in greater temporal overlap between

gestures. Giles and Moll’s (1975) study also showed that the tongue tip contact with the
alveolar ridge was attested for final /1/ at the conversational rate but was dropped at the faster
rate. Various explanations have been proposed for the higher rate of reduction in fast/casual
speech. Kirchner (2001), for example, proposed that the effort needed to achieve some
constriction target at a fast speech rate is higher than the effort needed for the same

constriction at a slower rate. He argues that this is the main reason for having more deletion

in fast speech.

This section reviewed factors which could affect gestural timing. Since this thesis
investigates the deletion of coronal stops, their simplification and the special status of

coronals is discussed in the following section.

3.2 Coronal Stop Deletion

Persian exhibits the deletion of final coronal stops in fast/casual speech in a sequence

of consonant cluster (i.e., C;C,#) where C; is either a stop, fricative or homorganic nasal /n/

and C; is a coronal stop. The deletion of C, does not occur when the preceding consonant is a
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liquid, glide, or non-homorganic nasal /m/. The following lists adapted from Falahati (2008)

provide some examples for the deletion and non-deletion of coronal stops in Persian.

(1) Deletion of coronal stops

a. /zebt/ — [zab] “record”
b./®qd/ — [&q] “engagement”
c. /naeft/ — [neef] “oil”

d. /dust/ — [dus] “friend”
e./dozd/ — [doz] “thief”

f. /suyt/ — [suy] “burnt”

g. /veqt/ — [vay] “time”

h. /boleend/ — [bolan] “tall”

(2) Non-deletion of coronal stops

a./bejt/  — [bejt] “verse”

b. /ejd/ — [ejd] “holiday”
c./qelt/ — [qelt] “roll”

d. /dzeld/ — [dzeld] “fast”

e. /fert/ — [fert] “condition”
f. /xyord/ — [xord] “ate”

g /semt/ — [semt] “direction”
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Word-final coronal stops have been the focus of a variety of studies, because they
frequently undergo deletion when followed by another consonant (Guy 1980; Avery & Rice
1989; Browman & Goldstein 1992, 1995; Byrd 1992, 1996; Coté 2000, 2004a, 2004b;
Falahati 2008, 2011). The special status of coronals versus the other two main articulators
(i.e., labial and dorsal) has been investigated in different studies (Davis 1991; Paradis &
Prunet 1991 among others). Some of the studies ascribe the peculiar status of coronals to
their unmarked nature. Those supporting this approach have laid their reasoning on either
purely theoretical or empirical bases. The lack of specifications for place features in the
underlying representation is the main argument for those holding an abstract view while high
frequency (Kent 1983) as well as early acquisition in L1 (Viham, Ferguson, & Elbert 1986)
are provided as empirical support. Those claiming for the unmarked nature of coronals
consider their appearance as epenthetic segments, freer distribution, and their active role in
assimilation to support their idea.

Despite the special behavior of coronals, McCarthy and Taub (1992) argue that even

unmarked plain coronal alveolars such as /t/, /d/, /1/, /r/, and /n/ must be specified for the

[coronal] feature. They provide some empirical evidence showing that both unmarked plain
alveolars and marked dentals or palato-alveolars behave in the same way and should belong
to the same natural class. This includes restrictions on syllable-initial cluster and syllable
shape where all coronals behave in the same way. This makes the argument for coronal
underspecification somewhat unfounded.

The problem with the underspecification approach and the widespread adoption of
Optimality Theory gave way to an account for the asymmetry between coronals and

noncoronals using hierarchies of place markedness constraints. Prince and Smolensky (1993,
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2004) introduced a ranking which shows that the constraint against coronal place is
intrinsically ranked lower than the constraint against labial and dorsal place features;
however, there are some studies which have provided some contradictory evidence showing
this is not the case. Kang (2000), for example, in her study of phonetics and phonology of
coronal markedness and unmarkedness provides a long list where coronal stops act as
marked segments in a large number of languages. This list shows that the markedness pattern
of coronals is attested in phonological processes such as assimilation, metathesis, morpheme
structure constraint, and deletion.

An examination of coronal consonant inventories across world languages has shown
that there are higher ranked constraints against having these sounds. Maddieson (1984)
revealed that the maximum number of coronal segments that can occur in a language is
smaller than the potential places of articulation attested phonetically for them.

The unmarked nature of coronals is further contradicted by the claim that coronal
gestures are intrinsically more difficult to articulate than dorsals (Hardcastle & Roach 1977).
Arguing in the same direction, Browman & Goldstein (1992) have suggested that the greater
tendency for the reduction of coronals in coda position may be the result of the tendency of
the tongue tip to rest on the floor of the mouth during vowels. The tongue tip of coronals
needs to move further compared to the tongue body or lips for dorsals and labials to form a
closure. This view takes economy of articulation into view which gets close to Kohler’s
(1990) argument that apical gestures are physiologically marked compared to tongue dorsum
and lip gestures. Kohler attributes this to the greater precision of timing and muscular
coordination needed to produce apical segments. He states that the articulation of these

segments is linked with more intrinsic tongue muscles. Noncoronals, on the other hand,

57



require a more global gesture using large extrinsic tongue muscles in conjunction with
continuously present jaw movements.

There are also some other studies which have attributed the asymmetry of reduction
between coronals and non-coronals to the high frequency of coronal consonants in languages
(e.g., Kent 1983). According to this view, the high frequency of coronal consonants gives to
listeners a better chance to decode the speech easily and allows speakers to be more sloppy.
This means that articulatory precision is not at a high need. In general, studies regarding the
higher rate of coronal deletion compared to other consonants attribute it either to weaker
perceptual cues or to greater articulatory demands.

This section showed that the true nature of coronal stop deletion is still unclear.
Articulatory data can offer very valuable information on this issue. The following section
introduces the ultrasound technology which is used for collecting articulatory data in this

study.

3.3 Ultrasound Imaging of the Tongue

In order to address the research question of this study, ultrasound data and acoustic
recordings were collected. A large number of studies on articulation have used ultrasound as
a reliable means for collecting data. Ultrasound is an appealing technology which has
increasingly been used in different speech production studies in recent years (Davidson &
Stone 2003; Mielke, Baker & Archangeli 2005; Mielke, Baker, Archangeli, & Racy 2005;
Mielke & Archangeli 2005; Davidson 2007; Baker, Mielke & Archangeli 2008; Scobbie et
al. 2008; Mielke 2009; Proctor 2009; Mielke, Olson, Baker, & Archangeli 2011). This
technique provides a holistic picture of tongue shape changes over a period of time. It uses

ultra high-frequency sound waves to create movies of tongue motion. In most speech-related
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applications of ultrasound, researchers have focused on collecting data from the midsagittal
contour of the tongue, although coronal slices have also been analyzed (Slud, Stone, Smith,
& Goldstein 2002). Stone (2005) considers ultrasound as having advantages over other
existing technologies (e.g., X-ray, EMMA, MRI, and X-ray microbeam) used for imaging
the vocal tract. She enumerates the positive points of ultrasound as being non-toxic, high
resolution, inexpensive, portable, and comfortable for subjects. Moreover, due to the wide
area of tongue captured by the ultrasound beam, it can provide valuable information about
tongue shape and gestures during speech. Like other technologies, this technique also has
some limitations. Poor imaging with some speakers, lack of transparency in some images,
and the need to fix the probe relative to the head are some of the challenges of using
ultrasound. In general, this technology has advantages over others which are toxic (e.g., X-
ray) or not easy to carry and use due to their costs (e.g., X-ray, MRI, EMMA, X-ray
microbeam). Some of these devices like X-ray microbeam and EMMA are limited to
capturing only a number of points of the tongue surface. Due to the wide application of
ultrasound in capturing tongue gestures and its advantages listed above, this technology is
being used in the experiment of the current study. The following section introduces the

methodological innovations of the study.

3.4 Methodological Innovations of the Study

This study used ultrasound tongue imaging to capture spontaneous speech. To the
best of my knowledge, there is only one study which has been reported to collect natural
speech. Scobbie, Stuart-Smith, and Lawson (2008) used ultrasound technology to provide a

sociolinguistic and phonetic analysis of Scottish English derhoticization. The first results of
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this study showed that different tongue shapes are used to articulate /r/, with contextual and

speaker variation. No formal analysis of the data has been published yet.

The current study also used ultrasound technology to measure gestural dynamics.
This measurement has been usually done before using point-tracking methodologies, like
EMMA (and before that, X-ray microbeam). Each of these methods has advantages and
disadvantages. The advantages of EMMA are that it has better time resolution, flesh point
data, and it is easier for data extraction. But ultrasound can measure the movement of any
part of the tongue surface one can image, such as tongue root and tongue dorsum. Both X-
ray microbeam and EMMA could only capture a limited number of points of the tongue
surface. Due to the limitations imposed by gag reflex in EMMA, it is extremely difficult to
capture the motion or shape of the tongue root. Moreover, there is always the chance of
missing a significant portion of the tongue contour which happens to be between two
receivers.

Derrick & Gick (2011) used ultrasound to study variation in the production of

flap/tap allophone of North American English /t/ and /d/. The kinematic-articulatory patterns

observed in the tongue images showed free variation of the allophones across repetitions of
everyday words. The ease and efficiency of ultrasound technology has provided the
opportunity to open the valuable sources of information about individual differences in
speech production which have been previously missed by alternative methods of generative
phonology.

In this study, I used Ultrasound Stabilization Headset which holds probe steady and
allows natural head movement during the recording. Using headset ensures that the radii are

equivalent across all tokens from the same session. Additionally, comparisons were made
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between distributions of gestures, with a novel application of SSANOVA. In this study, the
x-axis and y-axis display time and the distance between the alveolar ridge and tip/blade of
the tongue, respectively. The following chapter introduces the methodology of the acoustic
experiment and presents its results and analysis. A discussion section on the acoustic results

will conclude this chapter.
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Chapter 4

Acoustic Experiment

The main goal of the acoustic experiment is to see whether there are any acoustic

cues left after the deletion of the word-final coronal stops in consonant clusters. Coronal

stops can be optionally deleted when preceded by obstruents or the homorganic nasal /n/ in

Persian. This experiment is designed to see whether the simplification of the consonant
clusters is complete or incomplete. In general, this chapter pursues the following two

questions:

1. Is the process of coronal stop deletion in Persian categorical or gradient?

2. Are there acoustic cues to the presence of coronal gestures in simplified clusters?

In order to address these questions, the following experiment is designed. The
methodology of this experiment is introduced in section 4.1 followed by the results and

analysis in 4.2.

4.1 Methods of Acoustic Experiment
4.1.1 Subjects

The subjects of the study were 10 Persian-speaking graduate students from the
University of Ottawa and Carleton University, five male and five female, aged 25-38. Three
(two male and one female) were excluded from the analysis due to poor imaging and other

technical issues. All the participants in the study had lived in the Iranian capital city and had
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Tehrani Farsi accent. All of them had finished at least their undergraduate studies in their
home country. In their speech, they showed no dialectal features that would suggest some
other accent other than the target of this study. None of the subjects reported any hearing

problem. They were not aware of the objectives and the questions of the study.

4.1.2 Procedures

The acoustic data was collected during the articulatory experiment (the articulatory
experiment is introduced in Chapter 5). Acoustic signals were captured using Shure
condenser microphone mounted close to subject’s mouth and USBPre2 microphone preamp
and A/D convertor. A desktop computer and the Audacity software were used in audio

recordings. Data were recorded at the sampling rate of 44.1 KHz/16 bits.

4.1.3 Data Analysis

The recorded speech was transferred from a digital recorder to a personal computer
for analysis. At the beginning, all the sound files related to target wor