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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”, /s u/X‘Hurnt” and /qasd/ “intention” are optionally simplified in fast/casual speech,

resulting in: [naef], [S u],)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 /reeft/ “went”, /d u /X‘d®ew” and /qaesd/ “intention” are optionally simplified in

fast/casual speech, resulting in: [reef], [d u]xand [qaes]. 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 bgmasbi] 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 optionalnature 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



impossibleby 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 gqor
S u s a n wheraassidnilation 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 tompathan 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/habitua) confess/confessignuirs; however, this process is optional at the post-lexical
level as in the phrases made yownd please yourseliThe 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 /[e?r/ “poem”, /zohr/ “noon”, and /sobh/
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“morning”, for example, turn into [[er],[z @],;and [s ®]' 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
randomlydelete the consonant because of physical or physiological constraints. The other
approach could be that speakers consciouslylan 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 decideto 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.
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1.5 Role of the Listener and the Speaker in Sound Change
151 Ohal ads Sodelnd Change M

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: hypocorrectiorand 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.

15. 2 Bl evinsdéd ®8dlund Change M

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

/t[i/ 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 ...As produced as [ ...W ...Jwhere the phonemic labial

/k"/ is followed by a rounded vowel. The listener will hear this correctly as [ ..k ...]but

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

adjacent vowel and take it underlyingly as /...K u ..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 Li ndlodelomdés M
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 X
Affricate tf dz
Nasal m n
Lateral 1
r
Glide j h
5

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 /& to show the front low vowel

and Darzi (1991) and Mahootian (1997) used /& 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 /7?/ 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 /7/ 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).
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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,f t |, t,[sttd,,sd, fd.f g, sqs k. qf,k/z

Examples: /naesb/ “installation”, /hezb/ “party”, /haeft/ “seven”, /dorost/ “right”,
/I o/¥ntked”,/ z e/ fugly”, /r o/f‘gdowth”, /qeesd/ “intension”, /mozd/
“payment”, /b €y/ “a city”, /fesq/ “sinful act”, /e [ ‘oke”, /rezq/
“daily bread”, /m ak/ “mask”, /X 0 [“d&y”’

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

Examples: /bomb/ “bomb”, /d gnb/ “next”, /pomp/ “pump”, /seemt/ “direction”,
/eemd/ “intentional”, /t afraend/ “nonsense”, /omgq/ “depth”, /b ak/
“bank”, /reen g“éolor”
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liquid-stop /p, 1b, 1b, 1t, 1t, 1d, rd, Iq, rq, k, rk, rg/

Examples: /alp/ “name of a mountain”, /qelb/ “heart”, /sorb/ “lead”, /qalt/ “roll”,
[t [“oap”t /d 3 é‘coster”, /X O r<ael’, /xelq/ “creation”, /[arq/
“east”, /melk/ “land”, /teerk/ “depart”, /meer /g‘death”

glide-stop /'ib, ?2b, jd, hd, ?2d, ht, jt, jkI

Examples: /qejb/ “unknown world”, /r o /?“tbar”, /ejd/ “holiday”, /mahd/ “cradle”,
/be? d“dfter”, /techt/ “under”, /bejt/ “home”, /pejk/ “messenger”

stop-fricative /| ds, ks, qs, bs, qz, bz, b[ , qlf .

Examples /heeds/ “guess”, /&ks/ “photo”, /raeqs/ “dance”, /habs/ “imprison”,
/maeqz/ “mind”, /nabz/ “pulse”, /naeb [“dorner”, /neq [“@icture”, /lotf/
“kindness”, /vaeqf/ “devotion”, /leqv/ “cancellation”, /baedv/

“beginning”, /teeb X‘“took”
fricative-fricative / f s,fz, xXx z ,s fff,zf,f vx,] zv, fv, fx, sx/

Examples: /naefs/ “nature”, /[aeX B“person”, /hefz/ “keep”, /X £‘take”, /keef [ /
“shoe”, /pex [“distribution”, /nesf/ “half”, /kee f‘discovery”, /haezf/
“deletion”, /na&e M‘growth”, /ozv/ “part”, /efv/ “forgive”, /naf X /
“flatulence”, /fas X‘dbolition”

nasal-fricative /ms, ns, mz, nz, nf, mf, nx/

Examples: /lems/ “touch”, /[ s/ “chance”, /remz/ “code”, /tenz/ “joke”, /senf/
“job”, /[ e nfpullion”, /s e nkind”

liquid-fricative /| s, r s,, Irfv,, ,rfr,z, | x,J /r X

Examples: /sols/ “one third”, /qors/ “pill”, /serf/ “only”, /teel ¥Witter”, /s o r“rgd?,

/serv/ “cypress”, /derz/ “seam”, /t 0 Fsdur”
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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:

I hs, js, ?s, hz, jz, 2z, jf, 2,

/baehs/ “discussion”, /hejs/ “direction”, /je? /S‘disappointment”, /meachz/
“for”, /fejz/ “honour”, /vee?z/ “preach”, /e | “foy”, /na? [“dorpse”,

/veh [“Wild”, /hejf/ “pity”, /za? f“Weakness”, /kaeh f ‘fcake”, /mahv/
“disappear”

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

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

/qaebn/ “loss”, /maetn/ “text”
/' sm, mzmf mxy sn, [n, zn, fn

/d 3 e/Sobject”, /mezm/ “order”, /[ 0 X ‘plough”, /t [ € ‘feya¥, /hosn/
“advantage”, /d @[ /if‘celebration”, /veezn/ “weight”, /deefn/ “bury”

/mn/

/emn/ “secure”

/lm, rm, rn/

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

/feehm/ “understanding”, /dejm/ “rain-watered”, /tee? mh"taste”, /zehn/
“mind”, /ejn/ “like”, /fa? N*dignity”

/bl, tl, dl, kl, ql, tr, dr, br, kr, qr/

/teb | drum®, /seetl/ “bucket”, /eedl/ “justice”, /[ e Kshape”, /aeql/
“mind”, /etr/ “perfume”, /qaedr/ “value”, /a&br/ “cloud”, /meekr/ “trick”,

/feeqr/ “poverty”
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fricative-liquid  /fr,s r zeifl,s 1 [, r ,z I X1/

Examples: /kofr/ “blasphemy”, /asr/ “afternoon, /ozr/ “excuse”, /0 [ ‘tdelgree”,
[esteX r“pool”, /qofl/ “luck”, /mesl/ “like”, /feezl/ “superiority”, /deX | /
“income”

nasal-liquid /ml, mr/

Examples: /haeml/ “carry”, /omr/ “age”

liquid-liquid

glide-liquid /20, ht, j1, hr, jrl

Examples: [ deg I“fbrging”, /eehl/ “inhabitant”, /mejl/ “tendency”, /zachr/ “poison”,
/qejr/ “else”

stop-glide / bh, dh, t h, qh, b?, t ?, q?/

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

“jurisprudence”, /r 0 b‘qiarter”, /qeet ?cut”, /veeq ?“fespect”
fricative-glide /sh, [ | , fj, s ?, f 2, z?/

Examples: /maesh/ “rituals of prayer”, /maf |‘nhethod”, /neefj/ “rejection”, /v 0 s ? /
“ability”, /nef ?Wenefit” , az/ NWituation”

nasal-glide / nh, /m?, n?

Examples: /konh/ “nature”, /d ®m ? ‘faddition”, /meen ?*prohibition”
liquid-glide /1 h, r h, | ?, r ?/

Examples: /solh/ “peace”, /[eerh/ “explanation”, /z e [‘silld”, /feer ?‘thinor”
glide-glide [ hyj, 2, 2]l

Examples: /veehj/ “revelation”, /b e [“s@llF, /s&? /|“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/, /X/, 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? O later” vs. /bad/ “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 /nzefj/ - [nzf]
b. /mee[ |-/ [mae]
c./[ekl/ - [fek]
d./qofl/ - [gof]
e./qebl/ - [qaeb]
f./eql/ - [eq]
g. /etr/ - [eet]
h. /ozr/ - [oz]
1. /sebr/ - [sa&b]

] /sefr/ - [sef]

(S k/XxX&@/ - [ xeg *x&

. /heezm/ - [heezm] *[haez]

m. /ezm/ - [®zm] *[ez]

n. /vezn/ - [vezn] *[vez]
o./omr/ - [omr] *[om]
p. /emr/ - [@mr] *[em]

g. /heml/ - [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

40



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/

i. /loxt/

—

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

[lox]

“relation”
“record”

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

“naked”
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i /sy - [see) “difficult”

k. /doroft/ - [dorof] “large”
1. /zeft/ - [zef] “ugly”

m. /eeqd/ - [eq] “engagement”
n. /neqd/ - [nx(q] “cash”
o./qesd/ - [qes] “intension”

p. /fasd/ - [faos] “phlebotomy”
q. /rofd/ -~ [rof] “grow”
r./dozd/ - [doz] “thief”

s. jezd/ - [jez] “a city”

t. /bolend/ - [bolaen] “tall”

u. /tfeereend/ -~ [t[aeren] “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. /[aert/
f. /tfort/
g. /semt/
h. /ejd/

1. /sejd/

J- /d3zeld/
k. /dzeld/
1. /xord/

m. /bord/

—

—

—

—

—

[bejt]
[sajt]
[qeelt]
[volt]
[Jeert]
[tfort]
[seemt]
[ejd]
[sejd]
[d3eld]
[d3eld]
[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. /lomp/ - [lom] “bulb”
c./bomb/ - [bom] “bomb”
d. /polomb/ - [polom] “seal”

e. /reng - [ren] “color”
f./zeng - [zen] “ring”
g. /efv/ - [eef] “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/,
ik/, /sk/, itk/, Ifx/, i/, g/, 1 ds/!, [ fsl, [ks/l, [1s]/],
Irz/, Iqz/, bz/, jz/, Ifx/, X/, Itx/, Isx/, Ifq/, /\q/, /rq/, /sq/, /mq/, /tq/, /[q/, 1zq/, /bq/, /1f], Inf/,
Itfl, Istl, it /11, ifl, 1zE], /qfl, ievl, /]vl, 1zvl, Iqvl, /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. /keeff/ - [kee[f] “discovery”
e. /nesb/ - [nasb] “installation”
f. /efq/ -~ [e[q] “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., sea) 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., meej versus syllable-final (e.g., teanm) 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#0], [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/ - [nef] “oil”

d. /dust/ - [dus] “friend”
e./dozd/ - [doz] “thief”
f./su/Xt - [sUux “burnt”

g /veqt/ - [V &X “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/ - [d3zld] “fast”

e. /Jert/ - [[ert] “condition”
f/xof d- [xo}f d “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,
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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 words were extracted
automatically using a Praat script’. Next, a Praat (Boersma & Weenink 2012, version 5.3.19)
TextGrid was used to mark the target coronal consonants (i.e., Cy) as well as the preceding
and following consonants (i.e., C; & Cs) and also the two vowels adjacent to the three
consonants in the middle. At the end, 662 tokens of word-final coronal clusters for the seven
subjects in the casual conversation were extracted. However, only 248 tokens, including 51
controls, were chosen for segmentation and acoustic analysis. They were chosen since their

corresponding articulatory data was available.

* Mielke, J. (2010). Praat Script for Automatic Word Extraction
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The segmentation was done in a way that one or two segments were captured before

V, and after V; as well. For example, in a word like ([neeft bara-j e il for”* )n addition to

V1C,C,C5V; (bold segments in the transcription), the preceding and following segments (i.e.,

[n] and [r]) were also included in the textgrid file. This was done so that V; and V; could be

segmented more accurately and reliably. Each stop consonant could be composed of two
parts: closure and burst. The closure part of each consonant was marked as C, or C; and the
related burst as B, and Bs. Since C; was always a fricative, no burst was marked for this
consonant. The following criteria were used in order to decide where the segmentation

needed to be done:

The start of V; is where the formants of V; are visible in the spectrogram and the
end of it is where the formants related to that ends.

- The start of C; is where the vowel formants disappear and the noise for fricatives
[X Jand [f] starts.

- The end of C; was the end of noise for fricatives as seen in the spectrogram.

- The start of C, burst, if present (marked as B,), was determined by an abrupt,
transitory aperiodic event as seen in the waveform and spectrogram which could
be followed by any subsequent aspiration.

- The start of C; was the earliest point in time that could be C;. This could be right
after the [t] release burst.

- The end of C; closure was where silence was finished.
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- The start of C; burst (marked as B3) was determined by an abrupt, transitory
aperiodic event as seen in the waveform and spectrogram which could be
followed by any subsequent aspiration.

- The end of C; was where the formants for V, started.

- The start and end of V, was where the glottal pulses start and end. When V, was
followed by another vocalic segment, an abrupt change in formants was used to

determine the boundary.

For the segmentation of the simplified tokens the following point was specifically taken into
account:
- Ifthere was sustained silence after C; with no acoustic evidence of [t], then a

point which could be the end of C; and the start of C3 was chosen.

The choice of where C; ends and where Cs starts was sometimes challenging since
the stop consonants are sometimes spirantized. Many of the stops were shown to be
spirantized, based on the presence of fricative-like acoustic features. The following figures

illustrate the waveforms and spectrograms of four tokens. Figure 4.1 and Figure 4.2 show the

segmentation of the unsimplified tokens ([r i X t splisledto” “)  @heefdba r $evert

times” )which have different V| and C,. Figure 4.3 presents the segmentation of the

simplified token ([haeft ba r $eved times” hnd Figure 4.4 shows the waveform and

spectrogram of the control token ([&laf bazi ]wasting time” )The following abbreviations

are used in the following figures: V; and V; represent vowels; C;, C,, and C; represent noise

or closure of obstruents; B, and Bs represent bursts of the related stops.

65



04784

(=]

-0.7494

P i HIH ,\lh
ewoni

6000 Hz

04272

-0.4103

{ i i iV » ]
+ ') ¥ A Y ¥
+ i y i b ' it e e +
srtat A e +
+ ] -t
1 ' i . *
e Ll et e, +
e 4 b b Eh o
l"' ! i i 8.5
L/ Ty ¥ '8 TN i
) ! .
[ofe + 4 8 o0 00 ofe ke v aina ¥l & ¥
A 1] 1

C2 |B21C3 |B3| V2

Figure 4.1 Waveform and spectrogram of unsimplified ([r i X t splksled to” )
for subject #2

6000 Hz,
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for subject #7
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Figure 4.4 Waveform and spectrogram of control ([la f b wagting]time®™ )
for subject #3

After the segmentation of the acoustic data was complete, the data were analyzed.

The next section presents the acoustic results and analysis of this experiment.
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4.2 Acoustic Results and Analysis

The main goal in this experiment is to investigate the acoustic consequences of
cluster simplification in Persian. In order to show whether the deletion of the coronal stop is
categorical or gradient, the acoustic traits of the tokens in the three conditions (i.e.,

unsimplified, simplified, and control) are examined. The tokens in the study with word-final

C+/t/ clusters were categorized as unsimplified when they contained an audible [t] and as

simplified when they did not. Additionally, a number of tokens such as ([ a&x K'ger d ]

cold”, [meruf bud] “was famous”, [la f  b*wazting]time” kerved as the control. If

cluster simplification results in a complete loss of the acoustic evidence for coronal stop /t/,

the simplified tokens should be indistinguishable from control tokens.

The duration of consonant clusters (i.e, C;C,C3), individual consonant (i.e., C;) and
vowel (i.e., V1) and formant transitions into and out of clusters are the dependent variables in
this study. Warner and Tucker (2011), in a study of stop reduction in English, found duration
as a significant cue to the reduced stops. Their study showed that longer duration is an
indicator of a clearer and less reduced consonant. Formant transitions were the next acoustic
parameter in the analysis. It is well established that transitions of the second and third
formants are cues for place of articulation in consonants (e.g., Liberman, Delattre, Cooper, &
Gerstman 1954). F2 and F3 and their slopes could indicate the presence of a residual coronal
gesture. In addition to F2 and F3, F4 was also included. Despite the fact that listeners are

shown not to be very sensitive to F4, some studies have shown that an F4 valley has a small

effect on the perception of a /t d/ in a reduced and flapping environment (Warner, Fountain,
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& Tucker 2009; Warner & Tucker 2011). Since the acoustic cues pertaining to coronal
gestures are the main goal of this chapter, F4 transitions were included in the analysis.

If coronal stop deletion is gradient in Persian, a prediction is that there could be some
acoustic traces of a coronal stop gesture present (even weakly) in some of the simplified
tokens. These properties are expected to be absent from the control tokens and fully present
in the unsimplified tokens.

Figure 4.5 below illustrates the percentage of simplified tokens in different
environments. According to this, when a coronal stop is followed by another stop, it gets
simplified 76% of the time (N =105) while it only simplifies 33% of the time (n = 19) when

utterance-final or followed by a vowel.

The percentage % of simplified tokens in two contex
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Figure 4.5 Percentage of the simplified tokens across different environments
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4.2.1 Statistical Analyses
In order to investigate the predictions made at the beginning of this section, duration
and formant transitions were considered as the acoustic parameters for measurement. As for

the results of duration, all the tokens were pooled and analyzed together. Since the simplified

tokens are missing all or a portion of the coronal stop /t/ gesture, duration could be

considered as the most basic cue for this type of analysis. In order to conduct this analysis,
the total duration of consonant clusters across simplified, unsimplified, and control
conditions was measured. In order to make the tokens in the three conditions comparable, the
utterance-final tokens or the C;C;s followed by a vowel were not considered in this analysis.
The box plots in Figure 4.6 present the average duration of the consonant clusters in the three

conditions. The x axis shows different conditions and y axis represents time in seconds.
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Figure 4.6 Duration of consonant clusters across three conditions
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In order to test whether there is a significant difference between the duration of the
clusters across the three conditions, a one-way ANOVA test was run. The null hypothesis is
that there is no significant difference in the duration means across control, simplified, and
unsimplified conditions. The results of the test with cluster duration as the dependent
variable found significant main effect of conditions (control/simplified/unsimplified) (p <
0.00001). Obviously, the next question to ask is where this difference lies. The pairwise
comparison results of post hoc Tukey HSD test showed that duration differed significantly in
unsimplified and simplified conditions at p < 0.00001 level. The pairwise comparison test
between simplified and control conditions, however, did not show any significant difference.

In addition to consonant cluster duration as an acoustic cue, the duration of the first
consonant (i.e., C;) and V; in simplified, unsimplified, and control tokens was calculated.
Figure 4.7 below presents the results for the duration of C; in the form of box plots. This
result shows that the duration of C; across all conditions is almost the same. However, the
result of the preceding vowel (i.e., V), as presented in Figure 4.8, shows a significant

difference in their duration.
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Figure 4.8 Duration of V| across three conditions

The run of a one-way ANOVA test with V| duration as the dependent variable found
significant main effect of condition (control/simplified/unsimplified) (p < 0.00001). A Tukey
HSD post hoc test found significant difference in the pairs unsimplified and simplified at p =
0.0001 level. The pairwise comparison test between simplified and control, however, did not
show any significant difference.

In addition to duration, the formant transitions of V; at specific timing steps were also
measured using a Praat script®. Two timing points in each vowel were chosen for analysis.

The first one corresponds to the last glottal pulse detectable in the waveform. The second

* Mielke, J. (2013). Praat Script for measuring formant frequencies.
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timing point was 80% of the vowel’s duration (i.e., 20% before the end of the vowel). This
point was chosen to make sure that the corresponding formant transition of each vowel is
fully captured. The slopes between the measurements made at these two timing points were
used to determine whether they differ across conditions. The slopes were calculated by
subtracting the frequency of the second timing point from the first timing point.

The segments following V; could affect formant transitions differently and this could
potentially confound the results. In order to eliminate the potential problem, [f] or [X] as C;
preceded by the most frequent V, (i.e., [&]) were selected and the corresponding formants
data was subjected to R for statistical analyses. Figures 4.9 - 4.11 below illustrate the
boxplots related to the slopes of the three formants (i.e., F2, F3, & F4) for V,=[&] and C,=
[f /] across simplified unsimplified, and control conditions. In the following figures the three

conditions are marked with their initial letters (i.e., “S, U, & C”) followed by their

corresponding C; context.
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Figure 4.9 Slope of F2 transition for V,=[&] and C,=[f /] a¢ross three conditions
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Figure 4.11 Slope of F4 transition for V= [&] and C,= [f/X] across three conditions

The results of three separate one-way ANOVA tests with formant slopes (i.e, F2, F3,

& F4) as dependent variables and the three conditions (i.e., control, simplified, and

unsimplified) and C; (i.e., [f] & [ N as factors in V= [&] environment produced almost

similar results. The results of F2 for conditions and C; as factors did not show any significant
difference (p= 0.303; p=0.701). Similar to F2, the same results for F4 were not significantly
different either (p= 0.465; p=0.782). However, the results of the ANOVA test for F3 showed
marginal significant difference for C; (p=0.041), but not across the three conditions (p=
0.848). A Tukey HSD post hoc test was run to find more about this difference. The results
did not show any significant difference in the pairwise comparisons. This marginal
difference could be due to different sensitivity to variability between ANOV A and pairwise

tests. None of the formant slopes showed a significant interaction between conditions and C;.
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In summary, the durations of both the entire consonant cluster and the preceding
vowel were significantly longer for unsimplified clusters than simplified clusters. None of

the formant slopes differed significantly across conditions or consonant context.

4.3 Discussion for Acoustic Results

The main goal of this chapter was to look for acoustic evidence that Persian coronal
stop deletion is incomplete. One would predict that simplified tokens, if they have residual
coronal gestures, could show some acoustic cues which fall between those of control and
unsimplified tokens. The acoustic parameters of duration and formant transitions were used
as the two dependent variables to test this prediction. The results did not show any
significant difference between simplified and control conditions, even though both
conditions differed from unsimplified clusters according to measures of duration and formant
transitions.

One observation was that although there was not a significant difference between the
control and simplified conditions, the distribution of simplified tokens is consistent with the
possibility that some of them are different from controls. As the duration of consonant
clusters across three conditions in Figure 4.6 above shows, the mean for simplified condition
is higher than controls. This shows that some of the simplified tokens are different from
controls and some of the simplified tokens are above the unsimplified mean.

The lack of any apparent acoustic differences between simplified and control tokens
suggests that deletion is in fact complete. If it is not complete, then the residual articulatory

gestures provide no acoustic evidence of their presence, leaving listeners no apparent way to

distinguish words with simplified clusters from words that have no underlying /t/. In order to
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explore this topic, an articulatory experiment was designed. The next chapter describes this
experiment and presents its results and analysis. A discussion on the articulatory results will

conclude this chapter.
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Chapter 5

Articulation Experiment

The main goal of this experiment is to investigate whether there are residual gestures

left after the simplification of consonant clusters in Persian. Word-final coronal stops can be

optionally deleted when preceded by obstruents or the homorganic nasal /n/. Articulatory

Phonology states that the simplification of consonant clusters could be due to the overlap
among adjacent segments meaning that a coronal stop which is apparently deleted, and has
no audible signal, could show some residual gestures. According to this approach, sound
patterns and processes in phonology happen because of two underlying reasons: gestural
reduction and gestural overlap. The reduction in the magnitude of individual gestures can
happen both in time and space. The results presented in Chapter 4 showed that simplified and
control tokens are indistinguishable acoustically, suggesting that coronal stop deletion is
complete and categorical. This experiment is designed to see how articulatory data can give a
fuller picture of this process. The other objective pursued in this study is to explore the
optional nature of the simplification process in Persian. In general, this experiment is

designed to address the following questions:

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

2. Are there any coronal gestures left after the simplification of clusters?

3. How do the results of this study account for the optional nature of cluster
simplification?

4. TIs there any inter-speaker variation regarding the magnitude of gesture overlap?
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5. Do different preceding and following segments overlap differently with coronal
stops?
6. Which of the sound change models receives more support based on the data and

results of this study?

In order to address these research questions, we should know what the tongue
tip/blade is doing at the time of the simplification process. We need a technique which
allows us to record the tongue movement in real time. The articulatory experiment is
designed to address all these issues. In this chapter, first the methods for the articulatory
experiment are explained. The results and analysis of this experiment are presented next. A

discussion section will be the last part of this chapter.

5.1 Methods of Articulation Experiment
Audio and real time ultrasound video recordings were made while subjects had a

guided conversation with a native speaker of Persian.

5.1.1 Subjects

All the information about participants is discussed above in section 4.1.1.

5.1.2 Procedures
Subjects were seated in an optometry chair located inside the sound booth in the
Sound Patterns Laboratory at the University of Ottawa, Linguistics Department. Prior to

recording, participants were given instructions regarding the initial stage of the experiment.
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They were told that they should hold a mouthful of water for a few seconds in order to
capture palate images. Then they were instructed how to produce clicks, which were used as
reference points to synchronize the ultrasound images with the acoustic signal. A reading
passage was also given to them so that they read and become familiar with it. They were
instructed to read the passage like a story in a casual way at the end of the conversation with
the researcher (see Appendix 2 for a copy of this passage). The main purpose for using this
passage was to ensure that there would be words ending in single consonants, to be used as

control tokens, with the idea that they would match the output of complete deletion, if it

occurs. For example, words ending in /ae X or /uf/ provide a basis for comparison with

simplified tokens of words ending in /ae X /tand /uft/. No attempt is made in this study to test

the role of different reading styles.

Real time images of the tongue were collected using a Terason T3000 ultrasound
system. Ultrasound images of the tongue were recorded with a scan rate of 60 frames per
second. One of the concerns when making ultrasound recordings is being able to maintain
the transducer probe in a fixed relation to the head. The transducer probe was placed under
the subject’s chin and was held steady by an Ultrasound Stabilization Headset from
Articulate Instruments. The ultrasound headset holds the transducer probe steady and allows

for a natural movement of the head. Figure 5.1 illustrates an image of the headset.
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Figure 5.1 Image of the headset

The transducer was placed in a way that it could capture tongue contours
midsagittally. Figure 5.2 below shows a picture of the experiment set-up. The microphone is

mounted on the arm that extends in front of the subject.
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Figure 5.2 Image of experiment set-up

After the subjects held water in their mouth and produced three clicks, a casual
conversation with the researcher of this study was performed. The researcher chose topics
and themes that were intended to elicit as many word-final coronal clusters as possible. The
next objective was to lead the dialogue in a way that the coronals were produced in an
environment where there was a non-coronal consonant preceding and following them. The
following two sentences which are transcribed phonetically (and translated into English) are

provided as examples (the target consonants are in bold):

Researcher: [be nezer-e¢ f[oma  d ser-ho-jo gjdaindeh gejmeet-e neft gerun mi-feh?]

Researcher: In your opinion, do you think that the price of oil will rise in the next months?
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Participant: [areh, man fek mi-kon-&m be zudi neeft gerun mi-[eh]

Participant: Yeah, I think the price of oil will rise soon.

The above sentences show an example where the coronal stop [t] is preceded by the

labial [f] and followed by the velar consonant [g]. It was possible that participants of the

study could be sensitive to how the clusters were produced by the researcher, but this chance
was quite small. Each casual conversation took 30-35 minutes (see Appendix 1 for the list of
topics used and discussed during the casual conversation). At the end of the casual
conversation, the participants of the study were asked to read the story passage which they

were exposed to at the start of the experiment session.

5.1.3 Data Analysis
A Praat TextGrid was used to mark the target coronal consonants in the recordings. In
order to get a full picture of tongue movements before and after the production of coronal

stops, adjacent segments are also included. This included the consonants and vowels

preceding and following the coronals. For example, in a sentence transcribed as [man vae X

mi-konam.] “I have time for it”, both the consonants and the vowels following and

preceding coronal stop [t] (all shown in bold) were marked.
In addition to consonant clusters, some other types of words were marked in

textgrids. The underlying assumption here is that if coronal gestural simplification is fully

taking place then the remaining final consonants will be labiodental fricative /f/, alveolar

fricative /s/, postalveolar /[/, uvular stop /q/, and uvular fricative /X/. These singleton coda
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consonants as well as singleton /t/s were marked in textgrids. The unsimplified tokens are

expected to have gestures similar to prevocalic real [t]s.

In order to make sure that the simplified and unsimplified coronal tokens are coded
reliably, a native speaker of English and a native speaker of French as well as the researcher
of this study (who is a native speaker of Persian) coded the initial 662 tokens independently,
using a Multiple Forced Choice experiment in Praat. The two non-native speakers were
trained phoneticians and familiar with the phonetic inventory of the target language. All the
662 tokens were randomly presented to the listeners as two-word phrases where the coronal

stops would potentially appear at the end of the first word or as an utterance-final cluster.

The task was to determine whether or not there was an audible [t] /[d] at the end of the first

word. The listeners recorded their judgment by clicking either of the two boxes which
appeared on the computer monitor. The rating of the listeners showed above 90% of
agreement with the initial rating done in the study. As for the tokens where there was a
disagreement, they were listened again by the researcher and were coded based on the

majority answer.

In order to extract the corresponding ultrasound images, a python script’ was run.
First, the ultrasound and audio data were synchronized. In order to do so, the python script
used the textgrid file and the timing (in the audio and ultrasound videos) of at least one click
produced by the subject. If more than one click and ultrasound image time was used, the
python script used the average as a reference point. Moreover, the python script converted all

bmp images into JPEG files. The python script also inspected and checked for gaps and

> Mielke, J. (2010). PythonScript for Extracting Files from Ultrasound Recording.
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duplicate images in the recording. Problematic files were excluded from the analysis. Due to
the challenge for separating the coronal gestures belonging to two adjacent coronals from

each other, only final coronal stops in a non-coronal environment were selected for further

analysis. For example, some tokens such as [man qasd kaerd-eem  k ]él.intended to ...”

or [baed nist ke ...It isn’t bad that ...” were excluded from the pool of data. This resulted

in the exclusion of about 20% of the captured tokens.

The initial number of acoustic tokens collected were 662 with the duration of 300-
500 ms., depending on the speech rate of the participants and whether the coronal stop was
deleted or not. As for the articulatory analysis, some of them had to be discarded due to
homorganicity (as discussed above) and the lack of corresponding articulatory data. At the
end, 248 tokens, including 51 controls, were chosen for segmentation and articulatory
analysis (see Appendices 3 & 4 for the lists of unsimplified and simplified words elicited

during interviews as well as words used as controls [i.e., singleton coda consonants]).

For each token, all the frames capturing the coronal stop as well as the preceding and
following environments were traced. Considering the fact that ultrasound frames were
generated at 16-17 ms intervals, each token consisted of 20-32 frames. Palatoglossatron
(Baker, 2005) was used to trace the tongue tip/blade as well as the tongue body in each
tongue image and the alveolar ridge in each palate image. The following six figures show
images of tongue and palate as well as their tracing and overlay. The images of tongue are
midsagittal where the front of the tongue (i.e., tip/blade) is to the right. The palate in Figure
5.4 appears as the lighter contour at the top along with tongue trace under it. Figures 5.5 - 5.7

show the tracing of tongue and palate and how radial grids are used to calculate the tongue-
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palate distance. The front radii measure the tip/blade of the tongue and they proceed into
further back part of the tongue (i.e., dorsal) once we reach the radii to the left. Each radius
has its own measurement and produces a single column in the output CSV measurement file.

Figure 5.8 provides an overlay image of tongue and palate tracing.

FILEWZME:  +601_619.225_ jpy AUDIO TIME: 619.225
US FILE: Arafatld_55_ 1_203_885 bmp WS WABNING:
VIDEO FILE: payam_67830484_34. bmp VIDED WARNING: GAP

Figure 5.3 Image of tongue
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FILEWAME:  pltl_103.912. jpg AUDIO TIME: 103912
US FILE:  Arafatld_46_25_830_638. bmp US WARNING: ]
VIDEO FILE: payam_67890484_34. bmp YIDED WABNINE: GAP *

Figure 5.4 Image of palate

FILEWAME:  t601_619.225. jpg AUDIO TIME: 619.225

US FILE: Avafatld 55_ 1_203_885 bmp US WRABNING: 3
VIDEO FILE: payam_G7830484_34. bmp VIDED WARNING: GAP e

Figure 5.5 Image of radial grid over the tongue
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FILEWAME:  t601_619.225 jpy AUDIO TIME: 619.225
US FILE:  Arafatld 55_ 1 203_885.bmp US WARNING:
VIDEO FILE: paysm_67890484_34 bmp VIDEOD WABMING: GAP

Figure 5.6 Image of tracing of tongue

FILEWAME:  plti 103.912.jpy AUDIO TIME: 103.912
US FILE: Arafatld_d46_25_890_698.bmp US WARNING:
VIDEO FILE: payam_67830484_34 bmp VIDEO WABMING: GAP

Figure 5.7 Image of tracing of palate
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Figure 5.8 Image of overlay of tongue and palate tracing

The next step after tracing was to export them. The comma-separated-values (CSV)
file from Palatoglossatron was fed into MATLAB, in order to plot the tongue movement over
time. The MATLAB script first rescaled the data by changing distances from pixels into
millimeters®. Then it used the distance between the tongue and palate to plot the tongue
trajectories. Vertical velocity was calculated as the rate of time over the movement of the
tongue along a particular radius. Through this, we differentiated the time function of the
distance in order to obtain the velocity’. In order to get a more realistic picture of the tongue
movements, some of the plots needed to be smoothed. Smoothing was necessary in order to
exclude spurious peaks and zero crossings from the velocity function introduced by the
quantizing ultrasound images produced with a spatial resolution of about Imm. The
smoothing process was done by averaging over a window of three frames. Some apparently

erroneous measurements (which deviated by more than 1 millimeter from the average of the

° appreciate the help of M. Fallahpour for this script.
7 Special thanks to L. Bombien for his clarification on this point.
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preceding and following measurements) were corrected by replacing them with that average
value. The magnitude of the changes introduced by smoothing is small, but the consequences
of smoothing are crucial for accurately identifying gesture landmarks on the basis of the
velocity function.

Seven gesture landmarks were determined based on the maximum and minimum
velocity in the positive and negative directions of the velocity plots: Onset of gesture (on),
maximum velocity in onset (mon), beginning of constriction plateau (ps), maximum
constriction (max), end of constriction plateau (pe), maximum velocity in offset (moff), and
offset of gesture (off). Maximum velocity in onset (mon), maximum constriction (max), and
maximum velocity in offset (moff) correspond to the kinematic events with the maximal
velocity at the beginning (negative value) and end (positive value) of the gestures as well as
the landmark where velocity becomes zero (Kiihnert, Hoole & Mooshammer 2006).
Following Bombian (2011), the other landmarks including maximum velocity in onset (mon)
and maximum velocity in offset (moff) as well as onset of gesture (on) and offset of gesture
(off) are interpolated values and represent the 20% threshhold of the diffrence between two
adjacent extrema in the velocity plot. For example, the beginning of the constriction plateau
is determined to be at a 20% threshold between the landmarks maximum velocity in onset
and maximum constriction. The following three sets of figures show this process. In each set,
the smoothed version of figures is illustrated first. The smoothed figures provide the height
of tongue with arrows marking the landmarks. The corresponding non-smoothed figure is
given after each smooth figure for illustration purposes. These figures could either show the
tongue tip (marked as TT) or the tongue body (marked as TB). The next figure in each set

shows the velocity, which is derived from the height figures. Figures 5.9 - 5.11 provide an
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illustration of a non-deleted coronal stop [t] in the token [S Wt Riri] “getting fuel”. The next
three figures 5.12 - 5.14 show a deleted coronal stop [t] in the token [S aa)gireh] “is strict”.

Figures 5.15 - 5.17 show uvular stop [X Jin the same token. The x axis in all figures

represent time in miliseconds. In height figures, the y axis show the distance bettwen TT/TB

and the palate.

Srmooth 831, column 59

TT [rmm]

gl A T W R C g o & B :
500 550 600 650 700
Time [ms]

Figure 5.9 Smooth vertical tongue tip position for non-deleted
coronal stop [t]inthetoken([s utgi r i ] T hgél) tak

92



Mon-smooth 1831, column 59

=00 e B0 B0 700
Tirne [rns]

Figure 5.10 Non-smooth vertical tongue tip position for non-deleted
coronal stop [t] inthetoken([s g r i ] “fuel taking”)
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Speed 831, colurmn 59
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TT [rnrmés]
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Figure 5.11 Velocity for non-deleted coronal stop [t]
inthetoken([sug ri ] “fuel taking”)
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Figure 5.12 Smooth vertical tongue tip position for deleted
coronal stop [t] in the token ([S ag)gire h ]
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TT [mm]

Mor-smooth 1411, colurmn 69
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Time [ms]

Figure 5.13 Non-smooth vertical tongue tip position for deleted
coronal stop [t] in the token ([s ag@gire h] “ 1§ stri ct
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Figure 5.14 Velocity for deleted coronal stop [t]
inthe token ([s aggire h] “ 7 % stri
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Figure 5.15 Smooth vertical tongue body position for

uvular stop [X] in the token ([s&Xt gire h ]
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Figure 5.16 Non-smooth vertical tongue body position for uvular
stop [X] in the token ([seXt gire h ]
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speed 411, column 29
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Figure 5.17 Velocity for uvular stop [X] in the token
([sagireh] “73% strict

Researchers have used very different gesture overlap indices for many different
purposes. They have mainly chosen the landmarks used in their analysis based on the
purpose of their studies. For examples, those who were mainly interested in investigating the
coordination among gestures, have used the latency between two or three landmarks in C,
and their counterparts in C,. This provides information about the initiations of two or more
movements in C; and how they are similar or different from their corresponding mini-
gestures in C,.

From the other side, studies which aimed to investigate coarticulation between two
consonants, mainly looked at the distance between an offset in C; and the respective onset in

C; (e.g., Chitoran, Goldstein, & Byrd 2002; Kiihnert, Hoole & Mooshammer 2006; Bombien
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2011; Cunha & Harrington 2011). The main goal in these studies was to see how close the
movements may “sit on each other”.

In addition to these measures, Browman and Goldstein (2000) proposed C-center as a
new landmark which is calculated as the mean of the maximum constriction intervals related
to individual gestures of C; and C,. This is mainly used when the vocalic environment
preceding the consonant is being investigated as an influencing factor in the gestural scores
of the consonant clusters. In the current study, following Chitoran, Goldstein, and Byrd
2002; Kiihnert, Hoole and Mooshammer 2006; Bombien 2011; Cunha and Harrington 2011,
I used the end of constriction plateau of C; [pe] and the beginning of constriction plateau of
Cs [ps] as the index of gestural overlap measurement. These landmarks are expected to

represent the overlap between sequential consonant gestures in the best way.

For the non-lingual consonants such as bilabial (e.g., [p b]) and labiodendal (e.g., [f])

consonants which were not visible in the ultrasound data, the start and the end of consonants
were determined based on the spectrograms of the audio recordings. This procedure was
explained in detail in Chapter 4 which dealt with the acoustic experiment.

The next step was to enter all the corresponding times to landmarks onto a CSV file.
A python script® was used next to measure the vertical distance between the tongue and the
palate at the different landmarks. The output of this process was a new CSV file containing
all the distances between tongue and palate for each specific landmark in the designated
consonants. The new CSV file was fed into the statistical software R (Version 2.15.1.,

Development Core Team, 2012) using a script’ to compare gestures. The lingual trajectories

for coronal stop [t] based on the timing of landmarks of the preceding and the following

¥ Mielke, J. (2012). Python Script for Plotting Gesture Distance
’ Mielke, J. (2012). R Script fo Plotting SSANOVA
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consonants were plotted. The results and analysis of the articulatory experiment are

presented in the next section.

5.2 Articulatory Results and Analysis

The main objective of this study is to investigate whether coronal stop deletion in
Persian is a categorical or gradient process. The results presented in Chapter 4 showed that
simplified and control tokens are indistinguishable acoustically, suggesting that coronal stop
deletion is complete and categorical. In this section the results of the articulation experiment
of the thesis are presented and analyzed. According to Articulatory Phonology, sound
patterns and processes in phonology happen because of gestural reduction and gestural
overlap. The reduction in the magnitude of individual gestures can happen both in time and
space. This section presents the results related to spatial gestural changes along the temporal
axis.

In order to get the articulatory results, the same radii and the same part of the tongue
which intersects them were tracked. This means that for the coronal stops the rightmost
radius which tracks the tip/blade of the tongue was considered. For the velar and uvular
consonants, the radii where the body of the tongue had the most constriction related to that
consonant was chosen. This method is different from gestural scores based on X-ray

microbeam and EMMA, which are point-tracking. The tracking led to tongue trajectories

related to coronal stop [t], velar stops [k g hnd uvular fricative [X]. In order to determine the

duration of the lingual gestures, the time corresponding to the start of plateau and the offset

of the related gesture were used as the gestural landmarks (see section 5.1.3 for details

regarding the procedure of choosing landmarks). For bilabial [p b] and labiodental [f]
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consonants which do not have any lingual gestures, the sound files were used as the point of
reference. Figures 5.19 -5.21 below present the gestural scores from individual tokens. Each
gestural score shows the movement of a number of articulators which are continuously active
over a given period of time. In these figures, the x-axis shows the time and the y-axis
displays the distance between the tongue and the passive articulator along the selected radii

of the ultrasound’s field of view. The symbols C1, C2, and C3 stand for the three consonants

in the clusters as they unfold in time, respectively. The two trajectories related to [X] and [k]

show the tongue body movement and the trajectory related to coronal stop [t] shows the

movement of tongue tip/blade over a specific sequence of time. Each column (e.g., col 27,
col 14, and col 6), highlighted in Figure 5.18 below, represents the measurements made by

the 32 radii as shown in Figure 5.5 and repeated below as Figure 5.18.

FILEMAME: 601 619225 jpy RUDIO TIME: €19.225
US FILE:  Avafatld 55_ 1 _203_$85.bmp US WARNING: 3
VIDED FILE: payam_67830484_34.bmp VIDED WABNING: AP

Figure 5.18 Image of radial grid over the tongue

103



Column 1 shows the measurement for the most posterior and column 32 for the most
anterior radii. The measurement points were selected to match the place of articulation for
particular consonants for particular subjects. Each rectangle represents the duration of the
gestures related to segments. The beginning and the end of duration was determined based on
the start of plateau and the offset of the related gesture. The three figures below show how

gestures produced by different articulators unfold and overlap over time. For example,
Figure 5.19 shows the gestural score of the unsimplified token ([dux t ] kse@v that”) for
subject #6. In this figure, C; (col 14) is the trajectory imaged in column 14, and this column
is determined to be the constriction location for C; (i.e., velar stop). It should be emphasized

that in these figures the trajectory of each segment is shown for the entire time interval which

includes more than just segmental duration. Figure 5.20 below taken from subject #6

illustrate the gestural scores of the simplified tokens ([duy t e] ‘kew that”).

tt1001 duxt ke
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Figure 5.19 Gestural score of the unsimplified token ([dux t ] ks@v that”)
for subject #6
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Figure 5.20 Gestural score of the simplified token ([duX t ] Kse@v that™)
for subject #6

Figure 5.21 below illustrates the gestural score of the simplified token ([moft

ge r u n e df little ValueS .)Since labiodental [f] has no lingual gesture, only the tongue

trajectories of the two other consonants are traced.
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Figure 5.21 Gestural score of the simplified token ([moft geruneh] “is of little value™)
for subject #6

The similar tokens were grouped together in order to get a broad picture of how

simplified tokens relate to unsimplified tokens and controls. Next, the best fit (i.e.,

smoothing splines) for the related tongue trajectories of coronal stop [t] was found. After

finding the best fit, 95% Bayesian confidence intervals around the smoothing splines were
constructed. Smoothing Splines ANOVA [SSANOVA (Gu, 2002)] was applied to data to
determine whether there is a significant difference between two curves. Accordingly, when
the confidence intervals of the main effect curves overlap, the differences between the two
curves are not significant. This technique was first used in other fields such as medical
sciences where similarities and differences between two curves were assessed. This
procedure was first introduced to the field of linguistics by Davidson (2006) and was widely
used afterwards. For example, in a study on rhotic vowels in Canadian French, Mielke

(2011) used ultrasound to see whether Canadian French rhotic-sound vowels are
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articulatorily similar to English [1]. The SSANOVA technique has the advantage of

capturing the dynamic and overlapping nature of the tongue movement and curve. Moreover,
this technique illustrates the tongue trajectories more naturally. In this study, I am using
SSANOVA in a novel way. It compares gestures over time, with time on the x-axis but with
tongue position on the y-axis. Previous studies have mainly used SSANOVA to compare
tongue contours rather than trajectories of parts of the tongue surface, so the axes display the
horizontal and vertical position of the tongue surface. Since this study explores the gestures
of coronal stops, the x-axis displays time, and the y-axis displays the distance between the
alveolar ridge and the tip/blade of the tongue. Figure 5.22 below shows a SSANOV A graph

for illustration purpose.
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Figure 5.22 Illustrative SSANOV A graph

Figure 5.22 above illustrates the position of tip/blade of the tongue contours in the
three conditions of the study (i.e., unsimplified, simplified, and control) through using
different colors and patterns. Since the duration of the interval between the gestural
landmarks used for comparison vary across subjects and conditions, tokens were aligned on
the basis of C; and Cs gesture landmarks as follows: the time interval [0,1] is defined as the
interval between the C; gesture maximum and the C; gesture maximum. If the time of the
gesture maxima were missing, the time of plateau start or end was substituted (favoring the
end for C; and the start for Cs). If no C; landmark was available, time 1.0 was arbitrarily set
to 8 frames (133ms) after the C, landmark, and if C; and C; landmarks were simultaneous,
[0,1] was set to the preceding and following frames (a time interval of 33 ms). Trajectories
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were represented by the [0,1] interval plus a pad of five preceding and five following frames.
In the SSANOVA figures used in this study, the normalized time on the x axis indicates the
C, gesture window in the interval [0,1], and times outside this interval corresponds to the 5-
frame pads. In each graph, the mean tongue tip/blade trajectory is represented through thick
lines and the shaded regions represent confidence intervals (95%) around the main effect
line. It should be emphasized here that each contour represents tongue movement over time
along a single radius of the ultrasound image which was selected because it is in the tongue
blade/alveolar ridge region.

The following SSANOV A graphs illustrate the pooled data of each subject. The
pooled data of each subject is categorized based on the three conditions. The prediction is
that the contours for the unsimplified condition should show the least distance between the
tongue and the palate while the contours for the control condition are expected to show the
largest distance. If deletion is complete, the contours illustrating the tongue-palate distance
for the simplified condition should be similar to the controls. On the other hand, if the
apparent simplification is completely due to gestural overlap, the simplified contours should
fall somewhere between unsimplified and control conditions.

Figure 5.23 below shows the SSANOV A graph of tongue-alveolar ridge distance for
subject #1. According to the C, gesture window in this figure, the contours representing the
unsimplified, simplified, and control conditions all show different tongue-palate distance. As
expected, the unsimplified condition shows the least distance whereas the control condition
shows the largest distance between the tongue and alveolar ridge. According to the
confidence intervals in the three conditions, the unsimplified condition shows a significant
difference with simplified condition. The simplified and control conditions show significant

differences throughout most of the C, gesture window. The y-axis shows the distance in
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millimeters between the tongue blade and the position of the alveolar ridge as measured in a
palate image. The actual value of this distance is affected by vagaries in tongue and palate
imaging, and differences between closure location and the selected radius. For this reason, it
is important to use the unsimplified category (rather than 0) as the reference for evaluating

the simplified tokens.
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Figure 5.23 SSANOVA graph of tongue-alveolar ridge distance for subject #1

Figure 5.24 below shows the tongue-alveolar ridge distance for subject #2. Similar to
the results for subject #1, the three conditions in the C, gesture window show differences in

their distance contours. The unsimplified condition shows the least distance while the
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contour belonging to control shows the largest distance. The simplified contour falls between

unsimplified and control contours. According to this figure, the contour for the simplified

condition is significantly different from both the unsimplified and control conditions.

tongue-alveolar ridge distance (mm)

Figure 5.24 SSANOV A graph of tongue-alveolar ridge distance for subject #2
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Figure 5.25 below illustrates the results for subject #3. According to this, the contour

showing the tongue-palate distance for the simplified condition is very close to the control

contour. However, the contours related to unsimplified and simplified conditions in the C,

gesture window show significant difference from each other.
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Figure 5.25 SSANOVA graph of tongue-alveolar ridge distance for subject #3

Figure 5.26 below presents the SSANOV A graphs for subject #4. The contours of
unsimplified and simplified conditions show significant difference for this subject; however,
only a part of the simplified contour is actually significantly more distant than the control
contour. This could be attributed to different contexts in which tokens were produced. The
discussion regarding how the effect of context is controlled will be taken up later in this

chapter.
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Figure 5.26 SSANOVA graph of tongue-alveolar ridge distance for subject #4

Figure 5.27 illustrates the graph of tongue-alveolar ridge distance for subject #5.
The unsimplified SSANOV A curve for this subject shows significant difference in the C,
gesture window with the simplified contour. Moreover, most of the simplified contour shows

significant difference with the control contour.
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Figure 5.27 SSANOVA graph of tongue-alveolar ridge distance for subject #5

The last two subjects in the study (i.e., subject #6 and subject #7) simplified the
consonant clusters far less than the other participants. In fact, one of them simplified less
than 7% of the potential tokens in the interview. Due to the small number of simplified
tokens for these two subjects compared to unsimplified tokens, their results are not presented
in this section.

In summary, the subjects based on these results fell into 4 categories: For two out of
seven subjects (i.e., subjects #3 and #4) the contours of the unsimplified condition in the C,
gesture window showed significant difference with that of simplified condition. However,
the SSANOVA curves of the simplified and control conditions for these subjects did not

show such a difference. The results of subject #1 and subject # 2 displaying the tongue-palate
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distance in the C, gesture window showed significant difference across unsimplified,
simplified, and control conditions. Subject #5 showed significant difference between
simplified and unsimplified contours; however, this was only partially true between control
and simplified contours. The last two subjects (i.e., subjects #6 and #7) simplified the
clusters the least and did not generate the expected patterns. One can notice that in all
subjects, the SSANOVA curve of the simplified condition falls between the unsimplified and
control conditions. However, it patterns similar to controls in some subjects (e.g., subjects #3
and #4) and dissimilar to both unsimplified and control contours in other subjects (e.g.,
subject #1 and subject #2). This could raise the question whether pooling all simplified
tokens together hides some facts about their internal distribution. In fact, a closer inspection
of the simplified tokens shows that some of them pattern similar to unsimplified tokens,
some are similar to controls, and some fall in between. Figures 5.28 - 5.32 below present a
representative number of tokens which illustrate this fact. These figures demonstrate the
tokens in the same environment and belong to the same subjects. They show the trace of

simplified tokens on the same plot with the unsimplified and control SSANOVA curves.
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Figure 5.28 Simplified token ([haft ba J“seven times”) for subject #2
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Figure 5.29 Simplified token ([haft ba J“seven times”) for subject #2
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Figure 5.30 Simplified token ([naft baera 4e] “oil for”) for subject #2
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Figure 5.31 Simplified token ([| 0 x t K@ o’ pdor subject #4
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Figure 5.32 Simplified token ([I| 0 x t  Kk“@@rob’pdor subject #4

Figures 5.28 -5.29 above show the simplified token ([heft ba J“seven times™) for

subject #2. The trace of the simplified token in the C, gesture window in the first figure falls
in the middle whereas in Figure 5.29 it is similar to the controls. The variation across

simplified tokens is illustrated further through Figure 5.30 for the same subject where the

trace of the simplified token ([naft baera 4e] “oil for”) in the same context is similar to

unsimplified tokens. Figures 5.31 and 5.32 show the traces of the simplified token ([I 0 X t

kaerdaen] “to rob”) for subject #4. Figure 5.31 shows that the trace of the simplified token is

between the two conditions whereas Figure 5.32 displays it as a token similar to control. In
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general, the simplified tokens are shown to have variation along the tongue-alveolar ridge
distance axis.

The distribution of the simplified tokens along the y axis in this way could have
different interpretations. One scenario could be that all simplified tokens are intermediate
and fall between unsimplified and control conditions. The other scenario is that some of the
simplified tokens are the same as unsimplified and the others are the same as controls. In
order to test these two scenarios, all simplified tokens of each subject are plotted
individually. In order to get a better picture of their distribution, the traces of the individual
simplified tokens are superimposed on the unsimplified and control SSANOV A curves.
Figures 5.33 -5.37 below present the tongue traces of the simplified tokens superimposed on
unsimplified and control SSANOVA curves. In these figures, we need to notice that the 95%
confidence intervals are strictly in reference to the means of the categories, and that the
tokens in all categories vary widely from the mean. Ordinarily, two categories are considered
to be significantly different at x-axis values where there is no overlap between their
confidence intervals. For the purpose of classifying individual simplified tokens with respect
to the unsimplified and control categories, a reasonable approach is to make a one-tailed
comparison with each of the other two categories (using the lower/more distant side of the
confidence interval for the simplified category and the upper/less distant side of the
confidence interval for the control category). For example, Figure 5.33 shows several
simplified tokens that are distinct from both unsimplified and control categories at time 0.5
(overlapping neither confidence interval) and several tokens that are the same as controls
(overlapping the control confidence interval or exceeding it). Figure 5.34 shows four tokens

that are the same as the unsimplfied category at least somewhere along the C, gesture
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interval [0,1]. Figures 5.33 - 5.37 show the plots for the five subjects who produced enough

simplified tokens to analyze.
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Figure 5.33 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves for subject #1
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Figure 5.34 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves for subject #2
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Figure 5.35 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOV A curves for subject #3
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Figure 5.36 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOV A curves for subject #4
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Figure 5.37 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOV A curves for subject #5

As Figures 5.33 - 5.37 above show, the traces of the simplified tokens for all of the
subjects in the C, gesture window vary widely in the height of the tongue blade. The two
scenarios proposed above, one considering an intermediate position for the simplified tokens
and the other taking some as unsimplified and the others as control cannot explain the
distribution of the simplified tokens as presented above independently. However, combining
the two scenarios together gives us a comprehensive picture of the distribution of the
simplified tokens. The traces of the simplified tokens presented in the five figures above
showed that some of the simplified tokens are similar to controls, some are similar to
unsimplified, and there are some simplified tokens which fall between unsimplified and

control conditions. Examining the simplified tokens more closely, one would notice that the
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magnitude of reduction across subjects varies. For example the simplified tokens for subjects
#2 and #4 as illustrated in Figures 5.34 and 5.36 fall mainly at the lower part of the plot
whereas these tokens for subject #1, as shown in Figure 5.33, mainly cluster in the middle
part. Moreover, one may argue that the distribution of the simplified tokens as illustrated and
described above could be an artifact of the surrounding segments. In fact, different studies
have shown the strong effects of the neighboring segments on their adjacent consonant.
These studies have shown that the articulatory gestures of a segment could be affected by its
preceding and following segments. In order to control this effect, all the simplified tokens
from all subjects were pooled together and plotted based on the preceding and following
segments. This will show whether the distribution of individual simplified tokens as shown
above is an internal property of them or the effect of the context. Breaking down the tokens
by subject and context simultaneously will result in a small number of tokens in each
category. This means that one needs to take one or the other method. In this study, my
approach is to try both and compare the results.

The preceding segments in this study were Lab and Dor consonants and the following
segments were Lab, Dor, and V/#. Similar to Figures 5.33 - 5.37 above, the traces of the
individual simplified tokens are superimposed on the unsimplified and control SSANOV A
curves, but each figure includes only the subset of tokens that match a particular segmental
context, and tokens are pooled across subjects. Since the figures include data from multiple
subjects, the y-axis shows standardized tongue-alveolar ridge distances (standard deviations

from the subject's overall mean tongue-alveolar ridge distance).
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Figure 5.38 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves in Lab-V/# context

Figure 5.38 demonstrates the traces of all the simplified tokens superimposed on the
unsimplified and control SSANOVA curves in Lab-V/# context. As this figure shows, the
simplified tokens vary widely in tongue blade height in the C, gesture window. Some of the
simplified tokens pattern similarly to unsimplified and some have a behavior similar to
controls. There are some simplified tokens which are intermediate and fall between the two
conditions. According to this figure, the vocalic segments affect the lingual gestures less
than labial consonants. This is shown through having more convergence between the two

conditions in the left environment (i.e., Lab) versus the right environment (i.e., V/#).
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Figure 5.39 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves in Dor-Dor context

Figure 5.39 demonstrates the traces of all simplified tokens in Dor-Dor as well as the
unsimplified and control SSANOVA contours. As the C, gesture window shows, it is clear
that some of the simplified tokens are similar to controls while some are similar to the
unsimplified tokens. This figure also shows that preceding and following dorsal consonants

affect the lingual gestures to a similar extent.
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Figure 5.40 Tongue traces of the simplified token superimposed on unsimplified
and control SSANOVA curves in Dor-Lab context
Figure 5.40 above shows the traces of all the simplified tokens superimposed on the
unsimplified and control SSANOVA curves in Dor-Lab context. Similar to the results in the
previous figures, the simplified tokens show three distinct patterns: some of them are similar
to unsimplified, some are similar to controls, and the rest fall in between. Most of the

simplified tokens shown in the C, gesture window are similar to controls in this context.
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Figure 5.41 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves in Lab-Dor context

Figure 5.41 presents the traces of the simplified tokens along with unsimplified and
control SSANOVA curves in Lab-Dor context. As it is shown in the C, gesture window of
the figure, the simplified tokens still tend to vary widely in tongue blade height; however,

they mainly pattern similar to the controls in this context.
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Figure 5.42 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves in Dor-V/# context
Figure 5.42 illustrates the traces of the simplified tokens superimposed on the

unsimplified and control to SSANOV A contours in Dor-V/# context. Similar to the results of
the previous figures, the simplified tokens vary widely in tongue blade height in the C,
gesture window. This means that some of them have a position similar to control tokens and
others are similar to unsimplified tokens. There are some other simplified tokens which are
in between and can be considered as intermediate. This context is similar to Lab-V/# in
having vocalic segments to the right of coronal segment. In both of these two contexts, the
simplified tokens tend to cluster around the unsimplified SSANOVA contour. This means
that this context favors simplified tokens with full gestures; however, the general tendency of

the simplified tokens to spread along the vertical axis still exists.
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Figure 5.43 Tongue traces of the simplified tokens superimposed on unsimplified
and control SSANOVA curves in Lab-Lab context

Figure 5.43 shows the traces of the simplified tokens in Lab-Lab context. As seen in
the figure, a number of these tokens show similar behavior as controls and some other
similar to unsimplified tokens in the C, gesture window. Another group of the simplified
tokens fall in the mid position where they show gestural position which is different from
other two groups. Similar to the results presented for Dor-Lab context, Figure 5.43 shows
that the simplified tokens are reduced to different degrees but they, similar to controls,
mainly pattern at the lower part of the plot.

In general, Figures 5.38 - 5.43 showed that the appearance of intermediate tokens is
not simply an artifact of pooling across contexts. The patterns shown in these figures are
similar to the ones in Figures 5.33 - 5.37 for all subjects where simplified tokens scattered

between the control and unsimplified categories. These results showed that the gradient
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nature of cluster simplification in the individual simplified tokens as shown through Figures
5.33 - 5.37 for each subject did not change as they were classified based on preceding and
following contexts. Different contexts could have varying effects on the tongue position;
however, this did not change the gradient patterns attested for the individual simplified
tokens.

In order to explore this issue further, a scatter plot was made based on the degree of
gesture size (1= full gesture and 0 = no gesture). For every simplified token, every frame
during the C, gesture window was given a score from 0 to 1, where 0 means the same as
control and 1 means the same as unsimplfied. For measurements falling in between the
confidence intervals for control and simplified, the score indicates the percentage, with 0.5
being halfway between the two distributions. Scores for tokens were calculated by averaging
across the scores for the frames. Thus, a token with a score of 0 has no sign of a tongue
blade gesture anywhere in the C, gesture window, and a token with a score of 1 is
indistinguishable from unsimplified, throughout the C, gesture window. An intermediate
score indicates the degree to which the token matches either category, with 0.5 being

halfway in between. The x axis in this plot represents the percentage of similarity between

the simplified [t] tokens and the unsimplified ones within speakers and the y axis represents

the same information within context. Figure 5.44 below shows the scatter plot which
compares the similarity of simplified tokens to unsimplified tokens from the same speaker

versus tokens in the same context.
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Figure 5.44 Scatter plot of simplified tokens within speaker and context

The scatter plot in Figure 5.44 shows a positive correlation between the simplified
tokens within subject and context, meaning that the results are stable across the two
techniques, i.e., whether tokens are combined by subject or by context. Most of the tokens in
this figure are piled on top of each other at the point (0,0), and the next most frequent one
which is (1,1). A linear regression was run next to quantify how the two variables are
correlated. The results of the test showed the estimated coefficient of 0.847, R-squared =
0.849 at p<0.00001 level.

In order to examine how the simplified tokens within subject and within context
would pattern independent of each other, the degree of similarity for the simplified tokens to
unsimplified tokens (in percentages) within subjects and within context on x axis and the
duration of clusters (as measured from the spectrogram) on y axis was plotted. Figures 5.45

and 5.46 below illustrate the distribution of the simplified tokens in these two situations.
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Figure 5.46 Scatter plot of simplified tokens within context

The x axis in Figures 5.45 and 5.46 shows the percentage of the similarity for the
simplified tokens to unsimplified tokens and the y axis shows the cluster duration. Figure

5.45 shows the simplified tokens within subject and Figure 5.46 shows the same tokens
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within context. The two figures show very similar patterns for the simplified tokens across
subject and context. This means that the variation shown for the simplified tokens in this
study cannot be attributed to the context.

The general results based on SSANOVA plots showed that the simplified tokens can

be classified into distinct groups based on their gestural position and whether they fall above

the lower bound of the unsimplified confidence interval (i.e., full [t] gesture), below the
upper bound of the control confidence interval (i.e., no [t] gesture) or in between (i.e., partial
[t] gesture).

Table 5.1 below reports the number of tokens for all three categories in the simplified
condition in addition to unsimplified condition for each subject. This table is based on
individual checking of all the simplified and unsimplified tokens from all subjects. The

information for the two subjects (i.e., subjects #6 & #7) who had low rate of simplification is

also presented.
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Unsimplified | Full [t] gesture | Partial [t] gesture | No [t] gesture
Subject #1 17 9 7 12
Subject #2 9 2 8 2
Subject #3 9 8 6 10
Subject #4 11 3 13 15
Subject #5 4 4 3 4
Subject #6 12 0 1 3
Subject #7 14 0 2 9

Table 5.1 Number of tokens in all simplified and unsimplified categories across subjects

The questions which still remain are how the simplified tokens with full [t] gesture,

are different from unsimplified tokens, and how the other two categories of the simplified

tokens relate to each other and other categories. The prediction is that the simplified tokens

with full [t] gestures should have short interval between C; and C; landmarks, because the

release of the [t] gesture is apparently obscured. The other two categories of the simplified

tokens could have short or long intervals since they don’t have complete [t] gestures, and

there is therefore no chance of an audible [t] release. In order to address this issue, the time

interval between the end of plateau for C; [pe] and the start of plateau [ps] for Cs (in the
cluster of C;C,Cs, the middle consonant is a coronal stop) in all three categories of the
simplified tokens is calculated. As the point of reference, the same measurement is also made

for the unsimplified and control tokens.
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Figures 5.47 - 5.51 below illustrate box plots which show the time intervals between
the designated landmarks for C; and Cs for the three categories in the simplified condition

along with unsimplified and controls as reference points for each subject.
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Figure 5.47 Time intervals between [pe] and [ps] landmarks across five categories

for subject #1
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Figure 5.48 Time intervals between [pe] and [ps] landmarks across five categories
for subject #2
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Figure 5.49 Time intervals between [pe] and [ps] landmarks across five categories

for subject #3
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Figure 5.50 Time intervals between [pe] and [ps] landmarks across five categories

for subject #4
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Figure 5.51 Time intervals between [pe] and [ps] landmarks across five categories
for subject #5

The results of the five categories presented above showed that the simplified tokens
with full [t] gesture have very short time intervals. This is very similar to the results for
control tokens. The tokens in the unsimplified condition show the longest time intervals
between the two landmarks. The other two categories of the simplified condition, namely
partial [t] gesture and no [t] gesture, show time intervals which are longer than full [t] gesture

category and shorter than unsimplified category. The following section presents the

discussion related to articulatory results.

5.3 Discussion for Articulatory Results

In general, the results of this chapter showed that the deletion of coronal stops in
Persian is a gradient process. In addition to this, the traces of the simplified tokens showed
that they make a mixture of tokens that are completely deleted, unreduced but overlapped,

and in between. The articulatory results in this chapter showed that speakers can produce a
simplified [t] in three distinct ways: (1) by temporal reduction (obscuring the release of the
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[t] gesture by reducing the interval between C; and Cs) or (2) by spatial reduction (reducing

the magnitude of the gesture, so that there is no release), or (3) by producing no [t] gesture at

all. Tokens produced with a full gesture and a long interval between C; and C; would have

an audible [t] release, and be classified as unsimplified. Based on the results, different

subjects could show different patterns for simplification. This could be due to different
reasons. It is also possible that participants of the study are reacting differently to the
experiment setting, and speaking more carefully. The similar pattern for simplified and
control contours for some subjects is an indication of phonologization. The next chapter will
consider how these different patterns of simplification fit into the phonologization process. In
general, the results of this chapter showed that articulatory data should be an integral part of
phonetic studies. Without this information, there have been no reasons even to suspect that
deletion was gradient. The following chapter presents the general discussion and conclusions

of the thesis. A section devoted to suggestions for further research will conclude this chapter.
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Chapter 6

General Discussion and Conclusion

This dissertation investigated the deletion of the word-final coronal stops in Persian.
This topic is important for different reasons. First, it is not clear whether this process is
gradient or categorical. There hasn’t been any experimental work in Persian to show whether
the application of this process is complete or incomplete. Second, the optionality nature of
this process has not received enough attention in the academic sphere yet. We still don’t
know much about why the same speaker may or may not simplify the same cluster. A better
understanding about optionally deleted clusters could shed light on the distinctions between
phonetics and phonology. Next, using different types of data in this study (i.e., acoustic and
articulatory) created an environment where their relative contribution to the major findings in
the study was examined. In this thesis, acoustic data were examined first to see how reliably
they could attest the presence of coronal gestures in the simplified clusters. The articulation
data proved to be quite significant in revealing some facts about this process and addressing
the main research questions in this thesis. The current study also created an optimal context

where different sound change models could be evaluated.

6.1 Overall Discussion on Research Questions

According to Articulatory Phonology, variation in gestural magnitude and gestural
overlap (in both time and space) can account for many phonological processes across
languages. In this approach, what sounds like deletion may sometimes really be gestural
overlap or reduction. The articulatory results of this study showed that the gestures of the

deleted segments are often still present. For clusters that sounded simplified, some truly had
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no [t] gesture, some had reduced gestures, and some had gestural overlap. This supports the

main arguments presented in Articulatory Phonology regarding the underlying reasons for
sound patterns and sound change. The dynamic nature of gestures allows them to be active
over a period of time. This will create the environment where the final stage of a gesture
related to a segment could overlap with the initial stage of the next gesture. This happens in
our everyday speech and under normal circumstances. The magnitude of reduction or the
amount of overlap likely varies when the speaking rate or speech register changes. Some
studies have shown that there is more overlap among adjacent gestures in fast/casual speech.
The various reactions of the participants to the experimental settings could be also another
factor. As gestures shorten, their likelihood of being completely overlapped and hence
acoustically hidden increases.

The gradient nature of coronal stop deletion was shown both through SSANOV A
curves and the traces of individual simplified tokens in this study. The results of the
simplified tokens presented through Figures 5.33 - 5.37 showed a gradient reduction of
coronal stop gestures for each subject. The individual simplified tokens for all subjects
showed that they span a wide range of tongue-alveolar ridge distances. However, the
SSANOVA results presented in Figures 5.23 - 5.27 showed that subjects exhibit different
rates of cluster simplification and different rates of complete versus incomplete deletion. For
example, the position of simplified and control contours in subjects #3 and #4 presented in
Figures 5.25 and 5.26 was similar. This means that a greater number of simplified tokens for
these two subjects are truly deleted. The results for subjects #1 and #2 presented in Figures
5.23 and 5.24 showed a large number of simplified tokens with partial gestures. The contours

of the simplified tokens for these subjects fell between those of unsimplified and controls in
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the C, gesture window. The pattern for these subjects was different from subjects #3 and #4.
The contour related to simplified tokens for subject #5 presented in Figure 5.27 was only
partially similar to controls. This means that they had a pattern which was different from the

other subjects and was in between subjects #1/#2 and subjects #3 / #4. The seven subjects in

the study showed different range of simplified tokens (i.e., full [t] gesture, partial [t] gesture,

and no [t] gesture), as seen in Table 5.1. The fact that there is a continuum for the observed

simplified clusters conforms to the findings of the studies on the residual gestures found for
other phonological processes (e.g., Ohala 1992; Holst & Nolan 1995). The findings that the
same process (i.e., cluster simplification) involved full, partial and zero degrees of gestural
reduction could be attributed to different sources. According to Articulatory Phonology (as it
was discussed in detail earlier in Chapter 1), the phonological processes in fast/ casual
speech happen because of either gestural overlap or gestural reduction. The speakers may
intend to facilitate their fluency and speed which result in a higher gestural overlap and
reduction. The different magnitudes of reduction and overlap result in producing a
continuum of coronal stops with a wide range of residual gestures, as shown in Table 5.1.

The SSANOVA graphs as well as the time interval figures presented in Chapter 5 showed

the intermediate stage of the simplified tokens with partial and full [t] gestures. The

intermediate status of these tokens was established through articulatory and acoustic results.

The tokens with partial [t] gesture could be explained to be the result of decrease in gestural

magnitude and the ones with full [t] gesture result from increasing gestural overlap in time.

In other words, the former is being changed spatially and the latter temporally. The fact that
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two of the subjects in the study (i.e., subjects # 6 and #7) did not produce any simplified

tokens with full [t] gesture supports the independent status of these two processes.

Following the same line of argument for the simplified tokens with full [t] gesture,

one may expect the third category of simplified tokens (i.e., simplified tokens with no [t]

gesture) to result from increase in gestural overlap in time. If this argument is valid, we

should expect this category to be shorter than the one with full [t] gesture. The results of the

time intervals between [pe] and [ps] landmarks across five categories presented through

Figures 5.47 - 5.51 do not show that the simplified tokens with no [t] gesture are shorter. The

equal or longer duration of this category compared to the one with full [t] gesture does not

support the idea of gestural overlapping for this category.
The explanation offered by Articulatory Phonology regarding gestural overlap and

reduction for casual speech phonological processes fails to account convincingly for the

simplified tokens with no [t] gesture. According to this approach, the reduction and

overlapping of gestures for the simplified tokens with full [t] gesture and partial [t] gesture

could correspond to the mechanical and physiological factors. The speakers neither intend to
reduce nor plan to overlap gestures. These are the natural by-products of human’s
articulation system when engaged in a fast/casual conversation. In order to reach such a goal,

no phonological rule or operation is needed or activated in the cognitive system. This makes

the tokens with no [t] gesture distinct from the other two categories in the simplified tokens.

According to this analysis, the three categories of the simplified tokens involve two

independent strata: gradient gestural reduction or overlapping which are the results of low-
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level phonetic mechanisms versus the categorical deletion caused by cognitive system. The
former is not planned whereas the latter is intended and therefore controlled. This
classification is similar to the one proposed for sibilant assimilation in English (Holst &
Nolan 1995). The existence of these two separate mechanisms and the gradient nature of
overlap and/or reduction provide the context for variation in the speech production.

The production process described above along with the perceptual reinterpretation
results in sound change. Ohala (1990) has emphasized that analyzing phonological processes
in terms of articulatory gestures does not rule out a perceptual/acoustic component to these
processes. Any change in gestures or their magnitude or timing will result in
perceptual/acoustic changes. In order to explain the sound change process, we could posit
that the articulatorily reduced or overlapped tokens could be heard accurately and

categorized into a phonological group with zero phonetic cues by some listeners. The

simplified tokens with no [t] gesture could be the result of speakers changing their

representations based on other people’s gestural overlap. Over time, the existence of tokens

with no [t] gesture suggests that subjects have phonologized this process to some degree. The

lack of simplified tokens with full [t] gesture and the minimal number of tokens with partial

[t] gesture by subjects #6 and #7 suggests that they either do not simplify clusters or do it

completely. It seems that for them simplification happens only as a fully deleted process
should they apply this phonological process at all.

This approach to sound change assumes that the gradient reduction of articulatory
gestures does not necessarily map directly to the auditory system. This means that the partial

coronal gestures in some simplified tokens were not perceived in the auditory system based
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on a gradient scale. The result of more than 90 % agreement reached on categorizing the
tokens of this study as unsimplified or simplified by two trained phoneticians and the
researcher of this study supports this idea. Despite of the fact that the simplified tokens had a
wide range of residual gestures, the three raters categorized them similarly more than 90 %
of the time. Moreover, the acoustic results of this study showed that the simplified and
control tokens mainly shared similar acoustic cues. The listeners, who are exposed to the
reduced tokens, may use a myriad of reduced tokens in their production intending to be zero
when they assume the role of a speaker. These are heard as a zero segment by the listeners.
Once this cycle gets repeated over time, it becomes a dominant pattern and a norm within the
speech community. According to this, the sound change happens within a listener; however,
it comes into existence when the listener assumes the role of a speaker. Putting that in

another way, the speaker is mainly responsible for gradual increase in gestural overlap to the

point that [t] is not heard; however, it is the listener who would abruptly interpret a word as

having no [t].

The results of the coronal stop reduction and its subsequent total deletion presented
here matches with the sound change model proposed by Blevins. According to the Choice
category in her model, the listener perceives the “multiple phonetic signals” by the speaker
accurately; however, selecting a prototype/best exemplar or assigning a phonological form to
the set of variants which is different from that of the speaker will trigger the change. Putting

this within the context of the current study, Figures 5.28 - 5.32 showed that the same speaker

may reduce the coronal stops to different degrees. This could extend from partial [t] gesture,

as in Figure 5.28, to full overlapped [t] gesture as in Figure 5.30. These simplified tokens are
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all heard accurately by the listener. However, they may be categorized as fully
reduced/deleted since the coronal stop acoustic cues for these reduced tokens are very weak.
The results of this study showed that acoustic cues could not clearly distinguish the
simplified tokens from controls. Therefore, these two categories could be classified as
similar acoustic tokens and merge later on. A new experiment should be developed to target
the perceptual aspect of the simplified tokens. This is further discussed in the next section
where suggestions for future studies are provided.

The results of this study also showed that the preceding and following contexts to
coronal stop affected the tongue position. This had an impact on the measures used to assess
coronal stop gestures. The SSANOVA comparisons of unsimplified and control conditions
showed that the vocalic context seemed to have the least effect on the tongue position
whereas the consonantal context displayed a major impact on it. The SSANOV A
comparisons of unsimplified and control conditions in Lab-V/# context in Figure 5.38
showed less effects of vocalic environment than consonants. The simplified tokens plotted
based on the preceding and following contexts also showed a clear role of the consonant
order. The simplified tokens in the contexts of Dor-Lab and Lab-Lab, as shown in Figures
5.40 and 5.43, tend to mainly cluster around controls. Some studies have shown that the
front-to-back order for consonants shows more overlap compared to back-to-front (Byrd
1992; Wright 1996; Chitoran 1998). The patterns related to the simplified tokens in this
study do not seem to strongly support this prediction.

The results of this study also showed that coronals readily simplify, if SSP is not
violated.. The question will be why coronals show such a behavior. In order to answer this
question, the articulatory characteristics of these segments could be taken into account. The

velocity plots in this study, as shown in Figures 5.11, 5.14, and 5.17, depicting how fast
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different parts of the tongue travel in the mouth, should be compared to see if the contours
for tongue tip movements in general show sharper angles than those for tongue body. If the
gestures for coronal segments are more rapid than dorsal segments, the greater tendency of
coronal gestures for reduction could be partly explained. Other studies have previously
shown the more rapid nature of coronal gestures (Browman & Goldstein 1990). Browman
and Goldstein (1990, p. 362) state that because coronal gestures are very quick, they are the
most likely gestures to be hidden articulatorily when overlapped by adjacent gestures.
Greater gestural overlap leads into more acoustic muffling.

According to the findings of this study, stops are potentially good targets for deletion
in the absence of SSP violation. This is in accordance with the findings of other studies
which have emphasized the special status of stops compared to other consonants in
phonological processes such as deletion (C6té 2000) and assimilation (Hura, Lindblom &
Diehl. 1992). Why is it that stops tend to get deleted more than other consonants? The
peculiar articulatory movements of stops, compared to other consonants, could shed some
light on why they are a good potential target for deletion. Stops usually have three different
phases of production which are: “obstruction for occlusion”, “holding the occlusion”, and
“the release of the closure”. From these three stages in stop production, it is the application
and release of the obstruction which demystifies the nature of place of articulation
(Blumstein 1981; Dorman, Studdert-Kennedy, & Raphael 1977). Fricatives, on the contrary,
are very distinct acoustically and auditorially throughout the whole stages of their
production. This allows their place of articulation to be internally salient during the
constriction, especially for sibilants. Any articulatory reduction of any sort does not distort

the place of articulation identity for fricatives.
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Under equal conditions, liquids are also expected to have better perceptual cues than

stops. For example, it is well known that /1/ in English has two allophones. The light /1/ in

onset and dark /1/ in coda positions. Research has shown that the timing between the gestures

of the two articulators for /1/ (i.e., tip of the tongue raising and tongue dorsum retraction)

determines the nature of these two allophones (Sproat & Fujimura 1993; Browman &
Goldstein 1995; Gick, Campbell & Tamburri-Watt 2006). The reduction in either of these
two gestures could change the gestural timing of these allophones, hence their perceptibility.
However, similar to fricatives, the information regarding the place of articulations for liquids
is available throughout the constriction period. Wright (1996) states that the strongest place
of articulation cues for some of the laterals is distributed over an entire syllable. This is very
different from the case in stops where the lack of release could lead into hiding the place of
articulation identity. The lack of audible release cues for stops could trigger their

misperception. The articulatory results of this study showed that for some of the simplified

coronal stop clusters, the release of the [t] gesture was obscured by reducing the interval

between C; and Cs_and for some there was no actual release due to the spatial reduction.

Sound change could be partially due to the limitations of the human auditory system.
Listeners do not pay attention to all specific points in an acoustic signal belonging to a
segment. This could be due to either redundancy of those points or the resort of listeners to
other informative sources to distinguish a segment. Many phonemes could relate to many
acoustic cues signalling to that phoneme. The acoustic results of this study showed that both
control and simplified tokens had similar acoustic cues. This suggests that these two

categories will merge once the minimal distinctive acoustic cues between them fade away.
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As for the role of position, there are two reasons which render consonant clusters in
utterance-initial position perceptually different from their counterparts in final position. First,
it is well established that onset positions play a major role in lexical access (Marslen-Wilson
1987). The less gestural overlap or reduction in the onset will boost their perceptibility level.
Kohler (1990) explains that speakers are aware of the high signaling values of the syllable-
or word-initial position and they respect it by providing more articulate production for
listeners. Second, it is well known that formant transitions into or out of vowels are major
acoustic cues for stops (Stevens & Blumstein 1981; Ohala 1992; Steriade 1997; Coté 2000).
In the case of consonants in the onset position like # C;C,V, the second consonant (i.e., Cy)
is acoustically quite salient due to its release into the following vowel; however, C; lacks this
property. In order for C; to be perceptually salient, its release should be audible. Less overlap
between C; and C, serves this purpose. This is not the case for a consonant cluster in coda
position (i.e., VC,C,#). The consonant after vowel gets its formant transitions out of vowel
and the second consonant can be released in an utterance-final position. The fact that C; is
perceptually more salient in this position compared to utterance-initial position gives it the
chance of having more overlap.

If we merge the idea of less overlap in the onset position with the explanation for
consonant cluster perceptual saliency presented above, a legitimate question could be born
out. If a survey shows that the maximum number of consonants in the onset position across
languages, in general, is less than the maximum number of consonants in the coda position,
could it be explained by resorting to maximal modulations/recoverability as well as gestural
overlap concepts? If we find that the maximum number of consonants in onset position is
less than coda position across world languages, could it be due to the less gestural overlap

allowed in the onset position? In fact, the literature on syllable structure and OT has shown
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such a tendency cross-linguistically (Maddieson 1992; Kager 1999). As it was mentioned
above, languages prefer an optimal amount of gestural overlap since non-optimal or lesser
gestural overlap will lower the saliency of the acoustic signal in terms of its amplitude,
frequency, spectral shape and so forth. I leave this as an open question. This requires
searching the data bases to see the maximum number of consonants and the type of
consonants in onset and coda positions. The magnitude of constriction for each consonant
(narrow versus wide) as well as its gestural components and their corresponding acoustic
information are the variables which need to be taken into account.

In conclusion, the results of this study showed that the acoustically-similar simplified

tokens are composed of three articulatory distinct groups. The first group are the temporally

reduced segments in which the release of the [t] gesture is obscured by the adjacent

segments. The second group of the simplified tokens are the spatially reduced tokens which

have no release. Finally, the last group of the simplified tokens are the ones which are

produced by no [t] gesture at all. In order to account for the optional nature of this process, it

was discussed that the first two groups of simplified tokens are the result of mechanical or
physiological constraints. The production of these tokens is not controlled by the speaker. In
contrast to these two groups, the last group is intended by the speaker and gets executed via a
phonological rule or abstract cognitive representations. The deletion of coronal stop starts as
a fully optional and gradient phonetic effect, triggered by some articulatory and perceptual
factors, but it undergoes phonologization later on. This process could progress towards the
obligatory and categorical end of the continuum, and eventually acquire full phonological

status. It was shown that Blevins’ CCC sound change model best describes the results of the
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consonant cluster simplification in Persian. The last section of this thesis provides

suggestions for further studies.

6.2 Directions and Suggestions for Future Research
One of the interesting research goals to follow is to investigate the perception of the

three categories of the simplified clusters which auditorily sounded similar but gesturally

distinct. These categories were the simplified tokens with reduced [t] gestures, overlapped [t]

gestures, and the ones with no [t] gestures. In general, the mainstream theories of speech

perception either consider speaker’s gestures as the object of perception or acoustic/auditory
signals. In the gestural model, perceivers use structure in the acoustic signal as information
about the speaker's articulations. According to this view, the object of perception is speaker's
gestures. Beddor, McGowan, Boland, Coetzee, & Brasher (2013), for example, used eye-
tracking to assess listeners' use of coarticulatory vowel nasalization as that information
unfolded in real time. In the experiment, subjects heard the nasalized vowels with two
different time latencies. The prediction was that subjects will fixate on the related image
sooner when they hear the nasalized vowel earlier. The results showed that listeners use the
relevant acoustic cues, which is argued, to allow listeners to track the gestural information.
It is also possible that different listeners utilize various cues.

In contrast to gestural theories, auditory theories assume that speech sounds are
perceived via general cognitive and learning mechanisms. In this view, speech is not special
and listeners do not perceive gestures. This means that there is no special module for
perceiving speech in terms of gestures. The proponents of this approach mainly take

categorical perception of non-speech sounds or categorical-like perception of non-human
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animals as an evidence for their argument. They also consider some of the cross-linguistic
sound patterns and the “maximal auditory dispersion” in the vowel systems as further
support for their claim.

An experiment could be set up to use the available data to further test these views
regarding speech perception. One prediction is that if subjects are gesturally-sensitive, their
reaction times should reflect the degree to which relevant gestures are present in the stimuli.
The stimuli set with no coronal gestures is expected to have the shortest reaction time and the
set with only overlap (i.e., full coronal gesture) should have the longest reaction time. The
stimuli set with only reduced coronal gesture is expected to fall in between. Both
identification and discrimination tasks could be used to collect data on the perception of
subjects. The reason for using two tasks is to make sure that the gestural cues are really
tapped. Research has shown the major role of experimental task in the outcomes of different
studies (see, for example, Coté & Kharlamov 2008).

In addition to perception experiment, the phonological status of the simplified tokens

with no [t] gesture can be further investigated. If the argument made in the discussion section

is valid, the phonological rule (i.e., the simplification with no [t] gesture or the categorical

deletion of coronal stops), similar to other phonological rules, should be sensitive to higher
levels of linguistic structures. This means that changing a variable like speaking rate should

not affect this category whereas the other two categories which belong to low-level phonetic

mechanism (i.e., full [t] gesture and partial [t] gesture) will be variably affected at different

speaking rates.
Another line of research could test the role of suprasegmental features. Prosodic

boundaries and domains are shown to delimit segmental and tonal processes (Keating 2006).
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The edges of these boundaries are marked by pitch reset and lengthening. This means that
the durations of segments could vary depending on their position in prosodic structure. This
provides an interesting context to test the behavior of all the three categories related to the
simplified tokens. The effects of prosodic domain should manifest themselves differently
depending on whether the process is controlled and planned by the speaker, or it is
mechanical and uncontrolled. It is predicted that the prosodic boundaries will affect the
duration of the clusters differently due to their physical and physiological versus intended
nature. The duration of both reduced and overlapped tokens should be affected across the
board.

There were some methodological challenges in this study. For example, it wasn't easy
to record or process enough tokens to allow subject and context to be considered
simultaneously as factors. This study took a reasonable approach for dealing with this. Long
recording with the headset was another challenge. It is highly recommended to limit the
duration of articulatory experiment to 30-40 minutes. Synchronizing the ultrasound frames
with the acoustic data is quite crucial. There were some subjects who could not produce very
abrupt and fast clicks. It is better to either train the subjects how to click “fast” before the
start of the experiment or use another method for synchronization. Clicking fast is very
important to make sure that the synchronization process is very accurate and exact. Since
capturing the palate image is very significant, subjects should be asked to keep “good
amount” of water in their mouth at least for 5-7 seconds to make sure that a high quality
image of the palate is captured.

To conclude, this research showed that the simplification of consonant clusters in
Persian is a gradient process. The optional nature of this phenomenon was linked to two

mechanisms which could be active simultaneously in individuals: a mechanical process
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which is not controlled by the speaker and language-specific patterns run by phonological
rules or cognitive system. The main findings of the study were possible through collecting
articulatory data from different individuals. This shows that all the valuable information
about human’s production will be omitted if we don’t apply the methods, such as ultrasound
technology, which allow us to gain this insight. The multiple layers of the simplified tokens
could not be discovered without having access to articulatory data. It is suggested that data
from individuals’ production will be a valuable source of information which should not be

missed in phonological studies.
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Appendix 1 The topics/questions used in the conversations with participants

(in Persian)

_mMpH? C FT MpPpHD UHXLIAFOTF

WappfFha LEF omp OOy XfFb #nu2 UBHBF 9

(9

Wiy AMCpF B8YX wuCa

~

_hnyy anpmF exmMCyB FT6 unCl uHpFrYshF

ey es3 /it nWxmd, Qy

~

M3yTF_ 6k S3yYyt éBFOIOF

~

_.ePhF3l e€B Mp ubFT'tbF eTF FT1T6 UCI WuUpPpFY:
ey IpkPHEHP D UPDH O@BFpPp Uhwm

ny BpB6 /piput JIEHD BI®MH ap8 1T Y-

~

_pbH3 UPH ecdyas ¢ 3t c3Tgr FICAT HFelndPpF 64 XifFt:

MXH> ¢cB PFOTF UbhH Mdl p wnfp

~

039 afFrx Fp paFpHME2T ™M Yj

~

mg hPH_ UBFH ~3u D

MNC2 enFWWtapFp upfF® eYF-

6TF npC " xXC AFDJTF W3 pfF3Czxau olEmAkdr'BT 0P |

6TF npIt OMpP UPpFYy_ OJ3BHHAY! C3ul.5M3 YK

Ul k FT WxXHDBB UYK 1pFr il

_eu e3NT APFOt el

_Myu o wmiFk peFxom pd Tepst C AU Fxm GpcRu SEHRF M Br

ndy . UUuUm ¢ 119k p ! !
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_¢?FHP? UKFH SI OSLUEGc Cwmp

. bFys UBp 7 2aHHE Ul
.4y, eB cv pAFQARF unpF
. FOFp eT13933 " r_ FmbhecBfF TRBTURPBEMFc BEB20Py!L

.l e gMCpF U4 H uncCs

et. OBF! Mp FK AMF HDb
.ut. . danwh @286 Ul Fp
. .nt. .U pbP C2Ev O

. .nt. . UsHH eB2%b CF

Wt . U TONT Fo Fiigd wp HB8 FObh U

_ea3t aHrh mp UBDPP ©IOF T

qO3exk3Vit® pFt bFH pFnuy fFT1T WHh CF 23l y?2 30 paCfT
_ACyB afFtxF wMpF!

oyt Up3X ape

. nCeMF 5 ybkp CaipF BB 11 3

_nmyvy UBMpP33CF HbH

_ cu e3 1t pgpow Oty pek®@ NUATHKD wmepr FF kHiBBA P 6 F K

_M3TF B ®FYbF O6K35CH3K [

_cu c3 /1t pp Ot 8B oMp

WgsvMpFEHACTM €AAYBT e[ j6BY 3!

_AMOy 3 mnd3y et F2 Wt37UUsmp ™
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_4AMOy P oMUY mpt mMmp CT38T pFHHA
.euv 9FO3 Usmp MPIICTCT ¢

_pbH?D cu E3T CF Ux4MWp el j i
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Appendix 1 The topics/questions used in the conversations with participants (translated

into English)

1. In general, do you think oil has been good for Iran or bad?

2. How has the situation of Iran as a country with a lot of oil reserves affected its
economy?

3. Do you think that oil will be cheaper in future?

4. There is an expression in which both “cheap” and “damn” have been used. Do you
know this expression?

5. What does the expression “moft geruneh” mean?

6. If something is cheap, does it necessarily mean that its quality is low?

7. There is an expression in which both “cheap” and “gratis” have been used. Do you
know this expression?

8. Do you want to be hard worker/ very strict?

9. In your opinion, who is a hard working / strict person?

10. Was it too hard for you the last time you wanted to say goodbye to your family in
Iran?

11. Who is doing software engineering at the University of Ottawa?

12. Please mention some types or categories of animals?

13. Is crab a type of crustacean?

I have a few simple math questions. Please answer them.

14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

24.

If we call Iran once a day, how many times have we called Iran in a week?

If we walk one kilometer a day, how many kilometers have we walked in a week?
Which of the following numbers is simpler for you in multiplication table: seven or
eight?

What does “killing the time” mean?

There is an expression which means “to lose easily”. Do you know what that is?
In your opinion, what type of works are very time consuming?

Can you sleep at least six hours a day?

Do you think it is easy to find time?

What was the latest news about Iran?

If you are a member of Persian Academy, will you choose “gas station” or “filling
station”? Why?

Do you think that gas will be cheaper in future?

Please complete the following sentences.

25.
26.

Food was burning that ... .
Sadaf made food to ... .
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27.
28.
29.
30.

31

35.
36.

He had a bad temperature that ... .

Iran sold 200 tractors to Afghanistan to ... .

When do you plan to finish your studies?

There are some computer manufacturing companies that their parts won’t last more
than 3-4 years. Do you think that they purposefully produce their parts in low
quality?

. In you opinion, who is a poor guy?
32.
33.
34.

Do you think that a poor person is born as a miserable person?

What is your definition of friend?

It has been said that in old days people were robbed on the roads. What does robbing
mean?

Do you think that robbing still happens?

What does this expression mean: “sang-e ruj-e jax kardan™?

Let’s assume that Mohsen has made a new suit.

37.
38.
39.
40.

Mohsen made a new suit to go out with whom?
Mohsen made a new suit in order to go out with whom?
Why did Mohsen make a new suit?

What was Mohsen’s new suit made of?
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Appendix 2 The short story used for data collection (in Persian)

CYyXFHPD vxH, K AF3I BF

Wt 4y  eecBI LivD  cOOM X HagOK O D  Ubbvip obMpP @GR pif
c " 4p3C2 gmF pU | ety 1rotmp 9 bl Bbh CFS Tedcr e
gy, Uy Nrtpd®@s CHOII BB H&KFD F npdk fF €HU

lén3vV yr x FCy_ b~

-

aFO"> nt 4GP ERPp NIMP UsmONIOIE& , pF TO.H B YU RHNABF O3

Ul Fp U4yrkF e

qF Ol c M dqF »aFpHFypc ScjgTc o MoasOYH, D waFpPrak YreF 0 ®p G D
WF )t WK MCHT D ey h x edtvilygumpOHA HF 3FFI i

CFmMOD_ E3tTRRICFIF IF IEIICFRD OHAPFP HBFYDbwOXL K

nTFyL FR2O0MPI® BPyBbrEasmvmeymgly pliprpemF 0D

UBhrpts3sTF CT1p 0t Up33C3 nt Mp cB83hBp gomEB MK Y(Y
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Appendix 2 The short story used for data collection (translated into English)

Please read this in an informal and story-like manner.

I intended to jump over the platform seven times. Ahmad was starring me to jump.
When I could not succeed, he told me that I am too young for this job and this made me
embarrassed before people. One person out of the crowd shouted this poor guy is innocent..!
He just had engagement party last night and is planning to go to Yazd with his wife. Another
person in the crowd shouted this is none of your business.

It was too hard for me to see how much Ahmad was indifferent to me. He ruined my
reputation, the thing which was very important for me.

It was very difficult for me to break up with Ahmad for good. I cursed him seven
times. | told him that even animals and insects do not treat each other like this. I wanted to
tell him something which is neither too harsh nor that much gentle and soft. I told him we are
very different from each other. There is a nice expression which says “birds of a feather flock
together”.

After this, I suddenly got terrified. I starred them to see if they leave the room.
Meanwhile, a guy with a very tough face arrived. He emptied his water bottle and said the

guy whose life you made miserable is here..!
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Appendix 3 The list of unsimplified and simplified tokens extracted from seven subjects

in the study.

(The orthography does not reflect the deletion of the coronal stops in the simplified tokens)

In my opinion oil
Oil is an issue
Oil for

Oil has been

Oil from

Oil in the world
Oil is

Oil is not

Oil should be

Oil to

Returned after
Oil got

Oil had

Oil us

Oil will be cheap
Oil in future

The price of oil should go down
Oil will get

Oil will influence
Oil will finish
Because oil

Oil is going to

ad3x 3 Uy
OoF nWtOH4Ys U
2FO03 UYx
nMpH2 UYx
CF dYyx
AFnt pp Y
Urk 9dyx
Uryx Udyx
nlF3 UYx
n?y 4yx
cn> 4i A 273
UTp 4UYx
mal Fp 4Yx

Fp FB UYX

N

cB AMCpF
ncste php U
eyTfF_ bFy?2 U:
b6 e¢cB UBCTH I
mnpkFmM, yB OV XF
Wwliys aunrb ¢
m36 UYx

npoép Uyx
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Oil in general

Oil will reduce
Went up

Oil has kept

A country rich in oil reserves
With oil

Oil goes

Oil always

Is not that

Oil expensive

Rich in oil

Be cheap

Be worthless

Is of little value

Has gone very cheap
Has become cheap

I am hard-worker

[ am strict

He/she is strict

He/she is not easy going
It was hard

Suddenly I got panic
He/she will fix it
I will fix it

It is not an expression

e At qyx

m cB Ot qy
bFJ UTp
msl Fp n_ x U

MTIOy>3 UYXx pt+
4 %X
mp eB UYx
Wi yrk 4yx
Wt dryx
om0, 4yx
nt Qy 3 UYyx
nlF3 UYsB
nlFp?2 UTH
nxmMd, UYys
esl Fm, UYsB
ncl 4ys
61 Ht UPD
aldy. Uph
ndy . UphH
nC3®Bh
bH3 UPD

Ubtp AaHT KOp o
ns3t dhphp
63t cB Uhpp

dryx ubl bF
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To reach easy

It is not pointless

Is that

It will become difficult
To lose easy

To gain with no pain
['lose it

It 1s not good

To lose

Hard-working

I am a hard-worker
Twenty people

I like

Seven days

Was getting burnt

In my opinion, a friend
To rip off

Being hard

Told you frankly

To take it difficult
Time only

I don’t think about time
It is not like this that
Be difficult

I work hard

Uhp "3 Uys
Uryx cv IOF
Wt 4rk
Wiys Uph
ApbFp UBp CF
mWhO3 Sn?3 4y
aC? Uhp CF
dryx WUH>
apbFp UBp C
EHt Uph
aprFrt Up™h
QY% Uryn?
ap6ép Ubhwmp
Cmp UYk
UsHh ecB Ul 6¢F
eB 03X N3 UT
ap Ot qys
20y, UP®B
dn?2 UBHBFp M m
nxd3 UPDH
BUT UUwm
63t crx OV T U
Wt dryx pHT:
Wl F3 Uph

63t CB PpF! q

178



Anything in which there is hard
Not strict

I am strict

It takes time

They will be poor

Not punctual

I am punctual

I should be more punctual
It burnt that

It was very difficult
Hard-ware

Is crustacean
Crustaceans

Seven times

Seven kilometers

Eight is easier for me
Seven is easy

Seven is easier than eight
To kill the time

It is very time consuming
You like it

I have time

It is not easy to find time
I have time

It is easy to lose it

mlF? UPH €Hb ¢
mnx Jy, UPDH
aldy, c¢B UPT
mly , ¢B UL
el cB UP3C7
WX EF31 4L

63k EfF3l Ul
61l F2 Ob EF 3l
nt UsHb
bH? UPH cdAy
PFOTF Ubh
ng BH_ UPDH
AF3PhH_ UPDH
PF2 UYK
O9BHAY! gy
nOBxanFM D U K
MXHPHB UYk
mOaxHHE Ul k C
aopot elt UL
nldy . Udum e 4
2p6p UBwmMD
63t ce UUm
b6 crx UBC agH
63t cBe UUm

np ¢B Uhp CF
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Gas station

Not fuel

Fuel won’t be cheap
It was burning

It was getting burnt
Food was cooked to
Food was cooked and
Was from fever

Two hundred tractors
Sold to Afghanistan
He/she sold to

Not to fix

If poor

A hopeless poor
Poor from the beginning
If time allows

Those two are

We intended

It is not high

Did it intentionally
Poor is a person

Poor is born

He/she has been poor
A friend is a person who

Is that

20V ., U HBH wnp
mx U>sHD

ml erx gMCpF
UsHbH e6B Ul Fp
nt U uhH cB

mt Up_ FMmO

Mm 4dp_ FMO

4h EGF Ul F

pHI3t FOb UTlT

nt UsmOT
ApOv x UBpphp
O,F Up?3 C*=
npe Fu c?d Up~>
bMF GCF 4p73
Wl 2 dum W
nm Tp UDBFbwmp
apOdt CHLU
Uryx Bbf?
Mp PF! eTkF CHL
ceBpd P33 C73
Fyxp 3 UP
npuw? Up3 C
clft Udbhmp

mt  grx
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To rob

He/she sew that
He/she sew for
Sew was made of

Sew with

4 p Ot 4dpto
nt Us mp
OFO3 Uswmp

E3t CF U>3wmpD

F®3 mp
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Appendix 4 The list of control (i.e., singleton) tokens from seven subjects in the study.

To wander around
Loitering

To waste

I waste

If it wastes

That was nonsense
Be nonsense
Sadaf food

He/she is going
He/she offered
You offer

Famous expression bird
Became famous
Was organized

To be weak

They are not weak
Got cold

Skewer burns

To blow horn

I encouraged

I don’t know exactly
It happens

It was thread

cl F3? PbK
OCF 3 PbK
ApOt CHAb
63t cB CHb
ni 3 csp
pbH?2 PO> 08B
nmlFp> PO>3098B
FMO PCh
mMpFp POA
pOt PpF /b
c 3t cB Pprf
ObH PmOIJlB
Cl PmOI/lB
pbH3? Ctbp
apbu? Cyny
eslfyx Cyny
p Ot €T
MCHI?D eyh
809739 OHD
apdt eB XTH]
GXMpPp cr x Xy
M3aTF B ®F:

pbHD €Xx
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To be stubborn

He/she becomes stubborn

=

APHD OFI

I cB OF I
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